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ABSTRACT

The outlet feeders at all of the CANDU-6 reactors and at several of the Ontario Hydro reactors
are corroding at rates that are much higher than were ever predicted from measurements in
autoclaves or out-reactor loops. Over the last year since the phenomenon was discovered a flurry
of activity at the operating reactors and research laboratories has indicated the origins of the
important mechanisms involved; at the same time, clues as to possible remedies have emerged.
A summary of some of that activity, centred on the experience at the CANDU-6 at Point Lepreau
and the research at the University of New Brunswick, is presented here.
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INTRODUCTION

The routine survey measurements of feeder wall thickness, which have been carried out with
ultrasonic techniques according to CSA Standard N285.4 'Teriodic Inspection of Nuclear Power
Plant Components" on inlet and outlet feeders at CANDU reactors since their start-up, have
shown no untoward corrosion. These measurements are usually made close to the reactor inlet
and outlet headers at places that are reasonably accessible; however, after measurements were
made at Point Lepreau during the extended outage of 1995-96 at places close to the reactor face,
it became clear that excessive thinning of the first few metres of the outlet feeders was
widespread. Measurements at the other CANDU-6s, at Darlington and at Bruce have confirmed
that those reactors also are experiencing thinning at rates far in excess of what was predicted
from early measurements in autoclaves or out-reactor loops, hi fact, thinning rates greater than
150 jim/a have been estimated for some feeders by comparing present wall thicknesses with best
estimates of starting thicknesses derived from the known characteristics of the carbon steel
piping that was originally specified and installed (no routine measurements were ever made close
to the reactor, so base lines for wall thickness at that location were never established). By
contrast, it should be noted that the accepted values for carbon steel corrosion rate obtained from
laboratory testing under-conditions similar to those of CANDU coolant were generally below
10 um/a(1-3).

Since the discovery of these excessive thinning rates reactor operators and designers have
intensified their activities related to the monitoring of feeder piping and are correlating thinning
rates with operating variables; also, researchers have begun investigations into the underlying



mechanisms with a view to understanding the process so that remedies can be formulated.

The Point Lepreau CANDU in New Brunswick has been at the forefront of the reactor studies
and has now accumulated a considerable amount of information. At the same time, at the
University of New Brunswick, researchers have carried out preliminary scoping studies and
proposed a tentative model of the phenomenon that extends somewhat the conventional
explanation based on a flow-assisted-corrosion (FAC) mechanism like the ones invoked
routinely for secondary-coolant systems. This paper outlines the New Brunswick findings.

OBSERVATIONS AT POINT LEPREAU GENERATING STATION (PLGS)

The wall thickness of the Point Lepreau feeders has been measured by staff of the New
Brunswick Research and Productivity Council (RPC), who use an ultrasonic technique with a
reputed accuracy of ±10 urn. In the field, accuracies in the order of ±100 um are probably
obtained. The precision of the measurements is improved by means of a flexible plastic template
which is split in order to fit around the piping and is moulded to the shape of the bends that occur
just downstream of the Grayloc fitting where the piping is connected to the fuel channel end
fitting. The template is perforated with holes that are the same size as the ultrasonic detector
head (see Figure 1).

Most of the measurements have been made at the first and second bends, for it is there that the
maximum thinning rate has been anticipated (because of the high turbulence of the coolant
leaving the fuel channel) and it is there that the wall thickness was initially the lowest (because
of the pipe bending which thins the metal at the outside of the bend, i.e., at the extrados). The
piping for these lower outlet feeders is either of 2" nominal outside diameter (in 60 channels) or
2.5" (in 320 channels). As Figure 2 demonstrates, the feeder arrangement in this area is
congested, making it difficult on many channels to apply the ultrasonic detector in a full
circumferential scan to any distance away from the Grayloc. Furthermore, radiation fields at the
reactor face and towards the headers tend to be quite high, hampering the monitoring even more.

In spite of the difficulties, many measurements were made at PLGS in 1996. On 64 outlet and
three inlet feeders, about 7,000 determinations of wall thickness were made in all. In addition,
early in 1997 a heavy-water leak was traced to outlet feeder S08, which had developed a crack at
the first bend after the Grayloc; the replacement of about a metre of the pipe has provided a
length of thinned feeder for detailed examination. And finally, one outlet feeder - Fl 1 - was
monitored up to 3 m or so downstream of the Grayloc. This provided information on the
thinning rate beyond the first bends, including some straight sections.

The major findings to date of the PLGS measurement program are as follows:

1. Outlet feeders are corroding much more rapidly than inlets. All of the three inlet feeders that
were measured indicated corrosion rates averaged over the lifetime of the plant below 20 (jm/a.
By contrast, the outlets indicated rates up to 150 um/a.
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Figure 1. Flexible Template for Ultrasonic Gauging of Feeders.

1 OUTLET HEADER
2 INLET HEADER
3 FEEDERS
4 STEAM GENERATORS
5 END FITTINGS
6 HEAT TRANSPORT PUMPS
7 INSULATION CABINET

Figure 2. Arrangement of Feeders and Headers.



2. Steam quality does not seem to affect thinning rate. Over the range of average steam qualities
below 4% that have been calculated with the NUCIRC code(4), no consistent effect on thinning
rate has been detected.

3. The circumferential variation in thinning rate at the bends is between about 15% and 80%,
with the maximum generally close to the bend extrados.

4. The axial variation in thinning rate over the first 3 m or so is less than about 20%, as indicated
by the measurements on feeder Fl 1. This observation, along with the previous two, is somewhat
surprising given that the thinning phenomenon is expected to be sensitive to fluid turbulence
effects, which should be much more severe at the bend extrados and be markedly affected by
steam quality.

5. Thinning rates are correlated quite strongly with coolant velocity. For example, the values
measured at the first bend extrados for both 2" and 2/4" feeders together indicate a correlation
with linear velocity raised to the power 1.52(5), though the data are quite scattered (see Figure 3).
If only the 2" feeders at the corresponding location are considered a correlation with velocity
raised to a power closer to unity can be obtained<6), though the scatter for these data is again
high. It should be noted here that the coolant velocity used in the correlations is an average
calculated with NUCIRC(4) over a channel fuelling cycle, taking into account the effects of steam
quality variations with fuel burnup.

6. At positions away from the reactor face (i.e., close to the outlet header where the routine
survey measurements have been made) thinning rates are low. This explains why the excessive
thinning was not detected earlier, but raises the question of why the thinning should decline only
after about 3 m beyond the outlet Grayloc, which was the distance scanned on Fl 1. Certainly,
some of the feeders measured at the header are of larger diameter there than closer to the reactor,
so they would contain coolant of lower velocity; however, several of the monitored 2" feeders are
the same diameter throughout their length, though these particular feeders contain coolant at the
lower end of the velocity range and would not exhibit the fastest thinning rates anyway.

7. The chromium content of the steel is important. The piping is made of carbon steel,
designated ASTM A106-B, and this material has an upper limit on chromium content of 0.40%.
The specification for the PLGS feeders, however, was made with a view to minimizing activity
transport, so low-cobalt material was procured. This necessarily minimized the chromium
content, too, leading to concentrations of 0.02 - 0.03% Cr; analysis of the removed section of
pipe indicated that S08 had a chromium content of 0.02%. The Grayloc hub on S08, however,
contained 0.13% Cr, and the weld joining the hub to the pipe contained an intermediate
concentration of 0.07%. Detailed examination of sections through the hub-feeder weld of S08
showed that the thinning was minor for the Grayloc, and increased stepwise to.the pipe. This is a
strong indication that chromium content is an important parameter in the thinning phenomenon,
and that the specification of chromium content at the upper end of the permitted range for
A106-B for future CANDU feeders should alleviate the thinning problem.

8. The accelerated thinning leads to a "scalloped" or "dimpled" surface with only a thin oxide
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layer. Figure 4, taken from a microscopic investigation of the S08 feeder at the intrados of the
first bend where the crack occurred, indicates that the scallops are roughly 0.5 - 0.75 mm across
and appear to be in an overlapping pattern that follows the principal direction of the fluid flow.
Metallographic sections reveal scallop depths of about 0.2 mm and an oxide film about 1 um
thick. Such surface scalloping is typical of the attack by flow-assisted corrosion (FAC) of carbon
steel in feedwater systems(7) or even of the sculpting of clay, mud or rock river beds by fast-
flowing streams®.

THEORY - THE FAC APPROACH

The accelerated thinning of CANDU outlet feeders has many features in common with the rapid
attack of carbon steel piping in feedwater systems, which is attributed to FAC - sometimes called
erosion-corrosion (E-C). The fundamental premise is that the oxide film that forms on the
carbon steel in high-temperature water protects the metal and limits the corrosion. Under normal
circumstances, in carbon steel systems that contain coolant water saturated in dissolved iron,
oxide films are thick. They are composed mostly of magnetite, Fe3O4, especially if the coolant
chemistry is reducing. Corrosion of the underlying steel produces more oxide; at the metal-oxide
interface FejC ,̂ precipitates directly to occupy the volume of the metal corroded, while the
remaining Fe2+ ions (constituting about 50% of the total corroded iron) emerge through pores at
the oxide-coolant interface and precipitate there. This forms a double-layer oxide, with Fe3O4

crystals in the outer layer being somewhat larger than the fine grains in the inner layer^.

There is evidence that such oxide films formed in iron-saturated water are modified by high
coolant velocities. Thus, tests by AECL in a loop at the Sheridan Park Laboratory indicated that
carbon steel piping subjected to CANDU coolant simulated with light water at 300°C developed
double-layer oxides in coolant flowing at 12 m/s and 23 m/s, with the oxide in the latter being
somewhat thinner than that in the former. In coolant at 36 m/s, however, only a single layer of
very thin oxide was produced®.

The explanation for these observations was that the erosive effect of the high coolant velocity
continually spalled the oxide, with the higher velocity clearly having the greater effect. It is
interesting to note that no consistent differences in corrosion rate could be discerned among the
piping sections subjected to the different velocities; apparently, this was because the weight-loss
technique that was employed on the large piping sections was too inaccurate to provide very
meaningful results, and led to a large scatter in the data (up to two orders of magnitude).

The usual description of FAC processes postulates that if the coolant is not saturated in dissolved
iron, dissolution will cause the oxide film to be thin. Thus, if mass transfer to the bulk coolant of
the iron ions emerging from the oxide pores at the metal-oxide interface is faster than oxide
precipitation, no outer layer will form; furthermore, the oxide film itself may be continuously
dissolving at a rate that depends on the concentration driving force in the fluid boundary layer.
We can visualize the establishing of a steady-state thickness, in fact, when the oxide formation at
the metal-oxide interface equals its dissolution at the oxide-coolant interface. The link with
coolant flow in this description is clear; increasing the fluid velocity increases the mass transfer



coefficient and this increases the flux of dissolved iron to the bulk coolant. Places where very
high turbulence occurs, such as orifices, sharp bends or elbows, etc., are expected to be
particularly vulnerable because of the resulting high mass transfer coefficients.

In secondary coolant systems and feedwater lines in steam plants in general, the conditions of
undersaturation in dissolved iron and high velocities are found frequently, particularly in the
condensing steam sections. Problems with FAC in such systems have been widespread, and
have led to catastrophic accidents in a few instances (in 1986, for example, a suction line to a
feedwater pump at the Surry-2 PWR failed(I0), causing several fatalities).

Studies of the FAC phenomenon in feedwater systems have spawned several mathematical
models of the mechanism described briefly above (see the publications from the French(U) and
British(12) industries for examples). The obvious similarities with the feeder thinning
phenomenon have led to feeder models based on the same principles. Thus, the outlet feeders
contain high-velocity water (between 8 m/s and 16.5 m/s) and there are regions of very high
turbulence at the Grayloc connection to the fuel channel and the first two bends immediately
downstream. The coolant is also undersaturated in dissolved iron because it is heated from
265 °C to 310°C in the core, where there is no source of iron from the Zircaloy components.
Over this temperature range, the solubility of magnetite in CANDU coolant increases from about
4 ug/kg to about 7.4 p.g/kg(13) in terms of dissolved Fe, so the coolant leaves the core
undersaturated in iron to the extent of about 3.4 ng/kg. (It should be noted here that other work
has produced different solubility values for magnetite under these conditions(14); an increase with
temperature is still predicted, however, even though the absolute values may be an order of
magnitude different.) The effects of chromium in feeders are also expected to be like those in
feedwater systems, where Cr-containing materials are often specified to counteract FAC. The
effects depend upon the highly insoluble nature of Cr-based oxide. As oxide is continuously
formed and dissolved on a steel containing Cr, the Cr left behind in the oxide concentrates and
makes the film more protective. This is presumably what happened on the Grayloc hub and (to a
lesser extent) the weld on feeder S08 at PLGS.

The modelling usually considers a steady-state thickness of the oxide film. If half of the
corroded iron precipitates at the metal-oxide interface and half diffuses through the film, and if
the dissolution of the oxide depends upon the undersaturation in dissolved iron in the coolant at
the oxide surface, the corrosion rate can be derived simply in terms of the undersaturation in iron
of the bulk coolant as:

k .k.
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where

m = corrosion rate;
km= mass transfer coefficient;
kd= magnetite dissolution kinetic constant;

CM= iron saturation concentration;
Cb= iron concentration in bulk coolant.

In this description of two processes in series - dissolution and mass transfer - the controlling
process will be the one with the smaller kinetic constant. For example, if k j « 0.5 k,,,, Equation
(1) simplifies to:

sat
-C h ) (2)

the corrosion rate has no dependence on mass transfer and flow will have no effect. Using a
published value(1S) of magnetite dissolution rate constant in a slightly more detailed version of
Equation (1), Lister et al(I6) found that in fact dissolution was predicted to control carbon steel
corrosion in CANDU coolant. They attempted to introduce a flow dependence by invoking a
spalling mechanism based on the findings of the AECL tests(3). The predictions have fallen far
short of the feeder thinning observations, however, even though the overall circuit balance for
transported iron corresponded quite well with measurements of iron deposits inside steam
generator tubes.

Equation (1) can also form the basis for a comprehensive model of corrosion and iron transport
around a CANDU circuit if mass transfer controls(17). In this case, Equation (1) simplifies to:

(3)

and the corrosion rate depends upon coolant flow via mass transfer correlations such as(I8).

Sh = 0.0165 Re086 Sc033 (4)

where Sh = Sherwood Number

= km d/D (d is pipe diameter and D is liquid phase diffusivity);

Re = Reynolds Number

= du / v (u is fluid velocity and v is kinematic viscosity);

Sc = Schmidt Number

= v / D



THEORY - THE MODIFIED FAC APPROACH

A limitation of the straightforward FAC description is that the velocity dependence can be no
greater than that dictated by the mass transfer correlation. For example, if Equations (3) and (4)
were applicable, the thinning rate would depend upon u086. If, however, Equation (4) applied but
the mechanism were under mixed control, with 0.5 kn, of comparable magnitude to kj in
Equation (1), then km would have less of an influence and the thinning rate would depend upon
coolant velocity raised to a power between 0 and 0.86.

To avoid this limitation and to produce a mechanism that can explain a high velocity dependence
such as that of the PLGS thinning data in Figure 3, we have assumed that oxide dissolution and
mechanical erosion act in concert. In other words, we postulate a synergy between dissolution
and erosion.

Thus, in coolant undersaturated in dissolved iron the oxide film on the surface of a carbon steel
feeder pipe develops, as described earlier, by magnetite precipitation at the metal-oxide interface.
This forms the protective oxide film, the thickness of which governs corrosion by impeding
diffusion. Assuming that the oxide has theoretical magnetite density and just fills the volume of
metal corroded, the actual amount of corroded iron that precipitates is 43%(16). The remaining
57% diffuses through the oxide and is transported to the bulk coolant (by convective processes
described by the mass transfer coefficient) as it emerges from the pores at the oxide-coolant
interface. At the same time, the oxide is dissolving and the resulting iron ions are also
transported to the bulk coolant at a rate determined by the mass transfer coefficient. The
concentration of dissolved iron in the bulk coolant therefore increases along the pipe in the
downstream direction, so the concentration driving force for dissolution and transport diminishes
with distance (note, however, that from a simple oxide dissolution/precipitation model Burrill
and Turner0 9) have concluded that the reactor outlet coolant in CANDU feeders remains
undersaturated in dissolved iron - under normal chemistry conditions - all the way to the steam
generators and for some distance into the steam generator tubes; measurements of steam
generator deposits bear this out).

As corrosion proceeds and the oxide dissolution process continues, the film gets progressively
weaker, even as it thickens by precipitation at the metal-oxide interface. Eventually, the fluid
shear forces overcome the cohesive forces in the oxide and spalling occurs. Such spalling makes
the film thinner and less protective, so the corrosion rate is increased. Again, however, the film
thickens and is made weaker by dissolution until, as before, the critical thickness is reached when
spalling occurs and the whole process is repeated.

In reality, the spalling will occur randomly over the surface in small patches. In time, some
regular pattern of attack, dependent upon local flow and turbulence, may emerge and give rise to
the scalloped surface as seen on feeder S08 at PLGS (as mentioned earlier, dissolution and
erosion processes are known to create scalloped surfaces that depend on flow conditions®; the
scalloped pattern at PLGS is consistent with the scale of turbulence in the feeder flow). For the



sake of the modelling, however, the equivalent situation is assumed; viz., the whole surface
oxidizes and spalls as one unit. While this will not occur in practice the average effect is the
same as that of the random process, and the mathematics are easier.

For the corrosion, film build-up and dissolution we follow the equation derivations of Reference
(16). In summary, they amount to the following (continuing the nomenclature of the previous
equations): the rate of diffusion of corroded iron through the oxide film is written...

0.476 m (1.101 +<J>) =
6 - T (5)

where $ = oxide porosity;

p = oxide density;

T = pore tortuosity factor;

Cs = concentration of dissolved Fe at oxide-coolant interface;

6 = oxide film "thickness" (mass / unit area).

The balance of dissolved iron at the oxide surface is

0.476 m (1.101 +(j>)+kdF(C s a t-C s)=km(C s-Cb) (6)

where F = surface roughness factor (= y/3 for regular octahedra) and the balance of

iron in the oxide film furnishes the relation between corrosion rate m and film growth rate

8 as. . .

0.723 6 = 0.476 m (1 - <J>) - kd F (CsaJ - Cs) (7)

Equations (5), (6) and (7) allow the corrosion rate and film thickness to be calculated in terms of
the bulk coolant iron concentration, Q,, as long as variations in Q, along the length of a feeder
have a negligible effect on the surface processes. The actual variation in Cb with time t and
length x comes from the equation...
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where d is the pipe diameter.

We obtained most of the values of the constants in the equations from the literature as described
in Reference (16). For oxide porosity, 4>, we assumed 0.1 and for tortuosity, x, 2. It should be
noted here that the saturation concentration of iron, C^,,, was obtained from Sweeton and
Baes(13); however, for C^, in Equation (5), which is the equilibrium concentration at the bottom of
a pore, the value is likely to be different from the corresponding value in the bulk coolant. To
account for this, the treatment of Reference (16) involving the generation of dissolved hydrogen
by corrosion was employed.

The computer solution of the equations generates corrosion rates and film thicknesses as
functions of time. Because the magnetite dissolution constant from Reference (15) is
considerably smaller than the mass transfer coefficient from References (16) and (18),
dissolution controls and there is little effect of coolant flow. Correspondingly, this mechanism
based solely on soluble iron transport would predict that corrosion rates are low.

We introduce erosion by postulating that the oxide film thickens according to the equations
presented above until a critical thickness, 6C, is reached, at which point spalling occurs to a
minimum, 8m . We assume that 6C is inversely proportional to fluid shear stress at the wall, o ,
where a is related to the Reynolds Number by a relationship for friction factor, f....

£= f im(Re)
pu2

Therefore,

6 =
pu2fun(Re) (10)

where A is a proportionality constant.

The Reynolds Number function, fun (Re), is obtainable from the text-book Stanton-Pannell or
Moody diagrams; for Re £ 5 x 106 and high relative roughnesses of the pipe surface, it can be
assumed to be a constant.

For a feeder with coolant of velocity 16.5 m/s, we achieved a good fit to the reactor data by



choosing values of 6C and 8m of 2.1 um and 0.9 \im respectively (i.e., indicating an "average" of
1.5 (am). Introducing these into the computer solution of Equations (5) - (8) produces a
description of the oxide film that spalls every 80 h on average and sustains a corrosion rate of
130 nm/a. Since the constant in Equation (10) can now be fixed, we can compute the 6C values
for other feeders and velocities if 5m is assumed constant. For example, for a feeder with 8.0 m/s
coolant, we predict the film to grow to 10.1 um before it spalls to 0.9 urn; this occurs every
2200 h on average, sustaining an average corrosion rate of 40 um/a.

Figure 5 illustrates the oxide film behaviour under these two flow conditions. Again, we stress
the point that this illustration is only the net effect of what in reality will be a series of random
events occurring in discrete patches over the whole feeder surface. Note that if other solubility
data and dissolution kinetics were chosen for input to the equations so that mass transfer had
some influence, the curves of oxide growth between spalling events would be different for the
different velocities.

We have also computed corrosion rates for the range of coolant velocities of the outlet feeders.
In Figure 6, the predictions are superimposed on the measurements from PLGS. The fit is
reasonable.

It is interesting to consider the input to the coolant of the predicted corrosion and film growth
processes shown in Figures 5 and 6. For example, from the 16.5 m/s computation we calculate
that over a 15 m length of outlet feeder pipe 2.0 ng/kg of dissolved Fe is added to the coolant
concentration (99% of which is the corroded iron that diffuses through the oxide and 1% of
which is from oxide dissolution) while 1.8 ug/kg of particulate crud are contributed (from
spalling). At 8 m/s, however, 0.35 p,g/kg of dissolved Fe (97% diffusing through the film and
3% dissolving off the film) and 1.0 ug/kg of crud are produced. We expect the dissolved Fe and
the crud to behave differently in reactor coolant, so they should be treated differently in attempts
to balance iron inventories around the coolant circuit.

EXPERIMENTAL

We have performed a preliminary scoping experiment in a high-temperature water loop that is
involved in a series of PWR studies. The loop is a once-through pressurized system running with
a positive-displacement pump of 7 L/min capacity; the feedtrain portion is made of stainless steel
tubing and heated autoclaves. Coolant is conditioned at room temperature for pH and dissolved
hydrogen in a 220 L feed tank before being fed to the pump. The flow leaves the stainless steel
feedtrain at 265 °C and enters the "inert" test section which comprises three 1 L-capacity titanium
autoclaves which can be valved-in in series or in parallel using all-titanium or Zircaloy tubing
and fittings. The first of these test-section autoclaves in the experiment served to heat the
coolant to ~310°C before it entered the other titanium autoclaves where the PWR experiment
was mounted.

At the downstream end of the test section, at the exit of the third titanium autoclave, we installed
a titanium fitting that was designed to hold a carbon steel plug machined from a section of
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Al 06-B piping. The coolant entering the fitting was forced through a type 316 stainless steel
orifice of 0.76 mm diameter to create a jet that was directed onto the surface of the plug about
1 cm away at a 45 ° angle (see Figure 7). The exiting coolant was directed back to the feed tank
via heat exchangers, coolers and a pressure control valve. Just before entering the tank the
returning coolant was passed through an ion exchange column containing lithiated, mixed-bed
resin.

For the experiment reported here, the following conditions of the coolant at the carbon steel plug
were maintained:

temperature
jet velocity
PHRT(LiOH)
dissolved hydrogen
dissolved oxygen

308±l°C
18.5 m/s
10.6
18 cm3/kg
<4ug/kg

These conditions were designed to impose on the carbon steel surface a high velocity of coolant
undersaturated in dissolved iron to the extent of 4 - 5 ug/kg(13). This is expected to be higher than
the undersaturation in a CANDU coolant, where the pH nowadays is usually maintained towards
the low end of the range 10.2 -10.8, where the solubility of magnetite is lower. Before
installation in the titanium fitting the surface of the plug was polished to a 600 grit SiC finish, its
thickness measured by staff of RPC with an ultrasonic gauge and its surface profile scanned with
a Talysurf. After installation of the plug the loop was started up and brought to steady conditions
with the test section by-passed. When smooth operation was attained the whole inert section,
including the titanium fitting with its carbon steel plug, was valved in. For a few days after the
start of the experiment the plug was monitored with an on-line ultrasonic thickness gauge; the
coolant was sampled periodically throughout the experiment and tested for dissolved oxygen
with the Chemets colorimetric method and for pH.

The run lasted 930 h, after which the test section was valved out quickly and the loop run on the
by-pass while the heating was switched off and the system cooled down. After the plug was
removed it was examined with both an optical microscope and a SEM. It was then descaled by
exposure for 1 minute in an inhibited solution of hydrochloric acid before being measured with
the ultrasonic gauge and scanned with the Talysurf.

After removal from the loop the carbon steel surface was dark grey to black and had some minor
striations perceptible downstream of the jet impingement point in the centre. Examination in the
SEM revealed a dense, fairly uniform coating of equiaxed crystals, each 2 - 4 um across (see
Figure 8). In some areas, clumps of crystals appeared to have spalled off to uncover a fairly
uniform substrate. There were a few pits on the surface that had been created before exposure
during the initial ultrasonic gauging, and these too were coated with the crystals. Microscopic
examination of the orifice plate indicated that no crystals had deposited there and that there had
been no observable attack of the orifice itself.

Elemental analysis of the crystals by EDX indicated similar concentrations of iron and titanium
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(Ti / Fe = 0.87 - 0.89); since the overall thickness of this layer of crystals was about 5 urn or
more, the EDX analysis should have no interference from the underlying metal.

The presence of the layer of oxide crystals indicates that a 18.5 m/s jet of coolant undersaturated
in dissolved iron could not suppress the precipitation of an outer-oxide layer. That this oxide
was titanium-rich indicates that the coolant must have picked up titanium ions from the surfaces
of the fittings and components in the loop upstream of the carbon steel plug. Presumably, at the
surface of the carbon steel, the input of iron from corrosion and the input of titanium in the
coolant created supersaturated conditions for the precipitation of an oxide - probably ilmenite,
Fe Ti O3, though there is also the possibility of precipitating an inverse spinel(20) Fe (Ti Fe) O4.

The Talysurf scans indicated that the exposure had slightly roughened the surface in the area of
the jet impaction, but no appreciable loss of metal was evident. The ultrasonic gauging before
and after exposure was inconclusive from the standpoint of measuring metal loss because of
changes in measurement geometry; however, the on-line ultrasonic gauging at the beginning of
the exposure demonstrated the durability of the sensor at high temperature.

DISCUSSION

The semi-empirical model we describe above seems to have the major features needed for
successfully describing the reactor phenomena. It contains the elements of FAC, which involve
oxide dissolution and mass transport, interacting synergistically with mechanical erosion. The
former introduces dissolved iron to the coolant while the latter introduces crud. The few ug/kg
levels predicted seem to be in the range of reactor observations, but this is not surprising in view
of the correspondence of the predicted corrosion rates with reactor observations. However, the
separation in the model of the crud and dissolved species, which should have different transport
behaviour, offers the possibility of at least partially accounting for difficulties in reconciling
known feeder corrosion rates with iron deposits in the steam generators.

The model is also consistent with overall velocity trends at PLGS; detailed turbulence effects,
including the influence of steam bubbles, can be included in terms of local fluid shear stress and
mass transfer coefficient. Preliminary indications are that such local effects, in terms of the scale
of turbulence at the feeder pipe surface, are consistent with the scalloping found on S08 at PLGS.

While the model seems promising, some refinement is probably in order. For example, the
concept for all feeders of a fixed minimum thickness of oxide after spalling, 6m in the equations,
might be improved if more information from operating feeders at different coolant velocities
were available or if more experiments had been performed. Also, it would be useful to test the
model with different values of oxide solubility and dissolution rate constant to investigate further
the interplay of erosion and mass transport.

Clearly, the model supports the possibility of counteracting feeder thinning by controlling oxide
dissolution. We again emphasize the point that dissolution is key to the mechanism by
weakening the oxide film so that it spalls. If pH were adjusted downward to an oxide



precipitation range, then like the conventional FAC descriptions the model would predict no
accelerated corrosion. Similarly, chromium in the steel would act to reduce predicted thinning
rates by interfering with the oxide dissolution term in the model.

The observation of the titanium-rich crystals on the carbon steel surface in the experiment is
intriguing; the crystals have clearly survived the severe turbulence caused by the impact of a
18.5 m/s jet undersaturated in dissolved iron, and they seem to have imparted some protection to
the metal (the Talysurf profile showed little attack, and a rough calculation of the amount of
corrosion required to form the 5 urn - thick layer indicates a corrosion rate of about 11 um/a).
This raises the possibility of introducing titanium into an operating reactor circuit to protect the
carbon steel.

From an activation point of view, titanium should be benign in a reactor system, and there should
be no problems with galvanic effects on system components. The dificulty appears in visualizing
a system for introducing titanium ions into solution, for the solubility of titanium species in water
is very low. In fact, our initial theoretical estimates, which are based on the methodology of
Macdonald et al(2I), indicate a solubility for titanium several orders of magnitude below that of
iron at the same temperature. Because of large uncertainties in the scarce thermodynamic data
available for the solubility calculations, the final estimates no doubt contain a large error.
Nevertheless, we have never seen titanium in loop coolant samples analysed with inductively-
coupled-plasma spectrometry, so remain convinced of the low solubility. In any case, it is clear
that titanium transport did occur in the loop, and it is likely that interaction with iron ions at the
corroding steel surface deposited the mixed-oxide layer. We suggest that this could be a fruitful
area for further study.

MAJOR CONCLUSIONS AND RECOMMENDATIONS

1. The thinning data from the outlet feeders at Point Lepreau indicate:
a strong correlation with coolant velocity;

- little effect of two-phase flow;
- an ameliorating effect of chromium content of the carbon steel.

2. The reactor observations can be described by a semi-empirical model that invokes oxide
dissolution, driven by undersaturation in dissolved iron in the coolant, and oxide spalling. These
processes work together and act as sources of dissolved iron and crud. Refinements to the model
require detailed information on corrosion and oxide growth under coolant conditions of high
velocity and undersaturation in dissolved iron.

3. The model, like the conventional flow-assisted corrosion mechanism, suggests that any
measure to reduce magnetite dissolution, such as reducing coolant pH, would ameliorate the
thinning.

4. A high-temperature loop experiment has indicated that coolant-borne titanium can co-
precipitate with iron as an oxide film on the surface of carbon steel, even when the steel is



subjected to high coolant velocity and turbulence (via a liquid jet) and the coolant is
undersaturated in dissolved iron. The mixed-oxide film apparently protected the carbon steel
from accelerated corrosion in the experiment. This suggests that titanium might be effective as
an additive to alleviate the thinning problem in operating reactors. Considerable research is
needed first.
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ABSTRACT

Because of its neutron economies and on-power re-fuelling capabilities the CANDU system is ideally
suited for implementing advanced fuel cycles because it can be adapted to burn these alternative fuels
without major changes to the reactor.

The fuel handling system is adaptable to implement advanced fuel cycles with some minor changes.
Each individual advanced fuel cycle imposes some new set of special requirements on the fuel handling
system that is different from the requirements usually encountered in handling the traditional natural
uranium fuel. These changes are minor from an overall plant point of view but will require some
interesting design and operating changes to the fuel handling system.

Some preliminary conceptual design has been done on the fuel handling system in support of these fuel
cycles. Some fuel handling details were studied in depth for some of the advanced fuel cycles. This paper
provides an overview of the concepts and design challenges.

CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).



ADVANCED FUEL CYCLES

Various advanced fuel cycles have been developed over the years by researchers in Fuel and Physics.
Most fuel cycles are intended to increase the burnup and power of the reactor fuel cycle. There are
economic benefits to the utility operator by conserving fuel resources to extract the maximum energy.

Slightly Enriched Uranium (SEU)

Slightly enriched uranium (up to 1.2%); compared to 0.7% in NU1 fuel.

Mixed Oxide (MCOO

There are two types of MOX fuel.
a)One type would utilize the plutonium from reprocessed LWR2 fuel, mixed with depleted uranium to
form a mixed oxide fuel. Radioactivity would be also greater than for NU.
b)The other type utilizes the plutonium from decommissioned nuclear weapons. It is only slightly more
radioactive than NU fuel

Direct Use of PWR3 Fuel in CANDU (DUPIO

This is highly radioactive fuel refabricated (not reprocessed) from spent PWR fuel

Recovered Uranium (RU)

This is the uranium left over from reprocessing spent LWR fuel. It is slightly radioactive - perhaps
double that of natural uranium. The expectation is that it can be accommodated in existing plants with
little difficulty.

Thorium fuels

Short term options here would not include recycled U233/Thorium, but rather either ThC<2 (with no
added fissile component, for the "once through thorium cycle"), or ThO2 mixed with enriched UO2.

Highly Advanced Core (HAO

This is a fuel cycle (Ref. 2) with 3.2 % enrichment for the Highly Advanced Core CANDU reactor that
was developed for EPDC. It uses a unique fuel bundle with 61 elements ,which is still compact enough to
fit into the standard CANDU fuel channel.

1 Natrual uranium
2 Light Water Reactor
3 Pressurized Water Reactor



Actinide Burning

These are specialized fuel cycles intended for the disposal waste actinides produced during normal
fuelling operations in either LWR or CANDU.

Some of the cycles described above, such as SEU and HAC, use once-through CANDU cycles and others
such as MOX, DUPIC and RU use a tandem LWR - CANDU cycle. These high burnup fuel cycles are
capable of achieving core average burnups up to 40 GWd/tU, which is about five times the burnup of the
3 7 element NU CANDU 6 bundles.

The CANFLEX1 fuel bundle, while not a specific fuel cycle , is a fuel bundle design that is intended to
be used for various fuel cycles to achieve burnups about 21 GWd/tU.

Other advanced fuel cycles are intended for waste disposal. The waste disposal cycles such MOX and
actinide burning may also employ a tandem LWR - CANDU cycle.

Table 1
Characteristics of Some of the Advanced Fuel Cycles

FUEL CYCLE

SEU

MOX
(ex LWR)
Pu disposition
MOX
DUPIC

HAC

Actinide
burning

NU natural
uranium
(for comparison

PURPOSE

burnup
/power
burnup
/power
waste disposal

burnup
/power
burnup
/power
waste disposal

power

ENRICHMENT
% Fissile

0.9%-1.2%
U235
0.9%-1.2%
Pu239
2 -3 % Pu239

1.5%
(U235+Pu239)
3.2% SEU

60%(Pu239+
Pu241)
40% Non-Fissile
actinides
Natural 0.7%

BUNDLE
DESIGN

37 Element
43-CANFLEX
37 Element
43-CANFLEX
37 Element

43-CANFLEX

HAC 61 Element

37 Element

37 Element and
28 Element

REACTOR

C-6, C-8

C-6, C-8

C-8

C-6

HAC-640

C-6, C-8

C-6, C-8

FUELLING
RATE
Bundle/EFPD2

6-10

6-10

9-16

9

10

20-80
Depends on
Mass of Ac
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FUELLING RATES

Many of the advanced fuel cycles require fuelling rates that are not much different from that employed for
the natural uranium fuel in current CANDU stations. For example MOX fuel can be burned in the Bruce A
reactors at a rate slightly less than the natural uranium now used.(Ref. 7)

1 CANFLEX® - CANDU FLEXible - Registered trademark
2 Effective Full Power Day



However, some fuel management schemes required for fuel designed for high burnup such as the HAC
61MK4 has some significant effect on the fuelling machine duty cycle. Although the high burnup fuel
requires a lesser total throughput than natural uranium fuel, (e.g. 7 bundles per EFPD for the 640 channel
HAC reactor compared to approximately 17 bundles per EFPD for the 380 channel CANDU 6), the fuel is
added to the reactor in single bundle shifts rather than the 8 or 4 bundle shifts used currently on CANDU
stations. Thus the number of channel visits per day (7) is approximately double that required for natural
uranium. This has implications on both operations and maintenance.

The number of channel visits is the major contributor to the duty cycle times of the fuel handling system.
This was proven out in calculations done for the HAC reactor.

OPERATIONS AND MAINTENANCE

The CANDU 6 fuelling requirements for operations and maintenance are easily handled within a regular
straight days work week. In the HAC, a requirement for fuelling 7 channels per EFPD would result in
round-the-clock fuelling approximately 5 days a week and possibly 7 depending on fuel management needs.
This would require 5 fuel handling operators crews on 12 hour shifts rather than one crew on 8 hour shifts.
This considered the most reasonable alternative, requiring the minimum of physical changes to the system.

Consideration has been given to innovative solutions such as two fuelling machines on each bridge or
simultaneous bi-directional single ended fuelling on different channels from opposite ends of the reactor.
Neither of these alternatives have been investigated in detail.

Two fuelling machines per bridge would require major complex changes to the fuel handling computer
control system to prevent collisions. It would probably also require a duplicate new fuel and irradiated
fuel transfer system on the opposite end of the reactor face.

All CANDU reactors are fuelled in multiples of 2 bundles at each channel visit, i.e., by 4,8 or 10 bundle
shifts. The fuelling machine magazine normally carries fuel bundles in pairs. To perform single bundle
shifts for a HAC reactor some operations and control procedures and sequences will have to be modified.
For example the magazine may have to be loaded with single bundles in the magazine fuel tubes.
Alternatively a scheme could be worked out using the separators on the upstream fuelling machine. This
would be unusual since the separators are normally used only on the downstream fuelling machine.

The maintenance interval and the life cycle for fuelling machine heads are directly correlated to the
number of channel visits because of wear to the ram ballscrews and nuts, the snout clamping mechanism
and the pressurisation cycles on the pressure vessel. The maintenance demands on the fuel transfer
system are more related to the total number of fuel bundles and may benefit from the use of high burn up
fuel. Advanced fuel cycles requiring more frequent channel visits will require significant adjustments to
the maintenance scheme.

The obvious approach to maintenance is to provide additional spare fuelling machines. Current CANDUs
use two fuelling machines in service per reactor with sufficient spare fuelling machines and spare rams
to maintain capacity factor. To accommodate the fuelling demands of the HAC 640 channel reactor, for
example, a total of five fuelling machines would be required. Between annual outages, after
approximately 2500 channel visits, two fuelling machines would be in service, two fuelling machines
would be in maintenance and one fuelling machine would be ready for immediate installation in the



event of an unplanned failure of one of the in-service machines. Current maintenance records for fuelling
machine rams suggest that this interval between outages can be achieved. The capital investment in these
fuelling machines would reduce unplanned outages and replacement power costs.

NEW FUEL HANDLING

For the plutonium dispositioning study the radiation fields from new fuel were compared to fields from
natural uranium fuel. Measures to limit occupational radiation exposure in handling and inspection of
new fuel were assessed. Gamma fields for the "weapons grade" MOX fuel are about four times higher
than for natural uranium. In addition the plutonium would also have a 5 mrem/hr neutron field.

The special packaging designed for the shipping and handling of MOX fuel would reduce radiation
exposure by means of steel sleeves and water-expanded polyester packaging. The fuel would stay in the
packing until immediately prior to transfer into the new fuel loading mechanism. Although it has not
been studied in detail, it is conceivable that there would be increased labour and space usage costs
associated with the special packaging scheme.

Other fuel cycles such as DUPIC present new fuel with much higher gamma fields, comparable to
irradiated fuel. This fuel would be shipped and handled in shielded casks. Studies have shown that, in
existing plants, reverse fuelling through the irradiated fuel bay is feasible without major plant
modifications. The system would be labour intensive and would reduce the capacity of the irradiated fuel
bay. Currently, equipment such as the FARE tool and modified shield plugs has been loaded into fuelling
machines from the irrradiated fuel bay through the spent fuel port

For a new plant intended for DUPIC fuel a completely re-designed new fuel loading system could be
devised with sufficient shielding and remote operation,

SECURITY AND SAFEGUARDS

Ordinarily, fresh CANDU natural uranium fuel is not subject to extraordinary security and safeguards
measures because it is not readily converted to weapons material. Irradiated CANDU natural uranium
fuel contains significant amounts of Pu and thus is carefully surveyed and monitored by the IAEA from
the time of discharge from the reactor throughout the transfer and storage cycle. These systems are now
well established for CANDU reactors.

Some of the fuels being studied in the advanced fuel cycles such as MOX and actinide burning are
particularly sensitive to weapons diversion and unauthorized appropriation. These fuels in the
unirradiated condition contain significant amounts of fissile material that can be chemically separated.
Some of these fuels may be handled occasionally in their normal state without extraordinary radiation
protection measures which makes unauthorised diversion possible without risk of personal injury. Fresh
DUPIC fuel also contains sufficient fissile material to be a safeguards concern.

To protect against unauthorized diversion of these fuels effective procedural and physical barriers will
have to be put in place. New structures may have to be built to accommodate this fuel in a secure manner
These measures could turn out to be quite costly to retro-fit at existing plants



MECHANICAL INTERFACE

The fuel bundles for the various advanced fuel cycles are designed to pass through the CANDU reactor
fuel channels without modification. That is, their diameter and are the same as a conventional natural
uranium CANDU fuel bundle. The bearing pads are placed in the familiar position (with some minor
adjustments to control bundle end plate droop).

The major mechanical differences in the fuel bundles for the advanced fuel cycles, as they interface with
the fuelling machines, is the smaller size of the outer pencils and the larger outer diameter of the
endplates. See Figure 1.

Through the fuel channel and most of the fuel handling system this difference has no effect. However,
when the fuel string is being supported by the fuelling machine separator sidestops these differences
become important and must be closely examined.

Geometry - Endplate Interference
Since the CANFLEX endplate is larger compared to the original CANDU 6 fuel bundle the question
arises whether the bottom point of the separator will interfere with the endplate. This situation could be
worsened by the bundle conditions such as droop and severe bearing pad wear. Recently extensive
calculations were done for the CANFLEX bundle prior to testing to ensure that this interference would
not occur with the worst case of fuel bundle geometry.

Load Sharing
The HAC 61 bundle has twenty-four 9.5 mm elements in the outer ring. When the separators' interaction
was examined it was found that the axial load due to hydraulic drag on the fuel string supported by the
separators during the refuelling process was shared by too few elements.

If the separator engagement is too little, element eccentric loading is increased and thus the stresses on
the fuel sheath.

Several design solutions were evaluated and a bottom stop was proposed to be included in the design
with the conventional sidestops.

IRRADIATED FUEL STORAGE

Generally, the irradiated fuel from advanced fuel cycles can be handled in the same manner as current
CANDU natural uranium fuel. Immediately after discharge from the reactor it does not have significantly
higher radiation or thermal output. Thus, no special cooling systems are required in the FM head or the fuel
transfer system. However, heat loads from high burnup fuels over the long term are higher than those of
natural uranium fuel. See Figure 2. This would have implications on long term storage beyond the 7-10 year
period when CANDU fuel is normally put into dry storage. The requirements for bay capacity will also
have to be considered.



CRITICALITY

Natural uranium CANDU fuel has no potential for criticality in conditions of light water flooding in
either its fresh or irradiated states (Ref. 8). Such is not the case for some of the advanced fuel cycles.

Criticality control measures for the storage and transfer of new fuel may include special packaging (see
Figure 3) and procedures. The packaging is designed to provide physical separation of the fuel bundles
and neutron absorption.

Criticality of the new fuel in the fuelling machine head was examined specifically for the MOX fuel
cycle. The fuel configuration was found not to be critical in this case. This situation would have to be
studied for each advanced fuel cycle including non-routine fuel handling scenarios such as mixed fresh
and irradiated fuel in the fuelling machine.

Some of the fuel cycles may produce irradiated fuel that present a concern about criticality. Then
criticality control measures in the irradiated fuel bay would have to be designed. The case of new fuel
being discharged to the irradiated fuel bay also has to be considered. These techniques are well known in
LWR stations and would have to be adapted to CANDU.

CONCLUSION

The CANDU fuel is sufficiently adaptable to accommodate advanced fuel cycles in one way or
another in new or existing CANDU reactors.
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FIGURE 3 NEW FUEL SHIPPING AND STORAGE CONTAINER FOR PLUTONIUM FUEL



ON THE OTHER PROPERTIES OF QUADRUPLE MELTED
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PURPOSE OF WORK:
Pressure tubes made from quadruple melted ingots have been shown to have excellent fracture toughness
properties, but their other properties are also important. This paper summarizes comparisons carried out on
the other (in- and out-reactor) properties of pressure tubes made from quadruple and double melted ingots.
It shows that there is no difference in the other properties that can be attributed to the number of times the
ingot was melted.

SUMMARY:
Pressure tubes used in CANDU reactors have been made from double melted Zr-2.5Nb ingots that were hot
forged from approximately 600 mm diameter to produce billets that were machined into hollow billets with
approximate dimensions 200 mm OD, 100 mm ID and length 600 mm. Thus, there was always at least
25% of the material from each ingot available for recycling.

Recently, pressure tubes made from material melted four times have been found to have superior fracture
toughness properties compared with tubes made from ingots melted only twice (i.e., double melted, DM).
This improvement in the fracture toughness arises because the quadruple melting (QM) reduced the
concentration of chlorine and chloride-rich inclusions in the material. QM material is the material of
choice for pressure tubes for future CANDU reactors.

There are, however, several other pressure tube properties that are of great interest as they affect the
performance of the tubes. Among these are the tensile properties, the axial elongation rate in reactor, the
oxidation and deuterium (D) pickup during service and the Delayed Hydride Crack growth rates (DHCV).
Some of these properties could be affected by the change in ingot melting practice from the traditional DM
to QM and it is of interest to determine if these properties are affected by the use of QM for ingots.

It has been found that the Zr-2.5Nb ingots contain different amounts of recycled material, from 0% to
100%. Ingots containing 100% recycled material are, in effect, QM, and it has been shown that pressure
tubes made from them have excellent fracture touthness properties. Most reactor sets of pressure tubes
contain some pressure tubes made from some ingots that were made up from 100% recycled material. The
old Pickering Units 3 and 4 contained many such tubes.

Measurements carried out on pressure tube samples during manufacture have been reviewed and the tensile
properties and corrosion resistance in the ASTM G 2 corrosion test compared for the QM and DM pressure
tubes produced for some 17 units (about 8000 tubes).

The pressure tube axial elongation rates are measured during service, and the results available for five units
have been reviewed to allow comparison of the rates shown by the QM and DM materials. Data from over
2000 fuel channels were available for the comparison.

During Large Scale Fuel Channel Replacement (LSFCR) in Pickering Units 3 and 4, material was set aside
from many removed pressure tubes for evaluation, most from DM ingots and some from QM ingots. Many
tests have been carried out in the hot cells on this DM and QM material, including the measurement of the
oxide thickness, the axial DHCV and the transverse tensile properties. The results from these tests have
been reviewed and the behaviour of the DM and QM materials compared. Oxide thickness data from over



900 measurements were used, together with data from 100 axial DHCV tests and 110 transverse tensile
tests.

The deuterium picked up during service by the pressure tubes removed from Pickering Units 3 and 4 was
also measured, but there is a possibility that some of the D may have entered the tubes from the annulus
gas side. Thus the D data from these units are not considered suitable for studies of the D picked up via the
inside surface of the tubes. However, several pressure tubes removed from other CANDU units have been
analysed for their D concentrations and, in addition, the D concentrations in several pressure tubes in
service have been measured in samples obtained from their top inside surface using Axial Scrape Tools.
The D concentrations measured in these samples have been reviewed to determine if there is any effect that
can be attributed to diferences in the QM and DM materials. Data from over 890 D concentrations were
used in the review. Since the oxidation and D pickup rates are affected by the local temperature and the
flux at the pressure tube inside surface, it was necessary for comparisons to separate oxide thickness and D
pickup data into the appropriate reactor zones and into different temperature regions along the length of the
fuel channels.

In most cases the comparisons were carried out between the QM material and the rest of the material. In
some cases (e.g., the axial elongation rate) the data were examined to see if there was an effect arising from
the different amounts (between 0 and 100%) of recycled material used in the ingots.

The review showed there was no statistically significant difference between the QM and DM materials for
the different properties for which large databases were available.

There are some properties (e.g., K1H, the stress intensity factor needed for DHC initiation) for which large
databases do not exist, and for these properties the results from only a few tests are available. Comparison
of the few measured values suggests that there is no difference attributable to the material being QM or
DM.

CONCLUSION:
The review of properties (other than fracture toughness) of pressure tubes made from QM and DM ingots
shows that there is no difference in the properties that can be attributed to the ingots used being melted
twice (DM) or four times (QM).
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ABSTRACT
Since its first criticality in 1957, the NRU reactor has been operating safely and efficiently supporting the CANDU
reactor's research and development programs and producing radioisotopes for medical use. To ensure that the
reactor continues to operate safely and effectively, Atomic Energy Of Canada Limited (AECL) commissioned a team
in 1989 to conduct a systematic review and assessment of the reactor condition. The outcome of the study indicated
that the overall condition of the reactor is good and that it is being operated safely. The study also produced
recommendations as to where safety can be improved. These recommendations are the basis of the upgrade program
currently being implemented in the reactor.

The Second Trip System (STS) is part of the upgrade program. It is a stand alone seismically qualified trip system
that operates independently from the existing first trip system (FTS) to shutdown the reactor.

This paper discusses the design, installation and the inactive commissioning of the system, and the process used to
ensure that the system can be retrofitted to the reactor without affecting its safety or its operational requirements.

BACKGROUND
NRU is a thermal neutron, heterogeneous, heavy water moderated and cooled reactor (Figure 1). It was design for
operation with natural uranium fuel rods and converted to operation with high enriched uranium fuel in 1964, and
then to low enriched uranium fuel in 1993. The reactor operates at 130 MWTh to support the engineering
experiments for the development of CANDU power reactor, fundamental research using neutron and the production
of radioisotopes. A contractual agreement associated with the isotope production limits the downtime of the reactor
for repair and maintenance to a maximum of five days.

Over the past four decades, the reactor operated safely and efficiently. To ensure that this will continue into the next
century, AECL commissioned a team of experts to conduct a detailed systematic review and assessment of the NRU
reactor. The primary objective of the assessment was to determine the physical condition of the reactor and to
identify those systems where safety improvement is recommended.

The present control and shutdown system for the NRU reactor was identified as one of those systems requiring a
safety upgrade. The upgrade is required because of lack of independence and separation between control and
shutdown systems, lack of channel separation and insufficient system qualification for possible environmental
effects.

Various options were examined to improve the shutdown system which included redesigning the existing shutdown
system or the installation of a new shutdown system. These options were not practical with respect to schedule and
cost. However, a third option that was acceptable and feasible, is to add a Second Trip System (STS).

The STS is a new independent set of trip chains containing a small number of critical trip parameters. These new
trips act on the same control rod magnets as the existing trip system (now termed the First Trip System FTS). The
addition of the STS significantly improves the overall safety and reliability of the reactor shutdown, with minimum
interference or change to the FTS.



EXISTING CONTROL AND SHUTDOWN SYSTEM
Figure 2 shows the schematic arrangement of the NRU existing control and shutdown system.

The NRU reactor is controlled and shut down by neutron absorbing control rods in the form of vertical tubes
distributed at various location in the reactor core. The absorber section of each control rod is suspended vertically
by an electromagnet from a driving head. With the magnet energized, the control rod serves as a regulating rod for
power control. When the electric current to the magnets is interrupted by a trip signal, the absorbers are released and
they fall under gravity, the rods then serve as a safety rods for rapid shutdown of the reactor. The reactor is equipped
with 18 control rods.

The control system consists of 4 ion chambers located in reactor face E , and another 4 ion chambers located in face
L. The four signals from face E are processed by the amplifiers into linear flux and linear rate measurements. The
four linear flux measurements are compared to each other in a comparator unit then averaged and fed into three
function generators. Linear rate measurements are also compared, averaged and fed to the three function generators.
Similarly, the signals from face L ion chambers are processed to log and log rate measurements, compared in a
comparator, averaged and fed to the function generators. The function generators compute the difference between
the demanded values and the above received measurements (the log measurement is used for low power control
only). The output of the function generators are compared and then used to drive the control rod head via the main
drive magnetic amplifier.

The existing trip system interrupts the power supply to the control rod magnets upon detecting any safety parameter
exceeding its predefined limit. The trip circuit is based on 2/4 logic for the main neutronic trips and 2/3 for all other
trips.

For neutronic trips, the same 8 ion chambers and amplifiers that supply the control system are also used for the trip
system. In addition, a set of three ion chambers located at face E provide an independent log rate trip signal, and
another set of three ion chambers in face L provide excess neutron level trip signal. The three ion chambers for the
log rate trip were originally located in face D, and were moved to face E to provide space for the new STS ion
chambers as indicated in Figure 3.

Other trips are related to protection against failure of the control system such as comparative trip parameters, and
special interlocking trip parameters. Numerous other trips are also available for shutting down the reactor should a
key process failure occurs.

The FTS operated successfully and reliably covering over 2000 demanded rod releases. It is designed with high
redundancy level and is provided with good provision for system testability. However, the system independence is
compromised by the use of the same neutronic measurements for both control and safety, the lack of channel
separation, and the vulnerability of the system against potential adverse environmental effects.

KEY REQUIREMENTS FOR THE STS
The STS must be physically and functionally independent of the FTS and the control system. Where interfacing is
necessary, interconnecting signals must be buffered to prevent cross-link failure. Both the FTS and the STS must be
individually capable of shutting down the reactor on demand. In addition, the STS must be capable of tripping the
reactor during adverse environmental conditions caused by internal or external hazards.

Due to practical and economical restrains, the STS should trip the same reactivity device (absorbers) as the FTS. The
NRU reactivity device is a well-proven, highly reliable device, and has operated successfully for four decades
without failure to actuate on demand to drop the absorbers into the reactor core.

Trip parameters for the STS should be limited to those parameters covering critical areas. The operator interface of
the STS should blend smoothly with present systems.



The safety of the reactor and the integrity of the FTS must not be compromised at any time specially during the
installation and commissioning phases of the STS. Due to isotope production requirements, which limit the down
time of the reactor operation to a maximum of 5 days, all shutdown installation and commissioning work must be
planned to meet this limitation.

PROJECT STRATEGY
At the start of the project, it was recognized that operations involvement was necessary to ensure the successful
integration of the new system with the existing reactor systems. This was accomplished by assigning a qualified
Operations engineer to the project to liaise with the design, safety, and implementation teams. In addition, the STS
was considered a modification to the operating reactor and therefore it was subject to the NRU change proposal and
approval (CPA) process. Using this process, the NRU Change Control Committee (CCC) ensures that changes are
reviewed, assessed and categorized for their safety impact. Accordingly, the STS was classified as Category I
change.

It was also realized that the Company's Safety and Review Committee (SRC) and the Atomic Energy Control Board
(AECB) must be fully informed with the conceptual design of the new system and the progress of the work to
facilitate approval and licensing of the system upon completion of its inactive commissioning. To this end, a
preliminary safety note describing the STS and its benefits was submitted and accepted by the SRC and the AECB.

Quality assurance programs were applied throughout the activities to ensure that all deliverable meet the specified
requirements for the system.

SYSTEM DESCRIPTION
The overall arrangement of the upgraded NRU trip and shutdown system is presented in the block diagram Figure 4.
Whereas Figure 5 shows the STS configuration. The STS has three trip channels (E, F, G). Its trip circuit is based
on a two out of three general coincident logic. The system monitors four automatic trip parameters and two sets of
emergency trip push buttons(P.B.'s). The auto trip parameters are: excess neutron linear power, excess neutron log
rate, loss of Class 4 power, and excess seismic acceleration. One set of emergency P.B.'s is provided in the Control
Room, and the other in the Qualified Emergency Response Center (QUERC which is a new seismically qualified
room inside the reactor building). The main equipment is housed in three seismically qualified cabinets located in
the QUERC, while the system's displays and controls are located in the Control Room. All sensing instruments,
signal processors and cables associated with the STS are segregated from all other reactor systems as far as
practically possible.

Figure 6 shows a simplified representation of Channel E trip logic. The four auto trips and the two manual trips are
connected in series with the channel trip relay. Trips are sealed in a channel basis until reset by the operator. An
arrangement of voting relays governs the final trip relays (SV). When two channels or more are tripped, the final trip
relay contacts interrupt the power supply to the magnets of the absorbers allowing them to drop into the core.

The STS was design as a stand alone system that can be constructed in complete isolation from the reactor systems
until its final commissioning. Some of the main system features are discussed below:

• Neutronic Trips: The neutronic trips are fed from three new ion chambers dedicated for the STS. The ion
chambers are located in the reactor face D (FTS main ion chambers are in faces E &L) and their signals are
transmitted to the main cabinets in the QUERC via seismically qualified conduits and trench. Each ion chamber
signal is processed by an amplifier into linear neutron flux and log rate measurements.

The STS amplifiers are equipped with adjustable gain units which can be controlled remotely from the control
Room. This enables the operator to boost the linear power for each channel by as much as 30% to overcome signal
distortion caused by neutron flux tilt during refueling or control rod movements.

• Seismic Trip: seismic qualification of the NRU reactor was not a major consideration during its original design.
Assessment and analysis indicated that the reactor structure and components have adequate strength to resist the



seismic forces generated from a postulated Assessment Basis Earthquake (ABE = 0.07g). Therefore, a seismic trip
was incorporated in the STS to ensure that the reactor is shut down and placed in a safe state at or below the ABE
level. The trip is actuated if two-out of three accelerometers located in the QUERC, exceeded the trip set point of
0.06 g.

• Class 4 Trip: On average the NRU reactor experiences about 8 Class 4 power failure a year. It is by far the
highest frequent event with potential sequence leading to core damage. The loss of Class 4 causes the FTS to trip
due actuation of at least 5 process system trip parameters. However the addition of the STS Class 4 trip provides a
dedicated direct reactor trip that ensures reactor shut down in this event.

• STS Main Cabinets: The three cabinets are located in a seismic qualified area, the QUERC. One of the cabinets
was wired and equipped with the STS instrument, then subjected to a shake test up to the design base earthquake
level for the NRU site (0.24g) using a shake table at Wyle Lab, Alabama. The cabinet passed the test after minor
modifications which were also applied to the other two cabinets.

• Buffering of the STS: All connections between the STS main equipment in the QUERC and other systems in
the reactor were buffered using relays, amplifiers or signal isolators to eliminate the possibility of cross links and
common mode failures. In addition, all cables connected to the STS cabinets were provided with enough slack
cables or passed through a reverse pull box to protect the cabinets against the pull forces from outside the QUERC
during a seismic event.

• Testing: the STS is provided with an on-line testing facility which allow the testing of individual channels on
power. Using a remote testing arrangement in the Control Room cabinet, the operator can place the channel in a test
mode, then select each trip parameter (except the seismic) in turn for test including the testing the final trip rely
contacts. Interlocks are provided to inhibit channel testing if another channel is already tripped or in the test mode.

SYSTEM INSTALLATION
The Reactor Maintenance Branch (RMB) was assigned the installation responsibility of the system. An installation
plan was developed in close consultation with the RMB planners, system designers and the commissioning engineer.
The plan complies with the NRU Upgrade Project Overall Quality Assurance Plan which meets the requirements of

the CAN/CSA-N286.0-92 standard.

Work was divided into work packages designated normal and critical (requiring reactor shutdown). Each critical
work packages was examined closely to ensure that it can be completed within the maximum allowed shut down
period of five days.

In all, twenty-seven work packages were created for the STS installation. All work packages were subjected to the
CPA process, and were presented to the NRU CCC for approval. Some of the work packages were classified as
Category I changes requiring further approval by the SRC and the AECB. Other packages were approved as either
Category II requiring independent safety assessments and reporting to the SRC, or minor changes requiring only the
approval of the CCC. At the completion of each work package, its associated CPA was close by the CCC. The
closure of the CPA indicates that the job has been completed satisfactorily, its related documents are approved and
issued, and that Operation personnel are well informed with the changes.

Procurement and installation activities were completed in accordance with the applicable QA requirements as
specified in the system design manual. Route sheets were developed for installation work with appropriate hold
points for inspection and acceptance. Normal NRU work control practices were applied throughout, to ensure that
the installation work does not compromise the reactor safety or its operation.

At the end of the installation stage, a pre-commissioning function testing was successfully completed, then the
system was turned over to the commissioning team.



SYSTEM COMMISSIONING
Currently the system is being inactively commissioned in accordance with the Commissioning Plan which divides the
activities into inactive and active commissioning work.

In the inactive state the system has been completely installed without the final tie-in to the magnet release circuit.
Temporary 3 phase test power and a series of resistors have been used to simulate the missing magnet circuit. The
STS in this configuration appears fully operational as it monitors and displays all its tripping parameters, alarms and
prints out any detected fault on the system.

The inactive commissioning procedures have now been completed successfully as per the acceptance criteria for
each test which is based on the design requirements and specifications.

The scope of the inactive commissioning also includes:

• Revising the NRU Handbook: the pertinent sections of the Handbook were revised to reflect the addition of the
new system. This includes describing the system, its trip logic and its alarm and display functions.

• Preparation of periodic trip and alarm test procedures: All surveillance testing procedures for the STS were
developed and performed during the inactive commissioning. Testing frequency was determined based on
unavailability analysis of the system and were included in NRU surveillance testing program.

• Conducting operators' training: A training program was developed for three target groups: Senior Reactor Shift
Engineers and supervisors, Nuclear Operators, and Maintenance personnel. The program consisted of classroom
presentations and on-the-job training (OJT).
Classroom presentations were conducted in accordance with an approved Master Learning Directive. It introduced
the trainee to the safety issues associated with the installation of the STS, described the system purpose, layout, trip
parameters, trip logic and the system display function.
The OJT included walk-through the system main components, identifying normal and abnormal conditions and
indications of the system, conducting the trip and alarm tests, responding to system faults and following the
administrative rules associated with the system licensing and operating requirements.

• System Evaluation: As described previously, the STS is now fully operational except that it does not trip the
reactor. Operations continuously monitor system indications, responding to alarms, and conducting periodic trip and
alarm tests. The STS behavior is currently being monitored at different reactor operating modes. To date the system
has met all its design requirements.

• Other tasks completed during the inactive commissioning include writing the maintenance and calibration
procedures, developing the maintenance plan for the system, revising the NRU Operating Manual, and issuing the as-
built drawings.

CONCLUSION
The Second Trip System for the NRU reactor was designed, installed and inactively commissioned as part of a
safety-related upgrade program for the NRU reactor. Close cooperation of the project, design, installation and
operations teams ensured safe and efficient completion of the system with no negative impact on reactor safety. A
safety note has now been submitted to the SRC and AECB for approval of the final hook-up of the STS to the NRU
shutdown system. The active commissioning plan and procedures, also have been completed and are ready for
implementation upon receiving the approvals.
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Abstract

Canadian designed CANDU pressurized heavy water nuclear reactors have been world leaders in electrical power
generation. The CANDU 9 project is AECL's next reactor design.

Plant control for the CANDU 9 station design is performed by a distributed control system (DCS) as compared to
centralized control computers, analog control devices and relay logic used in previous CANDU designs. The
selection of a DCS as the platform to perform the process control functions and most of the data acquisition of the
plant, is consistent with the evolutionary nature of the CANDU technology. The control strategies for the DCS
control programs are based on previous CANDU designs but are implemented on a new hardware platform taking
advantage of advances in computer technology.

This paper describes the design process for developing the CAND U9DCS. Various design activities, prototyping
and analyses have been undertaken in order to ensure a safe, functional, and cost-effective design.

Introduction

The next generation CANDU power station is being designed as a single 900 MWe unit. This evolutionary design
includes enhanced versions of existing CANDU control functions and advanced new features made possible by new
technology.

The CANDU 9 plant monitoring, annunciation, and control functions are implemented in two evolutionary systems;
a plant display system (PDS) and a distributed control system (DCS). The DCS implements most of the plant control
functions in a common hardware platform. The DCS communicates with the PDS, which provides the main operator
interface and annunciation capabilities of the previous control computer designs along with human interfacing
enhancements required by a modern control system. A context diagram of the DCS is shown in Figure 1. The
design of the CANDU 9 DCS is described in Reference 1.

In existing CANDUs, plant control is performed by digital control computers (DCCs), analog control devices and
relay logic. At the highest level, system control is performed by dual redundant computers which execute a set of
programs for monitoring, operator display, annunciation, and control of important plant systems. At a lower level,
control devices such as analog controllers and programmable logic controllers (PLCs) handle individual device
control functions. The application programs for the control computers are written in low-level programming
languages such as assembler, while the lower level device control logic is written in a symbolic language or is
performed in hardwired logic.

While the DCS technique has been applied in a number of limited scope applications in CANDU nuclear power
plants, this is the first application of a full-scope plant DCS that provides a replacement for most of the conventional
control equipment and DCCs used on existing plants. Special attention has been paid to all areas of the CANDU 9
DCS design process to ensure that the system hardware and software design requirements are specified completely
and adequately. This process will eliminate implementation risks, and prevent operability or maintainability
difficulties while ensuring a quality product.

• CANDU is a registered trademark of Atomic Energy of Canada Ltd.



This paper describes:

• the distributed control system design cycle, outlining the various steps involved realizing the design of such a
system,

• analysis methods used to support the hardware and software design, the distribution of the application software
into the various control levels within the DCS, and the hazard and operability analysis,

• the guidance provided to the control application system designers to allocate process control system applications
into software based (DCS) applications and hardwired applications,

• the design, verification and validation processes for the application software, and

• the qualification activities for pre-developed software.

The Distributed Control System Design Cycle

The engineering effort for a DCS design is managed in a similar fashion to other instrumentation and control projects
involving both hardware and software. Typically, such projects involve the following activities:

1. outlining the DCS project goals and objectives,

2. preparing the DCS project schedule, deliverables, and milestones,

3. listing the design requirements,

4. preparing a description of the design,

5. developing the hardware technical specifications and procurement documents,

6. preparing system process and instrumentation diagrams, instrument loop diagrams, elementary diagrams, and
cabling and wiring diagrams,

7. where software is involved, preparing of software functional specifications and design, verification and validation
of the software, and

8. preparing commissioning, operating and maintenance manuals.

In the case of the CANDU 9 DCS design, a number of analyses have been identified, in addition to the above list of
activities, which are either specific to a DCS, or provide more additional information than previously required due to
the application of a DCS. Some preliminary analyses had to be performed early in the design cycle in order to assist
with the conceptual design of the DCS. These early analyses included preliminary assessments of the DCS
architecture structure, the software reliability, and the adequacy of independence and separation provisions for
monitoring and control functions of plant systems using the DCS.

In general, design documents, such as the design requirements and design description, evolve and undergo revisions
as the design progresses. These revisions will incorporate the approved findings of final system analyses and
feedback from the standard design verification activities such as formal peer review and design review meetings.

Nuclear regulatory information sessions have been held and a regulatory review was completed indicating that there
were no barriers to licensing for the CANDU 9 DCS. A representative design slice of DCS application software for
the Liquid Zone Control system has been developed to demonstrate the process of software development and review
using a function block language for process control. Prototype testing, using a functional DCS partition, has been
performed to verify the functionality and performance of the various options considered in hardware and software
design.



DCS Design Analyses

Software Categorization

The safety category of all software in a nuclear plant must be established by examining the safety significance of the
plant systems involved and the possible software failure impact on these systems. Four categories are defined in
Reference 2, with category 1 having the most serious consequences of failure and therefore the most stringent QA
requirements, and category 4 having no safety significance at all. The software category and resulting software
engineering development process are important factors in determining the overall cost and schedule of the DCS
software.

A preliminary DCS Software Categorization Assessment was performed early in the conceptual design stage, based
on preliminary design information about the safety role and impact of failure of the systems being controlled by the
DCS. The finding of this assessment resulted in the categorization of some DCS software as Category 2, with the
remainder as Category 3. Following the completion of the probabilistic safety assessment, and prior to the start of
the software requirements specification and design, a final software categorization assessment will be performed.

Functional Independence Assessment

The DCS architecture provides a number of independent segments, known as partitions. The many plant monitoring
and control functions can be allocated to different partitions to provide more separation and independence. Using a
preliminary probabilistic safety assessment for the plant systems as a starting point, a preliminary functional
independence assessment was performed to determine which plant systems monitored and controlled by the DCS are
required to be independent of one another.

Based on these independence requirements, control and monitoring functions are assigned to the various DCS
partitions. These assignments will be confirmed by a functional independence assessment when the probabilistic
safety assessment has been completed.

Architecture Analysis

Preliminary failure and response time analyses have been performed in support of the design of the resulting DCS
partition. These analyses showed the compliance of the DCS design with the plant reliability and application
software timing requirements.

Hazard Analysis

The hazard analysis assesses the impact on plant safety and production of DCS software and hardware related
failures, operator actions, maintenance activities, software allocations between partitions, and the hierarchical control
levels within the DCS. During the DCS design process, various hazard analyses are performed:

1. DCS platform hazard analysis: This assessment addresses the hazards and operability issues associated with the
DCS architecture and of the physical modules used to configure it. A preliminary analysis has already been
carried out to identify issues associated with the use of a DCS for monitoring and control functions using
information from the preliminary DCS conceptual design.

2. Process control system hazard analysis: This assessment is conducted for each plant safety related system which
makes use of the DCS for monitoring and control purposes. This analysis is carried out following the preparation
of the software functional requirements for applications controlled and monitored by the DCS.

3. DCS partition hazard analysis: This assessment is carried out for each finalized DCS partition. The analysis
concentrates on common-mode failures which could affect more than one plant system within that partition. This
assessment is carried out following allocation of software to processors and inputs and outputs to specific input
and output modules.

4. In parallel with the DCS overall integration, testing and validation activities, a total system hazard review will be
carried out to address very high level inter-partition issues.

The outcomes of each of these assessments are fed back to the input design documentation for revision as
appropriate and a follow-up analysis with limited scope is performed before moving on to the next step in the design
cycle.



Guidance to Control Application System Designers

A control application design guide will provide assistance to system designers in areas such as defining the scope of
the DCS for each control application, the need for hardwired backup controls on safety-related end devices, the
definition of signals required to be displayed at the operator interface, and the specification of various features in the
DCS design such as redundant inputs and outputs for control signals.

For example, the application design guide will assist the system designer in selecting the appropriate method of
control to be provided to the plant operator. The operator can interface with the plant control system in three ways: .

• interfacing to computer control provided by the DCS/PDS,

• interfacing to analog supervisory control stations, and

• manually controlling the end device through panel controls.

The selection of the appropriate interface will be based on rules and examples provided in the application design
guide.

Design, Verification, and Validation Processes of the Application Software

Software Functional Requirements

The control and monitoring requirements for the DCS, based on previous CANDU designs, will be defined by the
system designers for the individual process systems. This definition is prepared in a procedurally bounded format
with particular attention to completeness, accuracy and unambiguity of the requirements. The requirements are
presented in either textual, graphical, or truth table format which best defines the information.

Two types of documents are used for defining software functionality:

• Program Functional Specifications (PFS) are used to describe complex computations; and

• Device Control Requirements (DCR) are used for coordination of devices using simple logic that consists of
independent loops with limited numbers of inputs and outputs.

The Design Input Documentation (DID) for each partition is developed by collecting all of the functional
requirements for the systems allocated to the partition, taking the results of the functional independence assessment
analysis into account.

The definition of the plant control systems functional requirements is the first step in the design of the application
software. The actual design of the software in the DCS is governed by the quality project plan (QPP) for the DCS
design.

Quality Project Plan (QPP)

The DCS QPP specifies the systematic process to be used for the production of the DCS software from the functional
requirements. The scope of work accomplished under the QPP is the development and verification of all software
within the boundary of the DCS until the plant is declared to be in-service. The QPP does not define an engineering
process for DCS hardware design, but describes the activities and responsibilities of the hardware design team where
they relate to software engineering.

The DCS QPP calls for the preparation of procedures to guide the software design and verification processes. These
procedures achieve consistency in the design methodology by various designers, ensure adherence to certain design
and verification principles, and provide correct and complete documentation.

The QPP also defines how the independence amongst the design and verification activities is achieved. Personnel
assigned to design and verification activities would be drawn from a common staff pool, but verification activities
associated with a particular software element will not be assigned to any person who was directly involved in the
design of the element. Validation of functional requirements would be performed by reactor and process control
functional designers. Validation of requirements derived from the DCS hardware design would be performed by
DCS hardware designers.

An overview of the software development and verification process is provided by Figure 2. This figure shows how
the detailed design and resultant code for each partition evolves from the design input documentation, how each



stage of the design process is subject to review, and how the design documentation is used as the basis for
subsequent verification and validation activities.

Software Requirements Definition

Requirements for the DCS software are derived from the Design Input Documentation (DID). The Software
Requirements Specification (SRS) presents a formal, unambiguous statement of the DID requirements as they apply
to the DCS software. Interface requirements, for example, are expressed in terms of the electrical signals which are
present at the DCS input/output terminals. There will be one SRS for each DCS partition.

The requirements contained in the SRS will be implemented and documented as Function Block Diagrams (FBDs).
Overview diagrams provide an hierarchical view of the software. Detailed diagrams describe the requirements for
each partition, either using graphical primitives (AND gates, integrators, etc.), or using macro blocks, whose
functionality is in turn described using graphical primitives or some other formal method. This representation has
the considerable advantage of being easily reviewable by system designers who are not programming experts.

Approved requirements are entered into the Requirements Tracking and Verification database, in which traceability
to the source of the requirement, and allocation to a given partition will be recorded.

Software Requirements Review

The objectives of the DCS software requirements review are to ensure that the requirements, as documented in the
SRS, accurately reflect the needs of the process system, the Generic Requirements of the DCS hardware platform
have been correctly interpreted, and any derived requirements resulting from the Software Requirements Definition
activity are legitimate.

Software Detailed Design

After preparation of the SRS documents, the partition SRS requirements will be examined to determine the most
appropriate allocation of each requirement to a specific control processor, either at the Group Control Level, or at
the lower Device Control Level.

Additional 'derived' DCS requirements will be defined at this stage, which are DCS hardware or implementation
specific rather than arising from plant system functional requirements. Examples of derived requirements would be
self-checking and redundancy handling.

These derived requirements will be expressed in function block diagram format and entered in the Requirements
Tracking and Verification database, where their traceability to the parent requirement will also be recorded. The
result of the DCS detailed software design phase is the DCS software design description (SDD).

Software Design Review

The objectives of the DCS software design review are to ensure that the requirements contained in the SRS have
been appropriately allocated to processors and software units, any requirements derived as a result of the detailed
design process are legitimate, and the software architecture has been chosen to meet the performance requirements,
and to facilitate subsequent test and maintenance activities.

Software Code Generation

Code Generation is largely an automated procedure, carried out using software development tools procured from the
selected hardware vendor and, where necessary, developed by AECL.

The outputs of Code Generation are instruction list and configuration data files that are used to program the various
modules in the DCS. These files determine the logic to be executed in each processor, the signals which will be
transmitted on each communications link, and the frequency with which they will be transmitted.

Software Testing Activities

The objective of the software testing is to ensure the generated code correctly implements the software design and
the specified software requirements. Software Testing will be addressed at three levels:

• Unit Testing, (the lowest level), in which the individual software units, and groups of units will be tested against
the requirements allocated to them in the SDD;



• Subsystem Testing, in which each functional partition will be tested against the allocated SRS requirements; and

• System Integration Testing, (the highest level), in which any remaining SRS requirements not verified at the
Subsystem Test level will be tested against the requirements in the SRS. This will, for example, verify
requirements involving inter-partition communication.

DCS Application Software Validation

The PFS and DCR documents are used during the validation step (black box testing) of the DCS software as shown
in Figure 2. Validation activities provide a check that the DID requirements were correctly interpreted by the
software developers. Validation treats the DCS as a "black box". That is, the validator has no knowledge of the
internal structure of the DCS (other than the partition divisions). In view of the complexity of the DCS, software
validation will be conducted at two levels:

a) Partition Validation, which will be run in the software development facility, using the hardware and software for
a single partition; and

b) System Validation, elements of which will be run at site on the installed system.

The CANDU 9 Plant Simulator, (described in Reference 3), will be used to perform the dynamic testing portion of
the software validation activity. The simulator will be connected to the DCS via an interfacing subsystem so that the
expected DCS parametric inputs (i.e. voltage signals) are provided.

Qualification of Pre-developed Software

The pre-developed software for the DCS controls the execution of function blocks, and performs various tasks
associated with data communication and is the form of embedded (i.e. not user accessible) firmware in the various
system components. For qualification purposes, this firmware is regarded as part of the DCS hardware.

Summary

The CANDU 9 plant design will use a distributed control system to perform plant monitoring and control functions
previously implemented using digital control computers, analog control devices and relay logic. The design of the
CANDU 9 DCS follows the proven methodology of previous computer control projects but supplements this process
with new techniques and analyses. These new techniques will allow system designers to take advantage of new
features possible in a DCS application, and ensure the DCS complies with all requirements of a modern nuclear
power plant control system.
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MECHANISMS FOR PREVENTING DEUTERIUM INGRESS AT
ROLLED JOINTS IN CANDU FUEL CHANNELS

AJ. White, H.R. Balness, T. Beres and A.A. Bahurmuz1

In CANDU fuel channels, Zr-2.5Nb pressure tubes are connected to out-of-core piping by
rolling them into steel end fittings. A combination of residual tensile stresses from the
rolling process and enhanced deuterium ingress makes pressure tubes susceptible to
delayed hydride cracking (DHC) at the rolled joints. Improvements to fuel channel
longevity are being sought by modifying the rolled joint to prevent hydride formation (a
prerequisite for DHC) at the region of residual tensile stress in the pressure tube. One
promising improvement is to chromium plate the end fitting where it contacts the
pressure tube. Tests of full-size rolled-joint assemblies on an out-reactor, heavy water
loop are showing that chromium plating reduces deuterium ingress at rolled joints by
about 50%.

To refine our understanding of mechanisms for rolled-joint deuterium ingress and the role
of chromium plating in preventing ingress, a set of modified rolled-joint assemblies was
tested. The modifications included using end-fitting hubs that bad either a single groove
or no grooves, that were chromium plated or unplated, and using standard pressure tubes
or tubes with the outer as-manufactured oxide ground off. After 219 days on the loop, the
assemblies were destructively examined. We concluded that deuterium released in the
crevice between the pressure tube and end fitting from corrosion reactions was a major
contributor to ingress at rolled joints. Also, if the oxide on the pressure tube is kept
intact, there is little deuterium ingress. As a result, chromium plating may reduce
deuterium ingress in two ways: by oxidizing less than stainless steel and thereby
reducing the amount of deuterium available to be picked up by the pressure tube; and by
minimising the damage to the pressure tube oxide during the rolling process.

Fuel Channel Components Branch
Reactor Materials Division

Wnitesbell Laboratories
Pinawa, Manitoba ROE 1L0

1 Reactor Materials Research. CRL
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1.0 Introduction:

The PNGS Calibration Program is being implemented as a response
to various concerns identified in recent PEER Evaluations and
AECB audits. Identified areas of concern were the approach to
instrument calibration and the performance monitoring of the
calibration of Special Safety Systems (SSS). The implementation
of a Calibration Program is a significant improvement in
operating practices. A systematic and comprehensive approach to
calibration of instrumentation will improve the quality of
operation of the plant with a positive contribution to PNGS
safety of operation and economic objectives. The program being
implemented will reflect succesful programs used in the industry
and those recommended in the Instrument Society of Measurement
and Control (ISA)/Electric Power Research Institute (EPRI)
methodologies. Successful program implementation is essential to
support surveillance and monitoring requirements.

The PNGS Governing Policy on systems surveillance and performance
monitoring requires (SRP 3.10):

a) providing assurance that equipment needed for safe and
reliable operation will perform reliably and within required
limits;

b) performance monitoring activities optimize plant
reliability and efficiency;

The calibration program being implemented at PNGS addresses the
following concerns:

a) Ensure that instrumentation calibration is within the
specified limits.

b) Develop a methodology and establish a frequency of
calibration to provide confidence that systems operate



within safe parameters.

c) Improve the quality of the plant operation.

d) Satisfy OHN Performance Objectives and Criteria in the
area of Technical Support, Maintenance and Operations.

This paper describes the strategy to implement the proposed
calibration program and describes its calibration data
requirements.

2.0 Challenge:

PND's commitment to Nuclear Excellence in all aspects of nuclear
Operation has translated into the adoption and implementation of
good operating practices as recommended by recognized
international standards. The calibration program is one of the
good operating practices used to improve the Quality of Operation
of PNGS.

3.0 Vision

The benefits of the Calibration Program for the safe operation
and efficient maintenance of PND are as follows:

- Special Safety System (SSS) trip parameter instrument loops
have a full set of verified calibration specification sheets and
procedures for calibration activities.

- All Safety and Safety-Related Process System instrument loops
which have a significant impact upon station KRA's (key result
areas) are calibrated at an appropriate frequency .

- A methodology and procedure to support the system surveillance
program, to track, to optimize calibration activities, and to
monitor loop parameters.

- A methodology and procedures to review "as found" and "as left"
calibration data in a software package suitable for use by the
System Responsible Engineer (SRE), and Design Responsible
Engineers (DRE's).



4.0 Strategy

4.1 Outline

The plan adopted to translate the Challenge into an improved
Calibration Program, is a strategy consisting of several phases.
The objectives of each phase of this strategy are outlined below:

Preliminary Work fall PMGS systems'):

Review calibration data and calibration processes in place.

- The systems selected and their priority of implementation is
based on the contribution of each station system to Reactor
Safety, Licensing and Key Result Areas for the station.

- Define the scope and sources of all the data required by the
different phases of the Calibration Program.

- Develop an implementation strategy.

-Implement a pilot program to test on selected systems the
feasibility of the approach developed.

Phase 1: Basic Program

- Review of all instrumentation loops to identify deficiencies
in current calibration practices.

- Produce a database documenting the current status of the
calibration practices for each system.

Phase 2: Complete calibration specifications.

- For each analyzed instrument and corresponding instrument
loop, perform a technical analysis of the calibration
tolerances, calibration frequency and calibration drift and an
error analysis for the current calibration practices (SSS).

- Generate and update calibration call-ups and maintenance
procedures in a systematic and consistent fashion (SSS and
Process Systems).

- Produce a database documenting the results of reviewing and
analyzing each instrument and each loop calibration (As
required).



Phase 3: Field implementation into the practical plant
environment.

- Generate reliable data for a calibration database with "As
found/As left" calibration data.

- Incorporation by the SRE to the Technical Surveillance
Monitoring.

4.2 Preliminary Work

The Management of Engineering Services at PND recognized the
need to improve and expand the existing station calibration
program. The previous calibration practices were considered as
not satifying the station needs. It was widely assumed that the
absence of a systematic approach to calibration had contributed
to unplanned equipment unavailability, innefficient use of
resources, and loss of revenue.

A review of different station systems indicated that there was
calibration data and calibration processes in place for some
station systems, notably the Protective System(s); however, a
thorough review and documentation of what existed in the field
had never been completed. Calibration data and calibration
processes for some systems was incomplete and a few systems did
not have any. Calibration and maintenance was being done on a
non-systematic basis. This was the basic premise to initiate
the PND Calibration Program.

The initial actions were:

a) review and evaluate all existing calibration data in
place within Engineering Services and the field.

b) establish design guidelines regarding system I & C
calibration requirements.

c) compare existing calibration programs at the station.

The result of these initial actions was the proposed model of
the calibration program and a strategy for its implementation.
This strategy will then be tested on a pilot project, as
described below.

Considerable effort and research time was spent defining and
scoping the data required (not necessarily the data available)
to develop an effective calibration program. As a result all
the required data sources were identified. Since most of the
data was retrieved manually, a procedural mechanism to retrieve
the data from the current information available in the plant
was developed to ensure completeness.



The strategy was tested via a pilot project to complete the
calibration program requirements for some PNGS-A ECI and
Containment loops. The existing calibration program for the
Protective System was chosen as the framework of the model to
follow. This framework combined with the experience from the
calibration programs in place for the Protective, ECI and
Containment systems was also used to determine the feasibility
of the proposed approach and its capability to satisfy the
station needs.

4.3 Phase 1: Basic Program

The objective of this phase is to identify the current
calibration status and to produce a database with accurate and
salient information. The need satisfied by this objective is
to ensure completeness of calibration information.

A systematic review of the prioritized instrumentation loops
produces a summary of the calibration and maintenance program
for each system as per established priorities.

In a systematic fashion, and using the data sources described
in the following section, a database of all instruments for a
given system is produced. This methodology ensures that all
sources of information are documented and gaps and deficiencies
identified (i.e."gap analysis").

The information produced by the Basic Program gives the SRE the
status of each instrument and each loop. A database is
produced which identifies:

a) routine testing of the instrument or instrument loop. If
the instrument or instrument loop is safety related, it
identifies which licensing test(s) are performed;

b) routine maintenance call-ups in place and frequency at
which they are performed

c) maintenance procedures available;

d) calibration specifications and calibration information
available;

e) manufacturer data available;

f) availability of spares (SSS only);

g) completeness of documentation sources and other
miscellaneous comments and observations identified by this
process.

The information thus gathered is used by the System Responsible



Engineers (SRE) to initiate the appropriate action. The
information generated allows the SRE to "fill the gaps"; i.e.
update calibration sheets, generate maintenance call-ups,
provide maintenance procedures, etc..

4.4 Phase 2: Complete calibration specifications.

This Phase involves completing the database prepared in Phase 1
to include complete calibration specifications for instruments
loops and controls associated with trip parameters and which
directly impact upon OP&P limits or have a significant economic
impact. This phase generates outstanding maintenance call-ups
and reviews Maintenance Procedures, updates Calibration Sheets
to include generic instrument tolerances, etc.

The results of the loop error analysis and the loop
uncertainty, instrument drift error, and loop error tolerance
are compared with the tolerance derived from Design
requirements. Any discrepancies are noted for possible
corrective action and/or further analysis.

This information is presented in the form of a database with
all the calibration requirements. This database will be used
by the SRE as part of the Technical Surveillance and Monitoring
activities (described in Phase 3).

This loop error analysis provides a System Performance
Standard. The SRE/DRE can monitor the deviation from desired
performance to detect degradation of a loop, or, identify
improvements to current maintenance and operational practices.
The performance or the health of systems can be monitored to
have reasonable assurance that the instrument/loop/system in
question is capable of performing its intended function. The
SRE then can trend system parameters important to determine the
health of the system.

The PNGS Calibration Program is a technical surveillance tool
which ensures that system instrumentation is within the
specified design limits; provides a basis, a method, and a
frequency of calibration to ensure that system operation is
within those limits, and improves the quality of operation of
the plant. At the end of this phase of the calibration
program, the required technical data gathering is complete. The
the next step is to implement this program in the practical
plant environment.

4.5 Phase 3; Field implementation.

Several initiatives are under way to incorporate the
calibration program into the plant environment:



- A computerized Calibration Information System is being
developed. This system will provide historical calibration data
as well as the tolerances and other relevant information. The
implementation of the capability of performing the analysis of
As found/as left data, as well as other features, are under
consideration.

- PNGS implementation of Technical Surveillance programs.

- The participation of the SRE/DRE's in developing the
calibration program for systems under their responsibility.

5.0 DATA REOUIBKMENTS

5.1 General Requirements:

The following are the data requirements for the succesful
implementation of the calibration program:

a) For each system (USI), a complete and comprehensive list of
all instruments loops.

b) For each instrument loop, a complete and comprehensive list
of all the instruments of the loop.

c) For each instrument, the following data is required:

- System Description.
- Equipment Code .
- System designation (USI).
- Make and Model of the instrument. PNGS Stock Code.
- Routine Test(s) which require the instrument.
- Reference drawings.
- Maintenance procedures.
- Routine maintenance call-ups.
- Frequency of calibration.
- Set Points:

Licensing or Process trip setpoint(s);
Licensing or Process Operating limit(s);
Trip Sepoint (TSP) tolerance.

- Calibration specifications and calibration tolerances (5
points minimum), Required accuracy and suppression.
- Maintenance & Test equipment (MTE): make and model, scale
to use and reference accuracy. Input & output tolerances.
Target output uncertainty.
- Availabilty of spares in stock (SSS systems)
- Comments and feedback from the field (if available)



5.2 Sources of calibration data

The main sources of information, listed in their perceived
order of quality, were the following:

a) Station generated documentation, information to be
considered of the highest quality since the information is,
or can be verified:

- Operating manuals (OM's)
- System Routine Tests.
- Control Room Master Flowsheets.

b) Maintenance documentation, medium quality information:

- Control and Mechanical Maintenance Procedures (CMP's
and MMP's).
- Manufacturer's manuals and other vendor information.
- Calibration Records.

c) Design related information, medium quality information:

- Drawings, technical specifications, and other design
related information.

d) Computerized information:

- Work Management System.

5.3 Calibration Data Requirements

a) Data validity: the calibration data is checked for
validity based on OP&P, Design and manufacturers
information;

b) Data completeness: All instruments have calibration
sheets, each calibration sheet has a minimum of five point
calibration specifications and Input/Output tolerances.

c) Calibration techniques for generic instruments on each
loop have been reviewed.

5.4 Error Analysis:

The objective of initiating an error analysis for each
instrument loop being considered is to derive loop uncertainty,
and, if available to obtain instrument drift error. The error
analysis is done with the following general assumptions:

a) Adverse effects of environmental conditions on instrument
performance are not included.



b) Adverse effects of power supply irregularities are not
included;

c) The tolerance applied to instrument calibration over the
entire range is the maximum error calculated within the
range.

d) Error and uncertainties are considered to be random with
a normal distribution. They are combined using the sum of
squares (RSS) to give the limit of the result 95% of the
time.

e) Errors due to installation are not included.

f) Transmitter calibration specification is defined as only
in the direction of the associated loop alarms.

6.0 Conclusion

A strategy has been developed and is systematically applied to
achieve the objectives pertaining to each Phase of the
strategy. This strategy ensures that:

i) for each system under consideration, all instrument loops
have been identified; all instruments have been identified
and; all calibration data requirements have been satisfied;

ii) for each loop, the requirements of all elements that
require calibration have been considered and documented;
(i.e. licensing, economic, etc.)

iii) the status of calibration processes has been documented
and identified;

iv) all gaps have been identified and action has been
initiated to correct any deficiencies and/or close any gaps
on the calibration program.

v) the calibration tolerance(s) and the loop error(s) are
analyzed to ensure the instrument loops will be calibrated
within their allowed limits.

vi) all the calibration program deficiencies are identified
and resolved.

vii) the System Responsible Engineer (SRE) and the Design
Responsible Engineer (DRE) are provided with a surveillance
tool to monitor the performance and the health of his/her
systems.
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ABSTRACT

Reactor noise analysis is a non-intrusive statistical technique regularly used in surveillance and diagnos-
tics tasks. Valuable information on reactor system dynamics can be extracted from the fluctuations of
instrumentation signals measured during steady-state operation. The small and measurable fluctuations
of process signals are the results of stochastic effects inherent in physical processes, such as heat transfer,
boiling, coolant flow turbulence, fission process, structural vibrations and pressure oscillations. The goal
of reactor noise analysis is to monitor and assess the conditions of technological processes and their in-
strumentation in the nuclear reactor in a non-intrusive passive way. The noise measurements are usually
performed at steady-state operation, while the availability of the signals in their respected systems (e.i.
shutdown systems, regulating system) is not interrupted.

This paper concentrates on recent applications of reactor noise analysis in Ontario Hydro's CANDU sta-
tions, related to the dynamics of in-core flux detectors (ICFDs) and ion chambers. These applications
include (1) detecting anomalies in the dynamics of ICFDs and ion chambers, (2) estimating the effective
prompt fractions of ICFDs in power rundown tests and in noise measurements, (3) detecting the me-
chanical vibration of ICFD instrument tubes induced by moderator flow, (4) detecting the mechanical
vibration of fuel channels induced by coolant flow, (5) identifying the cause of excessive signal fluctuations
in certain flux detectors, (6) validating the dynamic coupling between liquid zone control signals.

INTRODUCTION

In 1992 an extensive program of reactor noise analysis was initiated in Ontario Hydro to develop noise-
based statistical techniques for monitoring process and instrumentation dynamics, diagnostics and early
fault detection. Since then, various CANDU-specific noise analysis applications have been developed and
validated. The noise-based statistical techniques are being successfully applied as powerful troubleshoot-
ing and diagnostic tools to a wide variety of actual operational I&C problems. The dynamic characteristics
of certain plant components, instrumentation and processes are monitored on a regular basis. A com-
prehensive "noise survey" of detector signals from the standard instrumentation of Pickering-B, Bruce-B
and Darlington units have been carried out in the past five years at various operating conditions. Also,
recommended standards and procedures for regular noise measurements have been developed. In these
measurements the feasibility of applying noise analysis techniques to actual operating data has been
clearly 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 exis-
tence of certain multi-channel complex patterns of statistical noise signatures derived from the measured
reactor noise signals.

Multi-channel PC-controlled analog data acquisition hardware and signal processing software capable
of carrying out 48-channel noise measurements have been developed and regularly used in station noise
measurements. The custom-built 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 (SDS1 and
SDS2), the reactor regulating system (RRS) and the fully instrumented fuel channels (FINCH) to the
noise measuring hardware has been established. Long term noise measurements can be carried out with



no interference with the normal operation of the plant. The PC-based off-line signal processing software
includes FFT-based multi-channel spectral analysis, multivariate autoregressive (MAR) modelling for
cause-and-effect analysis and response time estimation, and sequential probability ratio tests (SPRT) of
MAR-based residual time series for fault detection. A newly designed portable noise analysis system has
been developed in AECL Chalk River Laboratories, which will eventually replace the current system and
will transfer the technology to the stations [1]. In the present configuration, the new noise analysis system
consists of two identical data acquisition units. Each unit is capable of sampling 16 signals simultaneously
at a maximum sampling frequency of 2.4 kHz with 16-bit ADC resolution. The two units have optically
isolated inputs, and they can be run in synchronized modes. The built-in analysis software offers a user
friendly access to statistical spectral calculations and graphical presentation of results.

VALIDATING IN-CORE FLUX DETECTOR DYNAMICS BY NOISE ANALYSIS

One of the most important applications of reactor noise analysis in Ontario Hydro's CANDU units is
the confirmation of the functionality and dynamic response of in-core flux detectors and their amplifiers.
The validation is based on the signatures of intersignal spectral functions characterizing the statistical
coupling between detector signal fluctuations measured simultaneously. The first in-core neutron flux
noise measurements in Ontario Hydro's power plants at full-power operation were performed in early
1992 at Units 6, 7 and 8 of Pickering-B [2]. Further in-core neutron noise measurements were carried
out in all units of Darlington and Pickering-B and in two units of Bruce-B between 1992 and 1996
[3,4]. Noise signals from regular in-service and spare ICFDs (self-powered flux detectors with Platinum,
Inconel or Vanadium emitters) of SDS1, SDS2, RRS and Flux Mapping systems were measured at full-
power normal operation before scheduled reactor outages. The results showed that neutron noise signals
contained process related dynamic information in the frequency range of 0-20 Hz. This indicates that the
detectors are "alive" and capable of following the small but fast fluctuations in the neutron flux around
its static value, even after 12 years of continuous service in the Pickering-B units.

In Pickering-B periodic and systematic noise measurements of all in-core flux detectors used in the
shutdown systems and the reactor regulating system are carried out on a regular basis to confirm that
the detectors meet their transient response requirements. The statistical noise signatures characterizing
the normal detectors were learned for all vertical and horizontal detectors, regular and spare detectors
in all reactor units. A large database of signatures has been established in terms of auto power spectral
density (APSD), coherence and phase functions, and MAR-models of detector noise signals. Abnormal
signatures indicating the degradation of detectors/instrumentation dynamics can be readily identified. In
1992 one of the in-core flux detectors of RRS channel B in Pickering-B 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. In 1994, two more
detectors were found to have degraded dynamics through the noise analysis surveillance program. Based
on the noise analysis results, the detectors have been declared failed by the station's engineering staff.
In other cases, detectors previously declared to be unavailable, were validated by noise analysis and put
back in service. Also, in-core flux detectors with low insulation resistance (< 100 kOhm) were confirmed
to be still operational.

The multi-channel statistical characteristics of noise signals from specific groups of normal ICFDs display
certain patterns, which can be learned from noise measurements under normal conditions. Each of the
following groups of detectors has specific statistical couplings between their noise signals: (1) ICFDs
located in the same vertical detector tube, (2) ICFDs located in the same horizontal detector tube, (3)
ICFDs lined up along the same set of fuel channels, and (4) ICFDs and liquid zone level indicator located
in the same zone. The known spatial dependency of normal noise coupling signatures is used to detect
anomalies and validate the dynamics of newly installed instrumentation.

Noise measurements were used in the recent commissioning of new HESIR in-core flux detectors installed
in Pickering-B Unit 6 in March 1996. Noise signals of SDS2 ICFDs were recorded at 60% of full power and
were analyzed off-line. The multi-channel noise signatures of all SDS2 ICFDs were found to be normal.



Evidence of a normal level of detector tube vibrations and fuel channel vibrations were also detected
in the ICFD noise statistics [5]. After the noise measurements, the response signals of all SDS1/SDS2
HESIR in-core flux detectors and SDS1/SDS2 ion chambers to an SDSl-induced trip from 60% of F.P.
were recorded and processed. The effective prompt fractions of all ICFDs, estimated from the measured
signals, were found to be above 90%. Detailed results of the rundown test are given in [6].

Multi-channel measurements of ICFD and ion chamber noise signals are also used to estimate the relative
prompt fraction of ICFDs. The noise-based estimation of ICFD relative prompt fractions can be calibrated
either to the absolute prompt fraction of ICFDs derived from a subsequent reactor rundown test, or to
the ion chamber noise characteristics, assuming in both cases that the ion chambers are 100% prompt
and truely represent the global flux changes in the core over the frequency range of interest. Figure 1
shows the normalized APSD functions of fourteen ICFDs and an ion chamber, all used in channel A of
the reactor regulating system. The noise signals were recorded in Pickering-B Unit 5 on February 24,
1995. The coherence and phase functions of an ICFD and the ion chamber noise signals can be seen
in Figure 2. The narrow high coherence range around 0.2 Hz with zero phase difference can be used to
estimate the ICFD's prompt fraction. The cause of the apparent lack of broad-band coherence expected
between ion chambers and ICFDs is under investigation.

Similar results of noise measurements in Bruce-B Unit 7 are shown in Figures 3 and 4. In-core flux
detector and ion chamber noise signals show a global (in-phase) reactivity fluctuation at 0.2 Hz with high
coherence across the core. In Figure 3 the flux fluctuations of the RRS-A ICFD in zone 8 (south side)
and the RRS-A ion chamber (north side) are highly correlated at 0.2 Hz, despite their large physical
distance. Figure 4 shows similar functions of the noise signals of the RRS-A ICFD in zone 13 and the
RRS-A ion chamber (both are on north side). Since the two detectors are closer, there are other common
noise components below 0.5 Hz, superimposed on the in-phase reactivity peak at 0.2 Hz. If no sufficient
coherence can be found between ICFDs and the ion chamber, the relative promptness of ICFDs can
be still assessed. This requires the existence of high coherence and zero phase between the ICFD noise
signals in the frequency range of 0.1-1.5 Hz.

POWER RUNDOWN TESTS OF IN-CORE FLUX DETECTORS

The dynamics of in-core flux detectors are also tested in power rundown tests performed on a regular
basis during planned reactor trips. The objective of these measurements is to confirm the compliance
of ICFD response dynamics with design conditions. Time series of ICFD and ion chamber signals used
in the shutdown and reactor regulating sytems are recorded simultaneously during the reactor trip and
analyzed off-line. The linear output signals of ion chambers serve as 100% prompt reference signals.

Reactor rundown tests can be performed before planned outages for a limited number of ICFD detectors
and ion chambers. The purpose of the test is to check and compare the transient signals of ICFDs and
ion chambers responding to an operator-initited reactor trip. These response signals can be also used
(1) to estimate the effective prompt fraction (EPF) of the in-core flux detectors, (2) to assess the spatial
distribution and effectiveness of the trip mechanism (drop of shut-off rods or poison injection), and (3)
to determine the accuracy and the limiting factors of the above EPF estimation [6,7,8,9]. Anomalies in
the dynamics of ICFDs and ion chambers, as well as, in the trip mechanism can be detected by analyzing
the recorded transient response signals of ICFDs and ion chambers.

A typical set of power-rundown response curves in an SDSl-induced trip in Pickering-B Unit 7 are shown
in Figure 5. The first curve is the measured response of the RRS-B ion chamber (linear output), while
the rest shows the slower response of coiled platinum ICFDs from channels RRS-B and SDS1-D/F. These
rundown curves also marked the end of 894-day continuous operation of the current world record holder
Pickering-B Unit 7. In all four Pickering-B units, ICFD rundown tests are carried out as part of the
pre-outage workplan.

SDS1 and SDS2 induced rundown tests are also performed regularly in Darlington before scheduled
outages [7,8,9]. The purpose of the measurements is to estimate the effective prompt fractions of SDS1



and SDS2 ICFDs, and to assess the spatial distribution and effectiveness of the trip mechanisms (rod
drop vs. poison injection). In the SDSl-induced rundown test in Unit 1 the average prompt fraction of
the vertical Inconel ICFDs was 103%, while the horizontal Platinum-clad ICFDs had an average value
of 90%. In the SDS2-induced rundown test in Unit 2 these values were 102% and 89%, respectively. In
the SDSl-induced trip test, the response curves of both vertical and horizontal ICFDs showed a clear
top-to-bottom spatial dependency (delay), in correlation with the insertion of the shut-off rods. ICFDs
at the same elevation had similar response curves to SDSl-trip (see Figure 6). This observation can
be used to identify possible degradation of ICFDs or shut-off rods. In the SDS2-induced trip test, the
response curves of both vertical and horizontal ICFDs displayed a time delay along the south-to-north
line, following the pattern of the poison propagation inside the injection nozzles. This indicates that
the poison propagation inside the nozzles is the main reason of time delays, as opposed to the poison
propagation in the moderator. The south-to-north propagation of poison inside the nozzle can be looked
at as the insertion of a set of "horizontal shut-off rods" over a time period of approx. 100 msec. The
maximum south-to-north time difference measured between the first and the last responding ICFDs was
approx. 120-130 msec. In the SDS2-trip all signals went down from their pre-trip value to a low level
within 400 msec. In the SDSl-trip in Unit 1, this time interval was 1 second.

Once the ICFD noise signatures are calibrated to the results of the reactor rundown test or the ion chamber
noise, changes in the prompt fraction can be detected by noise analysis any time between rundown tests.
The noise-based monitoring of detector performance can reduce the need for further rundown tests.

VIBRATIONS OF DETECTOR TUBES DETECTED BY NOISE ANALYSIS

Evidence of mechanical vibration of horizontal detector guide tubes has been found in the spectral func-
tions of noise signals of certain horizontal SDS2 and vertical SDS1/RRS in-core flux detectors. Detectors
vibrating in an inhomogenious static flux sense virtual flux fluctuations, and the mechanical vibration
is mapped into detector current fluctuations. Increase in the vibration amplitude or possible impacting
on surrounding calandria tubes can be detected indirectly by neutron noise analysis. The vibration of
the horizontal detector tubes, induced by the moderator flow, resulted in strong peaks in the APSD and
coherence functions of noise signals of vibrating ICFDs in the frequency range of 3-5 Hz. Noise signals of
detectors located in the same vibrating detector tube have high coherence and zero phase difference at
the fundamental frequency of tube vibration. Figure 7 shows the APSD, coherence and phase functions
of two SDS2-G ICFDs located in the same horizontal tube HFD8 in Unit 5 of Pickering-B. The huge
coherence peak at 3.8 Hz with zero phase difference is a clear indication of detector tube vibration. Higher
harmonic frequencies of detector tube vibrations were also observed in the ICFD noise spectral functions
as small and narrow peaks with 180 degree phase difference.

Noise signals from detectors located in different tubes have zero coherence at the vibration frequencies
since the vibration of different tubes are not correlated, even if they had the same vibration frequency.
Such a case is shown in Figure 8 with two ICFDs from two different horizontal detectors tubes in Pickering-
B Unit 5. The peaks at 3.5 Hz and 3.2 Hz in the respective APSD functions are caused by the vibrations
of detector tubes. The wide peak centered around 1.1 Hz in the coherence functions with zero phase was
found in all detector pair combinations. This peak is typical only in the Pickering-B units. A narrow
coherence peak at 0.2 Hz with zero phase was also found in all detector pairs. The flux oscillation at
0.2 Hz has been observed in all CANDU units of Ontario Hydro measured so far. It was especially
dominant in Bruce-B units. The 0.2 Hz and 1.1 Hz in-phase coherence peaks represent a global reactivity
fluctuation affecting signals of all in-core flux detectors in both horizontal and vertical guide tubes. The
third common component found in Unit 5 detector noise signals is a narrow vibration peak at 2.1 Hz.
In Figure 8 the phase difference between the two detectors at the 2.1 Hz vibration frequency is close to
180 degree, a strong indication of core internal vibration. The fact that this peak can be found in ICFDs
located in different tubes excludes the possibility of detector tube vibration as a source of flux fluctuations
at that frequency. Both the magnitude and the phase of the vibration peak exhibit a spatial dependency
on detector locations. Further analysis is being carried out to identify the source of vibration.



The APSD functions of noise signals from ICFDs located in vertical guide tubes show signs of guide
tube vibration too, although the vertical detector tubes are less susceptible to mechanical vibration. The
0.2 Hz and 1.1 Hz global in-phase fluctuations are present in the noise signals of vertical detectors too.
Also, the 2.1 Hz core internal vibration can be seen in the spectral functions of some vertical ICFDs in
Pickering-B Unit 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 peak in the noise APSD 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
with the surrounding structures [10]. The long term monitoring of these vibration peaks is useful for
early detection of mechanical damages in the reactor core caused by vibrations.

VIBRATIONS OF FUEL CHANNELS DETECTED BY ICFD NOISE ANALYSIS

Recent ICFD noise measurements detected the flow-induced vibration of fuel channels at frequencies
around 4.5 - 6 Hz and at 25 Hz in Darlington and Pickering-B units. In-core flux detectors lined up
along the same group of fuel channels showed common vibration peaks with high coherence. At these
frequencies, the phase difference between the ICFD noise signals was either 0 or 180 degree, depending
on whether the detectors were on the same side, or different sides of the vibrating fuel channel(s). In
many cases, multiple vibration peaks at slightly different frequencies were seen in the coherence functions,
indicating that there were several vibrating fuel channels among the common neighboring channels of the
two in-core flux detectors. Similar noise measurements were performed in a CANDU-600 reactor, where
evidence of similar fuel channel vibrations was also found in the same frequency range [11].

A typical result of ICFD noise measurements performed in Darlington Ul is shown in Figure 9. Two
vibration peaks can be seen in the coherence and APSD functions at frequencies 4.6 Hz and 5.6 Hz. The
two in-core flux detectors, VFD11-1E and VFD18-1E, have six common neighboring fuel channels, at
locations rows H, J, K and columns 4 and 5. The double peak in the coherence function with zero phase
shows that the signals of the two ICFDs are affected in the same way, by the vibration of at least two
neighboring fuel channels. The spectral functions of the same two in-core flux detectors in Darlington
Unit 2 are shown in Figure 10. The same set of fuel channels are vibrating at frequencies slightly different
from the previous case. There are five distinct in-phase vibration peaks in the coherence function over
the frequency range of 4-6 Hz, indicating that five of the six neighboring fuel channels vibrate and affect
the signals of the two ICFDs in the same way.

Higher modes of fuel channel vibrations were found in many cases. In Figures 11 and 12 the spectral
functions of RRS-A Zone 6 and Zone 8 in-core flux detector noise signals are shown for Darlington Unit
1 and Unit 2, respectively. In both cases, a strong and relatively wide (multiple) peak was found in the
coherence function centered around 15 Hz. The phase difference between the two detectors at 15 Hz is
180 degree, which is typical for second mode vibrations. In both reactor units the fundamental modes of
fuel channel vibration can be also seen in the coherence functions as in-phase peaks between 4 Hz and 6
Hz.

ICFDs lined up along the same set of fuel channels, but separated by a relatively large distance (e.g.
zone 3 ICFD in VFD1 and zone 10 ICFD in VFD27), may exhibit in-phase coherence peaks at the above
frequencies, due to the common effect of fuel channels vibrating nearby. Monitoring the vibration of
fuel channels via ICFD noise analysis should be done periodically as part of the regular ICFD dynamic
response noise test. Changes in the above vibration patterns may indicate structural changes in the fuel
channels.



VALIDATING ION CHAMBER SIGNAL DYNAMICS BY NOISE ANALYSIS

Noise components of log N and log N Rate signals of the three ion chambers used in the reactor regulating
systems were continuously recorded during the startup of Darlington Unit 4 in 1993. Similar noise
measurements of three ion chambers used in SDS2 were carried out during the entire three-month outage
of Pickering Units 5 and 7 in April-June and October-December of 1994, respectively. By using two
separate noise data acquisition systems, ion chamber noise signals from both SDS1 and SDS2 systems
were continuously recorded and analyzed before and during the outage of Pickering Units 5 and 6 in
1995. The purpose of these measurements was to monitor the functionality of ion chambers and their
instrumentation at low power (10~2 — 10~5 % of F.P.). Should anomalies occur, corrective actions still
could be taken before the startup. In the Pickering-B applications, noise analysis identified faulty ion
chamber amplifiers. Also, the noise measurement provided supporting data for the relatively frequent
SDS1 spurious Log N Rate trips in Pickering units. Both the Darlington and the Pickering-B noise
measurements showed that the multi-channel noise signatures of the Log N and Log N Rate signals of
the ion chambers had a certain pattern, which changed with changing reactor power. By analyzing these
patterns the ion chamber signals can be validated during the outage. The validation of the dynamics did
not require any step change in power or the temporary isolation of the tested instrumentation.

Figure 13 shows the normalized APSD, coherence and phase functions of SDS2 channel J ion chamber
Log N and Log N rate noise signals sampled at 10 Hz at full power. In the low frequency range (0-1.0 Hz),
the high coherence and the linear phase starting from 90 degree are typical characteristics of the normal
dynamics of SDS2 ion chamber log N noise signal and its time derivative (log N rate) noise signal. At
low power (10~4% of F.P.) the coherence is close to unity over the whole frequency range, with a phase
function similar to the one shown in Figure 13. At full power the global flux fluctuations sensed by all
three SDS2 ion chambers are in phase and have high coherence. Figure 14 shows the normalized APSD,
coherence and phase functions of channel G and J log N rate noise signals sampled at 10 Hz at full power.
The in-phase coherence peak at 1.1 Hz is typical in all Pickering-B units, in both the ion chamber and
the in-core flux detector noise signals. At low power the coherence function is zero between any two ion
chambers. Results of a comprehensive noise survey of the dynamics of SDS1 and SDS2 log N and log
N rate signals performed in Pickering-B Unit 6 at both full power and at low power (10~4% of F.P.) at
various sampling rates are discussed in [12]. Typical anomalies, such as deviations in the time constants
and gains of ion chamber electronics, excessive background noise, irregular spikes and transients were
identified in some of the ion chamber signals occuring at certain power levels.

VALIDATING ZONE CONTROL SIGNALS BY NOISE ANALYSIS

The objective of this application is to validate the cause-and-effect relationships between the ICFDs
signals, liquid zone level signals and their control valve position signals. The flux in the 14 zones of
CANDU reactor core is controlled by constantly adjusting the level of light water in 14 liquid zone
compartments located inside the core. The demand positions of inlet control valves of the liquid zones
are calculated by the control computer based on the readings of the 14 in-core flux detectors assigned to
the 14 zones. Faulty level transmitters, hunting control valves and possible instabilities in the coupling
between neutron flux and liquid zone level signals can be identified by multi-channel spectral analysis of
noise signals. Based on these measurements, the sensitivity of RRS in-core flux detector signals to the
changes in the individual liquid zone levels can be estimated as a frequency dependent complex transfer
functions derived from the spectra of the measured neutron flux and liquid zone level noise signals.

Dynamic coupling between fluctuations in zone level indicator signal and the in-core neutron flux detector
located in the same zone (Zone 1) is shown in Figure 15. The very high coherence (90%) and the 90
degree phase difference at zero frequency indicate that the slow changes (below 0.1 Hz) in the liquid
zone level and neutron flux signals are coupled through a time integral with a delay time of 1.5 sec.
Similar phase analysis showed that the zone level noise is the time integral of the control valve position
fluctuations. The former lags behind the latter by a time delay of 1.5 sec, derived from the phase slope.
Liquid zone level fluctuations are also coupled with in-core flux fluctuations and control valve fluctuations



at 0.25 Hz, even if the signals were measured in different zones. This wide peak represents a global and
correlated coupling between zone control signal fluctuations in the whole reactor core. The neutron flux
fluctuations in different zones are also correlated in phase, except below 0.1 Hz, where the slow flux
changes are driven by the independent control actions in the 14 zones. The slow zone level fluctuations
(below 0.1 Hz) in different zones are independent (zero coherence), while level fluctuations around 0.25 Hz
are in phase and correlated between any two zones (broad peak in coherence). In-core flux detector and
control valve position noise signals are also strongly correlated below 0.5 Hz with a constant phase shift of
180 degree. The above complex coupling patterns of ICFD, level and valve fluctuations were found in all
combinations of zone pairs. Similar zone control noise measurements in Darlington (1993) and Bruce-B
(1994) showed the same statistical coupling under normal conditions. The frequency dependent dynamic
coupling inferred from noise can be decomposed into a local zone component and an overall reactor
core component. Once these complex spatial 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.

OTHER APPLICATIONS OF NOISE ANALYSIS

Noise analysis has been successfully used in pressure and flow measurements of the primary heat transport
(PHT) system too. The application includes the following areas: (1) estimating the response time of
pressure and flow transmitters and validating their dynamics, (2) identifying the resonance frequencies
of pressure sensing lines, (3) validating FINCH flow and SDS1 safety flow signals, and (4) characterizing
anomalies in flow, such as signal dips and oscillations [13,14]. Noise analysis also provides a non-intrusive
method for monitoring and estimating the dynamic response of RTDs installed in the process, and for
isolating the cause of RTD signals anomalies (spikes induced by ground fault detectors). Boiling in
FINCH fuel channels can be also detected by noise analysis. The detection of coolant boiling in FINCH
fuel channels is based on the measurement of inlet and outlet flow fluctuations. Noise measurements in
Darlington showed strong correlation between the occurrence of boiling (indicated by fuel channel outlet
temperature) and the coherence and phase functions of inlet and outlet flow fluctuations in the frequency
range of 0-1 Hz [3].

CONCLUSION

CANDU noise measurements carried out in the past five 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. The technique is being successfully applied now in a wide variety of actual
station problems as a powerful troubleshooting and diagnostic tool.
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Figure 1. Normalized APSD functions of fourteen ICFD and ion chamber noise signals from
channel RRS-A in Pickering-B Unit 5, February 24, 1995
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Figure 2. Normalized APSD, coherence and phase functions of neutron noise
signals from ICFD R11A-AF2 and RRS-A ion chamber.

The peak at 0.2 Hz is a global reactivity oscillation
(Pickering-B Unit 5, February 24, 1995)
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The peak at 0.2 Hz is a global reactivity oscillation
(Bruce-B Unit 7, August 9, 1994)
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Figure 7. Normalized APSD, coherence and phase functions of neutron noise signals from two
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The objective of this research was to investigate the feasibility of monitoring sensor accuracy using Principal
Component Analysis (PCA). The specific project was to develop and test a monitoring scheme for the pressure-
based transmitters associated with an operational CANDU® nuclear generating station. The results of the research
indicate that individual groups of redundant sensors can be adequately monitored using PCA models with one to
four principal components. These models can generate warning alarms for errors of small magnitude and action
alarms for large magnitude errors.

1. INTRODUCTION

The instrumentation used to measure the process variables related to the CANDU safety shutdown systems must
maintain a high degree of accuracy. Usually, the correct operation of the transmitters used to measure the process
variables will be verified by process trip tests and visual panel checks. While both of these methods verify that the
transmitters are working, they are not always sufficiently sensitive to determine if the transmitters are meeting their
accuracy requirements [1]. Ordinarily, transmitter accuracy is verified by off-line recalibration. For CANDU safety
systems, recalibrations are done every one to three years. However, recalibrations have disadvantages in terms of
both increased maintenance costs when a recalibration is in fact unneeded and potential for transmitter drift outside
the allowed calibration range in periods between scheduled recalibrations. It would be desirable to do the
calibrations only when they are required, as indicated by an on-line instrumentation monitoring system.

Much work has been completed in the area of on-line instrumentation monitoring [1,2,3]. One technique for
monitoring the overall process which is becoming increasingly popular in the chemical industry is the use of
multivariate statistical methods for Statistical Process Control (SPC) [4,5]. These techniques involve setting up
control charts with limits based on the natural or inherent variability in the process. The goal of the control chart is to
minimize the number of Type I errors (false alarms, nuisance alarms, etc.) while detecting actual process faults as
quickly as possible. A Type I error is said to have occurred if the control chart indicates there is a fault present when
in actual fact there is no fault present. If the control charts actually misses an actual fault, a Type n error is said to
have occurred. The multivariate statistical methods most commonly used are the projection methods of Principal
Component Analysis (PCA) or Partial Least Squares (PLS). These projection methods can be used to reduce the
dimension of the problem. This is a desirable feature for two reasons. First, the introduction of computers and
sophisticated, high speed data acquisition systems has lead to the very frequent measurement of hundreds of process
variables. This large amount of data can very quickly become overwhelming. Second, all the measured variables are
not independent. Typically, there are only a few underlying events driving the process and each measured variable
gives a little different information on the events. This causes the rank of the data matrix to be less than the number of
variables and causes computational difficulties if traditional multivariate approaches are used.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



The purpose of this project was to investigate the use of PCA, within a SPC monitoring methodology, to detect faults
in the pressure-based transmitters associated with the two shutdown systems in a CANDU reactor. AECL is
currently investigating this problem using other statistical techniques [1,6]. The paper will discuss both the
development of a monitoring methodology using PCA and an initial sensitivity analysis. Section 2 will provide a
description PCA and the monitoring methodology. Section 3 will outline the requirements of the monitoring system
and describe the data used for the project. Section 4 will present the results of the analysis and Section 5 will present
some conclusions and possible areas for future work.

2. PROCESS MONITORING USING PCA

2.1 PCA

A description of PCA was presented at the 1996 Annual CNS conference [7]. The analysis will be briefly reviewed
here. PCA is a technique for transforming a group of correlated variables via linear combinations of the original
variables into a new group of uncorrelated variables. PCA can also be used to reduce the dimension of a data matrix.
Geometrically, this represents a rotation of the principal axis system, as shown in Figure 1 for a simple three
dimensional problem. As observed in Figure 1, the first principal component is in a direction such that it explains the
maximum amount of variation in the original data set with a linear combination of the original variables. The second
principal component explains the next largest amount of the variation with a linear combination subject to the
condition it is orthogonal to the first principal component.

For systems larger than three dimensions, a geometrical interpretation is difficult to do. However, the system can be
described in a manner shown in Figure 2. Two terms commonly used with PCA are loadings and scores. These
vectors are shown in Figure 2. The aa loading vector defines the direction of the aa principal component with respect
to each of the original coordinate axis. The size of each element in the att loading vector shows the relative
importance of the associated original variable to the a* principal component. The first score vector, th is the linear
combination of the first loading vector and the X matrix, that is,

t i = X p i (1)
The first score vector represents the location of the individual observations on the first principal component. The a&

score vector is calculated and interpreted in a similar manner. There are as many loading and score vectors as there
are original variables in the data matrix X. It can be shown that first loading vector is the eigenvector associated with
the largest eigenvalue of the covariance matrix of X. The second loading vector is the eigenvector associated with
the next largest eigenvalue and so on. It can also be shown that the eigenvalues are the variances of the
corresponding score vectors. If the sum of the variances of all the variables is used as a measure of the overall
variability of the data set, the eigenvalues may be used to calculate the amount of variability explained by the
principal component. For example, the ratio of the first or largest eigenvalue over the sum of all the eigenvalues will
be the fraction of the variability explained by the first principal component.

PCA is scale-dependent, meaning that the contribution to the total variance of a data set for a specific variable is a
function of the units of measurement of that variable [5]. In order not to have one variable dominate the analysis due
to its large variance, the variables must be scaled in some meaningful way. Typically, the starting place for scaling is
to mean-center and auto-scale the data. Auto-scaling means dividing each observation for each variable by the
standard deviation of the variable. Hence, each variable has unit variance. This is the form of scaling used for this
project.

2.2 Process Monitoring

The general monitoring method of SPC is as follows. First, historical data is collected from the process when it is
operating normally. It is important at this step to remove any data which represent faults that should be detected in
the future. Therefore, the data used to develop the monitoring scheme should contain only inherent variability. Next,
a statistical model is developed which accurately describes this process data. Finally, new data can be compared to
the model to determine if the process is continuing to operate normally or if there is a fault present. When SPC was



first being developed in the 1930's, typically, there were very few measured variables and hence it was possible to
track the variables individually. That is, there would be one statistical model for each variable. However, as the
number of measured variables increases into the hundreds, tracking individual variables can become an
overwhelming task. Also, if the variables are correlated, the individual control charts may miss process faults which
effect this correlation. Methods for combining the univariate schemes into multivariate schemes have been
developed. However, these schemes involve inverting the covariance matrix of the data set. If the variables are
highly correlated, this matrix can be singular or highly ill-conditioned. One way to overcome this difficulty is to
reduce the dimensionality of the data matrix using PCA.

23 PCA Model Development

By rearranging equation 1, the PCA model using all the principal components can be written as:
X = TPT (2)

where: X - historical data set containing only inherent variability
If X contains many highly correlated variables, usually the first few principals will explain most of the significant
variability in the system. They will be characterized by large, well separated eigenvalues and represent variability
which can be attributed to natural correlations present in the data. These principal components should be retained in
the model for monitoring purposes. The remaining principal components can be discarded. Therefore, the PCA
model can be written as:

i=A+l

where: X= * ' ( 3 )

Error =
i=A+l

A

As seen from equation 3, the X matrix is broken down into a prediction, X , using the "A" principal components
retained in the model and a residual error. Development of the PCA model involves determining two items; the
number of principal cpmponents to be retained and the loadings associated with each retained principal component.
There are several statistical tests which can be used to determine the number of principal components to retain. They
include plotting the eigenvalues, evaluating the size of the eigenvalues or cross-validation [8]. The loadings can be
calculated sequentially by using the NIPALS algorithm [9].

2.4 Process Monitoring With PCA

Once a PCA model has been developed from historical data, it can be used to monitor the process for future faults. In
order to do this, two items must be monitored; the scores retained in the model and the error between the model and
the new observation. This is done by calculating the following quantities:

1. Calculate the scores (ti's) for of the each principal components, as follows:
fori=l :A

(4)

end
2. Calculate the Squared Prediction Error between the model and the new observation, as follows:



SPE= X^-j^p? (5)

Referring again to Figure 1, which represents the case where there are 3 variables in the X matrix, it is noted that
when two principal components are used in the model, they represent a plane. The SPE represents the distance from
the new observation to the plane. This is also shown in Figure 1. Control limits for both the individual scores and the
SPE can be calculated from the historical data set [4]. If the new observation represents normal operating data, all
the scores and the SPE will remain below their control limits. If the new observation represents an event that was not
included in the historical data set, the correlations between the variables will be changed and the covariance structure
will be changed. This will cause the new observation to move further away from the plane than normal and will be
detected by a high SPE value. If the new observation represents an event which causes larger than normal variations
in the principal components used in the model but the basic correlations between the variables does not change, it
will be detected in a shift in the scores. These points will be expanded on in the Section 4.

3.0 PROJECT DATA AND GUIDELINES

As stated in the introduction, the purpose of this project was to investigate the detection of faults in pressure-based
transmitters using process monitoring methods based on PCA. Two items were required before the investigation
could begin; data and guidelines for the types and magnitudes of faults to be detected. The data used for this project
included the measured variables associated with the two shutdown systems of a CANDU nuclear generating station.
These variables are summarized in Table 1. As observed from Table 1, there were 12 variables in redundant groups
of either 3 or 6 for a total of 60 signals. Ten days of steady state data was acquired from an operational reactor at
approximately 2 second intervals.

In order to detect pressure transmitter faults, a monitoring system should be sensitive to small offsets, drifts,
intermediate errors and spiking in sensor outputs. A monitoring scheme should also be able to detect signals which
are noisier than normal or lagging in their response to an actual transient. Of these six failures, an offset error is the
easiest to use for testing the sensitivity of the monitoring program. The magnitude of the offset error which should be
detected by the monitoring scheme can be based on the quantization level of the transmitter. Here, the quantization
level is considered to be the minimum interval between two adjacent digital values. For the initial sensitivity
analysis, it was decided that the monitoring scheme should be able to detect offsets of greater than one quantization
level. Offsets between 1 and 5 quantization levels would be considered interesting but perhaps not very significant
and should initiate a warning alarm. Offsets larger than 5 quantization levels would be considered significant and
should initiate an action alarm to determine their root cause. These guidelines were set after consultation with AECL
[10]. It should be noted that if the data is averaged, it could be possible to detect offsets smaller than 1 quantization
level. However, offsets this small were considered insignificant and the lower limit of 1 quantization level was set.
Table 2 summarizes the quantization levels and the magnitudes of the important offsets for the 12 variables.

4.0 RESULTS

This section will describe the results from the two main steps completed for the project. These steps were the
development a of a PCA model based on historical steady state data and a sensitivity analysis.



4.1 PCA Model Development

4.1.1 Initial Analysis.

As stated earlier, (he historical data set used to develop the statistical model must contain only inherent process
variability. For this reason, data collected from an operational process typically must first be scanned for obvious
anomalies or outliers. To do this, a simple two principal component model was developed using data which was
averaged over 15 minutes. This model easily identified process trip tests which were contained in the data. The
observations associated with the process trip tests were removed from the data set. The initial model also identified
one transient which appeared to be a power transient. The observations associated with this transient were left in the
data set because small power transients are to be expected during normal. A PCA was then calculated using 3
principal components. This model was able to explain approximately 51% of the variability in the data set. However,
an initial sensitivity analysis indicated that offsets of 5 quantization levels could not be detected for the header
pressures, boiler levels, feedline pressures or flowrates. This clearly indicated that the monitoring scheme would not
meet the sensitivity requirements outlined in Table 2. In order to improve the sensitivity of the monitoring scheme, it
was decided to develop PCA models for the individual variables.

4.1.2 Individual PCA Models.

It was decided to build PCA models for the similar process variables as opposed to the individual process variables.
Therefore, individual PCA models were developed for the 6 following variables:
1. Header Pressure (12 transmitters)
2. Pressurizer Level (6 transmitters)
3. Boiler Level (23 transmitters)
4. Boiler Feedline Pressure (6 transmitters)
5. Differential Header Pressure (5 transmitters)
6. HTS Flow (6 transmitters)

It should be noted from the above list that one boiler level and one differential pressure were deleted from the data
set. The boiler level signal was deleted because it was recalibrated during the 10 day period. The differential
pressure signal was deleted due to what appeared to be excessive noise. However, the signal would still be capable of
producing a reactor trip. Also, the averaging time was reduced from 15 minutes to 3 minutes. This was done to
decrease the time required to detect the pressure transmitter faults. A 3 minute average was found to still reduce the
noise to an acceptable amount [11]. Table 3 summarizes the PCA models for each of the 6 variables listed above. In
all cases except the flowrates, the first principal component represented an average of the transmitters. This was
determined from the fact that all the weights in each of the first loading vectors were approximately the same. This
was expected as all redundant sensors were highly correlated about their mean. For the header pressures and
pressurizer levels, the first principal component represented over 95% of the variability or sum of squares in the data
set. Therefore, for these variables, one principal component was used in the model even though some of the
significance tests indicated that more than one principal component should be used. For the other variables,
additional principal components were required. For the boiler levels and differential pressures, the additional
principal components described the variability associated with correlations between groups within the variables. For
example, the loadings for the four principal components for the boiler levels are shown in Figure 3. As observed in
Figure 3, the loadings for the second principal component consist of large negative and positive values for boilers 2
and 3 respectively and smaller negative and positive values for boilers 6 and 7 respectively. The same general trend,
only with the larger negative and positive values for boilers 6 and 7 is observed in the fourth principal component.
The variability explained by these principal components can be interpreted as the variability caused by levels of
boilers 2 and 3 moving in the opposite directions to each other and the levels in boilers 6 and 7 moving in opposite
directions to each other. By the same analysis, the variability explained by the third principal is the variability caused
by the levels in boilers 2 and 3 moving in opposite directions to boilers 6 and 7. This would seem to make physical
sense as boilers 2 and 3 are fed off one reactor outlet header and boilers 6 and 7 are fed off the other reactor outlet
header located on the opposite side of the reactor.



For the feedline pressures, the additional principal components explained some of the dynamics of the signals. This
was found by lagging all the signals by one time step (3 minutes). Only the feedline pressure seemed to exhibit some
time dependency in the signal. Finally, the loadings for the HTS flowrates are shown in Figure 4. Flows 1,3,4, and 6
are highly weighted in the first PC while flows 2 and 5 are highly weighed in the second. This appears to be a result
of the suspected power transient which affect flows 1,3,4, and 6 but not 2 and 5. This may be a result of where the
flows are measured in the core.

4.2 Sensitivity Analysis

Using the PCA monitoring methodology, one would expect the pressure transmitter faults discussed in Section 3 to
be detected in the SPE's. This is expected because the faults represent new events which should not be included in
the historical data set. The software used for this project automatically calculated a SPE limit based on a scaled Chi-
squared distribution [12]. However, it was suspected that this limit would be too low for this application. That is, is
was expected that there would be too many false alarms or nuisance alarms when there where no faults present. To
test the sensitivities of the individual PCA models, offset errors of the sizes indicated in Table 2 were added to the
data in the historical data set. Figure 5 shows the results for adding the warning and action offset to the Boiler 2, Ch.
D level. As observed, the original SPE limit would have caused numerous false alarms. However, if the SPE warning
limit and action limits were set at 1 and 2 respectively, there would be only two false warning alarms and no false
action alarms. Also, an offset error of 5.0 cm would easily be detected. These limits were found to be valid for all 23
boilers levels. Using the same methodology, warning and action SPE limits were determined for all six of the
individual PCA models. They are summarized in Table 4. It should be noted that for the flowrates, only one limit
could be identified. This was due to the fact that there was not a large gap between the 1 and 5 quantization level
offset errors for the flowrates. This is highlighted in Figure 6 which shows the offset errors for HTS Flow 1, Channel
E. This offset error analysis could also be extended to the intermediate error or spike faults. As long as the
intermediate error or spike was greater than 5 quantization levels, the monitoring schemes would detect them for as
long as they were present.

In order to test the sensitivity of the PCA models to drifts, a drift of 1 quantization level per 8 hour shift was added
to all the variables measured on Ch. D and the differential pressures measured on Ch. H. The results for when the
warning and action alarms occurred are summarized in Table 5. A warning or action alarm was considered present if
half of the observations over the previous 8 hours resulted in an alarm. As observed from Table 5, all the detection
times seem to be reasonable, that is, all the action alarms occur within two days.

Finally, in order to test the models for sensitivity to noise, normally distributed noise with a standard deviation equal
to 3 quantization levels was added to the historical data for the Ch.D sensors and the Ch.H differential pressure
sensors. The goal here was to determine if the PCA models could detect the additional noise in the sensor readings.
The results from these tests are given in Table 6. From Table 6, it is seen that warning alarms occur for
approximately 40% of the observations while action alarms occur for approximately 20% of the observations. These
results were considered marginal because it is debatable as to whether this type of noise could be picked up on
simple panel checks while only 20% on the observations indicate action should be taken.

5.0 CONCLUSIONS

The above results indicated that an on-line monitoring system for instrumentation accuracy using PCA models is
certainly promising. The six identified groups of redundant sensors can be modeled with one to 4 principal
components in each case. In all cases except flowrates, the first principal component represented an average of the
redundant sensors. The PCA models are sensitive to small offsets and drifts. The results from the sensitivity to noise
analysis are considered marginal.

While the results are promising, this project has pointed to many areas for future investigation. First, in theory, the
historical data set used to build the PCA models should be representative of the process over long periods of time. If
this is not the case, the models will begin to produce an excessive amount of false alarms when the process moves
away from this operating range. Therefore, the models should be tested with data collected in future months and



perhaps years to determine if they are still valid. Second, the models should be tested during large transients. If all
the redundant sensors move together during the transient, the tl score, which represents the mean, should be effected
while the SPE should remain within its limits. This was partially verified on the one transient included in the
historical data set. It should be noted that the approach taken by AECL handles large transients very well [1]. Third,
a sensitivity analysis was not completed for lagging responses. Basically, the whole area of including dynamics in the
PCA models should be investigated more in-depth. Some work has been completed in this area [13]. Fourth, the
limits given in Table 4 for the SPE's are hard limits, meaning anything below the limit will not cause an alarm and
anything above the limit will. This means that the SPE could persistently be just slightly below the limit and no alarm
would occur. A much more effective method for detecting small persistent shifts would be to use a CUSUM control
scheme the monitor the SPE. CUSUM control charts are a well established form of SPC. The charts cumulate
deviations from a target or desired value. Once the cumulations reach either a high or low limit, an alarm is given.
Finally, work has been completed on combining blocks of variables into one multiblock consensus PCA model [14].
This would appear to be an ideal methodology for this problem. In this case, only one PCA model would be required
instead of six individual models. Within the one CPCA model, there would be six blocks.
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Table 1
Measured Process Variables for SDSl and SDS2

Process Variable

HT Pressure Header 1 (MPa)
HT Pressure Header 2 (MPa)

Pressurizer Level (m)
Boiler #2 Level (m)
Boiler #3 Level (m)
Boiler #6 Level (m)
Boiler #7 Level (m)

Boiler Feedline Pressure (MPa)
HTFlowl (kg/sec)
HT Flow 2 (kg/sec)

HDR 1-4 Differential Pressure (MPa)
HDR 2-3 Differential Pressure (MPa)

TOTALS

ChD
X
X
X
X
X
X
X
X
X
X

10

SDSl
ChE

X
X
X
X
X
X
X
X
X
X

10

ChF
X
X
X
X
X
X
X
X
X
X

10

ChG
X
X
X
X
X
X
X
X

X
X
10

SDS2
ChH

X
X
X
X
X
X
X
X

X
X
10

ChJ
X
X
X
X
X
X
X
X

X
X
10

Total

6
6
6
6
6
6
6
6
3
3
3
3

60

Table 2
Quantization Levels and Alarm Offsets

Process Variable

HT Pressure Header 1
HT Pressure Header 2

Pressurizer Level
Boiler #2 Level
Boiler #3 Level
Boiler #6 Level
Boiler #7 Level

Boiler Feedline Pressure
HTFlowl
HTFlow2

HDR 1-4 Differential Pressure
HDR 2-3 Differential Pressure

Quantization
Level

lOkPa
lOkPa
1.4 cm
1.0 cm
1.0 cm
1.0 cm
1.0 cm
6.8 kPa
0.027 kg/sec
0.027 kg/sec
2.7 kPa
2.7 kPa

Warning Alarm
Offset

lOkPa
lOkPa
1.4 cm
1.0 cm
1.0 cm
1.0 cm
1.0 cm
6.8 kPa
0.027 kg/sec
0.027 kg/sec
2.7 kPa
2.7 kPa

Action Alarm Offset

50kPa
50kPa
7.0 cm
5.0 cm
5.0 cm
5.0 cm
5.0 cm
34kPa
0.135 kg/sec
0.135 kg/sec
13.5 kPa
13.5 kPa



Table 3
PCA Model Summaries

PC#

1
2
3
4

Head
%SS

99.3
. . .
. . .

Pres
Cum

99.3
—

Pres
%SS

96.8
—
. . .

Lev
Cum

96.8
—
. . .

Boil
%SS

41.2
20.7
20.3
17.2

Lev
Cum

41.2
61.9
82.2
99.4

Fdli
%SS

83.4
13.6
2.4

Pres
Cum

83.4
97.0
99.4

Diff
%SS

81.6
13.7

Pres
Cum

81.6
95.3

HTS
%SS

47.7
26.4

Flow
Cum

47.7
74.1

Table 4
SPE Action and Warning Limits

SPE
Alarm

Warning
Action

Header
Press.

2
5

Pressur.
Level

2
5

Boiler
Level

1
2

Feedline
Press.

2
7

Differential
Press.

25
120

Flow
Rate

20
20

Table 5
Detection Times for 1 Quantization Level per 8 Hours Drift

Process Variable

HT Pressure Header 1
HT Pressure Header 2

Pressurizer Level
Boiler #2 Level
Boiler #3 Level
Boiler #6 Level
Boiler #7 Level

Boiler Feedline Pressure
HT Flow 1
HTFlow2

HDR 1-4 Differential Press.
HDR 2-3 Differential Press.

Warning Alarm Detection
Time (hrs)

23.5
21.6
27.6
24.7
29.9
20.8
21.2
16.3
21.0
32.4
19.0
20.2

Action Alarm Detection Time
(hrs)
26.4
24.5
38.0
36.9
38.5
29.7
30.1
24.9
21.0
32.4
37.3
38.9



Table 6
Percentage of Alarms Resulting From Noise Addition

Process Variable

HT Pressure Header 1
HT Pressure Header 2

Pressurizer Level
Boiler #2 Level
Boiler #3 Level
Boiler #6 Level
Boiler #7 Level

Boiler Feedline Pressure
HT Flow 1
HTFlow2

HDR 1-4 Differential Press.
HDR 2-3 Differential Press.

% Observations With Warning
Alarms

42.6
44.6
42.1
40.6
37.6
42.6
41.7
64.0
32.5
34.0
58.9
51.5

% Observations With Action
Alarms

20.4
22.8
20.0
22.2
19.9
24.1
23.7
38.3
32.5
34.0
22.8
15.3



Figure 1:
3-D PCA
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Figure 2
PCA Terminology
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Figure 4
HTS Flow Principal Component Loadings
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Figure 5:

SPE for Boiler 2 Level, ChD; Warning and Alarm Offset Errors Added
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Figure 6:

SPE for Flow 1, Ch E; Warning and Offset Errors Added
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ESTIMATING THE PROMPT FRACTION OF IN-CORE FLUX DETECTORS AND
VALIDATING THEIR DYNAMICS IN POWER RUNDOWN MEASUREMENTS

0. Glockler D. Cooke, G. Czuppon, K. Kapoor

Reactor Safety and Operational Analysis Department
Nuclear Technology Services, Ontario Hydro Nuclear

700 University Avenue, H11-E26, Toronto, Ontario M5G 1X6

INTRODUCTION

Power rundown tests of self-powered in-core flux detectors (ICFDs) are performed on a regular basis during
planned reactor trips to confirm the compliance of ICFD response dynamics with design conditions. Time
series of ICFD and ion chamber signals used in the SDS and RRS sytems are recorded simultaneously
during the reactor trip and analyzed off-line. The linear output signals of ion chambers serve as 100%
prompt reference signals.

The paper describes the methodology and some results of recent power rundown tests aimed at (1)
estimating the effective prompt fraction (EPF) of the in-core flux detectors, (2) assessing the spatial
distribution and effectiveness of the trip mechanism (drop of shut-off rods or poison injection), and
(3) determining the accuracy and the limiting factors of the above EPF estimation. Anomalies in the
dynamics of ICFDs and ion chambers, as well as, in the shut-off mechanism can be detected by analyzing
the recorded transient curves.

DATA ACQUISITION

Multi-channel PC-controlled analog data acquisition hardware and signal processing software have been
developed and regularly used in station rundown measurements. The custom-built signal conditioning
and data acquisition hardware includes the following components: (1) multi-channel isolation (buffer)
amplifiers for isolating the data acquisition system from station instrumentation, and (2) a PC-based
multi-channel signal sampling (analog-to-digital conversion) with selectable sampling frequencies, filters,
amplifiers and DC-offset units. Typically, 16-channel measurements are carried out at a sampling fre-
quency of 50 or 100 Hz. Procedures for safely connecting analog station signals from their amplifier's test
outputs to the data acquisition hardware have been established. The same hardware system is used in
the reactor noise measurements of ICFDs, ion chambers, pressure, flow and temperature signals. Results
of Ontario Hydro's noise analysis program have been reported in [1,2].

The analog voltage signals are directly connected to the isolated input of the multi-channel data acqui-
sition system while the given safety channel is rejected. After the signal connection is made, the safety
channel is tested and reset. The recording of the analog detector signals starts half an hour before the
reactor shutdown and continues for 12-13 hours after the trip. The digitized multi-channel data are
stored in files and analyzed off-line. Note that the digital output of ROP/NOP computers cannot be
used for ICFD prompt fraction estimations, because the ROP/NOP data acquisition system does not
meet the following requirements: (1) high sampling frequency (50-100 Hz), (2) simultaneous sampling of
multi-channel analog signals, (3) inclusion of ion chamber linear output and trip marker signals.

A new portable data acquisition system has been developed in AECL Chalk River Laboratories, which
will eventually replace the current system and will transfer the technology to the stations [3]. In the
present configuration, the new system consists of two identical data acquisition units. Each unit is
capable of sampling 16 signals simultaneously at a maximum sampling frequency of 2.4 kHz with 16-bit
ADC resolution. The two units have optically isolated inputs, and they can be run in synchronized



modes. The built-in analysis software offers a user friendly access to statistical calculations and graphical
presentation of results. A power rundown software application is under development.

VALIDATING IN-CORE FLUX DETECTOR DYNAMICS

The primary objective of the rundown test is to confirm the functionality and dynamic response of in-core
flux detectors and their amplifiers in operator initiated reactor trips by cross checking detector response
signals. Reactor rundown tests can be performed during planned reactor trips for a limited number
of ICFD detectors and ion chambers. The recorded response signals can also be used to estimate the
effective prompt fractions (EPF) of ICFDs.

The following formula is used to calculate the effective prompt fraction, p:

VicH(tut2) - VB>
VD(O)-VB ) \ ' VICH(O)-VB<

where

- l

VICH{hM) =
1

l [2VD(t)dt
— h) Jti

and

and Vicii(t) a-re the recorded voltage signals of the ICFD and the linear output of the ion
chamber, respectively,

• Vj)(Q) and V/CH-(0) are the averaged signal values measured before the trip,

• Vjg and VB> are the zero-power voltage output of the ICFD and ion chamber signals (zero off-set).
In the Darlington units, the ICFD signals and the linear output of the ion chamber amplifier give a
nominal value of Vg = 0.5 volt at zero power level, and

• t = - 0.4 sec is marked by the Trip Marker signal, and t\ = 2.5sec, ti = 3.5sec.

A detailed derivation of Equation (1) is given in Appendix A.

The ion chambers are assumed to record the power change accurately despite their out-of-core position.
The Effective Prompt Fraction is determined by assuming that for times greater than 1.0 sec after the
trip the ion chambers reflect the magnitude of the step change in the neutron flux, and the ion chamber
signal provides a record of the average neutron flux response throughout the reactor power rundown.

SDS1-INITIATED RUNDOWN TESTS

Rundown measurements from 60% of F.P. are performed regularly in Darlington before scheduled out-
ages [4,5,6]. In the SDSl-induced rundown test in Darlington Unit 1, the calculated prompt fractions
of channels F and B vertical Inconel ICFDs had an average value of 104%, while the channel J hori-
zontal Platinum-clad ICFDs had an average value of 91%. In the SDSl-induced trip test, the response
curves of both vertical and horizontal ICFDs showed a clear top-to-bottom spatial dependency (delay),
in correlation with the insertion of the shut-off rods:



After the initiation of the SDS1 trip, all signals remained at their pre-trip levels in the first 360 msec.
After this initial 360 msec deadtime, all channel B and F ICFDs departed from their pre-trip values within
an additional interval of 180 msec. First, the top ICFDs started decreasing, then the lower ICFDs. This
time interval was shorter for channel J ICFDs, only 120 msec, because of the shorter vertical distances
between the uppermost and lowermost horizontal ICFDs in channel J. The first signal which reached the
50% level of its pre-trip value was the uppermost ICFD in channel F, VFD19-1F, 690 msec after trip
initiation. It was followed by the ICFDs in channel B in the uppermost zones (zone 3 and 10 ICFDs),
which reached the 50% level of their pre-trip value approx. 700 msec after trip initiation (see Figure 1).
Zone ICFDs at elevation zone 1, 6, 8 and 13 reached their 50% level at the same time, 805 msec after the
trip. They were followed by zone 4 and 11 ICFDs at 910 msec, by the RRS-B ion chamber at 980 msec,
by zone 2, 7, 9 and 14 ICFDs at 990 msec, and finally by zone 5 and 12 ICFDs at 1060 msec, after trip
initiation. The lowermost ICFDs of channel F reached the 50% level last, at 1150 msec.

The horizontal SDS2-J ICFDs displayed a similar pattern of vertical time delays. The top ICFDs in HFD2
started responding to the trip 120 msec earlier than the bottom ICFDs in HFD12, HFD13, HFD14. Also,
the top ICFDs reached the 50% level 400 msec earlier than the bottom ICFDs. In channel F, the
maximum top-to-bottom time difference measured between the first and the last responding ICFDs in
reaching the 50% level was approx. 460 msec (between VFD19-1F and VFD1-4F). In channel B, this
maximum difference was 360 msec, between VFD27-1B in zone 10 and VFD1-3B in zone 5.

In a typical SDSl-trip, all signals go down from their pre-trip values to a low level (« 10%) within a 1
sec interval. ICFDs at the same elevation had similar response curves to SDSl-trip (see Figure 1). This
observation can be used to identify possible degradation of ICFDs or shut-off rods.

In-service and spare coiled Platinum ICFDs of Pickering-B are also regularly tested in SDSl-initiated trips
starting from 100% of full power [7]. Rundown measurements were also used in the recent commissioning
of new HESIR in-core flux detectors installed in Pickering-B Unit 6 in March 1996. Response signals of all
SDS1/SDS2 HESIR in-core flux detectors and SDS1/SDS2 ion chambers to an SDSl-induced trip from
60% of F.P. were recorded and analyzed off-line. The effective prompt fractions of all ICFDs, estimated
from the measured signals, were found to be above 90%. Detailed results of the rundown test are given
in [8]. Similar rundown measurements are planned for the commissioning of new HESIR ICFDs to be
used in the SDS-E system of Pickering-A units.

SDS2-INITIATED RUNDOWN TESTS

In the SDS2-induced rundown test in Darlington Unit 2 the average prompt fraction of channel F vertical
Inconel ICFDs was 102%, while the channel J horizontal Platinum-clad ICFDs had an average value of
89%. In a similar SDS2-trip in Unit 4, the channel J horizontal ICFDs had an average value of 88%. The
derived prompt fractions of channel J ICFDs in Unit 4 is given in Table 1 of Appendix B.

After the initiation of an SDS2 trip, all signals remain at their pre-trip levels in the first 400-420 msec.
The first signals which reach the 50% level of their pre-trip values are the SDS2 ion chambers, typically
500-520 msec after trip initiation. They are followed by the southernmost ICFDs, which reached the 50%
level of its pre-trip value 520-540 msec after trip initiation. The northernmost ICFDs were the last in
reaching the 50% level (640-670 msec). The time delays of channel J ICFDs measured in Unit 4 are listed
in Table 2 of Appendix B. The corresponding normalized rundown signals are shown in Figure 2. Similar
SDS2-initiated rundown tests are planned in Darlington units 1, 2 and 3 on April 27-30, 1997.

In the SDS2-induced trip test, the response curves of both vertical and horizontal ICFDs displayed a time
delay along the south-to-north line, following the pattern of the poison propagation inside the injection
nozzles. This indicates that the poison propagation inside the injection nozzle is the main source of time
delays, as opposed to the poison propagation in the moderator. The south-to-north propagation of poison
inside the nozzle, causing delays in ICFD response, can be looked at as the insertion of a set of "horizontal



shut-off rods", over a time period of approx. 100 msec. The maximum south-to-north time difference
measured between the first and the last responding ICFDs was approx. 120-130 msec. In SDS2-trips all
signals go down from their pre-trip values to a low level (ft; 10%) within a 400 msec interval.

The eight poison injection nozzles penetrate the calandria on the south side. According to the design
manual, 47.5 liters of poison per nozzle is injected in approx. 300 msec. Results of a simple model
calculation shows, that it takes approximately 100 msec for the poison to reach the north end of the
injection nozzle, that is, poison injection at the north end of the nozzle starts 100 msec later (it takes 100
msec to force the unpoisoned D2O out of the nozzle, or using the above analogy, to drive the "horizontal
shut-off rods" in). During this 100 msec interval, 8 liters of poison per nozzle has been injected already
in the south side of the calandria (64 liters for 8 nozzles). The ICFD measurement data support these
results by showing (1) a clear south-to-north spatial dependency in response time, and (2) a maximum
time difference of 130 msec in ICFD responses.

The SDS2-initiated rundown test in Unit 2 showed that the response of a horizontal ICFD (AF3J HFD2-
RE3J) was slower than its expected value by approximately 40 msec. The nornalized rundown response
curves are shown in Figure 3. The ICFD noise measurement performed at steady-state full power before
the rundown test gave the same result. The 40 msec extra response time was derived from the noise
signatures (APSD, coherence and phase functions) of ICFDs located in the same horizontal detector
tube, measured at the fundamental vibration frequency of detector tube HFD2, 4.1 Hz. The same
detectors in Units 1 and 3 showed normal neutron noise patterns in similar measurements.

NOISE ANALYSIS BASED VALIDATION OF DYNAMICS

The dynamics of ICFD and ion chamber signals can be also validated in reactor noise measurements
performed at full-power steady-state operation. The technique is based on the measurement and analysis
of the small fluctuations (noise) of detector signals. The derived multi-channel frequency dependent
statistical functions are very sensitive to incipient failures in the dynamics of detectors and reactor
processes. Noise analysis is applied in solving a wide variety of station problems in Ontario Hydro's
CANDU reactors [1,2]. The data acquisition system, described in Section 2, is also extensively used in
the reactor noise measurements of ICFDs, ion chambers, pressure, flow and temperature signals. The
advantage of the noise analysis based validation of ICFD dynamics is that it is a non-intrusive passive
technique, which can be performed any time between outages (rundown tests). Once the ICFD noise
signatures are calibrated to the results of the reactor rundown test or the ion chamber noise, changes in
the prompt fraction can be detected by noise analysis any time. Therefore, noise-based monitoring of
detector performance can reduce the need for further rundown tests.
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RRS CHANNEL B RUNDOWN SIGNALS - 1 sec scale
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Figure 1. Rundown response signals of RRS-B ICFDs (AF-IB through AF14B),
RRS-B ion chamber linear output and log rate signals normalized

to their pre-trip values and displayed over 1 sec
SDSl-initiated trip from 60% of F.P. in
Darlington Unit 1, on August 28, 1995



SDS2 CHANNEL J RUNDOWN SIGNALS - 1 sec scale
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SDS2-initiated trip from 60% of F.P. in Darlington Unit 4,
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SDS2-initiated trip from 60% of F.P. in Darlington Unit 2,
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APPENDIX A

DERIVING DETECTOR PROMPT FRACTION FROM RUNDOWN MEASUREMENT

In the time domain, the detector voltage signal VD (t) is modelled via the convolution of the time dependent
flux, <&(t), and the detector impulse response function, h(t). The latter comprises the prompt fraction p
and the N delayed components with time constant rn and relative magnitude kn, respectively

= P6(t) + f ^ e x p H A v O (1)

where 8 (t) is the Dirac-delta function, and p + Y2n=i &n = 1-

The detector voltage is

VD(t) = CD f h(t-t')Hf(t')dt' + VB (2)
J — CO

where Cjy is the product of the detector sensitivity factor and the gain of the station amplifier converting
current to voltage, and VB is a constant voltage off-set measured at zero power. In Darlington, the zero-
power output voltage of the ICFD and ion chamber station amplifiers is 0.5V. In Pickering-B, this off-set
voltage is zero for ICFDs and 0.1V for the ion chambers. The actual off-set VB may' vary from signal
to signal because of the possible bias in station hardware and data acquisition electronics. The residual
off-set voltage of the linear ion chamber signal is measured 12 hours after the shutdown, while the data
acquisition system is still connected. The deviation between the zero off-set of different data acquisition
channels is in the range of ±10mV, or ±0.2% of the monitored voltage range. This uncertainty can result
in a ±0.5% bias in the estimated prompt fraction.

Equations (1) and (2) yield

Vo(t) = CD I P$(0 + Y^ — / $00 exP ( I dt' + VB (3)
V n=i r" ^~°° \ Tn J J

Let us assume that before the trip the static flux was $o at the location of detector D, and the reactor
trip occured at t — 0, and the flux decreased linearly to a constant level of $i < $0J over a time period
of T after the trip:

for t < 0

*(<) = { $o - ^ ^ t, for 0 < t < T (4)

Rundown measurement at Ontario Hydro's CANDU stations showed that in SDSl-initiated trips (shut-
off rods dropped) the ICFD and ion chamber signals quickly drop from the pre-trip values to a low value
in 1 sec. In SDS2-induced trips (poison injection) the transition period is even shorter: the signals drop
to a low value in 0.4 sec. Therefore, T = 1 sec is a reasonable assumption in numerical calculation. The
SDS1/RRS and SDS2 ion chambers, located on the north and the south sides of the calandria, showed
similar responses to reactor shutdown, in terms of time T and the relative signal drop <&i/$o-

After inserting Equation (4) into Equation (3), for t > T

/ / \ exp [2L] - 1 \
(5)

n=l



Using the pre-trip equation VD(0) = Cp $o + VBI the prompt fraction p = 1 — X^n=i ^« *s expressed
as a function of the measured detector voltage signal, Vo{t) for t > T

n = l

where (Vb(f) — VB)/(VD(0) — Vs) represents the relative drop in detector voltage after the shutdown,
while ^i/'I'o is the relative drop in flux at the location of the in-core detector. The detector signal
Vn(t) is continuously recorded during the rundown. If t is chosen such that T < t <C Tn for all delayed
components, then each term in the above sum is close to zero.

Assumption # 1 : For time instant t satisfying T < t <C Tnin^n}^-.-^

^ ' - ' l - e x p f - — ' ^ ^f
that is

Assumption #1 introduces an error in the prompt fraction estimation, whose upper limit can be deter-
mined in a conservative calculation of the sum in Eq. (7) by setting rra = min{rj}^:1 for all delayed
components. This would change the calculated prompt fraction in Eq. (6) by 1 %, that is, by omitting
the summation, the effective prompt fraction of Inconel ICFDs (SDS1/RRS) would decrease by less than
1%, and it would increase by less than 1% for Platinum-clad Inconel ICFDs (SDS2).

Assumption # 2 : The relative flux drop $i/<i>o, (after/before the trip), at any detector location is
represented by the relative signal drop of the ion chamber signal {VICH[t) ~ VB')/(VICH(Q) ~ KB')- This
is strictly true only in point kinetic reactors. In reality, the relative flux drop depends on the detector
location, since the flux shape after the trip is different from the pre-trip flux shape. The after-trip flux
shape is more uniform. It can be shown that by assuming a ±15% variation in the pre-trip static flux
at the detector locations and a uniform flux shape after the trip, the application of Assumption #2
introduces a variation of ±1.5% in the effective prompt fraction.

With Assumptions #1 and #2, the prompt fraction of any in-core flux detector is approximated by the
measured time series of the detector and the ion chamber signals at time t satisfying T < t <C min{rn}^=1:

f VD{t)-VB\f
V V ( 0 ) V J \VD(0)-VBJ\ VTCH(0)-VB>

Assumptions #1 and #2 lead to a simple interpretation of Equation (9): the prompt fraction of the
ICFD is approximated with the ratio of the relative drop after,the trip in the ICFD and the ion chamber
(100% prompt reference signal).

Better statistics is obtained if the post-trip signals are averaged over a time interval (£1,̂ 2) satisfying

- 1

1

VD(0)-VB I I VICH(0)-VB.



where

VD(tut2) = ^ — ^

and

left1
 M / '

VD(O) and V/c/f(O) are the averaged signal values measured before the trip.

Typical values for the time interval are t\ — 2.5sec and t2 — 3.5sec. Experience showed that the
calculated prompt fraction is not very sensitive to the actual values of t\ and t2, provided that T < t\ <

Equation (10) gives an average value for the prompt fraction based on the average values of (1) the ICFD
signal before the trip, (2) the ICFD signal 3 sec after the trip, (3) the ion chamber signal before the
trip, and (4) the ion chamber signal 3 sec after the trip. The relative standard deviation of the prompt
fraction can be calculated as the sum of the relative standard deviations of the above four components.

Since
1(M) - VD(ti,t2) (

VD(0)-VB ) \ VJCH(0)-VB, )

the relative standard deviation of p (uncertainty) can be calculated directly from the relative standard
deviations of the measured time series

P

<r(VD(0)-VD(t)) <r(Vb(0)) <T(VICH(0) - Vicnjt))

VD(0)-VB VICH(0)-VICH(t)
where

Vb(0) - VB

is the relative standard deviation of ICFD signal fluctuations before the trip,

<r(Vp(0) - Vp(t))

VD(0)-VD(t)

is the relative standard deviation of the fluctuations in the ICFD signal drop after the trip over the time
interval [2.5 sec, 3.5 sec],

- VB>
is. the relative standard deviation of the Ion Chamber signal fluctuations before the trip,

VICH(0) -

is the relative standard deviation of the fluctuations in the Ion Chamber signal drop after the trip over
the time interval [2.5 sec, 3.5 sec].



APPENDIX B

EFFECTIVE PROMPT FRACTIONS DERIVED FROM MEASUREMENTS - CHANNEL J

Table 1. Prompt Fraction of Darlington Unit 4 SDS2 channel J Platinum-clad Inconel
In-Core Flux Detectors Derived from SDS2-initiated Rundown Curves

SDS2-J
Detec.

1J HFD1-RE2J
2J HFD2-RE1J
3J HFD2-RE3J
4J HFD4-RE1J
5J HFD5-RE2J
6J HFD5-RE3J
7J HFD6-RE4J
8J HFD7-RE4J
9J HFD9-RE2J

10J HFD11-RE1J
11J HFD11-RE2J
12J HFD11-RE4J
13J HFD12-RE1J
14J HFD13-RE2J
15J HFD14-RE2J
16J HFD14-RE3J
17J HFD14-RE6J

ICH.-J

Prompt
%

88.1 ±0.4
91.1 ±0.4
86.1 ±0.4
90.5 ±0.4
90.0 ±0.4
88.3 ±0.4
85.6 ±0.3
83.3 ±0.3
90.8 ±0.4
90.2 ±0.5
87.5 ±0.4
86.2 ±0.4
87.2 ±0.4
86.7 ±0.4
92.3 ±0.4
87.5 ±0.4
81.8 ±0.4
100.0 ±0.2

IR*
MQ

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

N/A+

DC
pre-trip

2.51 v
2.47 v
2.37 v
2.43 v
2.88 v
2.68 v
2.47 v
2.28 v
2.61 v
2.43 v
2.66 v
2.36 v
2.27 v
2.42 v
2.38 v
2.48 v
2.38 v
2.06v

%
3 s
12.1
9.1
14.1
9.7
10.2
11.9
14.6
16.9
9.4
10.0
12.7
14.0
13.0
13.4
7.8
12.6
18.3
0.2

%
30 s
10.3
7.7
12.2
8.1
8.2
10.5
13.4
16.1
7.6
8.0
11.3
13.6
10.7
11.5
6.5
10.6
16.8
0.1

%
300 s

8.9
6.8
10.6
6.7
6.7
9.2
12.2
15.2
6.3
6.4
9.8
12.7
8.9
10.1
5.6
9.2
15.2
0.0

%
12 hr

1.5
1.4
1.7
1.8
2.2
1.4
2.5
2.0
1.8
2.4
2.0
2.5
2.4
2.8
1.7
3.2
2.5
0.0

* (IR not available yet)
+ (SDS2-J ion chamber linear output)

The SDS2-J ICFD signals started to decrease 420 msec after the SDS2 trip was initiated. The power step
recorded by the channel J ion chamber was completed in additional 400 msec. The normalized voltage
values shown in Table 1 at 3 sec, 30 and 300 sec were averaged over an interval of 1 sec (50 samples).
The values shown at 12 hours after the trip were averaged over an interval of 4 sec.

The error band indicates the ±a statistical uncertainty of the prompt fraction estimate in Equation (1),
caused by the fluctuations of ICFD and ion chamber readings. Since the statistical distribution of the
ratio in Equation (1) is not Gaussian, the usual confidence level of 99.73% associated with the ±3<r
confidence interval is not valid in this case. A conservative confidence level still can be given: by applying
the Tchebycheff Inequality theorem of random variables with unkown statistical distribution, we found
that the probability of having the true prompt fraction within the ±3<x error bound is higher than 90%,
regardless of the actual statistical distribution of the prompt fraction calculated in Equation (1). The
90% inclusion probability limit is a conservative value, the actual accuracy of the estimate of the prompt
fraction may be much better.

The above statistical uncertainties can be estimated accurately from the fluctuations of the measured
signals. However, there are two more sources of uncertainties affecting the calculated prompt fraction,
which cannot be estimated directly from the measurements: (1) the effect of spatial dependency of the
power step and the assumption on the post-trip flux shape can cause a systematic deviation in the EFP,
in the range of ±1.5% (see Appendix A), (2) further bias could be introduced by the uncertainty of
the zero off-set of the data acquisition channels (±10 mvolt), resulting in a ±0.5% uncertainty in the
calculated EFP.



TIME DELAY IN THE RESPONSE OF CHANNEL J ICFDs TO SDS2-TRIP IN UNIT 4

Table 2. Time difference measured between the Trip Marker of SDS2-initiated trip
and detectors signal reaching 50% of their pre-trip value

Amp.
I D .

AF-1J
AF-4J
AF-5J

AF-10J
AF-2J
AF-9J
AF-13J
AF-1J
AF-15J
AF-16J
AF-3J
AF-14J
AF-11J
AF-6J
AF-7J
AF-8J
AF-17J
AF-12J

Detec.
ID

ICH.LIN-J
HFD4-RE1J
HFD5-RE2J
HFD11-RE1J
HFD2-RE1J
HFD9-RE2J

HFD12-RE1J
HFD1-RE2J
HFD14-RE2J
HFD14-RE3J
HFD2-RE3J
HFD13-RE2J
HFD11-RE2J
HFD5-RE3J
HFD6-RE4J
HFD7-RE4J
HFD14-RE6J
HFD11-RE4J

Time*
msec

530
540
555
560
565
570
575
575
585
605
605
610
610
635
655
665
670
670

Coord.
Column

—
2 - 5
6 - 9
3 - 6
8- 11
6 - 9
6 - 9

11- 14
9- 12
11- 14
14-17
11- 14
12- 15
18-21
20-23
21-24
19-22
21-24

Coord.
Row

—
H - J
H - J
Q - R
E - F
Q - R
T - U
E - F
T - U
T - U
E - F
T - U
Q - R
H - J
H - J
M - N
T - U
Q - R

Prompt
%

100.0 ±0.2
90.5 ±0.4
90.0 ±0.4
90.2 ±0.5
91.1 ±0.4
90.8 ±0.4
87.2 ±0.4
88.1 ±0.4
92.3 ±0.4
87.5 ±0.4
86.1 ±0.4
86.7 ±0.4
87.5 ±0.4
88.3 ±0.4
85.6 ±0.3
83.3 ±0.3
81.8 ±0.4
86.2 ±0.4

* between trip marker and 50% of pre-trip value

Table 2 show the time difference measured between the Trip Marker of SDS2-initiated trip and channel
J detector signals reaching 50% of their pre-trip value as a function of detector location. The time delay
follows a south-to-north pattern due to the propagation of poison inside the injection nozzle. Variation
in delay time may be caused by the additional time required for poison propagation in the moderator.
The accuracy of the time scale is ±5 msec.



INVESTIGATION INTO ANOMALOUS LEAD-CABLE RESPONSES IN
VANADIUM SIR DETECTORS IN PT. LEPREAU AND GENTILLY-2

B. Sur, D.P. McAllindon and CM. Bailey
Atomic Energy of Canada Ltd.

1.0 INTRODUCTION CA9900012

Vanadium In-Core Flux Detectors (ICFDs) are used for flux mapping in CANDU 6 stations.
The Inconel lead-cables (LCs) of these detectors produce a small (0.5% - 2%) but significant
signal contribution which varies with the in-core length of the lead-cable. The ICFD signal
must therefore be corrected for the lead-cable contribution to avoid biasing the flux map.
Corrections for lead-cable contributions are made on the basis of a prediction of lead-cable
relative sensitivity and its change with irradiation history due to the complex burn-up of the
Inconel constituents. Lead-cables without any detectors are installed at the stations and
monitored regularly to validate the lead-cable relative sensitivity prediction. A survey of the
detector-less lead-cables at Pt. Lepreau and Gentilly-2 shows an unpredicted rapid increase and
subsequent decrease in lead-cable relative sensitivity in the first few hundred full-power days
after installation.

In this paper, the prediction of lead-cable relative sensitivity and its change due to burn-up
effects are reviewed. The data from the stations is presented and modeled. Possible physical
causes of the rapid variation in sensitivity are explored. Further work to resolve the issue of
anomalous lead-cable sensitivity is discussed.

This work was funded by New Brunswick Power and Hydro Quebec under a joint contract
with Atomic Energy of Canada Ltd.

2.0 LEAD-CABLE RELATIVE SENSITIVITY

In-core flux detectors and lead-cables consist of a metallic central core (the emitter), separated
from an outer metallic sheath (the collector) by a layer of oxide insulation. In a neutron and
gamma flux, electrons are ejected from, or collected on the emitter, generating a charge with
respect to the (grounded) collector. When the emitter and collector are connected through an
external circuit, a current is produced in that circuit. The magnitude of the current is
proportional to the neutron and gamma flux.

Vanadium flux-mapping ICFDs have a pure51V emitter and produce a positive current in a
thermal neutron flux. This current is due to the net transfer of electrons, produced by (3-decays
of 2.25 m (half-life) 52V, from the emitter to the collector. Lead-cables used in CANDU
reactors have both core-wires (0.24 mm diameter) and outer sheaths (1.12 mm O.D., 0.181 mm
wall thickness) made of Inconel 600. The dimensions of the core-wire and sheath have been
chosen so that there is a cancellation between the charge (electrons) transferred in to and out of
the core-wire by neutron and Y-induced reactions in the elemental constituents of Inconel 600.
Consequently, metre for metre, lead-cables are expected to produce only 0.05% as much
positive current as Vanadium SIR detectors. Integrated over the length of the lead-cable in the
core of a typical CANDU reactor, the net lead-cable contribution to the Vanadium detector
current is expected to vary from approximately 0.5% to 2.5%.



The total flux experienced by lead-cables increases, in general, with their in-core lengths. Thus
the lead-cable contribution, though small, induces a significant artificial tilt in the Vanadium
ICFD-based flux map, and must be subtracted. The lead-cable relative sensitivity, a, is a
convenient parameter to characterize the lead-cable contribution, assuming that the properties of
all the lead-cables (for -102 Vanadium detectors) are uniform.

Relative sensitivity is defined by the following relationships:

( 1 )

where: a is the relative sensitivity of the lead-cable,
SLC is the absolute sensitivity of the lead-cable (output current per unit length per unit
flux),
SD is the absolute sensitivity of the detector,
i^ is the measured lead-cable current,
iD is the detector current,
iT is the measured total detector + cable current,
0O is the detector flux, and
^T 0LC is the lead-cable flux, summed over the appropriate number of detector-length
lead-cable segments.

The value of a changes with time (irradiation) since both iLC and iD change due to nuclear
transmutation (burn-up). A first-order correction for the lead-cable contribution can be made for
each Vanadium detector signal using the values of <pLC inferred from the uncorrected flux map,
and knowledge of a. Because $LC is different in general for each lead-cable segment, both the
contribution of that segment, and the change in that contribution due to burn-up must be tracked
individually. The variation in current from the detector is programmed into module
*DLCSENSIT in the RFSP simulation code, which is used to calculate the mapped bundle and
channel fluxes. For the calculation, the lead-cable is subdivided into n sections each one lattice
pitch in length since the flux and burnup on each section is different.

2.1 Current Production Mechanisms in Inconel 600 Lead-Cables

Currents in in-core flux detectors and mineral-insulated cables are produced mainly by three
types of interactions, namely (n, y, e), (y, e), and (n, |3). These interactions can occur in the
emitter, collector, or insulator, resulting in an electron being ejected from that material.
Depending on where the electron is ejected from and deposited, a net positive charge, net
negative charge, or no net charge is produced on the emitter. The probability of the interactions
depends on the neutron and gamma cross-sections, density, and atomic number of the material,
the energy spectrum of the neutron and gamma flux, and detector geometry.

The currents or sensitivities of mineral-insulated Inconel 600 lead-cables has been studied
experimentally by Allan and Lynch [1], and theoretically (by Monte Carlo simulations) by Hall
[2]. The major elemental constituents of Inconel 600 are nickel (74%), Chromium (15%) and
Iron (9%). The response of Inconel 600 detectors and lead-cables and the time-variation of its
components is complex because there are a large number of isotopes as well as potential



contaminants, notably manganese, that contribute to the total current. These currents are
discussed briefly below.

(n, y, e): The absorption of a neutron by an atom results in the immediate emission of capture
gamma rays. The gamma rays can then produce energetic electrons (or positrons) in matter by
Compton scattering, the photoelectric effect, or pair production. The (n, y, e) mechanism
produces current instantaneously in response to neutron flux and is therefore referred to as a
"prompt" interaction. In an Inconel lead-cable the (n, y, e) interaction produces a net positive
current that varies approximately as the cube of the emitter diameter. All elements present in
Inconel 600 contribute to this current. However, roughly 50% of the (n,y) interaction rate in
Inconel 600 is due to 58Ni (-75% Ni in Inconel 600; 68% natural abundance of 58Ni in Nickel;
thermal neutron cross-section of Inconel, (a^Inc.)) = 4.1 b, and ath(

58Ni) = 4.6 b). Neutron
capture on 58Ni produces 59Ni (t1/2 = 7.6 x 10* a, Gth(

59Ni) = 78 b). Thus the isotope 59Ni,
whose initial abundance is zero, "burns in" with irradiation of Inconel 600, and increases the
total (n,y,e) current as a function of FPD. The dominant time constant for this increase in
current is equal to the inverse of the neutron transmutation rate:

tC M) = « — = 593.5 effective FPD ( 2)
<p-<7(59Ni)

where <)), the neutron flux has been taken to be 2.5 x 1018 m"2 s"1. This effect causes S(n,y,e) to
increase with time.

(y, e): External reactor gamma rays (as opposed to neutron capture gamma rays generated
inside the detector) can also eject electrons; this is called the (y, e) interaction. The probability
of this interaction depends on the flux and energy of the external gamma rays, and the atomic
number, Z, and density of the matter with which they interact. No transmutation of atoms
occurs in the (y, e) interaction. The (y, e) mechanism produces current promptly in response to
gamma flux. However, the gamma flux is itself composed of prompt and delayed fractions. In
a generic CANDU core, about 70% of gamma flux is prompt. In the mineral-insulated LC, the
(y, e) interaction contributes a net negative current that varies approximately linearly with the
mass of the sheath. Since nuclear transmutation due to neutron captures and subsequent |3-
decays can, at most, change Z for any isotope by 1, it is assumed that S(y,e) does not change
appreciably due to burn-up effects vs. irradiation time.

(n, p): An atom absorbs a neutron, becomes unstable and decays with a characteristic half-life
by the emission of an energetic electron or P-particle. As a result of this process, the original
atom transmutes into an element with a higher atomic number and atomic mass. This
mechanism results in the production of current with a half-life characteristic of the unstable
isotope. Vanadium, rhodium, and manganese are examples of elements that produce current by
the (n, p) process. In the mineral-insulated lead-cables, 56Mn (t1/2 = 2.58 h) and 65Ni (t1/2 =
2.52 h) are the main isotopes contributing to a net negative (n,P) current. This negative current
is apparently the residual effect in the emitter, of competing positive (electrons ejected) and
negative (electrons deposited) charge deposition due to p-decays in the emitter and collector
respectively [2]. The abundance of these short-lived isotopes, hence the (n,P) current, requires
a few hours to reach equilibrium with the ambient neutron flux. This causes a difference
between steady-state sensitivity, S, and sensitivity after a long reactor shut-down, S*.



2 .2 Predicted Time-Variation of LC Sensitivity and Dynamic Response

The prediction for lead-cable sensitivity is based on an estimate by C.J. Allan. This prediction
was made for the nominally 1.0 mm diameter prototype Bruce B lead-cables. The prediction for
each current producing mechanism is shown in Table 1.

_____

Estimated Values of the Sensitivity of a Standard 1 mm Inconel 600 Lead-Cable
as a Function of Irradiation Time in a Mean Flux of 2 x 1018 m V

Parameter

S(n, y, e)

S(y, e)

S(n. P)
ST (avg.)

ST*

Value (x 10"27 Amf7(rnV)

T = 0a

2.6

-0.4

-0.4 to -1.6

1.2

2.3

T = 2a

3.6

-0.4

-0.4 to -1.4

2.3

3.3

T = 4a

3.7

-0.4

-0.4 to -1.2

2.5

3.4

T = 6a

3.6

-0.4

-0.4 to-1.1

2.4

3.3

where,

and,
ST = S(n,P) + S(n,y,e) + S(y,e) = equilibrium sensitivity

ST* = S(n, y, e) + 0.7S(y, e) = sensitivity after startup following a long shutdown and
before appreciable buildup of *Mn (t1/2=2.58 h) and 6SNi (t,/2=2.52 h).

Allan states that the estimates of total sensitivity are subject to a lot of uncertainty because of a
large uncertainty in the contribution of the (n,(3) sensitivity. This uncertainty is caused primarily
by the unknown amount of 55Mn impurity in the Inconel 600 used for the experimental cables
on which the above predictions are based.

The calculation of the (n,P) current is further complicated by the following effects:

• The P-spectrum extends over a wide energy range, from 0 to 2.1 MeV (65Ni) or 2.8 MeV
(56Mn). The total electron energy spectra at very low energies, which also contains
contributions from conversion electrons, low-energy gamma rays and atomic x-rays, has
large uncertainties.

• Effects due to low-energy electrons become progressively more important as the dimensions
of the detector (lead-cable) become smaller.

• The net current is due to a cancellation between positive and negative charge deposition from
P-decays in the emitter and collector respectively. Thus, small errors in the calculation of
either effect are amplified in the net result. Significant variations in the positive and negative
currents can also occur from small variations in the dimensions or in the isotopic content,
especially manganese, of the emitter or collector.



• The neutron flux at the emitter is slightly smaller (-99.2%) than that at the collector due to
self-shielding. Again, because of the cancellation involved in the net (n,B) current, the
slightly different burn-up rates can give rise to relatively large changes in the net current as a
function of irradiation time.

The long-term variation in the (n,B) current is due to the burn-in or burn-up of the parents of the
B-decaying nuclei, i.e., aNi and Mn. Since manganese is present as an impurity in Inconel
600, the initial current produced by this isotope can vary over a wide range. The current from
this small impurity (specified to be < 0.3% for this application) is significant because (a) the
only naturally occurring (n,B) current-producing isotope in Inconel 600, ^Ni, has a very small
initial abundance (~ 0.68% of isotopic Inconel 600) and (b) the thermal neutron cross-section of
55Mn (13.3 b) is almost a factor often greater than that of 64Ni (1.52 b). Both 55Mn and ^Ni
are also burnt-in by neutron capture on preceding isotopes. The most important burn-in effect is
presumed to be that of the former from consecutive neutron captures on 52Cr, 53Cr, S4Cr to
produce 55Cr (t]/2 = 3.5 m), and the subsequent B-decay of 55Cr to 55Mn. The largest interaction
rates, and therefore the smallest time constant in this series of neutron captures, are those due to
53Cr (c^ = 18 b; x = 2572 FPD) and 55Mn (a± = 13.3 b, x = 3481 FPD), where an effective
flux of 2.5 x 1018 m"2 s'1 has been assumed. The calculation of the (n,P) current due to 56Mn as
a function of irradiation time [2] exhibits a change over a period of six to ten years as expected.

For the time variation of S(n,B) in Table 1, Allan has simply assumed that the negative current
burns out with an effective cross-section that depends on the initial current. For the lower limit
of |S(n,B)| at T=0 in Table 1, he assumes a burn-up cross-section of 2 b (close to a^ off

and for the upper limit of |S(n,B)|, he assumes 10 b. This is used to produce the range of
S(n,B) as a function of irradiation time.

Since the geometry of the lead-cables is now different from when this original prediction was
done, the values of sensitivity should be scaled by the experimentally determined dependence of
the current-producing mechanisms on detector dimensions. This leads to (in units of
10-27Am-7(nmV)):

S(n,y,e) = 0.243/0.223 *S(n,y,e) = 3.38
S(y,e) = S(y, e)*Msheathnew/Msheathold = -0.48
S(n,B) = unknown

Therefore, we expect that the total sensitivity at T=0 a has increased by 0.7 to 1.9 x 102?

Ain'AninV1).

Thus, the total sensitivity is a balance between a positive (n, y, e) contribution and negative (y,
e) and (n, (3) contributions. Uncertainty in any of the numbers can cause large differences in the
initial sensitivity, bum-up effects and dynamic response.

The ratios of the components affects the dynamic response of the lead-cable. The (n, y, e) is a
prompt component. The (y, e) is approximately 70% prompt with the remainder being
composed of many different time constants. The (n, (3) is expected to be caused by 55Mn and
MNi in the Inconel of the sheath and collector with a time constant of 3.7 h. The prompt
fraction, Fp, is thus calculated to be:

S(n,y,e) + 0JS(y,e)
P C ^ '



Using the original values in Table 1, the prompt fraction at zero irradiation is predicted to be
193%. Using the new values for the new size of lead-cable, the prompt fraction is predicted to
be 163%.

3.0 MEASURED RESPONSES

The lead-cable contributions based on the above prediction are used to correct the vanadium flux
map. Instead of depending entirely on the prediction of lead-cable relative sensitivity, a, the
CANDU 6 stations at Pt. Lepreau and Gentilly-2 installed two "bare" or detector-less lead-
cables each at the time of SIR detector replacement in 1992. The current produced by each
installed lead-cable is measured periodically at both stations to track and validate the model of
lead-cable contribution and its variation with fluence.

The initial absolute sensitivities and locations of these installed lead-cables are shown in Table
2. These values have been calculated for Pt. Lepreau in the Pt. Lepreau spreadsheet [4 ] and for
Gentilly-2 by taking the product of the calculated a's and the expected vanadium detector
sensitivity of 30 x 10"25 Am'l/(m'2s"'). The values vary around the predicted value of 1.9 x 10"27

Am'V(m s"1). These values were taken about one month after the lead-cables had been installed,
so the initial value of sensitivity may well have been smaller.

Table~2
Absolute Initial Sensitivities of Installed Lead-cables

Installed Lead-cable

VFD11 (Pt. Lepreau)

VFD14 (Pt. Lepreau)

VFD12 (Gentilly-2)

VFD16 (Gentilly-2)

Sensitivity [Am"V(m'2s'!)]

1.72 x 10'27

2.34 x 10"27

2.07 x 10"27

1.86 x 10"27

The results of the tracking of installed lead-cable currents [3], [4] as a function of effective
full-power days (FPD) in the reactor are shown in Figure 1 and Figure 2. Figure 1 shows the
raw current produced by each lead-cable. Figure 2 shows the relative sensitivity calculated for
each lead-cable along with the predicted relative sensitivities of the installed lead-cables (based
on Table 1). Note that the predicted relative sensitivity is specific to the cable because each
cable is modeled as n lattice-pitch length sections that contribute current and burnup at different
rates depending on their position in core. The predictions for the lead-cables were provided by
C. Newman [5].

It is clear from these figures that there is a discrepancy between the predicted and the measured
sensitivity of all four lead-cables. All four lead-cables show a faster, higher increase in
sensitivity than the prediction in the first 200 FPD of irradiation. The three lead-cables with
generally the same response also have an unpredicted decrease in sensitivity in approximately
the next 200 FPD. It is also clear that there is a significant range of variation between the four
measured lead-cable sensitivities as a function of FPD. In particular, the installed lead-cable in



Pt. Lepreau VFD-11 does not exhibit the rapid decrease in sensitivity (following the initial
increase) as seen by the other three installed LCs.
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The behavior of the other three lead-cable responses is also consistent with tilt differences (a)
between measured and mapped detector fluxes, and (b) between mapped and heat-balance-



deduced fluxes as a function of irradiation in the first 400 days following detector replacement at
both Pt. Lepreau and Gentilly-2 [6].

These observed discrepancies give rise to the following questions:

1) Are there cable-to-cable variations in the lead-cable constituent materials, especially those
with low concentrations(e.g. 55Mn)?

2) Are the installed lead-cables representative of the lead-cables in the 102 Vanadium flux-
mapping detectors?

3) Should the predicted lead-cable sensitivity variation with irradiation (a vs. FPD) be revised?

4) Is there sufficient allowance for the uncertainty in the lead-cable contribution?

Thus the scope of the study funded by New Brunswick Power and Hydro Quebec was the
following:

a) Review site operational data on lead-cable responses, both steady-state (Figure 1 and Figure
2) and after a shut-down.

b) Obtain and review material assays for the detectors and their cables, plus the installed lead-
cables.

c) Develop models for material burnout andbuildup that could explain the observed behaviour.

d) Recommend new lead-cable a variation curve to be used by sites.

4.0 REVIEW OF DETECTOR AND LEAD-CABLE MATERIAL ASSAYS

The material test reports and specifications for the Vanadium detectors and installed lead-cables
for both Pt. Lepreau and Gentilly-2 were reviewed. This information was contained in the
history dockets provided by the detector manufacturer (Imaging and Sensing Technilogy Inc.),
as part of the contract for the replacement SIR detectors It is apparent from the chemical
analyses of the materials used to fabricate the Vanadium detector emitters, the Inconel lead-cable
core-wires and the common Inconel sheaths, that all detectors and installed lead-cables for both
stations were fabricated, respectively, from the same materials.

The following observations are made from the examination of these reports:

1. The initial concentration of manganese in the core wire (0.29 - 0.30%) is different from that
in the sheath (0.19 - 0.20%). From these reported manganese concentrations, a calculation
of the (n, |3) sensitivity caused by 55Mn in the lead-cables can be made. The calculated
value is -0.05 x 10'27 Am"V(nm s"1). Since the original prediction of the (n,p) sensitivity
caused by 55Mn is unknown, we are uncertain how to adjust the prediction using this
calculation.

2. The O.D. of installed lead-cable VFD-11 in Pt. Lepreau (1.10 mm) is smaller than the O.D.
of the other three installed lead-cables (1.12 mm) by 1.8%. Assuming that the core-wire of
this lead-cable is also smaller than those of the other three by a similar amount, then S(n,y,e)
for installed lead-cable VFD-11 in Pt. Lepreau (which varies as the cube of the core-wire
diameter) will be smaller than that of the other three installed lead-cables by about 5.5%. It
is difficult to distinguish this possible effect from the scatter of the initial sensitivity
measurements shown in Table 2.



3. The O.D. of the detector lead-cables have a range of variation (maximum - minimum) of
3.7% in Gentilly-2 and 2.1% in Pt. Lepreau. There is no data available about the core-wire
diameters. Again, assuming that the core-wire diameters have a similar range of variation,
then the range of variation of S(n,y,e) should be ~11% in Gentilly-2, and ~ 6% in Pt.
Lepreau. The range of variation of the total sensitivity would be expected to be greater than
this by a factor of 1.5 to 2 since there is a cancellation of S(n,y,e) by the other two
sensitivities (see section 2.2).

4. The material assays do not indicate the presence of any contaminant elements in the Inconel
600 (other than Manganese), at approximately the 0.1% concentration level and with large
neutron cross-sections (with the possible exception of Cobalt).

5.0 MODEL DEVELOPMENT (FOR 100 FPD SENSITIVITY CHANGE)

The lead-cable may be viewed as a set of detectors, each one lattice pitch in length, connected in
series. The total current generated by the lead-cable, I^total), is the sum of currents generated
from all the n segments that constitute its length:

( 4 )

In each segment, i, the current is the sum of those produced by each mechanism:

J _ j(n,7.e) + jCr.O + /(«>/?) ( 5 )

For each mechanism, x, the current in each segment is the sum of charge deposition per unit
time due to interactions in the core (or emitter) and sheath (or collector):

rx core rx .sheath rx ( 6 )

This statement is particularly germane to the (n,(3) current, but may not be important for the
other two mechanisms, since experimentally the (n,y,e) current is proportional to the cube of the
core diameter only, and the (y,e) current depends linearly on the sheath mass.

The current in each segment due to a particular mechanism is the sum of currents due to each
isotope, j , that participates in that mechanism:



and if there are Nj atoms of such an isotope in segment i at time t, then:

where:

d is the thermal-neutron cross-section for (n,y,e) and (n,P), and the y-interaction
cross-section for (y,e);

<pj(t) is the thermal-neutron flux for (n,y,e) and (n,(3), and the gamma flux for (y,e) at
segment i;

Axj is a coefficient that relates current production to interaction rate for the particular
interaction type, x, and the particular isotope, j .

Note that for (n,(3) nuclei, such as 65Ni and 56Mn (with short half-lives), the current is actually
proportional to the (3-decay rate. But in the event that observations are made after a period of
steady-state operation that is long compared to these half-lives, and if their neutron-capture rates
are ignored, then these |3-decay rates are equal to the neutron-capture rates of their parents.
Thus the N in equation ( 8) refer to the abundances of the parents of the p-decaying nuclei
which produce the (n,|3) currents viz. ^Ni and 55Mn in the above-mentioned cases. Also,
particularly in the case of (n,p), the coefficient A may be radically different for the core and
sheath, with opposite signs.

The number of atoms, Nf (t) is governed by a set of coupled first-order differential equations:

—Nj = Nj-1 (7'->J. + Nj'tf - Nj (<y'>, + X1) ( 9 }

dt

The first two terms on the right hand side refer to production of Nj by neutron-induced
transmutation of a preceding nucleus, (j-1) and by p-decay (or electron-capture) of an isobaric
(long-lived) nucleus, Nj', with decay rate /f = 1 / T 7 =]n2/tj/2 . Similarly the third term
refers to the depletion or burn-out of nucleus j itself due to neutron induced transmutation and
p-decay.

The determination of Nj requires solving simultaneously the equations for all the preceding
nuclei that contribute to its production. This requires knowledge about their initial abundances,
cross-sections and decay rates, and about the neutron flux as a function of time. If the neutron
flux at each segment is assumed to be constant with time, then the neutron-induced
transmutation terms in equation( 9) can also be cast in terms of constant transmutation rates:

X\ = a'h ( 1 0 )



The transmutation time constant for a nucleus with 100 b cross-section in a neutron flux of 2.5
x 1018 m"2 s'1 is 463 d. Time constants can be obtained by inserting the values of cross-section
and flux into the following equation:

Equation ( 9 ) can now be solved for Nf (t) by standard methods. The solution involves the
sum of a series of exponential "delay" terms:

N{(t)=

where the index, k (k ' ) , runs over all the nuclei whose transmutation (P-decay) contributes to

the abundance of N- . The coefficients, Bf, are complicated functions of initial abundances

and transmutation or P-decay rates of all the nuclei in the transmutation chain.

Working back to equation ( 4 ) it is clear that the long-term variation in current from a detector
or lead-cable is expected to also consist of a sum of exponential terms:

f
Iw(total)= £

core,sheath

f n

xj *,*'=0

(13)

For an Inconel lead-cable, with many different segments i, and several current producing nuclei,
j , there will be a large number of terms with different time-constants involved in such a sum. A
rapid variation in current or sensitivity as seen in the data, requires terms with time constants
close to the time-scale of variation. As shown in section 2, none of the transmutation chains
considered in the prediction of lead-cable sensitivity have such short time constants.

To simplify the enormous complication embodied in equation ( 13 ) and to gain insight into the
cause of the rapid variation of lead-cable sensitivity, the observed normalized sensitivity curve
was modeled by the following simple equation:

y(t) = 1(0) + kl e

The unitless quantity, y, represents the normalized relative sensitivity, i.e., the ratio of the
sensitivity at time, t, to that at time zero. The value of y can be scaled by the actual initial
relative sensitivity of the lead-cable to obtain oc(t). kl and k2 are amplitudes of two currents
with burn-up or p-decay lifetimes given by x, and x2 respectively. 1(0) represents the initial
sensitivity or current. The long-term variation in sensitivity due to • Ni and 55Mn is not
included in the above model, but may be incorporated either as a slow time variation in 1(0) or
with additional exponential-delay terms.



Figure 3 is similar to Figure 2 with the addition of two empirical curves based on equation
(14). The curves labeled "modell" and "model2" use the parameters listed in Table 3.

Table3
Parameters for the Empirical Model

Parameter
1(0)
kl
k2

*i

modell
6
-5

-5.5
100 days

200 days

model2
6
-5

-1.5
100 days

200 days

These values for the parameters were chosen because the resulting curves seem to model the
actual lead-cable sensitivities fairly well (although some further fine tuning may be possible, it
won't help much at this preliminary stage). The only difference between the models is the value
of k2. The relative values of kl and k2 can be tuned to fit the varying lead-cable sensitivities.
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Figure 3: Measured Lead-Cable Normalized Relative Sensitivity and Model

In the case of nuclei that produce current by p-decay or electron capture, the time constants of
interest, i.e., 75 to 250 d correspond to half-lives of 50 to 175 d. In the case of nuclei whose
neutron-induced transmutation is involved, the time constants correspond to the product of
neutron flux and capture cross-section of the component that is being transmuted. Assuming an
average neutron flux of 2.4 x 1018 m"V, the predicted capture cross-section for the kl



component in the above model is 330 b ±25%. The predicted capture cross-section for the k2
component is 170 b ±25%. The range of variation in amplitudes and time constants that can fit
the data is ± 25%.

The simple model in equation (14) gives an idea of the time constants and amplitudes of
currents that can cause the observed variation in lead-cable sensitivity. Several specific
scenarios that can cause this behaviour are possible:

A) Single current: A single trace isotope, X, with 150-350 b cross-section and negligible
current production (from, say, (n,y,e)) is initially present in the lead-cable material. Its
burn-up produces isotope, Y, which has either a high (n,{3) cross-section or a 100-200 d
half-life. The abundance of Y will thus increase and subsequently decrease in the required
time-frame. This scenario requires the isotope Y to produce a net positive current by (n,(3),
hence it is likely present in the core-wire. The burn-up product of Y should also produce
negligible current.

B) Opposite polarities burning out: There are two isotopes, X and Y, present initially which
produce competing positive and negative currents, and thus a close-to-zero net signal. Both
X and Y have transmutation cross-sections in the 150 - 350 b range. If the positive current
producing isotope burns out at a smaller rate than the negative, then the modeled behaviour
would be reproduced. Again, there is negligible current production from the resulting bum-
up products.

C) Opposite polarities burning in: There are two isotopes, X and Y, present initially which
themselves produce negligible currents. But their burn-up products, X' and Y\ produce
competing positive and negative currents. If the positive current burns in at a faster rate
(shorter time constant) than the negative current, then the observed behaviour will be
reproduced. In this scenario, either the parents, X ,Y, must have high cross-sections or
their respective progeny, X', Y \ must have high cross-sections or p-decay half-lives
characteristic of the 100 - 200 FPD build-up lifetimes required in the model.

D) Burn-in and Burn-out: In this scenario, there is an initial negative current that burns out
with -100 FPD lifetime and a second negative current which burns-in asymptotically with a
-200 FPD life-time. The isotope, X, producing the initial negative current must have a high
burn-up cross-section, while isotope, Y, producing the second negative current either has a
-200 day half-life or its parent has a high burn-up cross-section and negligible current
production. It is possible (though unlikely) that X is the parent of Y.

In scenarios B, and C the positive and negative currents represented by X and Y may also be
due to the same isotope which produces currents with opposite polarities, and different
efficiencies and burn-up rates due to its presence in both the core and sheath.

The investigation of possible physical sources for the components and their time variation in the
above model is outlined in the following sections. In this investigation, transmutation chains in
both the known normal constituents of Inconel as well as possible (trace) contaminants were
examined.



6.0 MODEL CANDIDATES

In the search for candidate nuclei or transmutation chains that give rise to the observed or
modeled (but previously unpredicted) behaviour of lead-cable sensitivity versus time, the
following general observations are made:
• The initial sensitivities of the lead-cables agree well with the prediction. Therefore it is

likely that either (a) the rapid change in sensitivity is caused by a previously un-accounted
series of transmutations of a normal Inconel constituent, or (b) the initial concentration of
the (contaminant) candidate isotope in Inconel 600 is small.

• The (n,^) mechanism is a far more efficient current producer than either (n,y,e) or (y,e).
Since the candidate nucleus likely has a small concentration, it probably contributes current
via the (n,(3) mechanism.

• There is no a-priori reason why the (n,(3) current must be negative [1] as postulated in the
case of MNi and 56Mn. The net current in these cases is calculated to be the result of
cancellation between positive (from the core) and negative (from the sheath) currents and is
< 10% of the magnitude of these individual (positive and negative) currents [2], with
-100% uncertainties.

• Low-energy electrons (from fj-decays, internal conversion, interactions of nuclear de-
excitation y-rays and atomic de-excitation processes) and x-rays, with energies of the 1 to
500 keV have ranges (1 to 500 |im) comparable to the radial thicknesses of the lead-cable
core, insulation and sheath (~ 0.2 mm each). Such low-energy electromagnetic radiation is
therefore expected to play a much larger role in lead-cable current production, as opposed to
the case of SIR detectors where the major current contribution is from the much thicker
emitter.

For the reasons outlined above, both the polarity and the magnitude of (n,p) currents are very
dependent on the energy spectrum of electrons, and on the dimensions of the lead-cable
components. It is plausible that the anomalous lead-cable (Pt. Lepreau LC-11) response vs.
time is due to the burn-up of the same constituents as the other three LCs, with differing
absolute magnitudes of competing negative and positive currents because of its somewhat
smaller diameter.

6.1 Candidates in Inconel 600 Constituents

An examination of the nuclear properties of the constituents of Inconel 600 reveals that there are
two isotopes in the normal burn-up routes with half-lives, hence time constants, comparable to
those required in the model. These isotopes are 5ICr (t1/2=27.7 d) and 59Fe (tI/2=44.5 d). They
are produced in Inconel 600 via the following transmutation chains:

50Cr (n,y) 51Cr (Electron Capture) 5IV (n,|3)...
and

58Fe (ny) 59Fe (P") 59...58Fe (n,y) 59Fe (P") 59Co (n,y) ...

The "seed" nuclei for these transmutation chains have relatively low abundances and are not
expected to contribute substantially to the overall (n,y) current. 51Cr decays by electron capture
and produces intense low-energy (~ 5 keV) x-rays, and monoenergetic (320 keV) y-rays and
conversion electrons. 59Fe produces low-energy fVs and two intense y-rays. 51V and Co are
well-known current producers, used as emitter material in detectors.

The abundance of the nuclei in each of the above chains was calculated as a function of FPD,
(assuming a flux of 2.5 x 1018 m"V) by solving equation ( 9 ) . This calculation was done by



starting (at 0 FPD) with only 50Cr and 58Fe, with abundances in Inconel 600 of 0.653% and
0.028% respectively. These initial abundances are the products of the respective isotopic
abundances and their elemental concentrations in Inconel 600, taken to be nominally 15% for
Chromium and 10% for Iron. The resulting abundances, as a function of FPD, were converted
into absolute interaction (or decay) rates by multiplying them with the corresponding neutron
interaction rate or decay rate. The coefficients for converting these interaction rates to currents
are not known. Therefore, for comparison, these interaction rates were divided by the known
interaction rate, at zero FPD, of a "standard" (3-decaying component of Inconel, taken to be ^Ni
(1.5 b cross-section, 0.683% abundance in Inconel 600). The relative interaction rates for each
of the isotopes in the above chains is plotted as a function of FPD in Figure 4 and Figure 5. It
is seen that the decay rate of 51Cr reaches a peak in about 100 FPD at a value of 9.5 times the
initial interaction rate of wNi. The decay rate of 59Fe saturates in about 200 FPD, but its
maximum value is only about 3.3% relative to wNi. Note in this context that the interaction rate
of 0.3% 55Mn is about 5 times that of the standard ^Ni interaction rate in Inconel 600.

As an illustration, the interaction rate of the last nuclide in the above chains is multiplied by an
appropriate factor (indicated in the respective figures) and subtracted from that of Cr and 59Fe
respectively. The resulting curves (in Figure 4 and Figure 5) show a time variation which is
reminiscent of the observed variation in lead-cable currents. The underlying is that 51Cr and
59Fe decays produce positive currents that build in with irradiation time, and that51V and 59Co
produce negative currents (with larger current production "efficiency").
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Figure 4: Interaction Rates of S0Cr, 51Cr and S1V relative to 64Ni vs. FPD in
Inconel 600
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Figure 5: Interaction Rates of 58Fe, 59Fe and S9Co relative to 64Ni vs. FPD in
Inconel 600

In principle, there are a large number of possibilities for adding and subtracting currents due to
the isotopes in these (and other) transmutation chains. There are expected to be both positive
and negative contributions of different magnitudes from the interactions of each of these
isotopes in the core and the sheath. There should also be current contributions due to each
isotope with slightly different neutron transmutation life-times because of differences in flux
between the core and sheath (~ 0.8% difference) and along the length of the lead-cable due to
varying proximity to fuel channels and large-scale flux variations in the core itself (10% - 50%).

Other potentially interesting transmutation chains in Inconel 600 are:
S8Ni (n,y) S9Ni (n,p) 59Co ... followed by
59Co (n,y) 60Co ((3), (n,Y) 61Co (P)

and
54Fe (n,Y) 55Fe (EC and (n,p)) 55Mn (n,j3)

The issue of current contributions and burn-out rates due to these and other potential isotopes
can be evaluated in detail by numerical methods. The evolution with irradiation time of
abundances and interaction rates is relatively easy to calculate by solving the coupled differential
equations represented by equation (9 ) . The only reliable method of calculating the (n,P)
current contributions in Inconel 600 lead-cables (and detectors) is to perform Monte Carlo
calculations.

The possible currents due to the isotopes mentioned at the beginning of this section, i.e. 5ICr
and ^ e , represent essentially delayed components in the dynamic response of the installed
lead-cables. If they are the cause of the 100-200 FPD rise and fall in lead-cable current
following reactor start-up, then they will also be present after a shut-down, and an appropriate
decay in this current should be observable in the event of a long reactor shut-down of the order
of a month or more. The pattern of rapid rise and then fall in current should also be reproduced
when the reactor becomes operational after such a long shut-down. The effect will be modified



because the initial abundances at the present time will not be the same as at the start of life of
these lead-cables.

It should also be possible, in principle, to discern the effects of such postulated currents in
normal run-down tests. The lead-cable currents should show an offset after the "normal"
delayed currents (mainly 2.5 h half-life) have decayed away. However, because of the very
small absolute magnitude of the delayed current (~ 1 -10 nA), it may be difficult to distinguish
such an offset from an amplifier zero offset.

6.2 Candidate Contaminants

Current-producing interactions, with bum-up lifetimes in the 100-200 FPD, range can also be
caused by isotopes with nuclear transmutation cross-sections in the 150-350 b range, as
outlined in section 5. No such candidates exist in the normal constituents of Inconel 600, or at
the 0.1% (1000 ppm) contamination levels in the assayed elemental constituents of these lead-
cables (Section 3). However, an (n,p) current-producing contaminant with such high cross-
sections needs to be present at only 100 ppm levels to compete with the standard (n,(3)
interaction rate of MNi in Inconel 600. A contaminant that produces current by (n,y), even with
such high cross-sections, would need to be present at the 1-10% level to compete with the (n,y)
interaction rate from 58Ni or 59Ni. Several scenarios can be constructed based on the postulated
current producing properties of such contaminants and their burn-up chains:
• A single contaminant or a combination of contaminants with either equal concentrations in

the core and sheath, or with different concentrations, initially produces a negligible (n,y,e)
current. The rapid transmutation of this high-cross-section contaminant produces a
daughter, or combination of daughter products that results in a net positive (n,|3) current
burning in with a time-scale of 100-200 FPD. The subsequent decay or transmutation of the
(n,P) producing daughter, leads to the observed decrease in positive current in 200-300
FPD.

• A combination of contaminants, or different isotopes of an elemental contaminant or a
combination of a contaminant and a normal Inconel 600 constituent produces a negative and
a positive (n,|3) current that burn out at different rates. The net result of this combination is
the rise and fall in current observed in the installed lead-cables.

• Although it is unlikely that a contaminant can produce a (n,y,e) current which would
compete with the normal Inconel components, this possibility cannot, a priori, be ruled out.

An examination of the Chart of the Nuclides provides no single candidate nucleus that would
satisfy the criterion for both the rise and fall seen in the lead-cable sensitivity (with the possible
exception of 109Ag). Thus we have to look for two contaminants whose burn-ups separately
contribute to the fast rise and subsequent decay in sensitivity. Candidate isotopes have been
identified and are listed in Table 4.

There are several other elements and isotopes with neutron cross-sections in the 100 - 400 b
range. Most notable as candidates among these are Au and Hg. However no obvious scenario
consistent with the observed rise and fall in sensitivity could be constructed based on these
contaminants.

If the rapid change in sensitivity observed in the installed lead-cables is caused by the presence
of high-cross-section trace contaminants, then these contaminants have likely burnt-out in the
-1500 FPD that have elapsed since detector installation. Since (n,{3) currents cause a delayed
dynamic response, it may be possible to discern the effects of such contaminants by analyzing
the dynamic response of the Vanadium detectors and installed lead-cables following a fast



power run-down or trip. The object would be to look for time constants of these contaminants
which are not present in normal Inconel detector responses. The burn-out can potentially also
be probed by comparing dynamic responses from the newly installed detectors and lead-cables
to those at present.

A possible source of trace contamination on the lead-cable sheath is residual lubricant left over
from the manufacturing process. The lubricant is used in conjunction with a die to draw out the
lead-cables to their required diameter and length.

Table 4

Candidate Contaminant Isotopes for rapid change in LC sensitivity.

Isotope

3yCo
C C o build up from Oi/Co)

' " In

1UiRh
iWAg (48% abundance)
""Ag (t1/2=250 d)

(.130,...104>-p

lwTm

Capture cross-
section (b)
thermal, resonance
integral
37,74
2 + 4

194 , 3200

145,1100
87,1380
80

<940 , 1600>
<160 , 740>

105, 170
420, 282

half-life of
daughter

10.5 m, 5.3 y
1.65 h

2.2 s, 14.1 s,
54.2 m, 1.2 m
42.3 s, 4.36 m
25 s, 250 d
1.1 m, 7.5 d, ..
3.1 h
1.26 m, 2.33 h
2.3 s, 7.5 h +

(Y,e)

19.3 h + (y,e)

Concentration
required to
compete with LC
currents
1% by weight
(build up from
^9Co)
100-200 ppm

100-200 ppm
~ 100 ppm.
(build up from
109Ag)
20 - 100 ppm
1000 ppm

~ 200 ppm
50 -100 ppm

Contaminants at the 100 ppm level can be easily identified by chemical and isotopic analyses
techniques, such as Inductively Coupled Mass Spectroscopy (ICPMS). For the proposed high
cross-section contaminants, it should also be relatively simple to perform Neutron Activation
Analysis (NAA). It is recommended that such analyses be performed (with very small samples)
on a representative selection of the spare lead-cables, made of the original detector materials that
exist at the stations. The confirmation or refutation of the presence of any candidate
contaminant will greatly simplify the picture with respect to burn-out effects in lead-cable
sensitivity.

6.3 Evaluation of Models By Dynamic Response Analysis

Data on lead-cable and vanadium detector trip responses from Pt. Lepreau and Gentilly-2 have
been acquired. The July 1992 trip in Pt. Lepreau took place immediately after the replacement
with new vanadium SIR detectors and "installed" lead-cables. Thus, by comparing the dynamic
response of these detectors and lead-cables between July 1992 and April 1995, it may be
possible to identify changes corresponding to the burn-in and burn-out of current producing
contaminants in the material of these detectors. These data were therefore examined visually for
all 102 Vanadium detectors in Pt. Lepreau and for the four installed lead-cables in Gentilly-2



and Pt. Lepreau. An attempt was made to analyze the amplitudes and time constants present in
the response of representative lead-cables and detectors from both stations.

In summary, it can be stated that there are no definite indications of any time-constants that are
not expected to be present in Inconel components, and that can therefore be associated with
possible contaminants. However, dynamic response data from the installed lead-cables when
they were new (~ 1992) is not available. Since high-cross-section contaminants may have
burnt-out by 1995, the absence of such time constants cannot itself be taken to be an indication
of the initial lack of trace contaminants.

The data on the installed lead-cables does have offsets at long times (~1 d) after shut-down,
indicating the presence of currents produced by relatively long-lived (hence low decay-energy)
radioactive isotopes. As mentioned previously, two such isotopes are 5ICr and 59Fe. The
dynamic response of the "anomalous" lead-cable (Pt. Lepreau VFD-11) has delayed-response
terms with approximately the same time constants, but radically different polarities than the
other three installed lead-cables. This is an indication of the significant dependence of (n,(3)
currents on dimensions for such small diameter "detectors".

7.0 CONCLUSIONS AND RECOMMENDATIONS

Because there are many possibilities for isotopes and transmutation chains that can potentially
explain the observed anomalous behaviour of the lead-cable sensitivities, no definite conclusion
about the cause of this variation can be drawn at present.

A crucial test that will narrow the range of candidate possibilities is the confirmation or
elimination of any high-cross-section contaminants that may be present in the un-irradiated lead-
cables. It should be relatively straightforward to assay a lead-cable sample from the original
spare detectors at the 100 ppm level by mass spectroscopy or neutron-activation analysis.

Another useful test is to probe for the presence of long-lived delayed currents (from normal
Inconel constituents) in the event of a long reactor shut-down or subsequent start-up. A third
diagnostic tool would be the analysis of dynamic response of the installed lead-cables when they
were relatively new, and comparison to present trip data.

A statistical analysis of data from all the vanadium detectors at Pt. Lepreau [7], [8] suggests that
the a for all 102 detectors may be approximated by a constant value, which is related but not
equal to the value assumed in the prediction. However, this analysis does not directly yield the
value of a. Additional statistical analyses have been suggested to track the change in a from the
date of installation to the present time [9].

A model of the type represented by equation (14), with parameter values as shown for
"modell" in Table 3 is a good representation of the lead-cable sensitivity variation with time.
Such a model can be refined, if required, by doing a detailed fit to the sensitivity as a function of
actual fluence, averaged over length, experienced by the individual installed lead-cables. The
uncertainty in the lead-cable sensitivity is ± 30%. This uncertainty is gauged by (a) the scatter
of the data from the three "representative" installed lead-cables (Figure 3), (b) the range of
dimensions of the lead-cables (section 4.0) and (c) additional statistical analyses of lead-cable
contributions as outlined above.

If it is assumed that the 100 - 300 FPD rise and fall in lead-cable sensitivity, caused possibly by
high cross-section contaminants, is over for all or most of the detectors then the data shows that
a present constant value of a = 0.036% is appropriate to use for flux mapping applications at



Pt. Lepreau and Gentilly-2 [9]. Such an assumption fits both the data from the installed lead-
cables and comparisons of flux tilts from flux-mapping, flux-measurements, and heat-balances.

The lead-cable sensitivity and dynamic response variation with time are important issues for
both conventional flux-mapping and for proposed on-line flux-mapping schemes using dynamic
compensation of Vanadium detectors. Thus the resolution of this issue warrants further study.
Possible approaches are (a) statistical analyses of Vanadium detector responses and comparison
with RFSP-calculated sensitivities (b) Monte Carlo calculations of current contributions in
Inconel combined with knowledge at the parts per million level of Inconel constituents and (c)
experimental determination of the separate current contributions by measurements on installed
lead-cables in a power or research reactor.
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1.0 Introduction

In-core flux detectors (ICFDs) create an electrical current from neutron or gamma irradiation. The generated
current travels along a lead cable (LC) to a remote amplifier where the current is evaluated (see Figure). These
flux detectors are essential for reactor control and for initiating shutdown systems when local flux becomes too high.

LEAD CABLEOne disadvantage with the flux detector lead cables is that they generate their
own current. This current is different for each lead cable and is not well
understood. This creates an uncertainty in the net detector signal.

2.0 Summary

This paper describes the Lead Cable Current Analysis Process. It provides
a method to statistically separate and determine the LC current response to
a flux transient (i.e. reactor trip) for a set of vanadium (V) or other
exponentially responding detectors. It also determines the average prompt
response of the vanadium detectors without the LC current.1

Using this process to evaluate LC current responses in CANDUs should increase our understanding of the LC
current characteristics. This process can be run at various stages of detector life to estimate the effect of burn-up
on LC currents. This may ultimately allow for detector signal correction (as a function of burn-up) to improve
accuracy.

REACTOR DETECTOR

3.0 Process Description

3.1 The detector+LC current is recorded for a number of vanadium detectors during a reactor trip or other
flux transient. A sampling speed of 0.1 Hz is adequate, a sampling speed of 10 Hz or more is ideal.

3.2 The pre-trip steady-state LC current or LC response is simulated for each V detector considering LC burn-
up, local flux, LC detector sensitivity.

3.3 The prompt response for each LC-(-detector to the transient is determined from the data collected in 3.1
above. It can be determined in a number of ways, one of which is to compute the detector+LC response
to the trip at some time after the trip, and remove the expected exponential decay responses from the
vanadium detector and LC. The remaining response will be approximately prompt.

Vanadium Detectors have a prompt response of about 5-10% of their total signal.



3.4 The prompt responses of the LC+detectors from 3.3 above is compared to the simulated LC currents from
3.2 above. A best fitting function is determined for the data which reveals:

• The average prompt fraction of the V detector set without the LC current. This is the Y-
intercept2.

• The slope of the function is the average ratio between the actual LC current responses and the
simulated LC currents.

4.0 Results

Below is an example for a planned SDS1 reactor trip from 75% FP at PLGS on 25 Dec 95. Plotted is the computed
V detector + LC prompt fractions (102) versus the steady-state LC contributions simulated by RFSP (a flux
simulation program). The best-fitting function to the data is shown:

V PROMPT RESPONSE ANALYSIS
V PROMPT RESPONSE VS. RFSP LC

111
Q

0.5 1 1.5 2
RFSP COMPUTED LC CONTRIBUTION (%)

The derived function reveals:

• The average prompt fraction of the V detector set without the LC current is the Y-intercept of
6.4%. This value is consistent with results from other tests.fl]

• The slope of the function is 0.8 %/% and is the average ratio between the actual LC current
responses and the simulated steady-state LC currents. This value will be dependent on the LC
prompt fraction and burn-up.[2,3]

The scatter of the results is due to measurement errors, simulation errors, and detector-to-detector response
differences.

The Y-intercept value is found by extrapolating the function to where the simulated LC current or current response
is zero.



5.0 Computing LC Current Responses

The individual LC current responses can be estimated using Equation (1) assuming that each vanadium detector has
a constant prompt fraction:

(1)

Where: AIIc>j current response for LC i
I<iet+ic.i measured pre-trip current for detector i + LC
FP<iet+!c,i fractional prompt response for detector i + LC from 3.3
F P ^ , i average prompt fraction for a V detector (the Y-intercept of the function found

in 3.4)
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ABSTRACT

The CANDU 9 design has followed the evolutionary product development approach that has
characterized the CANDU family of nuclear power plants. In addition to utilizing proven
equipment and systems from operating stations, the CANDU 9 design has looked ahead to
incorporate design and safety enhancements necessary to meet evolving utility and regulatory
requirements both in Canada and overseas.

To demonstrate licensability in Canada, and to assure overseas customers that the design had
independent regulatory review in the country of origin, the pre-project Basic Engineering
Program included an extensive two year formal review by the Canadian regulatory authority, the
Atomic Energy Control Board (AECB). Documentation submitted for this licensing review
included the licensing basis, safety requirements and safety analyses necessary to demonstrate
compliance with regulations as well as to assess system design and performance. The licensing
review was successfully completed in 1997 January. In addition, to facilitate licensability in
Korea, CANDU 9 incorporates feedback from the application of Korean licensing requirements
to the CANDU 6 reactors at Wolsong site.

1. INTRODUCTION

The CANDU product line is built around the 700MWe and 900MWe class reactors. The
CANDU 6 (700MWe class) reactors are operating in four countries and five units of the latest
version are in operation or under construction in Korea and in China. There are 12 units of the
CANDU 900MWe class currently operating in Canada at the Bruce and Darlington sites. The
Bruce B and Darlington plants, each with four integrated reactor units, represent the second
generation of the 900MWe class plants. The CANDU 9 design, with a gross output of 935MWe,
is a single unit adaptation of these plants.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



To satisfy client and regulatory expectations, both now and in the future, AECL has adopted an
evolutionary approach in which the proven designs of the CANDU 6 and CANDU 9 products are
improved incrementally and continually. This evolution is guided by the requirements of the
operating utilities who look for:

• improved economics, through the reduction of plant capital and operating costs and
project implementation risks;
• enhanced safety, through more reliable operation, more effective safety systems and
greater resistance to severe accidents, and
• improved operability, through design simplification and the appropriate introduction of
new technologies.

This paper summarizes the design and safety improvements of CANDU 9 and the results of the
Atomic Energy Control Board (AECB) licensing review.

2. AECB LICENSING REVIEW

2.1 The Review Process

Although CANDU 9 is based on operating CANDU nuclear power plants, it is possible that
domestic or foreign potential customers would require evidence of current licensability in the
country of origin (Canada). Such evidence would dramatically reduce the risk of licensing-
induced design changes once a project had been committed. It would also assure customers that
the CANDU 9 design had been through a thorough independent review. An intensive "up-front"
licensing process was therefore established to give this assurance, consisting of a two-year
review by the Canadian regulatory authority, the AECB. The finding sought from the AECB
Staff was one of "no fundamental barriers" to licensability in Canada. Although a further detailed
licensing review would be done by the responsible regulatory authority after commitment of the
project, this "up-front" licensing assurance would allow such an authority to proceed with
confidence. The review was done against the most recent regulatory requirements, that is, those
in effect on 1995 January 1.

The "up-front" licensing approach is not new in Canada, although this is the most extensive
application of it to date. It is strongly supported by the AECB. In a recent paper, (Reference 1),
the AECB stated its support as follows:

"... the AECB believe that an agreement with designers and licensees on the basis for
licensing and the safety-related design requirements, at a very early stage in the licensing
process, will reduce the licensing risk for the owner; and the cost of modifications, should
they be needed, will be much less."

The review process followed a structured and logical approach. AECL first proposed a Licensing
Plan to the AECB, giving the scope and schedule of the submissions. The AECB had numerous
comments on this Plan, and a revised Plan, reflecting AECB requests for additional submissions
(about a 50% increase in scope), was then agreed. The document submission schedule to the
AECB ensured that design requirements were submitted and agreed first, followed by the



description of how these requirements were implemented in design and satisfied in safety
analysis. This approach made it possible to complete the review in a two-year period.

Early in the review process, AECL submitted the Technical Description of the CANDU 9 to
familiarize the AECB with the design and to initiate the licensing review. Along with this, AECL
submitted the Licensing Basis Document (LBD), the high-level listing of the major licensing
requirements. It calls up the appropriate regulatory documents and codes and standards, and
interprets, in case of ambiguity, how the licensing requirements will be applied. This is a key part
of Canadian licensing philosophy, in which the onus is on the designer to propose how the
licensing requirements will be met, with the AECB accepting or rejecting the designer's
proposals. The LBD therefore included both AECB requirements and the requirements, as best
they are known prior to the formal application for a license, of the foreign regulatory authorities,
as well as lessons learned from previous licensing experience. The LBD, once accepted by the
AECB, provides important guidance to a foreign regulatory authority on how licensability in
Canada is implemented on CANDU 9.

These two early submissions were followed by more detailed design requirements
documentation, design methods (e.g., for safety critical software), safety analyses, probabilistic
safety analysis, and other program documents such as quality assurance, decommissioning,
safeguards, and security requirements. In selected cases, AECB inspected details of the design
implementation. In total, over 200 formal documents were submitted. AECB review of the
detailed submissions, while comprehensive, focused particularly on:

• new or unique features in the CANDU 9 design
• new or revised AECB Regulatory or Consultative documents
• Generic Action Items applying to all CANDU plants
• known operational safety issues
• importance to reactor safety

Midway through the review, the AECB staff identified thirteen key issues requiring a more
detailed assessment. Intensive discussion took place for almost a year on these issues, resulting in
many further submissions and analyses by AECL, and in some cases design changes, so that the
issues could be closed at the end of the licensing review. To ensure that interested foreign
customers were kept informed of the progress during the course of the review, the AECB issued
two interim reports in June and September 1996 prior to the issue of the final report in January
1997.

2.2 Application of AECB Regulatory and Consultative documents

The AECB paper (Reference 1) notes the approach taken for the development of new regulatory
requirements in Canada, as follows:

"... new regulatory requirements for plants being designed today are based on a number
of factors, including: a more rigorous application of the basic philosophy; operating
experience of CANDU gained over the last 20 years; the steady development of
knowledge about the behaviour of CANDU plants, and the capability of designers to
predict accident behaviour; resolution of outstanding safety and licensing issues;



introduction of human factors considerations during design and operation of the plant;
continued increase in computerization in new designs; simplification of the design,
operation and maintenance of the plant; and, improvements in severe core accident
mitigation and management."

The CANDU 9 licensing review provided the first opportunity to implement a number of new or
revised AECB regulatory and consultative documents. Among these were:

• R-7, Requirements for Containment Systems (effective date 1991 February)
• R-8, Requirements for Shutdown Systems (effective date 1991 February)
• R-9, Requirements for Emergency Core Cooling Systems (effective date 1991

February)
• R-90, Policy on Decommissioning of Nuclear Facilities (effective date 1988 August)
• C-98, Rev. 1, Reliability Requirements for Safety Related Systems of Nuclear Reactor

Facilities (draft dated 1995 March)
• C-129, The Requirements to Keep All Exposures As Low As Reasonably Achievable

(draft issued for comments 1994 July)

Despite the draft nature of some of these documents, CANDU 9 was designed for compliance, in
anticipation that the documents would be issued or approved by the time of application for a
Construction License. To record this, a series of Compliance Documents was produced. They
provide an audit trail for the regulator on the detailed implementation of the requirements in the
design. These "live" documents will be updated during the project phase, and carried over to
plant commissioning and operation to ensure that operating and maintenance procedures comply
with the regulatory requirements.

2.3 Response to Generic Action Items

The AECB uses Generic Action Items (GAI) to track the progress in resolving licensing issues
common to operating CANDU reactors. For the CANDU 9 licensing review, the AECB required
that:

• design solutions shall be provided for GAI's, whenever feasible,
• the plans and schedules for resolution of the issues shall be documented, and
• sufficient safety margins shall be shown, or future design improvements should not be

precluded.

The CANDU 9 addresses all the current GAFs through a combination of design changes,
consideration in the design process or R&D support. As an example of a design change, the
single loop Heat Transport System in combination with a large pressurizer addressed the concern
of GAI 90G02, "Core cooling in the Absence of Forced Flow", since the HTS is always single
phase for accidents which tend to cool and shrink the coolant, so that thermosyphoning is more
easily demonstrated. As an example of a design process, the CANDU 9 approach has been to
systematically identify measures taken in the design stage to achieve the goals of plant life
management and to address GAI 90G03, "Management of Aging". An overall review of the
CANDU Plant Life management (PLEM) program is provided in Reference 2. As an example of
R&D support, an industry-wide program to upgrade the validation of safety analysis codes,



including the two-phase non-equilibrium transient thermohydraulics code CATHENA code, was
the response to GAI94G01, "Emergency Core Cooling Effectiveness", since it established
confidence in the predictions of CATHENA.

2.4 AECB Summary and Conclusions

The summary statement of the AECB licensing review for the CANDU 9 design reads as
follows:

"AECB staff conclude that there are no fundamental barriers to CANDU 9 licensability in
Canada."

This statement results from the review of the information provided to the AECB, and is based on
three general conclusions: that the CANDU 9 design complies, or can be made to comply with
licensing requirements in effect, in Canada, on January 1, 1995; that the proposals to address
AECB Generic Action Items on the CANDU 9 design are acceptable; and that the major issues
identified during the course of the licensing review have been adequately addressed.

This has been a successful application of "up-front licensing". Prospective owners can take
comfort in the consequential reduction of licensing risk to the project.

3. SIGNIFICANT SAFETY ENHANCEMENTS

Safety enhancements for CANDU 9 either build on the inherent safety characteristics of the
CANDU design (especially in the area of severe accidents) or respond to operating experience.

3.1 Radiation Protection

The CANDU 9 plant has been designed to comply with ICRP-60, the recommendations of the
International Commission on Radiological Protection issued in 1991. These ICRP
recommendations reduce the limits for occupational exposure dose to 20mSv/a, averaged over 5
years, and public exposure dose to lmSv/a. As a design target, the CANDU 9 plant has been
designed so that total worker exposures will be less than 1 person-Sv/a and the maximum
exposure to a member of the public will be less than 50 (iSv/a. Specific details are provided in
Reference 3. The approach taken to reduce the internal exposures of workers and tritium
emissions to the public has been to reduce tritium-in-air levels by upgrading the vapour-recovery
system. The approach taken to reduce the external exposures of workers during shutdown
conditions has been to improve equipment layout and reduce corrosion-product activity transport.
Relatively easy access to the reactor building during plant operation has been a traditional
CANDU advantage, and by careful attention to segregation of higher activity water vapour from
lower activity areas this has been retained, while achieving the targets for total worker and public
exposure.

3.2 Control Centre



For improved operational capabilities, the CANDU 9 design has incorporated an advanced
control centre. Specific details are provided in Reference 4. The control centre layout
incorporates the results of Human Factors analysis; a new computerized Plant Display System is
separated from the digital control computer system; and the two computerized reactor shutdown
systems have increased capability. The CANDU 9 control centre provides plant staff with a
layout and information organization that is better matched to operational tasks.

A major evolutionary change from previous CANDU plants is the separation of the control from
the display/annunciation features, both of which were formerly provided by the digital control
computers (DCC). Control is now in the distributed control system (DCS) and
display/annunciation is in the plant display system (PDS). This strategy allows powerful
computers without application memory constraints or execution limits to provide extensive
control, display or annunciation enhancements within an open architecture.

The control centre features standard panel human-machine interfaces that provide an integrated
display and presentation philosophy; and includes the use of a common plant display system for all
consoles and panels. A large, central overview display presents immediate and simplified plant
status information to facilitate operation staff situational awareness in a legible and recognisable
format. A powerful and flexible annunciation system provides extensive alarm filtering,
prioritising and interrogation capabilities to enhance staff recognition of events and plant state.

The reactor shutdown computers for CANDU 9 include automated system testing and on-line
neutronic trip calibration capabilities. One specific benefit of on-line calibration is an improved
"margin-to-trip". Safety system monitor computers provide automated safety system testing,
resulting in shorter test duration with reduced opportunity for human error.

3.3 Severe Accidents Program

In the CANDU context, a severe accident is not the same as severe core damage since, in the
absence of coolant and failure of emergency core cooling, the moderator can preserve the
pressure tube geometry without fuel melting. Therefore, if the moderator water can be cooled or
even just topped up, core melt is not an issue. The CANDU 9 design underwent a systematic
review to identify, prevent, and mitigate severe accidents. A detailed description of the program
is provided in Reference 5. First, severe accidents and severe core damage frequency targets were
set. A preliminary Probabilistic Safety Assessment was done early in design, and identified risk-
dominant sequences. Changes required to meet the frequency targets for severe accidents were
then identified and implemented.

While the overall severe accident program ensures a balance between preventative and mitigation
measures, the role of the containment system is significant. For this reason, the licensing review
noted the following enhanced features of the CANDU 9 containment:

• Large containment, with judicious layout of equipment resulting in large, open volumes,
with good potential for natural circulation and no apparent hydrogen traps.



• Pre-stressed concrete boundary with steel liner resulting in increased design pressure
(210kPa) and low leakage rate (0.2%/day)
• Large structural steel heat sinks that augment engineered safety systems provided to
remove heat, moisture and fission product aerosols from the containment atmosphere
• Hydrogen mitigation systems that allow systematic and timely dispersion and reduction
of hydrogen concentrations
• Instrumentation for measurements under accident conditions
• Reliable isolation of large containment penetrations through independence and diversity
• The elimination of the dousing system and the incorporation of the Reserve Water
System

The Reserve Water System is a storage and distribution system designed to deliver light water
under gravity to a variety of systems whenever normal water sources are unavailable and make-
up water is required. During normal operation, the system is isolated. The system consists of a
large tank located at a high elevation within the reactor building, and is designed to provide
make-up to the Heat Transport System, the Moderator System, the Steam Generators, the
Emergency Core Cooling System and the Shield Cooling System. It has enough heat removal
capacity for three days, so that severe accident management is relatively straightforward and
decisions need not be made in haste.

Makeup from the Reserve Water System to the moderator, as noted, prevents fuel melting
following a Loss of Cooling Accident and loss of Emergency Core Cooling (LOCA/LOECC).
This is backed up again by makeup to the shield tank to remove decay heat by boiloff. Thus, even
a severe core damage progression would be arrested at, or contained within, the calandria tank.

3.4 Grouping And Separation

The concept of grouping and separation of safety related systems has been an integral to CANDU
plants. This concept provides physical and functional separation of safety related systems to
ensure that common cause events do not impair the capability to perform essential safety
functions. In this concept, the plant can be shut down, decay heat removed, and the plant
conditions monitored independently from systems and components of either one of two groups,
known as Group 1 and Group 2. For the CANDU 9 design, this concept has been enhanced
through additional redundancy and diversity in the provision of cooling water and power
supplies.

The main control room and the secondary control area are part of this concept. Although both
have independent functions of shut down, cool, contain and monitor, the main control room can
be used for all design basis accidents, including external events, so that the secondary control
area is only required for a major fire or hostile takeover which requires an evacuation of the main
control room. Both locations are qualified to operate during design basis and external events,
and the necessary structures and systems have been appropriately protected and qualified.

3.5 Design Simplification



System reliability has been improved and the plant is more forgiving. Some examples are as
follows:

• ECC component simplification, and reduction in the use of active components
(replacement of valves by one-way rupture disks and ball seals)
• Longer operator action times, generally 8 hours for serious process failures; for
example, the provision of a larger pressurizer improves the plant response following loss
of flow events
• Design of the Shutdown Cooling System such that it can be placed in service under zero
power, full pressure, hot conditions
• Improvements to heat sink redundancy and diversity in all shutdown conditions, e.g.
high pressure Group 2 feedwater
• Reduction of manual operations such as the automation of the Group 2 feedwater
system, automation of all ECC phases, and automatic startup of the Group 2 diesel
generators for emergency power supply as a back up to the Group 1 Class HI diesel
generators.

3.6 Enhanced Human Factors Engineering

All aspects of plant design for which there is an interface with plant personnel incorporate
consistent human factors considerations through the application of a formal Human Factors
Engineering Program Plan (HFEPP). This plan defines the process of incorporating human
factors into the design of CANDU 9 system and equipment. Underlying this approach is a refined
engineering design process that cost-effectively integrates operational feedback and human
factors engineering to define operations staff information and information presentation
requirements. As part of the CANDU 9 design strategy, a physical, full-scale mock-up of the
control centre panels and consoles is being used for conceptual evaluation, rapid prototyping,
design decision-making, and for the verification and validation of the design features, displays
and operator interactions. The functionality of the simulation supported control centre mock-up
provides a dynamic mechanism for the on-going verification and validation design activities by
system designers.

4. SUMMARY AND CONCLUSIONS

CANDU 9 is a stand-alone version of the successful multi-unit Darlington and Bruce Nuclear
Generating Stations operating in Ontario, Canada. Added to the advantages of using proven
systems and components, CANDU 9 offers a higher electrical output, better site utilization,
shorter construction time, improved station layout and better operability. Significant progress
has been made on the CANDU 9 Basic Engineering Program, and in 1997 January, the licensing
review of CANDU 9 design was completed by the Canadian Regulatory Agency, the AECB, and
the final report issued. In addition to identifying a number of CANDU 9 improvements over
previous CANDU designs, the AECB concluded that there were no fundamental barriers to
CANDU 9 licensability in Canada.
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SUMMARY

A high level of safety is being integrated into the ITER design. This paper describes some of the
steps being followed in the facility, system and component design to ensure safety. The safety
approach developed for ITER takes into account the moderate hazard associated with ITER, its
role as an experimental facility, and draws on experience in nuclear and non-nuclear industries.
A key element is a graded approach to match requirements to hazards being controlled. This is
reflected in, for example, dose limits that are lower for higher frequencies, classification of
components in terms of their importance to safety in order to guide the setting of requirements,
and structural design. The classification system that ITER is developing for safety-relevant
components is described. The implementation of this classification into the design is still very
much under development, but preliminary thoughts are outlined here.

Processes are in place to determine safety functions needed to ensure public safety, to identify
systems that fulfill these safety functions, to set system requirements to ensure these functions
are implemented in the design, to design system components to meet requirements, and to
identify design, manufacture and operations requirements needed.

At this stage of the project, it is concluded that the design and operation could meet the safety-
related requirements of any of the potential host countries with only minimal modifications to
accommodate the characteristics of the specific site chosen.

INTRODUCTION

The ITER Project includes a vigorous design and assessment activity to ensure the safety and
environmental attractiveness of ITER. It also ensures that ITER can be sited in any of the
sponsoring Parties with a minimum of site-specific redesign. In this activity, detailed safety-
related design requirements have been established based on internationally recognized safety
criteria and limits, and ongoing assessments have been made to evaluate the success in
implementation of these in the facility, system, and component designs.

A comprehensive safety and environmental assessment has recently been completed for the ITER
Detailed Design (1). This assessment has shown that the ITER design has successfully met all of
the safety-related requirements that were established. This assessment further demonstrates that
the safety issues involved in construction and operation of ITER are adequately known and
characterized, and that design solutions are being implemented to successfully deal with these
issues.



This paper describes some of the steps being followed in the facility, system and component
design to ensure safety. First, the safety characteristics of ITER are described. This sets the
stage for the safety requirements imposed on the design for the protection of the public. Next,
the safety functions which have been identified for the protection of the public and their
implementation in the design are briefly described. Safety analysis carried out during the EDA
phase is one where "classical deterministic" safety analysis is complemented with probabilistic
assessments (2). The results of this analysis identifies the systems and components that have a
safety role and their performance requirements. The high level acceptance criteria (dose/release
limits) used in this analysis are discussed next. The classification system that ITER is
developing for safety-relevant components is then described. The implementation of this
classification into the design is still very much under development, but preliminary thoughts are
outlined here. Structural integrity plays a crucial role for machine operability, fault prevention
and accident mitigation, and the integration of safety into structural design is described.

SAFETY DESIGN CHARACTERISTICS OF ITER

Fusion has built-in safety characteristics without depending on layers of "safety protection
systems". Safety considerations are integrated in the design by making use of the intrinsic safety
characteristics of fusion adequate to the moderate hazard inventories.

Magnetic fusion has basic favorable safety characteristics (3,4, 5) including:

• In a fusion reactor, the reaction is self-limiting. The conditions for maintaining an ignited
plasma are so stringent that off-normal events will generally terminate the reaction. The
total amount of fuel in the plasma is only a few tenths of a gram and the plasma cannot
remain ignited for longer than a few seconds without fueling.

• Fusion power has a moderate energy density compared with other power sources used in
power plants. Radioactive decay heat densities are moderate. Fast acting emergency
cooling systems are not required to maintain adequate cooling of activated structures.
The time scales are such that there is ample time to intervene even in the hypothetical
case that all cooling would be lost. Gross structural melting is not possible.

• The ultimate performance of confinement barriers that needs to be assured in accidents is
modest; about one or two orders of magnitude reduction for tritium and mobilizable
metallic dust for ITER.

• The products of the D-T reaction to be used in ITER are helium and a neutron.
Radioactive activation products are produced by the interaction of the fusion neutrons
with structural materials surrounding the plasma; however, the quantity and half-lives of
these products are determined by the choice of materials used in the near-plasma
materials and, thus, to some extent are under control of the designer.



• After about a hundred years, radiotoxicity indices (relating to ingestion and inhalation)
fall to levels comparable with the ashes from coal-fired power plants for the total
activated materials from a fusion power reactor with the same total electrical power
generated (6).

The tokamak has a number of features that need consideration in the safety design:

• Energy sources associated with the magnetic field, decay heat, the plasma, pressurized
coolants, and potential accidental chemical reactions are present.

• A low tritium burn-up fraction (approximately two percent) leads to circulating tritium
inventories of the order of hundreds of grams.

• Tritium from the plasma is implanted in, or co-deposited with carbon/beryllium on the
plasma facing components leading to an in-vessel tritium inventory that could potentially
be released under accident conditions. Implanted tritium can also diffuse through higher
temperature structures leading to contamination of heat transfer coolant.

• Neutrons produced by fusion reactions lead to activation of structures that in turn leads
to: dust produced by plasma-surface interactions being, radioactive, corrosion products in
some heat transfer systems being radioactive, and a residual heat production after plasma
termination from radioactive decay.

• The loss of charged particles from the plasma creates high heat-loads on some
components (like the divertor). Because of the heat load on such components, rapid
shutdown (order of seconds) is necessary to prevent damage to these components in case
of anomalies in the heat removal. Shutdown may be accompanied by plasma disruptions
or vertical displacement events that can induce mechanical loads on near-plasma
structures.

• Hazards to site personnel, including: radiation, electro-magnetic fields, hazardous
materials (e.g. beryllium), high voltages, cryogens, etc.

ITER will be a research facility. The experimental nature of ITER requires a design that permits
uncertainties and flexibility of plasma operation, facilitates experimentation and accommodates
changes. These needs drive the safety design to provide robust safety envelopes and to minimize
the safety role and influence of plasma operations and experimental components.

ITER is also an international project designed to be siteable in any of the four participating
Parties (United States, Europe, Russian Federation and Japan). This has meant developing
safety design and analysis criteria and approaches which, while not matching any particular
Party's approach, would permit regulatory approval without significant design changes.

SAFETY FUNCTIONS AND THEIR IMPLEMENTATION



Safety-related requirements have been integrated into the overall design requirements for the
facility, systems and components. The design incorporates the well-established concepts of
Defense-in-Depth and multiple lines of defense to attain high confidence in the reliability of
critical safety features of the facility and ensure protection against postulated accidents. Specific
safety functions (Table 1) for ensuring public safety have been integrated into the design by
taking advantage of the normal systems needed for operation and the inherent safety features of
fusion, with a minimum of standby engineered safety features required. Thus, the majority of
components are those necessary in a tokamak; only a few components have been added only to
meet safety requirements.

Limit Radioactive Inventories

Design limits are set for radioactive inventories for use in safety analyses. Control measures are
provided in the design to ensure these limits can be met in operation. These include: monitoring
and periodic measurements, methods to reduce inventory (such as periodic cleaning to remove
dust and co-deposited tritium, or on-line coolant purification and detritiation), and isolation of
inventories in the event of an accident.



Table 1
Safety Functions for Public Safety

Safety Function
Limit radioactive inventories

Provide confinement barriers

Ensure heat removal
Control hydrogen inventories and
chemical reactions

Control effects of magnetic energy

Control the effects of coolant energy

Monitoring

Support services to systems providing
safety functions

Implementation
-isolation to separate inventories
-monitoring and procedures for periodic in-vessel inventory
reduction
-first barrier
-second barrier
-exhaust drying, atmosphere detritiation, filtration, where required
-ventilation + stack, where required
-isolation to limit releases, where required
-heat transfer and heat sink
-prevent hydrogen/air mixtures
-limit inventory of chemically reactive materials
-ensure heat removal to reduce reaction rates
-provide off-normal fusion power shutdown
-hydrogen recombination or removal
-structural support/resistance to deformations
-monitoring
-fast discharge of coils
-pressure suppression
-containment
-overpressure relief
-of safety functions
-of effluents and releases to the environment
-of radiation fields on-site
-electrical power
-instrument air
-service water

Provide Confinement Barriers

There are a number of different radioactive inventories in ITER all of which require some form
of confinement. A graded, multiple confinement barrier approach is used. Every radioactive
inventory is contained in its vessel, process piping, component, etc. which serves as the first
confinement barrier. The main function of the second confinement barrier is to prevent the
spread of radioactive materials following a fault of the first confinement barrier. The two main
requirements for the second confinement barriers are to:

• Meet project dose/release limits in the event of failure of the first barrier; and

• Maximize structural and spatial separation and independence from the first confinement
barrier to prevent a common failure mode.

For example in the ITER tritium plant, primary vacuum pumping system and fueling systems,
double-walled process piping or single-walled piping within gloveboxes or enclosures constitutes



the first and second barriers. The primary heat transfer systems' piping forms the first barrier for
contained fluids, and the heat transfer systems are enclosed in vaults (the second barrier).
Additional lines of defense for confinement in the vaults are a heat removal system that can
reduce pressure following an accident, a dryer which can remove HTO, and filters to remove
paniculate.

Figure 1 illustrates the confinement barriers surrounding the tokamak. The vacuum vessel, its
ducts, its penetrations and the in-vessel components' primary heat transfer systems are the first
confinement barrier for the tritium and activation products inside the tokamak. The heat transfer
system vaults, the cryostat and its penetrations, and heat transfer system guardpipes outside of
the cryostat form the second confinement barrier. The upper and lower vaults are connected and
are sized such that they can accommodate the pressurization from an ex-vessel loss of coolant
accident in any one of the ex-vessel coolant loops. Both barriers are designed to be highly
reliable to confine the tritium and tokamak dust inside the tokamak. Using the vacuum vessel
and cryostat vessel takes advantage of the inherent magnetic fusion characteristic that high
quality and high reliability vacuum vessels are needed for fusion operation; failures and leakages
automatically (passively) terminate operation.

Ensure Heat Removal

During normal operation, plasma heat is removed from in-vessel components by 10 loops of the
primary first wall/in-board baffle primary heat transfer system, 4 loops of the limiter/out-board
baffle primary heat transfer system, and the 2 loops of the vacuum vessel primary heat transfer
system.

After the plasma is shut down, decay heat from neutron activation must be removed. Decay heat
is estimated to be 2 38 MW at shutdown declining to21.9 MW after one day. There are no
dedicated decay heat removal systems; instead ITER uses its many normal operation cooling
systems to remove decay heat. Figure 2 shows a schematic of the ITER heat transfer systems.
Since the amount of decay heat to be removed is only a small fraction of the nuclear heat load
during a plasma pulse, in the current design, most loops employ an auxiliary, small pump of
approximately 10% of full flow throughput, to remove decay heat from the in-vessel
components. These pumps are connected to Class 3 emergency power from standby diesel
generators to protect them from loss of site power. Since coolant flow stoppage of the heat
rejection system leads to the loss of the heat sink, three units of small pumps, also connected to
Class 3 emergency power, are included in the heat rejection system design. Most of the safety
burden is on the vacuum vessel cooling system which has a natural circulation capability and is
divided into two fully independent loops. Initially, the in-vessel components cool off as the
plasma heat load is removed.

Control Hydrogen Inventories and Chemical Reactions

The following potential chemical reactions exist in ITER:
• Hydrogen inventories in process systems;



• Beryllium/Carbon/Tungsten - steam/air reactions inside the vacuum vessel at elevated
temperatures; and

• Ozone formation in liquid/frozen air or low purity nitrogen in a radiation field.

In the case of systems containing hydrogen, the basic hydrogen safety design principles are:
• Prevent leakage of hydrogen isotopes (also required for radioactive material

confinement as well);
• Eliminate the formation of hydrogen/air mixtures by use of inert or vacuum second

confinement (also required for radioactive material confinement as well);
• Prevent the formation of an flammable hydrogen/air mixture in rooms by adequate

ventilation; and
• Eliminate ignition sources.

Control of hydrogen generated by potential in-vessel chemical reaction consists of:
• Ensure heat removal to reduce temperatures and hence reduce reaction rates;
• Provide off-normal fusion power shutdown to terminate the heat load to in-vessel

components in the event of an upset in their heat transfer systems to prevent heat up
to high temperatures and subsequent in-vessel coolant leakages; and

• Limit the quantities of chemically reactive dust in vessel.

Control Effects of Magnetic Energy

The magnet system is designed, built and operated so that credible magnet system failures which
could occur under normal or abnormal conditions cannot cause damage to confinement barriers
that would result in a release of radioactivity exceeding the specified release limits. The primary
function of the magnet system in not safety related but is to provide the toroidal and poloidal
magnetic fields necessary to initiate, contain and control the plasma during the various phases of
machine operation. However, the magnets use large currents and as a result they contain large
amounts of electro-magnetic energy and are subjected to electromagnetic loads.

The first level of the defense in depth is at the design stage. The plant layout separates the
electrical power of the coils from nuclear safety important components to the extent practical and
provides robust magnet structures to limit off-normal movement, contain pressure, or act as
thermal barriers. The second level in the defense in depth is to employ frequent monitoring of
displacement, cryogen leaks and insulation quality while the magnets are still cold to discover
any developing failure before it has the opportunity to grow to the point it could constitute an
unsafe situation. In the third level, the magnet system includes active and passive protection
systems to prevent damage that would impact machine availability and reduce the probability of
many potential magnet faults to a very low level. These include insulation, barriers, grounding
schemes, current limitation, quench detection and coil discharge systems.

Control the Effects of Coolant Energy



Confinement barriers can accommodate accident pressures. For example, the vacuum vessel and
associated parts of the first confinement barrier are designed for 500 kPa (abs) internal pressure
following an in-vessel coolant leakage, but the vacuum vessel structure required for
electromagnetic forces requires no additional strength for this accident load. The cryostat is
designed for and internal pressure of 200 kPa (abs), but the structure required for internal
vacuum loads requires no additional strength for this accident load.
In the current design, the heat transfer system vaults are designed for an internal accident
pressure of 240 kPa (abs). The ex-vessel primary heat transfer systems' piping is surrounded by
guard pipes or within a heat transfer system vault. Water and steam released in the event of an
accident are routed to the vaults away from other sources of radioactivity.

Two pressure relief systems are provided to deal with accidental overpressure:

• Vacuum vessel pressure suppression system;
• Cryostat pressure relief.

The vacuum vessel is connected to a pressure suppression system by ducts with rupture
disks. There are also bleed valves that permit connection at pressures below the rupture
disk setpoint. Steam from an in-vessel coolant leak would be condensed in the large
tanks of water. The cryostat pressure relief system is intended to deal with potential
cryogenic helium leaks in the cryostat. Since there would be no radioactivity present in
such events, further confinement is not needed except to protect personnel from cryogen
related hazards. In the heat transfer system vaults, coolers are provided to return the vault
pressure to sub-atmospheric in the event of a steam discharge.

Monitoring

An essential aspect of the design is the provision of features to permit the monitoring of systems,
providing a safety function to ensure that these systems are available and capable of fulfilling
their function on demand. This is accomplished through a combination of testing, on-line
monitoring and inspection. Also under consideration is a safety parameters display system for
the operators.

Support Services to Systems Providing Safety Functions

Systems that provide safety functions may need support services in order for them to function
(such as cooling, lubrication, electrical power, etc.). These support services need to be designed
and operated such that the intended safety function will be fulfilled when required.

ITER PROJECT RELEASE LIMITS

A general project safety objective is that the ITER site personnel and the public shall be
protected such that the risks to which they are exposed as a result of ITER operation shall be
maintained as low as reasonably achievable (ALARA). A further general safety principle is that



the ITER design, construction, operation and decommissioning shall meet technology-
independent radiation dose and radioactivity release limits for the public and site personnel. In
addition, ITER project policy is to provide a conservative level of protection such that ITER can
be sited by any of the Four Parties with minimum modification to accommodate site specific
requirements.

Conservative release limits for tritium and activation products are based on internationally
accepted dose limits from the recommendations by the International Commission on
Radiological Protection (ICRP) and the International Atomic Energy Agency (IAEA). Prior to
site selection, a set of radiation criteria has been adopted for the design. These criteria and their
derivation are described in the General Safety and Environmental Design Criteria (7). The
overall project defined safety goal for ITER is expressed in terms of dose and effluent/release
limits for a set of event categories defined on the basis of their expected annual occurrence.
These limits reflect the principle that accidents with higher consequences should have lower
frequencies and that these consequences should be bounded. An example for tritium release
limits is shown in Table 2.

ITER uses a classification of plant conditions which divides plant conditions into categories in
accordance with anticipated frequency of occurrence. The categories are as follows:

Category I: Operational events
Likely sequences
Unlikely sequences
Extremely unlikely sequences
Hypothetical events

Category II:
Category HI:
Category IV:
Category V:

Category I events and plant conditions are those planned and required for normal operation,
including some faults and events which can occur as a result of the experimental nature of ITER.
Category n events are not planned but are likely to occur one or more times during the life of the
plant but do not include Category I (normal operations) events. Category HI event sequences are

not likely to occur during the life of the plant (typical frequency 10"^/a to l(H/a). Category TV
event sequences are not likely to occur during the life of the plant with a very large margin

(typical frequency 10~4/a to 10~6/a). Category V sequences which typically have a frequency

below about 10'6/a are postulated to limit the associated risk.

Table 2
Project Release Limits for Tritium (HTO)

EVENT
SEQUENCE
CATEGORY

I
OPERATIONAL
EVENTS

n
LIKELY
SEQUENCES

m
UNLIKELY
SEQUENCES

IV
EXTREMELY
UNLIKELY
SEQUENCES



Category
Description

Typical Annual
Expected
Frequency

Release Limit
forHTO
(tritiated water)

Events and plant
conditions planned
and required for
ITER normal
operation, including
some faults and
events which can
occur as a result of
the ITER
experimental
nature.
list of operational
events to be defined
explicitly

1 g-T/a

Event sequences not
planned but likely
to occur one or
more times during
the life of the plant
but not including
Category I events.

f > - 10-2/a

1 g-T/event

(1 g-T/a integrated
over all Category II
events)

Event sequences not
likely to occur
during the life of
the plant.

10-2/a > f

> 10-4/a

50 g-T/event

Event sequences not
likely to occur
during the life of
the plant with a
very large margin;
limiting events for
"design basis" (a)

lO^/a > f

> 10-6/a
100 g-T/event

Various events are postulated to ensure that sufficient means are provided to prevent
unacceptable releases of hazardous materials. These postulated initiating events and sequences
of subsequent failures are categorized for the purpose of assessment depending upon frequency
or likelihood of occurrence, and their consequences are evaluated and compared with safety
objectives set for the category.

SAFETY IMPORTANCE CLASSIFICATION: BACKGROUND AND DEFINITIONS

The ITER safety importance classification scheme implements a graded approach that gives
consideration to both the magnitude of the consequences of loss of safety function and the
likelihood that such safety function is required (i.e., the probability that the plant would be in a
condition in which the safety function is required). It is used to indicate the importance to the
overall plant safety of physical items like structures, systems or components.

The Safety Importance Classification scheme consists of four classes. The assignment of a
particular class to an item is based on analysis of the safety functions assigned to the item and
how the loss of the item impacts upon the performance of these functions or upon the
performance of safety functions associated with other items (propagation of failure). Items that
provide a safety function or that can affect the performance of a safety function are, in
descending order, classified into Class 1, 2 or 3. Items that do not have any safety function and
whose failure does not affect any safety function of another item are classified into Class 4 (non-
safety).

Detailed rules have been formulated for the assignment of Safety Importance Classification as
shown in Table 3. An item is classified into SIC 1 if its failure would "directly" lead to releases
in excess of Category IV limits. It is a project position that has been met in the design that there



will be no SIC 1 components in ITER. An SIC 2 component is one that's failure would lead to
releases in excess of Category IV limits only if it occurred in conjunction with some other
unlikely (Category III) or extremely unlikely (Category IV) event. Those items in SIC 3 cover
other items implementing safety functions or if their failure would worsen an accident condition
or degrade an SIC 2 item.

SAFETY IMPORTANCE CLASSIFICATION IMPLEMENTATION

The project will have to justify to the regulator that components that have a safety function are
designed and operated in such a way that this safety function is available when needed. The
Safety Importance Classification system is a basis for deciding whether or not a component has a
safety function and how important that function is. Requirements related to Safety Importance
Classification are a means to help in the justification that the safety function can be performed as
intended. As a consequence such requirements address a set of precautions that need to be taken
in design, installation, testing, and operation of safety-related components that would allow us to
take credit from these components in safety analysis (see for example (8)) and provide sufficient
proof to the regulator that these components would perform as intended. The implementation of
Safety Importance Classifications (and Quality Assurance Classifications) into the design and
operation requirements is still very much under development at this stage of the ITER EDA, and
the following presents some preliminary thoughts.



Table 3
Safety Importance Classification

Safety
Importance

Class

SIC-1

SIC-2

SIC-3

SIC-4

Classification Rules

Components are classified in SIC-1 if the following rule applies:
Rule 1:

The component implements a safety function that is needed in normal operation or
after occurrence of Category II (Likely) events and the failure of that safety function
under such conditions leads to a release that exceeds the Category IV (Extremely
Unlikely) limits.

(A design objective is to have no SIC-1 components in ITER.)
Components are classified in SIC-2 if any of the following three rules apply:
Rule 1:

The component implements a safety function that is needed after occurrence of
Category III (Unlikely) or Category IV (Extremely Unlikely) events and the failure
of that safety function under such conditions leads to a release that exceeds the
Category IV (Extremely Unlikely) limits.

If the same safety function can be accomplished by another independent system,
different from the one the component belongs to, then the component may be
declassified to SIC-3.
Rule 2:
• The component is needed to provide an elevated (stack) release point for releases that

can exceed 1/lOth of the Category IV (Extremely Unlikely) limits.
Rule 3:
• The failure of the component would degrade a safety function of a SIC-1

component-
Components are classified in SIC-3 if any of the following four rules apply:
Rulel:
• The component implements a safety function whose failure could lead to a release

that exceeds the Category II (Likely) limits but is lower than the Category IV
(Extremely Unlikely) limits.

Rule 2:
• The failure of the component would degrade a safety function of a SIC-2 component.
Rule 3:
• The component implements a safety function needed to protect the facility personnel

from radiological or toxicological hazards.
Rule 4:
• The component is needed for radiological monitoring of releases when they exceed

the Category II limits (accident monitoring).

Not safety classified

The gradation that is built into the Safety Importance Classification system is reflected in the
degree of burden of proof required: e.g. for SIC 1 components the burden of proof will be
heavier than for SIC-3 components. As a general statement, and in order to provide some
guidance, we might say that SIC-1 items would be expected to carry a very heavy burden of
proof, e.g. as provided by nuclear design and QA codes (e.g. ASME section III class 2 or IEEE
class IE) whereas for SIC-3 items good industrial practice and positive operational experience
with perhaps some additional QA would provide sufficient proof.



The concepts of "graded approach", safety classification, and related graded design and QA
requirements are now being used in a number of industries, but extrapolation to ITER is not
always straightforward, and it is not easy to extract general requirements to be associated with
different safety classes. To investigate the consequences of safety classification, existing
standards (9,10,11,12,13) have been reviewed, and some general points that seem to emerge
from have been extracted and placed in an ITER context in Table 4.



Table 4
Preliminary thoughts on Implementation of Safety Importance Classification

Issue
Code

QA requirements

Environmental
qualification

Reliability

Independence,
physical separation

Inspections
and tests

Equipment data
trail (during
operation)

Equipment outage

Response and
recovery after
malfunction

Reporting of
malfunctions

SIC-2 SIC-3
If an appropriate design code exists, the code requirements for design, construction, testing
etc. need to be followed. Deviations from these requirements need to be negotiated.
As a baseline for structural components it is proposed to use ASME VIE and related codes
(13) for both SIC 2 and 3 items.
Quality Assurance will be requested for any safety related item. The QA requirements will
be graded with SIC. The ITER QA plan will address this issue. As a guideline the IAEA
graded requirements (14) can be consulted.
IAEA Level II IAEA Level III

(maybe Level II for innovative items)
Justification must be provided that SIC 2 and SIC 3 items can withstand the abnormal
environmental conditions that may arise from an accident where they are required to
function. The degree of burden of proof (e.g. for testing) will vary from SIC-2 to SIC-3.
Reliability targets may be part of the performance specification of the safety related items.
The following requirements provide proof that these targets can be met by the design.
Use of a systematic fault analysis method
with extensive coverage (e.g. FMEA) to
assess malfunctions
Prove that the design can meet the reliability
target using a formal method (e.g. fault tree)
or can at least cope with a single active fault

Less formal methods
Use of good industrial quality components
may suffice as a justification

Some justification needs to be provided that the safety functions cannot be undermined by
underlying common cause failures or cascade failures.
In principle SIC-2 I&C should be separate
and functionally isolated from normal
instrumentation (separate signal channels
appropriately de coupled and shielded), and
with physical separation between redundant
channels

No need to have separate I&C. Can use
systems used in normal operation.

In-service inspections and tests may be required to demonstrate that the equipment can
continue to provide its safety functions with an acceptable level of reliability. Such
inspections and tests need to be commensurate with the reliability requirements. The level
of administration (test records, calibration records, personnel training requirements)
involved may vary from SIC-2 (more formal) to SIC-3 (less formal).
• Equipment "pedigree" must be

established" indicating the equipment
operational history

• Inspection status must be indicated (tag
or inspection record)

Normal maintenance logbooks may be
sufficient

Maintenance and other outages of both SIC-2 and 3 equipment must be covered by
operating procedures and a set of "limiting conditions for operation" must be determined
such that reliability requirements can be met
Covered by a plant procedure.
Principles for resuming operation need to be approved by regulator (e.g. limiting conditions

for operation)
No need to actually wait for green light
Malfunctions impeding safety function need
to be reported to regulator

Annual logbook that may be inspected by
regulator



Modification of
equipment and
retrofit

• Impact on safety functions needs to be
analyzed

• Changes need to be notified and agreed
by regulator

Impact on safety functions needs to be
analyzed

The requirements associated with the SIC basically address the burden of proof requested to
justify that these performance and reliability requirements can be met by the design and can be
maintained over the life-time of ITER.

STRUCTURAL DESIGN

Events and event combinations that need to be taken into account in the component design are
identified and categorized by frequency and the Safety Importance Classification, and
performance requirements determined on the basis of preliminary plant-level safety analysis.
This is used by the component designer to set number of cycles for fatigue analysis and
acceptable damage limits. The designer then develops the component loading conditions and
selects the appropriate structural design codes and standards. Detailed design results are fed back
into the design and safety analysis. This is illustrated in Figure 3.

A graded approach is applied in structural design similar to that used in ASME Section IE (11)
or RCC-MR (8) where less allowable damage permitted for more frequent events. Table 5
provide the damage limits at the plant and component level being applied in the ITER EDA
design.
Structural design is generally performed in accordance with recognized structural codes or
standards applicable to the component (e.g., ASME Section VIII). However, in some cases the
conditions are outside the range of applicability of generally accepted codes. Two key cases are
the in-vessel components and superconducting magnets where ITER has developed structural
design criteria to be applied.

CONCLUSIONS

Processes are in place to determine safety functions needed to ensure public safety, to identify
systems that fulfill these safety functions, to set system requirements to ensure these functions
are implemented in the design, to design system components to meet requirements, to identify
design, manufacture and operations requirements needed.

At this stage of the project, it is concluded that the design and operation could meet the safety-
related requirements of any of the potential host countries with only minimal modifications to
accommodate the characteristics of the specific site chosen.



Table 5
Damage Limits in Plant and Component Level

Damage
Limits

Normal

Upset

Emergency

Faulted

Damage Limits to Component Level

The component should maintain specified
service function.

The component must withstand these
loading without significant damage
requiring special inspection or repair.

• Large deformations in areas of structural
discontinuity, such as at nozzles, which
may necessitate removal of the
component from service for inspection
or repair.

• Insignificant general permanent
deformation that may affect safety
function of the component concerned.
General strains should be within elastic
limits.

• Active components should be functional
at least after transient.

• Gross general deformations with some
consequent loss of dimensional stability
and damage requiring repair, which may
require removal of component from
service.

• Nevertheless deformation should not
lead to structural collapse which could
damage other components.

• The fluid boundary maintains degraded
but reasonable leak tightness and flow
passage.

• Active components may not be
functional after transient.

Damage Limits in Plant Level and
Recovery of the Plant

(Plant Operational Condition)
• Within specified operational limit.
• No special inspection will be required other than

routine maintenance and minor adjustment.
• After minor adjustment, or replacement of the

faulty component, the plant can be brought back
to normal operation.

• No effect on other components that may call for
special inspection or repair.

• The plant may require decontamination, major
replacement of damaged component or major
repair work.

• In addition to the damaged component, inspection
may reveal localized large deformation in other
components, which may call for repair of the
affected components.

• Nevertheless the plant maintains the specified
minimum safety function during and after the
events.

• Gross damage to the affected system or
component. No loss of safety function which
could lead to doses in excess of the limits
established for Category IV Extremely Unlikely
Event.

• No design consideration will be given for
recovery. The recovery of the plant may be
judged from severity of damage.

• This level of accidental state is not expected to
occur, but are postulated because their
consequences would include the potential for the
release of significant amounts of radioactive
material.
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ABSTRACT

AECL's main product line is based on two single unit CANDU nuclear
power plant designs; CANDU 6 and CANDU 9, each of which is based on successfully
operating CANDU plants.

The 700 MWe rated CANDU 6 nuclear power plant has an outstanding
operating performance record since the startup of the first four CANDU 6 units in 1983.
The CANDU 6 units have a lifetime capacity factor of 84%, and have frequently achieved
world number 1 ranking on an annual basis. An additional three units are under
construction at the Wolsong site in South Korea, while the Cernavoda-1 CANDU 6 unit
recently started up in Romania—Europe's latest nuclear power plant to come into
operation. Discussions have been successful in obtaining agreement to proceed with a
further 2-unit CANDU 6 plant in China, at the Qinshan site in Zhejang province.

AECL's CANDU development program is based upon evolutionary
improvement. The evolutionary design approach ensures the maximum degree of
operational proven-ness. It also allows successful features of today's plants to be retained
while incorporating improvements as they develop to the appropriate level of design
maturity. This approach is particularly appropriate for the CANDU design concept,
because of the highly modular nature of the pressure-tube reactor design, and because of
the clear separation of systems and functions in the CANDU design philosophy.

The CANDU 6 Development Program has been recently focussed on a set
of evolutionary changes designed to comply with updated licensing and safety
requirements, reduce cost and improve functionality. Areas of proposed change include:

1.System changes to simplify design, improve functionality and reduce cost.

2.Changes to improve the seismic response of the plant.

3.Changes to update control functionality and reduce costs of operation.



4.Changes to allow modest increases in power output while increasing operating margins.

The balance of this paper will describe these improvements in detail along
with a discussion of Program direction for the future.

Advanced CANDU R Designs for the Next Decade
by JMH 96.08.07 (Poland)
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ABSTRACT

This study extends Lawson's analysis on the ignition criteria for a magnetically
confined plasma by introducing conduction losses from heat transfer theory rather
than through the 3nkT/tE term (k = Boltzmann constant, T = temperature, XE =
energy confinement time). It is found that ignition depends on the strength of the
magnetic field that confines the plasma, but it is independent of the plasma particle
density. As a consequence, an increase of reaction energy through higher particle
density leads to higher conduction losses, which can be offset only by higher
magnetic fields. It is found that a magnetically confined plasma cannot reach
ignition with the magnetic fields considered in present normal size machines.

1. INTRODUCTION

For 40 years, since J. D. Lawson in 1957 published a paper in the Proceedings of the
Physical Society by title "Some Criteria for a Power Producing Thermonuclear
Reactor," d) the plasma physics community has been guided in its quest for fusion by
the directions provided by the Xawson criteria' for energy breakeven conditions.
These are general criteria, applicable to an idealized situation where a plasma of
particle density n is brought instantaneously to a temperature T, which is
maintained for a time XE after which it is allowed to cool to the original
temperature. The criteria state that for breakeven, the temperature has to be above
30 million <>K and the product nxE must exceed 1014 cm-3 sec in deuterium-tritium
reactions. The reaction products are not retained in the plasma of the Lawson
analysis, and conduction losses are neglected during the plasma burning time.
These criteria apply to the case of 'scientific breakeven', in which the energy
supplied to heat the plasma and maintain the bremsstrahlung losses is returned to
the system, together with the reaction energy, with a recovery efficiency TJ of 1/3.
No allowance is made for the fact that the energy used to heat the plasma and
supply the bremsstrahlung losses must come from a conventional source, and that
the transfer efficiency is normally much less than 100 percent. Were this
considered, the Lawson criteria would become even more difficult to satisfy. Mills<2)
has generalized the 'scientific breakeven' conditions by considering several energy
recovery efficiencies T\, from 2.5 to 60 percent. Some discussion regarding terms in
the energy balance equation of Lawson has been carried out in Refs. 3 and 4. Several
generalizations of the Lawson criteria are also reported in the standard textbook



literature on fusion energy(5-n>.

In the present work, the complete system is examined in detail, i.e., source of
energy and plasma sink, and various energy transfer efficiencies are considered
from the first to the second, as well as from the second to the first. The energy from
the source is deposited in a pulse, and the plasma experiences a cycle of temperature
values. The analysis departs from the conventional one, in that heat conduction
losses are introduced from heat transfer theory, rather than through the 3nkT/tE
term, thus limiting the role played by the energy confinement time in the ignition
conditions. In order to ease the inclusion in the energy balance equation of
conduction losses, the geometry considered here is the spherical one. More
specifically, it is the spherical pinch geometryd2-i4). However, the analysis can be
extended to other geometries, including the toroidal, when the appropriate heat
conduction loss term is used. The particular case of ignition of a magnetically
confined plasma is considered here. Elsewhere, the most general criteria for
breakeven or ignition have been provided. <15> A most important result is found
that ignition does not depend on particle density. This means that any attempt to
have more fusion energy by increasing the fuel (particle) density leads to greater
conduction losses. This can be offset by an increase of the magnetic-field that
confines the plasma. However, it is found that, for a plasma of normal radius, i.e.,
a centimeter or so, the strength of the magnetic field required for ignition is well
above any of the present machines. Also, it is found that the shape of the plasma
temperature excursion has a bearing on the ignition conditions.

2. ANALYSIS

Fig. 1 illustrates the system under consideration. Energy E from a source is released
in a pulse of power W(t). A fraction Ei of the energy (Ei = aE where a is the efficiency
of energy transfer from the source to the sink) is deposited in a spherical chamber
containing a plasma core and an ionized gas blanket, while the rest (1 - a)E is

t

dissipated in the components of the energy transfer system. The energy a J W(t) dt

Liquid blanket First wall

Source of'
energy E

Plasma core
Ionized gas blanket

Fig. 1 - Energy flow system.



that reaches the chamber at time t is used to heat the plasma core, and to provide for
the radiation and conduction losses. In the absence of other energy inputs, the
energy balance equation is:

ajW (t)dt = J[H(t) + R(t) + C(t)]dt (1)
o o

where H(t) is the rate of heat energy change in the plasma core, and R(t) and C(t) are
the rate of energy loss by radiation and heat conduction, respectively. Other losses,
such as synchrotron or inverse compton radiation production, are not included
here.

A 50 percent mixture of deuterium and tritium is considered here as making up the
plasma and surrounding gas. The fusion nuclear reaction taking place in the
plasma core is:

D + T = He4 (3.5 MeV) + n (14.1 MeV) (2)
where 3.5 MeV is the energy carried by the a particle He4, and 14.1 MeV is the
energy carried by the neutron n.

At the end of the life to of the plasma core, when this has cooled down and returned
to the original temperature, an amount of energy Eo is available from the liquid
blanket for return to the source. A fraction Er of this energy (Er = bE0, where b is the
efficiency of energy transfer from the liquid blanket to the source) is the amount
that actually reaches the source. Breakeven or ignition require that Er = E. The aim
of this study is to find the conditions for ignition of a magnetically confined plasma
as a function of the strength of the confining magnetic field, given the temperature
T, particle density n, and radius r of the plasma, and the coefficients a and b of
transfer efficiency from the energy source to the sink, and viceversa, respectively,
when conduction losses are introduced from heat transfer theory rather than
through the 3nkT/xE term.

The rate of energy released in the form of a particles and neutrons will be
designated as Pa(t) and Pn(t), respectively. Only the a particles may remain in the
plasma and further heat it, whereas the neutrons will escape and be absorbed by the
liquid blanket. The case considered here is the one in which the a particles are
retained (ignition).

fie Particles Are Retained

Only the neutrons escape, and the energy available at time t from the liquid blanket
for return to the source is:

EQ(t) = }[Pn(t) + R(t) + C(t)]dt (3)



Ignition requires that, at the end of the time t̂ ,:

j W ( t ) d t = b J [ P n ( t ) + R(t) + C(t)]dt (4)
o o

Since the a particles remain in the plasma core, this is a new energy source, and the
energy balance equation becomes:

a j W ( t ) d t + / P a ( t ) d t = J[H(t)+R(t)+C(t)]dt (IA)
0 0 0

which can be written as:

a jW( t )d t= J[H(t) + R(t) + C(t)-Po(t)]dt (IB)
o o

From Eqs. (4) and (IB) one gets:

it (5)
o

which transforms into:
t

( ) | ^ [ ^ ] ( ) ( ) ] | d t (6)

At the end of to, the plasma core returns to the original temperature. No heat
energy remains and therefore:

jH(t)dt = O (7)
o

Hence:
t

or

- ^)[R(t ) + c( t ) ]}dt=o (9)

If eq. (9) is satisfied, breakeven is achieved.

The first three terms Pn(t), Pa(t) and R(t) in the integral (9) are functions of plasma
temperature, particle density and plasma volume. Specifically, for a 50% D-T
mixture, one has*16):
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where Pn and Pa are expressed in watts, T in kV, Vp in cm3, and n in cm-3.

The rate of heat conduction loss C(t) from the plasma core to the liquid blanket can
be derived from heat transfer theoryd?) as follows. The rate of heat transfer in a
hollow sphere with surface temperature Ti at ri, and T2 at r^ where ri, 12 are the
radii of the inner and outer surfaces, respectively, is given by:

4izK r, r,
C ^ , r2, Tlt T2) = -JZ^f (T.-TJ (13)

where K is the thermal conductivity of the material that makes up the hollow
sphere.

In the present case, heat transfer takes place from the plasma core of radius ri and
temperature Ti to the liquid blanket of radius T2 and temperature T2. The medium
through which heat propagates before reaching the liquid blanket is the ionized gas
blanket made up of deuterium and tritium, and the first wall, usually made up of
stainless steels). The latter easily transfers heat, so that only the thermal
conductivity of the former needs to be considered. Eq. (13) expresses the rate of heat

transfer from the entire volume of the plasma core V =^r % rf. The rate of heat
r p 3 l

transfer per unit volume is obtained by dividing (13) by V Since the temperature
Ti of the plasma core is much larger than the temperature T2 of the liquid blanket,
one has Ti - T2 ~ T\ = T. Likewise, since r2 » ri = r, one has r2 - ri ~ r2. Eq. (13) thus
leads to:

4jtKr1r2T1 4 , 3KTe('.T)-l^f'3"J"—
and the heat conduction loss rate appearing in (9) is given explicitly by:

3KT
C(r,T,Vp)= —r- Vp (15)

where C(r, T, Vp) is expressed in watts, when T is expressed in kV, r in cm, and K in
W/cm kV.

Eq. (15) shows that the rate of heat conduction loss from the plasma core of radius r
and temperature T to the liquid blanket is a function of the thermal conductivity K



of the ionized gas blanket. In the following, we shall provide the formula for the
thermal conductivity of a plasma immersed in a magnetic field.

Plasma Blanket with Magnetic Field. The thermal conductivity is given by(19>:

cal
K=3.54xlO -25

A 1/2 , , 2 2 , .
A . Z n . l n A

T1/2B2 sec °K cm
(16)

where Ai is the atomic weight of the positive ions of density ni = n/2 (in cm-3), B is
the magnetic field (in gauss), and Z = 1 for deuterium and tritium. Taking Ai = 2.5
(averaged for a 50% D-T plasma), and In A ~ 20 for a hot plasma, expression (16)
transforms into:

= 3.99xlO-20 n W

T l /2 B2 cm kV
(17)

The thermal conductivity in this case decreases with temperature T and magnetic
field B, and increases with particle density n. Heat losses are now controlled mainly
by the plasma layer with the lowest conductivity. This is the one in contact with the
hot plasma core, which can therefore be identified as having the same parameters as
the core itself, i.e., the same n and T.

Introducing (17) into (15), one gets:

C(r ,T ,V ) = 1.61 x 10- 1 9
2 -

n T

v
2 B 2 P

(18)
r2B

If one now inserts the previous expressions for Pn(t), Pa(t), R(t), and C(t) from (10),
(11), (12), and (18), respectively, into (9), and divide by Vp, one gets an explicit
expression for ignition:

^-24

. 19.94

n
ab

2 ±
2.14 x 10~ 3 0— T(t)2 +1.61 x 10'19

• T ( t ) 3 e

n 2 T ( t ) 1 / 2

r 2 B 2

(19)

dt = 0

The interesting aspect of this expression is that n2 appears in all terms of the
integrand as common factor, which therefore cancels out. This makes the integrand
independent of particle density, and ignition is not a function of n. This is an
important result. The integral (19) becomes:
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,1/2

2 2
dt = 0

In (19') it has been assumed that, during the short time t0, only the temperature T of
the plasma core changes, whereas n and r remain constant. In other words, it is
assumed that the plasma is confined by some means during time to, and therefore
the plasma radius r and particle number density n do not change. The formulation
of the conditions for ignition, however, as expressed by (19')/ has general validity
and remains the same if n and r also are a function of time. It can have even more
validity if n is also a function of space within the plasma core volume. In this case,
clearly the integration has to be performed over space and over time.

The three functions that appear in the integrals (19') are positive functions, the
latter two being subtracted from the first. The integral can therefore have positive
or negative values. If the integrand, which is the sum of these three functions, is
negative, the integral will also be negative. Likewise, if it is positive, the integral
will be positive. One can examine the trend of the integrand by calculating and
plotting it as a function of one of its variables, assuming prescribed values for the
others. In this way, one is able to find for which value of the variable the function
(integrand) from negative becomes positive, i.e., assumes a value equal to zero. For
this value, or for any positive value of the integrand, ignition can be achieved. The
geometry to which these results apply is the spherical geometry. For other
geometries, such as the toroidal, the proper expressions for the conduction loss
must replace the one used here.

In the following figures, plots of the integrand of (19)' are provided as a function of
the magnetic field B. Two parameters are kept constant, namely the coefficient b =
0.3, and the radius of the plasma r = 1 cm. Each figure refers to a specific plasma
temperature, ranging from 5 to 20 kV, and contains three plots for a = 0.05, 0.10, and
0.15, respectively.

Fig. 2 shows that, for T = 5 kV, the integrand is always negative, no matter what the
value of the magnetic field up to 2 x 105 gauss = 20 Tesla. This means that ignition
cannot be obtained for the plasma parameters considered in the figure. If one
increases the temperature to T = 10 kV, Fig. 3 shows that still ignition cannot be
obtained. Only when one pushes the temperature to T = 15 kV (Fig. 4), and to T = 20
kV (Fig. 5), then ignition can be obtained at a value of B around 1.5 x 105 gauss (15
Tesla), and B = 1.2 x 105 gauss (12 Tesla), respectively. These are very high values of



the magnetic field, probably higher than any of those contemplated for future
machines.
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achieved with a confining field of up to 2 x 105 gauss (20 Tesla) for a plasma temperature T = 10 kV.
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The ignition condition derived here as a function of the confining magnetic field is
certainly necessary, but by no means sufficient. The reason is that, in a pulsed
reactor, the plasma core is subjected to a temperature cycle during the pulse. When
the temperature is above threshold for breakeven, there is a gain of energy, and a
loss of energy when it is below threshold. The plasma temperature excursion must
therefore be shaped in such a way that the energy gained during the time when the
temperature is above threshold compensates for the energy lost when it is below
this value.
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CANDU WITH SUPERCRITICAL WATER COOLANT:
CONCEPTUAL DESIGN FEATURES

by
N. Spinks

AECL
Chalk River Laboratories CA9900018

Introduction

An advanced CANDU reactor, with supercritical water as coolant, has many attractive
design features. The pressure exceeds 22 MPa but coolant temperatures in excess of
370°C can be reached without encountering the two-phase region with its associated fuel-
dry-out and flow-instability problems. Increased coolant temperature leads to increased
plant thermodynamic efficiency reducing unit energy cost through reduced specific capital
cost and reduced fueling cost. Increased coolant temperature leads to reduced void
reactivity via reduced coolant in-core density. Light water becomes a coolant option. To
preserve neutron economy, an advanced fuel channel is needed and is described below. A
supercritical-water-cooled CANDU can evolve as fuel capabilities evolve to withstand
increasing coolant temperatures.

CANTHERM Fuel Channel

With a conventional CANDU fuel channel, an increase in coolant pressure and
temperature would require an increase in pressure-tube thickness and a loss of neutron
economy. To preserve neutron economy, especially at high coolant temperatures, a change
in fuel channel design is needed. The CANTHERM insulated fuel channel, shown in figure
1, is currently under development at AECL. It has no calandria tube and the pressure tube,
in contact with the cool heavy-water moderator, is insulated from the high-temperature
coolant. Such a fuel channel could be employed to increase coolant temperatures and
pressures in a conventional CANDU primary heat transport system or it could be
employed in a redesign at supercritical coolant conditions.

Zr Pressure
Tube

D2O
Moderator

Insulating
Tube

High Temperature
Coolant

Figure 1: CANTHERM Insulated Fuel Channel



Supercritical CANDU Evolution

Figure 2, based on the properties of light water, illustrates how CANDU could evolve in
terms of coolant temperature and enthalpy from conventional pressures and temperatures
to supercritical pressures and temperatures. Two stages of development of a supercritical-
cooled CANDU have been chosen with coolant core-mean temperatures near 400°C and
500°C. These are dubbed Mark 1 and Mark 2 respectively. They are based on heavy or
light water coolant at a nominal pressure of 25 MPa. Mark 1 transfers heat from a heavy
water primary system to a light water secondary system at 19 MPa and is expected to
operate with conventional or near-conventional zirconium alloy clad fuel. Mark 2 requires
advanced fuel and operates with heavy water to light water or light water to light water in
an indirect cycle or with light water in a direct cycle. The Mark 1 concept has been
developed further and is the subject of this paper.
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Figure 2: CANDU Evolution to Supercritical Coolant Conditions



Mark 1 Design

The initial calculations for the Mark 1 design were based on heavy water at 25 MPa
between 370°C at core inlet and 420°C at core outlet, transferring heat to H2O at 19 MPa
heated from 330°C to 380°C in a once-through counter-current-flow steam generator.
These results are reported below. However some advantage in control exists, also
discussed below, when the outlet temperatures are increased to 430°C for the core and to
400°C for the steam generator.

Flow. Pressure Drop and Pumping Power

At in-core temperatures around 400°C, i.e. just above the critical temperature of 370°C,
the exceptionally high specific heat leads to an attractive heavy-water-cooled design. High
specific heat leads to greatly reduced mass flow, pressure drop and pumping power. The
enthalpy changes of figure 2 lead to a channel flow 30% of CANDU 6 for the same
channel power. Channel pressure drop would be similarly reduced. Primary pumping
power would be reduced by factor 6, not only because of the reduced mass flow and
pressure drop, but also because of a high coolant density (0.6 g/cc) at the pumps. A rapid
density reduction in the core leads to a greatly reduced core-mean density, as discussed
below.

Peak Fuel Clad Temperature

High specific heat near the critical point leads to high heat transfer coefficient and modest
fuel clad temperatures. These were calculated as follows:
The peak clad temperature was evaluated at the nominal maximum power for a CANDU 6
fuel element and at a coolant temperature of 400°C. From figure 2 it is seen that this
temperature will occur at a position towards the outlet end of the channel. The nominal
maximum power of 50.7 kW/m for an outer element was taken from a CANDU 6 safety
report. Fuel bundle geometric details are for 37 element fuel.

The fuel-to-coolant heat transfer coefficient was calculated using equation 3 of reference
1. The clad to coolant temperature difference is only 50°C, even at the reduced channel
flow, leading to a clad nominal maximum temperature of 450°C. Clad corrosion rates
should be acceptable at these temperatures, but further investigation is needed on the
corrosion and general behaviour of conventional or near-conventional CANDU fuel under
such conditions of steam cooling at high pressure and high temperature.

Void Reactivity and Thermodvnamic Efficiency

At the Mark 1 temperatures of figure 2, the core-mean coolant density is 0.28 g/cc leading
to a heavy-water void reactivity reduced from 15 mk to about 4.5 mk. At the



thennodynamic mean temperature1 of 360°C on the secondary side of the steam generator,
the Carnot efficiency is 1.21 times that of CANDU 6 leading to an 18% cost reduction.

Heavy-Water Inventory and Primary Pressure Control

The coolant core-mean density of 0.28 g/cc could lead to a 70 % reduction of coolant
inventory at full power. However, additional heavy water might be needed to fill the
PHTS at reduced power, especially in the cold shutdown condition. Two options are
discussed below aimed at avoiding such a need and leading to a 3% additional capital cost
reduction.

Option 1 Helium

Pressure could be controlled with a helium over heavy water pressurizer as shown in
figure 3. On cold shutdown, helium would enter the large piping and steam-generator
piping, to accommodate heavy water shrinkage, but there would be sufficient heavy water
to fill headers, feeders and fuel channels.

Cold

Insulation

Hot

Figure 3: Helium Pressurizer

Start up could be done with nuclear heat or with an external heat source. With nuclear
heat, after going critical, the next step would be to raise temperature at low power. As the
heavy-water boils at lower pressures, steam and helium would flow to the pressurizer
where the steam could be condensed, purging helium from the heat transport system.
When operating pressures and temperatures are reached, pumping could start, enabling
power to be increased.

1 Tmean = change-in-enthalpy / change-in-entropy where the changes apply over the secondary side of the
steam generator.



A LOCA, during start up, could be problematic. At lower temperatures, the coolant in-
core density is high holding up significant reactivity and, at high pressure, a fast blowdown
might be expected. Even starting from low power, the rapid rate of insertion of reactivity
could lead to an excessive power pulse.

Cool down is envisaged in a reversal of the start up sequence. Thus, at a decay power
sufficiently low to permit fuel cooling by hot stagnant supercritical water, pumps could be
turned off and cool down commenced via heat transfer to the moderator. A two-phase
coolant condition could be avoided by controlling helium pressure to above the saturation
pressure. This may be desirable to avoid, for example, stratified flow in horizontal fuel
channels.

At the cold shutdown condition, the additional channel coolant inventory would reduce
reactivity by some 10 mk but cold start up could always be done with low xenon levels in
the core so there would always be plenty of reactivity available. Reactivity would be
gained as operating temperatures are reached but would be readily controlled at low
power.

High pressure helium control is likely to lead to diffusion of helium into the heavy water
coolant with potentially deleterious effects. For example helium is likely to degrade the
heat transfer from fuel to coolant. It could also degrade pump performance but this may
not be too important for Mark 1 with its modest flow requirements. Loop tests would be
needed in any development of this option.

Another difficulty with helium is its containment. The gas is notorious for diffusing
through all materials, including metals, and it will tend to leak out of the pressurizer at the
high pressures of Mark 1.

Option 2 Heavy Water Transfer Between Moderator and Primary System

This idea is to transfer heavy water from the moderator to the PHTS to accommodate
primary system shrinkage during cool-down. It presents problems with tritium releases
from higher PHTS tritium levels and with the cost of higher PHTS heavy water isotopic
concentration. However the latter could be compensated by the use of a common heavy-
water upgrader. Conventional PHTS pH levels are different than that in the moderator in
order to control corrosion of carbon steel PHTS piping. However this may not be an issue
with Mark 1 because stainless steel ex-core piping is likely needed at the higher coolant
temperatures.

A disadvantage with transfer of heavy water from the moderator is impairment of the
moderator heat sink. The CANTHERM fuel channel potentially improves the moderator
heat sink to the extent that it could provide effective maintenance cooling. With transfer of
heavy water to the PHTS, cooling could still be provided but with sprays and reliance on
a/c power. Mark 1 would not be passive.



With reduced moderator inventory, the reactor could not be started on nuclear heat.
However the PHTS would be full and could be heated on pump heat augmented if
necessary by external heaters. The hot heavy water would have to be cooled during
transfer to the moderator. Once operating temperatures are attained, the reactor could go
critical, pumps started and power raised.

A conventional electrically-heated pressurizer cannot effect much of a change in pressure
for water at the outlet temperature of 420°C. However it could be used at 400°C when
connected to the inlet header or pump-suction header. With the inlet water at 370°C and
the pressurizer set at 400°C, a small change in pressurizer temperature will effect a big
change in pressure. The pump-suction header connection is preferred because, in the event
of a pump trip, the hot end of the fuel channel would not see additional pressure.

The pressurizer would not have a liquid level to use for inventory control but the
temperature itself might be usable. A loss of inventory would reduce the fluid specific
volume in the pressurizer which, at constant pressure, requires an increase of temperature.
So if the pressurizer temperature increases, add heavy water.

Secondary Pressure and Temperature Control

On the secondary side, pressure control could be done via the usual reactor power or
turbine governor-valve control. For the Mark 1 once-through steam generator, in place of
conventional boiler level control, feed-water flow could be varied to control the degree of
steam superheat thereby maintaining the turbine inlet condition. It is expected that this
would lead to a feed-water flow closely proportional to thermal power thereby
maintaining a near constant temperature profile on the secondary side of the steam
generator.



Primary Flow and Temperature Control

Consider maintaining full primary-side pumping from low to full power and consider
permitting primary temperatures to simply follow secondary temperatures.

Figure 4 shows temperature variations in the once-through steam generator. Data are
plotted from light-water steam tables for the secondary side at 19 MPa and the primary
side at 25 MPa. The primary and steam-generator hot side temperatures are increased
somewhat from those considered above. Various primary-side curves are shown in colour
with the full-power case shown in red.
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By maintaining full pumping throughout the power range, at low power the entiie primary
circuit will come to a temperature just above the secondary superheated steam
temperature, as shown in the green curve of figure 4. The core-mean coolant temperature
at low power will be higher than that at full power and the power to reactivity coefficient
from coolant density will be negative in spite of the "positive" void coefficient. On the
other hand if flow were made proportional to power, the primary temperatures would be
reduced, at low power, as shown in the blue curve of figure 4. This would lead to a larger



coolant inventory at low power and an inventory that would be clearly reducing as power
is raised. The power to reactivity coefficient from coolant density would be clearly
positive.

Conclusion

A heavy-water-cooled CANDU design at supercritical temperatures and pressures
becomes possible with the advanced CANTHERM fuel channel and provides a plant with
increased thermodynamic efficiency and reduced coolant density without troublesome
two-phase flow phenomena such as fuel dry out and flow instability. The reduced density
leads to reduced heavy-water inventory and reduced void reactivity.

A first stage "Mark 1" conceptual design of a supercritical heavy-water-cooled CANDU
reactor has been described. The coolant core-mean temperature of about 400°C leads to a
reduction in unit energy cost of about 20% compared with conventional CANDU designs.
It also leads to a void reactivity reduced by a factor 3 from conventional values. Reduced
coolant inventory should result in a further 3% cost reduction. High coolant specific heat
leads to a reduced mass flow, again by a factor 3, and a pumping power requirement
reduced by factor 6. High coolant specific heat leads to good heat transfer from fuel to
coolant, even at the reduced flow, resulting in a peak fuel clad temperature of only 450°C.
Mark 1 is expected to be able to use near-conventional CANDU fuel.
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ABSTRACT

A new criterion for fusion plasma ignition in d-t tokamaks is established by incorporating non-
stationary reaction-thermal dynamics of the plasma into the analysis. Herein the application of a
'soft' Troyon beta limit, together with the actual fusion power deposition and its effect of
deteriorating the plasma energy confinement time, are crucial parts of the fusion burn dynamics
which determine the ignition conditions. We find that the separatrix established by the dynamic
trajectorial evolution of the plasma in the temperature-fuel ion density state plane - not simply
the zero power contour used previously - is the critical boundary that must be exceeded for the
stable ignited operating point to be attained, and maintained, without auxiliary heating.

IGNITION OF A PLASMA

Fusion energy production with tokamak devices demands particular attention to confinement and
fuelling regimes that maintain the average fuel ion density n and the average jtlasma
temperature T at favourable values for optimization of the triple product n\KT, where T E
denotes the plasma energy confinement time (1). The identification of state and parameter space
regions capable of ignited fusion plasma operation is required for significant energy gains to be
realized from such systems. This increased energy gain is possible when little or no input power is
required to sustain the plasma temperature at a suitable level for fusion reactions to make a
useful contribution to the system's energy balance. If ignition is attained, cold fuelling then
becomes the sole required injection to the system.

Several definitions of fusion plasma ignition have been considered in the analysis of d-t tokamaks
(2,3,4). The requirement that plasma power gains be greater than power losses is consistent,
however Ohmic and occasionally auxiliary heating power are included in the power gains. Only
Ohmic heating should be so included as the plasma current in a tokamak is always present for
plasma stability. While there are numerous references establishing ignited regimes based on
steady state power balance calculations, here we consider the non-linear dynamics of the fusion
plasma since a steady state power balance alone does not reveal all regions of state space which
evolve to the stable ignited operating point.

A globally averaged nonlinear formulation of the dynamic evolutions of density and temperature in
an ITER-like d-t tokamak fusion plasma with local temperature T(r,t), and local fuel ion density
(deuterons plus tritons) n(r,t) is considered. These state variables are assumed to take on radial
profiles which are constant around the toroid (2):

T(r,t) = Te(t{ 1 - £ i j ^ , *(r/)=nJ 1 - ̂ I Y * . (1)

The peak values of temperature and fuel ion density on the central toroidal axis are T0(t) and
respectively, and r is the radial distance from that axis. The ITER design parameters (5) are used
throughout this work; a is the plasma minor radius, YT = 1-0 ^ d yn = 0.5.



REACTION-THERMAL DYNAMICS

The dynamics of plasma fuel ion density evolution are here described on a basis of plasma volume
averages by

f£ = S(t) - «& - \<W>Jr/> n\r,t) , (2)
at 1 z

p

where £(r) is the volume averaged fuel ion injection rate. The particle confinement time TP is
taken to be five times the energy confinement time; <ov>dt is the d-t fusion reaction rate
parameter. The over-line indicates global averaging over theplasma volume throughout this work.
Assuming a constant alpha particle impurity density of 0.03 n, the average electron density ne is
determined by charge conservation.

The global plasma power balance is formulated as

-. p + p - 2—L + fi p - p - p (3)
j f ma ohm _ 'a a brans eye '

where % is the total ion density including the alpha particle impurities, and P^ and Pofm are
the auxiliary and ohmic power densities input to the plasma, respectively. The fraction of the d-t
fusion alpha power density, Pa, retained in the plasma is n O, while Pbrma and P^c are the
bremsstrahlung and cyclotron radiation power density losses from the plasma. Recent analyses of
alpha particle thermalization and energy deposition to the plasma (6) revealed a difference of less
than 1 keV between the ion and electron temperatures on the time scale of the dynamic (7) unless
there is substantial preferential auxiliary heating of one species. Thus, a single temperature
formulation was deemed sufficient. Formulations for the terms on the right-hand-side (RHS) of
Eq.(3) are as follows, with the power expressions in units of keV-ŝ -m"3.

The globally averaged ohmic heating power density due to the induced toroidal plasma current is
here taken to be (8)

where I is the plasma current (MA), and K the plasma elipticity (5). The effective charge of the
plasma, Zeff, is defined by (1)

where n. is the average particle density and Zj the charge number of the j-th type ion.

The local bremsstrahlung radiation power density losses are (1)

pbr««* = 3.346x 10-21«4
2v/f[^(l +0.00155r+7.15x 10"6r2) + - +0.004147 ] , (6)



where Cx is a similar quantity to Zefr, the former given by (1)

c, = Si£ . (7)

Local cyclotron radiation losses are taken as (1)

P^ = 0.3878«trS
2<|> , (8)

where B is the toroidal magnetic field (Tesla),

Ryjf

and

7.78x10-
N

(10)

The plasma major radius is R, and Rf is the global cyclotron radiation re-absorption fraction ~
taken to be 0.9 herein.

The globally averaged d-t fusion alpha power density is evidently

(11)

For the global energy confinement time, the ITER scaling law (9)

0.048/, v^a0-3;?1-2/0-85^0-2^0-1

T = '- — (12)

was used, where fe is the h-mode energy confLnement_time enhancement factor, M the average
isotopic mass of the plasma, ne is in 1020 m'3, and P the total power (MW) contributing to the
degradation of confinement, explicitly:

The fraction of d-t fusion alpha power which degrades confinement is taken here to be fe = 0.5, and
further na = 0.95 (6). Combining Eqs.(12) and (13), evaluating the ITER parameters and
introducing a soft beta limit (2) yields

1.056x10? » "
" = : . (14)

with nt now in m"3.

A soft beta limit of the form



at.. W, (15)

was used to model confinement degradation near the Troyon limit, or critical beta

in an inhibitive manner which differs from that found in the literature (2,10). C^y is the Troyon
factor (2). Specifically, confinement degradation was made to begin at ~80% of p ^ and increase
exponentially such that transport losses were increased by a factor > 102 at the Troyon limit. It is
expected that such enhanced transport losses will occur due to the increasing kinetic pressure
within the tokamak as the beta limit is approached and not only if p^,. is surpassed.

CALCULATIONAL ASSESSMENT

Taking the burn characteristics of the d-t fusion plasma as determined by the temporal evolutions
of n(t) and T(i), we examine the associated dynamics in a state plane spanned by the state
variables T and n. Two stationary points of the system dynamic (the solution of the RHS of both
Eq.(2) and Eq.(3) = 0 with P^ = 0) ~ one an attractor and the other a saddle point are shown in
Figure 1. Also depicted are the regions of the T-n plane for which there is a positive steady state
power balance (KHS of Eq.(3) > 0 with ?=• 0) — bounded by the zero power contours, all for an
ion injection rate of S= 0.05 * 1020 m'3-s . The latter region is the area of the state plane where
the net power deposited in the plasma exceeds the total power losses, and thus where ignited
plasma operation would appear possible. The Ohmic ignition point ( n > 1021 in3) is not shown as
it is of no interest here due to the insignificant fusion power.

However, of greater interest is the dynamic evolution of the system determined by solving Eqs.(2)
and (3) for n(f) and T(t), yielding the trajectories and separatrices of Figure 1. Evidently, a high
temperature, low density region from which the stable ignited point is attained dynamically exists
outside the zero power contours. This region of 'dynamic ignition' is_not foreseeable solely through
power balance ignition studies, and thus alters the regimes of the T-n state plane which are
ignited ~ those plasma states which do not require auxiliary heating or control to evolve to, and
remain at, the stable high temperature attractor.

Conversely, the region below the separatrix but within the positive steady state power balance
region does not ignite as the system's dynamics result in a trajectorial evolution to the low
temperature, high density, Ohmic operating point. This further alters the conventional ignited
regions of state space, and so the ignition criterion for an ITEE-like plasma is not merely achieving
a plasma state within the positive steady state power balance region, but rather the separatrix of
Figure 1 must be exceeded for the system to evolve dynamically to its high temperature attractor.
The location and nature of this attractor has elsewhere been shown (10) to be dependent upon the
fuel ion injection rate.

The region of dynamic ignition suggests a possible new approach to heating a fusion plasma to
ignited conditions. If attaining a plasma state within this region of state space is less energy
demanding than attaining one within the steady state-defined ignition region, a less energy
intensive method to achieve plasma ignition is evident.
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Figure 1: Steady state power balance ignition regimes of the T-n state plane bounded by the
zero power contours (Paa= 0) and the dynamic ignition regimes defined by the
separatrix deduced from state plane trajectories ( S= 0.05 x 1020 m^-s'1).

CONCLUDING COMMENTS

We thus conclude that the criterion for ignited operation of a fusion plasma is the crossing of the
separatrix in the T-n state plane ~ a consequence of the non-linear dynamics of the system ~ as
the power balance alone does not completely reveal which regions of state space evolve dynamically
to the stable ignited attractor. A region of 'dynamic self-ignition' outside the positive power
balance region was identified and the dynamic ignition criterion of exceeding the separatrix must
be recognized as an important consideration for both initial plasma heating and ignited operation
of a d-t tokamak.
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CANADIAN AND UNITED STATES REGULATORY MODELS COMPARED:
DOSES FROM ATMOSPHERIC PATHWAYS

S-R. Peterson
Research Officer

Atomic Energy of Canada Limited-
Chalk River, Ontario /'

INTRODUCTION

CANDU reactors sold offshore are licensed primarily to satisfy
Canadian regulations. For radioactive emissions during normal
operation, the Canadian Standards Association's CAN/CSA-N288.1-
M87 (1) is used. This standard provides guidelines and
methodologies for calculating a rate of radionuclide release that
exposes a member of the public to the annual dose limit.

In some countries such as the Republic of Korea, the regulatory
requirement is to calculate the annual dose to members of the
critical group. To calculate doses from air concentrations,
either CSA-N288.1 or the Regulatory Guide 1.109 (2) of the United
States Nuclear Regulatory Commission, which has already been used
to license light-water reactors in these countries, may be used.
When dose predictions from CSA-N288.1 (called CSA henceforth) are
compared with those from the U. S. Regulatory Guides (called RG
henceforth), the differences in projected doses raise questions
about the predictions. This report explains differences between
the two models for ingestion, inhalation, external and immersion
doses.

For compliance with nuclear regulations, emissions reported in
terms of percent DRLs for CANDU reactors routinely include
tritium, 14C, noble gases (as Bq MeV) , radioiodine (as 131I) and
unidentified particulates. Stack sampling provides supporting
numbers during operation to a greater or lesser extent. In
addition, at some sites and under some conditions, measured or
estimated releases are available for other radionuclides (3, 4,
5, 6, 7). There are no data for a number of radionuclides, and
many of the particulate values are single measurements or even
estimates (3). These data, adjusted as emissions from a single
CANDU reactor unit and averaged with extremes discarded (Table 1)
are used here to calculate doses from unit releases and actual
releases for both models.



Table 1
Radionuclides Released from CANDUs and Average Measured and

Assumed Source Terms

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Ar-41
Kr-85m
Kr-87
Kr-88
Xe-133
Xe-135

Average
Measurements

Bqs"1

7.0E+06
1.4E+04

2.0E-03
1.4E-03
2.3E-02

1.5E-01
1.7E-01
3.3E-03

4.6E-02
1.6E-03
3.1E-01
4.5E-01
6.2E-01
6.3E-01
5.6E-01
9.9E-02
6.5E-03
2.7E-01

1.5E+05
5.3E+04
9.6E+04
2.7E+05
3.9E+06
6.3E+05

Assumptions
Bq s"1

7.1E-02
7.1E-02

7.1E-02
7.1E-02
7.1E-02

7.1E-02

7.1E-02
7.1E-02
7.1E-02

DOSES

Ingestion Pathways

In addition to real differences between the models which are due
primarily to differences in parameter values, significant
differences will arise because of assumptions made by the user.
The aim in this intercomparison is to assure that assumptions
made by the user apply equally to both models.



Assumptions Made for Comparison. The endpoints for
concentrations in foodstuffs and ingestion doses are different
for RG and CSA because of different definitions of vegetables and
meat and different diets (Table 2). Consequently, the models
should not be compared directly and nevertheless, meaningful
comparison is possible if certain assumptions are made.

Table 2
Important Differences in Parameters and Model Assumptions for Rg 1.109 and CSA-

N288.1

Consumption for adults and infants in kg per annum assumed

Leafy vegetables
Fruit vegetables
Root vegetables
Fruit
Grain
Milk & milk products
Beef (meat)
Pork
Poultry
Eggs

RG*
Adult

64
108.4
108.4
114.4
124.8

310
110

CSA**
Adult

14
55
79
55

[74]
174

35.5
35.5

16
14

RG* CSA**
Infant Infant

10
25
24
25

[12]
330 220

12
12
10
5

* Recommended values for intake to be used for the maximum exposed individual in lieu of site-specific data RG
groups fruits, vegetables, and grain: 520 kg per annum; leafy vegetable, 64 kg per annum Consumption of
vegetables products defined: (on a mass basis) 22% fruit, 54% vegetables (including leafy) and 24% grain.

** Recommended average food consumption rates in lieu of site-specific data; CSA groups above-ground
vegetables (fruit vegetables) and fruit, 110 kg for adult, 50 kg for infant; beef and pork, 71 kg for adult, 24 kg for
infant. Numbers in square brackets are shown for diet with no guidance for how to calculate concentrations.

Days to ingestion in RG (0 days to ingestion in CSA):
Leafy vegetables 1 d to maximally exposed individual
Produce 60 d to maximally exposed individual
Unspecified vegetables 14 d to member of the general population
Milk 2 d to maximally exposed individual
Milk 4 d to member of the general population
Meat 20 days from slaughter to consumption

Fraction of food arising from a contaminated source
CSA RG

Leafy veg site specific 1
Produce site specific 0.76

In RG the following delays apply:
Pasture 0 days (assumed here for comparison)
Hay 90 days if stored

Period of long term build up in the soil in years based on lifetime of power station
RG CSA
15 infinite



The assumptions made for this intercomparison included:

• Air concentrations at 1000 m from the elevated source are 5.4
10"7 Bq irf3.

• The member of the critical group for whom all doses are
calculated lives 1000 m from the source and is self-
sufficient, i.e., raising all necessary food for a completely
contaminated diet.

• For tritium, the ratio of the tritium in the plant to the
tritium in the air is set at 0.5 with an absolute humidity of
0.01 kg itf3 for RG. This corresponds to the CSA default value
of 50 m3 kg"1 for the transfer from air to vegetation.

• For carbon, there are 0.16 g carbon per cubic meter of air.
• For comparison between RG and CSA, the minimum time between

harvest and ingestion in RG was assumed: 1 day for all
vegetables, 2 days for milk, 20 days for meat.

• When vegetable crop concentrations are compared, the single RG
value is compared with a weighted average of the
concentrations of CSA's four different crops based on annual
adult intake of each.

• Meat concentrations from RG are compared with a weighted
average of beef, pork, poultry and eggs based on annual adult
intake of each in CSA.

• In CSA, it is assumed that all feed consumed by animals is
equivalent to eating off pasture all year, unless the
radionuclide is short-lived (< 1 month), in which case a
winter non-grazing factor of 0.5 is introduced. In RG, the
user can select fractions of pasture or hay that has been
stored for 90 days. In order to compare the models, the RG
equation for pasture was modified to account for the winter
non-grazing factor for short-lived nuclides, just as in CSA.

• In RG, iodine is considered to be 50% elemental, and only this
portion of the iodine released enters the food chain. In CSA,
the released iodine can be fractionated between elemental,
particulate and organic fractions. Since particulate iodine
also deposits significantly and enters the food chain, for CSA
it was assumed that the fractionation is 50% elemental, 25%
particulate and 25% organic.

• No wet deposition was considered for either model.
• A factor of 5 was assumed to convert dry weight to fresh

weight pasture. RG parameter values are exclusively fresh
weight, but CSA forage is in dry weight. Thus CSA values had
to be converted to be comparable for the discussion.

Total activity ingested per year per radionuclide is compared for
the default diets of each model. However, since these diets are
intended to be different (RG's maximal and CSA's average), a
better comparison of ingestion dose is made with both models



using the average diet described in CSA. Furthermore, since
delays to ingestion in RG reduce dose from short-lived
radionuclides drastically/ the CSA predictions were modified on a
spreadsheet to reflect the same delays and to be comparable with
RG's (with CSA diet).

Comparison of concentrations in foodstuffs: To understand why
ingestion doses differ, it is imperative to compare all the steps
from air concentration to concentrations in forage and vegetables
to concentrations in milk and meat products and to compare intake
from overall diet.

In Table 3, ratios of predicted CSA concentrations divided by RG
concentrations (CSA/RG)for pasture, vegetables, milk, beef and
meat are compared. Pasture concentrations for CSA are
consistently lower than RG's with the exception of 90Sr, which
has the highest soil to plant concentration ratio (CR) of the CSA
nuclides. CSA's low predictions are due to the difference in
yield of the two models: RG's is 0.7 kg, while CSA's is 1.4 kg
(recommended generic value in fresh weight). CSA/RG ratios for
vegetables mostly lie between 2.4 and 2.6. This is largely due
to the lower average yield (1.3 kg m"2) of CSA compared with RG's
2.0 kg fw m~2. The ratios for the shorter-lived iodines,
particularly 132I and a34Ir are remarkable exceptions. These high
ratios (e.g., 4.1 108 for 134I) illustrate how important the day's
delay to ingestion is for short-lived radionuclides, since when
the two results are compared once CSA's have been adjusted for
the delay, the 134I ratio falls to 1.9, which agrees with all the
other radioiodines.

For tritium, the CSA/RG ratio for concentration in fresh weight
pasture is 1.3, like the vegetables. However, there is a
conceptual error in CSA's treatment of the specific activity
model for tritium. With the specific activity model for tritium,
by definition, concentrations of tritium should be calculated on
a fresh weight basis, but, in CSA, pasture is given as dry
weight. Thus a calculated fresh weight concentration is defined
as a dry weight quantity. In practice, either the pasture will
have been dried to hay from which essentially all water
(including HTO) has been evaporated, and consequently the
concentration of HTO in dry weight pasture will be little or
nothing, or the calculated tritium concentration in pasture must
be expressed in fresh weight. This error affects concentrations
of tritium in milk and meat and ultimately ingestion dose from
tritium. That CSA's plant concentrations are 30% higher than
RG's is due mostly to RG's assumption that 75% of the total plant
is water (CSA tacitly assumes 100%).



Table 3
CSA/RG Ratios for Concentrations in Pasture*, Vegetables**, milk and Beef and Meat***

Columns labelled "no delay" compare CSA and RG as calculated by the model; columns labelled "delay" mean the CSA value has been delayed
for x days to be comparable to the RG value which is based on time between harvest and ingestion

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132#
1-133#
1-134#
1-135#
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Pasture

1.3
0.80
0.40
0.40
0.46
0.49
0.51
0.45
0.48

1.1
0.40
0.45
0.40
0.46
0.50
0.39
0.32
0.31
0.31
0.31
0.31
0.52
0.42
0.54
0.42
0.46
0.51

veaetables
No delay 1 d

1.3
0.54
2.5
2.4
2.5
2.6
2.5
2.0
2.6
2.5
2.5
2.5
3.1
2.5
2.4
2.9
2.1

2.6E+03
4.2

4.1E+08
23

2.5
2.6
2.4
2.6
2.6
2.6

I delay
1.3

0.54
2.5
2.4
2.5
2.5
2.5
2.0
2.5
2.5
2.5
2.5
2.4
2.5
2.4
2.3
1.9
1.9
1.9
1.9
1.9
2.5
2.5
2.4
2.5
2.5
2.6

* Pasture is compared on a fresh weight basis
** The
*** The

number used for CSA is a weighted
number used for CSA is a weighted

average
average

Milk
No delay 2 d delay

0.58
1.0

0.20
0.54
0.11

1.4
1.5

0.12
0.86

1.9
3.6
3.8

0.032
1.6
1.7
1.4

0.62
1.2E+06

2.6
3.9E+16

79
0.30
0.21
0.32
0.42
0.51
0.48

of vegetable and fruit
of all meats and eggs

# Meaningless high ratios for radionuclides with half-lives less than 1 day

0.58
1.0

0.19
0.53
0.10
1.4
1.5

0.12
0.84

1.9
3.6
3.6

0.020
1.6
1.7

0.92
0.52
0.63
0.52
0.82
0.55
0.30
0.19
0.32
0.38
0.49
0.48

Beef

No delay

0.47
1.7
2.3

0.26
0.33
0.45
0.40

1.6s

0.84
1.4

0.33
0.60

13
0.0033
0.0026

13
2.2

2.7E+62
2.9E+06

2.4E+166
1.5E+21

3.4
5.9
3.5

0.038
1.4
1.0

concentrations based
based <)n yearly adult

20 d delay
0.46

1.7
1.4

0.25
0.24
0.37
0.40

1.5
0.65

1.4
0.27
0.41

0.087
0.0023
0.0025

0.18
0.39
0.41
0.35
0.45
0.39

3.3
2.0
3.5

0.013
0.93
0.99

Meat
No delay

0.63
1.4

0.81
0.39
0.22

1.4
1.2
1.0
5.1
8.7

0.33
0.21

9.2
0.0024
0.0019

11
3.5

4.6E+62
4.7E+06

4.3E+166
2.4E+21

5.7
9.9
5.9

0.58
0.72
0.52

on yearly adult diet
intake

r show assumption of instantaneous ingestion to be

20 d delay
0.63

1.4
0.49
0.37
0.16

1.1
1.2

0.97
3.9
8.7

0.27
0.22

0.063
0.0013
0.0014

3.9
0.64
0.69
0.57
0.81
0.65

5.5
3.4
5.9

0.31
0.47
0.50

; unrealistic



CSA/RG ratios for 14C in pasture and vegetables are also
different even though the specific activity model is used in both
models. RG has the same 14C concentrations in pasture as in
vegetables because all plants are assumed to have 110 g of carbon
per kilogram of plant. In contrast/ CSA assumes a carbon content
of 60 g kg"1 vegetable and 440 g kg"1 pasture dry weight
(equivalent to 88 g if fresh weight). Thus the CSA/RG ratio is
slightly higher for pasture than for vegetables. CSA
concentrations are lower than RG's because of the assumptions of
lower carbon content in fresh weight plants.

In Table 3, concentrations are compared also for milk, beef and
"meat" based on weighted averages of meat concentrations from an
adult diet. A small contribution to concentration in CSA comes
from the inhalation pathway to animals, which is not included in
RG.

The CSA/RG ratio for milk averages about 1.0 with about half of
the ratios less than 1.0. Since the intake of cows is
essentially the same in both models (10 kg dw in CSA and 50 kg fw
in RG) most of the difference in milk concentrations can be
traced to the lower concentrations found in CSA forage which are
not offset by the generally higher forage to milk transfer
factors (Fm)in CSA or perhaps are made lower by CSA/RG Fm ratios
of less than 1. In both models, both tritium and 14C are
calculated using Fm. For tritium, due to the conceptual error in
CSA, the cow will ingest 10 kg of dry weight hay with a
concentration calculated on the basis of fresh weight. This
either overestimates the amount of tritium ingested (i.e., if the
hay is dry and free of HTO) or underestimates the amount of
tritium ingested by a factor of five (50 kg fresh weight is the
equivalent of 10 kg dry weight). Conservatively assuming a fresh
weight diet, the CSA/RG ratio for concentration in milk should be
1.9.

The "meat" in RG is supposed to include a diet of meat
(unspecified) and poultry, but, the forage to meat transfer
factors (Ff) used in RG are more similar to the values used in
CSA for beef than they are for the pork, poultry or egg Ff values
in CSA. Thus the CSA results (with delays to ingestion) are
compared just for beef and for a weighted meat, as mentioned
above. For the beef comparison, most ratios are within a factor
of 4 except for 103Ru, 10SRu and 140Ba, which are extremely low. If
the differences in pasture concentrations were considered, the
CSA value would rise by a factor of two, improving the
underpredictions and raising the overpredictions. On average,
when CSA weighted meat is compared with RG meat, the ratio rises
by nearly a factor of two, and the 140Ba CSA value then falls
within a factor of three of the RG value. The rutheniums remain



a problem due to the very low Ff for ruthenium in CSA (0.002 d
kg"1 beef) compared with RG (0.4 d kg"1 meat).

Comparison of total diets: CSA/RG ratios are shown in Table 4
for adult and infant. Values compared are for the RG maximal
adult diet or milk infant diet, the CSA diet used in RG, the CSA
diet in CSA without delay corrections and the CSA diet in CSA
with losses due to delays included. The contribution of each
radionuclide to adult and infant CSA diets is remarkably similar
(within a factor of 2) for CSA and RG. The CSA diet contributes
slightly more Becquerels per annum per unit release than does RG
because of higher vegetable concentrations than found in RG,
which compensate for comparatively lower concentrations in milk
and meat. This is true for the infant (CSA diet) too. CSA/RG
ratios would be much greater for 51Cr and 95Zr if the CSA diet had
included contributions from pork, poultry and eggs not calculated
in CSA; similarly, CSA/RG ratios for 95Nb, 99Mo, 132Te, and 140Ba
would be somewhat higher if the dietary contribution from pork
were calculated in CSA, which it is not. For both adult and
infant, the very low 103Ru and 10SRu ratios in the diet are
accounted for by extraordinarily low concentrations in meat in
CSA. Zinc-65 activity in infant's diets is low because of low
concentrations of 65Zn in milk (due to a low Fm) relative to RG.
Niobium-95 is a bit low in CSA for the adult diet due to low
concentrations in poultry and eggs.

The all milk diet in RG for infants creates some very high CSA/RG
ratios, since many radionuclides are not easily transferred to
milk compared with other food stuffs. In RG, milk always has the
lowest concentration of vegetables, milk and meat. For CSA on
average, it ranks 7 out of 9 foodstuffs, and, on average, has a
similar concentration to that calculated in RG. For example, in
both RG and CSA, very little ruthenium is concentrated in milk.
In a total CSA infant diet, between the vegetables and meat,
however, there is a lot of ruthenium concentrated, relatively.
Thus for annual diet, the CSA/RG-with-milk-diet ratio is 5900 for
106Ru, while the CSA/RG-with-CSA-diet ratio is only 0.12 due to
the higher meat concentrations in NUREG compared with CSA.

Quantities of tritium and 14C in diets of adults and infants are
essentially the same for the two models.

Ingestion Doses: CSA/RG ratios are shown in Table 5 for adults
and infants respectively. All comparisons are based on the use
of the CSA diet in both models with delays to ingestion accounted
for. For the critical organ comparisons, the highest doses from
each model are compared with each other, regardless of whether
the dose is highest by being the only dose (i.e., the effective
dose in CSA when there is no critical organ). Also, a set of



Table 4
CSA/RG Ratios for Annual Diet for Adult and Infant

ADULT INFANT
Nuclide

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Default
diet

0.48
0.49
0.91
0.93
0.61
0.96
0.92
0.38

1.0
1.1

0.61
0.37
0.65
0.12
0.09
1.1

0.74
1.2E+03

1.7
1.9E+08

10.
0.84
0.82
0.83

1.0
0.99
0.98

CSA diet

0.84
0.80
1.7
1.7

0.88
1.6
1.5

0.62
1.9
2.0

0.88
0.44

1.2
0.13
0.11

2.1
1.4

2.2E+03
3.1

3.6E+08
19.
1.5
1.5
1.5
1.9
1.8
1.8

Decay corrected

Default CSA diet
diet

0.48
0.49
0.88
0.92
0.58
0.92
0.92
0.37
0.98

1.1
0.60
0.32
0.49
0.11
0.09
0.90
0.66
0.74
0.69
0.75
0.74
0.84
0.68
0.83
0.94
0.96
0.98

0.84
0.80

1.6
1.7

0.83
1.5
1.5

0.60
1.8
2.0

0.86
0.38
0.90
0.13
0.11

1.7
1.2
1.4
1.3
1.4
1.4
1.5
1.2
1.5
1.7
1.8
1.8

Nuclide

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Milk diet

1.2
1.3
4.7
24
5.4
7.8
8.1

0.30
8.0
9.8

1.2E+03
6.5

0.57
5.7E+03
5.9E+03
1.6E+02

1.9
3.2E+06

7.8
8.5E+16
2.3E+02

0.92
0.97
0.93

28
57
61

CSA diet

0.84
0.90

1.8
2.1

0.96
1.8
1.7

0.37
2.2
2.3
1.0

0.59
0.67
0.16
0.12

2.7
1.4

3.4E+03
3.6

5.8E+08
26
1.0
1.0
1.0
2.3
2.3
2.3

Decay corrected

Milk diet CSA diet

1.2
1.3
4.6
23

5.2
7.6
8.1

0.30
7.9
9.8

1.2E+03
5.8

0.43
5.6E+03
5.9E+03
1.3E+02

1.7
1.7E+03

3.0
2.6E+0S

15
0.92
0.80
0.93

26
56
61

0.84
0.90
1.7
2.1

0.92
1.7
1.7

0.36
2.1
2.3
1.0

0.53
0.51
0.15
0.12

2.2
1.2
1.8
1.4
1.8
1.7
1.0

0.84
1.0
2.2
2.2
2.3



Table 5
CSA/RG Ratios of Ingestion Dose for Adults

Nuclide

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Total

0.60
2.7
75

4.7
1.4
4.7
20
1.3
1.9

0.13
4.3E+2
1.1 E+3

5.7
4.5
8.3
11
15

3.5
14
1.6
6.1

0.91
0.78

1.1
12

7.1 E+3
1.5E+3

ADULT
Bodv

CRL DCF

0.54
3.0
87

5.2
1.4
2.5
3.9
1.3
2.0

0.11
4.6E+2
4.4E+2

2.5
4.5
7.9
10
29
7.9
27

5.5
11

0.86
NA

0.99
13

6.5E+3
1.3E+3

Critical

0.60
0.54
0.30
0.29
0.16
0.52
2.3

0.58
0.05
0.35

1.6
2.4
4.7

0.02
0.02
5.4
32

0.93
33

0.69
1.0

0.74
0.56
0.70
4.0
2.4
2.7

Oraan*
CRL DCF

0.54
0.60

2.6
1.0

0.76
1.2
1.8

0.73
0.46
0.37

14
6.3
10

0.15
0.16

1.1E+02
38

0.95
40

0.58
1.1

0.85
NA

0.75
4.3
2.4
2.7

Nuclide

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Total

0.58
1.1
31
1.5

0.72
2.7
8.9

0.46
2.0

0.44
1.3E+2
1.1 E+3

1.0
1.1
2.3
17
21

5.5
18

7.7
10

0.89
0.50
1.2
2.6

1.6E+3
4.0E+2

INFANT
Bodv

CRL DCF

0.48
1.1

1.0E+2
5.4

2.08
3.2
6.7

0.73
2.0

0.13
6.0E+2
6.3E+2

0.97
5.2
7.4
13
43
13
43
7.7
21

0.84
NA

1.0
16

7.5E+3
2.0E+3

Critical

0.58
0.22
1.1

0.34
0.28
2.7
8.8

0.21
0.056
0.11
0.18

11
0.13

0.031
0.04

72
0.92
1.20
0.97

1.1
1.3

0.090
0.19
0.09
0.13
0.37
0.39

Orqan*
CRL DCF

0.48
0.22

28
3.4
3.1
14
14

0.38
0.44
0.61

7.3
3.0

0.79
1.3
1.2
69
1.1
1.5
1.3

0.90
1.7

0.079
NA

0.07
8.4
20
23

Numbers in bold are the comparisons of critical organ to critical organ; all other comparisons are CSA effective dose/RG dose to critical
organ.



revised CSA predictions using updated DCFs (8) compiled for newly-
calculated DRLs at Chalk River (9) are compared with RG.

For adult effective dose, the CSA/CRL predictions are always
higher than or equal to RG's with the exception of tritium, 90Sr,
134Cs and 137Cs. Doses from 51Cr, 60Co, 95Zr, 95Nb, 141Ce and 144Ce are
greater (sometimes by an enormous amount) by at least a factor of
20. For dose to a critical organ for an adult, when the CSA
value is based on a DCF for effective dose, the CSA predictions
are low (very low in the case of 89Sr, 103Ru and 106Ru) or not
significantly higher than RG's. When critical organ doses are
compared for adults, CSA doses are either equal to or higher than
RG's except for 90Sr (0.35), 132I (0.93) and 134I (0.69). For the
comparison of critical doses for adults with updated DCFs for
CSA, the results are evenly divided between CSA/RG ratios greater
than and less than one.

For infants, for the CSA diet, the trend in effective doses is
quite similar to that for adults. In a critical organ to
critical organ comparison for radioiodines, the CSA/RG ratio is
about one. When CSA predictions with new DCFs are compared with
RG's, most notable are the very low CSA/RG ratios for the cesiums
and the higher ratios for the ceriums.

For tritium, the total body and critical organ doses for adults
and infants for CSA are lower than RG's, and the new DCFs lower
them a little more, to about half. For 14C, the CSA effective
doses for adults and infants are higher than RG's, but CSA doses
to critical organ are lower than RG's. The new DCFs raise the
dose to critical organ for an adult predicted by CSA to 60% that
of RG but leave the predicted infant dose to critical organ at
22%, suggesting that the RG critical organ doses are obsolete.

One major difference between CSA and RG which impacts on
ingestion doses is that RG has different DCFs for all critical
organs considered, with the exception of tritium where all organs
have the same DCF as the total body. Since DCFs to critical
organs are higher than DCFs to whole body, the doses to critical
organs in RG will invariably be higher than those calculated for
total body in CSA (The DCFs for total body in CSA are mostly
comparable to or higher than RG's). When DCFs for critical
organs are specified in CSA, the organ doses are comparable to
RG. The updated DCFs used in CSA are for a complete set of
critical organs, and consequently the CSA-CRL/RG ratios are
higher than the CSA/RG ratios for doses to critical organs for
80% of the radionuclides.

In a model intercomparison, there can be no right or wrong
answers. From experience gained from model testing (10, 11) two
similar models with similar assumptions would be expected to



produce similar results, certainly within a factor of V- 3. The
reasons for large deviations from this factor should be examined.
Each model has some conservativeness built in: for RG, it is the
maximal diet, while for CSA, it is having no delay times to
ingestion. Both models employ sets of transfer parameters that
are believed to be conservative (hence much of the similarity).
Only those doses that differ significantly are cause for concern
and should prompt an investigation of both models. Extreme
differences between the two models' dose predictions can be
explained primarily on the basis of differences in DCFs coupled
with smaller differences in dietary contributions.

Inhalation Pathways

The equations for modelling dose from inhalation are essentially
the same in CSA and RG, since, although CSA has an occupancy
factor not found in RG, the default value is 1. Breathing rates
for adults are slightly different: CSA1 s is 8400 m3 a"1, and RG's
is 8000 m3 a"1. For infants the breathing rates are identical:
1400 m3 a"1.

CSA/RG and CRL/RG ratios of inhalation doses are shown in Table
6. As with the ingestion dose comparison, effective doses from
CSA and RG are compared, doses to critical organs for the two
models are compared (in bold) or the effective dose of CSA is
compared with the dose to critical organ of RG, and the CSA dose
based on updated DCFs (CRL) is compared with RG for both
effective and organ doses. Since there is so little difference
in the inhalation models, the differences in results are
dominated by the DCFs. The CSA effective doses are usually
higher than RG's, while doses to critical organs calculated with
the updated DCFs are almost always lower than RG's, and none are
significantly higher.

The CSA/RG ratios for 14C inhalation doses for both adult and
infant for effective and critical organ doses are alarmingly
small, but since ratios calculated from the updated DCFs are
still tiny (although about twice as large as the CSA/RG ratio),
one might assume that RG's DCFs are the ones that should be
reexamined.

External Dose Pathways

Each model calculates dose from external deposition by
multiplying the deposition on the ground at steady state by a
series of parameter values describing default conditions.



Table 6
CSA/RG and CRL/RG Ratios for Inhalation Doses for Adults and Infants

ADULT INFANT
Nuclide

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Total

CSA/RG

1.0
0.047

31
9.9
11
53

1.5E+2
3.8
46

2.1
10
13

1.4E+3
1.3E+2
5.3E+2
4.0E+2

17
3.5
15
1.6
6.2

0.41
0.42
0.50

19
57
20

body

CRL/RG

1.8
0.058

12
7.9
11
32
65
1.9
28

0.82
7.9
13

1.3E+3
1.4E+2
2.4E+2
3.5E+2

11
2.5
10

2.3
3.9

0.28
NA

0.35
32
77

9.0

Critical

CSA/RG

1.0
0.0089

0.22
0.044
0.11
0.12
0.37
0.21
0.29
0.17

1.7
0.11
0.13
0.17
0.50
3.0
1.0

0.92
1.0

0.69
1.0

0.83
0.83
0.83
0.83
0.83
0.83

organ*

CRL/RG

1.8
0.011

1.2
0.14
0.43
0.54

1.8
0.8
1.8

0.91
0.71
0.51
0.69

1.0
3.3
80

0.70
0.44
0.63
0.27
0.53
0.51

NA
0.47
0.11

1.5
3.2

Nuclide

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Total

CSA/RG

0.9
0.015

22
3.2
8.2
27
79
2.2
28
3.8
9.4
8.1

7.5E+2
84

2.6E+2
3.8E+2

23
4.1
18

0.58
7.9

0.61
0.42
0.83
7.9
34
13

body

CRL/RG

1.5
0.018

12
6.6
7.1
22
41
2.0
14

0.80
4.9
8.2

7.5E+2
76

1.1 E+2
2.8E+2

19
4.0
17

0.29
6.9

0.51
NA

0.83
14
31

5.3

Critical

CSA/RG

0.93
0.0029

0.15
0.016
0.077
0.063
0.21
0.10
0.16
0.17

2.2
0.76
0.18
0.10
0.25
5.2
1.0

0.89
0.91
0.80

1.0
0.064
0.17

0.062
0.014
0.13
0.23

organ*

CRL/RG

1.5
0.0035

1.3
0.13
0.41
0.52

1.6
0.70

1.5
1.2

0.71
0.49

1.5
0.93

2.9
8.9

0.77
0.49
0.66
0.31
0.58

0.081
NA

0.093
0.094

1.1
2.6

Numbers in bold are the comparisons of critical organ to critical organ; all other comparisons called "critical organ" are CSA effective
dose/RG dose to critical organ



Steady-state deposition (Bq irf2) of CSA and RG is compared in
Table 7. CSA deposition is about 16% that of RG (except for
iodine) unless the radiological half-life of the nuclide is long
(> 5 years), in which case the CSA/RG ratio is larger due to the
"infinite" time of accumulation in CSA compared with the 15 year
accumulation half-life in RG. The CSA/RG ratio for the iodines
is about 0.31 because of higher deposition in CSA due to
inclusion of particulate iodine. Deposition to ground for tritium
and 14C, although calculated, is not needed for any calculations
in the ingestion pathway, since specific activity models are
used, or for the external dose pathway, since neither nuclide
contributes to effective or skin doses.

CSA/RG ratios for external doses are also compared in Table 7.
The CSA/RG ratios for effective external doses are slightly less
than the ratios for deposition (except for 132Te and 140Ba, which
have very high CSA/RG ratios for DCF) even though the CSA has
higher DCFs. The contribution to dose of low deposition in CSA
is further reduced by the occupancy factor (0.2), dose reduction
factor due to non-uniformity of surface (0.7) and shielding

factor (i.e., fraction of outdoor dose received indoors)(0 for 3
and 0.4 for y)relative to RG (1.0, none and 0.7 for both P and y
respectively), but these are mostly compensated by the CSA's
higher DCFs. When the CRL/RG ratios for effective external dose
are compared to CSA/RG ratios, there is little difference except
for 95Zr, 106Ru and 144Ce which are a factor of two or more higher
for CRL/RG due to revised DCFs.

For skin dose from external deposition, the effect of the larger
CSA/RG for DCFs for external skin dose are reflected in the
CSA/RG ratio, for these ratios are higher, sometimes much higher
than the ratios for effective dose, and some are greater than
one. The large difference in 89Sr is due to an extremely small
DCF for skin in RG. In general, the CRL/RG ratios are
consistently higher than CSA/RG ratios due to revised DCFs, and
half are greater than one.

Immersion Pathways

In RG, the only immersion doses calculated are those from noble
gases, whereas in CSA, immersion doses from all radionuclides are
calculated. CSA has an occupancy factor (fraction of time an
individual spends outside exposed to the plume) of 0.2, while the
assumption in NUREG is an occupancy factor of 1. CSA uses a
shielding factor of 0.9 for y and 1.0 for P, while RG's shielding
factor is 0.7 for the maximally exposed individual (compared
here) and 0.5 for a member of the general population.



Table 7
CSA/RG and CRL/RG Ratios for Deposition and External Doses

H-3
C-14
Cr-51
Mn-54
Fe-59
Co-58
Co-60
Zn-65
Sr-89
Sr-90
Zr-95
Nb-95
Mo-99
Ru-103
Ru-106
Te-132
1-131
1-132
1-133
1-134
1-135
Cs-134
Cs-136
Cs-137
Ba-140
Ce-141
Ce-144

Deposition
CSA/RG

0.25
1.5

0.16
0.16
0.16
0.16
0.18
0.16
0.16
0.41
0.16
0.16
0.16
0.16
0.16
0.16
0.31
0.31
0.31
0.31
0.31
0.16
0.16
0.43
0.16
0.16
0.16

External Dose: Effective
CSA/RG

0.15
0.13
0.13
0.13
0.14
0.13

0.14
0.15
0.16
0.13
0.13

1.5
0.27
0.25
0.31
0.30
0.22
0.12
0.14
0.37

1.2
0.15
0.15

CRL/RG

0.14
0.13
0.14
0.14
0.15
0.13

NC
NC

0.29
0.15
0.18
0.13
0.25

1.5
0.28
0.26
0.35
0.32
0.24
0.13

NA
0.37

1.2
0.18
0.68

External Dose
CSA/RG

0.17
0.16
0.15
0.16
0.16
0.15

4453
1.4

0.17
0.17
2.0

0.16
8.7
4.4

0.40
0.80
2.2
1.1

0.74
0.17
0.17

1.1
5.2

0.24
38

: Skin
CRL/RG

0.16
0.15
0.29
0.20
0.21
0.16
6607

2.1
0.54
0.17
3.7

0.28
9.7
6.5
2.0

. 1.2
3.8
1.5
1.2

0.33
NA

2.6
7.8
3.4
46

In order to use the semi-infinite cloud model and appropriate
dose conversion factors, it was assumed that the air
concentration at 1000 m was uniform over the attenuation distance
of each radionuclide. The conditions to use the semi-infinite
cloud model in both NUREG (release height less than 80 m) and CSA
(release height less than 50 m, distance from release 1 km or
greater) were met.

The effective argon doses per concentration in air are very
close, even though the parameter values and approaches are
different (Table 8). CSA skin doses from immersion are just
slightly higher than RG's, except for 88Kr which is higher by a
factor of three due to a skin dose conversion factor that is
eighteen times higher than RG's. Using the slightly revised DCFs
from CRL makes little difference between the CSA/RG and CRL/RG
ratios (e.g., the CRL value of 88Kr is still sixteen times higher
than RG's).



Table 8
CSA/RG and CRL/RG Ratios for Immersion Dose

Immersion Dose: Effective Immersion Dose: Skin
Nuclide CSA/RG CRL/RG CSA/RG CRL/RG
Ar-41
K-85m
Kr-87
Kr-88
Xe-133
Xe-135

1.0
0.95

1.0
1.4

0.81
0.94

0.81
1.0
1.1
1.4

0.89
1.0

1.3
1.1
1.2
3.1

0.99
1.1

1.3
1.1
1.2
2.8
1.1
1.2

SUMMARY AND CONCLUSIONS

The differences that exist between RG and CSA depend strongly on
the assumptions made for an assessment. Structural differences
are negligible. In this paper, when comparisons were made
between the models as they could be run in an assessment/ many of
the options which make RG adaptable to different situations were
not selected. Certainly, implementation of any of these options
will result in doses even lower than those calculated here for
comparison with CSA. Thus large differences may seem to exist
between the two models, but they are mostly due to different
assumptions employed in the assessment. Once the diets and delays
to ingestion have been normalized between RG and CSA, the only
other significant differences are due to the use of different
parameter values. Most of the differences in parameter values
are due to different dose conversion factors, and the use of the
latest values in both models will correct these discrepancies.
In addition, once the uncertainty in the calculations and
parameter values is taken into account, a difference of a factor
of two between CSA and RG will be shown to be unimportant since
the 95% confidence interval on an ingestion dose might be
expected to be at least a factor of five.

The five most important doses (Sv a"1), whether effective or to a
critical organ, calculated with realistic source terms are
compared for CSA and RG in Table 9. Ingestion doses are
dominated by 14C for both RG and CSA because of the conservative
assumptions of the scenario description: that all food is grown
1000 m from the stack. Changing a very few assumptions about
diet will easily reduce ingestion doses. For example, if one
assumes that 100% of the vegetables are grown 1000 m from the
stack but that none of the animal produce is contaminated, the
14C ingestion dose to an adult will be reduced to one-fourth in
the CSA model. When revised DCFs, such as in CRL, are used in CSA
and RG, RG's 14C doses will drop more in line with CSA's. Also,



once the conceptual mistake for tritium in CSA is corrected
(i.e., when more tritium is passed from forage to animals), the
ingestion dose from tritium will rise and become quite comparable
with RG's.

Tritium dominates inhalation dose predictions for both RG and CSA
because of the amount released from CANDU reactors. Inhalation
doses can be reduced by introducing a more realistic occupancy
factor of less than one.

External doses may be higher than reported here by about a factor
of three (the difference between the emission data estimated for
these calculations and the average particulate emissions reported
per CANDU unit). Nevertheless, they are low enough that they add
little to overall dose.

Table 9
Top Five Ranked Doses (Sv per Annum) from RG and CSA Using Source

Term Data from Table 1

RG
C-14
H-3
Sr-90
Ru-106
Cs-137

Adult Ingestion
CSA

2.1 E-6 C-14
1.8E-6 H-3
8.4E-8 1-131
1.8E-8 Sr-90
8.1 E-9 Cs-137

1.2E-6
1.0E-6
7.2E-8
3.0E-8
5.7E-9

RG
C-14
H-3
1-131
Sr-90
Cs-137

Infant Ingestion

9.7E-6
2.7E-6
3.1 E-7
8.1 E-8
3.3E-8

CSA
C-14
H-3
1-131
Nb-95
Sr-90

2.2E-6
1.6E-6
2.9E-7
9.8E-9
9.1 E-9

RG
H-3
C-14
Sr-90
1-131
1-133

Adult Inhalation
CSA

1.3E-6 H-3
3.7E-8 1-131
1.0E-9 C-14

5.4E-10 1-133
2.0E-10 Sr-90

1.3E-6
5.2E-10
3.3E-10
1.9E-10
1.7E-10

RG
H-3
C-14
1-131
Sr-90
1-133

Infant Inhalation
CSA

6.6E-7 H-3
5.5E-8 1-131

6.7E-10 1-133
4.2E-10 C-14
3.2E-10 Sr-90

6.1 E-7
6.8E-10
2.9E-10
1.6E-10
1.0E-10

RG
External

CSA RG
Immersion

CSA
Cs-137
Sr-90
Cs-134
Co-60
Mn-54

8.9E-9
3.9E-9
2.1 E-9
1.6E-9

3.0E-10

Cs-137
Sr-90
Ce-144
Ru-106
Cs-134

9.9E-9
5.4E-9

5.9E-10
5.5E-10
3.6E-10

Kr-88
Xe-133
Xe-135
Ar-41
Kr-87

5.5E-7
3.2E-7
3.0E-7
2.1 E-7
2.0E-7

Kr-88
Xe-135
Xe-133
Ar-41
Kr-87

1.7E-6
3.3E-7
3.1 E-7
2.7E-7
2.3E-7



Differences in doses from noble gases are slight, with the
exception of 88Kr with a skin dose three times higher in CSA than
in RG. Immersion dose from all noble gases in general can be
reduced by the use of more realistic parameter values for
shielding and outdoor occupancy.

When intercomparing two models, there can be no "right" or
"wrong" , "good" or "bad" answer. When models agree, it is hoped
that the agreement is based on sound scientific evidence; if they
disagree, the reasons for the disagreements should be found.
This paper has drawn attention to important differences between
CSA and RG which should be resolved. Some answers may be found
in more up-to-date parameter values and in correcting some
errors, but testing the models with independent data sets will be
the only way to resolve which model produces predictions closest
to what was measured in a real situation, using site-specific
data in the models.
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ESTABLISHING CREDIBILITY IN THE ENVIRONMENTAL MODELS USED FOR
SAFETY AND LICENSING CALCULATIONS IN THE NUCLEAR INDUSTRY
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INTRODUCTION

Models that simulate the transport and behaviour of radionuclides in the environment are
used extensively in the nuclear industry for safety and licensing purposes. They are needed
to calculate derived release limits for new and operating facilities, to estimate consequences
following hypothetical accidents and to help manage a real emergency. But predictions
generated for these purposes are essentially meaningless unless they are accompanied by a
quantitative estimate of the confidence that can be placed in them. For example, in an
emergency where there has been an accidental release of radioactivity to the atmosphere,
decisions based on a validated model with small uncertainties would likely be very different
from those based on an untested model, or on one with large uncertainties.

This paper begins with a discussion of some general methods for establishing the credibility
of model predictions. The focus will be on environmental transport models but the
principles apply to models of all kinds. Experience in international model intercomparison
programs such as BIOMOVS (Biospheric Model Validation Study (1)), VAMP (Validation
of Model Predictions (2)) and BIOMOVS II (Phase II of BIOMOVS (3)) suggests that,
although modelers know what they should do in the area of validation and uncertainty, they
do not always do it. Establishing the credibility of a model is not a trivial task. It involves
a number of tasks including face validation, verification, experimental validation and
sensitivity and uncertainty analyses (4). Each of these tasks is inherently subjective in
nature and must be addressed carefully if meaningful results are to be obtained. Each will
be discussed in turn below. The work currently underway in the Canadian nuclear
industry to validate safety assessment codes is using many of these tools.

The remainder of the paper will present quantitative results relating to the credibility of
environmental transport models. Model formulation, choice of parameter values and the
influence of the user will all be discussed as sources of uncertainty in predictions. The
magnitude of uncertainties that must be expected in various applications of the models will
be presented. The examples used throughout the paper are drawn largely from recent
work carried out in BIOMOVS and VAMP.



FACE VALIDATION

A model possesses face validity if it and its parameter values are accepted by experts as
being reasonable in the light of current scientific knowledge and practice. (This definition
and others to follow are working definitions for use in this paper and are not offered as
universal.) To demonstrate face validity, it is necessary to evaluate the assumptions made
in developing the model, the processes included in it and how they are formulated
mathematically. It must be shown that each of these components is treated appropriately,
taking into account the purpose of the model and prevailing levels of understanding. This
can be achieved in a number of ways. Initial construction of the model can be based upon
scenario analysis, in which the features, events and processes that should be included are
identified through a formal, structured procedure (5). The model can be shown to be
consistent with ideas in the recent literature and with approaches taken by other groups
working on the same types of problems. Its formulation and predictions can be compared
with those of similar models through participation in international programs such as
BIOMOVS and VAMP. Finally, it can be subjected to peer review through publication in
the open literature. A model that performs well in each of these evaluation procedures can
claim the credibility that attaches to scientific consensus.

VERIFICATION

Verification is the process of demonstrating that the equations representing the conceptual
model are correctly coded and solved in the computer program. A verified code is not
necessarily a good representation of reality, but is one that is working as its designer
intended it to work. There are many ways to verify a computer code:

• Use a structured approach to code development, from task specification through code
design to the coding itself. Use object-oriented programming techniques and modular
structure in the coding.

• Use computer-aided software engineering to help design, generate, maintain and
document codes (6). Use computer-aided tools such as unit checks to enhance quality
assurance.

• Conduct code walkthroughs, examining each line in turn for errors.

• Compare the predictions of the code against known solutions and against the
predictions of other codes.

• Ensure that the people involved in the development of the code are suitably trained.
Use independent people in the verification phase, and challenge them to find errors.

• Thoroughly document all aspects of code development, changes, testing and use.



SENSITIVITY ANALYSIS

Sensitivity analysis quantifies the change in model output due to changes in the values of
the input parameters, and ranks the parameters to which the model is most sensitive. It can
increase understanding of a model by revealing the relationship between its parameters and
its predictions, and by providing the opportunity to examine its behaviour under a variety
of conditions. Confidence in the model is increased if it responds to changes in parameter
values as expected on an intuitive basis and if good data are readily available for the most
sensitive parameters. Sensitivity analysis can also aid in setting priorities for future
development of the model. Work can focus on the sensitive processes and parameters,
allowing improvements to be achieved with a minimum of resources and effort.

The results of a sensitivity analysis can depend very strongly on the model endpoint. For
example, Table 1 shows the sensitivity of the function Z = exp(-H2/2az

2)/cz, to which air
concentrations are proportional in the Gaussian plume model of atmospheric dispersion.
Here H is the release height and oz is a measure of the vertical spread of the plume at a
given downwind distance. Close to the release point, the lower edge of the plume just
reaches the ground and a small change in az produces a very large change in Z as the
exponential term increases rapidly. In contrast, at a downwind distance of 750 m, Z goes
through a maximum and changes in azhave little influence on its magnitude. Therefore az

must be very precisely known in order to predict ground-level concentrations close to the
source, but can be quite uncertain at greater downwind distances and still produce a good
level of accuracy in the predicted concentration.

Table 1
Sensitivity of the Function Z = exp(-H2/2az

2)/czto a 50% Increase in az

for H = 50 m and Neutral Atmospheric Stability

Downwind Distance (m)

200
750

Change in Z

a factor of 3 4
10%

EXPERIMENTAL VALIDATION

Validation is the quantitative testing of model performance by comparing predictions with
independent observations. The model should be tested only for the conditions in which it is
meant to apply. The testing should be done at intermediate points in the calculations, as
well as at the final endpoints, to check for the possibility of compensatory errors.



The process of comparing predictions and observations can be done either graphically or
statistically (7). Graphical analysis is recommended in all validation exercises, as it
provides a quick visual picture of the relationship between predictions and observations,
especially if error bars are included. It is particularly useful when time series are involved,
as it reveals at a glance whether the dynamics of the model and the data are the same. In
addition, graphical analysis is usually fairly reliable in distinguishing between the
performance of different models. But even if no formal statistical tests are applied,
comparisons between predictions and observations should be quantitative. Statements
such as "the predictions agree well with observations" are essentially meaningless and
should be replaced, for example, with an estimate of the fraction of the results that are
within a factor of two of the observations.

Statistical tests are required for drawing specific conclusions about the agreement between
predictions and observations. But care must be taken in applying such procedures since
statistical analysis is not well developed for the type of output produced by environmental
transport models. Model predictions are usually not independent, normally distributed or
drawn randomly from populations, and so violate the basic assumptions of many statistical
tests. However, statistics can be useful for answering certain types of questions. For
example, analysis of variance (8) can establish if the predictions of one model agree with
those of another. Cluster analysis and principal component analysis (9) can help to identify
similarities between models, and to determine if those similarities can be ascribed to
specific model features. Measures such as normalized root mean square error (10) and
mean fractional error (11) can show if one model performs better than another in
reproducing a given data set, although they leave unanswered the question of whether the
level of agreement between predictions and observations is adequate. When statistical tests
are used, care must be taken to distinguish practical significance from statistical
significance. Very small differences between two sets of predictions can cause one to fail a
test in the statistical sense and the other to pass when the two sets are essentially identical
on a practical level. Moreover, conclusions about model performance should never be
drawn from statistical tests alone but should be based on the use of all tools available for
establishing model credibility.

In any validation study, attention should be given to the observations as well as to the
predictions. The two must be consistent for the comparison to be meaningful.
Furthermore, where they disagree, the fault should not automatically be assumed to lie with
the predictions. Experimental observations can be in error for many reasons, including the
collection, preparation and analysis of the environmental samples. Cases arose in both
BIOMOVS (12) and BIOMOVS II (13) in which the reasons for differences between
predictions and observations could be traced to errors in the observations.



UNCERTAINTY ANALYSIS

Uncertainty analysis provides a quantitative statement of the range of model predictions
that results from uncertainties in model structure or parameter values (14,15,16). The
importance of uncertainties in establishing model credibility cannot be overstated. They
make validation possible by providing a measure against which to decide if differences
between predictions and observations are significant. The range of applicability of a model
can be defined as the domain in which uncertainties are acceptably small. Finally, the
magnitude of the uncertainties often affects the decisions that are based on the predictions
of the model.

Some of these concepts can be made more concrete by considering the comparison of
hypothetical predictions and observations shown in Figure 1. Most radioecologists would

Figure 1
Hypothetical Observations and Predictions of Radionuclide Concentration

as a Function of Time
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likely be impressed with the evident level of agreement demonstrated in this figure. But
there is in fact no agreement in the normal sense of the word since at no point in time are
the predictions and observation numerically equal. Apparently, agreement in the context of
validation allows for some degree of difference, which is quantified by the uncertainty
estimates. The impression of good agreement in Figure 1 would be warranted if the data
pertained to the loss of activity over time from an environmental compartment such as the
soil following a deposition event. Past experience with situations of this sort suggests that
the expected uncertainties would be much larger than the differences in the figure, implying
that the model is performing well. But if instead the data describe the radioactive decay of
a particular nuclide, the level of agreement is not so impressive. The uncertainties in this
case should be less than the differences between predictions and observations shown in the
figure, and the model would be judged inadequate. Thus two diametrically opposite
interpretations of Figure 1 can be made depending on the uncertainties assigned to the
predictions. Conclusions regarding model performance cannot be drawn without taking
uncertainties into account.

Uncertainty in model predictions can arise from many sources, the most common being
parameter values, model conceptualization and formulation, and user interpretation. These
sources will be discussed in turn below. Uncertainty analysis can help to identify the main
sources of uncertainty and so point the way to priorities for future research.

Parameter Uncertainty

The parameter values used in a given model may be uncertain for a number of reasons.
Observations on which to base the values may be scarce, and invariably will contain
measurement errors. Data derived from laboratory experiments may be quite different
from values that are appropriate in the field. Empirical parameters may be used outside of
their range of applicability. Spatial and temporal averaging may not be consistent with
model objectives. Lumped parameters that represent the net effect of several processes
may not describe those processes well.

The propagation of parameter uncertainties through a model is usually done by Monte
Carlo analysis. Each variable parameter is first assigned a probability density function
(PDF) that reflects the degree of belief that the parameter will take on given values within
its range. The model is then run a large number of times, with a different set of parameter
values chosen each time by random or stratified sampling from the PDFs. Uncertainties in
the predictions are determined from the distribution of outputs. These techniques are well
known and will not be discussed further here, except to point out that specification of the
PDFs is the critical step. Very rarely are there enough data to derive the PDFs objectively
and it is usually necessary to resort to subjective assignments. In this case it is vital that the
distributions be set by consensus. Formal expert elicitation, which is expensive and time-
consuming, is normally not required, but informal input from a number of experts will help
to avoid the bias that a single individual inevitably brings to the process. To illustrate this,
Figure 2 shows the distributions chosen by seven different modelers, each working alone,



for the "Tc soil solid/liquid partition coefficient (K4) in the BIOMOVS B2 scenario
(Irrigation with contaminated groundwater (17)). Although each participant had access to
the same database, their best-estimate values extended over four orders of magnitude and
the uncertainty ranges varied from one to four orders of magnitude. Had the participants
been able to meet and discuss this parameter, it is likely they would have agree on
intermediate values, and reduced the substantial variability that the original range induced
in the predicted "Tc concentrations in soil.

Figure 2
d Values and Uncertainty Ranges for "Tc Adopted by Participants in the
BIOMOVS B2 Scenario (Irrigation with Contaminated Groundwater)
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Model Uncertainty

The simplifications inherent in all models lead to uncertainties in their predictions. These
may arise because it is not clear what processes are operating in the system, or because the
processes are too poorly understood or too complex to be modeled adequately. Most
models cannot account for the large natural spatial and temporal variability found in the
environment.



It is generally difficult to quantify the uncertainty in a conceptual model or in its
mathematical representation. The exception is the case in which more than one process
may be responsible for a given consequence. For example, it is not clear whether the
formation of organically-bound tritium (OBT) in plants at night is due to residual
photosynthetic processes or to other chemical reactions. In such a case both processes are
coded into the model and a new binary parameter Pb defined that implements one or the
other depending upon its value. The model is run a large number of times as in an ordinary
uncertainty analysis, with values of Pb chosen to reflect the degree of belief that one
process or the other causes the OBT formation. In this way the uncertainty in the
conceptual model is quantified in the analysis.

The magnitude of model uncertainty can sometimes be quite large. Figure 3 shows results
from the Model Complexity Working Group of BIOMOVS II (18). Participants were
asked to calculate the flux of 137Cs to groundwater as a function of time following
contamination of the surface soil layer. This was done using models of varying complexity,

Figure 3
Predictions and Uncertainty Estimates of the 137Cs Flux to Groundwater by Models of

Different Complexity (Model Complexity Working Group of BIOMOVS II)
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ranging from simple box models (3BOX, SCK) to sophisticated numerical solutions of the
advection-diffusion equation (AnaAD, IC). The box models tended to predict much larger
fluxes than the advection-diffusion models because the assumption of instantaneous mixing
within a box resulted in artificially-enhanced diffusion and faster downward migration of
the radioactivity through the soil profile. Although this is a well-known deficiency in box
models, none of the participants took it into account when they calculated the uncertainty
in the fluxes, leading to estimates that were unrealistically small. The gap between the
error bars associated with the box and advection-diffusion codes at 200 years suggests that
model uncertainty in this case amounted to several orders of magnitude.

User Interpretation

If two different modelers were asked to perform a given assessment using the same code, it
is likely that their predictions would be substantially different. In carrying out the task,
each modeler must make many decisions, most of which are highly subjective. He or she
must first interpret the scenario and determine how best to match the given information,
which is often incomplete and inconsistent, to the input requirements of the code. The
code itself must be understood and its various options selected in such a way that the
output provides a suitable answer to the assessment question. Finally, values for all of the
parameters required by the model must be chosen to best reflect the situation being
simulated. There are usually no "right" responses in any of these tasks and the different
choices made by different modelers contribute to the uncertainty in the model predictions.

A Working Group was set up in BIOMOVS II to quantify the effect of the user on
uncertainty for assessments dealing with radionuclide transfer through terrestrial food
chains (19). The same three codes and the same three scenario descriptions were
distributed to ten different modelers, each of whom worked independently to obtain the
specified outputs. Results produced using the CHERPAC code (20) are shown in Figure 4
for the Bremen scenario, which involved the transfer of 137Cs to milk from plants and soil
contaminated by deposition of airborne activity following the Chernobyl accident. The
predictions all show roughly the same dynamics as the observations, suggesting that the
modelers were able to implement the code as desired, but the spread in the magnitude of
the concentrations at any time is almost a factor of 100. These results were typical of other
codes, scenarios and endpoints, and were obtained by modelers who were experienced in
these sorts of assessments. Choice of parameter values was identified as the primary cause
of the different predictions, although the assumptions made in deriving input data from the
scenario descriptions was also a major contributor. The Working Group recommended
that all important assessments be carried out by at least two different groups or by teams of
experts. In this way the magnitude of the uncertainty due to user interpretation can be
estimated and, through consensus, reduced.



Figure 4
Time-Dependent Predictions of 137Cs Concentrations in Milk by 10 Modelers

using the CHERPAC Code for the Bremen Scenario (User Interpretation
Working Group of BIOMOVS II). 'M' denotes measurements.
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CURRENT STATUS OF MODEL CREDIBILITY

The level of confidence that can be placed in the predictions of current environmental
transport models is discussed below for three different applications.



Short-Range Atmospheric Dispersion Models

Atmospheric dispersion is a well-studied and reasonably well-understood subject. Models
for short-range dispersion have high face validity and have been tested against experimental
data in many studies. However, dispersion is a stochastic phenomenon and there is no
general theoretical relationship connecting turbulence to diffusion. Concentrations
measured at the same location under ostensibly identical meteorological conditions can
vary by up to a factor of two. Current models are unable to account for this, and so their
predictions contain an inherent uncertainty of this order of magnitude. To this must be
added uncertainties due to parameter values. Figure 5 shows the results of work in
progress on the parametric uncertainty of a Gaussian Plume model. The end point of the
calculations was the total thyroid dose, summed over inhalation, cloudshine and
groundshine, to an adult located 1000 m downwind of an elevated source of 131I of source
strength 1014 Bq. The stack gas temperature was 70°C above ambient, and the release was
subject to the wake effects of a nearby building. Rain was falling at the rate of 3 mm/h
during the release. Probability density functions for the variable parameters were set using
a process of informal expert elicitation and uncertainties were determined from 100 model
runs in which parameter values were selected using Latin Hypercube Sampling. Figure 5
shows that, for unstable conditions in the presence of building wakes, the 95% confidence
interval on the total dose spans almost an order of magnitude. The interval is much larger
for stable conditions with no building wake effects.

Figure 5
Uncertainties in the Predictions of a Gaussian Plume Dispersion Model for Different

Release and Meteorological Conditions
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The key to understanding these results is to note that the lower edge of the plume just
reaches the ground at the downwind distance considered. Concentrations and doses at
ground level are therefore very sensitive to the effective release height and the vertical
dispersion parameter (Table 1). The sensitivity is greatest for stable conditions, when the
plume is still largely elevated, and the uncertainties are correspondingly large. They are
smaller when the plume is influenced by the building wake, which mixes the plume more
effectively down to the ground and reduces the sensitivity of the concentrations. This is an
example of a case in which increased model complexity leads to lower uncertainties.

Terrestrial Food Chain Models

There is general agreement on which processes govern radionuclide transfer through
terrestrial food chains. But many of these processes are poorly understood and there is
often no consensus on how best they should be simulated. The credibility of model
predictions depends very much on the radionuclide under consideration. The accident at
the Chernobyl Nuclear Power Plant generated a large amount of field data that has
subsequently been used for model testing, but most of the information is restricted to m I
and 137Cs. An example of the performance of current terrestrial food chain models is
shown in Figure 6, which is based on calculations done in the VAMP Multiple Pathways
Working Group (21). The figure displays the confidence intervals of six different models

Figure 6
Confidence Intervals on Predicted Ingestion Doses to Inhabitants of Finland
Following the Chernobyl Accident (Scenario S from the VAMP Program).

The Horizontal Lines Mark the 95% Confidence Interval on the Doses
Estimated from Measured Body Burdens.
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for the effective dose to the inhabitants of Finland due to ingestion of food supplies
contaminated by Chernobyl fallout. The intervals typically extend over an order of
magnitude, but within this accuracy agree with the doses estimated on the basis of
measured body burdens. Note, however, that the performance of the models may have
been enhanced by lessons learned in a similar test scenario undertaken previously in VAMP
using data from Central Bohemia. The predictions would be less credible if the models
were applied to a different radionuclide or to a different type of accident.

Models to Assess Nuclear Fuel Waste Disposal

Modeling radionuclide migration in the context of nuclear fuel waste disposal presents
challenges not found in more traditional environmental transport applications. The source
of the activity is in the geosphere and its upward migration depends on processes not
normally modeled when the release occurs directly to the biosphere. Very long time frames
must be considered, during which the biosphere and human lifestyles might undergo
profound and essentially unpredictable changes. The testing of model predictions against
field data is possible only for the first very small fraction of the total simulation time. There
exists little information on many of the radionuclides involved. For these reasons, the
credibility of waste management assessments depends primarily on face validation, and
uncertainties in the predictions are large. Figure 7 shows results from the B6 Scenario of
BIOMOVS, which involved the prediction of 129I concentrations in soil, plants and animal
products due to the upward migration of activity from a contaminated water table (22).

Figure 7
Best Estimate and Uncertainty Ranges for 129I Concentrations in Soil at Steady State for

the BIOMOVS B6 Scenario (Groundwater Discharge to a
Terrestrial Area)
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Participants were faced with the problem of migration across the geosphere-biosphere
boundary, and their best-estimate predictions varied by almost three orders of magnitude.
Confidence intervals for a given model were typically two to three orders of magnitude,
and the range from the lowest confidence limit to the largest across all models was about
five orders. The variability in results can be reduced through a more precise scenario
description and discussion among participants (23), but the uncertainties in predictions of
this sort will remain large.

PRECEPTS FOR ESTABLISHING MODEL CREDIBILITY

The key concepts to emerge from the above discussion are summarized below as a guide to
good scientific practice in determining the level of confidence to be placed in the
predictions of environmental transport models and in reducing their uncertainties:

• choose approaches to establishing model credibility that are consistent with the purpose
of the assessment, the quality of the data and the capabilities of the model

• take advantage of all opportunities to test model predictions against observations

• supplement quantitative statistical procedures with graphical analysis, qualitative
evaluation, sensitivity and uncertainty analyses and verification tests

• include uncertainty estimates with all model predictions, and include all sources of
uncertainty in the estimates

• reduce the subjectivity in the process by gaining consensus from teams of experts on all
major decisions required in the analysis

REFERENCES

(1) HAEGG, C. and JOHANSSON, G., "BIOMOVS: An International Model Validation
Study", Proceedings, Workshop on Reliability of Radioactive Transfer Models,
Athens, Elsevier Applied Science Publishers, Barking, U.K., 1987.

(2) IAEA, "Validation of Environmental Model Predictions (VAMP): A Programme for
Testing and Improving Biospheric Models Using Data from the Chernobyl Fallout",
STI/PUB/932, International Atomic Energy Agency, Vienna, Austria, 1993.

(3) BIOMOVS n, "An Overview of the BIOMOVS E Study and its Findings", BIOMOVS
II Technical Report No. 17, Swedish Radiation Protection Institute, Stockholm,
Sweden, 1996.



(4) KIRCHNER, T.B., "Establishing Model Credibility Involves more than Validation",
Proceedings, BIOMOVS Symposium on the Validity of Environmental Transport
Models, Swedish Radiation Protection Institute, Stockholm, Sweden, 371-378, 1990.

(5) VAN DORP, F., "Development of Reference Biospheres Methodology for Radioactive
Waste Disposal", BIOMOVS II Technical Report No. 6, Swedish Radiation Protection
Institute, Stockholm, Sweden, 1996.

(6) SHENG, G. and OREN, T.I., "Software Reverse Engineering Tools to Enhance
Confidence of Scientific Codes", Proceedings, BIOMOVS Symposium on the Validity
of Environmental Transfer Models, Swedish Radiation Protection Institute, Stockholm,
Sweden, 275-286, 1990.

(7) SCOTT, M., "Qualitative and Quantitative Guidelines for the Comparison of
Environmental Model Predictions", BIOMOVS II Technical Report No. 3, Swedish
Radiation Protection Institute, Stockholm, Sweden, 1995.

(8) MAXWELL, S.E. and DELANEY, A.D., "Designing Experiments and Analysing
Data", Wadsworth, 1990.

(9) EVERITT, B.S. and DUNN, G., "Applied Multivariate Data Analysis", Edward
Arnold, 1991.

(10) HANNA, S.R., "Air Quality Model Evaluation and Uncertainty", J. Air Poll. Control
Ass., 33, 406-412, 1988.

(11) RAO, S.T. and VISALLI, J.R., "On the Comparative Assessment of the Performance
of Air Quality Models", J. Air Poll. Control Ass., 31, 851-860,1981.

(12) KOEHLER, H., PETERSON S-R. and HOFFMAN, F.O., "Scenario A4: Multiple
Model Testing using Chernobyl Fallout Data of 1-131 in Forage and Milk and Cs-137
in Forage, Milk, Beef and Grain", BIOMOVS Technical Report 13, Swedish
Radiation Protection Institute, Stockholm, Sweden, 1991.

(13) BARRY, P.J., DAVIS, P.A. and STRACK, S., "Tritium in the Food Chain:
Comparison of Predicted and Observed Behaviour", BIOMOVS II Technical Report
No. 13, Swedish Radiation Protection Institute, Stockholm, Sweden, 1996.

(14) IAEA, "Evaluating the Reliability of Predictions made using Environmental Transfer
Models", Safety Series No. 100, International Atomic Energy Agency, Vienna,
Austria, 1989.

(15) BAVERSTAM, U., DAVIS, P.A., GARCIA-OLIVARES, A , HENRICH, E. and
KOCH, J., "Guidelines for Uncertainty Analysis", BIOMOVS II Technical Report No.
1, Swedish Radiation Protection Institute, Stockholm, Sweden, 1993.



(16) NCRP, "A Guide for Uncertainty Analysis in Dose and Risk Assessments Related to
Environmental Contamination", NCRP Commentary No. 14, National Council on
Radiation Protection and Measurements, Bethesda, MD., 1996.

(17) GROGAN, H.A., "Scenario B2: Irrigation with Contaminated Groundwater",
BIOMOVS Technical Report 6, Swedish Radiation Protection Institute,
Stockholm, Sweden, 1989.

(18) ELERT, M , "Effect of Model Complexity on Uncertainty Estimates", BIOMOVS II
Technical Report No. 16, Swedish Radiation Protection Institute, Stockholm, Sweden,
1996.

(19) KIRCHNER, G., "Effect of User Interpretation on Uncertainty Estimates",
BIOMOVS II Technical Report No. 7, Swedish Radiation Protection Institute,
Stockholm, Sweden, 1996.

(20) PETERSON, S-R., "Model Description of CHERPAC (Chalk River Environmental
Research Pathways Analysis Code); Results of Testing with Post-Chernobyl Data
from Finland", Atomic Energy of Canada Limited Report AECL-11089, Chalk River,
Ontario, 1994.

(21) IAEA, "Validation of Models using Chernobyl Fallout Data from Southern Finland -
Scenario S", TECDOC-904, International Atomic Energy Agency, Vienna, Austria,
1996

(22) JONES, C.H., "Scenario B6: Transport of Radionuclides to Root-Zone Soil from
Contaminated Groundwater", BIOMOVS Technical Report 9, Swedish Radiation
Protection Institute, Stockholm, Sweden, 1990.

(23) KLOS, R., "Biosphere Modelling for Dose Assessments of Radioactive Waste
Repositories: Final Report of the Complementary Studies Working Group",
BIOMOVS II Technical Report No. 12, Swedish Radiation Protection Institute,
Stockholm, Sweden, 1996.
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SURVIVORS: INSIGHTS FOR RADIATION PROTECTION.
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The Radiation Effects Research Foundation (RERF) in Hiroshima has recently released an updated study of cancer
mortality in the Life Span Study (LSS) cohort of survivors of the atomic bombings at Hiroshima and Nagasaki (1).
(The LSS is believed to contain about one-half of the total number of survivors who were within 2.5 km of the
hypocentre.) The update has considerably more statistical power than previous studies because of five more years
of follow-up (1986-1990 inclusive) and because of adding 10,536 survivors for whom DS86 dose estimates recently
became available ("Version 3"). Together these add about 550,000 person-years of follow-up compared to the
previous report, which covered mortality to the end of 1985. Moreover, about 25% of the excess solid cancer
deaths have occurred in these last five years of follow-up.

The cohort now has 86,572 subjects for whom dose estimation (a prerequisite for epidemiological studies) has been
done. There are 50,113 members with estimated doses greater than 0.005 sievert; the mean dose for this subset is
0.20 Sv. These were mostly persons within 2.5 km of the bombings in Hiroshima or Nagasaki, and who still lived
in the cities in 1950. The remainder of the LSS represents 36,459 people with doses estimated to be <0.005 Sv.
These constitute a comparison group; they were age- and sex-matched to the "exposed" subset. They were selected
from survivors within 2.5-10 km of the hypocentre.

Since the LSS is the most important source of information about the risk of induced cancer in humans following
acute radiation exposures, this paper first summarizes this important new information. This is a keystone of
radiation risk assessment and therefore of our radiation protection history; one cannot make sense of the current
controversy concerning "linearity" without understanding what this data says and doesn't say. This
communication then moves into a discussion of what implications there may be from this updated information, in
the context of current debates about whether the "linear-no threshold" model is an appropriate one for radiation
protection use. Note that this "use" may be distinct from the question of whether the linear-no threshold [LNT]
model accurately reflects actual levels of risk at low doses, including the specific question of whether or not it
might be possible to demonstrate that there is a dose below which no actual excess risk exists which is emerging as
a contentious, even emotive, issue within the health physics and radiation protection communities.

EXCESS CANCER RATES & THE QUESTION OF LINEARITY

Radiation-risk estimates in the LSS are based on a relatively small number of extra cancers. There have been a
total of 421 excess cancer deaths during the period 1950-1990. Of these estimated 421 excess cancers, 334 were
solid tumors and 87 were leukemia.

The basis for these numbers can be summarized as follows. In the overall LSS cohort ("zero" plus "exposed"), a
total of 7827 deaths from cancer were observed versus 7406 expected (difference = 421). For solid cancers, there
were 7578 observed deaths versus 7244 expected (difference = 334), and 249 observed deaths from leukemia versus
162 expected (difference = 87). It becomes a bit more complicated (but more instructive overall) when we examine
the corresponding numbers for the "zero" and "exposed" subsets separately. In the period 1950-1990, there were
4741 cancer deaths in the > 0.005 Sv group and 3086 in the "zero" (< 0.005 Sv) group (remember that there are
different numbers of persons in the two sub-sets). The "zero" group had 3013 observed solid cancer deaths (versus
3055 expected, for a small but non-significant deficit of 42) and 73 observed deaths from leukemia (versus 64
expected, for a difference of +9); both of these deviations are within the range statistically expected for a risk of
zero. The "exposed" group had 4565 observed deaths from solid cancer (4189 expected, for a difference of 376)
and 176 observed deaths from leukemia (98 expected, for a difference of 78).



One useful way to explain the level of risk is the "attributable risk"-the fraction of the total cancer deaths which
can be ascribed to radiation among those with a non-zero dose. The attributable fraction for solid tumors in the
LSS is 0.08 (i.e., 8%).

While most of the excess leukemia has already occurred, arising mostly within the first fifteen years following
exposure, for solid cancers the excess absolute risk has increased in proportion to the natural, age-specific risk.
That is, the data do appear to follow the "constant relative risk" model used to project the likely total number of
excess cancers which will arise (it is this projected total which is the basis for our radiation risk coefficients, not
the number which have occurred to date.)

Of the cohort, 56% overall were still alive at the end of the period covered by this analysis. The survivorship value
obviously depends strongly on age ATB ('at time of bomb'). Cohort survival ranges from 94% for those 0-9 ATB
to 16% for those 40-49 ATB (1% for those 50+ ATB). Since a large proportion of those exposed as adults has
died, there is thus little uncertainty about projecting their lifetime risk.

However, uncertainty does remain about how best to project, beyond the current follow-up, the lifetime risk of
those exposed as children. Different risk projection models give lifetime excess risk estimates which range from
essentially the same as for persons exposed at age 30, to a risk which is 1.8-times as large. Continued follow-up of
the LSS is important to decrease the uncertainty remaining with respect to this group.

The proper context for this number of "421 excess cancer deaths" needs to be understood. It should not be taken
as representing the total number of cancer deaths to date in the "population of A-bomb survivors". This is because
the LSS cohort includes only about half of the "exposed" group, and even then, only for the [approximately] 80%
for whom doses have been assigned. A proper estimate of the total cancer deaths to 1990 attributable to the
detonations would therefore be approximately 1050.

RADIATION RISK COEFFICIENTS FOR INDUCED FATAL SOLID CANCERS

There is no statistically significant non-linearity in the range 0-3 Sv for excess solid cancers. (Above 3 Sv, the
slope decreases somewhat; this may reflect cell-killing). The excess absolute risk (EAR) per sievert for solid
cancers, for persons exposed at age 30, is estimated as 0.10 for males [10% per Sv] and 0.14 [14% per Sv] for
females. The risks for someone exposed at age 50 are about one-third the preceding.

Models which were linear in dose raised to a coefficient k were used to provide an assessment of linearity as a "fit"
to the data. The authors reported that models with k < 1 generally provided a worse fit than a linear (k = 1) model.

This absence of statistically significant non-linearity led them to quote risk over the whole range of exposures in
terms of risk per Sv.

DOES RISK DIFFER IN WOMEN AND MEN?

These differences (above) between men and women in radiation risk coefficients are not statistically significant.
The prevalent view that women are decidedly more at risk than men for a given radiation exposure is partly an
artifact of the relative risk data presentation method employed previously by RERF and others. I'll use present
numbers to illustrate this. The actual excess relative risk (ERR) per Sv for women in this study is about twice the
value for men. In evaluating this, it must be borne in mind that this is offset considerably by their lower natural
rate of cancer mortality (in the specific population which constitutes the LSS cohort). In Japan the natural age-
specific cancer rates for women are lower than for men: the lifetime background risk for a person of age 30 of
dying from cancer is about 21% for women and about 29% for men. The excess absolute risk (EAR) is obtained by



multiplying the ERR by the natural background rates. When this is done, the ERR ratio for menrwomen of 2:1
collapses to an EAR ratio of 1.4:1.

Additionally, the higher EAR for women is not attributable mainly to sex-and site-specific cancers like those of the
breast, uterus and ovary, despite a widely-held impression that this is so. The major single contributor to the
difference in fact is stomach cancer. In Japan stomach cancer is quite common; it has an environmental cause,
being related to diet and lifestyle.

Rates of stomach cancer in North America are markedly lower. In such a "risk transfer" analysis, the contribution
to EAR of radiogenic stomach cancer would diminish; this would decrease the sex-related difference in Canada,
say, compared to Japan.

But what may be more important is that the natural rates of fatal cancer are approximately equivalent in Canada
between the two sexes, whereas in Japan the rates for females overall are (as mentioned) about two-thirds that for
men. Given the higher ERR/Sv values for women from the RERF analysis, taking this component into account
would tend to increase the differences (EAR) in ostensible radiogenic cancer risk between men and women in
Canada compared to Japan. Legal imperatives of "equality between the sexes" aside, we may not be able to count
forever on hiding behind the thin defence of saying that these differences are not statistically significant. The issue
certainly merits further examination.

REMEMBER THE DDREF

This is a suitable time to remind the reader in a simple way of the broader context for these values. These EAR
values may appear to be high compared to the values you are familiar with in the work situation. This is because
the A-bomb survivor population received the radiation dose that placed them at risk in a single exposure, virtually
instantaneously. What we know as the DDREF (dose and dose-rate effectiveness factor) has not been applied and
does not apply to the LSS cohort.

For estimating the risk of radiation exposure received in the way it is in the occupational situation (that is, when a
human population is exposed to relatively low doses of sparsely ionizing radiation delivered over a long time), a
DDREF is applied in recognition of the lower effectiveness of low dose-rate exposure in causing radiogenic
cancer—essentially recognizing the non-linearity of response. (The evidence supporting this comes from a vast
array of radiobiological data on animals, cells and even human beings.) The DDREF is applied as a divisor to the
EAR estimates. The ICRP recommends use of a value of two for DDREF. An EAR of 0.10 per Sv from acute
exposure (for example, from this RERF update) essentially would become an estimated EAR of 0.05 per Sv for low
dose, low dose rate exposure in radiation protection. This latter is the familiar "5% per Sv" population risk
estimate for exposure over a lifetime. For a population of nuclear workers, a value of "4% per Sv" is currently
considered to be appropriate for purposes of decisions about risk management. It is less than "5% per Sv" chiefly
because the years 0-18 are absent from occupational exposure, and the lifetime risk is therefore lower.

LEUKEMIA

The excess lifetime risk for leukemia at 1 Sv is about 0.015 for males and 0.008 for females, for exposure at either
10 or 30 years of age. For exposure at age 50, the leukemia risk is about two-thirds the preceding.

The reason why the leukemia risks are quoted at 1 Sv as opposed to "per Sv" is that a different equation (the
linear-quadratic equation) best fits the leukemia data. The non-linear fit is such that for leukemia, the risks
estimated for 0.1 Sv are about one-twentieth those for 1 Sv. (In other words, one-tenth the dose gives a two-fold
lower risk than expected by strict proportionality to the risk at 1 Sv). This is equivalent to a dose and dose-rate
effectiveness factor of two, but is not a DDREF as such.



Remember that these risk coefficients hold only in a statistical sense, for the "average" of a population. The risk
coefficients don't necessarily apply to any particular individual. This caveat holds for both leukemia and for solid
cancers.

SHOULD FORMAL RADIATION RISK COEFFICIENTS FOR ACUTE, SINGLE EXPOSURES BE REVISED
UPWARDS?

Prima facie, these results may seem to call for a possible upwards revision of the formal ICRP radiation risk
coefficients. The immediately apparent reason is that the summed risks (solid cancers plus leukemias) add up to
0.115 per Sv (11.5% per Sv) for males and 0.148 per Sv (14.8% per Sv) for exposure at age 30. The 'mean' of the
EAR for men and women at age 30 would be slightly greater than 13% per Sv, which is above the "10% per Sv"
reference value for risks to the general population (i.e., 5% per Sv multiplied in this case, to "uncorrect" for the
DDREF of 2). But settling on a risk coefficient for the general population includes issues of risk transferability and
other considerations; it is not so simple as taking the bare A-bomb survivor risk values.

However, the best values for the LSS cohort may be even higher. There exist other longer-term impacts which also
favor upwards revision.

"Misclassification errors" are one. An appreciable proportion of cancer deaths are known in general to be
misclassified as non-cancer deaths on death certificates; a much smaller proportion of non-cancer deaths are
misclassified as cancer deaths. The relative differences are greater than the approximately 1:3 ratio of deaths from
cancer versus "all other causes": an earlier study within the LSS found these misclassification rates to be 20% and
3%, respectively. A correction for misclassification errors would increase the EAR by a factor of about 1.16 (2).
The values reported here do not have this correction applied.

Dosimetric considerations are another factor. The coefficient of variation in individual dose estimates is about
35%. This imprecision is not randomness (which statistical methods allow for) but rather systematic bias. This
bias is in the direction that results in underestimation of risk. If allowances were made for these systematic dose
errors, the cancer risk estimates would increase by a factor of about 1.1 (3).

THE STUDY PROVIDES NO EVIDENCE FOR A THRESHOLD

That there is no statistically significant non-linearity for solid cancers (there is for the case of induced leukemias,
as has been mentioned—the induction fits a linear-quadratic model better) has already been remarked. A stronger
statement is warranted, according to the authors: the new data do not provide any evidence to support a
contention that there is a threshold below which no excess risk exists. The uncertainty in the lower dose
categories has in fact been decreased since the last analysis (which covered up to 1985).

In fact, if there is any departure at all from linearity at low doses, the new data indicate that the risk per Sv may be
greater in the very low dose categories. The estimated values for risk perSv in the three lowest dose categories
range from 2- to 7-times greater than the value (an ERR of 0.37 per Sv)estimated using the entire 0-3 Sv range of
data (Table 1).



Table 1
Estimated values for ERR per sievert in the lowest dose categories (1)

Dose category (Sv) ERR per Sv (±standard error)
0.005-0.02 2.6 ± 2.1
0.02-0.05 1.6+ 0.90
0.05-0.10 0.60 ±0 .40
0.10-0.20 0.43 + 0.25
0.20-0.50 0.38 ± 0.13

(0-3 Sv; overall range) (0.37)

The numbers for ERR per Sv in the lowest dose categories, showing non-linearity in the "concave upwards"
direction up to seven times greater than the value averaged over the entire 0-3 Sv range of data, are statistically
significant, though just barely so.

This result should be treated with some considerable caution. On the one hand, it seems to support a conclusion
that there exists a greater relative risk for low dose exposure. On the other hand, other more prosaic explanations
are likely. The most plausible is that a differential exists between near and distant survivors in respect to their
likelihood of cancer being actually recorded on the death certificate as a cause of death. This sort of bias could
occur, for example, because of the heightened scrutiny given to the LSS cohort.

The RERF has indirect evidence that this is so. Tumor registry incidence data is supported by more accurate
diagnostic criteria than is the case for certification of cancer as a cause of death.. The degree of non-linearity in
the lowest dose categories is much smaller than above when cancer incidence is assessed.

RISK IN HIROSHIMA CONTINUES TO BE APPARENTLY GREATER

Higher estimated radiation risks persist for Hiroshima compared to Nagasaki. (The city differences have in fact
increased since the last report. One possible explanation relates to differences between the two cities in mean age
at exposure: this is about 3.6 years greater for Hiroshima than for Nagasaki survivors. This factor may not entirely
be corrected for.) There is a seductive notion that this is because the dose estimates for Hiroshima are too low.
The idea that the cities could be brought into line by increasing the neutron component at Hiroshima has received
considerable attention. Correction factors have been estimated, based on recent neutron activation analyses; these
have values of about 0.75 at 650m, 1.0 at 750m, 2.0 at 1000m and 10 at 1600m (4). On the face of it, increasing
the neutron component of the dose should have a major effect, reducing the estimated risk per Sv. This arises
because neutrons are given a radiation weighting factor, or wr, of 10. A change in the neutron component of dose
thus is amplified in terms of equivalent dose. If the total equivalent dose that gives rise to the fatal cancers in
Hiroshima is increased, it follows that the estimated risk per unit dose decreases.

If the neutron dose was increased, it is argued, this would decrease the risk estimates for Hiroshima specifically,
and bring them more into line with the estimates from the Nagasaki survivors. (This is basically merely an
argument for consistency, and assumes that rates for the two cities should be the same. This may not be a valid
presumption. The populations in the two cities might differ in susceptibility factors, including possibly genetic
ones.)

A lot of confusion exists in regard to the likely effects of possible revisions. Extravagant claims have been made. It
may not be true that a revision of the dose estimates for neutrons will result in a dramatic decrease in radiation risk



coefficients. These correction factors apply only to the neutron component of the dose, and the crucial question is
where they come into play. What really counts is where the LSS members who impact on risk assessment were
located in this slant range, and what their present neutron component of dose is estimated to be in DS86. The most
important data in the LSS dose-response analysis comes from the range of doses received by persons located in the
slant range between 1000-1200m ATB (at time of bomb). For such persons, the present DS86 estimates the
neutron component of their dose as about l1/2%. Even if this was adjusted upwards by 2-3-fold (remember that a
radiation weighting factor, or wr, of 10 is applied), the authors feel that the net effect at most would be for the risk
estimates for solid cancer in Hiroshima to decrease by only about 15%, according to the authors of the present
RERF update. If they are correct, this is a modest change, and would serve only to counteract some of the other
factors mentioned as suggesting that the LSS risk estimates should be even higher.

WHAT IS THE LOWEST DOSE AT WHICH THERE IS A STATISTICALLY SIGNIFICANT RISK?

The "lowest dose at which there is a statistically significant excess risk" has been a much-used (and abused)
number. A good case can be made that this value is now rightfully some 50 millisieverts or so. This is a
substantial reduction.

Some explanation is useful to clarify what this now means. The previous update of the LSS cohort had indicated
statistically significant excess cancer mortality only for doses above 200 mSv. This was the lower bound of the
dose category for which the rate in the "exposed" population was significantly higher than in the "control"
population, in the LSS. There was a lot of confusion about just what this result meant. At doses lower than this,
there has been an unfortunate tendency to imply that that this means that no risk exists. This results from a
misunderstanding of the data and of "statistical power". The absence of a finding is not at all the same thing as a
finding of absence. Clear clues existed in the earlier data that the absence of statistical significance below 200
mSv likely reflected merely statistical limitations: the point estimates of risk in the lower dose categories were
generally positive and showed a trend of increasing as dose increased (5).

This "lowest dose at which there is a statistically significant excess risk" was established in this updated analysis
in a different way than before. The authors feel that the former approach of testing for significance in arbitrary
dose categories was inappropriate. Their approach in this updated analysis was to determine the minimum dose
dm for which a statistically significant dose response exists when analysis was restricted to the range [0, dnJ.
This dm is 0.05 Sv (50 mSv). In other words, a statistically significant trend of radiation effect is seen when data
inside the interval from zero dose to 50 mSv is considered on its own. The authors state that "The range d < 0.05
[Sv] for a significant effect is substantially less than has been reported previously." This may be debated; the
conclusion depends strongly on the aptness of the "control" group.

A POSSIBLE IMMEDIATE 'ADJUSTMENT' FOR RADIATION PROTECTION?

So how might LSS Report 12 impact on how we do radiation protection? I feel that the results for acute exposure
do warrant immediate attention in one aspect. For radiation protection purposes, the so-called dose and dose-rate
effectiveness factor has been assumed to apply if the total dose is 200 mSv or less, whatever the dose rate (6).
(There is additionally a conclusion that the DDREF may be applied, for the purposes of assessing the risk of tumor
induction in man, if the dose rate is below 0.1 mGy min'1 (when averaged over about an hour), whatever the total
dose, but this aspect does not concern us in the present discussion.)

The present RERF results indicate that a dose below 200 mSv, at least given as a single, prompt exposure, may
carry with it more actual risk than the present ICRP risk coefficients imply. It would be prudent to assume that
single, acute exposures of 50 mSv and quite possibly lower can carry the full-blown (non-DDREF-applied) risk
level. The assumption that low doses per se have the "lower" risk coefficient may not be tenable if the
exposure is received at high dose rate. What this says for radiation protection practice is simply that we have to
be more cautious than before about the possible risks associated with fairly large individual acute doses.



The important global insight is that dose rate (which includes dose fractionation) is emerging as a more important
parameter than dose is, in lessening the ultimate consequences of exposure.

SO THE JAPANESE A-BOMB SURVIVOR RESULTS LOOK LINEAR—SO WHAT?

It seems highly reasonable to me that we concede--m the case of acute exposures— that "linearity" indeed holds for
solid tumors, and to lower levels of total dose than has generally been appreciated. So what? I think proponents of
arguments that the risks at low doses are overestimated are in a sense barking up the wrong tree by attacking the
concept of linearity per se.

The cancer mortality experience in the Japanese cohort is not the real issue in occupational radiation protection. It
is merely a guide—and only a guide—to help us make sound and scientifically defensible decisions. The real issue
is assessing the likely level of risk for workplace exposures. Our debate concerns chronic exposures, and by
"chronic" I include fractionated acute exposures. Even if the risk coefficients from the LSS may indeed be
somewhat larger than we have supposed, they are still a large remove from the risk we need to evaluate.
Judgments about the roles of dose (and dose fractionation) versus dose-rate are needed to fill the gap. The
uncertainty in radiation protection relates to the value for the DDREF~and indeed, whether any single value is
appropriate.

There really are two issues here. One problem relates to the cost-effectiveness of regulations. The point here is
that even if linearity should be correct, regulations aimed at achieving "improved" radiation protection may
not at all be cost-effective, especially when compared with regulations for other substances and other risks to life.
If this is the problem, I urge people to address this directly, as opposed to obliquely via an attack on the concept of
linearity perse. I think we will all gain, and the societal debate will gain, if we separate out the social from the
scientific aspects. This issue is social.

The second issue is the scientific one. Here I feel we have a duty to assess the issues strictly scientifically, and to
go beyond a "balance-of-probabilities" argument. I think our regulators will rightfully insist on this, and I am
certain the greater Canadian constituency will.

I consider the problem here to be that we are trying to prove that low dose exposures are not dangerous, and that
this is really an impossible task to prove. The reason for this is two-fold: radiation really is a relatively poor
carcinogen, and the occupational doses are too low for any effect to be detectable. The best we can hope for is to
obtain data that doesn't show that a significantly-enhanced risk exists. This is not "proof of no effect"—it is
merely "no proof of effect". We mislead ourselves, and those who depend on our judgments, to imply otherwise.

Consider for example the situation of a typical ARW who works 20 years at a NGS and receives an average
exposure of 2-1/2 mSv per year. This 50 mSv total dose would place this person at an estimated occupationally-
related fatal cancer risk increment of 0.2%~this on a natural probabilistic risk of 25% in the normal course of
events. We don't have a hope of detecting such a risk increment, a relative risk of 1.008 (assuming that risk exists
at all), given the size of the study population and all the 'natural' reasons for why cancer rates vary. In this sense
we should take little comfort from the numerous occupational studies showing SMR's < 1 (given the myriad
reasons for a "healthy worker effect") for cancer mortality, or even from those which additionally fail to elicit a
dose-related trend within the cohort. The recent 3-country IARC study of the health of nuclear industry workers
(7) is illustrative of the "dilemma" we find ourselves in when we rely on this approach.



THE I A R C STUDY OF NUCLEAR INDUSTRY WORKERS

One high-visibility attempt to address the question of risk of induced cancer in persons occupationally exposed to
ionizing radiation was the International Agency for Research on Cancer (IARC) study of cancer mortality rates
among nuclear industry workers in the UK, USA and Canada (7). This involved data on 95,673 workers (85%
men) employed for six months or more and who had been monitored for external exposure to ionizing radiation.
The excess relative risk for leukemia (excluding chronic lymphocytic leukemia, deemed not to be radiogenic) was
2.18 per Sv, with 90% confidence intervals (CI) of 0.1 and 5.7. This was the only—and just barely so~
statistically significant result. When they analyzed the data for males in the A-bomb survivor cohort in a strictly
comparable way, the resultant value of ERR/Sv was 3.67 (90% CI: 2.0, 6.5). The IARC risk coefficient was 0.6 of
this value, implying an effective DDREF value of 1.7 for this class of cancer. The apparent congruity of these
results led to assertions that "These estimates are the most comprehensive and direct estimates of cancer risk
associated with low dose protracted exposures obtained to date", and "Overall, the results of this study do not
suggest that the current radiation risk estimates for cancer at low levels of exposure are appreciably in error".

Yet the leukemia conclusion rests on a total of 119 fatal cases, and the finding of statistical significance rests on 6
cases compared to 2.3 expected in the highest dose category (> 400 mSv). I for one would like to see a firmer
ground for such far-reaching statements as quoted in the preceding paragraph. Perhaps where we have erred is too
far on the side of caution, and it is semantics which is confusing the debate.

For "all cancers excluding leukemia", the ERR was -0.07 per Sv (90% CI: -0.4, 0.3). Unfortunately, although this
result provides no evidence indicating that there is any increase in risk with increasing dose in these workers, it
also lacks sufficient statistical power to "prove" that the result is statistically different from the risk estimate
derived using the A-bomb survivor data; worse, it does not even exclude the possibility that the risk might not be
higher than in the LSS.

This type of "no-win" situation holds for other cases where it has been posited that there is no risk: people living
in high natural background areas, workers in a plethora of situations of technologically-enhanced exposure, et
cetera. Stripped of rhetoric, none of these models is ever likely to provide a sound case that there is demonstrably
no risk—only that there is no excess risk demonstrable. A similar conclusion holds for a thesis that low-dose
exposure may have some benefit.

In debating this issue, it is not what we believe to be the case that is important but what we can prove to be the
case. We have to acknowledge that our regulators are obliged to insist upon adequate proof. I submit that as
responsible scientists, we are remiss if we are willing to settle for providing less than a rigorous standard of proof
in this matter—that indeed we are doing ourselves a disservice and a discredit if we compromise on less than we
would demand of others. We would be admitting we were not worthy of self-regulation and the public's trust.

I suggest that the issue may be addressable if only we "stop looking under the streetlight".

THE ROAD AHEAD

I submit that we have been looking in the wrong places to demonstrate whether or not low dose, low dose-rate
radiation is less dangerous than the present formal risk coefficients imply. Statistics will defeat us every time. We
can never prove that low dose radiation is less dangerous than the formal ICRP coefficients imply, and we can
never prove that it has benefit. We ought to give up trying. Radiation is a relatively weak carcinogen, and the
reality is that radiation protection practices and philosophy has gotten per caput doses down too low for scientific
resolution firmly one way versus the other.

It undoubtedly seemed "right" initially to query ARW health and cancer mortality directly, but it is past time we
recognize that all this does is prove that the risks are not a lot larger than we assume. It will never prove the risks
are smaller, or that an exposure may be beneficial. We have to address higher radiation doses if we are going to



develop scientifically credible data as to whether low levels of radiation are less dangerous than regulations
presently assume. At higher doses we gain statistical power.

To do this, we have to look at what the most crucial difference is between the LSS cohort and the occupational-type
of exposure situation whose risk we want to evaluate credibly. This difference is not dose but it is dose-rate. What
this all boils down to is that the single most important and relevant question for radiation protection is the
following: What DDREF is appropriate for the manner in which ARW's receive their exposure? While 50
mSv in a prompt exposure (see RERF results in first part of this manuscript) may be more risky than we suppose,
presumably there is some lower dose where the risk per Sv does drop. This decline may be a continuous one, and
not a step function. Similarly, at 50 mSv (or even much higher total dose) there is presumably some effect of dose
fractionation where, again, the risk per Sv decreases.

The difficulty is in assessing the envelope of parameters wherein we humans marshall sufficient biological
resources to substantially minimize risk, and the issue to evaluate is how substantial this minimization may be. We
have remained fixated on dose, save for crumbs represented by the DDREF, while burgeoning radiobiological
insight into the roles of DNA repair, genetics of cancer, multistage carcinogenesis, et cetera, was alerting us to the
importance of the way in which the dose was received.

I want to show you how this insight can be used. If we can prove that higher doses and/or higher dose rates than
attains occupationally are less dangerous that the ICRP risk coefficients, it sets for the first time a scientifically
defensible upper bound on radiogenic risk for the way exposures are received in the workplace situation. The risk
study on tuberculosis patients who received multiple fiuoroscopic examinations illustrates what I consider to be
"the road ahead".

LUNG CANCER RISK IN T B PATIENTS GIVEN FLUOROSCOPIC EXAMINATIONS

The study I refer to is an epidemiological study of lung cancer mortality in 64, 172 Canadian tuberculosis patients
who had been given multiple fiuoroscopic examinations as a guide to treatment and disease control; some patients
received these exposures in relation to pneumothorax treatment. Salient features of this study cohort in
comparison to the Japanese A-bomb survivors are summarized in Table 2. The average tissue dose (to the lung) in
the Canadian study is four times larger than the Japanese study, and the cohorts are of comparable size. The
Canadian study has considerable statistical power: for example, although possessing comparable total person-years
at risk, the Canadian fluoroscopy study has from four- to ten-times more person-years at risk than the A-bomb
survivors study in the dose categories above 1 Gy.

For radiation risk assessment, the crucial thing is how the exposures were received in the case of the Canadian TB
patients. The dose rate involved, 0.6 mGy per second (36 mGy per minute) was appreciable; for example, the
current legal quarterly limit for ARW's would be reached in 50 seconds [the new annual dose limit recommended
in ICRP Publication 60, already effectively pracice in Canada, would be reached in just over half a minute], and the
present legal annual dose limit in a minute and a quarter. This dose rate is much higher than holds for ARW
exposures; on the other hand, this dose rate is much lower than was the case for the Japanese A-bomb survivor
population.

The average dose to the lung, per [individual] fiuoroscopic session, was 11 mGy. Again, this is much higher than
for individual ARW exposure episodes but much lower than for A-bomb survivors' exposures (these average 240
mGy and may be considered a single, acute episode).

However, the single most important aspect of the TB patients' exposures is that they were highly fractionated: then-
mean total lung tissue dose was 1.02 Gy, which indicates that their dose (larger than that of the A-bomb survivors)
was delivered in an average of 92 separate fiuoroscopic sessions. The TB patients' doses were accumulated over
31 months on average (in excess of 6 years for only 10% of patients), which is a relatively short period compared to
ARW exposures.



In summary, the various aspects of ARW exposure patterns ~ in terms of the radiologically important parameters
of dose, dose rate, and degree of fractionation (the latter two being protective in terms of risk) ~ are as far in one
direction from the fluoroscopy patients' experience as that of the Japanese cohort is in the other direction. What
all of this means is that any diminution in risk which might be shown in this epidemiological study can be assumed
to hold "in spades" for occupational exposures.

Table 2
Precis of cohort characteristics for the Canadian fluoroscopy study versus Japanese A-bomb survivors

STUDY CHARACTERISTIC

Number of subjects in the study,
total

(Men)

(Women)

Exposed subjects with lung tissue
dose >10 mSv; number

Unexposed (control) subjects;
number

Total lung tissue dose; range in Sv

Mean total lung tissue dose, Sv
(exposed subjects only)

Average number of fractions in
which total dose was received

Dose per fraction; average

Length of time over which total
dose was received

Mean time since exposure

Mean age at exposure

Person-years at risk, total

CANADIAN FLUOROSCOPY
STUDY

64,172

(32,255)

(31,917)

25,007

39,165

0-24.2

1.02

92

ATOMIC BOMB SURVIVORS
STUDY

75,725

(30,296)

(45,429)

41,453

34,272

0-3.99

0.24

1

0.011 Sv

2.6 years, on average.
(For 10%, >6 years)

37 years

28 years

1,608,491

0.24 Sv (one fraction,
therefore same as
mean dose)

<1 second
(Virtually instantaneous)

34 years

29 years

1,693,026

Selected important parameters of the results for the Canadian fluoroscopy cohort are presented in summary form in
Table 3. As before, the corresponding values for the Japanese A-bomb cohort are included for comparison. The
results given are for all subjects combined (i.e., both sexes). Values are available for men and women separately
within both studies, but these need not be given here: I will simply note that the overall conclusions given also
hold for each gender separately.



This study shows no positive association between risk of lung cancer and dose. It also does much more. The point
estimate is zero excess relative risk, and the critical finding concerns the narrow 95% confidence intervals
(-0.06,0.07). For comparison, the corresponding values for the atomic bomb survivors are 0.60 (0.27, 0.99). In
fact, the study had sufficient statistical power to set an upper limit of risk for highly-fractionated exposure which is
more than 5-fold below the point estimate from the A-bomb survivors.

The individual doses in the study, the dose rate at which these exposures were received, and the total dose received,
are in each aspect above the situation which holds for ARW exposures. The overall importance of these results is
that they indicate that radiation protection practices and dose limits are highly conservative for lung cancer risk;
the real risk to occupational workers is highly likely to be notably lower than we have supposed.

A number of points deserve emphasis concerning the results summarized above:

(i) No risk, for any dose category of exposed Canadian fluoroscopy patients, is significantly elevated
compared to the unexposed, internal control, group.

In contrast, the risks for all exposed groups in the Japanese cohort, even the lowest dose group, is
significantly increased.

(ii) There is no evidence of any positive association of lung cancer mortality with dose in the Canadian
study population, even when the higher doses (above 1 Gy) are considered.

In the Japanese cohort, risk increases monotonically with dose.

(iii) The confidence values around the point estimates of ERR are narrow, and suffice to exclude values of
excess relative risk of 0.11 per sievert or greater. This limit of exclusion is less than 20% of the point
estimate from the Japanese cohort.

(iv) The study is statistically powerful. Even in the higher dose categories, sufficient lung cancer deaths
occurred in the Canadian cohort to able to exclude ERR of 0.6 or above. That is, even for the higher dose
categories, a risk as high as that in the A-bomb survivors is ruled out.

(v) The results from the study of Canadian TB patients subjected to fluoroscopic examinations are
statistically incompatible with the results from the A-bomb survivors. By far the most likely explanation
is that even at the moderate doses and dose rates characteristic of fluoroscopic examinations, a very
substantial fractionation/dose rate effect exists for low-LET radiation in respect to causing lung cancer.

(vi) Consideration of the doses and dose rates which apply to ARW exposures supports the conclusion that
a similar or greater degree of protection is likely to hold for them.



Table 3
Results for lung cancer mortality in the Canadian fluoroscopy study compared to A-bomb survivors

Excess Relative Risk per Sv

PARAMETER

Lung cancer deaths, total
(occurring 10 or more years after
first exposure)

Expected number of lung cancer
deaths

Excess relative risk (ERR) of lung
cancer mortality, with 95%
confidence intervals in brackets, by
category of radiation dose to the
lung:

<0.01 Sv
0.01-0.49
0.50-0.99
1.00-1.99
2.00-2.99

>3.00

OVERALL
ERR per sievert

CANADIAN FLUOROSCOPY
STUDY

1,178 (for 1950-1987)

1,181

0.0 (control)
-0.13 (-0.26,0.03)
-0.18 (-0.34,0.02)
-0.06 (-0.23,0.15)
0.09 (-0.2., 0.50)
0.04 (-0.28,0.53)

0.00 (-0.06,0.07)

JAPANESE A-BOMB
SURVIVORS

619 (for 1950-1985)

386 (calculated)

0.00 (reference control)
0.26 (0.06,0.50)
0.45 (0.03,1.06)
0.93 (0.30, 1.85)

1.65 (0.51,3.66)

0.60 (0.40, 1.76)

The author went to a great deal of effort to show that there were no hidden biases in this study which might have
masked a true underlying association. Some of these points will be discussed briefly:

(i) There seems to be no bias from misclassification of death from lung cancer as being from TB. One
wouldn't expect this to be manifest anyway, as the degree of misclassification would have to be dose-
related for it to be a factor. Also, different "stages" (maximum severity of development) of lung cancer
were assessed separately to support a conclusion that lung cancer deaths were not missed to any
significant extent.
(ii) Smoking seems not to be a bias. To mask a "true" positive association with dose would require that
smokers with low doses be sampled preferentially to those with high doses, and no study has seen this.
Here, in fact, dose and smoking were, if anything, very weakly positively correlated, which would tend to
suggest more of a positive association than actually existed.
(iii) The patients with TB could possibly be different in susceptibility from the Japanese. One mechanism
might be fewer cells at risk in part of the fluoroscopy cohort due to surgical removal of parts of their
lungs. However, when such individuals were removed from the analysis, there was still no positive
association with dose.

The most likely explanation for the marked difference between the results in these two cohorts with respect to lung
cancer mortality has to do with the way the radiation is delivered: highly fractionated exposures in the fluoroscopy
study, with typically days to weeks intervening between exposures (which averaged 11 mGy), and with dose rates



in the order of 0.6 mGy per second (36 mGy per minute), which are several orders of magnitude lower than for the
survivors of the atomic explosions at Hiroshima and Nagasaki.

What we need is this kind of information for other sites of cancer. These results pertain to lung cancer only. The
tissue weighting factor (wr) for the lung is 0.12. While as strong a fractionation/dose rate effect such as seen here
for lung cancer is almost certainly not going to be observed for all sites of radiogenic cancer, it may hold for
enough of them that we can say with confidence to the regulator and the public that by controlling exposure in the
way we currently do, the risk is really lower than present assumptions suppose.

It is incumbent on us to ensure that data becomes available. There are other study populations which can be used,
including second primary malignancy rates (especially of leukemia) in patients who received radiotherapy. Once
we get away from the flawed mind-set that we can resolve this question by looking at the mortality experience of
people who have received low incremental doses, the relevant data will be developed.

THE R E R F UPDATE IS THEREFORE GOOD NEWS

This is why I'm so positive about the recent RERF update of cancer mortality in the LSS, described in the first
portion of this paper. The statistical power of these studies is growing, and one only has to look back 10 or 15
years to note how strikingly the uncertainty in these assessments has been reduced.

This is a very positive benefit for us in a number of ways, but the one I'm going to emphasize may be one you
haven't appreciated yet. The new LSS results are going to make it possible, as never before, to look at the new
"higher dose" scenarios I have descibed (and yes, even the occupational, ARW, situation) and to demonstrate
whether or not these are demonstrably distinct from the risk paradigm entrenched in collective consciousness as
"the results from the A-bomb survivors". The manner in which occupational exposures are received are different
from the way the LSS cohort received their exposure in all the ways that count.

It is time to cut that link to the A-bomb survivors.
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ABSTRACT

Radiation exposures from tritium contribute to the occupational radiation exposures
associated with CANDU reactors. Tritiated water is of particular interest since it is
readily taken up by human cells and its elimination from the body, and, consequently, the
radiation exposure of the cells, is spread over a period of days. Occupational exposures
to tritiated water result in what are effectively chronic (3-radiation exposures. The doses
and dose rates ordinarily used in the definition of cellular responses to radiation in vitro,
for use in biological dosimetry (the assessment of radiation exposures based on the
observed levels of changes in the cells of exposed individuals), are usually much higher
than for most occupational exposures and involve radiations other than tritium |3-rays. As
a result, their use in assessing the effects from tritiated water exposures may not be
appropriate. We describe here an in vitro calibration curve for chronic tritium P-radiation
induction of reciprocal chromosomal translocations in human peripheral blood
lymphocytes (PBLs) for use in biodosimetry.

INTRODUCTION

Tritium exposures contribute to the occupational radiation exposures that are associated
with CANDU reactors and much of the concern that is expressed by the public in
discussions of the safety of nuclear power stations in Canada. Consequently, a clear
understanding of the effects of tritium fS-rays on human cellular material at the dose and
dose rate levels that might be experienced by atomic radiation workers in such facilities is
important. This is particularly so, given the wide range of estimates of the relative
effectiveness of tritium [3-rays that have been reported in the scientific literature [1].

The most significant exposures in the occupational context are to tritiated water (HTO).
Since HTO is taken up readily by cells, and is eliminated over an extended period, the



exposures are chronic in nature: doses are accumulated at relatively low dose rate over
several days. Reference curves derived from cells exposed in vitro are the norm in the
evaluation of radiation exposures using biological dosimetry, that is, assessing the
exposure based on the level of an induced effect in the cells of the exposed individuals.
For most cellular effects used in such work, the dose response relationship is best
described by a linear-quadratic relationship (y = aD + (3D2, where y is the yield of events,
and D is dose). The exposures used in defining these calibration curves are usually acute
(delivered over a short period of time at high dose rate). One of the limitations of such
curves is that they do not lend themselves particularly well to the definition of the linear
portion of the induction curve at low doses or at low dose rates. Consequently, they are
inappropriate for evaluating HTO exposures.

The work described in this report was undertaken to define a calibration curve
specifically for HTO exposures in a dose range and at a dose rate that would allow us to
stay within the linear portion of the dose response curve. This, in turn, allows for better
definition of the a-coefficient of the induction curve.

The end-point used in this study is reciprocal chromosomal translocation. These cellular
anomalies are rearrangements of cellular DNA, brought about by the incorrect rejoining
of broken chromosomes, themselves a consequence of radiation damage. Reciprocal
translocations are characterized by cellular stability (they do not necessarily result in cell
death), making them the end-point of choice for evaluation of acute exposures long after
their occurrence, or for multiple exposures over an extended period. This does not,
however, preclude their use in the evaluation of acute exposures.

While the doses and dose rates used here are still well above occupational levels, they
were chosen to be low enough to keep the induced levels of effect within the linear
portion of the induction curve, a necessity in defining the induction rate at low doses.

METHODS

Blood from a healthy male donor was collected by venipuncture in heparinized vacutainer
tubes and maintained at room temperature until treatment. To mimic the conditions to
which cells in vivo would be exposed, aliquots of blood were diluted 1:1 with culture
medium (RPMI1640, containing 20% (v/v) fetal bovine serum, 2mM glutamine , 100
I.U./mL penicillin, 100 (ig/mL streptomycin), prewarmed to 37°C. The culture medium
was spiked with tritiated water at activity concentrations calculated to deliver 0.3, 0.6 or
0.9 Gy over a 48 hour incubation period. A modification of the methods of Scarpa et al.
[2] and Prosser et al. [3], assuming lymphocytes to be 82% water and correcting for the
non-aqueous components of the medium, was used in dose calculation. The suspensions
were incubated at 37°C in sealed tubes with continuous, gentle agitation.

The isolation of the lymphocytes from the whole blood mixture using standard density-
based separation methods [4] was begun at a fixed time before the end of the exposure.



The tritiated water exposure was ended effectively when the separated cells were
removed from the gradient and diluted in a large volume (45 mL) of non-tritiated
medium. The cells were washed three times, sufficient to reduce the residual tritium in
the supernatant fluid to background levels.

The washed cells were resuspended in fresh medium containing phytohemagglutinin
(PHA) to stimulate cell growth, and incubated at 37°C in a humidified atmosphere
containing 5% CO2 in air. The procedures for preparing metaphase spreads from the
cultured cells were as described in Lin et al. [5]. Reciprocal chromosomal translocations
involving chromosomes 1, 2 and 4 were scored using fluorescence in situ hybridization, a
technique that allows ready microscopic identification of rearranged chromosomes [6,7].
The chromosome-specific fluorescent tags used were from Vysis Inc. (Downers Grove, IL
90515).

For this work the scoring criteria were those employed by Lucas et al. [7]. Only the
results for complete reciprocal translocations are reported here. Because only events
involving.chromosome 1, 2 or 4 were measured, a correction factor to scale to full
genome equivalents is applied [6]. Curve fitting of the data was carried out using
SigmaPlot (Jandel Scientific Software, San Rafael, CA 94901).

RESULTS AND DISCUSSION

The numbers of metaphases scored and reciprocal translocation events observed
following chronic exposures to tritiated water are shown in Table 1. A total of 21 117
metaphases were scored in tritiated water exposed cells. The number shown for the
control (zero dose) is a composite number for several donors, and includes 4 318 from the
specific donor whose cells were used in the HTO work.

The frequencies of reciprocal events, corrected to full genome levels, are plotted in Figure
1. The best fit of the data to a simple linear regression model (y = C + aD) is indicated
by the plotted line. The cc-coefficient is estimated at 0.026 +/- 0.002 translocations per
cell per Gy. The estimate for the y-intercept, C, is 0.003 +/- 0.001 translocations per cell.

Estimates for the a-coefficient, as defined by the initial slope of the induction curve, for
radiations of other qualities have been made. The values obtained, 0.023 ± 0.005,
0.031 ± 0.001, and 0.035 ± 0.005 translocation per cell per Gy for 60Co y-rays [7], I37Cs
y-rays [8], 250-kVp X-rays (Lucas, unpublished data), respectively, were obtained from
lymphocytes exposed under somewhat different conditions, and, consequently, are not
strictly comparable. The data for 137Cs y-rays [8] are plotted in Figure 1. Definition of an
estimate for the relative biological effectiveness (RBE) for tritium (5-rays for this
sensitive, and very relevant end-point with respect to radiation exposures, must await an
analysis of data from cells exposed to a reference radiation under the conditions described
in this work. These were designed to approximate the conditions that the lymphocytes of
an exposed individual would experience in vivo. The cells were supplied with nutrients



in a medium designed to maintain cellular metabolic capacity during the prolonged
exposure. The medium was buffered to keep the pH in the physiological range and the
blood/medium

Table 1
Reciprocal translocation induction in human lymphocytes by exposure to HTO at 37°C.

Dose
(Gy)

0.00

0.30

0.61

0.93

Metaphases
scored

25 435

12 502

4 156

5319

Full genome
equivalents*

8 902

4 376

1455

1862

Number of
translocations

observed

37

41

26

51

Translocation
frequency per cell

(1 std.dev.)

0.0042 (0.0007)

0.0094 (0.0015)

0.0179 (0.0035)

0.0274 (0.0039)

Because chromosomes 1,2 and 4 together represent only a fraction (0.35) of the total chromosome length
in the cell, this correction factor is applied to allow the frequency to be expressed in terms of whole cells.

Figure 1
Induction of reciprocal translocations in human lymphocytes by tritium p-rays (•) and

137Cs y-rays (V) under different exposure conditions (see text).
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suspensions were held at normal body temperature, 37°C. This was not the case in the
earlier work.

The dosimetry of tritium p-ray exposures to HTO is based on three critical assumptions;
the HTO diffuses freely and rapidly into the cells, the water content of the cells is known
and the distribution within cellular compartments is uniform. There is no disagreement in
the literature that, for the lengths of exposures that are ordinarily used, the diffusion of
HTO into cells is sufficiently rapid to be assumed to be instantaneous. In the absence of
specific information on the distribution of intracellular HTO, its uniformity remains an
unsubstantiated assumption. The water content of cells is another matter. Values for
mammalian cells in general range from 45% (9) to 84% (10). The value used in this
work, 82% (2), is the only specific estimate for human lymphocytes known to us.
Clearly, any uncertainty in this value will reflect on the results obtained. Methods for
measuring the water content of cells under the conditions used for our in vitro exposures
are being assessed. When completed these measurements will allow us to define with
confidence the a-coefficient for low dose HTO exposures. This together with the
definition of the in vitro induction curve for the reference radiation under the same
normal physiological conditions will allow us to provide a sound estimate of the RBE of
tritium (3-rays for this very relevant and sensitive biological end-point.
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ABSTRACT

Adaption to radiation is one of a few biological responses that has been demonstrated to occur in
mammalian cells exposed to doses of ionizing radiation in the occupational exposure range. The adaptive
response has been well characterized in the yeast Saccharomyces cerevisiae, although the doses required to
induced the response are higher than in mammalian cells. When yeast cells are primed with sublethal doses
of gamma-radiation, they subsequently undergo an adaptive response and develop resistance to radiation,
heat and chemical mutagens in a time and dose dependent manner. We have used this model system to
assess the relative ability of tritium-beta radiation to induce the adaptive response and examined tritium-
induced radiation resistance, thermal tolerance and suppression of mutation. The results show that
sublethal priming doses of tritium caused yeast cells to develop resistance to radiation, heat, and a chemical
mutagen MNNG. The magnitude and kinetics of the response, per unit dose, were the same for tritium and
gamma-radiation. Therefore, the relative biological effectiveness (RBE) of tritium for induction of the
adaptive response was about 1.0.

Apoptosis is a genetically programmed cell death or cell suicide. Cells damaged by radiation can be
selectively removed from the population by apoptosis and therefore eliminated as a potential cancer risk to
the organism. Since we have previously shown that apoptosis is a sensitive indicator of radiation damage
in human lymphocytes exposed to low doses, we have used this endpoint to investigate the potency of
tritium-beta radiation. Initially, tritium was compared to X-rays for relative effectiveness at inducing
apoptosis. The results showed that lymphocytes irradiated in vitro with X-rays or tritium had similar levels
of apoptosis per unit dose. Therefore the relative biological effectiveness of tritium for induction of
apoptosis in human lymphocytes was also about 1.

In the work presented here, we have demonstrated that tritium does not quantititatively differ from X-rays
or gamma-rays in inducing the adaptive response in yeast or apoptosis in human lymphocytes.

INTRODUCTION

Accurately determining the relative biological effectiveness (RBE) of tritium has important economic
implications for the CANDU nuclear power program. In this paper we examine the RBE of tritium using
two sensitive biological endpoints known to respond to sublethal doses of radiation. Ionizing radiation
causes harm to living organisms because it can alter the genetic program contained within the DNA of a
cell. If the genetic information is damaged or altered, it must be repaired correctly or eliminated.
Otherwise the cell may undergo a transformation that could ultimately cause it to become a cancer.
Fortunately, cells have evolved mechanisms that protect and repair normal DNA or eliminate misrepaired
DNA. Our work focuses on two of these mechanisms: the adaptive response and apoptosis. The adaptive
response protects cells from ionizing radiation by enhancing the DNA repair capacity of the cell and
consequently reducing the probability of genetic damage. Alternatively, once genetic damage has
occurred, the cell can be destroyed by apoptosis, a genetically programmed form of cell death or "suicide".
Both mechanisms ultimately can modify the cancer risks associated with exposure to ionizing radiation. In
this report we specifically address the relative effects of tritium-beta radiation on these two biological
mechanisms.



The adaptive response to radiation is detected as a process induced by radiation whereby the consequences
of a subsequent radiation exposure are modified (1). Such an effect has been observed when cells are
exposed to either a small or chronic sublethal priming dose of radiation and sometime later are exposed to
a second, larger and more harmful, radiation dose. The cellular consequences of the second exposure may
be reduced or enhanced depending on the biological endpoint being investigated. The adaptive response
was originally observed in human lymphocytes by Olivieri et al. (2) and since then reports have shown that
many conditions can influence adaption of human lymphocytes (3,4,5). Occupational exposures to
radiation have also been shown to induce an adaptive response in lymphocytes (6). Adaption, resulting
from a small radiation dose, has been shown in other human cell types to protect against micronucleus
formation and neoplastic transformation (7), and the inherent spontaneous risk of neoplastic transformation
(8). Radiation has been shown to also induce the adaptive response in mouse germ cells (9).

Apoptosis is a form of cell death that has distinctive morphological and biochemical characteristics (10).
Many extracellular and intracellular signals are known to elicit this genetically controlled and regulated
response in a variety of cells (11). One of the biochemical events that occurs in apoptotic cells and
distinguishes them from other cells and other modes of cell death, is the fragmentation of nuclear DNA (12).
The time required for an apoptotic cell to fragment its DNA varies depending on the organism, cell type, and
the type of inducing signal (13). Ionizing radiation is one agent known to induce apoptosis in human cells.
When a cell's DNA is extensively or irreversibly damaged, the cell may undergo apoptosis to prevent further
consequences to the organism. This mechanism is believed to be an important pathway to prevent potential
cancer cells from becoming cancerous.

Many physical and biological factors influence the rate and magnitude of the adaptive and apoptotic
responses. Radiation quality is one physical factor known to modulate both processes. In this report, we
have studied the effects of tritium-beta radiation on these processes. It is known that gamma-radiation
adapted yeast cells become thermal tolerant, radiation resistant, and less susceptible to mutation caused by
a chemical agent MNNG (14). Here we have compared tritium-beta radiation to cobalt-60 gamma-
radiation for inducing the adaptive response in yeast. Also, we have previously shown that human
lymphocytes undergo apoptosis in a dose dependent manner when exposed to gamma-radiation and X-rays
(15). Therefore, in this work we have compared tritium-beta exposure to gamma- and X-irradiation for
induction of apoptosis.

MATERIALS AND METHODS

Tritium-Induced Adaptive Response in Yeast

Cell Growth. Diploid strain of the yeast Saccharomyces cerevisiae was used as the test organisms in these
experiments. Cell cultures were grown at 23°C to mid-exponential phase (2-4 x 10s cells/mL) in liquid
nutrient medium containing 0.1% yeast extract, 1% yeast nitrogen base with amino acids, 1% sodium
succinate, and 2% glucose.

Radiation-Induced Thermal Tolerance. Thermal survival was determined by placing 2.5 mL cell aliquots
(2x106 cells/mL in YES medium at 0°C) in 16 x 100 mm glass test tubes and submerging the glass test
tubes into a shaking 52°C water bath. At specified time intervals glass test tubes were removed, rapidly
cooled to 0°C, and the cells were plated for survival on nutrient agar plates. Thermal tolerance was
induced with radiation by exposing yeast cells at 0°C to 200 Gy of either ̂ Co-gamma-rays or tritium-beta
rays. Tritium exposures were performed by adding tritiated water (stock 1 Ci/mL) to 0°C growth media
containing cells. Cells were incubated in the tritiated media for various times until the desired dose was
delivered to the cells. Cells were then washed three times in 0°C phosphate buffer, resuspended in fresh
media, and incubated at 21°C for two hours. Thermal survival curves for the irradiated cells was performed as
described above.

Radiation-Induced Radiation Resistance. Radiation resistance was determined in cells by irradiating cells
with 200 Gy of either 60Co-gamma rays or tritium-beta rays. Following radiation exposure, cells were



incubated under normal growth conditions for increasing periods of time. Radiation resistance was
measured at each time interval by exposing cells to a 1.0 kGy dose of gamma rays delivered under oxic
conditions. Survival was determined by plating cells on nutrient agar and scoring colony formation.

Radiation-Induced Mutation and Suppression of MNNG Mutation. Radiation-induced mutation was
determined by measuring reversion from histidine dependence to histidine independence. Mutant cells
able to form colonies were counted after incubation at 23°C for 6 days on nutrient agar lacking histidine.
Total survival after the various treatments was measured by scoring colony formation on complete nutrient
agar plates. Chemical mutagenesis was performed at 23 °C in 20 mmol dm'3 (mM) phosphate buffer (pH
7.0) at a cell density of 1 x 107 cells/mL. Cells were treated with 20 mg/mL of MNNG (Aldrich Chemical
Co.) for 30 minutes immediately after exposure to various doses of gamma-radiation or tritium-beta rays.
After MNNG exposure, cells were washed once with 10% (w/v) sodium thiosulphate and twice with
phosphate buffer at 0°C. Reversion to histidine independence and survival to treatments was determined as
described above.

Tritium-Induced Apoptosis in Human Lymphocytes

Cell Culture. Blood samples from healthy male volunteers were collected in heparinized tubes and the
mononuclear lymphocytes were isolated from the sample. The lymphocytes were washed twice at room in
Hank's Balanced Salt Solution (Sigma, St. Louis, MO). The cells were incubated at 37°C in T25 culture flasks
at a cell concentration of 4.0 x 105 cells /mL in RPM 1640 medium (Gibco BRL, Gaithersburg, MD)
containing 20% fetal bovin serum, 2 mM L-glutamine, 10 U/mL penicillin and 10 mg/mL streptomycin
sulphate. Cells were equilibrated to 37°C prior to radiation treatments. All flasks containing cells were
incubated for 48 hours after treatments to allow lymphocytes undergoing apoptosis to fragment DNA prior to
being assayed (Cregan et al. 1994, Boreham et al. 1996).

Tritium and X-Irradiation. Cells were exposed to tritium by adding the appropriate concentration of tritiated
water (stock at 1 Ci/mL) to prewarmed complete growth media. The cells were incubated at 37°C in tritiated
media for various times until the desired dose was delivered to the cells. Cells were then washed three times
in fresh media and returned to the incubator for a 48-hour period. Paired lymphocyte samples in 37°C
complete media, from the same donor, were also irradiated with 250 kVp X-rays at a dose rate which was
equivalent to the tritium exposures. The cell samples were then washed three times, the same as the cells
exposed to tritium, resuspended in fresh media, and returned to the incubator.

Apoptosis Measured by TdT and FADU Assays. Two assays were used to measure apoptosis. The terminal
deoxynucleotidyl transferase (TdT) assay (ApopTag™, Oncor) and fluorescence analysis of DNA unwinding
(FADU) assay (15,16). Briefly, the Tdt assay fluorescently labels fragmented DNA within an apoptotic
nucleus whereas the FADU assay measures DNA fragmentation by alkali unwinding of the DNA helix and
subsequent labelling with ethidium bromide. For the TdT assay, apoptosis was reported as the proportion (%)
of cells exhibiting fluoresence while values for the FADU assay were expressed as DNA fragmentation (Qd
units) (16).

Data and figures. Each experiment was repeated at least three times from independent cultures. All figures
shown represent the combined results of all the experiments. Standard error bars are shown except were
the error is less than or equal to the symbol size. One-way analysis of variance and Student's T-tests were
performed to determine the statistical significance between the various treatments. P-values are given
where results are considered significant. When results were not significantly different no P-values are
given.



RESULTS

Tritium-Induced Adaptive Response in Yeast

Radiation-Induced Thermal Tolerance. Yeast cells exposed to 52°C were killed in a time dependent
manner (Figure 1A). When cells were exposed to a prior sublethal 200 Gy dose of gamma-radiation or
tritium-beta radiation, they developed thermal tolerance. There was no difference in the levels of induced
thermal tolerance between tritium-beta and cobalt-60 gamma-radiation (pO.OOl).

Radiation-Induced Radiation Resistance. Yeast cells exposed to 200 Gy of either cobalt-60 gamma-
radition or tritium-beta radiation developed radiation resistance with incubation time (Figure IB). The
level of induced radiation resistance was the same in cells induced with tritium-beta or cobalt-60 gamma-
radiation (pO.OOl).

Radiation-Induced Mutation and Suppression of MNNG Mutation. Increasing doses of cobalt-60 gamma-
radiation or tritium-beta radiation induced similar levels of mutation in yeast cells (Figure 1C). When cells
were exposed to MNNG, and then subsequently irradiated with either cobalt-60 gamma or tritium-beta
radiation, the frequency of MNNG-generated mutation decreased. The suppression in mutation frequency
was proportional to dose and not significantly different for both types of radiation (Figure ID) (p<0.01).

Tritium-Induced Apoptosis in Human Lymphocytes

Initial DNA Damage at 0°C and 37°C. When human lymphocytes were exposed to 4 Gy of X-rays or tritium-
beta radiation similar amounts of DNA damage were produced. When the exposures were performed at 37°C,
under conditions of normal DNA repair, the initial damage was significantly reduced compared to exposures
at 0°C when no DNA repair was possible (Figure 2A) (pO.OOl). The level of apoptosis induced by both
types of radiation at either temperature, however, was similar (Figure 2B) (pO.OOl).

X-rav and Tritium-Induced Apoptosis at 0°C and 37°C. When lymphocytes were exposed to increasing doses
of X-rays or tritium-beta radiation, delivered over four hours at 37°C, and apoptosis was measured using
FADU, there was no difference in the levels of radiation-induced apoptosis (Figure 2C). When apoptosis was
assessed using the TdT assay, a similar result was obtained except there was a higher level of apoptosis at 1.0
Gy for tritium-beta exposure (Figure 2D).

DISCUSSION

Two evolutionary distinct cell types, yeast and human lymphocytes, were used to test the RBE of tritium.
Two biological endpoints were chosen, adaption to radiation and apoptosis, because these are cellular
processes that respond to radiation at doses in the ranges relevant to occupationally exposed human cells.

Tritium-Induced Adaptive Response in Yeast. The adaptive response in yeast comparing tritium to cobalt-
60 gamma-radiation and to 250 kVp X-rays showed no significant differences in the responses. The data
strongly indicate that the RBE of tritium is not different from 1 for the adaptive response. The
development of thermal tolerance and radiation resistance during cellular adaption in yeast occurs by two
biologically separate mechanisms within the adaptive response. The two mechanisms are induced in
response to DNA damage and therefore changes in the spectrum of DNA damage with changes in LET are
known to change the magnitude of the responses (17). Since no differences were observed for tritium-beta
and cobalt-60 gamma-radiation induced adaptive response, the microdosimetric differences between the
two radiation qualities does not seem to be important with respect to the biological response of the cells for
this endpoint. Enhanced radiation resistance to cell killing arid suppression of chemically-induced
mutation are believed to be a result of increased DNA repair capacity. Therefore, the data show that
tritium-beta radiation induces DNA repair capacity as efficiently as cobalt-60 gamma-radiation.
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Figure 1. Radiation-Induced Adaptive Response in Yeast (A) Thermal tolerance was induced by
exposing cells to 200 Gy of cobalt-60 gamma-radiation (squares) or tritium beta-radiation (triangles),
incubating cells for two hours, then heated at 52°C for various times. Unirradiated control cells are
shown as circles. (B) Radiation resistance was induced by exposing cells to 200 Gy of cobalt-60
gamma-radiation (squares) or tritium beta-radiation (triangles), incubating cells for various times,
and then testing survival to a 1 kGy gamma-radiation exposure delivered under oxic conditions.
Unirradiated control cells are shown as circles. (C ) Radiation-induced mutation was measured
after exposing cells to increasing doses of cobalt-60 gamma-radiation (circles) or tritium-beta
radiation (squares). (D) Suppression of MNNG-generated mutation was induced by exposing cells to
increasing doses of cobalt-60 gamma-radiation (circles) or tritium-beta radiation (squares) before
treating cells with 20 ug/mL of MNNG for 30 minutes.
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Figure 2. Radiation-Induced Apoptosis in Human Lymphocytes. (A) Initial DNA damage was
measured immediately following exposure of lymphocytes to 4 Gy of tritium-beta radiation (closed
bars) or 250 kVp X-rays (open bars), delivered over 4 hours at either 0°C or 37°C. (B) Radiation-
induced apoptosis was measured using the TdT assay 48 hours after exposure of lymphocytes to 4 Gy
of tritium-beta radiation (closed bars) or 250 kVp X-rays (open bars), delivered over 4 hours at
either 0°C or 37°C. (CandD) Radiation-induced apoptosis was measured using the FADU assay (C
) or the TdT assay (D) 48 hours after exposure of lymphocytes to increasing doses of tritium-beta
radiation (closed deles) or 250 kVp X-rays (open circles), delivered at 37°C at a dose rate of about 1
Gy/h.

Tritium-Induced Apoptosis in Human Lymphocytes. Radiation-induced apoptosis has been shown to be a
sensitive indicator of radiation exposure (15). Here we have determined the relative effectiveness of tritium
beta-radiation at inducing apoptosis. Overall the results showed that tritium was not different, per unit dose,
than X-rays at inducing apoptosis. This further supports the contention that, although there may be
microdosimetric differences between these two qualities of radiation, the biological responses to the damage
are the same. Tritium and X-ray irradiations at 37°C produced less initial DNA damage than exposures at 0°C



(Figure 2A). This was expected since the exposure rate (about 1 Gy/h) was low enough to allow repair to
remove some DNA damage during the irradiation period. Interestingly, this did not affect the overall level of
radiation-induced apoptosis (Figure 2B). That is, the initial amounts of DNA damage at the end of the
exposures were different when irradiations were done at 0°C of 37°C but the level of apoptosis resulting from
the exposures were not different. This indicates that dose rate may not affect the induction of apoptosis. It is
possible that it is not the rate of DNA damage but the total number of signalling lesions that induce the
apoptotic response. Further investigation into the possible lack of a dose rate effect for radiation-induced
apoptosis are in progress.

In conclusion, several tests using the adaptive response in yeast and apoptosis in lymphocytes comparing
tritium-beta radiation to cobalt-60 gamma-radiation and X-rays showed no differences in the responses. The
data show that the RBE of tritium for these endpoints is not significantly different from 1. The adaptive
response and apoptosis are two cellular processes mat are sensitive enough to respond to radiation doses in the
occupational exposure range. Since both mechanisms do not have an unusual response to tritium exposures, it
is further evidence that the risk associated with tritium exposure may not be extraordinary or unique.
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ABSTRACT

Using a nose only inhalation system, 187 nine week old male Sprague-Dawley rats were exposed to two different
concentrations of natural uranium ore dust aerosol (44% U) without significant radon content. Inhalation exposures
averaged about 4.2 h/day, 5 days/week for 65 weeks at which point lung uranium burdens in the two groups averaged
0.9 and 1.9 mg/g dry weight. Animals (63) exposed to the air stream without dust served as controls. After
inhalation exposure ceased, the rats were allowed to live for their natural lifetime, a maximum of about 900 days
after the start of dust inhalation.

Lung uranium burdens were measured at the time of death of each animal. Lung burdens were found to decline
exponentially after dust inhalation ceased, and the rate of decline was independent of the initial lung burden.

AH lungs were examined at necropsy and histologically for lung tumors. Lung tumors of lung origin were observed
in both exposed groups and in the control group. The frequency of primary malignant lung tumors was 0.016,0.175
and 0.328 and primary non-malignant lung tumors 0.016,0.135 and 0.131 in the control, low and high aerosol
exposed groups respectively. Absorbed dose to the lung was calculated for each animal in the study. The average
maximum doses for all the animals exposed to the low or high concentration of dust aerosol were 0.87 Gy and
1.64 Gy respectively. The average risk of malignant lung tumors from inhaled natural uranium ore dust was
therefore about 0.20 tumors/animal/Gy. For animals with lung tumors, the average doses were 0.98 and 1.90 in the
exposed groups. In both exposed groups, the frequency of primary malignant or non-malignant lung tumors was
significantly greater than in the control group (p < 0.02) and the frequency of primary malignant lung tumors in the
two exposed group were significantly different from each other (p = 0.05).

The frequency of primary lung tumors (malignant and non-malignant) was calculated as a function of dose increment
for both exposed groups individually and combined. The data suggested that, in spite of the above result, lung tumor
frequency does not increase with dose even though a risk that doubled with dose could have been detected. However,
when malignant lung tumor frequency was calculated as a function of dose rate (as measured by the lung burden at
the end of dust inhalation) a positive correlation was seen, suggesting dose rate may be a more important determinant
of risk than dose. No strong lobe-to-lobe biases in tumor frequency were found. For the same absolute tumor
incidence, lung tumor latency was longer in the group exposed to the low dust aerosol concentration, as compared to
the group exposed to the higher concentration but on a relative basis there was no latency change.

Uranium particulates in lung were rapidly transferred to bronchial lymph nodes. Lymph node specific burdens were
variable, ranging from 1 to 60 fold greater than the specific lung burden in the same animal. No lymph node tumors
were observed.

We conclude that chronic inhalation of natural uranium ore dust alone in rats creates a risk of primary malignant and
non-malignant lung tumor formation. The evidence suggests that risk is not directly proportional to dose and
certainly does not double as dose doubles in the range below 1.5 Gy.



OBJECTIVE

To estimate, in rats, the risk of lung cancer associated with chronic inhalation of uranium ore dust.

BACKGROUND

The risk of lung cancer in uranium miners and mill workers arises from the inhalation of ore dust and radon
daughters, as well as from external y-radiation. Although there is considerable experimental evidence defining the
risk of lung cancer in rats from external y-radiation or inhalation of radon daughters, little similar evidence is
available for inhaled uranium ore dust, in either the rat or man. Specifically, no evidence is available for exposures
of long duration and hence the component of risk associated with this exposure is unknown.

Since uranium and its decay chain products produce high LET radiation, it might be expected that such exposures
would produce a risk of lung cancer similar to that arising from exposure to other high LET emitters, particularly
those present as a dust aerosol deposited in lungs. Some data on lung carcinogenesis in rats exposed to other
radioactive aerosols is available. Exposure to a single inhalation of 239PuO2 produced benign lung adenomas but no
malignant carcinomas in animals given 1 Gy or less over their lifetime. Both tumor types were present at higher
doses but displayed different dose effect relationships at doses of more than 1 Gy (1). A tumor frequency of 20%
has been reported in F344 rats exposed to 0.8-1.0 Gy of inhaled 239PuO2(2).

Survival in Wistar rats after a single inhalation of B9Pu02 was reported to be reduced only in animals with lung
doses >30 Gy (3). These workers also report a linear response of lung tumors with dose, at doses from 2.3 to 44 Gy
for a single inhalation, although below 1 Gy the incidence was very low. Another study of inhaled 239PuC>2 reported
no difference in the incidence of lung tumors whether rats were exposed to a single inhalation or repeatedly over one
year, for similar total doses in the range 0.90 to 4.4 Gy (4).

In a study of lung carcinogenesis in hamsters induced by multiple intratracheal installations of 210Po, the frequency of
lung cancer by the resulting alpha irradiation was only slightly influenced by dose protraction over 120 days as
compared to 10 days (5). At lung doses of 0.24 Gy, risk was slightly elevated but at 2.4 Gy the risk was slightly
reduced.

Exposure of rats to radon daughter products produced lung cancer after exposures as low as 25 WLM (80 mJ.h.m '3)
over 4-6 months. However, the frequency was not different from controls when the same cumulative dose was
protracted over 18 months (6). This result suggests that lung cells are able to repair the damage from high LET
radiation, and that dose rate significantly influences risk of lung cancer formation for these types of radiation.

Analysis of a study of lung cancer in rats exposed to varying radon concentrations carried on a constant
concentration of uranium ore dust aerosol suggested an "inverse dose rate effect" ie. an increase in the lifetime
probability of a tumor with a decrease in exposure rate. This result was attributed not to radon, but to promotion
effects of the uranium ore dust (7).

Radon was shown to induce micronuclei (MN) in lung fibroblasts taken from the lungs of rats, Syrian hamsters and
Chinese hamsters exposed to 496 WLM. Elevated MN levels were detected 4 h after the end of exposure, but these
declined as a function of time, after exposure (8), implying that these lesions are repairable.

In an in vivo study of rat lung fibroblasts (9), radon exposure was 10.6 times as effective as acute whole body 60Co y-
exposure in producing MN.

A study in human lymphocytes indicated that a single low dose of X-rays (2 cGy) prior to radon exposure induced an
adaptive response that resulted in about half the number of chromosome deletions as compared to radon exposure
alone, suggesting that the repair of high LET damage is inducible (10).



Taken together, these results suggest that exposure of lungs to high LET radiation from inhaled uranium ore dust
would likely produce a risk of lung cancer. Although the literature appears somewhat contradictory, it also appears
that dose rate effects may be important in determining risks, particularly at low chronic doses. Accordingly, the
experiments reported here were designed to estimate the lifetime risk of chronic uranium ore dust exposures to lung
(without concurrent radon exposure) at two different levels of dust aerosol, to produce two different dose ranges and
dose rates.

METHODS

Apparatus

Nose Only Inhalation Chambers. Four chambers were used. Ore dust was delivered to the top inlet of the
chamber, distributed via an internal nozzle system to the nose of each animal, collected in the interior of the chamber
and removed via a bottom port connected to an exhaust system. Uranium ore dust was delivered to the chambers as
an aerosol under positive pressure. By means of the vacuum exhaust system however, the chambers were maintained
under negative pressure relative to the treatment room the aerosol delivery and removal system, including the
inhalation chambers was self contained and separate from the room atmosphere.

Dust Generators And Ore Dust Three separate generators were constructed, one for each inhalation chamber that
delivered dust aerosol. The chamber with the control animals was connected directly to air containing no dust.

The dust generators operated on a fluidized bed principle and consisted of a glass tube containing a horizontal
sintered glass disk. A fixed volume of dust was placed on the top of the sintered disk each Monday, refilled to that
volume daily and removed each Friday. This procedure ensured a reasonably constant particle size distribution in
the generator. A regulated flow of air was introduced into the bottom of each glass tube, which flowed upward
through the sintered disk and ore dust creating a dust aerosol. This concentrated aerosol was mixed with a second
regulated flow of clean air to create the total desired airflow, with the required dust aerosol concentration, for
introduction into the top of the chamber. The total airflow introduced into each chamber, regardless of dust
concentration, was 321/min, which corresponded to 0.5 1/min from each nozzle.

Uranium ore was obtained from the Cluff Lake Uranium Mine in Saskatchewan. The ore was ground to dust in a
ball mill.

One dust generator was adjusted to deliver about 50mg/m3 to one inhalation chamber (high level dust exposure).
The two remaining generators were adjusted to deliver about 19mg/m3 to two other chambers (low level dust
exposure). A fourth chamber was connected to the air supply only, without dust, and served as the control.

Dust Monitors. The aerosol dust concentration delivered to the rats in each inhalation chambers was monitored for
stability by a Real-time Aerosol Sensor (RAS) monitor. Each chamber was sampled at one nozzle, at the
approximate level of the rat's nose. The chambers were sampled continuously and remotely monitored by a
hardwired link to a dedicated chart recorder.

Dust aerosol was analyzed, and particle size distribution measured using an APS 33 Aerodynamic Particle Sizer.

Dust aerosol concentration was also occasionally measured at the nozzles by taking a glass fiber filter sample. These
filters were analyzed for uranium by neutron activation analysis, and by gravimetric procedures for total ore dust
mass.



Animals

Two hundred and ninety-one male Sprague Dawley (Charles River Laboratories, Charles River, Quebec) were
divided into four groups of 63 test animals plus 12 sentinel animals. The remaining twenty-seven animals were
spares.

Group
50 mg/m3

19 mg/m3

19 mg/m3

Omg/m3

Color code
red
blue
tan
green

Treatment
high ore dust level
low dust level
low dust level
no ore dust

These 4 groups of animals were 6 weeks old, approximately 151 to 175 g in weight at the time of purchase. The
remaining animals were 5 weeks old. The animals were acclimatized over a period of one week. During this time
they were tattooed by group color and cage number.

Ore Dust Aerosol Exposure

Following acclimatization, the rodents were loaded and unloaded into the holding tubes for increasing lengths of
time with exhaust air only. Exposure to uranium ore dust started at 9 weeks of age. Replacement animals were not
ramped as described. Animals in the treatment groups were exposed approximately 4.2 h/day, 5 days/wk for 65
weeks, to the indicated ore dust aerosol concentration. The spare animals were held in reserve to replace any
animals that died within four months of the start of exposure.

Some data is presented in terms of "days at risk" (DAR) defined as the number of days from the start of dust
inhalation to death for any individual animal.

Aerosol exposure accumulated a maximum total of 1344.1 h over a 65 week period.

Radon Measurement

Radon levels were estimated in the air and aerosol supply for the control group and high aerosol concentration group
(red- 50 mg/m3). The charcoal radon sampler was placed in an air-tight box with two ports. One port was connected
to a nozzle in one chamber port (through a filter) and the other to the pump and flow meter used to take filter
samples for mass measurements. Samples were collected during the normal daily exposure and counted with a high
resolution silicon detector. The clean air, prior to aerosol generation was measured at <0.5 pCi/L. After aerosol
generation and subsequent removal of the dust from the air, the air contained <2 pCi/L.

Tissue Uranium Analysis

A section of lung tissue was removed from the caudal aspect of the anterior right lobe (lobe D) not including the
periphery of the lobe (Figure 1). This section was weighed and freeze dried and submitted for uranium analysis
using neutron activation followed by delayed neutron counting. As well, the bronchial lymph nodes were removed
from selected animals at the time of death during the study and from the last 10 animals left from each of the
treatment groups. The detection limit for this uranium analysis method was 0.050 ng.



Figure 1
Diagrammatic representation of rat lungs, ventral view, showing the location of tissue removed from the

caudal aspect of lobe D, not including the periphery tip, for uranium analysis.

Animal Analysis

Gross Pathology. Each animal was weighed and fully examined at time of death using standard gross pathology
methods. The appropriate sample for uranium analysis was taken from the caudal aspect of the anterior right lobe
(lobe D) after the lung lobes were examined. This lobe was then tied off and the lungs were inflated through the
trachea with gravity fed 10% buffered neutral formalin and formalin fixed. Any abnormal tissue or tumor identified
during the gross pathology was removed for formalin fixation.

Histology. Each lung lobe was removed one at time, examined and then sectioned into l-2mm sections. These
sections were then examined macroscopically using a headloop (2x magnification). A systematically selected three
sections per lobe (5 lobes) were placed in individual cassettes for tissue processing. Sections identified with
abnormalities or possible masses in other than those systematically selected, were also submitted for tissue
processing. Samples were blind coded.

The remaining lung tissue sections were divided into 4 areas beginning with the cranial portion and separated by the
tissue section removed for tissue processing. These sections were placed in separate formalin vials for further
reference if required. A diagrammatic representation of this process is depicted in Figure 2.

Figure 2
Diagram of the sequential sectioning of lung lobe A for gross pathology analysis and histological

preparation. Sections 3,5 and 7 were standard lung tissue sections submitted for histology processing. The
remaining sections were relabelled by areas and stored separately for further reference.
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Statistics

The Fisher Exact Test was used to test for significant differences in rates of tumor appearance, and the p values
given are based on this test. Vertical error bars on data indicate one standard deviation. Differences in means were
tested for significance using a one-way analysis of variance and p values are given.

RESULTS

Ore Dust Aerosol Size

Uranium ore was ground in a ball mill to a particle size respirable by rats. Figure 3 plots the mass distribution as a
function of aerodynamic diameter of the samples taken at the chamber nozzle, the point of delivery to an individual
rat. About 75% of the mass was in particles < 5 |im.

Figure 3
Mass distribution after 10 minutes of operation. A new ore dust sample was placed in the generator at 0 time.

The sample was taken at a chamber nozzle. Aerosol concentration, 50 mg/m3.
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Exposure Time

Rats were exposed to the aerosol ore dust five days per week for 65 weeks, holidays excluded. They were loaded
into the inhalation chambers each morning and removed each afternoon. Figure 4 shows the actual dust inhalation
time for each week over the entire exposure period. The average weekly exposure was about 21 hours.



Figure 4
Actual weekly inhalation time over the 65 week period of dust inhalation.

ID

CD
Q-

a

c

30 -,

2 5 -

2 0 -

1 5 -

Average

£ 10-

Time (wks)

Figure 5 shows the maximum total inhalation exposure time on an accumulating basis over the entire 65 week
exposure. All exposure chambers, one control, two low dose and one high dose, were operated in parallel and
simultaneously. The exposure times were therefore identical for each group.

Figure 5
Accumulated inhalation exposure as a function of time.
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Lung Clearance

Ore dust inhalation ended for all animals 65 weeks after the beginning of inhalation by any animal. Animals were
allowed to live for their natural lifespan, and after death the uranium lung burden was estimated as described above.
Figure 6 shows the decline in lung uranium burden in both high and low level aerosol groups as a function of time
post-inhalation for all test animals that died after the end of inhalation. Data from the two low level groups were
pooled. These data were used to estimate the rate of clearance of the particulate ore dust from the lungs. Both
groups (high and low level) show the same rate of decline, indicating that lung clearance rate is independent of initial
burden. Extrapolation of the data sets to the point at which inhalation ended indicates the average lung burden in the



two groups at that time. This extrapolation indicates that the group exposed to the high level of aerosol dust had, on
average, about twice (1.91 mg/g dry weight) the lung burden that had accumulated in the groups exposed to the
lower level of aerosol dust (0.93 mg/g dry weight).

Figure 6
Lung (o) and selected bronchial lymph node (•) burdens for all the animals that died in the high and low level

dust inhalation groups after the end of aerosol inhalation.
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Bronchial Lvmph Nodes

Bronchial lymph nodes in selected animals from both the high and low level exposure groups were separated at the
time of necropsy, lyophilized and analyzed for uranium, using the same procedure as for lungs. Data from individual
animals, as a function of time post exposure is given in Figure 6. Both inhalation groups show very large variations
in lymph node burdens.

Lung Tumors

Table 1 shows the frequency of primary malignant lung tumors of lung origin observed in the control, low dose and
high dose groups, 1/63, 22/126, and 20/61 respectively. The above table also show the frequency of malignant lung
tumors of non-lung origin in each groups, as well as the six types of malignant lung tumors identified histologically,
in each group of animals. Also shown is the type and group frequency of the non-malignant tumors identified. The
data shows that the frequencies of the non-malignant tumors in the high and low dose groups were the same.



. Table 1
Types and number of primary lung tumors as well as tumors of non lung origin observed in all the test

animals.

Tumor Type

Bronchioloalveolar carcinoma
Bronchiolar Carcinoma

Squamous Cell Carcinoma

Bronchogenic Carcinoma

Adenocarcinoma

Sarcoma

Total Primary Malignant

Bronchiolo alveolar adenoma
Bronchiolar Adenoma

Total Primary Non-Malignant

Non Lung Origin
Osteosarcoma
Intravascular Carcinoma
Total Non- Lung

No.
Tumors

0

0

0

0

0

1

1

1
0

1

1
0
1

Control

Frequency of Rats with
PrimaryTumors

63 Rats Total

0.000
0.000

0.000

0.000

0.000

0.016

0.016

0.016
0.000

0.016

0.016
0.000

0.016

No.
Tumors

12

4

3

0

1

2

22

17
0

17

0
0
0

Low Dose

Frequency of Rats
with Primary Tumors

126 Rats Total

0.095
0.032

0.024

0.000

0.008

0.016

0.175

0.135
0.000

0.135

0.000
0.000
0.000

No.
Tumors

9

6

4

1

0

0

20

7
1

8

0
1
1

High Dose

Frequency of Rats
with Primary Tumors

61 Rats Total

0.148

0.098

0.066

0.016

0.000

0.000

0.328

0.115
0.016

0.131

0.000
0.016

0.016

* Primary malignant and primary non-malignant tumors occur in the same animal.

Lung Dosimetry

Lung doses were calculated on the basis of the lung burden at the time of death, the rate of clearance calculated from
the data in Figure 6, the total inhalation time and the time to death after the end of dust inhalation. Neutron
activation analysis of the uranium ore dust indicated that it was 44% elemental uranium by weight.

Figure 7 shows the calculated absorbed dose to the lungs as a function of time for the group average in both the high
and low aerosol exposure groups. The figure shows that the high exposure group accumulated dose at about twice
the rate of the low exposure group. The average maximum dose received by the animals in the low exposure group
was about 0.9 Gy at about 900 days after the start of inhalation, while the average maximum in the high exposure
group was about twice that at the same time. The figure also shows the time of death for each animal with a primary
malignant lung tumor, in both test groups. The time of tumor appearance (time of death) was very similar for both
groups.

Figure 8 shows the distribution of the number of animals within increments of total lung dose, for all the animals in
each exposure group and for those with lung tumors. The distribution for animals with tumors is skewed to higher
doses for both test groups.

The figure also shows a plot of the frequency of animals with primary malignant and non-malignant lung tumors
included in each 0.5 Gy dose increment. At higher doses in both the low and high aerosol exposure groups, this rate
becomes unreliable because of the very few animals within each dose increment. However, considering this ratio
only in dose increments containing 5 or more animals (0.5 to 3.0 Gy and 0 to 1.5 Gy in the high and low aerosol
exposure groups respectively), three observations can be made:

1. The frequency, in either the low aerosol exposure group or the high aerosol exposure group, appears to be
remarkably constant and does not increase as a function of dose.



2. The frequency in the high aerosol exposure group, in any 0.5 Gy dose increment, appears to be on average about
double (0.4) that seen in the low aerosol group (0.2).

3. These results would tend to indicate that the frequency of animals with lung tumors is not directly proportional
to dose.

This conclusion, that the risk of lung tumor formation was not directly proportional to dose, was tested statistically in
two ways. In the first test the data for all the animals in both exposed groups (19 and 50 mg/m3 aerosol exposure)
were combined. The animals with doses between 0 and 0.74 Gy, (median dose 0.53 Gy) were identified as one
group (70 animals) and the animals with doses between 0.75 and 1.49 Gy (median dose 1.04 Gy) as a second groups
(80 animals). The number of animals with tumors (primary malignant and primary non-malignant) in these two
groups (17 and 20 respectively) were not different (p=0.5). If tumor frequency was directly proportional to and
doubled with dose as suggested from the primary malignant frequencies separately observed in the 19 and 50 mg/m3

exposed groups (Table 1) then doubling the dose from 0-0.74 Gy to 0.75-1.49 Gy would be expected to double the
tumor frequency. Since 70 animals receiving 0-0.74 Gy (median dose 0.53 Gy) developed 17 lung tumors (frequency
0.243), the group receiving 0.75-1.49 Gy (median dose 1.04 Gy) would have been expected to develop double that
tumor frequency, 39 tumors in 80 animals. That expected frequency (39/80) would be significantly different from
the frequency actually observed in the lower dose range group, 17/70, p=0.025 and therefore could have been
detected. The expected frequency was however significantly higher than the frequency actually observed in the
group receiving 0.75-1.49 Gy (p=0.024).

The statistical analysis of animals in these two dose ranges was repeated based on the frequency of primary
malignant and non-malignant lung tumors observed (19/70 and 27/80 in the low and high dose ranges respectively).
The two frequencies were not significantly different (p=0.3). Again hypothesizing that tumor frequency was directly
proportional to dose, the high dose range would be expected to produce 44 lung tumors in 80 animals, significantly
more that the 19/70 observed in the low dose range (p=0.02). That expected frequency is on the margin of
significant difference from the frequency actually observed in the high dose range (27/80) p=0.06.

This analysis was again repeated considering only the frequency of primary malignant lung tumors observed, 12/70
and 15/80 in the low and high dose range groups respectively. These frequencies are not significantly different
(p=0.5). Using the same argument as above, the expected frequency in the group receiving 0.75-1.49 Gy would be
28/80, and this would have been significantly different from the observed frequency in the 0-0.74 Gy dose range
group (p=0.04). The expected frequency in the higher dose range group (28/80) is however significantly higher than
the actual frequency observed in that group (15/80) p=0.05.

The above analysis tested the hypothesis that tumor frequency was proportional to dose using all the ore dust
exposed animals combined into one data set. We also tested that hypothesis in a second way using only the animals
exposed to a single ore dust aerosol concentration, 19 mg/m3. Insufficient animal numbers in the 50 mg/m3 exposed
group precluded a similar test on that group alone. Again dividing the 19 mg/m3 ore dust exposed group into
animals receiving 0-0.74 Gy (median dose 0.53 Gy) and 0.75-1.49 Gy (median dose 1.03 Gy) showed 17/63 animals
with lung tumors in the former and 15/58 in the latter. These frequencies are not significantly different (p=0.3). If
the tumor frequency was proportional to dose, the 0.75-1.49 Gy dose range group would have been expected to show
33/58 animals with tumors, significantly different from the 17/61 observed in the 0-0.74 Gy dose range group
(p=0.03). This expected frequency of 33/58 was again significantly higher than the 11/58 actually observed in that
dose range (p=0.003). Considering the number of primary malignant and non-malignant lung tumors in the animals
exposed to 19 mg/m3 aerosol, the observed frequencies in the two dose ranges (19/61 and 16/58 in the low and high
ranges respectively) are not different (p=0.5). Again hypothesizing that frequency is directly proportional to dose
results in an expected frequency of 36/58 in the high dose range, significantly more than the observed frequency
(19/61) in the low dose range (p=0.03) but significantly higher than that actually observed in the high dose range,
16/58 (p=0.015). Repeating this analysis for primary malignant lung tumors only in the 19 mg/m3 dust exposed
animals indicates 12/61 tumors observed in the 0-0.74 Gy dose range and 8/58 tumors observed in the 0.74-1.49 Gy
dose range, not significantly different (p=0.3). If tumor frequency was directly proportional to dose, 23/58 tumors
would be expected in the higher dose range, significantly different from the 12/61 observed in the low dose range
(p=0.05) but significantly more than that actually observed in the high dose range (8/58) p=0.01.



The above results indicate that the hypotheses that lung tumor frequency is directly proportional to dose has failed
the statistical tests.

The dose rate for each animal was not constant, but depended on the uranium lung burden that accumulated during
inhalation exposure. We reanalyzed the data using the uranium lung burden at the end of inhalation as a value
representative of the overall dose rate in each animal. The individual lung burdens at the end of inhalation were
calculated from the measured burdens at death and the measured rate of decrease in the lung (Figure 6). Figure 9A
shows the distribution of uranium lung burdens at the end of inhalation for all animals in both exposed groups.
Figure 9B shows the frequency of primary malignant lung tumors within each increment of lung burden, for the two
exposed groups combined. The data suggest that malignant tumor frequency increased with increased lung burden at
the end of inhalation, implying that malignant lung tumor risk may increase with increasing dose rate.

While Figure 9A suggests a trend of increasing risk of malignant lung tumor formation with increasing lung burden,
it does not suggest that risk doubles with a doubling of lung burden as did the data for dose (Table 5). However
given the number of animals available and their distribution (Figure 9A), the magnitude of the uncertainties preclude
statistical proof of this association of increasing risk with increasing dose rate (lung burden at the end of inhalation).

Figure 10A shows that for the same absolute frequency of lung tumors, the latent period was apparently longer in the
group exposed to the low aerosol dust concentration. However, when plotted on a relative basis (Figure 10B) the
latent period for the two groups is the same. This result suggests that the latent period for the appearance of lung
tumors in the two groups is actually the same, and that only the risk (i.e. tumor number) is higher in the group
exposed to the high dust concentration.

Figure 7
The calculated average absorbed dose to the lungs as a function of time for the high and low level dust

inhalation groups. Those animals with primary malignant lung tumors are shown as data points at their time
of death. Note that the figure does not represent the actual lung dose in these particular animals.
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Figure 8
Lung dose distribution and frequency of animals with primary malignant and non-malignant lung tumors.

Data for all animals and those with lung tumors. The two exposure groups are shown separately.
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Figure 9
Distribution of uranium lung burdens at the end of inhalation for all animals in both exposure groups
(Panel A). The frequency of primary malignant lung tumors for the two exposure groups (Panel B).
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Figure 10
Lung tumor latency period. The two groups are shown separately. A. Latency period plotted as a function of

the absolute tumor frequency. B. Latency period plotted as a function of the relative tumor frequency.
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At the end of inhalation exposure, animals were allowed to live for the remainder of their natural lifespan, at which
time the lung uranium burden was measured. This data for all animals is shown on Figure 5. The data shows that
uranium clearance rates were exponential and were the same in both groups, indicating that clearance rate is
independent of original lung burden. The data also indicates that at the end of dust inhalation exposure the average
lung burden of the animals exposed to the high aerosol concentration was 2.06 times greater than the animals
exposed to the low dust aerosol concentration. The calculated distribution of lung burdens in all animals at the end
of dust inhalation is shown in Figure 9 and indicates a distribution skewed toward higher burdens. However, most
animals had lung burdens in the 0.5 to 1.5 mg/g wet wt. These values of lung clearance rate, individual animal lung
burden at the end of dust inhalation, individual inhalation time and time of death were used to calculate the lung dose
of each animal.

Bronchial Lymph Nodes

Ore dust particles were transferred from lungs to bronchial lymph nodes. At longer times, about 400 days, after the
end of dust inhalation, the lymph nodes typically displayed specific uranium burdens (Figure 6) up to 60 fold greater
than the lungs in the same animal, at similar times after the end of inhalation. However, it is also evident that this
ratio is extremely variable. As such, it appears that predictions of dose (and therefore risk) to lymph nodes based on
lung burdens would result in large uncertainties. No bronchial lymph node tumors were detected, suggesting that the
risk of tumor formation in lymph nodes is significantly less than in lungs.



Lung Tumors

The frequency of primary malignant lung tumors in the two groups of animals exposed to ore dust was significantly
greater than the control group (p <0.002 and <2xlO'5) and for the high concentration of ore dust group, the frequency
(.328) was significantly greater (ratio 1.87, p= 0.05) than that seen in the animals exposed to the low concentration
(0.175) (Table 1). Corrected for control tumor type and frequency (sarcoma, 0.016) these frequencies become 0.312
and 0.175 respectively for a ratio of 1.78 (p <0.05). This result can be compared to the relative lung burdens in the
two groups (1907 versus 925 |ig/g) giving a ratio of 2.06 (Figure 6). It can also be compared to the average lung
dose of all animals in the two groups, 1.64 and 0.87 Gy respectively giving a relative ratio of 1.89, or to the average
lung dose of only those animals with lung tumors 1.90 and 0.98 Gy respectively for a relative ratio of 1.94. By any
test, the risk of lung tumors appears to reflect the relative lung burden in the two groups and indicates that inhalation
of uranium ore dust constitutes a risk for development of malignant tumors in the lung. Using the corrected
frequencies of 0.312 and 0.175 with the corresponding group average doses of 1.64 and 0.87, the calculated risks of
malignant lung tumor formation are 0.190 and 0.201 tumors/animal/Gy respectively. Non-malignant tumors in the
lung were also significantly (p=0.03) elevated in the two groups breathing the ore dust. However, both groups
developed a similar frequency (0.13) suggesting a less direct relationship with lung burden.

Dose, Dose Rate and Risk

The dose to the lungs of each animal was individually calculated based on the measured lung burden (u,gU/g lung
tissue) at the time of death. The maximum specific lung burden was fixed at the end of inhalation and then declined
at the rate shown in Figure 6, and this rate was assumed to be representative of each animal. On average, the animals
exposed to the high and low dust aerosol concentrations received total doses of 1.64 Gy and 0.87 Gy respectively.
When only animals with tumors were examined the average doses were 1.90 and 0.98 Gy respectively, indicating
that tumorgenesis was, on average, associated with the higher doses. Examination of Figure 7 indicates that tumors
generally appeared late in the lifespan of the animals, while many non-tumor bearing animals died before this time
(Figure 6). This indicates therefore that the higher dose in tumor bearing animals was generally related to their
longer average lifespan.

While the risk of lung tumor formation appeared to be related to lung burden and therefore dose a further analysis
(Figure 8) indicated this was not likely correct. When the spectrum of dose was divided into 0.5 Gy increments and
the tumor frequency in each dose increment calculated, the frequency (risk) appeared to be nearly constant with dose.
While the primary malignant tumor frequency in the group exposed to the high dust aerosol concentration (.328) was
significantly greater (p=0.05) than that in the group exposed to the low dust aerosol concentration (0.175), there was
no significant increase with dose up to 1.5 Gy for primary malignant tumors, all primary lung tumors or animals with
lung tumors in either the 19 mg/m3 group alone or when both the 50 and 19 mg/m3 groups were combined.
Statistical tests of the hypothesis that the risk of the above end points doubles with dose (0.2 tumors/animals/Gy,
Table 5) showed that such a result could have been detected but was not, and the actual result was significantly less
than that predicted by the hypotheses. These results strongly suggest that the risk of tumorgenesis from chronic lung
irradiation by inhaled paniculate uranium ore dust is not directly proportional to dose. It remains a possibility that
the risk increases with dose, but at a rate which is not detectable with the number of animals used in this experiment.
It is also possible that risk may be related to dose rate. Since dose rate was variable but depended on lung burden, the
lung burden at the end of dust inhalation was calculated and used as a measure of the dose rate. Figure 9B shows that
the risk of lung cancer increased as the dose rate (lung burden) increased, although given the number of animals in
the study and the distribution of lung burdens the magnitude of the errors preclude statistical significance. This
positive correlation with a measure of dose rate and the lack of direct correlation with dose (Figure 8) suggests that
the dose rate may be more important than total dose in influencing the risk of lung cancer induced by inhaled
uranium ore dust. A similar result has been reported in rats exposed to radon (6). It is conceivable that the influence
of dose rate in these chronically exposed animals represents a tumor promotion effect. Since tumorgenesis is a
multistep process characterized by increasing genomic instability, the rates of change in genomic instability could be
influenced by the rate of high LET exposure in the cells already initiated, i.e. in those already having the first tumor
initiating mutation. Figure 10B indicates a similar latent period for the appearance of malignant lung tumors in the
animals exposed to the lower dust aerosol concentration as compared to those exposed to the high aerosol



concentration when latency was measured on a relative basis. When plotted on an absolute basis, Figure 1OA
reflects the increased risk of lung tumor formation in the animals exposed to the high dust aerosol.
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ABSTRACT g°

All safety analysis codes require some representation of actual plant data as a part of their ^ =
input. Such representations, referred to at Point Lepreau Generating Station (PLGS) as plani
idealizations, may include piping layout, orifice, pump or valve opening characteristics,
boundary conditions of various sorts, reactor physics parameters, etc. As computing power
increases, the numerical capabilities of thermalhydraulic analysis tools become more
sophisticated, requiring more detailed assessments, and consequently more complex and
complicated idealizations of the system models. Thus, a need has emerged to create a precise
plant model layout in electronic form which ensures a realistic representation of the plant
systems, and from which analytical approximations of any chosen degree of accuracy may be
created.

The benefits of this process are twofold. Firstly, the job of developing a plant idealization is
made simpler, and therefore is cheaper for the utility. More important however, are the
improvements in documentation and reproducibility that this process imparts to the resultant
idealization. Just as the software that performs the numerical operations on the input data must
be subject to verification/validation, equally robust measures must be taken to ensure that these
software operations are being applied to valid idealizations, that are formally documented.

Since the CATHENA Code is one of the most important thermalhydraulic code used for safety
analysis at PLGS the main effort was directed towards the systems plant models for this code.

This paper reports the results of the work carried on at PLGS and ANSL to link the existing
piping data base to the actual CATHENA plant idealization. An introduction to the concept is
given first, followed by a description of the databases, and the supervisory tool which manages
the data, and associated software. An intermediate code, which applies some thermalhydraulic
rules to the data, and translates the resultant data to CATHENA structure is then described.
Finally, the results of some validation work are shown.

1 INTRODUCTION

Development of a CATHENA idealization is a complex process, usually requiring a lot of time,
large amounts of data, and great care and attention to detail. Even though CATHENA input is
free-format, extracting accurate data from the required documents is difficult and time
consuming. Beginning in about 1988, a program of capturing PLGS plant piping configuration
in an electronic format began in a somewhat ad-hoc manner. In 1992 a specific format for the



necessary piping databases was developed, and the data developed up to that point was
converted to the standard structure. The actual 3-D piping database comprises system-by-
system information about the piping network and isometric data. It also contains information
about the location of specific elements (e.g. valves, flow/pressure transducers) and additional
information of the geometry of the pipe (e.g. equipment connected to the pipe, etc.).

In order to validate the information in the databases, the data is linked to a 3-D isometric
viewing program. This manipulates the data in the database and presents the results as an
isometric view. Gross errors in the data are readily evident when the data is viewed.

The initial purpose of the databases was simply to provide a validated record of the geometry
that was used in the hand-calculations required to create CATHENA input. In time, it became
obvious that a natural evolution would be to use the validated databases to automatically
perform some of these hand-calculations. Thus a FORTRAN program was written to make an
interface between the databases and the CATHENA user. This program, called CATNIP
(CATHENA Input Preparation), combines various parts of the databases, and applies some
thermalhydraulic rules to the resultant data sets. The outputs of the CATNIP process are
various of the required elements of the CATHENA input file.

All of the elements of the piping database, from entering data, to viewing the data in 3-D, to
preparing input files for, and running, CATNIP are embedded in a PC FoxPro application. This
application, known as the Pipework Database Manager, incorporates many self-check features,
and an in-built electronic version tracking and auditing system.

2 PIPEWORK DATABASE MANAGER

2.1 Database Structure

Using the database specification [1], actual plant DATA from various plant systems was
methodically gathered and formally issued in a series of information reports [2-15]. The DATA
contained in each or the information reports is in the form of 5 main databases:

which pipes are involved (PIPE.DBF)
this database assigns a line number, identifies the relevant system name, "from" and
"to" locations, and a name for the line

the geometry of the pipes (GEO.DBF)
this database divides a line into a number of records, typically comprising a "straight"
and an "elbow", and provides for each record: internal diameter, wall thickness,
length, elevation, elevation change from beginning to end, incline angle, direction
angle, elbow angle, elbow radius, insulation thickness (if any), and the number of
connections on this record

the connections to the pipes (CONNECT.DBF)
each connection identified in the GEO.DBF file is identified here, in terms of its
location along the record, and its type, where "type" can be Valve, Orifice, Tee,
"Special" or "for information only".



the 3-D co-ordinates of the elements of the pipes (COOR.DBF)
the (x,y,z) spatial co-ordinate of each "turn-point" in the system, referenced to a
single 3-D origin point

the CATNIP input file "CATNIP.DBF"
a routine in the Manager can create this input file, by amalgamating information
from, primarily, the GEOMETRY and CONNECT files.

The latter two databases, (COOR.DBF, CATNIP.DBF), are "child" databases, dependant to a
large extent on the other three. Virtually all pipes larger than about 3-inch nominal size
(excluding the heat transport system, and the RCW system) are included in the databases, with
an overall claimed accuracy of about 4 inches. All of the raw data for the inlet and outlet
feeders has been converted to database format, but further testing is required before it can be
released officially. It is planned that the full RCW system will be added to the database in the
near future.

When data from all of the systems documented in Refs 2-15 was concatenated, this resulted in
a database of about 4000 records, with about 20 primary fields, and many more secondary
fields in each record. To aid in managing this data, a tool was created to aid in searching,
locating, viewing and maintaining the plant pipework systems data. This tool was written in
FOXPRO, and has become known as the Pipework Database Manager.

The Pipework Database Manager has the ability to fully maintain the pipe systems, add data for
new systems, perform various calculations on the data (flow-lengths, volumes etc.) and create
the CATNIP input files. The program does extensive self-checking, ensuring that data has valid
pipe schedule information, that reducers are the correct length etc.

The CATNIP program had previously been written in VAX FORTRAN, and ran "stand-alone" on
the PLGS system VAX computers. CATNIP was recompiled in PC LAHEY 90 FORTRAN and
integrated into the Pipework Database Manager. Therefore the Pipework Manager now has the
added functionality of being able to generate certain hydraulic parameters, and output them in a
data file consistent with a CATNENA input file.

2.2 Prerequisites

The Pipework Database Manager is a FOXPRO-for-Windows application and thus requires the
installation of Microsoft FOXPRO 2.6 for windows standard installation. The application has
linking features to DesignCAD-3D 8.0 and Microsoft EXCEL 5.0. This means features using
these packages will not be available unless the user has the standard installation on his or her
machine. Minimum system requirement is 8MB RAM, 486 DX4 100, but the application is much
faster using 16 MB of RAM and a PENTIUM CPU. The required software takes up about 50
MB hard-drive space, while the FOXPRO application and the PLGS databases take about 50
MB of hard-drive space.

2.3 General Description of Features

The Pipework Database Manager [Fig 1] is a WINDOWS computer program, written in
FOXPRO 2.6, that allows the user to manage the Point Lepreau Generating Station (PLGS)
database of plant piping system [Fig 2/3]. It allows for the windows point and click searching,



viewing and querying of data [Fig 4]. The databases can easily be updated and fields
recalculated automatically. The program updater has a built in version tracker to allow for
automatic configuration management [Fig 5]. This minimizes error and leads to a consistent set
of results.

The piping manager is linked with a 3D drawing package (DESIGN CAD 3D), which allows the
user to obtain a 3D wire frame representation of the data in a query [Fig 6]. The drawing is fully
3D which means the user can view, rotate, zoom in and out as desired. The Pipework
Database Manager also calculates the location of all the connections associated with a pipeline.
Fig 7 shows a blown up isometric view of a piping section from the Pressure and Inventory
Control system. The circles represent the Valve locations and the crosses represent the Tee
locations.

Another useful tool is the ability of the Pipework Database Manager to perform volume
calculations [Fig 8]. The volume calculations can be performed interactively from a user
selected set of pipelines down to the volume of an individual record. It is also possible to
calculate the volume to and from a given connection on a given record.

One of the most important tools is the ability of the Pipework Database Manager to link with the
embedded CATNIP program [Fig 9]. It allows the user to interactively create the CATNIP input
files as well as view its output [Fig 10]. CATNIP is a thermalhydraulic code preparation
program, that enables the generation a substantial portion of a CATHENA input file. This results
in a CATHENA idealization of a plant system under query. As a result the Pipework Database
Manager is a userfriendly interface used to collectively manage data and tools. It provides an
effective way to aid in the configuration management of a code and the dataset. This means
that it is possible to obtain a consistent and reliable set of results for a given datset. It also
means that the time cost of some labor intensive calculations is minimal.

3. CATNIP CODE CAPABILITIES

The first step in the use of CATNIP is the generation of a CATNIP input set. Three files are
required as noted in Figure 9. The user first identifies the portion of piping of interest, by
reviewing the piping geometry, and location of valves, tees etc. on the 3-D graphics viewer.
One of the CATNIP input files for this section of piping is automatically generated once the
desired piping set is selected and saved. When the other files, described below, are ready,
CATNIP generates the bulk of the required hydraulic parameters, and outputs a data file in the
form of a CATHENA input file.

CATNIP uses information from the piping database to create the structure of the modeled
system (component labels, number of pipes, number of nodes, etc.) by applying a specific
modeling approach, and various internal rules and conventions regarding naming/numbering
etc.

Having defined the piping network structure of the model, the code calculates the geometrical
and hydraulic parameters for each component. The hydraulic parameters refer to flow
resistance coefficients for elbows, tees and reducers/diffusers. AH the loss coefficients are
placed at the exit from the respective component and are calculated using empirical formulae
extracted from a standard reference [18].



Minor loss coefficients calculated for elbows will be placed in the Piping Components section.
In the case of a gradual area change, the flow resistance coefficients will be included in the
Junction Resistance Model section, since minor losses cannot be assumed to be the same in
both forward and reverse directions.

To model a tee component is necessary to have a volume component as well as three junction
resistance models to specify the flow split. The calculation of loss coefficients for tees entails a
rigorous calculation procedure. A separate data file must be generated containing specific
information for each tee such as the type of tee (described below) and the diameter and flow in
each branch. This file, the .TEK file, is created in an interactive way before the run (see Figure
9). The tee junctions are used either to divide or combine the flow. Four types of tee are
modeled in CATNIP: symmetrical tees (diverging and merging) and non standard tees
(diverging and merging). Each type of tee requires a separate equation for each branch.

Figure 10 shows an example of the interactive input screen required to set up a Type 2
symmetrical diverging tee, and the data entry required. It should be noted that once the TEK
Options is selected, for a given set of pipework, the Pipework Database Manager automatically
"feeds" the user with the tees that have been found on the line-set, and the user applies system
knowledge and judgement to select the appropriate tee-type.

The second of the two special files mentioned earlier relates to valves and restriction orifices.
Again, the code requires a separate file, which can also be created in an interactive way before
executing the CATNIP run. Information such as: port area, open fraction, discharge coefficient
are read directly from this file, without performance of any calculations regarding these
components.

The program does not generate a CATHENA representation for all components, for example,
pumps, heat exchangers or heat transfer surfaces. Such components are identified in the
CONNECT.DBF database as "Special" components, and when CATNIP operates on such data,
a warning message is issued to advise the user that such a component exists, and that special
modeling knowledge is required to create a valid component idealization.

The five output files generated by CATNIP reflect the sectional structure of the CATHENA input
file and cover the following sections of CATHENA input: COMPONENTS AND GEOMETRY,
CONNECTIONS, SYSTEM MODELS, INITIAL CONDITIONS, GENERALIZED HEAT
TRANSFER PACKAGE. All sections include also useful comments or statistics written in the
form of CATHENA comments which help the user to handle or link the sections. An example
of a CATNIP output file is shown in Figure 11.

Some sections are not complete because the information included in the database refers mainly
to geometric information, which in turn leads to hydraulic information. Clearly, more input types
than this are required, and it is up to the user to augment and/or combine the separate files into
one comprehensive input file. This can be done in any manner the user sees fit, but it is
recommended that the organizational format of standard input files outlined in the CATHENA
Input Reference Manual is followed.

Although the CATNIP output files represent a consistent part of the final CATHENA input file,
hand polishing is required. Such specifications as boundary conditions, initial conditions, titles
and comments are not incorporated in the unrefined input files. This hand polishing is also



required to match the accuracy requirements of the CATHENA code with the accuracy of the
piping database.

4. RESULTS AND CONCLUSIONS

The set of tools comprising the Pipework Database Manager, comprising the piping database,
associated software and the CATNIP program, was tested against many cases to provide
confirmation that the raw data in the database, in conjunction with the mathematical models
used in CATNIP code were correctly translated into computer language and numerical
methods.

Efforts were made to verify if the linkage of CATNIP with the piping database is accurate and
also that there were no gross errors in the structure of the database. This was done by running
CATNIP with the whole database and performing a random verification of the results. In the
actual structure of the piping database as it currently exists are 14 systems with 517 lines and
3795 records.

As a result of the run a total of 3261 hydraulic nodes have been obtained which consists of
1909 pipe components, 166 reducers, 150 diffusers and 592 tees. Also, 711 valves/orifices and
693 special fittings occur. The total running time was no more than a few tens of seconds.

Due to the huge size of the database a complete verification was very difficult, so two types of
verification have been performed. In the first, about 125 records were selected from the
database (about one every 30 records), and the results of CATNIP compared to the equivalent
hand calculation. In the second, virtually the entire Pressure and Inventory Control model was
examined. Some of the system idealization had already been created by CATNIP, and some
by hand. For those portions created by CATNIP, hand calculations were performed for
comparison, and vice versa.

This verification process demonstrated that valid data in the database yielded CATHENA input
that was virtually identical to the hand calculated equivalent, and vice versa. The overall
geometry, in terms of flow lengths, orientation in space etc. is correct. However, since some of
the data in the database had been derived about 8 years ago, certain systematic errors in the
nature of the storage of some of the data components in the CONNECT.DBF database were
identified. For example, reducers and tees were occasionally not entered as they should have
been. These problem areas were not unexpected, since some of the diagnostic tools in the
Pipework Database Manager had already identified problem areas. These systematic errors
will be corrected over the next couple of months.

The results achieved with the databases and Pipework Database Manager lead us to conclude
that this is an excellent tool for modelers. The redundancy of performing the required
calculations for each component in the network has been eliminated. Use of the Pipework
Database Manager and associated data in generating CATHENA input files automatically
generates the configuration management of the data used. This greatly reduces the time and
documentation required for the generation of system models.

The repeatability achieved in input file generation has been greatly increased due to this code.
Since modelers will draw upon a common database for any given piping system, and the



modeling fundamentals of the code will be common to all modelers, any errors in the database
should be readily identifiable. Therefore, the use of the databases should be regarded as a
dynamic process, wherein they are continually updated and modified as modelers identify
errors or possible improvements.

The tool set is by no means complete and a lot of other features and improvements can be
added. The future work in development of the code or of the database must be performed in
accordance with the new improvements and requirements made in CATHENA.
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Figure 7: Identifying Connections: +Tees andoValves
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Figure 11 Sample ofthe COMPONENTS AND GEOMETRY and CONNECTION sections

This file was created using CATNIP MOD. 0.02'
'Last Revised by S.WANYEKI and LCOLTATU: FEB-1997.Y

•CONTROL GROUP1/

•SOLUTION CONTROL1/
0.0, 500.0,,,,/

'PRINT CONTROL'/
50.0 TRUE./

'RESTART CONTROL'/
'PI1_SS.RST',, 500.0/

'TIME STEP CONTROL'/

'PROCESSING OPTION'/
•RUN1/

'NUMERIC OPTION'/
"ALL-MIXED1/

•END1/ * * * * * * * END OF CONTROL GROUP * * * * * * *

"PIPING NETWORK1/

'* A special fitting has been encountered at the connection between and PI405#1.V

'PI405#1', 6.9459, -0.5207, 0.0035, 0.0666, 0.00005, 0.8018, 'CIRC, 1, 'H2O1,,,/
'PI405#2\ 0.3810, 0.0000, 0.0035, 0.0666, 0.00005, 0.0000, "CIRC, 1, 'H2O',,,/
'PI1TE*!',,,,,,, VOLMC',, 'H2O',, 0.0001/
'PI405#3\ 1.3964, 0.0000, 0.0035, 0.0666, 0.00005, 0.1604, 'CIRC, 1, "H2O1,,,/
'PI405#4', 0.3716, 0.0000, 0.0035, 0.0666, 0.00005, 0.0000, 'CIRC, 1, 'H2O1,,,/
'PI1TE#2',,,,,,, 'VOLMC',, 'H2O',, 0.0001/
'PI405#5', 0.4602, 0.0000/ 0.0035, 0.0666, 0.00005, 0.0000, 'CIRC, 1, 'H2O',,,/
'PIITE*^,,,,,,, VOLMC',, 'H2O',, 0.0001/
'PI405#6', 0.1715, 0.0000, 0.0035, 0.0666, 0.00005, 0.0000, 'CIRC, 1, 'H2O1,,,/
'PI1TE#4',,,,M, 'VOLMC',, 'H2O',, 0.0001/
'PI405#7', 0.2858, 0.0000, 0.0035, 0.0666, 0.00005, 0.0000, 'CIRC, 1, 'H2O1,,,/
1PI1TE#5',,,,,,, VOLMC',, 'H2O1,, 0.0001/
'PI405#8', 0.3701, 0.0000, 0.0035, 0.0666, 0.00005, 0.1604, 'CIRC, 1, 'H2O',,,/

•* STATISTICS *7
*7

'* The component breakdown for the PI system is: *7
Pipe(s): 8 *7
Reducer(s): 0 *7
Diffuser(s): 0 *7
Tee(s) (Wyes): 5 *7
Valve/Orifice(s): 2 *7



SPECIAL: 1 *'/
Warnings/Errors: 0 *7

'* The total length of network piping is: 10.38235 *'/
'* The total number of hydraulic nodes is: 8 *7

*7
•• *•/

"END7 * * * * * * End of Piping Network Section * * * * * *

'COMPONENT CONNECTIONS7

'* A special fitting has been encountered at the connection between and PI405#1.7

•R-BEGINPIT, 'L-PI405#17
'R-PI405#1', "L-PI405#27
'R-PI405#2', "PI1TE#17
'PI1TE#1', 'L-PI405#37
'R-PI405#3', "L-PI405#47
'R-PI405#4', 'PI1TE#27
'PI1TE#2', 'L-PI405#57
'R-PI405#5', 'PI1TE#37
•PI1TE#3\ "L-PI405#67
'R-PI405#6', 'PI1TE#47
'PI1TE#4', 'L-PI405#77
'R-PI405#7', 'PI1TE#57
'PI1TE#5\ 'L-PI405#87

'*-— NEXT LINE 7
'END7 * * * * * * End of Connections Section * * * * *



ROLE OF SAFETY ANALYSIS IN ESTABLISHING CONTAINMENT OPERATING LIMITS

P.R. Gomes-Feder
Reactor Safety and Operational Analysis Department .,-

Ontario Hydro
700 University Ave., Toronto

Bruce NGS 'A' Nuclear Safety Department
Ontario Hydro

SUMMARY

All nuclear reactors are designed and operated to meet the fundamental criterion of public safety which is
defined in the Reactor Siting Guide as radiological dose limits. The containment system plays an
important role in ensuring that public dose limits are not exceeded following a reactor accident. Safety
analysis of the containment system demonstrates that the public dose limits are not exceeded and defines
the operating limits of systems and components associated with containment performance. When the
operating limits are determined, they become operating requirements. If a system or component fails to
meet these limits, action is required to correct the fault within a certain period of time or else the affected
unit or units will be shutdown.

With the aging of Ontario Hydro's nuclear stations, the performance of some system components has
changed compared to the original design specifications. Using the containment system as an example,
several changes in performance have taken place over the past 5 to 10 years such as an increase in
containment leakage, leaking of instrument air actuators, etc. Since containment structural leakage is
currently a licensing limit for all stations, this parameter is closely monitored. At stations where the
measured containment leakage is close to the licensing limit, significant effort is required frequently to
locate leaks identified from test results and to fix them either through maintenance or replacement of
components.

The design intent of the station must be met even though aging effects or other factors have changed the
station performance and the ability to meet operating limits. Therefore, it is important to ensure that the
technical basis for the operating limits is appropriate and consistent for all stations, and that the
recommended operating limits are properly implemented. The technical basis shows which components
and parameters are significant for meeting the system's effectiveness criteria. For the containment system,
based on the fundamental safety concern of public dose, the effectiveness criteria are ensuring dose limits
are not exceeded, ensuring structural integrity and ensuring adequate time for implementing an off-site
emergency response if warranted.

An appropriate and consistent technical basis for operating limits has several benefits. It provides an
assurance of public safety, and ensures mat shutdowns only occur when necessary from a public safety
perspective. Stations should not suffer needless economic hardships because of arbitrary operating limits.

In the development of a technical basis for containment operating limits, the sensitivity of the plant
response to each containment component and parameter is identified for the design basis accident which
poses the greatest challenge to meeting the effectiveness criteria. The role of a single parameter in the
overall plant response is often unknown and difficult to know but it can be determined from operating
experience, engineering judgment, risk assessment or a detailed sensitivity analysis. Sensitivity analyses
provide a well-supported technical basis for operating limits. For the containment system operating
limits, the most important plant response is public dose.



The methodology for determining the operating limits of a component or parameter is to calculate the
public dose while varying the value of the component or parameter beyond its Safety Analysis Envelope
value. Only one parameter at any one time deviates outside the envelope. All other components and
parameters are kept at their safety analysis values. If the presence of a turbulent containment leakage
component has been confirmed at a station, the analysis value for containment structural leakage should
include this turbulent component The PATRIC and FPDOSE computer codes developed in the Reactor
Safety and Operational Analysis Department (RSOAD) of Ontario Hydro are used to calculate the public
dose. Repressurization times are calculated since they are a measure of the time available for -
implementing an off-site emergency response. The REPRES computer code developed in RSOAD is used
to calculate repressurization times.
The results of the sensitivity analysis can be grouped into two categories:
• public dose is insensitive to the value of the parameter or component Some examples of containment

parameters which exhibit this behaviour are containment structural laminar leakage, compressed gas
in-leakage, containment operating pressure and temperature.

• public dose is very sensitive to the value of the parameter or component from a certain point onwards.
This value is chosen as the impairment value. In this state, there is a reduction in system capability
which impairs the system's ability to meet its full design capability. Thus, the system is considered to
be unavailable. If repairs within a short period of time cannot correct the fault, the affected unit or
units will be shutdown. Some examples of containment parameters which exhibit this behaviour are
vacuum building main chamber pressure, and dousing tank water level.

These sensitivity analyses support the technical basis for the containment operating limits. Updating of
the documentation of the technical basis for containment operating limits provides confidence that the
design intent of the containment system is maintained for the station life. The recommendations of the
sensitivity analyses determine which components and parameters need to be included in setting the
licensing limits, and determine the licensing limits for these significant components and parameters.



METHODOLOGY FOR FUEL CHANNEL INTEGRITY IN LARGE BREAK
LOSS OF COOLANT ACCIDENT

M.H. BAYOUMI AND W.C. MUIR

Ontario Hydro, Reactor Safety and Operational Analysis Department
700 University Avenue, Toronto, Ontario, M5G-1X6

SUMMARY

During some postulated loss of coolant accidents, some fuel channels are cooled by degraded flow of superheated
steam. As a result, the axial transport of heat from the fuel by convection is reduced and the radial heat transfer to
the moderator by radiation and conduction becomes the dominant mechanism for heat removal. If the transient
removal of the fuel decay heat plus the heat generated by the Zircaloy/steam reaction remains insufficient, rapid
heating and resultant high temperature may cause fuel bundle and pressure tube chemical interaction and mechanical
deformation and possible failure of the fuel channel.

Fuel channel integrity (FCI) during a large break loss of coolant accident (LBLOCA) is assured in order to
demonstrate that the fuel remains in a known coolable geometry in all accident phases. In CANDU reactors, fuel
channel integrity is demonstrated by analyses and supported by experimental results of various high fuel channel
temperature transient experimental programs.

Factors affecting FCI during a LBLOCA are:

i. pressure tube ballooning under non-uniform circumferential temperature distributions1'2'3;
ii. localized hotspots on the pressure tube due to fuel element/pressure tube or bearing pad/pressure tube

contact4;
iii. molten Zircaloy interaction with the pressure tube;
iv. thermal and chemical behaviour of the pressure tube and fuel sheath5;
v. reverse flow impact of fuel bundles with channel component;
vi. fuel constrained axial thermal expansion;
vii hydriding6 and irradiation effects on pressure tube mechanical deformation; and
viii. moderator subcooling availability at the time of PT/CT contact due to PT ballooning.

The objective of this paper is to present a state-of-the-art overview of the methodology used to demonstrate fuel
channel integrity in LBLOCA. The analytical tools used in the analysis and the experimental results used to support
the analysis findings are discussed. The paper presents a comprehensive description of the current understanding
and knowledge in support of fuel channel integrity in CANDU reactors.
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Application of Configuration Management
to Nuclear Safety Analysis Tools and Analysis Results

F. Kanji and K.R. Weaver

The application of configuration management principles to physical installations or
systems is well known, and is practiced in a number of industries. (Examples). However,
application of configuration management to the tools and methods used in problem solving, with
the clear exception of computer codes, is less advanced, and in some areas is all but non-existent.
The present paper describes the approach being adopted by Ontario Hydro Nuclear to apply CM
to analysis methods and products in a systematic and integrated way.

The need for CM in the traditional areas of managing hardware configurations, and the
advantages of its use in this sphere are well known. Due to the multiplicity of definitions of CM
and consequently of the understanding of it in a general context, the need for and advantages of
CM in areas other than hardware and computer codes is difficult to appreciate. The first
requirement, therefore, was to define CM in a way that its application to nuclear safety analysis
was more obvious. In conjunction with this, it was necessary to describe the advantages of CM in
this area, and what its application would "look like"..

The basis for this work within OHN is a "CM Strategy Document". This is a paper which
lays out the principles to be used in applying CM, defines the scope for its application to areas
related to analysis, lays out an overall plan for carrying out the CM strategy and establishes a
schedule for this work. The paper describes this strategy briefly.

There are three individual areas in which it is envisaged that CM will be applied: in codes,
in data and in analysis. Codes is not discussed in any detail in the paper because this in a
well-established application of CM and is adequately dealt with in the literature. Data and
analysis are applications not so commonly encountered, and they are discussed in greater detail.
The interconnections among these three areas and how they are handled from the point of view of
an integrated approach to analysis CM is also presented.

Trial applications in the CM of both data and analysis are underway. The use of CM in
analysis has involved the construction of an application framework and its use in a series of trials,
the first of which is presently nearing completion. The framework, the series of trial applications
and preliminary findings from the first of these trials are described in some detail. The paper
concludes with a summary of what we have learned from this work thus far, and a description of
our current plans for a more general application of CM to analysis.



RECENT DEVELOPMENTS IN THE DETAILED MODELLING OF
POWERHOUSE ENVIRONMENTAL CONDITIONS USING GOTHIC
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ABSTRACT

Environmental qualification of safety equipment in the powerhouse requires detailed information
on the predicted harsh conditions that can arise following a steam line break. Although lumped
parameter codes provide quick assessments of global conditions, the results are unsatisfactory
because the spatial detail needed to evaluate specific equipment, or indeed to optimize and
confirm the design adequacy of mitigating features, is not available. To overcome these
problems, new models have been developed to provide detailed three-dimensional information
using the GOTHIC code. Furthermore, new animated graphical displays help the designer
visualize and fully comprehend the buoyancy driven steam flow within the powerhouse. This
has lead to quick optimization of the placement, size and opening time of the emergency venting
system, thereby mitigating the conditions for which safety equipment must be qualified. This
has resulted in significant cost savings for the environmental qualification programme.

INTRODUCTION

As in most nuclear generating stations, the high energy piping associated with the steam supply
to the turbine is located outside containment in either the auxiliary buildings or the powerhouse.
Essential safety equipment required to function under such accident conditions may also be
located in these buildings. Therefore, it is important to assess the harsh environmental
conditions in which the equipment must perform its function, to ensure that the equipment is
qualified to operate under those conditions. In some cases, operator field action may be required
and the accessibility for personnel must be considered and assessed. The assessments provide
important information needed to specify design requirements and costs of the Environmental
Qualification (EQ) Programme.

Following a steam line break, a large amount of high energy steam (up to about 840 Mg) is
discharged into the powerhouse within a short period of time (15 minutes). Since the
powerhouse represents a very large volume (typically 1.5 million cubic meters), the local
conditions throughout the powerhouse can vary considerably, depending on the size and location
of the break and the distribution of steam. The migration of steam depends on a number of
factors such as the buoyancy induced recirculation flow, turbulent mixing of the plume, location
of the break, location and opening time of vents and the location of other openings through
internal structures. Local temperatures also depend on the amount of heat transfer to the



structures and the amount of droplets re-entrained to the flow field to reduce the level of
superheat.

A number of design features are incorporated to mitigate the harsh environmental conditions
following the main steam line breaks. These include protection of essential equipment in special
sealed enclosures, dedicated air-conditioning and/or ventilation systems, isolation dampers in
ventilation ducting, baffle walls, turbine floor openings, insulated water piping and ventilation
ducting, etc. The most important feature is the powerhouse emergency venting system. A high
powerhouse pressure and/or temperature signal will initiate the opening of the vents to provide
pressure relief, and to minimize temperatures by releasing steam out of the powerhouse while
entraining cool outdoor air through bottom vents.

To optimize the design of the venting system, and confirm its performance, it is essential to study
the general flow patterns of steam and air in the powerhouse by means of a three-dimensional
computer code to derive the local environmental conditions for the purpose of equipment
qualification. The adequacy and the effectiveness of any of the above mentioned mitigating
features following a steam line break can be assessed as well to ensure an adequate, cost effective
design.

BACKGROUND

In 1983, a study was initiated using an in-house lumped-parameter code. A three node model
was created to calculate the pressurization in different regions of the powerhouse. In 1985, the
two-dimensional BEACON [1] computer code was use to model the powerhouse in nine general
areas. Both pressure and temperature conditions were evaluated. In 1987, a 55 cell two-
dimensional BEACON model was used to estimate pressure, temperature, as well as humidity
conditions in the powerhouse of another station. The analysis results were used as boundary
conditions for lumped-parameter models of individual "steam protected rooms". This two-step
calculation provided environmental qualification conditions for equipment located both inside
enclosed rooms and in the open areas of the powerhouse.

In these previous assessments, both lumped-parameter and two-dimensional models were used.
However, the use of these models produced unsatisfactory results because:

• they provide only bulk conditions which may not apply to specific locations
• lumped parameter codes are not formulated to simulate buoyancy recirculation flows
• two-dimensional codes neglected the distribution of steam and air in the third dimension.

The third dimension is important because significant variations of steam content and temperature
occur affecting equipment placed locally in that direction.



In order to provide more realistic conditions in specific locations, and to significantly reduce the
cost of the Environmental Qualification Programme, the detailed time dependent distribution of
steam and air throughout the powerhouse using a three-dimensional code was needed.

METHODS

Computer Code

In order to model the buoyancy driven flow phenomenon and to generate detailed local
conditions in various parts of the powerhouse, a three-dimensional model is required. Required
features of the model include:

• break mass and energy discharge transient
• buoyancy driven re-circulation flow
• turbulence generation and dissipation
• obstructions or blockages within control volumes
• heat structures as passive heat sinks
• valves and trips to model opening of powerhouse emergency vent panels
• pressure boundary conditions for venting to the atmosphere
• evaporation and condensation
• droplet depletion and transport processes
• homogeneous and heterogeneous nucleation of droplets
• water film on walls and water pools on floors, and their movement
• heat transfer between phases and heat structures
• operation of ventilation fans
• heat load in enclosed rooms
• air-conditioning system behaviour

To meet these modelling requirements, the GOTHIC (Generation Of Thermal Hydraulic
Information in Containment) [2] containment code was chosen. GOTHIC is a general purpose
thermal-hydraulic computer program for design, licensing, safety and operating analysis of
nuclear power plant containments and other confinement buildings. It solves the conservation of
mass, momentum and energy equations in a multi-phase, multi-component system. It is owned
by EPRI (Electrical Power Research Institute) and is developed and maintained by NAI
(Numerical Application Inc.).

In addition to the modelling features listed above, GOTHIC has other advantages:

• a large user base (co-funded by 22 US Utilities and four other foreign companies)
• low annual maintenance cost for the amount of code development and upgrades provided
• a user friendly pre- and post-processor
• Quality Assurance by NAI to current standards



• a vast amount of validation tests have been performed
• versatile in modelling applications

Powerhouse Models

Using GOTHIC, a powerhouse model has been developed as illustrated schematically in Figure
1. This is typical of what has been developed for various stations. The grid sizes were chosen
such that adequate spatial resolution in specific local areas is achieved while at the same time
computer run time is optimized. The individual "cell" is typically 1 0 m x 3 0 m x l 0 m i n size.
This size is sufficient to generate reasonable localized conditions for this application. Some of
the features in this model include:

• all major floors in the powerhouse define cell boundaries
• enclosed areas such as the control room complex were excluded from the modelled volumes
• all major concrete structures, structural steel and steel grating were modelled as heat sinks
• all major openings on floor as well as corridors and access ways connecting open areas
• activation of the venting system
• building leakage, opening of service doors
• fixed louvres and roof ventilators with blow-open type dampers

Modelling of the Emergency Venting System

The emergency venting system is one of the most important features installed in the powerhouse
to mitigate the consequences of a main steam line break. It features vents at both the top and the
bottom of the powerhouse, as well as an active initiation mechanism. In the modelling of the
pressure and/or temperature activation, trip parameters are used to monitor the local cell pressure
and/or temperature. When one or more of these parameters exceeds the setpoint, the vents will
start to open after a brief delay. This time delay represents the instrumentation and mechanical
delay that may be included as part of the system design. The opening of the panels is assumed to
be uniform such that the vent area will linearly increase with time until the panels are fully open.
Sensitivity cases are used to optimize the design requirement for opening time.

Break Discharge Conditions

A matrix of cases are considered to maximize the challenge to the safety systems and
effectiveness of mitigating features. For peak pressure calculations, the large breaks such as the
100% main steam line break and the 100% steam balance header breaks are considered. For
peak temperature calculations the amount of steam distributed into the powerhouse is maximized
by analyzing a "trip blinding" break. A trip blinding break is a theoretical break discharge that is
nearly capable of activating the automatic reactor trip. This is conservative as it results in more



steam released into the powerhouse prior to operator action at 15 minutes or depletion of the
secondary side water inventory.

Initial Conditions

Typically, summer conditions are used to maximize the temperature conditions in the
powerhouse. An outdoor air temperature of 30°C is conservatively assumed. Brief periods of
outdoor temperatures exceeding 30°C would not have a significant effect on the assumed
powerhouse ambient temperatures due to the thermal inertia in the powerhouse. Initial
temperatures in the powerhouse were assumed to range from 30°C on the lower elevations to
45°C on the upper elevations.

TYPICAL RESULTS AND THEIR POST-PROCESSING

Since there is a vast amount of information generated from the three-dimensional GOTHIC
models, results are organized in the following formats.

Transient Line Plots (See Figure 2)

Each data point in the transient of a particular parameter is written to a library file and used later
to create bounding composite transient plots for each cell based on a combination of cases. This
is used so that equipment can be qualified to cover all break scenarios.

Peak Temperature/Pressure Maps (See Figure 3)

These show maximum values in each cell for each simulation. These are created separately to
help identify the peak conditions in each cell. Also, bounding composite maps which combine
maximum values from different simulations can be created to determine the maximum values in
accident unit, adjacent units and remote units.

Contour and Vector Plots (see Figure 4)

These are produced for any vertical or horizontal planes to assist in analyzing/comparing the
buoyancy induced flow patterns for different cases.

The Visualization Program (See Figure 5)

A commercial visualization program is used to create an animation that easily demonstrates how
a certain parameter, such as temperature, changes in a three-dimensional view.



Some typical observations from the visualization of GOTHIC predictions are summarized as
follows:

• the buoyancy induced flows predicted by this model illustrate that the temperatures are
highest in the vicinity of the break and that stratification of steam will occur near the roof of
the powerhouse

• because steam will accumulate near the roof, early activation of vents (top and bottom) is the
single most important mitigation feature in terms of powerhouse high temperatures

BENEFITS OF THE GOTHIC MODELS

Benefits of the three-dimensional GOTHIC models include:

• more realistic environmental conditions in local areas can be obtained
• optimization of the design of the mitigation features results in cost saving to the EQ

Programme
• physical phenomena such as steam condensation and droplet nucleation can be simulated
• ease of using and executing the code translates to cost savings
• visualization program helps to ensure that the vast amount of information is processed

efficiently and understood fully by the designer

CONCLUSION

The use of the GOTHIC powerhouse model has significantly enhanced the ability to generate
localized temperatures throughout the powerhouse for various steam line break scenarios. For
example, the buoyancy induced flows predicted by these models illustrate that the temperatures
are highest in the vicinity of the break and that stratification of steam will occur near the roof of
the powerhouse. Visualization of this phenomenon helps the designer to justify a venting system
that opens early to release the steam before it migrates to other areas of the powerhouse.
Applying GOTHIC models to optimize the design of systems for mitigating accidents will have
a significant economic benefit to the overall Environment Qualification Programme.
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Figure 3 Sample Peak Temperature Map
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High Polymer Composites for Containers for the Long-Term Storage of Spent Nuclear Fuel
and High Level Radioactive Waste
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ABSTRACT ^ =

The feasibility of using polymeric composite materials as an alternative to metals in the design of a nuclear waste =
disposal container was examined. The disposal containers would be stored in deep underground vaults in phitonic
rock formations within the Canadian Shield for several thousands of years. The conditions of disposal considered in
the evaluation of the polymeric composite materials were based on the long-term disposal concept proposed by
Atomic Energy of Canada Limited. Four different composites were considered for this work, all based on boron fibre
as reinforcing material, imbedded in polymeric matrices made of polystyrene (PS), polymethyl methacrylate
(PMMA), Devcon 10210 epoxy, and polyetheretherketone (PEEK).

Both PS and PMMA were determined as unsuitable for use in the fabrication of the storage container because of
thermal failure. This was determined following thermal analysis of the materials in which heat transfer calculations
yielded the temperature of the container wall and of the surroundings resulting from the heat generated by the spent
nuclear fuel stored inside the container, hi the case of the PS, the temperature of the container, the buffer and the
backfill would exceed the 100 °C imposed in the AECL's proposal as the m»Timiim allowable. In the case of the
PMMA, the 100°C temperature is too close to the glass transition temperature of this material (105 °C) and would
cause structural degradation of the container wall. The other two materials present acceptable thermal characteristics
for this application.

An important concern for polymeric materials in such use is their resistance to radiations. The Devcon 10210 epoxy
has been the object of research at the Royal Military College in the past years and fair, but limited, resistance to both
neutrons and gamma radiation has been demonstrated, with the evidence of increased mechanical strength when
subjected to moderate doses. Provided that the container wall could be sufficiently shielded from the radiations
emitted by the spent nuclear fuel or other high level radioactive waste, this material may well be an interesting
candidate for this application. More recent work at RMC on the effects of radiations on PEEK has demonstrated that
this high polymer thermoplastic material was even superior to epoxies under radiation environments. Part of this
research concentrated on the estimation of the doses accumulated in the container wall over the years using three
basic models for the container: one without filling material, one with glass beads as proposed by AECL, and one
using thorium dioxide (ThOj) as filling material. This choice is based on the excellent physical and chemical
properties of this compound (resistance to corrosion in particular) and to the expected low cost since thorium is
usually discarded in the tailings of uranium mine concentrating plants. The dose calculations were carried out using
the Microshield™ software and showed that both the epoxy and the PEEK could maintain structural integrity provided
that they are shielded sufficiently against the radiations emitted by the high level radioactive waste. This research
investigated also die resistance to die mechanical forces to which die container walls would be submitted in die
underground vaults and it was concluded that these materials displayed sufficient mechanical strength for such
application. It also permitted die identification of several aspects of th& design of die storage containers that need
closer investigation.

INTRODUCTION

High level waste generated by die nuclear industry in Canada is mainly composed of spent CANDU nuclear reactor
fuel and solidified high level waste (HLW). The latter comes for die most part in die form of discarded radioactive
sources and activation products, including, in a minor way, a small number of spent nuclear reactor fuel elements



treated or reprocessed for research purposes. The question of the ultimate disposal of highly radioactive material is
currently the object of intense debate. Canada started a multi-year research and development programme several
years ago, which has resulted in a proposal [1-6] by Atomic Energy of Canada Limited (AECL) to store indefinitely
the high level waste in deep underground vaults carved in phitonic granite rock formations within the Canadian Shield
(Figure 1). The proposal relies essentially on a conservative approach mostly based on proven technology, although
some aspects involve advanced materials such as the titanium alloy proposed for the storage container, and is
presently subjected to the public scrutiny throughout Canada.

STORAGE CONTAINER

The fabrication of the spent fuel/high level waste storage container is the object of this particular engineering research
project which evaluates the potential use of high-performance or advanced polymer composites. These materials offer
excellent resistance to corrosion in addition to their light weight and superior mechanical strength [7-20]. For
practical purposes, this research considers spent CANDU fuel bundles as the HLW, but it is understood mat
application to other types of waste would be straightforward. A typical container, as shown in Figure 2 would store
72 CANDU bundles and, once fully loaded and hermetically sealed, it would be placed in a cavity dug in the floor of
an underground disposal vault or in a chamber carved in the wall of the vault located at some 500-1000 m deep. The
vault would be connected to other vaults by a network of tunnels bored deep in a phitonic rock formation within the
Canadian Shield. The choice of a such rock formation comes from the fact that phitons are homogeneous granite
monoliths that have "survived'' intact (or with little damage) the numerous earthquakes and other geologic movements
of the earth's crust that have occurred in the last billions of years. Their homogeneity also limits greatly underground
water movement and seeping.

Once inside the cavity or the chamber in the disposal vault, the container would be surrounded by buffer material
typically containing clay and intended to limit corrosion rate of the container material and the rate of dissolution of the
waste form should ground water manage to seep into the container. Furthermore, the buffer material would prevent or
retard the movement of the contaminants in the event that they are released from the container. The chamber (or the
cavity) , the disposal vault and, in turn, the access tunnels would then be filled with backfill material made of cement,
clay or concrete. The function of this is again to prevent or retard the movement of any contamination escaping
through the buffer layer, and to firmly secure in place the containers and the surrounding buffers. Once all the storage
sites within the disposal facility are occupied, all of the remaining tunnels and access shafts and other boreholes
would be definitely sealed with clay-based or cement-based materials intended not only to prevent or retard the
migration of radioactive contaminants toward the surface, but also to prevent access to the radioactive waste by
hnnmns or animals. The concept is therefore based on the multi-barrier approach adopted by AECL to protect the
biosphere from the radioactive contamination: nuclear fuel matrix and fuel cladding, filler material (glass beads are
proposed by AECL), container wall, buffer material, backfill material and 500-1000 m thick phitonic granite layer.

MATERIALS PROPOSED FOR THE CONTAINER WALLS AND FILLERS

This research focused on evaluating the feasibility of using high polymer composite materials for the fabrication of the
storage container wall. The AECL design was retained as for the dimensions and capacity of the container: 2.246 m
height, 0.633 m diameter and 6.35 X 10'J m thickness, for a 72 CANDU fuel bundle capacity. Four polymeric
composites were examined: polystyrene (PS), polymethyl methacrylate (PMMA), Devcon #10210 Epoxy, and
polyetheretherketone (PEEK). For all these materials, the reinforcing material was boron fibres in either a 50%
(mass) or a 70% (mass) mixture. Several characteristics of these composite materials such as mechanical strength,
resistance to corrosion, heat transfer properties and resistance to radiation were investigated and the performance of
these materials was analysed and compared with the titanium alloy proposed by AECL and with copper [6] (proposed
by the Chemical Institute of Canada [21]).

Polystyrene (PS) is an amorphous, clear, brittle polymer that can be injection molded extruded, filament wound and
blown to produce containers. Below its 100°C glass transition temperature, it possesses considerable mechanical
strength and a high resistance to water and several other chemical agents. Polymethyl methacrylate (PMMA) is also
used in extrusions, molding and as protective coatings and adhesives. It displays an excellent resistance to corrosion
and only concentrated acids or alkalies can attack this polymer. Its glass transition temperature is only 105°C and
may retain its glass state properties if used as a radwaste container. Again, the mechanical strength of this polymer is



Figure 1: Deep Underground High Level Radioactive Waste Disposal [3].
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quite high and it was included in this study, like the PS, because it was readily available and for knowing more on its
behaviour under radiations.

Epoxies have been investigated at RMC-CMR since several years [22-24] and they have displayed good resistance to
radiations, even to the point of actual strengthening when subjected to moderate doses of neutrons and gammas. These
high polymer compounds are thermosetting resins that cure when heat is applied (often resulting from chemical
reactions from the hardening agent) and form highly cross-linked, insoluble and infusible matrix resins. They display
very high chemical stability and resistance to corrosive agents in addition to outstanding adhesive and mechanical
strength. There is a wide variety of epoxies available (several taylor-made) for specific applications, and using a wide
range of curing agents such that the setting time varies from a few minutes to 24 hours or more. The Devcon 10210
epoxy chosen for this work is a general purpose variety with a 24-hour curing time and is often used in the fabrication
of composite materials.

PEEK (Polyetheretherketone) is a semicrystalline material with superior cheracteristics such as resistance to high
temperatures, radiations and corrosion [25]. It displays excellent mechanical properties such as providing high wear
resistance and may well be used in applications in high temperature environments (about 300°C). As demonstrated in
another work [26,27], its resistance to radiations is much higher than for most of the polymers. The glass transition
temperature is 143°C, which does not represent a problem for application in the container fabrication. The tensile
strength of PEEK exceeds that of most of the other engineering plastics and, with reinforcement, tensile strengths
over 100 MPa can be obtained and maintained at temperature above 300°C.

Boron is selected as the reinforcement fibre mostly because of its excellent mechanical and chemical properties at
elevated temperatures [28]. The high absorption cross section for boron for thermal neutrons (759 b) is also a
desirable asset of this material, although the intensity of the thermal neutron flux at the position of the container wall
would be very small making the neutron absorption in these fibres negligible indeed. It is rather the excellent
properties of resistance to corrosion and outstanding compressive strength, phis the ever increasing uses of this
material in the fabrication of composites which justify mis choice.

hi addition to evaluating glass beads suggested in the AECL proposal for the container filler material, this work also
looks at thorium dioxide (ThO2 ) for this filler. This choice is based on the excellent physical and chemical properties
of this ceramic, such as excellent resistance to corrosion by air and water and very high melting point (3050°C) [29].
Although mildly radioactive itself, thorium-232 has a very long half-life (1.39 X 1010 years), longer man the two
natural uranium isotopes and its presence even in more concentrated form wouldn't add much to the natural
radioactivity background. In addition, 232Th is mainly an alpha and beta emitter, with low penetration power, and it
displays a moderate thermal neutron absorption cross section of 7.4 b sufficient to shield the container wall from most
of the residual neutrons emitted by the decaying fuel bundles. The most interesting property is the gamma and X-ray
absorption properties of ThO2 which could be comparable to those of lead, since the atomic number of 232Th (90) is
higher than mat of lead (82). The density of 10.03 g cm"3 of ThO2 (after sintering) is comparable to that of lead (11.3
g cm"3), but the mass attenuation coefficients Qdp) at 1 MeV are 5.293 cm2g'1 and 5.105 cnfg"1 for ThO2 and Pb,
respectively, as given by the code Microshield™ [30]. la addition, the cost of ThO2 is expected to be quite low
considering that thorium is three to five times more abundant than uranium in the Earth's crust, is very often
associated with uranium in the same ores and is discarded among the mine tailings at uranium mines concentrators.

HEAT TRANSFER

Within the vault at a nominal depth of 1000 m, the temperature of the phitonic rock is approximately 17°C [3].
However, the decay of the radioisotopes within the spent fuel produces a significant amount of heat and, as the result
of heat transfer through the filler material, the walls of the container may be subjected to temperatures quite higher
man that of the ambient granitic rock. Basic heat transfer calculations were carried out for all four composites, based
on a TK SOLVER [31] program, and gave the following temperatures at the surface of the container wall: 61.5°C for
the PS, 49°C for the PMMA, and 49-50°C for both the PEEK-based and the Devcon epoxy-based composites. For the
polystyrene-based composite, the temperature constraint of 100°C imposed in the AECL proposal for the disposal
vault would be exceeded, thus eliminating this material de facto. As for the PMMA-based composite, the eventuality
that the disposal vault temperature may approach 100°C leads to the elimination of this material as a suitable candidate
since the glass transition temperature of PMMA is only 105°C and this could lead to structural failure of the material.



As for the other two materials, the use of either one is acceptable since the disposal vault temperature wouldn't
exceed the 100°C constraint, nor the glass transition temperature would be approached since, for both materials, it is
well above 100°C.

MECHANICAL STRENGTH

The mechanical stress applied to the container is evaluated on the basis of a 13 MPa constant external pressure as
assessed in the AECL proposal [3], and the calculations [32] were based on determining the minimal wall thickness
that would resist to such external pressures in the case of an empty container. Of course, in an actual application, the
container would be filled with not only the spent fuel bundles, but also the filler material and possibly partition walls,
all of which would provide resisting forces on the container walls counteracting the effects of the external pressure.
Two boron fibre/polymer mixtures (50% and 70% mass) were considered for this study and the container wall
thickness was varied from 16.99 to 25.97 mm for the four polymers considered. Additional calculations indicated
that, for these wall thicknesses, these materials could easily withstand the stresses from the container payloads, their
strengths being, in most cases, of two orders of magnitude greater than the required strengths.

DEGRADATION PROCESSES OTHER THAN RADIATIONS

Geochemical conditions have both positive and negative effects on the waste container. The presence of minerals with
high sorption capacity for contaminants provides favourable conditions for the retention of contaminants and impedes
their transport within the groundwater pathways. The type of groundwater found at the site of the burial vaults is rich
in dissolved minerals as a result of extended percolation through the fractures within the phitonic rock for thousands
of years [3]. While the polymeric materials considered for the container fabrication all display high resistance to
corrosion, the salinity of the groundwater may in some cases play a role and, in the case of some epoxies, the
polymer matrix may become brittle as a result of water absorption due to the presence of hydrophilic hydroxyl and
ether groups in cures epoxies. This problem may however be alleviated by modifying the chemical structure of some
of the reactants.

Some concern may be given to the degradation of polymers by microbian activity since the temperature would be
higher than 17°C in the first decades of storage. However, at the depths considered for the disposal of spent nuclear
fuel, the lack of nutrients within the environment coupled to a small ambient radioactivity would not favour the
proliferation of microorganisms leading to the conclusion that biodegradation would not represent a significant
process.

DETERMINATION OF RADIATION DOSE ON THE CONTAINER WALL

An important part of the research investigated the resistance to radiations of the composite materials under
consideration. Resistance to radiations was one of the main reasons high polymer composites were not retained at first
for the fabrication of the container, but new polymers have recently appeared on the market that are indeed much
resistant to radiations. In a first part, dose calculations were carried out using die computer program Microshield™
[30] in order to determine the mnYimiim dose rate on the wall of the container from the 72 spent fuel bundles which
were assumed to have been placed in the container after a 10-year cool-down period in the storage pool at the nuclear
generating station following discharge from the nuclear reactor. Figure 3 shows the geometry used by Microshield™
to carry out the calculations with Tl and L being the radius of the inner cylinder containing the fuel bundles and the
length of the container, respectively, T2 is the thickness of the filling material, T3 the thickness of an air gap, T4 and
T5 are the thicknesses of the fibre and polymeric materials. Since the dose point is at mid-plane, the vertical position
Y is zero.

For these calculations, the most important radionuclides in terms of activities were included in the source term of the
model. The CANDU fuel bundle investigated in this work is the standard 37-element Bruce "A" reactor bundle which
has been exposed to a thermal neutron flux of 1.26 X 10u neutrons cm'2 s*1 during 228.72 days, thus having
accumulated a burnup of 685 GJ kg"' initial U (7928 MW-days tonne'1 initial U). The activities of these radionuclides
were taken from an AECL publication [33] and actinides were retained for the calculations if their activities after 10-
year decay was larger than 10'5 Ci kg'1, whereas the fission products retained were those for which the activity was
more than 10"3 Ci kg'1. Table I lists the radioisotopes retained for this study. The Microshield™ model of the



Figure 3: Geometry of the Container Used by Microshield™

container included two different buffer materials: glass beads as proposed by AECL, and thorium dioxide (ThQj).
Typical dose rates of 11 Gy h"1 in the container wall were calculated with glass beads as filling material, and of about
0.05 Gy h"1 when thorium dioxide serves as filling material. Calculations without any filling material were also
carried out and yielded dose rates at the container wall of about 19 Gy h'1. Table II presents the detailed results of the
MicroshieM™ calculations. The results indicate that the ThO2 filler absorbs most of the gamma radiations leaving the
walls of the container well shielded. Many of the results in the last column of Table II are negative, indicating mat,
for the materials of the container wall, the Compton effect is more important than the photoelectric and the pair
production effects, giving an important built-up of photons (as calculated by Microshield™ using the conservative
Taylor option). In reality, the dose absorbed within the container walls for these materials would be quite small. In
this work, Microshield™ was used with the other build-up calculations options (GP and no build-up effect (B=1)),
and the Taylor's method option yielded results comparable to those of the GP method, although slightly conservative.
Finally, since thorium is a naturally radioactive isotope itself, an additional calculation was made to estimate its
contribution to the radiation dose sustained by the container wall: this was found to be very negligible indeed.

RESISTANCE OF MATERIALS TO RADIATIONS

The research then focused on determining how the composite materials were capable to sustain such doses without
failing. Samples of the four types of materials were irradiated in the pool of the SLOWPOKE-2 nuclear reactor at
RMC-CMR for various durations ranging from 8 hours to more than 80 hours . Various tests were carried out on
irradiated dog bone-shaped samples and the results were compared with those for unirradiated samples [22-24. 26-
27]. The dose rate at the irradiation site has been determined at 2400±960 Gy h"1 at half reactor power [33]. The
doses accumulated within the samples during their irradiation in the reactor pool (about 3.2 X 10s Gy for the PEEK)
correspond to a 3.2 year storage time in the underground vault with glass bead filling material, and to 698 years with
thorium dioxide filler, if the initial source strength remains constant. When accounting for the decay of the fission
products and the actinides, this corresponds to storage times of 3.3 years and infinity for the glass beads and thorium
dioxide fillers, respectively.



TABLE I : ACTIVITY WITHIN CONTAINER AFTER 10 YEARS OF STORAGE1

ACTXMDES

Nuclide

Cm 244

Cm 243

Cm 242

Am 243

Am 242

Am 242m

Am 241

Pu 242

Pu 241

Pu 240

Pu 239

Pu 238

Np239

Np237

U238

U237

U236

U234

Pa234m

Th234

TOTAL

SPECIFIC :
ACTIVITY i

CidtgU)-1

0.0121

1.41 X 10"4

1.8 X 10-4

5.24 X 10"4

2.17 X 10-4

2.17 X 10-4

0.299

2.28 X 10"4

14.5

0.235

0.172

0.0822

5.24 X 10-*

2.74 X 10s

3.31 X 10-4

3.62

4.97 X 10s

2.69 X 10"4

3.31 X 10"4

3.31 X 10"»

15.3

ACTIVITY

Ci
per container

16.6

0.193

0.246

0.717

0.297

0.298

409

0.325

1.98 X 104

321

235

112

0.717

0.0375

0.453

0.495

0.0680

0.368

0.453

0.453

FISSION
PRODUCTS

**

Nuclide

H3

Kr 85

Sr90

Y90

Te 99

Ru 106

RhlO6

Cd 113m

Sbl25

Te 125m

1131

Csl34

Csl37

Bal37m

Ce 144

Prl44

Pml47

Sml51

Eu 154

Eu 155

TOTAL

SPECIFIC

CiikgU)-1

0.0799

1.23

13.9

13.9

0.00347

0.226

0.226

0.00459

0.241

0.0588

~0

0.525

20.7

19.6

0.0772

0.0772

5.45

0.0607

0.503

0.213

77J.

ACTIVITY

Ci
per container

109

1.68 X 103

1.90 X 103

1.90 X 103

4.75

309

309

6.29

330

80.4

-0

718

2.83 X 104

2.68

106

106

7.46 X 103

83.0

688

291

LOS X 10*

TOTAL ACTIVITY IN CONTAINER DUE TO ACTINIDES AND FISSION PRODUCTS: 1.26 X 10* Ci

*: Actitudes were included only if their activity was greater than 1O'S Ci (kg U)'1.

**: Fission products were included only if their activity was greater than 10'3 Ci (kg U)"1.



TABLE H : Microshield™-CALCULATED DOSES IN CONTAINER WALLS

CONTAINER
MATERIAL

TITANIUM

TITANIUM

TITANIUM

COPPER

COPPER

COPPER

PS-50% BORON

PS-50% BORON

PS-50% BORON

PS-70% BORON

PS-70% BORON

PS-70% BORON

PMMA-50% BORON

PMMA-50% BORON

PMMA-50% BORON

PMMA-70% BORON

PMMA-70% BORON

PMMA-70% BORON

EPOXY-50% BORON

EPOXY-50% BORON

EPOXY-50% BORON

EPOXY-70% BORON

EPOXY-70% BORON

EPOXY-70% BORON

PEEK-50% BORON

PEEK-50% BORON

PEEK-50% BORON

PEEK-70% BORON

PEEK-70% BORON

PEEK-70% BORON

MLLER

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

NONE

GLASS BEADS

ThO2

DOSE RATE
INSIDE WALL

Gyti*

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

14.5

11.2

0.0517

DOSE RATE
OUTSIDE WALL

Gylf1

15.2

7.14

0.0573

4.98

1.83

0.014

18.6

10.9

0.0917

19.0

11.2

0.0944

18.6

10.4

0.0872

19.1

11.1

0.0931

19.1

10.5

0.0871

19.3

11.0

0.0924

19.0

11.0

0.0923

19.1

11.3

0.0957

ABSORBED
DOSE IN SHELL

<5yfr*

-0.66

4.02

-0.00565

9.50

9.34

0.0379

-4.65

-0.180

-0.0400

-4.52

-0.06

-0.427

-4.14

0.72

-0.0355

-4.6

0.72

-0.0414

-4.58

0.67

-0.0354

-4.77

0.13

-0.0407

-4.46

0.16

-0.0406

-4.65

-0.18

-0.0440



For the Devcon #10210 epoxy, the effects of irradiation indicated an increase of the tensile strength from 34±7 MPa
to 44 ±7 MPa after 8 hours of irradiation. Previous work [22-24, 26,27] shows that the strengthening effect due to
radiation promoted crosslinking becomes eventually overcome by chain scissions as exposure progresses, resulting in
a significant decrease of the tensile strength past 120 hours exposure. Several samples of PEEK of two different
grades were also irradiated at half reactor power for up to 83.6 hours. Even after long exposure times, little change
was observed in the tensile strength other than, in some cases, a modest increase. For the 450P grade PEEK, the
tensile strength was measured at 103 MPa when unirradiated and a similar value was obtained after a dose of 3.2 X
105 Gy (83.6 hours irradiation). Unirradiated 150P grade PEEK yielded a 108 MPa tensile strength while a higher
value of 109 MPa was obtained after a 83.6 hour irradiation. It is important to note here that all samples were
irradiated in contact with the pool water providing an oxygenated environment which emphasizes the chain scission
process and decreases the polymers' resistance to radiations.

DETERMINATION OF PRESSURES

The pressure calculations were based on conservative assumptions such as considering that the container would have
to support by itself the external pressures to which it would be subjected in the deep underground storage vault,
without consideration for resistance offered by the filling material or other structural materials located inside the
container. The average container inside diameter (0.645 m) and the length (2.246 m) for the containers proposed by
the AECL were used, and the characteristic external pressure was that of 13 MPa determined in the AECL proposal
[3]. Using the respective strengths of the materials considered for the fabrication of the container, the minimum
thickness needed for the basic right cylinder to withstand the pressure effects of the phitonic rock were calculated by
solving the usual axial and hoop stress equations [32] based on the thin-walled vessel assumption and an internal
constant pressure pushing out on the container. In a second step, a reversal of external pressure and compressive
properties was executed, using the Poisson's ratio for the materials. la a third step, the total strength of the composite
(polymer + boron fibres) was determined as a simple volume-weighted average of the strength of the fibre and that of
the polymer. The fourth part of the pressure calculations took in consideration the load applied to the container during
the transportation of the container to the vault, as the container itself must be strong enough to withstand the weight of
the 72 fuel bundles and the filler material. This weight is 1880 kg when thorium dioxide is used as filler. Table ED
below presents the results of these calculations.

TABLE HI: STRENGTH OF COMPOSITE MATERIALS AND THICKNESS OF CONTAINER WALL

COMPOSITE
MATERIAL
(% by mass)

PS with 50% boron

PS with 70% boron

PMMA with 50% boron

PMMA with 70% boron

EPOXY with 50% boron

EPOXY with 70% boron

PEEK with 50% boron

PEEK with 70% boron

XENSXLE
STRENGTH

(MPa)*

41.9

49.1

51.5

57.0

52.0

57.6

88.1

82.6

REQUIRED
TENSILE

&0BKNGTM
<MPa)

0.337

0.425

0.372

0.477

0.432

0.523

0.406

0.506

COMPRESSIVE
STRENG1H

(MPa)

161

207

178

226

205

247

193

239

WALL
THICKNESS OF

CONTAINER
(mm)

26

20

24

19

20

17

22

18

* : The tensile test data for PS and PMMA ace based on the minimum tensile strengths measured using the 28.5 hour irradiation data. Those
for the Devcon 10210 epoxy and the PEEK are based on the 8- and 80-hour irradiation in die SLOWPOKE-2 reactor pool.



COST ANALYSIS

It was possible to carry out only a crude cost analysis since the prices of some of the materials could be only roughly
estimated and the exact fabrication process for the container wall remains to be designed along with some details such
as the engineering of the lid cover and the structural elements used to position the fuel bundles. One of the best kept
secrets is the value of the thorium dioxide, but considering that it is part of the uranium mine tailings and that the uses
for thorium are very few, its real value must be much lower than that of natural uranium dioxide. la fact, the mine
tailings may well have a negative value if one accounts for the costs incurred in disposing these materials in an
environmentally acceptable fashion. As an upper limit cost, this analysis uses the cost of nuclear purity UO2, which
itself varies by more than 50% due to the demand-offer on the spot market. A value of $30/kg ThO2 is therefore
assumed for the filling material, vice $3.40/kg for the glass beads. The prices for PEEK and boron fibre have been
estimated at respectively $110/kg and $275/kg. The costs of the other materials are as reported in Table IV below.

These results show that, even if an extreme assumption was made equating the value of ThO2 , a non-fissile material
with little demand, to that of natural UO2 , a fissile material highly sought to produce 19% of the electricity in Canada
and up to 75% in France, the cost of a container containing ThO2 as (he filling material would not be even three times
higher than the cost of the same container containing glass beads as proposed by AECL. When one compares the cost
of the polymer-based container with that of a titanium alloy container, the ratio is about 1.8 for the PEEK and 2.13
for the epoxy. Since the price of PEEK is likely to decrease as more applications are found for this material, and
considering that the cost of ThO2 used in mis study is much inflated, it is expected that the cost of the container as
proposed in this work may well be comparable to that of AEGL's proposal.

TABLE IV: COST ANALYSIS

COMPOSITE
MATERIAL
(% by mass)

PS with 50% boron

PS with 70% boron

PMMA with 50% boron

PMMA with 70% boron

EPOXY with 50% boron

EPOXY with 70% boron

PEEK with 50% boron

PEEK with 70% boron

vommoB
POLYMER

<cms)

96150

55760

124510

49080

52560

30260

74080

41010

VOLUME OF
BORON
FIBRE
{cm3*

38130

48270

13520

52320

52140

56460

37490

48530

CONTAINER
WALL

MATERIAL
COST

$

26500

33550

10200

36300

42000

42300

36400

39200

CONTAINER
COST

GLASS
BEADS
FILLER

$

28400

35300

12100

38300

44000

44300

38300

41200

CONTAINER
COST

THORIUM
DIOXIDE
SILLER

$

99200

106000

82900

109000

114700

115000

109000

109000

Density of materials (g cm3): PS:1.07 ; PMMA: 1.19 ; Epoxy : 2.11 ; PEEK : 1.30 ; Boron: 2.50.
Costs of materials ($ kg'): PS : 2.74 ; PMMA: 6.07 ; Epoxy: 55.74 ; PEEK : 110.00 ; Boron : 275.00.

Glass beads : 3.40 ; Thorium dioxide: 30.00.
Volume of filler material: 245700 cm3.

Cost of Titanium Container : with glass filler: $20800. ; with ThO2 filler : $90900.



DISCUSSION

The analysis of various polymers for use in the fabrication of a suitable container for the long-term deep underground
storage of high level radioactive waste is based on the proposal by Atomic Energy of Canada Limited and used many
of the data presented in the relevant publications. The activity data presented by the AECL [33] used only three
significant digits, indicating that their accuracy was on the average 0.5 %. The Microshield™ calculations are fairly
straightforward and based on built-in data such as the mass attenuation coefficients with a 0.1 % accuracy or better.
However, the build-up calculations may produce results with as much as 20% variation depending on the build-up
factor option selected. A conservative estimation of the accuracy of the dose calculation by Microshield™ must then
retain this 20% error on these results.

The results obtained from tbe irradiation of the polymers in the pool of the SLOWPOKE-2 reactor are reported with
accuracies of 5% or better. The reactor power is actually maintained within 0.2% by the reactor automatic control
system, which is a remarkable achievement. However, the accurate determination of the dose received represents a
challenging problem since, even if the thermal neutron flux, the fast neutron flux and the gamma flux have been
determined within 10% accuracy or better at the irradiation site. The dose-to-flux conversion factor remains an
elusive target as long as the neutron flux spectrum and accurate quality factors cannot be determined with sufficient
accuracy. Therefore, a 40% error bar is used in a conservative fashion for the dose determination from the irradiation
durations.

The heat transfer and the mechanical strength calculations are straightforward and all the parameters are known with
good accuracy, permitting to assess the error bars on these results within 1-2% at the most. It remains mat the
confidence in the results obtained in this work is sufficient for a good analysis of the potential of using high polymers
in the fabrication of the containers for the storage of spent CANDU nuclear fuel bundles. Provided sufficient radiation
shielding is provided by the filler material used within the container, both epoxy and PEEK may be used along with
reinforcing boron fibre, with PEEK neatly the best of the two materials. This may be stated with assurance since both
materials were irradiated in the SLOWPOKE-2 reactor pool in contact with water and subsequently investigated with
a battery of tests to assess their behaviour and resistance to radiations. It was determined in previous work [22-24,
26,27] that when high polymers are irradiated in an oxygenated environment such as water, their mechanical strength
deteriorates significantly more than when irradiated in an inert environment. Therefore, our work represents a
conservative approach to the investigation of these polymers as its results would apply for a worst case scenario in
which the composite container wall would be in contact with underground water when irradiated. One could easily
imagine protective coatings as part of the container wall fabrication which would need to keep the composite material
wall dry for 50 to 100 years only, after which the radiation level would decrease to level too low to cause significant
damage to the container wall, even if the material becomes in contact with water.

An important point remains here to be discussed: that is the density of the ThO2. In the Microshield™ model, the
density of sintered thorium dioxide was used (10.03 g cm"3). Assuming that sintering of thorium dioxide pellets could
be compared to that of uranium dioxide pellets, it is known that the sintering operation increases the density of the
compacted UO2 pellet by about 25 % so that sintering ThO2 would have a comparable effect. As filler for the spent
fuel container, the thorium dioxide would be used as a compacted powder since sintering would be hardly practical
and costly, therefore, the density of the thorium dioxide powder would rather be of the order of 8 g cm*3. The dose
rates within the container would then be a bit higher than those calculated here (by a factor of approximately two), but
still very much acceptable.

CONCLUSIONS AND RECOMMENDATIONS

These results represent the first phase of a more extensive research aimed at evaluating the possibilities of
using high polymer composite materials for the fabrication of the high level radioactive waste storage container.
There are clear indications that both PEEK and Devcon #10210 epoxy are promising candidates for this kind of
application, especially when the design of the storage container provides radiation shielding materials to protect the
container wall in the form of thorium dioxide. Further tests are needed on these materials to ascertain their resistance
and their properties under radiation. In particular, the resistance to corrosion, which was only considered up to now
from literature survey and found to be comparable if not superior to that of the metals considered in the AECL
proposal, needs to be confirmed in laboratory testing which would involve ageing techniques. In particular, more



knowledge is needed on water ingression within some composites. A crude cost analysis was carried out revealing
that the high cost of PEEK (about $110/kg) and that of the boron fibres ($275/kg) may represent a significant
drawback, but it is expected that increased production to meet a larger demand for this product may well drive the
prices down within a few years, making the economics indeed favourable to the point of making the cost of producing
a polymer (PEEK)-based container with thorium dioxide filler comparable to the cost of a similar container based on
titanium alloy for the shell and using glass beads for the filling material.
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ABSTRACT

An integrated approach to Waste Management and Decommissioning, which takes account of the lifetime
implications (safety, dose uptake, discharges and cost) is an important strategic process in forward planning.
This type of approach is particularly relevant when making decisions concerning waste minimisation and
segregation, packaging and surface storage of high and intermediate level waste in advance of the existence of
disposal facilities. Such a systematic approach forms an integral part of a process which enables progress to be
assessed and plans to be updated in response to changing demands upon business operations and can
continually be applied to waste management policy and to optimise the detailed waste management plans.

1. Introduction

For almost 40 years British Nuclear Fuels Pic (BNFL) has been a leading force in the international nuclear
industry providing an integrated nuclear fuel manufacturing and reprocessing service for power utilities.
BNFL offers a range of services to the Nuclear Fuel Cycle from its five sites in the North West of England.
These include reprocessing, waste treatment and disposal at Sellafield, electricity generation at Chapelcross
and Calder Hall, fuel manufacture at Springfields, enrichment at Capenhurst and engineering design and
central administration at Risley. The Company came into being in 1971 and prior to that date had been the
Fuel Production arm of the United Kingdom Atomic Energy Authority. Some 14,000 people are employed by
BNFL in the United Kingdom, with additional staff in offices in Japan, Korea, China, Germany, France and in
the Company's USA subsidiary BNFL Inc. In addition the Company provides nuclear fuel transport services
by a fleet of purpose built ships.

The BNFL policy for radioactive waste management is to minimise effluent discharges to the environment, to
safely dispose of solid low level waste as it arises and to provide safe and cost effective methods for storing,
treating and preparing for disposal of all other wastes.

UK practice, with its focus on reprocessing as the key irradiated fuel management strategy, has traditionally
distinguished between waste treatment and waste disposal issues.

The distinction between treatment and disposal is perhaps clearer for UK utilities than in other countries, who
do not have a domestic reprocessing option. In such instances the major focus is likely to be on the
consideration of waste disposal rather than the additional consideration of process options. Nevertheless the
Systems Approach can still provide major benefits as it is consistent with and links strategically to the
assessment of other waste and irradiated fuel management options. Having a systematic approach to waste
management issues enables such options as noted above to be readily assessed.

2. Definitions of Waste Categories

In the United Kingdom radioactive wastes are allocated into one of three categories:

(a) High Level Waste (HLW) or heat generating wastes are those in which the temperature may rise
significantly as a result of their radioactivity. The design of storage or disposal facilities must therefore take
this factor into account. In practice the HLW category is applied to the concentrated product from the primary



separation stage of fuel reprocessing and to the immobilised glass product which results from the vitrification
process to transform the concentrate into a form suitable for long term storage and ultimately disposal. UK
Government Policy currently states that HLW will be stored for 50 years or more before disposal.

(b) Intermediate Level Waste (ILW) are those containing radioactivity above the levels set for low level
waste, but which do not generate a significant amount of heat as a result of their radioactivity. ILW wastes are
currently placed in surface stores. Investigation work is in hand to confirm the site suitability for a UK Deep
Waste Repository, which will be operational in the early part of the next century.

(c) Low Level Waste (LLW) contain radioactive materials other than those acceptable for dustbin
disposal (very low level), but not exceeding 4 Gbq/t (108 nCi/g) alpha or 12 Gbq/t (325 nCi/g) beta gamma.
LLW is currently disposed of at BNFL's Drigg site near Sellafield.

It is recognised that many countries have differing waste classifications, and that organisations such as the
IAEA have their own1. The physical characteristics of these wastes range from large redundant items of
equipment, through fuel cladding debris to sludges and floes produced from liquor treatment operations, with
activity and dose rates covering a wide spectrum. Such variabilities do not affect the applicability of BNFL's
systems approach to other contexts, once the implications of these definitions on the waste characterisation and
inventory process have been identified.

3. Background to Waste Arisings in the UK

Many different waste types have been produced over the last 40 years from fuel reprocessing operations in UK.
Reprocessing of irradiated nuclear fuel has been carried out at Sellafield since 1952, when reprocessing of fuel
from the original UK air-cooled reactors began. In 1964 a second facility was commissioned to reprocess
Magnox fuel from the UK Civil reactor programme. More than 35,000 tonnes of Magnox fuel have been
reprocessed to date. The third generation reprocessing plant, the Thermal Oxide Reprocessing Plant (THORP)
entered commercial operation in March 1994 and processes Oxide fuels from AGRs and LWRs. Contracts
have been signed to cover the reprocessing of 7,000 tU in the first 10 years of operation and a significant
amount of the available capacity in the second 10 years. During the commissioning period THORP operated
very successfully and BNFL is confident that the plant will meet its future targets.

The reprocessing operations produce a range of radioactive wastes which will require treatment, storage and
disposal. The treatment and disposal of these wastes has been and will continue to be dependent on both the
physio-chemical nature of the waste and the concentration of the specific radionuclides present.

The reprocessing of fuel into the next century will generate additional ILW arisings and the successful
management of these arisings, together with the retrieval and treatment of the stored ILW, is a major challenge
facing BNFL. Recognising that the costs associated with managing such liabilities would be considerable a
strategy review was initially carried out which identified future treatment requirements and integrated these
with existing encapsulation and treatment capabilities in order to establish a comprehensive ILW management
system and to optimise the site wide waste management and decommissioning operations over the next 30 to
40 years. The integrated routeing of the major waste streams is shown in Figure 1 for the Sellafield Site. Prior
to the detailed examination of the waste streams it had been anticipated that the majority of arisings could be
dealt with by a single major operational plant which comprised of conditioning processes for all waste streams.
The development of the Integrated Waste Management Strategy highlighted that this solution was not only,
technically complex, but did not consider the timescale for treatment, making the single plant solution not cost
effective and operationally inefficient due to the periods when it would not be operating at full capacity as a
result of the different timescales for waste retrieval and fresh waste arisings. The Systematic Approach allows
the evaluation of different options to consider the timing of the treatment of different waste forms.

1 New classifications were published in 1994 in IAEA Safety Guide 111 -G-1.1 "Classification of radioactive
waste"



Figure 1
Major Seilafield Waste Routeing



4. HLW Management

The highly active liquor arising from the primary separation stage of reprocessing is currently concentrated by
evaporation and stored in a number of stainless steel tanks containing sufficient cooling coils to be able to
remove the decay heat. There are approximately 1400 m3 of such liquors in storage and reprocessing
operations are likely to generate another 2300 m3 by about the turn of the century. The Vitrification Plant
which incorporates this liquor into glass began operations in 1990 and it is anticipated that this plant will
reduce the backlog of liquor currently stored at such a rate that in 20 years time only limited volumes of highly
active liquor will be held on site. In line with Government policy the vitrified product will be stored in a
natural draught air-cooled store for at least 50 years, until its rate of heat generation reaches a level compatible
with disposal in an appropriate repository.

5. LLW Management

BNFL owns and operates the principal UK solid low level waste disposal site at Drigg in West Cumbria, four
miles south of Sellafield. The management strategy for LLW has been extensively developed in recent years,
including increased emphasis of volume reduction and waste form specifications.

This development programme, to upgrade the site commenced in 1987 with the construction of a concrete
vault to receive containerised waste. Prior to this date waste has been tumble tipped into trenches and
progressively covered with earth and finally overlain with an impermeable clay 'cap'.

In parallel to these developments the waste form itself was reviewed with the conclusion that high force
compaction offered the most benefits, ie by extending the operational life of the Drigg site, by reducing the
waste volume prior to disposal, the compacted waste then being encapsulated by grout within a half height ISO
freight container for disposal in the concrete vault, so providing a high integrity package which would insure
against failure of the covering clay 'cap'.

To this end a High Force Compaction Plant, at Sellafield, and a Grouting Plant, at Drigg, have been
constructed and commenced operations in 1994.

6. Scope of ELW Streams

Intermediate level waste (ILW) are safely stored at Sellafield in a range of different environments. These
storage facilities take the form of 'wet' or 'dry' silos, tanks and ponds with a number of these structures dating
from the commencement of reprocessing operations in the 1950's. Although a wide variety of DLW streams
are generated during reprocessing operations, these can be grouped according to their origins or properties as
follows.

Fuel Element Cladding Wastes: Comprising of essentially solid wastes such as leached cladding and end
assembly fittings from oxide fuel (known as hulls) and Magnox fuel element debris (known as swarf). The
Magnox wastes are currently stored in a number of pond and silo structures, containing waste in differing
degrees of corrosion. For example a 'wet' silo typically contains corroded swarf, sludge and technical wastes
in some compartments from earlier reprocessing operations and uncorroded swarf in others as a result of more
recent operations. Storage pond facilities contain sludge in the pond itself and miscellaneous items of
technical waste in skips within the pond.

Miscellaneous beta-gamma wastes (technical waste): any waste which is contaminated primarily with beta-
gamma emitting isotopes, with very limited alpha emitting contamination, typically, contaminated
maintenance scrap and fuel storage equipment.

Slurries: a variety of materials including ion-exchange materials, floes from pond water and liquid effluent
treatment, and sludges resulting from the corrosion of Magnox Swarf in water. The current storage of sludges



has already been referred to above. Storage tanks currently provide containment for mixed aluminium and
iron hydroxide floes with a substantial alpha content.

Plutonium Contaminated Material (PCM): waste which is primarily contaminated with alpha emitting
isotopes. This takes the form of drummed packages of small scale waste, larger items of equipment such as
redundant gloveboxes in crates or used HEP A filters in stillages. PCM is currently stored in drummed form in
Interim Storage facilities at Sellafield and Drigg. (Crated PCM will shortly be retrieved from Drigg and
enclosures on the Sellafield site for transfer to Interim Stores).

As an indication of the scope of waste streams generated at Sellafield, there are more than 60 storage locations
containing a total of approximately 40,000 m3 of ILW at Sellafield. The reprocessing of Magnox and oxide
fuel is estimated to add a further 15,000 m3 of unconditioned ILW by about the turn of the century.

7. Intermediate Level Waste Management Strategy

Although storage of unconditioned wastes can be achieved within current safety requirements detailed
technical assessments have shown that for the majority of ILW waste streams storage in an encapsulated form
is both economically and radiologically preferable to any of the alternatives for the treatment of sludges, swarf
and hulls. Therefore the decision was taken some years ago to carry out early treatment of wastes and
investigation of alternative processes lead to cement encapsulation as the preferred waste form.

In formulating this approach a number of advantages associated with early encapsulation were identified, these
were:

Safety: encapsulation increases the inherent safety of waste storage by reducing the mobility of activity. This
is particularly true for slurries, sludges and solid waste stored under water. In the case of Magnox swarf
encapsulation will also reduce the rate of degradation, compared to the past practice of storage under water
which resulted in the corrosion of the swarf to produce a sludge.

Monitoring and Surveillance: encapsulated waste will require less monitoring and surveillance than raw
waste.

Operational Exposure/Costs: overall operator dose uptake, will be significantly reduced if early encapsulation
is adopted, largely because the number of handling operations is reduced. These reductions will also provide
an overall cost benefit.

Decommissioning: the process of decommissioning an encapsulated product store containing drums which
will be essentially free from external contamination will be relatively straightforward when compared to the
decommissioning of raw waste store. This will reduce the decommissioning costs and the associated operator
dose uptake.

It can be clearly seen that these factors, in combination, offer significant advantages for the encapsulation of
wastes. These however must be weighed against the risk associated with early encapsulation.

The main risk associated with early encapsulation is that the encapsulated product will subsequently be found
to require further treatment or packaging to meet the acceptance criteria of the Deep Waste Repository, when
they are developed. If further treatment such as overpacking is required, then some of the advantages of early
encapsulation will be negated. In developing the policy of early encapsulation of ILW, BNFL have identified
the optimum matrix and investigated the influence of the matrix on the long term safety of a repository to
minimise risk.

As part of the procedure for gaining statutory approval for the operation of a waste treatment plant the operator
is required to justify the choice of waste treatment process to the Environment Agency, formerly Her Majesty's



Inspectorate of Pollution (HMIP), who are charged with ensuring the regulations set by the Department of the
Environment are adhered to. The plant operator must demonstrate the acceptability of the process on a number
of grounds including overall safety, suitability of the product for interim storage, transport and disposal, and
the minimisation of the generation of secondary and decommissioning wastes. The Systems Approach clearly
sets out these plans and how they fit into an overall strategy so aiding the Regulators understanding of the
Operators intentions and the effects of such actions.

In order to demonstrate the suitability of the product for transport and disposal, the plant operator must, inter
alia, secure the agreement of the UK body responsible for the development of a deep disposal facility for
intermediate and low level waste, UK Nirex Ltd, that the product properties are compatible with the proposed
transport and disposal facilities.

The interactions between BNFL, The Environmental Agency (EA), UK Nirex Ltd and the Nuclear Installations
Inspectorate (Nil) and the way the above requirements introduce to the Waste Management Process are
illustrated in Figure 2.

Figure 2
Interactions for a Waste Management Process
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BNFL has therefore developed its strategy to achieve the following objectives for the direct encapsulation of
future arisings of ILW:

No additional 'raw' waste storage facilities will be constructed
Fresh waste will be conditioned for disposal as it arises
Existing wastes will be retrieved for encapsulation on timescales determined by the condition of
existing stores, encapsulation plant capacity and the availability of a disposal route



8. Implementation of Strategy

For those ILW streams that require encapsulation this takes place in three plants which are at Sellafield, in
addition a fourth plant packages technical wastes which do not require encapsulation.

Magnox Encapsulation Plant (MEP): MEP has been built to encapsulate Magnox swarf and has been
operational since 1990. The plant encapsulates not only fresh swarf, but also swarf retrieved from the silos in
which it is currently stored.

Waste Encapsulation Plant (WEP): WEP treats wastes from THORP and other operations using a similar
process to MEP for the encapsulation of hulls, whilst encapsulating THORP slurries using in-drum mixing.
Subject to the provision of a suitable preparation plant WEP will also encapsulate other wastes including the
sludge formed by the corrosion of Magnox swarf in water, currently stored in silos. WEP is now in operation.

Waste Packaging and Encapsulation Plant (WPEP): WPEP encapsulates the ferric floe produced by the
Enhanced Actinide Removal Plant (EARP). This in turn receives slurries produced by mobilising the settled
floe currently contained in storage tanks by agitation, but without dilution via the Floe Retrieval and Export
Plant (FREP).

Waste Treatment Complex (WTC): WTC will process both crated and drummed PCM waste. The new facility
will house a crate/filter breakdown and size reduction unit, the product of this unit being characterised waste in
200 litre drums. These drums will be combined with the backlog and current arisings feed of 200 litre drums
and be supercompacted and grouted in 500 litre stainless steel drums, this being the package for final disposal.

Consistent with the overall objectives of applying a continual technical review to the overall waste
management strategy as plants and processes are developed and integrated into the grand scheme,
consideration of compaction for other ILW streams has also been examined. In this instance the process which
has been considered involves the drying and high force compaction of sludges, arising from the corrosion of
Magnox Swarf, retrieved from the 'older' wet silo storage building. The use of the compaction process will
bring about a major reduction in the number of drums produced from the treatment plant when compared with
the previously considered processes which relied upon the addition of fluids prior to encapsulation in WEP.
Such a reduction in drummed arisings lead to several benefits.

• Less throughput and demand on existing encapsulation plants
• Greater flexibility in the operation of the encapsulation plants to deal with arisings from other plants
• The potential to shorten the operating life of the encapsulation plant so minimising the overall

lifecycle costs

This compaction plant will also be able to receive resins from the Site Ion Exchange Plant which, in turn, will
utilise some of the 'free' capacity of the encapsulation plant (WEP). In so doing providing an improvement in
the operating efficiency which will benefit the overall lifetime costs of waste treatment.

This is an example of how the Systematic Approach can not only examine the technical needs for treatment of
a waste stream, but also consider the timing, identify the optimum technical solution and timing for completion
of the work to maintain operation by combined processes to benefit financial, managerial and operational
requirements. It should also be noted that had the two processes been required on different timescales the more
beneficial solution may have been to allow conditioning of the silo sludges to take place as quickly as possible
and to design a smaller, possibly mobile encapsulation unit to treat the ion exchange resins at the appropriate
time. In this way one would avoid the high operational costs of running a major plant beyond its period of
maximum efficiency and therefore maximum benefit.



The Systems Approach helps to review such strategic decisions in good time to allow all options to be
considered and a 'robust' forward plan which is able to accommodate changes and developments without
major amendment formulated.

9. The Systems Approach

Once the objectives had been defined, a step by step approach leading to the required integrated waste
management strategy was identified which would:

Identify all radioactive wastes from known and anticipated operations
Prepare technical plans to produce a robust long term waste management plan
Identify the methods and costs of treating, storing, retrieving, transporting and disposing of the wastes
Identify the liabilities arising from these costs both for BNFL and BNFL's customers
Identifying a formal methodology for updating/reviewing the assessment annually

In order to achieve these requirements we have established a structured approach in four phases.

Phase 1. Identifying the waste and its location and characteristics, including volume, physical and chemical
properties, the method of storage and the condition of the building in which it resides.

For future wastes, determining where the wastes will arise (in this case from reprocessing operations) and the
quantity and potential types of fuel which might be reprocessed. This was followed by assessment of the
potential waste volumes and characteristics expected from such a reprocessing programme.

Phase 2. Identifying waste groups comprising wastes with similar characteristics as noted under scope of ILW
streams. Then reviewing the existing treatment routes to determine their ability to handle these wastes.
Applicability being considered not only in terms of physical, chemical and radionuclide characteristics but also
in terms of timescale constraints during which plants and waste are simultaneously available. The timing of
when the different wastes should be treated is a major consideration and will allow optimisation of total
lifetime costs. However the continued safety of historic waste storage must always be of paramount
importance.

It is worthy of note that study of Technical waste streams during this phase concluded that the most practical
option for this material was to pack and store ungrouted. No benefit could be seen for encapsulating the waste
as the activity is not mobile and the levels of activity will have decayed substantially by the time deep disposal
is available. These wastes are currently stored in 3.5 m3 boxes within the Miscellaneous Beta Gamma Waste
Store.

Phase 3. The third phase is an optioneering phase in which BNFL reviews all the options available for
retrieving, handling and treating the wastes. This process involves contribution from operational staff, as well
as the design team. Firstly by taking the global views of options, refining these to identify the plants necessary
and progressively developing the detail of these facilities. Computer models are utilised to assist in this work,
providing the models with functional and cost data, including current plant capacity, new plant capacity,
facility annual operating costs, capital costs of new facilities etc. Simultaneously, BNFL defines the specific
details of the overall process and develops specifications which address, at a minimum:

• Waste container sizes and availability
• Capability of the plants to handle the number and sizes of containers
• Logistics, including ability to transport and handle the wastes

The Waste Routeing Diagram (Figure 1) in schematic form shows the inter-relationship of the waste streams
with the plants the waste is being recovered from, those which are carrying out treatment and conditioning,
those providing storage and the final disposal route.



Phase 4. The final phase involves detailed development and design work for the new facilities and includes the
feedback of operating experience in order to validate or modify existing assessments.

10. The International Context

The systems approach to radioactive waste management developed within BNFL can be applied without
adjustment to the basic methodology, to a variety of international conditions.

For example, in the former Soviet Union and Central/Eastern Europe, there has been little opportunity for the
co-ordination of waste management policy and strategy, leading to a situation characterised by a lack of
effective waste characterisation and inventory and waste management. In such economies there is a need for
cost-effective characterisation, inventory, retrieval, treatment and repackaging, and storage or ultimate
disposal. Advice could be provided on implementing suitable QA and regulatory systems. Such assistance
must not only be cost-effective, but must also meet the requirements of the donor agencies and their associated
regulatory organisations.

In the European Economic Area, competition between reprocessing carried out in the United Kingdom and
France, and direct disposal proposed in Sweden, Finland and Germany, as alternative irradiated fuel
management strategies is likely to become more intense. BNFL's systems approach cannot only be utilised to
ensure that the economics of reprocessing are optimised, but can also be extended to include spent fuel
intended for either long term interim storage or for direct disposal as an additional waste form. This is of
value not only to reprocessors but also to utilities seeking to keep their waste management options open.

Both the above benefits come into play in North America. In Canada, the disposal of spent fuel from Candu
reactors (which currently is not reprocessed), can be modelled as any other fuel which is potentially destined
for direct disposal.

In the United States, the situation is more complex. There is great potential for characterisation, retrieval and
treatment business on Department of Energy sites, which have been operating since the Second World War and
the opportunity for controlling overall lifetime costs by use of the Systems Approach.

In the civil nuclear programme, the ongoing moratorium on reprocessing and the political indecision on an
alternative strategy is leading to intense at-reactor fuel storage problems. Suggestions are being made that
limited reprocessing may be allowed to alleviate the problem. The paramount need however is for a
framework which will allow for the development of a cost effective strategy, allowing for all irradiated fuel
management options, including direct disposal, which meets political and regulatory sensitivities.

The Japanese nuclear industry is taking a two track approach. The first is a traditional one, of building a
domestic reprocessing and waste management facility. The Japanese resource balance is such that the political
commitment to nuclear power and to reprocessing is perhaps one of the strongest in the world, and evidence is
such that considerations of business and financial strategy have suffered as a result. Subject to the necessary
cultural adjustments, the existing systems approach should be readily replicable to the Japanese context, thus
helping to instil a more balanced political and business strategy into the programme.

The other track is one being followed in many other countries. Considerable investment is being made into
research projects directed at partitioning and transmutation as an alternative technology for actinide
management. Once the process implications and associated costs have been identified, such radically different
waste management philosophies should be capable of being readily incorporated into the existing systems
framework as an alternative but equally valid option. (Similar comments apply to the proposed Russian
approach of partitioning minor actinides for potential industrial use).



11. Conclusions

BNFL has completed six annual reviews of its Waste Management Strategy and is now progressing the
detailed definition and optimisation, construction and operation of facilities required to meet this strategy and
is confident that the overall achievement of its long term objectives will be met. The use of this approach has
benefited the Company in that it is able to prioritise key issues in this area, and to be able to demonstrate to the
Regulatory bodies that the matter of waste management is being addressed in a fully integrated manner.

Although developed for the UK context, the BNFL approach can be seen as being valid in a range of
international situations, for customers with differing requirements yet demanding an integrated approach to
their needs, balancing technical and business considerations. In addition this approach is consistent with and
links strategically to the assessment of other waste and irradiated fuel management options. The management
of irradiated fuel is to many utilities a commercial decision. Interim storage, in either wet or dry stores, is not
a final solution, but can provide an interim measure enabling a delay in making a decision between recycling
and direct disposal. BNFL believes recycling to be the most effective spent fuel management route and
reprocessing and subsequent management processes are proven and internationally established techniques.
Having a Systematic Approach to waste management issues enables such options as noted above to be readily
assessed to achieve the optimum solution, not only in technical terms, but also in optimising and reducing
overall lifetime costs.
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ABSTRACT

In the early 1980's, AECL, at the Chalk River Laboratory (CRL) site, built a
Waste Treatment Centre <WTC) for managing low level solid and aqueous liquid
wastes. The objective was to demonstrate processes for converting Canadian
Deuterium Uranium (CANDU) wastes to a form suitable for disposal while meeting
or exceeding current environmental regulations.

At present, two liquid waste streams are being treated at the Waste Treatment
Centre. The liquid waste streams are volume reduced by a combination of
continuous crossflow microfiltration (MF), spiral wound reverse osmosis
(SWRO), and tubular reverse osmosis (TRO) membrane technologies [1]. The
concentrate produced from the TRO system and the volume-reduced MF backwash
solutions are evaporated while simultaneously adding bitumen in a thin-film
evaporator. A water-free product of chemical and radiochemical salts and
bitumen is removed in 200 L galvanized steel drums for storage and eventual
disposal in the CRL Waste Management Area.

The feed stream to the thin-film evaporator typically has a f5/y activity of
about 1 - 3 jiCi/mL. This intermediate-level radioactive stream is
concentrated by a factor of about 10, while simultaneously being immobilized.
The radiation field of product drums on contact typically has a value of 0.5

to 3 R/h depending upon the feed concentration of radioactivity to the
evaporator. The total solids content in the 2 00 L drum ranges from 25% to
35%. Encapsulated in the bitumen matrix are a variety of non-radiochemical
salts {including sodium phosphate, sodium sulphate, and sodium carbonate)
which comprise the bulk of the total solids in the product drum. The drum
contains less than 1% of free water.

The paper will discuss the volume reduction capability of the plant, with an
emphasis on the immobilization of the aqueous waste with bitumen in a thin-
film evaporator. Operations experience gained from over 200 campaigns is
documented in the paper.

INTRODUCTION

In 1975, the need for a Waste Treatment Centre (WTC) at Chalk River
Laboratories {CRL} was identified. The WTC was built to demonstrate systems
capable of converting liquid wastes to a stable and leach-resistant form.
Current operations in the facility involve the treatment of the low-level CRL
liquid waste using a 3-stage membrane plant to accomplish most of the volume
reduction {comprised of microfiltration, spiral wound reverse osmosis, and
tubular reverse osmosis unit operations). Further volume reduction is
achieved with a thin-film evaporator (without bitumen addition), and another
thin-film evaporator whose primary function is for bitumen immobilization.
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Figure 1 shows a flowsheet and volumetric balance for the primary unit
operations at the WTC. For a basis of 100 units of liquid waste (or 100# in
the figure), the quantities of liquid at various points in the plant are
indicated. A total volume of 93.5# is released by the 2-stage reverse osmosis
plant (per 100# treated), while a combined 99.9# is released from both the
reverse osmosis and thin-film evaporator operations. A total volume of 0.4#
(including emulsified bitumen volume) is the secondary waste product from the
thin-film evaporator used for bituminizing (TFE-1). This results in an
overall volume reduction factor of 250 for the plant, based on feed liquid
volume to immobilized secondary waste volume, in the product drum (that is,
100 •*- 0.4).

The TFE-1 unit is used to immobilize liquid waste concentrates with bitumen.
The other (TFE-2) is used to volume reduce microfiltration backwash
concentrates and tubular reverse osmosis retentate prior to immobilization.
The bituminized product from TFE-1 is collected in 55 US gallon (210 L)
galvanized steel drums. A full drum weighs approximately 240 kg. The drums
are capped, transferred to a shielded container and then shipped to the site
waste management area for storage and eventual disposal. The
evaporation/immobilization process is carried out remotely in a shielded
facility that is designed to handle product drums with contact gamma radiation
fields as high as 10 R/h. In practice, however, the radiation fields are
maintained below 5 R/h.

At present, two radioactive CRL liquid waste streams are being processed by
the thin-film evaporator used for bitumen immobilization (TFE-1). One stream
originates from the central Decontamination Centre (DC). The other, an Active
Drain (AD) stream, is produced from a large and diverse number of research
laboratories and radioisotope production.facilities. The two waste streams,



totaling about 3 000 m3 per year are volume reduced by a factor of 80 prior to
immobilization by three membrane systems and thin-film evaporation.

TECHNOLOGY DESCRIPTION

Membrane Plant

A flowsheet of the integrated plant for volume reduction and immobilization of
aqueous radwaste is shown in Fig. 1. Liquid waste feed to the WTC is sampled
and analysed for pH, conductivity, a and gross |3/y activity, tritium (3H) ,
turbidity, total solids, gamma-emitting radionuclides, and various non-
radioactive chemical species at the source tanks. Waste is then sent to a 45
m3 feed tank in the WTC and it is pH adjusted to the alkaline region (8 -
10) ; an adequate conditioning time of 12 hours is allowed to maximize
precipitation of metals, prior to treatment with MF for the removal of
suspended solids.

During microfiltration {MF), concentrate is recycled; filtrate is continually
removed from each bank of filtration modules at about 25 L/min, and is
directed to the spiral wound reverse osmosis {SWRO) feed tanks. When the
backwash (concentrate) solution exceeds 10 g/L, it is sent to the volume
reduction evaporator, TFE-2. The MF filtrate, free of suspended solids,
enters the SWRO feed tank at a rate equal to the permeation rate of the SWRO.
The concentrate from the SWRO membrane process is bled to the TRO feed tanks.

The TRO membrane system operates in a batch process mode, where the final tank
volume is reduced to approximately 10 to 15% of the initial feed volume. The
concentrate, containing about 50 to 80 g/L of dissolved solids, is transferred
to one of three 7100 L tanks in the active tank room, to await further volume
reduction by evaporation with TFE-2.

Thin-film Evaporator Process Description

Each of the two thin-film evaporators has a i m 2 heated surface, and is
operated with superheated steam at about 720 kPa applied to the jacket. Waste
feed containing between 5-15% total solids is introduced at a rate of about 1
L/min, along with bitumen emulsion flowing at about 0.3-0.5 L/min. The
emulsified bitumen and the waste are introduced via a distribution ring to the
top of the evaporator and fall along the heated surface. The evaporator has
internal rotating blades, which sweep within 1 mm of the vertical heated
surface. The blades in TFE-1 rotate at 900 rpm.

The evaporator does not operate full of product; the liquid or slurry forms a
thin film or annular ring of product from the feed nozzle to the product
outlet nozzle. Holdup or liquid inventory in a thin-film evaporator is very
low, typically about 5 kg of material per square metre. A thin-film
evaporator, which is an inherently low-pressure-drop device, has mechanical
turbulence and, therefore, good heat transfer properties over a wide range of
viscosities [2].

PERFORMANCE OF INTEGRATED PLANT FOR REMOVAL OF CONTAMINANTS

The removal efficiencies for phosphate and some of the key radioactive
substances are shown in Table 1 for the integrated plant.

Table 1
Removal Efficiencies of MF/SWRO and Integrated Plant

FEED (1) PERMEATE <21 REMOVAL DISTILLATE PLANT
Ci Ci % <3> Ci l4> % '51



ALPHA
BETA
Co-60
1-131
Cs-137
Ce-144
Sr-90

0.30
61.08

4.49
1.67

11.54
4.70

25.41

0.0016
1.0127
0.0205
0.0011
0.3665
0.0089
0.0530

99.45
98.34
99.54
99.94
96.82
99.81
99.79

0.0003
0.0114
0.0008
0.0000
0.0197
0.0005
0.0076

99.36
98.32
99.52
99.94
96.65
99.80
99.76

PO4 (kg) 340.00 1.84 99.46 0.62 99.28

Notes:

1.
2.
3.
4.

5.

Radioactivity in feed to integrated plant, in curies.
Radioactivity in permeate from SWRO plant, in curies.
Removal efficiency with SWRO membrane plant.
Radioactivity in distillate stream from evaporators TFE-1 and TFE-2,
curies.
Removal efficiency with integrated plant, including membranes and
evaporators.

in

The removal efficiency of the two-step membrane plant employing MF and SWRO is
indicated in the forth column as removal percent. The removal efficiency of
the MF/SWRO system for gross a is 99.45%. In comparison, 98.32% of the gross

emitters {excluding tritium} is removed. The removal efficiency of gross
P y is lower in the membrane plant due to the relatively low removal
efficiency of the cesium isotopes, including Cs-137. Only 96.82% of the Cs-
137 is removed by the MF/SWRO system. In comparison, removal efficiencies of
the other dominant radionuclides are: 99.54% for Co-60, 99.94% for 1-131,
99.81% for Ce-144, and 99.79% for Sr-90. A method to improve the efficiency
of the MF/SWRO system for cesium removal would be desirable from a processing
perspective.

Phosphate is one of the chemicals in the AECL effluent which is subject to
Federal Discharge guidelines [3]. As a result, close attention is paid to the
performance of the plant for phosphate removal. For the MF/SWRO system the
removal efficiency was 99.46%. The effluent quality consistently met the
Canadian Discharge guidelines.

The removal efficiency of the integrated plant, including the two thin-film
evaporators, is indicated in the last column of Table 1 as plant per cent.
The overall plant efficiency is lower than for the membrane plant alone, since
there is an additional mass of contaminants lost with the distillate stream.
The overall removal efficiencies for the integrated plant decrease only
slightly, since the distillate stream represents a small fraction of the
effluent (about 150 m3 per year) from the integrated plant. It should be
noted that the removal efficiencies of the evaporators themselves usually
exceeds 99.9% for all contaminants, including Cs-137 [4].

BACKGROUND ON SOLIDIFICATION AND IMMOBILIZATION TECHNOLOGY

The purpose of solidification technology is to produce solids that are
nonhazardous, or less hazardous than the original waste components. The
degree of hazard for these types of materials or systems is usually determined
by leach tests. Solidification technologies not only solidify the waste by
chemical means, but also insolubilize, immobilize, encapsulate, destroy, sorb,
or otherwise interact with selected waste components.

The terms stabilization and solidification are used interchangeably in the
literature. Normally "solidification" is reserved for liquids, although



references have also been made to solids [5]. "Immobilization" usually refers
to encapsulation of waste such that the contaminants are immobile. It usually
involves adding materials that will ensure that the hazardous constituents are
maintained in their least mobile toxic form. Solidification implies that the
beneficial results of treatment are obtained primarily, but not necessarily
exclusively, through the production of a solid block of waste material with
high structural integrity -a product often referred to as a monolith. The
contaminants do not necessarily chemically react with reagents. Instead, they
are mechanically locked within the solidified product. This is known as
microencapsulation. Contaminant loss is minimized by decreasing the surface
area exposed to the environment or isolating the contaminants by
microencapsulating the waste particles.

Types of Binders Available

The currently applied materials for solidification of wastes are: 1) hydraulic
cements, pozzolans, and gypsum, which harden by reacting with water, 2)
thermoplastic bitumen, polyethylene, and sulphur, which melt and freeze
encapsulating the waste solids, and 3) polyesters, epoxies, poly-urethanes,
and urea-formaldehydes whose monomers react to form cross-linked polymer
chains around the waste. The most widely used of these are the hydraulic
based binders. The dominant inorganic (hydraulic-based) binding materials at
the present time include either Portland cement alone (or with minor
additives), cement or lime kiln dust, Portland cement-flyash, lime-flyash (or
other pozzolan), lime-based, and Portland cement-sodium silicate. Portland
cement has been the most widely used inorganic ingredient in terms of
diversity of use, especially when combined with sodium silicate or flyash [5].

Rationale for Selection of Bitumen Matrix at AECL

Solidification of wastes in bitumen has been tested extensively in Europe, and
has been applied more recently at Virginia Power in the United States [6].
Experience has demonstrated that bitumen is also suited to most streams
generated by nuclear power plants and by industry. The stability of bitumen
with respect to radiation is a property of primary importance when bitumen is
considered as a waste matrix material. The main factors influencing the
radiation stability of bitumen are the dose-rate and the total absorbed dose.
A total absorbed dose limit of 108 to 109 rad is commonly reported for the
radiation resistance of bitumen-waste forms [7).

Bitumen generally provides superior leach resistance in comparison with
cement, which could be important for certain species and disposal scenarios.
One of the potentially more significant advantages provided by bituminization
processes is volumetric efficiency, which is particularly important if waste
must be stored for extended periods before disposal. Cement solidification
can result in as much as a 100% increase in volume, whereas, depending on
waste stream concentrations and the type of equipment used, bituminization can
provide volume reduction factors of 5 or more, because associated water is
driven off during the solidification process.

Description Of Bitumen Used For Immobilization

Bitumen is the name given to a wide range of hydrocarbons with high molecular
weight that are commercially available as a residue of petroleum or coal-tar
refining. Its two major components are asphaltene compounds, which give
bitumen colloidal properties, and malthene compounds, which impart viscous
liquid properties. Most bitumen is obtained during the distillation of crude
oil and is called "direct distilled" bitumen. This bitumen has a high
viscosity and must be heated to make it suitable for mixing. The bitumen used
in the CRL thin-film evaporator has been emulsified in water (contains 45%
H20) and can be used without being heated.



OPERATIONS PERFORMANCE OF TFE-1

Effect of Rotor Change

Data have been collected from TFE-1 after a new rotor was installed and
operated at higher speeds. Table 2 summarizes the performance of TFE-1 before
and after the rotor change.

Table 2
Effect of Rotor Change On TFE-1 Performance

PARAMETER

VOLUME PROCESSED
<L>

NUMBER
PRODUCT DRUMS

VOLUME REDUCTION
FACTOR

AVERAGE VOLUME
PER DRUM

PRE-ROTOR
CHANGE

13160

24.6

2.67

535

POST-ROTOR
CHANGE

13740

21.4

3.21

642

SUMMATION
ALL DATA

26900

46

2.92

585

The new rotor operates at a speed of 900 rpm, compared to 600 rpm prior to its
installation. A total volume of 26.9 m was immobilized with TFE-1 in 1994
with a volume reduction factor (VRF) of 2.92. A volume reduction factor {VRF}
is defined by equation (1).

VRFTFE-I =
Feed Volume [TFE-1]

Product Drum Volume
( l )

Prior to the installation of the new rotor a total volume of 13.2 m3 of liquid
had been processed with a VRF of 2.67. After the installation of the new
rotor a total volume of 13.7 m3 was processed with a VRF of 3.21. The
cleaning frequency was reduced by a factor of three after the installation of
the rotor operating at higher rpm. The higher VRF after the rotor change
boosted the average volume of waste concentrate immobilized per drum from 535
L to 642 L. Over the duration of the year (including data for both rotors) an
average volume of 585 L of waste concentrate was immobilized per drum. This
represents an overall VRF of 2.92. On average over the duration of the year,
there was about 64.2 kg of waste solids immobilized in each drum. The drums
contained approximately 30.3% solids by weight. Inert solids (associated with
grit and suspended matter removed by microfiltration in the backwash stream)
represent about 4 to 5% of the weight of the product drum. The immobilized
waste solids are comprised primarily of sodium nitrate, sodium phosphate,
sodium sulphate, and sodium carbonate. The average concentrations of the
primary radioactive and chemical contaminants immobilized in the product drums
are given in Table 3. The data are expressed as a quantity of contaminant per
unit mass of immobilized secondary waste, from TFE-1.



Table 3

Chemical and Radiological Characteristics of Drums

PARAMETER AVERAGE

RADIOLOGICAL
CONTAMINANTS

(mCi/L)

GROSS BETA
AM-241
CE-144
CO-60
CS-134
CS-137
EU-154
EU-155
NB-94
NB-95
RU-103
RU-106
SB-125
ZN-65
ZR-95
NI-63
PU-239/240
ALPHA

2.57E+00
7.19E-03
9.14E-01
4.42E-01
9.35E-02
9.01E-01
2.63E-02
1.57E-02
1.11E-03
2.25E-02
2.51E-03
9.78E-02
4.95E-03
4.01E-02
9.58E-03
2.46E-03
3.34E-03
2.28E-02

CHEMICAL
CONTAMINANTS

(mg/L)

PHOSPHATE
CARBONATE
NITRATE
CHLORIDE
SULPHATE
SODIUM
IRON
CALCIUM

3.65E+04
1.01E+04
9.24E+04
1.12E+04
1.84E+04
6.10E+04
1.77E+03
5.50E+02

Chemical characterizations of the ammonium hydroxide and citric acid-based
cleaning solutions used for TFE-1 (prior to the installation of the new
rotor), have shown that there is severe scaling of the evaporator by
phosphate- and sulphate-based salts. About 6 kg of sodium phosphate and 1 kg
of sodium sulphate were deposited on the 1 m2 of evaporator surface area.
Significant quantities of calcium, magnesium, iron, and silica were also
detected in the ammonium citrate-based cleaning solution. Visual observations
indicated that large deposits of hardened scale were present on the heat
transfer surfaces, particularly within about 25 cm of the feed inlet. These
observations indicated that all of the water associated with the waste solids
was flashed off within approximately 0.3 m of the TFE-1 feed inlet. The
length of the heated surface is 1.5 m.

Crusty deposits of scalable species are thought to be responsible for the
reduction of the heat transfer area, and lower product temperatures prior to
the installation of the new rotor. Product temperatures were recorded at one
hour intervals during a processing campaign, which typically lasted
approximately 14 hours. At the start of a campaign a process temperature of
155 °C was attainable but could not be maintained at this level for the
duration of the run, due to the chemical scaling.



The chronic fouling observed prior to the rotor change has now been minimized.
The frequency of chemical cleaning has been reduced by a factor of three

after installation of the new rotor and this has minimized down time. It is
now possible to maintain an outlet product temperature of between 135 - 145 °C
for the duration of a 4000 L campaign. This ensures that there is no residual
liquid in the product drum. There is less than 1% free water in a product
drum based on mass balance.

For operations with the old rotor, the average combined distillate rate
(evaporated from the waste and the bitumen) varied between 0.4 and 1.0 L/min.
When the new rotor was initially installed the distillate rate increased to
about 1.5 L/min, before subsequently decreasing back, to an average of 1.0
L/min. However, the present distillate rate of 1.0 L/min can be maintained at
an average product temperature of about 135°C over the duration of a 14 hour
campaign.

Decontamination Factor of Radionuclides Treated by TFE-1

The removal efficiency of a radionuclide or other chemical contaminant in an
evaporator is usually expressed as a decontamination factor (DF), which is
defined by equation (2).

DF=z

[P/yJegiuent
(2)

Figure 2 shows the evaporator performance for the removal of the most abundant
isotopes present in the feed stream to the evaporator. The data were compiled
from over 200 campaigns. The first bar of each histogram represents the total
radioactivity of the specified radionuclide in the feed stream in curies. The
second bar is the total radioactivity of the radionuclide in the distillate
stream, also in curies. Finally the line plot, which refers to the right
ordinate, is the decontamination factor for each radionuclide.
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The first set of two bars shows the evaporator performance for the removal of
60Co. Over an operating period of about 500 days, about 10 Ci of $°Co was
introduced into the solidification plant. Of this, less than 0.002 Ci was
released, representing a DF of about 6000 in the thin-film evaporator. If the
fraction of suspended particles to the evaporator for a given batch of waste
is high it is probable that a large removal of 60Co will be achieved, since a
large fraction of this radionuclide is adsorbed to the surfaces of suspended
particles.

The most problematic radionuclides from a decontamination perspective are 137Cs
and 1"Cs. About 80% of the cesium is present as 137Cs, but both isotopes are
equally difficult to remove upstream of the evaporators in the membrane plant,
due to their low valence. The cesium isotopes are rejected at about 98% by the
membrane plant, compared with 99.5% for the other p/y emitters [8]. The bulk
of the cesium is soluble and is not retained by the suspended solids in the
backwash concentrate stream. The decontamination factors for 137Cs and 134Cs are
4000 and 800 respectively.

The decontamination factors for the two cerium isotopes (l41Ce and 144Ce) are 105

and 2 x 104 respectively. The large DF for these two isotopes is partially
attributed to the fact that the bulk of the cerium is adsorbed on suspended
solids removed by the MF system. Since the retention of suspended solids in
the evaporators is very high, it follows that there is very efficient removal
of the cerium isotopes.

The lower DF for the two cesium isotopes may be related to the fraction of
total cesium that is dissolved. By comparison with 141Ce and "4Ce, where the
decontamination factors are greater than 20 000, and 60Co {DF = 6000), most of
the cesium is dissolved. About 60% of the cobalt isotopes and.75% of the
cerium isotopes are associated with the suspended solid phase. These adsorbed



radionuclides are subsequently removed by the MF membranes as backwash
concentrate. The results suggest that the removal efficiency of the
evaporators for radioactivity decreases when the dissolved fraction of the
isotope increases. It is known from operating experience at CRL that, of the
radionuclides discussed here, the cerium isotopes are the least soluble, and
the cesium isotopes are the most soluble.

ORGANIC CARRYOVER IN EVAPORATOR DISTILLATE

Although the effluent quality from the evaporator meets all discharge criteria
for radioactivity, there is some carryover of organics in the distillate. The
source of these organics is primarily the distillation of lighter components
in the emulsified bitumen in TFE-1, which is used for immobilization of the
mixed aqueous waste concentrate. The concentration of dissolved organic
carbon {DOC) in the distillate can vary between 1 and 300 mg/L, while the
concentration of phenolics in the distillate stream ranges from 0.02 to 2
mg/L. The oil and grease concentration in the distillate stream is usually
less than the 15 mg/L Federal Discharge target [3], but has exceeded 100 mg/L
on occasion.

It has been observed that a titanium dioxide photocatalytic reactor is capable
of reducing both EPA 624 (volatile) and EPA 625 {extractable) priority
contaminants present in the evaporator distillate to below the method
detection limits of the GC/MS analytical equipment [4]. Dissolved oxygen was
sufficient to remove the colour associated with organics from the wastewater,
even though not all of the organic carbon was removed. A concentration of 500
mg/L of hydrogen peroxide was found to be sufficient for the removal of the
organics present in the evaporator distillate stream. Phenolics were
effectively reduced to well below the Canadian Federal Discharge limit of 20
|ig/L with the technology, and oil and grease was reduced to below the 15 mg/L
imposed guideline. Other aromatic compounds, including naphthalene and
methyl-substituted naphthalene derivatives, were removed or converted to other
less toxic constituents. The dissolved organic carbon was not all converted
to carbon dioxide in the catalytic reactor; some intermediate oxidation
products were formed, which included organic acids.

PRODUCT DRUM RADIATION FIELD

The radiation field on the product drums is a function of the concentrations
and distributions of the specific |3/y emitters immobilized in it. The contact
field on a product drum varied between 100 and 1000 mR/h for the first 100
drums produced at the WTC, during which time the weight per cent solids in the
product drum was maintained below 25%. Thereafter, with more radioactive
waste introduced into the WTC, and by maintaining the weight per cent solids
at about 35%, the average contact radiation field increased significantly.
There have been two runs to date where 5 R/h (contact) drums were produced.
The new rotor operating at the higher speed of 900 rpm has increased the
volume reduction potential of the evaporator as discussed earlier (Table 2).
This is because there is better heat transfer through the vessel wall.

A semi-empirical correlation was employed which allows the radiation field to
be computed if the concentration of gamma emitters in the feed tank is known.
Figure 3 shows the correlation between the radiation field {as measured on
contact on the side of the drum), and the estimated radiation field. The
correlation is accurate to within 7%, if the radiation field on contact with
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the drum exceeds 500 mR/h. The correlation is accurate enough to allow fine
tuning of the liquid and bitumen emulsion flowrates. This ensures that the
radiation field on any drum does not exceed about 3 R/h on contact.

The estimated radiation dose to the bitumen was computed over its lifetime.
The gross beta/gamma loading per kg of product varied between 0.001 and 0.01
Ci/kg. This resulted in an estimated dose to the bitumen ranging between 1 x
106 to 1 x 10s rads per drum over its lifetime. This was well within the
maximum allowable dose of about 5 x 108 rads per drum [7].

The estimated dose to the bitumen {from the known beta/gamma emitters) for the
40 product drums generated in 1994, is shown in Fig. 4 on the left ordinate.
A large fraction of the dose to the bitumen is due to Co-60 radioactivity
{shown on the right ordinate in mCi/drum).
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RADIOLOGICAL AND CHEMICAL CHARACTERISTICS OF PRODUCT DRUM

The total inventory of radioactivity and salt loading immobilized in the 40
product drums was computed. These totals were divided by the total mass of
immobilized secondary bitumen waste produced from the WTC in 1994. Table 3
shows the distribution of radiological and chemical contaminants expressed in
the units of jiCi/mL (of immobilized product) and mg/kg (of immobilized
product), respectively. Of the p/y emitters immobilized in the product drums,
the most abundant were: Ce-144 (0.91 nCi/mL), Co-60 (0.44 fiCi/mL), Cs-137
(0.90 |j.Ci/mL) , and Cs-134 (0.94 |LlCi/mL) . On average, there was a total of
0.023 pCi/mL °f gross a present, about half of which could be accounted for by
the two radionuclides: Am-241 (0.0072 jiCi/mL) and Pu-239 (0.0033 nCi/mL). The
gross a accounts for about 1% of the total radioactivity in the product drum.

Five chemicals have been identified as contributing towards the majority of
the reactive solids loading in the product drum. These include the sodium-
based salts of nitrate (92 g/kg), phosphate (36.5 g/kg), sulphate (18.4 g/kg),
chloride (11.2g/kg), and carbonate (10.1 g/kg). Concentrations of sodium,
iron, and calcium are also given in Table 3.

CONCLUSIONS

Product drums from the thin-film evaporator facility at the CRL Waste
Treatment Centre have an on-contact radiation field of between 500 mR/h and
3 000 mR/h, depending upon the radiological and chemical characteristics of the
feed. The dominant p/y emitters in the product drum include: n7Cs, "4Cs, "4Ce,
141Ce, and 60Co. On average, there is a gross p/y loading of 2.6 jiCi/mL in the
immobilized bitumen product. The concentration of a emitters constitutes
about 1% of the total radioactivity, and the principal isotope is 241Am. The
radiation dose to the bitumen varies between 10s and 10s rads per product drum
(over its lifetime), which is less than 20% of the maximum allowable dose for
the matrix.

The decontamination factor for various radionuclides in the thin-film
evaporator varies from about 20 000 for 14<1Ce to 6000 for 6°Co, and about 4000
for 137Cs. Those radionuclides more strongly adsorbed to the inert solids
associated with the MF backwash solids are more efficiently removed in the
evaporator.

Installation of a new rotor, and increasing its speed from 600 rpm to 900 rpm,
has significantly improved the operation of the thin-film evaporator used for
immobilization. The cleaning frequency of the unit has been reduced by a
factor of three, and the solids loading has been boosted from about 25% to
35%. The volume reduction factor increased from 2.67 to 3.21 after the
installation of the new rotor operating at 900 rpm.

There is some distillation of the organic fraction from the emulsified bitumen
used for immobilization of the mixed waste concentrate. Photocatalytic
oxidation can effectively remove the organics volatilized in the distillate.
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Supriya K. Sen Gupta
Science Advisor

Government of Canada
Toronto, Ontario CA9900034

ABSTRACT

Two different reverse osmosis systems were investigated in this work. The
first was a 50-element plant-scale system that is used to treat 2200 cubic
metres of AECL (low to intermediate level) liquid radwastes annually. It uses
thin film composite (TFC) membranes and operates at an applied pressure of
2760 kPa, with a fixed crossflow of about 40 L/min. The other system uses the
same thin film composite membranes for waste processing, but is a 2-element
pilot-scale system. It is operated at pressures ranging between 1500 kPa and
7000 kPa, at a fixed crossflow of 55 L/min.

The average lifetime of the thin film composite membranes in the plant-scale
processing application at AECL is about 3000'hours. After this service life
has expired the rejection efficiency (for bulk conductivity) declines rapidly
from 99.5% to about 95% as the membranes become impaired from chemical
cleaning procedures that are required after each hundred cubic metres of waste
are treated. The permeation flux for the plant-scale system decreases from
about 2.2 L/min/element to below 0.5 L/min/element at the end of the
membrane's useful service life.

The plant-scale membrane elements, fouled by an assortment of chemicals
including calcium phosphate, ferric oxide, and various organics, were
successfully regenerated by exposing them to a three-step chemical cleaning
procedure (in the pilot-scale system), using detergent, HC1, and an alkaline-
based cleaning with EDTA respectively. The 3-step procedure was successful in
elevating the flux from 0.5 L/min for the spent membrane, to 1.2 L/min after
the three step cleaning procedure. The 1.2 L/min post-cleaning flux could be
maintained at a crossflow velocity of 55 L/min/vessel.

The decontamination factor (DF), which is the feed to permeate concentration
ratio, was determined for cesium and strontium. For the plant-scale system
(at the operating pressure of 2760 kPa), the DF of cesium decreased from about
100 when the membranes were new, to about 30 after they were replaced. After
cleaning the fouled membranes with the pilot-scale system, the DF for cesium
increased from about 30 to 50, as the applied pressure to the system was
increased from 1500 kPa to 5500 kPa. By comparison, the strontium DF
increased for the fouled membranes at the operating pressure of 2760 kPa, from
about 1000 (when they were new), to about 4000 for the spent membranes. The
strontium DF was unaffected by the applied pressure, however. The increase of
strontium DF is believed to be due to the exchange of strontium with deposited
calcium on the fouled membrane.

INTRODUCTION

In the mid 1970's, AECL, at the Chalk River Laboratories (CRL) site, built a
Waste Treatment Centre (WTC) for treating low-level aqueous liquid wastes.
The objective was to demonstrate processes for converting Canadian Deuterium
Uranium (CANDU) wastes to a form suitable for disposal. The liquid waste
streams are effectively volume reduced by a combination of continuous



crossflow microfiltration (MF), spiral wound reverse osmosis (SWRO), and
tubular reverse osmosis (TRO) membrane technologies (Fig. 1).

Fig. 1

Integrated Plant-scale System for Aqueous Radwaste Processing.
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Backwash and chemical cleaning wastes from the membrane plant are further
volume reduced by evaporation. The concentrate from the membrane plant is
ultimately immobilized with bitumen using a thin-film evaporator in a shielded
cell. The ability of the MF/SWRO technology to remove impurities non-
selectively makes it suitable for the treatment of radioactive effluents from
operating nuclear plants, with proper membrane selection, feed
characterization, system configuration, and system chemistry control.

Currently, there are two streams routinely treated at CRL. One originates
from the Decontamination Centre (DC waste) and the other collects waste from
the Chemical Drain (CD waste) system. A total of about 2200 m3 of blended
liquid (low to intermediate-level) waste are currently treated by the membrane
plant annually. The current overall volumetric recovery of the two stage
(concentrate-staged) reverse osmosis train employing SWRO and TRO is 96.6%.
For a 35 m'* batch of waste treated there is 0.7 m"' of backwash concentrate and
1.17 m'' of TRO concentrate sent to the evaporator for further volume reduction
in a small evaporator, and subsequent immobilization with emulsified bitumen
in a thin-film evaporator. The bituminized product from the facility occupies
0.175 m" based on the 35 rn5 feed volume The overall volume reduction of the
fresh feed through the integrated plant (employing both membranes and thin-
film evaporation) is about 250.



SPIRAL WOUND REVERSE OSMOSIS SYSTEM

Reverse osmosis (RO) is a technology which is well established for the
production of potable water from brackish water or seawater. It has been
successfully used to produce high-purity water for the electronics,
pharmaceutical, and power industries. Because of its versatility to remove
ionic impurities, particulates and colloids, organics, microorganisms and
pyrogenic material from water, RO has attained a prominent role in water
purification [1],.

In spiral wound reverse osmosis treatment, feedwater containing dissolved and
suspended solids is pumped into the system at a desired feed pressure greater
than the osmotic pressure of the solution. The feed stream is pumped into a
pressure vessel containing one or more membrane elements connected in series.
The feedwater then flows into the channels between the membrane sheets.

These feed channels are composed of a plastic netting which breaks up the flow
into small turbulent areas above the membrane surface.

Immediately above the membrane surface a concentration boundary layer forms
whose thickness depends on feedwater ionic strength, particulate level, and
flow in these small turbulent areas. The water and ions are transported by a
solubility-diffusion process to the permeate water carrier. The purified
water or permeate is recovered at atmospheric pressure. The remaining water,
dissolved solids and particulates form the reject stream. The pressurized
concentrate or retentate is dropped to atmospheric pressure through a back
pressure regulating valve, immediately downstream of the system.

The performance of an RO membrane is usually described in terms of permeate
flow, or "flux", contaminant rejection efficiency, and volumetric recovery.
Permeate flux refers to the amount of flow across the membrane per unit area,
at a particular operating pressure and dissolved solids concentration. The
flow of water across the membrane is proportional to the effective pressure
(applied pressure minus pressure drop minus the osmotic pressure of the
solution). Increasing the applied pressure should increase the permeate flow
without increasing the solute flow.

Rejection is the relative change in contaminant concentration from the feed
stream to the permeate stream. RO membranes are not absolute barriers, and
some small percentage of the solute (typically about 0.5%) does pass through
the membrane. The amount of solute transport is a function of the membrane
type and is proportional to the differential concentration across the
membrane.

Spiral wound RO membrane types can be broadly classified as cellulosic or
noncellulosic. Cellulose acetate membranes are still widely used because of
their resistance to fouling, and their low cost. They are, however, easily
damaged by bacterial attack and have relatively low rejection efficiencies.
Noncellulosic membranes, such as the thin film composite membranes used at
CRL, can operate over a wider pH range and exhibit high solute rejection
efficiencies. The SWRO configuration achieves a large specific surface area
per unit volume, which is typically 1000 m2/m3. This can be compared to 165
irr/m' for plate modules and 335 m2/m3 for tubular modules.

The ratio of permeate to feed in a RO system is referred to as volumetric
recovery, or simply, "recovery". To achieve high recoveries (up to 85%
currently employed at CRL), it is necessary to stage the concentrate stream or
recycle the concentrate for reprocessing. This is normally accomplished in a
tapered system design. For instance, a two-stage system may have four
pressure vessels in the first stage, feeding two vessels in the second stage.



The tapered configuration compensates for feed flow loss by permeation,
therefore maintaining optimum cross-flows in both stages.

Plant-Scale SWRO System Description

The CRL plant-system is a three-stage 5:3:1 tapered system with 10 cm diameter
by 6 m long pressure vessels. Each pressure vessel contains six membrane
elements. The system is fed with a Goulds 3333 multi-stage centrifugal
booster pump. Typical feed crossflows are maintained at about 40 L/min, with
an inlet pressure of 2760 kPa. This system is used for the routine liquid
processing of about 2200 m3 per year of CRL wastes.

Pilot-Scale SWRO System Description

The pilot-scale (experimental) system is equipped with a 5 um cartridge filter
upstream of the two high pressure pumps, both of which can deliver a maximum
of 7000 kPa. The pressurized feed flowing at about 55 L/min is directed to
one of two membrane pressure vessels, each containing two 10 cm diameter by
100 cm long membrane elements. The purified permeate stream exits the
vessel, then passes through a flowmeter, and can be rejected from the system
or recycled back to the feed tank.

The majority of the retentate {concentrate stream with 99% of the contaminants
in the feed), recirculates back to the suction side of the high pressure pump
to maintain the high crossflow rate. The remainder of the retentate is
directed back to the feed tank. The operating pressure of the system is
manually controlled by adjusting the backpressure control valves on both
retentate streams leaving the vessel. A system is provided to flush the
vessel and piping with clean water after an experiment. An onboard cleaning
tank is also provided if chemical cleaning of the membranes is required.

The primary difference between operations of the pilot-scale and the plant-
scale system was the effective crossflow rate through each vessel; for the
pilot-scale system it was 55 L/min/vessel, while for the plant-scale system it
was about 40 L/min/vessel. A more subtle difference between the units is the
actual processing method to achieve the desired volumetric recovery of between
85 - 95'r.. For the plant-scale system retentate was recirculated to the feed
tank, and a small bleed fraction was continuously removed. Filtrate was
continuously added to the feed tank from the MF system, and so the operation
was continuous. By comparison, the pilot-scale rig was operated in a batch
mode of operation where a given volume of fresh filtrate (from the plant-scale
MF system) was volume reduced to the predetermined volumetric recovery.

PERFORMANCE OF THIN FILM COMPOSITE MEMBRANES FOR LIQUID WASTE PROCESSING

Normalised Permeation Flux

The permeation flux from an RO system is a function of several variables
including temperature, pressure, and pH. The plant-scale system used 50, 40-
inch elements in nine pressure vessels, which were staged as 5:3:1. The
permeation flux data obtained was normalised to an applied pressure of 2.76
MPa and a feed temperature of 25°C using a method given by Bukay [2]. The
observed permeation flux (OBF) was normalised for temperature using a
temperature correction factor (TCF) obtained from the membrane manufacturer,



NPF =
TCF

2.76(MPa)

FEED PRESSURE - PERMEATEBACK - OSMOTIC

OBF

No. Elements
(1)

an effective pressure, and for the total number of elements using equation
(1) •

From a processing perspective it is desirable to maintain a permeation rate of
between 0.80 and 1.0 L/min/element at all times, so that the throughput of the
50-element plant-scale system matches the filtrate production rate of about 42
L/min from the MF system situated upstream. In the continuous mode of
operation, downtime of equipment is minimized and maximum utility is made of
the equipment.

Fig. 2 shows the normalised permeation flux for the plant-scale system after
the first full-scale membrane change at 3800 cumulative hours of operation.
Membranes were changed again after 7000 hours of operation, when the NPF
decreased below 0.25 L/min/element. By comparison, the NPF for the pilot-
scale system, which is operated at higher crossflow velocity, is consistently
at 2.2 L/min/element. The scatter of the data in Fig. 2 is not due to errors
in measurement; rather, it is the result of permeation flux declines during a
given run, and the subsequent recovery after a chemical cleaning with an
appropriate solvent. After a chemical cleaning it was possible to have up to
a 100% improvement of normalized permeation flux or more, although this
improvement of performance could not be maintained.

When the membranes were replaced after 7000 hours of operation (Fig. 2),
several precautions were taken to minimize the large flux loss observed at
3800 hours. These included: i) operating at a volumetric recovery 5% lower
than for the previous set which was processing to 85%; ii) using recommended
anti-sealant chemicals in the feed solutions and; iii) cleaning at more
regular intervals. Yet, none of these preventative measures appeared to be of
much benefit in the resulting loss of throughput that was observed. Regular
chemical cleaning cycles appeared to decrease the pressure drop across the
membrane plant, but had less impact on improving permeation flux than similar
chemical cleanings performed on the previous membrane set. After about 7000
hours of cumulative service the membranes were replaced due to i) the
deterioration of membrane rejection efficiency, and ii) inefficient plant
operation due to the frequency of equipment shut-downs from excessive chemical
cleaning requirements.
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Normalised Permeation Flux for Plant-Scale System
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Rejection Efficiency of TFC Plant-Scale Membranes

Another performance indicator that can be used to assess the RO membranes is
the overall removal efficiency of conductive ions. The many aggressive
chemical cleanings that were required to restore the permeation flux (Fig. 2)
may have had a detrimental effect on the membrane integrity, resulting in the
considerable loss of membrane rejection performance. Physical abrasion of the
polyamide rejecting layer over time may also have been a contributing factor.

A plot of the conductivity rejection efficiency versus the elapsed processing
time (after the initial membrane change at 3800 hours) is shown in Fig. 3.
The feed conductivity in the present application ranged between 100 and 1000
mS/m, while the permeate conductivity varied between 0.6 and 20 mS/m. The
membranes were replaced after 3800 hours because the flux decreased to very
low permeation throughputs (Fig. 2), and since the rejection efficiency
decreased to values below 95%. A rejection efficiency of 95% indicates that
the thin film composite polyamide membranes have degraded to a point where
they are no longer useful in this application.

After the membranes were replaced at 3800 hours (Fig. 3), the rejection
efficiency increased back to 99.5% overall. The rejection remained at about
99.5% until about 7000 cumulative hours of operation, when the overall
efficiencies again declined back to about 95%, and the membranes were
subsequently replaced. For those runs between 3800 hours and 7000 hours where



the removal efficiency was lower than 99%, leakage took place of excessive
nitrate and sodium ions into the permeate following a chemical cleaning.
Monovalent ions have low rejection efficiencies. Since the plant feed would
have been temporarily overloaded with monovalent ions, this situation resulted
in a reduced overall rejection efficiency. After the cleaning chemicals were
flushed from the system, the rejection efficiency was restored to about 99.3%
overall.

Fig. 3
Rejection Efficiency of Fllmtec Membranes In Plant-Scale System
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Cause of Flux Decline in Plant-Scale System

The flux decline with time observed in Fig. 2 at 3800 hours and 7000 hours, is
the result of concentration polarization and/or surface fouling [3]. Surface
fouling occurs when there is deposition of submicron particles on the surface,
as well as crystallization and precipitation of smaller solutes. It is
manifested when rejected solids are not transported from the surface of the
membrane back to the bulk stream. In general, there are five types of
fouling: namely membrane scaling, fouling by metal oxides, device plugging,
colloidal fouling, and biological fouling [4], The different types of fouling
frequently occur at the same time and can influence each other.
Unfortunately, the interactions between the types of fouling are poorly
understood.



While operating, thin film composite membranes take on an anion charge on the
surface. This causes cationic foulants, such as aluminum and ferric
hydroxides, along with cation coagulant polymers, to be attracted to it.
Further, because of the high flux rates on thin film composite membranes,
fouling occurs faster and is more noticeable than with other membranes [5].
Moreover, in the CRL plant-scale application the volumetric recovery is
maintained at about 85%. This high recovery leads to increased solute
concentrations at the boundary layer, leading to more concentration
polarization and a higher deposition of fouling substances.

The chemical scale on the fouled plant-scale RO membranes is comprised
primarily of aluminum, silica, calcium, phosphorous, and to a lesser extent
iron and sulphur. Calcium hydroxyapatite and ferric oxide scale have been
identified as the major fouling species from Scanning Electron Microscopy
(SEM) and Energy Dispersive X-ray analyses (EDX). Clay and aluminum silicate-
based scale is thought to account for the initial large flux decline
associated with concentration polarization, and represents the scale which is
the most difficult to remove by standard chemical cleaning procedures.
Precipitates approaching 10 \m in diameter have been observed on the surface
of the membrane by SEM, and these precipitates are hard to dissolve in even
the most concentrated acids. This is further supported by the observation
that alkaline cleaning chemicals at pH 12 are the most effective for permeate
flux restoration where silica solubilizes to silicic acid [6]. The
precipitates in the 50 membrane elements of all three SWRO stages are similar
in chemical composition based on the results of the EDX analyses on membranes
from all stages of the system.

Performance of Pilot-Scale System

The primary difference between operations of the pilot-scale and the plant-
scale system is the effective crossflow rate through each vessel; for the
pilot-scale system it was 55 L/min/vessel, whereas for the plant-scale system
it was about 40 L/min/vessel. To compare the performance of the two systems,
the fresh feed to the pilot plant was the same. 50:50 blend of the CD/DC waste
streams. The pilot-scale system was run in parallel with the plant-scale
system, and both of the systems were targeted to achieve 85% volumetric
recoveries overall. By comparison with the plant-scale system, which was only
able to maintain 0.5 L/min/element (at the start of a processing campaign),
the pilot-scale system was able to sustain a permeation rate of 2.2 L/min.
During the course of a run, the flux typically decreased from 2.2 L/min to
about 1.7 L/min, depending upon the final volumetric recovery that was sought.
However, the loss of flux during a run was always reversible (after flushing
the system with permeate), indicating it was due to concentration
polarization, and not irreversible fouling. If the system was placed in total
recirculation at any time during the run the permeate flows would not decrease
further.

Regeneration of Spent Plant-Scale Membrane Elements with Pilot-Scale System

Since the performance of the pilot-scale system was so much superior to the
plant-scale system for CRL liquid waste processing applications, a test was
undertaken to evaluate the cleaning effectiveness for spent plant-scale
membranes in the pilot-scale system. The spent membranes were removed from
the plant-scale system at 7000 hours (Fig. 2), and two were chosen from the
first stage for cleaning tests.



A chemical cleaning campaign of a fouled plant-scale thin film composite
membranes was carried out using a three-step procedure at an applied pressure
of 2760 kPa (the same operating pressure as the plant-scale system) . The
fouled membrane was taken from the first stage of the three-stage system.
During the first cleaning step a detergent formulation (1 wt.%) was used to
remove surface oil and grease. In the second step, HC1 (at a pH of 2 and
ambient temperature), was employed for the dissolution of metals. In the
third step, NaOH (at pH of 12) and 2 wt.% EDTA was used to complex metals and
remove silica deposits by dissolution.

A 73.5% improvement of permeability was observed after cleaning with the
detergent. A total of 0.8 kg of oil and grease was removed from the element
with the detergent cleaning process. After the second cleaning procedure with
HCl, a further improvement of 14% was observed. After the third step where
chemical cleaning was carried out with NaOH and EDTA, an incremental
improvement of 20% was noted. The overall improvement of permeation flux for
the element based on the three-step cleaning sequence was 137%; the water
permeability increased from 0.48 L/min before cleaning to 1.14 L/min after
cleaning. The same cleaning tests were carried out on another fouled element,
and the results could be replicated.

A complete regeneration of the fouled membrane elements was not achieved. The
permeation flux for a new element (after concentration polarization effects
were taken into account) was about 2.2 L/min. The pilot-scale cleaning
procedure was capable of restoring about 50% of the membrane's original
performance. The cleaned elements could be reused in the plant-scale system
at a throughput of 1 L/min, however, because this would match the filtrate
production from the MF system situated upstream.

Following the 3-step cleaning procedure, a series of three further experiments
were carried out in which blended CD/DC (MF-filtered) waste was processed in
the pilot-scale unit to evaluate the long term benefit of the cleaning
methods. Results are shown in Fig. 4, for the flux curves before cleaning and
after cleaning (represented by Tests 1,2,3). In the first experiment a batch
of CD/DC waste was passed through the system with a 5 micron prefilter in
place. The feed was reduced to a final recovery of 90%. After flushing the
system with permeate at the completion of the run, the same test was
replicated (Test 2). The purpose of Test 2 was to determine if the permeate
flux after a pure water flush could be restored to the same initial value
(which had previously been observed for CD/DC waste processing). Finally, a
third test was carried out in which the 5 micron prefilter was removed from
the system to determine if a coarse filter was required upstream of the
membranes at the higher crossflow velocities.



Fig. 4
Permeate Flux with CD/DC Waste using Element 2
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At a volumetric recovery of 90% in Test 1, the permeation flux decreased to
0.88 L/min. The flux decline curve was identical for Test 2, indicating that
the performance curve was reproducible. It also provided evidence that the
chemical cleaning procedures had been effective in displacing scaling
materials. In Test 3, where the 5 micron prefilter was removed from the
system, the permeation rates at all volumetric recoveries mimicked the
previous two tests. The results of Test 3 suggest that a coarse 5 micron
prefilter is not required upstream of the RO system.

Pure Water Permeability after Spent Membrane Regeneration

A water permeability test was carried out before and after the chemical
regeneration procedures, so that comparisons of the cleaning efficiency could
be made on the basis of membrane permeability. Pure deionized water was
passed through the element at various applied pressures ranging between 1500
kPa and 5500 kPa, and the permeation flux was recorded as a function of the
operating pressure.

The results of the permeability tests for the two different membrane elements
are shown in Fig. 5. Prior to the chemical cleaning procedure, the flux for
element #1 varied between 0.25 and 0.9 L/min/element, as the pressure
increased from 1500 kPa to 5500 kPa. After cleaning the flux for element #1
increased to between 0.6 and 2.2 L/min/element over the same pressure range.
A similar improvement of pure water permeability was observed for element #2
after the cleaning procedures. The pure water permeabilities for both
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Pure Water Permeability Tests
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elements after the chemical cleaning procedures were approximately the same
(at all pressures), even though element #1 was more fouled. This would
indicate that the membranes were cleaned to the maximum possible extent by the
three-step cleaning procedure, which is about 50% of the new membrane's
performance.

Effect of Pressure on Decontamination Factor

Tests were carried out to evaluate the impact of the chemical cleaning
procedures on the removal efficiencies of cesium and strontium. The results
are plotted in Fig. 6 in terms of a decontamination factor (DF) , rather than a
rejection efficiency for clarity on the figure. The decontamination factor
(DF) is defined by equation (2).

DF =
Feed Concentration _ 1

Permeate Concentration 1 - Fraction Rejected
(2)

It was necessary to use stable isotopes of cesium and strontium instead of
radioactive isotopes to determine the DF of each accurately. This was
required since the resolution of the analytical instruments was not sufficient
to detect radioactive contaminants reliably at low concentrations in the
permeate. The results of these tests showed that the DF before cleaning for



cesium was 30 {at 1500 kPa), and increased to 50 (at 5500 kPa) before
cleaning. However, the cesium DF for a new element was about 100, which
indicated that there had been some permanent loss of rejection after its 3800
hour service life was over. There was no increase of cesium removal after the
three-step cleaning procedure with the pilot-scale system. The tests
demonstrated that the aggressive chemical cleaning carried out did not impair
the membrane'a ability to remove contaminants.

Fig. 6
Decontamination Factors for Cs 133 and Sr 88
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The DF for strontium increased from about 1000 for a new membrane element to
roughly 4000, after the membrane had been exposed to about 3800 hours of
liquid waste processing. The strontium DF was relatively independent of both
the applied pressure and the chemical cleaning procedures. The increase of DF
after waste processing can be rationalized by noting that the dominant scale
on the plant-scale membranes is calcium phosphate. It is probable that
strontium replaces the precipitated calcium on the fouled membrane (as
strontium phosphate), liberating calcium in the process. Evidence of this
phenomenon can be gleaned from the contact beta radiation fields on the fouled
membranes. Following their removal from the plant-scale system at 7000
cumulative hours (Fig. 2), the fouled membranes had contact beta fields that
sometimes approached 20 Rads/h. The high beta field is evidence of Sr-90
deposits; there are no other abundant pure beta emitters in the CRL waste
streams.



CONCLUSIONS

Membrane replacements are required after approximately 4000 hours in the
plant-scale liquid waste processing application at AECL. After this period,
the average permeation flux for the 50-element plant-scale system decreased
below 0.3 L/min/element, and the bulk conductivity rejection efficiency
declined rapidly from 99.5% to 95%. By comparison, with the pilot-scale
system, where there is 50% higher feed crossflow, it is possible to maintain a
permeation flux of about 2.2 L/min/element.

The fouled CRL membrane elements could be regenerated by exposing them to a
three-step chemical cleaning procedure {at higher crossflow in the pilot-scale
system) , using detergent, HC1, and an alkaline-based cleaning solution
containing EDTA. The 3-step procedure was successful in boosting the flux
from 0.5 L/min for the fouled membrane element, to 1.2 L/min for both elements
that were cleaned.

The decontamination factors for cesium and strontium were not affected by the
aggressive cleaning procedures in the pilot-scale system. The DF for cesium
increased from about 30 to 50 as the applied pressure increased from 1500 kPa
to 5500 kPa. However, there was no further change of the cesium DF after the
cleaning procedures were completed. For strontium, the DF varied between 3000
to 4000, and was unaffected by the applied pressure or the chemical cleaning
procedures. In addition, the strontium DF increased from 1000 (for the new
element) to 4000 for the fouled membrane. The increase is believed to be due
to the exchange of strontium from solution with deposited calcium (scaled out
as calcium phosphate) on the fouled membrane surface.
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ABSTRACT

The effects of combined neutron and gamma radiation on the viscoelastic behaviour of two industrial semi-crystalline
PEEK grades (VICTREX 150P and 450P) were investigated. Tensile test samples were processed on an ENGEL55
injection moulder, then irradiated in a reactor pool environment, against the reactor vessel wall of the SLOWPOKE-2
facility at the Royal Military College of Canada (RMC), for exposures resulting in dosages ranging from 10 kGy to 320
kGy. First, the morphology of the irradiated resins was characterized by differential scanning calormeliy (DSC), X-ray
diffraction and density measurements. Secondly, the viscoelastic behaviour of the material was studied at three
thermodynamic states, in order to define the nature of the structural damage suffered by PEEK, by comparing its degree
of molecular motion with the dose received. Therefore, standard mechanical testing was performed at room
temperature, stress relaxation near the glass transition temperature(Tg), at 140°C, and melt viscosity above the melting
point (TJ , at 350 °C.

Results confirmed that PEEK is highly resistant to radiation, but also suggested that PEEK degrades faster under a
combined neutron and gamma flux, in a reactor pool environment, than observed in previous work under electron beam
or gamma alone. Thedensityincreasedslightlyovertherangeofirradiation(150P: 1300 to 1303 kg/m3; 450P: 1296
to 1299 kg/m3), while the crystallinity (150P: 27 %, 450P: 24 %), and the thermal properties, like Tg and T a , remained
unaffected. Therefore, the increases in density were attributed to transformations occurring mostly in the amorphous
phase, which, is also consistent with previous work The viscoelastic behaviour analysis provided the following damage
assessment for PEEK: the amorphous phase is subject to both crosslinking and chain scission; the effects of chain
scission, on the viscoelastic behaviour of PEEK, are predominant for doses higher than 100 kGy; tie-molecules, at the
crystalline and amorphous phase interface, are more sensitive and are prone to chain scission under radiation; and,
crosslinking occurs predominantly near chain-ends. Overall, this research confirmed PEEK as a good candidate material
for applications in nuclear reactor pool environments and for the disposal of radioactive waste.

INTRODUCTION

The aerospace, communications and nuclear industries rely increasingly on new polymeric materials for advanced
engineering applications demanding high resistance to radiation. Among the most promising polymeric materials is poly
(aryl ether ether ketone) (PEEK), a semi-crystalline thermoplastic which is resistant to high temperatures in addition to
displaying superior mechanical properties and good stability in both chemically active and radiation environments.
These characteristics make PEEK an excellent candidate material for nuclear applications.

PEEK was designed in 1978 by Imperial Chemical Industries (ICI) as a tough high temperature-resistant cable
insulating material [1]. Since its commercialization in 1981, PEEK'S excellent mechanical stability at high temperatures
coupled with its ease of processing has made it a material of choice in a number of high technology applications
including employment in radiation environments. PEEK is generally a tough, semi-crystalline thermoplastic with the
following chemical structure (Figure 1)[2]:
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Figure 1: Chemical structure of poly (aryl ether ether ketone) (PEEK)

The special properties of this polymer can be attributed to its chemical structure. The aromatic ring is the dominant
component in PEEK'S composition, as shown above, and is mostly responsible for the strength, the high temperature
and radiation resistance of the material [3]. The ether bond provided by oxygen in the backbone contributes toughness
and flexibility. The last feature, is the ketone group which provides a side group resulting in greater intermolecular
spacing, reducing the density and increasing both free volume and molecular movement The repetitive sequence in
PEEK'S molecular structure, allows crystallization to occur, enhancing strength and chemical resistance.

Past research work has concentrated mostly on the study of the effects of electron beam [4-12] and gamma radiation [13]
on PEEK among other thermoplastics. No research has been carried out on the effects of fast and thermal neutrons on
this material, especially on its viscoelastic behaviour in the temperature region close to the glass transition temperature.
In order to assess molecular damage and to better analyze the specific role played by the amorphous phase, the
crystalline phase and their interface during radiolysis, the morphology of the PEEKresins were characterized using
density measurements, differential scanning calorimetry (DSC) and X-ray diffraction. Then, the viscoelastic behaviour
of the polymer was studied at three different thermodynamic states. The methodology used for this part of the research
consisted first in performing stress relaxation testing just below Tg(140°C) to study the viscoelastic behaviour of the
irradiated PEEK, then, these tests were complemented with tensile testing at room temperature to assess the elastic
behaviour of the material, finally rheology tests were performed above Tm(350°C) to assess changes in the viscous
behaviour of PEEK.

THEORY

Nuclear reactors produce a large variety of radiation. The nuclear reaction is initiated in the core by the spontaneous and
neutron-induced fission of Uranium-235, and leads to a series of interactions producing radiation in the fuel rods,
surrounding water and reactor vessel materials. While electron, beta, alpha particles and heavy ions are attenuated
rapidly, neutron and gamma radiation can interact with materials far from the reactor core. This radiant behaviour is the
result of different interaction mechanisms between radiation and matter[14].

Gamma-rays are photons which can ionize atoms through three important energy transfer processes[15]. First, the
photoelectric process, [16-19] where low energy photons (< 0.05 MeV) interact with a tightly bound electron from an
inner shell of the atom and causes one electron to be ejected out Second, the Compton scattering, in which a low-to-
high energy photon (0.1-10 MeV) interacts with several atoms, each time scattering off an orbital electron, which goes
on to ionize more atoms. Compton scattering ends when the photon has decreased its energy low enough so that the
photoelectric process may occur. The third process is The pair-production, where a photon of energy 1.02-20 MeV,
converts its energy in the presence of an atomic nucleus to a positron-electron pair, which proceeds to interact with more
atoms and molecules [20]. In most cases, Compton scattering is the principal radiation interaction mechanism for
organic polymers. Overall, photon energy deposition tends to be fairly uniform within the irradiated material.

Neutrons ionize atoms along their paths by ejecting electrons, but also collide with and produce energetic recoil nucleus
by knock-on process. In apolymer, fast neutrons (1-2 MeV), mostly produce energetic protons from the collisions with
hydrogen atoms which, in turn, interact and cause far more damage than the incident neutron [20]. Neutrons of thermal
energy (0.00253 eV) can also be absorbed by other nucleus which then become unstable radionuclides and undergo
nuclear reaction or further radiation decay [14]. This type of reaction can induce radiation that can remain active a long
time after the irradiation exposure is completed, especially in metals. Again, in most pure polymers, induced radiation is
short-lived, because the radionuclides generated by C,0 and H possess short half-lives, and decay mostly with the



emission of beta and gamma-rays. The end result of neutron radiation is the generation of recoil protons and heavier
ions, producing a different geometrical distribution of the energy deposition which tends to concentrate damages along
specific tracks and in more localized sites [20].

Therefore, the level of damage caused by radiation depends not only on the quantity of the energy deposited in the
material but also on how concentrated the energy deposition is, resulting in free-radical pairs along the path taken by the
energized particle or photon[23]. The destructive potential of radiation is assessed in terms of linear energy transfer
(LET) which is the amount of energy deposited per unit length of the ionization track [20,21], expressed as dE/dx. For
example, gamma-radiation has a low LET of 3.5 keV/^m in water, whereas energetic protons and alpha-radiation have a
high LET of 53 keV/um in water. Since fast neutrons can generate several recoil protons along their paths, they are
also attributed with a LET of 53 keV/jim in water. If the incident neutrons have energies lower than 10 keV, they are
attributed with a lower LET of 7-10 keV/um in water [14].

Radiation-induced chemically active species can react in different ways resulting in structural and molecular weight
changes. Those chemical reactions occurring in the polymer as a result of irradiation are described as radiolysis [22-
24]. Among those chemical transformations, crosslinking increases the molecular weight by the creation of new
intermolecular bonds. Crosslinking can eventually result in the formation of an important network which radically alters
transition temperatures, chemical and mechanical properties of the material [23]. Secondly, chain scission consists in
the fractionation of macromolecules followed by the recombination of the newly formed free radicals with low molecular
weight molecules, which causes a decrease in the overall molecular weight of the material. As a result of chain scission
the general properties of the material are altered but in a more gradual way than crosslinking. Thirdly, the creation of
low molecular weight products occurs resulting from chain scission and followed by abstraction and recombination
reactions. These products are usually gases such as Hj, CO2, CO and CH4, but some polymers with particular structural
groups may release other gases like SO2, in the case of polysulfones, or HC1 for polyvinyichloride [22]. Such small
products impact on the overall molecular weight and create small gas pockets in the polymer which reduce mechanical
properties. The last induced chemical change is the actual structural modifications by the appearance of new bonds
creating new chemical groups or the elimination of existing ones. Such changes can alter both chemical and physical
properties of the polymer.

The role played by the morphology in semi-crystaUine PEEK, during radiation-induced molecular transformations, is not
well understood. The kinetics of radiolysis is dependent on the reactive species created by radiation and also by the
freedom of movement of those reactants. Since molecular movement increases with temperature as the polymer goes
through various thermodynamic transition states[3] it can therefore be used to study the role played by the morphology
during radiolysis, and also to assess the damage caused by radiation on the structure of the polymer.

The special mechanical properties of polymers are driven by their viscoelastic attributes. The viscoelasticity of a
material is characterized by the Young's modulus which is the ratio of the applied stress to the material's strain
response. The changes in the viscoelastic properties of polymers, exposed to aggressive environments such as radiation,
are often an excellent indicator on the ability of polymeric materials to maintain the mechanical resistance required from
them throughout the lifetime of their application. The viscoelasticity of a polymer is dependent on its molecular
structure, defined by chemical bonds and chain length, but also by its morphology which is determined by the crystalline
and amorphous phase composition and interface characteristics.

METHODOLOGY

The mechanical properties of polymers are dependent on their viscoelastic nature. The viscoelastic behaviour of
polymers is best observed starting from their glass transition region up to their melting point, where both the effects of
the elasticity provided by molecular conformation changes and the viscous flow created by chain segment movements,
takes place on the same time scale. In order to verify if viscoelastic changes could be observed following irradiation, a
series of stress relaxation tests were performed on irradiated polycarbonate and polystyrene for doses between 10 kGy
and 100 kGy at temperatures going from (Tg-20°C) to (Tg +20°C). The best temperature region, providing for the
optimal observation of stress relaxation and the repeatability of the results with a minimum standard deviation, was (T. -
10°C) to(Tg-3°C).



Two industrial PEEK grades were purchased from VICTREX USA, the450P(MW43k,MWD2.5) and 150P(MW
14k, MWD 2.5). The resins were processed on an ENGEL55 injection moulder to produce tensile test samples and
then annealed up to 200°C, for seven hours, to relieve internal stress. The tensile test samples were then irradiated with
a combined gamma and. neutron flux, against the reactor vessel wall of the SLOWPOKE-2 facility, for exposures
ranging from 104 Gy to 10" Gy. The total dose rate at the irradiation site in the SLOWPOKE-2 reactor pool was
determined at 2400+ 960 Gy/h [25,26], and consisting of a 75% gamma radiation contribution and 25% fist and thermal
neutrons contribution. Following a cooling period of three weeks, morphological and thermal properties were
determined by differential scanning calorimetry, X-ray diffraction and density measurements [27]. The studied dose
range was set between 10 kGy and 320 kGy in order to identify early degradation in semi-crystalline PEEK, and also to
assess molecular damage before the occurrence of significant morphological changes. The morphology was
characterized with density measurements, differential scanning calorimetry (DSC) and X-ray diffraction. Then, the
viscoelastic behaviour of the irradiated resins was investigated at three thermodynamic states as demonstrated in Figure
2, with stress relaxation tests conducted at 140°C, standard tensile tests at 24°C, and melt viscosity measurements at
350°C.

24<C
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3S0«C
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Figure 2: The Young's modulus of PEEK in relation with its y,P and a phase transitions and thermal
properties, and the selected temperatures for the three viscoelastic tests.

RESULTS AND DISCUSSION

The density increased slightly over the range of irradiation (150P: 1300 to 1303 kg/m3,450P: 1296 to 1299 kg/m3) as
demonstrated in Figures 3 and 4, which can be attributed to crosslinking. Changes in thermal properties like the glass
transition and melting temperatures were not detected, as well as no changes were detected in the crystallinity (450P: 24
%, 150P: 27 %) within the precision of the equipment. This leads to the belief that most of the changes occurred within
the amorphous phase, identified in Figure 5, which is consistent with previous work [4,5,28].

The results of the three viscoelastic tests tend to demonstrate polymer degradation dominated by chain scission, in both
resins, after receiving a combined neutron and gamma dose of 10s-5 Gy. Although the performance of PEEK is still
outstanding in such irradiation conditions in a reactor pool environment, the results in comparison with previous work,
suggest a more significant degradation mechanism than for electron beam [10] or gamma radiation alone [4].
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Figures 3 & 4: Density as a function of the dose received for the PEEK resins 150P and 450P respectively.
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Figure 5: Molecular arrangement of PEEK in its semi-crystalline state.

The role of the morphology on the radiolysis of the polymer was also considered. Standard tensile tests were performed
at24°C. At that temperature, PEEK is above its y-transition temperature where molecular movement is limited mostly
to chain-ends in the amorphous phase and repeat units at the phase interface [9]. Stress-strain diagrams revealed that
the higher molecular weight PEEK (450P) possessed a second yield point which could be associated with the presence
of a crystalline network where molecular chains are long enough to be part of several crystalline layers. The lower
molecular weight (150P) did not display that kind of behaviour which would indicate that its strain is limited by the
effect of chain entanglement in the amorphous phase. For that reason, the Young's modulus of the two PEEK grades,
reacted differently to radiation as demonstrated in Figures 6 and 7. The 450P displayed a clear reduction in its Young's
modulus after receiving 104J Gy while the 150P showed a slight increase with dosage. The reduction in modulus, was
explained by the higher radiation vulnerability [9] of the tie molecules at the phase interface due to the presence of some
tension between two phases of different densities. The behaviour of the 150P was attributed to the higher concentration
of chain-ends, about three times that of 450P, which, by their mobility potentially favoured crosslinking.



1240 -

1220 -

1200 -

1180 -

1160 -

10 10 ,5.5

1280

1260 -

1240

1220 -

1200 -

1180

10
4.0

Dose(Gy)

I O 4 - 5 lo5-0

Dose(Gy)

10*

Figures 6 & 7: Young's modulus as a function of the dose received for
the PEEK resins 150P and450P respectively.

The stress relaxation test was performed at 140 °C on tensile test bars after rapidly applying a 4.8% strain. At that
temperature, PEEK is in its p-transition where movement is dominated by molecular backbone movement in the
amorphous phase. The relaxed Young's modulus Er(t) was measured against time with a statistical deviation error of
10 to 30 MPa based on five samples for each point The results in Figures 8 and 9, representing the measured relaxed
Young's modulus, displayed a marked decrease for samples that received doses of 10s Gy or more. The higher
molecular weight grade (450P) displayed a slight TnavjmnTn in E/t) after receiving a dose between 104 Gy to 104-5 Gy.
The small variations in E/t), even at a temperature of 140 °C, confirmed the very high stability of the neutron irradiated
semi-crystalline PEEK and are indicative of the competition occurring within the amorphous phase between the
crosslinking and chain scission processes. Although E/t) seemed at first only slightly affected by radiation, a marked
decreasing trend appeared for doses between lO^Gyand 10s Gy. Therefore, at this dose range, molecular backbone
movement in the amorphous phase seems to become more important, probably caused by an increase in lower molecular
weight products resulting from chain scission. On a segmental scale of several repeat units, the effect of chain scission
in the amorphous phase becomes predominant over crosslinking after a dose of 104-5 Gy and contributes more effectively
to the reduction in the mechanical properties of irradiated PEEK
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Figures 8 & 9: Relaxed Young's modulus at 140°C as a function of the dose received
for the PEEK resins 150P and 450P respectively.



Lastly the rheology test was performed at 350 °C toiiieasurethemeltviscosityasdemonstratedinFigureslOandll. At
that temperature, PEEKis above the melting temperature in one homogeneous phase and its viscosity is determined by mil
molecular motion. For this test, both resins yielded similar results. A maximum viscosity was reached for a dose of 105 Gy
followed by a decrease at higher dose. This ma""™"*", can be attributed to the presence of larger molecules resulting from
crosslinking. However, from those results, it is not clear whether crosslinking occurred only in the amorphous phase or also
in the crystalline phase.

Dose(Gy)

104-5 10s-0

Dose(Gy)

Figures 10 & 11: Melt viscosity at 350°C and 100 s"' as a function of the dose received
for the PEEKresins 150P and 450P respectively.

This research work showed that the degradation under a combined flux of neutron and gamma in the SLOWPOKE-2 is
more significant than evidenced in previous work for PEEK irradiation under electron beam or gamma. Also, the
parallel work of mechanical testing at room temperature, relaxation near Tg and melt flow above Tm provided an
effective method to better understand the role of the morphology during the radiolysis of the semi-crystalline PEEK
Mechanical testing confirmed the sensitivity of tie molecules between the two phases to chain scission, and the
contribution of chain-ends to crosslinking. Stress relaxation near Tg, demonstrated both the occurrence of crosslinking
and chain scission in the amorphous phase and greater relaxation with radiation, especially for doses of 10s Gy and up.
Chain scission appeared to induce more movement on a molecular segment scale caused by the possible increase in the
number of small radiolysis products. Melt viscosity revealed the viscous behaviour of PEEK on a full molecular scale
including molecules from the crystalline phase. Both resins displayed the same behaviour, with a maximum viscosity
at 10s Gy followed by a decrease at higher dose. This trend supports the occurrence of crosslinking producing larger
molecules up to 105 Gy. The subsequent reduction in viscosity at higher dose can be attributed to the predominance
effect caused by chain scission over the crosslinking of only a few larger molecules.

CONCLUSION

This study has confirmed PEEK as a resistant material to radiation and provided a better understanding of the
mechanical performance of semi-crystalline PEEK under the effects of neutron and gamma radiation in a reactor pool
environment. Three types of viscoelastic tests were carried out on non-irradiated and irradiated PEEK as follows:
standard tensile tests at 24°C, stress relaxation tests at 140°C and melt-viscosity measurements at 350°C. The results of
those three tests tend to demonstrate polymer degradation dominated by chain scission, in both resins, after receiving a
combined neutron and gamma dose of 10" Gy. Results also pointed toward the crystalline/amorphous phase interface
as a weak point in the morphology of semi-crystalline PEEK. Although the performance of PEEK is still outstanding in
such irradiation conditions in a reactor pool environment, the results in comparison with previous work, suggest a more
significant degradation of the mechanical properties of PEEK than for electron beam radiation [10].



Tools made of PEEK could be used in nuclear reactors for long periods of time without significant lost in mechanical
properties. Owing to its high mechanical strength and chemical resistance, PEEK could also be used in the
construction of containers for the transport of nuclear fuel waste without risking hazardous container deterioration.
PEEK could be used as a coating on metal (copper) container to prevent corrosion or as the resin with carbon or boron
fiber to produce all made composite containers. In this research, semi-crystalline PEEK resins were studied up to a
tTia-yiTtmm dose of 320 kGy in the SLOWPOKE-2. This dose corresponds to an equivalent exposure of 3.23 years for a
PEEK composite nuclear waste container [29] holding fuel bundles with glass as a filler and 700 years using Thorium
dioxide as a filler. Composite containers would definitely provide a handling advantage over the currently used heavy
titanium alloy containers.
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ABSTRACT

A pilot-scale spiral wound reverse osmosis rig was used to treat four
significantly different radioactive waste streams, three of which were
generated at the Chalk River Laboratories at AECL. These streams included:

1. A chemical/decontamination (CD/DC) waste stream which is routinely
treated by the plant-scale membrane system at CRL;

2. Reactor waste which is a dilute radioactive waste stream (containing
primarily tritium and organic acids), and is an effluent from the
operating reactors at AECL;

3. An ion exchange regenerant waste stream which contains a mixture of
stream {1) (CD/DC), blended with secondary waste from ion exchange
regeneration;

4. Boric acid simulated waste which is a by-product waste of the PWR
reactors. This was the only stream treated that was not generated as a
waste liquid at AECL.

For the first three streams specified above, reverse osmosis was used to
remove chemical and radiochemical impurities from the water with efficiencies
usually exceeding 99%. In these three cases the "permeate" or clean, water
was the product of the process. In the case of stream {4}, reverse osmosis
was used in a recovery application for the purpose of recycling boric acid
back to the reactor, with the concentrate being the "product ". Reverse
osmosis technology was successfully demonstrated for the treatment of all four
streams.

Prefiltration and oxidation (with photocatalytic continuous oxidation
technology) were evaluated as pretreatment alternatives for streams {1}, {2},
and {3). The results indicated that the effective crossflow velocity through
the membrane vessel was more important in determining the extent of membrane
fouling than the specific pretreatment .strategy employed.

LIQUID RADWASTE PROCESSING

Treatment processes traditionally used to purify low-level radioactive waste
(LLRW) liquids that result from operation of nuclear power plants have not
utilized membrane separation techniques and have considered them to be novel
{!)'. There have been few applications of reverse osmosis systems in nuclear
power plants, although the technology has improved dramatically. Feed
characterization, system chemistry control, system configuration and membrane
selection are key to establishing successful reverse osmosis treatment. Data
to permit appropriate and satisfactory design were not available to predict
with confidence that a membrane-based technology is appropriate for nuclear-
power-plant effluent treatment.

This paper examines the application of reverse osmosis technology for the
processing of four significantly different aqueous radioactive waste streams.
Comparisons will be made between the performance of the plant-scale reverse



osmosis system used for routine liquid waste processing at AECL (2), with a
smaller pilot-scale system, whose primary function is for experimental
development work and for optimization studies.

Fig. 1

Integrated Plant-scale System for Aqueous Radwaste Processing.
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The plant-scale system (Figure 1) is set up in a tapered 5-3-1 vessel
configuration, where each vessel contains the equivalent of 5.5 forty inch
diameter vessels. In the 5-3-1 configuration there are five vessels in
parallel in the first stage, followed by three vessels in parallel in the
second stage, and a single vessel in the third stage. Retentate (or waste
concentrate) from each preceding vessel is the feed to the next stage. There
are no inter-stage booster pumps in the system which means each successive
stage operates at lower pressure than the preceding one. The crossflow
through the plant-scale system is maintained at 40 L/min/vessel. The pilot-
scale system contains two forty inch vessels and operates at a variable
crossflow ranging from 30 to 60 L/min/vessel. In this study the crossflow
velocity was set at 55 L/min/vessel.

Another important difference between the two systems is the mode of operation
employed. In the plant-scale system a "feed and bleed" type, processing
strategy is used, where retentate is continuously recirculated back to the
feed tank, while a bleed stream is purged away. Fresh filtrate from the MF
system is mixed in with the recirculated concentrate stream. This mode of
operation leads to a feed tank concentration which approaches an equilibrium



value close to the target volumetric recovery of 85% fairly rapidly. In
contrast, the pilot-scale system operates in the batch volume reduction mode,
where the tank is volume reduced to a final volumetric recovery of 85%. In
this processing strategy the membranes are not exposed to a concentrated
solution until near the very end of the processing campaign, representing
about 20% of the total processing time. Observations in this report will show
that this latter mode of operation may decrease the likelihood of premature
membrane fouling, although more rigorous experimentation would be required to
confirm this.

SPIRAL WOUND REVERSE OSMOSIS FOR WASTE PROCESSING

Reverse osmosis (RO) is a technology that is well established for the
production of potable water from brackish water or seawater. It has been
successfully used to produce high-purity water for the electronics,
pharmaceutical, and power industries. Because of its ability to remove ionic
impurities, particulates and colloids, organics, microorganisms and pyrogenic
material from water, RO has attained a prominent role in water purification
(3) .

In RO treatment, feedwater containing dissolved and suspended solids is pumped
into the system at a desired feed pressure greater than the osmotic pressure.
The feed stream is pumped into a pressure vessel containing one or more
membrane elements connected in series. The feedwater then flows into the
brine channels between the membrane sheets. These feed channels are composed
of a plastic netting which breaks up the flow into small turbulent areas above
the membrane surface.

Immediately above the membrane surface a concentration boundary layer forms
whose thickness depends on feedwater ionic strength, particulate level, and
flow in these small turbulent areas. The water and ions are transported by a
solubility-diffusion process to the permeate water carrier. The purified
water or permeate is recovered at atmospheric pressure. The remaining water,
dissolved solids and particulates form the reject stream. The pressurized
concentrate or retentate is dropped to atmospheric pressure through a back
pressure regulating valve, immediately downstream of the system.

The performance of an RO membrane is usually described in terms of permeate
flow, or "flux" and contaminant rejection efficiency. Permeate flux refers to
the amount of flow across the membrane per unit area, at a particular
operating pressure and dissolved solids concentration. The flow of water
across the membrane is proportional to the effective pressure (applied
pressure minus the osmotic pressure of the solution). Increasing the applied
pressure will increase the permeate flow without increasing the solute flow.

Rejection is the relative change in contaminant concentration from the feed
stream to the permeate stream. RO membranes are not absolute barriers, and
some small percentage of the solute (typically about 0.5%) does pass through
the membrane. The amount of solute transport is a function of the membrane
type and is proportional to the differential concentration across the
membrane.

RO membrane types can be broadly classified as cellulosic or noncellulosic.
Cellulose acetate membranes are still widely used because of their resistance
to fouling and their low cost. They are, however, easily damaged by bacterial
attack and have relatively low rejection efficiencies. Noncellulosic
membranes, such as the Filmtec SW30HR membranes used at CRL, have a wider pH
range and exhibit high solute rejection efficiencies.



There are four types of RO membrane module configurations: spiral wound, plate
and frame, hollow fibre, and tubular. In each design, maximum turbulence is
important to minimize the phenomenon of concentration polarization. Spiral
wound or hollow fibre membranes are the most economical, if large volumes of
water are to be treated. The SWRO configuration achieves a large specific
surface area per unit volume, which is typically 1000 m V m 3 . This can be
compared to 165 m'/xdJ for plate modules and 335 nr/m3 for tubular modules. In
the design of a SWRO system, a flat membrane is formed around fabric spacers
and is closed on three sides. The open side terminates at a perforated
product water tube. The membrane edge, with an external spacer for the
feedwater stream, is rolled spirally around the product tube and is then
installed in a pressure vessel. The feed stream flows axially through the
channels between the spiral windings. Water permeates through the membrane
and flows radially inside the membrane envelope towards the product tube.

The ratio of permeate volume to feed volume in a RO system is referred to as
volumetric recovery. To achieve high volumetric recoveries (up to 85%), it is
often necessary to stage the concentrate stream or recycle the concentrate for
reprocessing.

Membrane Fouling

Membrane fouling is regarded as the most critical issue affecting the
successful implementation of RO for the treatment of aqueous waste streams
containing substantial quantities of both chemical and radioactive
contaminants. It is necessary for the process engineer to develop an
appreciation for the"root causes and symptoms of membrane fouling before
effective pretreatment strategies can be implemented in the field. Adequate
pretreatment technologies are critical to minimize the loss of throughput due
to membrane fouling.

The phenomenon of RO membrane fouling can best be described as any mechanism
that reduces the water transport per unit area. This is usually thought to
occur by accumulation of materials on the membrane surface or in the membrane
material by diffusion. Reduction of flow through and over the RO membrane can
also be affected by compaction of the membrane and fouling of the materials of
construction used in the brine channel and permeate water carrier.

Rationale for Pretreatment

The RO membranes that are commercially available are generally not robust
enough to operate directly on typical feedwater streams. For instance, the
Filmtec guidelines for elements suggest a maximum feed turbidity of 1 NTU and
a maximum SDI of 5. This has been confirmed by four years of operating
experience at AECL. Feedwaters usually contain components that can adversely
affect the performance and lifetime of the membrane system. Therefore, the
performance of an RO system will only be as good as the system used to
pretreat the water before it enters the system.

Every RO system includes some level of pretreatment designed to:

(1) extend the lifetime of the membranes;
(2) prevent fouling of the membranes and;

(3) maintain the performance (rejection and recovery).

The extent of pretreatment required will depend on several factors including:

(1) the type of membrane modules;



(2) the composition of the feed stream, and;
(3) the desired performance of the system.

Feedwater pretreatment is essential to avoid membrane fouling. Fouling refers
to the irreversible flux decline with time from the trapping or deposition of
some material within the RO device or on the membrane surface.

Role of Crossflow MF System

Fouling of an RO system can be reduced with an effective upstream filtration
plant. In crossflow filtration (also called tangential flow or inertial
filtration), pressure drives only part of the feed through the medium; the
remaining feed flows tangentially along the surface of the-medium,
continuously sweeping particles from the medium's surface back into the feed.
Generally, crossflow filters are operated as surface filters and have pores

that are smaller than the particles to be removed. By using a microfiltration
membrane as the separation medium, particles in the 0.1 to 10 mm range can be
removed. The primary role of the crossflow MF system is to remove suspended
solids from the fresh feed, and is thus a pretreatment process for the SWRO
system. The MF system should process heavily contaminated feed without loss
of filtration efficiency or physical (flow and differential pressure)
performance.

Turbidity Removal

One of the primary performance indicators of MF as a pretreatment scheme for
SWRO, is the turbidity reduction across the membrane surface. In the MF
system at AECL turbidities of up to 3000 NTU (in the concentrated cross-flow
stream) have been reduced to less than 0.5 NTU. The removal efficiency of the
MF system for turbidity ranges between 98% and 99.9% depending upon the feed
quality (2).

Pilot-Scale RO System Description

The pilot-scale RO system is typically operated in a batch volume reduction
mode. Feed is pumped through a 5 jjm cartridge pre-filter to the suction side
of one of two positive displacement high pressure feed pumps. The pressurized
feed flowing at about 55 L/min is directed to one of two membrane pressure
vessels, each containing two 10 cm diameter by 100 cm long Filmtec SW30HR RO
membrane elements. These are the same elements used in the WTC plant-scale
system (Figure 1 ) . The purified permeate stream exits the vessel, then passes
through a flowmeter, and can be rejected from the system or recycled back to
the feed tank.

The retentate stream containing 99% of the contaminants exits the vessel and
splits into two streams. The majority of the retentate recirculates back to
the suction side of the high pressure pump to maintain the high crossflow
rate. The remainder of the retentate is directed back to the feed tank. The
operating pressure of the system is manually controlled by adjusting the
backpressure control valves on both retentate streams leaving the vessel. For
the experiments reported here, the system was first operated in volume
reduction mode to achieve the desired volumetric recovery. The permeate was
rejected from the system while the retentate was returned to the feed tank.
When the desired volumetric recovery was achieved the permeate stream was
directed back to the feed tank with the retentate stream. The system was then
operated in full recirculation for several hours. A system was provided to



flush the vessel and piping with clean water after an experiment. A skid-
mounted cleaning tank was also provided if chemical cleaning of the membranes
was required.

Samples were taken of the feed and filtrate from the MF system and from the
feed, retentate, and permeate streams from the pilot-scale RO system. The
samples were analyzed for pH, conductivity, total solids, total Py activity,
total a activity, various cations and anions, and gamma emitting isotopes by
gamma spectroscopy. No pretreatment chemicals, such as antiscalants, were
added to the MF filtrate and there were no pH adjustments made after MF
filtration.

LIQUID WASTE PROCESSING OF FOUR WASTE STREAMS

Chemical Composition of Stream {1}

The Decontamination Centre (DC) stream has radioactivity concentrations
generally below 40 kBq/L, but has substantial concentrations of suspended and
soluble solids, typically in the range of 1 to 3 g/L. The Chemical Drains
(CD) stream has a total solids loading of roughly 0.1 g/L, but has radioactive
concentrations ranging from 400 to
100 000 kBq/L. Both solutions are acidic and are generated at approximately
the same weekly rate of 30 000 L.

The average radioactivity concentration of the blended CD/DC waste stream {1}
is about 15 000 kBq/L. Stream {1) is processed in batches first, with the
microfiltration system, to remove the suspended solids and to provide a feed
with a turbidity of less than 1 NTU and a silt density index of less than 3.
The filtered feed is then batch processed through the spiral wound reverse
osmosis system. After an operating period of about 200 hours, the average
flux at a crossflow of 55 L/min (and at 85% recovery) was 1.85 L/min/element,
compared to 0.55 L/min/element at 40 L/min crossflow and at 85% recovery in
the plant-scale system.

A proportional fraction of the identical MF-filtered waste (about 1200 L per
batch) that was processed by the plant-scale system, was simultaneously
treated in parallel by the pilot-scale plant. Over 50 different batches of
stream {1} waste were processed by the pilot-scale system. Each run took
approximately 8 hours to complete. By employing the same membranes and vessel
configuration, and processing the same feed stream at the same operating
conditions, a direct comparison between the two system configurations could be
made.

Osmotic Pressure and Conductivity for Streams {1} and {2}

Two parameters were used to characterise the variability of the feed of
{stream 1) for the pilot-scale system: osmotic pressure and conductivity, both
of which are affected primarily by the non-radioactive chemical contaminants.
The osmotic pressure of the feed stream was computed using equation 1 (4):

7t(kPa) = 7.72 pi[T + 273] d)

where : P = osmotic pressure (kPa),
T = temperature (°C), and
(X = total ionic strength (mol/L) .



Figure 2 shows the increase of the osmotic pressure and conductivity for
{stream 1} during the runs carried out over the first 200 hours of pilot-scale
operation. The conductivity of the water increases during a run due to the

Fig. 2
Conductivity and Osmotic Pressure
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rejection of conductive ions in the retentate. Typically, the conductivity of
the feed solution increases by a factor of about 10 which agrees with the
overall volumetric recovery of about 90% that is achieved. The osmotic
pressure also increases by a factor of about 10.

Permeation Flux Performance for Streams {1) and {2}

The permeation flux from an RO system is a function of several variables
including temperature, pressure, and pH. All permeation flux data obtained
were normalised to an applied pressure of 2.76 MPa and a feed temperature of
25''C using a method given by Bukay (5) . The observed permeation flux (OBF)
was normalised for temperature using a temperature correction factor (TCF)
obtained from the membrane manufacturer, an effective pressure, and for the
total number of elements using equation (2).

NPF =
TCF

2.76(MPct)

FEED PRESSURE - PERMEATE BACK - OSMOTIC

OBF

No. Elements
(2)



The instantaneous permeation flux per element for the pilot-scale system for
{stream 1) is shown in Figure 3. During the initial 75 hours of processing
there was no net decline of permeation flux per element. This is, in part,
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due to the fact that the majority of the waste stream processed during this
time was "reactor drains waste", which is essentially clean water {stream 2}
containing tritium from the operating reactors at AECL. Although there was
also a flux decline during the processing of a given batch of CD/DC waste
{stream 1} during the initial 75 hours of processing through the unit, this
was recoverable to the original flux after a water flush at the end of the
volume reduction step. On average, the permeation rate decreased from about 3
L/min to 2.2 L/min at the end of a run. At this point an overall volumetric
recovery of 85 to 90% was achieved.

Following the initial 75 hours of operation, the fresh feed to the pilot plant
was modified to a 50:50 blend of the CD/DC waste streams {stream 1], and the
performance was evaluated. The pilot-plant was run in parallel with the
plant-scale system, and both of the systems were targeted to achieve 85%
volumetric recoveries overall. In comparison with the plant-scale system,
which was only able to maintain 0.5 L/min/element (at the start of a
processing campaign), the pilot-scale system was able to sustain a permeation
rate of 2.1 L/min. During the course of a run, the flux typically decreased
from 2.7 L/min to about 1.7 L/min, depending upon the final volumetric
recovery that was sought. However, the loss of flux during a run was always
reversible (after flushing the system'with permeate), indicating it was due to
concentration polarization. If the system was placed in total recirculation
at any time during the run the permeate flows would not decrease further. It



seems evident that the permeate flux loss in the pilot-scale work is linked to
concentration polarization at the membrane surface and not to the formation of
a permanent fouling layer.

Effect of Oxidation as Pretreatment for Stream {1}

The flux loss that has been encountered on the plant-scale system since the
initiation of full-scale operation in 1991 (2) could be attributed to several
factors including: fouling due to coagulation of colloids, metals fouling, and
organic fouling. One of the key milestones was to determine if oxidation of
the MF filtrate with a UV/ozone system or with enhanced catalytic oxidation
would decrease the flux loss that had been observed in the past (6). The
objective was to determine if a significant fraction of the flux loss could be
attributed to blockage of the membrane pores with organic contaminants.

Figure 4 shows the results of a series of experiments for which stream {1} was
pretreated in three different ways. In the first, stream {1} was pretreated
by microfiltration alone for the removal of suspended solids. The 0.2 pm
backwashable filtration system was used upstream of the pilot-scale unit to
lower the silt density index, and thereby prevent the deposition of
particulate matter on the RO membranes.

Fig. 4
Effect of MF and Oxidation Pretreatment on Permeate Flux
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Following filtration with the MF system to remove suspended solids, the
filtrate from processing of stream {1} was directed to the feed tanks of the
pilot-scale RO system. Approximately 800 L of filtrate was collected for
processing. For some experiments the filtrate was oxidized using a titanium



dioxide catalytic oxidation rig with dissolved air and hydrogen peroxide (at a
concentration of 500 mg/L). Results are shown in Figure 4, comparing the
effects of MF pretreatment with and without catalytic-aided oxidation
technologies. Using permeation flux as a performance indicator, there is no
significant advantage in employing oxidation upstream of the pilot-scale unit
for stream {1}. The permeation flux decreased from about 3.1 L/min initially,
to approximately 2.2 L/min (at a volumetric recovery of 85%) for all three
cases. The permeation flux initially started declining at a volumetric
recovery of 65%. This suggests that saturation of salts in the boundary layer
leading to concentration polarization becomes significant at a recovery in
excess of 60%. Chemical analysis of the oxidized filtrate showed that there
was no significant decrease of organic carbon content. Usually, the
distribution of organic species changed after oxidation, but the overall
concentration did not change.

Effect of Oxidation as Pretreatment for Stream {2}

Reactor Drains (RD) waste {stream 2} was also processed through the combined
oxidation/RO system configuration. The RD waste is a dilute radioactive
stream originating from the operating nuclear reactors at the AECL site. The
stream contains virtually no suspended solids and very little chemical
loading. The majority of the radioactivity of this stream is associated with
tritium which is not removed by membrane technologies.

Figure 5 shows the effect of catalytic oxidation of the MF filtrate on the
process ability of stream {2} by the pilot-scale unit. Catalytic oxidation
was carried out in the presence of a titanium dioxide catalyst employing
hydrogen peroxide as an oxidant, at a concentration of 50 mg/L (6). The
permeation flux from the pilot-scale system was plotted versus the system
volumetric recovery for three cases including: i) no pretreatment; ii) MF
pretreatment; and iii) MF pretreatment with catalytic oxidation.

For a volumetric recovery of less than 90% there was no impact of any of the
pretreatment options on the permeation flux curve for stream (2). For
recoveries exceeding 90% the permeation flux was sensitive to slight
perturbations of recovery, and it rapidly decreased from approximately 2.8
L/min to 2.2 L/min. There is no evidence to indicate that the use of MF
and/or preoxidation decreases the decline of permeation flux in the pilot-
scale system. The results corroborate earlier speculation that the primary
cause of premature membrane fouling is related to insufficient turbulence at
the membrane boundary layer leading to a thicker hydrodynamic boundary layer.
The thicker boundary layer leads to precipitation and growth of a fouling
layer on the membrane surface. Chemical analyses of the oxidized filtrate
confirmed that the distribution of the organics species had changed, but the
overall organics concentration had not.

Processing of Blended IX Regenerant Waste {stream 3}

Origin of IX Regenerant Waste. Water from the reactor rod bays at Chalk River
Labs (where spent fuel rods are stored in large pools) are continuously
recirculated through independent pre-coat filter systems for particulate
removal. A portion of the filtered water from each rod bay is directed to
separate level-controlled concrete surge tanks. It is then processed through
a mixed-bed ion exchange column to remove ionic contaminants in a lm diameter
vessel, containing about 0.3 m3 of cation resin and 0.6 m3 of anion resin.
The effluent from the column is directed to deionized water reservoirs that
are continuously circulated.
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Typically the mixed-bed column requires chemical regeneration four times a
year. Regeneration is accomplished by first separating the cation and anion
resins in the column by backwashing with deionized water, then simultaneously
pumping dilute sodium hydroxide and nitric acid solutions through the anion
and cation resins respectively. Approximately 6 m" of intermediate level
radioactive liquid is created with each regeneration which is known as the IX
waste.

Following the regeneration sequence, the IX waste is processed through a small
falling film evaporator. The distillate from the evaporator is pumped to the
chemical drain system and becomes a portion of the stream {1} that is
currently treated at AECL with membrane technology. The concentrate is
currently being stored in a large tank awaiting processing. The composition
of the CD/DC waste stream {1} is compared with the blended CD/DC/IX stream {3}
in Table 1.



Table 1
Comparison of the Existing WTC MF Feed for Stream {1} and Stream {3}

Parameter

Volume (m'/yr)

Conductivity (mS/cm)

Total Solids (mg/L)

Cl (mg/L)

P0< (mg/L)

S04 (mg/L)

N0;, (mg/L)

Na (mg/L)

Gross a (Bq/ml)

Gross |3y (Bq/ml)

Tritium (Bq/ml)

Co-60 (Bq/ml)

Cs-134 (Bq/ml)

Cs-137 (Bq/ml)

MF Feed

DC/CD {1}

3 300

950

1 400

120

240

120

295

265

3.9

2 700

1 200

127

81

580

DC/CD/IX {3}

3 324

1 200

1 700

119

240

120

440

335

4.6

3 400

1 300

170

103

1 077

Increase (%)(*)

0.7

26

21

0

0

0

49

26

18

26

8

34

27

86

* Increase of parameter for stream {3} in comparison with stream {1}.

The goal of the pilot-scale treatability test performed was to investigate the
impact of treating IX waste, blended with CD/DC waste {stream 3}, on the
permeation flux of the Filmtec RO membranes. The test results could be
compared to results obtained from similar tests for stream {1}.

Experimental Procedures for Processing Stream {3}. The distribution of
radionuclides present in the IX regenerant waste is dominated by highly
soluble Cs-137 and Cs-134. These species are not significantly rejected by
the MF system and, therefore, do not concentrate in the MF backwash liquid.
The IX waste contains primarily soluble species, since the feed stream, which
is reactor bay water, is filtered by a Bowser pre-coat filter system for
removal of particulate matter prior to the deionization step.

Five separate one litre samples of IX waste were collected over the one hour
chemical addition step of the regeneration procedure. All the samples
contained a significant mass of a white gelatinous precipitate, thought to be
aluminum nitrate., and consisting of up to 25% of the sample volume. The
radiation fields on contact with the bottles were usually between 200 to 400
mR/hr. The samples were returned to the analytical lab where they were
agitated, and a 125 ml composite sample containing the precipitate was
prepared for analysis. The remainder of the five litre sample (about 4.8 L)
was mixed with 850 L of stream {1} to simulate the blend which would occur if
the ongoing IX regenerant waste were to be treated at the WTC as {stream 3}.



Stream {3} waste was passed through the MF system for removal of suspended
solids. The suspended solids free stream, or filtrate, from the MF was
directed to the feed tanks of the pilot-scale reverse osmosis system.
Approximately 800 L of filtrate was collected for each experiment.

Treatment of IX Regenerant Waste Stream {3}: The pilot-scale test parameters
and performance summary for stream {3} and the previous stream {1} experiments
are shown in Table 2. A 95% confidence band (representing two standard
deviations around the mean value) is given. The test parameters for the two
data sets are about the same, although the final volumetric recovery was
slightly higher for the stream {3} batch (88% versus a mean value of 84%).

Table 2
Pilot-Scale System Performance for Waste Streams {1} and {3]

Parameter

Final Volumetric Recovery (%)**

Feed Pressure (kPa)

Feed Temperature (°C)

Feed pH

Initial Normalized Permeate Flow
at Zero Volumetric Recovery
(L/min/element)

Normalized Permeate Flow Loss (%)

Crossflow Per Vessel (L/min)

Cross flow Pressure Drop (kPa)

Crossflow Pressure Drop Increase

m

DC/CD {1}

84.1 + 1.4

2 440 + 40

20.9 + 1.7

6.4 + 1.7

2.8 + 0.4

14.3 + 15

53.1 + 0.9

155 + 29

7.7 + 18

DC/CD/IX {3}

88

2400

20

7.1

2.8

18

55

138

5

** Volumetric recovery (ratio of permeate to feed volume) achieved by batch
volume reduction with complete rejection of permeate and recirculation of
retentate.

The most critical parameter recorded was the permeate flow decline associated
with volumetric reduction of the feed stock. The initial permeate flowrate of
2.8 L/min/element obtained from the stream {3} experiment was equivalent to
that observed for the processing of stream {1}. The normalized permeate flow
loss was 18% for stream {3} at 88% volumetric recovery. This compares well
with the mean value of 14% (at 84% volumetric recovery) obtained for the
processing of stream {1}. The permeate flow loss during the run was
reversible with a simple permeate flush after the completion of the batch of
waste. It was strictly a function of concentration polarization for stream
{3}, and not the result of the formation of a permanent fouling layer on the
membrane surface.

In addition to permeate flow loss, fouling of RO membrane elements can result
in increased pressure drop due to coagulated colloidal particles or
precipitates depositing in the element feed channels. At a crossflow of about
55 L/min the initial pressure drop across the membrane vessel was 138 kPa for



the stream {3} test, and it increased by only 5% during the test. These
values are consistent with those obtained from the stream {1} experiments,
indicating that there was no increased tendency for fouling or flux loss due
to any other source.

Table 3 shows the contaminant rejection efficiencies determined for both the
MF and pilot-scale RO systems. The rejection efficiencies for the monitored
contaminants are consistent with those observed for stream {1}.

Table 3
MF and Pilot-Scale RO Contaminant Rejections for Stream {3}

Parameter

Conductivity

Total Solids

Na

NO...

Cl

S04

P04

Gross a

Gross |3y

Co-60

Cs-134

Cs-137

Total y

MF
Contaminant Rejection

(%)

Nil

47.5

19.6

12.6

Nil

13.8

21.8

90.1

19.9

17.2

16.7

12.8

17.8

Pilot-Scale RO
Contaminant Rejection

(%)

99.93

99.00

99.61

99.30

99.86

99.87

99.97

100

99.46

99.77

99.52

99.5

99.65

Effect of Volumetric Recovery on Permeation Rate for Stream {3}. An experiment
was carried out to determine if the presence of IX regenerant waste (in waste
stream {1)) would significantly affect the decline of permeation flux observed
at volumetric recoveries above 80%. Figure 6 shows an experiment for which a
batch of CD/DC waste {stream 1} was passed through the pilot-scale Filmtec
membranes for three cases including: i) with 5 um filtration and CD/DC waste;
ii) without 5 jam filtration and CD/DC waste; and iii) with filtration for
CD/DC/IX waste.



Fig. 6
Effect of Filtration on Permeation

Processing of IX Regenerant Waste {Stream 3} with Pilot System
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The permeation flux for the combined CD/DC/IX {stream 3) was initially at
about 1.8 L/min/element at a recovery of 80%. For volumetric recoveries
exceeding 85%, the decrease of permeation flux for CD/DC waste {stream 1} was
greater than that for stream {3}. At a volumetric recovery of 97%, the
permeation flux for stream {3} was 1.4 L/min, compared to about 0.7 L/min for
stream {I}. It is concluded that the presence of the mixed IX waste should
have no adverse impact on the routine processing of AECL wastes {stream 1} by
reverse osmosis technology.

Treatment of Boron-Containing Waste {Stream 4} with Reverse Osmosis

Origin of Boric Acid Waste. Boric acid is used in pressurized water reactors
(PWRs) as a soluble neutron poison to control reactivity, and also to assure a
safety margin in the spent fuel pool during refuelling operations. A typical
US PWR starts its fuel cycle with about 5000 kg of boric acid dissolved in the
coolant. As the fuel is exhausted the boric acid is removed from the reactor
coolant, until substantially none remains prior to the refuelling outage.
Most of this boric acid is removed by bleed and feed dilution of the reactor
coolant system by the chemical and volume control system, and is collected for
concentration. This stream may be called reactor letdown. In sortie cases,
when the boric acid concentration is low, smaller quantities of boric acid are
be removed by ion exchange.

Most Western European and US PWR stations have waste streams with boric acid
concentrations of up to about 0.8% (7). These streams usually have to be



processed before they can be released to the environment. The liquid radwaste
containing boric acid generated from a PWR is generally evaporated and the
concentrate then solidified. The liquid radwastes are concentrated as far as
possible to yield the highest volume reduction for the selected immobilization
scheme, since the volume of consolidated waste is critical to the
determination of the ultimate disposal cost. Another more economical method
for volume reducing the boric acid radwaste may be to employ reverse osmosis
technology at an elevated pH. The operating pH of the equipment is critical,
and it should be in the alkaline region, since boric acid permeates the
membrane in the acidic regime.

Recovery of Boric Acid by RO. Figure 7 shows a plot of DF versus volumetric
recovery of the RO system for a 0.6% boric acid synthetic {fresh feed)
solution, at an operating pH of 9.

Fig. 7
Removal of Boron {Stream 4} with RO
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The decontamination factor (DF), was used rather than a rejection efficiency
for clarity on the figure. The decontamination factor (DF) is defined by
equation (3) .

DF =
Feed Concentration (3)

Permeate Concentration 1 - Fraction Rejected
Regardless of the incoming

feed concentration of boric acid, the effluent concentration in the permeate
decreases to a constant low value. This is contrary to results obtained for



other chemical contaminants (1), where it has been shown that the rejection
efficiency for a given membrane was fixed. The DF for boric acid (0.6%
starting solution concentration) increases with the volumetric recovery of the
pilot-scale system. Further tests will determine if there is an upper limit
above which the DF levels off with volumetric recovery.

Figure 8 shows that there is a slight decrease in permeation flux for the
processing of a 0.6% boric acid solution to 90% recovery. The flux decreases
gradually from about 2.4 L/min to approximately 1.5 L/min at a volumetric
recovery of about 90%. Considering that the total solids concentration at a
volumetric recovery of 90% is about 6% (in boric acid alone) , the decline of
flux is not substantial. The slight decrease of flux with recovery may be
attributed to the supersaturation of boric acid, which has a solubility of
about 5.5% in the absence of other salts. Since the bulk concentration of the
boric acid was about 6%, the concentration of boric acid in the boundary layer
next to the membrane surface would be several times the supersaturation level.
In spite of this, there is only a modest reduction of permeation flux.
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Fig. 8
Boron Recovery from Stream {4} with RO
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CONCLUSIONS

Spiral wound reverse osmosis technology has been demonstrated as an effective
treatment for a variety of different aqueous radioactive waste streams.
Although there is usually a reduction of permeation flux during the volumetric
reduction of waste due to concentration polarization effects, there is no
permanent loss of flux if the crossflow velocity remains at 55 L/min/vessel.



If the feed is filtered, there does not appear to be any significant advantage
of additional pretreatment technologies (such as oxidizing the feed stream
with enhanced oxidation for organic destruction) for the four waste streams
investigated.

Contaminated reactor drains water at AECL was treated with the pilot-scale
reverse osmosis system operating at a volumetric recovery of 98 to 99%. No
flux decline occurred for this waste stream prior to a 95% volumetric
recovery. Minimal pretreatment was required to achieve this volumetric
recovery, and chemical scaling concerns were not significant. Pretreatment of
the reactor waste stream with enhanced oxidation technologies including UV-
ozone and catalytic oxidation did not improve the permeation flux performance.

The mixed radioactive waste that results from the regeneration of ion exchange
columns (when blended with other waste streams) was effectively treated with
reverse osmosis. The rejection efficiencies of all contaminants investigated
exceeded 99.3%, after partial removal of contaminants upstream by
microfiltration. Gross JJy removal was 99.5% and gross a removal was virtually
100%. The performance of the RO membranes- either for permeation flux or
rejection efficiency- was not affected by the higher activity IX regenerant
waste stream. The permeation flux in the system decreased by 18% for the IX
regenerant blended waste, compared with a reduction of 14% for the unblended
waste. The pressure drop increased by between 5-10% after processing of
either waste stream.

Boric acid, used as a moderator in pressurized water reactors (PWRs), can be
concentrated from 0.6% to 6% by reverse osmosis. The decontamination factor
for the boric acid increased from 200 to 1000, as the volumetric recovery
increased from 50% to 99.5%. The final concentration of boric acid in the
permeate was independent of the incoming feed concentration of boric acid.
The variation of rejection efficiency with initial feed concentration was
opposite to that previously observed for decontamination of other chemical
contaminants. The results would suggest that the Filmtec membrane is slightly
permeable to boric acid to give some nominal value in the permeate, regardless
of the concentration in the fresh feed.
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ABSTRACT

Predicting the behaviour of the SLOWPOKE-2 reactor at Ecole Polytechnique de
Montreal poses a major challenge from the point of view of transport calculations since
it has properties which forbid the use such simple schemes as those considered for power
reactor analyzes. For example, the use of a totally reflected 2-D cell containing a single
fuel pin with its associated coolant is not good enough to generate the fuel averaged
properties required in a full core diffusion calculation. Here we present the DRAGON cell
model which was used to generate the fewgroup macroscopic cross sections needed for full
core diffusion calculations. We also discuss how DRAGON can be used to evaluate and
explain the effect on reactivity of temperature and local voiding perturbations.

I. Introduction

The use of cell models in reactor calculations generally embodies three different con-
cepts. For a reactor core which is made up of a regular array of identical heterogeneous
subregions, the cell represents the smallest of these subregions. The cell model also refers
to the fact that these heterogeneous subregions can be replaced in a fewgroup full core
calculation by an equivalent homogeneous cell. Finally it refers to the technique used
for the computation of the multigroup neutron flux distribution required for the previous
homogenization and condensation process.

For CANDU reactors, the cell model generally refers to a 2-D cut of a fuel bundle
surrounded by part of the moderator. Since the fuel channels are arranged in a very large
regular array, which can be assumed to extend to infinity in all spatial directions, the
fine structure neutron flux distribution is obtained by solving the multigroup transport
equation in a totally reflected cell. Then a unique set of homogenized and condensed cross
sections is generated for each cell using the transport flux distribution.

On the other hand, for the small and highly heterogeneous SLOWPOKE-2 reactors,
the process of defining a coherent cell is much more difficult. In fact, it is impossible
to define a unique cell satisfying all the above requirements. W For example, even if the
fuel pins in this reactor are located in a uniform 2-D hexagonal array, all the possible
fuel locations are not necessarily occupied. This fuel array is also inserted in an annular
calandria containing a Beryllium and water reflector (both being annular). Finally the
fuel in the core, which has a finite height, is located between the top and the bottom
Beryllium reflector plates.



In this paper we will present the DRAGON calculation models which have been used
to generate the macroscopic cross sections required for a full core diffusion calculation.^
We will also present some in-depth DRAGON calculations which were used to evaluate
the effect on reactivity of local temperature variations and voiding perturbations. These
are important to obtain a better knowledge of the physical process dominating various
regions of the reactor and to understand the coupling between these perturbations.

II. The DRAGON model

The description of a SL0WP0KE-2 cell for the code DRAGON is divided into three
parts. First, we present the geometry that will be treated using DRAGON as well as
the various assumptions resulting from this specific choice of cell. In the second part
we describe the DRAGON sequence of calculations, including a description of the library,
the self-shielding and leakage methods considered. Finally, we discuss the homogenization
and condensation models that can be used to generate a reliable reactor database.

II.A. The Geometry

We will consider here a cell calculation model for the SL0WP0KE-2 which represents
a two dimensional cut of the full reactor core. This passage from 3 to 2 dimensions can
be justified by the fact that the axial neutron flux distribution is relatively uniform inside
the core due to the presence of the top and bottom Beryllium reflectors. In addition,
we think that most of the errors resulting from this approximation can be compensated
by the use of an adequate leakage model in the DRAGON calculation. However, further
simplifications such as the use of a 2-D model for a single fuel pin (or a set of pins)
surrounded by part of the coolant as our reference cell would not produce a sufficiently
realistic description of the core to justify their useJ3'

Many different variations of this cell can be considered. However, because of the
restrictions in the types of geometries that can be used with DRAGON, we will consider
a 7 region annular cell where the central water region (without the control rod), the
control rod guide tube, the coolant region, the Beryllium reflector, the water reflector,
the calandria and part of the water in the pool which extends to 35.56 cm (see Fig. 1) are
explicitly represented. ̂  In addition, these annular regions will be further subdivided into
respectively 5, 1, 48, 50, 41, 4 and 25 subregions of equal thickness in order to ensure the
convergence of the radial flux distribution inside the core.

The 5 detector sites located in the Beryllium reflector are also represented explicitly
in our model by inserting them in the form of pin cluster in the global annular geometry.

For the fuel sites, two different options were considered. First we chose to simulate
explicitly only the sites which are fueled (see Fig. 2 for the LEU fueled reactor and Fig. 3
for the HEU fueled reactor). First, a two region annular cluster model was considered, the
central part of the pin containing the Uranium mixture and the outer part representing the
sheathing. As a consequence both the gap and the sheathing surrounding the Uranium
fuel region were combined by reducing the effective density of the sheathing material.
Simulations were also performed for a more precise three region fuel pin, where the gap
region was treated independently. However, the results we obtained showed that the



previous approximation was entirely adequate. We also considered the case where the
empty fuel sites are modeled explicitly (see Fig. 2) using a cluster model. In this case
additional annular pins, having the same dimension of the fuel pins but containing coolant
water were also treated explicitly in the model.

Finally, we have considered a totally reflected cell in such a way that the neutrons
reaching the outer core limit are uniformly reflected towards its center.

Now let us consider the effect of these successive approximations on the expected
precision of the model. Because the coolant, the Beryllium and the water reflector are
represented in this model by annular regions, the neutron flux in these regions will be
independent of the angular position. Accordingly, all the pins located at the same radial
position with respect to the center of the cell will be surrounded by coolant region of
identical thermal flux irrespective of their explicit angular location. Because the main
source of thermal neutrons in the core is located in the coolant, the fission rate in the fuel
pins will be controlled by an angularly uniform neutron source. As a result, it would be
difficult to determine which fuel pin in a given ring sees the highest neutron flux. We will
therefore associate a single flux to all the pins located at a given radial position, even if
their explicit location in the core will be tracked by the collision probability model. For
the same reason, the neutron flux inside each of the 5 irradiation sites will be assumed
identical.

The reflective boundary condition we selected may also look strange since the full
reactor was considered and one would expect that void boundary conditions would be
more appropriate. However, because we have extended the cell in such a way as to reach
the pool region where the flux is quite low, both types of boundary conditions should
produce nearly identical results.

II.B. The Calculation Options

In order to generate a complete DRAGON input file, one has to select, in addition
to the cell model, specific calculation options. These include the choice of a specific
cross section library and a collision probability integration technique. Here we will try to
describe and justify the main calculation options which were used for all of our analysis.

Our calculations were performed using the ENDF/B-V WIMS-AECL format library
since it is a more recent library and it contains temperature dependent cross sections for
the Beryllium.W

The self-shielding calculations were performed using the same geometry as that used
in the transport calculation with the following difference: the annular discretization de-
scribed above for the coolant, Beryllium reflector region, etc. was not taken into account
for these calculations.

On the other hand, the collision probabilities required for both the transport and
self-shielding calculations were integrated using the same technique, namely the isotropic
collision probability method provided by the EXCELL module of DRAGON. The same
integration parameters were also used for both cases.

The final option we need to discuss is the leakage option that was selected for the
flux calculation. Because the SLOWPOKE-2 reactor is a small reactor-with large leakage
both in the radial and axial directions we felt that a Koo eigenvalue calculation would not



be reliable. Accordingly, we first performed a flux calculation with buckling search using
the B\ homogeneous leakage method on a reference core at a uniform temperature of 20
C. The remaining calculations (perturbations) were then performed for a Keg eigenvalue
search with an imposed buckling corresponding to that which makes the reference cell
critical. For all our calculations involving a LEU fueled reactor core a constant buckling
of B2 = 7.67 x 10~3 cm"2 was used while for the HEU core studies we selected B2 =
6.90 x 10~3 cm"2.

II.C. The Homogenization and Condensation Procedure

As we mentioned above, in the case where cell calculations are performed for power
reactors, a two group condensation of the completely homogenized cell cross sections
leads to reactor properties which are more than adequate for core calculations. For the
SLOWPOKE-2 reactor such an approximation is no longer valid because of the large
variation in the flux spectrum as one moved from one region of the core to another.

In fact the condensation of the core properties to two energy groups is insufficient
and a minimum of 6 carefully selected energy groups must considered to ensure that the
variations of the flux spectrum in the core is correctly represented. In addition, it is
important to generate at least one set of averaged fuel cross sections (including some of
the coolant) as well as two sets of independent reflector properties (one for the Beryllium
and one for the water reflector). Even the generation of a single set of fuel properties is
highly questionable, and one should preferably consider at least three or four sets of fuel
properties to account for the radial variation of the neutron flux spectrum in this core.
This has not been done for the presimulation of the commissioning tests.'7' 8'

III. Perturbation Calculations with DRAGON

A large number of simulations were performed using DRAGON to examine the effect
of various type of perturbations on the cell reactivity. These were prompted by the
need to better understand the current HEU fueled SLOWPOKE-2 reactor as well as the
proposed LEU core.'5! Here we will first present the effect of varying the temperature of
various material regions on the reactivity of this cell. We will also discuss the effect on
the reactivity of inserting different void volumes at various locations inside the core.

III.A. Temperature Reactivity Coefficients

The first reactivity effect we will investigate results from changing the temperature of
four different regions in the core. These temperature variations run from 20 C to 80 C
for the coolant, the Beryllium and water reflector while the fuel temperature variations
range from 20 to 180 C. Note that the effect of increasing the temperature of a given
material can also affect its density. In our studies we only took this effect into account
for the regions containing water, namely the coolant and water reflector regions.

The results are presented in Table 1 for both the LEU and HEU fueled reactors. In
the case of the LEU core, one can see that both the coolant and the fuel temperature
reactivity coefficients are negative while it is positive for the water reflector and negligible
for the Beryllium reflector . For the HEU core, the same general trend is observed except



that the fuel temperature reactivity coefficient is now very small and slightly positive.
This last difference is mainly due to the relatively large concentration of 238U in the LEU
fuel as compared to the HEU fuel. The increased absorption in 238U resulting from the
Doppler broadening at higher temperatures is therefore more evident in this type of fuel.

For the LEU core we also observe that the reactivity coefficient resulting from varia-
tions in the coolant temperature is somewhat smaller than that computed for the HEU
core. This is because the LEU core contains fewer fuel pins (more coolant water). Ac-
cordingly an increase in the temperature of the coolant which results in a reduction in its
density has a smaller effect on reduction of the global reactivity of the core. This is due
to the fact that the water in a SL0WP0KE-2 plays two opposing roles. First it is used
to slow-down the neutrons which will have for effect to increase the reactivity of the core.
However the relatively large absorption cross section of the Hydrogen in water is such that
it can also be considered as a neutron absorber. This can be easily appreciated by looking
at the reactivity effect resulting from an increase in the temperature of the water reflector
which has a-different sign than that observed for the coolant water. The reduction in the
density of the reflector water is dominated by the reduction in the background absorption
while its effect on the coolant water is dominated by the reduction in neutron thermaliza-
tion. In the case where the amount of coolant water is more important, as for the LEU
core, the reduction in the thermalization, while still being the dominant contribution is
partially compensated by the reduction in neutron absorption in the additional water.

A final comment concerns the fact that the reactivity effects due to the individual
temperature perturbation are nearly independent as can be observed in Table 1 where
the sum of individual reactivity contribution corresponding to the maximum tempera-
ture perturbation (Sum) is compared to the effect observed for a calculation where the
maximum temperature are applied simultaneously on the core (All).

From these observations we can derive the following reactivity temperature relation
for the fuel (AKf^ in mk) in a LEU core:

= [0.01 ± 0.01] - [0.01 ± 0001](T - 20)

while for the coolant (AK^e in mk) and water reflector (AK^ in mk) we obtained

AK^(T) = [0.01 ± 0.05] - [0.095 ± 0.004] (T - 20) - [0.00128 ± 0.00007] (T - 20)2

and

AK^(T) = [0.00 ± 0.01] + [0.036 ± 0.001](T - 20) - [0.00026 ± 0.00002][T - 20)2

These relations were obtained using a regression analysis for a linear or quadratic fit.'6'
For completeness, the statistical errors on each of the fit are also provided.

The above reactivity coefficients are only approximate since they were obtained using
a 2-D model of the core. The actual reactivity coefficients to be used in point kinetic
calculations^ will in fact be obtained by carrying out, using DONJON, 3-D diffusion
calculations.®

III.B. Void Reactivity Coefficients

The main reason for investigating the effect on reactivity of void insertion in the core
is that during power excursions in a SLOWPOKE reactor, sub cooled nucleate boiling



could take place around the fuel pins. A related problem is that one does not necessarily
know if the voided regions (bubbles) will stay localized around the fuel pins or if the
bubbles will detach and condense thereby distributing the void more uniformly in the
coolant. Moreover, as we observed above, an indirect effect of increasing the temperature
of the coolant region is to decrease its density which can be interpreted as an increase
in the void in the core. Here we would like to characterize independently the effect of
void insertion in the core. Accordingly, we would like to know if a given amount of void
localized at various locations inside the core has the same effect as an equivalent reduction
in the coolant water density representing a distributed void.

We investigated the effect of inserting inside the reactor core a volume of void equiva-
lent to that occupied by the water located in the control rod guide tube. This results in
a reduction of the coolant volume of 1.214 % for the LEU core and 1.292 % for the HEU
core. The results we obtained from such a numerical experiment are presented in Table 2
where Center represent the case where the void is localized in the guide tube, Pin is for
the case where it is distributed uniformly around each fuel pin and Density represents
the case where it is distributed uniformly in the coolant via a reduction of the coolant
density.

The first observation is that the reactivity of the reference cell is lower by 1.5 mk
than that obtained in the previous calculations. The reason for this behaviour is that all
the calculations were performed in this case using a slightly different cell model where
an additional annular region was defined around each of the fuel pins while the imposed
buckling remains constant. This new model was selected to ensure that the three different
numerical experiments could be performed using exactly the same geometry therefore
reducing the discretization errors.

The following conclusions can be reached:

• The void reactivity effect is relatively large even for a such a small amount of void;

• Localizing this amount of void in the guide tube is nearly equivalent to distributing
it in the coolant by a reduction of its density;

• When the void is concentrated around the fuel pins rather than being distribut-
ed uniformly in the coolant, large differences in the void reactivity effect can be
observed.

This last observation can be explained by the fact that the additional ring of void
around the fuel pins is so thin that the code has difficulties simulating the problem and
in fact only sees part of the void volume thus inserted.

Finally one can find in Fig. 4 a plot of the change in reactivity as a function of coolant
density for the LEU core where three of the points were taken from Table 1 and therefore
also include temperature corrections in the coolant cross sections while the fourth point
was taken from Table 2 for calculations at the reference temperature. Apart from a slight
deviation for the result at the reference temperature, all these points nearly lie on a
straight line. This confirms that the interpretation of the temperature corrections mainly
in terms of density correction in the previous section is justified for the LEU core.



IV. Conclusions

We think that this 2-D cell model for the SLOWPOKE-2 reactor, while being far from
perfect, is adequate for the purpose of generating a fewgroup database for core diffusion
calculations. In fact, our main concern is that it cannot be used to identify the hot fuel
pins directly in the cell calculation. This model is also useful to get a better understanding
of the differences between a HEU and LEU fueled reactor core.
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Table 1: Reactivity as a function of temperature for a LEU and HEU core.

Type

Refe
Fuel

Coolant

Beryllium
reflector

Water
reflector

All
Sum

AT
(C)

40
80

120
160
20
40
60
20
40
60
20
40
60

LEU core

1.00003
0.99960
0.99919
0.99883
0.99843
0.99766
0.99415
0.98974
1.00007
1.00007
1.00009
1.00066
1.00105
1.00126
0.98948
0.98943

A#e f f

(ink)
0.00

-0.42
-0.83
-1.20
-1.60
-2.37
-5.88

-10.29
0.04
0.04
0.06
0.63
1.02
1.23

-10.55
-10.59

HEU core
•Keff

1.00004
1.00024
1.00039
1.00039
1.00036
.99681
.99255
.98743
1.00017
1.00020
1.00024
1.00073
1.00125
1.00154
0.98942
0.98944

AKeff

(mk)
0.00
0.20
0.34
0.34
0.31

-3.24
-7.50

-12.61
0.12
0.15
0.20
0.68
1.20
1.50

-10.62
-10.60

Table 2: Void effect for a LEU and HEU core.

Type

Ref
Density
Pin
Center

LEU core
#eff

0.9989
0.9949
0.9958
0.9948

Atfeff
(mk)

0.0
-3.9
-3.1
-4.1

HEU core
Kat

0.9985
0.9944
0.9959
0.9948

Atfeff

(mk)
0.0

-4.1
-2.6
-3.6



The filled circles in the above represent the detector sites while the central empty circle
indicates the location of the control rod guide tube.

Figure 1: Overall SLOWPOKE geometry.
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The filled circles in the above represent the loaded fuel sites while the empty circle
indicate the location of the empty fuel sites.

Figure 2: Core geometry for the LEU fueled SLOWPOKE-2 reactor core.



The filled circles in the above represent the loaded fuel sites while the empty circle
indicate the location of the empty fuel sites.

Figure 3: Core geometry for the HEU fueled SLOWPOKE-2 reactor core.
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ABSTRACT
Immediately after refuelling of a channel, the fresh bundles are free of fission products.
Xenon-135, the most notable of the saturating fission products, builds up to an
equilibrium level in about 30 h. The channel power of the refuelled channel would
therefore initially peak and then drop to a steady-state level. The RFSP code can track
saturating-fission-product transients and power transients. The Fully INstrumented
CHannels (FINCHs) in Darlington NGS provides channel power data on the refuelling
power transients. In this paper, such data has been used to identify the physical evidence
of the fission-product transient effect on channel power, and to validate RFSP
fission-product-driver calculation results.

1 INTRODUCTION

Immediately after refuelling of a channel, the fresh bundles are free of fission products. But as
irradiation progresses, fission products build up in these bundles. Xenon-135, the most notable of
the saturating fission products, builds up to an equilibrium level in about 30 to 40 h. One would
expect that the power in these fresh bundles would peak after refuelling, and then drop to the
equilibrium level with a time variation characteristic of the xenon build-up. In the irradiated
bundles, which have been shifted to new positions along the channel, the xenon concentration will
also change and eventually settle at a new equilibrium level. The xenon concentration in these
irradiated bundles may initially increase or decrease, depending on the change in power from the
old to the new bundle position. The effects of these xenon transients contribute to the channel power
variation, which can be further influenced by other factors such as a change in water level in a nearby
zone controller.

The RFSP1 code has the capability of tracking saturating-fission-product transients. It has been used
to predict the fission-product transient effect on channel power of the refuelled channel and its
neighbouring channels (see References 2 and 3) for CANDU 6 reactors, which are fuelled with an
8-bundle-shift scheme. Based on these calculations, "xenon-free correction factors" have been
derived, defined as the ratio of peak transient power to the power with equilibrium saturating fission
products. For a channel refuelled with an 8-bundle-shift, the correction factor is around 4 to 6%.
Validation of these calculations has been handicapped by the fact that there are few direct power
measurement data (at full power) to compare with.

The fully instrumented channels (FINCHs) in Darlington NGS provide channel-power data on the
refuelling power transients. The FINCHs provide measured channel powers based on channel flow
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(accounting for boiling) and the difference between inlet and outlet temperatures. Darlington
reactors are fuelled with a 4-bundle shift scheme in the inner channels and with an 8-bundle shift
scheme in the outer channels. For this study, FINCH data has been used to identify the physical
evidence of the xenon transient effect on the channel power, to validate RFSP fission-product-driver
calculation results, and to quantify the effect of 4-bundle-shift fuelling on the xenon-free correction
factors, as compared with those of the 8-bundle shift.

The study was separated into two main sections. The first task was to set up the Darlington core
model and repeat the SORO4 steady-state production runs using the RFSP code. Once this task was
complete, simulation of the detailed transient from a steady state prior to FINCH channel fuelling
until about 30 h after fuelling could proceed using the RFSP transient fission-product driver.

2 METHODOLOGY

The RFSP Darlington model was first verified by comparing steady-state core simulation results to
SORO results. In this study a 3-month period of Darlington operation (1995 Nov. 15 to 1996 Feb.
20) was simulated. SORO production calculations are performed at site, with a minimum of 3 runs
per week. The SORO Input Data File (IDF) contains information on power level, channels refuelled,
as well as zone controller levels and summaries of FINCH channel powers. These files were
converted to RFSP input by using a Perl5 script, which produced 43 RFSP run input streams for
duplication of the SORO runs. During the 3-month period, the reactor was maintained essentially
at full power (FP). The SORO IDF indicated that any departures from full power were of short
duration and very seldom went below 97% FP. Full-power operation for the entire period was
assumed in the RFSP simulations and is not expected to produce any significant error. The SORO
zone fills, refuelling sequence, and exact time of refuelling were used in the RFSP calculations. In
both SORO and RFSP, the steady-state calculations assumed equilibrium-saturating fission-product
concentrations at simulation time. Essentially, the SORO calculations were repeated using RFSP
with the history-based local-parameter methodology, with the fuel irradiations incremented using
the fluxes obtained by RFSP. A coolant-density axial distribution was provided by Ontario Hydro
and modelled in RFSP; the same axial distribution was assumed for all channels.

Starting from a steady-state case before a FINCH channel fuelling, RFSP transient simulations are
performed using the transient-fission-product driver. The simulations were extended to 30 or 40 h
after refuelling of the FINCH. The Darlington spatial-control algorithm, as modelled in OHRFSP6'
was incorporated in RFSP to calculate the zone fills at each simulation step. The algorithm involves
zone-control detector calibration in such a manner that the sum of the signals from the pair of
detectors in the zone is made equal to the normalized zone power (obtained from the FINCH
channels in the zone), while the difference of the two signals is preserved. The FINCH power and
the detector signals calculated at the starting point of each refuelling transient were used as the
reference values. Zone-control fill data from site were available at hourly intervals; however this
interval was found to be too coarse to accurately model the transient, and the zone-fill data therefore
was not used. The calculated FINCH power transient was compared with the measured data. In
addition, the calculated average and individual zone-fill transients were compared with site data,
which would provide confidence in the validity of the spatial-control model.
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3 RESULTS AND DISCUSSION

Among the channels refuelled over the 3-month period, 11 FINCHs were refuelled, 2 with
8-bundle-shift and 9 with 4-bundle-shift. Table 1 shows the percent power increase upon refuelling
and the estimated xenon-free correction factors based on measurement data for the 11 FINCHs. The
xenon-free effect for the 4-bundle-shift channels varied from negligible (e.g., Channel H20) to as
much as 4.7% (Channel K03). The two 8-bundle-shift channels, E05 and E20, show xenon-free
corrections of 5.1 and 4.1% respectively.

For steady-state core simulations, both RFSP and SORO results on FINCH channel power agree
very well with measured data, with a standard deviation typically about 1%. These results are
summarized for the 11 FINCH channels in Tables 2 and 3. It is noted that the calculated power after
fuelling is typically 1 % higher than the measurements. Figures 1 through 4 compare the steady-state
results of the two diffusion codes with the measured FINCH results for channels E05, H20, K03,
and E20.

Four of the 11 FINCH refuellings (E05, E20, H20 and K03) were simulated with RFSP using the
transient-fission-product-driver. The percent increase in channel power upon refuelling is
overestimated in all four cases by RFSP, which was also the result found in the steady-state
comparison. The channel power transient following refuelling is however very well reproduced by
RFSP in all four cases, which indicates that the RFSP fission-product-driver model captures the
effect of the fission-product transient accurately. Figures 5 through 8 show the transient results for
each of the four channels. The calculated average zone-fill transient agrees very well with site data.
The trends in individual zone-fill transients are also well reproduced, although the site zone-level
changes are generally greater in magnitude than the calculated values. Figure 9 shows a comparison
of the calculated and site average zone-fill transient for the refuelling of E05, and Figures 10 and
11 show the individual zone-level responses for zones 6 and 8, which are the zones in which the
fuelling occurs.

4 CONCLUSIONS

This study demonstrated that the FINCH data is indeed suitable for the purpose of benchmarking
the xenon-free effect on channel power. The most significant conclusion from this study is that, for
the four channels studied, the effects on the power of the refuelled FINCH channel that are due to
the fission-product transients are accurately captured by RFSP. The cases studied covered both
8-bundle-shift and 4-bundle-shift fuelling. Steady-state calculations assuming saturating fission
products in the fresh fuel bundles do not necessarily reflect the higher powers shortly after refuelling.

For 8-bundle-shift channels, the present study gives a xenon-free effect on channel power of the
order of 4 to 6%, which is consistent with the results from previous studies for the C ANDU 6 reactors
(see References 2 and 3).

For 4-bundle-shift channels, on the other hand, the present study gives a xenon-free effect from
almost 0 to 4 to 5%.

The percent increase in channel power immediately after refuelling seems to be consistently
overestimated in the RFSP calculation for the four FINCH refuelling transients simulated. The
overestimate is partly due to the deficiencies in the spatial-control algorithm built in the simulation
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code, relative to the station control computer. It could also be partly due to other systematic
modelling errors, such as overestimate in the H-factor for fresh fuel, or an overestimate in the burnup
of the discharged bundles. The component due to modelling errors has not been isolated in this study.
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Table 1
Measured FINCH Power Increase Upon Refuelling and Xenon-Free Correction Factor

FINCH
Channel

E05
O14
O20
R14
H20
R05
K03
U17
Rll
CIO
E20

Bundle
Shift *

- 8
- 4
— 4
+ 4
- 4
- 4
+ 4
+ 4
- 4
+ 4
+ 8

Power
Increase

Upon
Refuelling

18.4%
5.1%
8.0%
5.8%
4.9%
5.3%
11.2%
7.7%
6.4%
10.8%
18.5%

Xenon-Free
Correction

Factor

5.1%
- 0 . 0 %

3.0%
- 0 . 0 %
- 0 . 0 %
- 0 . 0 %

4.7%
2.7%
2.3%
2.6%
4.1%

and "-" indicate direction of fuelling
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Table 2
Comparisons of FINCH Channel Powers - RFSP Steady-State Results versus Measurements

Percent Difference of RFSP minus MEASURED FINCH Channel Power

FINCH
CHANNEL

E05
014

02 0
R14

H20
R05
K03
U17
Rll
CIO
E20

1

AVERAGE

1.8
1.3

-1.1
-0.6

-0.5
-0.7
-0.3
-3.7

1.3
2.5
0.1

BEFORE

MAXIMUM

5.7
3.0

1.3
0.6

1.1
1.7
3.1

-1.7

2.5
4.5
1.7

FUELLING

MINIMUM ST

0.3
0.0

-2.6
-1.8
-2.0

-1.6
-1.6
-5.1
0.1
1.1

-2.3

.DEV.

1.3
0.8
1.0
0.7
0.9

0.8
1.1
0.8

0.6
0.9
1.1

AFTER

AVERAGE

2.7
2.8

1.8
0.3
0.0

0.2
-0.1
-2.9
2.5
1.6
1.1

FUELLING

MAXIMUM MINIMUM

4.8
4.0
3.7

1.2
1.6

2.3
1.8

-1.9
3.5
3.0
2.6

0.2
1.7

-1.3
-0.7

-2.2

-1.2
-2.2
-6.0
1.1

0.3
-2.7

ST.DEV.

1.1
0.7

1.1
0.5
1.0

1.1
1.2
0.9
0.7
0.7
1.3

Average 0.01 2.1 -1.4 0.9 0.9 2.4 -1.1 0.9

Table 3
Comparisons of FINCH Channel Powers - SORO Results versus Measurements

Percent Difference of SORO minus MEASURED FINCH Channel Power

FINCH

CHANNEL

E05
014
02 0
R14
H20

R05

K03
U17

Rll

CIO
E20

AVERAGE

-1.8
-0.3
-0.6

-1.6
-1.0

-0.7

-1.2

-3.2

1.0
0.4

-2.9

BEFORE FUELLING

MAXIMUM MINIMUM

-0.1
0.8
1.9

-0.6
1.4

0.4

1.0
-2.1
2.2

2.1
-0.6

-2.7

-1.4
-1.9
-2.4
-2.3

-2.2

-3.6
-5.2

-0.4
-0.8
-4.4

ST.DEV.

0.9

0.6
1.1
0.5
0.9

0.7

1.2

0.8
0.7
0.7
1.0

AFTER FUELLING

AVERAGE MAXIMUM

2.0
2.2
2.7

-0.2
0.6

0.4

-0.4
-2.1

2.4
1.3
1.4

3.8
3.6
4.2
1.2

2.6

2.2

1.6
-0.2

3.8

3.0
2.8

MINIMUM

-0.4

0.4
0.5

-1.8

-1.5

-0.9

-2.1

-4.1
1.0

-0.4
-3.2

1

ST.DEV.

1.0
0.8
1.0
0.6
1.2

0.9

1.0
1.0

0.8

0.8
1.5

Average -1.1 0.6 -2.5 0.8 0.9 2.6 -1.1 1.0
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SLOWKIN: A SIMPLIFIED MODEL FOR THE SIMULATION OF S
REACTOR TRANSIENTS IN SLOWPOKE-2 js

g=co

D. ROZON AND S. KAVEH ^=S

Institut de genie nucleaire, Ecole Polytechnique de Montreal =H <
P.O. Box 6079, Station Centre Ville, Montreal, Quebec H3C 3A7 CANADA ^ °

E-mail: rozon@meca.polymtl.ca ^ s

I. Introduction

This paper will describe the model used to analyse reactor transients in the SLOWPOKE-
2 reactor at Ecole Polytechnique. The model is intended to simulate reactor transients
which will be induced by control rod displacements during commissionning of the new
LEU core to be installed in the SLOWPOKE-2 reactor in 1997, in replacement of the
original HEU core.M A simplified treatment is justified since our objective is mainly to
provide a physical interpretation for any difference observed in the transient behaviour of
the new core, as opposed to the current HEU core.

The SLOWKIN model uses point kinetics to predict neutron power with time. The
reactor physics codes DRAGON/DONJON were used to provide some reactor physics
insight on the strong neutronic/thermalhydraulic coupling in the reactor and to generate
the necessary reactivity coefficients to be used in SLOWKINJ2' 31

Conservation of mass and energy is applied to write the lumped parameter equations
for the temperature within the regions of interest; these include the pool, the reactor
upper and lower container water, the beryllium reflectors and the reactor core region.
The reactor core region is subdivided into an arbitrary number of axial planes along
which the radial heat transfer from an average fuel pin to the moderator/coolant will
be considered and an axial temperature profile will be calculated in the fuel, in the fuel
sheath and in the moderator.

Natural circulation of water through the core will be modeled with a correlation for
the flow rate as a function of power-to-coolant in the reactor. This correlation is based
on observations at steady-state in all SLOWPOKE-2 reactors. A sampled first-order
filter will introduce a simple time-constant delay to represent the inertial effects. This
approach is a major simplication which allows us to solve the transient temperature
equations without solving the thermalhydraulics equations for natural circulation.

When fuel sheath temperature exceeds the saturation temperature, nucleate boiling
will occur. In SLOWKIN. an appropriate correlation is used for the heat transfer coeffi-
cient to the coolant under subcooled nucleate boiling. Void formation is also predicted,
and can become a dominant feedback mechanism.

The temperature and void models developpped for SLOWKIN will first be described.
Some of the calculated transients for HEU and LEU reactors will then be presented in
Section III.



II. The SLOWKIN Model

The point kinetics equations are solved in SLOWKIN for the amplitude p(t) of the
neutron power, which is arbitrarily normalized to one at the beginning of a transient:

p(0)=p o =1.0 (1)

We have assumed that a fraction frc « 95% of the instantaneous fission power is
deposited in the fuel, the remainder appearing in the moderator and in the reflector.
Volumetric heat generation responsible for temperature changes in the reactor domain is
proportionnal to the instantaneous thermal power, P(t), which contains the instantaneous
fission power as well as a delayed component £2(£) associated with the decay power of the
fission products (Qo = Kpf « 7% at steady state). We will calculate P(t) as:

P(t) = Po [(1 - Kpf)p(t) + ft(t)] (2)

Transients are essentially driven by the dynamic reactivity, p(t). In SLOWKIN, dy-
namic reactivity contains the following components:

p(t) = po + pcont(t) + ptemp(t) + pvoid{t) + pxenon(t) (3)

where po is the initial shutdown reactivity.
Simplified models are used for the control rod (/?««*) and for the xenon effect (pxerum)-

We will now consider in detail the temperature and void components of the feedback
model in SLOWKIN.

II.A. The SLOWKIN Temperature Model

Temperature feedback at time t will be function of the average temperature in various
components of the reactor. Figure 1 illustrates the lump model used in SLOWKIN for
the heat balance equations.

The unknowns are:

T\ (t) The core average fuel temperature at time t;

T2 (t) The average temperature of the water flowing through the core (coolant/moderator)
at time t;

Ts(t) The average temperature of the metallic berylium reflector at time t;

T4(i) The average temperature of the water in the downcomer located outside of the
berylium reflector at time t.

T5(t) The average water temperature in the upper reactor container at time t;

Te(t) The average water temperature in the pool at time t;

The following assumptions are made to write the heat balance equations governing
the temperature field in the reactor:



• Temperature is uniform within each control volume;

• 100% full power is defined for an absolute flux of 1012 nv at the flux detector site.
Because of the different flux shapes, full power is different for HEU and LEU. We
found with DRAGON/DONJON that P^EU)JP{HEU) = L 0 5 8 7 for t h e s a m e r e a d i n g

at the detector site.

• The core (fuel+moderator/coolant) is subdivided into M axial regions of equal vol-
ume. Heat is transfered laterally between the fuel and coolant volumes, and between
the coolant and the berylium reflector. Thus, only radial thermal conduction is con-
sidered in the fuel pins: axial conduction is neglected;

• Volumetric heat generation in the fuel is not uniform. A fixed axial power profile
is assumed in the fuel. This profile was obtained from the DONJON diffusion cal-
culations and corresponds to the steady-state axial distribution of power (averaged
over each plane). If f^m is the fraction of power produced at elevation m, then the
fuel linear heat rate qm is simply:

Qm(t) « f~^ • P(t) (4)

where Nc is the number of fuel pins in the core and Hm = H/M is the length of the
fuel section. The linear heat rate distribution at full power is illustrated in Figure
2. Because of the fewer fuel pins, we see that the linear heat rate is significantly
higher in LEU;

• All water properties were evaluated for single phase liquid water at a constant
pressure of 1.435 bar.

The SLOWKIN temperature equations are:

1. Fuel{T{)

^ . £ieG> = gm{t) _ 1 [Tljm(t) - T2,m(t)} (5)
Slm OX H-tot,m

where T\>m is the fuel temperature at elevation m in an average fuel pin, and «i)TO

is the thermal capacity of the fuel. The thermal resistance is:

Rtot,m = Rl,m + (6)
O7T/C/ {1 i j T n j

with:

where 77 and rs are the inner and outer radius of the fuel sheath, respectively.

Thermal resistance in the fuel is thus sensitive to the conductivity of the fuel
to the fuel/sheath gap heat transfer coefficient (hgap>m), to the sheath thermal con-
ductivity (kg) and to the heat transfer coefficient to the coolant



The gap resistance is negligeable for HEU, while for LEU it is significant yet uncer-
tain. Gap thickness is expected to vary from one pin to the other, so that values
ranging from 5 to 20 kW/m?/oC are expected. To account for reduced gap resis-
tance when the fuel expands with increasing power and comes in better contact with
the fuel sheath, we have assumed the following relation in SLOWKIN for LEU fuel:

(8)

where qo is the average linear heat rate at nominal full power. A value of hgaPtO =1.5
kW/m2/oC was arbitrarily chosen.

A constant thermal conductivity kf is assumed for HEU fuel. For the ceramic UO-z
fuel (LEU), thermal conductivity is much smaller and is strongly dependent on
temperature.'4' Consequently, a significant temperature gradient may arise in the
fuel, and the above lump model can miscalculate the average fuel temperature. An
option was programmed in SLOWKIN to obtain the radial temperature profile in
the fuel pins by solving the heat conduction equation within the UO2, using finite
differences. We observed that the lump fuel model yields average fuel temperatures
nearly identical to the profile temperature model, even for LEU fuel. The lump
approximation is therefore considered valid even for fast transients in SLOWPOKE.

2. Moderator/Coolant (X2)

dT2,m{t) _ (1 - frc) , p/.x . NcHm . .
T = - / M ^ W + 7 5 l ( l W - ' 2Cit L • K2, , ,

l ^ ^ ^ , (9)

with the inlet coolant temperature Tz^t) = T4(t).

The thermal capacity of the moderator/coolant at level m in the core;

Fraction of fission energy deposited directly in region TO of the moderator;

Convection heat transfer coefficient between the moderator/coolant and
the interior of the berylium reflector [^5^] ;

Ai}m Heat transfer area between the moderator/coolant and the interior of the
berylium reflector at level m ;

W Natural circulation flow

3. Berylium Reflector (T3)

, (10)



4. Water Reflector (T4)

hupAfip rp / . x i

ill f£4 K4

(ii)

5. Upper Reactor Container Water (T5)

where T2,u(t) is the core outlet coolant temperature, i.e. the temperature of the
water flowing back into the upper container.

6. Pool Water (T6)

dt K$ K&

ILB. Temperature Feedback (ptemp)

All temperature feedback effects are expressed relative to the same uniform reference
temperature, To = 20°C. The temperature feedback will be function of Ti, T2, T% and T4.
In regions 2 and 4, single phase water density variations with temperature (at a pressure of
1.4 bar) are included in the reactivity coefficients. The temperature feedback component
in SLOWKIN will be written:

+ a4 • [0.8 AT4(t) + 0.2 AT2(i)] (14)

where AT*(t) = Tk{t) - To.
The temperature reactivity coefficients used in this study are given in Table 1. The

temperature reactivity effects have been studied in detail in transport and diffusion theory
with DRAGON/DONJON.& 33 The following observations have been made:

• The reactivity coefficients were found to be additive in the range of interest;

• The most important negative effect is due to the moderator/coolant temperature
changes. Accompanying liquid density variations account for the majority of the
reactivity effect. The effect is strongly negative since the core region is undermod-
erated. Because of the larger moderator-to-fuel ratio in LEU, the spectrum is more
thermalized and this reactivity component is smaller;



• The container water has a positive reactivity effect, because it lies in a fully thermal-
ized neutron spectrum where reducing the water density reduces neutron absorption.

• The temperature of the water in the immediate vicinity of the core is not uniform.
The water flowing down is cold (T4) and determines the core inlet temperature
(T2)i « T4). The water immediately above the core is warmer, being a mixture of
the outlet coolant (T2,M) and of the upper container water (T5).

DONJON calculations have indicated that the fraction of the reflector reactivity co-
efficient associated with water above the core is 21 % for HEU and 34 % for LEU. This
component is likely to vary more rapidly in a transient since it is related to the outlet
coolant temperature. A larger value is obtained for LEU because the water volume is
larger (absence of beryllium plates in the shim tray in the fresh core).

As a first approximation, we have assigned 20% of the positive reflector effect to the
warm water above the core, at temperature T2, and 80% to the downcommer water, at
temperature T4.

II.C. Heat Transfer and Subcooled Nucleate Boiling

An important aspect of the previous temperature model is the prediction of an appro-
priate circulation flow and the use of correct heat transfer coefficients.

ILC..1 Natural Circulation

If power in the reactor is maintained at a constant level, a fixed natural circulation
flow will eventually be established. This steady state flow is the result of an equilibrium
between the driving pressure difference (the buoyant driving force) and the pressure losses
due to friction, acceleration and sudden changes in the geometry (viscous forces). For a
fixed geometry (mostly the core flow orifice areas), there is therefore a fixed relationship
between the natural circulation flow W and the power level P in the reactor. This
translates into a fixed relationship between the power and the water temperature AT
across the core. Since the inlet and outlet orifices are very similar, the measured AT as a
function of power are very similar for all SLOWPOKE reactors. Using the experimental
data reported in the safety report,'5' we can write:

= exp(1.3074 + 0.59117/nP) (15)

For single phase flow, we have:
P=W- CPAT, (16)

We finally obtain the following correlation W = fw[P], shown in Fig. 3:

W = 0.00116P + 0.325 (l . - e-a05P) (17)

with W in [kg/s] and P in [kW].
Eq. (17) is valid at steady state. When power varies during a transient, the instanta-

neous flow rate takes a certain time to develop and is a function of the energy delivered to
the coolant, rather than the instantaneous power in the fuel. During reactor transients in



all SLOWPOKE reactors, a delay of approximately 10-15 s following a prompt peak has
been observed before the outlet temperature begins to rise. ̂  To simulate this response in
SLOWKIN, a sampled first order filter is introduced with a time constant 17, using the
power-to-coolant Pcai(t) in Eq. (17) instead of P{t):

PUt) = NCH £ [T&{t)- T2'm{t)] (18)

The filtered response will be found as follows. Let xn be the unfiltered response at
time £„, i.e. xn = fw[Pcai(tn)]- Then the filtered response, W(tn) = yn, will be:

yn = a-yn-\ +b- {xn + Zn-i)/2. (19)

with
a = e-At/rf a n d 6 = = L _ a (20)

and where At = tn — tn-i. The use of the correlation in Eq. (17) with the above first
order filter is a major simplification: it avoids the complex transient thermalhydraulics
equations required to satify the principle of conservation of momentum, but yet it should
account for inertia! effects. A value of r/ = 10s was used for our simulations in SLOWKIN.

II.C..2 Heat Transfer Coefficient and ONB

An important term in the fuel temperature equations is the heat transfer coefficient
hcai between the fuel sheath and the bulk moderator/coolant. This coefficient will vary
with local conditions of flow and temperature since coolant motion increases the rate of
heat transfer.

A) Single-Phase Natural Convection

If the wall (sheath) temperature remains below the liquid saturation temperature (in
our case, 112°C), the single-phase coefficient hcai must be determined. When the thermal
boundary layer thickness 6T is much smaller than the cylinder diameter D, the curvature
of the lateral surface does not play a role in the heat transfer and the Nusselt number can
be calculated with vertical wall formulas. The Churchill and Chu correlation can be used
to find the wall-averaged Nusselt number for the entire Rayleigh number range (laminar,
transition, and turbulent):^'

(21)
+ (0.492/Pr)»/I6]

Thus, the single-phase heat transfer coefficient at axial position m is:

^ (22)

where the Nusselt number is function of the wall AT, i.e. the temperature difference
between the fuel sheath and the bulk coolant: ATcai,m = Tsim(t) —



B) Subcooled Nucleate Pool Boiling

When the temperature of fuel sheath becomes slightly higher than the water saturation
temperature, subcooled nucleate boiling takes place. With Onset of Nucleate Boiling
(ONB), vapor forms locally at nucleation sites on the heating surface. Bubbles form in
small cavities and grow at these sites. Since the coolant is subcooled, the vapor bubbles
normally recondense in the liquid, giving rise to no net evaporation. If subcooling is high,
the bubbles may not even detach from the wall. In any case, heat transfer is improved by
the fluid motion near the wall.

As the fuel surface temperature is increased, vaporization will continue and more
bubbles will form on the fuel surface at nucleation sites. Both the frequency of bubbles
collapse or detachment and the number of nucleation sites will increase with the wall
s u p e m e a t , ^^J-waii ^ J-wcui -*-s<it'

Therefore, once ONB is reached, heat transfer is dramatically improved. In this regime,
the heat flux becomes a function of the wall superheat alone, independent of the subcooling
(or the subcooled liquid temperature):

QNB ~ nNB - ^J-wall • (.^O)

We have used the Rohsenow correlation for the subcooled nucleate boiling regime in
SLOWKIN.PJ This correlation can be written:

Cv

Prf
(Ts - Tsatf • (24)

where Ts is the local sheath temperature. This correlation applies to clean surfaces and
is insensitive to the shape and the orientation of the surface. The empirical value CSf
accounts for the particular combination of liquid and surface material, the exponent s,
differentiates only between water and the other liquids, the subscripts I, v denote saturated
liquid and saturated vapor. The symbol a denotes the surface tension of the liquid in
contact with its own vapor. Finally, hjg is the latent heat of vaporization.

The heat flux from the fuel at position m can therefore be written:

(25)
- Tsat) (26)

The heat transfer coefficients obtained with the Rohsenow correlation are quite sen-
sitive to the surface constant CSf. Values given in the litterature range between 0.006
and 0.013 for stainless steel and water, depending on the quality of the surface (a more
polished surface will bear fewer nucleation sites). For SLOWPOKE-2, we have arbitrarily
assigned the value 0.006 for LEU, considering the zircalloy sheath in LEU to be equiva-
lent to industrial stainless steel. For HEU, we have assumed a somewhat smaller value
of 0.0045 for the aluminium sheath, because of its better conductivity and more porous
surface. The resulting heat transfer coefficient is illustrated in Figure 4.



ILD. Void Fraction

DRAGON/DONJON simulations have shown that a very small amount of void can
significantly reduce reactivity in SLOWPOKE-2. Typically, a 1% reduction in coolant
density due to void can reduce dynamic reactivity by 4 mk. We first consider the prediction
of the core average void fraction, oc(t):

II.D..1 Wall Voidage

The subcooled nucleate boiling regime can be considered to be partially developped
when bubbles remain attached to the wall (wall voidage). With increasing wall temper-
ature, the bubbles grow beyond a critical size and detach from the wall. Once bubble
detachment occurs, subcooled nucleate boiling is fully 'developped and more significant void
fractions occur. An approximate model of the flow in the partially developped regime was
proposed by Griffith. For highly subcooled flow boiling at moderate pressures, the void
fraction is given by:'8'

am — o.(6-—
[TSat - T2,m\

where Dh is the hydraulic diameter (= AS/P). Because of the smaller number of pins,
the hydraulic diameter is larger in LEU (4.2 cm vs 2.6 cm). Thus, the Griffith model
recognizes that in the partial nucleate boiling regime, void fraction is a function of the
local conditions alone: it increases with wall superheat, and it decreases with increasing
subcooling.

ILD..2 Detached Voidage

Beyond the point of bubble detachment, the modeling efforts invariably require knowl-
edge of how the bubble frequency, departure diameter and density of active nucleation
sites vary with wall superheat. Despite years of research, these aspects of the boiling
process are not well understood.'^

A succesful alternative to mechanistic modelling is the profile-fit model of Zuber,l10l
which was programmed in SLOWKIN. Let Xf be the (negative) thermodynamic quality
at the point of bubble detachment. Then the true quality (always positive) is given by:

X = Xe - Xt • e'^"1! (28)

The void fraction is then obtained with the void-quality relation. Thus, the most
important part of any effective subcooled boiling model is to be able to predict the void
departure point. As water flows up the core, subcooling is gradually reduced, and could
reach a critical subcooling at which bubble detachment occurs.

The following critical subcooling criteria have been proposed by Saha and Zuber for
predicting the point of bubble detachment: tnl

• At low mass fluxes, bubble detachment depends only on local thermal conditions
which determine the rates of vapour formation at the wall (proportional to the heat



flux) and the rate of condensation (proportional to the local subcooling). For ther-
mally controlled detatchment, when the Peclet number Pe = GDfjCp/k < 70000,
the following criterion is used:

AT** = 0.0022^-^- (29)

• At high mass fluxes (Pe > 70000), where mechanistic bubble detachment models
are succesful, the process is hydrodynamically controlled. We have:

= 154-^- (30)

G is the mass flux. Pe is of the order of 2000-3000 in SLOWPOKE. Bubble detachment
is clearly thermally controlled, and Eq. (29) generally applies.

II.D..3 Core Average Void Fraction and Slave Pin Calculations

In the above temperature model, the axial distribution of coolant temperature, T2,m(i),
is obtained from the heat balance equation for an average fuel pin, since Eq. (5) uses the
average linear rating at elevation m.

As we have seen above, initial void formation in the reactor is stricly dependent on local
conditions. When a sheath temperature equal to saturation temperature is predicted in
the average pin calculation, the lump model predicts no void formation, while in reality, a
significant number of fuel pins are operating at a higher than average linear rating because
the radial neutron flux shape is not uniform. The average pin calculation (lump) thus
tends to underestimate the initial void formation in the core. The following approach is
used in SLOWKIN to account for the nonuniform radial distribution of pin powers.

The distributions of pin power (relative to the average) were obtained from the 3D
diffusion calculations in DONJON $ These are assumed fixed during the transients. Sepa-
rate slave calculations of fuel and fuel sheath temperatures are carried out for the different
pin powers at each elevation, imposing the same coolant temperature T^m{t) as a bound-
ary condition at each elevation for every slave pin. The void profile is calculated for each
group of fuel pins using the above correlations and a core volume average of the void
fraction is then calculated, a(t).

II.D..4 Void Feedback (pvoid)

DONJON calculations indicate that void formation is neutronically more important
in the top half of the coreJ3' In SLOWKIN, a correction is introduced to account for the
axial distribution of void, using an axial offset, / . An effective void coefficient at time t
is obtained by interpolating between values in Table 2, according to:

Pvdd(t) = [h • /(*) + b2 • (1. - f{t))]ait) x 100. (31)

where the coefficients b\ and 62 are given in Table 6 (in mfc/%). The average void in the
bottom half and in the top half are calculated {o.\ and 0:2). The axial offset is simply



III. SLOWKIN Results

Results of simulations for both HEU and LEU cores will now be presented. Three
types of simulations were carried out, similar to the proposed commissionning tests. All
calculations were carried out starting with xenon-free fuel, at a reference temperature of
20 °C for the pool and container water.

UI.A. Core Heating Effects

For these simulations, the reactor is started up and brought rapidely to a given power
level (neutron power). The reactivity change due to the temperature increase is compen-
sated (and measured) by automatic control rod displacements. The values reported in
Table 3 were calculated 10 minutes after startup from zero power (a period of approx-
imately 5 minutes is required for the control rod position to stabilize). We noted that
although LEU posesses a significant fuel temperature component, the core heating effects
for LEU are approximately 35% smaller than in HEU. This is due to the significantly
smaller moderator reactivity coefficient in LEU (see coefficient a2i in Table 1).

III.B. Long-Term Operation

During long-term operation at constant power, the slow temperature increase in the
reactor container forces the gradual withdrawl of the control rod. This was simulated
with SLOWKIN and results are shown in Figure 5, for constant operation at full power
(1012 n/cm2/s) for a period of 6 hours. Again, we note that the reactivity compensation is
smaller in LEU, because the moderator coefficient is smaller. This implies that for a given
excess reactivity margin, the LEU core will permit full power operation for a significantly
longer period.

III.C. Self-limited Reactivity Transients

Self-limited reactivity transients occur when the control rod is removed from the reac-
tor at low power. A prompt peak may first appear as an inflexion in the early part of the
transient, and will gradually form a distinct peak as the reactivity insertion is increased.
The prompt peak can become quite large, and depends on fast acting feedback mecha-
nisms (fuel temperature, coolant heating, and incipient void) when natural circulation flow
has not fully developped. Beyond the prompt peak, a delayed peak is generally observed,
when the flow is fully develloped and the initial reactivity is completely compensated by
the various feedback mechanisms described above.

Figures 6 and 7 show the reactivity transients calculated with SLOWKIN for HEU
and LEU. We note that the prompt peak is not apparent for reactivity insertions below 4
mk. Table 4 describes the core behaviour at the delayed peak in LEU. Only core averaged
quantities are given. We note that for all transients considered, margin to dryout is
considerable (MCHFR). Tables 5 and 6 provide details of the reactivity compensation
calculated in SLOWKIN for self-limited reactivity transients in HEU and LEU.



We note:

• For reactivity insertions of 0-3 mk, the delayed peak power is higher in LEU than
in HEU, due to a smaller negative reactivity coefficient of the core water (modera-
tor/coolant) and a larger positive coefficient for the water oustide the core (reflector);

• Fuel tempeature feedback plays a significant role in LEU, even for small pertur-
bations. For example, at 2 mk, fuel temperature feedback represents 50 % of the
negative component (see Table 6);

• SLOWKIN simulations indicate that Onset of Nucleate Boiling (ONB) occurs in
LEU for transients above 2.0mk (for HEU, above 4-15 mk):

— above 2 mk in LEU, void feedback plays an increasingly important role, with
a value of approximately -1.0 mk at the delayed peak in the 4.3 mk transient
(see Table 6);

— beyond 4.3 mk, void feedback is likely to become the most important feedback
mechanism in LEU. In HEU, void feedback becomes significant beyond 5 mk;

• The core average void fraction is quite small: for the 4.3 mk transient in LEU, the
maximum core-average void fraction is less than 0.3 %. At the delayed peak, the
core average exit void fraction is 0.42 %, with a maimum of 3.7 % in the hot pins
(see Tables 7 and 8). There is no void in the cold pins.

• Bubble detachment (or so-called Onset of Significant Void) has not occured, because
of the low flow and the very large subcooling (40 °C). Therefore, void formation in
LEU is entirely due to wall voidage for transients up to 4.3 mk.

The delayed peak power predicted by SLOWKIN is compared with experimental data
in Figure 8 (Tunney's Pasture for HEU cores and RMC for LEU cores). If the upcom-
ming commissionning measurements at Ecole Poly technique are similar to RMC, the trend
suggested by Figure 8 is that SLOWKIN overpredicts the delayed peak beyond ONB. Con-
sidering the uncertainty in the wall voidage correlation (Eq. (27)), and our approximate
treatment of the void coefficient (see section 2.2.3), the anticipated discrepancy in delayed
peak power is not alarming.

IV. CONCLUSION

A simplified model was developed to simulate the transients occuring in the SLOWPOKE-
2 reactor due to control rod movements. SLOWKIN was used to simulate transients in
HEU and LEU. For LEU, these pre-simulations are subject to a number of uncertainties,
relating mostly to:

• the reactivity effect of the warm water entering the upper container;

• the unknown gap resistance in the fuel;



• onset of nucleate boiling (ONB) which has a significant effect on the convection heat
transfer to the moderator;

• the importance of void formation at high power, which rapidly becomes the limiting
factor for the larger reactivity insertions;

Improvements are planned in the DRAGON/DONJON model, which may improve the
reactivity coefficients. It is expected that future comparisons with the commissionning
data will enable us to reduce some of the above uncertainties.
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Table 1: Reactivity Coefficients Calculated with DRAGON/DONJON

case

HEU (1987 plates/no rod)
LEU (no plates/no rod)

LEU (no plates/rod 79 %)

0.000917
-0.010165
-0.010165

021

-0.134230
-0.047841
-0.050980

-0.0015817
-0.0015449
-0.0015894

a3

0.008178
0.002250
0.002254

0.075356
0.078580
0.077160

Table 2: Void Reactivity coefficients for SLOWPOKE-2 (in mk/% void)

core

HEU
LEU

h
-3.956
-3.616

h j
-4.997
-4.656

Table 3: LEU Core Temperature Reactivity Effects (Constant Power, 10 minutes after
startup)

Pth
(kW)
1.962
4.865
9.729
19.46

Fuel
°C

29.68
37.56
47.22
62.04

mk
-0.098
-0.178
-0.277
-0.427

Moderator
°C(out)

24.81
28.44
32.90
39.72

mk
-0.143
-0.264
-0.432
-0.731

Be Reflector
°C

20.68
21.27
22.10
23.48

ink

0.002
0.003
0.005
0.008

Water
°C(in)
20.04
20.10
20.22
20.49

Reflector
mk

0.046
0.082
0.129
0.207

Control Rod
mk

0.240
0.372
0.595
0.957

Measured
(RMC)

0.24
0.44
0.68
1.17

Table 4: LEU-core Behaviour at Delayed Peak (core average)

Reactivity
peak power (kW)

time (min)
Tinlet (°C)
TouUet (°C)

J-moderator V. W

Tfuel (°C)
Tsheath (°C)

void (%)
flow (kg/s)
MCHFR

1 mk

18.76
37.2

21.18
40.09
31.74
61.73
57.85
0.0

0.228
34.86

2mk

50.23
14.8

21.17
55.09
40.04
96.06
88.41

0.0
0.342
12.04

3mk

77.65
7.9

20.86
64.82
45.30
119.59
108.47
0.043
0.408
7.51

4mk

90.88
5.0

20.63
69.80
47.45
129.44
116.40
0.181
0.435
6.27

4.3 mk
94.07
4.6

20.61
68.89
47.93
131.58
118.19
0.233
0.442
6.03



Table 5: Reactivity Compensation (mk) at the Delayed Peak in HEU

Insertion
(rnk)

1.0 mk
2.0 mk
3.0 mk
4.0 mk
5.0 mk
6.0 mk

Peak Power
(kW)

10.12
28.78
51.56
76.52
95.68
107.26

Pfuel
(mk)

0.020
0.038
0.054
0.068
0.078
0.082

Pmod
(mk)

-1.154
-2.274
-3.384
-4.476
-5.191
-5.504

Prefi
(mk)

0.167
0.289
0.391
0.481
0.515
0.526

Pvoid
(mk)

0.0
0.0
0.0

-0.002
-0.334
-1.011

Table 6: Reactivity Compensation (mk) at the Delayed Peak in LEU

Insertion
(mk)

1.0 mk
2.0 mk
3.0 mk
4.0 mk
4.3 mk

Peak Power
(kW)

18.76
50.23
77.65
90.88
94.07

Pfuel
(mk)

-0.424
-0.773
-1.012
-1.112
-1.134

Pmod
(mk)

-0.774
-1.579
-2.199
-2.478
-2.545

Prefi
(mk)

0.269
0.409
0.466
0.483
0.491

Pvoid
(mk)

0.0
0.0

-0.189
-0.803
-1.036

Measured
(RMC)

18 kW
40 kW
55 kW
77 kW
N/A

Table 7: Axial Temperature Distribution in LEU for the 4.3 mk Insertion at the Time of
Maximum Void (6.4 min)

lane

15
14
13
12
11
10

9
8
7
6
5
4
3
2
1

Tmod
C O

70.304
67.603
65.048
62.333
59.378
56.186
52.794
49.252
45.618
41.950
38.309
34.744
31.297
27.979
24.726

Tsheath
C O

126.328
123.059
123.214
124.157
124.849
125.001
124.518
123.335
121.396
118.607
115.048
110.862
106.614
103.378
104.022

Tfuel
C O

138.025
134.128
134.828
136.610
138.121
138.957
138.973
138.071
136.180
133.191
129.245
124.519
119.707
116.150
117.439

void
C/.)

0.418
0.184
0.177
0.206
0.222
0.212
0.176
0.123
0.066
0.023
0.002
0.000
0.000
0.000
0.000

heat flux
(kW/m2)

101.542
96.018

101.700
110.301
118.723
125.815
131.062
134.178
135.093
133.888
130.799
126.240
121.232
118.602
125.531

CHFR

6.582
7.160
6.938
6.571
6.281
6.107
6.045
6.092
6.241
6.491
6.841
7.288
7.791
8.162
7.894



Table 8: Void Distribution in % for the 4.3 mk Insertion in LEU (Slave Calculation)

slave group
no pins

power/avg.

plane 15
14
13
12
11
10

9
8
7
6
5
4
3
2
1

1
30

0.825

0.022
0.001
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

2
46

0.894

0.097
0.021
0.018
0.022
0.024
0.020
0.011
0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000

3
38

0.965

0.257
0.092
0.085
0.100
0.108
0.099
0.074
0.044
0.016
0.002
0.000
0.000
0.000
0.000
0.000

4
34

1.037

0.510
0.237
0.227
0.260
0.278
0.265
0.221
0.157
0.087
0.033
0.005
0.000
0.000
0.000
0.000

5
24

1.108

0.865
0.463
0.453
0.510
0.541
0.528
0.463
0.360
0.239
0.126
0.045
0.006
0.000
0.000
0.000

6
10

1.179

1.302
0.776
0.770
0.848
0.896
0.876
0.791
0.654
0.478
0.301
0.145
0.048
0.007
0.000
0.001

7
8

1.251

1.824
1.168
1.161
1.270
1.333
1.312
1.208
1.033
0.803
0.557
0.324
0.146
0.047
0.013
0.021

8
2

1.322

2.407
1.635
1.626
1.756
1.835
1.809
1.686
1.475
1.196
0.884
0.574
0.314
0.139
0.062
0.083

9
4

1.393

3.038
2.153
2.148
2.297
2.382
2.359
2.218
1.972
1.639
1.270
0.887
0.547
0.293
0.164
0.204

10
2

1.465

3.757
2.726
2.708
2.889
3.013
2.985
2.821
2.540
2.146
1.711
1.252
0.838
0.508
0.325
0.384

fuel
HnO Be moderator/

2 coolant

Figure 1: Temperature Model for SLOWPOKE-2
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Summary

In the CANDU Safety Analysis process, a series of design basis accident are analyzed to
confirm safety system effectiveness. Among all the postulated accidents, the Large Break
Loss of Coolant Accident (LBLOCA) sets the most demanding requirements on the speed
and the reactivity depth of the shutdown reactivity devices. In such an accident, coolant
discharge out of the fuel channels lead to a reactivity increase and power increase which
is turned around by the shutdown systems action within seconds. In March 1993, the
issue of fuel string relocation introducing additional positive reactivity for reactors fuelled
against flow during a LBLOCA was identified. The combined reactivity effect could lead
to power pulses much higher than would rise due to coolant voiding alone. To maintain
adequate safety margins in the event of such postulated accident, the eight units of Bruce
NGS A and B were derated to 60 % full power (Reference 1).

Any further power increase at Bruce NGS A and B have been contingent on
implementation of some design solutions to mitigate the relocation reactivity effect.
Among the solutions are modified inlet shield plugs, using longer fuel bundles, and fuelling
with flow. The fuel string relocation, in reactors fuelled with flow, results in a negative
reactivity because the fuel bundle axial burnup profile increases from channel inlet to
outlet. The use of long bundles decrease the available gap for bundle relocation in the
channels and therefore, reduces the fuel string relocation reactivity. The long bundle
solution is adopted for Bruce NGS B while the fuelling with flow solution is adopted for
Bruce NGS A.

The NOP trip systems provide trip coverage for a wide range of loss of regulation (LOR)
events. The trip setpoint for each shutdown system is determined such that a reactor will
trip prior to the onset of fuel sheath dryout with a probability of 98 percent or higher, by 3
out of 3 safety channels in the event of slow power increase arising from a LOR incident.
The accident could be initiated from any of the initial flux shapes defined by the NOP
design basis set.

A fueling against flow (FAF) core is converted to fuelling with flow (FWF) by successive
fuelling operations consisting of pushing the bundles out of an east fuelled channel,
reinserting them into a west fuelled channels, inserting the contents of that west channels
into some east channel, and so on. During the turn-around process, clusters of 5 or more
neighboring channels with bundle irradiation distributions increasing in the same axial
direction will be created. This produces very unusual axial power distributions because of



the relatively fresh fuel in the same end of the channels and relatively high burnup fuel in
the other end. Such configurations may negatively affect the NOP coverage during the
transition process.

The conversion of the core from the current fuelling against flow scheme to the target
whole core fuelling with flow will be achieved in four phases. The NOP coverage during
each phase is examined and the required penalty is established to restore the NOP
coverage. During phase I, a maximum of 13 clusters of 8 channels with the same fuelling
direction are assumed. A maximum penalty of 4.75 % in the NOP trip setpoint is obtained
during phase 1. However, after the whole core is turned around the required penalty is
back to 0.0 %.

References
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ABSTRACT

The main drawback of using lattice cell codes in the daily calculation of burnup de-
pendent fewgroup homogenized fuel cross sections is the extensive computer effort that
it requires. Many options for speeding up this process can be considered including a re-
duction of the number of energy groups to be treated in the successive transport solution
required at the various burnup steps. Here, we suggest a method for generating time
dependent fewgroup microscopic cross sections and discuss how they can be used for fuel
depletion calculations.

I. Introduction

The generation of fewgroup burnup dependent cell macroscopic cross sections for core
diffusion calculations is one of the main goal of lattice cell codes such as WIMS-AECL'1'
and DRAGON^. The general calculation scheme considered for such calculations relies on
a two step process. The transport equation is first solved for the neutron field distribution
at specific time steps using pre-determined nuclide field distributions. The changes in
nuclide composition between two different time steps being controlled by the depletion
equations which are solved assuming that the neutron flux distribution remains relatively
constant during the evolution period.

The main problem of using this method for day to day analyzes is that it involves a
repetitive solution of the transport equation, this generally being the most time consuming
part in a lattice code calculation. Many options for speeding up this process have been
considered including a reduction of the number of energy groups or a simplification of the
geometry to be treated in the successive transport solution required at the various burnup
steps. The main drawback with the use of a simplified geometry is that the resulting cell
model generally gives rise to a totally different problem. Moreover, such a simplification
of the geometry is difficult to automatize in lattice codes which can analyze a large variety
of different geometry. Accordingly, we will concentrate our efforts on reducing the number
of groups used for the transport solution.

In order to be able to condensed the multigroup microscopic cross sections, the neutron
flux spectrum must first be known. This flux spectrum depends on burnup as well as on
the spatial location inside the cell. The solution therefore consists in pre-calculating
approximate multigroup neutron flux distributions that can be used for the fewgroup
condensation.

*49 rue Jeanne d'Arc, 54300 Luneville, France



Such an option is already automated in the code WIMS-AECL.W The condensation
flux is computed for a simplified cell using the initial nuclide field distribution in the
reference cell. This works very well for the cases where the number of condensed energy
groups remains relatively large. However, when a condensation to a very small number
of energy groups is considered, the simulation errors at the end of the burnup cycle can
become very important.

Here, we propose to generate time dependent fewgroup microscopic cross sections
based on two condensation fluxes each being representative of the state of the reactor at a
specific time step. These cross sections will then be used for the fewgroup flux calculation
as well as in the solution of the depletion equations. We expect that the variations in
the neutron flux spectrum resulting from burnup can be partially accounted for in the
time dependence of the microscopic cross sections. This should result in a method which
permits a reliable evaluation fuel isotopic contents at the end of the burnup cycle even in
the cases where a very small number of groups is considered.

In Section II of this paper paper we will discuss how the fewgroup time dependent
microscopic cross sections can be generated. The performance of the method will be
considered in Section III. Finally, we will conclude.

II. Fewgroup Time Dependent Microscopic Cross Sections

Let us consider the typical burnup calculation scheme used in most lattice codes. For
the case where an homogeneous cell containing I isotopes of known concentration Ni(t)
at time t is to be analyzed, the first step consists of solving the transport equation for the
neutron flux distribution using:

QB(t) (1)

where the macroscopic cross section Ss(t) is defined as

E»(*) = I>i(*)*f (2)

with erf the multigroup microscopic cross section associated with isotope i. The term Q9

generally includes fission and scattering sources and is therefore also dependent on t via
the isotopic concentrations iVj.

In order to evaluate the concentration of the various isotopes in this cell as a function
of time, one has to solve a set of / depletion equations of the form:

= E [V;-^ + <3*/W^(*)] W) (3)

where Xj is the decay constant of isotope j , a^x is the microscopic cross section associated
with reaction x for isotope j , a,i->i = Pi->i,x — —1> and the constants Oj_^ and /3j~*ilX for
i ^ j represent the production yield of isotope i resulting from a decay (a) or neutron
collision (/5) with isotope j .



This set of coupled differential equations is generally solved over the complete burnup
cycle represented by T using a quasi-static algorithm. Accordingly, the period T is sub-
divided into micro time steps A£& = 4+1 — tk during which the neutron flux 4>9{t) can
be assumed to remain relatively constant. As a result Eq. (3) can be solved for Ni{tk+x)
using the flux distribution at the beginning of the time interval (tk). As we mentioned
above, this approximation is only valid when the depletion period is relatively short. This
implies that the time consuming computation of instantaneous neutron flux distributions
must be repeated at a fairly large number of micro time steps. This scheme can be accel-
erated either by reducing the number of micro time steps or by accelerating the solution
of the transport equation. Here we will concentrate on the second of these options.

One of the most efficient way to speed up the instantaneous flux distribution evaluation
is to reduce the number of energy groups treated in the transport equation. The energy
condensation process that leads to the generation of time dependent fewgroup microscopic
cross sections is:

where

and each macro group G contains a varying numbers of micro groups g.
The main problem with this scheme is that the microscopic cross sections are now

time dependent and will be affected by the change in the flux spectrum resulting from the
depletion process. Because of the form of Eq. (4), we might expect that the dependence
of erf on t is weaker than the dependence of <fP on t. In fact, for the case where of
is relatively flat in the macro group G, this dependence vanishes, and a unique set of
condensed microscopic cross sections can be generated using the initial flux distribution
in the cell. Typically, this is the behaviour observed when the number of micro groups
included in a macro group is relatively small. However, in the cases where the macro
groups are composed of a large number of micro groups, this approximation is no longer
valid. We therefore have to take into account, at least approximately, the effect of the
changing flux spectrum on the cross sections.

Here we will assume that the condensed fewgroup microscopic cross sections vary
linearly with time for macro time steps ATR- — TK+I — TK much larger than the micro
times steps Ai^ required for the depletion calculation. We will therefore consider that for
TK < t < TK+I we can use the relation:

*?(*) = *g> + <>&(* " TK) (6)
where

ifi Z < ^ ( T ) l ]

K+1
-TK)



and
ATK = ]T Aifc (9)

keK

The problem is still incomplete since the evaluation of a?x requires the knowledge of
(/^(TK+I)- However, a first approximation for the flux at time TR+I can be obtained by
solving the depletion equation over a macro rather than a micro time step using the quasi-
static approach. As a result the overall change in the flux spectrum should be partially
accounted for in the fewgroup microscopic cross sections.

A solution of the burnup problem can then be considered using these fewgroup time
dependent microscopic cross sections for the smaller micro time steps. As a result the
full group transport equation would need to be solved only for a very small number of
large burnup steps, while most of the micro time steps will involve computing only the
fewgroup neutron flux distributions.

This approximation scheme was programmed in the lattice code DRAGON for the case
where a general heterogeneous cell is considered. The derivation of the time dependent
fewgroup microscopic cross-section library associated with a macro time step as well as
the use of this library to generate the macroscopic cross sections required for each micro
time steps were automated.

One of the main concerns about this method that can be brought forward is related
to perturbations calculations. The fewgroup time dependent microscopic cross sections
should be adequate when the properties of the various materials present in the cell are
not modified during burnup. However, when temperature perturbations are considered
or if coolant voiding takes place in the cell, the fewgroup cross sections computed using
the method described above may be entirely inadequate.

This problem can be easily by-passed in DRAGON, since the computed nuclide field
distribution at any specific time step can be used to update either the fewgroup or the
multigroup macroscopic cross-sections. As a consequence, the effect of perturbations at
specific micro or macro time steps can be evaluated using the full library group structure
even if the successive transport calculations leading to this point in time were preformed
based on the fewgroup cross-section library. Another option is to derive additional few-
group libraries for perturbed cell based on the approximate nuclide composition obtained
for a reference cell at the end of each macro time step.

III. Numerical results

Here we will consider the burnup of a CANDU cell for 300 days at a power of 31.9713
kw/kg. The fewgroup microscopic cross sections were generated using a single macro time
step AT = 300 days assuming that the neutron flux spectrum remains constant during
this period. Starting from the 69 groups Winfrith WIMS-AECL library, three different
fewgroup time dependent microscopic cross-section libraries were generated corresponding
to a condensation to 2, 4 and 18 groups (see Table 1 for the energy limits associated with
the individual group in the resulting fewgroup libraries). A unique set of microscopic
cross section was generated for each of the isotopes present in the coolant, the moderator
and the individual structure materials. Similarly, we generated for each of the fuel ring
an independent set of microscopic cross sections.



An explicit burnup calculation over a set of 15 non-uniform micro time step (1, 5, 10,
20, 30, 50, 70, 90, 110, 130, 150, 200, 250 and finally 300 days) was then performed using
the resulting fewgroup time dependent libraries and compared to a reference calculation
for the same micro time steps but using the original 69 group library. Note that for the
fewgroup calculations, the depletion over the macro time step, the generation of the time
dependent library, and the burnup over the micro time steps were performed in a single
DRAGON run.

The errors on K^ in mk at the various micro time steps for the 2-, 4- and 18-group
calculations are presented in Fig. 1 for the cases where time dependent microscopic cross
sections were considered (S(£)) as well as for the case where time independent microscopic
cross sections were generated using the initial multigroup flux distribution inside to core
(S(0)). As one can see, both 18 group results are within 1.5 mk of the reference. This
is expected since the 18 group library is such that it retains most of the feature present
in the 69 group library. The main differences can be observed when 2 group calculations
are considered. In the case where a condensation using only the flux spectrum at t = 0 is
used, the error in reactivity for this cell can reach 8 mk. However, when time dependent
cross sections are computed using the approximation method described above, the errors
in reactivity are reduced to a maximum of 2.3 mk this being comparable to the 18 group
calculations with constant cross sections.

One can easily understand the reason for such improvements in the computed reac-
tivity by looking at Fig. 2. As we expect, the use of time dependent cross sections that
take into account approximately the final neutron flux spectrum, results in a much better
simulation for the ratio of the thermal to the total flux in the cell. In fact, after reaching
a maximum of 0.5 % at mid-burnup the errors in the thermal flux decrease to less than
0.1 % at the end of the cycle. These errors are a direct consequence of the apparition
of Plutonium in the core. The thermal fission cross section uT,2f is initially controlled by
235U alone but, as the cell burns, the contribution from Plutonium becomes more and
more important. In fact, the error in the cell averaged z/S2 increase linearly with time
when constant microscopic cross sections are considered reaching 40 % for the 18 group
calculation (see Fig. 3). However, when time dependent cross sections are considered, the
maximum error observed for a 2 group calculation is less than 20% over the whole burnup
range.

Finally, looking at Fig. 4 to Fig. 7, where the errors on the concentration of 235U, 239Pu,
24IPu and 135Xe as a function of time are presented, we see that our method can follow
the nuclide field distribution in the core quite accurately. In addition, starting with the
isotopic concentration obtained using the 2-group time dependent cross sections model at
t = 300 days we have evaluated the void reactivity effect at the end of the burnup cycle
to 11.56 mk. A full 69 group burnup results in a value of 11.37 mk.

As one can see, even for the 2 group calculations the errors remain relatively low. On
the other hand, the collision probability calculation only requires 3 seconds for the 2 group
cross sections while 80 seconds were required for the same calculation using a 69 group
library. This gain is partially compensated by the two additional 69 group transport
calculations which are required condensation purpose.



IV. Conclusions

We have shown that it is possible to generate, using a very crude approximation, time
dependent microscopic cross sections which can be used to study the burnup of a cell
based on fewgroup transport calculations. Here, all the calculations were performed in
the original cell geometry. Additional studies are required to see if these calculations could
be further simplified while still keeping the same level of accuracy by considering either a
simplified cell for the evaluation the condensation flux or by considering a simplified cell
for the transport calculations required at the micro time steps.
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Table 1: Energy limits associated with the individual group for the 2-, 4- and 18-group
libraries.

Library
2-groups
4-groups

18-groups

group
1
1
3
1
3
5
7
9
11
13
15
17

(eV)
4.000x10°
5.530 xlO3

6.250 xlO"1

3.679 xlO6

6.734xlO4

4.805 xlO1

9.877x10°
1.071x10°
6.250X10-1

2.200X10-1

5.000 xl0~2

1.500xl0~2

group
2
2
4
2
4
6
8
10
12
14
16
18

(eV)
0.000x10°
4.000x10°
0.000x10°
8.210X105

5.530xl03

2.770 xlO1

4.000x10°
9.960X10'1

3.500xl0-r

l.OOOxlO-1

3.000 xlO'2

0.000x10°
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Figure 2: Relative error on the ratio of the thermal to the total flux.
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Figure 3: Relative error on cell averaged thermal fission cross section.
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ABSTRACT

To meet evolving client and regulatory needs, AECL has adopted an evolutionary approach to the design
of the CANDU 9 control centre. That is, the design incorporates feedback from existing stations, reflects
the growing diversity in the roles and responsibilities of the operating staff, and reduces costs associated
with plant capital and operations, maintenance and administration (OM&A), through the appropriate
introduction of new technologies. Underlying this approach is a refined engineering design process that
cost-effectively integrates operational feedback and human factors engineering to define the operating staff
information and information presentation requirements. Based on this approach, the CANDU 9 control
centre will provide utility operating staff with the means to achieve improved operations and reduced
OM&A costs. One of the design features that will contribute to the improved operational capabilities of
the control centre is a new Plant Display System (PDS) that is separate from the digital control system.
The PDS will be used to implement non-safety panel, and console video display systems within the
CANDU 9 main control room (MCR)m .

This paper presents a detailed description of the CANDU 9 Plant Display System and features that provide
increased operational capabilities.

INTRODUCTION

The design of the human-system interfaces (HSI) for CANDU 9 is based on the proven operational features
of existing CANDU 6 stations, complemented by the functional HSI enhancements of the more recent
Darlington CANDU station as well as improvements allowed by current technology. The strategy is to
preserve the functionality of the existing control/monitoring systems while providing enhancements that
result in improved operability and maintenance capabilities.

An extensive series of Human Factors Engineering Design Guides has been developed to support process
system, process control and control centre design staff to more effectively implement the systematic
CANDU 9 design process. This integrated information will be used to define operational and maintenance
information, presentation and annunciation requirements, and then to translate these requirements into
status, diagnostic and control PDS displays.

As part of the CANDU 9 design process, a physical, full-scale mock-up of the control centre panels and
consoles, including all PDS computers and peripherals, is being used for conceptual evaluation, rapid
prototyping, design decision-making, and for the verification and validation of the design features, displays
and operator interactions131. The functionality of the simulation supported control centre mock-up provides
a dynamic project design mechanism for the on-going verification and validation activities. The mock-up
is used extensively to verify the design of the PDS including, display attributes, display configurations,
display completeness and functionality within an operational context, display standardization, navigation
scheme, and the integration of the computerized annunciation messages with other annunciation means.



ADVANCED DESIGN FEATURES

The CANDU 9 PDS provides utility operations and maintenance staff with a centrally located,
integrated control/monitoring/diagnostic/annunciation interface to the plant processes. These features are
provided through a combination of proveness, systematic design with human factors engineering and
enhanced operating features which applies available and mature technologies to identified design features.
The CANDU 9 design includes a major evolutionary design change from previous CANDUs, the separation of
the plant control and display/annunciation features formerly provided by the central digital control computers
(DCC). This CANDU 9 control/display function separation provides control in the Distributed Control
System (DCS)W and display/computerised annunciation in the plant display system (PDS). This strategy
allows powerful non-proprietary computers without application memory constraints or execution limits to
provide extensive control, display, diagnostic and computerised annunciation enhancements within an open
architecture. A further advantage of this design approach is to allow approved and administered display and
annunciation software changes to be implemented during plant operations, without causing any impact upon
the plant control software by the inadvertent introduction of control problems minimising the extent of
necessary software reviews and validation checks. The following two figures depict the evolution from past
practice to the present CANDU 9 design:
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Significant CANDU 9 PDS design features include:

• Console Displays: The main control room consoles, (main operators console & shift interrogation
console), consists of an integrated display hierarchy combined with user friendly navigational tools which
provides efficient access to all plant data.

• Panel VDU Displays: Panel PDS VDU's are provided to present overview displays of the plant
system(s) allocated to that panel area.

• Plant-wide parameter signal database: A common plant-wide database (with necessary signal buffering)
for systematic inter-system comparisons, monitoring,, diagnostics, displays and computerised
annunciation.

• Extensive cross checking capability: To check similar process parameters amongst themselves, with the
buffered, counterpart safety system parameters and as well as with unit state dependent 'signature' values
obtained from previous known steady state conditions.

• Powerful and flexible annunciation system: To provide multiple alarm levels with alarm filtering,
prioritising and interrogation to facilitate staff recognition of events and plant state.

• Predictive Maintenance Capability: To provide the capability to minimise unplanned outages due to plant
process equipment failures.

• Computer 'System Health' Displays: Displays provided so that the occurrence and location of a faulted
computer device can immediately be confirmed by the operator/maintainer.

• Redundancy Features: Redundancy for all major functional parts of the PDS will allow continued
operation in the event of a failed hardware or software component

• Commissioning/Maintenance support: The PDS will provide flexible access to plant data for plant
commissioning or maintenance outage uses

Console Displays

The CANDU 9 control centre design includes a main operator console (MOC) located in front of the NSSS
and BOP main control room panels with a shift interrogation console (SIC), which is a stand-up console
located behind the MOC01. Three PDS VDUs mounted on the MOC are used to display current or short
term historical data, and are also used for most power range operator control actions. Each of these VDU



display workstations are controlled from their own function keyboard and trackball allowing optimum
flexibility in their use. These VDUs can be used to display any combination of data from the various DCS
partitions, PDS , plant logged data interfaces, annunciation information, calculated values, and values
transferred from the Fuel Handling Display System (FDS) and the Safety System Monitors (SSM). Note
that the intention here is to access the buffered SSM data for comparison purposes.

The SIC is functionally identical to the MOC, with the exception that control actions from this console are
normally inhibited. Back-up control capabilities at the SIC can be enabled by an annunciated keyswitch,
allowing this console to act as a full function back-up to the MOC in case that console is unavailable.

A forth VDU display is also located on each of these consoles. This VDU, which is connected to the
control centre information services, can be used for alarm interrogation, and to display any data in medium
term historical data storage, and various plant reports and logs. This VDU can also display current or
historical data received from other plant systems such as chemistry lab data, meteorological data,
radiological data, site surveys, etc.

Panel VDU Displays

The design mission, or default status of the panel displays is to normally present overview displays of the
plant system(s) allocated to that panel area. However, each panel VDU is capable of displaying any data in
the PDS data base, just like the console VDU displays.

A large centrally located VDU is provided on MCR panel 07 and is referred to as the central overview
display. The central overview display facilitates increased operating staff awareness of plant state. The
centrally located overview display indicates the status of the major station systems so that the general state
of the plant is immediately recognised by operating staff upon first visual scan (e.g., following first entry to
the MCR or glancing up from the MOC). Large scale indications ensure readability by staff in the control
room from a distance often meters away from the panel mounted screen. Such conditions as operating at
power, energy mismatches, shutdown hot, shutdown cold, guaranteed shutdown and the associated
transition states will be emphasised and presented in an obvious manner. The overview display presents
the unit status in a simple format so that comprehensive unit awareness is immediate and uncomplicated for
operating staff who are able to concentrate on key indicators without 'tunnel vision' limitations which can
occur with VDU monitoring.

Certain critical panel VDU displays form an integral part of the data gathering functionality from the DCS
and/or plant data logging interfaces. In case of a PDS communication failure, which makes it impossible to
communicate over the main PDS LAN(s) thus rendering the MOC and SIC inoperable, these panel
displays, which are interfaced directly to the DCS or interface stations, can continue to operate, but will
only be able to display data obtained from that connected interface station. The operator will still be able
to monitor and control each major plant systems in this fashion from the respective system panel VDU
displays allowing time for full integrated PDS functionality to be restored.

Plant-wide Parameter Signal Database

The PDS design provides one common plant-wide parameter database so that all safety (suitably buffered) and
production plant signals are accessible for monitoring, checking, display and annunciation much more
extensively than was possible in previous designs. This feature can largely unload the operators from routine
parameter cross comparisons and panel checks in that diverse parameters for a system can be automatically
compared on a low frequency background basis. However, the operational strategy would still include routine
panel checks and comparisons by the operator as an independent data confirmation means. The signals input
to this database will be suitably buffered so that the database does not present a common cause failure source.
In this manner, signals from safety systems, process systems, plant electrical and so forth can be assessed for
event reconstruction or analysis. This common database information will also be available on request from a
higher level plant LAN for use by plant technical staff for event diagnosis, root cause assessments or for plant
optimisation analysis activities. Access to this plant-wide data for service calculation purposes will allow
extensive on-line or off-line support for such applications as chemical controls, heat sink management and
electrical load management activities.



Operability is further enhanced by a functional display system navigation philosophy which facilitates the
operator's task of accessing and assimilating necessary plant information from the plant-wide database. Due
design consideration has been given to the logical and relational parameters of interfacing systems so that
operators can easily move laterally or vertically through the display hierarchy to call-up the desired display.
The operator can navigate from plant overview to system to parameter/ device levels directly as well as
moving from system to system, from associated device to device or from associated parameter to parameter.
Display action points are presented as device icons, menus, flowsheet connectors, parameters or action buttons
to accommodate operator personal preferences. The utilisation of a flexible navigation system for the plant
display system allows custom information displays to be accessed in a simple, direct, convenient and logical
manner by operations ,maintenance and technical staff.

Extensive Cross Checking

Any unexpected deviations (magnitudes and/or frequencies) (i.e. with selectable, tuneable values) of similar
parameter values (or current values from previously stored parameter values associated with that plant
operating state, called "signature values") can be configured to annunciate immediately alerting the operator,
or maintainer as appropriate, of a potential off-normal condition. This extensive cross checking of similar
process parameters amongst themselves, with the counterpart safety system parameters (suitably buffered) and
as well as with 'signature' values obtained from known steady state conditions, detects apparently minor but
potentially significant parameter signal degradations or deviations prior to failure consequences. Immediate
follow-up reports summarising the parameter discrepancies, occurrence frequency/history and the extent of the
variances is produced automatically to facilitate maintenance tasks and/or alternate operation strategies.

The extensive calculation capabilities of the plant display system with access to the plant-wide database
provides selectable output data on a high frequency basis to ensure that plant state information and plant state
change information is immediately available and available in a format which is discriminatory, recognisable
and readable. The provision of this type of early information allows very orderly operator responses to
impending abnormal unit conditions with adequate lead times for maintenance or operations tasks to minimise
the potential associated outage times or consequential damages.

Powerful and Flexible Annunciation System

The CANDU 9 computerised annunciation system has been designed to alert the operators of potential off-
normal conditions, to clearly indicate the plant state and system event occurrences while providing a fast, user
friendly procedural action follow-up aid. Two centrally located, large screen VDUs are provided for
computerised annunciation purposes . One screen provides unit state change alarms while the second provides
fault message annunciations. Multiple prioritised alarms with multiple setpoints (e.g. first warning, significant
deviation, imminent actions, etc.) with pre-set filtering features provides extensive annunciation capabilities.

Combining the comprehensive plant parameter database with powerful computer processing and the station
operating procedures database provides the opportunity to create a unique annunciation system. Adequate
information is available to assess the plant and system state for a wide variety of conditions. A considerable
portion of the event diagnosis that is completed during event evaluation and recognition for annunciation
processing allows the option of high confidence action operating strategy entry point recommendations to be
made. As well, this feature provides data compilation that can be used to assess device performance and
parameter validity when fed into a maintenance diagnostic analysis. This reliable, user friendly and powerful
annunciation system with alarm filtering, prioritising and interrogation features facilitates the recognition of
events, plant state and the corresponding required corrective procedural actions by operations or maintenance
staff151.

Predictive Maintenance

By applying a combination of the previously discussed features of the PDS ( e.g. plant wide data integration,
systematic parameter cross checking, comprehensive signal degradation detection and dynamic device
performance verification tests), the PDS can provide plant maintenance and technical staff with the capability
for improved technical surveillance and predictive maintenance[2]. The PDS design provides the required



device performance data thus allowing for the capability of improved maintenance/diagnostic checks to give
early information with adequate lead time to allow systematic issue resolution prior to unit operability impact.
For example, the annunciation and documentation of an apparently minor signal degradation allows the
follow-up implementation of a proactive maintenance and operations strategy well before unit production
goals are challenged so as to be able to maintain the desired plant operating margins.

The PDS design has powerful calculation capabilities and, when using values from the plant wide database,
can provide immediate recognisable and readable output data on plant state information and apparently minor
parameter change information. Automatically generated Maintenance Recommendation Reports (MRRs) can
also be prepared on a scheduled basis or can be initiated on quantity or severity of the apparent discrepancies.
This continual computerised plant data scrutiny can provide a reduction in station staff work load for system
surveillance activities while improving the quality of the surveillance completed and minimising the time
needed to produce the related follow-up report.

Computer 'System Health' Displays

The plant display system will be configured with 'system health' routines and displays so that the occurrence
and location of a faulted control/display device can immediately be confirmed by the operator or maintained
For example, if a redundant processor failed, the standby processor would assume control and the
master/standby transfer would be annunciated on both the operation and the maintenance terminals. The
background diagnostics routine would detect the processor failure and set a diagnostic status word linked to
the processor address identifying both the device and the apparent fault. The details of this diagnosis accessed
from the maintenance terminal are not of interest to the operator. However, the faulted device address is
scanned by the 'system health' routine to flag that particular device as unavailable.

In human terms, once the initial master/ standby transfer alarm annunciates, the operator could call-up the
associated 'system health' display to identify that the control/display processor for a specific control segment
has failed. The provision of maintenance diagnostic features providing control and display system
information which facilitates the rapid recognition, identification, location and correction of system faults
reduces the mean time to repair (MTTR) for that system. The CANDU 9 design strategy is to provide the
immediate identification and diagnosis means, for the operator and maintenance staff, for the computer
platforms. In this manner, plant display system problems are immediately recognised (e.g. not masked as a
process system problem) facilitating the implementation of alternate operating strategies and the achievement
of low MTTR targets while minimising the chance of unplanned outages.

Redundancy Features

Numerous redundancy measures have been provided to ensure that the PDS operates reliably. First of all, the
PDS is divided into two major parts, a critical 'lower' layer which performs all essential operator functions,
and a non-critical 'upper' layer which performs non-essential functions which may be unavailable for some
period of time without adversely affecting the safe operation of the plant.

All equipment performing essential functions is redundant. Examples of this redundancy are as follows:
• Two interfaces are provided to each DCS partition.
• Two fully functional consoles are provided in the main control room, the MOC and the SIC
• Panel VDU control/operation strategy: In case of unavailability of the MOC and SIC, (through some kind

of global PDS LAN communication failure), the VDUs on the main control room panels can be used as a
replacement console.

• Critical Communication components are dual redundant
• Support calculations are performed in dual redundant processors. This includes the processing related to

computerised annunciation, as well as general plant calculations.
• Dual power supplies, either odd or even, for redundant components to ensure that loss of any one channel

of electrical power will not disable the entire PDS.

The PDS system is designed for graceful degradation. As described in the panel VDU displays section above,
if the main PDS should 'collapse', e.g. to lose all communication capability amongst the various PDS



components, there is sufficient functionality in the panel VDU displays to guarantee continued basic
monitoring and control capability with the DCS.

Commissioning/Maintenance support

The PDS design provides the capability for connecting portable display VDU's temporarily, providing access
to plant data. The primary purpose for these displays is to aid during commissioning and other busy times
(e.g. planned plant maintenance outages), when additional users in the control room need access to plant
information. These portable display monitors can be used for many functions, such as viewing of alarm data,
point data, lists, procedures, reports and other text information.

The portable computer is connected to the non-critical 'upper' level which restricts its role to monitoring; no
control is possible. This arrangement minimises any risk to the critical layer of PDS, either physical (e.g.
disturbing the PDS LAN when the mobile station is connected or disconnected) or functional (e.g. modifying
control parameters). The latter is important because the display may be out of the main operator's line of
view, and thus outside his or her direct control.

The control centre design will provide for a number of connections for this type of station, at various MCR
panels as well as at the control consoles, maximising the location flexibility, and making provision for more
than one such portable display to be connected at one time, if necessary. The PDS system is designed to allow
these portable display monitor(s) to be freely disconnected and reconnected with no impact on the operating
network.

CONCLUSIONS

The advanced CANDU 9 PDS design provides utility operations and maintenance staff with the means to
achieve improved operability and maintainability due to the combination of proveness, systematic design with
human factors engineering and enhanced operating features which apply available and mature technologies.
The presentation of the necessary plant information set and the data presentation methods within a functional
environment that addresses operator and maintainer performance goals (e.g. the right information in the
necessary format within the needed time frame) ensures the correctness and completeness of the advanced
control centre human-system interface design. The successful completion of the extensive pre-project
licensing review by the Canadian nuclear regulator provides a high level of confidence that PDS related
human factors issues for operations and maintenance will not present any licensing barriers for CANDU 9
stations. The CANDU 9 PDS design concept can also be applied to older stations for retrofit purposes.

The enhanced design features of the CANDU 9 operator plant display system will be a significant contributor
to the safe, effective and efficient operation of future CANDU power plants.
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INTRODUCTION

The National Research Universal (NRU) reactor is a 130MW, low pressure, heavy water cooled and moderated
research reactor. The reactor is used for research, both in support of Canada's CANDU development program, and
for a wide variety of other research applications. In addition, NRU plays an important part in the production of
medical isotopes, e.g., generating 80% of worldwide supplies of Molybdenum-99.

NRU is owned and operated by Atomic Energy of Canada Ltd. (AECL), and is currently undergoing upgrading as
part of AECL's continuing commitment to operate their facilities in a safe manner. As part of these upgrades both
deterministic and probabilistic safety assessments are being carried out. It was recognized that the assignment of
Human Error Probabilities (HEPs) is an important part of the Probabilistic Safety Assessment (PSA) studies,
particularly for a facility whose design predates modern ergonomic practices, and which will undergo a series of
backfitted modifications whilst continuing to operate.

A simple Human Reliability Assessment (HRA) screening method, looking at both pre- and post-accident errors,
was used in the initial safety studies However, following review of this method within AECL and externally by the
regulator, it was judged that benefits could be gained for future error reduction by including additional features, as
later described in this document.

The HRA development project consisted of several stages; needs analysis, literature review, development of method
(including testing and evaluation), and implementation. This paper discusses each of these stages in further detail.

NEEDS ANALYSIS

The NRU Upgrade project has a number of specific needs in terms of a Human Reliability Assessment method: the
reactor has over 30 years of operating experience but information has not been recorded in a form suitable for HRA
use. Therefore, a method was required that would supply generic data which could be modified to take advantage
of that experience.

This project was carried out by a Human Factors Specialist and a Probabilistic Safety Analyst. Other safety analysts
were also involved throughout the development and review stages. The needs analysis performed at the start of the
project identified a number of criteria based on past experience with the existing method and on the future needs of
the project. It was concluded that the method should:

• be an extension of the original simple method,
• be directed towards incorporating human factors considerations into the assessment of existing systems and the

design of new systems proposed under the NRU Upgrade package,
• be able to quantify both diagnostic and execution errors,
• make effective use of limited resources,
• be applicable to the control room as well as all other areas,



• be adaptable for use in other AECL safety assessments,
• be compatible with other Canadian nuclear industry methods,
• be useful as a coarse screening approach for setting system 'design' targets, and
• be useful as a fine tuning capability of HRA as system details are better defined.

REVIEW OF EXISTING METHODS

A number of available HRA methods, considered to be sufficiently developed, were examined for their suitability.
Each method was rated against the specific NRU criteria above, as well as more general criteria [1]. The results of
the review indicated that no single method was appropriate for the specific needs of the NRU Upgrade Project. The
elements which were found to be common to most of the techniques were then identified. The methods were then
re-examined for the best representation of each of these elements, which were then incorporated into the NRU HRA
method. These elements are listed as follows:

a comprehensive mutually exclusive human error classification scheme,
a database of generic HEPs,
a broad range of Performance Shaping Factors (PSFs),
a method of modeling dependency between human errors,
definitions for important terms to ensure consistency of interpretation,
audibility, and
identification of practical means of reducing the error likelihood.

DEVELOPMENT OF THE METHOD

One of the principal features of the NRU HRA method is that errors are classified into pre-accident errors, which
encompasses operational and maintenance errors, and post-accident errors made during remedial action in a
situation following an incident. Pre-accident errors were judged to be dominated by errors in task execution,
however, post-accident errors were subdivided into diagnosis and execution parts.

The major steps in the method were identified as:

Identification of Errors,
Assignment of a Basic HEP,
Assessment of PSFs,
Assessment of Dependency between Errors,
Assessment of Recovery Options, and
Application of Error Reduction Mechanisms.

Identification of Errors

Error classification schemes were developed to aid the analyst in systematically identifying errors. The pre-accident
error scheme was derived from Technique for Human Error Rate Prediction [2] (THERP) and the scheme used for
diagnosis errors was derived from Reason [3].

Assignment of a Basic Human Error Probability

In the first draft revision of this method, the Basic Human Error Probabilities (BHEPs) for execution errors were
taken from the Human Error Assessment and Reduction Technique [4] (HEART). In HEART, these BHEPs are
then multiplied by negative PSFs as appropriate. However, following the pilot study and correspondence with other
HEART users, it was felt that:



• Particularly for post-accident errors, the resulting HEPs were inconsistent with other methods; e.g., THERP,
DPSE[5]etc,

• Inter-user consistency was found to be low when users were simply asked to pick the most suitable task
description. This was in part due to several task descriptions being equally appropriate for the selected NRU
tasks.

• When experts were using HEART, they tended to only use two of the BHEPs and this choice was based mainly
on the probability value and not the task description.

As a result of these findings, it was concluded that this lack of comparative validity and consistency could present a
problem. A brief literature search was then carried out to investigate existing BHEP databases in an effort to
identify a simple comprehensive database 'free' of any negative PSFs, to which the appropriate PSFs could then be
applied. Negative PSFs are those factors which have a negative effect of performance, such as lack of training or a
poor interface. The results of the literature search are shown in Figure 1.

Most of the databases shown in Figure 1 contain negative PSFs, particularly at the more knowledge-based end of the
spectrum; e.g., Systematic Human Action Reliability Procedure [6] (SHARP) high values. This was taken into
account, and the BHEPs selected for use in the NRU method were extrapolated from the above data.

A common basis for many of the databases was shown to be the complexity of the task. The term 'complexity' can
encompass several factors, but in practical terms, this was as pure a scale as could be found in the literature (detailed
definitions of terms such as complexity are given in the method documentation). In the NRU method, in order to
choose between levels of complexity, a flowchart was developed to guide the analyst. The BHEPs included in the
NRU HRA method are shown in Table 1.

The BHEP database for diagnosis errors is based on the Time Reliability Correlation [7] (TRC). The nominal
model of the TRC was used as a basis (shown in Table 2) because NRU-specific PSFs will be applied to the BHEP,
and the TRC screening model already incorporates some generic PSFs. This ensures that the method is as specific
to NRU's situation as possible. In addition, the NRU model retains the conservatism that no credit is taken for
operator actions required within the first fifteen minutes.

Assessment of Performance Shaping Factors (PSFs)

The potential PSFs, and the method in which they are applied to modify the BHEP, were taken from HEART.
HEART was found in the literature review to contain the most comprehensive database of performance shaping
factors, and gives a list of thirty-five 'Error Producing Conditions', not all of which were relevant to NRU. This list
was reduced to nineteen relevant PSFs. It was considered very important to relate the choice of PSFs to the
experience of activities within NRU. Therefore, a survey of staff was carried out in order to identify which task-
specific PSFs should be included in the HRA screening method. The PSFs selected for inclusion are shown in Table
3.

In order to ensure that users are as consistent as possible, guidance tables were produced regarding the appropriate
weighting of each PSF, based on actual NRU experience and human factors experience.

A criticism of the application of PSFs in HEART is that the multiplication of factors can cause HEPs to exceed 1.0.
HEART deals with this in a simplistic cut-off manner. For the NRU HRA method, the asymptotic function HEP=1-
e"P for p>0.1 was used for modeling higher probability errors.

Assessment of Dependency between Errors

Dependency was felt to be a necessary component to allow assessors to take credit in the PSA for changes in the
task which would result in decreased potential dependency. THERP's dependency model remains one of the few
available models in the field of HRA, and fulfilled the NRU criteria. The relevant parts were therefore selected and



incorporated into the NRU method. In order to make the method both as usable as possible and increase inter-user
consistency, guidance has been given for the assessment of dependence as complete, high, moderate or zero for pre-
accident errors and complete or zero for post-accident errors. (This difference between pre- and post-accident errors
is simply one of relevance to NRU.) A flowchart was produced to aid analysts in choosing the appropriate level of
dependency, based upon Table 5-1 in THERP.

Figure 1
A Comparison of HEP Databases
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Table 1
Execution Basic Human Error Probability Database

BHEP Task Description BHEP
Extremely complex task
Highly complex task within a long procedure
Highly complex task within a short procedure
Complex task within a long procedure
Complex task within a short procedure
Less complex task within a long procedure
Less complex task within a short procedure
Simple task within a long procedure
Simple task within a short procedure

0.4
0.2
0.06
0.02
0.008
0.003
0.0009
0.0003
0.0001



Table 2
Diagnosis Basic Human Error Probability Database

Time Basic Human Error Probability
0-15 minutes
16-20 minutes
21-30 minutes
31-60 minutes
>61 minutes

1.0
0.1
0.01
0.001
0.0001

Table 3
Summary of PSFs incorporated into NRU HRA Method

Pre-Accident Diagnosis
Post Accident

Execution
Poor Procedures
Unfamiliarity
Lack of Job Aids
Insufficient Checking
Poor Feedback
Design Mismatch*

Unfamiliarity
Information Overload
Poor Procedures
Excess Alarms

Unfamiliarity
Poor Procedures
Poor Feedback
Design Mismatch

Assessment of Recovery Options

Recovery steps; e.g., where there is component surveillance or a verification inspection program that is independent
of the maintenance or testing task itself, are modeled separately from the relevant error. They are assigned an HEP
of 0.1, a figure commonly given to inspection tasks in Canadian HRA methods and consistent with values in
THERP.

Application of Error Reduction Mechanisms

Error reduction mechanisms are identified by assessing where the main contribution to the error probability
originates from. Error reduction mechanisms can not only be applied to the PSFs, but also to the dependency levels,
and BHEPs. Specific NRU guidance is given on each of the BHEPs, PSFs and dependency levels to indicate the
most appropriate mechanism to reduce the error probability.

Error reduction mechanisms reduce the level of effort and resources required for detailed assessment. If an error is
found to be significant during an initial sensitivity analysis, then the related task can be improved, in ergonomic
terms, during the screening process, reducing the need for more detailed assessment. Therefore, this method again
focuses on improving the safety of tasks at an early stage rather than solely quantifying probabilities.

Testing and Evaluation

Once the method was developed, two evaluations were carried out to ensure that the method was:

• reliably consistent with a range of users, and
• valid in terms of comparisons with other methods.

* A mismatch between the operator's mental model of the plant and the actual design.



To fulfill the first objective a pilot study was carried out. Four realistic potential errors were identified and supplied
along with necessary background information to ten assessors/engineers who were asked to quantify the errors using
the revised method. The results identified a number of areas were the model was weak, and a number of changes
were incorporated. In particular, guidance flowcharts and definitions were improved and expanded, to assist PSA
analysts in applying the method consistently.

The second evaluation was then performed by comparing the developed method against a number of well known
HRA techniques by quantifying the same four errors. The results showed that the NRU method fell within the range
of the other methods.

IMPLEMENTATION

The method was issued in 1995 August and is being used in all the PSA studies within the NRU upgrade project.
Before implementation, all users are given a brief training session on the use of the method. The application of the
method is monitored by the authors to ensure that it achieves its targets of quantifying, screening and, most
importantly, reducing human errors in the NRU reactor. The method has been sent to the AECB for comment.

CONCLUSIONS

It is recognized that no strong consensus exists on the best methods to perform HRA. All methods have their merits
and limitations under the particular circumstances in which they are applied. The NRU HRA screening method
described in this paper has been developed to address a number of criteria, such as providing initial direction toward
the identification of risk-significant errors, providing a means of reducing the potential for those errors and making
effective use of limited resources. These criteria have all been met and the method will continue to be monitored to
ensure it continues to meet the project needs.
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A prioritization strategy for computer-displayed control room alarms has been developed
for Bruce A to better assist operations staff in visually identifying key alarms and judging
the relative importance of alarms. The strategy consists of assigning each alarm indicative
of a problem to be addressed to one of five priority categories. Each alarm is assigned to
an alarm category based on an off-line analysis of the consequence and response
characteristics applicable to the alarm for three plant operating contexts. The colour of
the alarm message is used to convey the priority category of each alarm in computer-
based alarm displays. In addition, alarms indicative of non-problematic changes in the
state of plant equipment and processes are given a separate colour assignment to visually
differentiate them from alarms indicative of problems.

This paper outlines the user-based approach employed in the prioritization strategy
development, describes the key features of the prioritization strategy adopted, and
discusses the initial experience in systematically determining the priority assignments for
all 6000 computer-based alarms associated with each generating unit.

Background

CANDU plants employ computer-based alarm systems to alert control room staff to
abnormal operating conditions and changes in plant configuration as a result of the
automatic responses of plant automation. This annunciation, along with the routine
monitoring of control room displays and field communication, enables operations staff to
keep up-to-date with the current plant conditions and predict future plant states.
Current CANDU alarm systems are implemented as part of the plant digital control
computer software and contain a database of several thousand alarms that provide
coverage for all plant safety and power production functions.

At Bruce A, alarms are presented on the control room annunciation displays with no
indication of importance or priority. Consequently, operators are required to judge the
relative importance of each alarm in real-time and adjust their response to plant conditions
accordingly. This approach is acceptable for plant states where the alarm generation rate
is low (e.g., stable full power steady state conditions). However, for other phases of
plant operation, such as manoeuvres, upsets or outages, the operator's task to identify



important alarms among many active alarms and to prioritize response actions based on
determining the relative importance of each new alarm becomes more complicated.

As part of a major station retrofit program, the capabilities of the control room computer-
systems are being improved and modernized for Units 3 and 4. This development now
allows designers to retrofit substantial improvements to the control room alarm systems.
One development initiative has been the visual indication of priority for all computer-
displayed alarms.

Strategy Development

CANDU operations staff have consistently identified three factors as essential
components in determining alarm importance and thus priority1. These three factors are:

• Context - the current plant state and operating trends within which individual
alarm importance should be judged.

• Consequence - the impact on plant safety or production that the annunciated
condition will have.

• Response - the nature of response required and the timeframe for response to the
annunciated condition.

For the Bruce A Rehabilitation project application, several project and operational
constraints led to an alarm importance determination approach where operators would
retain overall judgment of relative alarm importance but would be provided with a
predefined indication of alarm consequence. Visual indication of the relative consequence
of an alarm condition assists operators in two ways. First, it can provide a visual alert to
the alarms of greatest importance that should be attended to first. Second, it can provide
an initial means for operators to order their decision-making and response planning
activities to a list of alarmed conditions.

Operators must rationalize safety and production concerns simultaneously as part of
their normal response to alarms. Based on the plant conditions, and the nature of alarms,
operators decide on a response that provides the best fit for balancing current safety and
production concerns. Thus, an alarm categorization approach was selected that could
support such practical decision-making based on an ordered list of alarm consequence
categories that address safety and production priorities in an integrated way.

Operational experience and past designs also have proven that two types of alarms (i.e.,
faults and status) are both important to supporting operators in their supervision and
control of plant processes and systems. Faults are alarms that indicate process
conditions have exceeded their normal expected range or equipment state and are no longer
acceptable for the current plant operating conditions. Status alarms are alarms that
indicate a change in process conditions or equipment state that the operating crew should
be alerted to but are not viewed as problems. Experience in other nuclear power plants 2

and the CANDU Owner's Group annunciation improvement project* have demonstrated
that visually differentiating these types of alarms assists operators in alarm response.



For example, operators focus more attention on faults than status alarms during upset
response.

The initial strategy development was lead by operations and annunciation analysts from
AECL, Chalk River Laboratories who drew on the collective experience of Bruce A
operations, training and engineering staff. A key factor to the success of the project was
the strong participation of operations and training staff in initial concept development and
pilot testing of the alarm prioritization approach and consequence categories definition.

Implementation

Following pilot testing of the recommended alarm importance determination approach
with a few hundred representative alarms, effort shifted to the full-scale engineering
implementation of the approach. This involved categorization of several thousand alarms
into fault and status categories and the assignment of a consequence category to each
alarm. This analysis was undertaken by a team of two operators and completed over a
two month period. To simplify the management of alarm information and searches for
specific alarm properties, an alarm analysis support tool was developed based on a
relational-database and customized analyst interface displays. The use of such a tool
improved the effectiveness of the analytical team by minimizing the time required in alarm
record sorting and management, and enabled analyst efforts to be focused exclusively on
fault/status and consequence category assignments.

Conclusions

An approach to prioritizing and categorizing computer-displayed alarms for Bruce A
NGS Units 3 and 4 has been developed and station implementation is underway. The
prioritization approach selected is based on the same factors and assists the same alarm
importance determination reasoning as currently practiced by Operations staff. In
addition, the approach is consistent with the prioritization approach and visual coding
applied to the annunciator window alarms. The initial application experience has
confirmed that the procedure established for priority assignment determination is
practical, can be applied in a cost-effective manner, and leads to reproducible priority
determinations from independent analysts.
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This paper discusses the audible component of annunciation found in typical operating power
stations. The purpose of the audible alarm is stated and the psychological elements involved in
the human processing of alarm sounds is explored. Psychological problems with audible
annunciation are noted. Simple and more complex improvements to existing systems are
described. A modern alarm system is suggested for retrofits or new plant designs.

AUDIBLE ALARMS

The Purpose of an Audible Alarm

Annunciations, or alarms are used to attract the attention of a person to a particular situation that
may need to be addressed immediately or in a very short time. Typically, an annunciation
consists of an audible portion, the sound that attracts the operator's attention, and a visual
portion. Over the years, the visual portion or component of the annunciation has evolved from
flashing lights to back-lit printed messages, to cathode ray tube monitors displaying messages;
first in black and white or green on black, then in colour, then printed messages; first black on
white, then colour. The audible portion has remained basically unchanged. No progress has been
made in this area since power stations were first built. The purpose of the audible alarm as used
today is to direct the operator's attention to the visual component of the annunciation.

Examples of Audible Alarms

Many sounds are used to alert us to situations that need attention. Sounds may warn us of
dangerous situations that have just developed (a change of state), or they may inform us of a
particular state of affairs. Both of these uses of sound have been well developed in areas other
than nuclear plant warning systems. Through the use of some examples it will become clear how
nuclear plant warning systems could be improved by adapting some of the existing technology.

Some pedestrian crosswalk signals are equipped to signal states to enable a visually impaired
person to know when sighted people see the walk light ON and it is 'safe' to cross the street.
These signals range from a simple alarm on the busiest crosswalk in uptown Saint John, N.B.
that has the sound of a loud electro-mechanical coocoo bird, to a sophisticated signal in
Saskatoon, Saskatchewan that voices the message, "the cross walk at twenty-second street and
third avenue is okay to walk." Both are adequate to signal a safe walking condition for the
visually impaired persons who have adequate knowledge. That is, they understand the purpose
of the simple alarm in Saint John or they understand the language in Saskatoon.



Observations. No such situational occurrence as this is ever presented in a Nuclear Power Plant.

Klaxon Technology

The word klaxon probably brings to mind the sounds from an old war movie featuring a
submarine going into a crash dive. The word klaxon is actually a trademark used now to mean an
electrically operated horn or warning signal. The annunciation alarm sound that power plant
people are familiar with can rightly be included in the klaxon sound group. This sound can be
heard in all of NB Power's generating stations and most or many of the Ontario Hydro generating
stations. Energy Control Centres and Switching stations are armed with similar sounds. A study
could very possibly reveal that one or two manufacturers are responsible for the technology for
all of these annunciation systems. The klaxon sound can be described as a blaring or irritating or
even an offensive sound. Electronic warbles and shrill sounds from speakers have been
introduced in some applications; but the principle is the same. Many operators would agree,
perhaps begrudgingly, that the first thing that enters their mind when they hear an alarm sound is
not to address or acknowledge the situation, but to "stop the noise." An observer cannot measure
whether the operator responded promptly because they were keen, eager and alert, or because
they wanted to stop the noise. Just possibly the acknowledging of the horn should be a
performance factor that operators are measured against. The parameter would be the response
time to silence the horn. The units would be in seconds.

A check of six(6) reputable suppliers of alarm and control systems for commercial and industrial
environments yielded one supplier who supplies equipment for voicing alarms. All suppliers
provided equipment that used the klaxon technology. Most systems provided beeping signals to
attract the operator's attention to a CRT screen where the alarm message is displayed in text or
graphical form. One supplier of Fire Alarm equipment does supply a voiced message system that
takes dry contacts as inputs.

Observations. The distinctions between generally alerting individuals and having them focus
their attention on something specific have not been well explored in nuclear warning systems. If
operators first attempt to mute an alarm they are not directing their immediate attention to the
problem that triggered the alarm. If the alarm does not indicate the specific problem, then
operators have to search for the problem before dealing with it.

Airbus

Signal systems in Airbus aircraft specifically signal states and warn of danger. I have taken the
flight deck tour of these planes to find out as much as I could about the Airbus cockpit and the
human factors considerations that were designed into it. I now have three landings and one take
off experience to my credit. On my first trip I was invited to stay for a landing. The captain and
first officer provide me a great explanation of features of the A320 and then I just sat in the third
seat, strapped in, and took in the view and the surroundings. As we approached the field some 20
kilometers away, a voice warned "traffic, traffic." Wow! I couldn't believe it. It talks. The captain
and the first officer knew immediately what to do and strained out of their seats looking for



planes in the vicinity of the Airbus. None were found on first try; but the radar showed that a
plane was directly below us. Sure enough a small plane appeared. There was no klaxon;
although they have them. As we dropped altitude and approached the runway, that same voice
said "five hundred, five hundred" and not very much later it said, "four hundred, four hundred."
Still no klaxons. All it was doing was announcing the altitude. To that moment in time I had
heard a machine speak with at least a three word vocabulary. It didn't natter away at the captain
and first officer as the first talking cars did to their drivers. It seemed to be very precise and very
appropriate in its annunciations.

On one of the flights, the First Officer demonstrated the klaxons. There were about five distinctly
different sounds; but all klaxons. The clearest and most typical sound was the 'alarm' from the
steward. It can be an alarm or just a phone call. The captain said it was the best sound. It was
certainly the loudest of the five that I heard. The more weird sounds were allocated to equipment
problems and various aircraft systems. I suppose one of them is for the fire alarm.

Observations. The Airbus is yet another example of the up-to-date use of technology; again
beating the nuclear plant annunciation systems designs. Attention is called to a specific problem
amongst a potential variety of problems by verbal information or klaxons dedicated to limited
subsystems. Perhaps the next version of cockpit annunciation will voice the location of the
traffic.

Sounds from Micro Soft Windows

Micro Soft Windows seems to annunciate a problem that you have created or that it cannot
handle by simulating the ding of a bell. It is usually just one crisp ding. If you have the
amplifier on your speakers turned on, you will get a louder crisp ding. The ding adequately calls
your attention to the screen; it is not a continuous dinging; not really a klaxon; just a ding; more
of a musical note. It is crisp, clear and loud enough. This is an alarm that most of us hear at least
once or twice a day. In fact, you can set any sound you want for your Micro Soft Windows
alarms.

Observations. Clear voiced alarm messages are so meaningful, especially if they express in your
own words what your computer alarm means to you.

Printer Alarms - Old and Modern

I have a Lexmark Color Ink Jet Printer and it is a marvel to behold. I kid you not, I just about
fell out of my chair the first time the printer ran out of paper. I wasn't paying attention to the
printing process and a voice says, "please load the paper or envelope tray." Do you still have or
remember the dot matrix printer with its various beeps or single beep tone to notify you of some
printer problem? Once you get the beep, you have to diagnose the lights and/or look for the
probable cause. It is not hard; but "please load the paper or envelops in the automatic sheet feed"
leaves no doubts, no questions, no quandary. Just grab more paper and put it in and away it goes.
I found that the machine conveyed information to me. It didn't just 'cry' for attention with a beep,



it told me what I needed to do, skipping the annunciation horn step, my diagnostic step and my
deduction step, straight to the instruction step. This is definitely a new approach to annunciation.

Observations . There are seven (7) voiced alarms with the Lexmark Printer. They express
everything you want to know about user problems with the printer. They are clear, distinctive,
relevant, not nattering.

Talking Car

"All systems monitored are okay." That is one of the first messages you hear after you start some
models of automobiles equipped with voiced messages. Not many models with voiced messaging
are found on the market. Only the more expensive luxury vehicles seem to be so equipped. A
check of three auto dealers yielded zero cars available on their lots with voiced messages.

Observations. Drivers are motivated operators of their cars. They will readily respond
appropriately to messages about the state of the car and to warnings about danger. These
warnings do not have to be disruptive or aggravating.

HOW THE ANNUNCIATION SOUNDS ARE HANDLED IN THE NUCLEAR PLANT

Talking Radiation Monitor at PLGS

The talking radiation monitors at Point Lepreau GS are absolutely fascinating. They were
installed back in 1987. From the first time one is introduced to these machines you become
enamored and a smile appears on your face when you think of the job these machines are doing
and how they do it. The machine is used to monitor your feet and hands and your front and back
for detectable amounts of radiation before you proceed from the Zone 2 Service Building to the
Zone 1 Buildings of the typical CANDU nuclear generating station. When you step into the
machine, which looks like a closet with the front and back doors removed, an infrared detector
detects your presence and the machine requests you to "insert hands." Either the female voiced
machine or the male voiced machine will startle you at first if you have never heard it before; it
does not welcome you or attempt to put you at ease. It just says "insert hands"; and no 'please'
either. If you are not close enough it says "come closer." When satisfied, it starts to count, "three,
two, one" then it says "turn please." Now it gets polite. Again, it has vocabulary to help you get
into the correct position to be properly monitored and it starts to count the instant that you do get
into the proper position. When the count down is complete, it simple says "clean, clean." No
'thankyou' either. Can you imagine the bells and whistles that it would require to accomplish the
same job with hard wired electronic technology? The radiation monitoring people surely gained
the upper hand in annunciation technology with this equipment. The nuclear plant control room
is not that far advanced, even yet.

Observations. Klaxons are general, they do not instruct. Attention can be gained through voiced
signals that instruct, diagnose and guide operators through procedures.



Fuel Handling System Alarms

The Fuel Handling system for a CANDU plant has two fueling machines; one for each end of the
reactor. One fueling machine pushes new fuel into a channel while the downstream fueling
machine accepts the used fuel from the channel. The two machines are usually designated north
and south or east and west. They are controlled from six(6) control panels in the main control
room with one operator assigned to each fueling machine. There is a dedicated CRT on the
panels for each machine. The annunciation is provided by one klaxon beeper hardwired in the
panels for each machine. There is no deliberate attempt to make the two sounds different. The
frequency is quite high; higher than that from a pc generated speaker alarm.

Observations. The sounds could be at different frequencies and different amplitudes.

Safety System Monitoring Computer

There are approximately 300 window alarms on 20 panels in the main control room of a CANDU
nuclear power station. 5000 CRT alarms plus Fuel Handling alarms. Not all of the alarms in the
main control room of a nuclear plant are routed to the main annunciator system. Especially when
add-ons are made to the control room equipment. This is the case with the Safety System
Monitoring Computer at the Point Lepreau Generating Station. It was installed after the plant
startup to give the operator warning of power level nearing the trip setpoint. The new monitor
had just nicely been installed in the Main Control Room and placed under the watchful eye of the
Control Room Operator. The station manager walked into the control room, one of his stops on
his twice daily tour of the station, and inquired about the performance of the new monitoring
system. The Control Room Operator reported the equipment's status and proceeded into the
Control Equipment Room to show the rack mounted gear to the station manager. After just a few
minutes of discussion and explanation, the Control Room Operator heard an alarm, quite
different from the normal alarm klaxon, abruptly excused himself and rushed back into the
control room to clearly hear the beep, beep, beep coming from the Safety System Monitoring
Computer's small speaker mounted inside the computer chassis. He quickly executed a preset
power reduction using a Control Computer display and an execute button on the console which
he had previously planned because they were fueling the reactor. The Safety System Monitor had
alerted the Control Room Operator to a low margin to trip situation that occurred during the
fueling exercise on one channel or maybe two channels of the two safety systems that were being
monitored. There are over fifty (50) flux detectors being monitored by the Safety System
Monitor. Needless to say, if he had not executed the power reduction, the Safety System would
possibly have tripped. It was the shrill but pleasant sound coming from the Safety System
Monitor's speaker that alerted him to the need for attention at the Safety System Monitor. If this
alarm had been tied into the main annunciation system, the familiar klaxon alarm would have
sounded and would not have drawn the operator's attention as soon as the beep, beep, beep sound
did.

The low margin-to-trip alarm was the only alarm from the Safety System Monitoring Computer.
There was no question in the operator's mind what the alarm was indicating and warning him
about. Fueling is performed five (5) days each week on a twelve (12) hour shift. About 20 to 25



channels are fueled each day, making about 250 channels per year. It is easy to conclude that a
unique alarm is indeed required to annunciate low margins that can cause safety system channel
trips and very possibly completed reactor trips. This uniqueness cannot be provided with the
main annunciation system because it only has two sounds; the alarm sound and the return-to-
normal sound. The low margin to trip alarm is a good application of voice alarms. The message
would simply say; "Low margin, Low margin."

Observations. This incident graphically illustrated the need for different annunciation sounds in
the Main Control Room.

Annunciation during an Upset

A Safety System trip, a reactor Stepback, a reactor Setback, a Turbine Trip, a large change in
power level all constitute a system upset that the control room operator must promptly address.
All of these upsets will cause the sounding of the alarm horn. From the onset of the upset, until a
new stable operating region is attained, the alarm horn will sound frequently. So frequently that it
is utterly annoying to everyone in the control room. A 'primary objective1 of the control room
operator is the silencing of the alarm horn. After all, s/he is now standing in front of the stand to
operate panels. The aggravation is so much so that an assistant operator is designated to take up
the seat at the control room operator's desk and acknowledge the horn, silencing the aggravating
noise for a moment. The control room operator then can assess the flashing annunciator windows
and the new CRT alarms. Upon the okay from the control room operator, the assistant operator
acknowledges the alarm windows and the CRT alarm messages. This type of action is indication
of a problem; a coping with the equipment; an adapting of the human operator to the equipment
design. As is most often the case, human beings can work a 'work around' around almost any
problem; but that doesn't make it right.

Some control room operators expressed the desire for accessible annunciation acknowledge and
reset pushbuttons at the stand to operate panels since the pushbuttons on the operator's desk were
the only push buttons in the control room that would acknowledge and reset all alarms. A
compromise was made at Point Lepreau GS in 1993 in that two zones of acknowledge and reset
were set up on the control panels. Panels 1 through 7 can be acknowledged and reset from any
one of two locations at the panels as well as Panels 8 through 19 can be acknowledged from any
one of three locations at those panels.

Over a dozen alarm reduction measures have been implemented in Point Lepreau GS over its
operating life to date. CRT alarms during upsets have been greatly reduced using strict rules for
the classification of major and minor alarms. Only major alarms are permitted on screen during
the three minutes following an upset. Then the minor alarms are unsuppressed and allowed to
appear on screen. On screen, they have to be acknowledged and acknowledged upon the return to
normal state. This action has greatly reduced the occurrence of alarms during the first minutes of
the upset. Another major reduction in alarms with the reactor shutdown was the correction of a
logic problem in the channel temperature monitoring program. The logic to suppress the channel
temperature alarms with reactor power less than 2% was incorrect. This caused many alarms as
the individual channel temperatures compared to neighboring channels spread outside their



temperature limits. Of course with each of those alarms the klaxon sounded. Continuous
improvement is the only way to handle problems like these that only Surface when conditions are
just right for the manifestation of the problem.

Observations. Alarm systems themselves add to disruptions and aggravation on the job without
giving proper information about the problem. Operations personnel cope with existing designs.
Management and supervision develop workarounds.

Emergency and Alert Signals

I truly have an identifiable behavioral response when I hear the Emergency or Alert Signals.
There are two (2) very important klaxon signals used in most CANDU power stations. One is the
alert signal and the other is the emergency signal. The alert signal is a distinctive pulsating sound
played through the station public address system. There are redundant powerful speakers placed
in rooms throughout the plant and around the plant site. On a clear day, the signal can be heard
possibly four kilometers from the station. Heard individually, most people cannot tell one signal
from the other. You have to wait for the announcement. The ALERT signal requires no action on
behalf of the majority of the station staff. The EMERGENCY signal requires that all station staff
report to their respective muster station. After the requisite 15 to 30 seconds of sounding the
ALERT alarm, the control room operator announces his/her instructions, prefaced with
information on what the ALERT is about. The instructions usually request the Response team to
proceed to the incident area. There are some five alert notices that the staff expect to hear. These
include situations involving medical, chemical and radiation conditions. The EMERGENCY
SIGNAL is processed the same way as the alert signal but it is a distinctive continuous sound for
the duration of its activation. You just know that something terrible has happened. You hope that
it is an equipment test or that the operator may have actuated the signal while training another
operator. You might hope it is just a drill, although you would have to vacate your office or work
place and proceed to a designated emergency station to be counted and await further instructions.
A drill can be called in the winter time. I would say you are definitely hyped up during this time.
That signal gets the adrenaline going. Unfortunately, you must wait the prerequisite 15 to 30
seconds of the sounding of the EMERGENCY SIGNAL before you are informed by the control
room operator about the nature of the EMERGENCY.

Do we need an alert or emergency type of signal for general annunciation in the main control
room of a nuclear plant or any process plant for that matter? Is the designer trying to change the
physiological characteristics of the operator and raise the adrenaline level to get him/her primed
to respond? I think not. The noise level in the Point Lepreau GS main control room is 45 db;
lower than bird sanctuary level. Designers must now properly assess the real needs of the
operator and determine the signal(s) requirements to get the operators attention; better still, to
inform the operator that a condition or threshold has been reached that s/he should know about.

All of the conditions in the plant that require the operator's attention are not unexpected. A
particular alarm may not occur in years of operation of a unit, but you can bet that the operator
has been trained in some aspect of the system that enables him/her to make some assessment and
take some action. S/he might have to get the technical people on shift to investigate the alarm and



in the worst case, s/he might call the system engineer responsible for the process system from
which the alarm is coming, to get clarification. The required information is most likely found in
the Action Following Alarms and Trips section of the Operating Manual.

One of the 7 habits of a highly effective control room operator is that of keeping his/her arousal
level at a point for effective thinking and decision making; 'remaining cool.' And that means
working in a 'cool' environment; keep the environment 'cool.' The klaxon technology that is used
in plants today violates the operator's environment and creates a heightened level of arousal that
may be detrimental to appropriate response from the operator. As arousal increases, attentional
focus narrows. If the problem is complex, narrowed attention will result in an exclusion (either
in monitoring the external environment or in the internal search of knowledge by the operator) of
important elements in solving the problem. This could result in slowed problem solving or a
failure to solve the problem.

Observations. Klaxons by design are meant to disrupt attention. If they continue during an
operators attempt to solve a signaled problem they will adversely affect his/her cognitive abilities
devoted to the problem. They will add to the operators arousal and may increase it to the point
where thinking becomes apparently disorganized and ineffective.

Klaxon technology is appropriate for situations like the Alert and Emergency. The signals are
seldom activated and a verbal announcement follows the alarm, clarifying the meaning of the
Alert or Emergency.

PSYCHOLOGY SECTION

Psychological Problems with Present Alarm Systems in Plants

Sameness. The klaxon technology yields an alarm signal for an operator that has a high level of
sameness. It is the same alarm sound frequency for over 5000 different specific problems. It is
the same tone for both the alarm and return to normal state. It has the same volume for all alarms
and return to normal actuations; it is always too loud and needs a sock stuck in the fluted horn. It
has the same annoying effect on each operator. The sound may have been designed to get the
operator out of his seat. And, worst of all, it has the same general information for each and every
specific situation. In other words, there is a lack of information that borders on no information
available for the operator. This sameness characteristic of klaxons can yield only one piece of
information: There is something wrong with the plant. In actual fact, there may be nothing wrong
with the plant. An operator may be doing a test that causes an alarm to annunciate in the control
room. A alarm could simply be informing the operator that an auto filling of a tank has occurred
or a standby pump has started. The operator may have started a pump and get an alarm indicating
that the pump started. Why annunciate this action with the same sound as for all annunciation?
Sound the alarm if the pump does not start. The annunciation system is being used to alarm a
normal correct process system response. Even if there is something wrong with the plant that the
operator was not previously aware of, there are different levels of problems in the plant requiring
different responses from the operator. Some alarms are the result of poor design. Conditioning of



alarms should be a priority with designers. This has not been the case on present CANDU
designs although much work has been done in some plants to condition out alarms in various
process situations or configurations.

What information do the sounds of annunciation have that can be converted to neural and
cognitive codes in the operator' brain and then compared with the mental models of process
plants and systems, or mental models of the various expected upsets that s/he has been trained to
respond to? Or, what information is contained in the sounds of annunciation that would trigger
an automatic operator response that might be procedural (knowledge underlying skillful actions)
or declarative (factual information that is somewhat static) in the psychological sense? Many of
the operator's responses are automatic processes that encompass both the declarative and
procedural types of information. However, the deliberate actions stem from controlled processes
that can accommodate both declarative and procedural information.

Attention. Attention for the purposes of this paper will refer to a concentration of mental
resources on a selected set of related stimuli. Attention may involve stimuli external and internal
to the individual, or both simultaneously. The amount of attention devoted and the ability to
sustain this attention are related to the outcome of mental processes such as memory, problem
solving or decision making associated with the attentional focus. Attentive capacity is variable
and limited. It is dependent upon internal factors such as choice, interest and arousal levels and
external factors such as stimulus novelty, meaningfulness, attractiveness and intensity.

Alarms and Klaxons. Alarms, and klaxons alert individuals that attention should be focused.
The alerting is done through the intensity of the stimulus. If a signal occurs in one and only one
situation such as air raid sirens, it not only alerts but also conveys some information about the
problem. If the same alarm is used for several situations 1) individuals are alerted, 2) mental
resources are allocated to search for the problem (an attentive search) 3) mental resources
(attention) are devoted to solving the problem and 4) a response is made.

Assessment. It is obvious that alarms and klaxons are not very efficient if more than just general
reactivity is required from the target individual. Use of klaxons results in two serious problems.
They fail to convey specific information and depending upon their intrusiveness they disrupt the
mental processes attempting to discover the signaled problem and orchestrate the correct
responses.

Projection. A more efficient way to command attention for a problem is to use a signal that is
meaningful to a motivated target. Meaningful signals to motivated individuals evoke rapid and
appropriately directed responses. To use a wartime analogy, soldiers sleep through the intense
noise of shelling yet will awake and react appropriately to the whispered words of the sentry that
the enemy is sneaking up on them.

Psychological Problems. Klaxons disrupt ongoing attention so that attention can be redirected to
a new more serious problem. They are designed to be so intrusive that they cannot be ignored.
No person could continue to devote attention to previous operations. If klaxons continue beyond



the alert stage they will disrupt attention devoted to discovering the signaled problem and
solution. Thus klaxons are actually an impediment to speedy problem solving.

Physiological Problems. A loud, continuous, annoying klaxon signal can change the operator's
physiology in an instant. Heart rate goes up, palms start to sweat, the mind focuses on ridding
itself of the sound; "Stop the noise!" Operators may wish to cover their ears.

Klaxons cause measurable physiological arousal. One of the oldest relationships in psychology
that has been so often verified that it now has the status of a law is the Yerkes-Dodson Law
(1908) [1]. The relationship between physiological arousal and problem solving performance is
curvilinear. Using indices such as error rates or reaction time, at low levels of arousal task
performance is usually poor. Performance increases as arousal increases but will begin to decline
at high levels of arousal. Part of the explanation involves the narrowing of attentional focus
(Easterbrooks, 1959) [2]. At low levels of arousal, attention is distributed over a broad range
such that irrelevant thoughts and distractions readily intrude to disrupt performance. At
moderate levels of arousal, the focus narrows to the stimuli important to the task. At higher
levels, the focus becomes so narrow that information relevant to the task becomes excluded from
attentional focus. For example, people died in fires against inward opening doors because the
simple act of everyone standing back to allow the door to open could not be conveyed or
negotiated with the group under the intense levels of threat from the fire. Students have blocked
on exams but as soon as they give up and reduce their attentional efforts they think of how to
answer the question. Unfortunately, but as a logical consequence of arousal and attention focus,
this happens after they have handed in the exam.

Performance. Performance on simple tasks is robust across a wide range of arousal. For
complex tasks the level of arousal is critical and limited to a narrow band for effective problem
solving. Arousal has to be at a sufficient level to result in focused attention but not so high as to
exclude elements critical to the problem. The answer to the question "Why didn't I think of that
at the time?" is that you were in a state of overarousal. Given the potentially serious nature of a
problem in nuclear plant operation, high levels of arousal may be inherent in some aspects of the
job. Elevating already high levels of arousal through a klaxon may contribute to a serious
inability to solve problems because allocated attention is so narrowly and intensely focused that
important elements are excluded.

Observations. In summary, klaxon technology is primitive. We would not tolerate someone who
had something to communicate but simply made a loud disruptive noise to prompt you to guess
what was on their mind. We would demand they say directly, simply and clearly what they wish
to communicate. Effective warning systems can be designed the same way. A klaxon based
alarm alert system is effective if the alarm occurs for/in one and only one situation. On the other
hand, a voiced alarm describing a problem can both alert and direct attention to the problem in
one signal. A motivated, trained operator can immediately comprehend the gravity of the
message and will devote the appropriate level of sustained attention to solving the problem and
selecting the proper responses.



CUES

Situational awareness (SA) is the starting point for control room operator decision making in
normal (a few alarms from operating systems), abnormal and emergency situations (grouped
under the term upsets). S/he can not solve a problem unless s/he recognizes s/he has a problem
and s/he understands the nature of the problem. Situational awareness is most critical when upset
conditions are changing rapidly, dynamically evolving, possibly ambiguous and demand frequent
updating.

Endsley in 1994 [3] proposed three levels of situational awareness: perception of cues;
comprehension of cues; and projecting future developments. The initial perception of cues that
signal a problem drives the situation assessment process to clarify the nature of the problem and
primes the operator (crew) to monitor or seek further information. The updated situation model,
including risk and time assessments, provides a grounding for decision making and action.

Situation ambiguity, whether due to inherently vague cues, conflicting cues, or contextually
uninterpretable cues, requires a lot of cognitive effort to determine the true state of affairs and
produce effective decision making. Information gathering and diagnosis are fundamental to
making major operating decisions. Tripping the reactor, tripping the turbine, transferring station
service are tasks simply done once the final situational awareness state is reached that permits an
action decision and then the action to be made. Most of the activities in an upset situation are
concerned with information gathering and diagnosis. An estimate of the percentages of
information gathering, diagnosis and actions can be made from the analysis of video tape
sessions of upsets performed on nuclear plant simulators. The estimate should be done with the
present audible annunciation and with a modified, improved audible system. Sometimes
simulator exercises are done with the horn off! This is not truly representative of the environment
the operator will face in the real situation.

Possibly the most important factor in the Situational Awareness Process is the cue(s). Cues, of
course are first provided by the annunciation system: the horn, flashing windows, visual display
unit (VDU) messages, instrument meter movements, VDU trends changing and indicating lights
changing state all follow the sounding of the horn. We won't concern ourselves with the sequence
and the actual millisecond timing between each of these events at this time.

The cue sets the whole situational awareness process up. The cue is the entry point to the process
and the reentrant point of the process as a dynamically evolving upset progresses. The cue must
be meaningful. It must be informative. If the cue is adequate, it can trigger an automatic
response. In the nuclear plant upset cues are produced almost continuously. Each cue has the
potential to alter the operator's course of action. Cues can be and often are the feedback result of
actions taken. These would be confirmatory cues as opposed to problem onset alert cues that
kicked off the whole process.

Cues should be verbalized by the operator. Verbalization reflects conditions that are seen as
important, directs attention to critical information and prepares the crew for possible
developments. The operator and each crew member can plan a course of action right from the



problem onset cues. NASA [3] found that verbalization, voicing awareness and voicing plans
were behaviors of "high performing" flight crews. They vividly noted the connection between
situation awareness, situation assessment strategies, planning and action in cockpit voice
recorders of a flight that encountered a severe thunderstorm enroute and windshear at their
destination airport.

Observations. Signals are communications. Their meaning depends on their message content,
the actual situation and an operators model or interpretation of the situation. The less specific the
message, the more likely the operator can interpret the message in terms of an erroneous model
of the developing situation. An alerting signal or communication that is precise and accurate
determines that the operators conception of the situation will correspond with what is actually
happening.

From the forgoing, one can deduce that cues from the annunciation system should be verbal for
maximum understanding in the situational awareness process. Voiced cues are more likely to
prompt a correct and more timely response from the operators).

REQUIREMENTS

What are the requirements for a good annunciation signal that will adequately gain the operator's
attention and inform him/her at the same time? The operator must feel s/he knows something by
just hearing the sound; a mental model is activated and begins to form just by hearing the sound.
The major requirement is that the sound is such that the operator direct his/her full attention to
"the correct problem" as quickly as possible. An alerting signal that can :

1) inform, diagnose and accurately direct attention,
2) in as simple way as possible,
3) with as little disruption to clear thinking,

would provide a satisfactory solution to the annuciation problem.

An annunciation sound must have discernible frequency (pitch), enough intensity (loudness) and
why not some quality to make it pleasant and even more unique to the ear. The sound should not
be a noise for it has no discernible frequency, and being a noise, would not be welcomed at any
intensity level. It of course has questionable quality.

IMPROVEMENTS

Everyone of us in the business of annunciation can think of various improvements that can be
made to present day systems, now that we know more about the psychological implications of the
alarm signal. Here are just a few suggested improvements that apply specifically to the CANDU
6 design. The improvements can be applied to any other process plant.



Simple Improvements

1. For the main annunciator, change the continuous sounding alarm signal to just two short
bursts of sound. This will adequately gain the operator's attention and direct his/her attention to a
flashing window alarm or CRT alarm message. This change does away with the 'horn
acknowledge1. The operator will still have to acknowledge the flashing window or CRT message.
The horn should be tuned to an appropriate frequency and just the right level of intensity. There
is quality included with present horns, but it should be looked at critically. It should have a more
distinctive and demonstrative sound than the return to normal alarm.

2. For the main annunciator, inhibit the return to normal alarm until the new alarming message
has been acknowledged by the operator. The logic would simply not allow the return to normal
alarm if a new alarm had not been acknowledged. This change prohibits the return to normal
alarm sounding immediately after the alarm horn sounds. If one is not quite aware of this effect,
it can be naturally assumed that the two sounds constitute the one alarming sound of the
annunciator. Of course, this is not the original intention of the two alarm signals.

3. Designate one alarm signal for each panel grouping, Panels 1 to Panel 7, one alarm signal, one
alarm signal for Panels 8 to 13, and one alarm signal for Panels 14 to 19.

This simple designation permits distinguishing by signal, the Reactor Systems alarms from the
Balance of Plant alarms and the Service and Electrical Systems. This is not a quantum leap, but
activates the operator's mental model and gives enough information to know location, where to
look for the alarm, without having to scan the entire nineteen panels. This modification is
actually worth a lot to the operator because alarms are more likely to be generated by the less
redundant balance of plant systems than from the triplicated, high reliability Reactor Systems,
and why sound the one and only present alarm when a lesser system is involved?

A real hazard with alarm systems is that the service systems, hence alarms, can greatly affect the
reactor systems and yet they might not be assigned the priority they should be.

4. - Designate one alarm signal for the Hardwired Window Alarms, one signal for the Computer
driven Window Alarms, and one signal for the alarms that appear only on the Annunciation
Monitors.

This simple modification provides a welcome relief to the operator in that all of the Window
Alarms are separated from the remainder of All of the Alarms in the station. There are over 300
Window alarms on the CANDU 600 out of a total of 5000 alarms on the entire Annunciation
System. Window Alarms seldom operate. With this modification in place, a Window Alarm so
presented would properly gain the Operator's attention. Conversely, for all other alarms, the
operator could afford a reduced level of anxiety upon hearing the alarm sound.

5. - Designate one alarm signal for only the trip Window Alarms from all Station Systems, one
alarm signal for all other Window Alarms, and one signal for all alarms that appear only on the
Annunciation Monitors.



This modification reserves a special signal for major upset conditions resulting from trips of the
reactor from Shutdown System 1 and 2, Containment button-up, Turbine trip and Electrical
System trips. All other alarms are a relief to the operator; relatively speaking. A separate signal
for the remaining Window Alarms and one signal for the Annunciation Monitor alarms. This
modification has a lot going for it. Mental models are more readily formed from hearing the trip
alarms as are those models formed after hearing alarms from the remainder of the hardwired
Window Alarms. Alarms designated for the Annunciation Monitor are really of lower likelihood
of indicating the onset of a major upset and the operator should have ample time to take effective
action.

6. A change that is easily done is to voice the ALERT and EMERGENCY signals. The present
signals seem to fulfill most of the criteria for a good alarm signal only because the explanation
and instructions immediately follow the alarm. The Voiced alarms would simply say: "ALERT
ALERT pause ALERT ALERT" and "EMERGENCY EMERGENCY pause EMERGENCY
EMERGENCY." This change can be easily tried since both of these signals are processed over
the station public address system.

More Elaborate and More Complex Improvements

1. For all the suggested changes made under simple improvements, Voice those alarms instead of
sounding an alarm horn. The selection of the actual voiced alarm message is critical. For the
panel grouping suggestion, the messages may be as simple as:

"Reactor System Alarm; Reactor System Alarm"
"BOP System Alarm; BOP System Alarm"
"Service System Alarm; Service System Alarm"

The suggestion that divides the annunciation by type could have messages such as:
"Window Alarm, Window Alarm"
"Computer alarm; Computer Alarm"
"CRT Alarm; CRT Alarm"

The suggestion that designates an alarm signal for trips could have messages such as:
"Trip; Trip"
"Window Alarm; Window Alarm"
"CRT Alarm; CRT Alarm"

2. Voice all of the major designated alarms. At some stations, there are less than 100 designated
major alarms. Major alarms can OCGUT at any time; but are of specific interest during an upset
condition. The CANDU annunciation system has a feature that allows only the Major Alarms to
appear on the CRT during the first 3 minutes (actually adjustable) of an upset. Alarms designated
to be voiced should be high quality, properly conditioned and meeting all criteria set for choosing
a major alarm. The alarms should not be nuisance alarms, generated by flaky, unreliable
equipment. The alarm should be well developed logic in hardware or software so that when it



does alarm, the operator can be relatively sure that the alarm is valid. Alarms so developed
certainly will not occur all together and busy the voiced message system unnecessarily. Too
many messages occurring together would simply take too long for the voice system to verbalize.

3. Alarm by Priority - The CANDU Owners Group (COG) has sponsored research in
annunciation for the last 5 years. This work is now complete and available to all members of
COG. A careful selection of the alarms to be voiced is required. The priority 1 alarms might all
be voiced, whereas priority 2 alarms may be voiced as: "Priority 2 Alarm; Priority 2 Alarm".
Correspondingly, priority 3 alarms would be voiced as "Priority 3 Alarm; Priority 3 Alarm. This
application must be carefully studied to determine the suitability of all alarms designated priority
1 and can only be done if all alarms are setup as per the priority methodology.

4. Voice Complex Messages - This suggestion involves full voicing of negative and positive
complex alarms. This improvement would be in addition to some of the above voiced
suggestions. For instance, a program could be written that does alarm checks or deviation checks
on many of the critical operating parameters of the station and simply reports to the operator that:
"All Critical Operating Parameters Are Within Normal Limits." The operator would still do
his/her routine system monitoring of the processes and attend to all alarms that occur.

During an upset or a trip, the annunciation system could be made to say "SDS1 Trip Successful;
SDS1 Trip Successful", or "Station Service Transfer Successful", or "Loss of Class IV; Loss of
Class IV". A successful SDS1 trip means that 26 or more Shutoff Rods dropped and Reactor
power is below and certain level and trending down. All of these types of messages are more
complex than the simple bit level information delivered by a tank level high or low alarm. For
instance, a low Heat Transport Storage Tank level meeting its alarm curve might cause a voiced
message "Heat Transport System OPP Violation"; meaning that an Operating Policies and
Principles limit has been hit and attention is required immediately. These alarms add to and
enhance the operator's interaction with his/her machine.

Again, these alarms must be chosen on a solid basis of importance, quality of signal and
information content.

All of the changes suggested can be adequately configured on the full scope simulators and
operators can be involved to tailor the alarm sounds to their specific liking.



CONCLUSION

This paper has presented the audible side of annunciation. The treatment has by no means been
exhaustive;, but there are enough ideas presented here for the reader to first examine the ideas
presented and then experiment with changes that might best fit your operating crew. Enough
examples are presented in the paper to show that other engineering disciplines are well ahead of
the nuclear engineering field in practice. Ample examples of annunciation problems and needs in
the nuclear plant are also presented to alert operators of all types of industrial plants to the
problems with klaxon technology. Most important are the psychological aspects that are
explored. Many of the improvements suggested are simple enough to implement Other changes
need concerted engineering work. We predict that there will be less and less use of the klaxon
technology and more and more use of direct voiced alarms.
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1.0 INTRODUCTION

Neutronic amplifiers are used at the Chalk River Laboratory in applications such as neutron flux monitoring and reactor
control systems. Routine preventive maintenance of control and safety systems include annual calibration and
characterization of the neutronic amplifiers. An investigation into the traditional methods of annual routine maintenance
of amplifiers concluded that frequency and phase response measurements in particular were labour intensive and subject
to non-repeatable errors. A decision was made to upgrade testing methods and facilities by using programmable test
equipment under the control of a computer. In order to verify the results of the routine measurements, expressions for
the transfer functions were derived from the circuit diagrams. Frequency and phase responses were then calculated and
plotted thus providing a bench-mark to which the test results can be compared.

2.0 GENERAL DESCRIPTION

Tests are performed sequentially and the results are automatically tabulated upon completion.

The following types of test signals are available.
- D.C. LEVEL (voltage and current)
- STEPS
- RATES (% rise/sec.)
- RAMPS (V/sec.)

The following types of tests have been performed:
- FREQUENCY RESPONSE
- PHASE RESPONSE
- GAIN
- LINEARITY
- RISE TIME
- DELAY

A block diagram of the automated test facility is shown in Figure 1, the following test and measurement instruments are
used:

- DYNAMIC SIGNAL ANALYZER
- SOURCE MEASURE UNIT
- DIGITAL MULTIMETER
- FUNCTION GENERATOR
- DIGITAL OSCILLOSCOPE

Switching between instruments and the amplifier - under - test is accomplished by means of a TWENTY CHANNEL
HIGH DENSITY SWITCH SYSTEM.

The instruments are calibrated regularly to National Standards in accordance with the manufacturers' recommendations.
Each measurement instrument is equipped with a self-check routine which must be completed successfully before a test
can be carried out.
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Figure 1. Block Diagram of the automated test facility.

Testing is controlled by Labview for Windows software operating on a Model 80486 Personal Computer (PC). A
software quality assurance program has been established to ensure that revisions are controUed and documented and that
the appropriate version is used for testing. The steps for implementing changes to the software are detailed in Figure 2.

Record Automatic Test Facility Software Statistics

Retrieve Current Automatic Test Facility Software

Delete Automatic Test Facility Software from Operating System

Install Current Automatic Test Facility Software Into Operation
System

Rename Current Automatic Test Facility Software

Update TEST INFORMATION - REVISION.VI to the New Software
Name

Produce New Automatic Test Facility Software

Test New Automatic Test Facility Software

Set New Automatic Test Facility Software Flies to
READ-ONLY

Store New Automatic Test Facility Software

Figure 2. Software Change Procedure



The PC components are contained within a ruggedized industrial quality cabinet, all controls and indicators are secured
behind a locking front panel door and are visible via a plexiglass panel. The keyboard is not normally connected to the
PC, operator interaction is achieved by means of a mouse. The PC is configured as a stand-alone unit to prevent
unauthorized access via a communications network.

The measurement and test instruments are connected to the PC by means of the General Purpose Interface Bus, results
are tabulated on a graphics printer. •

3.0 OPERATION

A summary of an amplifier test sequence is shown in Figure 3. Steps include:

- self diagnostics
- personnel identification
- identification of amplifier - under - test
- start test

Run Test Facility
Self Diagnostics

/^Self Diagnostics^^ No

^ \ ^ Passed /^

JMTes

Select Tester's Name

r

Select Amplifier
Instrument Number

r

Run Amplifier Test

Figure 3. Amplifier Test Sequence



The operator is prompted at various stages of the test for such tasks as actuating switches or making changes to control
settings on the amplifier-under-test. A typical operator prompt screen is shown in Figure 4 where an adjustment may
have to be made in order to achieve the desired reading. The reading displayed within the box labelled 'TEST METER'
actually changes as the adjustment is made.

TEST METER
2.17

If TEST METER reads 2 . 2 + / - 0 . 1 Press (CONTINUE)

If TEST METER not within 2.2 + / - 0.1 complete the following:

1) Remove cover on KEITH LEY Log Picoammeter

2) Adjust R104 clockwise to increase or counterclockwise
to decrease TEST METER reading to 2.2 + / - 0.1

Figure 4. Example of Operator Prompt Screen

In the event that a particular test will take some time to be performed, the operator is advised of the completion time,
a typical example is shown in Figure 5.

SYSTEM RUNNING

OPERATOR NOT REQUIRED UNTIL

Wednesday, April 09, 1997

3:43 p.m.

Figure 5. Display of Completion Time



When testing is complete, the results are tabulated and printed in the desired format.

4.0 DISCUSSION

The automated test facility has been used to perform tests on the following types of amplifiers:

- ION CHAMBER
- LINEAR RATE
_ LOG RATE
- LINEAR POWER
- LOG POWER
- MAGNETIC AMPLIFIER INTERSTAGE

The types and sequence of tests have been selected to ensure that all of the amplifier specifications are met. Test results
must be approved by an authorized person before the amplifier is returned to service. An example of results which were
found to be unacceptable is shown in Figure 6a.

NRU CONTROL SYSTEM
LOGARITHMIC RATE AMPLIFIER AEP-5316

Instrument No. A8870

J l INPUT
(Volts / sec)

0.000
0.089

-0.178
-0.267
-0.089
0.178
0.267

LINEARITY TEST

EXPECTED
11

-0.05
14.3
28.8
43.1

-14.3
-28.8
-33.0

OUTPUT
(VDC)

to
to
to
to
to
to
to

+0.05
15.9
31.8
47.7
-15.9
-31.8
-41.0

ACTUAL
J4 OUTPUT

rvpc)
0.0

16.3
32.5
49.1

-16.1
-31.1
-35.6

COMMENTS:

Tested by:

Approved by:

Date:.

Date:

Figure 6a.

In this case some of the measured values were found to be greater than the limits of the expected values, subsequent
troubleshooting revealed a faulty component which was then replaced. The amplifier was re-tested and the results,
shown in Figure 6b, were acceptable.



Instrument No. A887O

COMMENTS:

NRU CONTROL SYSTEM
LOGARITHMIC RATE AMPLIFIER AEP-5316

LINEARITY TEST

Jl INPUT
(Volts/sec)

0.000
-0.089
-0.178
-0.267
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Figure 6b.

A typical input signal for a Log Rate amplifier is shown in Figure 7, the starting value, rate of increase and total
duration have been pre-determined for a particular test.
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Figure 7. Typical Rate Signal



The signal is applied to the amplifier-under-test and the output is measured and plotted, see Figure 8.
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The amplifier response shown in Figure 8 is compared to the theoretical response derived from the transfer function.
The hard copies are stored and become part of the maintenance history of the amplifier.

The frequency and phase response plots of a magnetic amplifier interstage were produced using the Dynamic Signal
Analyzer and are down in Figures 9 and 10 respectively.

0.0-

•4.0-

-«.O-

-S J3 _

-10.0 .

-12.0 -

-14.0 -

-16.0 -

-22.0 -

-24.0 _

-26.0-

-28.0-

-30.0 _

1
=^

!

k •

! \

\

\

\

1 111/"

if111
I

110.000
Vr«qa«se; (Ex)
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The response of this particular amplifier was considered interesting because of the notch filter at 800 Hz, a detailed
study was performed on the circuit and the results used to verify the integrity of the automated test facility1.

5.0 CONCLUSION

The automated test facility has been used for routine testing and characterization of a number of neutronic amplifiers.
Advantages that have been noted are greater accuracy, repeatability, ease of use and a significant improvement over
previous labour intensive testing methods.

Reference: WJ . BEATTIE, M.W. SELL, The verification of a test facility for reactor control system
instrumentation. Atomic Energy of Canada Limited. AECL-MISC-393, 1996 May.
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INTRODUCTION

The plant data logger was brought on-line at the Point Lepreau Generating
Station (PLGS) in 1992 in order to record information from instruments
throughout the plant. Using the System Engineers Data Extraction (SEDE) utility,
current plant data is at the fingertips of anyone with a network connection.
System engineers can monitor the performance of their systems at anytime and
take pro-active measures to avoid problems with performance, as well as
monitor behavior during tests and plant upsets. Nuclear Safety personnel gather
data for use in simulation and analysis validation, as well as to ensure that plant
parameters are kept within the safe operating envelope.

The Plant Data Logger and SEDE combine to make an indispensable analysis
tool which is used in some form by most technical staff at PLGS. However, while
this system has brought the potential benefit of widely available data, it has also
brought the problem of potential information overload. There are over 3000
inputs to the data logger from the control computers, over 500 more from the
Safety System Monitoring System (SSMS), and more still from other monitoring
systems. Given that all of this data is logged at a six (6) second sample
frequency, the amount of raw data available is exceedingly large.

Once the data is acquired with SEDE, it needs to be arranged and displayed in
some logical form, and this has normally been done using commercial
spreadsheet packages such as Quattro-Pro and Excel. However, this can be a
time consuming and tedious undertaking for even simple operations like
changing the scale of a graph. Also, spreadsheets are limited in the size of the
data file they can accept, and even when a spreadsheet can accept a large data
file, it may severely tax the capacity of the computer. This has forced users to be
selective with the number of signals they review, as well as in the resolution of
the data.

Faced with these problems, the PLGS operational safety group embarked on a
project to develop a data management system. The project and the monitoring
process has come to be known as the Plant Analysis Workbench (PAW). When
the need for complex monitoring of safety system signals was identified, this led



to a similar project called the Plant Expert Monitor (PEM).

In this paper we present an overview of the functionality of both PAW and PEM,
outlining in particular the expert system architecture in PEM, and giving an
example of its day-to-day use.

2 FUNCTIONAL REQUIREMENTS FOR THE PAW/PEM MONITORING
SYSTEM

The development of the PAW/PEM monitoring tools was an iterative process. As
the development team's understanding of the plant data improved, so did the
tools to manage the data, and vice versa. As the tools and understanding
evolved, so did the requirements and the scope of the project. The following is a
short list of the basic requirements that have evolved for the plant monitoring
routines.

2.1 Monitor Safety Systems and Core Parameters

There are strict limits placed on safety systems and process parameters upon
which they act. These limits are monitored by operations personnel or by system
engineers, but some of these limits are only checked occasionally, and only
when the plant is in normal operation. The data logger gives us the ability to
monitor these limits on a continuous basis.

2.2 Monitor Long Term Trends

Many plant parameters are subject to seasonal changes and the effects of plant
aging. Plant parameters are monitored on a weekly basis, and statistics for each
week are compiled and added to a long term trend database. These long term
trends need to be reviewed on a regular basis to ensure that plant parameters
are not in danger of drifting outside their tolerance in the near future.

2.3 Support Station Activities during Upsets and Off-Normal Operation

During plant upsets, station personnel will often require plant data in order to
investigate the cause of the upset and/or to determine an appropriate course of
action. Also, during off-normal operation such as shutdowns and start-ups, it may
be required to have very specialized and stringent monitoring procedures in
place.

2.4 Provide Input to Safety Analysis

Safety analysis personnel sometimes require a variety of plant data in order to
ensure that assumptions used in the safety analysis reflect the as-built/as-
operating plant. They also need data to validate the results of computer models



against actual plant conditions.

3. PLANT ANALYSIS WORKBENCH (PAW)

Put very simply, the PAW is a tool for looking at and manipulating plant data. In
summary, it works by taking a SEDE output file which is in ASCII text format and
converting it into a binary database which the computer can read much faster.
The PAW has a number of pre-arranged "maps-files" for the instrument signals
which organize the data into logical system groupings.

For example, a certain map file may have a group called "Boilers", and within the
Boiler group it will have a number of variables such as levels, pressures,
temperatures, flows, etc. Within each variable the individual instrument signals
are organized. By selecting the Boiler group, and then selecting the Boiler
Pressure variable, the PAW will search the converted SEDE output file for those
specific signal addresses, and then display the results on a pre-formatted graph
with the appropriate scale, units and titles.

In the following few sections, we describe typical uses for the PAW.

3.1 Weekly PAW Report and Long-term Monitoring

The function of the weekly PAW report is to provide a regular review of the plant
operation, with particular emphasis on the safety systems and safety related
parameters. A second and equally important function of the report is to provide
a weekly data summary for inclusion in the long term trend database.

A SEDE request is usually performed every Monday, with a start time of
00:00:00 on the previous Monday, an end time of 23:59:00 on the Sunday after,
and the extraction is performed at a at 300 second sample frequency. Extraction
time is typically 1/2 hour to 1 hour, and when complete the SEDE output file is
opened in PAW and converted to database format.

The first step in the procedure is to review every parameter in the long-term
safety map and try to visually detect any of the following:

1. anomalous or abnormal plant behavior;

2. significant changes in any safety system/safety related parameter
(particularly in the unsafe direction);

3. signals which drift in such a way that remedial action may be required in the
near future.



Unfortunately, the criteria for determining these conditions have not been
formalized, so this process is very much dependent on judgment and
experience. Another program of work underway at PLGS, the "Design,
Operation, and Analysis (DOA) Program", will shortly feed the required
information to PAW, in terms of various limiting values, or combinations of
values, to help in making such judgements. However, for the Special Safety
Systems this problem has been solved to a large extent by the development of
the PEM program, which generates an alarm for any suspected safety system
impairment.

If a perceived anomaly or safety concern can be readily explained and shown to
be a normal part of plant operations and of no concern to safety, the item is
considered dispositioned.

If an elementary explanation cannot be found for an anomaly or a safety
concern, more information will be required. The item will be noted in the
anomaly tracking list which is printed with a weekly PAW report, and it will be
brought to the attention of the Operational Safety Supervisor who will give
instructions on how to proceed. This may involve contacting system engineers
or operations personnel, and it may involve performing calculations or numerical
analysis to better understand the phenomenon. Depending on the judged
significance of the item, a decision may be made not to pursue the issue.

As well as in the weekly review, the data for that week is used in the generation
of a point on the long-term trend facility. The long-term trends are intended to
reflect the normal full power operation of the plant, so other data, such as
derating for fuelling, or flow verification, needs to be excluded. PAW
incorporates a set of tools to do this.

In addition to the average behaviour of the signals for that week, PAW also
saves a variety of statistics in the long-term trend: standard deviation, skewness,
kurtosis. Review of these statisitcal measures over a long time-frame can help
to identify deteriorating equipment.

Once this procedure is complete a report is prepared, identifying any anomalies,
or interesting data features during the week.

3.2 Upsets, Transients and Abnormal Operating Conditions Data Gathering

During, and following plant upsets, transients and abnormal operating conditions,
the availability of virtually unlimited amounts of plant data, and the capability of
rapidly accessing it via PAW has proven very useful. It is not uncommon to
present a full package of graphical material detailing, and giving a preliminary
analysis of an over-night event to the daily planning meeting at 9:00 am.



There are thousands of instruments that input information to the digital control
computers (Reference 2), and there are about 500 instruments which input to the
safety system monitoring system (Reference 3). A series of data maps have
been developed for PAW which arrange these instrument signals into a logical
order, and a corresponding series of SEDE request files have been developed
from the same source as the map files.

When an upset, transient or abnormal operation condition occurs, the monitoring
and reporting requirement are usually made up "on the fly", since every event is
different. The PAW operator is usually asked to perform a series of data
extractions, and to keep updating them as new information becomes available.
The pre-packaged sets of "requests" and "maps" have developed over time, as a
result of the need to examine upsets etc., and so it is usually the case that one of
the pre-packaged sets will meet most of the needs of the analyst interested in
the anomaly.

Once the "dust has settled", a comprehensive set of data extractions will be
made, describing the salient features of the anomaly, and a binder of graphs
created to keep on hand for future reference.

3.3 Data Input for Safety Analysis

Often, safety analysts will need plant data for a variety of analysis applications.
It may be needed as input for analysis, or perhaps to validate analysis. The
scope of the work will be discussed between the safety analyst and the person
assigned to retrieve the data.

In general, there will be a need to create data and associated statistics, and to
document the resultant package.

3.4 Data Management and Archiving

The size and volume of data files that can be generated with SEDE and the
PAW is staggering. SEDE output files can routinely take up 15 megabytes of
space, and some operations on the PAW will produce another 100 megabytes of
files.

Keeping an active archive of data available on the computer was not one of the
original requirements of the PAW project, and, indeed, since all of the raw data is
available in the formal plant archives, one might ask why any PAW data need be
archived at all. However, keeping data from important events close at hand has
proven to be extremely useful, and this data is regarded as a valuable resource.
Getting data logger data restored to the servers by the computer group can be a
long, drawn out process, and they are limited in the amount of time and disk
space they can spend on data restorations. Having a good cross-section of



normal operating data available in the long-term safety map archive, as well as
data from many plant upsets and events means that people can get information
quickly.

Fortunately, SEDE output data is very conducive to compression, and most
compression utilities (PKZip, WinZip, etc..) can normally achieve up to a 5-to-1
compression ratio. With this kind of space saving, any data that is intended to
be kept for long term use is usually compressed and archived shortly after it is
extracted.

4. PLANT EXPERT MONITOR (PEM)

PEM is a system dedicated to the monitoring of the Special Safety System
signals at PLGS. In this section we describe briefly how the expert system is
designed, give some background to the PLGS impairments philosophy, then
examine the use of PEM in daily impairments reporting, using recent plant data.

4.1 Expert System Design

In general, the diagnostic process of the expert system must address the
following considerations:

The problem domain of the expert system is very much customer-
dependent.
Detecting an anomalous signal needs knowledge about raw data,
initial assumptions, a wide range of analysis modules and
individual expert modules specialized in identifying a particular
anomaly.
Along with initial assumptions of physical processes, diagnostic
assumptions are stored in a central place and used to reason their
consequences.
Success of detecting an anomaly often relies on results of
identifying other anomalies.
The reasoning process may vary from case to case.

The design architecture framework suitable for solving this problem is the
so-called Blackboard framework.

Blackboard Framework

A blackboard framework consists of three elements, a blackboard,
multiple knowledge sources, and a controller that coordinates among knowledge
sources. A diagram showing the blackboard framework is given in Fig. 1.
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The blackboard object in Fig. 1 holds information for the solution space.
During a diagnostic process, both intermediate messages and final solutions are
displayed on the blackboard. Usually, the information shown on the blackboard
should be organized in a hierarchical tree structure which parallels the different
levels of abstraction inherent in the knowledge sources.

The knowledge source component of Fig. 1 is domain-specific. In
general, knowledge sources are in parallel with the hierarchic structure of objects
on the blackboard. Each knowledge source takes objects at one level as inputs
and generates and/or modifies objects at another level as its output.

The Controller's task in Fig. 1 is to select and activate knowledge sources
during the diagnostic process of the expert system. For example, at each stage
of the diagnostic process, a particular knowledge source may find out that it can
make a useful contribution to the problem, and therefore gives a hint to the
controller. Given a set of hints generated by different knowledge sources, the
controller selects the most promising one and gives the knowledge source the
right to access the blackboard.

Using the blackboard architecture, the diagnostic process for detecting
anomalous signals takes the form of an interactive process among PEM I/O
modules, analysis modules and various expert diagnosis modules. An initial
request for checking anomalous signals can be posted on the blackboard by
initiating the expert system. In response to the request, all analysis modules and
expert modules will actively participate in the diagnostic process by contributing
their own knowledge on the blackboard when an individual module finds out that
there is something the module can contribute to.



Classes designed for the expert system can be classified into four groups:
foundation classes, knowledge sources, blackboard classes and controller. In
total, there are 27 classes developed for the working version of the expert
system. An example of a small set of classes is given in Fig. 2.,

IRMADES

Blackboard \ _

): Blackboard
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Figure 2

4.2 Background to PLGS Impairments

Fig .2 shows an object
diagram of the PEM
expert system.
IRMADES object is
associated with
Blackboard,
KnowIedgeSourceS
and Controller objects.
The BlackboardObject
is nested in object
Blackboard and is
associated with
KnowledgeSource
object by field, which is
nested in object
KnowIedgeSourceS.
Similar relation exists
for objects Controller
and KnowledgeSource.

Impairments of the special safety systems are classified according to their
severity by assigning three levels of impairment. The levels differ in the time
available to return the system to service, after which the reactor must be
shutdown.

The three levels of impairments are described as follows:
• Level 1 - One of the special safety system is not poised and an orderly

shutdown is required if repairs cannot be completed within a short period,
usually 30 minutes if reactor is at full power. An example of a Level 1
Impairment would be when only 25 of the 28 SDS# 1 shutoff Rods were
poised.

• Level 2 - The special safety system is poised but its predicted availability
would be less than the availability target for normal operation. An orderly
shutdown is required within 4 hours, if the repairs cannot be completed
within eight hours of the discovery of the impairment. An example of a
Level 2 impairment would be SDS#1 having only 26 of 28 shutoff rods
poised. (26 is the number of rods required under the most conservative of
estimates for a design basis accident)



• Level 3 - The special safety system is poised but there is a reduction in
either the component redundancy or safety margin. In this case, the
availability would be within safety targets for design basis analysis. An
example would be 27 of the shutoff rods poised (enough to shut the
reactor down, but the system is not at full capacity). An immediate reactor
shutdown is not required for a Level 3. Nevertheless, repairs should be
undertaken as soon as practicable, and the system returned to the safe
state.

The function of the PEM is to compare the various rules and limits associated
with these types of impairment to the SEDE output data and generate a list of
possible violations of the impairment rules. The PEM uses the same SEDE
output data conversion format as the PAW, and once the PEM is finished
processing the SEDE data, the PAW can then use the same converted data file
to review and investigate any alarms that were highlighted by the PEM.

4.3 Daily Impairments Reporting

The function of the daily PEM report is to provide a list of the possible safety
system impairments, and a formal review of this list that will either disposition
the non-concerns or bring attention to any real (or presumed real) impairments.

The SEDE
request is usually
performed every
morning for the
previous day, but
after holidays and
weekends a
number of
extractions may
need to be
performed. The
data is extracted
from 00:00:00 to
23:59:00 for the
day in question,
and the extraction
is performed at a
300 second
sample Figure 3
frequency. When
the expert monitor function is invoked the computer will perform it's calculations
and comparisons, and from this, generate an alarm list which can then be printed
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and reviewed. The printout will state the time of the alarm, the type of violation
and what Al's were involved. A typical "violation list" is shown in Figure 3. It
shows the date and time of the "violation", nature of violation (in the example
shown, spread exceeded, or irrational value), the signal involved in the violation,
and a description of the system element that is involved in the violation.

The first thing we learned in reviewing these "violations" is that there are many of
them. However, the vast majority last only for a short period of time. Consider,

for example, a
potential violation,
the "Low Boiler
Level of Chan.D",
with a "Spread
0.75" violation.
Once identified,
the PEM operator
would review the
data that produced
this problem on
PAW, with the
result shown in
Figure4.

Clearly something
was happening to
the Channel D
Boiler Level
signals at about
01:00. In order to
examine this in
more detail, a new
data request is
made over this
time period, at a
sample frequency
of 1 data point
every 6 seconds.
The results of this
are shown in
Figure 5, below.
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shows that there
were perturbations
on each of the two
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Channel D Safety System Indications of Boiler Level. A frequent user of PEM
would probably guess that there was some routine maintenance going on. TO
confirm this, the user would link to the electronic text of the Control Room
Operators log at the appropriate time, the relevant extract of which is shown
below, in Figure 6.

Point Lepreau GS - Control Room Operator's Log
APPROVED

Date: 97/04/28 Crew: A Shift: 1
Supervisor: Steve Brown

Entry Event

04 SDS1 BLR LOW LEVEL TRIP 68238

20:33 - 0.0. issued to perform SOS 68200-1 during blowdowns ofLTID and LT2D.

COMPLETED, NO ABNORMALITIES NOTED

22:20 - W. P. to blowdown HP Impulse lines for L TID and L T2D.

COMPLETED PRE & POSTMTCE. TESTING SUCCESSFULLY COMPLETED.

0003 MODERATOR PURIFICATION 32200

-IX05O/SAZL46%.

0225 SG LUBRICATION OIL INSTR 65282

-W.P. issued to perfomn calibration ofPl26, PI30 and PI28 repair.

0225 SG STARTING AIR INSTR 65225

-W.P. issued to perform periodic calibration ofPI86.
COMPLETED, RTS NO LEAKS.

Figure 6

Examination of the log shows that an Operating Order and a Work Permit were issued with
regard to SDS1 Boiler Low Level Trip. The primary activity was blowing down the High
Pressure impulse lines. The traces on Figure 5 show, first for Boiler 1 the blowdown
process, lasting about 4 minutes, followed by a blowdown for Boiler 4. Then the Boiler 1
channel was tested, at about 01:40, followed by Boiler 4, at about 02:30.

The process of blowing down the impulse lines caused the signals to exceed their spread,
and produce an indicated violation in PEM. As a general rule, a violation is not followed up
unless it persists for a minimum of 10 minutes, or two 300 sec. time-steps. In most cases
the violations have a valid explanation. When they don't, the Operational Safety group are
informed. They then make a decision on the appropriate follow-up actions.



Once all the items on the alarm list have been dealt with (i.e. dispositioned or brought to the
attention of operational safety), a standard report is prepared. This report does not restrict
iitself to 10-minute impairments, but notes, for example, signals which had been well
behaved, but have begun to misbehave on a regular basis for short periods of time.

4.4 Further Developments

In its current formulation, the expert system is analogous to a simple rule-based reasoning
tool. However, the blackboard structure gives PEM the capability of performing more
complex decision making. In future we plan to use the knowledge gained by the PEM
operators, in terms of routine events that cause violations, to further develop the expert
system.

For example, in the above case, a spread alarm was caused by an impulse line blowdown.
The PEM operator characterizes this by noting the sequence of traces: first Boiler #1
blowdown, then, its partner on Safety System Channel D, Boiler #4, followed by the "blips"
representing system testing following maintenance. This is confirmed by the Control Room
Operators Log. The knowledge associated with this reasoning process can be saved, and
used in PEM to identify the "violations" for what they are. Clearly, this type of system would
need considerable commissioning time before being left to filter-out events.

However, experience to date suggests that such a system could be made to operate
reliably. Once this level of sophistication was achieved, the nmany more signals could be
included, process as well as safety.

5. CONCLUSION

Two tools have been developed at PLGS to assist the Operational Safety Group in plant
monitoring. One of these, PAW, has been used for about 4 years to help in monitoring short
and long term trends in plant data, to support station staff during upsets and off-nominal
operation, and to provide input to safety analysis.

The other, PEM, incorporates expert system features, and has been used for approximately
one year to assess Safety System data against the limits expressed in the station
Impairments Manual.

Both tools have proved useful in both detecting problems, and also in learning more about
plant operation and characteristics. It is expected that they will merge into one tool, with the
expert system capabilities of the resultant application being enhanced over what is currently
available in PEM.
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Point Lepreau, New Brunswick, Canada, EOG 2H0

INTRODUCTION

The Point Lepreau Desktop Simulator runs plant process modeling software on a 266 MHz single CPU
DEC Alpha computer. This same Alpha also runs the plant control computer software on an SSCI 125
emulator. An adjacent Pentium PC runs the simulator's Instructor Facility software, and communicates
with the Alpha through an Ethernet.

The Point Lepreau Desktop simulator is constructed to be as similar as possible to the Point Lepreau
full scope training simulator. This minimizes total maintenance costs and enhances the benefits of the
desktop simulator. Both simulators have the same modeling running on a single CPU in the same
schedule of calculations. Both simulators have the same Instructor Facility capable of developing and
executing the same lesson plans, doing the same monitoring and control of simulations, inserting all
the same malfunctions, performing all the same overrides, capable of making and restoring all the
same storepoints. Both simulators run the same plant control computer software - the same assembly
language control programs as the power plant uses for reactor control, heat transport control,
annunciation, etc.

This is a higher degree of similarity between a desktop simulator and a full scope training simulator
than previously reported for a computer controlled nuclear plant.

The large quantity of control room hardware missing from the desktop simulator is replaced by
software. The Instructor Facility panel override software of the training simulator provides the means
by which devices (switches, controllers, windows, etc.) on the control room panels can be controlled
and monitored in the desktop simulator. The CRT of the Alpha provides a mouse operated DCC
keyboard mimic for controlling the plant control computer emulation. Two emulated RAMTEK
display channels appear as windows for monitoring anything of interest on plant DCC displays,
including one channel for annunciation.

MOTIVATIONS

The engineering people in the Lepreau simulator maintenance group consist of a hardware person, a
system software person, two modelers and a supervisor. So there is not sufficient resources available
to maintain multiple separate simulators. Therefore there was a powerful incentive to make the desktop
simulator out of the same components as the training simulator, to the greatest possible degree.

From a training department point of view, there is substantial potential advantage to having the two the
same. Instructors can prepare lesson plans using either the training simulator or the desktop simulator,
and may come to prefer the desktop simulator because it runs faster than real time. Students preparing
for licensing exams would have the potential to get more simulator time. The range of students gaining
simulator access can be expanded.

The training simulator is starting to see use in the tuning of plant process systems. In particular the
condensate system controller parameters were recently set to new values in the plant with some success
(and still more work to do) based on experience gained with the simulator, which the plant system



engineer is thinking of presenting as a paper at a future CNS conference. The desktop simulator makes
simulator time more available for system engineers.

Persons developing or refining or validating plant operating procedures have found access to the
training simulator useful, and now that access may become easier.

Persons developing or refining or validating plant control computer software have found access to the
training simulator useful, and that access can become easier.

The greatest obstacle to simulator access is the difficulty of access to persons who have adequate
knowledge of overall plant control. It takes years to find one's way through the more than 10,000
pages of plant operating manuals1, and that same obstacle to general use is present in the simulator.

There are more sophisticated non-real time simulation codes than the process models used in the real
time training simulator. The greatest fidelity potential of the desktop simulator is through modifying it
to incorporate some of the more sophisticated codes. The training simulator is unexcelled in the
fidelity and scope of its control logic. It is also unexcelled in the scope of its process modeling. So the
overall fidelity of simulation can be enhanced by combining the best modeling assets available from
whatever sources. A means of combining the real time simulator code with non-real time variable step
length models is described later in this document.

A DESCRIPTION OF THE DESKTOP AND TRAINING SIMULATORS

Figures 1 and 2 show the components of both training and desktop simulators respectively. Each
component is a box in the respective figures and each box has a description and an italicized
alphabetic number from A to R.

Box A. Both simulators run the same DCC application program images, with almost no differences
compared to the plant. There are a few patches to DCC application programs for the simulators. The
simulators' DCC behaves as DCCX in the plant in almost all situations. However, three of the
programs have been patched so that in the instance of certain failure modes these programs think they
are running in DCCY of the plant.

Box B. The simulator DCC executive software is the DCC operating system. Like any operating
system it schedules the running of application programs (in Box A), and provides hardware services
(such as reading inputs or writing to outputs) for those application programs.

The simulator DCC executive is very different from the DCC executive in the plant because it was
written to run on a different computer (the SSC1 125, not the Varian V73 of the plant), talking to some
different I/O devices, and providing a broader range of services than the plant DCC executive.
However, the two simulators run almost identical executive DCC software with only a few words
patched to be different between the two simulators. These patches cover odd little details like
"dummying out" the gateway driver for control computer data logging. This interface is present on the
training simulator, but seldom used, and it is not yet emulated on the desktop simulator.

1 Current plans call for all the operating manuals and emergency operating procedures to be on-line to
every PC in the plant, but there is no specific date by which this is supposed to be achieved.



Boxes C andD. In Figure 1, the training simulator DCC hardware is represented by these boxes. This
provides the same user interface as control room operators have in the plant main control room. The
DCC keyboards and associated RAMTEK displays are set out in the training simulator in the same
manner as in the main control room, and since the software in Box A is the same as for the main
control room, so too are all the operator interactions.

Box C-D. In Figure 2, the desktop simulator replaces this DCC hardware with the DCC emulator
software providing the same functionality. The emulator is described in the companion paper
reference (1). The only difference as compared to the training simulator is that in the training simulator
there are a total of 9 DCC keyboards and associated RAMTEK display channels plus 2 annunciation
RAMTEK channels, whereas on the desktop simulator there is only 1 keyboard, one annunciation
channel and the RAMTEK display channel that goes with the keyboard.

Similar to the main control room, the simulator software allows all functions of any DCC keyboard to
be easily accessed from any other keyboard and display. So the desktop simulator allows one to do
pretty well anything that could be done in the training simulator or main control room.

The main reason for the limitation on the number of keyboards and RAMTEK channels on the desktop
simulator is the amount of space (and cost) it would take in an office cubicle to have all the screens
required to emulate many keyboards and display channels.

Box E. The simulator modeling includes 173 different modeling modules. Most of the modeling
modules are organized as being process modules, control logic modules, or valves and motors
modules. The modeling covers everything that has the possibility of dynamic interaction in the nuclear
plant with the control room and has safety significance in an accident. This includes all systems that
have or potentially have a bearing on fuel cooling, or radioactive releases to the public.

The modeling on the desktop simulator is completely identical to the training simulator.

Box F. Figure 2 is accurate in respect to Box F, but Figure 1 Box F is a bit of a simplification.

There are about 5000 I/O points between the DCC and the modeling. About 2000 of these are for
contact alarms which are only communicated on an exception basis (when they change from TRUE to
FALSE or vice versa). The other 3000 I/O points are constantly being copied back and forth from
modeling to the DCC in both simulators. This copying operation affords the opportunity to insert
override values selected by the simulator instructor in place of the normal process values.

The copying of DCC I/O between modeling and the DCC is done in 2 stages on the training simulator
but through only one stage on the desktop simulator. Both the desktop simulator and the training
simulator have a so called YD family of programs that run in close fixed timing association with the
modeling. These programs look after the overrides.

In the training simulator there is also another stage of copying that is done through a special bus
interfacing computer called a DUSC. This second stage of copying through the DUSC is the only
planned difference of any potential importance to comparative dynamic performance of the two
simulators. This arises because the DUSC runs asynchronously and introduces further communications
delays ranging from about 70 milliseconds up to about 1.4 seconds - the latter only in respect to very
slow moving values that would not change much in that time frame.

Originally the different scaling of the different DCC APs (analog inputs) was dealt with in the DUSC,
but to increase commonality and to ease simulator maintenance, the scaling operation was moved into



the YD AI program. Proper scaling is set up by an offline utility that reads the DCC software images.
Both the desktop simulator and training simulator are the same in this respect.

In one important respect the YD family of programs for the desktop simulator are different than for
the desktop simulator: they are set up to talk directly with DCC I/O arrays used by the DCC emulator,
instead of talking to the DUSC as in the training simulator. The DCC I/O arrays used by the emulator
are all in numerical order of the DCC I/O address to simplify and speed the operation of the emulator,
whereas the order of the I/O seen on the interface between the DUSC and the YD programs was set up
with other considerations in mind. The YD programs of the desktop simulator achieve the necessary
reordering of the I/O addresses as part of the same copying operation into which DCC I/O overrides
may be interposed.

Box G. Control Panel I/O programs at this time are identical between the desktop simulator and the
training simulator. In the training simulator a simulator instructor can turn off a heat transport pump
without touching the panel hardware, just using the panel override software. On the desktop simulator
the pump handswitch is simply operated by using the same override software.

Box H. Instructor Facility I/O programs are reliant on a custom written communications program.
This software is run on both the desktop and training simulators. In the longer term Lepreau will either
replace the custom written software with TCP/IP which is more reliable, or remove the need for this
communications by having one host for both the instructor facility and other simulator functions.

Box I. There are significant differences between the training simulator and the desktop simulator with
respect to the program dispatching arrangement.

For the training simulator, real time is important and is achieved by a hardware timer interrupt driven
dispatching program. Significant time is spent waiting for the next hardware interrupt to start the next
"leg" of calculations. The wasted time is about 50% of capacity for our new VAX 4105 computer.

One could easily run the desktop simulator with a real time dispatcher. Instead the objective is to get
simulation as fast as possible. When each task is finished, the next task starts without waiting for a
hardware interrupt to match clock time advancement to the rate of model time advancement..

One concern with a higher speed desktop simulator is whether the instructor facility and its associated
communications can keep up. When computing load was reduced so modeling was running three times
as fast as real time, there were no problems nor do problems appear close to happening.

When the computer capacity of the training simulator was recently upgraded to the VAX 4105 from
four VAX 3800's running in parallel, this provided an ability to exactly match the order of calculation
of the modeling in the single CPU desktop simulator to the single CPU training simulator.

Another feature of the training simulator is that there are two distinct processes: the synchronous
process which runs the modeling and an asynchronous process whose functions are deferrable -
typically instructor control related functions. On the desktop simulator there is only one process,
including all modules of both processes of the training simulator.

The DCC emulator module is called at the start of every leg of modeling calculations on the desktop
simulator and is called to run for a period of time equal to the time up to the start of the next leg. On
the training simulator the DCC hardware runs in parallel with the modeling computer - but since
communications between modeling and the DCC is essentially a scheduled periodic process of the YD
programs (see box F above), running in parallel is indistinguishable from running within a suitable
dispatching arrangement.
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Figure 2: Desktop Simulator Architecture
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Box J. Both the desktop simulator and the training simulator utilize the VMS operating system. VMS
was chosen for the training simulator because of its reliability and superior utility software, despite not
being a true real time operating system. VMS was chosen for the desktop simulator to minimize the
risks (and potential expense) of porting the software from the training simulator.

The most obscure technical challenge in setting up the desktop simulator, aside from creating the DCC
emulator, was adapting the software used for setting up the shared global variables through which all
the modeling software and many of the utility programs communicate. Associated with these variables
is a whole series of coherently organized files. An offline utility called CDBP creates this family of
files so vital to the simulator, and one of the files it creates is an object file that is linked to the
modeling.

The alpha and VAX processors in Box K of the two simulators are utterly different, and so the object
module format for the two machines is also different. Adapting the CDBP program was therefore a
special task. However, the next time this adaptation is needed, it has been decided not to try to cope
with the object module format of the target processor, but instead to create the source code for an
equivalent FORTRAN block data subprogram, and let the FORTAN compiler handle the object
module format details. This is the approach planned for moving the desktop simulator to run under
NT.

Going to NT is anticipated to be easy. The motivation for doing so is to reduce the cost of desktop
simulator hardware to well under $10,000, and also to reduce the cost of system software purchases

, such as TCP/IP communications software and compilers.

There has been difficulty in moving custom written real time disk I/O software from the VAX VMS
environment to the alpha VMS environment. The adapted software functions, but is not reliable. This
software is used by only the backtrack program which periodically stores simulator storepoints to disk
during simulation so. that the simulation can be brought back to one of these points in time, if desired.

Box K. The underlying computing power of the two simulators is derived from very different
processors: a VAX 4105 in one case versus an alpha CPU in the other case. Our fastest alphas are only
266 MHz. For about $10,000 one can now buy alphas that run at 544MHz and which also have
hardware that supports 8 and 16 bit data types. This likely offers speed of 3 times or more the rate of
real time for a desktop simulator. A significant problem is that the modeling software uses a lot of
bytes, whereas the current alpha hardware only works efficiently in 32 bit words. The control panel
interfacing and the DCC interfacing on the training simulator both have built in constraints that make it
difficult and expensive to think of moving away from using bytes.

Box L. The instructor facility programs of both simulators provide the following identical capabilities,
which are exercised by use of a mouse on a large colour graphics display screen. The screen display
varies according the functions being used. For many functions, the PC based instructor facility
provides only a user interface to actions carried out on the modeling computer.

Freeze/Unfreeze - stop a simulation in progress, and then let simulation resume by unfreezing.

Store/Restore - store the present state of a frozen simulator so it can be recreated again at some
future time by the restore operation. There are 28 different storepoints from which to choose.

Malfunction Insertion - the Lepreau training simulator and desktop simulator both have over
8000 malfunctions or instructor controls that allow operation of devices remote from the simulator
control room, and which allow the simulator instructor of tester to cause faults in field equipment
such as pipe ruptures, bus faults, failures of control logic, and inappropriate device actions.



Malfunctions and instructor control are mostly selected by clicking on device icons in a large
family of plant system schematic diagrams. The same schematics report on the current status of
numerous plant process values and the devices portrayed on the schematic.

Once the malfunction or instructor control is selected, its manner of use can be varied according to
a wide range of options selected from a dialog box. Options include insertion based on a process
condition first being satisfied, or based on some time delay, or put in a pending category for later
action, or put in place immediately Values of such controls can be selected or often ramped.
Included among the modeled malfunctions of the simulator are fuse failures for every wired device
and chain of logic that is modeled in the simulator.

Override Insertion - the 5000 I/O points between the simulator DCC and the plant modeling can
be overridden to assume values imposed by a simulator user. This is done as with other
malfunctions: subject to some condition, delayed or ramped. On the training simulator there are
also about 5000 overrides for the control panel I/O, but on the desktop simulator these enable the
simulated operation of those panel devices.

Graphical Recorder - enables plotting of process values during simulation. The only values that
can be plotted from the instructor facility are those in the modeling common data base.

Trainee Acton Monitor - provides a time stamped list of all control panel actions and instructor
control actions. The desktop simulator and training simulator are the same in this respect except for
the ability to track DCC keyboard actions. DCC keyboards involve the DUSC on the training
simulator, and so it is a small enhancement to add DCC tracking to the desktop simulator.

Lesson Plan - lesson plan is a capability of setting up any of the foregoing functions in a manner,
where the lesson plan can be saved and later executed as many times as desired in the same way.
The same user interfaces used to invoke the previously described functions are largely used in
setting up these actions within a lesson plan, which makes lesson plans easy to prepare.

Most simulator testing and exams are conducted by advance preparation of lesson plans. Lesson
plans also play an important part in the delivery if training. The same lesson plan file format is used
on the desktop simulator and the training simulator. So lesson plans prepared on one simulator are
easily used on the other, with the same results.

Planned enhancements to the lesson plan software include changes to strengthen the way it can help
in simulator validation and performance testing activity. This includes the ability to monitor DCC
DTABs and the ability to program in DCC keyboard actions.

Backtrack/Replay - the backtrack and replay capability of the desktop simulator is somewhat
hobbled at the moment due to the reliability problem with the adaptation of the real time disk I/O
routines to the alpha, and due to limitations in the desktop simulator monitoring of DCC keyboard
actions. These problems are not seen as major difficulty nor major priority. Nevertheless, there is
now a functioning, if somewhat unreliable, backtrack and replay capability.

Performance Monitor - this feature of the instructor facility software is not much used at Point
Lepreau. It inserts information into the trainee action monitor record based on the occurrence of
pre-specified process conditions. There are no known differences between the desktop simulator
and training simulator in this respect.

Database Access - one can examine, monitor or modify any value of any variable in the modeling
database. This ability is accessed from a screen button on both the desktop and training simulators.

Most functions of the training simulator used to be accessed from a touch sensitive "keyboard"
which was a touch sensitive screen of a special "Emerald" computer linked to the instructor facility



through a serial line. Prior to the creation of the desktop simulator, these emerald touch sensitive
keyboard computers were eliminated from the training simulator and replaced by screen mouse
activated buttons (actually "windows") at the base of the normal instructor facility display screens.
This increased simulator reliability by reducing the number of hardware components, and opened
the way for a common user interface between both the desktop simulator and the training simulator.

Hardcopy - any instructor facility screen display is dumped to a printer by a mouse activated
"hardcopy" screen button - the same on both simulators.

Box M and Box N. The operating system used on the training simulator instructor facility for years
has been a combination of MS DOS and windows 3.1. This was the initial situation for the desktop
simulator as well, although the instructor facility demonstrated at the time of presenting this paper is
running Windows 95. Neither windows 95 nor Windows 3.1 offer the stability and reliability of
Windows NT. Both the training simulator and the desktop simulator and the training simulator are
planned to eventually run Windows NT. This contributes to the possibility of running the entire
simulator on a single host, thereby achieving a further reduction in costs.

Box O. Both the desktop simulator and training simulator have instructor facilities using Intel based
PC's. The training simulator uses two instructor facilities: one at the rear of the simulator suitable for
the conduct of exams, and the other movable about the room for the delivery of instruction. The
desktop simulator has a single such PC. The PCs used by simulator modelers for normal office
functions are used as a desktop simulator instructor facilities, although the demands for a high
resolution graphics display make these office PCs more costly than for the normal user at Lepreau.

Boxes P, Q, and R. These boxes are unique to the training simulator, as the desktop simulator has no
actual control panel hardware.

OBSTACLES TO REPEATABILITY

Validation of the desktop simulator compared to the training simulator is facilitated if both machines
perform in a repeatable manner. To the degree this does not happen, it lengthens the period for a
definitive comparative evaluation.

The more thought that is given to the problem of repeatability, the more reasons surface for having a
problem. Attainment of 100% accurate repeatability can only be done over time, with a concerted
effort on many fronts.

Simulator Fully Restorable

The most fundamental obstacle to simulator repeatability is the excellence of the simulator restore
operation prior to the commencement of any test. This is a problem that never goes away because the
DCC software and the modeling continue to be updated throughout the life of the simulator, which is
always introducing the need to update the definition of what is included in a simulator storepoint.

Any process value which implicitly incorporates history into it, which has escaped inclusion in the
simulator storepoint becomes a potential cause of unrepeatable performance. The history prior to each
restore operation tends to be somewhat different, and if that history can impact on simulation after the
restore operation, it contributes to unrepeatability.



At Lepreau there has been much effort to ensure the storepoints used by modeling are appropriately
defined. Perhaps the only tool needed for doing this is a good compiler with the ability to identify local
(i.e. non-database variables) which are used before they are computed. The fact that it is not a severe
problem to have a good analytical tool is due to the consistent way the modeling software has been
written specifically to facilitate simulation.

Finding the definition of DCC storepoints is more difficult. The DCC storepoint software at Point
Lepreau is table driven. A DCC storepoint is defined in a table as a series of addresses in the normal
memory of the SSCI, and also a series of addresses within the different BMU logical units. When a
storepoint is made, a copy is made of the contents of all these addresses. When a storepoint is restored,
the values of all of these addresses are restored to a previous state. Because the DCC software is not
written to facilitate simulation, there is no automatic way of spotting any error in the derivation of a
storepoint. Until recently, the only way to derive a storepoint was by direct inspection of the DCC
programs to see where information is written that is used in subsequent processing. For the most part,
Lepreau DCC software is clearly organized which facilitates this activity.

Beyond the definition of the data in a DCC storepoint is the question of the state of DCC hardware
devices after a restore operation. The countdown registers must be in a known state consistent with
when the storepoint was made.

Now that the Lepreau DCC emulator exists, it opens up the possibility of automated logging of all
write operations that have storepoint definition implications. This can provide us with proper
assurance of the integrity of our storepoint definition table. In the longer term, there is some interest in
exploring the possibility of using cheap massive computing power and disk space to remove the need
for any kind of analytical activity.

Asynchronous Communication of Control Information

The Lepreau training simulator communicates most DCC I/O asynchronously between modeling and
the SSCI DCC using the previously noted DUSC interfacing computer. Because the timing of the
DUSC is uncertain relative to the timing of the modeling and the SSCI, what is seen by the programs
running on the two machines can vary. In the future, Lepreau hopes to go to a synchronous DUSC to
remove this problem. Some delays may be artificially introduced into the YD programs on the desktop
simulator to exactly match the timing behaviour of the two simulators.

The DCC itself may be argued to be an asynchronous machine. It is not tightly tied to schedule of
modeling calculations in the training simulator, whereas it is in the desktop simulator.

The main consideration in the timing behaviour of the DCC is the timing behaviour of the various
countdown registers: in particular the two CDR's which are used to set the timing of the so called fast
and slow control programs, and also the CDR for timed DO's. So long as the elapsed time accuracy of
these CDR's taken over a period of an hour or so is in good agreement with the timing behaviour of
the CPU clock on the modeling computer, then the training simulator behaviour should not differ from
the desktop simulator behaviour for reasons of not moving to the same "time drummer". For example,
if the slow program CDR takes only 58 minutes to reach an hour's worth of millisecond ticks, then
most of the slow control programs will have run at least an extra 120 times more than they should have
run in the first hour of simulation. The new DCC emulator offers the possibility of easily and safely
exploring the possible consequences of problems of this nature, as for example it effects integral
control.



Trigger Each Test at the Same Time

It is desirable to perform all tests using pre-programmed scenarios defined in the lesson plan software.
Unfortunately for both the training simulator and desktop simulator, the triggering of the first step of
the lesson plan after the initial simulator restore operation is performed manually. A future
enhancement is to remove this feature so that the first step of a lesson plan becomes the same as any
other step - capable of being triggered by any desired pre-defined process condition - such as waiting 3
minutes after the initial unfreeze.

Other Factors

Progress in achieving greater restorability has been underway at Point Lepreau. Among the actions
taken thus far is going to a single CPU VAX 4105 training simulator, as compared to having the
former 4 CPU VAX 3800 simulator. This eliminates totally any CPU races in the modeling software,
although we ran for years without this being noted as a problem of particular concern.

Another small action taken recently has been an adjustment in the handling of the system service for
random numbers, so the seeds of the random numbers have become restorable. The same restorable
method of generating pseudo random numbers is used on both the training and desktop simulators.
One can readily modify the seeds used in any simulation under instructor control if one does not want
repeatability.

VALIDATION OF THE EMULATOR

Based on the foregoing factors which impact on the repeatability of simulations, one would not yet
expect absolute total agreement between two events run on the desktop simulator and the same events
run on the training simulator.

Nevertheless a remarkable degree of agreement is achieved. You have to examine the DCC trends
carefully to pick out slight differences. The annunciation listings include the same alarms in about the
same order and time delay from the start of the event.

Among the events where simulation results have been compared are loss of class 4 power, manual
reactor trip, heat transport pump trip, turbine trip, and large loss of coolant accident. In all cases good
results have been observed. The following figures show a comparison of the manual reactor trip
response on the two simulators. The graphs speak for themselves.



Comparison of Manual Reactor Trip Response
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Comparison of Manual Reactor Trip Response (Cont'd)
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Comparison of Manual Reactor Trip Response (Cont'd)

Training Simulator
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ADAPTATION TO WORK WITH NON-REALTIME CODES

The potential exists to create a non-real time desktop simulator of superior fidelity by bringing
together the modeling code of the training simulator with non-real time codes originally developed for
analytical purposes. There are some challenges in doing this including:

1. the management of the step length in the simulation which is the amount of time by which the
modeling is moved forward at each stage of the calculations;

2. setting up practical boundaries between the different sections of the modeling, and arranging for
communications across those boundaries; and

3. arranging for initialization and control of the simulation.

Step Length Constraints in the Real Time Modeling

In large scale continuous process simulations such as simulating a power plant, most of the equations
are algebraic: for example, the mass equals a new volume times a new density. Every purely algebraic
equation is merely an expression of a relationship that must always be true in the modeling, and it
therefore says nothing about how the state of the modeling changes dynamically through time.

A relatively small fraction of the equations is involved in dynamically moving the simulation forward
in time by numerical integration, differentiation, accounting for pure time delays, or other more exotic
calculations. All of these few calculations that move the simulation forward in time implicitly or
explicitly take the size of the time step forward into account in the calculation. The size of the time
step between successive iterations of the calculation is called the step length, or equivalently, the
number of steps per unit time is called the iteration rate. For example, the new mass in a tank may be
computed as the old mass plus the new net inflow rate into the tank times the step length over which
we say the new net inflow rate has been occurring.

The programming standards used to develop the Lepreau training simulator required every modeler to
explicitly use a symbol for step length (or its inverse, the step frequency) in every calculation where
simulator dynamics is driven. Thus when the simulator dispatcher calls a modeling module
representing a particular portion of the power plant, the dispatcher provides the modeling module with
the step length and/or step frequency needed to do the dynamic calculations. This is a sound and
practical way to organize the calculations. When this approach is properly applied it allows modeling
modules to be easily called by the dispatcher to run at whatever iteration rate is required to ensure
adequately stable and accurate dynamic calculations.

In non-real time simulations the size of the step length between iterations is tightened up to be shorter
when rapid changes are being simulated, and is then lengthened when things are changing more
slowly. The control of the iteration rate or step length is based on an estimate of the errors of
approximation in the calculations, and/or stability considerations. This overhead is justified in non-real
time calculations because of the added efficiency in the use of computer power when one is able to
stretch out the step length in the slower moving parts of any transient. It is assumed that the logic for
managing the step length in any non-real time code must be retained even when the code is integrated
into the desktop simulator, although the maximum step length may have to be limited at times to
satisfy constraints imposed by other parts of the modeling - to be explained.

In real time simulation there is no incentive to manage step length dynamically. Managing step length
adds to the complexity of estimating errors and the complexity of retrying those steps forward which



are not assessed to be successful. In real time calculations one is expected to have dedicated
computing hardware, and the power of this computing hardware has to be sufficient to get through the
most severe transient to be simulated. The step lengths of modules is set so that they are small enough
to get through the worst transient, and big enough to fit within the available computing power. Having
done that, there is no point in making any further adjustments because the simulation is required to
move forward at a constant real time rate, regardless of whether one is in steady state or in the midst of
a severe transient.

Because there is not much incentive to play with step length in a real time simulator, there is not much
incentive to ensure that the step length is rigorously and properly applied within all the equations. This
is a problem that never goes away because it is always potentially affected by changes made in the
modeling during simulator maintenance activity. It should therefore not be too much of a surprise to
observe that the step length variable has not been adequately incorporated into the modeling of the
Lepreau simulator. In a number of instances, the modeler has implicitly used knowledge of the step
length to set up dynamic equations where a constant numerical value takes the place of the step length
variable. The result is that when one changes the step length of that module in the dispatcher program,
the module is called according to a different schedule, but some of the calculations in the module
continue to be performed as if the module were on the former schedule. The result is that modeling
fidelity is destroyed.

Incorrect use of step length is difficult to find in the 100,000 or more equations of the training
simulator, but by running the same modeling in the non-real time dispatcher of the desktop simulator
one has the potential to identify where the problems lie. If the non-real time dispatcher of the desktop
simulator calls every module with almost 0 step length, the result should be almost zero change on any
variable. However, in those equations where step length has been hard coded to a higher value,
significant change will continue to be observed. Using this idea one can systematically track down the
various errors that have crept in over the years. However, until such an exercise is done, one has to
assume that all the modeling modules of the training simulator must continue to be run at the same
iteration rates as they are required to run in the real time training simulator.

Interfacing between Modules Developed Apart from Each Other

All the modules of the desktop simulator were developed in a mutually coherent environment where
information is communicated between modules through shared FORTRAN Common blocks. The
population of these common blocks is about 80.000 variables in the Lepreau simulators. These
common blocks are not seen as changing to accommodate any modules "foreign" to the training
simulator. Nor is it seen as practical to consider renaming of variables to accommodate modules not
used in the training simulator.

Variable step length codes may also have a very large body of variables. It is not seen as practical to
expect their nomenclature to be revised for purposes of being integrated with the training simulator
modeling.

When a better quality non-real time process model is to be integrated with the better quality control
logic and broader scope modeling of the training simulator, it is necessary to study the duplication of
calculation between the new process model and the previous training simulator equivalent model. A
logical physical boundary2 needs to be chosen between the two sets of modeling, and the portion of the
training simulator modeling inside that boundary is excluded from the new pattern of calculations, and
is replaced by the superior non-real time calculations. The control logic is likely the domain of the

Where pipes join vessels may be the most common choice for boundary points.



training simulator as all of the code has been prepared directly from the elementary diagrams of the
nuclear plant logic, without any attempt to summarize or simplify.

The interfacing calculations between the remaining training simulator modeling and the new modeling
can be a problem to set up depending on the similarity between the organization of the two duplicate
sets of calculations formerly used in the two sets of modeling.

What would be nice at these interfaces is simple copying operations between things that directly
correspond. The closest one can get to this is probably simple algebraic relationships that do not
include equations with dynamics - i.e. no integration, no differentiation, etc.

Furthermore the interfacing should be set up out of algebraic equations that have been solved by
sequential substitution, rather than as part of an explicitly simultaneously solved system of equations.

The modules at either end of the boundary are going to be called sequentially one after another by the
dispatching program, and so the equations on the interface need to be based on values that are "final"
for this moment in time when these values are passed from one module to the next.

If anything algebraic is going to be solved iteratively, it should be done within a single module, and
not across the interface with some other module. If anything is going to be solved as part of an
explicitly simultaneous system of algebraic equations, it must be done where all the variables that enter
into the calculation are within scope of the module that does those calculations, so that all the values
used in the calculation are values which are valid.

The requirement that the equations on the interface be algebraic and be solved only by sequential
substitution is easily met in the context of the training simulator, because 95% or more of allthe
equations in the modeling have these characteristics. However, the requirement may not be as easily
met for other codes never before integrated with the modeling of the training simulator.

To accomplish the necessary interfacing there need to be two extra modules between the two mutually
foreign parts of the modeling.

The pre-interfacing module looks after all the "input" requirements of the variable step length module,
ensuring that any values that have to be picked up from the rest of the modeling are copied into a form
and place that is accessible to the variable step length modeling.

The post-interfacing module is concerned with copying those values computed by the variable step
length module which are used elsewhere in the modeling.

Together, these two copying operations do not take much time relative to the rest of the calculations.
They facilitate each section of the modeling keeping its original nomenclature for variables. They can
also facilitate the retry operation of the variable step length module.

One of the great advantages of the training simulator as compared to the heavy duty analysis modeling
codes is the availability of the instructor facility to make simulation results more visible through plant
schematics that depict current process values, and through plotting facilities. The post interfacing
module can play an important role in copying results from the non-real time code into a form which is
available for display and monitoring on the instructor facility.



Simulation Control

Instructor controls accessed through the instructor facility do nothing unless they can reach into the
portion of the plant modeling they are supposed to affect. So any instructor control for equipment
modeled by a new non-real time module is either supported by logic within the new module or it won't
work. It also must be supported in the copying operation of the pre-interfacing module.

The most onerous aspect of simulation control is simulation initialization. The existing Lepreau
training/desktop simulator, including the plant modeling and the DCC, supports up to 28 different
possible initializations. It is not expected that any non-real time code will have this capability. Instead
the integrated facility would likely have a single state to which it could be initialized that would work
approximately as follows:

• the normal simulator restore operation is performed on the training simulator database using
the program XRV which is set up for this purpose;

• the slightly modified XRV also makes a new call to the new non-real time module which
causes it to be initialized according to whatever mechanism is already designed into the non-
real time code.

The XRV program is invoked by the restore command from the desktop simulator user interface,
where the storepoint chosen for the training simulator modules is the one which corresponds to the
initialization state created by the initialization process associated with the non-real time code.

Dispatching Considerations and a Possible Algorithm

The training simulator modeling works adequately when each module is given its input values
computed to be up to date exactly when that module runs. So the dispatching arrangement respects the
former dispatching schedule such that inputs to all retained modules get computed up to the points in
time corresponding to the old schedule. If a new variable step length module has the possibility to step
beyond the normal time for an input to an old module, the dispatcher constrains the new module so it
steps only up to the time from which the old module is accustomed to getting its inputs. Similarly, the
old modules are constrained only to provide their outputs at the times to which they stepped in the old
schedule. Therefore any new module using values from the old modules must be content only to have
those values updated according to the old schedule - that is the limit of the capability of the old
module, and these timing characteristics are built into the way the dispatcher calls the module.

If a new variable step length module finds it has tried to step further forward in time than it can
properly do, it must let the dispatcher know that a retry is required with a shorter step length. When the
step length is judged to need to be lengthened, there is no requirement for a retry, but the dispatcher
must nevertheless be informed of the requested longer step length.

From the point of view of the DCC hardware emulator, one has no reasonable means to approximate
the running of the computing hardware over a given period of time. Every single machine instruction
that would be executed during a given period of time must be executed. So the dispatching program
calls the DCC hardware emulator for a time step appropriate to the needs of the plant process
modeling. The emulator then runs every machine instruction that would be executed by the DCC
during that period, adjusting its outputs according to whatever may arise from those calculations, and
reading its inputs according to whatever the state of the plant modeling was at the start of the DCC
emulator running. This is what has been done with success in the existing desktop simulator, and it



continues to be the approach that would be taken for simulations that may involve some variability of
step length for some of the modeling modules. The only difference is that the DCC emulator may be
required to run for a shorter period of time, if that is what the dispatcher program says is required
based on what it knows of the various modeling modules.

When the emulator is run together with a variable step length integration method it would seem more
efficient to let the variable step length module run first so that it can find the step length it wants. After
it has stepped forward in time successfully, the DCC emulator could then be called to run for a similar
period of timeJ. In general, the variable step length module is expected to be run from one 50
millisecond leg boundary of the training simulator modeling exactly up to the next such boundary,
taking as many or as few steps as its integration method desires. After each such step, the DCC
emulator can be brought forward up to the time so far reached by the variable step length module.
When the 50 millisecond leg boundary is reached for the training simulator, then the normal
dispatching sequence for simulator modeling modules in that leg would be run. Then the variable step
length module is run and the whole pattern repeats.

A possible dispatching algorithm for the case where there is only one variable step length module is as
follows.

A. Compute the delay until the scheduled start the next 50millisecond leg of the training simulator
modeling.

B. Compare delay time in A with the step length currently being requested by the variable step
length modeling, and choose whichever time is shorter as the next step length.

C. Call the pre-interfacing module of the variable step length module.

D. Call the variable step length module.

E. Examine the information returned by the variable step length module, and if it is required to be
called again with a shorter step length return to either step C or step D, according to the known
interfacing characteristics of the module. Otherwise, continue to step F.

F. Call the post-interfacing module of the variable step length module including a call to the DCC
emulator to bring it up to the time achieved by the variable step length module.

G. If the time just reached is on the boundary of a 50 millisecond modeling leg of the training
simulator computing schedule, then call all the modules in that leg which remain in scope of
simulation.

H. Return to step A and repeat.

Using the foregoing approach, or something similar, it is hoped that the desktop simulator can evolve
to becoming as high a fidelity non-real time modeling platform as Point Lepreau finds it useful to
become. Extending the existing dispatching mechanism of the desktop simulator as suggested also
provides a benefit in bringing the non-real time code under instructor control for purposes of freezing
and unfreezing the simulation, and controlling simulation subject to features of the instructor facility.

3 Using the ability of the dec software to make dec storepoints and to restore these storepoints one can
do retries on the dec, but it is more efficient to organize the dispatching so this is unnecessary.
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This paper addresses human error as it relates to the human operation of large
industrial plants. A broad background is given about human error and then the
controlled environment of a nuclear power plant operator taking a certification quali-
fication on a full scope simulator is described. Barriers that can be erected to prevent
human errors are briefly described. The Human Information System Model is briefly
presented and locations in the model where human error can occur are indicated. Error
detection and recovery are explored. The consequences of human error are presented
as being only two and conclusions are formulated.
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Introduction
RighTSTEP is a suite of simulation software
which has been initially designed to facilitate
upgrade of Ontario Hydro's full-scope simulators,
but is also adaptable to a variety of other roles. It is
presently being commissioned at Bruce A Training
Simulator and has seen preliminary use in desktop
and classroom roles. Because of the flexibility of
the system, we anticipate it will see common use in
the corporation for full-scope simulation roles.

A key reason for developing RighTSTEP (Real
Time Simulator Technology Extensible and
Portable) was the need to modernize and upgrade .
the full-scope training simulator while protecting
the investment in modelling code. This modelling
code represents the end product of 18 years of
evolution from the beginning of its development
in 1979. Bringing this modelling code to a modem
and more useful framework — the combination of
simulator host, operating system, and simulator
operating system - also could provide many spin-
off benefits. The development (and first
implementation) of the RighTSTEP system was
cited for saving the corporation 5.6M$ and •was
recognized by a corporate New Technology Award
last year.

The most important spin-off from this project has
been the desktop version of the full-scope
simulator. The desktop simulator uses essentially
the same software as does it full-scope
counterpart, and may be used for a variety of new
purposes. Classroom and individual simulator
training can now be easily accommodated since a
desktop simulator is both affordable and relatively
easy to use. Further, a wide group of people can be
trained using the desktop simulator: by contrast
the full-scope simulators were almost exclusively
devoted to front-line operating staff The desktop
is finding increasing use in support of engineering
applications, resulting from its easy accessibility,
breadth of station systems represented, and tools
for analysis and viewing.

As further plant models are made available on the
new simulator platform and further tools are
developed to enhance the system, all users of the
system will benefit from these improvements. We
feel this will have meaningful benefit to training
and engineering analysis users who will in turn be
better able to contribute to nuclear recovery in
Ontario Hydro.

Major Features of RiqhTSTEP

Core Simulation Executive
At the heart of a real-time simulator system lies the
simulator executive. Its primary function is to
manage the computer resources necessary to
achieve that end.

The RighTSTEP simulator executive was designed
essentially from scratch. Although this was
necessitated by a complete platform change - new
computer, new vendor operating system - from the
old simulator , a secondary intent was to avoid by
design some long-standing problems with the
latter. In particular, one of the main tasks of the
executive is to ensure the plant process models are
scheduled and executed in a predictable manner
consistent with real-time behaviour. Unpredictable
operation, in the form of different outcomes in
response to identical inputs, was an issue with the
old system. Though this was not common, it was a
source of some concern in high-profile simulator
uses, for example, authorization or refresher
testing. Deign features implemented to combat
this included:

• Memory locking of key resources.
• An enforced sequence of module scheduling.
• A cross-check to ensure the rate of simulator

time passage is a constant of real time passage.
Typically this is a ratio of 1:1. If the simulator
departs from real-time execution, it should be
shutdown immediately as unpredictable
operation may ensue.
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As an alternative to real-time execution, a
development mode was included where the
simulation runs as quickly as possible but at
normal priorities.

Other key features of the simulator executive
include:
• Industry-standard functions used wherever

possible. POSIX 1003.4, ANSI, X11R6 are
the most applicable standards and have been
followed.

• Multiple independent simulators to operate on
any machine, and multiple users of any one
simulation either locally or across the
network.

• Provide for 'tightly coupled' multi-CPU
expansion through symmetric multiprocessing
(a number of CPUs within a single computer)
or expansion to loosely coupled' processes
via reflected memory unit (a method of
connecting separate computers).

Graphic User Interface
As used here, the term 'user interface' connotes
the facility which allows a user to control and
monitor the running of the simulation. This
includes not only its execution, but also the
insertion of malfunctions or the control of
manipulated parameters. In RighTSTEP, this
takes the form of a suite of full-interactive
graphical displays. The application does this is
called 'GLIMPSE' (Graphical Look Interface for
Malfunctions, Panels and the Simulator
Environment). GLIMPSE is written using
XI1 /Motif library with specialized graphics
produced by the Data Views graphics library. It is
able to display a wide variety of graphics: ranging
from interactive process schematics to virtual
control panel displays. An extensive library of
graphic symbols has been developed and over 250
displays have been made so far for Bruce A
simulator.

GLIMPSE is able to access simulators running
either on the local workstation, or on another
workstation across the network. It affords the user
the ability to switch between any two simulators
'on-the-fly'. Its ability to do so is made possible by
using the network standards of remote procedure
calls (RPC) running on TCP/IP to acquire data for
the displays. In addition, GLIMPSE is
implemented using XI1 graphics so that the
program can be displayed remotely. This allows
the simulator to be operated from any PC properly

equipped with X terminal software such as
XVision or eXceed.

GLIMPSE offers a user-customizable pull-down
menu which can access displays, dialogs, or trigger
commands on either local system or simulator
host. For specific training applications, the menu
might be tailored to only certain items.
Alternatively, for maintenance work, a range of
debugging applications would be available on the
menu.

Automatic Scripting Facility
An extensive automatic scripting facility known as
SIMMACRO has been implemented for
RighTSTEP. This features a wide set of
commands which can control the simulator,
implement operator actions and simulator events,
and trigger monitoring processes. SIMMACRO
has conditional and branching instructions such as
IF, TEST UNTIL and WHEN. It also has
commands which allow control of the graphics
displays for switching displays and popping up text
and pointers. Furthermore, sounds and
synthesized voice may be scripted in SIMMACRO.

Simulator events are automatically recorded as
scripts when operating the full-scope or desktop
simulator. For example, operator actions at the
control panel will be recorded as will instructor-
input malfunctions. These scripts can be further
augmented to add looping, display control, and
other advanced features.

The same scripts will operate on either the full-
scope or desktop simulator. These scripts can be
used to:
• assist and automate operation of the simulator

for training use (as lesson plans)
• record and playback simulator runs
• debug the running simulator
• compose computer-based training exercises
• conduct automatic tests - for simulator

validation for example
• through its display and analysis tools, aid in

the engineering analysis of modelled systems
• perform regression testing on modelled

systems

SIMMACRO is a very powerful facility which will
continue to be expanded with ideas from users.
Further improvements in capability will arise with
planned data acquisition tools. We encourage users
to freely exchange scripts developed for the
benefit of all.
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Evolution of the Project and
Spin-Offs

Project Initiation

The project for which RighTSTEP was developed
was the Bruce A Simulator Rehabilitation. This
project began in 1993 and is currently in its
commissioning stages at the Western Nuclear
Training Centre.

It became clear in the late 1980s that the original
simulation computer system would need
replacement. Chief amongst the factors leading up
to this conclusion was the heavy CPU loading.
Secondary factors included a decreasing reliability
and the vulnerability of an earlier inter-computer
communication device, a so-called shared memory
system. Problems related to obsolescence became
noticeable in other simulator systems such as the
interface computers and DCC display emulator.
Although overall simulator reliability remained
relatively high (98%) the unforeseen outages
resulting from equipment failure were of particular
concern in examination contexts.

The replacement of the Bruce A Digital Control
Computers, Safety System Monitoring Computers,
and addition of the Plant Display System planned
under the station Bruce A Rehab programme
provided the stimulus needed to initiate the
project. The significant increase in I/O activity
needed to support these systems was simply
beyond the system capability and all expansion
capability was already used. The decision was made
not only to replace the simulation computers, but
also to replace the 'simulator operating system'
with a new design. One item which would not be
replaced was the simulation models - by and large
these 250 models of various systems had been
refined and continuously improved since the
simulator's inception in 1981 and represented an
investment of several million dollars. It was highly
desirable that these FORTRAN models run on the
new system with as little change as possible: this
was reinforced by the simulator trainers' high
rating of its training capability. Thus, while the
simulator operating system would be rewritten, the
simulation models would not.

Platform Selection

A difficult evaluation of various computer
platforms followed which focused on this problem
of preserving the integrity of the FORTRAN

models. Several special coding techniques had
been used in these models to minimize CPU
loading. Removing these coding tricks was difficult
and undesirable. Compatibility for these coding
techniques was highly dependant on processor
architecture (e.g. RISC vs CISC).

It was also desirable that the new simulator be
built around UNIX as the (vendor) operating
system of choice. Several factors went into this
decision, but two of note were that UNIX (as
distinct from the original VMS) was seen as
holding real potential for the future, and secondly
was compatibility with the new Rehab add-ons
noted above. "Open" programming standards
were desirable to enhance portability, minimize
costs and software development time. Windows
NT was not yet a viable option at that rime, and
still lacks some critical elements for the task today.
The platform selected was the DEC Alpha running
Digital UNIX (then called OSF/1) principally on
the strength of FORTRAN compatibility and CPU
performance. Extensive checking ensured that
almost all of the models would run unchanged on
this platform. As it turns out, this platform has
been an excellent all-round choice for many
reasons.

Simulation Executive
The first key software task was to develop a
minimal simulation executive, debugging tools and
a core database engine which would provide access
to global simulation variables. While this effort is
the core and heart of any real-time simulator, it
had very little visual impact to anyone but a
specialist. After some months of effort we were
pleased to show a few numbers changing on a
. text-based display.

Simulator Model and Data Porting
The next step was to port all the existing models
and data to the new platform. Since the tools to
maintain the simulator data were poor and would
be lost with the old operating system, significant
effort was made in porting the various simulation
databases and importing it into a relational
database. Examples of this simulation data are
global simulation variables, simulator inputs and
outputs, simulator malfunctions, station fuse and
electrical bus dependencies, and control panel
handswitch information. Since the 'garbage in,
garbage out' adage applied here much effort has
been expended in finding and correcting existing
errors in this data.



Full-Scope Nuclear Training Simulator-Brought To The Desktop

Similarly, the simulation models must undergo
extensive testing to ensure that simulator
performance after the rehabilitation matches that
before, which is in turn compared with station data
where available.

Development of Display System
and Graphical Tools
The third main element in the simulator is the user
interface. The user interface of the old simulator
was primarily text-based, and had very crude
graphic capability and no system schematic
displays at all. Preservation of the old user
interface was not a fruitful option, and the decision
to create a graphical user interface was fairly
straightforward. To produce the corresponding
interactive displays, not only would the displays
have to be drawn, but some research had to be
done on the models and control panels to
determine what data was actually available to be
displayed. Unlike the reference station, which has a
limited number of definite and well-known
instrumented points, on the simulator anything
modelled is available for display.

The Data Views graphics library was employed as
the graphics engine for the display system
combined with a custom X/Motif front end and a
TCP/IP based data acquisition mechanism. The
graphics system has some limitations but offers the
best compromise of features and flexibility to
display development time. Over a period of a year
or so, 150 process schematic displays were
developed for various Bruce NGS A systems and
100 virtual control panel displays were developed.
These displays are easily adaptable and
customizable.

It is important to note that unlike a monitoring
system, the simulator graphical displays are fully
interactive. On schematics the simulator user may
click on items to insert malfunctions or impose
instructor controls. On virtual control panels the
user may click on items to operate the device (such
as turn a handswitch).

Desktop Simulator as
Intermediate Design Step
While the main goal of the project was to replace
the full-scope simulation computers, essentially at
this point in the development cycle we had
produced a desktop training simulator running the
exact same software as the full-scope would. The
special hardware interfaces, which would connect
to the digital control computers and control

panels, were still in development. The system ran
with satisfactory real-time performance on a
desktop workstation. While on the old simulator,
development facilities were very limited, the
availability of many small simulators provides
several fundamental shifts in the way simulator
work may be done:
• the development environment is very similar

to the actual full-scope simulator environment
• the amount of computer power and usage

time available to any developer is significantly
greater

• some full-scope simulator training can be
augmented or even replaced by usage of a
desktop simulator in personal or classroom
settings

• technical training of both licensed and regular
staff may be augmented by usage of a desktop
simulator

• engineering analysis, often aided by use of the
full-scope simulator, could be assisted with
use of the desktop simulator

Comparison of Desktop and
Full-Scope
While simulators have become significantly more
user-friendly from their early days, they remain a
very complex computer task. An understanding of
the capabilities of the desktop and full-scope
simulators is necessary to fully benefit from them.

Unchanged Items
The vast majority of the software and data are
unchanged between the full-scope and the
desktop. In particular, the following items are all
compatible:
• simulation system software
• data collection and analysis tools
• FORTRAN models
• simulation databases
• graphic displays
• automated lesson plans / macro scripts

The key benefit of this is that development on one
system benefits the other. As such, engineering
users will benefit from the ongoing maintenance
of the full-scope simulator, and the full-scope
simulator will benefit from engineering models and
macro scripts developed by those users. This
offers real benefit to all involved.

Users should be aware of fundamental limitations
in all training simulators. Training simulators were
designed from a training perspective. They are
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designed to simulate events with a level of
accuracy which would be tolerable to control room
operators. As such, they are not intended to
compete with safety code as an analysis tool. While
training simulators typically offer the widest
simulation scope available, the degree of detail in
this scope varies. For example, systems which have
little control room 'visibility' typically are less
detailed. Given an understanding of these
limitations, excellent results can quickly be
obtained from the full-scope training simulator for
many analysis tasks, prom a quantitative
viewpoint, prudence would dictate that alternative
analysis should always be used to check results of
impact.].

DCC Implementation
The digital control computer (DCC)
implementation is a key difference in the two types
of simulators. The full-scope simulator normally
operates with near-replica hardware DCCs,
running a station software (with minor
modifications to meet simulator-specific needs).
Normally it is not desirable to stimulate hardware
such as station computers within a simulator
environment. However, this does ensure a high
degree of fidelity in operator interactions which are
the basis of simulator training. It also offers a
better degree of utility when DCC modifications
are tested by design staff. The hardware DCCs are
a very high cost item — the hardware is rare,
specially engineered, and requires an intensive and
specialized maintenance effort. Implementation of
a hardware DCC for a desktop simulator
essentially makes it a full-scope simulator without
control panels - thus not generally affordable.
Hardware DCCs generally do not allow simulator
speedup or slowdown.

On the desktop simulator, functional models of
the DCC control programs are used. These are
based on program rules and are an interpretation
of those rules (i.e. automated code regeneration
was never an objective). Such models of control
programs are far more flexible than hardware
DCCs (the code can be easily changed) but lack
fidelity for DCC engineering work. For example,
program changes cannot be tested on a DCC
model except as a general algorithm. Similarly, dual
DCCs are not implemented nor is any simulation
of disk or I/O subsystems. One key limitation is
that no DCC-generated displays or annunciations
are available at present. The modeEed DCCs may
be used on either the full-scope or the desktop and
may be sped up or slowed down in
synchronization with the rest of the simulation.

A third alternative has recently been developed
which has been dubbed the virtual DCC. This is a
Varian 72 essentially implemented in software. The
virtual computer interprets opcodes, performs
virtual I/O and produces displays just like the
physical computer. The virtual DCC is currently
being commissioned for unit 0 use on the full-
scope simulator. A virtual version of the upgraded
Second Source DCC computer is not yet available.
When fully completed, the virtual DCC will offer
some of the flexibility of the modelled DCCs while
offering a more maintainable system than the
hardware DCCs. This comes at a cost of
considerable CPU time. A virtual Varian consumes
one CPU on a multi-CPU 250MHz Alpha system.
A slower system can be used at less dian real time.

System Sizing Guidelines
. Digital Equipment Corporation (DEC) has a wide
range of computer systems capable of running
RighTSTEP ranging from about 20K| to 250k$
(and upward) inclusive of operating system
software licenses . A full look at computer
specification is beyond the scope of this
document, but a brief look at general capabilities
follows here. In each case, different levels of the
DEC Alpha product line are being examined.

Alpha Server 4100, 4 CPU, 300MHz+, 1GB
memory typical

• using multiple personal simulations:
• support for a large number of users
• support for a number of concurrent

independent simulators each with
graphics

• large simulation speedup capability - up
to about 25 times real time

• a rich development environment for
simulation models and excellent
department server

• ample I/O capacity for disk farms
• as a full-scope simulator.

• ample expansion capability for high
fidelity models

• support for dual virtual DCCs
• capacity for porting other station

computer systems like SSMC
• ample I/O capability for disk farm,

stimulating station computers
• expansion as needed through reflected

memory I/O to additional Alpha
computers
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Alpha Server 4100, 2 CPU, 300MHz+, 256MB+
memory

• similar to above, with reduced capacity

• suitable as a engineering test bed, supporting
virtual DCCs and full-scope models

• significant speedup capability depending on
situation

Alpha Station 250 series, single CPU,
266MHz+, 96MBmemory+

• suited as a single user workstation for
engineering, classroom demonstrations, or
technical training

• suitable for running a single simulation in real-
time mode (two simulations may be run if
128MB of memory is installed) with some
capacity for high-fidelity models.

• some speedup capability (approx 2 times) for
single simulation.

• large simulations or virtual DCCs could be
run at reduced speed or in non-real-time
mode

Entry Level Alpha Stations (under 266MHz,
96MB memory)
• suitable as single user workstation with

limitations
• may not be able to run new models at

realtime, but will operate fine at slower speed
• for better performance should omit some

peripheral simulation models
• very suited to partial-scope simulation

All levels of workstation fully support X-Windows
so users may access the simulator via an Xl l
emulation package running on Windows 95/NT.
This eliminates the need to be physically seated at
the workstation and offers some benefits when
integrating use with other Windows applications.

Early RiqhTSTEP Users

A number of users have adopted RighTSTEP
already:

Western Nuclear Training Department:
Aside from the full-scope training simulator which
is currently being commissioned, WNTD has used
the desktop simulator in a classroom setting to
conduct Secondary Control Panel Operator
(SCPO) training using a computer projector. A
further intent to use this set-up in technical
training has been expressed as the full-scope

simulator sometimes is used for this task when
available.

Atomic Energy Control Board:
The Atomic Energy Control Board has purchased
the RighTSTEP system for the primary purposes
of training and engineering 'scoping'. One extra
capability within the category of training which is
of particular interest is the development of
operator examination scenarios. Use of the
desktop in this capacity benefits both Ontario
Hydro and the AECB. Staff from the latter can
reduce travel time to Bruce county for exam
development and improve their own staffs
understanding of station system in a very
accessible environment. This will also relieve
pressure on both the relatively costly simulator
time and the time of operations staff supporting
the preparation of examination scenarios.

Bruce NGS 'A'Engineering:
Bruce 'A' Engineering has installed a desktop
simulator at the technical unit which has been used
for familiarization with various station systems by
engineering staff. Future plans are to expand the
system into a comprehensive engineering test bed
which might include station computer systems.

Reactor Safety Operations and Analysis
Department:
RSOAD department has been evaluating
RighTSTEP and has made a formal
recommendation that it be adopted for the role of
general technical training within the department.
Charles Olive of RSOAD has been an invaluable
help in testing the lesson plan facility and he
developed the first lesson plan scripts which have
already seen second use at WNTD for SCPO
training.

Future Directions

Porting Other Plant Models
While Bruce 'A' models are now available, many
potential users have inquired as to the prospect of
other station models being ported. Each port
constitutes the following items:
• porting simulator models

• porting simulator data
• developing DCC models

• developing schematics and virtual control
panels
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Of these tasks, the last three are fairly substantial.
Darlington models and some data has already been
ported to RighTSTEP by the Darlington simulator
section. They are in the process of building on this
foundation by developing DCC models and other
necessary items for use as a development facility.

Bruce B simulator upgrade is planned to begin
after Bruce A simulator Rehab is complete and
early versions of Bruce B simulator will likely be
available in 1999.

Improved Fidelity Models
With additional computing capacity available, an
obvious area of improvement would be to upgrade
selected process models to provide additional
realism for training. The first of these is the new
reactor model which is currently in work. This new
reactor model an adaptation of the SMOKIN
developed by RSOAD to the real-time
environment of the simulator. As such, it has 19
modes fully cross-coupled and 15 delay groups. It
is currently being commissioned. The model offers
significantly better realism for local effects such as
zone fill/drain and single shut-off rod effects and
large effects like flux tilt.

Adaptation of the SMOKIN code is one instance
in which we have received benefit of the desktop
simulator environment for simulation
development work. In comparison to reactor
model upgrades done in the past (with analysis and
test tools then available), the integration and
commissioning of this upgrade indicates an overall
saving in time of about 60%. This is wholly
attributable to the current test environment - in
essence a 'private copy' of the full-scope simulator
- and the current generation of testing and analysis
tools within GLIMPSE and SIMMACRO.

Other model fidelity improvements as also
possible and will be driven by training demand.

Data Collection and Analysis
Tools
While some data collection and analysis tools
currently exist and are adequate for training usage
- a more complete collection is very desirable for
long-term maintenance of the simulator, with
natural spin-offs for engineering use. Continued
efforts -will be made in this area. In particular, a
integrated facility for data and event logging along
with limit detection ability is scheduled to be
developed later this year.

Currently, data export is available from the
simulator graphing system to Microsoft Excel. We
would anticipate expanding on this as needed.

Improved Display Composition
Tools
A major task in developing the simulator is the
composition of the numerous graphic displays.
The present drawing tool used to develop these is
non-simulator specific. Developing a drawing tool
which allows tighter integration with the simulator
database and drawing library would greatly aide in
the development of displays, and could definitely
improve the schedule for the availability of
Darlington and Bruce B models. Development of
this tool will likely occur in early 1998.

Conclusion
We have given an overview of the main functions
and present usage of the RighTSTEP system. This
system is currently being commissioned on the
full-scope training simulator and is available in a
desktop simulator form for training and
engineering usage. This platform is planned for the
future direction of training simulators in Ontario
Hydro and we hope to expand on the system and
provide economies of scale to all users.

We have found for our own purposes that this is
the right technology for upgrading our own real-
time simulators while preserving the substantial
investment in legacy software. The desktop usage
further leverages this investment by making it
available to a many more potential trainees as weE
as engineering customers who could benefit from
the use of the full-scope simulator.

We have indicated future directions in which we
plan on taking this technology. We hope to
maximize development in this area which will
benefit our customers the most as well as other
users in Ontario Hydro.



Sample RighTSTEP virtual control panel - Bruce A PHT, lower section.

Sample RighTSTEP schematic showing zone powers.
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RighTSTEP schematic: Bruce A PHTFeed and Bleed System.
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1.0 INTRODUCTION

Water distillation columns, operating under vacuum, are widely used to separate light water from
heavy water. In CANDU nuclear stations, they are used to upgrade low purity heavy water
(recovered via the liquid collection and vapour recovery systems) to reactor grade and are
referred to as Heavy Water Upgraders. Reactor grade heavy water is recycled to the appropriate
reactor systems and the D2O depleted light water is rejected via the active liquid waste discharge
system. Since the isotopic concentration of the recovered heavy water changes frequently, the
concentration of D2O in the feed to the upgraders is not constant and the upgraders are never
operated under steady state conditions. The existing upgrader process simulation model,
UGSIM[11, is a steady state model that uses binary approximation to simulate HMD separation. The
UGSIM code, therefore, is only capable of giving the end point of the operating trajectory from
the previous feed composition to the new feed composition. Thus, for an upgrader under normal
operation, this provides only a rough approximation of the reality.

Ontario Hydro has now developed an upgrader dynamic simulation code (UGDYNSIM), with a
point and click Microsoft WINDOWS 95 or WINDOWS NT user interface, that will predict the
time dependent performance of the upgraders. The UGDYNSIM is a rigorous distillation model
that accounts for the oxide forms of H, D and T (i.e., all the six water species). A fast 32-bit
program has been used to simulate systems of any size, with multiple interlinked columns. The
user specifies the number of theoretical stages, column pressure profile, reboiler duty, system
inventory, feed composition etc. The simulation can be continuous or in specified time-steps.

The UGDYNSIM program is the most sophisticated heavy water distillation simulation program
in existence today. This paper presents the features and capabilities of UGDYNSIM

2.0 SPECIAL FEATURES OF WATER DISTILLATION

As compared to the simulation of distillation columns in the petrochemical industry, water
distillation column simulation presents special difficulties.
• Water distillation is an isotope separation process characterized by very slight differences in

relative volatility between the species being separated.
• The degree of separation in a typical water distillation column used for heavy water upgrading

or production is very high.



• The relative abundance of H20 to D2O as measured by the H.D ratio can change by six or
more orders of magnitude from the top of the column to the bottom of the column.

• The number of theoretical plates in a water distillation column is usually 400 or more. By
comparison, a large distillation column in the petrochemical industry has 40-50 plates.

• Water distillation involves the additional complication of the following rapid equilibration
reactions in the liquid phase:

H2O + D2O o 2HD0
H2O + T2O o 2HT0
D2O + T2O o 2DT0

The equilibrium constant for these reactions is approximately 4, which is the ideal value based
on a statistical rearrangement of the H, D and T atoms. Since in most applications, the T2O
concentration is extremely low, tritium (T) is primarily found in the HTO and DTO species.
Because of the equilibration reactions, water distillation is reactive distillation.

Due to these special features, water distillation cannot be properly simulated by a simulation code
developed for the petrochemical industry. There are only a few proprietary water distillation
codes in existence, with the most rigorous and sophisticated ones developed by Ontario Hydro.

3.0 DISTILLATION COLUMN THEORY

The component mass balance equations for a water distillation column with fixed inventory (mole)
per theoretical stage are expressed by the well known tridiagonal matrix equations:

li.n
if ~ Ji.n ai,nXi.n-\ ^i,nXi,n Ci.nXii.nXi.n+\

for i = 1..., m and n = 1..., TV, where m is the number of components, TV is the number of

theoretical plates or stages, qin is the stage inventory (mole) of component i for stage n, xin is

mole fraction, fin is feed rate (mole/s), and the coefficients ain, bin, cin are defined as:
aUn = 4-1

*,., =-Ln -DL
n ~KUn(Vn +Dv

n)

Ci,n = K-i.n+V u + 1

where
Ln = liquid flow leaving stage n (mole/s),

Vn = vapor flow leaving stage n (mole/s),

Dv
n = vapor product flow leaving stage n (mole/s),

D^ = liquid product flow leaving stage n (mole/s),

K-i« = vapor-liquid equilibrium ratio for component i on stage n (dimensionless),



The differential equations described above must be integrated numerically. For absolute stability,
an implicit Euler method is used in UGDYNSIM. The accuracy of the numerical integration improves
for small time steps. However, smaller time steps require more computation time to simulate a
given simulation scenario. The step size can be experimented with to determine the appropriate
size. If reducing the step size by a factor of two makes an insignificant difference to the simulation
results, then the step-size is small enough for practical purposes.

4.0 LIQUID-VAPOR EQUILIBRIUM RELATIONS

For water distillation, the vapor liquid equilibrium ratio calculation assumes an ideal solution of
water species. Therefore,

K -
P '

where p*n is the vapor pressure of pure component i at the temperature of stage n and Pn is the

absolute pressure of the stage.

For water distillation, the assumption of ideal solutions is generally accepted as being very
accurate. The vapor pressure calculations in UGDYNSIM are based on the procedure described in
the paper by W. Alexander Van Hook.(2]

5.0 BENEFITS OF DYNAMIC PROCESS SIMULATION

Dynamic simulation of a complex process system is valuable because it provides insight into
system operation that is difficult to obtain even with field experience. For example, in unsteady
state operation of a heavy water upgrader, the head product and bottom product variations with
time are a complex function of feed composition, control actions, and many other process
variables, including past history. The complexity is such that hand calculations are of limited
value, and "intuition" based on experience is only a very crude guide as to what operating
performance can be expected. The benefits of the dynamic process simulation code are as follows:

• Realistic process model (Current UGSIM Steady State Model is only a very rough
approximation of reality);

• Allows simulation of automatic control to evaluate its potential benefits and assess control
strategies;

• Accurately predicts time required to achieve desired column profile under total reflux and
normal operation modes;

• Allows evaluation of different operating scenarios and optimization of operational strategy;

• Increased plant efficiency due to a better understanding of the process system operation;



• Provides improved troubleshooting and diagnostic capability;

• Useful as a training tool (The user friendly program interface promotes faster learning by new
users, greater use by existing users, and continuity through staff turnover);

• Integration of program with on-line process control system;

• Permits performance monitoring of upgrader packing under dynamic operating conditions.

Within the heavy water upgrader distillation columns, saturated vapor flows up and is
contacted with liquid which flows down the column by gravity. The columns are packed
with copper/bronze packing material which provides a large surface area for contacting
downward flowing liquid with upward flowing vapor. The separative power of a column is
characterized by its number of theoretical plates (NTP). The terms "theoretical stages",
theoretical trays" and "theoretical plates" are often used interchangeably. The packing
efficiency is characterized by the Height Equivalent to a Theoretical Plate (HETP), which
is the height of packing required to provide the amount of separation equivalent to a
theoretical plate. Usually under steady state operating conditions (i.e., the column
pressure, reboiler boil-up rate, feed concentration, feed rate and product draw-off rates are
maintained constant for at least two or three days), the top and bottom products
concentrations are determined by sampling and analysis. With the use of steady state
simulation codes (such as UGSIM), the actual number of theoretical plates (NTP) are
determined. From the total packing height in the columns and the estimated NTPs, the
HETP is calculated. Due to the large water inventory in the columns (several megagrams),
it normally takes about 7 to 10 days of operation to achieve near steady state. Stations
seldom have the large inventory of the required feed stock of the same feed concentration
to carry-out such a lengthy packing performance assessment. Periodic packing
performance monitoring is becoming increasingly important, since the corrosion of the
packing material (due to impurities in the feed water) has the effect of slowly deteriorating
the packing efficiency. With the use of the dynamic simulation code, the performance
monitoring can be carried-out under total reflux or normal operation, without the lengthy
wait to achieve steady-state. The only requirements are constant pressure and boil-up rate.

6.0 FEATURES AND CAPABILITIES OF THE UGDYNSIM

6.1 Development of UGDYNSIM Code

The UGDYNSIM dynamic simulation code is designed to run on PC computers under the 32-bit
Windows 95, Windows NT or compatible operating systems. The program allows the user to
setup and run upgrader operation simulation scenarios in a flexible manner with a point and click
Windows 95 or Windows NT user interface.

The UGDYNSIM simulation program is descended from the FLOSHEET code P1, UGSIM code m ,
DYNSIM code[4], and Single Column Generic UGDYNSIM [5] code. The FLOSHEET and UGSIM
codes are steady state codes developed by Ontario Hydro starting in 1984, and both these codes



are still widely used today. The fully dynamic DYNSIM and Single Column Generic UGDYNSIM were
developed for Ontario Hydro by NITEK Corporation after 1990. The dynamic distillation column
algorithms in UGDYNSIM are very similar to those in CFSTIM t6] developed by the Canadian Fusion
Fuels Technology Project (CFFTP), a dynamic simulation code used internationally for the
International Thermonuclear Experimental Reactor (ITER) project.

6.2 UGDYNSIM Program Features

UGDYNSIM is a realistic upgrader process model that accurately determines the time required to
achieve desired column profile under total reflux and normal operation modes. It allows study of
control strategies and simulation of automatic control to evaluate its potential benefits. Different
operating scenarios can be evaluated to optimize the operational strategy. It is an extremely useful
tool for upgrader operator training. It provides flexibility for future integration of simulation
program with on-line process control system.

6.2.1 Main Window. When the program is started, the Upgrader page is displayed in the main
window. A typical main window for a moderator upgrader is shown in Figure 1. The main
window is configured to mimic the station upgrader system, including all the major equipment and
feed valve locations.
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Figure 1: UGDYNSIM Main Window Showing Bruce NGS 'Bf Moderator Upgrader
Mimic Panel.



The simulation may be setup, started, stopped and restarted at any time, with control system
adjustments made via mimic screen, just like with a real control console. Extensive error checking
and meaningful error messages keep the user on track. The user is notified about missing or
erroneous data and prompted for the correct inputs.

Four charts are preconfigured along the left side of the screen:

• moderator upgrader head product D2O %

• moderator upgrader bottom product D2O %

• heat transport upgrader head product D2O %

• head transport upgrader bottom product D2O %

At the bottom left hand comer of the screen are three buttons Run, Step and Stop, which are used
for starting, stepping and stopping a simulation run. Clicking on Run starts a simulation to run
continuously until the Stop button is pressed. Clicking on Step causes the simulation to proceed
only one integration time step.

The Zero button just above the four charts zeroes the time simulation time.

The File, Simulation, Setup, Charts and Help menus are used to load/save simulation cases,
control the simulation run, setup the simulation, view charts, and get program help. These menus
are described in more detail later.

Clicking on the Heat Transport Upgrader page tab changes the page to the Heat Transport
Upgrader mimic panel, which is similar to the Moderator Upgrader mimic panel. A typical main
window for a heat transport upgrader is shown in Figure 2.

Generally, clicking on an equipment tag will bring up a dialog to configure the equipment. For
example, clicking on the feed evaporator EV-2 tag on the moderator upgrader mimic will bring up
a dialog, so that input data can be entered or edited (Figure 3). Clicking on the V1172 tag on the
moderator upgrader mimic will bring up a valve open/close dialog to confirm the status of the
valve. Closed valves are colored amber, while open valves are colored white. Generally, two
connected feed valves cannot be open simultaneously. When valves are opened and closed, simple
consistency check logic ensures physically reasonable operation.
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6.2.2 SetUp Menu. Selecting the SETUP menu (shown in the top left-hand side of Figure 1)
brings up the upgrader setup dialog shown in Figure 4. The setup dialog allows user input of
upgrader configuration data. The user specifies the reboiler and condenser data such as pressure,
temperature, flowrates and inventory. For each packed section of the upgrader, the user specifies
the number of stages, top and bottom pressures, top and bottom D2O and T2O concentrations,
water inventory in the packing, and water inventory in the tower sumps and the distributors (sump
inventory). The top and bottom pressures, and D2O and T2O concentrations for each section can
be set based on station operating data and sampling and analysis. If such information is not
available, these values can be based on linear extrapolation of the overall tower top and bottom
values. This capability to specify the parameters of each section is a very useful feature of
UGDYNSIM, since this allows the user to simulate the effect of loss of efficiency in some
sections on the upgrader performance. For example, if the liquid distributors in some sections are
partially or completely plugged, the liquid maldistribution will result in loss of separation
efficiency. Several simulations can be run using different number of stages in these sections. By
comparing the simulation results with the actual operating data, the number of stages in the
plugged sections can be predicted. Using the predicted number of stages, simulations can then be
carried-out to optimize the operation strategy, until future maintenance shutdown.

Efe S'mJafcn Setup Chats Heb

Bruce Nuclear Ge

Heavy WataUpg

Dynamic Sirmiatio

TmH 0.000.0.
ModeralorHe»

Baps

Heat Transport Hi

Heat Transport Bo

Bruce NGS '6' Moderator Upgrader Packing Section Data

sec

1
2
3
4
5
6
7
8
S
10
11
12
13
14
15
16
17
18
19
20

nts

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Inventory

(U
194.000

194.000

194.000

194.000

194.000

194.000
194.000

194.000

194.000

194.000

194.000
194.000

194.000

194.000

194.000
194.000

1S4.000

194.000

194.000

194.000

Top 02O

m
7.9013E+01
4.9823E+01
2.4909E+01

1.1459E+01

6.O690E+CO

4.3260E+00
3.9450E+00
4.0140E+00

4.1960E+00

4.3580E+00

4.4470E+00
4.4520E+C0
3.3580E+00

2.7540E+00

2.3710E+00
2.0480E+00

1.7180E+00

1.3630E+00

1.0040E+00

6.7300E-01

Top T20
(Ci/L)

4.1605E+O0

2.6467E-HJ0
1.5230E+00

9.83S0E-01

8.O460E-O1

7.7670E-O1

8.0110E-01
8.3820E-01

8.7100E-01

B.9150E-01

8.9700E-01

3.8860E-01

6.4930E-01

5.3070E-01
4.5480E-01

3.8710E-01

3.1750E-01

2.4640E-01

1.7930E-01

1.2260E-01

Bot. 020
(JO

9.8339E+01

7.7689E+01
4.8357E+01

2.3967E+01

1.1043E+01

5.9220E+00

4.2860E+00
3.9420E+00

4.0220E+00

4.2050E+00
4.3640E+00

4.4490E+00

4.4500E+OO

3.3190E+00

2.7310E+00
2.3540E+00

2.0320E+00

1.7000E+00

1.3450E+00

9.8600E-O1

Bot. T20
(Ci/L)

S.4353E+O0
4.0850E+O0

2.5769E+O0
1.4832E+O0

9.6360E-01

8.0O80E-O1
7.7710E-01

8.02B0E-O1

B.4000E-01

8.7240E-01
8.9210E-01

8.9680E-01
8.8790E-01

6.4130E-01

5.2640E-01
4.5130E-01

3.8370E-01

3.1390E-01

2.4290E-01

1.7620E-01

Top P
(kPa)

21.42

20.83

20.25

19.67

19.08

18.50
17.92
17.33

16.75

16.17

15.58
15.00
14.36
13.73
13.09
12.45
11.82
11.18
10.55
9.91

Bot. P
(kPa)

22.00

21.42

20.83
20.25

19.67
19.03

18.50

17.92

17.33

16.75
16.17

15.58

15.00

14.36

13.73
13.09

12.45

11.82

11.18

10.55

Snip Inv.

<U
0.500

0.500

0.500
0.500

0.500
0.500

0.500

0.500

0.500

0.500

0.500

0.500

503.000

0.500

0.500
0.500

0.500

0.500

0.500

0.500

Valve
Nusber

1123 ~
1122
1121
1173
1172
1171
1170
1169
1168
1167
1166
1260
1159
1258
1256
1255 -1
1264
1253

RefaievcCorrpoaitionDataFiomSitmJation | Linear Inteipolsfon ol Condensa. Intetcohim and Reboier Prenotet... |

S at Unfam Composition |Rebo i le r Specif ication

Steam Pressure (kPat (SOO™

RebcfciinvenloyfUt |S2000

HebofcrDSOK): |S8.3330 "

Rcboil«T201Ci/U: I

|i Accept

C o n d e n s e r Speci f icat ion

CoofingWat«T©mc»tati«(Ct [5.00

Coofrig Water Row [L/h): [10000

Condenser Invertotyp-i 120.000

Condenser D20 (2* (OTOM

Condenset T20 [CiA.J [0.0500

| "Accept Changes" mM reset atnulatiDn!

j Tower
1TK2

Run | Slap | Slop |

NT5LWMenu-[NTSSL. | SgSnaglt-SharewareEvalC...||aD2O Up3<ader Si»ii»...

Figure 4: Moderator Upgrader Setup Dialog.



6.2.3 Control Algorithms Menu. Selecting the Control Algorithms menu brings up the Control
Algorithm Setup dialog, as shown in Figure 5. For each of the product streams, the user may set
the control mode to Fixed Flow, Fractional Flow, or PID Control. This feature permits simulation
of automatic control to evaluate its potential benefits and assess control strategies.
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Figure 5: Control Algorithm Setup Dialog.

6.2.4 Charts Menu. The Charts Menu brings up preconfigured charts for the following
parameters:

• D2O and T2O concentration profiles
• Column temperature and pressure profiles
• Trends of column head and bottom product D2O and T2O concentrations with time
• Trends of feed and product flow variations with time
• Trends of inter-column sump D2O and T2O concentrations with time.
The charts can be refreshed (animated) automatically while the simulation is running, so that the
user can see the change in the profiles with time. The Charts Menu is context sensitive, in that the
moderator upgrader charts are invoked if the moderator mimic page is on top, or the heat
transport upgrader charts are invoked if the heat transport upgrader mimic page is on top.



7.0 SIMULATION OF THE START-UP OF THE BRUCE 'B' MODERATOR
UPGRADER

In this example, the Bruce 'B' Moderator Upgrader, consisting of two towers, is assumed to be
operated using 5.59 Mg of 60% D2O inventory with a tritium concentration of 12 Ci/kg-feed. The
Upgrader is started in the total reflux operating mode from the shutdown state. The Upgrader is
assumed to have a uniform isotopic profile in both towers at start. The isotopic target for the
Head Product (HP) is 0.1% D2O. Normal feed will be resumed, when this target is reached, with
only HP drawoff. Bottom Product (BP) drawoffwill resume only when reactor grade D2O
isotopic is achieved. The BP isotopic target in this example is 99.92% D2O. The assumed total
number of stages in the two towers is 460.

In the total reflux operating mode, the HP isotopic will start to decrease and the BP isotopic will
increase. Figure 6 shows that the HP isotopic reaches its target setpoint (0.1% D2O) after 42
hours of Upgrader operation in total reflux. Therefore, removal of HP from the upgrader can start
at this time, if feed is also introduced. However, after 42 hours, the BP isotopic is still about 93%
D2O. Hence the BP draw-off cannot yet be started.
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Figure 6: Variation of Head Product Isotopic With Time

When feed is introduced, establishing the HP flow will remove H2O from the Upgrader. This
allows the isotopic profile in the upgrader to build such that reactor grade D2O can later be
removed as Upgrader BP. Through the simulation, it is found that the feedrate to the Upgrader
should be initially set at about 29 kg/h. To maintain the upgrader mass balance, the HP is drawn at
a rate equal to the feed rate. Operation in this mode will continue until the BP reaches its isotopic
target specification of 99.92% D2O. As shown in Figure 7, this occurs 77 hours after the HP flow
was started or 119 h (77 hours + 42 hours) after the initial Upgrader startup in total reflux. The
BP draw-off can now be started.
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Figure 7: Variation of Bottom Product Isotopic With Time

With both the HP and BP isotopics having reached their respective setpoints, flow control of
Upgrader HP and BP is assumed to be placed on automatic PID control. Isotopic setpoints to the
PID controllers are as noted above. The isotopic trends for the HP and BP are shown in Figures 8
and 9 respectively. It is evident from these figures that further fine tuning of the PID controller
parameters is required to stabilize the product isotopics. Further optimization of the control
parameters to improve the stability of the Upgrader product isotopics will be performed in the
near future.
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The Upgrader Feed, HP and BP flowrates are shown in Figure 10.

100 200

PHnt.. | l

B4-

E0-

56-

52-

48

40'

36

32

24

20'

1fi'

/

/

. >

y^

/

^

/

BNGS 'B' Moderator Upgrader Flows, LA

- — - —

• — * » M .

_ _ — - — •
. — — •

- EV1
— EV2

400 500 600
Elapsed Time pi)

700 800 900 1.000

u| Ifcs S LON Menu-[NTS S I . |

Figure 10: Trends of Head Product, Bottom Product and Feed Flowrates



Additional information obtained from this simulation are:

• The final upgrader feedrate is about 66 kg/h.

• Upgrader tower D2O isotopic profiles to determine the correct feed valve location. For
the above example, the optimum feed valve is V1260 (located above the packing section
# 13).

The user can also extract other output data from UGDYNSIM as discussed in Section 6.0.

8.0 FUTURE PLANS

Customized versions of UGDYNSJJvl have been developed for some of the Ontario Hydro heavy
water upgraders (at Bruce NGS B and Pickering NGS). It is anticipated that by 1998 all Ontario
Hydro heavy water upgraders will have customized versions of UGDYNSIM. Extensive testing
and calibration of the code using station operating data will be carried out in the near future.
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New Brunswick Power, Point Lepreau Nuclear Generating Station

Point Lepreau, New Brunswick, Canada, EOG 2H0

INTRODUCTION

A C language program has been developed at the Point Lepreau Nuclear Generating Station which
emulates the actions of an SSCI 125 computer's instruction set and also emulates the actions of those
input and output devices (including a RAMTEK display system) which belong to the plant control
computer of the nuclear power plant's full scope training simulator. This enables the same DCC
software to run on both the $20 million dollar training simulator and an equivalent desktop simulator
whose hardware cost is now $16,000 or less. It facilitates making additional copies of the $20 million
dollar training simulator for less than 0.1% of the cost per copy.

When this emulation program is run on a 266 MHz DEC single CPU Alpha computer, it simulates the
running of the training simulator plant control DCC (digital control computer) at approximately the
rate of real time: either faster or slightly slower depending on the compiler options employed and
depending on the choice of the modeled machine cycle speed of the SSCI. Using the standard machine
cycle speed of 660 nanoseconds, using the emulator fully optimized, and using plant process modeling
without optimization the speed is 90% as fast as real time - this is the normal use situation for
simulator modelers who were the originally intended users of the emulator. If the modeled SSCI
machine cycle speed is slowed down to 792 nanoseconds (making use of spare capacity on the real
SSCI to reduce the workload of emulation), and all objects are compiled as optimized, then it takes
only about 20 minutes of clock time to simulate over 30 minutes of modeling time. This mode of
simulation may be useful for somebody who is not doing emulator or modeling code development.
This could include preparing lesson plans for the training simulator, developing or evaluating plant
operating procedures, or trying out revised DCC software.

The design of the emulator is described highlighting aspects of its design which distinguish it from
previous DCC emulators known to the authors (2),(3). There is a separate companion paper (1)
describing the Point Lepreau Desktop Simulator in its entirety.

• This emulator knows the elapsed time of each SSCI instruction, so it can be conveniently run
either in a real time simulation context or in the context of non-real time variable step length
plant process simulations run on a shared access mainframe computer in company with non-
simulation users. This is significant since most nuclear power plant simulation studies are not
done in real time.

• This emulator employs the virtual memory mapping and 4 state memory protection scheme of
the SSCI 125 which is more computationally expensive than previous Varian emulators. Yet
good overall running efficiency is achieved for the emulator because of design and coding
techniques that are described.



MOTIVATION

In the past it has been difficult to study the power plant dynamics of CANDU nuclear plants using the
plant control computer software. Using a real nuclear power plant for experimentation poses obvious
risks and expense. Alternatively one can:

1. obtain full scope training simulator access where the training simulator has a duplicate of the plant
control computer. This approach is very useful because of the scope of the training simulator modeling
and the fidelity obtained by running the real plant control programs. However, this is no solution if one
does not have a full scope training simulator or one lacks sufficient access to such a facility. Full scope
training simulators have very high cost and very high utilization for training.

2. One can build or obtain duplicate control computer hardware and interfacing which is also
expensive - one goes some fraction of the way in the direction of a duplicate training simulator with
some fraction of those large costs. Or

3. one can replace the old assembly language software of the plant control computer with new
programs which run on cheap modern hardware. These software emulation programs are supposed to
behave like the programs that run on the plant control computer. Not only is the initial cost of this
approach high, but there becomes an ongoing necessity to modify and check out the software
emulation programs when the assembly language programs in the plant continue to be modified. And
there are limits as to how much of the plant control computer one might pay to translate.

A fourth approach is hardware emulation. Instead of imitating the programs that run on the plant
control computers, one writes a program which imitates the plant control computer hardware itself.
The hardware emulation program is written in a language that allows the emulation program to be
moved easily from one computer to another, which allows the programs of the plant control computer
to run on any computer where the hardware emulation program is moved.

The annunciation messages from the plant control computer during plant transients are utterly vital for
many purposes, and yet these messages are produced by many different plant control and annunciation
programs. So it is only with hardware emulation that it is practical to achieve the same extent of
annunciation information as in the real power plant. The cost of doing so through software emulation
is impractical, particularly because annunciation is one of the most rapidly changing and heavily
maintained areas of plant computer software.

Hardware emulation is much simpler than software emulation. Point Lepreau has over 12 linear feet of
assembly language program listings for the plant control computers, so translating and maintaining
even a fraction of these programs into a portable higher level language is a big undertaking. By
comparison there are mere hundreds of distinct machine instructions which require to be handled by a
hardware emulator. In addition, hardware emulators require much less maintenance than software
emulators because the programs of the plant control computer get changed much more frequently than
the hardware is changed.

One of the main barriers to hardware emulation has traditionally been the cost of computing power.
Now that massive computing power is available relatively inexpensively, the practicality of hardware
emulation has increased considerably, at least when there is a way to overcome the second great
problem of hardware emulation - adequately knowing the behaviour of the machine being emulated.

The SSCI125 is a clone of the Varian V70 series of minicomputers which were very successful in the
1970's. The Varian V70's series were chosen for control of the early CANDU nuclear power plants
and for that purpose Atomic Energy of Canada developed the early CANDU executive DCC (plant
Digital Control Computer) software and various application programs for plant control, annunciation
and data logging.



When the Point Lepreau plant was constructed from 1975 to 1982 it was provided with duplicate
Varian V73 control computers designated DCCX and DCCY. Similar DCC's were provided to
Wolsung 1 in Korea, Gentilly 2 in Quebec, and the Embalse plant in Argentina. At least a dozen of
Ontario Hydro's nuclear units have similar DCC's.

The plant control and executive software for all these plants is written in Varian assembler. The
software was extraordinarily costly to develop as it required nuclear plant transients to help in
debugging it. So this software has been retained over the years despite the ongoing march of software
technology that has made assembly language programming an historical curiosity in most contexts.
The assembly language programs that have been painstakingly refined over the years at the Point
Lepreau plant are beautiful, and elegantly laid out - not second class software by any proper definition.

When full scope training simulators were built for these power plants, a faithful replication of the plant
control computer functions usually meant including a duplicate of the DCC in the simulator with the
DCC executive software being highly modified to provide the added simulator functions not required
or appropriate for the nuclear power plant. The executive software of the simulator runs application
programs effectively identical to the application programs running in the power plant. The same
application program images that run in the Lepreau plant control computers also run on the Lepreau
simulator, although on some simulators the code is more highly modified because the simulator
executive interface to the application programs differs from the interface seen by the same application
programs running in the plant.

When the Point Lepreau training simulator was built from 1988 to 1991 it was no longer possible to
buy Varian hardware, but the SSCI company built and sold "clones" of the V70's, an early model of
which was the SSCI 125. An SSCI 125 was purchased for the Point Lepreau training simulator by
CAE, the simulator manufacturer. The Lepreau training simulator has only one control computer
designated DCCS which is set up to imitate DCCX in the plant.

The V70's only had an address space of 32k of 16 bit words, which was fine for their time. The code
which controls the Lepreau plant is written for this address space, making extensive use of an overlay
area where code is loaded in from the multi-megabyte bulk memory unit (BMU). The SSCI 125 has a
larger address space consisting of 16 memory maps each of which can address 32K 16 bit words. The
DCC executive software for the Lepreau simulator was even more highly modified than is usual as
compared to the executive software of the corresponding plant DCC's In the case of the Lepreau
simulator, the job of writing this executive software was more of a challenge than usual because the
simulator and the power plant were based on two different kinds of computers - one with memory
mapping and one without, and the memory protection schemes of the two kinds of computer are also
different.

More recently built CANDU power plants in Romania and Korea are using the SSCI family of Varian
clones to control both their plants and simulators. The training simulator DCC to be built for the new
Chinese CANDU plant remains to be seen. The Chinese plant is to be controlled by SSCFs.

A possible use of the SSCI emulator would be to displace DCC hardware in a new CANDU simulator.
It would be easy to build simulator specific functions such as the ability to freeze and restore directly
into the emulator itself- this is especially obvious when trying to simulate the failure of DCC hardware
components. By building these abilities into the emulator, one could then run almost the same DCC
executive software on the training simulator as in the power plant. It would largely remove the need to
create and maintain a separate DCC executive for the training simulator.



KEEPING TRACK OF EMULATED TIME

The Basic Approach to Time

The Point Lepreau SSCI and its peripheral devices is modeled as a single sequential process. This
achieves adequate accuracy for purposes of overall plant simulation. This is possible because the
SSCI is a single processor machine and because of the limited intelligence of the peripherals employed
with it. If there were substantial distributed "brains" one would need to model events occurring in
multiple time streams and suffer the overhead of coordinating these time streams - thankfully that has
not been necessary.

The design objective for simple and reliable time simulation in the Point Lepreau emulator is to try to
code the emulator using only two types of time information: the time delay before some future
hardware event occurs; or the time it takes for an SSCI machine instruction to execute. Each of these
two types of time information is kept in a place that is simple to find and administer as follows.

1. All information on the delays before future hardware events is contained in a single chronologically
ordered event queue, where an event is a simple data structure. Each hardware event knows how many
nanoseconds it comes after the event before it in the queue. When it is time for an event to occur, it is
made to happen by calling the function pointed to from that particular event data structure.

2. Each SSCI machine instruction knows how long it takes to execute. All information on the timing
behaviour of that instruction is contained within the function that emulates that instruction. For
example, an ADD instruction with direct addressing has a duration of 1320 nanoseconds in the
emulator. With indirect addressing the same instruction is modeled to take 1320 nanoseconds plus 660
nanoseconds for each level of indirect.

Time is advanced in the model simply by having each SSCI instruction decrement the time to the
occurrence of the next (i.e. first) hardware event in the event queue. Thus a direct addressing ADD
instruction decrements the time to the next hardware event by 1320 nanoseconds.

Keeping time information in very few places was felt to be good simulation software design, and trying
to rely as much as possible on relative time rather than absolute time was felt also to be desirable for
simulation software.

This design objective was achieved with only one exception. The exception was necessary because
countdown registers' keep on counting down after they time out and eventually get read after they have
timed out. Thus one has to keep track of this kind of event for indefinitely long periods after it occurs.
This was done by creating an absolute timer and using certain fields in the data structure of the
countdown registers for necessary bookkeeping. The use of the absolute timer was limited to the
countdown registers to respect the administrative objectives of the original design. The timer is
maintained by a recurring 1 millisecond event on the hardware event queue: 1 millisecond (i.e. the
time for perhaps 1000 machine instructions) is the timing resolution of the countdown registers.

The basis for estimating the execution times of our individual SSCI instructions is to take the
corresponding published times for the Varian V77 machine - which is only approximately true of the
SSCI. There are no published times for the SSCI itself. Published times are approximate because in
some situations the execution speed depends on the operands, sometimes in a manner more complex
than any reasonable person would want to model.

1 Countdown registers are external timers to the SSCI which are wired into different lines of the
external interrupt system. The CANDU DCC executive software talks to these different timers to
manage different classes of interrupts which are required to exhibit timed behaviour.



Reasonable guesses or experimentally determined times were used for instructions unique to the SSCI.
Such a rough approach to instruction timing has no adverse implications to fidelity of simulation, for
reasons explained below.

Plant Control Insensitive to Computer Clock Speed (within limits!)

In a well designed real time control application such as a CANDU DCC, the execution times of
individual control computer instructions does not impact on plant control dynamics.

All plant control actions occur at fixed points in time which depend only upon devices external to the
SSCI. If there is a turbine trip in the plant, that has an immediate impact on the timing of control
actions because of a turbine trip interrupt, but the impact arises from outside the SSCI. When the heat
transport control program runs every 2 seconds on the SSCI, that arises due to an interrupt originating
from the slow function countdown register external to the SSCI - the timing of the interrupt is
independent of the speed of the execution of SSCI instructions. Because all plant control actions occur
only at points in time fixed externally from the SSCI, it does not matter how fast or slow is the
execution of the SSCI instructions, so long as the SSCI is fast enough to squeeze in all the work it has
to do according to the externally driven schedule2.

If the plant control computer is not fast enough to achieve the externally driven schedule, the problem
is that the machine has run out of "spare time"; But in practice, it is important that there be substantial
"spare time" on the plant control computers - or else the computer is not assured of being able to
handle a plant transient or be as responsive to operator input as was the design intent. During "spare
time" the DCC executive software is executing at its lowest priority level, cycling around the
"background executive loop" where various deferrable tasks are done.

The practical consequence of all of this is that the instruction execution times of the emulator do not
have to be highly accurate for plant simulation purposes, so long as the times are not overestimated
badly enough to remove all the spare time that would otherwise be available. If the time is
underestimated that it takes to execute individual SSCI instructions, the consequence to modeling
fidelity may only be that the emulator spends a higher fraction of its time spinning around the
background executive loop, and a lower fraction of its time executing plant control programs such as
heat transport control which are only run once every 2 seconds, regardless of how fast the computer is
and regardless of how many times it might be possible to run that program in 2 seconds given more
computing power.

The consequence of underestimating the time it takes to execute the SSCI instructions is primarily3 to
waste the computing power of the computer on which the emulator is running - the emulator will take
more time on the computer hosting the emulator to simulate 1 second of time of the computer being
emulated.

2 The times for the program schedules are data used by the DCC executive software - these data affect
the times that the executive software communicate to the various external timers. But the actions of the
timers depend on the fixed data values, not on the speed of execution of the DCC software itself.

3 The executive software has some built in timing tests (such as for RAMTEK IOBIC DMA data
transfers) based on counting the number of cycles around a timing loop and requiring an interrupt
before a maximum acceptable count is reached. Shortening up the time too severely in the emulator for
the particular machine instructions in these timing loops can therefore cause the executive to leave
insufficient time for certain data transfers, unless the executive is patched (not done!).



The foregoing arguments have been validated with our emulator by running a reactor trip event using
different instruction set timings, as indicated by the following test cases:

1. the instruction timings were the standard timings of the emulator,

2. the time of a basic machine cycle was increased by 20% in the emulator,

3. the machine cycle time was lowered to 95% its normal value, and

4. the normal execution times of some arithmetic instructions were increased by a factor of 10.

In all cases, the plant transient simulation results were "the same" because there was always spare time
for the executive software to just spin around the background executive loop. The case where the
machine cycle time was increased 20% from 660 nanoseconds to 792 nanoseconds was accompanied
by a consequent increase in the speed of emulation, as less computing power for emulation gets wasted
in the executive background loop.

More details on validation of the emulator are given reference (1).

Comparison to Time Simulation on Earlier Emulators

All earlier DCC emulators, of which the authors are aware, had no internal sense of time within the
emulator itself. These programs were mostly written in Intel 8088 assembler for purposes of limited
testing of DCC software, given that Intel based PC's were easier to access than Varian V70's. Plant
simulation was not the original objective, so there was no need to model the passage of time. Later
when these emulators were adapted to work in a simulation context, it was easiest not to modify the
emulator logic, but instead to provide the emulator with a sense of time by using computer hardware
timers.

Regardless of the details of how hardware timers are used to give a "time unknowing" emulator a
sense of time, it tends to be done using a fixed ratio between time as measured by the hardware timer
and time as seen in the modeled process. There is a fixed relationship between time as seen on the wall
clock and time in the modeled process. Having a fixed ratio relationship like this, whether it is 1 to 1,
or 1 to 2 ,or 2 to 1 makes it difficult .to run such an emulator in a time shared context. However, time
sharing is the norm on large mainframe computers used in many design and safety analysis
simulations. Time sharing is a problem because generally no user is guaranteed, or wants to be limited
to, a fixed fraction of computer CPU capacity.

Another potential problem with "time unknowing" emulators is that the timing resolution available
from many hardware timers can be crude compared to what one would like. In contrast, there is no
ultimate limit to the accuracy of timing possible using the approach employed by the NB Power
emulator - it is only a matter of how much one cares.

The Point Lepreau emulator has a built in sense of time in the software itself, so there is no
dependence on any timing hardware of the machine on which the Lepreau emulator is run. Therefore
this emulator can be run as easily in a timesharing context as in the context of a dedicated use
computer. In addition, the Lepreau emulator does not have to waste computer capacity in non-real time
applications because it does not need the spare time required by a "time unknowing" emulator which
must at times wait for its next hardware clock tick before the emulator can advance time. In a real time
application the two different types of emulator would be comparable because both have to wait to be
synchronized with a hardware timer.



As previously explained, wasted capacity in the Lepreau emulator can arise from the amount of time
spent simulating time in the background executive loop (this is a source of wasted computer capacity
in any kind of emulator because it imitates waste in the real world). The waste can be minimized in the
Lepreau emulator by experimentally increasing the instruction execution times until just before fidelity
of plant dynamics is affected. However, it is better to have enough of a spare time cushion so you can
be sure plant dynamics are accurate in your simulation. The same kind of fidelity problems can arise in
"time unknowing" emulators that are too aggressive in trying to achieve fast simulation results.

MEMORY MODEL REQUIREMENTS

Description of SSCI Mapping

Throughout this document octal numbers are always preceded by a 0, and decimal numbers are not.
The system utilities of Varian V70's and their SSCI clones are octal oriented.

The SSCI 125 has physical pages 0 to 0377 where each page is 01000 words (of 16 bits). The memory
limit of the Lepreau machine is 512k words, which is a range of 0 to 01777 physical pages limited by
the physical memory installed, not the architecture.

The physical pages of the SSCI 125 architecture numbers 0 to 0377. Aphysical address is composed
of 3 octal digits to give the offset within the page, and this offset is preceded by the three digit octal
page number. Thus physical address 0265125 is offset 0125 words into physical page 0265.

There are 020 maps within the SSCI. Each map consists of 0100 pointers to physical pages of normal
RAM memory. The pointers themselves are stored apart from normal memory. Each pointer can have
any value from 0 to 0377. Each map therefore defines a complete virtual memory space of 0100 pages
of 01000 words: that is virtual addresses 0 to 077777 (the address range of the old Varian V70
machines). With most computers and operating systems, the virtual memory space is larger than the
physical memory space, but with the SSCI, the opposite is true!

The SSCI has a program status word (PSW) register which contains important information indicating
the current utilization of the different possible maps.

The MAP AC (map active) bit of the PSW is bit 4. If this bit is not set, then no mapping is used and
any address referenced in the software has identically the same physical address. In other words one
can only address the first 0 to 077777 physical words of memory if MAPAC is 0. Also there are no
memory protect violation interrupts unless MAPAC is 1.

The USRMD (user mode) bit of the PSW is bit 5. If this bit is not set, then only map 0 is used and
there can be no memory protect violation resulting from the use of privileged instructions (I/O
instructions). When USRMD is set, execution of any privileged instruction causes a memory protect
violation.

The KEY portion of the PSW is bits 0 to 3. Its value points to which of the 16 maps used when both
MAPAC and USRMD bits are set. When USRMD is not set the key bits are not used, except by some
SSCI special instructions that never existed on a Varian computer.

As an example of address interpretation consider software address 043561.

If MAPAC is 0, then the physical address is also 043561 - that is offset 0561 words into physical
page 043.



If MAP AC is 1, then mapping is as described in the rest of this example.

If USRMD is 0, then map 0 is used . Pointer 043 in map 0 is examined in the hardware and it
points to physical page 0311 (for example) which means the physical address is 0311561
corresponding to virtual address 043561.

If USRMD is 1, then the map used is determined from KEY. If KEY has a value of 010 (for
example). Pointer 043 in map 010 points to physical page 021 (for example). So the physical
address is 021561 corresponding to virtual address 043561 in this case.

Programming of Mapping and Protection

The problem is to be able to translate virtual addresses in the range 0 to 077777 into a correct physical
address in the range 0 to 0377777.

The approach to solving all programming problems in the Lepreau emulator has been to look for
speed, and to be prepared to use abundant cheap modern memory to facilitate that objective.

There are 021 cases to deal with: using one of the maps 0 to 017 or using no mapping at all. For each
of these cases one constructs an array of 0100000 elements whose cells numbered 0 to 077777. Each
cell contains the physical address for the virtual address agreeing with the cell number. Thus cell 2
contains the physical address for a virtual address of 2. One switches between using different sets of
0100000 cells according to the current values of the MAPAC, USRMD and KEY bits of the PS W.

The SSCI 125 software at Point Lepreau only uses 5 maps, and advantage was taken of this in the
implementation of the emulator to reduce the appetite for memory for all those extra cells.

The case for no mapping is set up as a pseudo map at compile time: so there are maps 0 to 017 (really
only 0 to 4 in our special case) and a pseudo-map. Every virtual address in the pseudo-map has the
same physical address. The cells for all the other maps are set up based on the execution of SSCI
instructions used in the DCC executive software to set up the mapping on the real hardware. So if a
particular map sets a particular virtual page to point to a particular physical page, fully 01000 cells
have to be set up as a result in the emulator. So the execution time in the emulator of the instructions to
set up the maps is slow. These instructions are only used by the DCC INIT program, so no problem
arises from this slowness for the Lepreau simulator application.

These 021 sets of indexing cells are arranged into a single contiguous array memmap, and a pointer
called umapbase can be computed so that in every case

physical address = memmap [umapbase + virtual address]

umapbase points to a particular subset of 0100000 cells in the memmap array which ensures the
mapping used is the correct mapping for the current PSW. Every time one of the first 5 bits of the
PSW changes, the value for umapbase is set accordingly. This is a frequent occurrence, but quick and
simple.
Memory protection is organized in exact correspondence to mapping: specifying the current map and
current virtual page is necessary and sufficient to define the memory protection characteristics of the
current virtual address. So one can look up the memory protection characteristics of the current
address in a manner exactly analogous to looking up a physical address for a virtual address.

So
memory protect status = memprot [umapbase + virtual address]



where memprot is an array set up primarily as a result of the SSCI instructions that set the memory
protection in each virtual page. A portion of the memprot array is set up a compile time: there is full
access throughout the pseudo map where mapping is disabled (i.e. physical address equals virtual
address).

Note than when one updates the value of umapbase, it simultaneously serves the needs of memory
mapping and protection.

The slowness in initially setting up the maps and the extensive memory used in the emulator for all the
pointer cells is more than paid for by the resultant speed in handling both mapping and memory
protection in normal running. It becomes fast and simple to look up the physical address or protection
of any virtual address.

The most surprising problem in memory addressing encountered in the development of the emulator
was a reliance on an undocumented address wrap around characteristic of the original Varian hardware
that has been duplicated in the SSCI. When indexing operations are performed on virtual addresses it
is possible for the resultant address to exceed the maximum virtual address of'077777. What the
hardware does is "and off bit 15 so that an address like 0102347 becomes 02347. The original feeling
was that anyone who used this feature of the hardware deserved to "hit the wall", and should welcome
doing so. The emulator was initially written not to "and off bit 15. However, significant pieces of the
DCC software written in the 1970's used this feature of the hardware and so it was necessary to more
properly imitate the hardware. Thankfully the adjustment to the emulator was easy.

Memory Protect Violations

There are 2 bits which define the protection status of any virtual page in the SSCI: according to how
there bits are set the page is either

- unassigned (usually there is no physical memory for such a page),
- read only,
- read only operand (more restrictive than read only - must not be an executable instruction), or
- full access.

There are three bits in the PSW which define what kind of memory protect violations can occur: the
JMPERR bit (bit 11) and the MP bits (bits 9 and 10). The JMPERR bit is set according to whether the
violation occurred during execution of a jump type instruction, and the MP bits denote either

- privileged instruction violation,
- instruction fetch error,
- write error, or
- unassigned memory error.

Privileged instruction violations occur as a result of executing "privileged instructions" (a subset of the
I/O instructions) when the USRMD bit is set in the PSW.

Instruction fetch errors occur when the SSCI attempts to execute an instruction stored in read only
operand memory.

Write errors occur when an attempt is made to modify a word in memory which has either read only or
read only operand protection.

Unassigned memory errors occur when an attempt is made to use unassigned memory.



When any of these errors occur, information which is particular to the violation is recorded by the
SSCI hardware in addresses 062 and 022. Since the Lepreau SSCI executive uses jump and mark
emulation for the memory protect violation handler, the other key piece of information is the return
link address recorded by the hardware at the address pointed to by the contents of address 021 in
memory.

Although the definitions of the different types of errors seem simple, the memory protect behaviour of
the SSCI is complex and quirky. Typically there are multiple words of memory to examine when an
instruction is executed, and if there is a violation on one word, there may be a violation on more than
one. So there is a question of what happens in the case of multiple violations.

The most common memory protect violation that occurs is intentional in the executive software. The
typical call for an executive service from a CANDU DCC application program involves setting up the
B register with a specific key value and then creating an intentional memory protect violation by doing
a jump and mark instruction into protected memory. On the SSCI the jump and mark is indirect
through a memory word that is read only operand (a violation) to a mark word that is also read only
operand (a violation) and a jump target that is also read only operand (a violation). The result of all
this is not an instruction fetch error for the instruction at the jump target and not a write error for the
mark word, but rather an unassigned memory error in the MP bits of the PSW and the JMPERR bit is
also set.

The memory protect violation handler of the executive software checks to see if the B register contains
the required key, and the call is allowed to proceed. Otherwise the violation causes a program failure
or restart of the DCC, depending on the program causing the violation.

As another example of quirkiness, the SSCI can look down a chain of indirect addresses "through"
unassigned memory that physically exists to return information about what is at the end of the chain of
indirects.

The Point Lepreau emulator does not try to cope with the full complexity of the memory protect
behaviour.

There was no attempt to incorporate the information recorded in memory address 022 upon the
occurrence of a memory protect violation: the use of this information is only for debugging, and the
emulator being a software device has inherently greater debugging flexibility than the hardware ever
could.

It was felt unnecessary to deal in the emulator with the ability of the SSCI to look through unassigned
memory that physically exists. So as a matter of policy the Lepreau executive SSCI software ensures
that the only unassigned memory is memory which does not physically exist. This is not seen as a
practical constraint.

In general, there was no attempt made to deal with correct emulation of the simultaneous presence of
multiple memory protect violations involving the same SSCI instruction, except for those specific
situations which arise intentionally in the SSCI (and Varian) CANDU executive software. Single case
violations are handled accurately according to extensive testing that was done, but even that testing
was not 100% exhaustive.

In the end, there is reliance on the CANDU DCC executive software to cause a computer restart or
program failure on any unintended memory protect violation. And the emulator is assured of handling
the intentional violations accurately, at least those cases in Lepreau DCC executive software.



SCOPE AND PRIORITY OF INTERRUPT EMULATION

The only internal interrupts that are emulated are the real time clock interrupt and memory protect
violation interrupts. Parity errors, power down, power up, virtual console, and UART interrupts are
not emulated.

Restart is emulated (as caused by a watchdog timeout), although it is not an interrupt in the normal
sense. When it happens it takes priority over ANYTHING else.

The foil external interrupt system is emulated. This includes 3 SSCI PIM's and 4 CAE PIM's
providing effectively 52 distinct priority levels of external interrupts.

The real time clock interrupts and external interrupts are grouped together in the way they are handled
because both can be held off by uninterruptable machine instructions being executed. These interrupts
do not occur while an individual SSCI instruction is in progress of being executed. As each SSCI
machine instruction in a computer program concludes being executed, a setting is made in the
hardware that either allows or does not allow an interrupt to intervene before the following SSCI
machine instruction in the program to be executed. Uninterruptable instructions are those that do not
allow an interrupt to intervene before the next SSCI machine instruction gets executed.

When they are allowed to occur, only the highest priority interrupt is acted upon. The real time clock
has higher priority than any external interrupt, and the priority of the external interrupts is established
by the PIMs hardware.

Memory protect violation interrupts take priority over anything in the emulator, aside from a restart.
Memory protect violations only arise as a result of emulating the execution of SSCI machine
instructions - but when they arise they are immediately acted upon. So no instruction is uninterruptable
with respect to a memory protect violation.

The interruptability characteristics of individual SSCI instructions in respect to clock interrupts and
external interrupts is difficult to establish. This information is important for writing device drivers or
executive software, and should have been available from documentation but was not. The easiest
method to get the information was to disassemble the SSCI microcode for all the SSCI machine
instructions. Jump and Mark instructions are uninterruptable if and only if the jump condition is
satisfied. If the Jump and Mark is unconditional, the instruction is uninterruptable. Most, but not all
I/O instructions are uninterruptable, and the sense instructions are conditionally uninterruptable similar
to the jump and marks. Unlike the Varians, double word instructions are generally interraptible on an
SSCI, which was a great headache in developing the executive software for the Lepreau simulator
DCC because of the different basis for the plant DCC executive software.

THE TOP LEVEL EMULATOR LOGIC

Figure 1 illustrates the top level logic of the emulator. The boxes (diamonds and rectangles) within
Figure 1 are numbered 1 to 8 and are each described in turn. The heavier lines going between boxes 1
and 2 indicate that this is "the main loop" where by far the majority of the execution time is spent.

One enters the logic of figure 1 at box 1 after the SSCI emulator is called by the overall simulation
dispatcher program which also calls the modeling of the various process systems of the plant such as
boilers, heat transport, turbine, etc.).



FIGURE 1 - OVERALL EMULATOR LOGIC
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There are a few steps required to make an orderly transition from the plant modeling to the DCC
emulator. Interrupts raised by the modeling are handled by calling the functions that lower the voltage
of the appropriate lines going into the appropriate interrupt hardware of the emulator. This happens
just before one enters Figure 1 at box 1. Another action on entry to the emulator is to set up a special
event on the hardware event queue to happen at a future time equal to the time when the emulator is
required to return to its calling program. This event has the unique characteristic that the pointer to its
event function is a NULL pointer.

Box 1 is simply a test of the time remaining until the scheduled time of occurrence of the first event in
the event queue. If this time is zero or negative, then control goes to box 3, but hundreds of times more
often than that, control is given to box 2.

Box 2 uses the memory mapping as previously explained to look up the bit pattern for the next SSCI
machine instruction. This 16 bit pattern is used as an index into a 64k array of function pointers. To
execute the function which emulates any given SSCI instruction one simply executes the function
pointed to by the bit pattern of the instruction4. That SSCI instruction function has the responsibility to
decrement the time to the first event in the event queue by a discrete amount corresponding to the
estimated duration of that instruction on the real SSCI hardware. If this instruction is interruptible it is
required to return a value indicating interrupts are OK, otherwise return a value indicating otherwise. It
was felt that a good compiler ensures the return value comes back in a register and therefore takes
minimal overhead in the main loop5.When control passes to box 3, the time to the next event is
generally negative, meaning the event is slightly overdue. This is a consequence of moving time
forward by discrete amounts in box 2. So if the event queue is updated by removing the event at the
head of the queue (in box 4, 6 or 8 below), the time to the next event must be reduced by the amount
of time by which the current event is overdue. In that way the schedule is maintained without
accumulating slippage.

Box 3 checks to see if the event at the head of the event queue is an interrupt event. There is only one
interrupt event allowed in the event queue. It is always inserted at 0 time delay in the queue, which is
generally the front of the queue but on occasion may be behind overdue events. The interrupt event is
placed in the queue only when all conditions have been satisfied for either a clock interrupt to occur or
an external interrupt, except for knowing whether the last SSCI instruction executed was interruptible.
The reason for doing this is because of the desire to keep the number of " i f tests in the main loop to
just the single test in box 1. Hundreds of instructions are executed just cycling back and forth from box
1 to box 2, before there is generally a requirement to go to box 3.

4 It is impractical to have 64k different functions to cover all possible 16 bit patterns. So one defines a
limited set of functions such that each function executes efficiently even allowing for the variations
implied by the range of different bit patterns covered by that one function. Invalid bit patterns point to
a function that provides appropriate diagnostic information. These pointers are all set up by a utility
program which writes a C language source file that appropriately initializes the 64k array of function
pointers. In total the Lepreau emulator has a little over 500 distinct C functions, including all those for
hardware devices as well as those that emulate machine instructions.

5 The original design called for the uninterruptable SSCI instruction functions to call the next
instruction function from within themselves, instead of calling all instruction functions from within box
2 of the main loop. This leads to a requirement that such instruction functions be reentrant. This might
seem problematic but would only have required careful programming for those few SSCI instructions
which can directly cause non-memory protect interrupts (e.g. unmasking a priority interrupt module).
The reason for finally abandoning this approach was to avoid unjustified delays in the occurrence of
hardware events, that are now allowed to happen on schedule thanks to boxes 7 and 8 of figure 1.



The commonest event is the 1 millisecond periodic update of the global time value used by the
countdown registers. So it is more common to go from box 3 to box 4, than from box 3 to box 5.

When a countdown register times out, that also causes a branching from box 3 to box 4. The
countdown register time out event causes a function call to lower the voltage on a line going into one
of the priority interrupt modules (PIMs). Depending on the state of the PIM and the state of the PSW,
that may or may not result in an interrupt event being placed on the event queue.

In box 4 the event data structure is removed from the head of the event queue, and the function which
was pointed to by the function pointer in that data structure is executed. In the case of a NULL pointer
to the event function, the emulator returns to the dispatcher program that called it.

Box 5 tests the return value from the last SSCI instruction that was executed to determine if it was
interruptible or not. Usually the previous instruction is interruptible, in which case control is
transferred to box 6.

In box 6 the event data structure is removed from the head of the event queue, and the interrupt
function which was pointed to by the function pointer in that data structure is executed. The interrupt
function checks interrupts top down in priority order until it finds an interrupt that is ready to go. This
involves checking the real time clock first6 and then the state of the Varian PIMs. Only the highest
priority interrupt is a concern because the hardware immediately disables all interrupts as soon as the
top priority one gets through.

When any SSCI instruction is subsequently executed that may make it possible for an interrupt to
come in, then there is a possibility that an interrupt event may again be inserted on the event queue
depending on the status of the PIMs and PSW.

When an SSCI instruction is executed at any time that has the potential effect of blocking an interrupt
from coming in, there is no attempt to remove an interrupt event already on the event queue, because
an assessment of the interrupt system would be needed before it could be known if it were correct to
remove the event. Instead the interrupt event is simply allowed to occur. The interrupt event function
checks interrupts in top down priority and therefore ends up checking all interrupts, if no interrupt is
there. The interrupt event is removed in any case, and it has no effect if there is no interrupt set to go.

Box 7 is for those cases where there is an interrupt at the head of the event queue, but it is being held
off by at least one (and perhaps several consecutive) uninterruptable SSCI instructions that are handled
in box 2. While the interrupt is stuck at the front of the queue, the logic is required to look behind the
interrupt event, to see if the following event is due to happen. By design there can be only one
interrupt event, and so the next event is definitely not an interrupt. If the next event is due, control is
transferred to box 8.

In box 8, the non-interrupt event that is due has its data structure removed from the event queue, and
the function is executed which was pointed to from the removed event. In the case of a NULL function
pointer, the emulator returns to the simulator dispatcher program which called it.

USER INTERFACE

There is a mimic of the DCC keyboard in an alpha display window such that a mouse "operates" the
keys on the DCC keyboard mimic.

6 The real time clock interrupts periodically by having an event that reschedules itself according to the
clock period set in the hardware (a 4 milliseconds period is set up in the SSCI executive).



RAMTEK channel 2 is emulated in another alpha display window. This is the reactor regulating
system RAMTEK DCC display channel corresponding to the emulated keyboard, showing the results
of keyboard actions.

Because of the design of the DCC software it is easy to call any function on any DCC keyboard from
this one keyboard/display pair. It is also easy to dump a copy of any portion of the alpha screen to a
printer.

RAMTEK Channel 0 is emulated in another alpha window. This is the first annunciation display
channel in the training simulator control room.

The emulator includes DCC printer capabilities where the printer output goes to a "window" on the
alpha, which one can save as a text file for analysis or which can be printed out.

With the 17" display monitor it is normal to have all four of the above windows effectively visible at
the same time: keyboard, 2 RAMTEK display channels, and printer output.

Another window is for the software debugger which can be called up on the alpha as required.

In addition to the foregoing, a complete desktop simulator also includes an instructor facility PC
exactly the same as is used in the training simulator control room by the simulator instructors to run
their lesson plans, record the results of simulations, control the insertion of thousands of different
malfunctions, and generally manage the training experience. The same instructor facility software is
used on the desktop simulator in conjunction with the DCC emulator.

EXTENT OF DEVICE EMULATION

Instructions covered by the emulator include everything necessary to run the original SSCI executive
software for the Lepreau training simulator, and perhaps more. This instruction set covers the V70
series of machines pretty well. The format 18 byte oriented instructions of the SSCI are not emulated
as these are not used in our software: the SSCI is basically a clone of the 16 bit word oriented Varians.
The format 26 double word move instructions are not emulated, nor are the Format 20 double
precision instructions. The format 3 instructions (branch to control store, interpreter decoder) are not
emulated and format 21 is apparently not used in the SSCI itself. Without exhaustive checking, it is at
least close to the truth to claim that all instructions in all other formats have been emulated.

The I/O instructions include operations on an AI IOBIC, a display IOBIC and DIC, a BIOC subsystem
(DI's, DO's, AO's, watchdog timer, CDR's and CAE PIM mask registers), two BMU controllers and
associated BIC's, a STATOS controller and an associated BIC, and a VIC plus the previously
mentioned SSCI PIMs and CAE PIMs.

The training simulator includes a Dacbus - Unibus Smart Controller (DUSC) providing interfacing
between the SSCI and the VAX 4105 modeling computer of the training simulator. The DUSC is
imitated functionally, rather than doing a hardware emulation of its instruction set.

Functions performed by the DUSC include a sampling of the SSCI timed DO's to provide the
modeling with information on what fraction of time each timed DO has been closed over a recent 200
millisecond period. A similar service is provided in the SSCI emulator with an ancillary process for the
timed DO's where the function conducting this process is run from an event on the hardware event
queue of the emulator. The event reschedules itself every 10 milliseconds, which corresponds to the
sampling rate used by the DUSC for looking at the timed DO's.



Another DUSC function is the feeding of contact alarm interrupts into the SSCI from a buffer of such
alarms computed by modeling. A functionally similar process is set up in the emulator.

The video hardcopy controller associated with the SSCI printer is not emulated because we have a
built in graphics screen dump capability in the alpha windowing software. The gateway PDLC and
associated BIC are also not emulated, as the gateway data dumping software is not usually in service
on the training simulator.

VALIDATION OF THE EMULATOR

The emulator is not fully validated at the time of writing this document because there is not yet a
sufficient body of experience using it.

When the abstract was submitted for this paper about 3 months ago the only programs that had been
run on the emulator were limited scope test programs. Significant sections of the emulator were not
yet written, and no integrated testing had been done.

During earlier development a concerted effort was made to develop test programs for all the interior
(i.e. non- I/O) SSCI machine instructions where these test programs self checked for certain results.
The test programs were checked by running them on the real SSCI hardware, and then used to check
the emulator by running the test programs on the emulator.

As all the pieces of the emulator came together, the emulator was asked to run the SSCI executive
software. Programming and emulator specification errors were discovered from this, and corrected.

Once the SSCI executive ran on the emulator, the emulator was integrated with the full scope modeling
of the Point Lepreau Nuclear power plant, and integrated testing continued. This resulted in the
discovery and correction of some problems in the interfacing between the emulator and the modeling.
About two weeks ago the DCC software running on the emulator first succeeded in keeping the
modeled power plant at full power steady state.

Since then debugging has continued, primarily on the RAMTEK display system emulation. Several
overall plant transients have been run and examined with excellent results. Details of comparisons
between the training simulator and the desktop simulator are given in the companion paper (1).

Successful execution of numerous complex overall plant transients in a manner that duplicates the
performance of the training simulator is highly persuasive of the validity of the emulator.

By the time this paper is presented in 7 weeks from now, it is anticipated there will be a lot more to say
about experience using the emulator in day to day work at Point Lepreau.
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SUMMARY

IPSN and GRS are developing the ESCADRE/ASTEC systems of codes /1,3,4 & 10/,
devoted to the prediction of the behavior of water-cooled reactors during a severe accident.
The RALOC-mod.4 code belongs to this system and is specifically devoted to containment
thermal-hydraulics studies. DPSN has designed a Thermal Hydraulic Containment Test
Program in support to the Phebus Fission Product Test Program 121. Evaporation tests have
been recently performed in the Phebus containment test facility. The objective of this work is
to assess against these tests the capability of the RALOC.mod4 code to capture the
phenomena observed in these experiments and more particularly the evaporation heat transfer
and wall heat transfers.

The Phebus 10 m3 containment has a double-skinned structure which allows the
circulation of an organic coolant liquid in charge of maintaining an homogeneous atmosphere
temperature distribution.. Three condensers equip the top vault of the containment vessel.
They are in charge of condensing the injected steam when present and controlling the thermal
hydraulic conditions of the containment atmosphere.

Eleven tests were performed and are compared to code results for
condensation/evaporation model validation. The experimental procedure is the following :
from initial conditions, the sump water is heated up to a final value (ranging from 90 °C to
120 °C) which is maintained constant. The evaporation rate from the sump into the
containment atmosphere increases during the water heating phase and decreases during the
following phase of evaporation at a constant free surface temperature until an equilibrium
value is reached. A base case was carried out with condenser temperatures equal to the vessel
wall temperature. The other experiments check the influence of natural convection patterns
generated by several temperature differences (ranging from 0 to 30 °C) between the
condenser and the inner containment wall. Depending on the thermal hydraulic conditions, a
condensation transient occurs on the condenser surfaces leading to steady states at the end of
the tests for which all the steam evaporated from the sump is condensed onto the condensers.
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The Raloc.mod4 code solves mass and energy balance equations in a multi-
compartment geometry. A numerical simulation was run for each of the experiments. The
initial and boundary conditions correspond to the experimental values. In the presence of
incondensables, the condensation or evaporation rates ms are modeled following the Stephan
(or Collier) model 15, 7,8 /:

d 1
— ms = Kc C Ms Log (Paw / Pab) (1)
dt 1 - n

where : Paw = incondensable pressure near condensing or evaporating surface, Pab =
incondensable pressure in bulk, Kc = mass transfer coefficient (m/s), C = total molar
concentration, n = gas droplet density and Ms = steam molar mass. The sign of eq. (1) is
taken into account to separate condensation from evaporation. As for the Jericho code 16, II,
the Chilton-Colburn analogy is used to model Kc :

Kc = Hconv Pr 2^3 / p Cp Sc 2 / 3 (2)

with : P r = Prandtl number of bulk gas, Sc = Schmidt number of bulk gas, Cp = constant
pressure specific heat capacity and p = bulk density. The convective heat transfer coefficient
Hconv is based on the usual Nusselt expression valid for a turbulent convection regime :

= 0.15?,(GrPrF) 1 / 3 (3)

where F is a function of the Prandtl number.

The results of the RALOC-mod4 /8 & 9/ calculations are compared with the
experimental values. In addition, two humidity probes located at two different positions in the
containment give local information to be compared with the calculated average humidity
ratio. We obtain a good calculation/experiment agreement on total pressures and steam
pressures. The differences are about 5 to 10 % in the average and are within the experimental
error band. Note that for the three tests for which sump temperatures are hotter than gas
temperatures the measured and calculated steam pressures show a very good agreement
during the final steady state where the condensation and evaporation rates (g/s) are equal.
Calculated gas temperatures also show a very good agreement with the experimental ones
validating the turbulent convective heat transfer correlation (the gas temperature is mainly
monitored by heat exchange with the containment inner wall in these tests). A good
calculation/experiment agreement on condenser surface temperature and sump water
temperature is also obtained thus validating the heat transfer models for boundary conditions.

The Stephan model used to simulate both evaporation and condensation yields a good
agreement with experimental results. The results obtained are quite comparable to those
obtained with the Jericho code when the Collier condensation model is used 161. Nevertheless,
for both codes the final steady state numerically reached is often established for a calculated
humidity ratio a little bit different from the experimental one. In fact, as already noticed 111
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the relative humidity ratio becomes a key parameter to correctly simulate in these
experiments. This study demonstrates that RALOC-mod4 is a suitable code for predicting the
containment thermal-hydraulics behavior in transients involving both condensation and
evaporation.
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Validation of the ROVER-F Code for ROP Trip Probability Calculations

John Pitre and Frank Laratta
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Introduction

An important task in the operation of CANDU® reactors is the prevention of fuel damage as a result of
fuel dryout that can occur when the fuel sheath temperature exceeds the temperature at which the coolant
can efficiently remove heat. The power at which fuel dryout is expected to occur is called the critical
channel power and is a function of flux shape and the fuel channel thermalhydraulics. In CANDU
reactors, protection against overpowers large enough to cause dryout is provided by two regional
overpower protection (ROP) systems of in-core flux detectors, arrayed through the core, each organized
into three safety (or logic) channels. Each of the two independent ROP systems is associated with one of
the two independent shutdown systems (SDS-1 and SDS-2). The detectors in one ROP system (associated
with SDS-1) are placed in vertical penetrations, whereas the other system (associated with SDS-2) uses
detectors in horizontal penetrations in the core. Each ROP system is capable of initiating the shutdown of
the reactor by actuating the corresponding shutdown system. Each ROP system must be so designed that
in each safety channel at least one detector will reach its setpoint before there is damaging overpower in
any fuel channel. The trip of a single detector in a safety channel will trip that channel, and the trip of
two of the three safety channels in an ROP system will trip that ROP system.

The "trip probability" is the probability that each of the ROP systems will generate a signal to actuate a
shutdown system before any fuel channel reaches dryout. The trip setpoints for ROP systems are set by a
licensing requirement of a 98% probability of tripping for each of a "design basis" set of flux shapes,
before any fuel channel reaches dryout. This is a function of the layout of the ROP system, the flux shapes
and the uncertainties and biases associated with the channel powers, the critical channel powers, and the
detector responses. The ratio of the critical channel power to the actual channel power is called the
critical power ratio (CPR). The CPR is related to the total reactor power, decreasing as the total power
increases. A ripple conservatism factor quantifies the effect of the local ripple relative to the allowance
made to the detector calibration based on the maximum ripple in the high-power region of the entire core.

The uncertainties are divided into three groups. Detector-random errors are random errors that vary from
detector to detector (e.g. recalibration errors). Channel-random errors are random errors that vary from
fuel channel to fuel channel (e.g. uncertainty in channel power). Common-random errors are random in
expected value but are common to all fuel channels or detectors (e.g. uncertainty in the total reactor
power). The channel-random and common-random errors are combined to form a common-mode error.

The flux shapes used for the analysis of the ROP system are based on two components:
• flux shapes consisting of the nominal time-average flux shape and perturbations thereon (reactivity

device positions, xenon transients, etc.); and
• instantaneous flux distributions of the reactor, in the form of channel power refuelling ripples.

ROVER-F is a FORTRAN program which calculates the trip probability and the setpoint adjustment
required to attain the target trip probability, for a given set of flux shapes. This calculation is performed
with the assumption that the most effective safety channel is unavailable and therefore the remaining two
safety channels must both trip. The calculation of trip probability itself is non-iterative, but once the trip
probability of the specified system has been calculated, a convergence iteration using a binomial search is

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



used to determine the adjustment to the trip setpoints that is required to attain the required probability
target. ROVER-F is the translation of modules of the previously existing ROVER/REFORM code from
APL to FORTRAN. The impetus for this translation is software quality assurance, which is becoming
more and more important to apply and demonstrate. Validated, properly documented and maintained
codes are crucial for the licensing of all reactors. Ensuring that the main design and safety codes exist in
portable version in standard programming languages (such as FORTRAN, as opposed to APL) will ensure
continuity of our capability to apply the codes with confidence

Concurrent with the translation of ROVER/REFORM to FORTRAN, a number of additional capabilities
were built into the code. One advantage is that the code user has the ability to define the integration
increments used for calculations of probability distribution and convolution integrals. These integrals are
calculated over ranges of common-mode error and rippled CPR (and thus, by inference, total reactor
power). The use of smaller step sizes for these calculations has the potential to increase the accuracy of
the results as compared to the theoretical values. The potential of this increased accuracy will be
examined in the individual benchmark results.

To simplify the computation of trip probability, the rippled critical power ratios are binned, or grouped,
based on their relation to the limiting critical power ratio. Thus the uncertainty distributions may be
calculated for each bin, which may be representative of a large number of channels, greatly decreasing the
computation effort. The position of the limiting channel is the first bin. Although ROVER-F permits the
specification of the bin size, for these tests a rippled CPR bin interval of 0.5% has been used in all cases.
A smaller bin size should improve results when the channel random error is small.

ROVER-F also supports fully-variable array dimensioning, permitting it to be used with any detector
channelization scheme. ROVER-F is a stand-alone code. A useful feature is that all intermediate
variables calculated internally may be accessed through optional printouts. Setpoint adjustments are
calculated automatically, and the code can perform tasks directed by input, such as trip-probability
calculations assuming single-detector failure, and trip probability calculations for individual channel
power ripple maps (instantaneous trip probability). On an HP 715 computer, ROVER-F performs trip-
probability calculations for over 900 flux shapes, including the calculation of required setpoint, in only
minutes of CPU time.

To ensure that ROVER-F produces the theoretically correct values (when these are known) for trip-
probability calculations, it was applied to the ROSE-ROVER benchmarks. These benchmarks are a series
of tests designed to rigorously test ROP trip calculation codes. Each benchmark test is designed to test an
aspect of the trip-probability calculation. For each of these tests, a comparison has been made between
ROVER-F, ROVER/REFORM and the theoretical solution to the benchmark problem.

The benchmark tests were run for two calculation resolutions. The first series of tests used an integration
increment of 1%, the fixed value as that used by ROVER/REFORM. It was found that for the same
calculation resolution ROVER-F gives results similar to those of ROVER/REFORM, with some
improvement achieved in cases with low trip probability. In the second series of tests, the integration
interval in ROVER-F was decreased to 0.04%. In these tests, there is an improvement in results and the
trip probabilities calculated by ROVER-F match the theoretical results very closely for all trip probability
values.

The benchmarks may be sorted into six suites of tests. The individual suites will be described and
examples from each of these series will be presented, comparing the results produced by ROVER-F both
with the results produced by ROVER/REFORM and with the theoretical results. In all cases the
integration increment used in ROVER/REFORM trip probabilities has a fixed value of 1%.



Test Descriptions and Results

1. Channel-Random and Common-Random Errors

The first suite of tests determines the effect of varying the channel- and common-random errors with a
zero detector random error. Because of calculational limitations, the detector-random error cannot be set
to exactly zero and therefore is set to the low uncertainty limit of 0.005%. The channel- and common-
random errors are then varied to determine the effect on the accuracy of the trip-probability calculation.

These tests work on a simplified ROP model. A single fuel channel is put at risk, by applying a special
rippled channel power map that results in all channels but the single channel in question having a critical
power ratio much greater than the limit. Similarly, a single detector in only one safety channel (in each
shutdown system) is used. The remaining detectors within the safety channel are set in such a manner
that they never trip, and the detector readings in the other two safety channels are set to very high values,
ensuring that they trip. Thus the trip-probability will be dependent on a single detector.

The tests themselves consist of a series of cases. Each successive case increases the detector readings,
thereby increasing the trip probability. In the benchmark definitions, the increase in the detector reading
is 1% in cases 2 to 21, and 0.5% in cases 22 to 43.

In the first test, the channel-random error and common-random uncertainty both are set to 5%, relatively
large errors as compared to those typically experienced in CANDU 6 ROP analysis. As can be seen from
Figure 1, with 1% increments ROVER-F produces results comparable to those of ROVER/REFORM.

ROVER-F has slightly better accuracy at low trip-probabilities, but at high trip-probabilities they are
comparable. Figure 2 demonstrates the increase in accuracy when smaller step sizes are used. The
'stepping' of the ROVER-F calculated trip-probabilities in the later cases of Figure 1 are a result of the
step size of the integration increment being close in value to the step size of the change in detector reading
from case to case. These are not in evidence in the calculations with the fine integration increment.

In the second test, the channel-random error and common-random uncertainty both are set to 0.5%, small
errors as compared to typical CANDU 6 values. As can be seen from Figure 3, with 1% increments
ROVER-F produces somewhat more accurate results (as compared to the theoretical solution) than
ROVER/REFORM. The negative values calculated for low trip probability values are a result of the
comparable size of the uncertainties and the integration step size and are not physical. Figure 4
demonstrates a great increase in accuracy when smaller step sizes are used, as the difference between
ROVER-F and the theoretical result is negligible for all values.

In the final test presented in this suite, the channel-random error is set to the theoretical minimum and the
common random uncertainty is set to 5%. As can be seen from Figure 5, with 1% increments ROVER-F
produces somewhat more accurate results (as compared to the theoretical solution) than
ROVER/REFORM, particularly at low trip-probabilities. Figure 6 demonstrates a further increase in
accuracy when smaller step sizes are used, as the difference between ROVER-F and the theoretical result
becomes negligible for all values.

2. Bins and Ripple Conservatism

The second suite of tests examines the effect of various rippled power maps. Ripple maps are applied to
the channel power maps to cause various effects on the binning procedure at a near-zero detector-random
error and common-random error with nominal channel-random errors. There are two separate tests,
which examine different binning effects.



The probability of an individual channel exceeding its critical channel power is a function of the channel
random uncertainty and the critical power ratio of the limiting fuel channel (the minimum critical power
ratio); and to diminishing degrees, the critical power ratios of the remaining fuel channels. As the critical
power ratio of the channels increases, it becomes less probable that a channel will exceed the critical
channel power. This suite of tests examines the effect of different groupings of non-limiting critical
channel powers. As previously mentioned, these calculations are performed for 'bins' or groups of fuel
channels all regarded as having the same critical channel power. The limiting channel is defined as the
first bin. These tests apply different numbers of channels to the remaining bins (representing the non-
limiting channels) to determine their effect on calculation accuracy.

The first test of this suite examines the effect of cumulative loading of bins. In this case, the number of
channels in all the bins is increased cumulatively. Each successive case (44 to 65) includes more
channels. The results of these calculations are presented in Figures 7 and 8. Again ROVER-F shows
good agreement with ROVER/REFORM.

In the second test in this suite, the previous test is reversed, with successive channels decreasing in rippled
CPR ratio. The results of these calculations are presented in Figures 9 and 10. Again ROVER-F shows
better agreement with the theoretical trip probabilities than does ROVER/REFORM.

In both of these tests, the residual error between the ROVER-F results and the theoretical results is due to
the common-random uncertainty (0.5%). As this value is decreased, the error should also decrease.
However, this will require a corresponding decrease in the integration increment. Thus the results with
the 0.04% step size could be improved through the use of a smaller common-random uncertainty.

3. Scaling Tests

If the critical power ratio is scaled by some factor, the relative error approach requires that the setpoints
should be scaled by the same factor to maintain the same trip probability. This was verified in two ways.
In the first, the critical channel power correction factors and setpoints were scaled by factors of 10 and
0.1. In the second test, the systematic error was set to +10% and -10%, with the setpoints again adjusted
equivalently. The results are compared between the four tests and the trip probability calculation with no
adjustments.

As can be seen from Figure 11, the results of these tests are identical even at low integration resolution.

4. Detector Uncertainty

The fourth suite of tests investigates the effect of varying the detector-random errors, similar to the first
suite, except that here the channel-random and common-random uncertainties are held to very small
values, to amplify any mathematical errors in the calculation of the error function. The channel-random
error is set to the random uncertainty limit of 0.005%, and the common random error is set to a low value
of 0.5%. The trip probabilities are then calculated for detector uncertainties ranging from 1% through
10%. The theoretical results for both the common-random and channel-random uncertainty are set to
zero.

Figures 12 and 13 present the results of the trip-probability calculations for a detector uncertainty of 1 %,
although, as in earlier tests, the similar size of the uncertainties and the integration step size results in
integration errors (negative values) at low trip probabilities. The results improve to exactly the theoretical
results when the integration increment is decreased. Figures 14 and 15 present the results for a detector
uncertainty of 10% and demonstrate similar results to those for the smaller detector error.

5. Detector Redundancy

The fifth suite of tests examines the effects of having two detectors active.



Detector redundancy is examined in two ways. First, a previous case is recalculated with two detectors
active in the chosen safety channel. Second, one detector in each of two safety channels is made active.
In both cases, all other detectors in the targeted safety channel(s) are set in such a manner that they can
never be tripped, and the other safety channel(s) are set as always tripped.

The results of both tests are presented in Figures 16 to 19. In all cases, the trip probabilities calculated by
ROVER-F correspond closely with the theoretical results, with the error associated with the integration
step size at low trip-probabilities tending to zero as the integration step size is decreased.

6. Ripple Averaging

The final suite of tests determines the effect of ripple averaging. The trip probability calculation averages
the results of the ripples applied to each case. In theory, the trip-probability for any case should be the
same whether the trip-probability is averaged over all ripples or whether the trip-probabilities for each
ripple, calculated separately, are averaged.

Figure 20 demonstrates that this holds true for CANDU 6 data. This test is performed for the 232 basis
flux shapes and 50 ripples. The calculated trip probability,, as an average of the trip probabilities for the
individual ripples, is slightly smaller than the trip probability for the average of the ripples.

Conclusions

In conclusion, ROVER-F, the FORTRAN version of the trip probability calculation module of
ROVER/REFORM has been validated using standardized benchmark problems. The results of trip
probability calculations made with ROVER-F are at least as accurate as those made with
ROVER/REFORM over the entire calculation range of the benchmarks. Some cases show improvement
in
matching theoretical results over ROVER/REFORM results, particularly at low trip probability.
Calculations made with small integration increment give very good agreement with the theoretical
calculations, at the cost of increased calculation time.
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Figure 5: Channel Random crch = 0.005%, and Common Random Errors ccm = 5%. 1 % Integration Step.
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Figure 6: Channel Random ach = 0.005%, and Common Random Errors acm = 5%. 0.04% Integration
Step.
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Figure 9: Bins and Ripple Conservatism, 1% Integration Steps, Decremental Binning
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ABSTRACT

As reported at the 1996 CNS Annual Conference, in mid-1995 the CANDU® industry began to develop validation
matrices for CANDU power plants. Of the eight matrices required to address all physical phenomena that could
occur in all relevant accident categories, two have been prepared and tabled with the Atomic Energy Control
Board, and the remaining six are targeted for submission during 1997. The matrices provide the generic, code-
independent knowledge base that will be used to validate major safety analysis codes over the next four years. The
unique achievement reported in this paper is the identification and listing of all physical phenomena in all relevant
accident categories.

1. INTRODUCTION

Computer codes for the analysis of accidents in CANDU power plants have been in use since the 1960s. With time,
many of these codes have been revised and improved and some new ones have been written, to capture greater detail
and/or new information from research laboratories and operating plants. To meet today's quality assurance
standards, such codes, often referred to as 'scientific computer codes', must be qualified and used according to
defined procedures.

Qualification of Scientific Computer Codes

The Canadian approach to code qualification covers several elements in a broadly based, integrated approach. The
main elements include:

• a review of codes in current use, to target those that are to be used for the long term;
• a review and identification of safety analysis function needs, including future needs;
• the development of code migration plans to arrive, as far as possible, at a set of industry standard tools for

safety analysis;

and for the targeted codes,

• an assessment of their current level of qualification,
• development of verification and validation plans for their further qualification,



• execution of verification plans,
• development of a knowledge base (validation matrices) for their systematic validation,
• execution of validation plans, and
• documentation of the verification and validation work.
•

This paper provides an update on the development of the knowledge base and briefly mentions some of the code
validation plans. The other elements are being addressed separately by the individual organizations, although the
Industry Standard Toolset initiative, currently under way, provides an opportunity to join forces on some elements.
The industry's target date for completion of the validation program is late 2000/early 2001.

Validation Matrices

The validation aspect can be considered in two phases: the generic, i.e. knowledge-based, code independent
component, and a code-specific component. The Nuclear Energy Agency (NEA) of the Organization for Economic
Co-operation and Development (OECD) developed a methodology for addressing the generic component for Light
Water Reactors'". It is based on a 'validation matrix' that has two tables. The first identifies physical phenomena
that could occur in the specified accident categories. The second identifies data sets that exhibit the physical
phenomena and could be used to validate specific codes. The OECD/NEA produced a validation matrix for system
thermalhydraulics of pressurized water and boiling water reactors'1', and it is currently working on a State-of-the Art-
Report (SOAR) on Containment Thermalhydraulics and Hydrogen Distribution12', which is proposed to include a
sample matrix for containment behaviour phenomena under a PWR severe accident scenario. AECL is an active
participant in the development of the SOAR, as the lead author for a main chapter on Recent Experimental Activities
(Chapter 4).

In mid-1995, the Canadian CANDU industry, comprising Atomic Energy of Canada Limited (AECL), Hydro Quebec
(HQ), Ontario Hydro Nuclear (OHN), and New Brunswick Power (NBP), decided to adopt the principles of the
validation-matrix methodology and adapt them to CANDU power plants, to address all aspects of its safety analysis,
not just system thermalhydraulics and containment. In particular, the industry chose eight scientific disciplines to
cover the entire safety analysis:

(i) System Thermalhydraulics;
(ii) Fuel and Fuel Channel Thermal-mechanical Behaviour;
(iii) Fission Product Release and Transport;
(iv) Containment Behaviour;
(v) Reactor Physics*;
(vi) Radiation Physics,
(vii) Atmospheric Dispersion; and
(viii) Moderator and Shield System Thermalhydraulics.

To manage and perform the work, the Canadian CANDU industry decided to create an Industry Validation Team.
The Team comprises a Steering Group of eight senior managers, to co-ordinate the overall effort, and 11 Working
Groups and a sub-group, currently of-90 specialists and technical managers, to develop the validation matrices,
develop a technical basis, address uncertainties in code predictions, and develop the knowledge base for small
reactors. The lead Working Group, on System Thermalhydraulics, has developed its validation matrix, which was
the example used in the 1996 CNS paper on the industry-wide validation effort'31. Since then, the Working Group on
Fuel and Fuel Channel Thermal-mechanical Behaviour has also produced its validation matrix. The other Working
Groups have developed, as a minimum, their lists of accident categories and physical phenomena, covering all
aspects of CANDU safety analysis. To the authors' knowledge, this is a unique achievement for any nuclear reactor.
The lists are the principal subject of this paper, and progress is reported on the identification of data sets and
documentation of all aspects of generic validation. Future plans in this multi-year, industry-wide code qualification
program are also addressed briefly.

* In the 1996 CNS paper'31, Reactor Physics, Radiation Physics, and Atmospheric Dispersion were shown as Sub-
groups of Physics. In reality, specialists in these three areas have been working autonomously.



Definition of Phenomenon

Webster defines a phenomenon as - Any event, circumstance, or experience that is apparent to the senses and that
can be scientifically described or appraised. This definition is difficult to apply in the present context, and
therefore the following working definition was used141.

A phenomenon is an event or circumstance that:

a) characterizes the process of changing the physical state of a system, and

b) is either directly apparent to the senses or is indirectly apparent by means of measurements of the
physical state of a system.

With this definition as a "filter", all phenomena relevant to the eight scientific disciplines were compiled. The
definition was followed rigorously, to prevent confusion with properties, mechanisms, behaviours, mathematical
correlations, effects, etc. Thus, for example, drift flux in two-phase flow is a mathematical representation of
different phase velocities, not a physical phenomenon. Phase separation is the appropriate phenomenon for this
example.

The relevant accident categories and physical phenomena are presented in Lists 1 to 17.

2. TECHNICAL BASIS DOCUMENT

The Technical Basis Document provides the overall 'road map' to the validation-matrix methodology. It identifies
the accident categories, and for each accident category, the safety concerns, behaviours of systems and radionuclides,
and main physical phenomena, as described in more detail in Reference 3. The Technical Basis Document is being
written, and its target completion date is the end of 1997. The table of contents has been drafted and is shown in the
Attachment. Section 1, the large loss-of-coolant accident (LOCA), has been documented and reviewed15', and it is
being used as a model for the production of the remaining sections. A lengthy excerpt from section 1 is shown in the
Attachment, to illustrate the descriptive style adopted for this document.

3. SYSTEM THERMALHYDRAULICS

The validation matrix in System Thermalhydraulics was on hand in 1995 December and was used to illustrate the
methodology adopted for the industry-wide validation work131. For completeness, Lists 1 and 2 are presented here,
showing the relevant accident categories and the physical phenomena, respectively'41. The next steps in the
validation methodology, namely code-specific validation plans, validation exercises, and validation manuals, are
currently being developed and executed for the two-fluid systems codes CATHENA and TUF. The former is being
used by AECL, HQ, and NBP, and the latter by OHN. This part of the code qualification program is tentatively
scheduled for completion by late 2000/early 2001.

4. FUEL AND FUEL CHANNEL THERMAL-MECHANICAL BEHAVIOUR

The Working Group on Fuel and Fuel Channel Thermal-mechanical Behaviour has submitted revision 0 of its
validation-matrix report to the Atomic Energy Control Board in 1996 December. The report identifies 23 physical
phenomena that could occur in eight accident categories, Lists 4 and 3. The phenomena are ranked for one of them,
the large LOCA. The data sets include: 19 accidents in reactors, one analytical solution, 5 cross-code comparisons,
33 out-reactor integrated tests, 49 in-reactor tests, and 55 separate-effects tests. All phenomena synopses and most
of the data set synopses have been produced, and drafting of the remaining ones is under way.



4.1 Fuel Channel Thermalhydraulics

A Sub-group on Fuel Channel Thermalhydraulics has identified 20 physical phenomena in seven accident categories,
Lists 17 and 16, and produced short descriptions of the phenomena. The Sub-group has updated its phenomenon/
accident table, draft ranked the phenomena, and preliminarily identified relevant experiments. The work of the Sub-
group is being reformatted so that it can be integrated with future revisions of the validation matrices in System
Thermalhydraulics and in Fuel and Fuel Channel Thermal-mechanical Behaviour.

5. FISSION PRODUCT RELEASE AND TRANSPORT

The Working Group on Fission Product Release and Transport has identified 19 physical phenomena in the sub-
discipline of fission product release and 23 in fission product transport, List 6, and produced synopses of all of them.
The relevant accident categories are shown in List 5. The Working Group has also identified 120 data sets and
produced synopses of them. Their validation-matrix report is in the final stage of industry review and approval. This
Working Group was the first to adopt the Microsoft relational data base ACCESS for their work and used it to great
advantage in the course of their peer review and resolution of comments. They are now also in an excellent position
to automatically manage revisions to, and control the configuration of their validation matrix. In addition to
facilitating review and production of the 1200 page document, the ACCESS data base proved to be very space
efficient in terms of storage. The single-file data base is less than three megabytes in size, and following
compression, will fit on a single '3.5 inch' floppy diskette. Since the Industry Validation Team decided in 1997 April
to eventually convert all matrices to ACCESS format, automatic conversion macros are being developed in MS
Word 6.0. In addition, support of tables, figures, and other graphics is being actively explored.

The contributions from the Working Group to the Technical Basis Document are being drafted and reviewed, with a
target completion date of mid-1997.

6. CONTAINMENT BEHAVIOUR

The Working Group on Containment Behaviour has identified 10 physical phenomena in the sub-discipline of
containment thermalhydraulics, nine in hydrogen behaviour, seven in iodine chemistry, and 16 in aerosol behaviour,
List 8. Combinations of these phenomena could occur in seven accident categories, List 7. Because of the multi-
disciplinary nature of containment analysis, the list is divided into four sub-disciplines that have traditionally used
different analysis codes. These sub-disciplines are Thermalhydraulics, Hydrogen Behavior, Iodine Chemistry, and
Aerosol Behavior. Fission products other than iodine appear as aerosols in containment and are treated under the
aerosol behavior sub-discipline. The Working Group has also identified seven numerical/analytical tests, 25 separate
effects tests, and 17 integrated effects tests. The experimental database available for use in the validation of
CANDU containment codes encompasses experiments and test facilities from around the world. Some of the tests
were designed to be CANDU specific, while most are used worldwide for generic containment code validation.
Synopses of phenomena and data sets and the contribution to the Technical Basis Document are being drafted. The
target date for the completion of revision 0 of the validation-matrix report is mid-1997.

7. REACTOR PHYSICS

The Working Group on Reactor Physics has identified 16 physical phenomena that could occur in 15 accident
categories, Lists 10 and 9. All phenomena synopses have been written and reviewed, and synopses of data sets from
experiments in research reactors (primarily ZED-2 and NRU at the Chalk River Laboratories) and commissioning
tests in Canadian CANDU reactors have been drafted. The Working Group was the second to adopt ACCESS for
the production and configuration management of its validation-matrix report, which has been assembled and sent for
industry review. The target date for its submission to the AECB is mid-1997.



8. RADIATION PHYSICS

The Working Group on Radiation Physics has identified 10 physical phenomena in five accident categories, Lists 12
and 11, and is currently drafting synopses of the phenomena. The target date for the completion of revision 0 of the
validation-matrix report is the end of 1997.

9. ATMOSPHERIC DISPERSION

The Working Group on Atmospheric Dispersion has identified 15 physical phenomena, List 13, that need to be
considered in the calculation of radiation doses to humans exposed to radioactive emissions, and has drafted
synopses of the phenomena. Many phenomena related to atmospheric dispersion are independent of the accident that
led to the release. The relative importance of other phenomena has been found to be more closely related to
containment response rather than accident type. Containment response is itself dependent on the containment design
concept, for example, whether a negative-pressure or positive-pressure design is employed. The final form of the
atmospheric dispersion matrix is expected to reflect these considerations. The target date for the completion of
revision 0 of the validation-matrix report is the end of 1997.

10. MODERATOR AND SHIELD SYSTEM THERMALHYDRAULICS

The Working Group on Moderator and Shield System Thermalhydraulics has identified 19 physical phenomena that
could occur in 15 accident categories, Lists 15 and 14, and has drafted all phenomena synopses. The Working
Group has also produced flow charts of safety concerns, behaviours, and phenomena that will be useful in the
preparation of their contribution to the Technical Basis Document. They are presently preparing data set synopses.
The target date for the completion of revision 0 of the validation-matrix report is the end of 1997.

11. SMALL REACTORS

While the main focus of the Industry Validation Team is the generic validation of computer codes for CANDU
analyses, the Team also has a Working Group on Small Reactors which is developing a Technical Basis Document
and validation matrices for pool reactors, principally those of the MAPLE family. Typically, the documents being
produced by that Working Group are addenda to the documents arising from the work of their CANDU colleagues.

12. UNCERTAINTY ANALYSIS

A Working Group on Uncertainties in Code Predictions is developing practical methodologies that promise to be
broadly applicable to the estimation of uncertainties in key outputs from safety analysis codes. Because of its
exploratory nature, that work has not been planned in detail as yet and is expected to continue several years into the
future.

13. LESSONS LEARNED

The Industry Validation Team first met in mid-1995 as a small group of senior managers from AECL, HQ, OHN, and
NBP, with a common interest: to address systematic validation of major computer codes used in safety analyses of
CANDU power plants. The group quickly realized that a large, industry-wide effort was required and that flexible
collaboration arrangements were desirable, to maximize productive deployment of scare resources. The number of
partcipants in the activity grew to -100, most of whom are senior specialists and technical managers in their respective
disciplines and some of whom have been assigned full time to this work. As the work progressed, some working
protocols were adopted, and decisions were made, usually by consensus, to achieve as high a degree of uniformity as
possible in the end products, i.e., the validation matrices. Some of the main lessons learned from the effort to date are
itemized briefly below.

Organizational Aspects

• The Industry Validation Team adopted Terms of Reference and Working Protocols, to define roles and working
relationships among the Steering Group, Working Groups, line managers in the participating organizations, and



the regulator, i.e., the Atomic Energy Control Board, for communications, interactions, and reporting
requirements. Working Groups were given a large degree of autonomy in defining their mode of operation,
choosing their members, assigning responsibilities to their members, etc. Generic validation-matrix reports were
seen as the end product of the industry-wide effort, and once these were on hand, the Industry Validation Team
would have fulfilled its mandate. Subsequent validation of individual computer codes was seen as the
responsibility of each participating organization. This flexible organizational structure and work by consensus
have been, and continue to be highly effective in developing validation matrices in parallel on a short schedule.

• It was agreed that the Industry Validation Team would have no official status vis-a-vis the regulator, but would
provide information and be available for informal discussions. Formal commitments and official submissions
would continue to be the prerogative of the participating organizations, via existing communication channels.

• As the generic validation work is approaching completion, executive line management of the industry has
recognized that the Industry Validation Team has become a valuable resource and should not disband, once it has
completed its generic validation matrices. The Team is in the best position to provide continued leadership on
validation activities. Thus, the Steering Group has been given the mandate to lead the process of selecting an
Industry Standard Toolset, for safety analyses of CANDU power plants. The intent is to choose appropriate
computer codes for use by the industry and to focus further development effort on them, including validation. To
date, five Working Groups under the Industry Standard Toolset initiative have been formed and charged with
examining in detail specific computer codes in their respective disciplines, with a view of recommending standard
sets. Some successes have been achieved already, and prospects are good for consensus on additional codes.
However, it is likely that several separate codes will remain in use in the industry.

Validation-Matrix Completeness and Interfaces

• As the Working Groups identified their respective lists of accident categories, physical phenomena, and data sets, it
became important to ensure completeness, avoid duplication of effort, and use common definitions. One senior
analyst was given the responsibility of collecting these draft lists, reviewing them, and assigning responsibility to a
lead Working Group for the definition of each phenomenon that was common to one or more Working Groups.
The Working Groups themselves were charged with reviewing draft lists and synopses of 'adjacent' Groups, to
ensure consistency in the usage of overlapping accident categories, phenomena, and data sets. The Working Group
on the Technical Basis Document was assigned overall responsibility for co-ordinating inputs from the other
Working Groups into that document. The success to date of these interactions is apparent from the completed lists
of accident categories and phenomena given in Lists 1 to 17. Detailed phenomena and data set synopses, too
voluminous to be reproduced here, provide specific cross-links within and among the validation matrices.

• Development of validation-matrices was, and continues to be a learning experience for all participants. As in any
first-of-its-kind endeavour, the developers and reviewers, including AECB staff, identified improvements that could
be made. Rather than expending resources on successive iterations and improvements, the Industry Validation
Team decided to complete the entire validation cycle. Thus, upon completion of the initial validation matrix in each
discipline, effort and priority was, and is given to producing code specific validation plans, exercises, and validation
manuals.

Configuration Management

• Each validation-matrix report captures a large volume of information that is written, assembled, and reviewed by
many specialists over a period of time of a year or two. Such an endeavour naturally raises issues of resolution of
comments, version control, and overall configuration management. The lead Working Groups managed these
issues as they arose and produced revision 0 (and in one instance revision 1) reports. The Working Group on
Fission Product Release and Transport spearheaded a radically different approach. Part way into its validation-
matrix development work, the Group decided to adopt the Microsoft relational data base ACCESS, to convert the
existing records into it, and to complete the remaining work in ACCESS. This decision turned out to be a
resounding success. The Group executed the conversion in a very short time and reaped downstream benefits
during the review and record keeping stages. ACCESS lends itself naturally to auditable resolution of comments,
version control, and configuration management. Individual records and linkages among them are entered once, and



thereafter the data base keeps track of them. A custodian keeps the master version and controls revisions. All these
features should make it easier for the regualtor to review the validation-matrix document.

On the basis of the excellent experience described above, the Industry Validation Team decided to convert all
validation-matrix reports to ACCESS, with the timing of that conversion left to the Working Groups.

• As part of the process of generating the validation matrices, unique identifiers have been assigned to phenomena
and data. In some instances, as the work progressed, it became apparent that some phenomena or data needed to be
removed. Instead of changing the identifiers on all subsequent phenomena or data and searching for cross-
references in the entire set of documents to make corrections, it was decided to leave gaps in the sequence of
identifiers. Thus, for example, in List 12, there is no phenomenon RADIO. At some future point, when all
validation matrices are in the ACCESS data base, it would be relatively easy to re-number phenomena and data to
remove gaps.

Data Sets

• The issue of qualification of data sets shown in validation matrices was resolved as follows. The matrix developers
need to satisfy themselves, via inspection of the data and a preliminatry qualification of them, that they may be
suitable for code validation. A more detailed qualification of data selected for the validation of a specific computer
code is to be performed for the code validation plan.

• During the search for data sets, some Working Groups have identified data that are known to exist but are not
readily available to the Group, mainly because they are owned by other organizations. It was agreed that such data
sets would not be shown in the validation matrices, although their existence would be acknowledged in working
documents, such as minutes of meetings, to provide a trail to show that the Working Group was aware of the data.
If such data are 'more of the same', i.e. do not add significantly to the available data sets, then their omission is no
great loss. If such data are unique or the only existing experimental information, then the Steering Group decides
on the most appropriate way of addressing them.

• In some data searches, data have been identified that are, or could become unavailable because of neglect, i.e.
because they are about to be abandoned or otherwise destroyed. Typically, such data are old, difficult to access
with today's electronic technology, and would require an investment of expert staff time to make them readily
available. Working Parties of the CANDU Owners Group (COG) already have a mandate and action to identify
such data and to preserve them.

• Some data sets have been identified that are not directly applicable to the phenomena of interest, for example
because they lie outside the range of CANDU analyses. The Industry Validation Team decided that, if data
within the range are available, then there is no need to include data outside the range. If not, then data outside
the range should be included, provided that they exhibit the phenomena of interest. The phenomenon
description is to address this issue under 'State of Knowledge and Uncertainties'. A given code should be
validated with best available data, even when outside the range of interest.

• Overlapping data sets present no problem and are shown in the validation matrices. During the code-specific
validation stage, data are selected and that selection is described in the code validation plan.

• When Working Groups identify data gaps in validation matrices, they use the COG process to set priorities for
new work, call for proposals, and invite R&D proponents to respond.

14. SUMMARY AND CONCLUSIONS

In summary, the Industry Validation Team is on track in its program to develop a generic knowledge foundation,
based on validation matrices, for the validation of computer codes used in safety analyses of CANDU plants. The
Team has -100 participants from the Canadian CANDU industry, comprising Atomic Energy of Canada Limited,
Hydro Quebec, Ontario Hydro Nuclear, and New Brunswick Power, organized into a Steering Group of eight senior
managers and 11 Working Groups and a Sub-group of technical specialists and technical managers. Two of eight
validation matrices have been submitted already to the regulator, the Atomic Energy Control Board, and the
remaining six are targeted for completion during 1997. The 'road map' for the validation matrices, i.e., a single



Technical Basis Document, is also being drafted and targeted for completion before the end of 1997. Based on this
generic foundation, code-specific validation plans are being developed and executed by the individual industry
organizations, with a target completion date of late 2000/early 2001.

Code validation is one element of a broadly based, integrated program of code qualification undertaken by the
individual industry organizations and targeted for completion by late 2000/early 2001.
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List 1: Accident Categories Relevant to CANDU
System Thermalhydraulics

Large LOCA
Power Pulse/Reactor Trip
Early Blowdown Cooling
Late Blowdown Cooling/Emergency
Coolant Injection

Refill
Large LOCA/LOECI

Power Pulse/Reactor Trip
Early Blowdown Cooling
Steam Cooling/Heat Rejection To
Moderator

Small LOCA

Depressurization
Reactor Trip
ECI
Refill

Loss of Flow
Loss of Class IV Power - Pump Rundown
Two-Phase Thermosiphoning
Intermittent-Boiling-Induced Flow

Loss of Regulation
Power Increase/Reactor Trip
Fuel Channel Quench

Loss of Feedwater
PHTS Pressurization/Reactor Trip
Long Term Cooling

Steam Line Breaks



Steam Generator Blowdown
Reactor Trip
Loss of Class IV Power
ECI

List 2: Physical Phenomena Relevant to CANDU

ID

TH1

TH2
TH3
TH4
TH5

TH6
TH7
TH8
TH9
TH10
TH11
TH12
TH13

TH14
TH15
TH16
TH17
TH18
TH19

TH20
TH21

TH22
TH23

List 3:

System Thermalhydraulics

Phenomenon

Break Discharge Characteristics and
Critical How
Coolant Voiding
Phase Separation
Level Swell and Void Holdup
Heat-Transport Pump Characteristics
(Single-and Two-Phase)
Thermal Conduction
Convective Heat Transfer
Nucleate Boiling Heat Transfer
CHF and Post-Dryout Heat Transfer
Condensation Heat Transfer
Radiative Heat Transfer
Quench/Rewet Characteristics
Zirconium/Water Thermal-Chemical
Reaction
Reflux Condensation
Counter-Current Flow
Flow Oscillations
Density Driven Flows: Natural Circulation
Fuel Channel Deformation
Fuel String Mechanical-Hydraulic
Interaction
Waterhammer
Waterhammer: Steam Condensation
Induced
Pipe Thrust and Jet Impingement
Non-Condensable Gas Effect

FC1
FC2
FC3
FC4
FC5
FC6
FC7
FC8
FC9
FC10
FC11
FC12
FC13

FC14
FC15
FC16

FC17
FC18
FC19
FC20
FC21
FC22

FC23

Listf

Accident Categories Relevant to CANDU
Fuel and Fuel Channel Thermal-
mechanical Behaviour

Large LOCA
Large LOCA/LOECI
Small LOCA

End fitting failure
Stagnation Feeder Break
Flow Blockage
Fuel Handling Accidents

Loss of Flow
Loss of Regulation

List 4: Physical Phenomena Relevant to CANDU
Fuel and Fuel Channel Thermal-
mechanical Behaviour

ID Phenomenon

Fission and Decay Heating
Heat Diffusivity in Fuel
Fuel-to-Sheath Heat Transfer
Fuel-to-End-Cap Heat Transfer
Fission Gas Release to Gap and Pressurization
Sheath Deformation
Sheath Failure
Fuel Deformation
Sheath Oxidation/Hydriding
Fuel Oxidation/Reduction
Fuel, Sheath Melting and Relocation
Bundle Mechanical Deformation
Sheath-to-Coolant and Coolant-to-Pressure
Tube Heat Transfer
Flow Mixing and Bypass
Local Melt Heat Transfer to Pressure Tube
Pressure Tube to Calandria Tube Heat
Transfer
Calandria Tube to Moderator Heat Transfer
Pressure Tube Deformation and Failure
Calandria Tube Deformation and Failure
Pressure Tube Oxidation and Hydriding
Element/Pressure Tube Radiative Heat
Element/Bearing Pad/Pressure Tube Contact
Heat Transfer
Failed Channel Interaction With Core
Components

Accident Categories Relevant to CANDU
Fission Product Release and Transport

Large LOCA
Small LOCA

End Fitting Failure
Stagnation Feeder Break
Flow Blockage

Large LOCA/LOECI
Secondary Side Breaks
Fuel Handling Accidents

List 6: Physical Phenomena Relevant to CANDU
Fission Product Release and Transport

ID Phenomenon

Fission Product Release



FPR-1 Athermal Release
FPR-2 Diffusion
FPR-3 Grain Boundary Sweeping/Grain Growth
FPR-4 Grain Boundary Coalescence/Tunnel

Interlinkage
FPR-5 Vapor Transport/Columnar Grains
FPR-6 Fuel Cracking (Thermal)
FPR-7 Gap Transport (Failed Elements)
FPR-8 Gap Retention
FPR-9 UO2+x Formation
FPR-10 U4O9 - U3O8 Formation
FPR-11 UO2.x Formation
FPR-12 UO2 Zircaloy Interaction
FPR-13 UO2 Dissolution by Molten Zircaloy
FPR-14 Fuel Melting
FPR-15 Fission Product Vaporization/Volatilization
FPR-16 Matrix Stripping
FPR-17 Temperature Transients
FPR-18 Grain Boundary Separation
FPR-19 Fission Product Leaching

Fission Product Transport
FPT-1 Fuel Paniculate Suspension
FPT-2 Vapour Deposition and Re-vaporization of

Deposits
FPT-3 Vapour/Structure Interaction
FPT-4 Aerosol Nucleation
FPT-5 Gravitational Agglomeration in the Primary

Heat Transport System (PHTS)
FPT-6 Brownian Motion (Diffusional)

Agglomeration in PHTS
FPT-7 Turbulent Agglomeration in PHTS
FPT-8 Laminar Agglomeration
FPT-9 Electrostatic Agglomeration
FPT-10 Aerosol Growth/Revapourization
FPT-11 Thermophoretic Deposition in PHTS
FPT-12 Diffusiophoretic Deposition
FPT-13 Gravitational Deposition
FPT-14 Brownian Motion Deposition
FPT-15 Turbulent Deposition in PHTS
FPT-16 Laminar Deposition
FPT-17 Electrostatic Deposition
FPT-18 Inertial Deposition
FPT-19 Photophoretic Deposition
FPT-20 Aerosol Resuspension
FPT-21 Pool Scrubbing
FPT-22 Transport of Deposits by Water
FPT-23 Chemical Speciation
FPT-24 Transport of Structural Materials

List 7: Accident Categories Relevant to CANDU
Containment Behaviour

Large LOCA
Small LOCA

Pipe Breaks
In-Core Breaks

Large LOCA/LOECI
Secondary Side Breaks
Fuel Handling Accidents
Auxiliary System Failures

List 8: Physical Phenomena Relevant to CANDU
Containment Behaviour

ID

Cl
C2
C3
C4
C5
C6
C7
C8
C9
CIO

C l l
C12
C13
C14
C15
C16
C17
C18
C19

C21
C22
C23
C24
C25
C26
C27

Phenomenon

Thermalhydraulics
Flashing Discharge
Evaporation from Pools
Convection Heat Transfer
Conduction Heat Transfer
Condensation Heat Transfer
Air Cooler Heat Transfer
Heat Removal by Dousing Water
Laminar/Turbulent Leakage Flow
Choked Flow through Pressure Reducing Valves
Liquid Re-entrainment
Hydrogen Behaviour
Buoyancy Induced Mixing
Jet Momentum Induced Mixing
Hydrogen Stratification
Hydrogen Deflagration
Flame Acceleration
Flame Quenching by Turbulence
Standing Flame
Deflagration Detonation Transition
Mixing and Removal by Recombiners
Iodine Chemistry
Interfacial Mass Transfer
Partition Coefficient
Adsorption
Carbon Filter Removal Efficiency
Total Waterborne Iodine
Fraction Airborne Organic Iodine
Total Airborne Iodine

Aerosol Behaviour
C28 Jet Impingement
C29 Plateout (Gravitational Settling)
C3$ Thermophoresis
C31 Diffusiophoresis
C32 Diffusional Agglomeration
C33 Removal in HEPA Filters
C34 Removal in Demisters
C35 Removal in Leakage Paths
C36 Condensation
C37 Evaporation
C38 Turbulent Agglomeration



C39 Turbulent Deposition
C40 Formation in a Flashing Jet
C41 Formation in a Steam Jet
C42 Gravitational Agglomeration
C43 Inertial Deposition

List 9: Accident Categories Relevant to CANDU
Reactor Physics

Large LOCA
Emergency Coolant injection and Class TV

Power Intact
Loss of Emergency Coolant Injection
Loss of Class IV Power

Transition Break LOCA
Small Out-of-Core LOCA
Small In-Core LOCA

Pressure Tube/Calandria Tube Failure
Stagnation Feeder Break
End-Fitting Failure

Loss of Flow
Loss of Regulation

Slow
Fast

Loss of Feedwater
Steam Line Break
Moderator System

Loss of Moderator Inventory
Loss of Moderator Heat Sink

List 10: Physical Phenomena Relevant to CANDU
Reactor Physics

ID Phenomenon

PHI Coolant-Density-Change Induced Reactivity
PH2 Coolant-Temperature-Change Induced

Reactivity
PH3 Moderator-Density-Change Induced Reactivity
PH4 Moderator-Temperature-Change Induced

Reactivity
PH5 Moderator-Poison-Concentration-Change

Induced Reactivity
PH6 Moderator-Purity-Change Induced Reactivity
PH7 Fuel-Temperature-Change Induced Reactivity
PH8 Fuel-Isotopic-Composition-Change Induced

Reactivity
PH9 Refuelling-Induced Reactivity
PH10 Fuel-String-Relocation Induced Reactivity
PHI 1 Device-Movement Induced Reactivity
PHI2 Prompt/Delayed Neutron Kinetics
PHI 3 Flux-Detector Response
PHI4 Flux And Power Distribution (Prompt/Decay

Heat) in Space and Time

PHI5 Lattice-Geometry Reactivity Effects
PH16 Coolant-Purity-Change Induced Reactivity

List 11: Accident CategoriesRelevant to CANDU
Radiation Physics

Large LOCA
Fuel Channel Decay Heat
Moderator Heat Load
Containment Activity Monitor

Small LOCA
End Fitting Failure

Nuclear Criticality
Inadvertent Nuclear Excursion

List 12: Physical Phenomena Relevant to CANDU
Radiation Physics

ID

RAD1
RAD2
RAD3
RAD4
RAD5
RAD6
RAD7
RAD8
RAD9
RADII

Phenomenon

Radiation Emission
Isotope Generation and Depletion
Neutron Transport and Streaming
Photon Transport, Streaming and Skyshine
Electron Transport
Heating
Internal and External Exposure
Radiolysis
Damage
Criticality and Sub-Critical Multiplication

List 13: Physical Phenomena Relevant to
Atmospheric Dispersion from CANDU
Plants

ID

AD-01
AD-03
AD-04

AD-05

AD-06
AD-07

AD-08
AD-09
AD-10
AD-11
AD-12
AD-13
AD-14

Phenomenon

Plume Rise
Downwash
Modification of Effective Release Height
Due to Building Entrainment
Plume Broadening Due to Building
Entrainment
Fumigation
Formation of the Thermal Internal Boundary
Layer
Reflection from an Elevated Inversion
Plume Advection
Plume Diffusion
Wet Deposition
Dry Deposition
Plume Depletion
Exposure to Cloudshine



AD-15 Exposure to Groundshine
AD-16 Internal Exposure due to Inhalation

List 14: Accident Categories Relevant to CANDU
Moderator and Shield System
Thermalhydraulics

Loss of Moderator Heat Sink
Loss of Moderator Inventory
Loss of Moderator Temperature Control Low
Loss of Shield Tank/End Shield Inventory
Loss of Shield Tank Temperature Control Low
Loss of Shield Cooling
Small LOCA

In-Core Breaks
In-Core Breaks from a Guaranteed Shutdown State
Out-of-Core Breaks

Small LOCA/LOECI
In-Core Breaks

Large LOCA
Large LOCA/LOECI
Secondary Side Breaks
Loss of Flow
Loss of Regulation

List 15: Physical Phenomena Relevant to CANDU
Moderator and Shield System
Thermalhydraulics

ID Phenomenon

MH3 Moderator Degassing
MH4 Mass and Energy Transfer in Moderator

Cover Gas
MH9 Moderator Pump Cavitation
MH10 Interaction of Moderator Flow with Calandria

Tubes
MH11 Moderator Flow Turbulence
MH12 Moderator Buoyancy
MH13 Moderator Inlet Jet Development
MH15 Displacement of Poison from Containers
MH16 Injection of Poison along Nozzles
MH19 Moderator/Coolant/Poison Mixing
MH22 Calandria Tube/Moderator Heat Transfer
MH30 Failed Channel Interaction with Core

Components
MH34 Hydrogen Deflagration
MH39 Moderator Heat Exchanger Response
MH41 Liquid, Vapor and Two-Phase Discharge
MH42 Moderator Swell
MH43 Thermal Conduction
MH44 Convective Heat Transfer
MH45 Radiative Heat Transfer

List 16: Accident Categories Relevant to CANDU
Fuel Channel Thermalhydraulics

Large LOCA
Large LOCA/LOECI
Small LOCA

Pressure Tube Failure, Calandria Tube Intact
In-Core Breaks
Out-of-Core Breaks

Loss of Flow
Loss of Regulation

List 17: Physical Phenomena Relevant to CANDU
Fuel Channel Thermalhydraulics

ID Phenomenon

FCT1 Convective Heat Transfer
FCT2 Onset of Vapor/Void Generation
FCT3 Pre-Critical Heat Flux (CHF) Boiling Heat

Transfer

FCT4 Dryout (CHF)

FCT5
FCT6
FCT7

FCT8
FCT9
FCT10
FCT11

FCT12

FCT13
FCT14

FCT15
FCT16

FCT17
FCT18
FCT19
FCT20

Transition and Film Boiling
Quench and Rewet
Inter-Subchannel Single- and Two-Phase
Mixing
Inter-Subchannel Turbulent Flow Scattering
Inter-Subchannel Diversion Cross-Flow
Phase Separation
Single-Phase and Two-Phase Density-Driven
Flow
Single-Phase and Two-Phase Wall Shear and
Form Losses
Radiative Heat Transfer
Steady-State and Transient Heat Conduction
(Heat Diffusivity)

Non-Condensable Gas Effect
Zirconium/Steam and Zirconium/Air Thermal
Chemical Reaction
Fuel and Channel Deformation
Counter-Current Flow
Waterhammer
Flow Oscillations



ATTACHMENT

Excerpt from the Technical Basis Document'51

Table of Contents

1. Large Loss of Coolant Accident (LOCA)

2. Small Loss of Coolant Accident

2.1 Out-of-Core Breaks
2.1.1 Pipe Breaks (Headers or Above)
2.1.2 End Fitting Failure
2.1.3 Stagnation Feeder Break
2.1.4 Steam Generator Tube Rupture

2.2 In-Core Breaks
2.2.1 Pressure Tube Rupture/Flow Blockage

2.2.2 Inlet Feeder Breaks

3. Loss of Coolant Accident Coincident with Loss of Emergency Core Coolant Injection (LOCA\LOECI)

4. Secondary Side Breaks

5. Loss of Flow

6. Fuel Handling Failures

7. Loss of Regulation

8. Auxiliary System Failures

9. Atmospheric Dispersion

SECTION 1

TECHNICAL BASIS OF LARGE LOCA ANALYSES

1. INTRODUCTION

A large Loss of Coolant Accident (LOCA) involves a break in the heat transport system pressure boundary of sufficient
magnitude that the normally operating reactivity control system, RRS, is incapable of maintaining reactivity balance and,
as a result of the coolant void reactivity feedback, an immediate reactor power excursion occurs.

A large LOCA is characterized by the following general features:

1. an immediate power excursion driven by rapid coolant voiding in many channels,

2. a large rate of coolant discharge from the break into containment,

3. the potential for early impairment of fuel cooling, leading to possible pressure tube deformation,

4. the potential for fuel failures



5. a spike of iodine release from previously defected fuel into the coolant during the blowdown
period

6. a potential increase in heat load to the moderator

7. the Emergency Coolant Injection System (ECIS) is available and coolant injection occurs.

8. an overpressure period in containment during which there can be a pressure driven release from
containment.

The range of break sizes that are encompassed includes ones for which:

the channels in the affected flow pass experience reduced flow in the normal flow direction (less than
critical break size),
channels in the affected core pass experience early, rapid reduction in flow to very low levels which are
sustained for a limited duration (critical break size), and
channels in the affected core pass experience sustained reverse flow during the blowdown (greater than
critical break size).

2 KEY SAFETY CONCERNS

The safety concerns of relevance to large LOCA events whose consequences are quantified through the safety analysis
are:

• public and in-plant dose related to fission product releases from the fuel,
• core coolable geometry related to fuel channel integrity, and
• containment integrity related to pressurization and hydrogen combustion.

3 ACCIDENT BEHAVIOUR

Quantification of the consequences associated with these safety concerns involves analysis of phenomena which can be
grouped into sets of behaviour characterizing the physical processes that come into play during a large LOCA. These
groups of behaviour typically evolve over limited time periods and proceed either in parallel with one another, or in a
specific order determined by external sequences of events such as shutdown system initiation and ECIS initiation. For
example, the early stages of blowdown cooling and the neutronic overpower transient evolve as parallel and inter-related
behaviour, with the neutronic overpower transient behaviour occurring over a shorter time duration than blowdown
cooling; whereas, ECIS delivery behaviour develops some tens of seconds following the neutronic overpower transient
and the initial ECIS delivery proceeds in parallel with the later stages of blowdown cooling. Therefore, uncertainties in
the modelling the phenomena associated with the different behaviour groupings are of relevance to the safety analysis
only during those periods of time in which the behaviours exert a governing influence.

Phases of the Accident

The phases of a LOCA accident are defined according to the major time periods during the accident progression during
which characteristic groups of behaviour are exhibited. For each of the major disciplines involved in a large LOCA the
following phases are defined and the dominant behaviour during these phases are identified. Note that the time periods
for each phase are approximate and do not imply specific limits on the start and end times for a phase.

Reactor Physics

1. Power Pulse (0-5 seconds) - the initial period following the break during which the reactor power increases due to
positive coolant void feedback and which is terminated by shutdown system action, the dominant behaviour during
this period is the neutronic overpower transient.



2. Post shutdown (5 seconds onwards) - the period following reactor shutdown in which the reactor is brought
subcritical, the spatial neutron flux distribution stabilizes and the power distribution becomes governed by decay
heat.

System Thermalhydraulics I Fuel & Fuel Channel Thermal Mechanical Behaviour / Fission Product Release

1. Power Pulse (0-5 seconds) - the initial period following the break during which the reactor power increases due to
positive coolant void feedback and which is terminated by shutdown system action, the dominant behaviours
during this period are heat transport system depressurization, neutronic overpower transient and fuel heatup and
axial fuel expansion.

2. Early Blowdown Cooling (5 - 30 seconds) - the period during which the heat transport system blowdown continues
prior to ECIS initiation. The dominant behaviours during this period are heat transport system depressurization,
blowdown cooling, fuel deformation, pressure tube deformation, fuel heatup, pressure tube heatup, fuel failure and
fission product release.

3. Late Blowdown Cooling/ECIS Injection (30 - 200 seconds) - the period of ongoing heat transport system blowdown
with ECIS injection into the heat transport system. The dominant behaviours during this period are heat transport
system depressurization, blowdown cooling, ECIS delivery, fuel deformation, pressure tube deformation, fuel
heatup, pressure tube heatup and fission product release.

4. Refill (> 200 seconds) - the period during which refill of channels in the core proceeds and a quasi-steady state is
attained. The dominant behaviours during this period are, ECIS delivery, heat transport system refill, fuel cooling
and fission product release.
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SUMMARY

A key problem in source term evaluation in nuclear reactor severe accidents is

determination of the transport behaviour of fission products (f.p.) released from the degrading

core. The SOPHAEROS computer code is being developed aiming at predicting in a

mechanistic way f.p. transport in LWR circuits. In the first version of the code (1), released in

1994, the main aerosol (coagulation and numerous deposition mechanisms) and fission

product vapour (condensation, evaporation and sorption) phenomena were modelled for 12

fission product species. The large number of mass balance equations with non-linear terms

were solved using an efficient implicit numerical method.

In the version of the code used in this study, version 1.3 (2), progress has been mainly made

with the introduction of vapour-phase chemistry. The basis of the chemical modelling is the

calculation of thermodynamic chemical equilibrium of vapour-phase species from elements in

the vapour-phase.

Before adding the chemistry module different approaches were considered to determine the

fastest numerically robust method. A transient approach based on the deviation from

equilibrium was chosen for solution of the equations with 'ideal kinetics'. This means that an

artificial mathematical transient is applied to reach the real steady state (equilibrium). The

'kinetics' associated with equilibrium are directly related to the deviation from equilibrium.



The thermodynamic equilibrium assumption means that chemical speciation changes with

temperature, carrier gas composition, and the concentrations of vapours. The number of

species considered in the calculation can be easily increased or modified by adding data for

the new species (name, molar mass, stoechiometric coefficients, equilibrium constant, etc) to

the data bank. The default data bank comprises 30 elements and the compound species from

these elements.

The SOPHAEROS code has in the past been validated on analytical experiments such as

DEVAP, LACE, TRANS AT, TUBA as well as on integral tests of the PHEBUS FP program.

In this paper, an example of validation for the fission product vapour transport (chemistry and

condensation/evaporation) models is shown. Some tests of the Falcon (3) thermal gradient

tube experiments (FAL-17, FAL-18, ISP-1, etc) are used.

The results of the SOPHAEROS 1.3 calculations are compared with the results of the

VICTORIA code (4) and the measured data, see Table 1. The input data of the two codes were

determined in the same way. It is seen that SOPHAEROS can predict the dominant chemical

species and the element retention factors in the silica pipe quite well.

These applications of the SOPHAEROS code to the Falcon experiments, along with others

which are not presented here, indicate that the numerical scheme of the code is robust, and no

convergence problems are encountered. The calculation is also very fast being 3 times longer

on a Sun SPARC 5 workstation than real time and typically about 10 times faster than an

identical calculation with the VICTORIA code.



The study demonstrates that the SOPHAEROS 1.3 code is a suitable tool for prediction of

vapour chemistry and f.p. transport with a reasonable level of accuracy.

Furthermore, the flexibility of the code «material databank» allows improvement of

understanding of fission product transport and deposition in the circuit.

Table 1

Comparison of retention the results for the calculations and measured values

FAL-17

FAL-18

Experiment

SOPHAmOS

VICTORIA

Experiment

SOPHAEROS

VICTORIA

Cs

45%

64%

28%

55%

47%

18%

I

20%

26%

24%

75%

29%

30%

Mo

65%

62%

27%

-

Ba

56%

?6%

34%

_

Cd

57%

41%

18%

31%

31%

18%

In

72%

em
30%

57%

m%
30%

Ag

76%

27%

57%

31%

28%

Te

21%

29%

B

24%

19%

32%

Si

22%

19%

_
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ABSTRACT

The physical parameters in the reactor controller, reactor physics and thermal-hydraulics models of the TUF code,
associated with a reactor trip event are discussed in detail. To check the realism and the fidelity of the TUF
performance, the prediction of a reactor trip event is compared with the plant data at Darlington NGS. The prediction
of the system parameters is in reasonable agreement with the plant data. This simulation demonstrates the overall
code performance in the operational support analysis for CANDU reactors.

1. INTRODUCTION

There is a substantial amount of operating plant data including steady state tests up to full power and commissioning
tests in each reactor power plant. These data can be used to validate the reactor system analysis codes. Simulations
of operating plant transients by reactor system analysis codes are of great interest for many reasons. Their significant
role has been recognized in the nuclear industry. After all, operating plant information is what it is all about. To
increase the code reliability for plant operational and safety analyses, predictions of certain plant transients are
required for reactor system analysis codes. Operating reactors clearly provide the only full scale and integrated test
data for reactor system analysis codes. Plant data can provide the following useful information for the reactor system
analysis codes: responses of all the reactor controller systems, overall thermal-hydraulics, correlations for wall
frictional and heat transfers, interactions among various reactor systems and input data. After the reports on the TUF
validation against the Class TV power failure event (Reference 1) and the LRV test data (Reference 2) at Darlington
NGS, several other plant operational data have been used to validate the TUF code at Darlington Nuclear Generation
Division. TUF has been used to support short term modifications to the process control system.

Commissioning tests on the effectiveness of shut-off rods (or manual reactor trip) are required by the regulatory
authority for every operating CANDU reactor plant in Canada since the function of shut-down systems is the most
important issue in the safety of reactor operation. The data generated from these tests during the initial transient



(about two minutes) can provide useful information for reactor system codes to verify the following physical
parameters: the point kinetics model (illustrated by the reactor power), the pressurizer model during an outsurge
process (illustrated by pressurizer pressure and level), the overall wall heat transfer rates in the channels (illustrated
by ROH pressures) and heat exchangers (illustrated by steam drum pressures), and the controller responses in the
secondary side system (illustrated by boiler water level and feed flow). According to ASME classification, a reactor
trip belongs to Level B service limits. Even though a reactor trip is a relatively mild operational transient, simulation
of this event has been treated as a base case for reactor system or simulator codes in the utility industry since the
reactor trip has been initiated in many other events simulated in safety analysis. For the reactor simulator codes, plant
data can be used to adjust the transport or relaxation time constants built in the codes. For the reactor system codes
which are based on the basic thermal-hydraulic equations, plant data can be used to verify the correlations used in
the code.

The system behaviour of a reactor trip in CANDU reactors is well documented in the design and operational
descriptions. When a reactor trip from high or full power occurs, there will be a rapid depressurization and a
reduction in coolant temperature in the primary heat transport (PHT) system because of the shrinkage brought about
by the rapid reduction of heat transfer from the fuel pins to coolant. The system pressure is still sufficiently high to
meet the NPSH requirements for the PHT pumps. As the pressurizer supplies the make-up coolant to the PHT
system, the PHT system pressure will stabilize. Following the reactor trip, the PHT pressure controller will respond
to the negative pressure error by turning on the heaters in the pressurizer until the PHT system pressure reaches the
setpoint (about 10 minutes after a reactor trip for Darlington NGS). The governor valve closes in an attempt to
maintain the steam drum pressure at its setpoint. Initially, the steam drum pressures will increase slightly due to the
mismatch between the boiler heat transfer rate and the turbine power. Then, the drop in the PHT temperature causes
a secondary side cool-down and depressurization. The steam and feed flows will drop. The steam drum pressures
and temperatures will then return to their nominal values.

The comparison of system code prediction with plant data for the reactor trip event is desirable because of its
simplicity in examining the associated physical parameters implemented in the code. In this paper, these physical
parameters in a TUF simulation are discussed. The initial transients (up to two minutes) are compared with the
reactor trip data from 100% FP at Darlington NGS by using the TUF version 1.0.3.

2. PHYSICAL PARAMETERS IN TUF SIMULATION

A general description of the physical parameters in the TUF models was presented in Reference 3. In this paper, only
the relevant parameters associated with the reactor trip event are discussed below.

SDS1 and Reactivity Control Devices

The primary method of quickly terminating CANDU reactor power when it is required for safety reasons is the shut-
down systems (SDS1 and SDS2). The reactor can also be tripped manually at the control room operator's discretion.
The standard methods for reactor trip for shut-down system No.l include the following: (1) shut-off rods (SORs)
are dropped, (2) four mechanical control absorber (MCA) rods are dropped due to the action of the stepback program
on SDS trip signal, (3) light water zone controller compartments fill at maximum rate, and (4) mode of control of
reactor power setpoint resets to alternate-manual (turbine follows reactor) and stays in alternate on trip reset.

There are 32 (separated into two banks) stainless steel-cadmium-stainless steel sandwich SORs in the form of tubes
with an active length of 5.72 m and an active outside diameter of 112.7 mm. In their fully inserted position the rods
are symmetrical about the horizontal mid-plane of the reactor core. Shut-down system No.l employs an independent
triplicated logic system, which senses the requirement for reactor trip and de-energizes the clutches to release the
SORs. The total reactivity for all rods when fully inserted is -71 ink for equilibrium fuelling conditions. Total time
of a SOR gravity drop, from fully withdrawn to fully inserted, is about 2 seconds. In the safety analysis, this interval
is partitioned into four time periods: (1) A delay of approximately 0.2 s before motion begins; (2) acceleration period



from 0.2 s to 0.7 s; (3) constant velocity period from 0.7 s to 1.8 s (the rod is spring-assisted to near its terminal
velocity); and (4) deceleration period from 1.8 s to 2.2 s where the rods are cushioned by a hydraulic damper. The
rod velocity v can be calculated from the following equation:

where t is time, g is the gravity acceleration and v, is the rod terminal velocity resulting from the external friction.
A large terminal velocity results from the case where a free fall of rod has a small frictional force. The initial rod
velocity is calculated from the force generated by the spring accelerator.

Based on the above equation, the rod position, as a function of time after drop starts, is set up as a table in the code
for each station. The actual reactivity being inserted by the rods is calculated from their normalized insertion values
by multiplying the total bank worth. The table of normalized reactivity as a function of rod position is obtained from
the design data or the reactor physics code for each station. The uncertainty in the table of rod position as a function
of time is usually greater than that of the reactivity table as a function of rod position. For example, the initial delay
time period of 0.2 s and the acceleration period of 0.5 s for rod motion may be too conservative. In reality, due to
the spring assisted effect the rods may quickly reach their terminal velocity before 0.7 s. Nevertheless, the effect of
SOR motion on the reactor core power only shifts the transient results by the time difference (at most 0.5 second)
in the SOR motions if the delay and acceleration periods are reduced.

The four mechanical control absorber (MCA) rods are also dropped due to the action of reactor stepback. The
simulation of MCA rods is similar to that of the SOR, except that MCA rods do not have spring accelerators and
are filled with orifices to reduce rod terminal velocity (around 3.5 m/s). The total reactivity for MCA rods is -9.5
mk. The zone control system serves as the primary means of short-term reactivity control in the reactor, both for
control of total reactor power and for control of spatial flux variations. The spatial flux variation control is not
simulated in the code. There are 14 light water zone controllers spatially distributed in each power zone. In the code,
the zone controllers are simulated by an average level. The water level is regulated by a valve which controls the
water inflow rate. The demand valve position is a function of effective power error. The actual valve position is
calculated from the valve sizing equation (Reference 3). The zone water level and the rate of reactivity change are
calculated as a function of the valve position. The reactivity change over the time step is then calculated. The total
reactivity for the light water zone controller is -6 mk. Due to its limited capacity and slow controller response, the
light water zone controllers do not play an important role in the reactor power reduction during a reactor trip.

SG Pressure and Level Controls

Whenever the steam drum pressure changes, the saturation temperature changes simultaneously. Water and metal
temperatures will follow with time lags which are complex but generally fairly short. The rate of pressure rise or
drop in the steam drum is roughly proportional to the difference between the rate of evaporation in the boiling section
of the steam generator and the rate of steam flow out of the steam drum. Therefore, the pressure error between the
steam drum pressure (after the rationality and validity check, a single steam drum pressure is selected from four
steam generators in Darlington NGS) and the pressure setpoint is used in the feedback terms for calculating the
reactor power setpoint, the turbine load setpoint, and the ASDV and CSDV lifts. In the normal or auto mode of
overall unit control, the steam generator pressure control program calculates the reactor power setpoint and the
setpoint is used by the demand power routine for reactor power manoeuvring, while ASDV and CSDV are being
used for pressure trimming. In the alternate mode, as chosen by the operator or selected by logic under certain
abnormal conditions such as reactor or turbine trip or reactor setback or stepback, the steam generator pressure
control program loses control of the reactor power setpoint, but must maintain the steam generator pressure at its
setpoint by controlling the plant load (i.e. turbine), the ASDV or the CSDV operations.

Water level in the steam generator here means the level which would be shown in a gauge glass that correctly
indicates the head above the water balance connection on the drum. It is the collapsed water level. In actual fact the



water will be turbulent and full of bubbles, but this does not affect the mass of water above the tapping point and
hence the level shown in the glass. In general, a boiler at normal operation conditions contains a larger volume of
submerged steam outside the generator tubes at high load than at low load, and therefore contains less water. The
gradient of the curve of equilibrium water content against evaporation rate represents the change in mass of water
in the boiler per unit change in evaporation rate. The simplest possible idealized feedwater regulator would govern
the feed inflow rate in proportion to the level error between the level setpoint and the distance of the sensed water
level below a reference level. This is the single element control logic used in the code. In this control logic,
instability will result if the action of the feedwater regulator is too powerful. This is because the regulator in
changing the feed flow also changes the evaporation rate. The resulting swell effect produces a further disturbance
in level. If this is too great, the system will be unstable. It is common practice to add to the controller output a signal
proportional to the difference between the steam off-take rate and the feed flow rate. This gives the well-known
three-element feed regulator, with action based on the water level, steam flow and feed flow.

The level in each steam generator is maintained by three level control valves: one small (20%) and two large (100%)
each) valves. At high power operations, only one large control valve is normally kept in service at any one time, the
other large valve being on standby. The signal representing the measured level is compared with the setpoint level,
thereby generating an error signal. This error signal is sent through a proportional plus integral (PI) controller which
eliminates steady state level errors. The output from the PI controller is sent to the three-mode valve controller. The
output of the PI controller is the main feedwater valve position signal. A single element algorithm is used for control
at low loads (using the small valve). A three element algorithm is used for control at higher loads (using the large
valve). When the flow components of the three element algorithm are not available, a default single element
algorithm is substituted. The selection of the control algorithms mainly depends on the reactor thermal power.

The level control setpoint is common to all four steam generators and is an increasing function of plant load. This
function is chosen such that the locus of the points at various loads will coincide with the swell curve. The level
setpoint L ^ is calculated from the following equation:

L~ - Co • C, PR« [2]

where PR is the filtered reactor power, either the average steam flow in units of percentage of full power (at high
steam flow) or the percentage reactor power (at low steam flows), and Co and C, are the constants determined from
the commissioning tests.

Governor Valve Control

The turbine load setpoint processed by Turbotrol can be provided either from the steam generator pressure controller
or from the unit power regulator. When the steam generator pressure control program is in control of the turbine load
setpoint after the reactor trip, the program calculates the load setpoint demand rate E (in velocity algorithm form),

where p ^ and psg are the pressure setpoint and the steam drum pressure, respectively, PR is the reactor thermal power
and the constants K,, K2 and K3 are obtained from the commissioning tests. The rates of steam drum pressure and
thermal reactor power are calculated using a third-order difference.

The load setpoint demand rate E is then processed by Turbotrol which manipulates the rate of position change for
the turbine governor valve. The turbine load setpoint processed by Turbotrol is entered in one of the following two
manners: 1 %/s channel (the load program device of Turbotrol is in auto and DCC control is on) and -5 %/s channel
(the load program device is switched to manual by Turbotrol). The second manner is primarily used for fast
unloading by the steam generator pressure control program, such as following a reactor trip or a stepback.



Heat Transfer Rates in Fuel Pins and Steam Generators

The steady state stored heat within a fuel pin cannojt be precisely determined. The effects of thermal cycles, fuel
burn-up and other parameters on the gap conductance between fuel and sheath cannot be precisely included in the
correlation. The TUF input models an average gap conductance for all fuel pins in a channel. Thus, uncertainty in
the initial core stored heat exists. Simulations of different plant conditions with different gap conductances can reduce
this uncertainty. The value (10 Kw/m/m/C) used in the previous analyses (References 1 and 2) and safety analysis
is also applied to this simulation.

It would be a very expensive model to include all the reactor channels in the thermal-hydraulic circuit of the CANDU
reactors. Normally, the averaged channel approach is adopted. For example, each reactor core pass can be simulated
by one region (or zone) with averaged channels or several regions each having its own averaged channels. In this
simulation, for example, seven regions in the north loop and two regions in the south loop were modelled, each core
pass having five nodes axially within each region. This average channel approach is usually adequate for operational
support analysis.

I
The pressure transient at any control volume is given by

dp _ j £ ^M + j}p_ djU + dp dMfl + dp dUq w\
dt = 3M dt 9U dt + dMfl dt + 3Ug dt

where 8p/9X's are the pressure derivatives, dM is the change in total mass, dU is the change in total internal energy,
dMj is the change in total vapour mass and dUg is the change in total vapour internal energy. In this simulation, the
pressure transients in the reactor channels and steam generators can be expressed approximately by

where Qw is the wall heat transfer rate.

The pressure transients at the ROH and the steam drums are strongly influenced by the heat transfer rates in the
channels and steam generators. Several options for wall heat transfer correlations are available in the code. Different
correlations are applied in different options, depending on the phase condition (single or two-phase) and heat transfer
path (positive or negative). A general description of the correlations and their applicable ranges is given in Reference
4. In the pre-dryout region, which is the region encountered during a reactor trip transient, the following correlations
are available in the liquid phase: Dittus-Boelter, Kays and Short correlations. For two-phase flow, the following
correlations are available: Chen, Thom, Roshenow, Ananiev and McAdams correlations. For steam flow, the Dittus-
Boelter, Hadaller, Heinemen, Groeneveld-Delorme, or Short correlation can be selected. In this simulation, the heat
transfer options used for fuel channels and steam generators are identical to those used in the safety analysis.

Thermal-Hydraulics Model

In CANDU reactors, two-phase flows occur only in certain areas of reactor piping and components during the normal
operation conditions. The two-fluid effects are not important in overall thermal-hydraulics in the design analysis.
Therefore, the codes with a one-fluid model have been successfully used in reactor design analysis. In operating
support analysis, the two-fluid effect on the transients of system components (boilers, bleed condenser and
pressurizer) may be noticed even though its effect on the PHT system is small (Reference 1). In the loss of coolant
accidents of safety analysis, two-fluid effects become important either when the phase slip is compatible with the
mixture velocity or after the activation of the ECI system. The thermal-hydraulic model implemented in the code



has been described in Reference 5.

Similar to pressurized light water reactors, the pressurizer in CANDU reactors (except Pickering NGS) is a
particularly important component. Several theoretical models of a pressurizer can be found in the literature. Most
of the models require at least two control volumes in the representation of a pressurizer. In TUF, the pressurizer is
modelled as a single control volume with a distinct phase separation. A thermal non-equilibrium model is applied
to the pressurizer. The interfacial heat transfer rate is dependent on the amount of entrained bubbles and the operating
condition of heaters. The void fraction of entrained bubbles in the liquid region is calculated from the level swell
model. The total energy of the heaters (four ON/OFF and two variable heaters), which are located at the lower region
of the pressurizer, is calculated from a first-order delay equation. A series of tests on pressurizer behaviour have been
conducted at the Nuclear Power Demonstration in Ontario Hydro in 1985. It has been found that the transient
behaviour of two phase temperatures are different during the in-surge and out-surge processes. In the present case,
only the out-surge process is encountered. Also, it should be noted that the gravity head in the pressurizer should
be included in the momentum equations since the pressure at the top of the vapour region of the pressurizer is used
in the reactor controllers.

Heat Loss from End Shields

In addition to mechanically supporting end fittings and calandria tubes, the end shields provide gamma-ray shielding
from the radioactive core. The end shields are made of steel slabs which are light water cooled. Cooling is required
because of the heat produced in the steel from the absorption of neutrons and gamma radiation as well as conduction
from the hot fuel channels during full reactor power operation. Therefore, the coolant in the dead-end volume of the
end fittings will be subcooled due to heat loss from the end shields. In the safety analysis, the water in the dead-end
volume of the end fittings is assumed close to the saturation temperature in the steady state condition. However, it
has been found from sensitivity studies that the simulation with subcooled (about IOC) water in the dead-end volume
of the end fittings produces a better agreement in the ROH pressure compared with the plant data for the present
analysis. Since the heat loss from the end shields has not been included in the simulation, it is reasonable to assume
subcooled water in the dead-end volume of the end fittings in the steady state simulation. This modification is not
important in the LOCA analyses since its effect on the overall system behaviour is small.

3. COMPARISONS WITH PLANT DATA

On June 28, 1996, while the reactor trip channel E in Unit 3 of Darlington NGS was open due to regularly scheduled
testing, a trip signal from the channel D trip computer watchdog occurred. It resulted in a SDS1 trip. Prior to the
event, Unit 3 was operating at 100 %FP. In this paper, this reactor trip event is considered. In the plant data logs,
data were recorded every six seconds. The station measured error bar is about 100 kPa for pressure and 1 C for
temperature. The plant circuit (total 358 nodes and 438 links, see Figure 1 of Reference 2) used in this simulation
is identical to those used in References 1 and 2. Except for the coolant enthalpies at the dead-end volumes of the
end-fittings, the steady state conditions are identical to those used in Reference 1: fuel power 2651 MW, core flow
per pass 2893 kg/s, RIH pressure 11.29 MPa(a), RIH temperature 265 C, ROH pressure 9.93 MPa(a), ROH
temperature 309.5 C, ROH quality 0.08 %, channel outlet quality 0 %, boiler pressure 5.07 MPa(a) and boiler
feedwater temperature 172.6 C. Also the options for wall frictional and heat transfer correlations are identical to those
used in the safety analysis. It is noted that there are six reactor zones in the NE core pass and one zone in the other
core passes (NW, SE and SW quadrants) in the network circuit.

Reactor Core Power

In the station, the reactor power level is determined from flux distribution measurements across the core in the
horizontal and vertical planes. From the resultant thermal neutron flux distributions the reactor power can be
calculated by integrating across the flux distributions and multiplying by the thermal neutron fission cross section.
Also, reactor heat balances are carried out on a routine basis in order to check the accuracy of the nuclear power



recording instruments. It is known that the neutron flux measurements are not accurate. The thermal power
measurement (based on temperature rise across the core and the channel flow rates) is the most accurate method of
determining the power output of the core at a high power operating condition. Therefore, there are three types of
reactor power measuring devices in Darlington NGS: 6 ionization chambers for low power range, 14 in-core flux
detectors for high power range and 44 instrumented channels to measure thermal power. The thermal power
measurement is also used for continuing on-line calibration of the in-core flux detectors and ionization chamber
signals. In the code, the check on the rationality of thermal power measurement is not performed.

Figure 1 shows the comparison of TUF predicted reactor power with the plant data. It shows that the power drop
recorded in the plant data is slightly faster than the code prediction. The possible reason for this discrepancy may
be due to a faster SOR speed in the actual plant operation. The force acting on SORs due to spring accelerators may
be larger than that estimated in the design data. Since the overall effect of SOR speed on the circuit thermal-
hydraulics is not significant in this simulation, the sensitivity study of the SOR speed on the power transient has not
been performed. In the safety analysis of large LOCA, the SOR speed is an important factor in the calculation of
the reactor power pulse. Based on the result presented here, it can be concluded that in additional to the conservatism
in the void reactivity, an extra conservative factor for the SOR speed has been inserted in the simulation of SDS1
in the safety analysis.

Primary Heat Transport System

After the reactor trip from a full power operational condition occurs at time zero with four PHT pumps running, the
heat transfer rate from fuel pins to coolant decreases. As a result, there is a rapid depressurization and a reduction
in coolant temperature in the PHT system. Figure 2 plots the boiler and preheater powers for the steam generators.
The ROH pressure and temperature drops from 9.9 MPa(a) to 8.9 MPa(a) and from 309.5 C to 260 C, respectively,
in 50 seconds. Figures 3 to 6 show the pressure transients at four ROHs. At about 7 seconds, TUF predicts a sudden
pressure dip (about 100 kPa) in the ROH pressure. This pressure dip does not show up in the plant data because of
the 6 seconds interval in recording plant data. However, this phenomenon is observed in other plant data for similar
cases (reactor trip from 61 %FP). After the reactor trip, the core pass flow rate slightly increases from 2894 kg/s
to 2976 kg/s at time 50 seconds as the coolant density in the channels increases.

The pressurizer supplies the make-up coolant to the PHT system from time zero to about 50 seconds because of the
shrinkage brought about by the rapid heat reduction. As a result, the PHT system pressure is stabilized at about 50
seconds. Figures 7 and 8 show the comparisons of the pressurizer level and pressure transients, respectively.
Following the reactor trip, the pressurizer heaters try to re-pressurize the PHT system up to its nominal pressure.
Therefore, the pressures in the pressurizer and PHT system gradually increase after 50 seconds. The pressurizer
heaters provide 1430 kW of energy at 120 seconds.

The comparisons between the code predictions and the plant data in the PHT system parameters have demonstrated
the code capabilities in the following areas: (1) the action of the SDS1 system, (2) overall wall frictional pressure
drop, (3) overall heat transfer rates in the channels and boilers, and (4) the HT system pressure and inventory
controller actions.

Secondary Side System

After the reactor trip, the turbine runs down using the -5 %/s channel by Turbotrol. Initially, the decrease in the
boiler power is slower than that for the turbine powe|r. As a result, the steam generator pressures increase initially.
After the drop in the PHT pressure and temperature, tjie secondary side is cooled down and depressurized. The steam
drum pressures, shown in Figures 9 and 10 for the North loop, drop from 5.07 MPa(a) to 4.68 MPa(a), and
temperature from 264 C to 259 C, respectively, in 50 seconds as the governor valve closes in an attempt to maintain
the secondary side pressure at its setpoint. It shows that TUF over predicts the steam drum pressures during the
transient. This may result from the lower steam flow predicted by the code. The turbine run-down rate in the
simulation may not be close to that in the station operation. The boiler water levels decrease from 14.4 m at time



zero to about 12.3 m at time 50 seconds as shown in Figures 11 and 12, respectively for SGI (NW) and SG2 (NE).
After the PHT pressure stabilizes after 50 seconds, the steam drum water levels start to increase slowly toward the
level setpoint. As reflected in the steam drum pressures, the steam drum water levels are under predicted. However,
the trend of increasing boiler water levels after 53 seconds is predicted well. As a result of the reduced heat transfer
rate from the PHT system, the feed water flows also decrease due to the action of the steam generator level controller
as shown in Figures 13 and 14, respectively for SGI and SG2. A sudden drop in the feedwater flows at about 4
seconds is predicted by the code but not observed in the plant data. This phenomenon may result from the SG level
control algorithms implemented in the Darlington version.

The overall agreement in the secondary side system parameters between prediction and plant data is not as good as
that for the PHT system. It may be initiated either by the steam generator level control algorithms in the TUF
Darlington version or by the characteristics of the level control valves used in the simulation.

4. DISCUSSIONS

In this simulation, the following observations are described:

(1). The results of the physical parameters in the NE quadrant (HD1 and SGI) which has six reactor zones are very
close to those in the NW quadrant (HD3 and SG2) which has only one zone. It indicates that each core pass can be
adequately modelled by using the average channel approach in operational support analysis.

(2). There is a dip in the ROH pressure transient in the prediction, which is not shown in the plant data because of
the six seconds interval in recording plant data. However, the dip has been observed in the plant data for another
case where the reactor was initially tripped at 61 %FP. Also this dip has been observed in other events (the pump
trip or reactor stepback) in CANDU reactors. For example, the single PHT pump trip tests at Darlington and Point-
Lepreau NGS have shown a large pressure dip at the ROHs (about 500 kPa).

(3). The control of feedwater flow in the TUF Darlington version requires further investigation, especially in the SG
level control algorithms. Other than that, the overall performances by TUF are excellent.

5. CONCLUDING REMARKS

The physical parameters that are relevant to the event of a reactor trip have been discussed. From the results
presented here, it can be concluded that the TUF predictions are in reasonable agreement with the plant data for the
event of a reactor trip. This simulation continues to enlarge the code qualification base in the operational support
analysis for CANDU reactors.

REFERENCE

1. W.K. Liauw, W.S. Liu, R.K. Leung and B.S. Phillips, TUF simulation of Darlington Class IV power failure,
Annual Conference of Canadian Nuclear Society, Saskatoon, Saskatchewan, Canada, June 4-7, 1995.

2. W.K. Liauw, B.S. Phillips, W.S. Liu and R.K. Leung, TUF validation against LRV test data at Darlington
NGS, 5th International Conference on Simulation Methods in Nuclear Engineering, Montreal, Quebec,
September 8-11, 1996.

3. W.S. Liu, R.K. Leung and J.C. Luxat, Overview of TUF code for CANDU reactors, 5th International
Conference on Simulation Methods in Nuclear Engineering, Montreal, Quebec, Sept., 1996.

4. E. Wu, Heat transfer package for the blowdown version of SOPHT, 4th Simulation Symposium on Reactor
Dynamics and Plant Control, April 27-28, Montreal, 1977.

5. W.S. Liu, R.K. Leung and J.C. Luxat, Two-fluid effects on reactor thermal-hydraulics, 5th International
Conference on Simulation Methods in Nuclear Engineering, Montreal, Quebec, September 8-11, 1996.



120.00

100.00

80.00

1
60.00

40.00 +

20.00

0.00 +-••

3 4 5 6 7

•Time(s) 0s = 960628 19:46:03.3

10

N Power TUF

o PLOG 3x960628

Figure 1. Comparison of neutron power with plant data

o

03

1JW

.90 -

.80

.70

.60 ~

JO -

.40

JO -

20 -

10

oo —

-*v ' i "i i i i r

\ " " " • • • •

\ x

\ ' " • • • • • • • • •

\ x

\ K -

\

\ " • • • • - - • -

\

i 1 1 1 I I 1

1 1

-

-

-

-

-

-

-

-

1 1

.00 1100 24.00 36.00 48.00 60.00 72i» 84.00 96.00 108.00 120JOO

Time [s]

Figure 2. Transients of boiler and preheater powers



10.00

9.50

9.00

8.50

•S 8.00
CO

a.
* 7.50
«

£ 7.00

6.50

6.00

5.50

5.00

f •

:

-

-

* ^ ^ — — —
* * f' ~*IT~*—*

!

!

i—•—*—•"

I

.1

1

i

20 40 60 80
Timefe) Os = 960628 19:46:03

TOO 120

• HD1 TUF

HD1 3x960628

Figure 3. Comparison of ROH pressure with plant data for HDl (NW)

10.00

9.50

9.00

8.50

B 8.00

a.
2
"£ 7.50

I

£ 7.00

6.50

6.00

5.50

5.00

-;

r

r

I

I

i
* " " " " « « _ , J • . - •

! !

- • •

;

•

.

•

• • • •

i

i
• * ^'

i

j

2 0 40 60 80
Time (s| 0s = 960628 19:46:03

100

. -C . . . I . . . I

120

• HD3 TUF |

HD3 3x960628 \

Figure 4. Comparison of ROH pressure with plant data for HD3 (NE)



10.00

9.50

9.00

8.50

1 8.00

"£ 7.50
«j

| 7.00

6.S0

6.00

5.50

5.00

<

\

'•

t

j ;

V ' * '"

i
, . i . . . .

t * *

— - -

i

20

• HD5 TUF

HD5 3x960628

40 60 80

T5me(s) 0s = 960628 19:46:03

100 120

Figure 5. Comparison of ROH pressure with plant data for HD5 (SW)

10.00

9.50

9.00

8.50

f 8-°°
1
£ 7.50
«>
o

£ 7.00

6.50

6.00

5.50

5.00

y 11 , r

!
I

I
• * * • • • * *

!

i i"

20 40 60 80

Time (s) 0s = 960628 19:46:03

100

• HD7 TUF

HD7 3x960628

120

Figure 6. Comparison of ROH pressure with plant data for HD7 (SE)



10.00

9.50

9.00

8.50

•5 8.00
a.
£
o 7.50
i

£ 7.00

6.50

6.00

5.50

5.00

•

r
t-

r
'.

—i i . i.. j

•

"Pressurizer TUF

Pressurizer 3x960628

20 40 60 80

Time(s> 0s=960628 19:46:03

100 120

Figure 7. Comparison of pressurizer pressure with plant data

6.00

5.00 -

4.00 -

3.00 -

2.00 -

1.00 -

0.00 -

A-

\
• • •

i

• • •

i
i
i
i

*

• Pressurizer TUF

Pressurizer 3x360628

20 40 60 80

Timefe) 0s = 960628 19:46:03

100 120

Figure 8. Comparison of pressurizer water level with plant data



6000

5000

4000-

3000

2000

1000

• •

o 4-
20 40 60 80

Timete) 0s=960628 19:46:03
100 120

" SG1 TUF

SG1 3x960628

Figure 9. Comparison of steam drum pressure with plant data for SGI (NW)

6000

5000

4000

£ 3000

2000

1000

• SG2 TUF

SG2 3x960628-

20 40 60 80
Time <s] 0s=960628 19:46:03

100 120

Figure 10. Comparison of steam dram pressure with plant data for SG2 (NE)



0.00 -

- " — » ^ ~

1 • 1 '

20 40 60 80

Timeis] 0s=960628 19:46:03

• S<31 TUF

SG1 3x960628

100 120

Figure 11. Comparison of steam drum water level with plant data for SGI

16.00

14.00

12.00

10.00

•5 8.00

6.00

4.00

0.00

t
"-"—•̂

•

]

r
1

f ....

• • • •

• SG2 TUF

SG2 3x960628

20 40 60 80

Tunete) 0s=960628 19:46:03

100 120

Figure 12. Comparison of steam drum water level with plant data for SG2



350.00

300.00

250.00

200.00

s
I 150.00

100.00

50.00

0.00

XT*

•

•

M *

*

\

i
i

I

!

*

SG1 TUF

• SGI 3x960628

20 40 60 80

Tunets) 0s = 960628 19:46K)3

100 120

Figure 13. Comparison of feedwater flow with plant data for SGI

350.00

300.00

250.00

200.00

1 150.00

100.00

50.00

I,

•L- - J
I*

\ *
\

\

•

20 40 60 80

TimefsJ Os=960628 19:46:03

•SG2TUF

SG2 3x960628

100 120

Figure 14. Comparison of feedwater flow with plant data for SG2



CNS Technical Program
j

TUESDAY, 1997 June 10

Session 3C Reactor Safety Research and Development Leaside Room

Chair: L. Simpson
Atomic Energy of Canada Limited

13:45-14:10 Experimental Investigation of Coolant and Poisoned Moderator Mixing Due to a
Simulated PressureTube/Calandria Tube Fishmouth Rupture During an Overpoisoned
Guaranteed Shutdown State
by J.C. Mackinnon (Ontario Hydro) and R.A. Fortman, G.I. Hadaller (Stern Laboratories Inc.)

14:10-14:35 Gas Mixing Experiments in a Large Enclosure
by C.K. Chan, S.C. Jones (Atomic Energy of Canada Limited)

14:35-15:00 Pressure Tube Ballooning Experiments Analysis

by J.R. Riznic, L.D. MacDonald (Atomic Energy of Canada Limited)

15:00-15:30 Break

15:30-15:55 Review of Two-Phase Water Hammer
by T.G. Beuthe (Atomic Energy of Canada Limited)

15:55-16:20 Melt Ejection Experimental Programs Relevant to CANDU Reactors
by N.N. Wahba, VJ. Langman, J.C. Luxat (Ontario Hydro)



CA9900058

EXPERIMENTAL INVESTIGATION OF COOLANT AND POISONED MODERATOR
MIXING DUE TO A SIMULATED PRESSURE TUBE/CALANDRIA TUBE FISHMOUTH

RUPTURE DURING AN OVERPOISONED GUARANTEED SHUTDOWN STATE
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1. INTRODUCTION

During a guaranteed shutdown state (GSS) in a CANDU reactor, there must be sufficient
negative reactivity to ensure subcriticality in the event of a process failure. In one of the
acceptable states, the reactor is kept subcritical by a high concentration of a neutron-absorbing
chemical (the poison gadolinium nitrate) dissolved in the moderator {i.e., the moderator is
guaranteed overpoisoned). A postulated accident scenario which is considered as a part of
reactor safety analysis is the rupture of a fuel channel {i.e., a pressure tube/calandria tube break)
when the reactor is in a GSS. If one of the channels in the core breaks (requiring a simultaneous
failure of both the pressure tube and the surrounding calandria tube), coolant from the primary
heat transport system will be discharged into the moderator, causing an associated displacement
of fluid through relief ducts at the top of the calandria vessel. The incoming (unpoisoned) coolant
may mix quickly with the moderator, or may mix slowly while displacing poisoned moderator
through the relief ducts. The effectiveness of mixing generally depends on the break location, the
coolant discharge rate and the moderator circulation. If an in-core loss of coolant accident
occurred while the reactor is in this overpoisoned state, it must be guaranteed that even with the
dilution of the poison by the incoming coolant the reactor will remain subcritical on both a local
and global basis.

This paper presents an overview of an experimental program in progress at the Moderator Test
Facility at Stern Laboratories to investigate coolant/poison mixing for a simulated in-core
fishmouth pressure tube/calandria tube rupture. The nominal system conditions investigated are
of a reactor in a GSS, with coolant in the primary heat transport system at the same temperature
as the heavily poisoned moderator, i.e., a. depressurised 'cold' state. The results presented are
those obtained during the commissioning of the modified Test Facility.

The contents of the paper are as follows. First, the objectives of the experimental program are
summarised, and a description of the facility is given, with a discussion of the loop modifications
required to perform the mixing study. Then a description of the conditions studied during
commissioning in the Moderator Test Facility is given. Results obtained during the



commissioning, both flow visualisation and measurements, are presented. Lastly, an overview of
the tests to be performed during the remainder of the program is given.

2. OBJECTIVES OF EXPERIMENTAL INVESTIGATION

It is of interest to understand the nature of poison/coolant mixing which results when a discharge
of unpoisoned fluid from a single raptured channel enters a calandria geometry containing fluid of
a different concentration. Aspects of interest are the factors which affect the evolution of the flow
and concentration fields, the concentration variation throughout the vessel and poison
displacement. The Moderator Test Facility is appropriate to simulate the mixing resulting from a
fishmouth type rupture, due to its ability to provide the qualitative and quantitative information
required for the geometry and conditions of interest.

The following are the primary objectives of the program:

• Gain an understanding through flow visualisation of the roles of the calandria tubes,
moderator inlet jets and the overall circulation pattern on the mixing of incoming fluid
from a fishmouth break with that of the original fluid in the vessel. The resistance to
flow caused by the calandria tubes relative to that in the unobstructed reflector region may
result in preferential flow outside the core. The effect of the inlet jets may be expected to
vary according to the relative strength of the discharge, and the fuel channel location at
which the break occurs. The overall circulation pattern is key in determining the long term
dispersion characteristics.

• Identify the effect of fuel channel location and the direction of the break discharge on the
displacement of the original fluid in the vessel. Breaks at the edge of the core, for
example, directed towards the vessel wall may result in different flow fields than those
occurring in the centre of the core.

• Determine concentration throughout the vessel and at the top outlet at the simulated
relief duct to assist in understanding the flow. Measurements of fluid conductivity at the
top outlet provide information on poison displacement and the amount of poison
remaining in the vessel. The measurements throughout the vessel supplement the
qualitative information gained through flow visualisation.

• Obtain experimental data to assist in validating computational tools which may be used
to simulate system characteristics.

The investigation is performed in three stages. First, loop modifications were made to allow the
conditions of interest to be simulated. These modifications were then assessed during a
commissioning period, in which a break at only one channel location was investigated. The
results obtained from this first stage are presented here. In the second stage, custom conductivity
probes were designed, constructed and tested to allow for good coverage of the concentration
field in the vessel. The program is now entering the third stage, in which breaks over a range of
discharge rates at a number of fuel channel locations are being investigated.



3. EXPERIMENTAL FACILITY

3.1 Summary of existing features

The experimental facility, located at Stern Laboratories Inc., has been used for approximately ten
years to enhance the understanding of flow phenomena occurring in the moderator fluid in the
calandria of a CANDU reactor (1). In addition, it has provided experimental data to aid in the
development and validation of thermalhydraulics codes (e.g., MODTURC_CLAS (2)) that
calculate the velocity and temperature fields in this type of flow. Examples of experimental
investigations completed at the Moderator Test Facility include: steady state and transient
moderator temperature distribution tests for a wide range of conditions involving different ratios
of inlet momentum to buoyancy forces; experiments to determine the pressure loss for flow
through the calandria tube tank; and scaled moderator inlet nozzle flow distribution tests.

The test facility is a one quarter scale (2 m diameter) which reproduces the important
characteristics of moderator circulation and heat transfer in a slice (0.2 m thickness) of the
calandria vessel. Relevant conditions are derived through non-dimensionalization of the
governing equations, and identifying and maintaining equivalence of key dimensionless quantities
between the full scale calandria and the test facility. The test section walls have been fabricated
from clear polycarbonate sheets to allow flow visualisation and Laser Doppler Anemometry.
Flow visualisation is provided by injecting an acid or base into the circulation loop, which already
contains a dissolved pH indicator. Four hundred and forty 1/4 scale electrical tube heaters
(mounted in a square array with a lattice pitch of 71.4 mm) provide heating to the fluid if
required. The heaters are designed so that all power connections can be made from one side to
leave the other side free for instrumentation and flow visualisation. A circulating pump, heat
exchanger and connecting pipe provide coolant circulation and heat removal. The working fluid
is light water. The loop circulating pump can provide inlet flow rates up to 4 kg/s, distributed
between the inlet ports which span the full thickness of the test section and are mounted on the
side walls. The outlet port at the bottom of the test section covers the full thickness of the test
section and is 16 mm wide. A schematic of the facility is given in Figure 1.

3.2 Loop Modifications

The present mixing investigation is a new application of the facility. A number of significant
modifications to the loop were required for the present work. Firstly, a high pressure line was
added to inject water (representing the coolant discharge) at a preset rate through a simulated
calandria tube break. The injection line is instrumented with a thermocouple for temperature
measurement and an orifice for flow measurement. An eductor is also provided in the injection
line to allow for the addition of an acidic solution required for flow visualisation. A second
modification was the construction of a simulated fishmouth break tube from which the coolant
discharges (replacing the original heater tube at the fuel channel location at which the break
occurs). This tube is connected to the high pressure line at one end. A slot spanning the length of
the vessel is milled through the wall of the tube. The tube has a flexible inlet connection (to allow
rotation), and provides a discharge at any angle without draining the test section.
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The simulated relief duct is located at the top of the test rig. It consists of a rectangular
perforated plate section, 286 mm wide by 200 mm depth, with a pyramidal shaped channel
fastened to i t The channel converges to a 2 inch diameter pipe which discharges to a catch tank.
A conductivity probe is installed in the converging channel/pipe to monitor the conductivity of
the discharged coolant.

During the initial commissioning, conductivity was measured only at the relief duct.
Subsequently, custom conductivity probes were constructed to allow for measurement throughout
the vessel. These probes may be placed at any of 54 locations throughout the core and reflector
regions (at the original 40 thermocouple locations and 14 new locations). Additional probe
locations include a point upstream of the discharging inlet (providing inlet concentrations), and
downstream of the bottom outlet (in the piping immediately below the vessel, to provide outlet
concentrations).

4. TEST CONDITIONS

Details of the original design and scaling of this experimental facility are given in Reference (3).
That work describes the derivation of the nominal operating conditions at the facility
representative of full power operation of a typical CANDU reactor. In that document, a detailed
similarity analysis of the governing mass, momentum and energy conservation equations was
performed which specified the dimensions and operating conditions of the test facility so as to
achieve (as closely as possible) thermalhydraulic similarity in the flow pattern and temperature
field within a typical CANDU calandria. Due to the significantly different conditions between full
power and GSS operation and associated governing phenomena determining the flow field in the
vessel, the nominal operating conditions relevant to the present GSS analysis will be different
from those derived in Reference (3). In this section, the Moderator Test Facility conditions used
to simulate the cold GSS scenario will be presented.

4.1 Nominal system conditions for cold GSS

For the GSS conditions of interest in a typical CANDU reactor calandria vessel, moderator fluid
is drawn from the calandria outlets by an auxiliary moderator pump (reducing the flow by an
order of magnitude from that under normal operation). Because the moderator and primary heat
transport fluids are at 30°C, no thermal phenomena are involved and the temperature remains
constant in both the pre- and post-break stages. Experimental conditions for the Moderator Test
Facility are chosen by seeking fluid dynamic similarity with the operating parameters of a typical
CANDU calandria vessel. If the fluid is to behave in a dynamically similar fashion in the
prototype (the CANDU vessel) and the model (the Moderator Test Facility), then the governing
conservation equations, boundary conditions and geometry in both systems should be equivalent.
The conventional manner to derive the parameters which provide this similarity is to recast the
conservation equations and boundary conditions into non-dimensional form. By introducing
reference system parameters and appropriate non-dimensional variables into the equations and



boundary conditions, the dimensionless coefficients which result completely determine the
quantities which must be the same to ensure similarity.

The governing equations describing the prebreak flow are conservation of mass and momentum.
Non-dimensionalizing the equations, the dimensionless group which describes the system is the
vessel Reynolds number, based on the inlet nozzle velocity and vessel diameter. The Reynolds
number for flow in the reactor calandria is 2.1xlO6, corresponding to an average inlet velocity of
approximately 0.24 m/s. The Moderator Test Facility nozzle inlet velocity calculated by equating
the Reynolds numbers for the two vessels is 0.84 m/s, corresponding to a total inlet mass flowrate
of 2 kg/s. It should be noted that one constraint imposed in deriving the nominal model GSS
conditions is that the present Moderator Test Facility geometry (e.g., inlet slot jet width and flow
area) will not change.

4.2 Calculation of Fishmouth Break Characteristics

In order to completely specify the problem, the following information must be specified: the
geometry of the break (length and opening width) and its location relative to it surroundings, the
inlet mass flow rate of the discharge, and the concentration.

4.2.1 CANDU Characteristics
First, the geometry of the break will be considered. For the present experimental design, a
rupture length of 2.5 m (consistent with rupture lengths considered in previous analyses (4)) is
chosen. The rupture is assumed to be diamond-shaped, with the greatest opening occurring at the
centre. The rupture is assumed to be fully open upon the initiation of the transient. Lastly, the
total cross-sectional flow area is taken to be equal to twice the available flow area in the fuel
channel (based on the flow area for a 37 element bundle associated with fluid in the fuel channel
approaching the rupture from either side). The maximum opening is 0.0055 m, corresponding to
a circumferential opening of approximately 5°. Rupture characteristics in the CANDU vessel over
the central 0.8 m must be derived in order to calculate similar conditions over the 0.2 m wide
Moderator Test Facility. The flow area over the central 0.8 m is approximated as a uniform crack
height of 0.0046 m, which corresponds to an opening angle of 4°.

The rupture flow conditions required to obtain similarity between the CANDU scenario and that
for the Moderator Test Facility are obtained by requiring the non-dimensionalized velocity
boundary conditions to be equal. At the inlet nozzles the dimensionless velocity U* equals 1,
obtained by dividing the inlet velocity Ui by a reference velocity Uref = U;. The dimensionless
velocity condition over the rupture, U*, may then be calculated for a given discharge flow rate.

From non-dimensionalization of the concentration equation, similarity is maintained if: i) the
Schmidt numbers (ratio of momentum to mass diffusivities) are equivalent; and ii) the non-
dimensional concentration boundary conditions are equivalent at the inlet nozzle and the location
of the break.



4.2.2 Moderator Test Facility Characteristics
Due to the existing geometrical characteristics of the rig, two degrees of freedom remain to
specify the rupture geometry and flow conditions: the size of the rupture and the discharge
flowrate. These are derived by applying similarity for the geometry and velocity boundary
conditions respectively. This geometrical similarity is desired in order for the surrounding tubes
to have an equivalent impact on the development characteristics of the jet issuing from the
rupture, i.e., the size of the opening relative to the tube pitch must be equivalent for both.
Because the design of the Moderator Test Facility is to 1/4 scale, the appropriate opening should
be (0.25x0.0046 m) = 0.00115 m. Maintaining this geometrical similarity also results in an
equivalent opening angle.

By ensuring equivalent dimensionless velocity boundary conditions, the relationship between the
discharge flowrate in the two facilities is derived. For the conditions used in commissioning, the
1.7 kg/s discharge rate corresponds to approximately 17 kg/s in the calandria. The equivalence of
concentration boundary conditions at the inlet nozzles will only strictly be valid at the initiation of
the break, for beyond this time the inlet concentration differs somewhat with time as a result of
the relative difference in the transit times of the vessel fluid leaving the bottom outlet of the
vessels and re-entering the vessel at the inlet nozzles.

4.2.3 Commissioning Test Conditions
Commissioning of the rig was performed by focusing on a break at one fuel channel location (the
U5 channel, located at the bottom outer edge of the core) and three different discharge directions
(6,9, and 12 o'clock). These conditions were chosen for a number of reasons, with a major
consideration being the investigation of the relative flow resistance for fluid in the reflector versus
the core region. The focus was on flow visualisation and monitoring the concentration of fluid
leaving the vessel at the top outlet. For the nominal conditions investigated, the flowrate through
each of the two inlet nozzles on the sides of the vessel was 1 kg/s for a total of 2 kg/s. The break
discharge rate was 1.7 kg/s.

5. COMMISSIONING RESULTS

5.1 Procedure

The simulated break tube was placed at the U5 channel location. For each of the three discharge
directions investigated, two types of tests were performed:

• Flow visualisation tests (denoted FV) in which a high concentration HC1 solution (exact
concentration unknown) was injected into a basic solution in which the indicator bromothymol
blue was dissolved. The initial solution in the tank was blue (pH greater than 7.6); colour
change to yellow occurs at a pH of approximately 6.0.

• Transient outlet conductivity measurement tests (denoted TRC) in which de-ionized water
(conductivity approximately 1 jimho/cm) is injected into fluid of conductivity of approximately
100 jimho/cm.



Prior to any discharge experiments, a FV test was conducted to qualify the pre-test conditions. In
all tests, flowrates (discharge, inlet nozzles), temperatures (discharge, circulating loop) and
conductivity (at the top relief duct) were measured at a frequency of 10 Hz. The flow
visualisation tests were videotaped and photographed with a 35 mm camera (every five seconds).
After approximately five minutes for the TRC tests or when the total colour change has occurred
for the FV tests, the discharge was stopped and data acquisition was terminated.

5.2 Results

Results from the flow visualisation tests are discussed first. For these tests, it is estimated that the
duration of the acid injection is approximately 15 seconds. This quantity of acid injected is
sufficient to cause a complete colour change. In interpretation of the flow visualisation results,
care must be taken in inferring concentration levels at the interface of the colour change. Fluid of
colour yellow does not necessarily denote a very low concentration; relative to the high injected
acid concentration, the differences in concentration corresponding to the pH values at which the
colour changes (of 6.0 and 7.6) may be negligible.

Although not shown, the pre-test visualisation (i.e., without discharge) shows a symmetric flow
pattern where the inlet nozzle jets merge at the top of the test section and the combined jet is re-
directed downward. Photographs taken with approximate elapsed time, from start of injection,
are shown in Figures 2 and 3 for discharges in the 6 and 12 o'clock directions. The flow patterns
for all injection tests are asymmetric. For the 6 o'clock discharge (Figure 2) the jet travels
counter clockwise, primarily around the periphery of the test section (i.e, in the reflector region),
and merges with the right hand side inlet nozzle jet. Due to the greater strength of the combined
injection/nozzle jet relative to that issuing from the left hand side nozzle jet, the jet stagnation
point moves to approximately the 10:30 position (from the 12 o'clock position under no injection
conditions). This scenario clearly shows the preferential flow through the reflector region.

For the 12 o'clock discharge case (Figure 3), the injection jet merges with the left hand side inlet
nozzle jet to form a clockwise dominant flow pattern. As observed for the 6 o'clock case, the jet
stagnation point also shifts from the 12 o'clock position. Relative to the other discharges, there is
a greater amount of fluid discharged towards the core during the initial part of the transient.

5.3 Analysis

In order to quantify the transient mixing characteristics, the vessel-average concentration
throughout the experiment may be derived from the measured outlet conductivity at the relief duct
and the total volume of the test section (loop piping, vessel and relief duct nozzle to the probe
location). The derived average concentration may then be compared to that calculated by
assuming uniform mixing in the vessel. This analysis was performed for all TRC tests.
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Figure 2 Flow visualisation results for discharge in 6 o'clock direction
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Figure 3 Flow visualisation results for discharge in 12 o'clock direction



5.3.1 Derivation of vessel-average concentration from measured conductivity
The interest is in the ratio of the average concentration in the vessel at any time to the initial
concentration, defined as the average concentration ratio and denoted as Na(t). This quantity may
be obtained by considering the molarity of the solute, and a mass balance on the system:

(1)
N V

O
O

where No is the initial vessel-average concentration, V is the total volume, Qj is the volumetric
break injection flowrate, Nmj is the concentration of the injected solution, and Nout is the
concentration of fluid displaced through the relief duct. The total volume used in the calculation
is that in the test section, the piping associated with the pump (between the bottom outlet and the
inlet nozzles on the side of the vessel), and the portion of the simulated relief duct below the
conductivity probe location). With the conductivity, K, proportional to the concentration, N, the
vessel-average concentration ratio may be expressed as:

Na (t) = °- (2)
K V

where K<> is the initial test section conductivity, Kuy is the conductivity of the injected solution
(1 jomho/cm), and KoUt is measured conductivity of the solution displaced through the relief duct.
Equation (2) may therefore be used to determine the average concentration ratio of the test
section.

5.3.2 Calculation of average concentration for a uniformly mixed solution
A uniformly mixed solution is one in which all fluid in the vessel is at a uniform concentration, and
equal to the concentration of the fluid displaced through the top outlet. The concentration ratio
for a uniform mixture, denoted as N^T, is derived from equation (2):

Q v Q

-e~?) (3)
K0

5.3.3 Evaluation of mixing
For each of the TRC tests performed, the calculated vessel-average concentration (equation (2))
was compared to that which results from uniform mixing (equation (3)). A typical result is shown
in Figure 4 for the discharge in the 9 o'clock direction. The three curves shown are the derived
vessel-average concentration evaluated using equation (2) (denoted as Average in the figure), that
would result form uniform mixing evaluated using equation (3) (denoted as Theoretical), and the
ratio of the measured relief duct outlet to the initial concentration (denoted as Outlet). A value of
time equalling zero seconds corresponds to the time at which the injection valve was opened.

Over the initial period of approximately 10 seconds, the displaced fluid concentration is close to
the initial value. Subsequently, it drops below that resulting from uniform mixing until
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approximately 50 seconds. After this time, it is clearly shown that the Average and Theoretical
curves are very similar, a result observed for all three discharge directions. This comparison
indicates that the average mixture concentration in the test section is very well described by a
uniform mixing model.

6. CONTINUATION OF EXPERIMENTAL PROGRAM

The commissioning results with the modified loop have demonstrated the viability of the design.
Subsequently, custom conductivity probes have been constructed and tested. These probes will
allow for determining the concentration field throughout the vessel.

In the next phase of the experimental program, the following aspects will be considered:
• investigate breaks at a number of channel locations and discharge directions (including

repeating the U5 tests),
• introduce a range of discharge flowrates, between approximately 0.2 and 3 kg/s,
• perform experiments with and without forced circulation, to understand the effect of the inlet

jets on poison displacement,
• perform velocity measurements using Laser Doppler Anemometry for certain experiments to

better understand the development of the discharging jets, and
• measure conductivity (and hence derive concentration) at approximately 15 locations

throughout the vessel.
Consideration will also be given to a limited number of tests in which the discharge is a flashing
jet.

The end product from the program will be a data base (concentration and velocity measurements)
and flow visualisation records to provide an understanding of mixing characteristics for use in the
validation of tools used in the analysis of coolant/poison mixing.

7. CLOSURE

This paper has presented an overview of the experimental program in progress at the Moderator
Test Facility to better understand simulated coolant/poison mixing due to a pressure
tube/calandria tube fishmouth rupture during an overpoisoned guaranteed shutdown state. A
number of modifications to the facility were required to perform the experiments, primarily
associated with introducing a discharge of fluid from an arbitrary fuel channel location in the
vessel. Conditions of interest were derived through maintaining equivalence of relevant
dimensionless groups, boundary conditions and geometry. Commissioning of the loop
modifications proved the viability of the design. Flow visualisation indicated the impact of
different resistance to flow in the reflector versus the core region. Analysis of conductivity
measurements at the top of the vessel demonstrated that for the conditions investigated the vessel-
average concentration was well described as being uniformly mixed. The next phase of the



program includes testing for a wide range of fuel channel break locations and discharge rates, and
conductivity measurements throughout the vessel.
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ABSTRACT

During some postulated loss of coolant accidents, hydrogen may be produced due to metal-steam
reactions and subsequently released through a break in the primary heat transport system into the
containment atmosphere. This may lead to the formation of a flammable hydrogen/air/steam
mixture. The central issue on post-accident hydrogen management is the predictability of
hydrogen distribution under various accident scenarios, whether to support assessments of
hydrogen source dilution or the numbers and placement of igniters [1]. Thus far, hydrogen
distribution has been predominantly analyzed using "lumped parameter" codes [2]. Due to the
assumptions adopted in the lumped parameter approach, there are some limitations to simulate
mixing phenomena. The latest version of GOTHIC has incorporated a distributed parameter
algorithm to improve its capability. Recently, a k-e turbulent model and a condensation model
were also added to the code. These new features need to be validated using experimental results
of relevant scale. Most available data are from experiments designed for validating lumped
parameter codes and often do not provide details on the local flow pattern and gas distribution
within each compartment. Validation of these state-of-the-art codes requires data from both
integrated and separated effects experiments with fine spatial resolution. The goal of this
program is to generate gas mixing data which are suitable for validating the new version of
GOTHIC.

The facility for this experimental program is the "C Bubble", the former Shielded Loop Room in
WR-1 Reactor Facility at Whiteshell Laboratories. It is a 10.3 m by 10.95 m by 8.2 m concrete
enclosure with an internal volume of approximately 1000 m3 and with a wall thickness of 0.45 m.
Two different views of the facility are shown in Figures 1 and 2. The size and the wall properties
of this facility make it most suitable for the present study. Due to safety reasons, helium instead
of hydrogen was used in these experiments. Since the thermal conductivity and the molecular
weight for these two gases are very similar, it is expected that helium-air mixing experiments are
capable of revealing the key features of hydrogen-air mixing phenomena. It should be noted that
the properties of helium and deuterium are almost identical. In the present series of experiments,
helium was injected at a constant rate into the facility from a pipe of two different diameters
(0.051 m or 0.305 m in diameter) at the bottom (BT), lower-side (LS), or upper-side (US) of the
facility (see Figure 1) to simulate a break in the primary cooling system inside a reactor
containment building. The facility was maintained at atmospheric pressure during the test by
venting through exhaust #6. Since the exhaust is located about 1 m from the floor, only air is
expected to be vented out. The objective of this series of experiments was to examine various
aspects that can affect the distribution of the injected gas (e.g. effects of obstruction, effects of jet
velocity, and effects of the evaluation of the injection point).



Figure 3 shows the helium concentration at five elevations above the injection point (BT). For
this experiment, the jet diameter was 0.051 m and the jet velocity was 14.3 m/s. The probe
closest to the injection point (PI) measured 55% of helium for almost the whole duration of the
experiment. However, the next probe (P2) measured only about 5%. The rest of the probes
measured less than 2%. These results show that due to the entrainment of air into the core of the
jet, the mixing of helium with the surrounding air is very rapid. Rapid dilution of the injected
helium prevents any strong stratification of helium inside the facility. Over the duration of the
experiment (10 min.), the helium concentration at the top of the facility never exceeded 2%.
Measurements by a second set of probes located 2 m from the first set also show a similar result.
Figure 4 shows the measurements by the second set of probes. Within the upper 5 m of the
facility, the concentration variation was less than 1%. Capabilities of the facility are further
illustrated with results from experiments with other initial and boundary conditions (e.g. injection
velocities, injection locations, injection elevations, and presence of obstruction in front of the jet).

References:
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ABSTRACT

Integrity of pressure tubes is one of the milestones in achieving safe operation of nuclear power plants with CANDU
reactors. The aim of a safety analysis is to demonstrate pressure tube integrity by showing that the pressure tube does
not rupture both: (1) when it balloons (because of local strain), and (2) after it contacts the calandria tube. Therefore,
the ability to model pressure-tube ballooning is a key step in the licensing analysis of a CANDU reactor during a
postulated loss-of-coolant accident

AECB sponsored an experimental research project at the Stem Laboratory [1] to address the repeatability of pressure
tube ballooning data and to demonstrate the effect of bearing pad fretting on rupture. This research project is part of a
broader study on the effect of in-service degradation on the ballooning behaviour of pressure tubes. Newly performed
experiments, in the Phase 5 of the research project [2], comprised the testing of nine pressure tube specimens to study
the effects of hydride blisters and uniformly distributed hydrogen, and the composition of the internal pressurizing gas,
including argon, steam, a steam-iodine mixture and hydrogen. A phase to test irradiated tubes has been put on hold
pending results of COG tests.

As a part of continuing support of the research project on pressure tube ballooning, the present work concentrated on
resimulation of the newly performed experiments by using three computer codes, e.g., PTDFORM, PTSTRAIN and
AECBALL. Ihtercode comparisons show that code calculated results for strain rates and time of failure are close to each
other, for nonuniform ballooning under specified conditions. However, it can be seen that both codes largely under
predict the creep rate and experimental failure strains. The factor, among others, that may be contributing significantly to
the poor agreement between the codes is clearly nonlinear character of the straining. One of the sources of nonlinearity
may certainly be attributed to the localized irreversible heat generation due to the deformation work done on the pressure
tube, particularly around the location of the failure. This effect is not considered in either one of the codes used for
pressure tube integrity analysis. Obviously, ballooning and straining in the plastic deformation region cannot be easily
addressed with simple mechanistic models used in these codes.

INTRODUCTION

After years of development, the existing nuclear safely codes are today already used over a wide range of applications
such as: licensing, accident analysis, optimization of plant procedures and setpoints and even support of design changes.
Although each of these activities could be afforded with scenario and plant specific models and codes, in practice it is
quite common to use a single model or single code for as many scenarios and applications as possible. This increases
the complexity and uncertainties besides those inherent to the codes themselves. Validation of the capabilities of any of
those codes are dealt by comparing the code predictions with the measured data obtained from various types of separate
effects and integral test facilities. The amount of validation evidence required case by case depends upon a number of
factors, such as: the complexity of the phenomena involved, importance in relation to safety issues or quality of
information supplied in support of analysis. AECB requires a systematic approach to code validation in order to clearly
identify those applications for which any particular code is adequately validated.

Pressure tubes represent the second safety barrier, which separate the fuel and coolant from the heavy-water neutron
moderator. Under normal operating conditions pressure tubes are exposed to the temperatures in the range of 250 to
310°C and to internal pressure ofmore than 10 MPa. The safety story commonly assumed by the licensees is based
upon a postulated loss-of-coolant accident causing degradation of coolant flow which may become stagnant or stratified
in some of fuel channels. The coolant inside pressure tubes may boil off, causing a portion of the fuel bundle and



pressure tube to become exposed to superheated steam as the coolant level in the channel drops. Such a sequence of the
events would result in a circumferential temperature gradient around Ihe pressure tube. The resulting circumferential
temperature gradient with high internal pressure would induce localized stresses and nonunifonn deformation
(ballooning) of the pressure tube. Integrity of pressure tubes is one of the milestones in achieving safe operation of
nuclear power plants with CANDU reactors. The licensees demonstrate pressure tube integrity by showing that the
pressure tube does not rupture both: (1) when it balloons (because of local strain), and (2) after it contacts the calandria
tube. Therefore, the ability to model pressure-tube ballooning is a key step in the safety analysis of a CANDU reactor
during a postulated loss-of-coolant accident

AECB EXPERIMENTAL PROGRAM ON PRESSURE TUBE BALLOONING

AECB launched an experimental research project at the Stem Laboratory to address some aspects of the pressure tube
ballooning and to gather new experimental data to validate computer codes used in safety analysis. This research project
is part of a broader study on the effect of in-service degradation on the ballooning behaviour of pressure tubes. The test
section consists of a 450 mm long section of Zr-2.5 wt°/o Nb CANDU pressure tube specimen supported inside a
containment chamber. Electrical bus-bars from a 156 kVA, single phase, alternating current power supply and
transformer were attached to extensions on each side of the specimen. The pressure tube specimen is directly resistance
heated to provide a temperature ramp rate of up to about 35 Ks"1. The inside of the specimen is pressurized with steam
from an electrically heated pressurizer or with other gases (argon, hydrogen or iodine) from regulated cylinders. An
argon/CO2 purge is maintained outside the specimen. Test section and instrumentation schematic is shown in Figure 1.

Figure 1
Test Section and Instrumentation Schematic [2]
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The specimens for tests were fabricated from two as-fabricated Zr-2.5 wt% Nb CANDU pressure tubes, manufactured
by Nu-Tech Precision Metals Inc. SpecimenNumbers8,9,10 and 11 were cut from a tube BB161 which was
manufactured using a quadruple-melted ingot material and the current standard fabrication schedule for CANDU
Zr-2.5%Nb pressure tubes. Specimen Numbers 1 through 5 were cut from a tube TGO98MC which was manufactured
using a double-melted ingot material and the Task Group Three - Route 1 (TG3-R1) fabrication schedule. The
specimens are 450 mm long with titanium end caps attached with full penetration welds. Specimen Numbers 8,9 and
10 were treated for hydriding and blistering in the Ontario Hydro Technology laboratories. The treatments consisted of
electrolytically hydriding the tubes to the desired hydrogen concentration and then growing blisters using the air jet
technique. This involves heating the inside surface of the tube using liquid metal and locally cooling the outer surface
with a jet of air to generate the blister.

The pressure tube temperature was measured with 24 chromel-alumel thermocouples spot-welded to the outside of the
tube and four thermocouples on the inside surface. The internal pressure was controlled during the test and measured
with a capacitance-type transmitter and a fast response strain gauge transducer. The pressure tube strain was measured
with two quartz fibres which were wrapped around the tube at axial locations 30 mm on either side of the mid-plane.
Electrical measurements include voltage, current and power on the high voltage side of the transformer, and voltage drop
across the specimen. Li all tests the pressure tube was free to balloon until it ruptured or the test was terminated when a
specimen approached average circumferential strain of above 30%. The data from instrumentation were acquired,
processed and stored on a DEC data acquisition system. The sampling rate was 20 Hz per channel. A detailed
description of the experimental program, tests and experimental data for both series Phases 4 and 5, of experiments can
be found in references [1] and [2], respectively.

COMPUTER SIMULATION OF EXPERIMENTS

The simulations of the recent-Phase 5 experiments of the experimental program on pressure tube ballooning were
performed with the three different computer codes. Namely, we have used the PTDFORM, the PTSTRAIN and the
AECBALL computer codes. Simulations were done with the licensees codes for two reasons: The reference tests were
not at exactly the same conditions as the tests with degraded tubes so simulations were used to account for such
differences. Also, the simulations are to confirm that the codes are valid for the reference tests.

PTDFORM(Pjessure lube DeFORMatiotf) is a computer code developed at AECL using membrane theory to calculate
pressure tube ballooning within the calandria tube during postulated LOCA conditions. Heat transfer to or from the
pressure tube is not modelled in PTDFORM. The code uses input temperature and pressure transients to determine the
strain of the pressure tube. The strain calculation is based on the creep rate correlation developed by Shewfelt from
uniaxial creep tests on specimens of Zr-2.5wt% Nb tubes [3,4].

One of the basic assumptions made in code development is that the pressure tube cross section remains circular as the
tube strains, while the wall thickness strains non-uniformly. The present, Version 2.0 of the code is documented in
References [5,6]. Unfortunately, only half (180 degrees) of a pressure tube can be modelled at a time by this computer
code. Therefore, experimental data for input temperature and wall thickness profiles had to be split into two parts.

A symmetric temperature distribution is assumed for the other half. The tube is divided into a user specified number of
azimuthal nodes (segments). The maximum number of nodes is 180, allowing up to one node per degree around the
circumference. Using the input pressure and temperature profiles and a Zr-2.5 wt % Nb creep correlation, a strain rate
is calculated for each node. The strain rate is used to determine a new node length and wall thickness. Summing the
node lengths gives a new circumference and thus the average strains of the tube. For each link of the semicircular
pressure tube approximation, the temperature, pressure, wall thickness and average tube radius are used to estimate the
time step At. This time step should produce a maximum local strain increment no greater than the user selected input
constant Ae (DEPSILN). At every time step, the local strain is calculated using the Euler method, and iterated until the
convergence criterion based on the local strain and the fractional minimum wall thickness is satisfied at every radial
node.

PTSTRAIN is a computer code, or rather a driver developed by Ontario Hydro. The PTSTRAIN [7] code uses a
modified version of the NUBALL [8] routine from the SMARTT computer code [9]. The NUBALL routine was



modified to permit the modelling of defects on the pressure tube. PTSTRAIN models one half of the pressure tube with
symmetry across the vertical diameter of the tube. The pressure tube is divided into a number of equal circumferential
nodes, each node is assumed to be at a uniform temperature. For these simulations, with the code that we have been
given by Ontario Hydro [10], the one half of the pressure tube was divided into 226 nodes. At each computational time
step the transverse strain for each node is calculated and a new pressure tube circumference is determined. The radius of
the pressure tube at the end of the time step is calculated from the new circumference and the new wall thickness is
calculated with the assumption of constant pressure tube density (and element volume). In this procedure it is assumed
that the pressure tube remains circular during the deformation. The computational step is controlled by the rate of
transverse strain so that the true strain does not exceed 10'3 per time step. Pressure tube failure is assumed to occur if
the local radial strain exceeds 100 percent true strain, i.e., if the local wall thickness is reduced to 37 percent of its initial
value.

The AECBALL code was developed by CQAD AECB [11,12] to model the pressure tube as a whole tube cross
section, without assuming symmetry about the vertical axis. The code assumes simple one-dimensional structural
behaviour. The program can model flaws by using different wall thicknesses but does not include the effects of stress
concentration. A failure criterion is based on the assumption that failure occurs when any element in the pressure tube
model reaches 100% true strain. The code uses a creep relationship proposed by Shewfelt et al., [3,4]. Also, the
AECBALL code has an option of using "best fit" coefficients in the Shewfelt model for a creep rate, based on the data
from Phase 4 of the AECB/Stem experimental program [1].

A common feature of these three codes is that all of them are based on the same mechanistic model of straining and use
the same relationship for a creep rate. The transverse creep equation for as-received Zr-2.5% Nb pressure tubes, in the
temperature range from 450 to 850°C, as proposed by Shewfelt et al., [3] is given by
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where ^f is the transverse creep rate in s'1, Gt = (p-pjr/w is the transverse stress in MPa, p- pressure inside the pressure
tube (PT), po-pressure outside the pressure tube, w- thickness of PT, r- inner radius of PT, t is the time in s, and \ is the
time when T=973 K. The first term describes the creep rate at temperatures below about 600 0C, and for stresses above
about 200 MPa. At temperatures above 600°C, there is a change in the creep mechanism in Zr-2.5% Nb, which reduces
the creep strength, and Zr-2.5% Nb becomes superplastic. The second term in the creep equation describes the creep
rate in this superplastic region.

The transverse creep equation for as-received Zr-2.5% Nb pressure tubes in the temperature range 850 to 1200°C is [3],
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where t, is the time when T=l 123 K. The first term describes the power law creep in the p phase, and the second term
describes the grain- boundary sliding component. The grain-boundary sliding component is significant at temperatures
between 850 and 950°C, when the a phase to P phase transformation is rapid.



These transverse creep equations were developed using data from uniaxial creep tests in which the temperature and
stress were held constant; in which the temperature was held constant and the stress was varied in steps to determine the
stress exponent; and in which the stress was held constant and temperature was varied in steps to determine the
activation energy [3]. These transverse creep equations were then verified using transient uniaxial and biaxial tests[4].
For the transient uniaxial tests, stresses from 5 to 130 MPa and temperature ramp rates from 1 to SCCs'1 were used. For
the transient biaxial tests, internal pressures from 0.5 to 10 MPa were used, and the temperature ramp was about 5°Cs"1

below about 500°C and it dropped to about lXs '1 above 800°C. If a pressure tube balloons uniformly, it will come into
full contact with its calandria tube at a transverse creep strain of about 18%. Consequently, the creep equations were
used to predict the pressure tube temperature at which the transverse creep strain would be 18% (contact temperature)
in the verification tests, and this was compared to the measured contact temperature. For contact temperatures below
850°C, the maximum difference in the measured and predicted contact temperatures was 35°C [4]. This illustrates that
for the limited (as received Zr-2.5 % Nb) material used in the verification tests, the creep equations predicted the contact
temperature fairly well. However, there is not sufficient creep data to accurately determine the creep rate distribution for
irradiated the Zr-2.5% Nb pressure tubes now in CANDU reactors [13]. The possible effects of both irradiation
damage, deuterium, hydrogen gas and iodine [14,15] on the creep rate were not taken into account in the creep rate
equations and in the ballooning model, and there is no reliable data to show that these would not affect the ballooning of
pressure tubes.

Recently, Clark [16] used FLOTRAN, a computational fluid dynamics package included in the ANSYS FEM computer
code, to simulate the Stem experimental tests. The analysis involved both, static and transient simulations. Heat was
applied to the pressure tube model to develop the 35 Ks"1 temperature ramp achieved in the experiments. Natural
convection was modelled between the outside of the pressure tube and the inside of the containment chamber. The
temperature profile around the pressure tube circumference obtained from the Flotran analysis was compared to the
experimental data from the first series of tests at the Stem Laboratory. It reproduced the temperature gradient on the
pressure tube, which changed more at the top than the bottom, but FLOTRAN was not able to interpret the asymmetry
about the vertical axis. Temperature profiles from the Flotran analysis were used as an input to AECBALL to perform
pressure tube creep analysis. A previous report by G. De Carufel [17], describes the simulation of the first set of
experiments (Phase 4), performed in the Stern Lab [1]. Simulations of experimental results were done by using the
computer code PTDFORM. Analyses of all 6 experiments showed that the PTDFORM code could not predict rupture if
the raw experimental data was used. It was for this reason that the FLOTRAN analysis was done to have more
information about the temperature gradient and more thermocouples were used at the top of the specimens in Phase 5 of
the experimental program. Further, some discrepancies existed between the results for the two halves of the same tube
and the experimental results.

As apart of continuing support of the research project on pressure tube ballooning, we resimulated the CQAD analyses
[16] by using PTDFORM and AECBALL3 computer codes [18,19]. Resimulation of the FLOTRAN analysis showed
that PTDFORM and AECBALL3 largely under predict the creep rate and experimentally obtained data on failure strain.
The present study is a continuation of the work on the pressure tube ballooning problem using new experimental data
and another industry developed computer code. Running three different codes for each of nine experiments from the
Phase 5 of AECB/Stem Lab experiments is a complex task with several pitfalls confronting the code analyst Within the
frame of the large international effort on the assessment of computer codes used for safety analysis of nuclear reactors,
there has been a continuous debate on the way how the code analyst (code user) influences the predicted system
behaviour. This rather subjective element might become a crucial point with respect to the quantitative evaluation of the
code predictions and its accuracy. Pitfalls that can influence the code-calculated results exist primarily because of
modelling approximations and deficiencies inherent to code themselves [20]. Due to the large number of files involved
in simulation runs, management of these files presented a challenge for quality data analysis. A log file was thus
established to keep track of these files and other files generated during data. It is also important to note that three codes
used in these exercises were actually written for three different computer systems, e.g., PTDFORM was run on a HP715,
PTSTRAIN on an IBM375 workstation and AECBALL on a PC. This was just another fact to add to the overall
complexity of simulation exercises. In the process of the simulation exercise we try to follow some good modelling
practice to minimize the occurrence of possible pitfalls. In all exercises the code developers recommended practice and
options were used, including standard nodalizau'on of the pressure tube, the computational time step control and
temperature profile interpolation among other parameters. Experimental data were used as measured, and minor
corrections were done only for physically unrealistic values which were an artifact of the measurement technique and not
a physical phenomena. Temperature profiles for input decks for all three computer codes were prepared by an in-house



developed routine using the same measurement data set for every single experiment Temperature profiles used in the
present simulations were prepared using the data acquired by thermocouples located around the outside diameter of the
specimen, without any correction for the usually lower temperature measured inside. Also, a certain number of
sensitivity studies to check the integrity of the main calculations were performed. In addition, a limited number of hand
calculations to check creep rates were performed during this study.

SIMULATION RESULTS

A summary of test conditions and results for all nine tests from the Phase 5 of the experimental program on pressure
tube ballooning is shown on Table 1. Rupture was taken as the time when the axial strain suddenly changed from
positive to negative.

Table 1
Summary of Test Conditions and Results

Test No.

Data Point

Test
Objective

Pressure,
MPa(a)

Ramp rate,
Ks1

Time to
Rupture, s

Location of
Rupture, °

Max. Top
Temp. °C

Max.
Bottom
Temp. °C

Rupt Cir.
Strain@
-30mm, %

Rupt Cir.
Strain®
+ 30mm, %

Max. Circ.
Str. Post
Test,%

LocofMax
Str. mm

A

273

Ref.
for
D&F

6

35

22.8

-10

770

738

22.0

20.0

30.3

-60

B

279

Ref.
forC

6

1

353

-10

712

642

20.6

29.8

36.9

0

C

282

Iodine
Effect*

6

1

357

0

711

639

16.2

26.1

27.6

0

D

284

HBlisters
***

6

35

22.6

-10

786

754

27.6

27.3

34.0

0

F

286

HBlisters

6

35

22.4

-10

781

753

23.8

25.4

28.4

0

G

287

H.Blisters

9.6

35

22.15

0

723

691

11.1

10.0

13.5

-60

E

292

Hydrogen

1

1**

583 +

No
Rupture

827

794

30.7 +

38.4 +

67.4

0

H

304

Iodine

1

1**

332 +

No
Rupture

864

842

33.0 +

34.9 +

35.4

0

I

317

Ref.
forG

9.6

35

20.1

-10

727

692

10.5

9.1

19.4

-90



Notes:
*
**

- Actually only trace of Iodine was present in this case, due to a faulty delivery system
- The rate increased from IKs"1

- Depth of Blisters for Experiment D was 0.15 mm and 0.7 mm for Experiments F and G
- End of temperature ramp for tests without rupture

A summary plot with comparison of the codes' predictions of the time of pressure tube rupture against data, for Phase 5
of the experimental program, is presented in Figure 2. Excellent agreement between the simulation results and
experimentally obtained data is clearly shown. The predicted values of the time to rupture are within a few percent of the
observed data, in most of the cases. However, a general trend can be noticed in the results with respect to the codes
calculated results: the time to rupture is slightly under predicted. To permit the codes to predict the specimen rupture, it
was necessary to let the codes to run for a longer period of time, by keeping both the temperatures and the pressure at
their latest value (just prior to rupture) for additional time. For experiments with a high temperature ramp of 35 Ks-l, this
change in the input data resulted in rupture with delay ranging from about 0.25 to 1.5 seconds. This means the rupture/
contact temperature can be predicted to within the interval of 10 to 45°C. More details on comparison between the
codes' predictions and data can be seen in Table 2 for experiments on the effect of hydrogen blisters. For this particular
set of experiments, there is also a scatter among the codes' results regarding location of pressure tube failure. However,
for most of the experiments, the codes' predictions of the specimen rupture location agreed reasonably well with actual
rupture location, as observed in experiment.

Figure 2
Comparison of Codes Prediction of Time to Rupture against Experimental Data
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For the reference case (A), PTDFORM does not predict the circumferential strain at rupture as well as PTSTRAIN,
which is within 2%. PTSTRAIN reproduces test D within 1 % so its shallow blisters (0.15 mm deep) and 40 ppm
hydrogen have no effect on rupture strain. However, for test F, PTSTRAIN must use the lower bound rupture criteria to
reproduce the experimental results so there may have been a small effect of 0.7 mm deep blisters and 150 ppm hydrogen
content This is unlikely since the rupture occurred 10° away from the blisters although the strain around each blister was
certainly greater than the parent material's as shown in reference [21]. A similar argument shows that, although the code



results equal the experimental data for the blistered tubes at 9.6 MPa (Test G), the codes over predict the reference test
at 9.6 MPa (Test I). So, although the circumference at rupture was the same with and without blisters, the codes do not
expect them to be. Therefore, it appears that blisters had an effect of increasing the rupture strain at 9.6 MPa, but since
the reference test (T) had a region with strain comparable to the code results 90 mm from its mid plane, the interpretation
could be that the blisters had no effect. Byrne [22] performed set of calculations to investigate the status of hydride
blisters during various temperature ramps up to 800°C. Calculations showed that for high temperature ramp 35 Ks'1, the
blisters won't dissolve. The present experiments confirmed qualitative agreement with these calculations. Further
investigation based on references [21,22] and the present experiment could probably give more data for quantitative
agreement and characterization of blisters.

Table 2
Summary Comparison of Test Results and Codes Prediction

for the Experiments on the Effect of Hydrogen Blisters

Parameter

Time to
Rupture, s

Location of
Rupture, °

Cir.S1rain%

Time to
Rupture, s

Location of
Rupture, °

Cir.Strain%

Time to
Rupture, s

Location of
Rupture,0

Cir. Strain %

Experiment*

A-273

22.8

-10

22.0/20.0

D-284

22.6

-10

27.6/27.3

F-286

22.4

-10

23.8/25.4

PTDFORM Calculations **, ***

LB

24.1/NA

-22/Nb Rupture

28.4/NA

23.6/23.7

-3/0

24.1/24.5

23.5/23.8

-10/0

30.5/24.1

BE

24.3/NA

-22/NA

35.1/NA

23.8/23.9

-3/0

29.8/29.8

23.7/NA

-11/NA

38.8/NA

PTSTRA1N Calculations **, ***

LB

24.4/25.8

-6.8/6.8

18.5/29.1

23.4/23.6

-6.8/0

23.6/24.8

23.7/23.8

-6.8/0.4

25.4/23.3

100% LS

24.6/26.0

-6.8/6.8

20.3/33.4

23.4/23.7

-6.8/0

26.8/27.5

23.8/23.9

-6.8/0.4

29.3/25.3

Legend:
*
**
***

LB;BE&100%LS

-Circ. Strain as measured @ -30mm /+30 mm from middle plane
-Calculated values for left half/right half of the pressure tube
-Minus sign for the location of rupture indicates the left half of the pressure tube, measured
from the top
-Lower Bound; Best Estimate& 100 % Local Strain Failure Criteria, respectively.

The simulation results in respect to average circumferential strain at the time of tube rupture are summarized in Figure 3.
For the codes' predictions, the values of average strain for both, lower bound and best estimate or 100% local strain



failure criteria are given in comparison with experimental data obtained by quartz fibres at -30 mm and +30 mm from
the middle plane. In contrast to the results of time to failure, the average strain results show large scatters among the
data. It should be noted here that in some of the experiments, the pressure tube continued to strain for a short period of
time after rupture occurs or after termination of the experiment This was caused because the pressure inside the tube
did not fall to the atmospheric value immediately. This is the reason for discrepancies between the strain at the failure as
measured by quartz fibres and the post test measurements of the strain around the specimen.

Figure 3
Comparisons of Codes Prediction of Average Circumferential Strain at the Time of Rupture
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Ihtercode comparisons show that PTDFORM and PTSTRAIN results for strain rates and time of failure are close to each
other, in most of cases analysed in these exercises. The overall agreement of the codes' predictions was rather
qualitative than quantitative. However, it can be seen that both codes largely under predict the creep rate and strain at the
experimental failure time, and that for some of experiments there are substantial differences. This observation can be
easily verified if we take a closer look at any specific experiment simulation case. Timely change of pressure tube
average circumferential strain for experiment F-286 is given in Figures 4 and 5, as an example. Figure 4 shows
comparison of PTDFORM predictions for right and left halves of a pressure tube against experimental data. Similarly,
Figure 5 shows comparisons of predictions by PTSTRAIN code against the same experimental data, m this figure we
included also curves showing maximum local strain in addition to the averaged value for a whole tube. It is obvious that
codes are under predicting data on average strain. It is quite interesting to note that curves showing maximum local
strain (taken for a segment of pressure tube with fastest straining) are much closer, but still under predicting
experimental data. The same trend is observed in other experiment's simulation cases.



Figure 4
Comparison of PTDFORM Predictions of Tube Average Strain for Experiment F-286
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Further, if one recalls that experiments showed also longitudinal strain to a certain extent (locally, in the order of
10-30%, except for experiments E and H) we may come to the conclusion that overall simulation results are not very
much in favour of validity of the computer codes used to assess the pressure tube ballooning. Limited parametric tests
performed with the AECBALL code, allowing some longitudinal straining and departure from cylindrical geometry of
the tube improved the simulation results pushing them toward the values of diametral strain at failure as observed in the
experiments. But since these effects were encountered purely, arbitrarily, great care should be taken in interpreting the
results to avoid possible misleading conclusions. Another factor that may be contributing significantly to the poor
agreement between the codes is clearly nonlinear character of the straining. One of the sources of nonlineariry may
certainly be attributed to the localized irreversible heat generation due to the deformation work done on the pressure
tube, particularly around the location of the failure. This effect is not considered in either one of the codes used for
pressure tube integrity analysis. Obviously, ballooning and straining in the plastic deformation region cannot be easily
addressed with the simple mechanistic models used in these codes.



Figure 5
Comparison of PTSTRAIN Predictions of Tube Average Strain for Experiment F-286
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Quite different behaviour was noticed in low pressure experiments with the slow temperature ramps of 1 Ks"1. As it can
be seen from Figures 6 and 7, for the condition of experiments E and H, the codes' predictions are becoming much closer
to the experimental data toward the termination of experiments. In these experiments, the pressure tube did not rupture
since experiments were terminated when average strain passed 30%. This behaviour is expected since under these
conditions the shape of the specimen changed toward the sphere around the mid plane. As the specimen becomes more
spherical there is relaxation of the stress and tube tends to strain slower. This trend can be seen particularly on Figure 6,
when there is a noticeable change in the slope of the strain measured at -30 mm location, from the mid plane. This
phenomena may not have much of practical importance for ballooning in reactor conditions but must be taken into
account in interpreting the results of these experiments.



Figure 6
Comparison between PTSTRAIN Predictions and Experimental Data

for the Conditions of a Slow Temperature Ramp Experiment "E-292
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Figure 7
Comparison between PTDFORM Predictions and Experimental Data

for the Slow Temperature Ramp Experiment H-304
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Figure 8 shows the change in wall thickness of the pressure tube specimen #9 which is used in experiment F-286. Final
wall thickness measurements were done after experiment on a ruptured tube. In this figure we also showed predictions
of circumferential wall thickness variation as predicted by PTDFORM. One can see that for this particular case, code
predictions agree reasonably well with experimental data. Also, it can be seen that wall thickness values further from
the location of rupture follow more closely code results as taken at the time interval when a lower bound Mure criterion
was met In the region around the rupture, code predictions based on the best estimate Mure criteria are much closer to
experimentally observed wall thicknesses than those of lower bound criteria.

Figure 8
Wall Thickness Change for Specimen in Experiment F-286
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CONCLUSIONS

Three computer codes, PTDFORM, PTSTRAIN and AECBALL, were used to simulate the newly performed Phase 5
experiments of an AECB experimental program on pressure tube ballooning. The overall agreement of the codes'
predictions was rather qualitative than quantitative. While times to rupture were predicted with reasonable accuracy, it
was found that codes largely under predict pressure tube staining. Phenomenology of the tube straining and failure
mechanism and their mathematical description in the models built in these computer codes is out of the scope of this
exercise, but it is certainly a key factor which influences the quality of predictions and their interpolation to the pressure
tube ballooning under real, in-reactor conditions. Hydrogen blisters did not seem to affect the circumference at rupture
even though they cracked and greater strain was observed around the blisters. Because of this and since the pressure
tube which was ballooned in hydrogen picked up all the hydrogen in it, it may be useful to balloon a tube with a larger
source of hydrogen to see if creep is affected by high bulk hydrogen content
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1 INTRODUCTION

In a thermalhydraulic system like a nuclear power plant, where steam and water mix and are used to transport
large amounts of energy, there is a potential to create two-phase water hammer. Large water hammer pressure
transients are a threat to piping integrity and represent an important safety concern. Such events may cause
unscheduled plant down time.

The objective of this review is to provide a summary of the information on two-phase water hammer available
in the open literature with particular emphasis on water hammer occurrences in nuclear power plants. Past
reviews concentrated on studies concerned with preventing water hammer. The present review focuses on the
fundamental experimental, analytical, and modelling studies. The papers discussed here were chosen from
searches covering up to July 1993.

2 WATER HAMMER FUNDAMENTALS

Water hammer is defined as the change in pressure that occurs in a fluid system as a result of a change in the
fluid velocity. This pressure change is a result of the conversion of kinetic energy into pressure, which creates
compression waves, or the conversion of pressure into kinetic energy, which creates rarefaction waves.
Single-phase water hammer is defined as water hammer in which the fluid remains in the liquid state during
the entire water hammer process. Two-phase water hammer is often associated with condensation-induced
water hammer in which steam pockets collapse. In this review, it is also defined as water hammer which
occurs under column separation/cavitation conditions and in air/water systems.

Condensation induced water hammer can cause greater damage than other forms of two-phase water hammer.
The condensation rate of steam on liquid surfaces and the pipe walls is a deciding factor in the collapse process
of steam pockets. Unfortunately, the detailed mechanisms leading to the experimentally derived condensation
rates which have been observed are not clear. As mentioned by Warren [1], available experimental data lies
mainly in the low-pressure region. To date, the value of the condensation coefficient is not known for high
pressure and high temperature regions. Results inferred from the evaluation of water hammer events indicate
that under nuclear reactor conditions the condensation coefficient could be several orders of magnitude greater
than at atmospheric conditions [2].

3 WATER HAMMER IN NUCLEAR POWER PLANTS

Although a variety of industries have shown an interest in water hammer, the greatest concern has been shown
in the nuclear power generating industry. Here the overriding sensitivity to safety-related issues and economic
concerns have led to extensive investigations.

The most extensive effort to date has taken place in the United States. In large part, this concern about water
hammer can be traced back to the early 1970's when the number of reported water hammer occurrences in U.S.
nuclear power plants was increasing dramatically [3]. This led the United States Nuclear Regulatory
Commission (USNRC) to classify water hammer as Unresolved Safety Issue A-l (USI A-.l) and a flurry of
activity took place to support its resolution.

A large part of the effort expended to resolve USI A-l went directly into semi-analytical and statistical
examinations in an attempt to decrease the number of water hammer occurrences. An effort was made to



catalogue water hammer events. Detailed analyses and investigations were made to ascertain the reason for
these events and suggest operational and design changes to prevent them from occurring in the future, but little
effort was made to advance the theory of two-phase water hammer. As a result of these studies, it was
discovered that approximately half of the water hammer occurrences resulted from operator error, and half
resulted from design deficiencies. It was also found that most of the water hammer occurred when a given
plant was relatively new, especially when it was being commissioned.

Water hammer has continued to be a topic of great interest to the nuclear power industry. The bulk of
information and research into this phenomenon continues to come from this sector, along with calls for more
fundamental research.

4 REVIEWS AND OVERVIEWS

Good historical reviews of the development of water hammer theory and experiments are available in the
literature [4-7]. These early papers, although acknowledging the existence of two-phase water hammer,
concerned themselves primarily with single-phase water hammer since this was the subject of prime
importance at that time.

4.2 United States Nuclear Regulatory Commission

Since the late 1960's and early 1970's two-phase water hammer has received increased attention, particularly
in nuclear power plants. The classification of water hammer as USI A-l led to a number of publications by the
USNRC in the 1970's and 1980's that provided broad reviews and overviews of water hammer occurring in
U.S. nuclear reactors [8-19].

The earliest reports tend to concentrate on steam generator water hammer [8-10]. One of the most thorough
reports was published in 1977 [11]. Commonly referred to as "the Creare report", it examines water hammer
occurring in feed-ring type PWR steam generators. Scale model, single-effect experimental results, and results
of modelling efforts are also discussed. The water cannon experiments included in this report are still being
actively modelled [20]. Other reports published during this time concentrated primarily on a statistical
compilation of all significant water hammer events in U.S. nuclear reactors. The 1981 report by Chapman et
al. [12] concentrated on a compilation of all known and suspected water hammer events, and the 1982 report
by Uffer et al. [13] presented an evaluation of these events. The final summary of this work by Serkiz in
1983 [14] led to the resolution of USI A-l. It also represents a candid overview of the perceived analytical and
modelling capabilities available for water hammer at that time.

Since then, several other key reports have been published summarizing the work being done on water hammer.
The USNRC report published by Valandani, Uffer and Sexton in 1984 [15] considers the potential dynamic
loads on nuclear reactor components as a result of thermalhydraulic transients such as flow induced vibrations
and water hammer. The 1988 report by Izenson, Rothe and Wallis [16], concentrates exclusively on two-phase
water hammer. This general review attempts to summarize what is known about the types of two-phase water
hammer events possible in all parts of nuclear reactors. It also includes an extensive reference section that is
not restricted to literature published on U.S. type reactors.

A good summary of available tools for modelling water hammer transients as well as the entire spectrum of
experimental, and analytical work performed on water hammer was published under the sponsorship of the
USNRC by Watkins and Berry in 1979 [17].

Several USNRC reviews and overviews of water hammer can also be found in the conference literature. A
paper given by Serkiz in 1983 [18] summarizes the USNRC position at the time USI A-l was finally resolved.
A paper given by Leeds and Lam in 1987 [19] updates the 1981 and 1982 reports by Chapman et al. [12] and
Uffer et al. [13] respectively on recent occurrences of water hammer events in nuclear power stations.



4.3 Electric Power Research Institute

The Electric Power Research Institute (EPRI) has also commissioned a number of detailed studies of water
hammer in nuclear reactors. The first signs in the open literature of the EPRFs extensive involvement in the
issue of water hammer in nuclear plants came in 1979 when a conference was held dealing exclusively with
EPRI water hammer programs [21]. As with the USNRC, this early conference concerned itself primarily with
the problems being experienced in steam generators.

An EPRI literature review by de Vries and Simon in 1985 on suction effects on feed-pump performance [22]
also includes a section on thermodynamically induced water hammer.

Two EPRI reports on water hammer were published in 1989. Martin and Wiggert produced a report on
hydraulic transients in cooling-water systems summarizing an international set of data on the subject [23]. The
report includes a literature search, experimental and test data, as well as significant modelling efforts made
with several codes to model and explain the investigated phenomena. The second report published in 1989 by
Chou and Griffith [24] summarizes a long term effort at the Massachusetts Institute of Technology (MIT) to
experimentally investigate two-phase water hammer.

During the years 1987-1992 the EPRI was actively involved in the investigation of water hammer. During this
time, five conference papers were published outlining the progress made by the nuclear industry to investigate
and minimize the occurrence of two-phase water hammer [25-29]. These conference publications reflect a
longstanding effort by a number of investigators and organizations contracted by the EPRI to produce what
may be the most comprehensive summary of all aspects of water hammer in the nuclear industry to date [30].
This five-volume report summarizes nuclear plant water hammer experience, the determination of root causes
of reported events, the compilation of experimental data on water hammer, the description and assessment of
analytic models and computer codes applicable to water hammer assessment, and the development of
guidelines for water hammer prevention, diagnosis, and assessment.

4.4 Conference Publications

A number of conference publications have also been written by the people and organizations who have
prepared the USNRC and EPRI reports. In particular, the engineering companies Creare, Quadrex, and Stone
& Webster, as well as the Bechtel Power Corporation in California have been actively presenting compact
summaries of their work in conference publications.

Rothe, who was one of the co-authors of the Creare report for the USNRC [11], co-authored a paper with
Wiggert in 1987 [31] on water hammer in nuclear plants which outlines the authors' experience in modelling
condensation induced water hammer.

Uffer from Quadrex, an organization responsible for the production of several USNRC reports [13,15], has
also published reviews and overviews dealing with two-phase water hammer in nuclear plants [32-35]. These
papers provide a good, short overview of the work conducted by the USNRC [32], a summary of the analysis
needs for water hammer [34], notes on the steps which can be taken to prevent water hammer [35], as well as a
review of possible causes of water hammer in direct contact heater systems [33].

Stone and Webster, an organization responsible for the production of several key reports produced by the
EPRI [29,30], has also helped to produce conference papers summarizing the types of two-phase water hammer
observed in nuclear reactors, and the potential steps which have, and can be taken to prevent them [36,37].

Finally, a group of authors from Bechtel Power have assembled the framework for a knowledge base which
could be used to investigate the susceptibility and root causes for water hammer in a nuclear power
station [38]. In doing so, they also provide a compact and tidy summary of the possible water hammer effects
in a reactor core spray system. This core spray system is unique to the geometry of certain PWR reactors.



4.5 Theoretical

Summaries and reviews published in conferences and journals of a more academic nature include a paper
published by Jones et al. [39] on condensation induced water hammer in steam generators and a critical review
by Leaf et al. [40] of various numerical schemes used to model single-phase water hammer.

4.6 United Kingdom and Canada

The above reviews and overviews of water hammer were all produced by organizations and individuals in the
United States. Reviews of water hammer have also been made in the UK and in Canada.

In 1980, Wilkinson and Dartnall [41] produced a survey of damaging condensation induced water hammer in
British fossil power plants. This survey covered all water hammer events in the previous 15-20 years. It
concentrated particularly on thermodynamically induced water hammer, as well as giving a detailed analysis of
one particularly damaging incident.

A good overview of the type of water hammer events observed in CANDU reactors can be found in a journal
paper by Mikasinovic and Marcucci from Ontario Hydro [42]. This paper compares and contrasts the water
hammer events observed in CANDU type reactors with those seen in U.S. PWR and BWR reactors. The results
of this investigation show that, with minor exceptions, the water hammer experienced in U.S. and Canadian
reactors is similar. The data for this paper were taken from a previously published Ontario Hydro report [43].

Goulding (Ontario Hydro) [44] has also cooperated with several other authors from California-based consulting
companies to investigate methods which are used to model water hammer. This paper gives a very brief review
of methods in use, and provides some insight into available codes commonly used to model water hammer.

A report similar in scope to the present review and the report prepared by Valandani, Uffer and Sexton for the
USNRC in 1984 [15] was prepared by Atlantic Nuclear Services for the Atomic Energy Control Board
(AECB) [45], This report summarizes primarily the condensation induced water hammer experienced by U.S.
reactors as published in reports by the USNRC, EPRI, the American Nuclear Society (ANS), and the American
Society of Mechanical Engineers (ASME).

4.7 Books

The most comprehensive fundamental summary and discussion of water hammer can be found in the works of
Streeter and Wylie [46-51]. This literature includes a journal publication by Streeter [46] comparing
numerical methods for the modelling of water hammer, and a journal publication by Streeter and Wylie [47]
discussing different methods which can be used to control surges, including surge tanks, accumulators, relief
valves and air inlet valves. Streeter's book [51] on fluid mechanics includes an overview of water hammer as
part of a chapter on unsteady flow.

By far the most frequently quoted reference for water hammer is Streeter and Wylie's 1967 book "Hydraulic
Transients" [48]. Although it deals primarily with single-phase water hammer, it is worth mentioning here as it
was instrumental in establishing the groundwork for a quarter century of modelling efforts. It has also helped
to establish the method of characteristics as the method of choice for the analysis of this class of water
hammer. Several later editions of this book have also been published under the title "Fluid Transients" [49,50].

The most recent book on water hammer to appear is a large work by Zaruba [52]. This work provides a good
introduction to the phenomenon of water hammer, but spends most of its time detailing a single-phase water
hammer code developed by the author. In a sense it constitutes a user manual for the program.



5 EXPERIMENTAL RESULTS

5.1 Water and Noncondensables

The presence of a noncondensable can be a help or a hindrance to water hammer, depending on its distribution
in a piping system. An example of a situation where the presence of noncondensable gas in a pipeline can be
responsible for water hammer is shown in the paper by Yu and Francisco [54]. Relatively large pockets of
noncondensable gas in the Emergency Core Coolant System (ECCS) in a CANDU reactor resulted in a rapid
movement of water in the pipes on poising of the system. The resulting momentum transfer to the pipes caused
significant damage to pipe hangars.

Experimental studies tend to concentrate on the beneficial effects of noncondensables. Martin and
Padmanabhan [55] have looked at the effect of the introduction of small amounts (up to 1.4%) of air in an
entrained or dissolved state in water. Over this range of concentration, the presence of air has a marked effect
on the water hammer wave propagation speed and pressure. One of the interesting results of this study shows
that the theoretical values for propagation speed tend to be consistently higher than the ones observed
experimentally. A discussion of experimental results from a Russian paper by Zubkova [56] also notes the
potential mitigating effect on water hammer of homogeneously distributed air in the water.

The presence of noncondensable gases in water and their effect on water hammer has also been investigated
experimentally by a group at Kobe in Japan [57]. In this case, both homogeneous as well as inhomogeneous
distributions in horizontal pipes have been examined. The results show that both distributions can have a
significant effect on water hammer.

Introduction of air in the form of a surge tank can also be used to mitigate water hammer. A discussion of the
principles underlying surge tanks can be found in the classical water hammer texts by Streeter and
Wylie [48-50]. Bernhart [53] has also experimentally investigated various geometries of surge tanks and their
performance.

5.2 Water and Void (Cavitation/Column Separation)

A significant effort has been expended by the research group at Delft University to look into water hammer
caused by column separation. Experimental investigations of water column separation which occurs at the
downstream face of a valve which has been slammed shut have been examined by this group [58,59], as well
as cavitation generated in a closed pipe which was struck by a solid bar at one end [60], and cavitation that
forms at the high points of a pipeline [61].

A Japanese group at Keio University has examined the production of void formed on the downstream face of a
slammed valve, as well as at a high point in a pipe [62]. A UK group has looked into the production of vapour
column separation just downstream of a restriction located at a high point in a pipe [63].

Bechtel Power Corporation [64], and Millstone Nuclear Power Station [65] have reported the introduction of
various methods to prevent void collapse water hammer on pump startup, including the use of vacuum breakers
to fill the void with air, a system to keep the downstream side of the pump pressurized, and a special pump
startup cycle to fill the void during pump runup.

5.3 Condensation Induced Water Hammer

Condensation induced water hammer represents the major field of experimental water hammer investigation,
and the Department of Mechanical Engineering at MIT is one of the most active groups in this area of research.
This group has conducted experimental programs to investigate almost all aspects of condensation induced
water hammer. Their efforts have been primarily directed towards fundamental experiments to investigate the
physics behind condensation induced water hammer, but scale models of reactors have also been investigated.



The largest effort at MIT has gone into the investigation of countercurrent steam/water flow in horizontal or
slightly inclined pipes. This is the geometry of the cold-leg in a PWR primary circuit where the ECCS water is
introduced. The results of fundamental experiments can be found in papers by Swierzawski and Griffith [66],
and Bjorge et al. [67,68]. Scale-model experiments of horizontal steam/water flows can be found in a USNRC
report produced by Jackobek and Griffith [69] discussing emergency core cooling of a reactor, and a paper
published by Akselrod et al. [70] discussing condensation induced water hammer in steam distribution
systems. This work on horizontal or near horizontal pipes with steam/water flow has resulted in a number of
analytical and numerical models and correlations to describe the experimental results.

Fundamental experiments on steam/water flow in inclined pipes have also been performed at MIT by Griffith
and Silva [71], This work has resulted in the production of a stability map indicating the effect of pipe
inclination on water hammer production.

The horizontal filling of pipes has also been considered by this group. In this case, a region filled with
subcooled liquid is separated from a region filled with saturated steam and water. On opening a valve, the
subcooled liquid flows into the region filled with saturated steam and water and, under certain conditions,
produces a water hammer. These experiments were conducted for various degrees of subcooling and initial
subcooled water velocity. The results were shown in the form of stability maps. Experiments have also been
conducted in which the region to be filled on valve opening has a slight downward inclination. When the valve
is opened, the downward flow of the water helps to fill the region under investigation [24,72,73].

Filling vertical pipes from the top has also been investigated. An apparatus utilizing top filling was used to
produce water hammer which was subsequently directed to a piping system used to investigate fluid-structure
interactions [74-78]. Fundamental experiments on top filled pipes were also performed to obtain flow regime
and stability maps indicating the conditions under which condensation induced water hammer could be
expected [24,72].

Vertical upfill, or water cannon experiments were also performed at MIT [24,72]. These investigations also
resulted in stability maps. In these experiments, a subcooled water region below and the superheated steam
region above are initially separated by a quick acting valve. Prior to the opening of the valve, the pressure on
either side of the valve could be controlled. This allows a repeatable set of conditions to be established. On
opening the valve the subcooled water enters the region filled with steam. The steam rapidly condenses,
drawing in the water, and on hitting the end of the pipe, a water hammer pulse is generated in the system.

Other experiments undertaken by the MIT group include investigations of water hammer generated due to the
sudden stopping of a flashing flow [79]. An examination of water hammer created by the flashing of hot water
on passing through a restriction in a pipe caused by a partially open valve was also conducted [80]. In this
case, a slug of cold water, followed by a slug of hot water passes through a partially open valve. As the hot
water passes through the valve, it flashes and the pressure drop across the valve increases, causing the liquid
upstream to quickly decelerate. This deceleration causes water hammer.

An overview of the work done at MIT can be found in a USNRC publication [69], and an EPRI report [24], as
well as a paper published in Nuclear Engineering and Design [72]. Details of this work can also be found in a
number of MIT dissertations. The work of this group will be revisited in the analytical section below, since
most of their results went into the production of analytical models to predict whether or not a pipe will
experience water hammer under steam/water flow.

Fundamental horizontal steam/water condensation induced water hammer experiments include a study by Lee
and Bankoff [81]. This paper summarizes a series of experiments in the form of a stability map for two pipe
inclinations. An extensive USNRC report on the same subject was produced by Lee [82]. Wang et al. [83] also
consider the entrainment of a slug of water at a low point in a pipe by steam. Depending on the size of the slug,
and the velocity of the steam flow, a potentially destructive water hammer event can result from the
condensation induced acceleration of the water slug.



A significant number of experimental investigations into the creation of condensation induced water hammer
in feedwater type steam generators have been performed as part of the USI A-1 investigations initiated by the
USNRC. Gonnet et al. [84] used a scale model of the feedwater ring in a steam generator to investigate the
conditions under which water hammer can form during horizontal countercurrent steam/water flow in the ring.
The results of similar, but much more extensive experimental investigations were presented as part of the
Creare report [11].

Experimental investigations on condensation induced water hammer in steam generators have also been
conducted by Westinghouse [85]. These studies were undertaken to determine if the newer preheat type steam
generators are prone to water hammer. The results indicate there is no cause for concern. The experiments do
not point to any evidence suggesting preheat-type steam generators are prone to water hammer.

Investigations of water injection in a horizontal or near horizontal pipe filled with steam [86,87], or steam
injection into a water-filled pipe [88,89] have also been performed. Water injection into a steam-filled pipe can
occur during emergency core coolant injection, and steam injection occurs in suppression pools. In both cases,
it is important to know the conditions conducive to condensation induced water hammer. Both types of
injection can produce a surprisingly complex array of different behaviours depending on such variables as
injection rate, degree of water subcooling and pipe inclination. In all cases only injection into horizontal or
nearly horizontal pipes was considered.

The work done on condensation induced water hammer has not been restricted to the use of steam and water.
A number of experiments have been performed using Freon as a working fluid, most notably the Japanese
groups at Kobe University [90,91] and Hitachi Ltd. [92]. The efforts at Kobe concentrated on the behaviour of
flashing flow upstream of a valve which is slammed shut. The Hitachi experiments considered the opposite
phenomenon: flashing flow generated in saturated liquid when a valve is opened.

An interesting form of two-phase water hammer involving Freon was investigated by Jakeman, Smith and
Heer [93]. In these experiments, a mixture of liquid Freon and subcooled water was made. This liquid mixture
was then dropped into a pool of hot water. The resulting vapour explosion produced a sharp shock wave which
travelled through the system as a pressure wave. Although this study was initially meant to study only the
vapour explosion, the need to explain the propagation of the pressure wave through water and air/water
mixtures led to a study of water hammer.

6 ANALYTICAL RESULTS

The mass, momentum, and energy conservation equations needed to describe the phenomenon of water
hammer are complex. As a result, a full analytical solution of the water hammer problem is not normally
attempted. Nonetheless, analytical examinations of special cases can lead to new insights into the problem.
Analytical solutions can sometimes be derived that can be used to check numerical solutions or clarify
experimental results. Nondimensional solutions can give some insight into the physical process and the
importance of the various terms involved in the solution. In this section a brief review of some of the more
recently published analytical solutions to water hammer problems is presented.

6.1 Water and Noncondensables

Since there is limited mass transfer between phases in air/water flow, efforts to describe single-phase water
hammer analytically have often used the assumption that the air/water can be considered a homogeneous
mixture. Properties such as wave speed and density relationships are derived for this mixture. Such an effort
was made by Akagawa and Fujii [57]. A more detailed analytical examination of the same problem was also
published by the same authors [94].

Fanelli [95] and Ewing [96] have considered analytical derivations of the wave speed under water hammer
conditions in two-phase mixtures. A more fundamental look at the same problem in nondimensional matrix



form has been considered by Dobran [97]. Additional results on this topic can also be found under the more
general heading of pressure wave propagation through two-phase mixtures. For example, Henry [98] discusses
pressure wave propagation through annular and mist flows.

Martin [99] has investigated the maximum pressure rise expected when a column of water is accelerated
against a pocket of air in a pipeline. The results are presented in non-dimensional form and are used to
illustrate a number of situations in which the presence of air entrapped in a pipeline could increase or decrease
the peak pressures during water hammer.

Jakeman et al. [93] consider the reflections a pressure wave undergoes as it passes from a single-phase water to
a a two-phase air/water mixture region. Amplifications of the pressure wave of up to 3.5 are shown to occur
under some conditions.

Finally, Moody [100] has derived a series of analytical expressions to describe the forces on a relief valve
when the steady gas discharge fro the valve is interrupted by the arrival of a gas/liquid mixture. It is important
to calculate the impact forces generated as a result of such an event to ensure the integrity of the relief valve.

6.2 Water and Void (Cavitation/Column Separation)

The collapse of void cavities and the subsequent generation of water hammer has been the subject of a number
of analytical investigations. The results of Tarasevich [101] derive the maximum excess pressures that can be
expected on collapse of a void cavity as a function of the initial velocity of the water. Plotted in dimensional
and non-dimensional form, the analytical solution is seen to follow experimentally derived data relatively well,
but both deviate from the ideal Joukowsky line as the initial velocity of the water increases.

Tanahashi and Kasahara [62] have constructed an analytical void model for comparison with experimental
results. The void generated on the downstream side of a slammed valve and at a high point in a pipe has been
investigated by these authors.

Youngdahl and Kot [102] developed an analytical model to describe a system in which a disc rupture or valve
opening results in the filling of empty pipes in a reactor relief system. The objective in this case was to develop
a model to be included in a method of characteristics code. Due to the rapid depressurization of the water
upstream, a cavitation model was included.

The research group at Delft has developed a number of analytical models to describe the behaviour of a
collapsing void [59,61,103,104]. These models were subsequently included into numerical codes used to
model experiments performed by this group.

A paper similar to the one by Jakeman et al. [93] has been written by Timofeev [105] on the reflection of a
pressure wave on entering a region of moist vapour. Again, depending on the conditions, large amplifications
can be caused in the reflected pressure wave. In a sense, this type of examination represents the most general
case of void generated water hammer.

6.3 Condensation Induced Water Hammer

As in the experimental area, the group at MIT has made a significant contribution in this field. Most of these
experimental investigations have been accompanied by efforts to summarize and clarify the results using
analytical models. Models have been developed for stratified steam/water flows in horizontal and nearly
horizontal pipes (Bjorge at al. [67] and Bjorge and Griffith [68]), the collapse of a steam pocket in a vertical
pipe filled with subcooled water (Gruel et al. [74,77,78], Hurwitz and Huber [75]), and steam/water regions in
vertical and horizontal pipes which are suddenly filled with subcooled water (Chou and Griffith [72]). An
overall summary of the analytical work done by this group can be found in the EPRI report by Chou and
Griffith [24].



The analytical models for condensation induced water hammer under steam water counterflow conditions in a
horizontal pipe developed by the MIT group have also been extended by a group at the Korea Advanced
Institute of Science and Technology (KAIST) (Chun et al. [106], Chun and Nam [107], and Park and
Chun [108]). In these publications, the authors describe improvements to the original work that allow better
estimates to be made of the upper and lower bounds of flow conditions where water hammer occurs.

Significant analytical work on the stability of steam-water countercurrent flow in an inclined channel has also
been performed by Lee and Bankoff [81], and Lee [82]. This work has led to the derivation of expressions for
use in stability maps to delimit the zones where condensation induced water hammer occurs. Details of this
work can be found in the USNRC report by Lee [82].

Analytical work on horizontal steam/water countercurrent flow has also been conducted as part of the
investigations of condensation induced water hammer in feed-ring type steam generators. In addition to the
Creare report [11], analytical work on this subject can also be found in the papers by Warren [109] and Jones et
al. [39].

The Japanese research group at Kobe has also conducted analytical examinations of the effects of passing
pressure waves through one component, two-phase Freon mixtures [94,110-112]. In this case, the analytical
method involved solving the basic one-dimensional water hammer equations by linearization and iterated
Laplace transformation.

Analytical examinations of subcooled water injection into a steam-filled pipe can be found in papers by Aya
and Nariai [113] and Aya et al. [87]. This work resulted in the derivation of nondimensional expressions that
can be used to plot a stability map for different types of injection behaviours.

The present review of the analytical treatment of water hammer only covers papers and publications concerned
directly with water hammer. It is worth noting however that information relevant to the general physical
principles involved in water hammer can also be found in studies which concern the modelling of kinematic
and pressure waves. For example, the paper on the properties and modelling of kinematic and pressure waves
in two-phase flow by Boure [114] is also relevant to the physics of water hammer pressure waves.

7 NUMERICAL RESULTS

Given the application limits of analytical methods, and the difficulty and expense of performing experiments at
reactor-typical conditions, a significant effort has been made to model water hammer numerically. Numerical
models can be used to investigate the effects of various potential changes made in a system, or optimize a
design. When used in conjunction with an experimental program, pre- and post-test numerical simulations can
provide valuable data, potentially saving a significant amount of experimental effort.

7.1 Water and Noncondensables

The numerical modelling of water hammer in systems containing water and noncondensables has typically
been handled either by using homogeneous codes accounting for the presence of any noncondensables by
dynamic modification of the celerity (pressure wave speed) or by using heterogeneous codes considering the
presence of noncondensables as a discrete entity.

Homogeneous models include models based on the method of characteristics and the finite-difference method.
Fiizy [115] has developed a homogeneous model based on the method of characteristics in which the celerity is
modified to account for the presence of air. The influence of air on water hammer, and in particular the
potential adsorption or desorption of air from the water is studied. Martin and Padmanabhan [55] have also
developed a specialized homogeneous code based on the method of characteristics. Sample calculations are
shown to illustrate the ability of the model to simulate the presence of various amounts of dispersed air in the
water. Akagawa and Fujii [57] have used the Lax-Wendroff finite-difference method to develop a code to
model a valve slam in bubbly systems, and Bhallamundi and Chaudry [116] have made a comparison between



two finite-difference methods (a third order explicit Warmington-Kutler-Lomax scheme and a second-order
implicit Beam and Warmington scheme) and experimental transient data in bubbly flows.

Heterogeneous models assembled to model water hammer in the presence of noncondensable gases include a
method of characteristics code written by Aktershev and Fedorov [117]. In this paper, a sample calculation is
performed to simulate a system containing a surge tank. Wiggert et al. [118] have demonstrated the
applicability of a four-point centered implicit scheme to model water hammer in heterogeneous air/water
systems.

Large thermalhydraulic network codes using heterogeneous modelling have also been used to simulate water
hammer in air-water systems. Chang et al. [119] used PISCES-2D ELK, an explicit finite-difference code
capable of performing simulations in Lagrangian or Eulerian coordinates. In this case, modelling was
conducted to simulate entrainment of water in S- and U-shaped pipes. Comparisons between 1-D and 2-D
simulations show significant differences in the results.

Bouton [120] used TRANSFLUID, a 1-D finite-difference method code developed by Aerospatial that uses the
Runge Kutta method and is capable of simulating thermalhydraulic networks. The results of the 1-D
TRANSFLUID simulations are compared to results generated using FLOW3D, a 3-D finite-difference code
developed by Flow Science Inc. The objective in this case was to simulate the priming of a piping network of a
spacecraft with a propellant into a dead-ended pipe, with and without initial gas pressure.

Murray [121] also uses what is described as a large, network-capable code based on the method of
characteristics to model water hammer in the presence of noncondensables. The program includes a
sophisticated flow regime map, and a number of examples of various simulations that have been successfully
performed using the code are given in the paper.

7.2 Water and Void (Cavitation/Column Separation)

Many of the efforts to model the presence of void created by column separation use the method of
characteristics to model the single-phase liquid in a pipe, coupled to a special model to account for the
appearance of cavitation or column separation. One of the most active efforts of this type, and certainly one of
the most advanced in this area are the models developed at the Delft University of Technology and the Delft
Hydraulics Laboratory. Over the years, various researchers at these institutions have integrated a number of
models into method of characteristics codes and validated them against standardized test data obtained from
experiments performed at Delft. Kalkwijk and Kranenburg [59] discuss the implementation of a cavitation
model into a method of characteristics code, and include sample calculations using classical valve slam
experimental results. Kalkwijk et al. [103] evaluate two models against experimental data: a small bubbles
model, and a thin cavity model. Safwat and Polder [58] use a code to simulate a classical valve slam
experiment in which void is assumed to form on the downstream face of the valve. Provoost [61] uses a
method of characteristics code coupled with three different cavitation models: a bubble flow model, a
separated flow model, and a concentrated cavitation model. Comparison of numerical results to experimental
results shows the concentrated cavitation model achieves the best results.

Not all of the efforts at Delft have involved the use of the method of characteristics however. Citing some of
the difficulties involved in including the equations of state describing cavitating flows into a method of
characteristics (MOC) code, Kranenburg [104] developed a finite-difference model using a Lax-Wendroff
scheme to examine the effect of gas release during column separation.

Some of the more recent efforts to be reported from Delft include a conference paper by Tijsseling and
Lavooij [122]. Here a method of characteristics code that includes the ability to account for fluid-structure
interaction as well as column separation was verified against a series of standard benchmark experimental
results. Tijsseling and Fan [60] have also used a method of characteristics code including fluid-structure
interaction and used a concentrated cavity model to simulate cavitation occurring inside a closed pipe that is
struck at one end.



Similar efforts involving the use of the method of characteristics coupled to cavitation models have also been
made at the University of Michigan. Tullis et al. [123] have coupled a method of characteristics code to two
different column separation models, a lumped air model, and a discrete bubble model, to simulate column
separation with air release. Simpson and Wylie [124] have published a discussion of some of the difficulties
involved in implementing a discrete cavity model into a method of characteristics model. They discuss
problems involving the appearance of non-physical pressure spikes and include some sample calculations to
illustrate these difficulties. Martin and Wiggert [125] include a short review of developments in modelling the
presence of air and air adsorption/desorption during cavitation and column separation. Their paper presents a
comparison of modelling results using a modified method of characteristics code and a four-point
finite-difference code to simulate water hammer occurring in power station cooling water systems. In addition
to the summary of modelling efforts, the paper also presents a summary of transient tests performed on cooling
water systems, and compares simulation results for both codes. Simpson and Wylie [126,127] discuss the use
of the method of characteristics to model cavitation occurring in an upward sloping line upstream of a
slammed valve. These papers include a discussion of the formation of vaporous cavitation, and the comparison
of two models that can be used to model cavitation in method of characteristics programs: a discrete vapour
cavity model, and a combined cavity-distributed cavitation model.

Hurwitz [76] and Gruel et al. [78] at MIT use a method of characteristics code combined with a cavitation
model as part of a suite of three codes used to describe the propagation of a water hammer pressure wave
through a piping network.

Other numerical models coupling the method of characteristics to cavitation/column separation models have
been developed and discussed by various authors. Tanahashi and Kasahara [62] use the method of
characteristics coupled with a column separation model to simulate the appearance of column separation on
the downstream face of a slammed valve. Suda [128] uses this approach to model classical valve slam and
pump seizure problems. Using a method of characteristics program, Ruus et al. [129] have generated a series
of graphs to describe maximum pressure increases resulting from water column separation and check valve
closure of a simple low head pump discharge line. Finally, Marsden and Fox [63] have created a method of
characteristics code with a special column separation mode that does not assume the cavity occupies the entire
cross section of the pipe. The results of the simulations compare well to experimental data.

Homogeneous method of characteristics models where the celerity is adjusted to account for the presence of
vapour regions have been developed by De Bernardinis [130] and De Almeida [131]. De Bernardinis
demonstrates a method of characteristics model of this type considering the column separation that may occur
on the downstream side of a slammed valve using a homogeneous void bubble model that accounts for the heat
transfer between the bubbles and the liquid. De Almeida considers the more general case in which cavitation
can take place anywhere in the pipe.

Finite-difference methods have also been applied to simulate water hammer in the presence of cavitation.
Gibson and Levitt [132] have developed a finite-difference code capable of modelling suspended or dissolved
gas, laminar and turbulent flow regimes, and cavitation. Chiatti and Ruscitti [133] use a finite-difference
method capable of modelling cavitation to simulate a diesel injection system, and Gwinn and Wender [134]
used a standard solver package to simulate cavity collapse on startup of a pump into lines where column
separation had occurred.

In addition to the custom-made codes described above, large thermalhydraulic network codes capable of
simulating column separation and cavitation have also been used to model water hammer. Youngdahl and
Kot [102,135] at Argonne National Laboratories made use of the method of characteristics code PTA to model
systems where cavitation may occur. Yih et al. [136] have used RELAP5-FORCE, a specially modified version
of RELAP5-MOD1 to model the filling of voided lines in PWR reactors during a loss of coolant accident with
loss of outside power. Capozza [137] described an Italian method of characteristics code TRANSID, capable



of performing thermalhydraulic network calculations involving cavitation. A relatively detailed explanation of
the code is given as well as a description of a number of the calculations performed using it.

HAMOC, a method of characteristics code capable of simulating column separation is outlined in a report by
Johnson [138]. HAMOC was designed to replace the method of characteristics code WHAM. One of the main
reasons for developing HAMOC was WHAM's inability to simulate column separation. This report is
primarily meant to serve as a programmer's manual for HAMOC, but also includes a sample calculation that is
compared against the results of WHAM, and a proprietary Westinghouse TRAPP version of the BLODWN-2
fluid code.

Fleming [139], and Goitom and Bonema [140] make use of LIQT, a method of characteristics code applicable
to thermalhydraulic network simulations, to model cavitation and water hammer. Fleming describes the
application of LIQT for simulating the cavitating flows occurring in a sewage pumping station in Ancorage,
Alaska under loss of power conditions. Goitom and Bonema use LIQT to model Finchaa, a high head
hydroelectric power project in Ethiopia to determine potential maximum and minimum pressures in the system.

Williamson [141] described a search conducted to find a code to model the dynamic cavitation process
involved in the rapid filling of a voided line. Programs considered were DAPSY (a method of characteristics
code), TRAC (a drift flux code), RELAP5 (a finite-difference code), and SOLA-PLOOP (a drift flux code).
After some consideration, it was decided to develop the needed capabilities in the SOLA-PLOOP code. The
report includes an explanation of the modifications made to the code and the results of simulations.

In summary, the creation of void due to column separation has been modelled using a wide variety of codes
including specialized codes written to model a specific experiment or thermalhydraulic network as well as
large thermalhydraulic network codes. The majority of codes utilize the method of characteristics to model the
sections of pipe containing single-phase liquid, and couple in a special model capable of simulating column
separation or cavitation as the need arises.

7.3 Condensation Induced Water Hammer

Condensation induced water hammer is a very complex phenomenon. The simulation of condensation induced
water hammer is by far the most difficult to model numerically. Relatively few papers have been written on
modelling two-phase water hammer in comparison to simulations of water hammer in air/water systems or
under cavitating/column separation conditions.

One of the most commonly used large thermalhydraulic network codes for simulating condensation induced
water hammer is RELAP5. This code was developed at the Idaho National Engineering Laboratory (INEL)
under the primary sponsorship of the USNRC. It is based on a model for two-phase systems solved by a
semi-implicit finite-difference method [142].

So and Pshyk [143] used RELAP5/MOD2 in an attempt to model condensation induced water hammer in the
CANDU primary heat transport system. Due to the geometry of the system under investigation and the type of
reactor outlet header break case undertaken, condensation induced water hammer pressure spikes were seen to
occur in the reactor outlet header under certain conditions, but they were not significant. Sweeney and
Griffith [79] at MIT have used RELAP5/MOD3 in an effort to model the water hammer pressure wave created
by the sudden stopping of a flashing flow, and RELAP5/MOD3 Version 5m5 was used by Yeung et al. [20] to
model the Creare water cannon experiments [11].

Attia and Ruhl [144] have also attempted to model the Creare water cannon experiments [11]. In this case, the
authors made use of PISCES 2D-ELK, an explicit finite-difference code capable of performing simulations in
Lagrangian or Eulerian coordinates. Attempts were made to model the steam-filled region as a gas and also as
an instantaneous void using the models within the code. At best, the peak pressures predicted by the code
came to within an order of magnitude of the experimental results.



Travis and Torrey [145] used SOLA-LOOP, a non-equilibrium, drift-flux code capable of simulating
two-phase flow in thermalhydraulic networks, to model and analyze three tests performed utilizing a full scale
pressurized water reactor facility at the Superheated Steam Reactor Safety Program Project at the
Kernforschungszentrum near Frankfurt. The tests involved an investigation of the performance of a check
valve and the associated piping following a sudden pipe rupture.

Specialized models have also been used to describe the process causing condensation induced water hammer.
Hurwitz [76] and Gruel et al. [78] at MIT have assembled a model that builds on the model originally used in
the Creare report [11] to solve for the condensation processes occurring in a vertical water cannon type
condensation induced water hammer event. Warren [109] has performed a study of the water slugs that form in
the horizontal feedwater pipe of a feed-ring type steam generator. Two codes were developed and compared: a
method of characteristics code using a continuum analysis, and a finite-difference (Runge-Kutta) code using a
lumped formulation. Wang et al. [83] have performed an analysis of a two-phase water hammer event that
occurred during startup testing of a nuclear power plant. Here, a method of characteristics code was used to
simulate liquid condensate entrainment by steam in the low point of a steam line to show the most likely cause
and mechanisms of the observed water hammer transient.

Finally, a recent study by Wendel and Williams [146] has been undertaken to examine the ability of RELAP5
to predict the pressure-wave propagation that occurs after a pipe break in the advanced neutron source reactor
currently being designed at Oak Ridge National Laboratory. Test results show numerical diffusion in
RELAP5. However, a detailed convergence study indicates that, given an adequate nodalization, RELAP5 is
capable of predicting the amplitude of a water hammer pressure wave caused by an instantaneous pipe break.

In summary, generalized thermalhydraulic network codes are often used to model condensation induced water
hammer. A recurring problem invariably commented on by most authors is the inability of these codes to
accurately predict condensation induced water hammer. A primary concern is the uncertainty of the mass
transfer coefficient between the steam and the subcooled water under dynamic high temperature, high pressure
conditions. As a consequence, the simulation results often do not agree well with the experimental results. It
should also be noted that efforts are currently underway to qualify TUF (Ontario Hydro) and CATHENA
(AECL) as two-phase water hammer codes. Efforts are also being undertaken to validate PTRAN (AECL) for
use in water hammer simulations under cavitation/column separation conditions.

8 SUMMARY

In the area of two-phase water hammer, many research studies concentrate on analyses of experimental results
and discuss the development of analytical theory. Less effort has been expended to advance the development
of comprehensive numerical codes. This is in no small part due to the complexity of the phenomenon itself.
Some reasonably successful attempts at modelling have been made, but these generally involved the use of
specialized codes developed to model specific experiments. Generalized codes have shown themselves to be
somewhat less adept at modelling two-phase water hammer.

The results of this state-of-the-art review indicate that two-phase water hammer is an ongoing topic of concern
in nuclear power plants as a safety issue as well as for economic reasons. Numerous studies have been
undertaken to examine the causes and effects of two-phase water hammer and the steps that can be taken to
prevent it from occurring. A review of the available literature has been performed and the results show these
investigations have resulted in a better understanding of the fundamental phenomena involved, but much work
remains to be done. Two-phase water hammer is a complex phenomenon, and certain aspects remain unclear in
spite of the attention it has received, and the large number of publications written about it in the open literature.
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There are three possible channel responses to a severe power/cooling mismatch at full reactor power and high heat
transport system pressure following a blockage of primary neat transport coolant flow in a single fuel channel. These
responses are:

o Sufficient convective heat removal is available to avoid pressure tube ballooning - in this case there is no
channel failure, also fuel temperatures remain relatively low.

o Fuel channel fails early during pressure tube ballooning - in this case, there is either no molten material
in the channel at the time of failure, or any small amount of melt generated is confined within the fuel
elements (i.e., no melt pool at the bottom of channel).

o Pressure tube balloons uniformly into contact with its calandria tube - in this case, some fuel liquefaction
occurs, and channel failure is induced by the relocation of melt from the fuel bundle interior to the
composite wall of the ballooned channel.

Although the third type of channel response is highly unlikely, its consequences are more severe than the other types
since it may lead to energetic Fuel-Coolant Interactions (FCIs).

Two analysis methodologies are available for the modelling of fuel-coolant interactions following a severe power-
cooling mismatch in a single channel of a CANDU reactor. These methodologies simulate forced-interaction, and
free-interaction of the melt with liquid water, respectively. The two methodologies address different physical
phenomena. The forced interaction model postulates that the melt is ejected from the channel at sufficiently high
velocities to be finely fragmented and rapidly quenched within milliseconds of the ejection. The free interaction
model postulates that the ejected melt first accumulates outside of the channel as a coarse melt-water-steam mixture.
Some time later, this coarse mixture is triggered to finely fragment and rapidly quench.

A number of experimental studies1"6 have been performed to investigate the process and behaviour of pressurized
melt ejection, and they are considered in this work. The experiments may be divided into two categories, namely,
Direct Containment Heating (DCH) and Reactivity Initiated Accident (RIA) experiments.

In the DCH process, it is considered that the melt accumulates in the lower head of a Pressurized Water Reactor
(PWR) pressure vessel under high pressure coolant conditions. Failure of the vessel at a location in contact with
the melt would then lead to gas-pressure-driven ejection of melt into the reactor cavity region and eventual deposition
of the melt onto the floor of the containment building. Because of the presence of water in the reactor cavity region,
a molten fuel-coolant interaction may occur. The DCH experiments include: Corium-Water Thermal Interaction
Experiments (CWTI)1, System Pressure Injection Tests (SPIT)U, High Pressure Melt Streaming Series (HIPS)1-2,
Limited Flight Path Experiments (LFP)3, Wet Cavity Experiments (WC)4, and Integral Effects Tests (BET)5. In some
of these experiments, molten material was ejected by high pressure steam into a cavity having no, or little water
(condensate levels of water). In other experiments, with water in the cavity2, energetic fuel-coolant interactions that
destroyed the cavity were observed. Due to early failure, little data was recorded in these experiments. Other
experiments with a robust cavity, designed to withstand large loads, are considered more reliable and relevant to
CANDU reactors.



The DCH experimental results suggest that the high-velocity molten jet from the reactor vessel is fragmented while
moving to the base of the cavity under the influence of a high velocity and perhaps dissolved gas release1. High .
pressure gases in the reactor pressure vessel (steam and hydrogen), which follow the melt from the vessel, flow at
high velocity through the cavity, and fragment the melt into smaller particles. These particles are created from the
melt by a combination of mechanisms: melt jet breakup by the action of gases, atomization, entrainment process
and Weber breakup.

The results of Integral Effects Tests (IET), indicated that when the molten material was ejected by relatively high
pressure into the cavity (about 6.25 MPa), FCI began immediately after the initiation of the high pressure melt
ejection and continued throughout the blowdown of the melt (i.e., forced FCI). However, in a similar experiment,
where the molten material was essentially dropped into the cavity, a delayed FCI occurred near the end of the molten
pour into the cavity resulting in a larger pressure spike (i.e., free FCI).

Some of the DCH tests involved the discharge of melt into shallow water pools at the bottom of a linearly scaled
reactor cavity. The mass of water was typically smaller than, or comparable to, the mass of the molten corium
simulant The liquid water depths ranged from a few centimetres to several tens of centimetres {i.e., the pools were
very shallow). In these experiments, an energetic melt-water interaction invariably commenced when the molten jet
fragmented and dispersed by impacting the cavity floor. This experimental series is relevant to the CANDU single
channel events in demonstrating the effectiveness of mechanical melt fragmentation due to impact on the adjacent
in-core structures.

Several reactivity initiated experiments performed in Japan by JAERI6, have initial conditions similar to those
postulated in a channel in terms of the high driving pressure, the simultaneous presence of molten and solid UO2 at
the time of rupture, and the rapid rupture opening to a limited length. The initial pressures ranged from ambient to
8 MPa. The results of these tests displayed the shape of the hydrodynamic transient characterized by forced
interaction {i.e., a single pressure spike occurring immediately after the rapture). Furthermore, the magnitude of the
pressure spike was observed to increase as the driving pressure increases, which is consistent with the finer melt
fragmentation that occurs as the melt velocities increase.

In some of die Japanese tests, secondary pressure excursions occurred 5 to 10 ms after the first pressure peak.
However, upon closer examination of the published results, it is apparent that the experiments which experienced
the secondary fuel-coolant interactions actually involved low-velocity melt pours in the later stages of tests {i.e., the
transient melt generation continued after the fuel element had depressurized). '

The objective of this paper is to present a state-of-the-art overview of the available experimental evidence to
demonstrate that the free-interaction model is not suited for the high pressure melt ejection phenomena associated
with CANDU single channel events. It is more appropriate to employ the forced fuel-coolant interaction
methodology in analyzing CANDU single channel severe flow blockage scenarios if some molten fuel is postulated
to occur.
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SUMMARY

In the course of analysis of Steam Generator (SG) divider plate
integrity under Loss-Of-Coolant-Accident (LOCA) conditions, it
became clear that the pressure differential across the divider
plate is strongly affected by the ensuing movement of the divider
plate. The effect of the divider plate movement on the thermal-
hydraulics has been studied in detail at Ontario Hydro. In this
paper, emphasis is placed on the fundamental physics involved in
the phenomena.

Two physical problems, which can be solved analytically, are
presented in this paper, which may be used for code validation:
1) The first one relates to the fundamental physics of pressure
wave propagation generated by the motion of a piston in a pipe,
2) The second one deals with a lumped volume (or node in simulation
codes) with inlet and outlet pipes, which is representative of the
bowl of a SG with the tubes and the nozzle as inlet and outlet.

Fluid/structure interaction modeling for SG divider plate integrity
study has been implemented in the TUF code at Ontario Hydro. The
structure-to-fluid part of the coding is tested against these two
physical problems. The results have demonstrated the code
capability for simulations of fluid/structure interaction problems.

PHYSICAL PROBLEMS

1) Pipe with piston

Consider a pipe filled with liquid with a piston at one end, Figure
la. Initially the liquid is at rest and at pressure P0. A step
change in velocity v is applied to the piston. The resulting
pressure wave travels to the right at sonic velocity c. The fluid
between the piston and the wave front moves at velocity v and is at
pressure PO+AP. The fluid beyond the wave-front is of course still
at rest and at pressure P0. It can be shown from first principles
that AP is given by the Joukowski's equation:

AP = pvc (1)



2) Lumped volume with inlet and outlet pipes

Consider a SG outlet bowl with the tubes and the nozzle as inlet
and outlet, Figure 2a. Let V be the volume of the bowl and A' and
A" be the areas of the inlet and outlet respectively. Let V be the
rate of volume change due to the movement of the divider plate in
the direction shown, (V=-V) . The increase in pressure in the bowl
will cause the fluid to move out via the inlet and the outlet, at
a common velocity v. Eventually, the rate of volume displaced by
the divider plate must be equal to the rate of volume of fluid
moved out via the inlet and outlet. Therefore

V = vA where A= A'+A" (2a)

Since the pressure waves in the inlet and outlet pipes are governed
by (1) , substituting v into (1) , we get for the final pressure
increase AP in the bowl

AP = pcV/A (2b)

Note that V does not enter into the equation, although V does
affect the time it takes for the pressure to reach to that value.
This result is significant in that it converts a pressure wave
travelling in a pipe to a pressure swell in a lumped volume. It
justifies the use of thermal-hydraulic codes for modeling the SG
bowl as a lumped volume, or a node, (provided that the LOCA
transient pressure wave does not vary too fast.)

TUF CODE VALIDATION

1) Long pipe with plate in center

The pipe is modelled by the TUF code with nodes of equal volumes
and lengths, Figure lb. The plate is situated between nodes 50 and
51, (the pipe is long enough so that there is no reflection coming
back from the ends of the pipe in the first milli-second.) The
pressure on the left is 9 MPa and on the right is 7 MPa. The plate
is given a step change in velocity .9 m/s at time zero. The
resulting pressure and velocity transients in the vicinity of the
plate are shown in Figures lc & Id.

The fluid velocity eventually approaches .9000 m/s, which is the
plate velocity, as expected.

The pressure change on the left hand side approaches 788.7 kPa.
Comparing this with (1), we have p= 793.5 kg/s and c= 1104.9 m/s at
average pressure -8600 kPa, [initial P= 9000, H=1120, T=257.0],
therefore AP= 789.1 kPa. The difference is therefore .05%.



2) SG bowl with moving divider plate

The TUF nodalization scheme is shown in Figure 2b. Node 51 is the
SG bowl, the inlet and outlet flow areas are .2 and .07 m2

respectively. The divider plate is given a step change in
volumetric rate of change .25 m3/s. The resulting pressure and
velocity transients are shown in Figures 2c and 2d.

The flow velocity in the inlet and outlet eventually approach
+ .9260 m/s. From (2a), we obtain v=.25/(.2+.07) =.9259 m/s. The
difference is negligible.

The pressure swell approaches 940.3 kPa. Comparing this with (2b),
we have p= 894.5 kg/s and c= 1135.8 m/s at final presure 9540 kPa,
[initial P=8600, H=1040, T=247.8], therefore AP= 894.48*1135.82*
.9259/1000=940.7 kPa. The difference is .05%.

Notes on Spatial and Temporal Convergence

The resolution in a transient simulation is determined by the node
size. For pressure wave applications, it is inversely proportional
to the node length L. If c is the sonic velocity, then the time
resolution At is given by

At ~ L/c (3)

which is the time ' it takes for the pressure wave to travel the
node. This sets the limit to the detail to which the simulation
can reveal. If the time-step dt used is very small compared to At,
say dt < At/10, the simulation results will show wiggles or fine
structures having a width of about 2At. Since these wiggles are
nodalization effects and are therefore fictitious, it is desirable
to eliminate them. This can be done by not using too small a time-
step. A suggested time-step is

dt ~ At/2. (4)

This is the time-step used in the two TUF runs, .05 ms and .5 ms
respectively. However it should be noted that using a larger time-
step increases the numerical diffusion.

CONCLUSION

The TUF code is validated against the two theoretical physical
problems. The results checked out to be better than .1%.



Figure la. Physical problem #1: Pipe with piston
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Figure lc. TUF Simulation - Long pipe with moving plate
Pressure transient
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Figure Id. TUF Simulation - Long pipe with moving plate
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Figure 2a. Physical problem #2:
Lumped volume with inlet and outlet pipes
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Figure 2c, TUF Simulation - SG bowl with moving divider plate
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1. INTRODUCTION

Mathematical modelling of the heat transfer and fluid flow in nuclear fuel channels is integral to
ensuring the safe operation and design of nuclear reactors. Since analytical solutions to the
governing equations are not generally available, computational methods are used to provide
numerical solutions to the equations. Further, because of the complex geometry of the fuel
bundles and the appendages, detailed grid-independent numerical solutions of the fluid flow and
heat transfer within each fuel bundle are not feasible on a routine basis.

An alternative to solving for the detailed description of the fluid flow and heat transfer is to
average over larger control volumes and use constitutive relations to supply the information that
was lost in the averaging process. This is the basis of subchannel codes. Figure 1 shows the
subchannels for a 37-element CANDU fuel bundle. A subchannel is defined as the flow region
bounded by the fuel rods and imaginary lines joining the fuel rod centroids. Control volumes are
created by dividing each subchannel axially along the length of the bundle.

ASSERT-PV [1] (Advanced Solution of Subchannel Equations in Reactor Thermalhydraulics,
Pressure-Velocity) is a subchannel code that is used widely in the Canadian nuclear industry. It is
a transient, quasi-two-fluid computer code developed to predict the heat transfer and fluid flow in
CANDU fuel bundles. ASSERT-PV solves the conservation equations for mass, momentum, and
energy for the single or multi-phase mixture, as well as separate energy equations for the vapour
and liquid phases. The elliptic form of the governing equations is used to allow for prediction of
low and recirculating flows. The code has been used for a range of applications including forming
the basis for the development of coolant mixing models [2] for safety analysis production codes
such as FACTAR [3], assessing the impact of a channel flow blockage [4], as well for a range of
critical heat flux assessments [5] [6].

As discussed above, since subchannel codes employ relatively large control volumes, the
fine-grained details of the fluid flow and heat transfer are not resolved and constitutive
relationships are required. In the solution of the momentum equations, for example, constitutive
relationships are used to model the frictional losses due to the presence of walls, while bundle
appendages such as endplates, spacers, and bearing pads are modelled by applying local k-factors.
Solution of the thermal energy equation requires expressions for the heat transfer from the wall
and between phases as well as an expression for the thermal mixing due to fluid turbulence.

The mathematical modelling of the turbulent transport of energy is the focus of this paper. The
motivation for the work is to determine the validity of the available correlations for the case
where steam is the working fluid. This is assessed through a survey of the literature for
experimental data and mathematical models pertaining to turbulent thermal mixing, and by
comparing predictions from the correlations to data obtained from water and air experiments.

1Please address all correspondence to M.F. Lightstone.



Figure 1: Subchannel Layout for a CANDU 37-Element Fuel Bundle

2. MODELLING OF TURBULENT TRANSPORT OF ENERGY

In a turbulent flow, the fluid velocities and enthalpies (for non-isothermal flows) become irregular
and unpredictable. Such flows are usually modelled by decomposing the quantity of interest into a
time-averaged plus a fluctuating component, i.e., for the instantaneous velocity, v, and enthalpy,
h:

v — v + v' and h = h + h' (1)

where v and h are the time-averaged or mean values of the velocity and enthalpy, respectively,
and v' and h! are the fluctuating components. By substituting these equations into the energy
equation and time-averaging each term in the equation, an additional term representing turbulent
transport will arise. This term, which involves a correlation between hi and v', must be modelled.

A standard approach used to model the transport due to turbulence is the gradient diffusion
method: _

(2)

where qt is the heat transfer per unit area due to turbulent motion, p is the fluid density, et is the
turbulent diffusivity, and tp represents the coordinate direction joining two adjacent subchannels i
and j . The enthalpy gradient can be written as:

l (3)

where zy is the distance over which mixing occurs, and hi and hj are the time-averaged enthalpies
in subchannels i and j respectively. Note that for convenience the overbar has been dropped. The
total energy transport due to turbulent fluctuations is obtained by multiplying Equation (2) by
the heat transfer area, A, between two adjacent subchannels. The heat transfer area is calculated



from A — Lc, where L is the length of a control volume and c is the width of the gap, yielding:

^ ^ h = (Lc)p^(hi - h^. (4)
Z Z

The turbulent mixing rate, w^, is introduced by rewriting Equation (4) as:

Qij = Lviijihi - hj) (5)

where:

<i- = pcf (6)
The quantity w'^ is defined as an effective mass flow (per unit control volume length) due to the
turbulence. Correlations are used to provide values for w\j.

3. CORRELATIONS FOR Wij

The turbulent mixing rate, w'^, depends on both the geometry of the subchannel pair and the
Reynolds number of the flow. Hence, the convention is to write Equation (6) in the following form:

where:
d/zij = X^ — a function of the subchannel geometry only
Etjv = a function of Reynolds number only

In this paper a number of correlations for w^ are presented. These are the correlations of Rogers
and co-workers [7] [8], Petrunik [9], and the more recent correlation of Rehme [10]. These
correlations assume the same or very similar Reynolds number dependence, with the major
difference in the correlations being in the Â - component of Equation (7). The general formulation
for the Reynolds number dependence and correlations for X^ are presented in separate sections
below.

3.1 Reynolds Number Formulation

The dependence of the mixing rate on the Reynolds number is found by considering classical flows
such as those in open channels and smooth pipes. For fully developed turbulent open channel
flows and for flows in the central portion of a circular tube, the turbulent diffusivity v% can be
expressed as:

vt a u*D (8)

where u* is the friction velocity, and D is the hydraulic diameter of the channel or pipe. The
Reynolds number dependence is introduced via the friction velocity, which is defined as:

where TW is the wall shear stress:

(10)



and U and / are the average axial fluid velocity and the Fanning friction factor, respectively. For
fully developed flow in smooth tubes, / is found from:

/ = KfRe~n (11)

where Kf = 0.046 and n = 0.2 [11]. Substituting Equations (9) to (11) into Equation (8) yields:

vt oc vRel-n'2 (12)

In order to relate the turbulent diffusion of momentum, vt, to the turbulent diffusion of energy, et,
the turbulent Prandtl number is presumed to be constant. Thus:

^octfe 1 -" / 2 (13)

In the equation for w'^, the constants that would appear in the et equation are absorbed into the
correlations for Ajj. This yields:

where:
m = l - | . . (15)

For n = 0.2, the exponent m in Equation (14) equals 0.9. Rogers and co-workers and Rehme use
an exponent of 0.9 for the Reynolds number dependence in their correlations. Petrunik uses an
exponent of 0.827.

Care must be taken in calculating a combined Reynolds number for the two adjacent subchannels
for use in Equation (14). Differences in geometry or the presence of flow obstructions can result in
different Reynolds numbers in the adjacent subchannels. There does not appear to be a uniform
method used for calculating the combined Reynolds number since different researchers use
alternative methods. Indeed, some researchers are ambiguous as to the method used to calculate
that quantity. For adjacent subchannels of the same geometry, the Reynolds numbers in each
subchannel should be the same. Differences in the Reynolds numbers will occur when the
subchannels have different hydraulic diameters or are subjected to non-uniform obstructions. This
problem is discussed further in Section 4.

3.2 Correlations for the Geometrical Parameter Ay

The geometrical parameters that impact on the mixing due to turbulence include the ratio of the
gap spacing to rod diameter (c/d), the shape of the subchannel pair, and the presence of bundle
appendages. Subchannel shapes in the bundle interior are classified as triangular or square (see,
for example, subchannels 28 and 10 in Figure 1). As a result of the two subchannel types, three
subchannel-pair configurations are identified. These are triangle-triangle (T-T), square-square
(S-S), and square-triangle (S-T). Examples of T-T, S-S, and S-T configurations are given by
subchannels pairs (9,24), (10,26), and (10,11) in Figure 1. The square subchannels adjacent to the
pressure tube wall represent a third type of subchannel. For the purposes of calculating turbulent
transport, these subchannels are normally treated as square.

Bundle appendages impact on thermal mixing via two mechanisms. Firstly, they create a mean
diversion crossflow induced via radial pressure gradients.. Energy is therefore advected between
adjacent subchannels by the mean radial flow. Secondly, bundle appendages promote fluid
turbulence by increasing the production of turbulent kinetic energy. Hence correlations derived



Table 1: Summary of Experimental Conditions

subchannel
types

no. of studies
no. of points

c/d

Reynolds No.
(xlG~3)
Fluids

Rogers
(bundle)
S-S, S-T

T-T
8

44
0.083
to 0.4

2.5
to 127

air, H2O
Freon

Rogers

Is^sy
S-S

3
57

0.0355
to 1.108

14
to 150

air, H2O

Rogers
(S-T)
S-T

3
33

.035
to 0.149

26
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H2O

Rogers
(T-T)
T-T

3
106

0.033
to 0.4
1.35
to 70

air, H2O

mm
S-S, S-T

T-T
24
41

0.011
to 0.83

1.35
to 70+

air, H2O
Freon, ...

Petrunik

S-S, S-T
T-T

5
53

0.035
to?
6.0
to?

air, H2O
Genetron-12

from experiments where appendages were present (i.e., 'bundle' correlations) should be
distinguished from those obtained from clean or 'simple' geometries. The correlations of Rogers
and co-workers [7] [8], Petrunik [9], and Rehme [10] are discussed in turn below. The
experimental conditions used for each of the correlations is summarised in Table 1 and a summary
of the formulations for Ay is presented in Table 2.

3.2.1 Correlation of Rogers and Co-Workers. In this section the correlations of Rogers and
Rosehart [7] and Rogers and Tahir [8] are presented. Rogers and Rosehart distinguish between
'simple' and 'bundle' geometries whereas Petrunik and Rehme do not. It should be noted that in
this study it was not possible to assess the conditions distinguishing the simple versus the bundle
geometries, since most of the data on which Rogers and co-workers based their results are
published in inaccessible reports during the 1960's. However, even in Rogers and Tahir's study of
a simple T-T bundle, it is not clear how the rods are supported, except that the authors note the
walls are supported by rigid yokes at a spacing of about 0.6 m (equal to 24 rod diameters). This
implies that even in supposedly 'simple' experiments, there are 'bundle' type conditions to be
found - as expected in any physical experiment.

Bundle Geometries

For bundle geometries, Rogers and Rosehart propose that

(16)

Values for the constants K and r in Equation (16) were found by considering eight different
studies (for a total of 44 points). These studies included data of all subchannel types, with
working fluids of air, water and Freon. From these experiments, values of K = 0.0058 and
r = 1.46 were deduced. Their correlation is limited to c/d values of 0.08 to 0.4, and Reynolds
numbers greater than about 20,000.

Simple geometries

For simple geometries, Ay was found to depend on the shape of the adjacent subchannel in
addition to the c/d ratio. Hence, separate correlations were developed for each of the T-T, S-S,
and S-T pairs.



Table 2: Summary of Correlations for

Rogers'
S-S: A
S-T: A
T-T: A

Rogers'
S-S: >
S-T: >
T-T: >

simple correlations:
ij = 0.0050(c/d)~u-8y4

ij = 0.0054(c/d)-°-950

ij = 0.0018(c/d)-1-40

bundle correlations:
ij = 0.0058{c/d)~LAb

Hj = 0.0058(c/d)"L46

S-S:
S-T:
T-T:

S-S
S-T
T-T

Rehme's correlations:
Xij = 0.00531{(l + c/d) {c/d)}-1

Xij = 0.00673{(l + c/dYic/d)}-1

X^ = 0.00921{(1 + c/d) {c/d)}-1

Petrunik's correlations:
Ay = 0.009{c/d)~l

Xij = 0.00${c/d)-1

X^ = O.OOsic/d)-1

The S-S expression was correlated by Rogers and Rosehart [7] using solely other researchers' data.
The S-T and the T-T expressions were correlated by Rogers and Tahir [8]. For the T-T
correlation Rogers and Tahir included their own data (one data point only) in addition to two
researchers data. For the S-T correlation Rogers and Tahir used the data of Singh and St. Pierre
[12], [13] as well as the data used originally by Rogers and Rosehart for a tentative S-T
correlation. It should be noted that Rogers and Tahir also verified the Rogers and Rosehart S-S
correlation with the inclusion of Singh and St. Pierre's data and found very good agreement.

3.2.2 Correlation of Petrunik. Petrunik [9] measured the mixing velocities for both single-phase
and two-phase conditions in a T-T configuration. His single-phase measurements included water
and Genetron-12 as working fluids. For his mixing correlation, however, he included other studies
using both simple and bundle geometries. These studies encompassed the other configurations as
well as additional gap-to-diameter ratios. He concluded that the mixing rate, w'^, does not
significantly depend on the gap-to-diameter ratio c/d.

From an experimental fit of the mixing velocity versus the Reynolds number, he determined:

^ = 0.009Ee0-827

M

Thus, from Equation (7), the non-dimensional mixing length is:

Xij = 0.009(c/d)-x

(17)

(18)

It should be observed that the Reynolds number exponent in the Petrunik correlation is not 0.9
as in the Rogers and co-workers models, but rather 0.827. This value was obtained directly from
his subchannel measurements rather than from the pipe data of Knudsen. Most importantly,
however, the mixing velocity is not a function of the c/d ratio or the subchannel type. The data
base for this correlation includes S-S, S-T and T-T configurations.

3.2.3 Correlation of Rehme. Rehme [ID] developed a model which provides a good
approximation of the mixing rate for any gap geometry. The empirical component is entirely
based on other researcher's data with a large overlap to those data used by Rogers and
co-workers. It is also in essence the same model as developed by Ingesson and Hedberg [14].

As was shown earlier, the heat transported across the gap can be expressed as
T/TTl

(19)



The gradient is approximated as

U/A/ 2,1 ^Zf

Rehme sets the mixing distance, z%, equal to the distance between the centroids of the adjacent
subchannels, <%. The mean heat eddy-diffusivity is now expressed as eY, where e is a 'reference
eddy viscosity' (for momentum) and Y is a 'mixing factor'. This mixing factor accounts for how
much higher the actual mean heat eddy-diffusivity is in comparison with the reference eddy
viscosity and also includes a correction for the linear temperature gradient approximation. The
centroid distance is used for convenience. Thus,

i i (91 ~i

Rehme suggests that the reference eddy viscosity be given by the non-dimensional eddy viscosity
at the center of a smooth circular tube, following Reichardt [15]. Rehme obtains:

e
v

where:

A = Blasius friction factor (23)
n (24)

and Kj =0.046 and n=0.2.

The factor of 20 appearing in Equation (22) is different from the factor obtained by the current
authors when re-deriving that equation. Fundamentally, however, this does not alter the
correlation since Y in Equation (21) is fitted experimentally.

Empirical fit for Y

Using available data from the literature (including the data used by Rogers and co-workers), and
data for all gap geometries, Rehme arrives at the following correlation for the mixing factor:

By substituting Equations (22) to (25) into Equation (21), and noting that Ah = CPAT, the
turbulent heat transfer across the gap can be written as:

QiJ = i f ^ V ^ - h^ (26)
Oij C/Q

where m = 1 — ra/2 = 0.9 (usually). Hence:

^ = (A)0.00531i?em (27)

The ratio of the fuel rod diameter, d, to the centroidal distance, 6{j, must be defined. By
considering rod configurations with uniform rod diameters and gaps, the following ratios can be
defined:



S-S: 4~. = (l + -Xl ' (28)

T-T: ^- = 1.732 ( l + £) (29)

S-T: j - = 1.267(1 + - ) (30)

Thus, the mixing rate w'^ for each subchannel configuration is given as:

S-S: ^ = 0.00531 [j^) Rem (31)

T-T: ^ - = 0.00921 (j£ff) Rem (32)

S-T: ^ = 0.00673 (14^73) #em (33)

The corresponding equations for Ay- are given by:

S-S: Xij = 0.00531 {(1+c/d)(c/d)}~1 (34)

T-T: Aij = 0.00921 {(1+ c/d)(c/d)}~1 (35)

S-T: X^ = 0.00673 {(1+ c/d)(c/d)}"1 (36)

(37)

It should be noted that Rehme does not specify how the Reynolds number is calculated. For
'simple' twin S-S and T-T configurations the Reynolds number in adjacent subchannels should be
the same. For S-T configurations, correction is required. This correction is discussed in detail in
the following section.

4. CORRECTIONS FOR UNEQUAL REYNOLDS NUMBERS IN S-T SUBCHANNEL PAIRS

The general formulation for the turbulent mixing rate is given by:

Wit C

where m = 1 — n/2. The Reynolds number in Equation (38) is representative of the Reynolds
numbers in the two adjacent subchannels i and j . This Reynolds number can be evaluated using
different methods:

(
J?pTi_j_ p^"i \ 1/7711

 2 > j (39)

Method 2: Re = pUi+i®i+i (40)

With Method 2 the two subchannels are effectively combined to make one large subchannel, thus
Ui+j and Di+j are the average velocity and the hydraulic diameter, respectively, for the combined
subchannel.

It is desired to determine a correction factor, K, such that:

Re = KRei (41)



where Rei is the Reynolds number in the square subchannel (subchannel i).

To derive a correction factor for each method of calculating Re, the following relationships are
required:

For a Square Subchannel (i):

Pi = wetted perimeter = ird

Ai = flow area = (c + d)2 - jd2

e\
1 + -: - 1

dj

(42)

(43)

(44)

For a Triangular Subchannel (j):

= wetted perimeter =
fK

= flow area =^j-(c

= hydraulic diameter
l + ^) - 1

(45)

(46)

(47)

Also required is the ratio of the Reynolds numbers in subchannels i and j . This ratio can be
found by considering fully developed flow in parallel subchannels subjected to the same pressure
drop. From such an analysis the following relationship can be deduced:

where n is the exponent in the friction factor correlation and is usually taken to be 0.2.

4.1 Reynolds Number Correction for Method 1

By using Method 1 to calculate the Reynolds number, it is seen that:

UP™ 4. Tip™-
Re™ = H% ^ J

Ref

(49)

(50)

But applying Equation (48) yields:

Ref (51)

The mixing velocity, w'^, for S-T subchannels can therefore be written as:

ij = 1-1 \ijKcRe? (52)



where:

and

( 2 AEL = (1-im^1 + H) A (54)

4.2 Reynolds Number Correction for Method 2

The second method for calculating the Reynolds number is to combine the two adjacent
subchannels into a single larger subchannel. Hence,

where:

" /"4"7%Wi (56)

Note that Equation (56) presumes that the density and viscosity in each subchannel are the same.

By noting that:

Di+j =

(58)

(59)

\"3 J

§ = 0-5 (60)
•Tj

The combined Reynolds number can be written as:

Hence, the mixing velocity can be written as:

v^^KlRe? (62)

where:

and
EL = fi-iQ27(i + | ) 2 - A ( 64 )

A ^1.2732(1+ f ) 2 - i y l ;



4.3 Application of Reynolds Number Correction to Correlations

In the Rogers and co-workers model the Reynolds number is calculated using Method 1.
Following the methodology used in ASSERT-PV, the Petrunik model is calculated here using
Method 2. Rehme is ambiguous as to the calculation of the Reynolds number. In the current
paper, we will use Method 1 for Rehme's correlation.

As discussed earlier, for the twin S-S and T-T configurations, the two methods are identical since
Di = Dj. A summary of the final expressions for w'^ is given in Table 3.

5. COMPARISON OF MIXING MODELS

Figures 2 and 3 show the turbulent mixing rate, w^ as a function of Reynolds number for c/d
values of 0.1 and 0.2, respectively. All three geometrical configurations are shown. Several
observations can be made:

1. The influence of the c/d ratio is much larger for the Rogers' bundle model than for any of
the others.

2. For both the S-S and the S-T configurations, the Rogers' simple, Rehme's and Petrunik's
models are very close and distinctly separate from Rogers' bundle model. In the T-T
configuration, Rehme lies somewhere in the middle.

3. Rogers' bundle model consistently predicts the highest mixing velocities.

4. Petrunik's model is of course nominally independent of the c/d ratio. For the S-T
configuration, however, a slight c/d dependence due to the asymmetry is apparent.

5. Except for Rogers' bundle and Rogers' simple T-T all correlations are very insensitive to the
c/d ratio - much less than to the Reynolds number. This is an observation often mentioned
in the literature.

6. VALIDITY OF CORRELATIONS FOR STEAM FLOWS

In this section the validity of the turbulent thermal mixing correlations for single-phase steam
conditions is discussed. The discussion is based on the underlying similarity to a pipe flow and by
experimental verification with other gas flows. These two approaches are presented separately
below.

6.1 Comparison to Pipe Flow

The fundamental assumption of the subchannel thermalhydraulic modelling is that the subchannel
flow is equivalent to a pipe flow based on the equivalent subchannel hydraulic diameter. With this
assumption, both pressure losses and turbulent mixing are being evaluated. This assumption of
equivalency is supported by experimental evidence which suggests that measured friction factors
in subchannels (i.e., pressure losses) agree well with those from a round pipe evaluated with an
equivalent subchannel hydraulic diameter. Rogers and Tahir [8], for example found that
/ = 0.44JRe~0-194 which is very close to the correlation for smooth tubes as given by Knudsen [11].
Their c/d ratio was 0.4. Rehme [16] examined this issue in detail and found that:

'For the pressure-drop coefficient [friction factor] there is a rapid increase from 60%
of the circular tube value at a rod distance of c/d = 0 to approximately 100% at
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Figure 2: Mixing velocity versus Reynolds number for c/d=0.1.
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where:

Table 3: Summary of Correlations for w'^

S-S

S-T

T-T

S-S

S-T

T-T

Rogers' simple correlations:

^ = 0.0050i?eP (f)0-106

^=0.0054J?e?-9(§)0-0 5 0^

^ = 0.0018i2e?-9(§)-°"4

Rogers' bundle correlations:
^f = Q.OOWRe0-9 ( | ) -°-4 6

^ = 0.0058i?e?-9(|)-°-46^

^ • = 0.0058Ee?-9(§)-°-46

S-S

S-T

T-T

S-S

S-T

T-T

Rehme's correlations:

^f = 0.00531 (1^75) Ref9

^ = 0.00673 (14^75) Ref9K'c

^f = 0.00921 ( iq^ ) Ref9

Petrunik's correlations:
^f = Q.mRef*27

^f = 0.009i?eP27Kc"

^ = 0.009EC?-827

«- i 1 +
'1.1027 (1 + c/d)2 -1
1.2732(1 + c/df - 1

1.5'

and

with
1.1027 (l

A ~ 1.2732 (l + c / d ) 2 - l

0.827

c/d « 0.08. For higher rod distance ratios, the pressure-drop coefficient increases to
only some 110% of the tube value for c/d = 1.' [16]

This agrees with Rogers and Tahir's results at their relatively high c/d ratio.

The frictional losses are a function of the eddy viscosity in the radial direction, defined by

where y and v are normal to the rod. One would expect that these eddy viscosities are close to
those in a pipe, given the foregoing results of Rogers and Tahir, and Rehme. Meyer [17] examined
a central channel of a 37-rod bundle with c/d = 0.12 and did indeed find that the radial eddy
viscosity is close to Reichardt's circular pipe data (although slightly higher) and not a function of
azimuthal direction.

While the radial eddy viscosity is similar to that in a pipe, the azimuthal eddy-viscosity tends to
be larger in a subchannel than in a circular pipe, especially near the gap region. In other words,
the anisotropy or the ratio of the azimuthal to the radial eddy-viscosity is larger in subchannels.
The azimuthal eddy-viscosity is defined by

WJTfl
uw
III'
r d(f>

where w is the velocity component parallel to the rod wall, r is the distance from the center of the
rod and 4> is the azimuthal angle.



Meyer [17], for example, found that the azimuthal eddy-viscosity is higher than the radial
eddy-viscosity away from the rod, especially in the gap region, perhaps by a factor of 3 or 4,
whereas in a pipe this ratio is at most about 2 [19]. In a wall channel of the 37-rod bundle, with a
wall-to-diameter ratio of 0.06, the ratio was even higher, up to about 200 in the gap between the
wall and the rod (Krauss and Meyer [18]).

At the core of all three models is essentially the same form of the eddy-viscosity model:

^ = K'Rem, (65)
v

In the models, the anisotropy or specifically the differences between the given eddy-viscosities and
those occurring in the subchannels, are accounted for in a lumped-parameter analysis by
empirically fitting the data with the help of 'adjustment factors' which depend on the subchannel
geometry. The lumping and fitting also accounts for the spatial variations of the eddy-viscosity.
In the Rogers model, the adjustment factor is introduced via the non-dimensional mixing distance
(Ay), and in the Rehme model, where the mixing distance is assumed to be the
centroid-to-centroid distance (%), the adjustment factor is introduced via the mixing factor (Y).
These adjustment factors take into account the geometric dependence of the eddy-viscosity by
fitting a functional dependence on the c/d ratio. The proportionality constants in these
adjustment factors account for the spatial averaging of the eddy-viscosity.

The Reynolds-number dependence of the above models, on the other hand, is independently
introduced via the friction-factor relationship, i.e., the Reynolds number exponent m = 1 — n/2 in
the above equations is obtained from / = KfRe~n? This relationship is independent of the
anisotropy, the geometric dependence (c/d), or the spatial variation.

To answer the question of whether or not steam can be used in the models, is tantamount to
asking whether the above Reynolds-number dependence is correct, or, more specifically, whether
the eddy-viscosity depends on any other fluid-property dependent parameters. The above
discussion demonstrates that there is no reason to believe that the eddy-viscosity depends on any
other fluid-property dependent parameter except the Reynolds number, much like circular-pipe
flow, open-channel flow, rectangular-channel flow or boundary-layer flow. To be sure,
anisotropies, geometric dependence and spatial dependence will differ, but these can be
independently accounted for, by, in a sense, adjusting the K 'constants' above. Given that the
eddy-viscosities depend on the Reynolds number and no other fluid-property dependent
parameter, dynamic similarity through the use of the Reynolds numbers assures us that any fluid
can be used. It should be noted that to the extent that the Reynolds-number exponent m is
inaccurate, the final mixing velocity is no less accurate for one fluid versus another.

6.2 Correlations with Air Data

As final verification that the models are valid for steam, the correlations will be compared to the
available data on air. This is a reasonable comparison, given that both fluids can be treated as
ideal gases with similar Prandtl numbers.

Figure 4 shows the correlations and experimental data for the symmetric S-S configuration,
Figure 5 for the asymmetric S-T configuration, and Figure 6 for the symmetric T-T configuration.
The experimental data, denoted by the symbols, are summarised in Table 4. The quantity Ay is
considered since it is independent of the Reynolds number. As discussed earlier, the Reynolds

2Petrunik determines the exponent m directly from the mixing data and in fact obtains a constant (0.827) which
is close to the one obtained from the friction factor's Reynolds number exponent m. A fit of Rogers and Tahir's
data (w'ij versus Rei) revealed that m = 1.0 - but they did not do this for their correlation, although it would have
improved the independence of the Reynolds number for Ay.



Symbol

B
BA
BR
C
CF
H
K
N
P
R
RA
RT
RP
S
T

Table 4:

Reference

Bowring (1969)
Bishop et al. (1962)
Biggs and Rust (1967)
Clarke (1961)
Collins and Prance (1958)
Hetsroni et al. (1968)
Kielstrom (1972)
Nelson et al. (1960)
Petrunik (1973)
Roidt et al. (1973)
Rowe and Angle (1967)
Rogers and Tahir [8]
Rapier (1967)
Seale [19]
Rogers and Tarasuk (1966)

Experimental-data summary

Fluid

Freon
H2O
H2O
H2O
Air
H2O
Air
H2O
H2O
Air
H2O
Air
Air
Air
H2O

Source

Rogers and Rosehart
Rogers and Rosehart
Rogers and Rosehart
Rogers and Rosehart
Rogers and Rosehart
Rogers and Rosehart
Rogers and Tahir [8]
Rogers and Rosehart
Rogers and Tahir [8]
Rogers and Rosehart
Rogers and Rosehart
Rogers and Tahir [8]
Rogers and Rosehart
Seale [19]
Rogers and Rosehart

[7]
[7]
[7]
[7]
[7]
[7]

[7]

[7]
[7]

[7]

[7]

Their Ref.

(19)
(15)
(17)
(10)
(14)
(18)
(8)
(16)
(9)
(11)
(7)

(12)

(2)

number dependence usually comes directly from the friction factor relationship and is not fitted
empirically (except by Petrunik). The actual empirical fits are made directly (Rogers and
co-workers), or indirectly (Rehme, Petrunik), with regard to A^. Thus, it makes most sense to
compare the models in conjunction with data on this basis.

Unfortunately, no air data was available for the S-T configuration. Nevertheless, there is no
reason to believe the general agreement would different for this configuration.

Again, with a global perspective, it is noted that all data fall within the range of the correlations,
as expected. More specifically, both the air and the water data fall within the range. Thus, there
is no evidence to suggest that air data somehow behaves differently. Furthermore, the majority of
the air data, except that by Collins and France, fall closer to Rogers's simple correlation. This
includes the most recent data available, by Seale [19]. Rehme's correlation appears to
overestimate the available data for higher cjd ratios in the T-T configuration, but agrees well in
the S-S configuration. It should also be observed that the data by Rapier, which Rogers classified
as bundle data, actually falls closer to the simple correlation (in the S-S configuration).

In summary, it can be concluded that the experimental data supports the earlier conclusion that
the mixing for a gas, in this case air, would be well predicted within the accuracy of the
correlations, just as well as for liquid water.

7. SUMMARY

This paper has been concerned with mathematical modelling of the turbulent transport of energy
in subchannel geometries. The specific intents were to compare existing correlations for turbulent
thermal mixing and to determine the applicability of the.correlations to flows of superheated
steam.
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Figure 6: Non-dimensional mixing distance versus gap-to-rod diameter ratio for T-T geometries.

The correlations for the mixing rate, w^, axe typically a function of the Reynolds number of the
flow and the ratio of the gap spacing, c, to the fuel rod diameter d. Of the correlations considered
in this work (Rogers and co-workers [7] [8], Petrunik [9], and Rehme [10], the same (or very
similar) Reynolds number dependence was used. Further, Rogers and co-workers distinguished
between simple and bundle geometries, whereas the others did not. The Rogers bundle
correlation consistently predicts the highest mixing rate and also shows the greatest sensitivity to
the value of c/d. Petrunik's model and Roger's model for simple geometries provided the lowest
values of the mixing rate.

The applicability of the models to steam flows was assessed by considering both the derivations of
the correlations and experimental data for flows of air. From consideration of the derivation,
there is no basis for restricting the models to liquid flows only. Further, comparison of the
correlation predictions to experimental data for air flows (for S-S and T-T geometries) shows that
the data fall within the range of the correlations. Thus, it is concluded that the correlations are
equally valid for vapour as for liquid water.
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ABSTRACT

Analysis of the experimental results from RD-14M natural circulation tests have provided considerable insights into
the conditions under which thermosyphoning can be an effective heat transport mechanism for the heat source. This
paper focuses on the following aspects of heat transport under thermosyphoning conditions:
a. transition from forced circulation to thermosyphoning, and
b. transition from thermosyphoning to other natural circulation modes.

From analysis of transition-from-forced-circulation-to-therrnosyphoning RD-14M experiments (i.e., R-series tests),
the transition period following the tripping of the primary heat transport pumps to the time when steady
thermosyphoning conditions are established in the loop can be divided into three time phases: a pump rundown phase,
a flow-power adjustment phase, and a phase during which a thermosyphoning density driving head is established. A
physically reasonable criterion for the onset of local temperature excursions in the transition period is proposed.

From analysis of tramition-fron>menrK>syphoning-to<»ther-naturalK;ircuktion-mode RD-14M experiments (i.e., T-
series tests), departure from two-phase thermosyphoning is characterized by the onset of flow reversals in some of
the heated sections. A physically reasonable criterion for the onset of flow reversal in the heated sections has
previously been proposed. It is shown that this criterion can be used to classify RD-14M T-series tests into three
categories: tests with flow reversals under relatively steady conditions, tests with flow reversals under highly
oscillatory conditions, and tests with hybrid flow reversals. A detailed discussion of the first and second categories of
T-series tests is presented. Experimental observations and results are explained in terms of this flow reversal
criterion.

INTRODUCTION

In a heat transport loop with the heat source located at the lowest elevation and the heat sink located at the highest
elevation, a particular form of natural circulation cooling, known as thermosyphoning, can be an effective means of
cooling the heat source in the absence of any forced circulation. Thermosyphoning is defined to be unidirectional
coolant flow around the loop driven by the density differences of the coolant in a hot leg and a cold leg of the loop.
The flow may be steady or oscillatory but unidirectional.

The primary heat transport system of a CANDU reactor (with the reactor core located at the lowest elevation and the
steam generators or boilers located at the highest elevation) is an example of an arrangement that is conducive to the
occurrence of thermosyphoning following a loss of forced circulation. To investigate the effectiveness of
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thermosyphoning cooling in a CANDU-typical figure-of-eight heat transport loop, natural circulation experiments
have been performed in the RD-14M experimental facility over a number of years. RD-14M is the only large-scale
pressurized-water, multi-channel, figure-of-eight loop with full-elevation change representation and components
scaled to yield fluid conditions representative of those in CANDU reactors. A schematic of the RD-14M loop is
shown in Figure 1.

Analysis of the experimental results from these natural circulation tests have provided considerable insights into the
conditions under which thermosyphoning can be an effective heat transport mechanism for the heat source. This
paper focuses on the following aspects of heat transport under thermosyphoning conditions:
a. transition from forced circulation to thermosyphoning, and
b. transition from thermosyphoning to other natural circulation modes.

TRANSITION FROM FORCED CIRCULATION TO THERMOSYPHONING

Under normal operating conditions, the reactor fuel is well cooled by forced circulation driven by the primary heat
transport pumps. If the power supply to the primary heat transport pumps is lost, they will run down. Shortly after
the loss of power, the reactor is shutdown and the reactor power is reduced to decay power levels. Results from
analysis, experiments and actual reactor operating experience show that following a loss of forced circulation,
thermosyphoning is capable of removing the core decay heat for a wide range of system conditions. Furthermore,
once a heat transport system enters into the thermosyphoning mode of cooling, the system parameters can be
maintained in a steady-state mode as long as the system is not significantly perturbed.

Some issues that need to be addressed when considering the effectiveness of thermosyphoning are: Following a loss
of forced circulation, how smooth is the transition from forced circulation to thermosyphoning? Will local
temperature excursions occur during the transition period?

To study the transition to natural circulation, a number of experiments (known as R-series tests) were performed in
the RD-14M facility. Table 1 shows the initial conditions in test R8901 [1]. The test procedure was as follows: The
loop was warmed at moderate power and low pump speed. Input power and pump speed were then adjusted to bring
the loop to the desired steady-state single-phase initial conditions. The loop was allowed to stabilize at these
conditions for about two hours. Once steady conditions were established, the primary pumps were exponentially
ramped down starting around 90 s into the test. The surge tank remained connected to the loop throughout the test.

Table 1. Initial Conditions for Test R8901

Primary System
outlet header pressure MPa(g)
nominal power per pass kW
pass 1 pump flow L/s
pass 2 pump flow L/s
initial pump speed %
inlet trace heating kW
outlet trace heating kW
Secondary System
steam drum pressure MPa(g)
feedwater temperature °C

R89O1

0.53
100
13.8
13.6
50
4
10

0.1
80



The transition period following the tripping of the primary heat transport pumps to the time when steady
thermosyphoning conditions are established in the loop can be divided into three time phases:
a. a pump rundown phase: during the pump rundown phase, the flows through the heated sections are

controlled by the rundown characteristics of the pump. In this test, the pumps were turned off around 220 s
into the test (i.e., about 130 s after the start of the pump rundown). Prior to the pump rundown, the coolant
temperature distribution around the loop is fairly uniform under decay-power forced-convection conditions.
During the pump rundown phase, the loop flow is constantly decreasing, with a resultant change in the
coolant temperature distribution around the loop.

b. a flow-power adjustment phase: At the end of pump rundown, the HT (heat transport) pumps are no longer
the dominant factor driving flow around the loop. Instead, the driving force is provided by coolant density
differences in the vertical piping sections connected to the ends of the heated sections. In many R-series
RD-14M tests, the flow generated by the coolant density differences around the loop at the end of pump
rundown were not high enough to keep the FES (fuel element simulators) at a constant temperature.
Consequently, local heat-up of the FES could occur. Local heating of the coolant in the heated sections
results in the formation of lower density coolant (either in the form of higher temperature coolant, or a two-
phase mixture) in the heated sections and in the outlet piping.

c. a phase during which a thermosyphoning density driving head is established: This phase is characterized by
the discharge of lower density coolant from the heated sections to the outlet feeders. Discharge occurs to the
outlet feeders because forward flow is maintained during the flow-power-adjustment period. Following the
discharge of lower density fluid to the outlet feeders, the flow generated by the coolant density differences is
sufficient to remove all of the generated and stored heat from the heated sections, and the system enters a
state of steady thermosyphoning.

Figures 2 and 3 show the measured loop flows at pump PI and pump P2 in test R8901. After the complete rundown
of the pumps, the flows were recorded as zero for a period of time. This is attributed to the stalling of the turbine
flow meters at very low flow. Figures 4 and 5 show the inlet and outlet header temperatures (headers 6 and 7
respectively) in test R89O1. Figures 6 to 8 show the top-pin sheath temperatures measured at the inlet, centre and
outlet of heated section 11 in test R8901.

A Criterion For Onset of Temperature Excursions During the Transition Period

Based on the above understanding of the processes at work during the transition from forced to natural circulation, a
physically reasonable criterion for the onset of local temperature excursions in the transition period is as follows:

AppuMp-RUNDowN < APTHERMOSYPHON Eq. 1

APPUMP-RUNDOWN is the density difference between the fluid in the hot and cold legs of the loop at the end of pump
rundown. In general, APPUMP.RUNDOWN depends on a number of factors including:
a. the coolant distribution prior to the pump rundown,
b. the detailed rundown characteristics of the HT pumps,
c. the power history of the heated sections prior to and during the pump rundown period.
APTHERMOSYPHON is the equilibrium density difference between the fluid in the hot and cold legs required to sustain
steady thermosyphoning conditions for a given power in the loop. In general, APTHERMOSYPHON depends on a number
of factors including:
a. power input to the coolant,
b. heat losses from the loop, and
c. flow resistances around the loop.
The above criterion essentially states that when the density difference between the fluid in the hot and cold legs of the
loop at the end of the pump rundown period becomes less than that required for equilibrium thermosyphoning
conditions, local temperature heat-up of the coolant will occur to increase the density difference driving



thermosyphoning. An upper bound estimate of the peak sheath temperature that might be attained during the
transition period can be obtained using Ontario Hydro's CCAFF [2,3] methodology which assumes a sustained
interruption of flow through the heated section.

TRANSITION FROM THERMOSYPHONING TO OTHER NATURAL CIRCULATION MODES

Once a heat transport system enters into the thermosyphoning mode of cooling, the system parameters can be
maintained in a steady-state mode as long as the system is not perturbed.

In the case where the system conditions are perturbed, a departure from thermosyphoning cooling to other modes of
natural circulation cooling can eventually occur. To investigate the departure from thermosyphoning to other modes
of natural circulation cooling, a number of experiments (known as T-series tests) have been conducted in the
RD-14M facility. The test procedure for these tests was typically as follows: Each experiment was started with the
loop in single-phase thermosyphoning conditions. The surge tank was valved out. By controlled intermittent
draining of the liquid inventory from the loop, two-phase natural circulation was established. Intermittent draining of
the loop inventory continued until a process protection trip (usually high sheath temperature of ~600°C) occurred,
thus terminating the experiment. In this paper, FES temperature excursions in excess 600°C are classified as
significant temperature excursions.

The issues of interest from these tests are: Under what conditions would a departure from the thermosyphoning
mode of cooling occur? And, what are the characteristics of the subsequent natural circulation mode?

Results from RD-14M natural circulation experiments show that the transition from two-phase thermosyphoning to
other natural circulation modes is denoted by the onset of flow reversal in some of the heated sections (or the onset of
bi-directional flow). Conceptually, the onset of flow reversal in one or more heated sections should result in a
degradation in the heat rejection capability from that under thermosyphoning conditions, since an alternative pathway
is created for circulating the coolant between a pair of headers entirely within the piping of the heated sections, the
feeders and the headers. The heated coolant in this alternative pathway bypasses the dominant heat sinks (i.e., steam
generators). Since there are five heated sections per pass in the RD-14M loop, the onset of flow reversal in one
heated section per pass corresponds to:
a. 80% of the heated sections flowing in the normal forward direction, and 20% of the heated sections flowing

in the reverse direction, and
b. a potential reduction in the above-header flow (going through the steam generators) by a factor of 2/5 or

Experimentally, the onset of flow reversal in one heated section per pass was observed to result in a reduction in the
flow rate through the steam generators and a slight increase in the overall coolant temperature to new steady-state
levels. RD-14M experimental results also show that the onset of flow reversal in one heated section per pass did not
coincide with the onset of significant temperature excursions in the heated sections. In all tests, the liquid inventory
had to be further reduced, and more than one heated section per pass had to reverse before significant temperature
excursions were encountered. These observations suggest that the degradation in the heat rejection capability
following the onset of flow reversal in one heated section per pass is transient and short-lived. The effect of a
reduction in the above-header flow following flow reversal appears to be off-set by the development of a larger
primary-to-secondary temperature gradient. RD-14M test results suggest that following the onset of flow reversal in
one heated section per pass, the system parameters (mainly temperature) are able to readjust themselves to new
steady-state values and thereby restore the same overall heat rejection capability.

By analyzing the T-series RD-14M natural circulation experiments, the following criterion for the onset of flow
reversal in a heated section (or channel) has been proposed [4]:



[Pn<t)-Pa<t)]gh<-[PiH(t)-PoH(t)] Eq.2
where Pip(t) is the average density of the coolant in the inlet feeder at time t,

pop(t) is the average density of the coolant in the outlet feeder at time t,
PiH(t) is the inlet header pressure at time t,
PoH(t) is the outlet header pressure at time t,
g is the gravitational acceleration constant, and
h is the elevation difference from the header to the heated section.

This criterion is effectively a statement of force balance on the fluid in the heated section. Under thermosyphoning
conditions, the feeder density difference term (on the left hand side of Eq.2) is positive. For the onset of flow reversal
to occur, the above criterion states that the header-to-header pressure differential (on the right hand side of Eq. 2)
must be negative and its magnitude must be greater than the feeder density difference term on the left hand side.

The above flow reversal criterion is useful for classifying the flow reversals observed in the RD-14M T-series of
natural circulation experiments into three categories:
a. flow reversals under relatively steady conditions,
b. flow reversal under highly oscillatory conditions, and
c. hybrid flow reversals.

Flow Reversals Under Relatively Steady Conditions

In this category, the system response to the systematic reduction in the liquid inventory in the loop is relatively steady.
While there may be minor fluctuations in the system parameters as a result of the perturbation (i. e., the draining
process), these fluctuations are relatively small so that the force balance of the terms in Eq. 2 at a particular time t is
essentially the same as a force balance of the terms in Eq. 2 using time-averaged values. Under these conditions, a
flow reversal occurs when the large feeder density gradient term (driving flow in the normal forward direction) is
counterbalanced by an even larger negative header-to-header pressure gradient.

The above flow-reversal condition is consistent with the experimental observation that the highest-elevation and the
lowest-power heated sections are the first ones to reverse because the feeder density difference term on the left hand
side of Eq.2 is the smallest amongst the heated sections. In general, the feeder density difference term depends on the
following factors:
a. the elevation difference from the header to the heated section,
b. the power input to the heated section.
These ideas are illustrated in Figure 9 showing the experimentally measured header-to-header pressure differential as
well as that required to reverse heated section 5 (the highest-elevation and lowest-power heated section in one pass) in
test T8805. The AP HH required to reverse the flow in heated section 5 was estimated from gamma densitometer
readings at the inlet and exit of the heated section. (See reference 4 for more details). In Figure 9 (and the
subsequent figures as well), small arrows are used to denote the beginning and end of each drain, while large arrows
are used to denote the occurrence of flow reversals in the heated sections.

In these T-series tests, the initial removal of inventory from the hot leg side actually enhances the two-phase
thermosyphoning flow since the feeder density difference term in Eq. 2 is increased with the formation of void in the
outlet feeders due to draining. For flow reversals to occur in this mode, the header-to-header pressure differential has
to become sufficiently large and negative. The development of an increasingly negative header-to-header pressure
differential with draining has been explained [5] by postulating:
a. that the two-phase region in the steam generators will eventually extend beyond the top of the U-bend of the

steam generator tubes following draining, and
b. that flow through an increasing number of steam generator tubes will cease as the system inventory is

reduced.



Eventually, the header-to-header pressure difference is sufficiently large and negative to overcome the feeder density
difference term For tests conducted at a power level of 160 kW/pass and a secondary side pressure of 4.5 MPa, this
condition was typically achieved when the liquid inventory in the RD-14M loop had been reduced to about 85% of
the initial inventory. The onset of flow reversal (or the departure from thermosyphoning) was followed by additional
flow reversals in the heated sections, and rapid FES temperature excursions leading to the termination of the
experiments following a further reduction in the primary coolant inventory.

Flow Reversal Under Highly Oscillatory Conditions

In this category, large oscillations in the system parameters (including those in the density gradient term and the
header-to-header pressure gradient term in Eq. 2) are observed following the removal of a certain amount of
inventory from the system. The timing and magnitude of these oscillations are such that for a short period of time the
flow reversal criterion (Eq. 2) is satisfied. Figure 10 show the experimentally measured header-to-header pressure
differential in test T8809. Figure 11 shows a flow reversal in heated section 8 occurring around 3000s in test T8809.
Figure 12 shows a comparison of the experimentally measured header-to-header pressure differential versus that
required to reverse the flow in heated section 8.

The above mechanism can be used to explain (in whole or in part) a number of experimental observations:
a. Onset of flow reversals can occur at relatively high liquid inventories (>90%). In this category, the onset of

flow reversal depends on the stability characteristics of the loop. If the system response to the perturbation
(i.e., removal of inventory) becomes highly oscillatory at high liquid inventories, flow reversals can occur at
high inventories. The stability characteristics of a figure-of-eight heat transport loop under thermosyphoning
conditions have been investigated by a number of investigators [6-11].

b. There is much greater variability (in comparison to the flow reversals classified under the first category)
with regards to which of the heated sections is the first to reverse. This result is consistent with the
observation that the oscillations in the feeder density difference term and the header-to-header pressure
differential term in Eq. 2 are not strongly coupled.

c. flow reversals in this category do not necessarily lead to significant temperature excursions. While flow
reversals can occur with relative ease in this category, by the same token the flow in a reversed heated
section can easily revert back to its original forward flow direction, i.e., some flow reversals are temporary.
This is particularly true when the onset of flow reversal occurs at a high liquid inventory. In RD-14M tests,
no significant FES temperature excursions were observed to result from intermittent or first flow reversals in
the heated sections.

Under certain conditions, a temporary flow reversal can become a sustained one. A sustained reversal of flow for a
particular heated section can result in the sustained exposure of the inflow feeder to steam at its inflow header. This
in turn can result in a sustained FES temperature excursion.

Such occurrences have been observed in tests T8809, T8810 and T9308. These tests are unique in that significant
FES temperature excursions were observed to occur at high (>85%) loop inventories. It should be noted that six
other tests conducted under nominal conditions that are the same as those in these three tests did not experience high
FES temperatures until the inventory had been reduced to below 70%.

In all three tests (T8809, T8810 and T9308), no significant temperature excursion was observed following the onset
of first flow reversal, i.e., when the flow in only one heated section per pass has reversed. When additional heated
sections in the same pass reversed their flow direction, significant temperature excursions were observed. The onset
of flow reversal in two heated sections per pass in the RD-14M loop corresponds to:
a. 60% of the heated sections flowing in the normal forward direction, and 40% of the heated sections flowing

in the reverse direction, and



b. a potential reduction of the above-header flow (going through the steam generators) by a factor of 4/5 or
80%.

Under this flow configuration, significant amounts of steam can accumulate in the inlet and outlet headers of that
pass. The inflow feeders of some heated sections can become exposed to steam for a sustained period of time,
resulting in a sustained temperature excursion. Some factors influencing which of the heated sections can become
steam-exposed include:
a. the location and direction of flow in a feeder in relation to the location and direction of flow of the boiler

intake or discharge piping,
b. the location and direction of flow in a feeder in relation to the location and direction of flow of the

neighbouring feeders, and
c. the location of feeder connections in the header.

Some of these ideas can be illustrated using Figure 13, which is a schematic of inlet header 6 and outlet header 7.
Under two-phase thermosyphoning conditions, the outlet header (e.g., header 7) is two-phase "filled". Since the
boiler intake piping is located at one end of the outlet header, the steam discharged from the five heated sections have
to migrate towards the boiler intake piping, resulting in a void profile in the outlet header which should be highest
around the boiler intake piping and lowest around the outlet feeder connections of heated sections 5 and 6. This
geometrical arrangement at outlet header 7 suggests that heated sections 5 and 6 are not likely to be steam-exposed
following a reversal of flow in either of these heated sections. At the same time, the inlet feeder connections of heated
sections 5 and 6 to inlet header 6 are located directly beneath the pump discharge piping. This geometrical
arrangement suggests that under forward flow conditions, both of these heated sections should be supplied with
single-phase coolant, and in the event that a flow reversal occurs in one of them, any two-phase coolant emerging
from heated section 5 or 6 is likely to be condensed by the subcooled coolant emerging from the pump discharge
piping. Analysis of experimental results show that significant FES temperature excursion rarely occurred in heated
sections 5 or 6. A similar line of reasoning suggests that heated section 9 has a higher probability of experiencing
significant FES temperature excursions following a flow reversal. Experimental analysis shows that the number of
heat-ups in heated section 9 is amongst the highest of all heated sections.

Ongoing analysis is being conducted to explain the experimental results observed in the other pass of the RD-14M
loop regarding which of the heated sections in this pass has a higher frequency of becoming steam-exposed following
the reversal of flow.

The magnitude of the FES temperature excursion in this mode has been shown to be conservatively modelled [12] by
assuming the occurrence of feeder draining in the inflow feeder using Ontario Hydro's SLLOH methodology [13].
Figure 14 shows the pressure drop measurements across the inlet and outlet feeders of heated section 8 in T8809.
The feeder pressure drop measurement can be used to provide a qualitative indication of the nature of the fluid inside
the feeder. At the beginning of the test, the measured feeder pressure drops were set to yield close-to-zero values
when the feeders were completely liquid filled. When a feeder became two-phase "filled", the feeder pressure drops
would deviate from the close-to-zero values: the inlet feeder pressure drop would become more positive while the
outlet feeder pressure drop would become more negative. Figure 14 shows that in T8809 the inlet feeder was initially
liquid filled until the onset of flow reversal at about 3000 s, after which void was present for the remainder of the test.
Figure 14 also shows that the outlet feeder was initially liquid filled until about 1200 s, after which evidence of void
was intermittently detected. With the onset of flow reversal at 3000 s, the outlet feeder became and remained liquid
filled until about 3760 s. The drop in outlet feeder AP after this time indicates that void was present in the outlet
(inflow) feeder. Since void was not detected by the gamma densitometer near the entrance to the heated section until
about 4200 s (see Figure 15), this suggests the occurrence of feeder draining. Around 4300 s, a second flow reversal
occurred in heated section 6, resulting in significant voiding in both the inlet and outlet feeders of heated section 8
(see Figures 14 and 15). Figure 16 shows the corresponding measured peak FES temperature in heated section 8. It
should be noted that the measured peak FES temperature in heated section 8 was levelling off towards the end of the
test. This levelling-off of the peak FES temperature excursions was observed in all three tests (T8809, T8810 and



T9308). This tread is consistent with the temperatures computed using the SLLOH methodology [12]. Currently,
additional RD-14M tests are being conducted to investigate the limits of FES temperature excursions.

Hybrid Flow Reversals

Flow reversals in this category are hybrids of those of the first and second categories. Flow reversals occur partly
due to the development of an adverse header-to-header pressure gradient that partially offsets the forward density
gradient term in Eq. 2, and partly due to the establishment of system fluctuations whose timing and magnitude are
such that the header-to-header pressure gradient term is sufficiently large and negative to partially offset the density
gradient term in Eq. 2. The combined influence of the above two factors is sufficient to cause flow reversals to occur
in some heated sections. Test T9209 is an example in this category (see Figure 17). It should be noted that onset of
first flow reversal occurred at about 24600 s in this test.

CONCLUDING REMARKS

Over seventy RD-14M tests (T- and R-series) have demonstrated the effectiveness of natural circulation cooling in a
CANDU-typical figure-of-eight heat transport loop for coolant inventories varying from full to substantially reduced
values. FoDowing a loss of forced circulation, the heat source (at decay power levels) can be effectively cooled by
single- or two-phase thermosyphoning. Local temperature excursions may be experienced in the transition period. If
the coolant inventory is further reduced, RD-14M natural circulation experiments show that a transition from two-
phase thermosyphoning to a flow pattern with reversed flow in some of the heated sections can occur. Analysis of
these RD-14M tests has led to an understanding of the fundamental physical processes responsible for flow reversal
and subsequent breakdown of FES cooling. Out of the seventy RD-14M (T- and R-series) tests, significant FES
temperature excursions (>600oC) occurred at relatively high inventories (>85%) in only three T-series tests. It was
noted that six other tests conducted under nominal conditions that were the same as those in these three tests did not
experience high FES temperatures until the inventory had been reduced to below 70%. Analysis shows that in all
tests, significant FES temperature excursions did not occur when 20% of the heated sections per pass (corresponding
to flow reversal in one heated section per pass) reversed their direction of flow. In all tests, significant FES
temperature excursions occurred when 40% of the heated sections per pass (corresponding to flow reversals in two
heated sections per pass) reversed their direction of flow. Furthermore, experimental results and analysis of FES
temperature excursions suggest that the maximum FES temperatures attained following reversal of flow in 40% of
the heated sections per pass tend to approach asymptotic values that are significantly below 1000°C. Currently,
additional RD-14M tests are being conducted to investigate the limits of these FES temperature excursions.
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ABSTRACT
The main purposes of reactor system code development are to support plant operation and to assist in safety analysis.
To illustrate the operational support activities of the TUF code, the assessment of a simple case of abnormal load
rejection event at Darlington NGS is described. The main assessment of this event examines the flow conditions at
the steam generators and the possible impact on the turbine. This assessment demonstrates the TUF capability in the
operational support analysis for CANDU reactors.

1. INTRODUCTION

Every operating reactor plant has encountered many abnormal operating events that require station engineers to find
out the root causes and to analyze the possible impact on plant components. Those events may not become a safety
issue in plant operation. Nevertheless, supporting analysis of the abnormal events is an integral part in plant
operation. To achieve that, in addition to the simulation of normal operating procedures, the reactor system codes
should have the capability to allow users to specify different operational conditions including the malfunction of
components and controllers, and operator actions. An accurate simulation of automatic controller actions and operator
interventions is a must in any plant operational support analysis.

In operational support analysis, the reactor system codes are often used to provide detailed information not available
in the plant data logs. This detailed information is required to support further investigation and to assess the possible
impact on plant components. For example, turbine load rejection is one of the normal events in plant operation.
However, on September 25, 1995, an event occurred in Darlington Unit 2 which resulted in a spurious signal being
introduced to the load rejection module of Turbotrol (TT4). This spurious signal, which lasted for about 2.2 seconds,
resulted in the TT4 load rejection module being activated. As expected, the reactor was stepped back, and the
Atmospheric Steam Discharge Valves (ASDVs) and Condenser Steam Dump Valves (CSDVs) were opened.
However, the turbine was not run down as expected. At about 24 seconds following the event, a second load
rejection occurred "and-this time it was a true load rejection. The load rejection module responded correctly to the
second signal. The Turbotrol attempted to maintain turbine load at 100 % FP, but could not as steam pressure fell
rapidly, and the steam generator pressure control (SGPC) unloaded the turbine using the -5 %/s channel. To assess
the possible impact that this event may have on the steam generators and the turbine, detailed information is required
about the steam flow rate and the steam separation conditions in the steam generators before the actual load rejection.
Unfortunately, either very limited or no relevant data were available from the digital control computer (DCC). The
station engineer requested the use of TUF to provide this information.

Light water enters the steam generator as feedwater near the bottom of the outlet end of the tube bundles. After
reaching saturation temperature in the preheater, feedwater enters the tube bundle area and is further heated producing
steam. As the steam and water mixture leaves the top of the tube bundle area it passes through cyclone separators



above the tube bundle. The wet steam which leaves the top of the primary cyclone separators is reduced in moisture
content but is still not acceptable for the turbine. This wet steam is passed then through steam scrubbers where the
moisture is further removed. Any droplets entrained in the steam entering the turbine would rapidly erode the turbine
blade. In any abnormal operating event when the off-take steam flow is much larger (about 50 % or more) than the
nominal steam flow at 100 %FP, or the swelling water level is above the scrubbers (or secondary cyclones), the
effectiveness of the steam separation in the steam generator is a concern in plant operation. In the abnormal load
reduction event at Darlington, the possible steam flow out of the steam generator was about 170 % of the nominal
full power value (only 5 out of 6 CSDVs were available at the time of the event).

In this paper, the relevant physical models in TUF associated with this abnormal load rejection event are presented
and the assessment of mis event is described.

2. RELEVANT PHYSICAL MODELS IN TUF MODULES

The general description of the TUF code models can be found in Reference 1. The relevant physical models in TUF
associated with this event are discussed below. The following normal controller actions are taken in a load rejection
event: (1) the turbine is unloaded using the -5%/s channel, (2) a process interrupt to open the steam control valves
occurs, (3) a reactor stepback is initiated after two sampling intervals (0.5 second), and (4) the reactor power control
resets to alternate mode. In this event, the turbine rundown was not initiated.

Process Interrupt and Reactor Stepback

When a turbine trip or unload signal occurs, the normal computation of the reactor power setpoint by SGPC is
suspended: A process interrupt is generated and SGPC enters the poison prevent mode. When turbine power is above
60 %FP, both the ASDVs and CSDVs (the CSDVs are subject to condenser vacuum limitations) are opened fully
for two sampling intervals (i.e. 4 seconds), after which the ASDVs and CSDVs return to normal control by SGPC.
When turbine power is between 30 %FP and 60 %FP, the ASDVs and CSDVs are opened to the valve positions
calculated by the SGPC program; after the two sampling intervals, the valves return to normal control by SGPC.
When turbine power is below 30 %FP, then the interrupt is ignored and the ASDVs and CSDVs are allowed to open
under normal operation of the SGPC program.

The stepback routine monitors the plant parameters and takes fast action to reduced the reactor power by dropping
the mechanical control absorber (MCA) rods if a parameter is out of limits, or a reactor or turbine trip occurs. There
are four variable speed MCA rods in the form of stainless steel sandwich tubes inserted into zircaloy guide tubes
penetrating the core vertically. The rods are driven by electric motors through gear trains engaged by electromagnetic
friction clutches and are driven in pairs. The MCA rods are mainly used to initiate a rapid power reduction and to
provide reactivity override for negative fuel temperature effects. The reactivity rate when all MCA rods are falling
under gravity is approximately -2 mk per second. The total reactivity for the MCA rods is -9.5 mk. While the rods
are dropping, the program scans the reactor flux power and stops the rods when the power reaches the suitable pre-
selected level, or the stepback condition clears. The pre-selected power level for a turbine trip is 60 %FP. However,
in actual plant operations, the reactor flux power may not be exactly equal to 60 %FP when the rods are stopped.
For example, it was 53 %FP in the case simulated here. This discrepancy may result from the following facts: (1)
Signals from the two central pairs of flux detectors are used to determine whether the reactor power reaches the
suitable low level or not in the station controller. In the code, the average neutron power calculated from the point
kinetic model is used instead. (2) In the code, the flux tilt resulted from the dropping of MCA rods is neglected in
the stepback program. In the station operation, the stepback can be initiated when four or more zone powers (total
14 zones) are greater than the preset tilt value (high zone flux signal).

ASDV and CSDV Controls

There are four ASDVs used for SGPC with a combined capacity of 10%FP steam flow. One valve is located on each
of the four steam lines to the common steam header. All four valves operate simultaneously when controlled by



SGPC. One analog output signal is provided to each ASDV for control. The ASDV position is calculated from two
terms: feedforward and feedback terms. The feedforward term is essentially the mismatch term between the reactor
power and plant load. The feedback term is proportional to the error between the steam generator pressure and the
steam generator pressure setpoint. In order to prevent undue oscillatory response of the ASDVs, compensation is
provided by using a delay digital filter applied to the feedback term.

There are three pairs of CSDVs with a combined capacity of 70 %FP. They are used to bypass the turbine and
discharge live steam to the condenser so that the reactor can continue to operate at the power level required to
prevent a poison-out as a result of the unavailability of the turbine as a heat sink. Each pair of CSDVs has one
analog output signal for all operating conditions. Similar to the ASDVs, the CSDV controller output is made up of
two terms: a feedforward and a feedback term. The feedforward term is essentially a mismatch term between reactor
power and plant load. This term allows the valves to respond quickly to any severe transients, such as turbine trip.
The feedback term is proportional to the error between steam generator pressure and the setpoint The SGPC
calculates a permissible CSDV opening limit based on the turbine power level. The CSDV opening is limited so that
the total steam flow to the condenser does not exceed 70 %FP.

Control Valve Characteristics

For steam control valves, there are three types of steam valve models available in the code: valves with valve sizing
coefficients suggested by Fisher control valve designers, valves with test valve characteristics and butterfly valves.
For the ASDVs and CSDVs, the tested data for the valve characteristic suggested by the manufacturer and the linear
valve characteristics are used in the simulation. Based on the tested flow conditions (pressure and density), the valve
discharge flow rate at different flow conditions are then calculated. For a given valve opening, the steam flow rate
W under a pressure p and steam density pg is given by

W=W0 [1]

where the subscript o denotes the tested conditions. This equation is similar in form to the isentropic steam discharge
model,

[2]

where Co is a function of the isentropic index, valve discharge coefficient, and the valve opening area.

Level Swelling Model in Steam Generator

Liquid entrainment at the top steam take-off line of the steam drum may be caused by any one of the following
mechanisms: water spouting, interfacial shearing, and bubble bursting. The physical parameters that determine the
liquid carry-over capability in the steam drum are steam outlet flow rate, swelling level, vapour generation rate and
depressurization rate. This capability strongly depends on the steam generator size and the design of the cyclone
separators. No correlations for the steam separation criterion are available in the literature for large scale steam
generators such as those used in Darlington NGS (Figure 1).

In the previous safety analysis for Darlington NGS, the steam separation capability at the steam drum is externally
estimated from the STGEN code which is then fed back to the SOPHT code simulation. Due to using different sets
of wall frictional and heat transfer correlations in STGEN and SOPHT, the coupling between these two codes
requires an iteration procedure and a sensitivity study. Similar to the STGEN code, a level swell model has been
implemented in the TUF code to determine the steam separation capability in the steam drums. This model has been
verified (Reference 2) against the top blowdown experiments for pressurizers. The level swelling model for steam
generators implemented in the TUF code is briefly described here.



The extended steam drum (i.e. steam drum including downcomer) is separated into two regions: the top steam region
and the bottom liquid (or two-phase) region. The total vapour and total liquid masses inside the extended steam drum
are given by

- W ^ - W8<out • F [3]

- F [4]

where t is time, M^ and Mf are the mass of vapour and liquid, respectively, W ^ is the steam flow from the riser,
W$out is the main steam outlet flow of the steam generator, Wfjn is the liquid flow from the riser, WfiOta is the
downcomer flow rate, and F is the vapour generation rate. The void fraction aCg in the liquid region is calculated
from

where W^ is the vapour escape flow rate at the interface. The void fraction in the liquid region is calculated by

where V is the volume, pg is the vapour density and a?g is the void fraction in the liquid region.

From the relationship between water level and volume and the void fraction in the liquid region, the swelling level
L can be calculated from

L = f (af ) [7]

where a' f = Of + a'g, OCf = 1 - ag, and <xg is the total void fraction calculated from M r

The steam separation is in a failure mode when the swelling water level is higher than the critical height:

L > Hc " [8]
c

where the critical height Hc is given by

Ho = H - Hd . [9]

H is the total height of steam drum and Hd is the critical distance from the interface to the top of the steam drum;
Hd is calculated from a correlation. This correlation, based on gravity and inertia forces, for the onset of liquid
entrainment due to water spouting involves a Froude number which is evaluated at the entrance to the exit pipe.

3. TUF ASSESSMENT OF THE EVENT

The main assessment of the Darlington event is in the following items: (1) the operating conditions of the CSDVs
and the governor valve, (2) the depressurization rate of steam generators, (3) the maximum water level in the steam
generators, (4) the maximum steam flow leaving each steam generator, and (5) the separation capability of the steam



generators. Items (2) and (3) are not the main concerns when simulating this event since this information is available
in the DCC data logs. Item (4) is important in the assessment of the loading on the steam generators. The last item
is the main concern; the separation capability of the steam generators determines the impact assessment on the
turbine blade.

To address the first item, several cases with different operating conditions for the CSDVs and the governor valve
were simulated. Different combinations of CSDV capacity and governor valve position were considered. Based on
the comparisons between the simulation results and the available plant data, it has been concluded that 5 CSDVs at
design capacity and the governor valve frozen at nominal full power position were probably the actual operating
conditions of this event. Except that the turbine was not run down as expected, other operating conditions should
have followed the design operating procedure. Therefore, these operating conditions are assessed to be the base case
in the simulation.

The input data for the plant circuit is identical to that used in the simulation of the Class IV power failure (Reference
3). At the time of the event, the following assumptions were made for the base case: (1) The reactor was initially
operated at 100 %FP, (2) The turbine did not rundown for the time simulated, (3) Following the initiation of process
interrupt, 5 CSDVs were available (there are 6 CSDVs but only 5 were available in Unit 2 at the time of the event),
(4) The stroke opening times for ASDVs and CSDVs are 2 seconds; the stroke closing times for ASDVs and CSDVs
are 1 and 13 seconds, respectively, (5) The plant power and the feedwater flow transients from Unit 2 were used
in the simulation. The third assumption is based on a sensitivity study to examine the actual plant operating
conditions of the event The fourth assumption is based on the valve characteristics suggested in plant operations.
The last assumption is not necessary but was made in order to have the transient conditions as close to the plant data
as possible. The simulation was performed up to the time (24 seconds) before the true load rejection occurred.

Comparison with Plant Data

When the reactor power dropped rapidly from 100 %FP to 53 %FP in 5 seconds due to the reactor stepback, the
PHTsystem pressure dropped. Comparison of the TUF prediction to the measured station data for NE ROH (HD3)
pressure is shown in Figure 2. It is noted that the station data were saved at 6 seconds intervals. During the first 5
seconds following the event, TUF over predicted the PHT system pressure. The drop of ROH pressure in the plant
data at 5 seconds indicates that the actual timing of the ROH pressure dip is much faster than that predicted by the
code.

Figure 3 shows the comparison of the TUF predicted pressurizer level transient to the plant data. In the first 10
seconds into the transient, TUF slightly over predicted the level. This is consistent with the ROH pressure prediction
since during that period TUF over predicts the ROH pressure thus allowing less coolant outflow from the pressurizer
to the PHT system, hence higher predicted pressurizer level. The overall pressurizer level transient is predicted well
by the code.

Figure 4 compares the TUF predicted SG (SG2) pressure transient with Unit 2 data. It is noted that the station data
for all steam generators were obtained from DCC storage period 2 (sampled every 6 seconds). TUF predicted results
matches the station data well.-This is an indication that the TUF prediction of the amount of steam leaving the steam
generators is probably very close to that which occurred during the event.

The steam generator level control (SGLC) program regulates the feedwater control valve positions to maintain the
water levels at their level setpoint (Reference 1). Figure 5 compares the TUF predicted SG (SGI) level transient with
Unit 2 data. It is noted that the data were obtained from the narrow range level transmitter with the level tap about
10 m above that of the wide range (i.e. 10 m more than the actual water level). The only available station data was
from DCC storage period 2. During the SG depressurization, due to CSDVs and ASDVs opening, the water level
increased slightly. Based on the available station data, the level changed from the initial value of 14.4 m to about
14.7 m in about 5 seconds. TUF predicted less level increase than the plant data. At 5 seconds following the event,
TUF level prediction is about 0.2 m below the plant data.



Based on the comparisons of the system parameters available from the DCC and the TUF predictions, it can be
concluded that the plant operating conditions during this event are close to that described in the base case for TUF.

Assessment on SG Flow Conditions

The predicted steam flow through the governor valve is shown in Figure 6. The predicted flow rates through the
CSDVs and a single ASDV are plotted in Figures 7 and 8, respectively. The total steam flow through the SG nozzle
(for SGI) is displayed in Figure 9. The flow rate reaches its peak when the CSDVs become fully open at about two
seconds. The peak flow rate is about 550 kg/s (nominal steam flow rate is 320 kg/s).

The swelling water level for SG2 is compared with the collapsed water level in Figure 10. The maximum swelling
level is 16 m which occurs at 8 seconds. It shows that the swelling level is still below the elevation of the cyclones
(level about 17 m), where the level at the main steam outlet nozzles is 18.1 m. The code predicts steam discharge
only. The effectiveness of steam separation in the steam drums is still maintained. Therefore, it can be concluded
that there is no impact on the turbine blade in this event

Discussions

The following observations of this event are described:

(1). The end-point reactor power for a reactor stepback in the station operation is usually lower than the pre-selected
power level. For example in this event, it was 53 %FP from the station data instead of the preset power level of 60
%FP. Similar results have been observed in other CANDU reactors. Therefore, in the input data, the end-point reactor
power for the reactor stepback program due to a turbine trip should be set to 53 %FP for Darlington NGS.

(2). The plant data for the ROH pressure transients imply that there is a pressure dip at a transient time around 5
seconds resulting from the reactor stepback, much early than the code predicted. Also, the dip magnitude may be
larger than that predicted by the code.

(3). The steam separation capability in Darlington steam generators will remain effective even when all six CSDVs
are functional (note that only five CSDVs were functional) in this event.

4. CONCLUDING REMARKS

The physical parameters that are relevant to the September 25, 1995 event at Darlington Unit 2 of abnormal load
rejection have been discussed. From the results presented here, it can be concluded that there is no impact on the
turbine during this event Also the TUF predictions are in good agreement with the plant data for this event With
the exception that the turbine that does not run down as expected, all other operating conditions follow the operating
procedure. This simulation continues to enlarge the TUF code qualification base in the operational support analysis
for CANDU reactors.
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Figure 1. Steam generator of Darlington NGS
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ABSTRACT

The analytical methodology used to evaluate severe accident sequences is described. The relevant thermal-mechanical
phenomena and the mathematical approach used in calculatingthe timing of the accidentprogressionand source term
estimate are summarized. The postulated severe accidents analyzed, in general, mainly differ in the timing to reach and
progress through each defined "core damage state ". This paper presents the methodology and results of the timing and
steam discharge calculations as well as source term estimate out of containment for accident sequences classifiedas
potentially leading to core disassembly following a small break loss-of-coolantaccident (LOCA) scenario as a specific
example.

1. INTRODUCTION

The determination of postulated severe accident progression and modelling of physical processes which could result in
challenges to containment, forms an integral part of the risk assessment of CANDU reactors. The timing and discharge
calculations of a particular accident progression are required as key parameters defining the consequence portion of the
overall risk assessment analysis. Ultimately, a source term estimate out of containment can be obtained for a broad range
of accident scenarios using the timing of the event together with major driving forces such as steam generation as the
basis of radioactive releases. These source term estimates, expressed in terms of both magnitude and timing of release to
the environment, are used as the basis for grouping specific scenarios with similar release characteristics into general
categories. Detailed frequency and consequence estimates for these categories provide the framework from which the
overall risk estimates for the station can be determined.

The first challenge in attempting to determine the timing of an accident scenario is to define the system processes and
availabilitiesthat can lead an accident event into a severe accident scenario. Typically, each sequence of events is the
result of an initial malfunction (or initiating event), followed by failures of other functions or systems designed to
mitigate its effects. Table 1 shows the process and system failures that can potentially contribute to core disassembly.
The initiating sequence is a combination of an accident initiating event with one or more process and system failure(s).
In general, the following initiating events are considered: large break LOCA (LLOCA), small break LOCA (SLOCA),
reactivity initiated accidents (RIA) such as LLOCA with loss of shutdown systems (LSDS) and slow loss of reactivity
regulation (SLOR), containment bypass events (includes pump seal breaks, feedwater line breaks, steam generatortube
ruptures and emergency coolant injection (ECI) blowback) and a station blackout event. Note that for any accident
scenario to be classified as a" severe " accident implies that accident progression leads to core disassembly. Large
LOCA, for example, is considered an inconsequentialevent in terms of severe accidents, if ECI and emergency coolant
recovery (ECR) systems are available. In the analysis of severe accidents, an implicit assumption is that operator action
is not credited after fuel damage occurs, even though there may be sufficienttime for intervention in order to halt further
accident progression.



The accident progression described in this paper is typical of postulated CANDU reactor severe accidents for Bruce and
Darlington NGS. Once the fuel in the channels experiences severely degraded cooling, it heats up quickly. At some
point the pressure tubes come into contact with calandria tubes, either due to pressure tube sagging or ballooning.
Consequently, the bulk of the fuel decay heat in the hot channels is then transferred to the subcooled moderator.
However, since moderator cooling is postulated unavailable in severe accident sequences, the moderator inventory will
heat up rapidly and eventually reaches saturation conditions. When the pressure within the calandria vessel (CV)
exceeds the setpoint of the CV rupture discs, the rupture discs perforate and the moderator inventory flashes with a
portion discharging into containment via the calandria discharge pipes. The top rows of channels become uncovered
and are only cooled by the steam produced through the evaporation of the remaining moderator inventory. This is not
sufficientto prevent the channels from undergoing failure and disassembly. The moderator inventory is eventually
boiled off, and debris composed of fuel, channel and other core materials (collectively called corium) starts to
accumulate at the bottom of the CV. At this point the C V is still surrounded by the water contained in the shield tank
(ST). However, the ST is not designed to withstand this magnitude of heat influx. When its water inventory becomes
saturated at some pressure, the ST is assumed to burst along the seam at the bottom of the tank, causing the water
inventory in the ST to drain rapidly to the fuelling machine duct (FMD). The corium at the bottom of the CV
eventually melts through the CV and ST and falls into the FMD, where it is quenched. The corium will reheat and
vaporize the remaining water on the floor of the FMD. This vapourizationprocess can go on for a long period since the
steam produced re-condenses in the containment and drains back to the FMD floor.

Once the accident scenario is specified, the accident progression needs to be defined. The accident progression is
divided into four core damage states (CDSs). The defined states allow for analysis of a broad range of events and
provide a basis for comparison in terms of timing and steam generation. Each state in the severe accident progression is
defined based on conservative criteria. Precise descriptions of the timing of each state are not crucial since variations in
timing become less significant by the broad representationof many accident sequences with a single, stylized source
term. The following describes the condition of each CDS:

CDS 1 fuel heats up within the fuel channels due to loss of primary cooling
CDS2 hot fuel channels disassemble and release their contents into the calandria vessel
CDS3 bottom of calandria vessel and shield tank fail due to the load of hot core debris and the debris is released onto

the fuelling machine duct floor
CDS4 debris is quenched and cooled by evaporation of the accumulated water on the fuelling machine duct floor

After the core damage states are defined, it is found that the accident progression of all accident scenarios differ
only in the "blowdown" phase of the transient. Once the blowdown period is calculated, the methodology for
determining subsequent CDSs is the same. Once the timing and tracking of water mass inventory of the blowdown
are determined, the timing and steam discharges for all CDSs are determined by using a computer program. The
details of these calculations are discussed in Reference 1.

The estimation of the source term from various postulated accident scenarios represents the event consequence in the
overall risk assessment of severe accidents. With the timing calculation providing the timeframe for any particular
accident progression, the source term estimation considers the major factors that could potentially lead to releases to the
environment. The categorization of the severity of any modelled accident can then be accomplished by consideringthe
amount and timing of radioactive releases. Potential release of radioactive substances into the environment is expressed
as a fraction of the total core inventory divided into four fission product groups; namely, noble gases, volatile, semi-
volatile and non-volatile aerosols. The grouping represents substances with similar volatility and chemical affinity.

The estimation of radioactive releases into the environment is determined by a combination of basic fluid dynamics and
expert opinion (mainly in the form of estimation of fission product releases from the core for each CDS), as well as
cross-comparison with the M AAP-CANDU code. Analytical calculations are used to obtain transient fission product
releases by consideringrelevant driving forces (for example steam generation, pressure gradients, global hydrogen gas
bums and core-concrete interactions) in combination with the status of containment systems such as containment
impairment, emergency filtered air discharge system, hydrogen ignitor systems and other impairments, which are taken
together to determine the amount of fission products released out to the environment. The core inventory is tracked from
the reactor core to containment and out to the environment, as applicable.



In parallel to the analytical methodology described in this document, the M AAP-CANDU code (Reference 2) may be
used to assess the progression of severe accidents. MAAP has the capability of simulatingthe accident progression in a
much more detailed and cornprehensivemanner. One of the main reasons to use the analytical approach is to gain a
better general understandingof, and insights into these complex severe accident phenomena. To achieve these goals, it
is necessary to substitute some of the complex calculations by simpler, more conservative ones, to keep the analytical
approach easy to understand and perform.

This paper presents the methodology and results of the timing and steam discharge calculations as well as source term
estimate out of containment for accident sequences classified as potentially leading to core disassembly following small
break LOCA.

2. ANALYTICAL MODELS

The timing calculations of any accident scenario are performed as a two-step process. The first step examines the details
of the particular event with emphasis on the important phenomena associated with the event such as the availability of
process and safety systems. In this first step, determination of the blowdown timing and tracking of water mass inventory
are key considerations. Once these parameters are determined, the next step is achieved by using a computer program
written to determine the timing and steam discharges for all CDSs [ 1 ].

2.1 Blowdown State

This initial phase of an accident usually involves blowdown and two-phase discharge that eventually depletes the coolant
in the heat transport system (HTS). The blowdown time used here is the time period starting from the initiation of the
accident until the HTS is empty and the first core damage state starts. The coolant blowdown time depends on the
accident initiating event (such as small or large break LOCA, etc.), and the failure of process and safety systems (such as
emergency coolant injection system, emergency coolant recovery systems or steam generator cooldown). Therefore, the
blowdown time is determined for each sequence separately.

It is assumed that reactor trip occurs shortly after the break. It is also assumed that the HTS coolant occupies a fixed
volume, V, during the blowdown duration, i.e.:

where M and p are the instantaneousmass and density of HTS water inventory. The mass discharge rate, W, to the
atmosphere is proportional to the square root of the density and pressure difference, AP, between HTS and atmosphere.

Wa

The duration of each stage of the blowdown is estimated assuming that the discharged mass flow rate varies linearly with
time. Once the heat transport system (HTS) pressure is dropped to a specific value, pumped ECI is assumed to be
initiated. This will maintain core cooling until the ECI tank is depleted. In severe accident sequences, it is assumed that
the moderator cooling is unavailable, and ECR fails consequently.

Following the reactor trip, the two-phase discharge continues and HTS pressure drops rapidly. If the steam generator
(SG) cooldown is assumed available, the HTS pressure drops to the steam generator pressure prior to the initiation of the
controlled cooldown. During steam generator cooldown, the HTS pressure is assumed to follow the SG pressure



transient and the discharge from the break is estimated as an average two-phase discharge between the starting and final
pressures of the cooldown phase. The duration of SG cooldown is determined by its temperature reduction rate.
Without steam generator cooldown, the HTS pressure is conservatively assumed to drop to the steam generator pressure
and maintained constant.

The two-phase discharge from the break continues until the phase separation occurs in the HTS. Subsequently, only
steam will be discharged from the break. The HTS pumps are assumed running. If SG controlled cooldown is credited,
the SG acts as an effective heat sink, which is very capable of removing the decay heat generated in the core. In this
case, the steam discharge rate at the end of phase separation is governed by the degraded pump head in a steam
environment. If the SG cooldown is assumed unavailable, the steam discharge at the end of phase separation is
governed by one of two mechanisms: either (a) the degraded pump head in a steam environment; or (b) the steamingrate
required to reject the decay heat. Both mechanisms are considered, and the discharge rate is conservatively taken as the
greater of the two rates.

2.2 Core Damage States

The timing calculation is essentially a transient solution of the conservation of mass and energy equations. The
progression of the CDSs is governed by the heat balance between the heat sources and the heat dissipation to the
available heat sinks. The fission product decay in the fuel after reactor shutdown represents the main heat source. The
heat sinks include the residual moderator inventory, the water in the ST, the corium, the C V and the ST walls and the
heat radiation from their surfaces to the surrounding environment. This analysis considers many of the key system
components in terms of a "lumped-parameter"model. For example, the core is modelled as a lumped mass of UO2,
Zircaloy and steel (representing all other materials). Although many conservatisms are taken into account in the
estimation of CDS timing, some minor factors are not accounted for in this analysis. The heat produced by the
exothermic Zircaloy-steamreaction is relatively small (a few percent of the decay heat) and is neglected in the current
methodology. This is more than compensated by not modelling all the known heat sinks, in order to focus the analytical
computation on the main contributors. In particular, the transient thermal behaviour of the shutoff and control devices
and the steel balls in the end-shield and the ST are ignored.

The balance of heat at any instant of time in the CDSs can be described by the following rate equation:

= Q, - ThjA^Ti - Tj), 3

where t is time, m; is the mass of the i* material, c^ is the specific heat of the i* material which is a function of
temperature T;, and Q; is the power source. The hy and Ay are the heat transfer coefficient and the interface area between
the materials i and j , respectively. The materials considered are:

1. fuel (early in the accident) or corium (later as debris);
2. moderator as a single phase liquid;
3. moderator as a homogeneous two phase mixture;
4. moderator as a separated two phase fluid (liquid in the bottom and steam in the top of the C V);
5. moderator as a single phase steam;
6. calandria vessel wall;
7. shield tank inventory as single phase liquid;
8. shield tank inventory as single phase gas;
9. shield tank wall; and
10. gas in containment.

For numerical computation purposes, Equation 3 is discretizedfor small time steps Atk with the incremental changes in
temperatureATjfc.
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where the variables my<, c^k, Q&, h;j,k, Ay ,̂ T^, and Tjik are values computed at time tk. The time, t^j is expressed as:

tk+! = tk + A / 4 , 5

the temperature, Tjik+i, at \+u is then

TiMi = T;,k + A T V 6

The relevant heat transfer interface areas are:

A I 2 total surface area of all calandriatubes;
A16 radiation surface area of corium in the calandria vessel;
A26 inner surface area of calandria vessel;
A35 inner surface area of calandria vessel;
A46 inner surface area of calandria vessel;
A56 inner surface area of calandria vessel;
As? outer surface area of calandria vessel;
Ae8 outer surface area of calandria vessel;
A79 inner surface area of shield tank;
Ag9 inner surface area of shield tank; and
A 9 ] 0 outer surface area of shield tank.

The indices refer to the materials listed previously.

2.2.1 Core Damage State #1

This core damage state involves hot fuel within the intact fuel channels. This state starts at the end of the blowdown
stage. During CDS 1, the fuel is heating up and the channels are hot but remain intact. The end point of CDS 1 is defined
as when the calandria discs rupture. Shortly thereafterthe channels start to disassemble. The criteria for channel
disassembly are based on two conditions which must be satisfied: a) the channel is hot (defined by channel temperatures
exceeding 1200°C); and b) the moderator water level is at least 1 meter below the top channel row, thus creating enough
lateral space to allow for significant channel sagging and mechanical stresses leading to channel failure. The second
condition is always met following the rupture of calandria discs. Condition (b) can be conveniently expressed in terms
of moderator liquid temperature. It is satisfied if the moderator is saturated or boiling at the rupture disc setpoint
pressure. The time required to reach condition (b) represents the duration of CDS 1. For computation purposes CDS 1 is
divided into two stages.

In stage 1, most of the decay power heats up the total fuel mass (only UO2 is considered and the piping is conservatively
neglected) from about 300°C (the assumed fuel temperature at the end of the blowdown) to 1200°C, while some heat is
transferred to the moderator from the surface of the calandriatubes. At about 1200°C the pressure tubes are assumed to
sag or to balloon, providing good contact with the calandriatubes. Hence, in stage 2, most of the decay power is
conducted to the moderator liquid until it reaches the saturation temperature correspondingto the pressure at which the
first rupture disc is designed to open. The duration of stage 2 is the period from the end of stage 1 until the moderator
liquid reaches the saturation conditions and the opening of the first rupture disc occurs. No steam is discharged out into
containment during this period.



2.2.2 Core Damage State #2

This core damage state involves fuel and channel debris (corium) present in the calandria vessel. For computation
purposes CDS2 is divided into three stages (stages 3 to 5).

At the beginning of CDS2, the C V rupture discs are perforated which leads to flashing of the moderator into
containment. The amount of two-phase moderator flashed into containment and the duration of flashing are estimated
assuming that the discharged mass flow rate varies linearly with time. It should be noted that the duration of flashing
(stage 3) is relatively short and changes in the temperatures of various materials are expected to be insignificant during
this period; therefore, calculations of temperature changes are not required.

At the end of moderator flashing, phase separation occurs in the moderator and steam begins discharging out of the CV
through the moderator discharge pipes. During this steam discharge period, the pressure in the C V is slightly higher
than within containment which is at atmospheric pressure (enough to discharge the amount of steam produced due to
decay power). The top rows of channels are uncovered and channels start to disassemble while the moderator inventory
is being boiled off by the heat from the debris falling into the pool as well as the remaining hot channels still submerged
(stage 4). The duration of stage 4 is the time required to boil off the residual moderator inventory.

Once the moderator inventory is boiled off, the remaining intact channels will collapse shortly afterwards (stage 5).
During this stage, all remaining intact channels are assumed to collapse within 15 minutes (i.e., core disassembly is
complete in 15 minutes) since the channels are already hot on the inside.

2.2.3 Core Damage State #3

At the beginning of CDS3, the corium piles up at the bottom of the CV and heats up the CV wall which is surrounded by
the ST water. This process continues until either, a) the C V wall temperature reaches its melting point and fails, or, b)
the ST temperature reaches the saturation temperature correspondingto its failure pressure and fails. The analytical
methodology does not make a priori assumptions, it simply proceeds to calculate both the critical variables for a given
accident sequence. Once one of the failure criteria is reached, the subsequent calculations proceed accordingly. The
accident progression following vessel failure is different depending on which (the CV or ST) fails first. Both scenarios
are discussed in the following subsections.

2.23.1 Shield Tank Failure Prior to Calandria Vessel Failure (Case a)

First, consider case a, where the shield tank fails while the calandria vessel is still intact. For computational purposes,
CDS3 is divided into four stages, stage 6a through 9a. In stage 6a, the corium heats up the C V wall which transfers the
heat to the surrounding water in the ST. This process continues until the ST water reaches the saturation temperature
correspondingto its failure pressure. The ST is assumed, conservatively, to burst along the seam at the bottom of the
tank.

During the flashing of the ST water inventory (stage 7a), it is conservatively assumed that the net energy transferred to
the ST is sufficient to maintain its inventory at saturation temperature, at the ST failure pressure, Pst. Thus, the flow rate
during the flashing is constant. The flashing duration is conservatively calculated assuming that the entire water
inventory of ST is discharged. To calculate the amount of liquid and steam discharged into containment at atmospheric
pressure during flashing of the ST water inventory, a two-phase flashing enthalpy correspondingto the saturated liquid
enthalpy at P^ is considered.

After the ST water inventory is depleted, the CV wall heats up faster (stage 8a). During this stage, it is conservatively
assumed that there is no further heat transferred from the CV wall to the remaining steam in the ST. The duration of this



stage is the time required to heat up the CV to its melting temperature, at which point the CV is assumed to fail. No
steam is produced during this stage.

When the CV fails as the corium melts through it, it is assumed that the corium is displaced into the ST and
instantaneouslymelts through the ST and falls into the fuelling machine duct. This is conservative, since melting
through the ST, with the steel balls at its bottom, does require some time. The corium is quenched by the water
(originated from the moderator and the ST) lying on the floor of FMD. The duration of stage 9a is conservatively
assumedtobezero.

2.2.3.2 Calandria Vessel Failure Prior to Shield Tank Failure (Case b)

Now consider the alternate scenario where the CV fails while the ST remains intact (case b). Again, for computational
purposes, CDS3 is divided into four stages, stages 6b through 9b. In stage 6b, the corium heats up the CV wall which
transfers the heat to the surroundingwater in the ST. This process continues until that the CV wall temperature reaches
its melting point and the CV fails.

When the CV fails, the corium is assumed to be displaced into the ST and quenched by water instantaneously (stage 7b).
Therefore, the duration of this stage is zero and the ST water temperature is increased instantaneously. Since the corium
heat is assumed to exclusively be used in raising the ST water temperature, no steam is produced. In stage 8b, the decay
power is heating up the ST water. The duration of this stage is the time required to raise the ST water temperature to the
saturation temperature correspondingto its failure pressure. No steam is produced during this stage. At the beginning of
stage 9b, the ST is assumed to fail and its water inventory is flashed into containment.

2.2.4 Core Damage State #4

At the end of CDS3, both of the CV and the ST have failed and the corium is assumed to be displaced into the FMD
directly beneath the reactor vault. The process of corium displacementfrom the CV and ST is not necessarily rapid. It
is not like pouring of a pool of molten corium, but a displacementof solid materials followed by gradual liquefaction of
residual solids in the CV and ST and a gradual displacementof the slurry out of them.

At the beginning of CDS4, the FMD floor, which is at the lowest elevation inside containment, is covered by water.
This is water discharged from the heat transport system during the blowdown phase, water discharged from the
moderator during flashing following the rupture of the CV discs, moderator discharged through the annulus gas bellows
(if applied), water discharged from the ST after its failure, and ECI inventory if it was injected. Of this total amount of
water, two quantities of water inventory should be subtracted. The first amount represents the quantity of water likely to
end up in the ECI recovery sump and hence not available on the FMD floor. The second quantity accounts for the water
transformed into steam when the corium falls into the water pool and is initially quenched. After quenching there is still
a significant quantity of water remaining on the floor. The corium reheats and begins to evaporate the residual water.
The duration of CDS4 is thus equal to the time required to boil off the residual water on the floor of the FMD.

The calculation for duration of steaming assumes implicitly that once the water on the floor is vapourized, this amount of
water is unavailable for further cooling. However, the steam produced will be condensed inside containment, either by
engineered (e.g., air cooling units) or natural means or both. Since the FMD floor is the lowest point in containment, the
condensed steam would drain back onto the floor replenishingthe water, such that the vapourizationprocess may go on
for a very long time. To a lesser extent, this also applies to the case where there is an opening in the containment
envelope, since the discharge of the steam outside containmentthrough an opening is a slow process.



23 Source Term Calculation

The source term estimate is governed by the timing of the initiating event coupled with the "state of containment" at the
time of the accident and subsequent progression. This release is expressed as a fraction of the total core inventory of four
fission product groups representingradioactive isotopes/compoundsof similar volatility and chemical affinity. The four
groups are classified as noble gases, volatile, semi-volatile and non-volatile fission products.

The source terms are evaluated for three source term periods (STP); defined as short term (0 to 6 hours), intermediate
term (6 to 24 hours) and long term (greaterthan 1 day). The choice of utilizing STPs is to divide the accident
progression in terms of short and long term responses as well as simplification of the estimation calculation. In general,
the later the release, the smaller the consequencesto the public because radiologically significant short lived isotopes
have time to decay. The relationship between STPs and CDSs is dependent on the timing of the accidentprogression.
The STPs are fixed periods whereas the CDS is dependent on a particular modelled severe accident.

The major factors in determiningthe potential release of radioactive fission products to the environment are:

the quantity and mix of radionuclides released intp containment (engineering judgments);
the timing of release with respect to the start of the accident (from the timing calculation);
the available dilution volume (DV) inside containment (station specific);
the existence of an internal source of pressurization (i.e., a driving force to expel airborne aerosols); and
the status of the containment envelope and subsystems prior to and during the accident progression (from the
fault tree analysis of modelled systems).

The dilution volume is the containment volume throughout which the airborne fission products are dispersed. For
calculationalpurposes, any radioactivity inside containment is assumed to be homogeneously dispersed within the
dilution volume.

For any significantrelease of fission products from containmentto the environment, two conditions must be satisfied.
The first is that a release pathway must exist and the second is that a driving force must exist. The driving force is a
positive pressure differential between containment and the outside environment. This differential is created by the
balance between addition of gases to the containment atmosphere (for example, steam generation, instrument air and
non-condensablegases produced in core-concrete interactions) and removal of gases from the containment atmosphere
(for example by steam condensation or the filtered air discharge system (FADS)). These types of gradient tend to be
sustained throughout the STP, therefore they are termed "sustained discharges". A short-lived gradient (or "temporary
discharge") may also be created by either an uncontrolledhydrogen gas burn or a rapid pressurization of the moderator.

The effectiveness of containmentresponse in preventing or limiting off-site releases depends on the state of containment
at the time of the accident. The state of containment is defined in terms of the integrity of the envelope and availability
of the containment subsystems.

The major containment subsystems which affect the off-site releases include:

• containment envelope integrity;
• steam pressure control;
• non-condensable gas pressure control; and
• filtered discharge.

The containment envelope is the final physical barrier against airborne releases and its state has a major impact on
the magnitude of releases. If the containment envelope is intact, release of radioactive aerosols is negligible
regardless of the conditions inside containment. However, an impaired containment envelope, whether due to a pre-
existing opening or a consequential failure, is assumed to provide a direct pathway out to the environment with the
releases driven out when the containment pressure exceeds atmospheric pressure.

Steam is a primary driving force in expulsion of airborne fission products and as such, the containment subsystems
designed to mitigate steaming become important once a severe accident is initiated. The two major systems that can



mitigate large quantities of steam are the vacuum building (and dousing system) early in the accident progression -
i.e., during blowdown, and the air cooling units (ACUs) in the long-term.

The other primary driving force is pressure buildup due to production of hydrogen gas and other non-condensable
gases during the accident progression. In the case of hydrogen, there is added concern whether concentrations are
conducive for an uncontrolled burn which leads to a consequential failure of the containment envelope. Another
source of non-condensable gases is instrument air in-leakage. There are two containment subsystems designed to
mitigate non-condensables: the hydrogen ignitor and FADS. If the FADS is available and containment remains
intact, only noble gases are released.

The source term estimate is an analytical calculation primarily based on a simple rate equation. The aerosol deposition
characteristic is modelled as an exponential decay with the settling half-life based on simulations from the MAAP code.
The half-life determination is based on the environment during the accident progression. A steam environment with
ACUs available would lead to a significantly shorter half-life than a dry environment without forced convection.
Currently, due to a lack of transient information about aerosol behaviour during the severe accident progression, an
attempt is made to be conservative in terms of aerosol depositionhalf-lives(i.e. generally, a longer half-life increases the
time period of suspension of aerosols which leads to higher release estimates).

Once the timing of the accident progression is determined, the analytical calculation of the source term can
accommodate a variety of containment states for quick analysis. This is the main reason for using an analytical method
of calculating source terms since the MAAP code requires a very detailed model of the accident scenario and
containment state, it is not currentlyused when a significantnumber of simulations is required. Five selected unique
containment states were analyzed. These states were chosen to give a broad based estimate given that only certain key
states significantly affect the releases. These key states include the status of the containment envelope (intact, small pre-
existing opening (size 0.1 m2) and large pre-existing opening (size 1.6 m2)), the availability of the ACUs and the effect
of an uncontrolledhydrogenburn.

3. RESULTS AND DISCUSSIONS

The results presented in this section focus on the Bruce NGS B design. The relevant parameters for the analysis of Bruce
NGS B severe accident conditions are summarized in Table 2. This includes the core power, the initial values of
material masses, pressures and temperatures, the heat transfer areas as well as the critical values for specific criteria
which must be met to define core damage states. The decay power, as a fraction of the total core power, following the
reactor shutdown is a function of time [ 1 ]. This decay heat is adjusted to account for the transient release of volatile
fission products (starting at the time of core disassembly) since they constitute approximately 40% of the total decay
heat. The specific heat for various materials are determined as a function of temperature. The heat transfer coefficients
are determined as a function of pressure, temperature and material phase.

An example of the results of the small break LOCA accident scenario (for the Bruce NGS B design) is presented in the
following sections in order to illustrate predictions of the timing of the accident progression and tracking of the water
inventory. Both are key parameters in the determination of the transient source term. Note that the LOCA event must be
coincident with failures of the ECI and/or ECR and moderator systems with no operator intervention to potentially lead
to core disassembly. Two sizes of break are considered, namely, 40 and 270 kg/s. The calculations are performed for
both by crediting and not crediting SG cdoldown cases.

3.1 Blowdown State

The blowdown phase of the overall severe accident progression is the key difference between the various postulated
accident scenarios analyzed. Since the HTS inventory is a fixed and known quantity, the timing to the end of the
blowdown phase (when most of the HTS inventory is discharged) is the defining difference between cases. After



blowdown, the severe accident progression is generally the same for all accident scenarios (the exception being RIA
events). Figures 1 and 2 show the transient of liquid and steam inventory in containment, respectively, during the
blowdown phase following a small break LOCA of 40 kg/s.

The blowdown progression may be divided into four stages. In the first stage, a two phase discharge continues at rate of
40 kg/s until the reactor trip occurs at 15 minutes from the accident initiation. The amounts of discharged water and
steam into containment, during this period, are 22.7 and 13.3 Mg, respectively. Following the reactor trip, the two-phase
discharge continues and HTS pressure drops rapidly. If the steam generator (SG) cooldown is assumed available, the
HTS pressure drops to the steam generator pressure (about 4.65 MPa) prior to the initiation of the controlled cooldown.
During steam generator cooldown, the HTS pressure is assumed to follow the SG pressure transient and the discharge
from the break is estimated as an average two-phase discharge between the starting and final pressures of the cooldown
phase. The duration of SG cooldown is determined by its temperature rate of reduction. This stage lasts for 0.56 hour
and the amounts of discharged water and steam into containment, during this period, are 21 and 12.4 Mg, respectively.
In the third stage of the blowdown, the two-phase discharge from the break continues until the phase separation occurs in
the HTS. This stage lasts for 6.36 hours, and the amounts of discharged water and steam into containment, during this
period, are 84.6 and 49.7 Mg, respectively. In the fourth stage of the blowdown, only steam will be discharged from the
break. The HTS pumps are assumed running. Since the SG controlled cooldown is credited, the SG acts as an effective
heat sink, which is very capable of removing the decay heat generated in the core. In this case, the steam discharge rate
at the end of phase separation is governed by the degraded pump head in a steam environment. This stage lasts for 3.1
hours, and the amount of discharged steam into containment, during this period, is 30.5 Mg

If the SG cooldown is assumed unavailable, the HTS pressure is conservatively assumed to drop to the steam generator
pressure (4.65 MPa) and is maintained constant until phase separation. Thus the second stage of the blowdown does not
apply. The steam discharge at the end of phase separation is governed by one of two mechanisms: either (a) the
degraded pump head in a steam environment; or (b) the steam rate required to reject the decay heat. Both mechanisms
are considered, and the discharge rate is conservatively taken as the greater of the two rates. The results are represented
as dotted lines in Figures 1 and 2. In the case of 40 kg/s break, the blowdown duration is about 10.25 hours if the SG
cooldown is available. The blowdown duration becomes much shorter (about 3.7 hours) if the SG cooldown is not
credited.

Similar results are shown in Figures 3 and 4 for a small break LOCA of 270 kg/s. In this case, automatic reactor trip is
assumed to occur at 4 minutes after the break. At the time of the reactor trip, 60 Mg of water is discharged from HTS.
Because the break is relatively large, the phase separation occurs during the SG cooldown (if it is assumed available),
and the third stage of the blowdown does not apply. It can be concluded that for larger break size, the blowdown period
is shorter and the effect of SG cooldown is less pronounced than smaller break size. The blowdown of the HTS results
in 128.4 Mg and 105.8 Mg of discharge of water and steam, respectively, into containment.

3.2 Core Damage States

The severe accident progression is generally characterizedby periods of heating up, flashing, boiling off and quenching
within containment. Figures 5 and 6 track the liquid and steam inventories discharged into containment, respectively, for
the duration of the accident scenario for the break of 40 kg/s. Similar results are shown in Figures 7 and 8 for the break
of 270 kg/s. These inventories are a function of time from blowdown such that the initial inventories are a result of the
blowdown discharges. In each plot, two different curves are presented to illustrate the effect of crediting the SG
cooldown. The rapid increases in the liquid inventories are a result of flashing, with the first being attributedto rupture
disc perforation and the second correspondingto the ST failure. The rapid decrease in liquid inventory is attributedto
the quenching of hot corium after the melt-through. For the steam inventories, the first instance of flashing (following
CV rupture disc opening) does not show up on the scale used in the plot but the second occurrence (following ST
failure) is much more significant. The differences are due to the quality of water at these times. The gradual increase in
the steam inventory after flashing is due to moderator boil off. The rapid increase is due to flashing after shield tank
failure and the third rapid increase is attributedto quenching of the corium on the FMD floor. After quenching, the
gradual increases in steam inventory is due to the long term boiloff of the residual inventory remaining on the FMD



floor. This is the final state of the accident progression (CDS4) and its duration is dependent on the particular accident
scenario. Due to the long time scale of the analysis, the behaviour of the various accident scenarios are not noticeably
different. For smaller break size, the blowdown time increases, the periods of heating up and boiling off become longer.
It can also be concluded that crediting the SG cooldown results in longer periods of blowdown, heating up and boiling
off. This effect is more pronounced for smaller break size. For all severe accidents analyzed for the Bruce NGS B
design, shield tank failure was predicted to occur before calandria vessel failure.

3 3 Source Term

The results of the timing and steam discharge calculations are used in generating the source term estimates out of
containment. Generally, earlier severe accident progressions and higher steam discharge rates led to greater fission
product releases and ultimately, higher public doses. The source term assessment deals with the status of containment
and driving forces (for example steam discharges), in its estimation. Other key severe accident phenomena, such as core-
concrete interaction, steam explosions and global hydrogen gas ignition, are explicitly considered as to whether they are
applicable and their effects are quantified, if found to be applicable, in the source term assessment. The resultant source
terms are used in determining the event consequences for a broad range of severe accident scenarios.

Given the timing calculations of the specific small LOCA example for the Bruce B design, the source term estimates for
five different containment states are presented in Table 3. It must be stressed that if the containment envelope remains
intact, as designed, then any releases to the environment will be limited to noble gases with possibly some insignificant
amount of radioactive aerosols due to leakage. If the containment envelope is intact, there are no calculated amounts of
radioactive aerosols released to the environment.

As an example in order to illustrate some source term results, comparison of the discharge characteristics for the 270
kg/s discharge with steam generator controlled cooldown unavailable is shown in Figures 9a to 9d. Since the
containment envelope is assumed to remain intact for containment state 'A' (Table 3), the discharge rate to the
environment is very small. This discharge rate is based on instrument air leakage rates (from seals, gaps and cracks
in containment). With the exception of the containment state 'A', the differences in discharge characteristics
between the various containment states is mainly due to the differences in their respective net steaming (i.e., steam
generated minus the amount condensed either through the ACU system or natural condensation) rates. Since
steaming is a primary driving force to expel airborne fission products, it has a significant impact on the magnitude
of releases to the environment, especially given the fact that the analysis assumes a direct pathway if an opening is
present in the containment envelope. Of note, is that for containment states B to E, there is a very high rate of
steaming (off-scale on the presented plots) due to the failure of the shield tank vessel. In the long-term (over 40
hours after the accident starts for the examined case), with the FAD system assumed available, there are
insignificant radioactive aerosol releases. Figure 10 shows the distribution of fission product releases to the
environment for containment state 'D' for each of the three STPs (i.e., not cumulative releases), as an example. This
case models failure of the ACUs coincident with a large pre-existing opening in containment. It is representative of
the worst source terms that can be expected from all small break LOCA analysis cases. Since, in this case, most of
the releases occur early (during the first STP), it results in very high potential consequences, with corresponding
high-risk potential (however, the associated risk is also dependent on the probability of the event). Therefore, this
particular case may be one of the cases identified as needing further study to reduce its overall risk value.

The following are some key observations about the results of the source term calculations. As seen in Table 3, the trends
for the source terms is are summarized in the following:

• no significant releases to the environment if the containment envelope is intact (state A);
• pre-existing opening provides a direct pathway out to the environment which significantly increases the amount

of fission products (the key release being volatile aerosols);
• the unavailability of the ACUs has a major impact in increasing the amount of releases (comparison of state C

with state D);



• the larger of the two small LOCA events is always slightly worse in terms of releases when comparing the same
containment state, as expected;

• the unavailability of steam generator controlled cooldown has a significant impact on the 40 kg/s small LOCA
event because the timing of the accident progression is pushed into STP1 (i.e., 0 to 6 hours); and

• the availability of the steam generator controlled cooldown does not significantly affect the source term of the
270 kg/s SLOCA event because the timing is not significantly affected by the cooldown.

The calculated source terms are used in risk assessment as a basis to develop consequence categories. These
categories provide the framework from which the final estimate of accident frequency and risk can be developed.

4. SUMMARY

Due to the broad range of accident events to be analyzed for the risk assessment of CANDU reactors, a simple and
straight-forward,yet thorough methodology has been developed in order to calculate the timing and general containment
conditions expected from severe accidents. This methodology is based upon a clearly defined severe accident
progression, termed core damage states. The timing and steam generation calculations during these core damage states
considers the thermal-mechanicalresponse of the reactor and other relevant systems. The methodology of the
calculations involved in each stage of the severe accident progression are summarized (relevant for Bruce or Darlington
type design). The results of a small break LOCA scenario for Bruce NGS B is also presented as an example typical of
the results obtained from application of this methodology. The postulated severe accidents analyzed mainly differ in the
timing to reach and progress through each core damage state. For smaller break sizes, the blowdown time increases, the
periods of heatup and boiloff become longer. Crediting the SG cooldown results in longer periods of blowdown, heating
up and boiling off. This effect is more pronounced for smaller break sizes. For all severe accidents analyzed for the
Bruce NGS B design, shield tank failure was predicted to occur before calandria vessel failure.

Ultimately, these calculations are utilized in determining the composition and magnitude of radioactive releases from the
station for each identified accident scenario (with specific details of each sequence determined by fault tree analysis).
The source term estimate consider several significant factors which affect releases out to the environment. The most
important factors in determiningpotential source terms is the status of the containment envelope and containment
subsystems. Therefore, the timing of the accident progression coupled with the state of containment will determine the
ultimate releases to the environment. Results are summarized for estimated source terms of a small break LOCA event.
It must be noted that if containment remains intact and operates as designed, this analysis assumes that there are
negligible radioactive releases to the public. If, on the other hand, there is an opening in containmentcoincidentwith
failures of certain key containment subsystems (such as the ACUs), the estimated releases can be quite high. In general,
a larger break size leads to higher source term due to the impact by the earlier timing of the severe accident progression.
The results of the source term calculations lead to a broad based categorization of various postulated accident events
used in probabilistic safety assessment as a framework to calculate risks.

The timing and steam generation calculations, relevantto several existing CANDU reactor designs, can be used in
determining the event consequence for a broad range of severe accident scenarios. From these results, a broad based
categorization is formed which constitutes the framework for developing the overall frequency and consequence
estimates from the study, leading to the identification of the dominant contributors to risk and indicating where risk can
be reduced.
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Table 1
Definitions of Process and Safety Systems Failures

System

Emergency Coolant
Injection System (ECIS)

Emergency Coolant
Recovery System (ECRS)

Moderator System

Steam Generator Cooldown
(SGC)

Failure Label

ECI

ECR

MOD

SG

Failure Definition

High pressure ECIS unavailable due to injection valves failing to
open on signal or the accumulator and low pressure pumps
unavailable when required. For ECI blow-back event, by
definition, the ECI is not available.

ECRS unavailable due to injection valves failing to open
(consequentialfailure due to ECIS injection valve failure) or
ECI recovery system unavailable.

Moderator system failure mode represents absence of all heat
sinks. In LSDS, moderator is unavailable as a consequential
failure (overpower transient fails the calandria vessel and drains
the inventory). For an in-core LOCA, moderator heat sink
unavailable due to inventory being discharged into containment
via annulus gas bellows or channel end-fittingfailure, rate
determined by the static head of the moderator inventory.

Failure of the steam generatorto provide crash cooling. For
pump gland seal and steam generator tube ruptures,
instrumented SRVs do not open since the required signal is
conditioned on low HTS pressure and either on a) high reactor
building pressure, b) high moderator level, c) high reactor
building temperature, or d) sustained low reactor building
pressure. Also for steam generator tube ruptures only, the
spring-loaded SRVs are assumed to open and be stuck open as
the postulated pathway for containment bypass. For all other
events, SGC on or off is assessed.



Table 2

Relevant Parameters Used in the Accident Progression for the Bruce NGS B Design

Parameter

Core Power

MassofUO2

MassofZircaloy

Total Mass of Water in Heat Transport System

Mass of Water in Moderator

Mass of Water in Shield Tank

Mass of Water Filling ECI Recovery Sump in Pressure Relief Duct

Mass of Calandria Vessel Walls

Mass of Shield Tank Walls

Heat Transfer Area Between Calandria Tubes and Moderator

Surface Area of Calandria Vessel

Surface Area of Shield Tank

Inner Diameter of Calandria Vessel

Average Pressure of Heat Transport System

Average Temperature of Heat Transport System

Surface Temperature of the Calandria Tubes

Average Pressure of Moderator

Average Temperature of Moderator

Average Pressure of Shield Tank

Average Temperature of Shield Tank

Effective Discharge Area Per Rupture Disc

Rupture Disc Pressure Setpoint

Shield Tank Failure Pressure

Melting Temperatureof Calandria Vessel Walls

Nominal Head of PHT Pump

Nominal Volumetric Flow of PHT Pump

Steam Generator Nominal Pressure

Maximum Steam Generator Cooldown Rate

Steam Generator Temperature at the End of Cooldown

Containment Dilution Volume

Maximum Filtered Air Discharge System Rate (given as % of dilution volume)

Maximum Instrument Air Leakage Rate (given as % of dilution volume)

Steam Condensation Rate of ACUs in Reactor Vault

Value

2704 MW

136.3 Mg

54.6 Mg

234.2 Mg

276 Mg

925.9 Mg

310.9Mg

46 Mg

335.7 Mg

1181.3 m2

180.3 m2

704.7 m2

8.4582 m

9.97MPa(a)

283-°C

73 °C

195 kPa(a)

64 °C

229.5 kPa(a)

66.3 °C

0.1231m2

239 kPa(a)

880 kPa(a)

1327 °C

213.4m

3.303 mVs

4.65 MPa

2.8 °C/min

165 °C

96167 m3

1.91 %/hr

0.358 %/hr

2.45 Mg/hr



Table3
Source Term Estimates for Small LOCA Example

Case
I.D.

SLAl-l
SLA1-2
SLA 1-3
SLA 1-4
SLA1-5
SLA2-1
SLA2-2
SLA2-3
SLA2-4
SLA2-5
SLB1-1
SLB1-2
SLB1-3
SLB1-4
SLB1-5
SLB2-1
SLB2-2
SLB2-3
SLB2-4
SLB2-5

Cumulative Releases in STP1
(% total core inventory)

NG
0
0
0
0
0
0

7.5
11.4
13.9
13.9

0
36.0
43.2
46.7
46.7

0
36.9
43.4
46.7
46.7

VA
0
0
0
0
0
0

0.9
1.5
3.1
3.1
0

6.8
9.4

25.2
25.2

0
7.3
9.8
25.5
25.5

SVA
0
0
0
0
0
0

0.1
0.1
0.3
0.3
0

0.7
0.9
2.5
2.5
0

0.7
1.0
2.6
2.6

NVA
0
0
0
0
0
0

0.01
0.01
0.03
0.03

0
0.07
0.09
0.25
0.25

0
0.07
0.1
0.26
0.26

Cumulative Releases in STP2
(% total core inventory)

NG
2.6
31.1
44.0
49.2
49.2
4.8
68.3
69.7
71.6
71.6
5.5
71.3
80.2
90.1
90.1
5.6
73.1
82.6
92.2
92.2

VA
0

3.0
6.1

21.6
21.7

0
8.9
11.6
35.4
36.0

0
11.0
13.5
39.2
39.8

0
9.3
11.8
37.7
40.0

SVA
0

0.3
0.6
2.2
2.2
0

0.9
1.2
3.5
3.6
0

1.1
1.3
3.9
4.0
0

0.9
1.2
3.8
3.8

NVA
0

0.03
0.06
0.22
0.22

0
0.09
0.12
0.35
0.36

0
0.11
0.13
0.39
0.4
0

0.09
0.12
0.38
0.38

Cumulative Releases in STP3
(% total core inventory)

NG
91.9
100
100
100
100
92.1
100
100
100
100
92.2
100
100
100
100
92.2
100
100
100
100

VA
0

3.9
7.3

28.8
28.9

0
8.9
11.9
39.2
39.8

0
11.0
13.8
41.8

. 42.4
0

9.3
12.1
40.3
40.6

SVA
0

0.4
0.7
2.6
2.6
0

0.9
1.2
3.6
3.7
0

1.1
1.3
3.9
4.0
0

0.9
1.2
3.8
3.8

NVA
0

0.04
0.07
0.26
0.26

0
0.09
0.12
0.36
0.37

0
0.11
0.13
0.39
0.4
0

0.09
0.12
0.38
0.38

State

A
B
C
D
E
A
B
C
D
E
A
B
C
D
E
A
B
C
D
E

NG = noble gases, VA = volatile aerosols, SVA = semi-volatile aerosols and NVA = non-volatile aerosols

The Case I.D. corresponds as follows:

"SLA 1" represents a small LOCA with 40 kg/s initial discharge and with steam generator cooldown available
"SLA2" represents a small LOCA with 40 kg/s initial discharge and with steam generator cooldown unavailable
"SLB1" represents a small LOCA with 270 kg/s initial discharge and with steam generator cooldown available
"SLB2" represents a small LOCA with 270 kg/s initial discharge and with steam generator cooldown unavailable

"State" denotes a containment state assumed for the calculation where:

A - all containment subsystems operational with the containment envelope remaining intact
B - all containment subsystems operational with a pre-existing small opening (0.1 m2) in the containment envelope
C - all containment subsystems operational with a pre-existing large opening (1.6 m2) in the containment envelope
D - same as C except the ACUs are assumed to be unavailable throughoutthe severe accident progression
E - same as D with additional release due to a global hydrogen burn inside containment (highest modelled estimates)
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Figure 9a: Discharge from Containment
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Figure 9d: Discharge From Containment
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ABSTRACT

This paper documents a new approach which simulates without interruption the blowdown and the post-blowdown
portions of a LOCA/LOECC. The blowdown portion is simulated first with the pressures, enthalpies, and void
fractions of the headers as boundary conditions. The transient inlet header flowrates are written to a file. The
blowdown portion is then simulated again with the inlet header flowrates as boundary conditions. At the end of the
blowdown, the flowrates are gradually changed to obtain the desired constant gas flowrate of the post-blowdown
portion. This new approach was applied with CATHENA MOD3.5a Rev. 0 for a 20% reactor inlet header break
coincident with a total loss of emergency core cooling injection. In summary, this paper shows a successful new
approach where the blowdown and the post-blowdown portions of a large LOCA coincident with a total loss of
emergency core cooling are simulated continuously.

1. INTRODUCTION

In previous analyses, three codes (for example FIREBIRD [1], HOTSPOT, CHAN [2]) have been used for the
simulation of LOCA/LOECC. The methodology used asked for three steps where the blowdown and the post-
blowdown portion of the transient where simulated separately, usually by different codes. This three-step approach
has also been used with the CATHENA [3] code.

The new approach described in the present work simulates without interruption the blowdown and the post-
blowdown portions of the transient with the thermalhydraulic code CATHENA [4]. There are many advantages to
this non-stop approach: there is consistency in the conditions between the blowdown and the post-blowdown
portion of the transient, this approach is less prone to errors since the data manipulation is minimized, and it avoids
the extraction of data at the end of the second step which can be time consuming. This new approach was applied
with CATHENA MOD3.5a Rev. 0 for a 20% reactor inlet header break coincident with a total loss of emergency
core cooling injection.

2. THE CATHENA CODE

CATHENA is a one-dimensional, two-fluid thermalhydraulic computer code designed for the analysis of two-phase
flow and heat transfer in piping networks. The CATHENA thermalhydraulic code was developed by AECL,
Whiteshell Laboratories, primarily for the analysis of postulated accident conditions in CANDU reactors.

Heat transfer models are available to model conductive, convective and radiative heat transfer to and from pipe
walls and fuel. The pressure tube deformation is modelled as well as the zirconium/steam reaction. Flexible system
control models have been developed in the code to control its operation and the models it offers. All features of
CATHENA are available through the input control file without the need to re-compile the code.



3. METHODOLOGY FOR THE SIMULATION OF LOCA/LOECC

3.1 Previous methodology

In previous analyses, three codes ( for example, FIREBIRD [1], HOTSPOT, CHAN [2]) have been used for the
simulation of large loss-of-coolant accident coincident with loss of emergency core cooling scenarios. The
simulation of postulated LOCA/LOECC has been performed in three separate steps. In the first step, the blowdown
portion of the transient is simulated with a circuit code that predicts the thermalhydraulic conditions in the channel.
In the second step, these boundary conditions are used by a fuel code to predict the detailed fuel and channel
behaviour during the blowdown portion of the transient. The boundary conditions for this second step are the
pressures, enthalpies, and void fractions of the headers. The third step consists of a parametric survey of different
steady gas flowrates (usually 5 g/s, 10 g/s, 20g/s and 100 g/s) using the results of the second step as initial
conditions with specialized channel codes. It involves a change in boundary conditions from the second step since
channel flowrates are specified instead of headers conditions. This change in boundary conditions imposes the last
two steps mentioned above.

3.2 Proposed methodology

In the proposed methodology, the first step still requires the use of a circuit thermalhydraulic code to provide the
appropriate boundary conditions to the second step. The blowdown portion is simulated first with the pressures,
enthalpies, and void fractions of the headers as boundary conditions. The transient inlet-header-to-inlet-feeder
flowrates are written to a file. The blowdown portion is then simulated again with the inlet header flowrates as
boundary conditions. At the end of the blowdown, the flowrates are gradually changed to obtain the desired constant
gas flowrate of the post-blowdown portion of the transient. There is no cut between the blowdown and the post-
blow down portions of the transient.

3.3 CATHENA methodology

When CATHENA is used to simulate transients, two steps are necessary. From the given boundary conditions
(channel power, header pressure, etc.) , the CATHENA simulation is performed until the converged solution for
thermalhydraulic parameters is obtained. Then the transient is started using, as initial conditions, the results of the
steady state.

4. CATHENA CHANNEL AND FUEL MODELLING

Channel 017 is chosen because it is a high powered channel (7.3 MW) which contains a bundle of 935 kW. The
nodalization of channel 017 with its associated feeders is shown in Figure 1. Each horizontal and vertical section of
the feeders are modelled independently. The channel is modelled by 12 thermalhydraulic nodes, one per bundle.
Figure 2 shows the detailed fuel modelling. The bundle is modelled by 19 different pins because of the right-left
symmetry. Radially, each pin is modelled by 6 nodes in the fuel, 3 nodes in the sheath and 1 node for zircaloy
oxide resulting from the zircaloy-steam reaction at high temperature, as seen in Figure 3.

Thermal radiation between the fuel elements and the pressure tube is modelled as well as between the pressure tube
and the calandria tube. The pressure tube ballooning at high temperature is modelled with the assumption that it
retains its circular shape. The fuel-to-sheath heat transfer coefficient is kept constant at:
• 10.0 kW/m2/°C when the sheath temperature is below 700 °C,
• 1.0 kW/m2/°C when the sheath temperature is higher than 750 °C
• and is varied linearly in between.

The sheath emissivity is set at 0.7, the inside of the pressure tube at 0.7 and the outside of the pressure tube as well
as the inside of the calandria tube is set at 0.3. The zircaloy-steam reaction is modelled with the Urbanic-Heidric
correlation. The radial distribution of the heat generation in the fuel is constant in volume . The power pulse of the
20% RIH break with total loss of ECC is shown in Figure 4.



5. RESULTS

5.1 Circuit simulation

The circuit simulation of a 20% RIH break with total loss of emergency cooling was performed by the SOPTH-G2
code for the blowdown portion of the transient and the beginning of the post-blowdown portion (the code was
stopped after 260 seconds). The pressures, enthalpies and void fractions at the headers were written to a file. A pre-
processor calculated the gas and liquid enthalpies needed by CATHENA from the mixture enthalpies calculated by
SOPHT.

5.2 Steady state results

The SOPHT circuit simulation gave a inlet header to outlet header pressure drop of 1.22 MPa at steady state. The
steady-state flowrate calculated by CATHENA in channel O17 was 21.8 kg/s.

5.3 Transient results

5.3.1 Flowrate results (blowdown portion)

Figure 5 shows the comparison between the flowrate calculated by two CATHENA simulations of the blowdown.
The full line shows the predicted flowrate at the inlet of the channel for the first CATHENA simulation (where the
boundary conditions are pressures, enthalpies and void fractions at the headers). The dotted line shows the
predicted flowrate for the simulation using the flow boundary conditions at the inlet header. The results are almost
identical showing that new approach is valid and give results almost identical to the traditional approach in the
blowdown portion of the transient.

The results presented in the following sections are for the blowdown and post-blowdown portions.

5.3.2 Hydrogen production results

Figure 6 shows the CATHENA predictions of hydrogen production in the channel for the first 1000 seconds. These
results are for single channel 017 and steam starvation is used in CATHENA. To have an idea of the total
hydrogen production, the maximum amount must be multiplied by 380, which gives approximately 57 kg. This
number is well below the value used in safety analysis. One of the reason is that the assumptions for this analysis
were made as to maximize the fuel elongation and not the hydrogen production.

5.3.3 Fuel and Sheath Temperature Results

Figure 7 shows the top pin sheath temperatures at bundle 3. Bundle 3 was chosen because it experienced the highest
sheath temperatures. The highest temperatures occurred for the 5g/s case. The peak occurred earlier in the 5g/s
case than in the other cases because there is less cooling. The decline in temperature after the peak is due to the fact
that all the available zirconium have been oxidized and no zirconium is left for the continuation of the
steam/zircaloy reaction which produces heat. Figures 8 and 9 show the surface and center fuel temperature at the
same location. These plots are very similar to Figure 7 because the gap heat transfer coefficient is kept constant.

5.3.4 Fuel elongation results

Figure 10 shows the CATHENA prediction of fuel elongation at land edge relative to the time of accident. The land
edge is chosen because this is where the highest elongation occurs. The 5g/s case has the highest elongation at



about 37 mm. This is well below the available space for fuel expansion at Gentilly-2. Note that the timing of the
highest fuel elongation does not always correspond to the timing of the highest fuel temperatures because the total
elongation depends on the temperatures of each bundle. The sheath temperature of each bundle reaches its peak at
different time due to the exhaustion of the zirconium/steam reaction.

5.3.5 Pressure Tube Temperature Results

Figure 11 shows the CATHENA predictions of top pressure tube temperatures at bundle 6 to 8 for the blowdown
portion of the transient. These are the three axial segments which experienced contact with the calandria tube
before 100 seconds. Table 1 summarizes the contact parameters for all segments which contacted during the
blowdown phase of the transient. Due to the moderator subcooling, the calandria tube did not experience dryout
after the contact with the pressure tube.

6. DISCUSSION AND CONCLUSION

The comparison between the inlet channel flows of two methodologies for the blowdown period (Figure 5) shows
that the results with the flowrate as a boundary condition are identical to those where the pressure and enthalpies are
taken as boundary conditions. This allows the whole transient of a large LOCA with loss of ECC to be simulated
without interruption by CATHENA. The pressure tube deformation is calculated continuously during the transient
as well as all the other parameters. This methodology can be applied to other codes like the coupled code
CATHENA-ELOCA [5]. There are many advantages to this non-stop approach: there is consistency in the
conditions between the blowdown and the post-blowdown portion of the transient, this approach is less prone to
errors since the data manipulation is minimized, and it avoids the extraction of data at the end of the second step
which can be time consuming. It was applied to a 20% RIH break with total loss of ECC and was shown to give
reasonable results, consistent with previous results. In summary, this paper shows a successful new approach
where the blowdown and the post-blowdown portions of a large LOCA coincident with a total loss of emergency
core cooling are simulated continuously.
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TABLES

Table 1. Pressure-tube to calandria tube contact parameters, 20% RIH break with total loss of ECC,
biowdown portion of the transient

bundle

7
8
6
9
5

time of contact
s

62.3
64.7
74.4
105.2
158.2

temperature
C

795
794.1
823.9
837.1
1010.4

pressure
MPa
1.78
1.63
1.21
0.49
0.39
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1. INTRODUCTION

This paper summarizes the analytical work carried out and the results obtained
when determining the ultimate pressure capacity (UPC) of the containment
structures of CANDU 6 Nuclear power Plants. The purpose of the analysis work
was to demonstrate that such containment structures are capable of meeting
design requirements under the most severe accident conditions. For this concrete
vessel subjected to internal pressure, the UPC was defined as the pressure causing
through cracking in the concrete.

The present paper deals with the overall behaviour of the containment. The
presence of openings, penetrations and the ultimate pressure of the airlocks were
considered separately.

2. DESCRIPTION

The containment structures of CANDU 6 nuclear power plants consist mainly of a
cylindrical wall supporting a ring beam, a lower dome and an upper dome. The
wall is supported by a circular base slab and sometimes by a sub-base. The
dimensions of the containment structures are given in Figure 1.

Inside the containment are located the nuclear reactor and a number of power and
safety related systems as well as heavy concrete walls and slabs that are also
attached to the base slab but are independent from the wall and domes.

The space between the two domes is used to store dousing water.

The containment structure, except the lower dome, is entirely prestressed. Figure
2 shows the layout of the prestressing cables.

3. DESIGN CRITERIA

The Design Criteria of the Reactor building define three accident pressures as
follows (1):
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For a design accident pressure of 124 kPa (LOCA with total loss of dousing)
maximum permissible stresses and strains in the containment are specified
with particular attention to maximum tensile stress requirements at the
surface of concrete.

For the steam line break accident (200 kPa), it is specified that no damage
to the containment shall occur, i.e. no through-wall cracking is permitted.

During a steam line break associated with total loss of dousing (400 kPa),
limited damage to the containment is allowed such that no consequential
damage to reactor systems could occur.

4. ANALYSIS OF CONTAINMENT STRUCTURE

4.1 Mathematical Model

The computer program ANSYS was used to generate a three-dimensional model
for the non-linear analysis of the whole reinforced concrete containment. The
model represents a slice of the containment, of the sub-base and of the supporting
rock limited by two vertical meridional planes forming an angle of 6 degrees
between themselves (Figure 3). The model consists of three elements throughout
in the circumferential direction. Symmetry boundary conditions were assumed at
all the nodes in the two meridional planes. The sliding membrane between the
base slab and the sub-base slab is represented in the model by allowing the
bottom of the base slab to move radially, but not vertically, with respect to the
sub-base slab. The internal structure is not represented. Also, as for the general
linear elastic analysis, the effect of the buttresses is neglected and the openings
are not included in the model. These openings have been the object of a separate
detailed non-linear analysis.

The model consists of isoparametric concrete solid elements (Solid 65) defined by
eight corner nodes, each node having three translational degrees of freedom.

For each part of the structure, different numbers of layers are input across the
thickness in order to introduce the actual reinforcing and prestressing and, at the
same time, to allow a sufficiently detailed vision of the cracking propagation to
emerge from the results. In general, 5 elements are provided for the base slab, 7
elements for the perimeter wall, 4 elements for the lower dome and 5 elements for
the upper dome. Figure 4 shows the mesh in the upper part of the containment.
The ring beam and the hinge at the base of the perimeter wall were more refined
in view of the complexity of the reinforcing and prestressing in the two joint
regions.
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For each reinforced concrete element, the rebar modeling capability of ANSYS is
available to describe reinforcement characteristics, including rebar material
specifications, a volume ratio defined as the rebar volume divided by the total
element volume, and the orientation angles. Up to three different rebars
specifications can be assumed to exist in a concrete element.

In order to introduce the reinforcement present in the containment, generally, the
first and the last element of the cross section of each structural component are
reinforced in the meridional and hoop directions; additional elements were
reinforced in the upper and lower part of the perimeter wall and in the ring beam
region. Transverse reinforcement was also introduced in the lower part of the
perimeter wall as well as in the ring beam region.

The upper dome prestressing system consisting of a net of 3 layers of cables
running along great circles approximately 120° apart, has been converted into
equivalent meridional and circumferential steel and added to the layer of elements
located at mid-depth. For the base slab, the two equivalent nets of cables were
introduced in the second and fourth layers of elements.

Vertical steel corresponding to the perimeter wall meridional cables is added to the
central layer of elements; circumferential steel for the hoop prestressing is present
in the second layer of elements from the outside face. Also, hoop steel was
provided in the ring beam to take into account the upper and lower circumferential
prestressing of this region.

4.2 Analytical Procedure

Failure Criterion

One of the most important characteristics of concrete is its low tensile strength
which results in tensile cracking at stresses that are very low compared to the
compressive strength. The tensile cracking reduces the stiffness of the concrete
and is usually the major contributor to the non-linear behaviour of reinforced
concrete structures. This abrupt strain softening characteristic behaviour of
concrete causes sudden changes in local stress levels. The crack development
and subsequent stress redistribution having such a major influence on the basic
behaviour of reinforced concrete structures, an accurate modeling of the cracking
behaviour of concrete is undoubtedly an important factor.

Various mathematical models based on test results have been developed for the
description of the failure of three-dimensional concrete structures. As failure
criterion of concrete under a multi-axial stress state, the ANSYS program uses the
five points Willam-Warnke criterion associated with elasticity-based constitutive
relations (2).



The shape of the five points Willam-Warnke failure surface for concrete is a
function of the first (hydrostatic) invariant of the stress tensor and of the second
and third invariants of the deviatoric stress tensor (3) to (5). It is described in the
three-dimensional stress space by the shape of its cross-sections in the deviatoric
planes and its meridians in the meridian planes.

The five parameters used to define the Willam Warnke criterion include three
simple test data, the uniaxial compressive strength (f'c = 35.0 MPa), the uniaxial
tensile strength (f't = 3.55 MPa), the equal-biaxial compressive strength (fee =
1.2 * f'c), and two strength under high compression, functions of f'c. The
modulus of elasticity of the reinforced concrete used is 29,600 MPa and Poisson's
ratio 0.15.

The reinforcing steel is assumed to follow an elastic-plastic stress-strain
relationship, the Bilinear Kinematic Hardening (BKIN) option, which uses the Von
Mises criterion with associated flow rule and kinematic hardening. The following
reference values were used: yield strength 400.0 MPa, elastic modulus 200,00
MPa and tangent modulus 20,000 MPa.

In the hinge the tangent modulus of steel was further reduced to 2,000 MPa.

The prestressing steel is assumed to be elastic on account of the high value of its
yield point, 1,678 MPa. The following properties were used: ultime strength
1,860 MPa, modulus of elasticity 193,000 MPa.

Element Formulation

Among the different approaches for crack modeling, the ANSYS program uses the
smeared-cracking model. In this approach, the cracked concrete is assumed to
remain a continuum, i.e. the cracks are smeared out in a continuous fashion. It is
assumed that the concrete becomes orthotropic or transversely isotropic after the
first cracking has occurred. Thus, after cracking has occurred, modified new
tangent-material-stiffness matrices are established for the resulting orthotropic
concrete material. Also, it is assumed that a crack closes when the direct stress
across the crack becomes compressive.

In the tension-tension-compression state, if the failure criterion is reached for o^
and o2, cracking occurs in the planes perpendicular to those principal stresses.
Further, if the failure criterion is reached for all three principal directions in a
tensile-tensile-tensile state, cracks are developed in the planes perpendicular to a v

a2 and o3.



Shear strength reserves due to aggregate interlocking will be accounted for by
retaining a positive shear modulus. Also, the tensile stress relaxation will model
post-cracking behaviour of concrete in order to support tensile loads as cracking
progresses.

If the material at an integration point fails in uniaxial, biaxial or triaxial
compression, the material is assumed to crush at the point, crushing being defined
as the complete deterioration of the structural integrity of the concrete, such that
the contribution to the stiffness of an element at the integration point in question
can be ignored.

Up to four material properties can be defined in the concrete element formulation
used (solid element 65 in ANSYS program), one matrix material (e.g. concrete) and
a maximum of three independent reinforcings in three directions. Each
reinforcement, which has elastic-plastic properties has a uniaxial stiffness and is
assumed to be smeared throughout the element.

4.3 Loading

The following loadings were considered major: self-weight of containment, weight
of internal structure, piping loads and internal pressure loads. The containment
was completely loaded before applying the internal pressure, by taking into
account the construction phases and sequential build-up of dead loads and
prestressing loads.

The non-linear analysis was conducted with successive internal pressure load
increments. The full Newton-Raphson process was used, with an update of the
global stiffness matrix at every iteration and an out-of-balance force and
displacement convergence check.

First, the internal pressure loads were increased from 0.0 to 142.7 kPa (20.7 psi)
to obtain a non-linear response of the containment equivalent to a pressure test.
From this point on, care had to be taken to apply the load slowly so as to
reproduce the correct sequence of crack formation and to avoid numerical
problems which could result from non-converged load steps. Therefore, small
pressure increments of only 7.0 kPa (1.0 psi) were used once a significant
cracking process began. Special case was taken between 338 and 352 kPa (40
and 51 psi) and between 414 and 427 kPa (60 and 62 psi) where the changes in
pressure were as small as 3.4 kPa (0.5 psi). These two pressure intervals
correspond to two important changes in structural stiffness. The analysis was
discontinued at a pressure of 585 kPa (82.0 psi) because of imminent convergence
difficulties due to generalized cracking, significant yielding of the reinforcing steel
and large displacements.



It is to be noted that the pressure rise has been estimated by AECL to take
approximately 45 seconds to reach 180 kPa and 120 seconds to reach 380 kPa.
Given a fundamental frequency of about 3.5 Hz for the Reactor Building, no
dynamic amplification of the pressures was considered.

Temperatures were not included in the analysis. This was considered conservative
because operating design temperatures cause thermal gradients, the effect of
which is to induce compressive stresses in one part of the cross sections. Such
stresses would increase the pressure at which through cracking would appear.
Also, as cracking develops in concrete and as the structure deforms, thermal
stresses tend to be released. Accidents cause temperatures to rise quickly in the
Reactor Building but because of the thermal inertia of concrete, their effects will
not be felt by the containment structure as quickly as that of pressure.

Long term shrinkage and creep induce low levels of stresses in the containment
except at the springing of the upper dome and in the perimeter wall above the
hinge. However, preliminary studies have indicated that the hoop direction in
these two areas was not critical for the ultimate pressure capacity. Therefore, for
the sake of clarity, these load cases were omitted.

5. FINDINGS

This section contains the salient results of the non-linear containment analysis and
their interpretation.

The following definitions were used to define the cracking directions: a meridional
(horizontal) crack is caused principally by meridional stresses and a hoop (vertical)
crack by hoop stresses.

a. At 142.7 kPa, stresses were found to be within allowable limits both in
tension and compression.

b. Except locally at the inside face of the lower dome springing and at the
hinge, there are no cracks in the containment at a pressure of 200.0 kPa.

At 241.3 kPa a meridional stress cracking process is initiated at the inside
face at the springing of the upper dome, stretching rapidly over a 5° along
this face. While these cracks are propagating into the thickness, they never
reach the outside face where a narrow compressive region persists all along
the pressurization history of the containment. Maximum compressive
stresses remain acceptable.



c. There are no cracks in the wall up to a pressure of 324.0 kPa. From this
level, the first meridional cracks begin to develop at the outside face below
the ring beam, and up to 427.4 kPa spread over a height of about 2.0 m
and penetrate up to a maximum of 43% of the thickness.

Meridional cracks, which were initiated at the inside face of the hinge at a
pressure just below 206.8 kPa, penetrate over 60% of the hinge thickness
at 427.4 kPa. There are no hoop cracks in the hinge region during the
pressurizing history, up to 448.1 kPa. Also a superficial layer of the base
slab below the hinge cracks as the hinge cracks propagate.

d. The first through-crack, initiated from the outside face and caused by the
meridional stresses, occurs in the upper dome at 365.4 kPa, in a region
located between 16-17° and 19° with respect to the vertical axis of
symmetry. There are no hoop stress cracks in the upper dome at this
stage.

Between 365.4 kPa and 413.7 kPa only an extension of the previous upper
dome distribution of cracking is observed. The initial inside face meridional
cracks continue also to penetrate up to 70-75% through the thickness.
Also, there are no upper dome hoop cracks up to 413.7 kPa, even if the
corresponding hoop stresses are becoming tensile from the vertical axis of
symmetry to the cross section located at 16°.

e. By increasing the pressure from 413.7 kPa to 427.4 kPa a second critical
point in the global behaviour of the containment is reached.

The upper dome cracks first due to the hoop stresses over 17° from the
central axis, and a secondary quasi-generalized meridional cracking pattern
is developing over the entire upper dome, excepting at the outside face of
the springing.

At the same pressures, vertical through cracking is developing in the
perimeter wall approximately over the entire height. Simultaneously, the
outside face meridional wall cracks that appeared first are closing, but a
new set will appear on the outside face between 4.5 m and 10.3 m below
the ring beam.

f. From 427.4 kPa up to 441.3 kPa, as mentioned before a nearly generalized
hoop cracking pattern is developing throughout the perimeter wall from 3.5
m above the base slab. This process is continuing towards the hinge
region, but without interference with the cracking pattern of the hinge.



At 441.3 kPa, stresses in the outside element of the hinge reach the failure
criterion in compression combined with a doubly cracked remaining section.
It is to be noted that there is no yielding in the reinforcing steel in the hinge
region.

g. The reinforcing steel first yields at a pressure of 448.1 kPa in the meridional
direction at the inside face of the springing of the upper dome and then in
the hoop direction on both sides of the perimeter wall. Further, at 482.6
kPa the reinforcing steel yields in both directions at the crown of the upper
dome and in a region of the perimeter wall in the meridional direction.

h. Near 565.3 kPa, the upper dome becomes simply a tensile membrane near
final failure. The reinforcing steel has yielded and only the prestressing
cables contribute to the ultimate strength. More precisely a double plastic
mechanism is formed with two inflection points situated approximately at
7.0° and 22.0° from the central axis.

The attached figures are showing the variation of strains (Figures 5 to 8) and
displacements (Figures 9 and 10) versus the height of the perimeter wall or the
position angle between a given section in the upper dome and the axis of
symmetry for various increasing pressure levels.

6. COMPARISON WITH UNIVERSITY OF ALBERTA STUDY

Between 1976 and 1980, the Atomic Energy Control Board contracted the
University of Alberta to conduct a similar study of the ultimate capacity of the
Gentilly-2 containment.

That study was both analytical and experimented and included several pioneering
aspects that contributed to significant advances in the field of non-linear analysis
of concrete shells (6).

An extensive review of this work was undertaken.

It is to be noted that there are significant differences between the Gentilly-2
containment and the structures built at other plants which in general have been
built in regions of higher seismicity.

When these differences are taken into account, it was found that the results
obtained for both structures compared well.

The general behaviour of the two buildings under increased internal pressure was
almost identical, including the distribution and progression of cracked areas.
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7. SUMMARY OF THE RESULTS

On the basis of the above findings, it may be concluded that the design criteria for
the Reactor Building Containment are fully satisfied. At 143 kPa, stresses were
found to be within allowable values both in tension and compression. This
confirms the conclusions reached during the design process using linear elastic
analysis procedures. Also, no through crack was observed at 200 kPa. The first
through crack developed in the upper dome at a pressure of 365 kPa. This gives a
factor of safety against through cracking of 365/200 = 1.82. The lower and
upper domes were subjected to a pressure of 565 kPa without collapse.

There is no damage to be expected to the Reactor systems up to a pressure well
above 400 kPa. Also, there is no through crack in the containment wall or in the
hinge region for pressures up to the same value. No yielding of the steel rebars
was detected in the hinge up to 441.3 kPa.
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ABSTRACT

The primary heat-transport (PHT) system of a CANDU®1 reactor includes four quadrants of
reactor coolant channels, each fed from its own inlet header through a large number of inlet
feeders. As part of the safety shutdown system 1 (SDS1) and Reactor Regulating System (RRS)
of CANDU reactors, differential-pressure (DP) cells are used to monitor the reactor coolant flows
in each quadrant and to register changes with a prescribed response time. This paper describes an
accurate in-situ measurement of the response time of two Rosemount 1152 DPA22PB DP cells,
one from SDS1 and one from an RRS fully instrumented channel. The response time
measurement was done using high-frequency pressure-measurement devices temporarily installed
on the high- and low-pressure sides of the DP cells. The results suggest that the actual time
constant of the Rosemount DP cell is much faster than indicated in the specification which is
based on the traditional instrument-air-step-response measurement method. Furthermore, the
actual time constant is much faster than that assumed in the safety analysis report. An
examination of the instrument-air-step-response method indicates that it produces conservative
estimates of time constants, especially for small time constants. If further work confirms this
finding it suggests that the actual time constant may be increased considerably without exceeding
the time constant assumed in the safety analysis.

1. INTRODUCTION

The primary heat-transport (PHT) system of a CANDU reactor consists of four quadrants of
reactor coolant channels, each fed from its own inlet header through a large number of inlet
feeders. Part of the SDS1 safety system of a CANDU reactor is the measurement of reactor
coolant flow. The flow in three inlet feeders per quadrant is monitored using a differential-
pressure (DP) measurement system comprising orifice plates, DP cells (also called transmitters)
and impulse lines that connect the DP cells to the measured process. If one of these three
measurements indicates low flow, then a Low Gross Flow (LGF) alarm occurs; if two out of three
indicate low flow then a reactor trip occurs on LGF [1].

Pickering Nuclear Generation Station (PNGS) B recently raised its LGF trip point from 84% of
nominal flow to 90% and, as a result, began experiencing a large number of LGF channel trips, up to
30 per day •[!]. Similar problems have occurred at both Bruce and Darlington Nuclear Generating

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



Stations [1]. An initial investigation into the cause of these LGF alarms revealed very short (70 ms)
but fairly large (up to 22%) drops in DP cell output, termed "flow dips."

Analysis of the data revealed that these flow dips are not correlated to each other or to inlet header
pressure or to fully instrumented channel (FINCH) flow measurements. The FINCH channel flow
measurements, which are used for reactor regulating purposes, are done with a DP measuring system
that uses Venturis instead of orifice plates as the primary element. No flow dips occur on FINCH
flow measurements. The conclusion of a preliminary analysis was that the flow dips were a local
turbulence phenomena related to orifice plates, and they were not caused by low flow in the quadrant
as a whole or in the individual channel.

It is fairly easy to filter out flow dips by increasing the damping (time constant) of the DP cell. The
DP cell manufacturer, Rosemount, specifies a response time of 200 ms for the DP cell itself. The
same value is used in the Safety Analysis Report (SAR) [2]. In response to a PNGS B request, the
Atomic Energy Control Board (AECB) allowed PNGS B to increase the time constant on the one
particular DP cell that was causing the most LGF alarms. This was done, and the LGF alarms
associated with that particular DP cell were eliminated. However, the AECB requested that PNGS B
investigate the root cause of the flow-dip phenomena [3], and a research program with that objective
was established [1]. Conclusions of this research are that flow does not change significantly during a
flow dip and that pressure pulses originating in the header-feeder junction are the root cause of the
flow dip [1].

In the course of the flow-dip investigation, the question raised was how a very short (70 ms) but
large (22%) flow dip could be output by a DP cell having a specified time constant of 200 ms. To
investigate this, PNGS B performed time constant measurements on the DP cell using an instrument-
air-step-response test. This measurement method indicated a response time of 200 ms, in apparent
good agreement with the manufacturer's specification.

However, further investigation of the instrument-air-step-response test method suggests that the
measurement method itself has a systematic error. In this test, the time taken to reach an output of
63% in response to a step change in input air pressure is defined as the response time. The input air-
pressure step change is generated using a three-way solenoid valve, and the output transients are
recorded using an electronic strip-chart recorder. Time zero is taken as the time at which the
electrical signal to the solenoid valve is switched. Given the fact that it may take about 100 ms for
the solenoid valve to fully open, the instrument-air-step-response method consistently indicates a
response time that is in the order of 100 ms slower than the true response time of the DP cell alone.
Thus the 200 ms time constant obtained using the instrument-air-step-response measurement
technique is actually an indication that the true time constant of the DP cell is approximately 100 ms.
Moreover, careful reading of the manufacturer's specification for the DP cell indicates that the 200 ms
specified is intended to be a maximum value and that the actual time constant is equal or faster than
this. Thus a time constant of 100 ms is not inconsistent with the manufacturer's specification and it
explains how a 70 ms pulse might pass through the DP cell.

As part of the flow-dip investigation, special, temporarily installed high-frequency pressure
transmitters were used to measure the pressure on each side of two DP cells, one associated with
SDS1, the other associated with a FINCH channel. These high-frequency pressure transmitters



were installed to obtain a cleaner record of high-frequency pressure pulses that were suspected to
be the cause of the flow dips. An additional benefit of these measurements is that they can be
used to obtain a more accurate measure of the DP cell response time. Analyzing these high-
frequency pressure measurements to provide an accurate measurement of DP cell response time is
the subject of this report. The experimental setup and measurement obtained are described in
Section 2. Non-parametric and parametric analyses are given in Sections 3 and 4, respectively.

2. EXPERIMENTAL SETUP AND MEASUREMENTS OBTAINED

The temporary high-frequency pressure transmitters measuring the pressure on each side of the
DP cell are shown in Figure 1. The pressure transmitters were piezoelectric sensors, ICP model
101A06, from Intertechnology. These sensors can withstand high static pressure while having
fairly high sensitivity to small pressure changes. They operate as a band pass filter with both a
low-frequency breakpoint (50 s time constant) and a high-frequency limit (>100 kHz). They
contain integral voltage amplifiers. They were installed using about 250 mm of tubing to the drain
holes of the DP cells. The data used in this analysis were sampled at a frequency of 2200 Hz.
Two sets of high-frequency measurements were made: one on a DP cell measuring pressure drop
across an orifice plate (Rosemount 1152DP6A22PBCE), the other on a DP cell measuring
pressure drops across a venturi (Rosemount 1152DP5A22PBCE).

The two DP cells from PNGS Unit 7 that were examined were RRS FINCH channel-flow
transmitter F1CFT7 on fuel channel N16 (a venturi-based flow measurement) and SDS1 gross
low-flow transmitter F3F (an orifice-plate-based flow measurement). The FINCH cell has an
upper range limit (URL) of 0-186.0 kPa and a calibrated span of 77.1 kPa (41% of URL),
whereas the SDS1 cell has a URL of 0-690.0 kPa and a calibrated span of 491.0 kPa (71% of
URL). Figure 2 shows a portion of the F3F DP cell output.

A difference signal (Diff) was created by subtracting the output of the two high-frequency
pressure cells, Phi and Plo:

Diff = Phi-Plo (1)

A portion of the Diff signal is shown in Figure 3. Note that the DC values of Phi, Plo, and hence,
Diff are arbitrary.

It should be noted that the actual variation in DP across the cell is ±150 kPa (Figure 3), which is
about 61% of the actual transmitter span (calibrated value 491.0 kPa). This indicates that large

. variations are considered in this analysis. However, the variation in cell output is only about
±12 kPa, which is about 5% of the full scale (Figure 2). This is due to the internal filter of the DP
cell.
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Cell
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Figure 1: Experimental setup of the DP cell pressure measurements; Phi and Plo are temporarily
installed high-frequency pressure cells.



(k
P

a
;

CD
i_

e
s

s
u

i

Q.

300

295

290

285

280

275

270

265

time (s)

Figure 2: Portion of DP cell output F3F.

time (s)

Figure 3: Portion of signal Diff = Phi -Plo (arbitrary mean value).



3. NON-PARAMETRIC RESPONSE TIME ESTIMATION

It can be assumed that the high-frequency pressure cells measure actual pressure without
distortion; thus the Diff signal (Figure 3) represents the actual pressure difference across the DP
cell. In contrast to this, the F3F signal (Figure 2) represents the pressure difference across the
DP cell as measured by the DP cell. Therefore, the transfer function between Diff signal and F3F
signal reflects the response of the DP cell itself.

The Diff-to-F3F transfer function was derived by dividing F3F by Diff in the frequency domain
and is shown in Figure 4 with a frequency resolution of 0.9746 rad/s.
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Figure 4: Diff-to-F3F transfer function2 derived from measurements.

This transfer function is approximately unity gain at low frequencies and falls off at a rate slightly
greater than 40 dB/decade above the cutoff angular frequency, ccfc, which occurs at about 25 rad/s
(4 Hz). The phase similarly drops from near 180 degrees at low frequencies to slightly below 0
degrees at high frequencies. The shape and rate of fall indicate a transfer function G(s) given
approximately by:

G(s) =
1

(1 + sx)2 (2)

2 Transfer function includes a minus sign, equivalent to adding +/- 180 degrees to the phase, to make them appear
more normal on the plot.



where s = Laplace variable
x = dual time constant

The dual time constant x (=l/ffib) is equal to 40 ms. Based on the above transfer function, the
corresponding response to a step input U(s) = 1/s is given by

Y(s) = G(s)U(s) =
1
ST)2S

(3)

The response of y(t) is calculated through the inverse Laplace transform:

-t/T -t/t
y(t) = V [Y(s)] = 1 - e"UT - t/x e " . (4)

The response of y(t) to a step input is shown in Figure 5. The response time of the DP cell
described by the transfer function in equation (1) is obtained by calculating the time at which y(t)
equals 63.2% of the steady-state value, which occurs at t = 86 ms. Thus the response time of the
DP cell, based on a non-parametric analysis is 86 ms.
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Figure 5: The step response of the transfer function described by Equation (1).

A similar non-parametric analysis applied to the measurements of the FINCH DP gives a dual
time constant of 53 ms (a cut-off frequency of 19 rad/s) and a response time of 115 ms.



4. PARAMETRIC RESPONSE TIME ESTIMATION

To verify the above results of response time estimation for the SDS1 DP cell and to obtain a more
accurate estimate, a frequency-domain parametric analysis was employed. Given the transfer
function shown in Figure 4, as a single-input, single-output system, the following form of transfer
function is expected to fit this non-parametric derived transfer function to a high degree of
accuracy:

b , s n b + b , s n b - 1 + . . .+ b . .
G(S) = -1 2 ; nh±L

1
V + a 2 S + - + ana+1 (5)

where nb and na are the orders for the numerator and denominator respectively, and b and a are
two coefficient vectors. To identify the two vectors, the least-squares error criterion is used.
Denoting the complex frequency response in Figure 4, as tf(k), the corresponding frequencies as
freq(k), k = 1,..., 1024 are the number of frequency points (the length of tf(k) and freq(k)), the
squared error between the actual frequency response points and the desired response is minimized
through the following criterion, with equal weighting at all frequency points selected:

V ittn^ B(freq(k)) .2
mm, ZJ I tf(k) V. ^v " I

b*a k=i A(freq(k)) ^

where B(freq(k)) and A(freq(k)) are the numerator and denominator of equation (5) evaluated at
frequencies freq(k) using the coefficients b and a respectively.

Selecting third-order models, for both the numerator and denominator, i.e., na = nb = 3 for
Equation (5), the coefficient vectors were identified by using the MATLAB package. The
transfer function obtained through the parametric analysis is

245s+ 34197 .

s3 + 8 Is2 + 2824s + 36242

The frequency response of the transfer function described by Equation (7) is shown in Figure 6.
It matches very well with the transfer function shown in Figure 4.
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To calculate the time constants from Equation (7), the above equation is rewritten below by
factoring:

G(s) = 245
(s +139.5796)

(s + (27.4985 + j25.5842))(s + (27.4985 - j25.5842))(s + 25.6908)
(8)

The numerator consists of a first-order term, and the denominator consists of a first-order and a
second-order terms, which can be described in the form of

G(s) = K (9)

or

G(s) = K a0) (10)

being the damping ratio and mn being the natural frequency of a second-order system, and

=0.732, con= 37.5663 rad/s.



The three time constants described by Equation (8) (or (9)) are

tj = l/c0 = 1 /139.5796 = 7.16 ms

x2 = 1/G2 = 1 / 27.4985 = 36.4 ms

T3 = l/c3 = 1/25.6908 = 38.9 ms.

The total response time of the pressure transmitter can be obtained by analyzing the time response
of the transfer function (Equation (7)) to a step input.

Given the step input: U(s) = - , the corresponding output is

= G(s) U(.) = I 245s + 34197
(s3 + 81s2 + 2824s+ 36242)s

Taking the partial fraction expansion of equation (11), Y(s) is written as

- a , — jcod, - G J
' d l +Y(s) =

s(s + (a2-jcod2j) s(s + (a2+jcod2)) s(s + a3)

— ^ — (12)
S(S + G3)

s(S + (G2-jCOd2))

1

where

(5, =21.2086,

C52 = 27.4985,

CJ3 = 25.6908,

ki = - 2 (Oj a , . a)d

ko = 42.4172,

s(s + (G:

1
s(s2 + 2o

a>di =

»d2 =

!+J<»d2))

•2s + a> n 2
2 )

3.2896,

25.5842,

The time response of y(t) is the inverse Laplace transform of Y(s) described by Equation (13):

G 3

(13)

where (p = arcos(£ 2), and ^ 2 = G2 / con2.

The steady-state value can be determined by solving Equation (13) with y( °°). The time period
for the system to reach 63.2% of this final value is the response time of the system, described as



y(t) = 63.2%. (14)

With steady-state y(°°) = 0.9436, and 63.2% of this steady-state value 0.5964, the total response
time is x = 78.63 ms. This value is fairly close to the non-parametric-determined response time
estimate of 86 ms. Time-domain step response y(t) is shown in Figure 7. Similar agreement was
obtained between the parametric and non-parametric analyses for the FINCH channel DP cell.
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Figure 7: The step response of the pressure transmitter transfer function derived through
modelling.

5. CONCLUSIONS

The response times of two Rosemount DP cells (models 1152 DP6A22PBCE and 1152
DP5A22PBCE) have been accurately estimated by analyzing high-frequency pressure
measurements on the high and low side of the cells. For both cells, the frequency response

2

follows approximately a 1/(1+ sx) form. Using a non-parametric approach, the response time is
estimated to be 86 ms for the SDS1 DP cell and 115 ms for the FINCH DP cell A parametric
estimate for the SDS 1 DP cell gave a response time of 78.6 ms, in close agreement with the non-
parametric estimate. Some of the difference in response times between the SDS 1 and FINCH DP
cell can be accounted for the fact that, while both cells are Rosemount DP model 1152
DPA22PB, the SDS1 cell has a URL of 0 - 690.0 kPa whereas the FINCH cell has a much smaller
URL of 0 -186.0 kPa. The electronic gains within the cells are also quite different as the spans
are 71% and 41% of their URLs respectively. Differences in the response times may also be due
to other factors such as manufacturing tolerances.



It is noted that the pressure variations across the cell that make it possible to estimate the
response time were large, suggesting that this response time estimate is correct for large changes
in pressure. This is an important point since it is large changes in pressure that are considered in
safety analysis. These results suggest that the 200 ms response time specified by Rosemount for
this DP cell and measured using the instrument-air step-response method is conservative.

The response times mentioned in this report only apply to the DP cells themselves, without
accounting for the responses of other portions of the system. In particular, the time for the
hydraulic pressures to travel the length of the impulse line must also be included in any safety or
transient analysis. For a typical 40 m impulse line at 25°C, filled with heavy water at 9 MPa, this
additional delay time is about 25 ms.

For future safety analysis (and for control analysis where applicable), it is suggested that the
response time of each pressure transmitter be verified individually, since the scales and internal
gains of the pressure transmitters used will make the actual response time of the DP
measurements system change. For the SDS1 Rosemount Model 1152 DP cell analyzed above, it is
reasonable and highly conservative to use either a single response time of 105 ms (giving 20%
allowance for uncertainty to the above calculated value) or dual time constants of 50 ms as
suitable approximations to flow measurements. For the FINCH channel flow measurement
analyzed, a single response time of 140 ms or dual time constants of 65 ms may be used.
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The use of the SCALE 4.3 [1] and the ITS 3.0 [2] codes by Atlantic Nuclear Services Ltd (ANSL), for the Point
Lepreau Generating Station (PLGS), offers an efficient and accurate means to solve radiation transport problems in
many diverse areas, including health physics, plant operation and accident analysis. Two recent studies (currently in
progress), demonstrate the usefulness of these two code suites for solving highly complex problems involving (a)
channel decay heat following shut-down and (b) hydrogen radiolysis in containment, following a loss-of-coolant
accident (LOCA). This paper summarizes the application of the SCALE 4.3 and ITS 3.0 codes in modelling and
simulation in these studies.

The objective of the decay heat study was to determine the distribution of heat in the fuel channel and its surroundings,
after a reactor shutdown. Following a reactor shut-down, the primary source of in-core heating is from energy
deposition by gamma-rays and beta particles, originating from decaying nuclides (composed of fission products etc) in
the fuel. Historically, it has been assumed that the spatial distribution of energy deposition in the reactor core is the
same after shutdown as during typical reactor operating conditions. This is a poor assumption, however, as during
normal reactor operation, the primary mechanism of energy deposition in-core is the kinetic energy lost by fission
fragments in the fuel (approximately 80% of fission energy is released via the kinetic energy of fission fragments). It is
reasonable to conclude, therefore, that the spatial distribution of energy deposition in-core should be markedly different
before and after shutdown. The solution to this question requires that two problems be addressed individually - the
energy spectrum of radiation (for gamma-rays and beta particles) emitted from a typical fuel bundle, as a function of
time, must be determined and the spatial distribution of energy deposition within the core must be simulated, via Monte
Carlo techniques. As will be discussed subsequently, the SCALE and ITS codes were used to address the former and
latter problems, respectively.

The purpose of the study of hydrogen radiolysis occurring in containment, following a LOCA was to determine the
production rate of hydrogen gas in the sump water in the reactor building. After a LOCA, for a worst-case scenario, it
is assumed that the mechanical integrity of a given fraction of fuel bundles will be compromised. In terms of hydrogen
radiolysis, the worst-case scenario is that all of the radionuclide inventory released from the fuel, into containment,
ends up being dispersed throughout the sump water. To determine the amount of hydrogen liberated from the sump
water via radiolysis, the energy deposited in the water by gamma-ray and beta-emitting nuclides must be determined via
Monte Carlo simulation. Similar to the study of decay heat, a solution to the hydrogen radiolysis problem required a
means of generating the gamma-ray\beta particle source term and a radiation transport code to simulate energy
deposition in the sump water. The SCALE and ITS codes were again utilized to address these problems.

The SCALE 4.3 code is an integrated, modular code system for performing Standardized Computer Analyses for
Licensing Evaluation. In our studies, the ORIGEN-S [3] module of SCALE was employed to calculate "source terms"
for 37 element CANDU fuel bundles, using CANDU specific data libraries, developed by AECL/WRL [4], In this
context, source terms refers to both nuclide inventories and the corresponding gamma-ray and beta-particle energy
spectra (both differential and integral, with respect to time). In the study of decay heat ORIGEN-S was used to
compute the decay inventory of radioactive nuclides in the fuel following shutdown, and the resulting gamma-ray and
beta particle spectra (both integral and differential w.r.t. time). The calculation of beta spectra was made possible by
the use of a new SCALE code module (to be released in the next version of the SCALE code), appropriately named
BETA-S [5], obtained from AECLAVRL. In the hydrogen radiolysis study, the ORIGEN-S code was first used to
generate the nuclide inventory in the fuel at the time of LOCA. Fractional release data (supplied by PLGS), for all the
nuclides in the fuel inventory, were then applied to determine the radionuclide inventory released from the ruptured fuel
bundles into containment. ORIGEN-S was subsequently used to calculate the time-dependent radionuclide inventor}'
that was released into containment. Gamma-ray and beta energy spectra (integral and differential w.r.t. time) were also
generated via ORIGEN-S. In both the decay heat and hydrogen radiolysis studies, the gamma-ray and beta particle
energy spectra generated by ORIGEN-S.BETA-S were used as source terms for the Monte Carlo radiation transport
analysis, performed with the ITS code.

The .Integrated Tiger Series (ITS v3.0) code suite is a powerful and user-friendly software package which permits state-
of-the-art Monte Carlo solution of linear time-independent coupled electron/photon radiation transport problems in
multi-dimensions and multi-materials. The three-dimensional version of the ITS code, called ACCEPT, was used to
perform beta particle and gamma-ray transport simulations, for the purpose of determining energy deposition. For the
decay heat study, the distribution of energy deposition from betas and gammas emitted by the fuel was simulated, using
a realistic three-dimensional reactor fuel channel lattice. The ACCEPT code was modified to provide spatial source
sampling (for both betas and gamma-rays) from all 37 elements of the fuel bundle. This permitted very accurate



simulation of the spatial distribution of energy deposition in the reactor core. In the study of hydrogen radiolysis, the
reactor building was modelled as a simple cylindrical concrete structure, filled to an appropriate level with a
D20/H2O/radionuclide mixture. The ITS-'ACCEPT code was used to determine the fraction of source energy deposited
in the sump water mixture, by the gamma-ray and beta-emitting nuclides, which were assumed to be uniformly
dispersed throughout the sump water.

In summary, the SCALE (v4.3) and ITS i v3.0) codes have proven to be very useful analytical computational tools in our
work and for use in the nuclear industry, in general. These codes suites have been benchmarked and validated
extensively in many diverse nuclear applications. Many man years have gone into their development to provide not
viily reliable and useful computational tools, but also a relatively "user friendly" environment. These codes run on a
variety of computing platforms, ranging from PCS to UNIX engineering workstations. Together, or individually, the
SCALE and ITS codes have provided PLGS and ANSL with a cost-effective, accurate means of obtaining solutions to
many complex problems of current interest to CANDU operations.
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ABSTRACT

The two-dimensional discrete-ordinates radiation transport code DORT^ has been used to calculate neutron and
gamma fluxes and corresponding dose rates through the end-shield outlet penetration of a central fuel channel in a
CANDU 9 480/NU reactor. The 67-group coupled neutron-gamma library cross sections used in the analysis are
based on primary ENDF/B-IV data, but with significant updates from new ENDF/B-VI data for many materials
common to CANDU applications.

Three different fuel-channel configurations were analyzed:

i. the reference design of fuel-channel components;

ii. a "new" fuel-channel design, where the rolled joint area of the end-fittings was longer than the
reference design by 102 mm; a corresponding 102-mm length was removed from the body of the
shield plug, and the liner tube was shortened by 102 mm; and

iii. same as case (ii) above, but the steel of the shield plug was replaced by heavy-water coolant.

Calculations were made for normal steady-state full-power operation and after reactor shutdown. The neutron and
gamma dose rates were calculated throughout the end shield including the plane at the outer surface of the fuelling
machine tube sheet and outside the end-fittings during reactor operation. The fluxes and dose rates were compared
for these three configurations to assess the effects on dose rates in the fuelling-machine vaults.

Twenty-four hours after reactor shutdown, the dose rates outside the end-fittings, that is, in the fuelling machine
vaults, have contributions from

i. decay gamma rays from the 60Co activation product formed from cobalt impurities in the stainless steel
of the fuelling-machine side tube sheet and other end-shield components;

ii. fission-product decay gamma rays from irradiated fuel in the reactor core;

iii. prompt gamma rays from the low fission power of the core (because of fissions from delayed neutrons
and photoneutrons inside the core); and

iv. activation gamma rays from corrosion and fission products deposited in the end-fittings and feeder
pipes.

The neutron flux distribution through the end shield during normal operation was used to calculate the resulting 60Co
activity of the fuelling-machine tube sheet, the shield plug, the end-fittings, the closure plug, etc. This 60Co activity
was used as a source distribution in a separate DORT analysis to calculate the 60Co gamma dose rates at the outer
surface of the end-fittings.

The fission-product decay gamma spectrum from an ORIGEN-S^2) calculation was incorporated as a fixed source in
the fuel for the DORT transport calculation to determine the fission-product decay gamma dose rates at 24 h after
shutdown.

The dose rates that are due to the low fission power of the core, i.e., neutronic power of the core (-2.0 x 10'6 FP at
24 h after shutdown), were also calculated by prorating the full-power dose rates with this neutronic power fraction.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



The total dose rate from these three sources, i.e., sources (i) to (iii), were summed and compared among the three
proposed fuel-channel configurations. The shutdown dose rates outside the end-fittings from source (iv) were not
evaluated in this paper. However, the dose rates from this source have been measured to be as high as 2 to 5 mSv/h
at CANDU 6 plants.

INTRODUCTION

The end shield of a CANDU 9 reactor is a complex assembly of steel, water and fuel-channel penetrations. A
calculation of the attenuation of neutron and gamma fluxes through the end shield requires a two-dimensional
transport code. The attenuation of radiation through the CANDU 9 end shield was calculated using the
two-dimensional discrete ordinates transport code DORT.

DORT calculations were performed for the following cases at full power:

i. the reference design of fuel-channel components;

ii. a "new" fuel-channel design, where the rolled joint area of the end-fittings was longer than the
reference design by 102 mm; a corresponding 102-mm length was removed from the body of the
shield plug, and the liner tube was shortened by 102 mm; and

iii. same as case (ii) above, but the steel of the shield plug was replaced by heavy-water coolant.

When the reactor is shutdown, the dose rates in the fuelling-machine vaults are due to

i. decay gamma rays from the 60Co activation product formed from the cobalt impurities in the stainless
steel of the fuelling-machine side tube sheet and other end-shield components;

ii. fission-product decay gamma rays from irradiated fuel in the reactor core;

iii. prompt gamma rays from the low fission power of the core (because of fissions from delayed neutrons
and photoneutrons inside the core); and

iv. activation gamma rays from corrosion and fission products deposited in the end-fittings and feeder
pipes.

Two more DORT runs were made to calculate shutdown dose rates outside the end-fittings from sources (i) and (ii)
above. The source (iii) contribution was evaluated by prorating the dose rates during operation by the residual
fission power of the reactor core at 24 hours after shutdown, viz., -2.0 x 10"6 FP. The dose rate from this source (iii)
is small.

Dose rates in the fuelling-machine vault from source (iv) were not evaluated in this study. However, these dose rates
have been measured to be as high as 2 to 5 mSv/h (200 to 500 mrem/h) at the CANDU 6 plants.

For source (i), the 60Co reaction rate was calculated by the DORT code in the steel material throughout the end
shield including the end-fittings. The 59Co contents were taken to be 700 Hg/kg (700 ppm) for the calandria side
tube sheet and the lattice tube; 500 Jig/kg for the fuelling-machine tube sheet; 250 jig/kg in the end-fitting, shield
plug, liner tube; 150 |J.g/kg in the homogenized carbon steel balls and water region (60/40 region). The activation
gamma dose rates are dominated by the activity in the fuelling-machine tube sheet.

For source (ii), the fission-product decay gamma source was input to a separate DORT analysis from an ORIGEN-S
calculation made for an average power bundle (492 kW fission power) irradiated to an average burnup of -4,000
MW.aVMg.U and decayed for 24 hours. The fission-product decay gamma spectrum from ORIGEN-S was converted
into the DORT gamma energy group scheme.

DESCRIPTION OF CANDU 9 END SHIELD

The end shields are approximately 7.54-m-diameter discs at both ends of the reactor core. Each end shield has a
887-mm-region of carbon steel balls and light water sandwiched between a 89-mm-thick calandria side tube sheet
and a 89-mm-thick fuelling-machine side tube sheet; a total thickness of 1065 mm.



In each end shield, 480 fuel-channel penetrations allow primary coolant to flow through the end shield and permit
refuelling operations. The fuel channel penetrations are arranged on the 285.8-mm-square lattice of the reactor core
and are formed by thin-walled lattice tubes.

The penetrations are plugged by the stainless steel end fittings that can be thought of as a thick-walled tube and
shield plug assemblies. Except for a narrow gas annulus between the lattice tube and the end-fitting, the remaining
volumes are filled with heavy-water coolant. The fuel-channel assembly showing the end-fitting, liner tube and
shield plug is given in Figure 1. The feeder pipes were ignored in the analysis.

DORT ANALYSES

Because the 480 fuel channels form a repeating array, radiation transport through the end shield was analyzed for
one fuel-channel penetration (a cell) using reflected boundary conditions simulating a repeating array.

The fuel channel was modelled in a two-dimensional R-Z geometry calculation taking into account.

i. Steady-state operations at 100% full power.

ii. A central fuel channel for which the channel power is at 6.44 MW(th).

iii. The fuel-channel assembly as shown in Figure 1.

iv. The downstream end of the fuel channel.

v. A 285.8-mm square lattice pitch as an equal area circle that has a radius of 161.2 mm in the R-Z
geometry calculation.

The simplified representation of the fuel-channel penetration is shown in Figure 2. The region identifications and
materials for Figure 2 are given in Table 1. A nominal fuel-channel length of 11756 mm was used. The end-fitting,
liner tube and shield plug lengths were taken to be 2834 mm, 2262 mm and 981 mm respectively in the analyses.
Note that the liner tube length was 102 mm shorter than this value in the DORT analysis for the new fuel-channel
design.

Source Distribution.

DORT expects the radial and axial fission neutron density distribution in the source region (fuel bundle), when it is
run in the fixed source mode. The source length was taken to be just over two-bundle lengths long, i.e., 990.6 mm
(in-core region) and -40 mm long (out-of core region). The latter represents the small portion of the fuel string at
the downstream end of the fuel channels located in the calandria side tube sheet area, as dictated by the outlet shield
plug position in the channel. The neighbouring fuel channels and bundles in the core beyond the two-bundle-long
fuel string were represented using a reflective boundary condition.

Radial Fission Density Distribution fin-core region).

A 37-element fuel bundle contains a central element, an inner ring (6 elements), an intermediate ring (12 elements)
and an outer ring (18 elements). In the DORT analysis, each of those rings and the central element was represented
by two radial meshes. A total of 8 radial meshes were used to represent the fuel bundle.

The radial fission density distribution in the fuel bundle was based on the bundle power distribution for a bundle
irradiated to an average exit burnup. The relative fission rates in the central fuel elements and the fuel rings are

1.

ii.

iii.

iv.

1.000

1.052

1.180

1.428

central element

inner ring

intermediate ring

outer ring

These values should be used with a normalization factor, which can be evaluated as follows.



Table 1
Region Identification and Region Materials

Used in DORT Model

No.

1

2

3

4

5

6

7

8

9

10

U

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Region

Central Fuel Pin

Coolant and Sheath

Inner Fuel Annulus

Coolant and Sheath

Intermediate Fuel Annulus

Coolant and Sheath

Outer Fuel Annulus

Coolant and Sheath

Pressure Tube

Annulus Gas

Calandria Tube

Moderator

Coolant

Fuel Adaptor

Coolant

Fuel Adaptor

Coolant

Calandria Side Tube Sheet

Shield Plug

Annulus Gas

Calandria Side Tube Sheet

Calandria Side Tube Sheet

Inboard Bearing

Carbon Steels Balls+H2O

Annulus Gas

Lattice Tube

Closure

Air

End Fitting

Annulus Gas

Coolant

Material

UO2 Fuel

Zr + H2O

UO2 Fuel

Zr + H2O

UO2 Fuel

Zr+HoO

UO2 Fuel

Zr + H2O

Zr

CO2

Zr

D2O

D2O

SS410

D2O

SS410

D2O

SS304L

SS410

CO2

SS304L

SS304L

SS304L

SS410 + H2O

CO2

SS304L

SS403L

Air

SS403L

CO2

DO2

No.

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Region

Shield Plug Hole

Liner Tube

Liner Tube Hole

Coolant

End Fitting

End Fitting

Lattice Tube

Annulus Gas

Annulus Gas

Lattice Tube

Fuelling Machine Tube Sheet

Coolant

Shield Plug

Shield Plug

Shield Plug

Coolant

Liner Tube

Shield Plug

Coolant

End-Fitting

End-Fitting

End-Fitting Sleeve

End-Fitting

Air

Air

Air

End-Fitting

End-Fitting

End-Fitting

Air

Material

SS4I0 + H2O

SS410

SS410 + H2O

D2O

SS403L

SS403L

SS304L

CO2

CO2

SS304L

SS304L

D2O

SS410

SS410

SS410

D2O

SS410

SS410

D2O

SS403L

SS403L

SS403L

SS403L

Air

Air

Air

SS403L

SS403L

SS403L

Air

If P represents a bundle thermal power in kW, P/0.9575 represents bundle fission power in kW. The factor 0.9575 is
the ratio of the total thermal reactor power (2707 MW) to that of the total fission power (2827 MW) of CANDU 9
reactor.

T h e a v e r a g e f i s s i o n d e n s i t y c a n b e c a l c u l a t e d u s i n g J L * 6 ' 1 ?
, 1 X

= 1 -491 x 1010 x P fissions.cm^.s"1,

where 6.242 x 1015

206.1

2121.3

MeV/sperkW

MeV/fission

= Volume of 37 fuel elements based on 49.53-cm bundle
length and a fuel element radius of 0.607 cm in cm3.

The average of the radial power distribution values is equal to 1.275, i.e. (1.000 + 6 x 1.052 +12x1 .180+18x
1.428)/37. Consequently, the radial power distribution values are

i. central element: 1.491 x 101 0Px ¥££= 1.170 x 1010P



ii. inner ring: 1.491 x l O l o P x - p ^ | = 1.230 xl010P

iii. intermediate ring: 1.491 x 1010 P x = 1-380 x 1010P

iv. outer ring: 1.491 x 1010 P x y ^ f = L 6 7 0 x 1()1Op

The radial factors incorporated into the DORT calculations are 1.170 x 1010, 1.230 x 1010, 1.380 x 1010 and 1.670 x
1010 in units of fissions.cm^.s"1 per kW thermal power. This means that the axial source distribution should be
given as kW thermal power in a fuel bundle.

Axial Fission Density Distribution Cin-core region).

The axial power distribution was specified in terms of fissions.cm^.s'1 per kW thermal power along the fuel string at
the mesh mid-points (14 meshes) of the DORT calculations. This was based on the fission density distribution from
an ANISN<3) end-shield analysis. The axial source distribution used in the analysis is given in Tables 2 and 3.

Table2
Axial Power Shape Used in DORT Calculations

Mesh
#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Mesh Mid-point in
Coordinate System of

Figure 2
(cm)

-95.5

-88.5

-81.4

-74.3

-67.2 .

-60.1

-53.1

-46.0

-38.9

-31.8

-24.8

-17.7

-10.6

-3.5

Bundle Thermal Power

(kW)

510

480

456

422

390

356

321

' 285

247

209

171

132

92

49

Radial and Axial Fission Density Distribution for Fuel in the Core and in the End Shield Region.

Using the axial and radial source distribution given above, DORT was run to calculate the fission density distribution
in the out-of-core region of the fuel string (~ 40 mm), represented by axial mesh numbers 15 to 21 and radial mesh
number sets (1,2), (5, 6), (9,10) and (13, 14). The fission densities were normalized to those at axial mesh 14 (see
Table 3). The source distribution in the out-of-core region was added to the fission density distribution in the first 14
axial meshes (in-core region) to obtain the fission density distribution over the entire problem. Subsequent DORT
runs were made with the fuel in the core and in the end shield region.



Table 3
Normalized Axial and Radial Fission Density Distribution used in DORT Calculation (out-of-core region of fuel)

Axial Mesh
No.

14

15

16

17

18

19

20

21

Axial Mesh Mid-Point
(cm)

-3.54

0.0a

0.30

0.90

1.51

2.11

2.80

3.57

4.01

4.06a

Radial Mesh No. 1, 2

1.000

0.638

0.561

0.489

0.428

0.371

0.322

0.304

Radial Mesh No. 5, 6

1.000

0.626

0.550

0.485

0.420

0.360

0.308

0.287

Radial Mesh No. 9, 10

1.000

0.610

0.528

0.455

0.392

0.330

0.271

0.243

Radial Mesh No. 13, 14

1.000

0.589

0.504

0.431

0.363

0.298

0.237

0.207

a Zero represents core/calandria tube sheet boundary; 4.06 cm = distance into end shield.

Input Data on Group Structure, Angular Quadrature Materials and Mesh Structure

Tables 4 and 5 show the energy structure of the 67-group coupled neutron-gamma library of cross sections used in
the calculation. There are 47 neutron energy groups that include 19 fast neutron groups (En > 0.82 MeV),
26 intermediate neutron groups (0.82 MeV > En > 0.414 eV) and two thermal neutron groups (En < 0.414 eV). There
are 20 gamma groups. Table 4 also shows the fission neutron spectrum. The number of neutrons per fission was
taken to be 2.626.

Cross sections in the ANISN library were represented by a Legendre expansion limited to P3. The GIP code, which
is a pre-processor code for DORT, was used to prepare a group-independent cross-section library. The microscopic
cross sections from the library have been mixed using GIP to obtain the macroscopic cross sections for the materials
in Table 6. Note that the library is fully coupled and includes gamma production from neutron interactions as part of
the downscatter matrix of cross sections. The cross sections for 235U and 238U from the library include fission-
product decay gammas.

An S16 angular quadrature with 160 angular directions was used(4) in the calculations. The 9-weighted flux model
was used to extrapolate the angular fluxes across each mesh, as recommended by Reference 1.

RESULTS & DISCUSSION

The neutron fluxes, and the neutron and gamma dose rates through the CANDU 9 end shield associated with a
central fuel-channel were calculated by the two-dimensional DORT code. DORT was run for the original (reference)
fuel-channel design with no changes in the shield plug, end-fitting and liner tube arrangements; a new fuel-channel
design where the rolled joint area of the end-fittings was taken to be longer than the reference design by 102 mm, a
corresponding 102-mm length was removed from the body of the shield plug, and the liner tube was shortened by
102 mm; and with the new fuel-channel design but with the shield plug absent.

The radial distributions of the fast, intermediate and thermal neutron fluxes at the outer surface of the
fuelling-machine tube sheet and at the end of the end-fittings ("E" face) are shown in Figure 3 for the new fuel-
channel design during steady-state operations at 100% full power. The fluxes are lowest with the shield plug
missing case (not shown), because the coolant is a better neutron attenuator than steel. The fluxes with the new
fuel-channel design are also lower than were those for the original design. The comparison of neutron fluxes and
neutron and gamma dose rates is shown in Table 7. The current 67-group library overpredicts the thermal flux
population at energies below 0.1 eV in D2O. This has resulted in slight overestimation of the thermal neutron fluxes
given in Figure 3. The new library under development removes the 0.1 eV boundary.



Table.4
The Upper Limit and Mean Energies for 47 Neutron Groups

and Fission Neutron Spectrum Used in DORT

Group

1
2
3
4
5
6
7
8
9
10
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
40
41
42
43
44
45

46
47

Upper Energy Limit

Eu(eV)

1.7333 E7
1.4191 E7
1.2214 E7
1.0000 E7
8.6071 E6
7.4082 E6
6.0653 E6
4.9660 E6
3.6788 E6
3.0119 E6
2.7253 E6
2.4660 E6
2.3653 E6
2.3457 E6
2.2313 E6
1.9205 E6
1.6530 E6
1.3534 E6
1.0026 E6

8.2085 E5
7.4274 E5
6.0810 E5
4.9787 E5
3.6883 E5
2.9718 E5
1.8316 E5
1.1109 E5
6.7379 E4
4.0868 E4
3.1828 E4
2.6058 E4
2.4176 E4
2.1875 E4
1.5034E4
7.1017 E3
3.3546 E3
• 1.5846 E3
4.5400 E2
2.1445 E2
1.013OE2
3.7267 El
1.0677 El
5.0435 E0
1.8554 E0
8.7642 E-1

4.1399 E-1
1.0000 E-1
1.0000 E-5a

Mean Energy

E(eV)

1.527 E7
1.305 E7
1.087 E7
9.237 E6
7.959 E6
6.635 E6
5.475 E6
4.309 E6
3.288 E6
2.862 E6
2.595 E6
2.413 E6
2.355 E6
2.290 E6
2.082 E6
1.772 E6
1.489 E6
1.174 E6
8.936 E5

7.799 E5
6.679 E5
5.512 E5
4.333 E5
3.307 E5
2.377 E5
1.442 E5
8.778 E4
5.328 E4
3.615 E4
2.888 E4
2.510 E4
2.302 E4
1.832 E4
1.065 E4
5.043 E3
2.300 E3
9.119 E2
3.212 E2
1.517 E2
6.444 El
2.144 El
7.558 E0
3.215 E0
1.314 E0
6.210 E-1

2.570 E-1
5.000 E-2

Fraction of Neutrons per Fission

1.4352 E-4
5.2801 E-4
2.9959 E-3
6.5866 E-3
1.4761 E-2
4.2101 E-2
8.0028 E-2
2.0967 E-1
1.9981 E-1
1.1455 E-1
1.2151 E-1
5.2130 E-2
1.0480 E-2
6.3364 E-2
1.9145 E-2
1.8733 E-1
2.3326 E-1
3.0044 E-1
1.6428 E-1

7.1581 E-2
1.2345 E-1
9.9671 E-2
1.1123 E-1
5.7174 E-2
8.0717 E-2
4.1779 E-2
2.0264 E-2
9.7035 E-3
2.7467 E-3
1.5871 E-3
4.8644 E-4
5.7181 E-4
1.5519 E-3
1.4015 E-3
4.4803 E-4
1.5123 E-4
6.5785 E-5
9.0896 E-6
3.3144 E-6
1.4617 E-6
4.3357 E-7
5.8265 E-8
3.2764 E-8
1.0061 E-8
4.7523 E-9

3.2268 E-9
1.0277 E-9

Three Group Structure

Group I

(fast)

Group II

(intermediate)

Group III
(thermal)

Total: 2.626

a Lower energy limit for Group 47.

Figure 4 shows the neutron and gamma dose rates at the outer surface of the fuelling-machine tube sheet and the end
of the end-fittings for the new fuel-channel design during normal operation. Figures 5 and 6 show the corresponding
dose rates for the other two cases. The dose rates with the new fuel-channel design are lower than were those with
the original (reference) design.

Figure 7 shows the shutdown dose rates from 60Co activation gammas of the end shield components and the fission-
product decay gammas from fuel in the core at 24 h after reactor shutdown for the new fuel-channel design. The
total dose rate is a maximum of about 0.80 mSv/h (80 mrem/h) in the plane of the outer surface of the
fuelling-machine tube sheet, but drops to 0.07 mSv/h (7 mrem/h) in the end-plane of the end-fittings.



Table 5
The Upper Limit and Mean Energies for 20 Gamma Groups

Used in DORT Calculations

Group

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Upper Energy Limit
Eu(eV*

1.40 E7

1.00 E7

8.00 E6

7.00 E6

6.00 E6

5.00 E6

4.00 E6

3.00 E6

2.00 E6

1.50 E6

1.00 E6

8.00 E5

7.00 E5

6.00 E5

4.00 E5

2.00 E5

1.00 E5

6.00 E4

3.00 E4

2.00 E4
1.00 E4a

Mean Energy
E(eV)

1.20 E7

9.00 E6

7.50 E6

6.50 E6

5.50 E6

4.50 E6

3.50 E6

2.50 E6

1.75 E6

1.25 E6

9.00 E5

7.50 E5

6.50 E5

5.00 E5

3.00 E5

1.50 E5

8.00 E4

4.50 E4

2.50 E4

1.50 E4

a Lower energy limit for Group 67.

The thermal activation cross section for 59Co given in the 67-group library overemphasizes the magnitude of cross
section for the last thermal group (group 47), due to a uniform "flat" spectral weighting of the thermal cross sections.
To compensate for this assumption, 60Co dose rates calculated above include a scaling-down factor of 0.25.

In calculating the 60Co dose rates, a "cylindrical" rather than "reflected" boundary condition was used. The former
condition is considered a better simulation of a regular array of channel penetrations at the outer boundary. It
ensures that the outward flux is truly independent of the cosine of the angle between the direction of travel and the
R-axis. The reflected condition tends to overestimate the dose rates for arrangements involving air transport in a
repeating array.

Note that the dose rate from the residual fission power of the core was estimated to be a maximum of about 2
(0.2 mrem/h), i.e., [dose rates from Figure 4] x ~2.0 x 10'^, which is the residual fission power fraction of the core at
24 hours after shutdown. The total dose rate is still a maximum of -0.07 mSv/h. This is lower than the design
criterion of 0.25 mSv/h (25 mrem/h) at 24 hours after shutdown outside the feeder cabinet. More than 80% of this
shutdown field is due to the 60Co activation gamma rays from the fuelling-machine tube sheet, where the cobalt
impurity level in the steel was taken to be 500 |ig/kg (500 ppm).

The average dose rate over one lattice pitch square was estimated to be -0.05 mSv/h (5 mrem/h). It should be noted
that these shutdown dose rates are conservative, because the effect of the feeder piping was not considered: the
operating bundle powers for the neighbouring fuel channels were taken to be the same as those of the central
channel, i.e., radial form factor at the end of the core was taken to be one. The radial form factor would reduce the
dose rate averaged over the end shield by a factor of about 1.4. The yoke and stud assemblies of the fuel channels
were also not considered in the model.



Table 6
Element Atomic Densities for the Materials Used in GIP Calculation

#

1

2

3

4

5

6

7

8

9

10

11

12

13

Material

Stainless Steel 304:
(p = 7.9 g/cm3)

Stainless Steel 403L
(p = 7.9 g/cm3)

Stainless Steel 410
(p = 7.9 g/cm3)

Carbon Steel Ball and Water
(60/40 Region)

Zirconium
(p = 6.55 g/cm3)

Moderator
(p = 1.09 g/cm3)

Coolant
(p = 0.82 g/cm3)

UO2 Fuel
(p = 10.67 g/cm3)

Coolant and Sheath

Air"

Annulus Gas
(CO2)

Coolant and Liner Tube

Coolant and Shield Plug

Element

C
Si
Cr
Mn
Fe
Ni

C
Si
Cr
Mn
Fe
Ni

Si
Cr
Mn
Fe

H
C
O
Si

Mn
Fe ;

Zr
X

Q
O

X
Q

O

O
U-235
U-238

H
D
O
Zr

O

C
O

H
D
O
Si
Cr
Mn
Fe

H
D
C
Si
Cr
Mn
Fe

Atomic Density
[(atoms/cm3) x 1024]

1.387 E-4
1.271 E-3
1.734 E-2
1.732 E-3
5.812 E-2
8.107 E-3

4.753 E-4
4.235 E-4
1.107 E-2
5.196 E-4
7.384 E-2
2.026 E-4

1.670 E-3
1.080 E-2
8.550 E-4
7.220 E-4

2.674 E-2
7.794 E-4
1.337 E-2
2.525 E-4
5.010 E-4
5.002 E-2

4.325 E-2

1.839 E-4
6.599 E-2
3.309 E-2

1.384 E-4
4.964 E-2
2.489 E-2

4.758 E-2
1.713 E-4
2.362 E-2

1.152 E-5
4.130 E-2
2.071 E-2
7.264 E-3

5.018 E-5

2.879 E-5
5.758 E-5

4.408 E-5
1.581 E-2
7.928 E-3
1.138 E-3
7.360 E-3
5.827 E-4
4.920 E-4

4.002 E-5
1.435 E-2
7.197 E-3
1.187 E-3
7.677 E-3
6.078 E-4
5.132 E-4

a Treated as oxygen.



Table 7
Comparison of Neutron Fluxes and Neutron and Gamma Dose Rates Calculated by the DORT code for

the Original Fuel-Channel, New Fuel-Channel and New Fuel-Channel (no shield plug) Designs

Fast, Intermediate and Thermal
Neutron Fluxes (n.cm"2.s"1)

and
Neutron and Gamma Dose Rates

(mrem/h)

Of

Of

Of

O int

* i n t

* i n t

Oth

oth

olh

Dn

Dn

Dn

DY

DY

DT

channel axis

mid-lattice

lattice edge

channel axis

mid-lattice

lattice edge

channel axis

mid-lattice

lattice edge

channel axis

mid-lattice

lattice edge

channel axis

mid-lattice

lattice edge

Fuelling-Machine Tube-Sheet Outer Surface

Original Fuel
Channel

3.48E63

5.37E6

1.51E6

1.05E8

1.04E8

2.69E7

4.09E7

2.91E7

2.95E6

6.78E5

8.60E5

2.57E5

5.34E5

6.74E5

7.05E4

New Fuel
Channel

2.26E6

3.63E6

9.69E5

7.15E7

7.16E7

1.80E7

2.84E7

2.03E7

2.03E6

4.52E5

5.86E5

1.67E5

4.40E5

5.38E5

5.20E4

New Fuel
Channel (no
shield plug)

3.22E5

3.49E5

2.24E5

7.56E6

6.99E6

2.45E6

4.64E6

3.17E6

2.68E5

5.87E4

5.91E4

3.24E4

4.58E5

6.89E5

3.09E4

At the End of End-Fittings

Original Fuel
Channel

2.80E4

4.07E4

4.45E5

6.20E5

7.87E5

6.67E6

1.12E4

1.70E4

5.54E5

6.29E3

8.28E3

7.26E4

8.62E2

1.72E3

3.08E4

New Fuel
Channel

1.75E4

2.54E4

2.84E5

4.05E5

5.15E5

4.44E6

7.55E3

1.16E4

3.8OE5

3.99E3

5.26E3

. 4.69E4

6.25E2

1.27E3

2.35E4

New F/C (no
shield plug)

4.05E3

5.88E3

7.16E4

6.40E4

8.05E4

6.54E5

9.98E2

I.52E3

5.21E4

8.01E2

1.06E3

1.00E4

4.17E2

1.03E3

2.17E4

aread3.48E6as3.48xl06.

A comparison of the fuel channel configurations has shown that the "new" fuel-channel design is acceptable from a
shielding viewpoint. Of particular interest is the finding that the dose rates are lowest with the steel of the shield
plug replaced with heavy water, i.e., fuel-channel configuration (iii). This implies that a fuel-handling scenario in
which the shield plug cannot be replaced at the inlet end would be acceptable.

It should be noted that if the option of removing the shield plugs needs to be pursued, then more rigourous Monte
Carlo calculations should be used to confirm the findings from the DORT analysis.
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Figure 1
Fuel-Channel Assembly
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. Radial Mesh #

Figure 2
DORT Model Used for Analysis of the CANDU 9 End-Shield
Associated with a Central Fuel Channel (model for new fuel-channel design)
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Figure 3
Neutron Fluxes in the Plane of the Outer Surface of the Fuelling-Machine Tube Sheet and in the End-

Plane of the End-Fitting during Reactor Operation (new fuel-channel design)
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Figure 4
Neutron and Gamma Dose Rate in the Plane of the Outer Surface of the Fuelling-Machine Tube Sheet

and in the End-Plane of the End-Fitting during Reactor Operation (reference fuel-channel design)
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Figure 5
Neutron and Gamma Dose Rate in the Plane of the Outer Surface of the Fuelling-Machine Tube

Sheet and in the End-Plane of the End-Fitting during Reactor Operation (new fuel-channel design)
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Figure 6
Neutron and Gamma Dose Rate in the Plane of the Outer Surface of the Fuelling-Machine Tube Sheet

and in the End-Plane of the End-Fitting during Reactor Operation (new fuel-channel with no shield plug
in channel)
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Figure 7
Cobalt-60 and Fission-Product Decay Gamma Dose Rate in the Plane of the Outer Surface of the Fuelling-

Machine Tube Sheet and in the End-Plane of the End-Fitting at 24 h after Shutdown (new fuel-channel design)
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PREDICTION OF DECAY HEAT POWER IN ONTARIO HYDRO CANDU REACTORS
DURING PROLONGED OUTAGES

S.D. Arguner and C.A. Morrison
Ontario Hydro

700 University Avenue CA9 900 073
Toronto, Ontario, Canada M5G 1X6

ABSTRACT
A standard model has been developed for readily estimating decay heat power as an input to
analysis for planning of long duration reactor outages. The model is based on the format of the
ANSI/ANS-5.1 standard [1] which, by means of appropriate input data, has been tailored to
predict decay heat power in OH reactors utilizing CANDU 37-element fuel.

INTRODUCTION
Information on power produced due to decay heat following shutdown forms a primary input to
nuclear safety assessment aspects of the outage planning process at the station, specifically with
respect to heat sink availability. Up to this point in time, a variety of methods have been used
within OH to generate decay heat data for different cooling times of interest, but no approach has
been univerally adopted for determining the required information for post-shutdown periods
spanning the range from a few hours to a few months. The present work was initiated with the
objective of deriving data that is readily reproducible in a standard fashion for the range of
operational conditions that may be experienced by CANDU 37-element fuel. A further
requirement is to quantify the uncertainty associated with the estimated decay heat power.

The best available means for characterizing the radiation-related properties of irradiated CANDU
fuel is considered to be the SCALE4.2 version of the ORIGEN-S code [2], in conjunction with
the cross-section libraries specifically developed for 37-element and 28-element fuel. This
analysis technique has recently been verified and validated through comparison of calculations
against experimental measurements of CANDU reactor fuel [3]. However, this code is not a
practical tool to easily determine decay heat powers for operational support purposes. A practical
alternative was sought by developing an approach based on the structure of the ANSI/ANS-5.1
standard, but supported by CANDU-specific parameters derived using ORIGEN-S, for the decay
time range of interest here.

DECAY HEAT MODEL DEVELOPMENT
Standard Formulation for Decay Heat Power
The ANSI/ANS-5.1-1979 standard [1] provides a calculational framework for predicting the
decay heat power from fission products and the associated uncertainty following shutdown of
Light Water Reactors (LWR). The formulation has, however, enough flexibilty built-in to
simulate, via user input options, arbitrary operating power/irradiation histories and to calculate
the resultant decay heat powers for other fuel types, such as CANDU fuel, containing U-235,
U-238 and Pu-239 as the major fissioning nuclides. A separate procedure for calculating the



additional contribution of actinides to decay heat power is also given, although only the heavy
elements U-239 and Np-239 are explicitly included. The treatment for heavy elements as stated in
the ANSI/ANS-5.1-1979 standard is less rigorous than that for the fission products, as it does not
account for non-uniform irradiation histories.

Data Requirements for CANDU 37 Element Fuel
The approach adopted for developing a standard decay heat model for 37-element CANDU fuel
was to (i) implement, initially in the form of a spreadsheet, the algorithm prescribed by the
ANSI/ANS-5.1-1979 standard, and (ii) incorporate derived data (user specified as per the
standard) relevant to CANDU fuel. The reference data tables specific to CANDU 37-element fuel
were derived for a range of fuel burnup from 0 to 200 Mwh/kgU (representative of typical
discharge bundle burnup). The derivation of data for three fundamental parameter types using the
ORIGEN-S code [2] is briefly described below.

(1) Fractional Fission Rates. The fractional fission rates as a function of burnup were derived
from burnup-dependent fission cross sections and nuclide concentrations as calculated by
ORIGEN-S for 5 fissionable nuclides (U-235, Pu-239, U-238, Pu-240 and Pu-241). The fission
rate fractions derived for Pu-240 and Pu-241 were lumped with the U-235 fraction as per
ANS-5.1-1979 methodology, thereby providing a reference fission rate data set composed of 3
major fissionable nuclides (U-235, Pu-239 and U-238).

(2) Energy from Fission. The constant values for recoverable energy directly associated with
fission of the above major fissile nuclides were obtained from the library data set used by
ORIGEN-S. The additional, indirect source of energy associated with fission is the energy from
neutron capture (n,y) reactions in the fuel, which varies with burnup as the fuel composition
changes. Again, this data was obtained from ORIGEN-S simulations of fuel burnup up to
200 Mwh/kg-U.

(3) Actinide Decay Heat Power. Calculation of the actinide contribution to decay heat power is
specified through the use of the parameter R, representing the production rate of U-239 relative to
overall fission rate. The ANS-5.1 standard prescribes the user-supplied value of R to be evaluated
for the reactor composition at the time of shutdown, and the heavy element decay heat to be
based on the maximum power during the operating history. Using ORIGEN-S simulations, we
have derived a tabulation of R as a function of burnup, and have implemented the algorithm for
heavy elements to reflect the histogram representation of irradiation history, in the same way
that it is applied for fission product contributions.

MODEL TESTING
The decay heat powers predicted by this proposed standard model were then benchmarked
against the ORIGEN-S predicted values over a range of irradiation conditions and decay times, to
confirm the robustness of the method. The nominal case presented for comparison below is the
decay power transient following constant power irradiation of a 37 element fuel bundle under
conditions typically encountered in operating OH reactors.



Using the proposed standard model to simulate an average power fuel bundle operating at a
constant power up to a core-average burnup of 110 MWh/kgU, the decay heat powers and
associated 1-sigma uncertainties were calculated for various decay times spanning the range of
hours to months. The results showed good agreement, well within the +/- 1-sigma uncertainties as
illustrated in Figure 1, with the corresponding results obtained from the calculations using the
ORIGEN-S code.

The degree of agreement was preserved when the above set of calculations were performed for
two significantly different fuel bumup levels of 70 and 200 MWh/kgU, representing different
stages in the irradiation history of individual fuel bundles. The results of these calculations are
given in Table 1 along with the nominal case.

Table 1
Comparison of Decay Heat Powers Predicted

Standard Model (Best Estimate) vs. ORIGEN-S Code

% Difference in Decay Power [(Pstandard/PoRiGEN-sHFlOO

Fuel Decay Time
(seconds)

1.00E+04

1.00E+05

1.00E+06

1.00E+07

j

Burnup
70

2.0

-0.6

-0.7

1.6

(MWh/kg U)
110

2.1

-0.4

-0.4

2.1

200

2.3

-1.0

-0.4

1.1

APPLICATIONS
Full Power Equilibrium Fuelling Operation
In its typical application mode, the proposed standard model is used to produce the decay heat
power for the whole core at input decay times of interest following shutdown from full reactor
power under equilibrium fuelling conditions. For the large collection of bundles present in the
whole core, it can be assumed that irradiation of all the fuel in the core can be represented by
core-average parameters. From the output data, a "best estimate" decay heat power curve with
associated uncertainties can be quickly constructed and used for engineering judgment decisions
and sensitivity analysis purposes. This information also provides the basis for assigning a



conservative upper limit to the decay power curve, by incorporating an appropriate margin based
on the estimated uncertainty.

Power History Simulation
The proposed standard model can also be used to simulate an arbitrary operating power history.
In addition to decay times of interest for this mode of application, the only inputs required are
operating powers and durations (currently up to 20 consecutive periods) in order to synthesize the
fuel burnup history. In a recent application, the fuel burnup histories of bundles in selected core
channels were derived from a station database of bundle power/burnup information preceding a
station outage. The channel decay heat power profiles pertaining to a certain cooling time during
the outage were then constructed from the individual bundle powers calculated using the standard
model, and the results provided as input to the station's analysis of instrumented channel data
from that period of the outage. Predicted decay heat powers for these cases, which tracked the
time-varying power history of individual bundles as they underwent fuelling shifts along the
channel, again showed excellent agreement between the proposed standard model, as
implemented in the spreadsheet, and explicit calculations using ORIGEN-S.

FUTURE DEVELOPMENT
As a primary objective for possible future development work, it is expected that the OH standard
decay heat model developed for 37-element CANDU fuel will be extended to include a model for
28-element CANDU fuel. In the next iteration of the model, it is also our intent to address the
revisions made in the ANSI/ANS-5.1-1994 version of the reference standard [1].
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Figure 1
Comparison of Decay Heat Powers Predicted for 110 MWh/kgU Equilibrium Fuelling

Standard Model vs. ORIGEN-S Code
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CANDU®SITE

N. Gagnon, C.R. Boss and K.T. Tsang
AECL

Sheridan Science and Technology Park
Mississauga, Ontario L5K 1B2

1. INTRODUCTION

The annual dose to members of the public from CANDU nuclear power stations is dominated by the contribution
from airborne effluents. The principal radionuclides contributing to the annual dose are tritium, carbon-14 and
noble gases. The tritium is released as tritiated heavy-water vapour; the carbon-14 is released principally as carbon
dioxide.

Currently, the Canadian limit on dose to the most exposed member of the public is 5000 uSv/a, but this is about to
change as Canada adopts the 1991 recommendation of the International Commission on Radiological Protection
(ICRP 60) [1], which reduces the value to 1000 uSv/a. In Canada, the licensee has undertaken to release activity
that would deliver no more than 50 uSv/a in each radionuclide pathway and this undertaking becomes part of the
license.

This undertaking can be interpreted in two ways: either the dose from the emissions in the 7 airborne and
waterborne pathways will total less than 50 uSv/a, or each type of emission will contribute no more than 50 uSv/a,
for a total of 350 uSv/a. In practice, the emissions experienced at CANDU nuclear power plant sites correspond to
public doses that are well below either the old Canadian or the more recent international public dose limit.
However, in its off-shore marketing and licensing work, AECL needs to demonstrate compliance with a public dose
limit of 250 uSv/a. For such a dose limit, one of the interpretations given above would be unacceptable. Thus in
marketing CANDU products offshore, AECL must demonstrate that the most exposed member of the public
receives no more than 250 uSv/a. For a multi-unit site, the demonstration must include the contribution from each
unit. In addition, there is, offshore, more ready acceptance of the prescriptive .approach imposed by the Nuclear
Regulatory Commission in the United States.

To demonstrate compliance with the public dose limit, AECL has calculated the annual dose from airborne
emissions from 10 CANDU units at an extended Wolsong site. The analysis has used the treatment of atmospheric
dispersion described in the US Regulatory Guide 1.111 [2] and programmed in the code XOQDOQ [3]. The
analysis has then modelled the transport of these airborne emissions through the environment as they expose the
critical group using the US Regulatory Guide 1.109 [4]. The study takes account of the different annual emissions
from each unit to reflect the different design features of the units. This study also includes a treatment of
topography and makes allowance for building wake effects.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



2. ANALYSIS

It would be possible, in principle, to site up to 6 CANDU 9 units to the north of the 4 CANDU 6 units built at
Wolsong. For the CANDU 6 units, the exclusion area boundary (EAB) was set at 914 m, but for the CANDU 9
units, the EAB was set at 500 m. This smaller exclusion boundary is partially a result of design improvements to
the containment system. When these exclusion area boundaries are superimposed, they create a long north-south
site with a deeper (inland) dimension to the south than to the north (Figure 1).

For receptor points at the exclusion area fence around this site, the direction (angle) from each unit is different. That
is, one wind direction cannot bring effluent from all 10 units to the same receptor point (a receptor that would be
located in the NNW sector in relation to Wolsong 1 might be in the NW sector with respect to Wolsong 2). For that
reason, each unit was modelled individually, using XOQDOQ, and an atmospheric dispersion factor was calculated
at ten receptor points on the EAB. The ground-level concentration of contaminants from each of the 10 units at
each receptor point was added up and, finally, a dose was calculated.

2.1 XOQDOQ Analysis

The atmospheric dispersion factor calculated by XOQDOQ, %/Q, is a measure of the volume of air into which the
airborne contaminants are dispersed. It may be thought of as the reciprocal of that volume of air passing a receptor
per unit time. The concentration of a contaminant is then the product of the atmospheric dispersion factor and the
rate of activity released. The atmospheric dispersion factor calculated by XOQDOQ at any receptor location is the
value averaged over the period of collected weather data.

2.1.1 Sources

The height of the stack on the CANDU 6 was taken to be 50 m, and the exit velocity was taken as 12 m/s. The cross
section of the nearby building was taken as 1400 m2. The height of release on the CANDU 9 was taken to be 75 m,
and the exit velocity 15 m/s. The cross section of the nearby building was taken as 2827 m2.

2.1.2 Receptors

As mentioned previously, the location of the EAB and the extended EAB are shown on Figure 1. The administration
building, which is located to the north of the 4 CANDU 6 units, is midway between the Wolsong site and the site
proposed for the 6 CANDU 9 units. This point was selected as a reference point. Sixteen receptor points were
identified marking the intersection of the site perimeter with the cardinal points of the compass from the reference
point and 200 m beyond that first point. The 16 points were identified as A-P.

The receptors in the seaward sectors (NE, ENE, E, ESE, SE, SSE) were discarded, because the annual dose is based
on 24-h occupancy every day of the year, leaving the 10 receptor points A-J (Figure 2). It is acknowledged that
members of the public may, intermittently, be located at these seaward locations. However, the treatment of public
dose has always concentrated on a small homogeneous group rather than on individuals who, as the result of
extreme behaviour, increase their annual exposure. It is argued that 24-h occupancy in the seaward sectors would
be very atypical.

Also note that receptor A, representing the south sector, has been moved slightly to the west so that it is on land.



2.1.3 Topography

The Wolsong site, located on the south-east coast of the Republic of Korea, is surrounded by mountains to the north
and west, a beach to the east, and a village to the south. Clearly, the topography around each unit is unique to that
particular unit. One cannot assume that the atmospheric dilution from one stack to the receptor will be that of
another stack.

One XOQDOQ run was executed for 4 Wolsong CANDU 6 units and 6 proposed CANDU 9 units. For each reactor
unit, the 22.5° sectors about each of the cardinal points of the compass were used to establish in which direction the
receptor stands with respect to each unit (Figure 3). For example, for Wolsong 4, receptor D is in the WNW sector.
The sectors are numbered from 1 to 16, in a clockwise direction, sector 1 being the southern sector. The topography,
starting from each unit and extending in each of the 16 directions, was also input.

2.1.4 Weather Data

In Regulatory Guide 1.111, the atmospheric dispersion factor for a release above the height of the nearby building is
modelled as a mixture of ground-level release and elevated release. The decision to treat the release as ground-level
or elevated depends on the ratio of the exit velocity from the stack to the wind speed. When the release is treated as
a ground-level release the wind speed at an elevation of 10 m is used, and, when the release is treated as an elevated
release, the wind speed input is adjusted by XOQDOQ. The adjustment is a function of the release height and the
height at which the weather data were collected. For the Wolsong site, weather data at elevations of 10 and 58 m
were available. However, this study used the 10-m weather data set, collected over a 7-year period, with the
frequency of occurrence as a function of both wind speed and stability category. For elevated releases, the wind
speed was adjusted for a height of release of 50 m (stack height) by XOQDOQ.

2.1.5 Results

The calculated long-term atmospheric dispersion coefficients, %/Q (s/m3), for each receptor and source, are given in
Table 1. The calculated concentration of deposited activity per unit area, D/Q (s/m2) for each receptor and source
are given in Table 2.

The atmospheric dispersion factors show substantial differences between the different units. For example, for
receptor A, the value of x/Q is largest for the nearest unit (Wolsong 4) and more than a factor of 10 smaller for the
most distant extended Wolsong site unit 6. Even between the four CANDU 6 units, there is a factor of 2 difference
between the x/Q for Wolsong 4 and Wolsong 1.

It is clear from this last example that it would be too conservative to treat emissions from all 4 CANDU 6 units as
releases from Wolsong 4; the atmospheric dilution factor would be 4.6 lx 10"6 s/m3 using the individual units, but
6.80 x 10"6 s/m3 using the value for Wolsong 4 multiplied by 4. It was for that reason the study chose to consider
the releases from each unit. The treatment of individual units also considered the activity released from each unit
and the related topography.



2.2 Estimated Emissions

Differences between the design of the original CANDU 6 model (Wolsong 1), and the later CANDU 6 models
(Wolsong Units 2, 3, and 4) will reduce the emissions of tritium in the airborne and waterbome pathways. The
tritium emissions will drop even more in the evolutionary design of the CANDU 9 reactor. There are also design
differences between the CANDU 6 and CANDU 9 reactors that will reduce the releases of noble gases from
CANDU 9 units, per megaWatt of electricity produced.

Based on the performances of the operating CANDU 6 reactors and the design differences between CANDU 6 and
CANDU 9 reactors, one can project the emissions from CANDU 6 and CANDU 9 designs, as shown in Table 3.

2.2.1 Average Concentration of Contaminants

The product of the atmospheric dispersion factor, %/Q, ( Table 1), and the annual release of a radionuclide, Q,
(Table 3) provides an estimate of the ground-level concentration, %, of that radionuclide from one unit. The ground-
level concentrations of any radionuclide from all units were summed to provide the average ground-level
concentration of that radionuclide (Table 4).

3. PATHWAYS

As mentioned above, the ground-level concentration of any radionuclide is the product of the activity released
annually and the atmospheric dispersion factor. Normally that concentration is specified for one release point with
the assumption that all the releases occur from that point; in the pathways analyses discussed in Regulatory Guide
1.109, the equations assume the analyst is dealing with one release point.

This study assumed ten release points. However, rather than undertake separate pathways analyses for ten release
points, the study chose to simulate one release point. The point chosen was the unit closest to the receptor having
the highest ground-level concentrations. The analysis was based on the activity released from that unit. To
reconcile this approach with the ground-level concentrations of Table 4, the study calculated an effective value of
atmospheric dilution factor. When multiplied by the activity of the selected unit, this effective value of atmospheric
dilution factor would generate the ground-level concentrations of Table 4.

The effective value of atmospheric dilution factor varied among the different radionuclides. Consequently, a
normalisation factor was introduced to reconcile the differences between the effective atmospheric dilution factor
for tritium and that for other radionuclides. This normalisation factor modifies the equations of Regulatory Guide
1.109 used to calculate the public exposures via the airborne pathway from inhalation, immersion, groundshine (or
external exposure from deposited activity) and ingestion as shown below.



3.1 Inhalation

The inhalation pathway exposes the individual by an exchange of radioactivity between the radioactivity inhaled in
air and the tissue of the respiratory system. For example, some exchange of tritiated water vapour will occur
between the air in the lungs and fluids lining lung tissue. The consequences of this type of exchange are modelled
in studies of the metabolic behaviour of radioactivity in the body. The doses received by the body or individual
organs in the body have been summarized in so-called dose conversion factors. These dose conversion factors
provide an estimate of dose committed per unit of activity inhaled. Dose conversion factors are available for whole-
body dose or specific organ dose and for different age groups.

The calculation of dose by inhalation becomes a calculation of activity inhaled over one year which can then be
converted to dose using the factors. The activity inhaled is simply the product of the ground-level concentration of
contaminant and the inhalation rate as shown in the following equation for nuclide i at location (r,0):

Xi(r,G) = 3.17E+04Qi XFj* [ % /Q ] D (r,9) (1)

where
Xj (r,6) = the annual average ground-level concentration of nuclide i in air

in sector 9, at distance r, in pCi/m3 (1 Ci = 37 GBq)
Qj = the annual release rate of nuclide i to the atmosphere, in Ci/a

Xpj* = ^/Q normalization factor

[%/Q ] ^ = m e annual depleted atmospheric dispersion factor, in s/m
3.17E+04 = conversion factor from Ci/a to pCi/s

Although the atmospheric dispersion factor, [x/Q]D> includes a correction for radioactive decay between the source
and receptor as indicated by the superscript, the study took no credit for decay. Then the annual dose to organ j
associated with inhalation of all radionuclides by an individual in an age group a is :

R 3 S Xf(r,6) DFA^j, (2)
where

Dja (r,9) = is the annual dose to organ j of an individual in age group a
at location (r,9), resulting from inhalation, in mrem/a (1 rem =10 mSv)

Ra = the annual air intake for an individual in the age group a, in
nrVa

DFAija = the inhalation dose factor for radionuclide i, organ j , and age
group a, in mrem/pCi

3.2 External

The external pathway exposes the individual to gamma radiation from the activity deposited on the ground
(Section 3.2) and from activity in the airborne cloud surrounding the individual (Section 3.3). For most
radionuclides, the activity deposited on the ground will reach an equilibrium dictated by the rate of activity
deposited and the half-life of the radionuclide. However, in the model used in Regulatory Guide 1.109, the activity
is considered to accumulate for 15 years (typically half of station life) and the dose to the individual is a simple
calculation of dose rate above a plane source of contamination. For the radionuclides of interest to this study, the
concentrations will have reached equilibrium.



The amount of surface contamination can be found from the average relative deposition per unit area which is
calculated by XOQDOQ as D/Q. Since the deposition per unit area is analogous to ̂ /Q, a normalisation factor was
introduced for D/Q to simplify the pathways treatment.

The ground-plane concentration of radionuclide i at location (r,9) is

161(1,8) DFj QJ
Cig(r,9) = - i-_ ±[l-exp(-^tb)J (3)

where
Cig (r,9) = ground-plane concentration of radionuclide i in the sector

angle 9 at distance r from the release point, in pCi /m2

5j(r,9) = annual average relative deposition of effluent species i at
location (r,9), considering depletion of the plume during
transport, in m'2

DF|* = D / Q normalization factor
\ = radiological decay constant for nuclide i, in a"'
tb = period of time soil is exposed to the

contamination in the plume, in years
1.0E+12 = number of pCi per Ci

The annual dose from external irradiation from radionuclides deposited onto the ground surface in
mrem / a is

D jg (r,9) = 8760 SF £ Cig (r,9) DFGy (4)

where
DJg (r,9) = annual dose to organ j at location (r,9), in mrem-a
SF = shielding factor that accounts for the dose reduction due to

shielding provided by residential structures (default = 0.7)
DFGjj = open-field ground-plane dose conversion factor for organ j

radionuclide i, in mrem*m2 / pCi*h
8760 = number of hours in a year

All other parameters were defined above.

3.3 Immersion

The releases of airborne activity will create a cloud of extremely low concentrations of contaminated air at ground

level. An individual living in this cloud would receive a small exposure from the gamma radiation emitted by the

contaminants. In Regulatory Guide 1.109, the noble gases are the only contaminants considered to contribute to this

external dose. Thus, in this study no contribution is included from other radionuclides. In addition the study only

considers releases below 80 metres height and although the Regulatory Guide 1.109 includes equations for

calculating air dose, this paper only reports the total body dose.

The calculation is made for a semi-infinite cloud of activity with a uniform concentration of contaminants. In

addition a beta dose is calculated for the skin.



33.1 The Annual Gamma And Beta Air Dose From Noble Gases Released From Free-Standing Stacks
Less Than 80 m High :

E Q1XF* [X/Q]D(r,6) DF^) (5a)
Dp(r,6) = 3.17E+04 S QiXFj* [x/Q]D(r,9) DFi(p) (5b)

where
DT(r,G) = annual gamma air dose at the distance r in the sector at angle

9 from the discharge point, in mrad/a
Dp(r,G) = annual beta air dose at the distance r in the sector at angle

0 from the discharge point, in mrad/a
= %/Q normalization factor
= gamma air dose factor for a uniform semi-infinite cloud of

radionuclide i, in mrad*m3 / pCi*a
= beta air dose factor for a uniform semi-infinite cloud of

radionuclide i, in mrad*m3 / pCi*a"'
3.17E+04 = conversion factor from Ci/a to pCi/s

33.2 The Annual Total Body Dose From Noble Gases Released From Free-Standing Stacks Less Than 80
m High;

D T (r ,6)=S F 2 X i(r,e)DFB i (6)
where

DT (r,6) = annual total body dose resulting from immersion in a semi-infinite
cloud at distance r in sector 6, in mrem-a

DFBj = total body dose factor for a semi-infinite cloud of the
radionuclide i, which includes the attenuation of 5 g/cm2 of
tissue, in mrem-m3 / pCi-a.

33.3 The Annual Skin Dose From Noble Gases Released From Free-Standing Stacks Less Than 80 m
High

Ds (r,9) = 1.11 SF 2 Xi (r,G) DFs(y) + S Xi (r,9) DFSS (7)
where

D s (r,9) = annual skin dose due to immersion in a semi-infinite cloud at
distance r in sector 9, in mrem-a.

DFSj = beta skin dose factor for a semi-infinite cloud of the
radionuclide i, which includes the attenuation by the outer
'dead' layer of the skin, in mrem*m3 / pCi*a"'.

1.11 = average ratio of tissue to air energy absorption coefficients.

All other parameters were defined previously.

3.4 Ingestion

The exposure of the public is usually dominated by the activity ingested by eating contaminated food. The whole-
body dose and organ dose can be calculated from sets of dose conversion factors that relate the amount of activity
ingested to the committed dose. Throughout the calculation of public dose from this source, the dose conversion
factors of Regulatory Guide 1.109 were used. Thus the calculation is reduced to calculating how much activity is



in the food consumed. For that calculation the make-up of the diet and the concentrations of radionuclides in the
different food are needed.
Details of the diet are given in Table 5. Details of the calculation of radionuclide concentrations in food are given in
the following sections.

3.4.1 Calculation of Radionuclide Concentration in Forage, Produce and Leafy Vegetables

The calculations of radionuclide concentrations in vegetable matter vary with different radionuclides. Tritium is
present in the air as tritiated water vapour and will exchange with the hydrogen (protium) present in the plant taken
up from roots or transpiration. Carbon-14 will be fixed in the plant by photosynthesis since it is released principally
as carbon dioxide. The other radionuclides are principally deposited on the leaves of vegetation.

3.4.1.1 For Nuclides Other Than Tritium And Carbon-14

The amount of activity deposited on the leaves of vegetation will be a function of the rate of deposition of activity
per unit area. That activity will be distributed over the leafy surface of the vegetation grown per unit area. The
amount of activity accumulated will be a function of the time spent in growing and the amount retained on the leafy
surfaces. In addition to the activity directly deposited on the leaves of all vegetation there will also be an uptake
from activity deposited on the soil. These two components were evaluated using default values of the different
parameters in the expressions:

c l M ) . d|(r,e>
di(r,9) = 1.14E408 THE, Q; (9)

where

Cj(r,9)

di(r,9)

1.14E+08

Y v

B i v

P
th

= D/Q normalization factor
= concentration of nuclide i in and on vegetation at the location

(r,9),inpCi/kg
= deposition rate of radionuclide i onto ground at location (r,9) in

pCi/m2*h.
= the number of pCi per Ci divided by the number of hours per

year
= fraction of deposited activity retained on crops, leafy vegetables,

or pasture grass
= effective removal rate constant for radionuclide i from crops,

in h"1, where XEi = \+ 7^,, X; is the radioactive decay
constant, and %„ is the removal rate constant for physical loss
by weathering

= period of crop, leafy vegetable, or pasture grass exposure during
growing season, in hours

= agricultural productivity by unit area.
= concentration factor for uptake of radionuclide i from soil by

edible parts of crops in pCi / kg (wet weight) per pCi / kg dry
soil

= effective surface density of soil
= time delay between harvest of vegetation or crops and ingestion, in years.

Note that the yields for agricultural productivity were based on Korean data.



3.4.1.2 Radioiodines

The model assumes half of the radioiodines are in an elemental form and only half in non-elemental form which
will deposit on vegetation.

d^r,9) = 5.7E+07 DF> 8, (r,9) Q, (10)

3.4.1.3 Carbon-14 (Assumed To Be Released In Oxide Form (CO Or CO,))

For carbon-14, the activity is bound in the plant via photosynthesis and the calculation assumes that the normal ratio
of carbon-14 to natural carbon in the atmosphere is preserved in the plant:

C14(r,9) = 3.17E-H)7 p Q14 XF,* [x(r,9)/Q ] 0.11 / 0.16 (11)

where
C14(r,9) = concentration of carbon-14 in vegetation, pCi/kg
Q14 = annual release rate of carbon-14, in Ci/a
XFi* = x/Q normalization factor
p = fractional equilibrium ratio (1.0).
0.11 = fraction of total plant mass that is natural carbon
0.16 = concentration of natural carbon in the atmosphere, in g/m3

3.17E+07 = (1.0E+12 pCi/Ci) (1.0E+03 g/kg) / (3.15E+07 s/a)

3.4.1.4 Tritium

For tritium the calculation of tritium concentrations in vegetation assumes the tritium concentration in the plant
water is one-half that in the atmosphere surrounding the plant:

CT (r,0) = 3.17E+07 QT XF,* [ x(r,9)/Q ] (0.75) (0.5/H) (12)

where
XF;* = x/Q normalization factor
CT (r,8) = the concentration of tritium in vegetation grown at location (r,9),

pCi/kg
0.75 = the fraction of total plant mass that is water
0.5 = the ratio of tritium concentration in plant water to tritium

concentration in atmospheric water
H = the absolute humidity of the atmosphere at location (r,9), in

g/m3

3.4.2 Calculation of Radionuclide Concentration In Milk

To calculate the concentrations of radionuclides in milk, the equation takes account of the radionuclide
concentrations in the animal feed which may be either pasture or stored feed. The calculation also takes account of
the transfer parameter from the animal intake to milk and uses default values for these transfer parameters.

C t a (r,0) = Fra Civ (r,9) % exp ( -X{ t,) (13)

Civ (r,9) = fp fs Cip(r,9) + (l-fp) C ^ O ) + fp (1-Q Cfa(r,9 ) (14)



where
Cim (r,9) = concentration in milk of nuclide i, in pCi/litre
Civ (r,9) = concentration of radionuclide i in the animal's feed, in pCi/kg
Cip (r,9) = concentration of radionuclide i on pasture grass (calculated

using equation ( 8 ) with th = 0 ) , in pCi/kg
Cis (r,9) = concentration of radionuclide i in stored feed (calculated using

equation ( 8 ) with t̂ , = 90 days ), in pCi/kg
Fm = average fraction of the animal's daily intake of radionuclide

which appears in each litre of milk, in days/litre.
% = amount of feed consumed by the animal per day, in kg/day
tf = the average transport time of the activity from the feed into the

milk and to the receptor
fp = fraction of the year that animals graze on pasture
fs = fraction of daily feed that is pasture grass when the animal

grazes on pasture

3.4.3 Calculation of Radionuclide Concentration In Meat

The calculation of radionuclide concentration in meat uses the same expression for the intake as the calculation for
milk. However, the calculation takes account of the time from slaughter to consumption and uses transfer
parameters for transfer from animal intake to meat product:

C i f(r ,9)=F f Civ(r,9)QF exp(-Ms) (15)
where

Cif(r,9) = concentration ofnuclideiin animal flesh, in pCi/kg
Ff = fraction of the animal's daily intake of nuclide i which appears

in each kilogram of flesh, in days/kg
% = the average time from slaughter to consumption

3.4.4 The annual dose from all airborne activity ingested by the public from food products is

This formula, which calculates the total dose from ingestion, sums up the contributions from ingestion of leafy
vegetables, produce, forage, milk and meat

Dja(r,9) = 2 DFIija [ Uav fgCiv (r,9) + Uani Cta(r,9) + Uaf Cif (r,9) +
U ^ f . C u M ) ] (16)

where
Dja(r,9) = annual dose to organ j of an individual in age group a from

dietary intake of atmospherically released radionuclides, in
mrem/a

DFIija = dose conversion factor for the ingestion of nuclide i, organ j ,
and age group a, in mrem/pCi

Uav,Uam,Uaf,Ual = ingestion rates of produce, milk, meat, and leafy
vegetables, respectively, for individuals in age group a

fg, f, = the respective fractions of the ingestion rates of produce and
leafy vegetables that are produced in the garden of interest



3.5 RESULTS

The annual doses calculated using the methodology of RG 1.109 are summarized in Table 6, totalled for all
pathways. They show that the annual dose to the whole body is dominated by the airborne emissions of tritium.
The emissions of carbon-14 and noble gases also make a significant contribution to the whole-body dose. However,
the contributions to annual whole-body dose from the particulates and radioiodines are small.

Regulatory guide 1.109 also describes a methodology for calculating annual doses to individual organs. In this
Table 6 the final column refers to the dose to the large lower intestine of the gastro-intestinal tract. These organ
doses generally show the same behaviour as the whole-body dose, the dose from tritium is normally the major
contribution to the total dose. However, the dose to bone is dominated by the contribution from carbon-14. Indeed,
for the teen and child, the total dose to bone is higher than the total whole-body dose, and the annual dose to bone
would appear to be limiting.

The high dose to bone tissue is a direct consequence of the dose conversion factor prescribed in RG 1.109 [4].
These dose conversion factors (between intake and organ dose) were based on ICRP 2 [5] and include a relative
damage factor of 5 for carbon-14 in bone. In later ICRP publications the modifying factor is unity. Consequently,
the contribution from carbon-14 to the annual bone dose is overestimated.

4 . CONCLUSION

The annual whole-body dose to the most exposed members of the public from 4 CANDU 6 units and 6 CANDU 9
units located at an extended Wolsong site would be 52 uSv for a child and 32 ^Sv for an adult. Because the dose
limit for members of the public is 250 uSv/a, the study shows that 10 CANDU units could be accommodated at the
Wolsong site and still meet the limit imposed by Korean regulations.

The organ dose would be 75 uSv/a to the bone of a child but only 25 uSv/a to the bone of an adult. These doses
would meet Korean regulatory limits for organ dose (250 uSv/a) even though, as outlined above, the major
contribution is from carbon-14 and the dose conversion factor for carbon-14 is overestimated. Thus the bone doses
presented here are overestimated.

Because the study used a 914-m exclusion area boundary for the 4 CANDU 6 units and a 500-m exclusion area
boundary for the 6 CANDU 9 units, the study shows that the 500-m exclusion area boundary for CANDU 9 would
be acceptable from a perspective of public dose during normal operation.
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Figure 1: External Area Boundary And Extended External Area Boundary
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Figure 2: Receptor Points On External Area Boundary
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Figure 3: Receptor Point Location (Sector) In Relation To Wolsong 4
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TABLE 1

From XOQDOQ At EAB And Extended EAB (s/m3)

X/Q CALCULATED AT EAB

REG
A
B
C
D
E
F
G
H
I
J

W l
7.90E-07
5.00E-07
3.20E-07
6.80E-07
9.30E-07
1.50E-06
1.50E-06
7.60E-07
3.90E-07
3.60E-07

W 2
9.20E-07
8.80E-07
3.30E-07
3.40E-07
1.40E-06
6.30E-07
5.50E-07
7.10E-07
3.30E-07
3.10E-07

W3
1.20E-06
1.20E-06
3.10E-07
8.60E-07
1.30E-06
1.30E-06
9.50E-07
6.50E-07
3.50E-07
2.90E-07

W4
1.70E-06
1.40E-06
3.60E-07
4.00E-07
1.10E-06
1.10E-06
1.00E-06
6.40E-07
3.10E-07
2.60E-07

EW1
2.10E-07
2.00E-07
1.40E-07
2.70E-07
3.90E-07
2.20E-07
5.00E-07
9.00E-07
6.70E-07
8.50E-07

EW2
1.90E-07
1.80E-07
1.30E-07
2.20E-07
5.20E-07
9.30E-07
1.20E-06
1.90E-06
8.00E-07
5.50E-07

EW3
1.70E-07
1.70E-07
1.30E-07
2.00E-07
4.80E-07
9.60E-07
5.30E-07
1.70E-06
5.00E-07
1.20E-06

EW4
1.60E-07
1.60E-07
1.20E-07
1.80E-07
2.00E-07
3.10E-07
1.00E-06
7.20E-07
6.80E-07
1.40E-06

EW5
1.50E-07
1.50E-07
1.70E-07
2.80E-07
4.10E-07
4.70E-07
8.70E-07
1.40E-06
6.10E-07
1.80E-06

EW6
1.30E-07
1.30E-07
1.60E-07
2.60E-07
4.60E-07
6.80E-07
8.80E-07
8.20E-07
5.40E-07
2.60E-06

X/Q CALCULATED AT EXTENDED EAB
REC.

A
B
C
D
E
F
G
H
I
J

WOLS1
6.00E-07
5.80E-07
4.40E-07
5.00E-07
6.80E-07
1.10E-06
1.20E-06
7.40E-07
3.20E-07
3.00E-07

W 2
6.80E-07
6.60E-07
3.50E-07
3.50E-07
6.90E-07
9.70E-07
6.80E-07
5.20E-07
2.60E-07
2.60E-07

W3
9.60E-07
9.40E-07
2.90E-07
1.60E-07
1.00E-06
1.00E-06
7.90E-07
5.30E-07
2.80E-07
2.50E-07

W4
1.30E-06
1.10E-06
3.10E-07
4.80E-07
8.80E-07
8.60E-07
8.30E-07
5.00E-07
2.50E-07
2.30E-07

EW1
1.80E-07
1.70E-07
1.10E-07
9.30E-08
2.60E-07
1.90E-07
1.40E-06
8.50E-07
5.40E-07
6.20E-07

EW2
1.60E-07
1.60E-07
1.10E-07
1.70E-07
2.80E-07
6.30E-07
5.30E-07
1.20E-06
6.10E-07
7.50E-07

EW3
1.50E-07
1.50E-07
1.20E-07
1.60E-07
2.50E-07
7.60E-07
1.20E-06
1.00E-06
3.90E-07
9.50E-07

EW4
1.40E-07
1.40E-07
1.10E-07
1.50E-07
1.60E-07
2.70E-07
6.30E-07
9.20E-07
5.30E-07
1.10E-06

EW5
1.30E-07
1.30E-07
1.60E-07
2.40E-07
1.70E-07
3.50E-07
7.40E-07
1.30E-06
7.20E-07
1.30E-06

EW6
1.10E-07
1.10E-07
1.40E-07
2.20E-07
3.90E-07
4.10E-07
8.00E-07
7.80E-07
4.40E-07
1.60E-06



TABLE 2

D/Q From XOQDOQ At EAB And Extended EAB (s/m3)

D/Q CALCULATED AT EAB

REC.
A
B
C
D
E
F
G
H
I
J

W l
1.20E-08
6.90E-09
3.50E-09
4.20E-09
6.40E-09
9.60E-09
1.20E-08
1.00E-08
4.00E-09
4.30E-09

W 2
1.50E-08
1.50E-08
4.50E-09
3.30E-09
9.50E-09
7.80E-09
7.40E-09
8.60E-09
3.40E-09
3.80E-09

W 3
2.10E-08
2.10E-08
5.40E-09
6.10E-09
9.00E-09
9.90E-09
1.20E-08
7.30E-09
3.50E-09
3.00E-09

W 4
3.10E-08
2.60E-08
6.50E-09
4.50E-09
8.10E-09
8.60E-09
1.20E-08
6.60E-09
3.10E-09
2.70E-09

EW1
3.40E-09
3.40E-09
2.20E-09
4.70E-09
5.90E-09
4.10E-09
9.00E-09
1.40E-08
1.40E-08
1.50E-08

EW2
3.00E-09
3.00E-09
2.00E-09
3.80E-09
6.50E-09
1.10E-08
1.20E-08
1.60E-08
1.70E-08
1.10E-08

EW3
2.50E-09
2.50E-09
1.80E-09
3.20E-09
5.10E-09
9.40E-09
9.50E-09
1.40E-08
9.80E-09
2.20E-08

EW4
2.20E-09
2.20E-09
1.60E-09
2.80E-09
2.90E-09
5.10E-09
1.30E-08
9.30E-09
1.20E-08
2.70E-08

EW5
2.00E-09
1.90E-09
2.20E-09
3.10E-09
5.30E-09
5.60E-09
9.70E-09
1.60E-08
1.10E-08
3.40E-08

EW6
1.80E-09
1.70E-09
1.70E-09
2.80E-09
5.70E-09
8.80E-09
1.40E-08
1.20E-08
9.30E-09
4.00E-08

D/Q Calculated At Extended EAB

REC.
A
B
C
D
E
F
G
H
I
J

W l
8.80E-09
8.40E-09
5.40E-09
3.10E-09
4.80E-09
7.10E-09
9.40E-09
5.50E-09
3.10E-09
3.40E-09

W 2
1.10E-08
1.10E-08
3.70E-09
2.90E-09
5.00E-09
6.70E-09
6.70E-09
6.00E-09
2.60E-09
3.00E-09

W 3
1.60E-08
1.50E-08
4.20E-09
2.50E-09
7.20E-09
8.00E-09
9.70E-09
5.70E-09
2.80E-09
2.50E-09

W 4
2.40E-08
2.00E-08
5.00E-09
4.50E-09
6.70E-09
6.80E-09
9.00E-09
5.20E-09
2.50E-09
2.20E-09

EW1
2.80E-09
2.80E-09
1.80E-09
1.50E-09
4.00E-09
3.30E-09
1.10E-08
1.00E-08
UOE-08
1.00E-08

EW2
2.50E-09
2.50E-09
1.60E-09
2.80E-09
3.70E-09
5.10E-09
6.70E-09
1.40E-08
1.20E-08
1.30E-08

EW3
2.10E-09
2.10E-09
1.50E-09
2.50E-09
2.90E-09
7.50E-09
8.00E-09
9.90E-09
7.30E-09
1.70E-08

EW4
1.90E-09
1.90E-09
1.40E-09
2.20E-09
2.20E-09
4.30E-09
8.80E-09
9.50E-09
8.80E-09
2.00E-08

EW5
1.70E-09
1.70E-09
1.60E-09
2.50E-09
1.90E-09
4.00E-09
8.60E-09
8.60E-09
1.20E-08
2.40E-08

EW6
1.60E-09
1.60E-09
1.40E-09
2.30E-09
4.50E-09
4.10E-09
7.90E-09
7.20E-09
7.40E-09
2.70E-08



TABLE 3

Projected Airborne Emissions From Four CANDU 6 And Six CANDU 9 Units (Ci/a)

NUCLIDE

TRITIUM

CARBON 14

NOBLE
GASES

RADIO-
IODINES

PARTICULA
TE

W l

3.784E+03

5.676E+00

3.243E+02

2.622E-04

8.108E-04

W2

3.784E+03

5.676E+00

3.243E+02

^2.622E-04

8.108E-04

W3

3.784E+03

5.676E+00

3.243E+02

2.622E-04

8.108E-04

W4

3.784E+03

5.676E+00

3.243E+02

2.622E-04

8.108E-04

EWl

3.874E+03

7.568E+00

4.054E+02

3.243E-04

8.108E-04

EW2

3.874E+03

7.568E+00

4.054E+02

3.243E-04

8.108E-04

EW3

3.874E+03

7.568E+00

4.054E+02

3.243E-04

8.108E-04

EW4

3.874E+03

7.568E+00

4.054E+02

3.243E-04

8.108E-04

EW5

3.874E+03

7.568E+00

4.054E+02

3.243E-04

8.108E-04

EW6

3.874E+03

7.568E+00

4.054E+02

3.243E-04

8.108E-04

TOTAL

3.838E+04

6.811E+01

3.730E+03

2.995E-03

8.108E-03



TABLE 4

Ground Level Concentration For Each Type Of Release From All Reactor Units (Ci/m3)

Tritium

Carbon-14

Noble Gases

Radioiodines

Particulate

TOTAL

POINT

A

6.87E-10

1.07E-12

6.01E-11

4.87E-17

1.44E-16

7.48E-10

POINT
B

6.04E-10

9.53E-13

5.35E-11

4.30E-17

1.28E-16

6.59E-10

POINT

C

2.65E-10

4.40E-13

2.45E-11

1.97E-17

5.57E-17

2.90E-10

POINT

D

4.53E-10

7.47E-13

4.15E-11

3.35E-17

9.46E-17

4.95E-10

POINT
E

8.77E-10

1.44E-12

8.01E-11

6.46E-17

1.84E-16

9.58E-10

POINT
F

9.97E-10

1.67E-12

9.24E-11

7.44E-17

2.08E-16

1.09E-09

POINT
G

1.10E-09

1.91E-12

1.05E-10

8.42E-17

2.30E-16

1.21E-09

POINT
H

1.23E-09

2.28E-12

1.24E-10

9.94E-17

2.62E-16

1.36E-09

POINT
I

6.27E-10

1.16E-12

6.30E-11

5.03E-17

1.33E-16

6.91E-10

POINT
J

1.16E-09

2.23E-12

1.20E-10

9.62E-17

2.47E-16

1.28E-09



TABLE 5

The Korean Diet

Adult

Teen

Child

Infant

Fresh
Vegetables

(kg/a)
66.3

102.2

65.3

0

Grains

(kg/a)
188.5

196.9

125.7

0

Milk

(I/a)
63.4

66.7

41.9

367.7

Meat

(kg/a)
55.1

57.5

36.6

0

Leafy
Vegetables

(kg/a)
126.7

132.3

84.5

0

Fruit

(kg/a)
66.3

69.1

44.2

0

Dry
Milk
(I/a)

0

0

0

3.42



TABLE 6

Annual Dose From Airborne Emissions

ISOTOPES
Adult
Tritium
Carbon-14
Particulates
Iodines
Noble Gases
Total
Teen
Tritium
Carbon-14
Particulates
Iodines
Noble Gases

Total

Child
Tritium
Carbon-14
Particulates
Iodines
Noble Gases
Total
Infant
Tritium
Carbon-14
Particulates
Iodines
Noble Gases
Total

WHOLE
BODY

2.06E+01
4.95E+00
7.21 E-03
6.83E-04
6.04E+00
3.16E+01

2.20E+01
7.81 E+00
7.23E-03
8.48E-04

6.04E+00

3.59E+01

3.05E+01
1.49E+01
7.28E-03
1.10E-03

6.04E+00
5.15E+01

4.68E+00
3.02E-01
7.20E-03
3.08E-04
6.04E+00
1.10E+01

SKIN

0.00E+00
0.00E+00
8.39E-03
3.44E-04
1.45E+01
1.45E+01

0.00E+00
0.00E+00
8.39E-03
3.44E-04
1.45E+01

1.45E+01

O.OOE+00
0.00E+00
8.39E-03
3.44E-04
1.45E+01
1.45E+01

O.OOE+00
O.OOE+00
8.39E-03
3.44E-04
1.45E+01
1.45E+01

BONE

O.OOE+00
2.48E+01
1.51E-04
4.91 E-04
O.OOE+00
2.48E+01

O.OOE+00
3.91 E+01
2.17E-04
7.55E-04
O.OOE+00

3.91 E+01

O.OOE+00
7.47E+01
4.77E-04
1.44E-03

O.OOE+00
7.47E+01

O.OOE+00
1.45E+00
1.24E-04
4.81 E-05
O.OOE+00
1.45E+00

LIVER

2.06E+01
4.95E+00
5.94E-05
7.04E-04
O.OOE+00
2.55E+01

2.20E+01
7.81 E+00
8.41 E-05
1.06E-03

O.OOE+00

2.98E+01

3.05E+01
1.49E+01
1.27E-04
1.45E-03

O.OOE+00
4.54E+01

4.68E+00
3.02E-01
3.47E-05
5.63E-05
O.OOE+00
4.98E+00

THYROID

2.06E+01
4.95E+00
O.OOE+00
1.67E-02

O.OOE+00
2.55E+01

2.20E+01
7.81 E+00
O.OOE+00
1.71E-02

O.OOE+00

2.98E+01

3.05E+01
1.49E+01
O.OOE+00
4.77E-01
O.OOE+00
4.59E+01

4.68E+00
3.02E-01
O.OOE+00
1.88E-02

O.OOE+00
5.00E+00

KIDNEY

2.06E+01
4.95E+00
7.84E-05
1.21 E-03

O.OOE+00
2.55E+01

2.20E+01
7.81 E+00
1.06E-04
1.82E-03

O.OOE+00

2.98E+01

3.05E+01
1.49E+01
1.57E-04
2.38E-03
O.OOE+00
4.54E+01

4.68E+00
3.02E-01

3.43E-05
6.58E-05
O.OOE+00
4.98E+00

LUNG

2.06E+01
4.95E+00
2.19E-03
O.OOE+00
O.OOE+00
2.55E+01

2.20E+01
7.81 E+00
3.53E-03
O.OOE+00
O.OOE+00

2.98E+01

3.05E+01
1.49E+01
5.34E-03
O.OOE+00
O.OOE+00
4.54E+01

4.68E+00
3.02E-01
2.31 E-03
O.OOE+00
O.OOE+00
4.98E+00

GI-LLI

2.06E+01
4.95E+00
4.86E-03
1.91 E-04

O.OOE+00
2.55E+01

2.20E+01
7.81 E+00
1.01E-01
2.16E-04
0.00E+00

2.99E+01

3.06E+01
1.49E+01
5.41 E-02
1.34E-04

0.00E+00
4.55E+01

4.68E+00
3.02E-01
6.99E-05
1.49E-06

0.00E+00
4.98E+00
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ABSTRACT

Current nuclear power station release models do not evaluate deposition under foggy
atmospheric conditions. Deposition velocities and scavenging coefficients of
radioactive particles entrained in fog are presented for the Point Lepreau area of the
Bay of Fundy coast. It is recommended to calculate deposition based on fog deposition
velocities. The deposition velocities can be calculated from common meteorological
data. The range of deposition velocities is approximately 1-100 cm/s. Fog deposition
is surface roughness dependent with forests having larger deposition and deposition
velocities than soil or grasses.

1 INTRODUCTION

As part of the accident analysis sequence required to provide information for the site
license, it is necessary to model the release of airborne radioactive materials from the
reactor and their subsequent transport to individual and group receptors. These
releases are in the form of a cloud or plume. There is a depletion of the radioactive
material from the cloud as a result of natural deposition processes. Many models are
currently available to describe this deposition for dry and wet (rain and snow)
meteorological conditions. Current standards and models have not yet addressed
deposition of nuclear particles in foggy conditions. This report recommends deposition
velocities and scavenging coefficients for nuclear particles in fog at Point Lepreau NB,
where fog is a common weather condition.

2 CURRENT APPROACH TO WET/DRY DEPOSITION

The current standard in Canada that addresses airborne radioactive material is
CAN/CSA-N288.2-M91, "Guidelines for Calculating Radiation Doses to the Public from
a Release of Airborne Radioactive Material under Hypothetical Accident Conditions in
Nuclear Reactors". This standard lists three deposition processes that might contribute
to the depletion of radioactive material in the cloud:



a) gravitational deposition
b) dry deposition
c) wet deposition

The effect of gravitational deposition is negligible compared to dry and wet deposition,
and is ignored when calculating plume depletion and ground deposition.

The CSA standard (1) describes in detail the complete process, from the release of
particles to the dose estimates received, whereas this paper focuses on providing
deposition velocity and scavenging coefficient values for fog entrained particles. These
values are used when calculating radioactive material depletion in the cloud, and
ground deposition of material. The depletion and deposition calculations contribute to
the overall dose estimate calculations.

The following equation describes the radioactive material concentration in the cloud at
the receptor location.

X (Bq-s / m3) = (X/Q) (Qo) (DEC) (DEP)

where: x/Q = dilution factor (s / m3)
Qo = initial released activity ( Bq )
DEC = radioactive decay factor
DEP = depletion factor due to deposition

2.1 Dry Deposition

The effect of dry deposition on the depletion of airborne radioactive material is not
usually large. The radioactive material concentration in the plume is reduced by
approximately fifty percent or less over the first one hundred kilometers (1). The CSA
standard (1) lists values for deposition velocities, VdL and VdH. VdL is a relatively low
value used in airborne depletion calculations. VdH is a relatively high value used for
ground contamination calculations.

The activity per unit area deposited on the ground is calculated from the following
formula :

cod (Bq / m2) = VdH • x

where: VdH = radioactive material deposition velocity (m / s)
X = airborne concentration (Bq- s / m3)

Table 1 is taken from the CSA standard and lists values for VdH and VdL for different
airborne materials and surface conditions. The values tabulated are the highest and
lowest reported values.



Element

Iodine

VdL

VdH

Ruthenium

VdL

VdH

Cesium

VdL

VdH

Others

VdL

VdH

Water

0.2

2.0

0.2

3.0

0.1

1.0

0.2

3.0

Table

Recommended

1

Values for Dry
Deposition Velocities (cm/s)

Surface Type

Soil

0.07

1.0

0.06

0.3

0.03

0.1

0.2

3.0

Snow

0.07

0.7

0.2

1.0

0.1

0.3

0.2

3.0

Grass

0.2

3.0

0.1

1.0

0.07

0.3

0.2

3.0

Forest

1.0

10.0

0.5

5.0

0.4

2.0

1.0

10.0

2.2 Wet Deposition

The effect of wet deposition can be significantly larger than that of dry deposition. Wet
deposition can deposit more than ninety percent of the airborne radioactive material in
the first hour (based on values in Table 2). When considering wet deposition, the CSA
standard (1) uses scavenging coefficients in the calculations of airborne depletion and
ground deposition. Table 2 is taken directly from the CSA standard, and lists values for
the scavenging coefficient, A. The scavenging coefficients listed are for varied
precipitation rates of rain and snow only. Similar to deposition velocities, the selection
of high and low values for the scavenging coefficient are reported values from literature.
AH is a relatively high value to be used in the calculation of ground contamination, AL is
a relatively low value to be used in airborne depletion calculations.

The activity per unit area deposited is calculated from the following formula :

where: £ = height over which the cloud is subject to scavenging ( m )
AH = Scavenging coefficient (s~1)
X = airborne concentration ( Bq • s / m3)



Radionuclide
or element

Tritium
and Iodine

AL (s-1)

AH (s'1)

Others

At(s"1)

AH (s'')

Table 2

Recommended Values for Wet
Scavenging Coefficients

0.5

5x10-*

1 X 1 0 " 4

1 x 10"5

2x10"*

Rain (mm / hr)

1 3

1x10"5 2x10's

2x10"* 4x10"*

2x10"5 3x10-s

3x10"* 7x10"*

5

3 x 1 0 s

6 x 10"4

5 x 10-5

1 X 1 0 "

0.5

<10"7

Deposition
(s-1)

Snow (mm /hr)
(equivalent water)

1 3

1x10"7 2x10"7

2 x10'7 4x10" 7 8x10"7

3 x 1C

1 X1C

"* 5x10"* 8x10"*

•2 2x10"2 4x10"2

5

3x

1 X

1 X

5x

1 0 " 7

io-6

10*

10"2

3 LITERATURE SEARCH

3.1 Method

The information search for fog deposition velocities was performed through the
University of New Brunswick, and with Internet search tools. Through these searches a
number of articles on fog deposition were gathered. Also, as a result of this search,
personal contacts were made with some leading authorities in the field of fog
deposition. The data presented in this paper is based on these articles and personal
communications.

The Internet searches generated websites which generally led to summaries of articles
with a contact person listed. The summaries themselves often contained little relevant
information. However, the contacts listed led to further contacts which led to the
majority of the articles listed in the Reference Section.

Three authorities who were most helpful in the search for information were:

1) Stephen Beauchamp, Environment Canada, Bedford NS
2) Ray Hosker, Oak Ridge National Laboratory, NOAA, Oak Ridge TN
3) John Ogren, Climate Monitoring and Diagnostics Laboratory, NOAA, Boulder CO

Conversations with these authorities and others listed in the Reference Section were



carried out regarding fog deposition. The common field of expertise of these people
was in the area of industrial pollutant deposition during fog (acid fog). None were
aware of any work being done involving radioactive material deposition in fog. The
conversations included discussion of possible similarities between industrial pollutant
deposition and radioactive material deposition. Areas such as particle size, entrainment
in fog, and deposition to different surfaces were discussed.

3.2 Results

Many articles relating to fog deposition were obtained by Atlantic Nuclear Services from
the Internet and University searches. The information in the articles was useful in
describing the deposition process in fog. Although the information collected pertained
mainly to industrial pollutants, the basic principles of fog deposition are applied to
radioactive particles (results section), as they are expected to behave similarly in fog
(based on their ability to be captured by water droplets).

The information from the literature search was used to compile the results section. The
results are based on theories, formulae, and measured data from respected authors in
the fog deposition field.

When characterizing fog deposition, the choice on whether to use deposition velocities
or scavenging coefficients is not obvious. Each method (deposition velocities or
scavenging coefficients) produces similar quantitative output (deposition). The users
should choose the method they feel is more appropriate for their application. If the
computational ability exists, the output from each method can be compared for
consistency. A separate section : Comparison of Depletion During Fog for Scavenging
Coefficient and Deposition Velocity Input, is presented later in this paper.

4 ANALYSIS

4.1 Fog Deposition Velocities

The deposition velocity (Vd) is defined as the deposition flux (F) divided by the
atmospheric concentration (C) at a defined reference height (1),(2).

Vd = -F/C

The units for flux are g/m2s and for concentration are g/m3.

In fog, the particles of interest are entrained in the water droplets of the fog. When the
fog comes into contact with the earth's surface the particles are deposited. The
deposition rate of particles varies greatly with the surface condition (deposition to trees
is significantly larger than that to grasses). Table 3 lists deposition velocities for
particles scavenged and deposited by fog. These values are calculated based on the



premise that the concentration of particles in the deposited liquid fog does not change
during its deposition. That is to say the chemical composition of the liquid is the same
before and after deposition. This same assumption is used in the calculation of
industrial pollutant deposition (3). This allows for deposition calculations from
atmospheric measurements instead of much more difficult ground measurements.

Example:

fog flux (F) = 1mm/hr = 0.278 g/m2s

concentration (C) = 0.2 g/m3

of fog

Vd = -F/C
or Vd = -0.278 / 0.2
or Vd = -1.39 m/s = -139 cm/s

Table 3 lists deposition velocities for released particles at the Point Lepreau site based
on the local meteorological conditions for fog. The deposition velocities recommended
here are similar to fog deposition velocities reported in References 4 , 5 and 6.

Table 3

Recommended Fog Deposition Velocities
for All Released Particles

Fog (mm/hr)

0.01 0.05 0.10 0.50

VdL(cm/s) 1 3 7 35

VdH(cmfe) 3 14 28 140

(cm/s)

1.00

70

280

2.00

140

560

4.2 Fog Scavenging Coefficients

The deposition of nuclear particles could alternatively be determined based on



scavenging coefficients. The scavenging coefficient ( A ) is used to describe the
depletion of airborne radioactive material during wet deposition (1),(7).

The equations shown here are the same equations (7) used to calculate the rain
scavenging coefficients of CAN/CSA-N288.2-M91 (1).

A (s-1) = 8 x 10"5106 (iodine vapor)

A (s-1) = 1.2 x 10"4 I05 (aerosols)

Where: I = rain precipitation intensity (mm/hr)

The increased concentrations of particles in fog water compared to rain water is
accounted for in this calculation with increases similar to accepted values for industrial
pollutants chosen (4),(5)>(6),(8),(9),(10),(11).

Example:

fog precipitation intensity = 1 mm/hr -10 mm/hr(rain)

A(iodine) = 8x10-5 I0 6

or A (iodine) = 8x10-5(10)06

or A (iodine) = SxiO^s-1

Table 4 lists recommended scavenging coefficients for released particles at the Point
Lepreau site based on local meteorological and industrial pollutant measurements for
fog.

Radionuclide or
element

Tritium
and iodine

AL (s"1)

AH (S-1)

Others

AL(s-)

AH (s-1)

Table 4

Recommended Scavenging Coefficients (s~1)
for Fog Deposition

0.01

5 x

4 x

1 X

7 x

10"e

10"5

10"6

1O"5

Fog (mm / hr)

0.05 0.10 0.50

1 X 10"s 2 X 10"s 5 X 10"s

1x10"* 2x10"* 4x10"*

3 X 10-s 4 x 10"5 8 X 1 0 s

1x10"* 2x10"* 5x10"*

1.00

8x10"5

6x10"*

1x10"*

7 x 10"*

2

1

9

2

9

.00

x 10"*

x 10"*

x 10"*

x 10"*



4.3 Precipitation Rates

The values for the deposition velocities and scavenging coefficients found in Tables 3
and 4 are listed for different fog precipitation rates. If fog precipitation rates are known
for a location of interest, then the appropriate value for deposition velocity or
scavenging coefficient can easily be found in Tables 3 and 4.

If precipitation rates are not known for a location of interest then typical precipitation
rates for the Fundy coast can be found for the surface types of Table 5. This method is
useful as precipitation rates are rarely measured frequently at many locations.

Fog

Fog

(mm/hr)Low

(mm/hr)High

Table 5

Typical Fog Precipitation Rates (mm/hr) for
Different Surface Conditions

Surface Type

Soil Snow Water Grass Closed Forest

0.01 0.01 0.01 0.01 0.10

0.05 0.05 0.10 0.10 0.50

Forest Edge

0.50

2.00

5 COMPARISON OF DEPLETION DURING FOG FOR SCAVENGING
COEFFICIENT AND DEPOSITION VELOCITY INPUT

The PEAR ( Public Exposure for Accidental Releases) Code was utilized to examine
the results obtained when using Table 3 (Deposition Velocities) and Table 4
(Scavenging Coefficients). The variable selected for comparison was the depletion
correction factor ( DEP ). Results presented in Table 6 represent a grassland surface
condition over a one kilometer distance. The deposition velocity approach produced
more conservative results ( more deposition ) than the scavenging coefficient approach
with a reasonable amount of agreement between the two approaches. Over longer
distances (100 km ) of grasslands the dominating characteristic was the weather
stability category. The agreement between the two approaches ranged from very good



to poor depending on the weather stability category. Again, the deposition velocity
approach produced more conservative values.

The deposition velocity method as it is believed to produce the more reliable and
conservative output. Due care should be taken when choosing a weather stability
category for the PEAR Code as the deposition output can vary significantly depending
on the category selected.

Comparison
Velocity and

Distance (km )

1.0

1.0

1.0

Table 6

of Depletion Factors for Deposition
Scavenging Coefficient Input

Stability Category

A

B

F

DEPLETION VALUES

V< Method S

0.832

0.769

0.557

C. Method

0.992

0.992

0.992

6. DEPOSITION VELOCITY CALCULATION FROM MEASURED DATA

Since the fog flux is often unknown, it is not possible to directly establish either the
deposition velocity or scavenging coefficient. However, the Unsworth-Crossley
equation (8),(12) may be used to calculate deposition velocity for a forested surface
condition, if the wind-speed is known :

F = C{[ k2u / In2(19.1/h + 3.18)] +v j

Based on the definition of deposition velocity this equation can be expressed as :

Vd = [- k2u / In2(19.1/h + 3.18)] -vs

where : k = von Karman's constant = 0.41
u = tree top wind speed (m/s)
h = height of trees (m)
vs = sedimentation velocity (m/s)



If the height of the forest is set at 10.0 m, and the sedimentation velocity is 2 cm/s, then
the preceding equation can be reduced to:

Vd = - 0.0635 u - 2 cm/s

Since the sedimentation velocity is not easily attainable it is recommended to use the
following equation which is more conservative at higher wind velocities.

Vd = -0 .07u

Based on a known treetop wind velocity ( u ), this equation allows for the calculation of
the deposition velocity of particles entrained in fog (Vd ) . This equation is for forested
situations. The values produced by this equation are in very close agreement with
measured data for wind speed and fog deposition velocities (6).

Deposition
Velocity
(cm / s)

-80 -

-60 '

- 4 0 •

- 2 0 •

2 4 6

Wind Speed

1

B
(m/s)

= -0.07p ..-

V« =

1

10

-0.0635M

12

- 2 cm/s

Example:

treetop wind speed ( u ) = 20 km/hr = 5.56 m/s

Vd = -0.07u
Vd = - 0.07 (5.56 m/s)
Vd = - 0.39 m/s = - 39 cm/s (forest)



For non-forested situations (grasslands) the deposition velocity is a fraction of the
forested deposition velocity. When determining deposition velocities to grasslands a
conservative ratio of grassland deposition to forest deposition of one quarter is chosen
(12). The following equation can be used to calculate fog deposition velocities to
grasslands.

Vd = - 0 . 0 7 u / 4
Vd = - 0 . 0 1 7 5 M

Table 7 lists the deposition velocity to wind velocity ratio for different surface conditions.
This table produces low deposition velocities if the wind speed is very low ( < 0.5 m / s
). At this wind speed the fog deposition velocities are similar to the dry deposition
velocities of Table 1. Based on the dry deposition velocity values, the minimum fog
deposition velocity to be used for modeling is set at 1 cm / s.

Table 7

Deposition Velocity to Wind Velocity
Fog Entrained Particles

Soil Snow

V d/V w , n a 0.018 0.018

Surface Type

Water Grass Brush

0.018 0.018 0.030

Ratios for

Closed Forest

0.070

Forest Edge

0.300

7 SUMMARY

To date, there is little or no published information on airborne nuclear particle
deposition in fog. However, there are a substantial number of articles regarding
industrial pollutant deposition in fog. The results presented here are based on these
articles, and the similarities between industrial pollution and nuclear particle interaction
with water droplets.

The resulting scavenging coefficients for radioactive particles in fog (Table 4) are similar
to those of rain (Table 2). This is consistent with pollutant inputs from fog and rain
along the Bay of Fundy coast. A wide range of deposition values is produced when fog
or rain (CSA standard) scavenging coefficients are used in the calculation.



Alternatively, when deposition is calculated from deposition velocities (Table 3) , it is
somewhat more reliable, particularly if measured data (fog flux and fog concentration)
are used to calculate the deposition velocity.

Table 5 lists typical fog precipitation rates for different surface conditions. This table
allows for Table 3 (deposition velocities) and Table 4 (scavenging coefficients) to be
utilized if precipitation rates are unknown.

If the precipitation rates are unknown, and the user prefers to calculate the deposition
velocity from measured data (not approximated values) then this can be achieved if the
treetop wind velocity is known. It is recommended that this method be used in the
calculation of airborne nuclear particle deposition because of the availability of the input
(treetop wind velocity ) and its close agreement with measured values of deposition
velocities for fog entrained particles.
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1.0 INTRODUCTION

Tritium concentrations in CANDU-6 reactors are currently around 40 Ci/kg in moderator
systems and around 1.5 Ci/kg in primary heat transport (PHT) systems. It is expected that
tritium concentrations in moderator systems will continue to rise and will reach about
80 Ci/kg at maturity. A more detailed description of the increase in tritium concentrations
in the moderator and PHT systems of CANDU-6 reactors is given in the next section of
this paper. While moderator systems currently contribute more than 50% to tritium
emissions, the impact of acute releases of moderator water is more severe at higher tritium
concentrations. This impact can be substantially reduced by the addition of an isotope
separation system for lowering the tritium level in the moderator system. In addition,
lower tritium levels in CANDU systems will inevitably result in reduced occupational
exposures, or will provide economic benefits due to ease of maintenance because less
protective measures are required and maintenance activities can be more efficient

New technology has been developed at Ontario Hydro over the past 15 years, which can
greatly reduce the cost and size of a Tritium Removal Plant (TRP) as compared to Ontario
Hydro's Darlington Tritium Removal Facility (DTRF) which is designed to reduce the
tritium level in the moderators of Ontario Hydro's 20 CANDU reactors to near 10 Ci/kg.
In addition, excellent engineering, schedule, and cost data have been developed as a result
of the successful completion of the design, construction, installation and commissioning of
a Tritium Purification System (TPS) for the Princeton Plasma Physics Laboratory.1'23

Ontario Hydro has design responsibility for the isotope separation system for the
International Thermonuclear Experimental Reactor (ITER)4 project. The isotope
separation system will separate and concentrate the tritium in this proposed multi-billion
dollar international fusion reactor. ITER design responsibilities and work on the Princeton
TPS have spurred millions of dollars of R&D and design and led to significant advances in
cost and tritium inventory reduction.



The compact TRP's described in this paper have been sized to serve a single CANDU-6
unit, but the systems described can also be enlarged or deployed in a modular fashion to
serve a multi-unit station like Wolsung. The TRP design consists of a low-inventory, leak-
tight electrolysis cell or group of cells in the front-end to convert the D2O (mixed with
HDO and DTO) from the moderator system to D2, HD, or DT. This is followed by a
cryogenic distillation back-end system which is sufficient to enrich the moderator tritium
to between 50% and 80% DT while detritiating the bulk of the D2 gas which is then
converted back to heavy water by recombining the D2 with oxygen. This compact
Cryogenic Distillation (CD) System is much simpler than the 4-column Princeton TPS
which processes hydrogen isotopes from the spent fuel of the Princeton fusion reactor and
produces pure T2 with a total tritium inventory in the isotope separation system of only
about 1 gram. It is also simpler and very much smaller than the 4-column Darlington TRF
which lowers the tritium inventory in Ontario Hydro's CANDU reactors. For example,
the Darlington-TRF CD contains 2300 m3 of hydrogen, deuterium, or tritium while the
CD for the CANDU-6 TRP contains only about 8.5 m3 of hydrogen isotopes. Allowing
for the fact that Darlington TRF services not one, but 20 reactors, the inventory in the
CANDU-6 TRP is still 13.5 times smaller per reactor.

This compact CANDU-6 TRP also offers the advantage of on-site detritiation, and hence
avoids the cost, infrastructure, and labour necessary for shipping of heavy water to an off-
site processing facility. It is small enough to fit into an existing building and it can reduce
C-14 production and C-14 release by up to 30% to 40% by using natural oxygen in the
TRP recombiner to displace the enriched 0-17 in the moderator heavy water which is
responsible for C-14 production. The TRP can also provide on-line upgrading of the
moderator water at a very low incremental cost by stripping H from the D2 gas and raising
the isotopic analysis of moderator heavy water from 99.9%D to 99.95%D. Such an
increase can reduce fuel burn-up by about $25K/year per reactor, as well as offering
additional flexibility, particularly for stations equipped only with a single upgrader.

Since the proposed CANDU-6 TRP design is simple, this means that process control
implementation is easier, and the fewer components will result in lower maintenance
requirements and lower operating costs. The compact CANDU-6 TRP can be confidently
designed and built over a two year schedule, subject to licensing and station interface
issues. This is a result of experience with the more complicated Princeton TPS system.
Ontario Hydro has developed unique design tools such as the FLOSHEET5 and
DYNSIM6 simulation codes, which enable fast and accurate design optimization for any
tritium separation design task.



2.0 TRITIUM CONCENTRATIONS AND ISOTOPICS IN CANDU-6 REACTORS

Figure 1 shows tritium activity growth in the moderator systems of Embalse, Pt. Lepreau,
Wolsung-1 and Gentilly-2 reactors. Tritium concentrations have increased steadily since
reactor start-up, and in January 1996 were at an average of about 40 Ci/kg in moderator
systems.7
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Figure 2 shows the tritium activity in the Primary Heat Transport (PHT) systems of the
same reactors.7
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In January 1996, PHT concentrations averaged around 1.5 Ci/kg. It is expected that
tritium concentrations in moderator systems will continue to rise and will reach about
80 Ci/kg at maturity.

In contrast with tritium concentration, moderator heavy water concentrations display a
relatively large scatter and are shown in Figure 3.7
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While moderator systems are estimated to contribute somewhat more than 50% to tritium
emissions, the impact of an acute release becomes more severe the higher the tritium
concentration. The data presented in Table 1 suggest that tritium emissions which are
significant fractions of total emissions at CANDU-6 reactors could be significantly
reduced, if detritiation of moderator systems is performed.

Table I8

Moderator Contribution to Tritium Emissions

Year

1988
1989
1990
1991
1992

Contribution

Gentillv 2
43%
25%
70%
85%
69%

to Total

Point
Lepreau
70%
81%
68%
65%
78%

Emissions

Wolsung
71%
70%
54%
58%
59%

Contribution

1 Gentillv 2
42%
9%

68%
86%
59%

to Airborne

Point
Lepreau

79%
77%
55%
59%
92%

Emissions

Wolsung 1
68%
67%
49%
51%
58%

Average 58% 73% 62% 53% 72% 59%



3.0 TECHNOLOGY DEVELOPMENTS SINCE DARLINGTON TRF DESIGN
AND CONSTRUCTION

New technology has been developed at Ontario Hydro over the past 15 years, which can
greatly reduce the cost and size of a Tritium Removal Plant (TRP) as compared to the
Darlington Tritium Removal Facility (DTRF).

In the past few years, Ontario Hydro has been the lead designer for the Isotope Separation
System (ISS) for the International Thermonuclear Experimental Reactor (ITER)4. The
ITER-ISS is a large 4-column cryogenic distillation system, with a stringent limit on
tritium inventory. Efforts to reduce inventory, cost and size for the ITER-ISS have been
successful, using an integrated design and R&D approach. Ontario Hydro has developed
steady state and dynamic simulation codes (FLOSHEET and DYNSIM) for isotope
separation systems. These have been used to analyze and optimize design configurations.
An extensive R&D program has also been carried out at Ontario Hydro Technologies to
test and characterize various column packings, hardware components, and process control
technology for cryogenic distillation. Testing, development, and design work on the ITER
fusion reactor's isotope separation system has reduced the column height by
approximately 250% and the tritium and hydrogen isotope inventories by about 500%
over the last three years.

This capability has been further strengthened due to the recent successful design,
construction, testing, delivery, commissioning, and operation of the Tritium Purification
System (TPS) for the Tokamak Fusion Test Reactor (TFTR) located at Princeton, New
Jersey. The TPS is a 4-column distillation system integrated with a front-end palladium
diffuser purifier. The TPS is designed to separate 99% pure tritium from all plasma
exhaust gases. The TPS project was executed over a tight 17 month schedule, with a
stringent operating inventory constraint of 10,000 Ci in the system. The TPS has operated
reliably and consistently produced pure tritium product from the plasma exhaust gases.
This tritium has been recycled for use in new fusion experiments instead of having to be
disposed of as a nuclear waste. Operation of the Princeton's TPS has also provided a
demonstration of improved computer control of CD systems.9 Work on ITER and the
TPS has spurred millions of dollars of R&D and design effort in cost and tritium inventory
reduction. In addition, excellent engineering, schedule and cost data have been developed
for the production of new, efficient, cryogenic distillation systems.1>2'3



4.0 PROCESS OPTIONS FOR THE COMPACT CANDU-6 TRP

The CANDU-6 TRP design consists of a front-end process for phase transfer of tritium in
the heavy water to a D2/DT stream followed by a CD system. A number of options are
available for the front-end process:

OPTION

Vapour Phase Catalytic Exchange (VPCE)

Liquid Phase Catalytic Exchange (LPCE)

Electrolysis (DE)

Combined Electrolysis and Catalytic
Exchange (CECE)

COMMENTS

Used at Darlington, requires a
number of discrete stages each
involving deuterium gas and steam
separation.

Continuous column, hence more
compact than the VPCE, but requires
bigger CD than with other options.

Requires smaller CD than for VPCE
or LPCE front-ends. C-14 reduction
possible.

Smallest CD size. Combination of
DE plus LPCE. Needs more
electrolysis cells than DE.
Electrolysis cells need to operate at
higher tritium concentration than DE.

All of the above front-end options are technically feasible. However, the following
general trends apply:

Floor area required: LPCE < DE & CECE < VPCE

Building height required: DE < LPCE < VPCE & CECE

Size of CD system: CECE < DE < VPCE < LPCE

C-14 Reduction Possible: DE & CECE

On this basis, electrolysis has been selected as a good compromise due to low space
requirement, reasonable size of the associated CD system and the additional benefit of
C-14 mitigation. This is not meant to exclude other options from consideration. Use of
the compact CD will reduce the cost of any tritium separation system irrespective of the
front-end option selected.



5.0 DESIGN OF THE COMPACT CANDU-6TRP

The compact TRP has been sized to serve a single CANDU-6 unit, but can also be
enlarged or deployed in a modular fashion to serve a multi-unit station like Wolsung.
A representative flowsheet for the compact CANDU-6 TRP is shown in Figure 4.

Recomblner

D,OOut

Compact Candu-6 TRP

(T reduced) Out Trace H, to stack

D2/DTIn

O" enriched
O2 to stack

Dryer

D,Oln

Electrolysis
Cells

Titanium Bed

for Tritium Storage

Figure 4: Compact CANDU-6 TRP Flowsheet

The TRP consists of an electrolysis front-end, utilizing low-inventory, leak-tight
electrolysis cells of the type being tested at Atomic Energy of Canada Ltd. (AECL), Chalk
River. The oxygen stream is dried to prevent water and tritium escaping to the
environment and then discharged to stack. The D2/DT stream is purified via an ambient
temperature drier followed by an adsorber at 77K temperature (or a Palladium diffuser)
and sent on to the cryogenic distillation (CD) system. This prevents water and any non-
hydrogen gases such as oxygen from reaching the CD system. The CD system is
designed to enrich tritium to between 50% DT and 80% DT as a low volume product.
This can then be immobilized on titanium for storage. While CD units can readily be
designed to produce pure tritium, the main design requirement for CANDU-6 reactor
detritiation is to lower the tritium in the moderator heavy water. Enrichment to 80% DT
(instead of 99% T2) is sufficient to reduce the tritium containing stream to a very small



volume without requiring the addition of additional column length, additional processing
hardware, and a large amount of extra tritium inventory. A compact CANDU-6 TRP
capable of holding the moderator water tritium concentration to below 10 Ci/kg, requires
only 8 titanium tritide containers per year to hold the removed tritium product. Each
container is about 17 cm diameter by about 1 m high.

The Darlington TRF uses a liquid hydrogen refrigeration system to provide cooling for the
CD system, while the CANDU-6 TRP uses a low temperature gaseous helium refrigerator
instead. This CANDU-6 CD system is much simpler to operate than the 4-column
Princeton TPS, which, nevertheless, has demonstrated good operating performance in
processing fusion reactor waste.

Figure 5 shows a plan view of the CANDU-6 TRP capable of holding CANDU-6
moderator water at 10 Ci/kg. It fits easily into a space which is 10 m by 8 m. The space
is less for a TRP designed to hold CANDU-6 moderator water at 20 or 30 or 40 Ci/kg.
These new small footprints and the much lower deuterium and tritium levels in the
CANDU-6 TRP when compared with conventional CD technology mean that it should be
possible to insert a CANDU-6 TRP into the reactor buildings rather than in a completely
separate building such as used by Ontario Hydro's Darlington TRF.

O
Recombiner

CD Expansion
Tank

O
CD Cold Box
and Column

Electrolysis Cells

Tritium

Vault

o o o
Feed Product Buffer
Tank Tank Tank
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Figure 5: CANDU-6 TRP Layout



Figure 6 shows the inverse relationship between the target equilibrium concentration of
tritium in the moderator and the required feed flow rate to the CANDU-6 TRP.

Parametric Studies of the Proposed TRP for a Single CANDU-6

(Tritium Concentration in the TRP Return Stream & PHTS: 1Ci/kg)
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Figure 6: Process flow vs. Moderator Ci/kg

The elevation view of the compact CANDU-6 TRP is also very much smaller than the
elevation view of the Darlington TRF (Figure 7). Darlington has two cold boxes, a large
one over 30 m tall and 1.3 m in diameter and a smaller one l l m tall and 1.23 m in
diameter (part of this cold box is reduced to 0.6 m diameter). The cold box is a vacuum
vessel which contains the isotope separation columns which operate just above 20 K and
which must be completely insulated from the 300 K environment of the nuclear power
station. The compact CANDU-6 TRP has a cold box which is 5.5 m tall (or shorter if
holding the moderator water to 10 Ci/kg is not required) and 0.5 m in diameter. The
magnitude of the size difference is really understood when the hydrogen isotope inventory
in the Darlington system (2300 m3) is compared to the hydrogen isotope inventory of the
compact CANDU-6 TRP (8.5 m3). The reduced size is an indication of a large cost
reduction, while the reduced hydrogen inventory significantly reduces the consequence of
any postulated accidental event.

The compact CANDU-6 TRP offers the advantage of on-site detritiation, and hence
avoids the cost (including heavy water inventory cost to replace the inventory that is off-
site), infrastructure, and labour necessary for shipping of heavy water to an off-site facility.

Implementation of a CANDU-6 TRP can allow a reactor the added benefit of reducing the
production and hence the release of C-14 from the reactor. In addition, the TRP can be
used for on-line upgrading of the moderator heavy water. Both of these benefits are
available at only a small incremental cost
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The CANDU-6 TRP can reduce C-14 production and C-14 release by up to 30% to 40%.
It does this by using natural oxygen in the TRP recombiner which effectively displaces the
enriched 0-17 in the moderator heavy water. Oxygen-17 is enriched in the process of
converting lake water to heavy water. It gets further enriched in the D2O upgrading
process. Whereas the natural abundance of O-17 is about 300 ppm in light water, the
typical concentration in a moderator is about 550 ppm. The major source of carbon-14 in
CANDU reactors comes from neutrons bombarding the oxygen-17 nuclei in the reactor
moderator. With the absorption of a neutron and the ejection of an alpha particle, carbon-
14 atoms are formed. Operation of the CANDU-6 TRP will gradually reduce the amount
of 0-17 in the moderator and thus gradually reduce the rate of carbon-14 production.
Production rate changes due to the operations of the two sample compact CANDU-6 TRP
designs (described below) is shown in Figure 8. Thus, it is possible to reduce C-14
emissions from a reactor by about 30% to 40% over 5 years at a low additional cost.
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Compact TRP technology can also be modified to provide on-line deuterium upgrading of
the moderator water at a very low incremental cost. For example, the deuterium
concentration in the moderator can be gradually raised from 99.9% to 99.95% by
modifying our standard compact CANDU-6 TRP design to lower the concentration of H
in the heavy water. Such an increase in the D level in the moderator can reduce fuel burn-
up by about $25K/year per reactor, as well as offering additional flexibility, particularly for
stations such as Pt. Lepreau, equipped only with a single upgrader. Even for stations with
two upgraders, the additional flexibility of on-line upgrading in the TRP can free up
upgrading capacity to treat backlogs of D2O stored in drams, or can allow the upgraders
to work to higher product specifications.

Since the proposed CANDU-6 TRP design is simple, this means that process control
implementation is easier, and the fewer components will result in lower maintenance
requirements and lower operating costs. The CANDU-6 TRP can be confidently designed
and built over a two year schedule, subject to licensing and station interface issues. This is
a result of experience with the more complicated Princeton TPS. Ontario Hydro has
unique design tools such as the FLOSHEET5 and DYNSHVI6 simulation codes, which
enable fast and accurate design optimization.

Although our design tools allow us to design any size cryogenic distillation system for any
design requirement, two different sizes for the compact CANDU-6 TRP will be presented
- a small system to hold the moderator at a concentration of 40 Ci/kg and prevent it from
rising any further, and a larger TRP to bring the moderator concentration down gradually
to 10 Ci/kg and hold it at this value. The parameters associated with the two sizes are
shown in Table 2.



Moderator Concentration at Maturity
TRP D2O Feed How
E-Cell Power
E-Cell Tritium Inventory
CD Column Condenser Load
CD Column Height
CD Tritium Inventory

Table 2
TRP Parameters

v 40 Ci/ke
4kg/h
30 kW
0.3 g
420 W
3m
2.7 g

10 Ci/ke
24kg/h
180 kW
0.4 g
2100 W
4.5 m
4.7 g

It is envisaged that the larger CANDU-6 TRP will fit comfortably into a floor space of
10m by 8m. A smaller TRP will require less space. Commercial helium gas refrigeration
systems are available in the desired sizes, and will also fit into the space required.

6.0 SAFETY AND LICENSING CONSIDERATIONS

Table 3 shows that the CANDU-6 TRP is estimated to have greatly reduced hydrogen and
tritium inventories when compared to the Darlington TRF. Thus, the Darlington TRF can
be viewed as an upper bound and a precedent for licensing of such a facility. Analyses
similar to those used for licensing the DTRF can be used for the CANDU-6 TRP, and it
should be easy to demonstrate that the facility can be engineered to be safe, both from the
conventional and radiological safety viewpoint

For example, in a room size of 10m x 8m x 6m high, it is not possible to reach the lower
flammability limit of hydrogen in air (4 vol. %), even if the full 8.5 m3 hydrogen inventory
of the larger CANDU-6 TRP is released as the result of a postulated accidental event.

Table 3
Comparison of TRP Sizes, Inventories

D2O Feed Flows kg/h
Refrigeration Watts
Column Height
H2,D2 Inventory
Tritium Inventory

40Ci/kgTRP
4

420
3m
2m3

2.7 g

10Ci/kgTRP
24

2,100
4.5 m
8.5 m3

4.7 g

DTRF
360

100,000
30 m

2300 m3

35 g



7.0 CONCLUSIONS

New compact cryogenic distillation technology can greatly reduce the size and cost of
tritium decontamination equipment for CANDU-6 reactors. Compact new systems
containing only 0.08% to 0.35% of the hydrogen inventory of conventional technology
make it possible for every CANDU-6 reactor utility to consider using detritiation
technology. With reduced tritium levels in the moderator heavy water, fewer maintenance
operations will require plastic suits and plant tritium emissions will be reduced.

With fairly minor modifications, compact cryogenic distillation technology with a
electrolysis front end can be used to supplement station moderator upgrader capability and
can reduce carbon-14 production by about 30 to 40%. Although the process discussion
deals mainly with an electrolysis front end, if it is necessary to use VPCE (vapour phase
catalytic exchange), LPCE (liquid phase catalytic exchange), or CECE (combined
electrolysis and catalytic exchange), all of these front ends require cryogenic distillation as
a back end. The cost of all of these approaches to tritium isotope separation will be
significantly reduced if compact cryogenic distillation is used instead of conventional
distillation technology.
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1. INTRODUCTION

One possible consequence of a loss of coolant accident in a CANDU® reactor is that
hydrogen may be released into the containment at the start of the accident. The worst
case scenario is the loss of coolant accident coincident with a loss of emergency core
cooling (LOCA/LOECC) for which flammable mixtures of hydrogen and air may occur a
few hours following the accident. In the longer term, radiolysis and corrosion can also
increase the hydrogen concentration. Presently, natural and forced mixing are relied upon
to dilute the hydrogen to non-flammable concentrations in the large air volume of the
containment. In some designs, ignitors are installed to burn hydrogen where local
concentrations exceed flammable limits. Passive autocatalytic recombiners have been
designed for long-term hydrogen control and to improve margins for short term hydrogen
management. They operate by combining hydrogen with oxygen at a catalyst surface to
form water. The heat of reaction at the catalyst surface changes the water to steam, and
creates a natural convective flow through the recombiner. This flow acts as a pump to
bring more hydrogen through the recombiner and enhances mixing inside the containment.
This paper describes the qualification program for the AECL hydrogen recombiner and
presents the results from selected performance tests.

2. THE AECL RECOMBINER

The AECL recombiner is designed for compactness and ease of engineering into
containment. The design consists of an open-ended rectangular box (32 cm x 62 cm x 52
cm) with an attached cover and gratings (see Figure 1). The cross-sectional area of the
open ends is 0.2 m2. Inside the box, flat rectangular catalyst elements are arranged parallel
to the direction of gas flow. These elements are spaced approximately 2 cm apart to
promote optimal convective flow. This box with the catalyst elements is the basic
recombiner module. The mounting frame is made from rectangular steel tubing to provide
secure support for the recombiner module and an interface to containment structures. The
optional cover and gratings provide physical protection to the internal elements from
sprays or missiles.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL)



The catalyst used in the recombiners described in this work is a proprietary AECL
formulation developed specifically for application in nuclear containments [1,2]. The
catalyst has a high catalytic activity for hydrogen oxidation, is not deactivated by water
vapour or steam, and is specially formulated for operation over a very wide range of
temperatures. It is wet-proofed using a proprietary formulation, in which the platinum
catalyst is dispersed within a porous support structure of synthetic silica zeolite, offering a
high surface area. The zeolitic structure of micropores acts as a selective molecular sieve.
Water molecules cannot enter the matrix, but hydrogen and oxygen are able to diffuse to
the active surface of the platinum for the recombination reaction to occur. The catalyst
operates at temperatures up to 1000 K without loss of wet-proofing or catalytic activity
and is unaffected by high radiation exposures. It has shown resistance to poisoning by
anticipated containment gases [3].

The operation of the AECL hydrogen recombiner is completely passive: it requires no
support systems (electrical power, instrument air, cooling water), no controls, and is self-
starting in the presence of hydrogen and oxygen. Self start, as evidenced by catalyst
heating and initiation of convective flow, has been demonstrated in early tests at 1%
hydrogen in air, room temperature, and 100% relative humidity [3]. This low temperature
start-up in condensing atmospheres is viewed as the most challenging condition for wet-
proofing effectiveness. Cold start-up is a vital performance requirement in CANDU
containments, which contain engineered air-cooling systems and where long-term
hydrogen control is required after containment atmospheres have cooled. Tests
comparing recombiner performance at different locations within a 3-mx4-mxlO-m test
chamber show that recombiner location does not have a strong effect on capacity [3].

The recombiners would be distributed throughout the reactor building, from the lower
level floor (above the water flood level), to the upper areas of the building. Recombiners
are protected from water sprays by gratings and an angled (45 degree) cover. The
recombiners would be anchored to the internal structure of the reactor building using
supports made of rectangular carbon steel tubing. When installed in containment, the
recombiners would be part of the hydrogen control system, classified as a Group 2 safety-
related system in CANDU 6 stations and as a Group 1 subsystem in the CANDU 9 design.
Their safety function would be to reduce and maintain the hydrogen concentration in
containment below the flammability limits in the long term (beyond the first 24 hours) after
design basis accidents.

3. QUALIFICATION REQUIREMENTS

The "AECL 1996" standard recombiner is being qualified for use in existing CANDU 6
stations (Gentilly-2, Point Lepreau, Wolsong 1 and 2/3/4) and provisions are being made
for the extended station lifetime of 40 years for Qinshan 1 and 2 and for future CANDU 9
stations. The hydrogen recombiners are not required to operate during normal service
conditions. However, the recombiners must be able to operate for the mission time of 12
months after being subject to: 1) the normal service conditions inside the reactor building,



for the lifetime of the reactor; 2) the abnormal service conditions after a design basis
accident; and 3) a site design earthquake 24 hours or later after the accident.

Recombiners would be located in an environment where periodic testing of the catalyst
plates is possible. The catalyst plates are the only components of the recombiner subject
to aging, as the rest of the recombiner consists of a stainless steel open-ended box.
Temperature, periodic testing, and radiation are the only anticipated aging mechanisms.
These aging mechanisms are not expected to significantly affect catalyst performance.
However, they are included in the qualification tests.

During the lifetime of the station and after a site design accident, the recombiners would
be exposed to temperatures ranging from 0° - 140°C, atmospheres containing up to 8%
hydrogen and 100% relative humidity, and pressures ranging from just below atmospheric
to 2 atmospheres. These conditions bound all of the stations considered for qualification.
The recombiners must also remain functional after a Site Design Earthquake. They must
also maintain their structural integrity during and after a Design Basis Earthquake, to
avoid becoming a potential source of damage to other DBE qualified components in
containment.

In order to choose the number of recombiners required in containment and to analyze their
effectiveness in reducing the hydrogen levels, the recombiner performance must be
defined. The performance of the recombiners is defined using the following
characteristics:

1. The self-start limit, or the hydrogen concentration above which the recombiner
will start recombining hydrogen;

2. The self-stop limit, or the hydrogen concentration below which the recombiner
stops recombining hydrogen. (This limit is different from the self-start limit
because once the recombiner is hot from the catalytic reaction, it can
recombine lower concentrations of hydrogen when it is starting cold.);

3. The capacity, or the recombination rate, in kilograms hydrogen per hour.
4. The single pass efficiency, which is the percentage of hydrogen which is

recombined into water in one pass through the recombiner.

Performance tests are conducted under a number of reference conditions which are
representative of the most challenging conditions for the recombiner. The most
challenging condition for the recombiner is cold (~10°C) and wet (100% relative
humidity), with a low hydrogen concentration (1%). Further performance tests are
conducted for a broader range of conditions and to study the sensitivity of the recombiner
performance to a number of parameters. These tests proof test the design and address
potential questions from regulators and future customers. They examine the effects of the
following parameters:

• mixture composition below and above the lower flammability limit as well as
beyond the steam inerting threshold.



reduced and increased ambient temperature
hydrogen combustion
steady hydrogen injection over an extended period of time
a reduced number of catalyst plates in the recombiner
recombiner location within the test chamber
potential fouling or poison agents (for example, water spray, aerosols, fog,
steam, dust, cable fire soot, iodine, etc.)

4. QUALIFICATION TEST PROGRAM

4.1 Test Sequence

Functional testing is performed both before and after accelerated thermal aging and
radiation, to quantify the effects of aging on recombiner performance. The test sequence is
as follows:

1. Initial inspection and documentation
2. Baseline functional tests
3. Radiation exposure
4. Thermal aging
5. Cycle aging
6. Post-aging functional and performance tests

Seismic testing is performed on an unaged recombiner because aging will not affect the
recombiner's ability to withstand seismic testing. For the seismic tests, the sequence is as
follows:

1. Baseline functional tests
2. Seismic tests
3. Post-seismic functional tests

4.2 Test Facility and Instrumentation

Environmental qualification testing of the AECL recombiner is performed in the Large
Scale Vented Combustion Test Facility (LSVCTF) at Whiteshell Laboratories [4]. The
LSVCTF is a 120 m3 (10 m long, 4 m wide, and 3 m high) structural-steel enclosure
temperature-controlled for operation at atmospheric pressure and ambient temperatures up
to 140°C. The facility has systems for the controlled addition of hydrogen, steam, and
inert gases. The composition of hydrogen, oxygen, and steam inside the test chamber is
measured using an industrial process mass spectrometer with a high speed rotary sampling
valve.



Temperatures and gas composition are monitored at the inlet and outlet to the recombiner
and at locations at mid-height, ceiling level, and floor level inside the test chamber. Three
thermocouples are attached to a catalyst plate, evenly spaced in the direction of gas flow.
The recombiner is located at the centre of the chamber for most of the tests, and near the
end wall for the location-effect tests. The recombiner module is mounted inside the test
chamber by suspending it from the ceiling with cables.

4.3 Test Procedure

The test procedure for environmental tests performed in the Large Scale Vented
Combustion Test Facility is described briefly as follows:

• The test chamber is completely sealed.
• The test chamber is heated to the required test temperature.
• Hydraulic mixing fans are turned on to mix incoming gases with the air already

in the chamber. (Mixing is almost instantaneous.)
• Steam is added to the chamber until 100% humidity (or the desired steam

concentration) is achieved.
• Hydrogen is added to the chamber until the target mixture is achieved and

verified by the gas analyser output. This mixture composition begins to
change almost immediately because the recombiner begins operating as soon as
hydrogen reaches it.

• Gas addition is stopped and the mixing fans are turned off so that the natural
convection loop driven by the recombiner is allowed to control the flow
movement.

• The mass spectrometer measures and records the change in gas composition in
the chamber and the data acquisition system records the thermocouple output.

• When the gas composition stops changing (usually at 0.5% H2 ), the mixing
fans are turned on to confirm mixture homogeneity. The final gas composition
is recorded, thermocouple sampling is halted and the test is ended.

5. ENVIRONMENTAL FUNCTIONAL AND PERFORMANCE TESTING:
SELECTED RESULTS

5.1 Self Start

The cold, wet self-start behaviour at 1% H2 is shown in Figure 2. At time = 0.0 min., the
hydrogen addition begins. Shortly afterwards, the catalyst elements were exposed to the
hydrogen-steam-air mixture, and recombination began, as evidenced by the drop in
hydrogen concentration at the recombiner outlet. The mixing of gases in the test chamber
was good, as indicated by the agreement of bulk gas and inlet samples. Th recombiner



converted approximately 70% of the hydrogen in the test chamber in 100 minutes. The
concentration dropped from 1% to 0.3% before the recombiner stopped operating.

5.2 Self-Stop

A typical self-stop concentration is 0.3% hydrogen (see Figure 2). Tests at different initial
conditions have consistent self-stop values. Once the catalyst is heated by the catalytic
reaction, it can recombine lower concentrations than when the catalyst is cold. Since the
heat of reaction produced at a specific hydrogen concentration is always the same, the
recombination rates at any concentration (all other factors being the same) are independent
of the initial hydrogen concentration of the test.

5.3 Efficiency

The single pass efficiency of the commercial model recombiner is approximately 55%, as
determined from inlet and outlet hydrogen concentrations. It is noted that the recombiner
was designed to optimize overall capacity, not efficiency. Higher single pass efficiencies
are possible, but at the expense of flow velocity and overall capacity. A typical analysis is
shown in Figure 3, for a 4% H2 test.

5.4 Capacity

The capacity of the recombiner is calculated from the change in hydrogen concentration of
the bulk gas in the test chamber. The capacity, 1-kg/hour/m2 inlet area/%H2, changes
linearly with hydrogen concentration, and is independent of the initial concentration.
Previous tests have shown that the capacity scales linearly with the inlet area of the
recombiner [3]. The capacity of the recombiner, calculated from several tests, is shown in
Figure 4.

6. CONCLUSIONS

The intended function for passive autocatalytic recombiners is to reduce and maintain the
hydrogen concentration in containment below the flammability limits in the long term after
loss of coolant accidents. The recombiners must be able to operate for the mission time of
12 months after being subject to: 1) the normal service conditions inside the reactor
building, for the lifetime of the reactor; 2) the abnormal service conditions after a design
basis accident; and 3) a site design earthquake 24 hours or later after the accident.

Qualification tests are conducted under a number of reference conditions which are
representative of the most challenging conditions for the recombiner. The test facility for
environmental performance and qualification testing is the Large Scale Vented



Combustion Test Facility at Whiteshell. Performance tests confirm recombiner self-start
behaviour in cold, wet conditions and demonstrate recombiner capacity in typical post-
LOCA environmental conditions. Once started, the removal capacity normalised to the
inlet cross-section area of the recombiner scales approximately linearly with the hydrogen
concentration.
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Figure 1. AECL Hydrogen Recombiner
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ABSTRACT

Determining the characteristics of large aerosol aggregates "clusters" under turbulent conditions is fundamental
for predicting the behaviour of radioactive aerosols inside the reactor containment following a severe accident.
Studying such rapidly settling clusters is extremely difficult in ground-based experiments due to the effect of the
earth's gravity. In this study, the microgravity environment is exploited to investigate the effect of turbulent
shear on the aggregation and breakage of clusters by examining their structure and measuring their strength
parameters while suspended under weightlessness conditions. A parametric model is introduced to correlate the
experimental results over into nuclear aerosol models. It was demonstrated that the cluster parameters depend
mainly on the turbulent field intensity as well as initial powder conditions.

1 INTRODUCTION

Three processes are considered important in assessing the consequences of a radioactivity release to the
environment following a postulated severe reactor accident. These processes include the release of the
radioactivity materials from the damaged core or primary heat transport system; the removal of radioactivity
from the atmosphere inside the reactor containment by gravitational settling and containment dousing system;
and the transport phenomena and the radiological impact to the environment.

The process of sedimentation due to gravity contributes significantly to the removal of radioactive aerosols from
the reactor containment atmosphere. The faster ihe rate of aggregation, the quicker the clusters settle to the
containment floor. On the other hand turbulence tends to break up the aerosol aggregates thereby reducing the
sedimentation efficiency. Therefore, there is a particle life cycle involving:

Aggregation^ fragmentation - aggregation - sedimentation.

Understanding the life cycle and the physics of aerosols under the containment conditions is very crucial for
predicting their behaviour. Therefore, experiments were performed worldwide to study the behaviour of
nuclear aerosols in closed containers1. Since it is impractical to perform such experiments on a scale of real
containment, the experimental findings need to be scaled to actual conditions. This is usually done through
mathematical models which use data from the experimental results to simulate the behaviour of aerosol under
various boundary conditions. Great efforts have been devoted in recent years to develop, improve and validate
the aerosol models for both containment and reactor cooling system2'3-4-5.

Aerosol aggregation kinetics is given by the Smoluchowski's rate equation6. The aggregation process is due to
three independent mechanisms: Brownian motion, gravitational settling and turbulent flow. The Brownian
coagulation is due to random motion of the particles as a result of collision with gas molecules. The
gravitational coagulation results from collision between particles of different size as the larger particles overtake
the smaller ones due to differential settling speed. Two independent mechanisms exist. For particles smaller
than the turbulent eddies and thus are entrained coagulation is enhanced by turbulent diffusion. For particles



larger than the turbulent eddies, coagulation is caused by differential motion between different sized particles.
This is usually called turbulent inertia! mechanism6.

Atlantic Nuclear conducted a study to measure the aerosol aggregation parameters under rnicrogravity
conditions7'8. It was shown that the Brownian aggregation is a fractal phenomena and that the aggregation
kernel can be derived in terms of the fractal dimension. The fractal dimension was successfully measured for
tin powder. This is a typical aerosol material that is likely to be released in a severe nuclear accident. The
microgravity laboratory has proven to be a viable tool for growing large aggregate clusters and studying their
fractal characteristics under controlled flow regimes. It was recommended that the fractal dimension be used to
replace the empirical shape factors normally used in the Smoluchowski's rate equation thus eliminating a major
source of uncertainties in calculating particle interaction probabilities (i.e collision matrix).

In the current study, the particle fragmentation part of the cycle is investigated. Since the atmosphere inside
the reactor containment is regarded as turbulent under nearly all conditions, the aerosol dynamics behaviour can
not be decoupled from the thermohydraulics of the containment building1'4. The aggregate clusters may break
up under the influence of turbulent shear forces. Depending on the size of the aerosols they may be suspended
in the containment for some time and eventually released through leakage paths to the environment. The
breakdown of the particle clusters under vigorous turbulent conditions depends on the short range forces which
hold the particles inside the cluster.

Detailed computational models which account for aerosol behaviour inside the reactor containment under typical
accident conditions are complicated and require extensive computational time. Additionally using such models
requires the availability of reliable experimental database. There have been recent attempts to develop
simplified models by correlating the results from detailed models9. In the following section we will introduce a
parametric particle aggregation/breakage model under turbulent conditions. This model can be used to quantify
the strength of clusters under various turbulent intensities.

2 AGGREGATION IN TURBULENT FIELDS

A model was developed and tested by Leu and Ghosh for predicting cluster size distribution in agitated fields10.
The model was meant for applications in waste-water treatment by flocculation. In deriving the particle's
kinetic equation, Leu and Ghosh, assumed that the size distribution of the parent clusters is characterised by a
statistical mean. All clusters of such mean size may not have the same strength and on exposure to a specific
shear force, a certain fraction will break up. The fraction that will break up was assumed to be some

dDav
cumulative probability function of the Gaussian shape. The rate of change of the average cluster size ( )

dt
under the combined effect of aggregation and break up in an agitated field is given by the following parametric
first order differential equation10:

dD GHD )1+r

-JZ=(4/3K)(a-a)QGDav- \ av> (1)
dt 3irc

where

Dav is the statistical average of the cluster size,

G is the average rate of turbulent shear gradient,
a and d are the collision efficiencies leading to aggregation and break up, respectively,

Q is the volume fraction of parent clusters (Q=(ir/6)nD3), where n is the number of primary particles, and
r and c are parameters that represent the cluster strength.



In the case of mechanical agitators, the average rate of turbulent shear, G, is calculated as a function of the
agitator speed and torque on the main shaft using the following equation:

(2)G
V

and

T is the torque on the shaft of the mechanical agitator,
gc is the gravitational acceleration,

(O is the angular velocity of agitation blades (x)=2'KNr,

Nr is the rotational speed of the shaft in revolution per second, and

V is the volume of the system where turbulent energy is deposited.

In order to predict the cluster size distribution using the above model, the parameters, a, a, r and c, must
be determined experimentally. In the original work of Leu and Ghosh, these parameters were determined by
observing the evolution of particle size in a flocculation experiment. The experiment was conducted in a small
vessel filled with water and fitted with a mechanical mixer driven by variable speed motor. Material similar to
those used in water flocculation were used for cluster formation and breakage. Two non-dimensional
parameters r, c were determined by fitting the experimental data on cluster size as a function of fluid shear
gradient. The following functional form was used for data fitting:

where

dmax is the maximum cluster size that can be found in a specific turbulent field intensity.

G is the effective fluid shear gradient calculated from Equation (2).

The parameters r and c along with data on the average size of clusters as a function of agitation time were
then used to determine the parameter ( a - a ) in Equation (1). To that end, a non-linear least square iterative
method was employed.

3 ROLE OF GRAVITATIONAL POTENTIAL AND MOTIVATIONS FOR MICROGRAVITY
EXPERIMENTS

Although buoyancy has assisted in suspending the clusters up to a certain size limit, the flocculation
experiments performed in the laboratory, did not faithfully depict the conditions in large flocculation units.
This was attributable to the effect of gravitational settling of large floes in the laboratory's apparatus. In the
case of airborne aerosol particles, the effect of gravitational settling will be more pronounced and it will be
almost impossible to emulate the conditions in large volume systems such as reactor containment.

In this work we have exploited the access to the microgravity environment to suspended the clusters while
investigating them using, for example, imaging techniques. The following are the motivations for performing
the experiments in a microgravity laboratory:



1- The gravitational settling will hinder any attempt to examine the airborne clusters "aerosols" and
subsequently measure their parameters under terrestrial conditions. This is due to the fact that
buoyancy effects will be almost negligible as compared to the case of water floes.

2. In developing the parametric model of equation (1), an important assumption was made that the net
volume/mass of particles at any experimental run remains unchanged; that is no settling of clusters
occurs during the experiment10. This can be ideally achieved under microgravity conditions for both
aerosol clusters and water floes.

3- Under microgravity conditions data can be obtained for a wide range of cluster sizes thus avoiding the
undesired data extrapolation in field applications.

4. The disturbance of clusters during sampling (i.e. interactions with walls, filter surfaces etc.) Will be
significantly reduced under microgravity conditions especially if optical/imaging methods are used.

The main objectives of the current study is to investigate the effect of turbulent shear forces on the breakage of
rapidly settling aggregate clusters by examining their structure under microgravity conditions. To that end, the
cluster structure parameters defined in this section will be measured for aerosol substance similar to those that
are likely to be released in the containment atmosphere following an accident. A secondary objective of the
study is to use the parametric model, introduced in the previous section to correlate the experimental parameters
such that the experimental results can be carried over into containment analysis codes.

In order to achieve the above goals an apparatus was designed and built to be used in studying the cluster
structure and dynamics under microgravity conditions. The design of the apparatus was optimized using the
readily available models to simulate cluster growth/breakage under turbulent conditions. The apparatus was
bench tested on the ground to ensure its functionality. Two experimental campaigns were carried out using the
DC-9 parabolic flights at NASA Lewis Research Center. Data on particle aggregation/breakage dynamics were
collected in flight using imaging and other sampling techniques. Post-flight data analysis was carried out to
quantify the cluster strength and dynamics parameters.

The DC-9 microgravity experiments are described in the following section. In section (5), methods of post-
flight data analysis along with experimental results are presented.

4 MICROGRAVITY EXPERIMENTS

Two flight campaigns were conducted at NASA Lewis DC-9 microgravity facility during the week of August
26, 1996 and the week of January 13,1997. During the DC-9 flight, a weightlessness environment is generated
which lasts for 20 seconds followed by 50 seconds of 2g conditions. Each low gravity, "Og" and high gravity
"2g" period represents a parabolic manoeuver. An average of 45 parabolic trajectories are usually provided for
the researchers aboard the DC-9 every day. Our experiment consisted of eight flight days; four days for each
flight campaign.

The experimental apparatus, described in details in reference (11), consists of a closed loop fabricated from
stainless steel tubes of 64 mm diameter. The aerosol is circulated inside the loop through a pair of ducted fans.
The fan speeds were computer controlled. In order to determine the turbulent shear gradient at various fan
speeds (see Equation (2)) the torque on the fan shafts was measured using a torque metre and a relationship
between the fans rpm and torque was derived. The loop was leak tight to prevent the leakage of aerosol during
the experiment. An observation cell in the loop has three ports. One port of the observation cell was covered
with glass and was used for optical imaging of the particles using a microscope and a CCD camera. The other
two ports were used for drawing calibrated aerosol samples using polycarbonate filters and a cascade impactor
with five impaction stages. The observation cell was illuminated using a strobe light to prevent image blurring
due to particle motion. The opening of the CCD camera shutter was synchronized with the firing of the strobe



light using a control signal from the camera and a phase shifter electronic circuitry. Image acquisition was
achieved using a video recorder connected to the CCD camera. Additionally, a frame grabber and a dedicate
image computer was used to obtain digital images. The operation of the apparatus was semi-automated using a
computer control system.

During the flight experiment, the aerosols aggregate under a controlled turbulent flow field before the beginning
of the parabolic manoeuver. During the manoeuver, the aggregation and break up takes place during the 2g
periods of the parabolas. Sampling is performed during the Og intervals while particles are suspended under
weightlessness conditions. The operator determines the beginning and end of image sampling and changes the
sample filters and cascade impactor substrates after samples are drawn. Aerosol samples were collected under
two conditions, namely constant agitation intensity and variable agitation intensity.

Materials similar to those encountered in nuclear aerosol applications were used in the study. This includes
silica powder to depict concrete aerosol and tin powder to represent the heavy fission products which are likely
to become airborne in the containment atmosphere following a severe accident. Two silica powder cuts were
used during the first flight campaign with average size values of 2.9 and 5.9 microns, respectively. A mixture
of silica and tin powder was used to charge the system during the second flight. The initial tin particles had an
average size of 20 microns.

Computer simulation was carried out in order to determine the initial powder concentration so that aggregation
and breakage of the aerosol cluster can take place during the parabolic cycles. To that end, the kinetic equation
for particle aggregation under turbulent conditions "Smoluchowski's equation" was used to predict cluster size
distribution under various turbulent conditions. The differential balance equations were solved using the
traditional sectionalized method12. The integration was performed over time intervals similar to those
encountered under parabolic flight conditions. The simulation results showed that the parameters determining
the extent of turbulent aggregation are; the initial particle size distribution, initial particle concentration,
agitation speed and aggregation time.

For microgravity experiments, the time window is fixed, therefore, cluster size distribution can be controlled by
changing the initial powder distribution and/or agitation speed. For the ease of operation of the experiment, the
apparatus was only once charged with an aerosol, powder of known concentration and size distribution.
Subsequently, the agitation speeds which lead to measurable change in particle size distribution over the
parabolic flight time window were determined from the simulation results. The methods of post-flight data
analysis along with results and discussion are given below.

5 . DATA ANALYSIS AND RESULTS

Three types of samples were collected during the flights, namely cascade impactor samples, filter samples as
well as digital and analog particle images. Such samples were collected during the Og stages of the parabolic
trajectories while aerosols were suspended in front of the microscope and CCD camera. To that end, the loop
fans stops and the operator allows two seconds for the residual turbulence to die out before sampling. During
the 2g intervals "pull up" and lg "level flight", the turbulent energy deposition was controlled by adjusting the
mixing intensity through the fan speed control system. Therefore, the change in size distribution between the
parabolas is due to aggregation and break up under the influence of the turbulent field.

The cascade impactor and filter sample data were used to quantify the particle mass concentration, cluster
volume ratio and particle size distribution (using the cut off size values of the impactor stages). Such data was
used to quantify the particle concentration and volume ratio at various experimental conditions. The image data
was analysed to determine the maximum and average size distribution of clusters under a specific turbulent field
intensity. The results obtained from post-flight data analysis are presented below along with comments on the
observed trends.



5.1 Cascade Impactor and Filter Sample Results

The amount of particle mass deposited on the cascade impactor substrate and polycarbonate filters was
determined using a 1.0 105 accuracy precision balance. Data on sampling flow rate and sampling time, which
were recorded during the flight was used to determine the mass concentration of particles. The average cluster
volume ratio was found to be 1.3 10"* for silica powder and 4.3 10s for silica-tin powder mixture. The
concentration of particles effectively in circulation inside the loop was 1.2 10s particles per cubic centimetre
(base powder). Such a particle concentration was sufficient to produce large size aggregates under the agitation
intensities which were achievable by the loop fans. This was also in accordance with the simulation results
obtained during the design optimization stages.

Figures (1) and (2) show the mass deposition distribution on the five cascade impactor stages and backup filter for
two powder types, namely silica powder and silica-tin mixture, respectively. The horizontal axes represents the
diameters of spheres which represent the particles at each cascade impactor stage cutoff, Equivalent Aerodynamic
Diameter. The vertical axis represents the percentage of powder mass deposited in corresponding impactor stage.

Figure (1) shows that more than 25 % of the silica particles/clusters have a size larger than 20 microns. The
results in Figure (2) indicate that the ratio of large size clusters formed of silica-tin particles (typically larger than
20 microns) is about 80%. These results demonstrate that large size clusters were formed during the flight stages.

5.2 Results from Image Data

The image frame acquisition rate was five frames per second leading to the acquisition of over 2,500 frames per
flight day. In order to determine the particle size distribution in the image frames digital and analog images
were grabbed and analysed using the MATROX™ and Impact Professional™ image processing software
packages.

The objective of the image analysis was to measure the maximum as well as the statistical average of the particle
size distribution in each frame. This data was used to calculate the cluster parameters as explained in section
(2). To achieve this goal, image enhancement was performed by segmentation using threshold operations in
order to reduce the effect of background illumination. The threshold value for gray level display was adjusted
to identify the edges of the blobs thus facilitating the process of their counting. Additionally, edge detection
processes were performed using the familiar Sobel edge detection filters. The thresholding and edge detection
processes were performed in an iterative fashion until the images were crisp enough to provide adequate
counting statistics. Subsequently, a blob counting process started using the blob analysis feature of the image
processing software. The minimum and maximum limits for the blob size to be counted were set to 20 and
100.000 pixel, respectively. Such a wide range of blob size was chosen to cover all possible particle and cluster
sizes in the image frames. Image calibration was performed to convert the particle size from pixel units to
millimetre units using information on the operating optical field of view.

5.2.1 Cluster Strength Parameters

Figures (3) and (4) show the relationship between the cluster size and the turbulent shear gradient, G for the silica
and silica-tin powder, respectively. The horizontal axis represents the parameter G as defined in Equation (2).
The vertical axis represents the maximum cluster size. The solid line represents a linear least square fit for the
log-log relationship between the cluster size and turbulent shear gradient.

From the least square data fit, the silica cluster parameters, r and c in Equation (1) were found to be 0.639 and
2339. respectively. These parameters were 2.09 and 607 for the silica-tin powder mixture..
It should be noted that the parameter c is proportional to the cluster strength. It is also reported in the literature

that the slope of the curves in Figures (3) and (4) (that is —) determines the mode of cluster breakage, i.e. erosion
r



and splitting13. A slope of 0.5 or larger indicates that the dominant break up mode is splitting.

The parameter c for silica only powder is larger than the silica-tin powder mixture. This implies that the clusters
formed in the former case are stronger than those formed in the latter case. As expected this is attributable to the

difference in the initial powder size used in the two flight campaigns. The parameter — is larger in the case of
r

silica powder mixture thus indicating that cluster breakage by splitting is more dominant than in the case of silica-
tin mixture. On the other hand, this parameter is close to 0.5 for silica-powder mixture thus suggesting that
erosion and splitting are equally responsible for the breakage of such clusters.

Another factor which may have contributed to the observed difference in cluster strength between the two powder
types is the fact that the clusters were generally larger in size during the second experiment. Such large size
clusters are easier to break, i.e. weaker, than small clusters due to the increased irregularity in their geometrical
shape. On the other hand, the small clusters are somewhat rounded in shape and mechanically stronger.
Obviously, the strongest cluster is the cluster which is formed of a single particle.

In explaining the difference between the cluster strength for the two powder types, one should not underestimate
the effect of surface charge in determining the ultimate strength of the clusters. This is entirely dependent on the
material type in this experiment. To that end, materials of metallic origin are characterized by their larger surface
charge thus resulting in a stronger bonds between the particles.

5.2.2 Cluster Dynamics Parameters

Figure (5) and (6) show a comparison between model prediction and experimental results for average size
distribution versus agitation time. The vertical axis represents the cluster size in units of microns and the
horizontal axis represents the accumulated agitation time, i.e. multiples of 2g time intervals. These are the time
intervals during which the loop fans were operational and aggregation/breakage of clusters took place under
turbulent aggregation. Figures (5) and (6) demonstrate that the experimental and model prediction results are in
good agreement.

The parameter a -& were calculated using nonlinear least square fit for the experimental data and the
parametric model (Equation (1)). See reference (14) for details on deriving a generic computational model for
non-linear least square fit. The values of these parameters were 0.028 and 0.168 for silica and silica-tin powder
mixture respectively.

The minimum turbulent shear required to break the clusters was determined using the conditions at equilibrium.
dDav

That is the condition under which the rate of change of the average cluster size ( — ) is very small. From
dt

Equation (1)., the following equation is deduced under equilibrium conditions:

G\D )Ur

\ ^ (4)
Assuming that k is substituted for all the experimental parameters, Equation (4) becomes:

GD^k (5)
Figures (7) and (8) show the relationship between G and Dav using the experimental parameters for both types of
powder.

For the sake of comparison, we calculated the minimum shear gradient required to break up the silica powder



clusters and the silica-tin clusters. Such calculations were performed using Equation (4) for an initial cluster size
of 8 microns. It was found that a minimum shear gradient of 819.6 s'1 is required to break up the silica-only
clusters. In the case of silica-tin powder, the minimum turbulent shear for break up was 2733 s"1. It can be
concluded that if clusters can grow to a specific size, those which are formed of silica-tin particle mixture are
stronger than the clusters formed of silica-only. Again this could be attributable to the fact that tin particles, being
of metallic origin, are characterized by more surface charge than the silica powder.

It should be noted that data of the type presented in Figures (7) and (8) may be used as engineering guidelines for
optimizing the turbulent conditions inside the reactor containment in such a way to minimize the breakage of
clusters thus resulting in growing larger clusters by turbulent aggregation. These large clusters will quickly settle
on the floor or other structural materials before they leak out to the environment through the deficient containment
structure in case of a severe nuclear accident as explained in section (1).

Understanding the of aggregation - fragmentation -sedimentation cycle is also of great interest in many other
scientific and technological applications. This includes polymers and powder technology, purification of
drinking water, mitigation of air and soil pollution, prediction of the earth's climate as well as other medical
applications.

6 CONCLUSIONS

The process of aggregation and fragmentation of aerosol clusters under turbulent conditions was investigated in a
microgravity laboratory. Aerosol sampling under microgravity conditions has enabled the examination of large
size clusters while they were suspended under the weightlessness conditions. Such rapidly settling clusters are
extremely difficult to examine in ground-based experiments due to the effect of gravitational settling.

Two flight campaigns were conducted at NASA Lewis DC-9 microgravity facility. The experimental apparatus
was robust and highly reliable during the two experimental campaigns.

The mechanical strength parameters of clusters formed with aerosol powder were measured using post-flight data
analysis of the flight samples. Other parameters which determine the ratio of aggregation to breakage were also
measured under various experimental conditions. Additionally, the minimum turbulent shear force required to
break up the clusters were quantified for the two powder types. It was found that the magnitudes of such
parameters depend mainly on the turbulent field intensity as well as the initial powder size, type and mass
concentration.

The cluster dynamics parameters obtained in this study may represent an engineering database for mitigating the
radioactive aerosols from the containment atmosphere by natural gravitational settling. Similar data could also be
generated for process optimization in several other engineering/environmental applications which are based on
particle aggregation physics.
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Figure (1): Mass deposition distribution, results for silica
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ABSTRACT

The effects of gamma and thermal neutron radiation on the nitrogen content of wet nitrocellulose using the
SLOWPOKE-2 nuclear reactor were investigated. By irradiating the nitrocellulose, it was expected that its nitrogen
content would be decreased following breakage of the chemical bonds between the NO2 groups and the main
cellulose structure since these bonds possess a relatively low bond energy. If the technique of irradiation appears to
be effective for the above purpose, it may be possible to neutralize and convert the stocks of aged and unstable
nitrocellulose explosives into commercially useful products.

Three stock solutions of commercial grade nitrocellulose were used: 12.11%N, 12.60%N and 13.11%N. These
samples of about 1 g each contained in sealed polyethylene vials were irradiated for various times ranging from 2
to 24 hrs. In order to assess the extent of change in the nitrogen content, solutions of nitrocellulose samples in
tetrahydrofuran were analysed using Gel Permeation Chromatography (GPC) and Fourier Transform Infrared
Spectroscopy (FTIR). A decrease in molecular mass was observed from GPC results which indicated the
possibility that breaking of nitro groups may have occurred together with some chain scission inside the cellulose
backbone. New solutions of irradiated samples were scanned using FTIR. Two specific absorption bands of the
nitro groups: one at 1660 cm*1 (primary group) and the second at 1270 cm"1 (secondary) were focussed for
determining their respective fluctuations resulting from radiation doses. The results revealed a decrease in both
absorption bands with the second band having larger decrease in concentration than the primary peak of nitro
groups with radiation dose. The samples that originally had the highest percentage of nitrogen (13.11% N)
decreased the most, and the samples that originally had the lowest nitrogen content (12.11% N) decreased the
least. The longer the samples were irradiated, the more the nitrogen content decreased. This relatively large effect
on the nitrogen content of nitrocellulose maybe attributed to the very low chemical bond energy of the -O-NO2

groups attached to the main structure of cellulose.

BACKGROUND ON NITROCELLULOSE IN MILITARY APPLICATIONS

Nitrocellulose or Cellulose Nitrate [1] is the oldest cellulose derivative obtained from cellulose, a natural polymer
which is the main constituent of wood, through a chemical process called nitration using a mixture of strong acids
such as nitric acid, sulfuric acid and phosphoric acid. Depending upon the extent of nitration, the total nitrogen
content of the resulting nitrocellulose may theoretically vary up to 14.11%; however, this maximum value is
practically very difficult to be reached because of the severe experimental synthesis conditions. Figure 1 illustrates
the chemical structure of nitrocellulose resulting from the nitration of cellulose.
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Figure 1. Nitrocellulose
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The Carbon Filter Programme:

An Example of Success in Applied Nuclear R&D

J.C. Wren, AECL, Whiteshell Laboratories, Pinawa, Manitoba

K.R. Weaver, Ontario Hydro Nuclear, 700 Univeristy Avenue, Toronto, Ontario

In the early 1980s, Ontario Hydro proposed that research be carried out on the
behaviour of carbon to be used following an accident for removing gaseous iodine species
from air discharged from the Emergency Filtered Air Discharge systems of Ontario Hydro
multi-unit nuclear stations. Little was known about the specific behaviour of iodine on
these carbon materials, and data was needed to assess the weaknesses and the degree of
conservatism that may have been inherent in the relatively primitive carbon filter models
that were used at that time for safety analysis. A study programme was established in
1983, and has continued to the present, although there was a hiatus between 1988 and
1992.

The results of the carbon filter research work have forced a complete change in
our view of how these filters function. The programme has resulted in a large body of
high quality data, from which has been constructed a mechanistic model of iodine
retention on the carbon and its migration through the filter bed. The work has also
resulted in a model to predict the heatup of the carbon as a result of a loading of
radioiodine, and has generated a body of data that can be used for validation of these
carbon filter models.

Of particular interest is the way in which this project has evolved, and the insights
that have been derived from it on the management of effective research and development
work. The initial five years of the programme was almost entirely scientific in nature, and
the emergence of patterns of carbon filter behaviour and how these patterns should be
captured in a model are discussed in the paper. The second part of the work, from 1992
to the present, has been much more applied in nature, and the interaction between the
research scientists and the applications engineers is discussed in some detail. This second
portion of the work has seen successful high grade applications of the research results and
the development of a longer term plan to follow the application of the work through to a
reasonable end point. This plan represents a path for completion and closeout of the
entire project, with the intention of leaving behind a minimum of unfinished business and
loose ends. Of particular interest is the changing role of the research scientist as an
applied research project matures and approaches completion. The elements of this plan
are presented and discussed in the paper.

Based on our experience in this work, a model for the conduct of effective applied
nuclear R&D is proposed. The paper concludes with a review of the costs and the
benefits of this R&D project



Nitrocellulose of nitrogen content [2] between 12.6 and 13.2% is the base explosive compound used in the
preparation of propellant systems currently in use in the Canadian Forces: for example, 105 mm tank rounds, naval
rounds, mortar and small arms ammunition. The prime requirements of a propellant for service in the military
show ballistic regularity and should be non-erosive, flashless, smokeless and stable. Propellants must be stable in
storage and must not deteriorate so that they can be transported easily and stored without danger. Unfortunately,
because of the polymeric nature of cellulose as well as the low energy of the chemical bond of the nitro groups,
nitrocellulose of high nitrogen content becomes unstable with respect to high temperature, solar radiation, and
long period of storage. This instability causes an important problem of sensitivity and security for the storage of
nitrocellulose explosives. The rate of deterioration of nitrocellulose depends on its nature (mainly its nitrogen
content), the temperature of storage and the ambient humidity. Chemical changes due to exothermic breakdown of
the nitro groups could cause an autocatalytic reaction leading to spontaneous ignition. This dangerous situation
fosters the need for periodic testing and eventual disposal. The present practice for disposal is to burn the
deteriorated or obsolete propellants in a barren field. This presents a twofold problem: the first is the unsafe
transportation of a potentially unstable explosive and the second is the release of noxious and toxic gases due to the
nitrogen content.

Other methods of disposal include chemical and biological treatment. In chemical treatment: the explosive is
mixed with a 10% solution of sodium hydroxide in a ratio of one to five. The resulting alkaline solution can be
treated in a wastewater plant; however, the reaction may be inherently dangerous. In the Biological treatment, the
nitrocellulose is mixed with a bulking agent (eg. straw and sawdust) at temperature between 45 and 60 °C where
some enzymatic reactions occur to neutralize the nitro groups. This method is not recommended for materials of
almost pure nitrocellulose, therefore, it is not viable for the disposal of nitrocellulose explosives.

In this work, it is proposed to irradiate nitrocellulose of relatively high nitrogen content wetted by water or
isopropanol for different times in order to lower the nitrogen content by dissociating the chemical bonds involved
in the nitro groups. The nitrogen content variation could then be monitored by infrared spectroscopy.

BACKGROUND ON THE POLYMER - RADIATION INTERACTION

The effects of radiation on polymers [3] depend strongly on the molecular structure, for instance the presence of
tertiary or quaternary carbon as well as the presence of oxygen in the structure, the presence of additives and the
radiation environment itself. When the radiation consists of electromagnetic photons (X-rays or gamma rays), the
predominant mechanisms of interaction of the photons with the matter are the Compton, the photoelectric effects
and the pair production. The consequences of these effects are essentially the ejection of free electrons from the
atoms (primary ionization) and the secondary ionization of the surrounding molecules and atoms. The positive ions
and the ejected electrons can then recombine to produce highly excited molecules which undergo decay to their
respective ground states, usually with the emission of radiation. They may also release part of their energy through
chemical reactions by heterolytic bond cleavage producing ions or by homolytic bond cleavage leading.to the
formation of free radicals. As a whole, the effects of radiation depend essentially on the type and cumulative dose
of the incident radiation. The presence of hetero elements such as oxygen and nitrogen complicates these reactions
further. After the formation of free radicals, polymerization is terminated by way of recombination to form a cross-
link or chain scission. Both may occur simultaneously, but one is usually predominant, depending on the structure
of the polymer.

In the case of nitrocellulose, according to its chemical structure (Figure 1), there is one chemical bond which is
susceptible to be rapidly dissociated by electromagnetic radiation or ionising radiation because of its relatively low
bonding energy. That is the O-N bond which links a nitro group NO2 with the main backbone of the cellulose
structure. The energy of that bond [4] is 175 kJ mol"1 while those of other bonds such as C-C, C-0 and C-H are
344,350 and 415 kJ mol'1, respectively. Therefore, by irradiating the nitrocellulose, it was proposed that the
nitrogen content would be decreased by breaking the N-0 bond, leading to a safer nitrocellulose grade which could
be commercially useful.



METHODOLOGY

Materials. Three commercial grade nitrocellulose samples of nitrogen contents 12.11,12.60 and 13.11%,
respectively, were used in this work. They are powder form and wetted with about 25% in weight of water in order
to prevent autoignition during the transportation, handling or storage.

Irradiation. About 1. g of a selected nitrocellulose sample (in the wetted state) was weighed into a cylindrical vial
made in polyethylene and the vial was then sealed. Set of many vials was then introduced into the SLOWPOKE-2
reactor pool at RMC-CMR for a determined irradiation time. The irradiation periods ranged from 2 to 24 hours.
The vials were thereafter removed from the reactor pool and permitted the determination of cool for many days.

Gel Permeation Chromatography (GPC). In order to determine the change in molecular weight of irradiated
nitrocellulose, solutions of nitrocellulose (non-irradiated or irradiated) of 0.1% in weight in tetrahydrofuran were
injected in a stainless steel column packed with styragel where the solvent flowrate was kept constant at 1 mL min"
'. The eluted solution was detected using a Refractive Index detector. The GPC system was previously calibrated
using five different polystyrene standards whose molecular weights ranged from 17700 and 600 000. The GPC
chromatogram of nitrocellulose together with the calibration curve allowed us to determine the number- average-
molecular weight, Mo and the weight-average-molecular weight, M^ of the nitrocellulose sample.

Nitrogen Content by Fourier Transform Infrared Spectroscopy (FTBR).

The nitrogen content of nitrocellulose is commonly [5] determined by a chemical method in which the nitrate ester
is converted into an inorganic nitrate in an alkaline medium. Then, the ammonia formed is determined by titration
with a strong acid standard. Alternatively, nitrocellulose is decomposed with concentrated sulfuric acid in the
presence of mercury and an inert gas. Then, the nitric oxide formed is measured volumetrically. In 1973, a
physical method [6] was proposed using an Infrared (DR.) spectrometer for the determination of nitrogen content of
raw nitrocellulose and of nitrocellulose in propellants. With this method, a calibration curve is drawn using the
absorbance of the IRband at 1653 cm"1 as a function of nitrogen content. This calibration curve is then used to
determine the nitrogen content of the unknown samples. This method requires between 30 and 300 mg of sample
and it shows an accuracy of about 0.05% N.

Based on the above IR method, in this work, a FTIR spectrometer equipped with an automatic integrator was used
to determine the N content of non-irradiated and irradiated nitrocellulose. The accuracy of this method can be of
about 0.01% N. The calibration curve was established using solutions of the 12.60% N sample in tetrahydrofuran,
with concentrations varying from 0 to 0.8% weight/volume. Two specific nitrate absorbance bands, eg. at 1660 and
1270 cm'1, were investigated. Attention was put on preventing the loss of tetrahydrofuran through evaporation
during measurements due to very high volatility.

RESULTS AND DISCUSSION

Molecular Weight from GPC. Using the calibration curve established from different polystyrene standards, the
Mn and M , values for non-irradiated and irradiated nitrocellulose samples were determined and presented in Table
1 as a function of the radiation exposure time. Between 2 and 4 h of irradiation, a slight increase in molecular
weight is observed for all three nitrocellulose samples. This increase maybe explained by the contribution of two
opposed effects. First, the dissociation of the N-0 bond in the nitrate groups had released different nitrogen oxide
gases (NOJ or pure N2 and O2 gases which reduced a little the total weight of nitrocellulose molecule. However,
this bond breaking left a free electron at the O atom which might then recombine with an other radical to form a
cross-link with a neighbouring molecule, resulting in an increase in molecular weight of the irradiated
nitrocellulose. However, since the irradiated samples were still well dissolved in solvent, this suggested that the
cross-linking extent, if it exists, is very limited. For longer periods of radiation exposure, it is believed that the
nitro groups dissociation continued to increase, and at the same time, the chain scission of the backbone of the
nitrocellulose molecule might have occurred through the breaking of the etheric bonds leaving shorter
nitrocellulose molecules in the irradiated samples. This is supported by the continuing decrease in the molecular



•weights with radiation times up to 24 h.

Table 1. Molecular Weight of Nitrocellulose (NC) from GPC

Exposure
[hr]

0

2

4

8

16

24

NC (12.11%

M*
xlO5

2.64

2.75

2.61

2.41

2.48

2.05

Nitrogen)

Mw
xlO5

3.78

4.11

3.80

3.61

3.85

3.33

NC (12.60%

M»
xlO s

1.84

1.52

2.08

1.84

1.70

1.32

Nitrogen)

H,
x l 0 s

2.74

2.32

3.12

2.72

2.73

2.16

NC(13

xlO6

1.84

1.73

2.01

1.70

1.51

1.34

.11% Nitrogen")

Mw

xlO6

2.34

2.69

2.95

2.50

2.47

2.35

Nitrogen Content of Irradiated Nitrocellulose from FUR

As already mentioned in the Methodology Section, due to the high precision of the FTTR system combined with the
careful preparation of the nitrocellulose solutions, the uncertainty in the N content determination is ± 0.01%,
which is much better than that of previous methods. The determined N contents of irradiated samples are reported
in Table 2 as a function of the radiation exposure time. It is found that after a short period of 2 h, all samples had a
large extent of decrease in N content, and the change is proportional with the original N content of the sample.
This is attributed to the fact that the greater the nitration extent the more unstable the nitro group is, this makes it
easier to be removed from the cellulose molecule.

Table 2. Nitrogen content from FHR (± 0.01%)

NC (12.11% N)

NC (12.60% N)

NC (13.11% N)

2

11.79%

9.15%

7.98%

Exposure time (hours)

4

N/A

9.32%

8.02%

8 16

11.26%

8.74%

9.22%

11.30%

8.67%

11.31%

24

11.77%

7.33%

3.88%

In overall, the high efficiency of decreasing the N content by irradiation using the SLOWPOKE reactor with the
estimated [7] dose rate of 2400 Gy h"1 (75% gamma and 25% thermal neutrons) is likely attributed to the low
energy of the N-0 bond constituting the nitrate groups of nitrocellulose molecule. Some secondary questions
remain to be answered in this work, such as the relative importance of the neutrons versus that of the gammas in
the nitrocellulose degradation process. Other refinements to the study would be in the analysis of the irradiated
nitrocellulose samples using other techniques such as Nuclear Magnetic Resonance (NMR), permitting to confirm
the change in chemical configuration of nitrocellulose resulting from irradiation.

CONCLUSION

This work has demonstrated that radiations are very efficient in degrading nitrocellulose molecules by reducing
their N contents to values well below that of explosive grades. The work was carried, for obvious safety reasons,



with wetted samples, but the presence of oxygen in water or isopropanol molecule had a positive effect in
accelerating the breaking of nitrate bonds [3]. The confidence in the results is high, as the error analysis indicates
that the accuracy of detection of the N content by FT1R, using a modern instrument coupled to appropriate
computer hardware and software, is better than ± 0.01% N.
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1. INTRODUCTION

During 1995 and 1996 new measurements on fission and activation
products in the water and air of the SLOWPOKE 2 nuclear reactor
at the University of Toronto were performed. Due to the age of
the fuel, small quantities of fission products are released
during normal operation of the reactor. Low concentrations of
fission and activation products can be measured in the water and
air of the reactor. Studying the behaviour of fission and
activation products in their natural conditions inside the
reactor is very useful, both for improving the understanding of
their real chemical and physical properties, and for the
development and evaluation of analytical methodologies.

By careful analysis of y spectra measured at different delay
times after sampling, fifty-two radioisotopes were identified in
water samples and twenty-two in air samples. A methodology for
correct evaluation of the initial activity of fission products
belonging to a nuclear chain was developed for the second and
third members of the disintegration chain using measurements
made at different times after sampling.

Adsorption and desorption of noble gases on charcoal can play an
important role during any release of fission and activation
products from containment to the atmosphere following a reactor
accident. However previous measurements of the adsorption and
desorption coefficients for Xe and Kr were not performed using
reactor air as the carrier gas. Experiments conducted at the
SLOWPOKE 2 Reactor permitted the study of these phenomena.

Measurements of the ratios of. fission products from the same
radioactive chain can give information about the time of an
accident. Because of their half-lives, and of their similarity in
chemical and physical properties, the measurement of any



disequilibrium between 99Mo (T1/2 = 2.75 d) and
 99mTc (T1/2 =6.02

h) can give an indication of the reactor status. The first
determinations of the concentrations of "mTc at the SLOWPOKE 2
Reactor were done during these experiments.

2. EXPERIMENTAL PROCEDURE

Fission and activation product concentrations in the air and
water of the U of T SLOWPOKE 2 Reactor were determinate using
APTEC gamma spectrometric facilities. Three HPGe detectors with
resolution between 1.8 and 2.6 keV, at 1332 keV, and relative
efficiencies between 10% and 20% were used. The spectra's
analyses were performed using a 486 AMPAQ computer and the APTEC
spectrum's analysis program (version 5.30[1]). For efficiency
calibrations 131I, 109Cd, 133Ba and 6sZn solutions were used. The
IAEA-375 intercomparison sample was used to check the efficiency
calibration. Our measured value for Cs was well within the
confidence interval (less than 2% difference from the recommended
value).

2.1. Water measurements

The reactor core, beryllium reflector, central control rod and
the irradiation systems are immersed in water (water height above
the core 3.3m [2]). The circulation of water from the bottom of
the container, where the reactor core produces heat, to the top
is determined by normal thermal convection. In addition there is
a pump system that carries the water from the container through a
demineralizer system to reduce corrosion of the components and
minimize the level of radioactive contamination. Every week the
container water is tested including routine measurement of
fission products[3]. Vials containing 20 mL of this water were
analysed by repeated gamma spectrometry analysis.

2.2. Air measurements

On the top of the reactor container there is 0.5 m3 of air. The
reactor container is purged every week with a small flow of air
to remove hydrogen formed by radiolytic decomposition of the
water[2,3]. Air samples can be taken with a small pump connected
to the container.



The gas sampling system consisted of a filter tube filled with
approximately 3cm3 of triethyllenediamine (TEDA) impregnated
charcoal, an 0.5 L erlenmeyer flask, a coarse filter (to prevent
solids entering the pump), a rotameter and a pump. The charcoal
was fixed in the tube using glass-wool. The glass-wool was
removed before the measurements of the charcoal. A diagram of the
air sampling system is presented in Fig. 2.1. The total volume of
air that passed through the system during the sampling period was
obtained by multiplying the average gas flow during the
experiment by the aspiration time. The aspiration time was
between 1 minute and one hour and the total volume of air was
between 5 and 3 00L.

Repeated gamma measurements of air samples collected with the
facility described above were performed. Both the gamma
activities on the charcoal and in the sealed erlenmeyer flask
were determined. During the measurements the charcoal samples
were kept in an open vial. A high escape rate of the
radioisotopes from the charcoal was observed

Fig. 2.1
Gas sampling system

Gas from
reactor >

Gas to

TEDA
Gas sample
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3. INTERPRETATION OF THE SPECTRA

3.1. Identification Of The Peaks

3.1.1. Water Samples. The samples were measured at different
times after collection. The gamma spectra were stored and
carefully analysed later. The peak search algorithm included in



the APTEC 5.30 [1] spectra's analysis program was initially used.
Also a manual analysis of.each spectrum was performed.

One hundred and seventy-four peaks were present in the energy
range between 30 keV and 1800 keV. One hundred and thirty-four
peaks were attributed to individual radionuclides, to the x-ray
peak and to single and double escaped peaks. Twenty-eight peaks
had contributions from two radioisotopes and eleven peaks had
contributions from three different radioisotopes.

Fifty-two radioisotopes were identified. They are presented in
table 3.1.

Table 3.1.
Radionuclides identified in water samples

Noble gases

Halogens

Rare earths

Alkali metals

Metals

Alkaline

earths

Activation

products

8 5 m K r ,

135m..

8 4 Br ,

1 4 0 La,

8 8Rb (

91mY,
101Mo

9 1 S r ,

4 1 Ar ,

8 7 Kr,

, 137Xe

8 4 mBr,

1 4 1 Ce,

8 9Rb,

9 5Nb,
1 2 3 mSn,

9 2 S r ,

56Mn,

8 8 Kr , 8 9 Kr ,

, 138Xe
131T 132T 1

->- / ' •*• r

1 4 3 Ce , 1 4 4Ce

1 3 7 C s , 1 3 8Cs

1 3 1 m X e ,

3 3 - 134

, 138mCs

9 5 Z r , 9 7Nb, 9 7 mNb, 97

1 0 3Ru, 1 0 5Ru, 1 0 5Rh,

1 4 0 Ba, 1 4 1Ba

6 1Cu, 2 3 9U.

1 3 3 Xe, 1 3 3 m X e , 135Xe

I , 1 3 5 I

Z r , " M o , 9 9 m Tc, 1 0 1 T c ,
1 1 5Cd, 1 3 2 T e , 1 3 4Te

Fission products (FPsV are members of radioactive decay chains.
Each member has its fission (production) yield and except for the
first one, a cumulative fission yield. FP half-lives can vary
between fraction of a second to many years. If in the chain there
is more than one FP with a relatively long half-live, these can
be identified in the sample. This fact (that the FPs are members
of a radioactive chain) has important consequences for the
measurement of FPs.

A typical procedure for isotope identification is the use of
gamma energy tables and repetitive counts for half-life
determination. If the identified FP is not the first one in the



radioactive chain, the repetitive counts can not be used for the
half-life determination. Some of the problems encountered during
the identification procedure are presented.

In a large number of decay chains, the half-lives of the daughter
products are longer than that of the parents. However for a few

1 "JO 1 *5 0

FP.pairs, such as I (T1/2 = 20.8h) which comes from Te (3.26
d) , 91Y (4 9.7 min.) which comes from 91Sr (9.5h),and 140La (1.67 d)
which comes from 140Ba (12.7 d) it is the opposite. This reversal
can result in an increase in the activity of the daughter fission
product over time after sampling. For example, repetitive
measurements at 555.6 keV revealed the presence of a radioisotope
with a slow increase in activity during the first two hours
followed by a decrease in activity with a half-life of
approximately ten hours. This is typical behaviour for the second
or third member of a radioactive chain. By checking the energy in
the library [5] this peak was identified as being due to 91mY. 91mY
is a member of the 91Sr, 91mY, 91Y radioactive chain; its half-life
is 4 9.71 min. It should be noted that the radionuclide library
originally used [6] incorrectly put the 91mY gamma line at 557.6
keV. ' .

A potential interference with the measurement of 131I was also
observed. The 3 62.2 keV peak of 88Kr may interfere with the main
peak of 131I (364.5 keV) as may the 363.9 keV and 365.3 keV peaks

n "3 Q op

of . Cs. Since normally the peaks of Kr (2.84 hours half-live)
and of Cs (32.2 minutes half-life) are very intense during the
first hours after sampling, when the activities of 131I are
relatively low (so is difficult to see other 131I peaks) , it is
difficult.to resolve the 131I peak unless repetitive measurements
with a good gamma spectrometric system is used (this difficulty
was previously noted by Bekeris and Evans[7]). For example the
water collected on October 12, 1995 from the SLOWPOKE was found
to contain (4.1±0.1) Bq/L of 131I, and (3 07±3) kBq/L of 88Kr, and
(515±5) kBq/L of 138Cs.

3.1.2 Air Samples. In the gamma spectra, 103 peaks were present
in the energy range between 3 0 keV and 24 00 keV. Seventy-five
peaks were attributed to individual radioisotopes, X rays,
annihilation of radiation and to single and double escape peaks.
Twelve were attributed to the superposition between two different
contributions, nine to the superposition between three different
contributions and seven were not identified. Twenty-two fission



products were identified. They are presented in Table 3.2. It
cannot yet be resolved if all these isotopes were sparingly
present in the reactor air as opposed to being produced through
decay following sampling as is described in section 3.2.

Table 3.2.
Radionuclides identified in air samples

Noble gases

Halogens

Metals

Alkali metals

Rare earths

Alkaline

earths

8 5 m K r ,

1 3 1 I ,
91n,Y

8 8 R b ,

1 4 0 L a

9 1 S r ,

8 8 K r , 8 9 K r , 1 3 1 m X e , 1 3 3 X e , 1 3 3 m X e , 1 3 5 X e ,

, 1 3 7 X e , 1 3 8 Xe

1 3 3 - 13 5 T

8 9 R b , 1 3 7 C s , 1 3 8 C s , 1 3 8 r aCs

1 4 0 B a

All these radioisotopes were also present in the water samples.

Harnden and colab.[8] indicated that iodine isotopes were present
in the reactor water but not detectable in the air from the top
of the reactor container. By concentrating the air sample using
adsorption on charcoal, radioiodine was detected in the present
study, despite the elevated activity of noble gases that were
also present. The detection of 131I was confirmed by analysing the
ratio of the 3 64 keV and 196 keV peaks in repetitive
measurements. Other peaks of 131I (at 284 keV and 63 7 keV) were
also identified. For example, the charcoal used to sample air on
August 9, 1996 contained (3.8±0.6)Bq which corresponds to an
airborne concentration of (22±4)Bq/m3.

Repeated measurements were done to study the time behaviour of
the sample. The decrease in activity over time for the charcoal
sample was greater than that due to radioactive decay. The
desorption of noble gases from the sample is analysed in section
4.



3.2. Quantitative Analysis

The activity of an isotope at the time of sampling is often
calculated based on the net area determined through counting
based on the following equation:

A o =
Xt. N A

1 - sy
(Eq.3.1)

where:

Ao is the initial activity, X is the radioactive constant, tx is the
time between sampling and the beginning of a measurement, t2 is the true

measurement time, t3 (t3 < tz) is the live measurement time, s is the photopeak
efficiency of the detector, y is the yield of the gamma line, NA is the net
area of the peak.

In the derivation of equation 3.1 a "A = Ao exp(-A,t)" time
dependence of the activity is assumed. This time dependence of
activity is valid only when the measured radionuclide is not a
member of a radioactive chain. However, the fission products
identified in our experiment were all members of radioactive
chains. So, this formula (used also in the APTEC procedure [1])
was no longer valid, except for radioisotopes at the start of a
radioactive chain. A proper procedure for time decay correction
of second and third members of a radioactive chain was derived.

A typical radioactive chain that involves three measurable FPs is
drawn here:

Fig.3.1
Disintegration scheme of 133I, 133Xe and 133mXe

133. 133m,

(20. 8h)

133Cs
stable



133. 133,
If Nj are the numbers of ^1 (i=l) , ^'mXe (i=2) and x^Xe (i=3)
atoms, XL the respective radioactive constants and f represents
the decay f rac t ion (0.0288) of the
d i f f e ren t i a l equation system i s :

133I , the corresponding

dN2/dt = -A,2N2

dN3/dt = -X,3N3

(Eq. 3.2]

The analytical solution of the system was obtained and an QUATRO
PRO computer code was build with the solution of equation 3.2.
The determination of 91mY concentrations in a water sample was
selected as an example for this procedure. 91mY is the second
measurable member in the radioactive chain which starts with
91Sr. The 91mY activities using the normal decay correction
procedure (Eq. 3.1) and the correct activities, calculated using
the solution of Eq. 3.2, are presented in Table 3.3.

Table 3.3
91m.Activities of Y for water collected on June 28, 1996

Waiting time
tx (s)

600

8100

9600

24000

Counting time
t2 (s)

810

695

3600

3600

91mY activity
(Bq/g)

Eq. 3.1.

116±5

974+50

1852+90

44913+250

Correct 91mY
activity
(Bq/g)

81±15

8 0±14

78+14

82±16

4. DETERMINATION OF THE ADSORPTION AND DESORPTION COEFFICIENTS OF
XE AND KR RADIONUCLIDES ON ACTIVATED CHARCOAL

Measurements of charcoal used to sample air from the SLOWPOKE
revealed the presence of 138Cs, 138mCs, 137Cs, 88Rb and 89Rb. The
concentrations on the charcoal of these radionuclides are the
result of their retention from the reactor air and of the
disintegration of their parents adsorbed on the charcoal. The
adsorption coefficient, for noble gases, KD, (dm

3 kg"1) , also
called the distribution coefficient, was defined as [9]:



KD = M/Co (4.1)

where: M = kilograms of adsorbate per kilogram of adsorbent, dimensionless,
and Co = airborne concentration of adsorbate, kg dm

-3

The values of this coefficient may be of use in safety analysis
as noble gas isotopes, and their decay products, may contribute
to the heating of charcoal used to prevent the release of
fission products from CANDU containment structures.

The content of Xe and Kr fission products in the air of the
reactor and the concentrations of these radionuclides retained by
charcoal, were simultaneously determined. The humidity of the
reactor air was 10 0% and the temperature was 2 0°C. The activated
charcoal was in a plastic cylindrical tube with the diameter d =
0.6 cm and the length 1 = 10.5 cm. The concentrations of Xe and
Kr during the experiments varied from 10"10 to 10~17 moles of Xe
and Kr per moles of air. The values of the retention coefficients
for Xe and Kr radioisotopes are presented in Fig 4.1.

Fig. 4.1.
Adsorption coefficient for Xe and Kr [dm3 (NTP) kg'1]

Reactor air (humidity 100%, temperature 20°C) was used as the carrier gas
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A difference of one order of magnitude can be observed between
the adsorption coefficients of Xe and of Kr. The retention



coefficient values are in good agreement with the values reported
by Underhill[9], even though there were for much higher
concentrations of Xe and Kr mole fraction(between 4*10"4 and 10" )
and He as the carrier gas. A dependence of the retention
coefficient for Kr on sampling time was observed. That produce
much of the scattered in fig.4.1. Further measurements are
required in order to clarify this phenomenon. Other measurements
are also necessary to determine the dependence of the retention
coefficient on: the volume and geometry of the charcoal, and the
humidity and temperature of the air.

Desorption of Xe and Kr on the charcoal can be described by the
following equation [10]:

A(t) = A(0)*exp(-k' *t) (4.2)

where: A(t) = activity of the radionuclide on the charcoal at time t, A(0) =
maximum concentration of radiomiclide at time = 0 after sampling, t = time
(s), and k' = .desorption coefficient (s'1).

After sampling the plastic tube with the charcoal was kept in
open atmospheric air and measured repeatedly. The activities of
133Xe and 88Kr were corrected back to the time of sampling. First
determinations indicated values of k', the desorption
coefficient, of 6*10'5 (s"1) for 133Xe, and of 7*10'4 (s"1) for 88Kr.
Similar measurements after one day after sampling showed no
presence of Kr and a decrease in the desorption coefficient for
133Xe to a value of l*10"5 (s"1) . The desorption coefficient for Kr
was one order of magnitude higher that for Xe. This experimental
result is in accordance with the results for distribution
coefficients (KD) presented in Fig. 4.1.

As we already mentioned measurement of the charcoal used to
sample air from the SLOWPOKE 2 Reactor revealed the presence of
Cs and Rb isotopes. It was initially assumed that these isotopes
were produced through the decay of Xe and Kr adsorbed by the
charcoal. However, some Cs and Rb was also detected through
direct collection of the reactor air in the erlenmeyer flask,
suggesting that these isotopes were present as suspended aerosols
produced by the decay of Xe and Kr within the reactor. A simple
model was constructed in an attempt to resolve the dominant

n "3 ft

source of these isotopes, using Cs as an example.

The equations for accumulation of Xe and Cs on the charcoal are:



d N ^ c h a r J / d t = k Nx(g) - Xx N ^ c h a r ) - k1 N ^ c h a r ) (4.3)

d N 2 ( c h a r ) / d t = a f/m N2 (g) + X1 N ^ c h a r ) - X2 N 2 (char) (4.4)

where: Nx(char) is the concentration of Xe on charcoal (atoms* kg'1), Nx(g) is
the concentration of Xe in the reactor air (atoms*m'3), k is the adsorption
coefficient of Xe on charcoal (m3 * kg'1 * s'1), k' is the desorption
coefficient (s"1) , N2(char), N2 (g), and X2 have the same meaning and units for
Cs,a is the fraction of the Cs in the reactor air to be adsorbed by the
charcoal (dimensionless)* , f is the flow rate (m3*s~1) and m is the mass of the
charcoal (kg).

At steady s ta te dN1(char)/dt = 0 and hence the distr ibution
coefficient KD (defined according to Eq (4.1) and having units of
m3 * kg"1 ) can be solved for:

KD = N ^ c h a r J / N i t g ) = k / C ^ + k ' ) (4 .5)

Using e q u a t i o n 4 .5 t o e l i m i n a t e N-^char) from e q u a t i o n 4 .4 g i v e s :

d N 2 ( c h a r ) / d t = a*f /m*N2 (g) +\1KDN1 (g) -12N2 (char) (4 .6)

This equation allows that rate of accumulation of Cs on the
charcoal due to the decay of Xe to be resolved from that due to
T O O

Cs in the reactor air. Preliminary evaluations showed that the
13 8

majority of the Cs on the charcoal came from the reactor air
itself rather than from the decay of Xe on the charcoal. For a
value for "a" close to 1% their contributions are comparable.

5. DETERMINATION OF "MTC AND 99MO CONCENTRATIONS

In a p rev ious work [11] i t was repor ted , t h a t t h e a c t i v i t y of 99mTc
could not be measured i n the SLOWPOKE water us ing y spec t romet ry .
99mTc (ha l f - t ime 6.02 hours) i s t h e daughter of 99Mo (ha l f - t ime
2.75 days) and can only be de te rmina te by y spec t romet ry us ing
i t s 140.5 keV peak where Mo a l s o has a y peak. Because of t h e i r
half-lives, these isotopes can be used to determine the time of
an incident in a nuclear reactor, if their escape rate from the
nuclear fuel is different.

In our experiments "a" was close to 1. If an aerosol filter were
used to clean reactor air before passing through the charcoal,
the value of "a" would be lower.



99Mo and 99mTc are usually considered to be in equilibrium and
their concentrations are reported as equal. Their concentrations
were determined by using the information from the 140.5 keV peak
(reported [4] as 3.8% for 99Mo and 89.07% for 99mTc and in [5] as
90.7% for 99Mo and 87.7% for 99raTc when equilibrium is assumed). A

QQ Q Qrn

sample with pure Mo and Tc was obtained from Shedoke McMaster
Hospital. By doing repeated measurements of this sample using the
140.5 keV y peak, the concentrations of Mo and Tc at a
specific time were determined. The concentrations were equal (to
within the limit of the measurement's precision) indicating the

Q Q

isotopes were in equilibrium, as expected. The Mo concentration
for this sample was confirmed using other y peaks.
In the SLOWPOKE 2 reactor water, the concentration of Mo were
not high enough to allow the other y peaks (at 181.1 keV with
6.1% y yield or at 739.4 keV with 12.1% y yield [5]) to be
determined precisely. By a careful analysis of available gamma
ray catalogs [4, 5, 12] the possibility of any interference of
other fission or activation products at the 140.5 keV peak was
eliminated. Repeated measurements of the same sample in the same
geometry with the same detector allowed us to determine from the

on q 9m

time behaviour equation of Mo and Tc, the concentrations of
both radionuclides at the time of sampling. In Table 5.1, 99

Mo
99m,and Tc concentrations in different water samples are presented.

Table 5.1
Concentrations of Mo and Tc in water samples from the

SLOWPOKE 2 U of T Reactor

Sampling time

28 Aug.
1995,10:07 AM
12 Oct. 1995,
03:30 PM
28 June 1996,
09:15 AM*
4 Nov. 1996,
09:58 AM
8 Nov. 1996,
09:20 AM

99Mo (Bq/mL)

0.08±0.01

0.71±0.07

1.86±0.19

0.18±0.02

2.02+0.20

"mTc (Bq/mL)

10.5±l.l

32.0±3.2

190.6±19.1

13.6±1.4

198.5±19.9

the radionuclide from the counting rate at 140.5 keV pick was

determined for this sample. A value of (7+1) hours was found for the

measurements done on the first day after sampling and of (2.8±0.5) days for



the measurements done a week after sampling. Also a value of (4.3±2.5) Bq/mL
of 99Mo was determined using the 181.1 keV peak for the same sample.

The non-equilibrium between these two radionuclides, evident from
the values presented in table .5.1, cannot be explained at this
time. Analysing their fission production yields indicates no
important differences between them. Both have [13] independent
fission yields close to 0 and their cumulative yields are 6.13
and 6.14.

6. CONCLUSIONS

The methodology developed at the University of Toronto permits an
improved accuracy in measurements of the concentrations of
fission and activation products in reactor water and air. Using
this methodology, the adsorption and desorption coefficients on
charcoal for the radioisotopes of Xe and Kr in reactor air, were
determined. For the first time the concentration of 99mTc in the
reactor water was evaluated. An unexpected non-equilibrium
between Tc and its parent ( Mo) was observed. The methodology
and the results obtained at the SLOWPOKE 2 reactor can be easily
extended to the study of the behaviour of fission products under
normal and accident conditions at power reactors.
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ABSTRACT

The Korea Atomic Energy Research Institute(KAERI) strives to provide utilizing

facilities on and around the Hanaro reactor in order to activate advanced researches by

neutron application. As one of the facilities to be installed, the conceptual design work of

CNS was started in 1996 with a project schedule of 5 years so that its installation work

can be finished by the year 2000. And the major engineering targets of this CNS facility

are established for a minimum physical interference with the present facilities of the

Hanaro, a reach-out of very-high-gain factors in the cold neutron flux, a simplicity of the

maintenance of the facility, and a safety in the operation of the faculty as well as the

reactor. For the conceptual design of Hanaro CNS, the experience of utilization and

production of cold neutron at WWR-M reactor Gatchina, Russia has been used with that

of elaborations for PIK reactor in design for neutron guide systems and instruments.

1. INTRODUCTION

CNS of Hanaro was originally designed and shaped to accommodate the Orphee-typed

CNS concept that is a vertical shape of cold moderator system in the reactor pool and a

hydrogen cryostat system in the sub-pool, however, the CNS site did not follow the



exact shape of the Orphee one. For example, there is no sub-pool in the Hanaro.

Consequently, some special concept of CNS must be developed for protecting the

reactor core from explosion of H2-O2 in case that the condenser or heat exchanger may

be installed near the core in the reactor pool.

At the beginning of the conceptual design of CNS, the Orphee type or JRR-3M type of

CNS were intensively reviewed for the adaptation into the Hanaro, and as a result

significant physical modifications were needed to accommodate them into the Hanaro,

meaning that very serious licensing problems may be occurred due to the change of a

reactor safety concept.

As a suitable concept to Hanaro, a sub-cooled cold moderator system which is composed

of liquid mixtures of hydrogen and deuterium is considered. Because there is no phase

change in the sub-cooled system, the facility volume can be reduced so that the sub-pool

for installing the condenser of two-phase flow thermosiphon system will not be necessary.

Moreover, according to research results from PNPI in Russia, sub-cooled moderator

mixtures have a good performance of gathering high-gain factors in a cold neutron.

During the course of a conceptual design, we are going to assess the technical possibility

of whether the cell and heat exchanger of cold moderator could be included in one

vacuum containment. The length of this containment is estimated to be about 2 m, and

for its outside diameter, less than 16 cm. The half of its total length will be inserted into

the vertical hole, which is reserved for CNS in the reflector tank of the Hanaro with the

inside diameter of 16 cm. A thermal neutron flux(<0.625 eV) in the hole is average 1014

n/cm2*sec.

The geometry and composition will be reviewed regarding interference with the existing

Hanaro, and calculation of gain factor and heat load will be included in the conceptual

design. The main points of the conceptual design include the followings:

• Heat release

• Design of cold neutron source

• Design of ultra-cold neutron source

• Liquid hydrogen loop

• Safety consideration

• Neutron guide system

• General scheme



2. DESIGN DATA AT HANARO

2.1 Basic Data

Hanaro is the open-tank-in-pool type which has benefit of free access to pool top and

large inventory of water as heat sink. The reactor pool has dimensions 4 m diameter and

13.4 m height. The reflector tank of 2 m diameter and 1.2 m height contains heavy water

and accommodates 25 vertical holes and 7 horizontal tubes. The cold neutron source will

be placed into one of the vertical holes in the reflector tank. The diameter of the vertical

hole for CNS is 16 cm, its length is 120 cm. The horizontal tube is used for extracting

cold neutrons. It is connected with the vertical tube. Nose dimension of the horizontal

tube at contacting point to vertical hole is 6x15 cm. The neutron and gamma fluxes at the

nose connection point of horizontal tube to vertical hole are shown in Table 1 and Table

2 respectfully.

Table 1

Neutron Fluxes at Hanaro

Energy Level

FastE>0.82MeV

Thermal E<0.625eV

Thermal Flux at Tube Nose

Neutron Fluxes( n/cm2*sec)

1.3 x 1012

1.7 xlO14

9.7 x 1013

Table 2

Gamma Fluxes at Hanaro

Energy Level(eV)

l.OxKT'to 1.0 x 10s

1.0x105 to 5.1 xlO5

5.1 xlO5 to 6.0 x 10s

6.0 x 10s to 1.3 xlO6

1.3 xlO6 to 1.3 xlO6

3.0xlO6 to 7.5xlO6

7.5 xlO6 to 1.4 xlO7

Gamma Fluxes( y /cm2-sec)

5.818 xlO13

4.452 xlO13

5.610x10"

3.993 x 1012

5.287 x 1012

1.286 xlO12

4.544 x 1010



2.2 Desian reauirement

The design criteria for Hanaro CNS is maximum increase and stable supply of cold

neutron flux, and safety with regard to personnel and the reactor. High technology for

cryogenics and gas explosion and reactor safety engineering is required in design,

construction and operation for safety of CNS system and the reactor. Especially, the

measure to control the hazards related to the hydrogen use is very important in design.

The design requirements are summarized in the Table 3.

Table 3

Design Requirements for Hanaro CNS

Item

Gain factor

Cold neutron flux

Life time consideration

Applications

Safety consideration

Installation consideration

Other

Requirement

More than 20 for 5 A

More than 5 x 108 n/cm2-sec at the end of cold neutron

guide tube

30 years

• Crystallographic studies

• Neutron non-destructive evaluation

• Small angle neutron scattering

• Neutron reflectometry

• Neutron inelastic for chemical analysis

• Neutron and nuclear physics

• Explosion due to hydrogen-air contact

• The effect on reactor by installation of CNS(Reactivity,

Pressure etc.)

• To be installed in the existing vertical hole( ^ 1 6 cm)

• Minimize interfaces with the existing facilities in the

reactor pool

• Space limit for installation near reactor pool

• Design of very-cold/ultra-cold neutron facility



3. MAIN CONCEPT OF THE CONCEPTUAL DESIGN

One of the main concepts is to use hydrogen-deuterium mixture which is more effective

than pure hydrogen or pure deuterium for the small size sources. It was proved by the

experiments performed at WWR-M reactor at PNPI.

One of the main problems of CNS installations at Hanaro is the presence of light water in

the CNS hole. It lies in that even 1-2 mm water layer weakens cold neutrons

considerably and thus gain of cold neutrons becomes not meaningful. It was proposed to

dislodge water from the hole by filling helium gas in it. However this is complicated

because of the irregular configuration of the hole and by impossibility of sealing in the

upper part of the CNS hole. It seems reasonable to put a thin zirconium insert into the

hole with a flange. This insert flange allows to realize the possibility of metal spring

sealing. Installation of the insert allows to solve the problem of removing water by

pressure of helium to be filled between the insert and containment.

The solution of the source safety problem depends on employment of the additional shell

around the source containment. This provides a few advantages as follows;

1) The source is isolated from water in reactor pool. Leakage will be instantly

detected because helium cannot be frozen out at the temperature 20 K.

2) The gas shell prevents the penetration of impact wave in water in case of

hypothetical explosion of hydrogen-oxygen mixtures.

Circulation of liquid hydrogen-deuterium mixture in thermosiphon loop helps to remove

heat from the source. This method which is being used at WWR-M reactor successfully,

in contrast with vapor-liquid-vapor circulation, is more effective.

The neutron guide system includes both neutron guides for cold neutrons and very

cold/ultracold neutrons(VCN and UCN)- The guide for polarized neutrons as well as

splitting of cold neutron beams with the help of supermirror multislit bended assemblies

is employed, which is rather original concept. Movable polarizer design is envisaged to

allow occasionally to use non-polarized beam of high intensity. The polarized beam of

neutrons with large cross-section(6xl5 cm2), that is, with maximum possible intensity is

proposed to use in studies of fundamental physics, for example, in precise studies of

neutron $ -decay with a view to searching for possible deviations from standard model

of weak interaction.

A distinctive feature is the extension of the scope of utilized neutrons up to 50-100 A

for VCN and 500-1000 A for UCN. VCN-SANS using these very cold neutrons is

proposed to study large-scale inhomogenety in substance. In addition, due to low initial

energy of VCN(E< 5xlO'5eV), study of solid state dynamics becomes possible by means



of upscattering process[l,2].

4. HEAT LOAD CALCULATION

The heat release in CNS includes heating due to neutrons(slowing down and absorption)

and prompt 7 -rays and $ -radiation because of capture of thermal neutrons. Heating

of construction materials such as Zr, Al, Cu etc. is a result mainly from the photon

transport through these materials. Some heating occurs at the expense of jS -particles.

Neutron and gamma fluxes, spectra , neutron and gamma heating in CNS at 30 MW

thermal Hanaro reactor power were calculated for different materials, which could be

used as construction materials in CNS. The calculations were performed by the Los

Alamos Monte Carlo code MCNP-3B[3], which is written on Fortran-77[2].

The calculation scheme is analogous to those used for the criticality estimation of the

CNS channel. The 18 element fuel rods assemblies are loaded into all channels OR3-6

because the energy release becomes maximum in this case. For comparison calculations

with unloaded fuel rods assembly from OR channels were performed, too. Instead, OR5

channel was filled by heavy water. The 3.5 I liquid hydrogen CNS volume is placed

into thin zirconium channel(0.5 cm thickness). Above and below CNS are vacuum.

The estimation for total heat load is shown in Table 4.

Table 4.

Total heat load

Items

Source cell

Delivery and outlet pipe lines

Cooling neutron guide

Liquid mixture deuterium and

hydrogen in MC

Liquid mixture deuterium and

hydrogen in tube

Thermal conduction + black

body radiation

Calculation

380 gmx 0.48 W/gm

430 gmx 0.48 W/gm

210 gm x 0.45 W/gm

2960 cm3 x (1.35x0.2+0.64x0.8) W/gm x

(0.07x0.2+0.165x0.8) gm/cm3

989 cm3 x (1.35x0.2+0.64x0.8) W/gm x

(0.07x0.2+0.165x0.8) gm/cm3

10% from total value

Value(W)

183

207

95

340

113

70



Heat load

Total heat load

without cooling neutron guide 915

1010

5. CALCULATION OF GAIN FACTOR

The calculation of local neutron fluxes, their spectra and gain-factors of CNS was

conducted according to Monte-Carlo method with the help of OMEGA program. This

program[4,5] is designed for calculation of criticality of reactor, neutron fluxes and

reaction rates in 3-dimensional geometry. The program was initially coded in ALGOL.

Subsequently, it was re-coded in FORTRAN-77[5] and modified for calculation of

neutron fluxes in CNS filled with the mixture of para/ortho-hydrogen and ortho-

deuterium at temperatures of 15~ 23 K.

Neutron scattering cross-sections in the CNS were calculated according to Young-

Kopel's model[6] for molecules of ortho-deuterium, para-hydrogen and ortho-hydrogen

at the temperature of 19K. Comparison of the calculated energy dependence of total

cross sections for thermal neutrons for ortho-hydrogen, para-hydrogen and ortho-

deuterium with the experimental values of cross section demonstrate a correctness of

calculation model as in Figures 1 and 2. This unit is designed for calculations of 3-

dimensional assemblies formed by nesting of cylinders, hexagons and right-angled prisms.

Active core of the Hanaro reactor contains 36 fuel assemblies. CNS is represented as a

rectangle prism with the cross-section equal to that of cylindrical CNS of the HANARO

reactor. CNS was located in the D2O reflector in the point of crossing the cylindrical

vertical and rectangle tangential CN channels. The cross section of the CN channel was

chosen 6 x 15 cm2. In computations of the thermal neutron gain the thickness of the CNS

was varied from 2 cm to 15 cm.

The main parameter to be calculated is a relative gain factor of a thermal neutron flux in

the channel CN. The relative gain factor is calculated as the ratio of the gain factor for

CNS filled with the mixture of moderator(ortho-D2 , para-H2 or ortho-H2) to the gain

factor of the thermal neutron flux in CN channel when CNS is empty and neutrons are

thermalized in D2O reflector.

Since it is not known what moderator will be in the CNS, it is needed to perform an

optimization of CNS. The purpose of optimization is to obtain a maximal value of

relative gain factor for the CNS with low volume and consequently low energy released

in CNS. Calculation was conducted for several mixtures, and shows that the maximum

value of relative gain factor is obtained for the mixture of ortho-D2 and para-H2 with the
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ratio 0.8 : 0.2 as in Figure 3 and 4. For pure hydrogen moderator, several thickness for

same mixing ratios of para and ortho H2 were considered to find optimum thickness.

Figure 5 and 6 shows the result that 3~4 cm thickness represents the maximum gain

value for 50 : 50 % mixing ratio of para and ortho H2.

0% para-H,
100% para-Hj
10% pata-H2+ortho-D2

20% pata-H2+ortho-D,
30% pata-Hj+ortho-D2

40% pata-Hj+ortho-Dj
50% pata-H2+ortho-D2

20% ortho-Hj+ortho-D,
100%ortho-H,

10 15

wave length X, A
20

Figure 3
Relative gain factors for mixtures of ortho-Eb with para-H2 and ortho-H^.

40'

3 0 -

20-

O

I
a
*S
DO

1
S 10-

—»—20% pata-Hj+ortho-D,
— * — 3 0 % pata-Hj+ortho-D,
—+—40% pata-Hj+ortho-Dj
—3te-5O% pata-Hj+ortho-D,
—v— 20% ortho-Hj+ortho-Dj
—«—100%ottho-H,

10

wave length X, A

Figure 4
Relative gain factors for mixtures of ortho-D2 with para-H2 or
ortho-H2 (for wave length ~4-10 A)
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6. CNS EQUIPMENTS AND ARRANGEMENT

Horizontal neutron beam tube for cold neutron extraction is attached by weld to this

reactor hole. There is a thimble with hole flange above the chimney base plate for CNS

assembly installation. A special insert is placed into the reactor hole to exclude water gap

between the cold neutron beam tube and the source cell and to correct curvature of the

hole. The insert has a flange at the upper part and looks like thin tube. There is no gap

between insert and reactor hole in place where the CN beam tube is situated. CNS

containment is installed into the insert. There is a helium input to the top of insert to

dislodge water in the gap between containment and insert. CNS arrangement in the

reactor hole is shown in Figure 7.

Figure 7

In-Pile CNS Arrangement



The vertical containment has a cylindrical shape and consists of two parts with different

diameters. The lower part has a spherical bottom. The containment is supported by insert

flange due to its own plate flange between parts with diflferent diameters. The upper part

of containment is surrounded by shell with helium and has a ring flange. This flange is 0.3

m above the level of chimney top.

There are thermosiphon liquid moderator loop and neutron guide for VCN and UCN

inside the containment. The liquid moderator loop consists of cell, heat exchanger and

connecting tubes. Moderator cell has volume about 3 I and places in front of CN beam

tube. The cell is made of Al. or Zr. The average temperature in the cell is about 19 K and

the working pressure is about 1.5 bar.

Single phase thermosiphon is used to have an advanced liquid moderator source. The

moderator is maintained at few degrees below the boiling point. The loop height is only

2.5 m so that it is placed entirely in a vacuum containment and placed in the reactor pool.

The tube diameter is 30 mm. The capacity is up to 1500 W with cold helium flow rate 50

g/s. The thermosiphon loop is shown in Figure 8.

Moderator
supply

Cold helium
supply

Thermosiphon
loop

Figure 8.

The liquid thermosiphon loop



VCN and UCN come out from the source through the vertical curved neutron guide with

cross section 7x10 cm in the reactor pool as shown in Figure 9 and 10. There is a split

section for VCN and UCN separation out of the reactor pool. After separation VCN can

be used for scattering experiment, UCN can be used for storage experiment. There are

two platforms for experiments with VCN and UCN one above another.

7. NEUTRON GUIDE SYSTEM AND INSTRUMENTS

The task of the neutron guide system is to transport neutrons produced in the cold

neutron source to experimental devices which is intended to perform scientific

investigations with neutrons. Transportation of neutrons is realized on the base of the

mirror reflection of cold neutrons from the walls of the neutron guide. The curved

neutron guide channels can be used to cut off fast neutrons and gamma radiation because

their total reflection coefficients are negligible in comparison with that of cold neutrons.

The neutron guides are channels with rectangular cross section, prepared by using

mirrors with a glass substrate and 58Ni reflecting coating. The internal cross section is of

40 mm width and 140 mm height.

There are three main neutron guides. The neutron guide system is adapted for installation

of 10 scientific instruments as in Figure 11. Configuration of outlet hole makes it possible

to install 3 neutron guides with cross-section 30 x 150 mm. The first neutron guide(NG-

3) with characteristic wave length XT= 2 A is made on the basis of polarizing

supermirrors. So the instruments installed on this neutron guide use a prepared polarized

neutron beam, which makes it unnecessary to install polarizers on each instrument and

simplifies the instrument design. The neutron guide accommodates 3-axis

spectrometer(TASPN), spin-echo spectrometer(NSES), and the instrument with 3-

dimension analysis(TDA) of polarization for study of magnetic texture and other 2

instruments. The 2nd guide(NG-2) installs only one instrument of great length-small

angle polarized neutron(SAPNS)- with its own polarizer and magnetic monochromator.

Monochromator on the basis of space spin-resonance is better than mechanical velocity

selector because it allows to change the wave length and width of monochromatic line by

simple alteration of magnetic field. The 3rd guide is equipped with DPCD, PNRV, CS

and SANS. This has 3 branches of non-polarizing neutron guide with characteristic wave

length X*= 2, 3 and 6 A. At the first part, double crystal diflractometer with perfect

crystals(DPCD) is installed.

The main instrument is SANS with high intensity and resolution for transferred



momentum at the level 10'2 A'1. One of the branches with wave length V= 6 A leads to

reflectometer of polarized neutrons(PNRV) with reflection in vertical plane and TOF

analysis of neutron spectrum, and another with wave length l ' = 3 A leads to

correlation spectrometer(CS) with pseudorandom modulation of polarization and TOF

correlation analysis[7, 8,9]. Total area of the neutron guide will be 36x 60 m2.

8. CONCLUSION

Cold neutrons has been used extensively for the study of the structure and dynamics of

materials in some advanced countries during the last decades or so. The cold neutron

source at HANARO will be designed from the end of 1996 and the installation will be

completed by the end of 2001. The cold neutron experimental instruments at HANARO

will be utilized for studies in the broad category such as crystallography, magnetism and

superconductivity and surface and interfacial studies etc. With the completion of the

CNS facility, the study of the material science, solid physics, chemistry and biology etc.

will be going on more vigorously centering around the HANARO.



VCN scattering
experiment

Figure 9.

CNS equipment arrangement in CN guide direction

Figure 10.

CNS equipment arrangement (top view)
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ABSTRACT

The paper reviews the co-ordinated and integrated programme, adopted by BNFL, in the
decommissioning of its radioactive plants, it examines BNFL's approach to the challenges
posed by the eventual decommissioning of its 120 plants, its overall strategies, the
constraints and the progress achieved to date, drawing on real experience from the 22
completed projects and the 24 projects currently underway.

INTRODUCTION

BNFL operates plants which cover the full nuclear cycle its four nuclear licensed sites.
Although the Company was only formed in 1971, from the production wing of the United
Kingdom Atomic Energy Authority, its sites date from the earliest days of the nuclear .
programme in the United Kingdom. Whilst the early plants, constructed in the late 1940s
and early 1950s, were devoted to the military programme, the first of the civil power
plants was in operation by 1956 and the Company's focus has changed progressively so
that civil nuclear power is the main element of operations. The Company sites are licensed
under the United Kingdom Nuclear Installation Act and all have decommissioning
liabilities.

Capenhurst

Located to the south of Liverpool Capenhurst was the site for enrichment and enrichment
development. The first plant was based on gaseous diffusion for the production of high
enrichment levels for weapons programmes. The plant was converted for enrichment for
civil reactor fuels and this was gradually replaced by the more efficient centrifuge
technology. Centrifuge development and production was concentrated at Capenhurst and
was integrated into the Eurenco enrichment collaboration. In the early 1990s BNFL's
centrifuge operations were sold to Eurenco and no longer form part of the
decommissioning liabilities. The decommissioning of the diffusion plant commenced in the
mid 1980s initially to create space for additional centrifuge plants. The decommissioning,
including the development of novel decontamination techniques, is nearing completion and
has been able to free release the majority of the plant materials including several thousand
tons of aluminium.



Springfields

Located near Preston in North West England the site has been devoted to fuel fabrication.
Initially producing natural uranium aluminium clad fuels it has progressed to oxide fuels
for gas and water cooled reactors. The site remains in full operation though several of the
early facilities mainly associated with conversion have been decommissioned. It is
anticipated that site will continue in operation though the fabrication of natural uranium
fuels for the United Kingdom Magnox stations will cease about 2005. There is a modest
decommissioning programme currently underway with the next main peak arising at the
end of the Magnox programme. Radiologically there are few problems the main challenge
being the niinimisation of waste arisings.

Chapelcross

Situated in south west Scotland this was the second of the Company's Magnox reactor
stations and was commissioned in 1959. The station consists of four reactor units with
external boilers served by one fuel cooling pond and one turbine hall. The station is
expected to remain operational until about at least 2005.

Sellafield

The largest of the Company's operational sites where the reprocessing operations are
undertaken. Initial operations on the site were based on the Windscale Piles for the
production of plutonium with the associated cooling, decanning, reprocessing, product
finishing and waste management facilities. The Calder Hall Magnox civil power reactor
station was opened in 1956 and the full commercial reprocessing of Magnox fuel in support
of the United Kingdom civil power programme commenced in 1963. The Thorp plant for
the reprocessing of oxide fuels commenced operations in 1993. Mixed oxide fuel for the
Fast Reactor programme was also produced at Sellafield. The site has seen enormous
development and increased integration with several of the early 1950s liquid effluent
treatment facilities still in use serving the latest reprocessing facilities but linked to modern
back end plant to significantly reduce environmental discharges. Solid Intermediate level
waste (non heat generating but > 12GBq/tonne) and high level liquid wastes have been
accumulated and stored on the site since the commencement of reprocessing operations.
The recovery and encapsulation of this intermediate level waste is in progress as is the
vitrification of the high level wastes.



DECOMMISSIONING STRATEGY

History

Decommissioning primarily to release space for reuse has been carried out since the early
days of nuclear operations but it was not until 1980s that decommissioning was seriously
acknowledged as a necessary end of life activity for nuclear plants. Initial
decommissioning programmes to address the already shut down plants were initiated in the
early 1980s but the need to assess liabilities for the electricity supply industry privatisation
in 1989 led to the development of a fully costed decommissioning programme for all the
Company sites and all the plants, shut down, operational, under construction or just
planned, the decommissioning policy review(DPR). A parallel assessment was carried out
for the waste management programmes, the waste management policy review(WMPR).

Strategy Development

The decommissioning and waste reviews summarise the strategies and programmes
together with the associated costs thus allowing optimisation on a macro scale and the
calculation of the necessary financial provisions. WMPR addresses the waste routing and
treatment issues together with interim storage. Its aim is to minimise the overall cost by
maximising the utilisation of existing facilities and mmimising the number of new plants
needed. DPR recognises the longer term nature of the decommissioning programme,
anticipated to extend beyond 2100, and seeks to prioritise and programme the plant
decommissioning to achieve the minimum discounted overall cost recognising such factors
as plant risk, surveillance and maintenance costs, waste route availability, interaction with
other plants etc.. Not surprisingly the more fragile plutonium facilities attract a higher
priority for early dismantling than for example the extremely robust reactors.
Decommissioning cost modelling techniques (1) have been developed to facilitate this long
term programming.

Development of project strategies

Once identified within the overall decommissioning programme the actual project strategies
are developed on a case by case basis recognising the specific features of the plant, any
links with operating plant and waste routing. Significant effort is devoted to the front end
optioneering as an incorrect decision at this stage may result in significant wasted effort.
Multi attribute techniques such as Kipner Traego are utilised to select options which are
then subjected to value engineering processes to ensure the minimum necessary is
undertaken. There is an acknowledged culture change required for engineers used to
designing new plants with long operational lives and safety in depth to be able to produce
minimum cost fit for purpose solutions that provide adequate safety and durability for the
duration of a decommissioning project. A problem frequently faced is the lack of accurate



plant data both construction and radiological. For the older plants the available
engineering drawings reflect intent more than as built and often modifications were
unrecorded. For plants where access is possible it is not always easy to identify the subtle
variations and examples include large connections between glove boxes shown and built as
bolted flanges but on decommissioning were found to have been also welded for additional
security.

For plants where radiation dose rates preclude or substantially limit man access the
acquisition of the necessary data is more difficult. All available techniques are utilised but
the result may still be a wide bounding case for which it is difficult to develop an optimum
solution. In such cases a phased approach is common with each phase aimed at completing
a limited scope of work and acquiring improved data to allow the later stages to be
planned. Ideally this approach should avoid the closing off of options for the later stages.
The objective should be to allow each phase to be reasonably well defined, both for
contractual and safety reasons. A project manager is nominated who is responsible for the
overall control of the project and normally for the control and safety of the plant,
occasionally this responsibility remains with the existing plant operators if
decommissioning is being carried out in a section of an operating plant. It may be
necessary to undertake development work in support of the project.

Some typical current decommissiong project examples are::

First Storage Pond

Built in the early 1950s to receive, cool and decan the fuel from the original Windscale
Piles, and later adapted to handle Magnox fuel from the Calder and Chapelcross reactors,
the plant ceased operation in 1963. The plant consists of two open cooling with an
adjacent building housing twelve decanning bays and six withdrawal bays. The pond still
contains some 190 skips containing fuel, isotopes, fuel hulls and a mixture of other wastes.
Additionally there is a general accumulation of sludge and debris. Within the decanning
bays there are overspill wastes from normal decanning operations including fuel rods,
graphite and cladding together with residual material from experimental work for chemical
decanning and provision of uranium 'pennies1 for pilot reprocessing. Due to the period
before decommissioning the building no longer achieved modern standards and following
substantial stripping out new ventilation, environmental monitoring and cranage has been
installed. All equipment has been stripped out from two of the decanning bays to allow the
installation of the skip washing and sorting equipment and pre-wash and pre-sorting
equipment has also been installed in one of the old winch houses within the pond. Most of
the installation involves operations in up to 18' of contaminated water with extremely poor
visibility. Commissioning of the equipment to allow sorting of the pond contents is in
progress.



First Separation and Head End Plant

Built for the dissolution and chemical separation of the Windscale Pile fuel, including
separation of the Plutonium, Uranium, medium active and highly active waste streams, the
plant is extremely large being over ten floors (60 metres) high and consisting of four highly
active and two medium active cells. The plant continued in operation for the reprocessing
of Magnox fuel until 1965 when it was replaced by the Magnox reprocessing plant. The
north half was then washed out and permanently shut down but the south side underwent
extensive alterations including the removal of metal fuel dissolvers, installation of shearing,
dissolver, accountancy and maintenance cells to allow head end operations on oxide fuel
utilising part of the existing solvent extraction plant. Decommissioning of the plant poses a
particular challenge due to the height of the cells, absence of in cell cranage, no designed
access routes for equipment, varying radiological conditions, limited radiological data and
absence of accurate as built drawings. A progressive approach is being taken to the
decommissioning with the Medium active north(MAN) cell, the least radiologically
challenging, being dismantled first followed by the other cells, thus allowing the thorough
proving of techniques. Typically for older plants the cell ventilation was inadequate by
modern standards and a new fully filtered system has been installed to support all
decommissioning operations. A waste handling facility has been constructed adjacent to
the MAN cell designed to be able to accept waste from all the plant cells and incorporates
automatic remote robotic size reduction, mainly using plasma arc, linked to an integrated
control system and 3D modelling. Access for the cell dismantling machine has been
provided at high level and incorporates a manipulator system, deployed at the various
levels in the cell, and a hoist to lower the cut components to the ground floor export link to
the waste facility; wherever practicable standard components are used with the main
development effort directed to special tooling and an integrated control system which links
from a three dimensional model of the cell to the manipulator and size reduction robots and
is aimed at minimising operator fatigue and maximising productivity. A separate project
within the same plant is currently recovering fuel hulls and other debris from a silo
constructed in the base of the plant to support oxide fuel pilot reprocessing.

Solvent Regeneration Plant

Built for regeneration of the Butex solvent utilised in the original reprocessing plant the
plant is about 30 metres high and consists of six cells two of which were fitted out for the
process, two were held in reserve, one was for general shielded R&D and one was for post
irradiation examination of fuel. The solvent process performed better than expected and
the two spare cells were released for other experimental work. Decommissioning of the
first of the solvent regeneration cells is underway. There was no installed cell cranage but
there were removable cell top concrete panels provided for initial construction.
Optioneering concluded that top entry was the best approach and a size reduction facility
incorporating cranage, tooling and access arrangements has been constructed and
commissioned on top of cells 1 and 2. Following the provision of a filtered extract system
it was possible to complete the removal of the residual inventory, particularly the Butex



solvent which poses a significant fire hazard. Dismantling of cell 1 utilising manual
techniques has been completed though the hazard posed by the possible presence of solvent
necessitated special precautions to be taken. Based on the experience gained the cell 2
dismantling is now underway.

Plutonium Purification Plant

Built to purify the plutonium stream from the reprocessing plant the plant is large, being
effectively two mirror image cells, four storeys high with a brick wall as the secondary
containment, the vessels and pipework being the primary containment. The anticipated
level of plant containment was not achieved and several leaks (all contained within the
cells) and remedial works have led to a very high level of internal contamination. As the
cell extract was not filtered the plant was a major contributor to the site aerial discharges
and prior to allowing routine man entry for decommissioning it has been necessary to
dismantle several feed system gloveboxes and install a new ventilation system,
commissioned in late 1993. Following commissioning of the new ventilation system cell
entries were possible and these confirmed the predicted extremely high levels of
contamination and also discovered localised radiation sources in excess of 15mSv.
Intrusive surveys of the cell vessels is now in progress to assess the amount of residual
liquor. Dismantling will be undertaken manually, moving components to a waste handling
facility, currently nearing completion, constructed on the South side of the plant, for size
reduction and packaging. All external control, sampling and fuel cabinets have been
progressively removed. As with many plutonium facilities there is the potential risk of
criticality and extensive in situ inventory monitoring will be undertaken prior to the
movement of vessels to the size reduction facility.

Plutonium Finishing Facilities

There are several redundant facilities associated with the handling, conversion and finishing
of the plutonium product. Currently the most challenging is the third main plutonium
finishing line for metal and oxide production which operated from 1963 until 1987. It is
constructed in a series of over twenty gloveboxes linked by two conveyor systems and
operated through a shielded face. The plant operating life and throughput greatly exceeded
design expectations but has resulted in a significant hold up of material, particularly in the
concentrate stock tanks, the conveyor systems and the furnaces. Contamination is
extensive and radiation levels exceed lOmSv in several areas. Because of the radiation
levels it was intended to utilise remote methods but it quickly became apparent that the
extremely difficult access and the criticality hazard associated with the high residual
inventory would make this approach difficult and costly. Extensive optioneering,
modelling and value engineering studies were then applied to optimise the dismantling
strategy and in particular the choice of manual in preference to remote dismantling
approaches. The manual size reduction is practicable provided boxes are removed from the
line and the location chosen for the size reduction facility was that left vacant following the
earlier dismantling of the adjacent Co-precipitation Plant. Installation of the size reduction



facility and associated tooling has been completed and actively commissioned. The
techniques to be used have been well proven on three smaller facilities which covered a
similar total area. The use of plasma arc cutting for high plutonium waste was pioneered
in this area and the necessary associated fume containment and treatment was developed.
The speed at which the other areas have been cleared is a clear demonstration of the
success of the process.

Fast Reactor Fuel Facilities

The Co-precipitation and Dry Recovery plants associated with the conversion of recovered
plutonium and uranium for the fast reactor programme have already been totally
decommissioned. These plants formed the basis for the development of many of the
techniques and equipment needed for plutonium plant decommissioning including in situ
inventory assay, containment and decontamination, size reduction, and recirculating suit
showers with water treatment. The current operations centre on the PFR Fuel Fabrication
Facility and the associated Dry Granule Production Plant (DGPP) which provided the
mixed oxide fuel granules. The PFR plant converted the granules into pellets which were
then loaded into fuel pins and finally assembled into fuel assemblies for shipment to
Dounreay. Decommissioning of the final assembly area, pin filling line, vibro-compaction
suite and other areas has been completed utilising manual techniques. The final phase of
the project, the fuel line where the pellets were prepared, is the most heavily contaminated
and with significant dose rates often in excess of lOmSv will require remote dismantling.
Following the earlier development work on Co-precipitation and Dry Recovery plants the
PFR project can be termed production decommissioning with a large number of plant items
to remove against tight financial and timescale targets. The DGPP plant was initially a
pilot facility upgraded to full scale production. The result has been a significant
decommissioning challenge in terms of residual inventory and dose rates combined with
very restricted access. In addition to the techniques used on other projects it has been
necessary to develop a manipulator system to allow remote dismantling of the main part of
the plant. Following extensive off site development and training, utilising full scale mock
ups, the machine is now deployed on the plant, this will be moved to the PFR plant on
completion of DGPP. Many of the systems are common with the machines being
developed for other projects. In most cases the same control, viewing systems, end effect
manipulators and tooling are used, the main differences being the deployment platforms.

WASTE MANAGEMENT

The waste management issues for most of the sites are straightforward with most arisings
being of low specific activity and able to be sent to local tips or the Drigg shallow burial
site. The Sellafield site however has specific challenges resulting from the reprocessing
operations carried out. Historic ILW is stored in silos whilst high level liquid waste is
stored in tanks. The Company policy is for current generated waste to be stored in a solid
immobilised form which is cementation for ILW and vitrification for HLW and appropriate
plants are in operation. The recovery of historic ILW from the wet and dry silos requires
the provision of additional plants and integration with current operations. WMPR strategy



has been developed over several years to ensure that a cost effective and safe solution is
developed which minimises the number of new plants required and maximises the use of
plants already operating in support of current reprocessing. The developed strategy is now
being implemented.

B38 Wet Silo

The first 6 compartments of B38 were commissioned in the mid 60s to store Magnox fuel
cladding and other ILW under water. The corrosion problem for Magnox swarf had been
recognised and the salinity of the water was deliberately raised to accelerated this
corrosion. Rapid corrosion however led to the evolution of hydrogen and local heating
within the waste pile. The later extensions to the complex, undertaken in three
phases(compartments 7-12, 13-18 and 19-22) have progressively increased provision for
the cooling of the waste and the slowing of the corrosion process. Tipping of waste ceased
in the late 80s and the assessment of emptying methods was initiated. Waste from
compartments 19-22 with the latest material and reduced corrosion was compatible with the
encapsulation plant supporting current reprocessing. A retrieval machine based on a petal
grab is being successfully utilised with two compartments now emptied. For the earlier
compartments the recovered waste is not compatible with current encapsulation plants and a
purpose built plant which will dewater and compact the sludge is currently under
construction. Because other waste was tipped which may be difficult to transport the
recovery machines must also include sorting and size reduction. These machines are
currently being manufactured.

B41 Dry silo

The first ILW silo on the site it consists of 6 compartments linked by an enclosed tipping
corridor. In addition to aluminium and Magnox fuel cladding graphite, laboratory and
other wastes were tipped with minimal records. Access to the facility is extremely
restricted due to later construction and the building structure has deteriorated. Again a
dedicated plant will be required to sort, package and encapsulate the waste. The design of
this plant and the associated retrieval equipment is at an advance stage.

TECHNOLOGY AND DEVELOPMENT

The projects described depend on the use of a wide range of technologies and techniques to
enable them to achieve their objectives. A substantial Research and Development
programme (2) was established in support of the Sellafield decommissioning projects in
1989 and has successfully provided important equipment and techniques. Examples of
these include the in situ and fixed plutonium inventory assay equipment with significantly
increased accuracy and the ability to cope with a variety of isotopic compositions, remote
equipment backed up by a range of integrated control, modelling and viewing systems
which minimise operator fatigue and improve effectiveness, data acquisition systems



including three dimensional imaging, radiation modelling codes allowing the prediction of
source data from a limited number of dose rate measurements and advanced
decontamination methods which are extremely effective but with near zero discharges. The
emphasis of the programme in support of current projects is to continually increase
effectiveness and reliability recognising that decommissioning is a production scale
operation. Whilst it has been demonstrated that the current decommissioning programme
can be achieved with technologies available today the development programme also
supports longer term developments, sometimes involving radical and emerging
technologies, but all with the overall objective of reducing the cost of decommissioning in
an environment when the constraints in the form of regulations, dose targets and discharges
are expected to become increasingly more restrictive.

DECOMMISSIONING COSTS AND ACHIEVEMENT

The technical achievement of projects, whilst in itself of satisfaction to the engineers, must
be matched by the ability to predict and achieve financial targets. BNFL has since 1988
assessed long term decommissioning costs for all its facilities, shut down, operating, under
construction or planned and this is updated on a regular basis. The ability to forecast such
long term costs is required to allow for the financial provision for future liabilities both on
a global and plant specific basis. BNFL has developed a detailed plant decommissioning
costing model (1) which utilises plant construction information, known or estimated
radiological data to generate decommissioning costs, manpower and material requirements,
decontamination effluent arisings, waste volumes and disposal container requirements. The
reference data used in the calculations is based on currently available technology and
techniques and where available real experience on decommissioning projects or other
experimental or forecast data. The model has been used on twenty two major plants at
Sellafield, including THORP where the provision for decommissioning is included in the
cost of reprocessing. This long term forecast for all BNFL's liabilities has shown a
downward trend, matched by a reduction in the parallel long term forecast of waste
management costs. The reductions in the latter are very much due to the integrated site
approach to the problem. For the current decommissioning projects up to April 1997
BNFL had completed some twenty two projects or major project phases and this has been
achieved at 85 % of the originally estimated cost. The current programme encompasses
over 20 projects with the latest predicted outturn forecast being 87% of the orriginal
forecasts.

INTERACTION WITH REGULATORS

Nuclear licensing arrangements in the United Kingdom include the requirement for the
licensee to prepare decommissioning plans and programmes. For Sellafield this has been
developed into an agreed 15 year Post Operational, Waste Retrieval and Decommissioning
programme updated annually. For each project there is a more detailed interaction with the
regulators which varies depending on the assessed level of risk within the project. The



more difficult projects will require an overall safety case, detailed safety justifications for
each phase and safety documentation for the construction and commissioning of any major
facilities in support of the decommissioning. The overall safety case, which is not
particularly detailed and is at a safety strategy level, and the first detailed phase submission
would normally be required before work could commence. Further detailed phase
submissions would be made at the appropriate time. For more simple projects it may be
possible to cover all aspects in one document. Additional justification is required for
waste generation and discharge authorisations. Particular attention is paid to projected dose
uptake during the safety justification stage and formalised ALARP studies are implemented
for most projects. A number of dose rate modelling techniques have been developed to
assist the process and they allow rapid assessment of benefits achieved by additional
shielding or removal of high sources. It is common for regulatory approval to be given in
a number of stages with agreed 'hold points' where performance to date can be reviewed.
Frequent contact with the regulator 'Site Inspector' is normal.

CONCLUSIONS

The decommissioning of the BNFL's sites presents an ongoing challenge requiring an
integrated and co-ordinated programme. The successful completion of a number of
projects and the large number of projects currently undergoing practical decommissioning
demonstrate that decommissioning and the associated waste management can be successfully and
cost effectively accomplished.
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REACTOR SAFETY REVIEW OF PERMANENT CHANGES

K. F. Lam
Technical Supervisor

Operational Compliance Section, Nuclear Safety Department
Darlington Nuclear Generating Station, Bowmanville, Ontario

1.0 INTRODUCTION AND OVERVIEW

Operational Compliance engineers review all changes as part of a change control process. Each change, permanent
or temporary, is required to undergo an intricate review process to ensure that the benefits associated with the change
outweigh the risk. For permanent changes, it is necessary to ensure that the proposed design meets the nuclear safety
requirements, conforms to the licensing requirements and complies with regulatory requirements. In addition, during
installation of the permanent change and prior to in-service, a configuration management process is in place to align
the change with operating and maintenance documents.

2.0 PURPOSE AND SCOPE

The purpose of this paper is to outline the reactor safety review process to ensure that regulatory, licensing and
nuclear safety requirements are met. This paper describes the overall nuclear safety review process, the role an
Operational Compliance engineer in the conduct of reactor safety review of Permanent Changes and the tools
available to him/her to execute the review process.

The scope of reactor safety review primarily covers three main areas:
• Review by Systems
• Review by Locations
• Review at the Interfaces
These reviews are necessary to ensure compliance with nuclear safety, licensing and regulatory requirements.

3.0 WHAT IS A PERMANENT CHANGE?

A Permanent Change is loosely defined as a change in design requirement or a change in designer's intent. Design
Requirements are generally well documented in the Design Manual and cover a wide range of topics, for example,
functional and performance requirements imposed overall requirements on a system; interfacing requirements
imposed requirements on other systems to ensure compatibility; environmental requirements and seismic requirements
imposed on specific components qualifications. Only a few of the Permanent Changes encountered during the
operational phase of a nuclear power plant result in changes in design requirements. Permanent Changes which result
in changes in design requirements require rigorous review to ensure validity of the design documentation and that the
impacts of changes of design requirements are addressed. On the other hand, designer's intents are generally implicit
and not well documented. Very often, they are considered to be good design practices by designers. Changes in
designer's intent are less profound than changes in design requirements. However, with passage of time and staff
changes, designer's intent may become more and more difficult to recognize and to be confirmed. For conservatism,
often changes to designer's intent and/or change in design requirements are classified as Permanent Changes to
ensure that the project team implements the change process through a "managed" system.

4.0 THE ROLES OF REACTOR SAFETY REVIEW OF PERMANENT CHANGES

Reactor safety review of Permanent Changes is intended to fulfill a number of safety and licensing objectives that
include, among others, three key areas:
• To comply with the legal requirements prescribed in the Power Reactor Operating Licence.
• To demonstrate reactor operation within safe operating envelope defined by the station's Operating Policies and



Principles. Where changes in safe operating envelope are necessary, such changes meet public safety criteria and
are approved by the regulatory body.

• To ensure the documentation associated with the Permanent Changes that impact on nuclear safety is followed
up through a "managed" process.

Another important role of the reactor safety review is to outline deficiencies in the Permanent Change if nuclear
safety, licensing or regulatory requirements are not met, and to suggest design solutions, where appropriate, to meet
these requirements.

4.1 To Comply With The Legal Requirements

The first key area is fulfilled by ensuring that all Permanent Changes which require regulatory approval are submitted
to the AECB prior to implementation. The requirements for regulatory approval are explicitly defined in, but not
limited to, the Power Reactor Operating Licence. For example, regulatory approvals of temporary and permanent
changes are stipulated in the station's Operating Policies and Principles. In addition, regulatory approvals are
sometimes required prior to design or procedural changes of certain equipment which are regulated federally or
provincially. The requirements for regulatory approvals are described in applicable Codes and Standards which have
been adopted as statues. Operational Compliance engineers must decide correctly the need for regulatory approval
and the reasons for making that decision. It is undesirable to seek regulatory approval of changes that might require
AECB approval as opposed to changes that shall require approval, although it may be a temptation to do so. To
request regulatory approval of a Permanent Change that does not require AECB approval not only adds unnecessary
work loads to the AECB staff; but also results in unnecessary delays in implementation as well. A tool that guides
Operational Compliance engineers to make correct decisions is listed in Figure 1. Permanent Changes in areas that
require AECB approvals are flagged.

Currently, Permanent Changes that require AECB approval can be loosely divided into three main types:

Protocol Approval. The requirement for prior AECB approval is specifically stated in the Power Reactor Operating
Licence or stipulated in the Operating Policies and Principles. Permanent Changes in the following areas require
AECB approval.

Special Safety System
Reactor Regulating System
Fuel Design
Nuclear Safeguards related to IAEA equipment
Station's Physical Security
Use of Land within the Station's Exclusion Zone

Jurisdictional Approval. The requirement for prior AECB approval is stipulated in the applicable Codes and
Standards, for example, changes in System Code Classification (SCL). SCL is a tabulation of safety related systems
describing their nuclear and non-nuclear code classes approved by the AECB. Code Class designation is generally
based on the radioactivity content, pipe size and the consequences of failure. Since AECB is the primary
jurisdictional body for nuclear power plants, certain jurisdictional approvals require concurrence from the AECB.

Regulatory Approval. AECB approval is required for Permanent Changes which could significantly and adversely
affect the assessment of public risk as stated in the current licensing submissions. Operational Compliance engineers
are required to exercise reasonable judgement, based on a cursory review of the impacts of Permanent Changes on
nuclear safety, to decide whether additional safety assessment is required to demonstrate compliance.

4.2 To Demonstrate Reactor Operation Within Safe Operating Envelope

The second key area is satisfied by performing a safety assessment to demonstrate that the Permanent Change does
not result in reactor operation outside of the Safe Operating Envelope (SOE). Safe Operating Envelope is that



regime of station operation where the risk to the public resulting from station operation is considered by the AECB
and Ontario Hydro to be acceptable. The boundary is defined by various licence conditions, operating limits resulting
from safety analysis, with assessment from other sources. This assessment is executed through a step by step process
which involves understanding the safety related function at the system/component level, nuclear safety design
requirements of the system/component, and the impact of Permanent Change on safety analysis. In some cases,
Permanent Changes are accompanied with changes in the SOE boundary. Deterministic and probabilistic risk
assessment are required to redefine the SOE. AECB approval would be required.

4.3 To Ensure The Documentation Alignment Through A "Managed" Process

The last key area is to ensure the configuration management process is well in place for Permanent Changes that have
nuclear safety implications. This step is important to ensure compliance prior to installation and in-service of the
Permanent Change. A simplified checklist is provided in Appendix A to facilitate the review process. Additional
assessment is required when a Permanent Change indicates certain nuclear safety, licensing and regulatory
requirements have to be complied with.

5.0 THE REACTOR SAFETY REVIEW PROCESS

For administrative purpose, the reactor safety review can be loosely divided into three steps.

5.1 Step 1 - Subject Classification

All Permanent Changes are sorted by Subject Classification Index (SCI). SCI is a categorization of subjects and
subsystems by numbers. Systems, components and the associated instrumentation and controls are provided with
corresponding identification numbers to define the system boundary. The use of SCI allows all changes to the Special
Safety Systems (SSS) and Reactor Regulating System (RRS) be readily identified so that these changes are flagged
and submitted to the AECB for protocol approval in accordance with the licensing requirements and as required by
the Operating Policies and Principles. In addition, Permanent Changes on other standby safety systems (see Appendix
C), whose unavailability is monitored, receive a thorough review. Other safety-related systems can be reviewed based
on the safety credits they were provided. A safety related system is one by virtue of its failure would result in
radiological consequences to the public. Therefore, safety related systems constitute a very large group of systems in
the nuclear power plant. Safety credits are design provisions, assumptions, initial conditions OT operator actions
which were assumed in the safety analysis or built into the accident scenarios. Deviation from these conditions may
have significant effects on the frequency of initiating events or radiological consequences of postulated accidents.
Non-safety related systems do not require a nuclear safety review related to its system design. However, all
permanent changes are reviewed with respect to their locations and interfaces to confirm with safety assumptions
employed in the safety analysis.

An additional advantage to use SCI to classify Permanent Changes allows Operational Compliance engineers to focus
on changes on safety related systems and to decide on the need of AECB approval based on the work sub-packages
within the scope of the Permanent Change.

5.2 Step 2 - Preliminary Review:

A preliminary review of each Permanent Change includes three parts:

5.2.1 Review The Impact Of The Permanent Change By System Requirements. The review focuses on the impact
of the Permanent Change on the system level. Based on the system SCI in Step 1, an Operational Compliance
engineer is able to ascertain the type of systems which the Permanent Change associates with.

For Special Safety System and Reactor Regulating System, the approval of Permanent Change is mandatory as
stipulated in the station's Operating Policies and Principles. From a safety assessment perspective, it is imperative
that the Permanent Change has no adverse effect on both the system's performance and reliability or the adverse



effects were evaluated and found to be acceptable. A design requirement of the Special Safety System is that its
unavailability requirement should be no greater than 0.001 yr./yr. This unavailability requirement is stipulated in R-7
[1], R-8 [2] and R-9 [3] and is assumed in the safety analysis. Therefore, any adverse effect on the system
performance and unavailability as a result of the Permanent Change should be quantified to conform with safety
analysis and licensing requirements.

For Standby Safety Systems other than the Special Safety Systems, it is necessary to demonstrate that the Permanent
Change does not exceed their prescribed unavailability targets. It is important to note that the frequency of
occurrence of postulated accidents coincident with Standby Safety System Mure is a criterion for assigning dose
class which forms the basis of acceptance by the regulatory body [4]. Therefore, Permanent Change that results in
adverse effect on system performance or reduces the system reliability should be substantiated to ensure consistency
with safety analysis.

For safety related systems other than the Standby Safety Systems, it is necessary to assess the impact of the
Permanent Change on nuclear safety requirements. This require an Operational Compliance engineer to review the
system's design manual and to scope the safety credits related to the change. Where a Permanent Change results in a
change in Design Manuals or Operating Manuals, a detailed assessment would be required to ensure continued
alignment of design and operating documentation.

Questions generally asked to guide an Operational Compliance engineer in the conduct of a reactor safety review of
safety related systems focus around the impacts of the Permanent Change on reactor's ability to control reactivity, to
cool fuel and to contain radioactivity. For example, does the Permanent Change has any adverse effects on:

the shutdown capability of the reactor?
the regulating function of the reactor?
the Guaranteed Shutdown State?
the primary, backup, shutdown or emergency heat sinks?
the containment envelope?
separation at division, system or group level?
the claimed system availability?

For Permanent Changes in non-safety related systems, a review by system requirements is not needed because these
systems do not have any safety related function. Reactor safety review is therefore, confined to outside, rather than
inside, of the system boundary. However, reviews by location and at the interface are required to confirm that the
safety credits claimed in the safety analysis continue to be provided.

5.2.2 Review The Impact Of The Permanent Change By Location. This review aims at the requirements generally
at the component level as a result of certain design basis accidents postulated to occur by virtue of its location.
Environmental qualification and seismic qualification are important considerations. For this reason, it should be noted
that addition of a new component not qualified for the environmental or seismic requirements or modification of an
existing qualified component in that area represents a new nuclear safety hazard. It is essential that environmental or
seismic qualifications of components where credited in the safety analysis continue to be valid after they are modified,
and new components added in a seismic qualified area must be assessed or requalified to preserve its safe operating
envelope.

A list of design basis accidents related to environmental conditions are provided in Appendix B.

The following questions are prompted by an Operational Compliance engineer during review of Permanent Changes
in certain locations. For example, does the Permanent Change has any adverse effects on:

station's ability to cater for common mode events?
system alarm/annunciation including beetles for leak detection, fixed area gamma/tritium monitors etc.?
seismically qualified components?
environmentally qualified components including flood and steam barriers?
the accessibility of certain equipment whose operation is credited during abnormal incidents?



It is important to recognize that a change of pipe size or valve configuration may have profound implications to the
postulation of design basis accidents in certain locations. For example, an increase in pipe size may result in larger
break discharge exceeding the assumed values in the safety analysis. Change in valve configuration could result in
different manual or automatic actions in response to different design basis accidents. Consideration should be given
to locations where accessibility is restricted during normal power operation or following an accident.

5.2.3 Review The Impact Of The Permanent Change On Interfacing Components. This review ensures that the
system and component interfacing requirements continue to be compatible with the Permanent Change. This is an
important consideration when a Permanent Change results in a change in boundaries associated with Nuclear Code
Class, containment or seismic qualification. Nuclear Code Class refers to the designation described in the ASME
Boiler and Pressure Vessel Code Section i n and CSA Standards N285.0 [5]. A change in system operating pressure,
due to a change in pressure relief valve setting, a change in the pressurizing pump, or a change in the pump/valve
controls could result in significant changes in a large number of interfacing components.

A review of the interfacing requirements of the system's design manual is an important step to scope the impact of a
Permanent Change on its interfacing systems.

Generally, there are several interfacing conditions the project team and designers have to contend with during design
execution of Permanent Changes.

Physical Interface. This is the interface through physical contact in which force and moment, electric current,
conductive heat transfer etc. take place. Therefore, where Permanent Change results in significant changes in
physical interface, a detailed assessment would be required to address the impact on reactor safety.

Questions generally asked by an Operational Compliance engineer focus around the effects of Permanent Changes on
physical interface include the following: Does the Permanent Change result in:

a significant increase in loads on floor or wall, particularly when drainage, curb or louvers are altered?
a significant change in loads of the adjacent components?
a change in the ASME service level?
a change in operating/design temperature, pressure and mass flow? If so, what are the effects on piping
flexibility analysis and equipment rating?
a change in the operation of any of the heat sinks (primary, backup, shutdown or emergency)?
a change in equipment loading of interfacing system components such as nozzles, expansion joints, supports etc.?

Instrumentation and Controls Interface. This is the interface in which a parameter is monitored or controlled for
manual or automatic actions. Any change in instrumentation and controls interface should be addressed in the
detailed assessment to ensure satisfactory operability.

An Operational Compliance engineer would ask:
• Do the instrumentation and controls requirements meet the (process) design intent?
• Do the instrumentation and controls meet the separation requirements outlined in the Nuclear Safety Design

Guides?

Supporting Services. These are the services that support the operation of a system or equipment. Examples
include: service water, instrument air, electrical power, heating, ventilation and air conditioning, drainage and venting
etc. The requisitioner of the supporting services should communicate with the services provider to ensure the change
in services can be accommodated by the supporting systems. Any significant change in the supporting services should
be reviewed by the System Responsible Engineer of the services to ensure that such change does not result in a
significant change in system performance and reliability. For example, a significant increase in service water demand
may result in an overall pressure drop such that the water consumption in certain critical equipment may be cutback
below its minimum requirement necessary to meet its safety function. The role of an Operational Compliance



engineer is to confirm with the System Responsible Engineer that he/she has reviewed the change in supporting
services, accepts the new requirements and that there is neither adverse effects on system performance nor
degradation in system reliability. Questions generally asked by an Operational Compliance engineer include:
• Does the class of electrical power provided to the new equipment meet the nuclear safety requirements?
• Does the change have any adverse effect on the electrical load to a bus or cable tray carrying critical nuclear

safety services ?
• Does the change necessitates any change in settings of electrical relay/switches to protect the associated

equipment?
• Has the change supported by other plant services such as service water, instrument air, heating and ventilation,

drainage and venting etc.?

Human Factors Interface. This is the interface between the operator/plant worker and the equipment. The
following 4 types of Permanent Changes should be addressed in detailed assessment.
• Change in control panel or consoles
• Change that could be altered by improper operator action
• Change that could be altered by improper maintenance activities
• Change that accompanied with complicated operating procedures

5.3 Step 3 - Detailed Assessment

A reactor safety review of a Permanent Change requires a detailed assessment if the preliminary review shows that a
more in-depth review is needed to ensure that AECB regulatory requirements, licensing requirements and nuclear
safety design and operating requirements are met. This review process is normally performed in conjunction with the
project leader and the designers, and is often supplemented by a field tour to familiarize with the field conditions.
Additional analysis, where required, are requested to support the Permanent Change. When deficiencies in the
Permanent Change are noted, design solutions, where appropriate, are suggested by an Operational Compliance
engineer to the project team for consideration.

The following includes a list of items to be considered during a detailed assessment. This list is not exhaustive but
intended only as a guide for Operational Compliance engineers in the conduct of a detailed assessment.

5.3.1 Changes Affecting Safety Analysis or Data Set. An Operational Compliance engineer has a role to ensure
that Permanent Changes do not affect the safety analysis envelope generally covered in the Safety Report and
licensing submission.

To facilitate this process, an Operational Compliance engineer has to review the safety related functions of the
existing design, to compare with the Permanent Change and to identify changes, if any, in the analysis assumptions or
data set so that the safe operating envelope is preserved.

To maintain the safe operating envelope, it is necessary to demonstrate that the Permanent Change does not result in
hazards of a different nature not identified in the safety assessment, a higher frequency of failure than predicted in the
safety assessment, or higher radiological consequences than previously predicted in the safety analysis.

To comply with these restrictions, an Operational Compliance engineer is required to review the safety related
function of each system affected by the Permanent Change and to ensure that their safety credits demanded by the
safety analysis are either not changed or diminished. This review process includes, among others, to confirm the
safety parameter, system conditions or equipment involved; to confirm relevant design basis accidents; to confirm the
limiting accidents and the appropriate safety criteria; and to ensure that the bounding values required to meet the
safety criteria for limiting accidents are not affected. Any change in safety credits would result in a change in safe
operating envelope and additional effort are needed to implement further changes in safety analysis and operating
documents.

For Permanent Changes in Standby Safety Systems, it is necessary to ensure that:



• the replacement components have the same or better component reliability. Critical components such as pumps,
heat exchangers and valves are provided with the same degree of redundancy or better unless a reliability
assessment is provided to support that a lower component redundancy is acceptable.

• the quality assurance for the replacement or new components are compatible with the existing ones.
• failure indications to annunciate component failure, though not part of the control function, is not impaired by the

Permanent Change.

Where Permanent Changes are made to alter the safe operating envelope, an assessment should be made in support of
this change to demonstrate the change in safety analysis assumptions, safety credits and radiological consequences.
Such change would normally accompanied with a change in licensing documentation and operating documents.

Apart from the deterministic assessment, an Operational Compliance engineer is required to refer to risk assessment
documents to ensure that the licensing basis is preserved or additional risk assessment has been included to support
the Permanent Change.

5.3.2 Changes In Nuclear Code Class System. A Permanent Change in a Nuclear Code Class System often results
in a change in Code Class or boundary. There are three distinct situations for changes in a Code Class System:
• a shift in Code Class boundary while the Code Classes on either side of the boundary are not changed.
• a change in Code Classification while the Code Class boundary is not changed.
• An extension of or a deletion from a section of a system while the Code Class boundary is not changed.

In some cases, a Permanent Change involves more than one of the above cases or a combination of the cases above.

For Permanent Changes on Nuclear Code Class Systems, changes on the following three documents, if any, have to
be ascertained.
• System Classification List (SCL)
• Consequences of Failure (CoF) statement
• Over-pressure Protection Report (OPPR)

An Operation Compliance engineer has to confirm with the system designer that a change in Code Class System is
consistent with the SCL and that the CoF statement and OPPR continue to remain valid. Any change in SCL, CoF or
OPPR would require a submission to the regulatory body to amend these documents and to substantiate that the
changes are acceptable.

Where a Permanent Change results in a modification of an existing nuclear Code Class system, an assessment is
needed to determine whether the change is considered "major" or "minor" [5] within the context of CSA N285.0.
When a modification is accepted by the regulatory authority as "minor", it may be made to the same class as the
original system and to the same or later issue of the Standards. For "major" modifications, the design and
construction requirements are similar to a new system and is governed by the current issue of the Standards.
Depending on the nature of changes, AECB concurrence may be required for Permanent Changes classified as
"major" or "minor" modifications.

Where a Code Class boundary is associated with a containment or seismic qualification boundary, extra caution must
be exercised to ensure that the component functions satisfy the seismic, containment and Code Class boundary
requirements. These requirements are stipulated in Nuclear Safety Design Guides and AECB Regulatory
Requirement R-7.

Where the change in Code Class boundary also results in a change in assured status of containment boundary valve,
the operational flowsheets, operating manuals and the Valve Position Assurance Program database have to be
updated to reflect this change.

5.3.3 Changes In Pressurized Systems. Pressurized systems for non-safety related systems are governed by the
provincial body (i.e., Ontario Ministry of Consumers and Commercial Relations). For safety-related systems, both



the provincial body and the AECB have jurisdictions on pressurized systems.

Where a Permanent Change results in a change in operating pressure or temperature or a change in pressure
boundary, it is necessary to document these changes in both design and operating documents.

The role of an Operational Compliance engineer is to confirm with the system designer to ensure that the design is
registered with, and approval granted by the regulatory body prior to implementatioa In addition, since the change in
one pressurized system may have effects on the interfacing systems outside the SCI boundary, Operational
Compliance engineer has a role to review the interfacing systems and to confirm that accommodating actions are
taken to align with the change.

5.3.4 Changes Involving Building Codes. Conformance to Building Codes is required for all architectural
modifications. Examples include:

change/deletion of fire door/wall
change/addition/deletion of ladders or handrails
addition of field office
addition/deletion of entrance/exit
addition of a new building or extension of an existing building

Power Reactor Operating Licence requires that all laws of general application in the Province of Ontario are
applicable to and in respect of the nuclear facility and must be complied with, except to the extent that such laws are
in conflict with any applicable federal statue, order, rule or regulation. Therefore, civil engineers or architects should
be consulted to ensure confonnance to applicable Building Codes.

As indicated previously, the layout of a nuclear power plant is governed by three levels of government. Building
Codes and Fire Codes are administered by the province and the municipality. Physical Security Regulations and
Radiation Protection Regulations are governed federally by the Atomic Energy Control Board. Operational
Comphance engineers should ensure that where conflict arises in these jurisdictions are reconciled by the project
leader.

Of particular interest is the access and exit requirements stipulated by these governing documents. By virtue of the
nature of their intents, these documents are, in some cases, in conflict with one another. For example, to limit access
to meet Physical Security Regulations may, in some cases, contravene the Fire Codes. The intent of Fire Codes is to
allow rapid egress in the event of a fire while the Physical Security Regulations prohibit access, and therefore exit, of
unauthorized personnel.

Another important consideration in change in station layout is partitioning in high Radiological Zone Areas. A role of
Operational Comphance engineer is to prompt designers to assess the effects of partition on radiation protection and
ventilation air flows. Alteration of station layout at or near radiological zone boundary has to be reviewed by Health
Physics to ensure comphance with Radiation Protection Regulations. Ventilation flows as a result of change in layout
or partitioning change have to be confirmed by a ventilation engineer to ensure compliance with Radiation Protection
Regulations which prohibit normal air flow direction from high Radiological Zone Areas to low Radiological Zone
Areas.

5.3.5 Changes Involving Reconciliation Of AECB Regulatory Documents. Power Reactor Operating Licence
requires the operating requirements for the special safety systems to comply with AECB Regulatory Documents R-7
[1], R-8 [2] and R-9 [3]. In addition, the design of the nuclear power plant shall comply with the Nuclear Safety
Design Guides. Where the design cannot comply with the Nuclear Safety Design Guides but the intents of these
guides are complied, the designer is required to file a Design Guide Exception to document the rationale why such
deviation is needed, for example, due to no viable alternatives.

Another area of important consideration is the Permanent Changes on Primary Heat Transport (PHT) Systems.
AECB Regulatory Document R-77 [4] sets the service limit requirements for PHT systems during normal, abnormal



or accident conditions including design basis accidents prior to and following shutdown system trips. Permanent
Changes on PHT systems should be assessed to ensure continued compliance with this Regulatory Document.

Where the AECB Regulatory Documents impose unnecessary restrictions on the design and operation of a special
safety system, containment boundary devices or PHT systems, prior approval should be obtained from the regulatory
body before detail design is executed.

The role of Operational Compliance engineer is to confirm with the system designer that Permanent Changes that •
might be in conflict with AECB Regulatory Documents and Nuclear Safety Design Guides are reconciled and the
basis for deviation from these documents are justified prior to station's approval of the Permanent Change.

In the reconciliation process, an Operational Compliance engineer has to ask two important questions:
• Does the Permanent Change meet the design requirements?
• Are the design requirements appropriate?

The first question addresses the Permanent Change to ensure that the established design requirements continue to
remain valid after the Permanent Change. However, as a result of further understanding of the system requirements
that give rise to the Permanent Change, it would also be appropriate to address the latter question, i.e., validity of the
design requirements. Where a change in design requirement has emerged, it is necessary to capture the impact of
these new requirements on the affected systems to ensure compliance with the new requirements.

5.3.6 Changes That Result In Change In Environmental Qualification Functions. When a Permanent Change
affects the environmental qualification function of a system or component, it is necessary to understand the rationale
of the change and the scope of change. Environmental Qualification function is the capability requirements of the
system or component rather than the documented evidence of the device.

The parameters generally considered in the formulation of environmental qualification functions of safety related
components include: temperature, pressure, humidity, radiation, immersion or water spray, vibration and corrosion.
Therefore, Permanent Changes to rooms that are equipped with flood-proof or steam-proof barriers, special
ventilation and cooling systems to provide the environmental qualifications of the equipment contained therein should
be reviewed in detail to ensure this environmental qualification function continues to be met.

If a Permanent Change imposes a more harsh environment on a safety related system or component than its capability
as evidenced in the qualification document, it would be questionable whether the system or component would be able
to fulfill its safety roles to mitigate the radiological consequences.

Where a Permanent Change results in environmental conditions more harsh than the environmental qualification
conditions, three approaches can be taken to put the design within the safe operating envelope:
• Improve the environmental conditions so that the test conditions in the qualification program would be

conservative (i.e., more harsh). This approach requires a change in the proposed design or additional safety
analysis to meet the environmental qualification requirements.

• Requalify the equipment so that the environmental conditions anticipated in the design is less harsh than the test
conditions in the qualification program.

• Reanalyse the postulated accidents by removing conservative assumptions or refining the methodology of the
safety analysis so that the environmental conditions following the accidents would be less harsh than the test
conditions in the qualification program.

The role of Operational Compliance engineer is to confirm with the system designer that the environmental
qualification requirements are less harsh than the qualification (i.e., documented evidence) of the system or
components. Where the environmental qualification requirements exceed the capability of the system or component,
at least one of the approach has been employed to reconcile the design and the qualification program. The
Environmental Qualification of Safety Related Component List (EQSRCL) is an important tool to facilitate this
review process.



5.3.7 Changes Requiring Seismic Assessment. When a Permanent Change involves an addition of a new
equipment or a change in an existing seismically qualified component within a seismically qualified area, there is a
need to review the effects of these changes to ensure continued compliance with the nuclear safety requirements.

For a seismically qualified system, it is essential that its safety related functions continue unimpeded by the Permanent
Change. This requires that any modification that could affect the performance of an existing seismically qualified
components has to be requalified. Depending on the extent of the Permanent Change, documented evidence is
required to support this claim.

For non-safety related systems within a seismically qualified area, it is necessary to demonstrate that the new
components added in the Permanent Change are securely anchored such that they do not fall down during or
following a seismic event. This process requires the component to be seismically qualified by design. An alternative
approach is to conduct a field tour to ensure that the non-seismically qualified, non-safety related components do not
cause any damage to the safety related components below. Generally, a 1.7m (5 ft.) corridor and 0.35m (1 ft.) below
seismically qualified components are considered adequate for this purpose. Failure of non-seismically qualified
component is not expected to create a hazard to seismically qualified components beyond these distances.

5.3.8 Changes Requiring Additional Loading Analysis. Permanent Change may result in a change in either static
or dynamic loading (or both) on adjacent components. Static loads may arise due to, for example, equipment dead
weight, thermal expansion, pressure forces due to change in area (such as increaser or reducer) or change in direction
(such as pipe elbows), loads due to natural elements etc. Dynamic loads may arise due to, for example, vibration,
pump starts or trips, pipe flow, waterhammer, seismic loads, design basis accident conditions such as pipe breaks etc.

Operational Compliance engineers should confirm with designers that all loads arising from equipment or piping as a
result of the Permanent Change are communicated and accepted by the equipment or piping engineers. Since all
loads eventually are supported by floor and wall, it is therefore necessary that these loads are communicated and
accepted by the civil engineers as well. Where a Permanent Change may result in a higher fluid integrated discharge
or discharge rate, the resultant effects on wall and floor loads should be assessed to ensure structural integrity.

5.3.9 Changes Involving Stress Analysis. Permanent Change may require additional stress assessments if the
assumptions employed in the stress analysis are altered. These assumptions include component geometry, material
properties, operating temperature and pressure, stress concentration factor, fatigue usage, stress intensity etc.

Where a Permanent Change results in a change in the above parameters that would adversely affect the component
performance, it is necessary that the project leader be apprised of the impacts on component durability. If there is
significant doubt on component durability as a result of the Permanent Change, the applicable stress analysis
document should be reviewed for clarification. Two approaches may be taken:
• Amend the stress analysis document to demonstrate component durability to suit the operating conditions of the

Permanent Change.
• Revise the Permanent Change to preserve the assumptions of the stress analysis.

The role of Operational Compliance engineer is to confirm with the system designer that the Permanent Change is
consistent with the assumptions employed in the stress analysis to ensure continued compliance and that the basis of
deviations from the design conditions are justified.

5.3.10 Changes Involving Safety Report Update. Some Permanent Changes when implemented result in a change
of the description or safety analysis stated in the Safety Report. An Operational Compliance engineer should review
the extent of each Permanent Change by assessing the nuclear safety role of the system/component in the overall
defense in depth strategy and by assessing the effect of the change, particularly on the safety credits the
system/component contributes to specific postulated accidents.

Where a Permanent Change results in a change in the safety analysis, two approaches can be taken to maintain



consistency:
• Recommend design provisions or procedural changes in the Permanent Change so that the safe operating

envelope is preserved.
• Where Permanent Change results in a net change in Safe Operating Envelope, an Operational Compliance

engineer should ensure that such change is communicated to the appropriate work groups for action to align with
the Permanent Change.

Where the change in description or safety analysis is considered of minor nature with respect to the Safe Operating
Envelope, the required change are recorded to facilitate future Safety Report updates.

6.0 CONCLUSION

Reactor safety review at Darlington Nuclear Generating Station is a well-managed process. The "thought process"
includes a flowchart (Figure 1) and checklist (Appendix A) which assist Operational Compliance engineers to execute
the review process. Operational Compliance engineers were trained in the overall station defense in depth design
provisions, safety analysis interfacing process, safety credits that tie into the safe operating envelope as this
Permanent Change review process was put in place. Since mid 1994, several hundreds of Permanent Changes had
been processed. During the project design execution, Operational Compliance engineers provide guidance to project
leaders and designers to assist them to comply with the nuclear safety, licensing and regulatory requirements. There
has been no OP&P non-compliance due to inadequate Operational Compliance review since the reactor safety review
process was implemented.
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Figure 1 Reactor Safety Review Process for Permanent Changes
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APPENDIX A

Does this Permanent Change result in any of the following?

D Change to a Special Safety System or Reactor Regulating System.
• Change to a safety related system or major process system that might reduce its reliability or

degrade its performance
• Change to components that might degrade its safety related function as defined in the

Environmental Qualification of Safety Related Component List (EQSRCL).
D Change the description or analysis in the Safety Report.
• Change the fuel design or change that might degrade the safety related function of the fuel

handling process functions.
Q Change to station security (safeguard, access control, security barrier).
• Change to the Operating Policies and Principles.
D Change to a pressure, seismic or containment boundary (within a system) for which the system or

component has been registered.
D Change or addition of equipment in a seismically qualified location.
Q Introduction of combustible or hazardous materials or reduction in personnel/equipment

accessibility.

APPENDIX B

Design Basis Accidents imposing environmental qualification requirements on system and components

Common Mode Events
Common Environment (Toxic Gas release)
Turbine Disintegration
External Explosion
Earthquake (DBE)

- only DBE qualified equipment survives.
- the effect of operation or failure of unqualified equipment are postulated on the basis of experience data

Earthquake (SDE)
- Earthquake (SDE) occurring 24 hours or more after LOCA.
- Only SDE or DBE qualified equipment survives.
- The effect of operation or failure of unqualified equipment are postulated on the basis of experience data.

Severe Atmospheric Conditions
Design Basis Tornado
Extreme Temperatures
Extreme Snow load

Hydrogen Explosion in the Tritium Removal Facility

Design Basis Accidents other than Common Mode Events
Loss of Coolant Accidents
- components inside reactor vaults as per environmental qualification envelope
Steam and Feedwater System Failure
- components inside the Powerhouse as per environmental qualification envelope
Random Pipe Failures
- including flooding caused by pipe ruptures



APPENDIX C

Standby Safety Systems are those systems specifically designed to minimize the risk of or to reduce the consequences
of an "initiating event" or a reactor accident.

Standby Safety Systems include:

Special Safety Systems

Shutdown System I (SDS1)
Shutdown System n (SDS2)
Emergency Coolant Injection System (ECIS)
Negative Pressure Containment System (NPCS)

Function
Shuts down reactor using shutoffrods
Shuts down reactor using poison injection
Cools reactor fuel following a loss of coolant accident
Contains radioactivity from releasing to the environs

and

Emergency Power Supply System (EPS)

Standby Class in Power Supply System
(SBC3)
Shutdown Cooling System (SDCS)

Inter-Unit Feedwater Tie (IUFT)

Emergency Steam Generator Cooling
System (SGECS)
Emergency Service Water (ESW)

Powerhouse Steam Venting System (PSVS)

Post Accident Monitoring System (PAMS)

Function
provides electrical power to station services following a
seismic event
provides electrical power to station services following a loss
of bulk electrical supply
provides fuel cooling following reactor shutdown (without
primary heat transport pumps)
provides feedwater supply to boilers from another unit's
deaerator water tank
provides short term seismically qualified feedwater supply to
boilers
provides a long term seismically qualified service water
supply to station equipment
protects powerhouse equipment in the station from harsh
environment following a steam or feedwater line break
provides instrumentation for monitoring the reactor status
and critical parameters following an accident



INVESTIGATION OF THE ROOT CAUSE OF FLOW DIPS
AT PICKERING B
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Atomic Energy of Canada Ltd.
Chalk River, ONT

ABSTRACT

Pickering Nuclear Generating Station (PNGS) B has recently raised its flow trip-point and is now
experiencing a number of low-flow alarms. These alarms are caused by "flow dips" which are
very short but fairly large drops in measured differential pressure (DP) across the flow-measuring
orifice plates. Similar flow dips have been reported at other CANDU®1 stations. The purpose of
this present study is to determine the root cause of these flow dips.

A set of high-bandwidth pressure and accelerometer measurements were made at PNGS unit 7.
The data shows that the high and low sides of the DP cell do receive large (>100 kPa) pressure
pulses and exhibit lightly damped resonant responses, except that the resonant response of the
low-side impulse line becomes heavily damped after the second cycle, coincident with a build-up
of high-frequency mechanical motion, especially in the low-side impulse line. Several possible
theories to explain the cause of flow dips are given.

On an operating reactor such as PNGS B, it is recommended that the flow transmitters be
changed to the adjustable-damping type, and that their time constants be increased. This should
be acceptable to safety and licensing, since the current DP cell time constant is much shorter than
the licensing requirement. Recommendations are made on how to avoid similar flow dip problems
in new plants.

1. INTRODUCTION

The primary heat transport (PHT) system for a CANDU reactor consists of four quadrants, each
fed from its own inlet header through a large number of inlet feeders. Part of the SDS1 safety
system for a CANDU reactor is a measurement of reactor coolant flow. The flows in three inlet
feeders per quadrant are monitored using orifice plates, impulse lines and differential pressure
(DP) transmitters. If one of these three measurements indicates low flow (i.e., below the trip
point), a low gross flow (LGF) alarm occurs; if two out of three measurements on the same
quadrant indicate low flow, a reactor trip occurs on LGF.

As part of the movement to tighter safety margins, Pickering Nuclear Generating Station (PNGS)
B raised its LGF trip point from 84% of nominal flow to 90%. As a result of this tighter margin,
PNGS B began experiencing a number of LGF alarms, up to 30 per day. The output of four DP

1 CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



transmitters is shown in Figure 1 [1]. These alarms are caused by the very short (70 ms) but fairly
large (up to 22%) drops in measured DP as is evident in the second and fourth traces. This short
deep drop in DP is termed a flow dip. If these "flow dips" were a true interruption of flow (and as
discussed below, they are not), a 22% drop in DP translates to an 12% drop in flow [2].

An initial investigation determined that flow dips are not correlated to any other measured signal,
including the corresponding inlet header pressure or the flow in other monitored channels (i.e., the
FINCH channels) fed from the same header [1], The conclusion of this first study was that the
flow dips were a local turbulence phenomena related to orifice plates, and they were not caused
by low flow in the quadrant as a whole or in the individual channel.

Flow dips can be easily filtered out by increasing the damping (time constant) of the DP
transmitters. The manufacturer's specified time constant is 200 ms. The time constant of the total
measurement loop in the Safety Analysis Report [3] is 350 ms, of which 200 ms is assigned to the
transmitter and 150 ms is assigned to the alarm unit. The safety case has been reanalyzed and it
was found that a 550 ms time constant for the transmitter is acceptable. The Atomic Energy
Control Board (AECB) allowed PNGS B to increase the time constant up to 550 ms, maximum,
on the one particular transmitter (unit 6 F4D) that was causing the most problems, but at the same
time requested that PNGS B discover the root cause of the flow dip phenomena [4]. The purpose
of this investigation is to determine this root cause. Following this study, the AECB is expected
to allow a more generalized increase in time constants up to 550 ms, maximum, as required. This
would eliminate all operational problems associated with flow dips.

It is also noted that similar flow dip problems have occurred at both Bruce [5] and Darlington [6].
It appears that flow dips are a generic phenomena with CANDU stations; whether they cause
operating problems depends on the details at each station, and in particular, the setting of the LGF
trip point.

The present report describes the recent set of measurements at PNGS and the results of their
analyses. Conclusions and recommendations for existing and new plants are provided.

2. GENERAL DATA AND OBSERVATIONS

The LGF measurements at PNGS B are made across orifice plates in 1.925 inch feeder pipes; the
diameter ratio for the orifice plates is 0.75. The orifice plates has D and D/2 taps. The
manufacture and installation mostly conforms to the ISO Standard 51672 [2], with the following
exceptions:

- the actual thickness of the orifice plate is 3/16 (0.1875) inch, whereas the standard (clause
7.1.4.3) specifies a maximum thickness of 0.09625 inch (0.05 D),

- the actual diameter of the pressure taps is 0.190 inch, whereas the standard (clause
7.2.1.4) specifies a maximum diameter of 0.146 inch (0.08 D), and

- the tappings are at 40° to the previous pipe bend, whereas the standard (clause 6.2.7)
recommends that they be perpendicular to the plane of the bend.

2 It is not surprising that the orifice plates do not exactly conform to the standard, as the design occurred in 1975-
76, prior to issuance of the standard in 1984.
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Figure 1 [1, Fig 2.3]: DP transmitter output as a function of time for four DP transmitters in
PNGS unit 6. The bottom of each trace is approximately the alarm point. The time axis is 0 to
20.48 s. Flow dips are clearly evident in the second and fourth traces. Two of the flow dips in

the fourth trace might have caused low gross flow alarms.

Also, there are only 24 diameters of straight pipe upstream of the orifice, which implies an
additional 0.5% uncertainty in the calibration accuracy.

The impulse lines, also called "instrument sensing lines", are nominal 3/8 inch tubing (7.04 mm
ED) about 30 to 45 m long, depending on the distance and routing from the tap locations to the
DP instrument (Figure 2). There is a 3-valve manifold for isolating and balancing each
transmitter. There is a Hoke valve for isolating the high side, and a second Hoke valve and a pair
of manual needle valves for equalizing the transmitter; these are used during safety-system
process-trip tests. The transducers are all (except that on unit 6 F4D) Rosemount Model 1152
with range up to 690 kPa and fixed damping (nominally 200 ms). The transmitter on unit 6 F4D
was recently changed to a similar model, but with adjustable damping; the time constant was
increased to 500 ms nominal.
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Figure 2: Simplified schematic of a typical DP cell arrangement also showing the location of
temporarily-installed pressure cells and accelerometers.

Before increasing the time constant, the transmitter causing the greatest number of alarms in
PNGS B was F4D unit 6, which is on inlet feeder L21. The nominal flow in this feeder is 18.37
kg/s [7], which leads to a DP of 310 kPa at the DP cell [8] and a total pressure drop after
recovery of 128 kPa [2]. The transmitter is calibrated to 470 kPa full scale, which represents
120% of nominal flow. A flow dip of 10% in flow corresponds to a pressure change of
approximately 60 kPa.

Since adjusting the damping on unit 6 F4D, the transmitter causing the greatest number of alarms
at PNGS B is F3F in unit 7, which is on inlet feeder M21. The nominal flow and other hydraulic
parameters of this feeder are similar to that of F4D unit 6. The transmitter is calibrated to 491
kPa full scale.



Flow dips occur on all SDS1 LGF measurements, all of which are on 1.925 inch feeders, and use
orifice plates, but the amplitude and approximate frequency of occurrence varies considerably
(Figure 1). No flow dips occur on the Reactor Regulating System (RRS) fully instrumented
channel (FINCH) flow measurements, which are on 2.478 and 2.920 inch feeders, and which use
Venturis as the primary elements. The FINCH measurements also have no Hoke or needle valves,
as they do not undergo process-trip tests.

It is possible to feel mechanical vibration from both general "noise" and sharp "hits" in all the
impulse lines leading to all the SDS1 LGF transmitters. Some of these impulse lines are also
visibly vibrating with an amplitude of up to 3/8 inch in the area between the vault wall and the
transmitter rack. No such noise, hits or vibration is evident on any other impulse line, including
those for the FINCH channels.

Operating experience has shown that the characteristics of the flow dips can be modified by
changing primary coolant pump configuration. (PNGS has a system that uses three out of four
pumps per quadrant.) When the pump feeding the header turret nearest to the feeder being
monitored is ON, the flow through that feeder increases a few percent. The flow noise increases
as the number and frequency of medium-sized dips increases. However, the number of large dips
decreases, thereby decreasing the LGF alarm frequency. A study into the effects of changing
pump arrangement has been completed [9]. .

3. DARLINGTON EXPERIENCE

At Darlington, similar flow dip problems were experienced during early operation, and an
investigation was launched [6]. However, before results were obtained, the pressure-tube-fuel-
bundle-fretting problem appeared, and effort was redirected to investigate its cause. An extensive
experimental program was initiated to measure pressures at numerous locations around the
coolant loop, as well as other variables, such as bundle motion.

These measurements and their analysis eventually identified acoustic resonance at the pump vane
passing frequency as the source of the pressure-tube-fuel-bundle-fretting problem, and led to a
change from 5-vane to 7-vane impellers in the PHT pumps. This change also caused a change in
the frequency of occurrence of the flow dips [10]. However, the theory that the flow dips might
be indicative of actual flow changes which were causing the fuel damage had already been ruled
out. Consequently, interest in finding the root cause of flow dips waned, but several interesting
measurements and analytical studies were completed [6,10, 11 and 12].

In particular, large pressure dips (and also some pressure peaks) at certain locations in the inlet
headers were found (Figure 3). The dips were considerably larger (>120 kPa) near the inlet
turrets than at other locations; the pressure noise at other locations in the inlet headers was found
to be generally less than 50 kPa peak. Thus, there are large pressure dips at certain locations in
the inlet headers that do not occur at other locations, even within the same header. Randomly-
spaced pressure pulses (e.g., 120 kPa amplitude) were also found to be travelling down feeder
R13 at acoustic velocity; these pressure pulses start with a negative-going cycle.
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Figure 3 [11, Fig 2.2.2]: Histogram of pressure peaks and dips in a 400 second
sample as a function of peak/dip amplitude and location along the header

4. MEASUREMENTS AT PNGS

4.1 Setup

In 1995 March, on PNGS unit 7, measurements, using both permanent PNGS instruments and
temporary pressure cells and accelerometers, were made of the following variables:

(1)SDS1DP(F3F-FT1)
(2) FINCH DP (F1C-FT7)
(3) Pressure on the high side of F3F transmitter (Phi) (high fidelity)
(4) Pressure on the low side of F3F transmitter (Plo) (nigh fidelity)
(5) Pressure on the high side of the FINCH channel transmitter (high fidelity)
(6) Pressure on the low side of the FINCH channel transmitter (high fidelity)
(7) ECI pressure in RIH (P8M-PT1)
(8) SDS1 pressure in ROH (P3F-PT1)
(9) x-axis accelerometer in high leg of F3F transmitter (Xhi)
(10) z-axis accelerometer in high leg of F3F transmitter (Zhi)



(11) x-axis accelerometer in low leg of F3F transmitter (Xlo)
(12) z-axis accelerometer in low leg of F3F transmitter (Z16)
(13) x-axis accelerometer in high leg of FINCH transmitter
(14) z-axis accelerometer in high leg of FINCH transmitter
(15) x-axis accelerometer in low leg of FINCH transmitter
(16) z-axis accelerometer in low leg of FINCH transmitter

The F3F DP, the FINCH DP and the pressures in the RIH and ROH (variables 1, 2, 7 and 8) are
permanent PNGS instruments, having relatively low bandwidth.

The pressures on the two sides of the F3F and FINCH transmitters (variables 3 through 6) were
measured with temporary high-bandwidth piezoelectric sensors, which can withstand high static
pressure while having high sensitivity to small pressure changes. They operate as a band-pass
filter, with both a low-frequency breakpoint (50 s time constant) and a high-frequency limit (>100
kHz). They were installed using about 250 mm of tubing to the drain holes of the DP cells
(Figure 2).

The accelerometers (variables 9 through 16) were temporarily installed by Ontario Hydro
Research on the impulse lines a few feet from the DP cells (Figure 2).

The signals were measured concurrently using two data acquisition systems:

1) a noise analysis data acquisition system, used in previous tests (e.g., [1]). Noise data was
collected, with high resolution, with sampling frequencies of 300,100 and 50 Hz in three
tests. Anti-aliasing filters matched to the sampling frequency were used.

2) a Lab View data acquisition system with 16-bit resolution, and up to 3000 Hz sampling. A set
of 1 kHz bandwidth isolation amplifiers acted as crude anti-aliasing filters.

4.2 Data Analysis

The basic data analysis was performed by Ontario Hydro on the data collected with the noise
analysis system using the noise analysis software. Similar analysis was performed by Chalk River
Labs on the data collected on the Lab View data acquisition system using the MATLAB analysis
package. The results of these two separate analyses are similar; only the latter is described here.

4.2.1 Mathematical Treatment of Signals

The pressure signals collected using the Lab View system were first converted into pressure units
(kPa), so that they could be directly compared. The difference between the high-side pressure
(Phi) and the low-side pressure (Plo) was also calculated:

Diff=Phi-Plo (1)



Because Phi and Plo are both high-fidelity measurements, the value of Diff is taken as a true
measure of the differential pressure across the DP cell. Due to the bandpass filtering inherent in
the high-fidelity pressure transducers, the dc value of Diff is arbitrary.

To better visualize what is happening with the accelerometer signals during a flow dip, the
accelerometer signals were divided into two bands by filtering with phaseless fourth-order
Chebychev band-pass filters:

mid-frequency: 50 - 250 Hz
high frequency: above 250 Hz

The original accelerometer signal and each of the bands individually were processed to extract the
envelopes of the high-/mid-frequency noise. The envelope signals are labelled FiltXlo, FiltZlo,
FiltXhi, and FiltZhi.

The results given here are all from a run collected using the Lab View system with 2200 Hz
sampling.

4.2.3 Standard Analysis

Standard analysis of the signals is based on simple time histories, power spectral densities, transfer
functions and coherence functions, all performed on all the data divided into blocks.

Figure 4 shows plots of several key variables on an expanded scale about a typical flow dip. The
dip in the output of F3F, the standard PNGS B DP cell, is about -50 kPa (Figure 4a). The
corresponding Diff signal has a minimum of about -250 kPa, which implies that the actual
pressure difference across the DP cell is nearly zero (Figure 4d). The largest dip discovered to
date was -500 kPa in Diff, which implies that the pressure difference across the DP cell was
actually significantly negative (i.e., reversed from normal). The dip in the output of F3F (Figure
4a) occurs somewhat later than the corresponding dip in Diff (Figure 4d); in fact, the two signals
appear to be almost out of phase. These features are both due to the low-pass filtering action of
the F3F transmitter. The Phi and Plo signals from the temporary high-fidelity pressure cells both
show a lot of noise, up to 800 kPa peak-to-peak (Figures 4b and 4c). The patterns for the
accelerometer signals Xhi and Zhi, which are practically identical to each other, do not exhibit any
consistently obvious features near the flow dips, while those for Xlo and Zlo, which are also
practically identical to each other, appear to have a burst of activity at about the same time as the
flow dips (Figure 4e); this mechanical motion activity has been shown to be of high frequency
(>250 Hz).

Power spectral densities (PSDs) were found for each signal and those for Phi and Plo are shown
in Figure 5 over the first 50 Hz. There are large peaks at 10, 30, 50 Hz, etc. in all pressure signals.
These expected peaks are due to the hydraulic-acoustic resonances of the impulse lines based on
the their lengths and the velocity of sound in water. The small dip in the Plo PSD at 6 Hz was not
expected; it is a consequence of the Plo/Phi transfer function discussed below.
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Figure 4a: Plot of F3F, the output of the standard PNGS B DP cell, near a flow dip.
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Figure 4b: Plot of Phi, the high-fidelity pressure on the high side of F3F, near a flow dip.
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Figure 4c: Plot of Plo, the high-fidelity pressure on the low side of F3F, near a flow dip.
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Figure 4d: Plot of Diff (= Phi - Plo) near a flow dip.
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Figure 4e: Plot of FiltZlo, the envelope of the Zlo accelerometer response, near a flow dip.

P S D o f P h i a n d P l o o n e n t i r e s i g n a l

1 0 2 0 3 0
F r e q ue n c y ( H z )

4 0 5 0

Figure 5: PSDs of Phi (black line) and Plo (grey line).



Transfer functions and coherence functions were calculated for several input-output combinations.
The transfer function relating Phi and Diff (Figure 6) can be approximated by equation (2):

( ) = k e-sT (2)

and hence, using equation (1), .

(s) = 1 - k e-sT (3)

Diff.. k e " s T

- — ( s ) = -Y (4)
P 1° l - k e ~ s T

where s = Laplace variable (s"1)
T = 0.18 s
k= 0.9

The Phi-to-Plo transfer function implies that the pressure disturbances initially hit both Phi and
Plo almost equally, but that they return after 0.18 s, with the opposite sign and slightly reduced
gain, to hit Plo only a second time. This creates a dip in the Plo PSD at about 6 Hz. Several
possible theories for this behaviour are presented below.

The Diff-to-F3F transfer function represents the dynamic response of the Rosemount DP cell, and
is approximately given by:

F3F 1
( ) ( 5 )

where % = time constant = 40 ms

The corresponding first-order time constant (63.2% of step) is calculated to be 86 ms. This time
constant is considerably smaller than that given in the specifications (200 ms) and as measured
using the instrument-air step-response method. A more detailed examination of the response of
the DP transmitter to pressure differences is described in a related report [13]. It is suggested in
that report that there is a systematic error in the instrument-air step-response measurement
method which causes the measured response to be much longer than the true response.
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Figure 6: Phi to Diff transfer function.



4.2.2 Average Dip Analysis

When looking at a large set of individual dips, it is difficult to distinguish those features that are
common and significant from those that are just "noise" (see Figures 4b and 4c). This is especially
true in this case, as the noise appears to be at least as large as some of the dip features.
Averaging is the common method of reducing noise and hence allowing the "signal" to be more
evident. To extract features that are common, an average dip analysis was performed.

The times (indices) associated with the flow dips were identified by finding all points in the F3F
signal that represent a local (within ± 80 ms) minimum, and that are also more than a threshold,
called the "dip amount", less than the mean value. The conclusions of the average dip analysis,
discussed below, of several sets of dips selected using different dip amounts, were found to be not
sensitive to the dip amount. Consequently, the -25 kPa dip level (corresponding to a dip below
260 kPa) and its associated 230 flow dips in the 465 s of recorded data were chosen for further
analysis and discussion.

After selecting the dips using the above criterion, the data before and after each flow dip point for
all signals were then ensemble averaged (Figure 7). By ensemble averaging, signal features that
are consistently related to the dip will appear in full strength; signal features that are not
consistently related to the dip are attenuated due to the averaging process. Completely random
noise is attenuated by a factor of "square root of N", which in our case is about 15 (-24 dB). The
dip point in the F3F signal was arbitrarily set to 0 s.
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Figure 7a: Average F3F signal expanded about dip.
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Figure 7d: Average envelope of Zlo (FiltZIo) expanded about dip.



Note that the ensemble-averaged dip in F3F (Figure 7a) is more pronounced than a single dip
(Figure 4a). The Phi and Plo signals (Figure 7b) both have sudden increases in their 10 Hz signal
to an amplitude of about ±100 kPa, at t = -0.25 s (i.e., just prior to the flow dip), starting with a
negative-going cycle. This increased amplitude of Phi decays in about seven cycles back to the
background level. The Plo signal is similar to that of Phi most of the time. However, the increase
in the 10 Hz signal for Plo lasts only two cycles, and then it drops suddenly back to the
background level.

The Diff signal (Figure 8c) has very little noise (± 5 kPa), but just before the dip point at -0.1 s, it
exhibits a large, exponentially-decaying, sinusoid with a peak value of -100 kPa. This decaying
sinusoid starts on the third cycle of the Phi and Plo pressure changes. The first two cycles of Phi
and Plo approximately balance, giving little Diff signal, but because the Plo signal drops suddenly,
rather than decaying exponenti^ly as the Phi signal does, the Diff signal increases dramatically on
the third cycle. The -100 kPa rapid drop in the Diff signal at -0.1 s is then filtered by the response
of the slow-acting DP cell to give a -30 kPa flow dip at 0 s.

The disturbances in the Phi, Plo and Diff signals all start with a negative half-cycle. This is
consistent with the previous work on DNGS, which showed that the pressure pulses in the DNGS
feeder start on the negative half-cycle [11].

The average accelerator envelope signals associated with flow dips have some interesting features.
Those associated with the low-side accelerometers (Figure 8d) show a peak coincident with the
lost third cycle of Plo. This peak is especially large for the high-frequency band (above 250 Hz)
signal, while being practically non-existent for the mid-frequency (50 - 250 Hz) band. Those
associated with the high-side accelerator also show a similar peak in the high-frequency band
component but it is much smaller than that of the low-side accelerometers.

5. THEORY

5.1 Mismatched Impulse Lines

Based on the Darlington measurements, a theory to explain the relationship between the observed
pressure pulses in the inlet header and feeders and how they could cause a flow dip was developed
by J. Pascoe of Ontario Hydro [6, 10, 11, 12]. The general sequence of events (discussed in more
detail below) is that a pressure pulse originates at the header/feeder junction due to a "burst",
travels down the feeder and up the two impulse lines, reaching the two sides of the DP cell almost
equally at almost the same time. Due to the resonant properties of the impulse lines, the two
impulse line pressure pulses are amplified. If the two impulse lines are mismatched, then the
gains are unequal and a DP pulse results.

The details are as follows. The water entering the inlet header from the PHT pumps via the
turrets contains vortices. These vortices become detached from the turrets and dissipate in the
header. However, there is also a potential second vortex created at the header-feeder junction.



Whether this second vortex is created depends non-linearly on the local conditions which, in turn,
are a function of the detached vortices from the turrets. In other words, the turret vortices act
like switches for the feeder vortices. The feeder vortex has a characteristic frequency in PNGS of
13.5 Hz.

Thus we have the conditions suitable for a "burst"; this is the term applied when turbulences with
different scales (dimensions) interact to give an extraordinarily large effect [14]. Bursts occur
randomly in various fields in nature, and cannot be explained simply by Gaussian noise peaks. A
burst results in a sudden reduction in pressure as the energy required to create the vortex is taken
from the pressure field.

A pair of impulse lines from either side of the orifice plate connect the feeder to the DP cell. Each
line is a complex transmission path for pressure waves. It has resonances at a series of
frequencies which at PNGS are approximately 10, 30, 50....Hz; these resonances are lightly
damped, and thus exhibit high gain (amplification) for pressure pulses. The characteristic
resonant frequency of the impulse lines is fairly close to that of the feeder vortex. The damped
resonant response of Phi and Plo to a pressure pulse is easily seen in Figure 8b, although the latter
only occurs for the first 200 ms.

A small mismatch between the two impulse lines, each of which is amplifying a pressure pulse,
would allow the pressure pulse in the feeder to appear as a DP signal (flow dip) at the flow
transmitter. Detailed modelling of this system, along with some assumed mismatches, results in
the required gain in the frequencies of interest to transform a -120 kPa pressure pulse into a
-100 kPa Diff signal and hence a -30 kPa F3F signal, but does not yield anything close to the
measured transfer function for Phi to Plo (equation 3). Thus this theory does not quite match all
the available data. However, because reasonable mismatches can transform pressure pulses into
DP signals of approximately the correct magnitude at the DP cell, this theory should not be
rejected outright.

5.2 Other Possible Theories

Other postulated theories for the flow dips follow the above theory up to a point. Bursts and their
pressure pulses are the originating cause. The major question is why the response on the low side
suddenly damps out after two cycles (Figure 8b). Three possible theories are considered:

(a) interaction with mechanical system

The hydraulic-acoustic resonance within the impulse lines causes mechanical vibration of the
impulse tubing. If one of these tubes is only loosely supported, it may hit something, changing the
mechanical vibrations, and initiating a new set of mechanical resonances. The energy that was
originally mostly hydraulic-acoustic can be transformed into high-frequency mechanical activity,
which has much higher damping (as viewed in seconds, not in cycles), thus dissipating the energy.
The net effect is to damp out the pressure resonance. This transfer of energy will be dependent
on the details of the impulse lines, including their supports and clamps.



The problems with this theory are:

• statistically, loose supports are just as likely on the high side.as on the low side, leading to
both flow dips and peaks, which is not consistent with the fact that only flow dips, not flow
peaks, have been seen.

• although flow dips and mechanical activity normally occur together, there are a few instances
of one or the other of them occurring separately.

Thus the theory is plausible, but is not completely supported by the available data, and there is
some data to contradict it.

(b) effect of vortex remnants

The temporary vortex at the header/feeder junction, which creates the original pressure pulse,
eventually travels down the feeder as well, dissipating as it goes. Although we have the required
length of straight diameters as specified in the ISO standard [2] for the 0.5% increased
uncertainty, there may still be a remnant of the vortex left at the orifice. Given the fluid velocity
in the feeder, it would take about 140 ms to reach the orifice plate, which corresponds fairly well
to the 180 ms given as a parameter T in equations (2, 3 and 4). One might think that, as the
vortex remnant moves through the orifice plate, the pressure drop would initially increase, and
then decrease again to its normal level. The problem with this theory is that this should produce a
pressure drop on the low-pressure side, not a pressure rise as observed.

(c) non-linear effects

Discontinuities in the flow path can cause non-linearities in the pressure-flow relationship. For
instance, a sudden expansion or contraction will have a different pressure drop in one direction
than in the other direction for the same absolute flow. Valves, even open valves, are a similar
cause of non-linearity. Non-linearities act partially like diodes to flow. There are a number of
hydraulic non-linearities in the impulse lines. These include the impulse line/feeder junctions, the
three-way manifold valves, and, on the high side, the Hoke valve. It is conceivable that one or
more of these non-linearities might act to restrict the flow sufficiently in one direction to damp out
the third cycle. The problem with this theory is that there is no evidence of these non-linearities
during the first one and three quarter cycles.

7. CONCLUSIONS

The conclusions of this research are that flow dips are not caused by a change in flow but are an
artefact of pressure pulses. In particular:

(1) The flow dips are definitely not caused by either the DP cell itself or anything electrical. At
the time a flow dip occurs, there is a true differential pressure change of a very large
magnitude (-100 kPa typical, -500 kPa maximum) across the DP cell.

(2) The flow in the PHT quadrant in general is definitely not changing significantly during a flow
dip. The flow in the individual feeder in question, as a whole, also cannot be changing to the
extent indicated by the Diff signal, as measured with the temporarily-installed pressures cells .

(3) The theory for flow dips originally developed at DNGS has been mostly supported by these
PNGS measurements. Pressure pulses originating at the header/feeder junction are still



believed to be the root cause of the flow dip phenomena. However, the precise mechanism by
which a pressure pulse is transformed into a flow dip has not yet been determined. Four
possible theories have been postulated:
• mismatched impulse lines (the original DNGS theory),
• energy transfer from hydraulic-acoustic to mechanical modes, and
• remnants of vortices passing through the orifice plate,
• non-linear effects at discontinuities.

None of these theories fully explain all the observations. Additional theories are also possible.

(4) The high- and low-side impulse lines from the orifice plates exhibit very large pressure
variations (±400 kPa typical). Similar variations in pressure are not evident on any of the
other impulse lines connected to the PHT system; the FINCH DP cell impulse lines have ±150
kPa typical.

(5) These large pressure variations result in vibrations and other mechanical motions of the
impulse lines. Some high-frequency mechanical motion is normally associated with the flow
dips; it is not clear whether this is a cause or an effect.

(6) The transfer function of the Rosemount model 1152 DP cells to differential pressure changes
has been accurately measured. The time constant of the PNGS unit 6 F3F DP cell alone is
approximately 86 ms. A detailed report on this topic has been issued [13], and is the subject of
a related paper.

8. RECOMMENDATIONS

There are two sets of recommendations based on the findings that flow dips are not caused by a
change in flow, but are an artefact of pressure pulses. The first set of recommendations is for
existing plants in which it is difficult to replace or modify equipment, and the second set is for new
plants, in which many changes are feasible.

8.1 Recommendations for PNGS and Other Existing Plants

(1) Increase the damping of the LGF DP cells. The increased damping (time constant) must be
consistent with the safety analysis.

(2) Measure the time constant using a more accurate method, based on true DP. The current
method of measuring the time constant is too conservative. Some possible other methods are
given in [15].

(3) Inspect the impulse lines to check for damage caused by fretting. Replace/repair any
defective impulse lines.

(4) Inspect the supports and clamps used to hold the impulse lines for long unsupported runs
and/or loose clamps. Install additional and/or tighten existing clamps as required.



8.2 Suggestions for New CANDUs

There are a number of changes suggested below that could be implemented in new CANDU
designs. The objective of most of these changes is to prevent the formation of pressure pulses in
the first place and/or to inhibit their transmission through to the DP cells. However, because the
root causes postulated are as yet unproven theories, some of the suggestions may or may not be
effective. A further R&D program should be initiated to discover the exact mechanism of
pressure pulse transformation into flow dips.

(1) The feeder selected for the LGF measurement should connect to the header as far as
possible from the pump turrets.

(2) The shape of the header/feeder junction geometry should be modified to minimize the
formation of vortices.

(3) The use of Venturis and/or flow nozzles should be considered in place of orifice plates.
There is no evidence of flow dips on the FINCH channels, which use Venturis.

(4) Two pressure-sensing taps connected in parallel should be used for both high- and low-
pressure connections, to minimize differential pressure noise, as recommended in the
instrumentation handbook [16].

(5) The taps should be aligned perpendicular to the plane of the nearest upstream bend.
(6) The orifice plate and tap holes should be manufactured strictly according to the ISO

standard in all respects, unless there is positive evidence that deviations improve
performance.

(7) The channels selected should have a header/feeder junction vortex frequency that is
significantly different from the resonant frequency of the impulse by selecting different
channels or by changing the diameter of the selected channels.

(8) The impulse lines should be adequately clamped over their whole length.
(9) The impulse lines on the two sides of the DP cell should be very closely matched.
(10) The safety analysis should be performed with assumed DP cell time constants of at least

500 ms to allow the station to increase the damping as required.
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SUMMARY

For optimal performance, CANDU reactors are operated within a small reactor
inlet header (RIH) temperature range during normal operation. The upper limit
on reactor inlet header temperature is one of several parameters which affects
critical heat flux in the reactor channel, and hence the integrity of the fuel. This
limit, including an allowance for instrument accuracy, is a nuclear safety
requirement which cannot be exceeded. As the boilers and feedwater pre-
heaters have aged they have become less efficient at removing heat. The boiler
primary side divider plate may also be allowing some inlet-to-outlet bypass flow
on the primary heat transport (D2O) side. Over time this has caused the boiler
outlet temperature and the reactor inlet temperature to slowly rise.

At present the Bruce A units are de-rated to compensate for the increased RIH
temperature. A more accurate temperature measurement would reduce the
uncertainty allowance in the safety analysis and allow the station to raise the
RIH temperature to a value closer to the safety limit. Hence, it could increase the
plant power output and, therefore the plant's revenue. Based on the present
operating state of the Bruce A units, increasing the RIH temperature by 1°C
would increase the Boiler Pressure 83 kPa, which could increase the output by
15 MW per unit.

Currently, the nominal RIH temperature is 250°C, and includes an inaccuracy of
as much as +3 CC. This inaccuracy is made up of process flow stratification,
instrument tolerances and drift, and environmental effects. A detailed analysis
of the measurement loop errors was performed and it was demonstrated that by
using commercially available digital technology, the measurement loop error can
be reduced to ±0.72°C. This could result in an improvement of 2.28°C or 34 MW
per unit.



The use of calibrated high quality dual element RTD's (Resistance Temperature
Detectors) installed in the existing spare thermowells provides redundancy at
low cost. Using different transmitter manufacturers on opposite legs of the RTD
temperature measurement loop provides diversity in measurement and permits
the use of commercially available 'smart' digital transmitters at no extra
significant cost or safety impact.

1. INTRODUCTION

Reactor Inlet Header (RIH) temperature has become a factor limiting the
performance of the Ontario Hydro Bruce A units. Specifically, the RIH
temperature is one of several parameters that is preventing the Bruce A units
from returning to 94% power operation.

RIH temperature is one of several parameters which affect the critical heat flux
in the reactor channel, and hence the integrity of the fuel. Ideally, RIH
temperature should be lowered, but this cannot be done without improving the
heat transfer performance of the boilers and feedwater pre-heaters.
Unfortunately, the physical performance of the boilers and pre-heaters has
decayed and continues to decay over time, and as a result the RIH temperature
has been rising and approaching its defined limit.

At reduced reactor power levels, the RIH temperature has been controlled by
lowering the boiler (secondary side) pressure, which lowers the RIH temperature
by increasing the heat transfer rate. But lowering the boiler pressure will also
limit the turbine power output capacity; as the boiler pressure goes down so
does the turbine capacity, below 94%.

In order to raise the unit power output, a solution to the rising RIH temperature
problem must be found. The long term solution to this problem will be
improvement of the boiler and preheater performance, which to date has not
been achieved, but work continues on this issue. In the short term, more
accurately defining the actual RIH temperature limit and/or reducing the
measurement uncertainty (error) incorporated in the operating margin would
allow improvements in unit performance.

The remainder of this paper deals with methods of reducing the measurement
uncertainty. It is recognized that even small improvements in measurement
accuracy will allow the unit to operate closer to the true RIH temperature limit.
Based on the present operating state of the units, even a 1CC improvement in
RIH temperature measurement would allow boiler pressure to increase 83 kPa,
which can correspond to approximately 15 MW output power improvement.



To reduce the measurement error, an understanding of the following items is
essential:

• Reactor Inlet Header design and processes affecting the temperature
measurement,

• existing measurement loop and location,
• measurement loop errors sources, and
• the quantification of the errors in the measurement loop.

With an understanding of the current RIH temperature measurement loop and
methods available to improve it, a solution to reduce the measurement
uncertainty is presented.

2. RIH DESIGN

Four (4) Reactor Inlet Headers form part of the CANDU system Primary Heat
Transport (PHT) system. There are two (2) Outer Zone Inlet Headers (ROZIH)
and two (2) Inner Zone Inlet Headers (RIZIH). There is one RIZIH and one
ROZIH at each end of the reactor core, (see figure 1). There are also 2 Reactor
Outlet Headers, again one at each end.

The PHT is a closed circulating system; the flow is from the Reactor Inlet
Headers through the reactor to the Outlet Header, and on to the PHT pumps that
maintain the flow. From the PHT pumps the flow splits into 3 paths; one path to
the ROZIH, one path bypasses the preheater, and one path through the
preheater. From the preheater the flow is mixed with the bypass flow, and then
proceeds to the RIZIH. Note that the preheater actually cools the PHT side and
warms the secondary side.

The headers are enclosed in feeder cabinets. These cabinets are essentially
constructed as small, well insulated rooms around both the inlet and outlet
headers. The flow enters the inlet headers from both ends, and therefore splits
the headers in half, which results in a quadrant arrangement, (NW, NE, SW,
SE). Specifically, it must be assumed that each end of a given header will be at
a slightly different temperature. For convenience the header temperature can be
referred to by header and quadrant, (e.g. NE RIZIH would refer to the North end
temperature of the East Reactor Inner Zone Inlet Header.).
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Figure 1 Reactor Header Simplified General Arrangement

Of particular interest is the location of the Inner Zone measuring point, (see
Figure 2). It is located near the junction of two (2) flow streams; the preheater
outlet and the preheater bypass flows. According to pipe fluid mechanics the
complete mixing of two fluid streams will not occur for at least 2 pipe diameters
from the junction. Incomplete mixing will skew the temperature measurement,
either high or low depending on which flow stream is dominant.

Region of Incomplete Mixing

Reactor I nner Zone I met Header

Inner Zone RIH
Temperature
Measurement
Location

Figure 2 Relative Location of Inner Zone RIH Temperature Measurement



2.1 RIH Temperature Effects on Power Raise

In the simplest terms, the Reactor and the associated primary heat transport
system must work in concert with the secondary heat transport system. The heat
generated in the Reactor must be removed by the primary heat transport system
and transferred, via the Boiler and pre-heaters, to the Secondary side.
Assuming that the PHT pressure is constant and that the Reactor Outlet
temperature is fixed (at saturation), the only things that will affect the RIH
temperature are the boiler and preheater heat transfer rates.

To lower the RIH temperature, the Primary to Secondary side heat transfer rate
must increase. This is done by lowering the secondary side boiler pressure'.' A
continued decrease of the Boiler Pressure will directly limit the Turbine
Generator capacity, which requires pressure to produce power. To date this has
not been a problem as the units have operated at reduced capacity, and the
turbine governor valves have had room to operate. But at increased power with
decreased pressure, the governor valves will be required to be full open and
beyond their capacity.

3. PRESENT MEASUREMENT LOOP

The RIH temperature is measured (see Figure 3) using standard
interchangeable Resistance Temperature Detectors (RTD's). The resistance of
an RTD increases as the temperature rises. The variable resistance is
converted to a voltage signal using an interchangeable Wheatstone Bridge
circuit. The voltage signal is converted to a digital value via a Analog to Digital
(A/D) converter at the computer. The digital value is then converted into a
temperature using a standard equation for each RTD type.

There are twelve (12) RTD's located at eight (8) present locations. There is one
4" deep thermowell located at each of the four (4) heat transport pump
discharges used to measure the ROZIH temperature. And, two 4" deep
thermowells located at each end of the two RIZIH. These presently provide a
measurement of both inner and outer zone temperatures for each quadrant.

In addition to the above existing RTD's, there are three (3) spare 6" deep
thermowells available in each of the four inlet headers. These are the proposed
thermowell locations referred to in the remainder of this paper.

1 As a reference the original plant design was based on 4450 kPa Boiler
pressure; Bruce A Unit 3 is currently (spring 1997) operating at or near 3850
kPa.
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As can be seen in Figure 3, there are three (3) physically distinct parts, to the
measurement loop:

• the RTD in the Reactor Building; from the thermowell to the Junction
Box,

• the Wheatstone Bridge in the Auxiliary Bay; from the Junction Box to
the Control Distribution Frame, and

• the computer in the Control Equipment Room; from the Control
Distribution Frame to the computer.

Each of these parts has a different physical environment but are connected
using standard shielded cable as shown.

3.1 Environmental Conditions

The environmental conditions associated with each part of the measurement
loop vary significantly and will affect the accuracy of the measurement loop.



In the Reactor Building and specifically within the feeder cabinet, the
environmental conditions (design) and radiation levels are:

• Temperature ambient to 350°C
• Humidity 0-95%
• Radiation 75% full power Gamma, 80 Rad/h
• Radiation 95% full power Gamma, 100 Rad/h
• Radiation Slow Neutron, equivalent to 0.7-1 Rad/h

In the Auxiliary equipment bay, the environmental conditions are:
• Temperature 10°C to 40°C, (normal operation)
• Humidity 20-95%

In the Computer Room and Control Equipment Room, the environmental
conditions are:

• Temperature 10-40°C
• Humidity 20-95%

3.2 Measurement Loop Errors

The following section is a review of 17 identified RTD measurement loop errors,
their sources and the methods available to reduce them. The effects of these
errors are summarized at the end of this section, in Table 1.

3.2.1 Reactor Building Environmental Effects

Gamma Ray Heating Gamma radiation can cause a thermocouple or RTD to
read falsely high. This is due to the physical heating of the temperature element
itself. At full reactor power the In-Core gamma field is 200Mrad/h which would
cause a heating effect1 of 5W/cm3 which, in turn, would cause the readings to be
14°C higher.

As the RIH RTD's are not exposed to the same magnitude of radiation this effect
is not expected to be as large. Assuming the RIH's are only exposed to
10Orad/h of gamma radiation and assuming a linear relationship with radiation
level, the average effect would be 0.000007°C. Although the physical RTD
designs are not the same, (i.e. heat transfer co-efficient and physical volumes of
the In-Core RTD's versus RIH temperature RTD's). The gamma radiation
heating was confirmed to be 'negligible' as part of a CANDU Owners Group
(COG) study.

Transmutation causes a change in the atomic structure of the sensing element,
causing the RTD to have a different resistance versus temperature
characteristic. This change may appear as a temperature drift with time, or as
an erratic measurement. Transmutation is caused by the absorption of neutrons



within the atomic nucleus of the material used, i.e. neutron capture. The effects
of transmutation are typically irreversible. They can be identified by reviewing
the calibration history or by comparison with new RTD's of a similar design in the
same location.

A calibration comparison of 15 stocked RTD's versus 9 used RTD's removed
from Unit 2 Bruce A after 19 years of service, was made. The results of this
comparison indicated no significant difference between the Stock RTD's and the
Used RTD's measured resistance over the full operating temperature range (0-
320°C). Neither was there a significant drift from the manufacturer's stated
temperature versus resistance curve, as shown by the results of the calibration
check.

The calibration errors for each RTD were summed over a span of 0-320°C and
a "mean" error calculated. For the 9 Used RTD's the average of the "mean"
errors was -0.05Q with a standard deviation of ±0.06 Q. Similarly the average
of the "mean" errors of the Stock RTD's was +0.02H with a standard deviation
of ±0.06 Q. This implies a systematic error of -0.07Q, (-0.05 to +0.02 Q), with a
random component of ±0.06 D. for the Used RTD's versus the Stock RTD's. This
translates to only -0.027°C ±0.024°C, over 19 years. Note test errors are well
within the manufacturer's specified tolerances of ±1.5°C, therefore the error
component due to transmutation is not readily apparent. The above errors are
more likely to be related to their 19 years of service, but have been included for
completeness.

Aging or Drift or refers to the degradation of the RTD's performance from its
calibrated value with time in a normal operating environment, under normal
conditions. The normal environmental stressors that an RTD will be exposed to
include humidity, heat, vibration, radiation, temperature cycling. One or more of
these stressors is always acting on the RTD whether it is in stock or is installed.

Results of aging tests performed by the US Nuclear Regulatory Commission
(reference 2 section 12, which excludes radiation), showed that after a burn-in
period of 6 months, nuclear grade RTD drift tended to stabilize in a drift band of
±0.2°C. Aging tests on commercial grade RTD's showed twice the drift for
similar testing, i.e. ±0.4°C. These results are valid for the nuclear grade RTD's
that survived the aging test, (63%). During the aging test 17% failed with open
circuits, which were easily detected, while 20% showed a drift between 0.6-
3.0°C, which were harder to detect in the absence of a reference against which
to measure the drift.

Radiation Induced Currents are likely to result from a flow of electrons between
the core wires and the outer sheath of the RTD cable, due to ionization of the
cable materials by nuclear interactions (reference 1). These effects were not



observed during In-Core temperature monitoring, but that may be attributed to
good design.

If radiation induced currents exist, they can be identified by measuring the
variations in bridge output when the RTD is irradiated and when it is not. If a
change is observed, it will be systematic and a function of radiation level which
in turn is a function of reactor power level. No distinguishable radiation induced
currents have been observed.

Insulation Dielectric of both the cable and RTD, is affected by moisture and
radiation. Reducing the insulation dielectric will allow current leakage to ground,
which will have the effect of lowering the current to the bridge, and hence a
lower temperature reading. The present RTD specification requires that the
resistance between the leadwire and the sheath (or ground) should be at least
1000MH at room temperature and no less than 50 MiQ at 312°C. As an
example, lowering the insulation resistance to 1MQ will cause an error of
0.019°C at 300°C. This would result in a systematic negative error.

Higher levels of radiation reduce the insulation resistance of the RTD ceramic
and oxide insulators while the radiation exists, so that a current leakage could
occur between the signal wires and the RTD sheath. This phenomenon has
been observed when measurements were taken in areas of intense radiation,
e.g. during In-Core measurements where insulation resistance can drop by
about 1 MQ at full reactor power, (reference 1). As the radiation fields in the
location of the RIH RTD's are orders of magnitude less than that observed
during the In-Core measurement, we can assume that the radiation short-term
effects on the Insulation Dielectric are negligible. After years of operation, the
accumulated radiation dose is brittling on the wire outer insulation and terminal
block material so that they disintegrate when touched. Presently there is a
program in place to repair the terminal blocks and cabling as part of regular
maintenance.

3.2.2 Reactor Building Installation Effects

Stem losses are caused by large temperature gradients along the RTD stem
which will cause the RTD to indicate a temperature lower than the actual
process. The effect of stem losses was quantified by the US Nuclear Regulatory
Commission, (reference 2) and varies as a function of the relative RTD
immersion length, the temperature gradient and amount of insulation present.
But provided that more than 25% of the RTD is immersed, the stem loss error
will be « 0.01 °C.
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The present measurement points (see Figure 4) are located outside the feeder
cabinets in 4" thermowells, inside well insulated piping. The RTD's themselves
are approximately 10" in length. Therefore the current RTD's are immersed at
least 40%, this will result in a negligible error, « 0.01 °C.

The proposed thermowells are located inside the feeder cabinet, and are not
directly insulated. The thermowells are 6" deep. The proposed RTD's are at
least 36" long, resulting in 17% immersion. However, since both the Inlet and
Outlet headers are located within the same feeder cabinet and neither is
insulated, the ambient cabinet conditions will tend to average slightly hotter (5-
10°C) than the actual RIH temperature, so the portion to the RTD stem inside
the feeder cabinet can be considered part of the immersed length, effectively
doubling the immersion to 34%, this will result in a negligible error, « 0.01 °C.
The guide-tube is metallic and is considered part of the thermowell, (as seen in
Figure 4).

Thermoelectric errors result if dissimilar metals in the RTD circuit are at different
temperatures, (e.g. the extension leads). The resulting voltage may interfere
with the resistance measurement and can cause as much as a 0.5°C error,
(reference 2). This will be a systematic error which will vary with the
temperature difference between the RTD wires and their extension wires. It is
most likely to occur in the lead wires that run from the RTD to outside the feeder
cabinet, resulting in a temperature gradient of up to 250°C. This error can be
detected by measuring the voltage across the RTD leads, and then reversing the
leads and re-measuring the voltage. If the results are different thermoelectric
errors may be present in the RTD measurement loop. The effect has not been
distinguishable in the results to-date, and therefore no error was assigned.

Thermoelectric errors can be reduced to insignificance if the extension
wires/cables are made of platinum similar to the RTD's. However, this is
impractical. A 4-wire RTD and bridge circuit could also be used to achieve the
same result.



RTD - Thermowell Contact effects the RTD response time, (reference 2, section
24). Spring Loaded Bayonet type RTD's are used in both the present and
proposed locations. Both the present and the proposed RTD's and thermowells
are flat bottom, with straight insertion. The RTD spring is designed to provide a
setting force of 8 Ib., in the installed position. This setup ensures that good
thermal contact is maintained for the service life of the RTD. As well the RTD
and thermowell are made of corrosion resistant stainless steel. No error is
assigned to this factor.

Handling and Hysteresis Errors may result if an RTD has been mishandled,
dropped, bent, etc. Thermal hysteresis will cause the resistance to be different
for a given temperature depending on whether the RTD temperature was rising
or falling prior to reaching the given temperature. The source of Hysteresis
errors are difficult to quantify, though hysteresis errors of up to 0.3°C have been
observed for old RTD's that have been extensively handled, while newly
annealed RTD's have limited this error to 0.02°C, (reference 2).

Hysteresis errors can be minimized by taking calibration points with increasing
and decreasing temperatures to beyond the measured temperature range and
then averaging the results. Further, handling and manipulation of the RTD's
should be minimized, which implies that high accuracy RTD's should not be
removed from their thermowells once installed unless they are being replaced.

Process Stratification at the junction of the preheater outlet flow and the bypass
flow, a warm and a cold flow stream mix (see Figure 2). Complete mixing of the
flow streams will not occur within less than 2 pipe diameters of junction, and any
measurement of temperature within the mixing zone will be skewed either high or
low. This has been identified as a problem for the present RTD's used to
measure the RIZIH temperature. And results of the cross calibration indicate
that the measurement is being systematically biased 1°C to 3°C low by the
preheater outlet.

Process stratification errors are best eliminated by relocating the process
measuring point away from the mixing point, to ensure good mixing.



3.2.3 RTD Accuracy

During the manufacture of the RTD's material inhomogeneity and manufacturing
cold work error are controllable parameters which affect the quality of the RTD
accuracy. The stated tolerance for 3-wire nuclear grade RTD's purchased by
Ontario Hydro for this application is:

0°Cto150°C ±0.75°C
Above 150°C ±0.5 % of temperature (@ 300°C this is ±1.5°C)

Any improvement in this accuracy will either require individual calibration and/or
the purchase of new RTD's with a tighter specification.

3.2.4 Auxiliary Bay Equipment Errors

Power Supply sensitivity studies were conducted and it was found that variations
in the excitation voltage caused a change of 0.0345 °C/mV. Power supply
variations of ±10mV result in an error of +0.345 °C. The power supply varied
over its stated operating temperature range (21.1°C-37.8°C) by ±0.09% or
±9mV3, which translates to an additional ±0.311 °C. No estimates over a normal
operating temperature range of 10°C to 40°C is available, but may be assumed
to be similar.

The power supply variations and temperature errors are combined using the
Root of the Sum of the Squares (RSS) method, resulting in a net power supply
accuracy of ±0.464°C over the full expected operating temperature range.

Wheatstone Bridge circuits are used to convert the RTD signal to a 0-1VDC
input to the DCC Computers. The nominal excitation power is 10VDC. The
nominal accuracy of these bridges for an input range of -45°C to 343°C (389°C
span), allowing for variations in matching resistors, is ±0.15% of span, or
±0.58°C. The bridge card operating temperature sensitivity for the range
(21.1°C-37.8°C) is ±0.12% of span error, or ±0.47°C. But the true conditions in
the auxiliary bay will vary between 10-40°C, and noting that the effective
resistance of the bridge will vary with temperature, the bridge operating
temperature sensitivity error must be extended an additional ±0.15°C. Therefore
the bridge temperature sensitivity error over the operating temperature range of
10-40°Cis±0.62°C.

The nominal card accuracy and temperature variation error are combined using
a RSS method, resulting in a net bridge card accuracy of ±0.849°C over the
normal expected operating temperature range.



Lead Wire Resistance is assumed to be 1.2 Ohms for the non-adjustable
Wheatstone Bridge card. This resistance is in addition to the RTD resistance.
The actual lead wire resistance is a function of the cables used, wire gauge,
length, the number of junctions and number of sharp bends made in the wire. A
bridge card lead wire resistance sensitivity study was done and concluded that
variations in the lead wire resistance would cause a change of -1.07 °C for every
increase in of 1Q in lead wire resistance.

A review of the Bruce A NGS cable data lists show the cables range from 27 to
61 m in length in equal amounts. Hence the average length of cable is 44 m
±17m. The resistance of 16 AWG wire is 0.0134 Q/m at 25°C, so the average
lead wire resistance is 0.59 H +0.23 Q. There is a disparity of 0.61 a ±0.23Q
between the assumed 1.2Q lead wire resistance, and lead resistance of 0.59 Cl
±0.23 Q. This translates to 0.65°C ± 0.246°C. This is a positive bias component
which causes the indicated temperature to be higher than actual.

Self-Heating of RTD is the heat generated by bridge excitation current flow
through the RTD, and is a function of I2R, where I is the excitation current and R
is the resistance, and is a function of temperature. The amount of self-heating
is dependent on the RTD design. The Bruce A specification allows self-heating
of up to 0.2°C at 8.5mA excitation current when installed in a thermowell in a 1
m/s fluid stream. The actual process flow past the RTD thermowell is 6-10 m/s.
The present system has an excitation current of 8.1 mA at 0°C and 7.4mA at
290°C. The amount of self-heating induced from this level of excitation current
has not been quantified.

Reducing the excitation current to 1 mA will reduce self-heating by a factor of
54( I2) at 290°C.



3.2.5 Computer Room

Analog to Digital Conversion of the 0-1V signal generated by the Wheatstone
Bridge is performed by the Digital Control Computer (DCC) analog input
subsystem. The DCC's are tested and recalibrated every major outage. The low
level analog input accuracy is ±1.3 mV or ±21 counts (bits). Conversations with
the Bruce A staff indicate that the inputs have 'easily' maintained this. The Input
span 0 to 1V corresponds to -45°C to 343.3°C, therefore the input accuracy
±1.3mV corresponds to ±0.50°C.

Engineering Unit Conversion, is the final step employed by the DCC to convert
the digital input value x (0-1V) to an Engineering Value of temperature. The
Rosemount RTD to temperature cubic equation matches the Resistance vs.
Temperature4 curves within ±0.04°C:

3.2.6 Common Mode Errors

The cabling and grounding system design was reviewed. It appears that
multiple shield grounds have been used, which can lead to ground loops.
Conversations with station staff indicate that this has not been a problem.

Shielded cabling is used for the signal run from the RTD to the DCC. Both the
Wheatstone Bridge cards and the DCC Analog input cards are located in large
metal cabinets which are themselves grounded. Both practices should reduce
the effect of RFl and EMI. Conversations with station staff indicate that this has
not been a problem.

3.2.7 Summary of Measurement Loop Errors

The individual measurement loop errors are combined using the Root of Sum of
Squares (RSS) technique to determine the total loop error.

The following is a complete listing of the RTD temperature measurement loop
error components, separated as long term and short term:

Table 1 Summary of Loop Errors
Area ';

Reactor

ErrorBescriptfon

Gamma Ray Heating
Transmutation
Radiation Induced Currents
Insulation Dielectric
Aging / Drift
Aging / Drift radiation

Total-Error

negligible
Not Apparent
Not Apparent
Not Apparent
iO.2°C
•.Q27±0.024°C

Long Term Variable

±0.2°C

Rxed-SbortTerm
Variable

-.027±0.024°C



Install

RTD

Aux. Bay

DCC

Stem Losses
Thermoelectric Errors
RTD-Thermowell contact
Handling Errors - Hysteresis
Process Stratification, not included in
total.

Interchangeable RTD Accuracy

Power Supply
Wheatstone Bridge
Lead Wire Resistance
Self Heating

Analog Input
Engineering Unit Conversion

Root Sum Square - RSS

Long Term Drift (2cRIH-d)
Fix and Short-term Variations

«-O.O1°C
Not Apparent
Not Apparent
+0.02°C
Quadrant Specific, -

rcto-3°c

t1.5°C

tfcO.464°C
±0.849°C
(•0.65±0.24S°C
f-0.2°C

M).04°C

+O.823±1.881°C

iO.02°C

to.3H°
+D.62°C

iO.166°C

iO.741°C

«-o.orc

±1.5°C

±0.345°C
±0.58°C
+0.65ctD.246oC
ko.2°c

±0.471 °C
ao.O4°c

+0.823±1.729°C

The Auxiliary Bay Power Supply and Wheatstone Bridge errors were divided as
both short-term and long-term. The errors caused by operating temperature
variations is considered long-term, while the remainder of the errors were
considered fixed or short-term. The DCC Analog Input error was divided as both
short-term and long-term. A one-third, long-term drift component is used
consistent with previous analysis of loop error.

4. LOOP CROSS-CALIBRATION

The preceding section details the errors and their possible magnitude by review
of available interchangeable component tolerance data. The resultant total error
would therefore represent a worst case error. Loop Cross-Calibration provides
a method of more realistically quantifying the actual loop error, by comparing
the RIH RTD measurement to an accurate reference. The FINCH inlet side
channel differential temperature RTD's can provide between 5 and 6
measurements of the inlet header temperature per quadrant. The average of
these measurements is then used as an accurate reference.

As a sub-program to the Power Raise program, an evaluation was performed by
Bruce A Reactor Safety which established a non-intrusive means of cross
calibrating the mixing zone inlet header RTD's on-load, using the FINCH
mounted RTD's as a reference. This evaluation provides the basis for the cross-
calibration technique. The cross-calibration method was extended to also
evaluate the uncertainty associated with inner zone temperature measurement
for RTD's installed directly in the header itself.



4.1 Loop Cross-Calibration Setup
The Loop Cross-Calibration uses a data logger to record and time stamp the
quadrant specific inlet header temperature via 5 or 6 FINCH RTD's, while the
DCC computer and plant status monitoring system computer are used to record
and time stamp the RIH temperature. The FINCH data points are then averaged
and time-paired (matched) with the RIH temperature. The instantaneous
difference between the FINCH average and the RIH temperature is averaged
and the standard deviation (sO of the difference is calculated. The average
represents the systematic bias (dj) while the standard deviation (Si) is used to
determine the random uncertainty in the measurement.

For the period of the Cross-Calibration, one of the RTD's on the inlet side from
each of the FINCH differential temperature measurements is used to measure
the actual Reactor Inlet temperature. Within each quadrant these FINCH RTD's
are used to create the reference temperature for calibration of the actual RIH
RTD.

The Central Limit Theorem from statistical analysis states that the accuracy of
the reference will be:

*• °"FINCH

Where: 2GFINCH = FINCH RTD accuracy
«, = the number of reference FINCH RTD's used within

the ith quadrant.

From this it can be seen that the accuracy improves with the number of FINCH
RTD's used.

4.2 RTD's Located in Mixing Zone

The first phase of this program quantified the measurement uncertainty
associated with the original design location, the R and S paired RTD's, (see
Figure 2). The original design placed dual RTD's less than 2 pipe diameters
down stream from the confluence (junction) of the pre-heater and by-pass flows.
An error consisting of a systematic offset (bias) and a random component was
quantified and the ith quadrant measurement uncertainty (D;) for an RTD located
in the mixing zone is given as:



Where
Si

:th
n,

= the observed cross-calibration bias component
= the observed cross-calibration random component
= FINCH RTD accuracy
= RTD measurement loop drift component
= the number of reference FINCH RTD's used within

the i quadrant

Note, a positive uncertainty indicates that that the temperature measurement is
below the actual temperature.

The 0.1 D* represents the non-observed mixing variations attributed to seasonal
variations of the pre-heater.

The above equation may also be expressed as

Errormax+ = (Bias + Random)Caiibration/Mixing + Reference Accuracy + RTD Drift

To date this method has been used for Bruce A unit 3 at 84% reactor power.
The bias (d,-), random error standard deviation (Sj) and calculated uncertainty
(Dj+) are shown in Table 2.

Table 2 Unit 3 Mixing Zone RTD Cross Calibration Results

bias (di)
random (s,)

Uncertainty (D*)

NE
2.682
0.282
3.934

SE
1.963
0.339
3.218

SW
2.258
0.345
3.555

NW
1.928
0.323
3.128

4.3 RTD's Located in Actual Inlet Header

Spare thermowelis exist near the ends and center of each of the four inlet
headers. The thermowells at the ends of the header are at least 5 pipe
diameters away from the confluence of the pre-heater and by-pass flows. These
thermowells provide suitable and viable alternate locations that can be used to
minimize the measurement uncertainty. The centrally located RTD's are too
close to the flow 'dead zone' between the north south header flows to accurately
be cross-calibrated.

The uncertainty equation can be simplified for the RTD measurements located in
the header itself. The 0.1 Dj component represented the long term randomness in
the mixing zone caused by Preheater load variations. But, since these RTD's are
more than 2 header diameters from the mixing area the 0.1 Dj is not applicable.

Cross-calibration is used to determine both the systematic bias and short term
random components of the instrument error observable during the cross-



calibration period. Long-term variations of the instrument error are accounted for
by the RTD drift term (2aR|H-d)-

The reference accuracy remains the 2oFiNCH/̂ ni term. Where n, is the number of
FINCH RTD's used within the ith quadrant for the cross-calibration. And, 2CJFINCH

was previously evaluated to be ±1.46°C.

The measurement uncertainty equation for a single element RTD located in the
Reactor Inlet Header will be:

Note, the 2aRiH-d is not divided by V2, as only one RTD signal is used in each
quadrant, as opposed to the average of the R, S RTD signal.

To date this method has been used for Bruce A unit 3 at 84% reactor power.
The bias (di), random error standard deviation (Si) and calculated uncertainty
(Dj+) are shown in Table 3.

Table 3 Unit 3 Relocated RTD Cross Calibration Results

bias (d,)
random (Si)

Uncertainty (D*)

NE
-0.001
0.48
1.56

SE
-0.0001

0.4
1.55

sw
0.117
0.39
1.66

NW
N/A
N/A
N/A

As expected the relocated RTD's have little bias indicating that mixing of the
preheater outlet and preheater bypass flow streams is complete.

4.4 Limitation of Cross Calibration

This method of cross calibrating the RIH RTD's provides a method of reducing
the measurement uncertainty. Its application however, is limited by the
following factors:

• the calibration is expensive and time consuming to perform and must
be performed for each RTD,

• the calibration is of the instrumentation loop; and if any component
changes the calibration will need to be repeated,

• the calibration is limited by accuracy of the reference RTD's,
• it requires modification of DCC code to adjust alarm limits based on

quadrant specific measurement uncertainty and
• in the case of the mixing zone RTD's, the error is also load dependent.



5. ALTERNATIVE DESIGNS

In the previous sections we have discussed the existing Reactor Inlet Header
design, and how and where the RIH temperature is measured. We also
determined the RIH temperature loop accuracy in detail. By using a cross
calibration technique we measured the quadrant specific measurement
uncertainty. It is apparent that cross calibration can be used to reduce the
measurement uncertainty. It was also useful in quantifying the magnitude of
process stratification induced error occurring in the present Inner Zone RIH
temperature measurement location. Unfortunately, the limitations associated
with cross calibration do not make it the most desirable long-term solution to
improving RIH temperature measurement.

Any long-term efforts to reduce the RIH temperature uncertainty must:
• eliminate the effects of the process stratification associated with the

mixing zone,
• provide redundancy, as this measurement has become a critical

parameter,
• provide component interchangability,
• be easily installed and maintainable and
• have minimal impact upon the DCC's.

The optimal solution for reducing the measurement uncertainty is to eliminate
the largest errors and make use of different transmitter manufactures on each
leg of the dual element RTD to provide diversity of equipment and lower the
software quality assurance requirements. The best overall solution included the
following:

• Relocate the Inner Zone RIH temperature measurement away from the
mixing zone and into spare thermowells in the header itself, to
eliminate the process stratification effects.

• Use new, calibrated 4-wire dual element RTD's in place of OH
standard interchangeable RTD's.

• Use high quality commercially available smart temperature
transmitters to convert the RTD signal rather than the Wheatstone
Bridge cards. The transmitters must be complete with a zero and span
adjustment and leadwire compensation.

It is expected that the above solution will provide a measurement loop accuracy
of±0.72°C.



6. CONCLUSIONS

The Reactor Inner Zone Inlet Header (RIZIH) temperature measurement is a
critical parameter for both the safe and economic operation of the Bruce A NGS
units. The RIZIH temperature has been increasing over time and is one of
several parameters preventing the units returning to 94% power.

At present, a large RIZIH temperature measurement uncertainty margin is
provided between the true RIZIH limit and the applied limit. A reduction of this
uncertainty would allow the units to operate closer to the true limit, with no
reduction in safety.

The RIZIH temperature uncertainty was determined by a detailed analysis and
cross-calibration. By detailed analysis the uncertainty was determined to be
+0.823+1.88°C, not including a process flow stratification error of 1-3°C which is
both quadrant and zone specific. Cross-calibration measured the quadrant
specific error and determined that the uncertainties ranged from 3.22°C to
3.93°C at 84% reactor power, including the process flow stratification error.
Limitations of the cross-calibration method will be expensive to maintain in the
long term.

A more acceptable solution to reduce the RIH measurement uncertainty is a
proposal based on commercially available smart transmitter technology, and the
use of dual element 4-wire RTD's installed in spare thermowells located jn the
RIH and away from any incomplete mixing zones. This solution would reduce
the measurement uncertainty to ±0.72°C, and not be constrained by the
limitations of cross-calibration.
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ABSTRACT

Present circular pressure-tube ballooning models in most fuel channel codes assume that the
pressure tube remains circular during ballooning. This model provides adequate predictions of
pressure-tube ballooning behaviour when the pressure tube (PT) and the calandria tube (CT) are
concentric and when a small (<100°C) top-to-bottom circumferential temperature gradient is
present on the pressure tube. However, nonconcentric ballooning is expected to occur under
certain postulated CANDU® (CANada Deuterium Uranium) accident conditions. This circular
geometry assumption prevents the model from accurately predicting nonuniform pressure-tube
straining and local PT/CT contact when the pressure tube is subjected to a large circumferential
temperature gradient and consequently deforms in a noncircular pattern. This paper describes an
improved model that predicts noncircular pressure-tube deformation. Use of this model (once
fully validated) will reduce uncertainties in the prediction of pressure-tube ballooning during a
postulated loss-of-coolant accident (LOCA) in a CANDU reactor.

The noncircular deformation model considers a ring or cross-section of a pressure tube with unit
axial length to calculate deformation in the radial and circumferential directions. The model keeps
track of the thinning of the pressure-tube wall as well as the shape deviation from a reference
circle. Such deviation is expressed in a cosine Fourier series for the lateral symmetry case. The
coefficients of the series for the first m terms are calculated by solving a set of algebraic equations
at each time step. The model also takes into account the effects of pressure-tube sag or bow on
ballooning, using an input value of the offset distance between the centre of the calandria tube and
the initial centre of the pressure tube for determining the position radius of the pressure tube.

One significant improvement realized in using the noncircular deformation model is a more
accurate prediction in maximum pressure-tube strain and thus the likelihood of pressure-tube
failure. Of 44 sets of comparisons, the agreement between the calculated and measured maximum
pressure-tube strain has increased from 75% using the circular model to 95% using the
noncircular model. The results show that the noncircular model is able to predict pressure-tube
failure, local PT/CT contact, circumferential spread of the contact, and full circumferential
contact. The work described in this paper was funded by the CANDU Owners Group (COG).

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



1. INTRODUCTION

One of the postulated accident events in the licensing and safety assessment of CANDU reactors
is a large-break LOCA. During such an event, coolant in the fuel channels downstream of a break
can become stagnated. The coolant may boil off, causing the upper portion of the fuel bundles
and pressure tube to become exposed to superheated steam while the lower portion remains in
liquid. The temperature of the pressure tube will rise and vary circumferentially. If the primary
heat transport system in the broken loops remains pressurized, the pressure tube may balloon into
contact with the calandria tube, rejecting heat to the moderator. Whether or not the pressure tube
ruptures prior to ballooning contact depends on the system pressure and the circumferential
temperature gradients on the pressure tube [1]. Therefore, it is essential to predict the transient
circumferential temperature gradients and the resultant nonuniform pressure tube deformation.

Small top-to-bottom circumferential temperature gradients will result in fairly uniform (and hence
circular) deformation of the pressure tube. Large top-to-bottom circumferential temperature
gradients will result in nonuniform (and hence noncircular) deformation of the pressure tube [2,3].
A circular pressure-tube ballooning model (GRAD) was developed by Shewfelt et al. [4] using the
creep rate equations of Zr-2.5 Nb pressure tubes developed from uniaxial tests [5]. This model is
used in most fuel channel codes such as FACTAR [6] and CATHENA [7] and assumes the
pressure tube remains circular during ballooning. The circular model requires the pressure-tube
circumference be divided into sectors. It keeps track of the sector circumferential length and wall
thickness based on the temperature and stress calculated for each sector. A mean radius of the
pressure tube is updated at each time step by summing all sector lengths and then dividing by K.
This approach allows the model to predict nonuniform pressure-tube strain, but prevents the
model from predicting local PT/CT contact because it assumes PT/CT contact occurs over the
entire circumference simultaneously.

The circular deformation model predicts full circumferential PT/CT contact once the calculated
total pressure-tube circumferential length reaches the value that is limited by the calandria tube.
In reality, when the pressure tube is subjected to a large circumferential temperature gradient, it
deforms in an egg-shaped pattern as observed from full scale pressure-tube ballooning
experiments [1,2,3]. The hottest area (e.g., at the top) of the pressure tube may deform into
contact with the calandria tube before the total pressure-tube circumferential length reaches the
overall limit. When the circular model is applied to such scenarios, overestimations of pressure-
tube wall thinning at the hottest location results.

The circular deformation model assumes that there is no change in the curvature of pressure-tube
circumference regardless of circumferential temperature gradients on the pressure tube. The
calculated mean radius of the pressure tube is used to estimate the hoop stress of each sector.
This results in overestimating the hoop stress (hence the hoop strain) at locations where the
circumferential temperature gradient is large, resulting in a reduction of the local curvature of
pressure-tube circumference.

The circular deformation model has been assessed extensively using data from full scale pressure-
tube ballooning experiments [2,3,8,9]. The model was shown to accurately predict the pressure-



tube ballooning behaviour when a small top-to-bottom circumferential temperature gradient
(<100°C) was present on the pressure tube. A majority of calculated results, however, indicated
that the circular model overestimated maximum pressure-tube strain when a large circumferential
temperature gradient developed on the pressure tube.

The previous assessments using experimental data indicate there is a need to remove the circular
geometry assumption from the pressure-tube ballooning model when large circumferential
temperature gradients develop on the pressure tube and when the pressure tube sags or bows
inside its surrounding calandria tube. This paper describes a noncircular Pressure-Tube RING
(PTRING) deformation model that resulted from modifications to a ring deformation model of
Shewfelt [10]. Comparisons of the PTRING results with the experimental results and with the
circular model results are also reported. The goal of this work is to provide a validated model to
improve accuracy in the prediction of noncircular pressure-tube ballooning during a postulated
LOCA.

2. DESCRIPTION OF THE NONCIRCULAR MODEL

The pressure tube is assumed to be in an original cylindrical shape. An elemental ring of the tube
being considered is taken far from the ends and any supports (Figure la) to eliminate axial loading
effects. The difference, p, between the internal and external pressures on the tube is assumed to
be uniform over the tube surface, and can be a function of time. At a given time, p is assumed to
normally act on the mid-surface (between the inner and outer surfaces) of the tube. The pressure
will result in extension of this mid-surface in the hoop direction. The hoop bending moment on
the ring, however, is assumed to result in no extension of this mid-surface, i.e., inextensible
bending deformation as defined by Timoshenko and Gere [11]. The effect of axial temperature
variation on creep deformation is assumed to be negligible compared to that of the circumferential
temperature variation. Thus, the longitudinal bending and twisting moments are neglected.

Figure lb shows the polar coordinates on the pressure-tube ring. Any point "P" on the ring can
be described by a position radius, p, and the central angle, a, where a=0 is the vertical symmetric
line passing the centre of the ring, and p=p(oc). The origin of the coordinates (p,ot) is at the
centre of the calandria tube (Figure lc). The initial centre of the pressure-tube ring is assumed to
be on the vertical symmetric line and have an offset, e, with respect to the centre of the calandria
tube. The offset value is positive when the pressure-tube centre is below the calandria-tube
centre, zero when the two tubes are concentric, and negative when the pressure-tube centre is
above the calandria-tube centre. The pressure-tube ring can be located using a reference circle
with a mean radius, R, and the deviations from the mean radius. The centre of the reference circle
may not be fixed during nonuniform deformation but remains on the vertical symmetric line. The
reference or central angle, 0, is based on the reference circle. The curvature of the ring is
described by the radius of curvature, r. Only when the ring is circular is the radius of curvature of
the ring equal to the position radius, i.e., r=p.

The ratio of wall thickness, t, to the radius of curvature is assumed to be much smaller than unity
(e.g., t/r<0.1 [12]). Hence, the shell theorem [13] can be applied to the ring. Only hoop stress, a,



is considered since the radial and shear stresses are assumed to be negligibly small. Within each
time step, the effects of creep and pressure loading are considered in two interrelated steps:

(1) The effect of high-temperature creep with the hoop stress is assumed to cause the
pressure-tube ring to diametrically deform. A mean radius of the ring is estimated,
which represents a reference circular shape of the ring at the time considered. This
step employs the approach similar to that used in the current circular pressure-tube
deformation model [4].

(2) The deviation from the reference circular shape is determined by assuming bending
deformation caused by changes in hoop bending stiffness due to circumferential
temperature gradients. This step solves a set of algebraic equations to obtain the
first m terms of a cosine Fourier series for determining the radial displacement as a
function of circumferential angle.

2.1 Determination of the Mean Radius

The mean radius of the reference circle, R, can be calculated by

1 *
R = Rl+ — i (de/dx)AxR1dQ (1)

% o

where At is the current time interval, R\ is the mean radius of the ring at x-Ax, and dz/dx is the
creep rate. The creep rate, calculated using Shewfelt's creep rate correlations [5], is a function of
hoop stress, temperature, and time. The hoop stress can be statically determined by o=p r/t. In
the circular model, a is estimated using the mean radius, R, of the tube. In this noncircular model,
the linkage of c with the radius of curvature of the ring, r, better represents stress changes with
changing geometry. Once the creep rate at a circumferential location is calculated, the wall
thickness of the ring at this location is updated using the assumption of volume conservation that
is given by t=ti/[\+(de/dx)Ax], where t\ is the wall thickness at x-Ax.

2.2 Determination of Deviation from the Mean Radius

At a given time, the shape of the ring can be described by the mean radius of the ring, R, and two
displacements: the radial displacement w(0) and the circumferential displacement v(0). The radial
displacement w is zero on the mean circle and taken as positive when it is directed away from the
centre of the ring, and v is positive in the positive 0 direction. Both w and v consist of two
components due to hoop tension and hoop bending. For a pressure tube ring, hoop tension has a
small influence on the shape deviation of the ring. Significant deviation from the reference circle
can develop as a result of hoop bending even though the bending moment may result in a small
fraction of hoop stress. This is because the bending stiffness of the ring is very small. Therefore,
the shape deviation of the ring is assumed to be a result of hoop bending only.

For inextensible deformation of an internally pressurized ring, the relation between the bending
moment and the radial displacement is given by Timoshenko and Gere [11]:
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o) = -r-M (2)
t, i

where w" is the second derivative of w with respect to 9, wo is an average radial displacement due
to hoop tension and high-temperature creep, E* is the Young's modulus for the plane strain case, 7
is the moment of inertia of the cross section of the ring per unit axial length (7=^/12), and M is the
hoop bending moment which is a function of 9 and taken to be positive when it tends to decrease
the curvature of the ring. The radial displacement w0 is assumed to be (R-Ro), where 2?o is the
initial mean radius of the ring. Also, E*= £7(1-v2), where v is the Possion's ratio,
£•=97200-68.37, and temperature T is in °C [10].

Using the Young's modulus, equation 2 provides an approximate relationship between the
curvature change and the bending moment on the pressure tube ring. In consideration of creep
and deformation history, the bending stress (much smaller than the mean hoop stress) can be
relaxed as the nonlinear stress-strain relationship exists. This effect was estimated during this
study and found to have a small impact on the calculation of pressure-tube strain and position
radius. Therefore, equation 2 is used to model noncircular pressure-tube deformation until first
PT/CT contact occurs. After first contact, this equation is no longer applicable and thus a
numerical scheme for deformation of the noncontact pressure-tube portion is employed
(Section 2.4).

The nonlinear relation between the hoop tension force N and the shape deviation w can be
approximated by [11]

N = (p + p*)R=p(R + w" + w) (3)

where p* is a distributed fictitious pressure load acting radially towards the centre of the ring.
Note that (V'+w)/7?2 represents the change of curvature of the ring. When the curvature change is
small, N is approximately equal to the membrane force, p R. After the solution of w is found, N is
updated and then the hoop stress a is calculated by Nit.

Since equation 2 can not be solved directly, the energy method is used for a set of algebraic
equations to be solved for w(9). The total strain energy being considered consists of the strain
energy due to hoop bending and the strain energy due to hoop tension. The latter is a large
fraction of the total strain energy. The increment of the mean radius from the initial radius, w0,
reflects the strain energy due to hoop tension (i.e., the effect of the hoop force N and creep). The
strain energy due to hoop tension, however, is not affected by the deviation, w(9), of the mean
radius. Therefore, for determining w(9), the strain energy, Ue, of the elastic bending deformation
and the external energy, Ee, of the loads are expressed as

M2 E*I
U ^ d ^ ( ' / )2d ( 4 )



+ p*w)ds (5)

The integration is along the half ring for the lateral symmetric case (ds =R dQ, 0 from 0 to 7t).
There may be bending moments and tension forces acting at the ends (9=0 and 0=7t). Due to
symmetry, there are no rotation and hoop displacements at the ends. Hence, such end section
forces make no contribution in equation 5. The radial displacement w(0) and its derivatives are
assumed to be small compared with the mean radius R and must be a period function of 2n to
meet a continuous geometry requirement. In general, w(0) can be represented by a trigonometric
series for thin-walled tube hoop bending problems [10,12]. For the symmetry case, w(0) in the
above energy expressions can be described by the cosine Fourier series:

w(0)= Swncosn0 (6)
fl=2,3,..

Equation 6 excludes the constant term because of inextensible bending. The wi cosO term is also
dropped because it just represents a rigid body movement in plane which could be determined by
a reference condition (Section 2.3) rather than deformation equations. The coefficients of w(0)
can be determined by minimizing the potential energy [11], P e , where Pe=U&-Ee. This
minimization takes the form of dPJdwi—0, where k>2. Performing the differentiation gives

E*I
!(" )(lk2)JSdQ (Ee)nk (7)

The left term of equation 7 has been obtained by differentiating equation 4 while w and v/'are
obtained from equation 6. The integer k in equation 7 corresponds to the result of the
differentiation with respect to w^. The displacement w together with its second derivative w"in
equation 7 is still expressed by equation 6 with the integer n representing wn in the series. The
right term of equation 7 is the result of differentiation of equation 5 while p* is treated as the
outcome of noncircular deformation and, therefore, has no variation with w when the energy
method is used. Using the relation given in equation 3 and the orthogonality property of
J cos&0 cosrcO dQ = 0 for n^k renders (£'e)nk=0 for n^k and (£e)nk=(7i/2)/?(l-fe2)Wk for n=k. If the
first m terms of the cosine series are sufficient to represent w(9), a set of algebraic equations for
coefficients wn can be established as

Aknwn=Bk (fc = 2,3,...,m; n = 2,3,...,m) (8)

where,

i?3Akn=l~r(l-k
2)(l-n2)cosnQcoskBdQ

Akk=\-^0~-k2)2 cos2 kQdQ+—p(k2-1) (k = n)
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There are ra-1 independent equations for m-\ unknowns, that is, W2 to wm. The diagonal terms of
Akk in the coefficient matrix are always positive. For a special case where the bending stiffness,
E* I, is uniform on the ring, Au and #k will all be zero except for Akk. Therefore, only zero
solutions for wn are obtained, signifying no shape deviation from the mean radius of the ring. This
expected outcome indicates that the pressure tube ring is ballooning uniformly. If the original
shape of the ring is circular and with a uniform thickness, the ring will remain circular during
ballooning. When the pressure tube ring is subjected to a circumferential temperature gradient,
the bending stiffness varies along the ring and non-zero solutions for wn are obtained. Since the
total increment of the mean radius (wo=R-Ro) is used on the right side of equation 8, the solutions
for wn represent the total radial displacements at time x. Also note that, as both terms in Akk are
positive, the effect of the tension force or internal pressure tends to reduce the degree of the
shape deviation.

2.3 Position Radius

Any point on the pressure-tube ring can be located by the position radius p(a). At time t, p(a)
can be determined using the initial offset distance e between the pressure tube and the calandria
tube, the current mean radius R, and the current radial displacement w(0) plus the first term
w\ cosG that has been excluded in equation 6. The coefficient wi is the vertical distance between
the centre of the currently calculated reference circle and the centre of the initial ring. If a
uniform temperature develops on the ring, it balloons uniformly and the centre of the currently
calculated reference circle coincides with the centre of the initial ring. If a circumferential
temperature gradient develops on the ring, nonuniform ballooning occurs and the centre of the
currently calculated reference circle "floats" on the vertical symmetric line. If there is not a large
cold (temperatures below 500°C) region on the ring where local creep is negligible, the rigid body
movement relative to the centre of gravity of the ring must be zero. For this scenario, the
coefficient w\ is determined by calculating the vertical distance between the centre of the reference
circle and the centre of gravity of the ring. If there exists a large cold region on the ring, the
known displacement of the cold region is used to determine wi. After wi is obtained, the true
radial displacement W(9), including the initial offset e, is given by

(9)

The true circumferential displacement v*(0) can be obtained using the approximate relation of
w*(Q)+dv*/dQ=0. The position (p,C0 of a point on the ring, relative to the centre of the calandria
tube, is given by

[ w*)2 + (v*)2]1/2; a = 8 + sin~I(v*/p) (10)

2.4 Approximation after First Contact



Local PT/CT contact is indicated by p+Z/2>/?c, where Rc is the inner radius of the calandria tube.
The calandria tube is assumed to undertake no deformation following pressure-tube contact.
Therefore, the pressure-tube ring in the contact region has no further radial displacement and wall
thickness reduction. Prior to full circumferential contact, deformation of the noncontact pressure-
tube portion after first contact is a complex problem. The above equations are no longer
applicable for the pressure tube that has partially contacted its calandria tube.

For completeness of this ring deformation model, a simple numerical scheme is adopted to model
the continued deformation of the noncontact pressure-tube portion after first contact is predicted.
It assumes there is no further pressure-tube circumferential length increase for the contact region
and the creep strain increment of a noncontact region during a time step results in an increment in
the position radius of this noncontact region. This numerical scheme is similar to that used in the
circular deformation model. This approach approximately models the propagation of contact and
adequately calculates pressure-tube strain following first contact.

2.5 Numerical Implementation

The noncircular pressure-tube deformation model described above has been numerically
implemented into a stand-alone computer program PTRING. During each time step, the matrix
equation (equation 8) is directly solved for vvn using Gauss's elimination method. The number of
terms (order up to m) included in the cosine series (equation 6) is decided so that the error in w(0)
is less than 1%. The lower bound failure criterion [4] is used to predict pressure-tube failure due
to local necking. The upper bound failure criterion [4] is currently not available in PTRING but
will be added in the future.

Half of the pressure-tube circumference is divided into sectors. Each sector is further divided into
subsectors for increasing accuracy in the strain calculation. Figure 2 shows the influence of the
total number of sectors used on PTRING results under two different test conditions. In general, it
is recommended that at least 10 sectors be used for a half pressure-tube circumference with each
sector being divided into 10 subsectors when PTRING is used to model noncircular pressure-tube
deformation.

3. COMPARISON WITH THE CIRCULAR MODEL

A numerical test is used here to compare the PTRING results with the results from the circular
model GRAD. A pressure tube is internally pressurized at 1 MPa and is initially concentric inside
a calandria tube. A time-independent, cosine temperature profile expressed as
r(9)=200+300(l+cos6) is imposed on the pressure tube. Figure 3 shows the pressure-tube
geometries and wall thicknesses predicted by PTRING and GRAD at two sample times. At
53.7 s, PTRING predicted PT/CT contact at the top with an egg-shaped geometry for the
deforming pressure tube. At this time, GRAD predicted a circular geometry for the pressure tube
with an increase of 8.5% in its outer radius. GRAD predicted full circumferential PT/CT contact
at 73.8 s, 20.1 s after PTRING predicted first contact at the top of the pressure tube. At this



time, PTRING did not predict full circumferential contact and the predicted pressure-tube
geometry remained noncircular. The wall thicknesses on the upper half of the pressure tube
predicted by PTRING were thicker than those by GRAD. The difference came from two effects.
The effect of changing pressure-tube curvature was taken into account in the stress calculation in
PTRING, but not in GRAD. Local PT/CT contact at the top was predicted by PTRING, but
GRAD could only predict full circumferential contact. Under these test conditions, PTRING is
believed to provide a more accurate prediction of pressure-tube deformation.

4. VALIDATION USING PRESSURE-TUBE BALLOONING DATA

This section describes an assessment of the noncircular pressure-tube deformation model using
data from full scale pressure-tube ballooning experiments. Measured transient pressure-tube
temperatures and pressures were input to PTRING. A half pressure-tube circumference was
uniformly divided into 18 sectors (with 10 subsectors in each sector). At circumferential locations
where measured temperatures were not available, linear interpolation was performed to obtain the
pressure-tube temperatures.

4.1 Pressure Tube Ballooning without Pressure Tube Offset

Data from one of the Pressure Tube Circumferential Temperature Distribution Experiments,
PTAT S-l-4 [1], were used in this study to assess PTRING under conditions of a concentric
PT/CT geometry and a large circumferential temperature gradient on the pressure tube. The
horizontal test section consisted of a 2600-mm-long section of autoclaved Zr-2.5 Nb pressure
tube sealed at one end and concentrically mounted inside a 2300-mm-long Zr-2 calandria tube.
Thirty-seven fuel element simulators were arranged to represent a CANDU fuel bundle. The
heated length was 2300 mm. Ten thermocouples were installed around the pressure-tube outside
surface at each of three axial locations.

At the beginning of the experiment, the pressure tube was filled with water and pressurized to
4 MPa. Once the temperature of water in the pressure tube was raised to the saturation
temperature, the experiment started by opening a steam exit valve at one end of the test section,
allowing water in the pressure tube to boil off. This coolant boil-off resulted in a large
top-to-bottom circumferential temperature gradient (as high as 464°C) on the pressure tube.
Figure 4a shows the histories of the measured pressure-tube temperatures at axial location 2. The
thermocouple traces indicate that the pressure-tube top had an initial contact with the calandria
tube at 864 s, and that there was no full circumferential contact in the experiment. At 1171 s, the
test-section pressure was decreased and no further pressure-tube straining occurred thereafter.

The measured temperature transients were input to PTRING to perform the deformation
calculation. The noncircular model correctly predicted initial PT/CT contact at the top of
pressure tube. The predicted contact time was 867.3 s, 3.3 s later than in the experiment. At the
end of the experiment (1200 s), the calculated total pressure-tube strain (circumferential length
increment) was 10.0%. The predicted contact area was ±73 deg over the top of the calandria
tube, which agrees with the contact area indicated by the traces of the top four thermocouples



(Figure 4a). When the circular deformation model in CATHENA MOD-3.5/Rev 0 was used, no
PT/CT contact was predicted. The calculated total pressure-tube strain at the end of the
experiment was 14.7%.

Figure 4b shows the predicted pressure-tube wall thicknesses at the end of the calculation with the
post-test measured values. Both the circular and noncircular model results at 1200 s are shown.
The calculated wall thicknesses using the noncircular model (solid line) follow the measured data
('A' symbol) closely, indicating PTRING accurately calculated the maximum pressure-tube strain
at the top and the strain variation around the pressure tube circumference. The calculated
pressure-tube wall thicknesses using the circular model were within +20% of the experimental
data, which was deemed to be within experimental uncertainties. The pressure-tube wall thinning
at the top was overestimated significantly (by 18%) using the circular model.

4.2 Ballooning of an Initially Offset Pressure Tube

Data from PTAT test S-5-1 [2] were used to validate PTRING under conditions where the
pressure tube was initially offset inside the calandria tube and subjected to a large circumferential
temperature gradient. In this test, the horizontal test section consisted of a 28 fuel-element-
simulator bundle. The length of the heated zone was 1800 mm. The bundle was surrounded by a
2105-mm-long pressure tube mounted inside a 1780-mm-long calandria tube. The test-section
pressure was 4 MPa. The pressure tube was offset by 3.6 mm in the calandria tube to simulate a
sagged pressure tube. The pressure-tube temperatures were monitored at five distinct axial
locations, with a maximum recorded top-to-bottom circumferential temperature gradient of
475°C. Local PT/CT contact was observed along the test section. The pressure tube did not fail
in this experiment.

The measured pressure-tube temperatures at axial location 1 (225 mm from the closed end) are
shown in Figure 5a. At 714.3 s, the pressure-tube top had contacted the calandria tube. The
temperature traces of thermocouples 2, 3, 8 and 7 after 714.3 s indicate that contact spread from
the top to the side of the pressure tube within 10 s. The temperature traces of the thermocouples
around the bottom half of the pressure tube did not show any contact during the experiment.

Two calculations were performed using PTRING to show the effects of pressure-tube offset on
ballooning. In one calculation, the pressure tube offset was neglected and an initial concentric
PT/CT geometry (zero offset) was used. In the other calculation, the experimental pressure-tube
offset of 3.6 mm was used. The noncircular model predicted initial PT/CT contact at 713.0 s for
the concentric case and at 714.7 s for the offset case. Both the predicted times agreed with the
experimental time of 714.3 s, with the predicted time for the offset case being closer to the
experimental time. For the channel pressure of 4 MPa in this test, the pressure-tube offset value
of 3.6 mm had a minor impact on the predicted initial contact time (causing a 1.7-s difference).
This offset, however, had a much greater impact on the predicted pressure-tube wall thickness
reduction, as shown in Figure 5b. When the effects of pressure-tube offset were included, the
noncircular model accurately predicted the minimum pressure-tube wall thickness that occurred
20 deg from the top of the pressure tube. When the offset effects were not included, the wall
thickness reduction at this location was underestimated. The predicted contact area by the



noncircular model with the inclusion of pressure-tube offset effects was ±81 deg at the top of the
channel, which agreed with the contact area inferred from the thermocouple traces in Figure 5a.

The circular model did not account for pressure-tube offset effects and could not predict local
PT/CT contact. Under these test conditions, the circular model predicted neither PT/CT contact
nor pressure-tube rupture. The predicted pressure-tube wall thicknesses, however, were in
agreement with the measured values as well as with the results predicted by the noncircular model
with the inclusion of pressure-tube offset effects.

4.3 Pressure Tube Ballooning at 10 MPa

Data from a 10-MPa pressure-tube ballooning experiment were used in this study to determine if
PTRING could predict the observed pressure-tube failure. Temperatures of the pressure tube,
measured at the mid-plane of the pressure-tube wall, are shown in Figure 6a. As the pressure
tube was heated, a circumferential temperature gradient of 200°C developed. As a result, the
pressure tube deformed and ruptured at the top at 898 s, before any PT/CT contact occurred.
Using the measured temperatures, both the circular and noncircular deformation models predicted
rupture of the pressure tube due to a local break (lower bound criterion on failure with a wall
defect assumed to be 13 |xm). The predicted rupture time was 892 s, which was 6 s earlier than
the experiment.

4.4 PTRING Validation Results Summary

Presented above are 3 of the 44 sets of measured and calculated results. In this study, forty-four
sets of data from various full scale fuel channel experiments were used, covering internal
pressures from 1 to 10 MPa and top-to-bottom circumferential temperature gradients as high as
690°C. Using measured pressure-tube circumferential temperature distributions, PTRING
correctly predicted PT/CT contact that initially occurred at the hottest location around the
pressure tube. Figure 7a shows that, of 22 cases where initial contact occurred in the
experiments, the predicted initial contact times for 14 cases were within ±10 s of the experimental
times. For the remaining 8 cases, PTRING did not predict local PT/CT contact. An assessment
was performed to determine how much longer PTRING would need to predict PT/CT contact.
Less than 10 s more was needed for PTRING to predict PT/CT contact for each of the 8 cases
when the measured pressure-tube temperatures were extrapolated beyond the time of contact.
Figure 7a also shows that the predicted pressure-tube failure and full PT/CT contact times were
within ±8 s of the experimental times.

The calculated pressure-tube wall thicknesses that fall within ±20% of the measured data were
considered to be within the experimental uncertainties based on an uncertainty analysis performed
in this study. Using this criterion, the agreement between the calculated and post-test measured
minimum pressure-tube wall thicknesses increased from 75% using the circular model (Figure 7c)
to 95% using the noncircular model (Figure 7b). Two of these calculated results were largely
influenced by thermocouple failure during ballooning in the experiments and thus underestimated
pressure-tube wall thinning significantly.



The noncircular model was also shown to be capable of predicting the circumferential spread of
PT/CT contact following initial contact. A majority of the calculated PT/CT contact areas were
within ±30% of the experimentally inferred areas at the end of each experiment. The ability of
PTRJNG to predict PT/CT contact areas during pressure-tube ballooning can be utilized to
improve the estimation of the heat load to the moderator following PT/CT contact.

5. CONCLUSIONS

A noncircular deformation model for Zr-2.5 Nb pressure tubes has been analytically developed
and numerically implemented into a stand-alone computer program PTRING. Forty-four sets of
data from various full scale fuel channel experiments have been used to validate PTRING and
evaluate improvements in modelling pressure-tube behaviour by comparing the noncircular model
results with the circular model results. One of the significant improvements in using the
noncircular deformation model is a more accurate prediction in maximum pressure-tube strain and
thus the likelihood of pressure-tube failure when large circumferential temperature gradients
develop on the pressure tube and/or when the pressure tube is initially offset inside the calandria
tube. The results have also showed the ability of PTRING to predict pressure-tube failure, local
PT/CT contact, circumferential spread of the contact, and full circumferential contact. Further
validation of this noncircular pressure-tube deformation model using experimental data with
channel pressures between 1.5 and 3.5 MPa and high pressures above 6 MPa is recommended.
Use of this model, once fully validated, will reduce uncertainties in the prediction of pressure-tube
ballooning during a postulated LOCA.
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TENSILE PROPERTIES OF IRRADIATED CALANDRIA TUBES
AT LOW TO HIGH RATES OF STRAIN

R.W.L. Fang. C.E. Coleman, R.S.W. Shewfelt1, PJ . Ellis2,

Y. Tsuchimoto3, S. Yoshie4, Y. Morishita5, E.V. Pizzinato6, and C. Albertini6

Abstract

Calandria tubes are made from annealed Zircaloy-2 sheet, brake-formed to shape
then welded axially. They are used in the fuel channels of CANDU and FUGEN
reactors to isolate the hot pressure tube from the cool heavy-water moderator. The
calandria tube may contain the pressure of the heat transport fluid in the unlikely
event a pressure tube breaks. Assessment of the structural integrity of the calandria
tube requires information on the condition of the material after exposure to
irradiation during service and the mechanical properties at low to high rates of
strain. Calandria tubes have been removed from reactors by Ontario Hydro for
evaluation. The effect of irradiation and strain rate on the tensile properties of the
Zircaloy-2 material have been measured. After an initial rapid increase in strength
with neutron fluence, there is a continuous small increase up to 8 xlO25 n/m2. The
ductility decreases in a similar manner. The strength of irradiated material increased
steadily with strain rate from 10'3 s"1 to 300 s"] but the ductility decreased to a
minimum in the intermediate strain rate regime. The latter result was unexpected
and may result from adiabatic heating during high strain rate testing. The increases
in strength protect the caJandria tubes from accidental loading from either water
pressure or impact from the pressure tube.
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IMPROVING THE CALANDRIA TUBES FOR CANDU REACTORS

C.E. Coleman, R.WX. Fong, GX. Doubt1 and DJB. Sanderson2

Abstract

CANDU calandria tubes are made from annealed Zircaloy-2 sheet formed into a. cylinder and
welded along its length to make the tube. The current calandria tubes have given exemplary service
for many years. With more stringent regulations and the need to accommodate warm coolirjg water
in tropical countries, we started a development program to increase the margins for failure during
postulated accidents. These improvements involve increasing the tube strength and optimising the
heat-transfer from an excessively hot fuel channel to the cool moderator. If the postulated accident
involves a pressure tube break, it would be desirable if the calandria cube withstood the full pressure
of the heat-transport system. The weakest link in current calandria tubes is the weld. Thickening
the weld can increase the strength by 20% while seamless tubes can be 45% stronger than current
tubes. The latter tubes can hold full system pressure for many hours without failure. If during the
postulated accident the fuel and pressure tube become excessively hot but do not touch the
calandria tube, the radiant heat loss must be maximised. Current calandria tubes have an
absorptivity (emissivity) of about 0.2. To protect the fuel and the fuel channel we have devised a
finish to the inside surface of the calandria tube that increases the emissivity to 0.7. If during the
postulated accident the hot pressure tube touches the cool calandria tube, the contact conductance
and the critical heat flux must be optimised to ensure nucleate boiling of the moderator at the
outside surface of the calandria tube and therefore efficient exploitation of the moderator as a heat
sink. In laboratory tests small ridges on the inside surface and roughening of the outside surface
have been shown to increase the margins against failure and increase the possible moderator
temperature thus providing the opportunity to decrease the cost of the moderator heat-exchange
system and remove restrictions on reactor operation in warm climates.
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Chalk River Laboratories
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QUALIFICATION OF ALTERNATE SUPPLIERS FOR Zr-2.5Nb MATERIAL
FOR CANDU PRESSURE TUBES

J.R. Theaker, C.E. Coleman, B.A. Cheadle, E.G. Price* and G.D. Moan*

Abstract

To assure security of supply, two potential alternate fabricators of Zr-2.5Nb material were
located. An evaluation program to qualify these suppliers was developed based on 30
years of research on pressure tube metallurgy and fabrication. Guidelines were developed
for properties defined by the technical specification and those properties that can be
modified by the fabrication process, but not routinely evaluated, that are also necessary to
ensure the design life of the pressure tubes is met. The qualification was based on a
thorough evaluation of prototype tubes, preceded by evaluation of material samples
obtained at various stages of manufacture. The chemical composition, microstructures,
tensile and fracture properties and rolled-joint characteristics were measured and found to
be acceptable for both new suppliers. Finally, based on the final tube properties, in-
reactor deformation and corrosion were predicted to be acceptable for the design life of
the pressure tubes. The properties of production tubes will be monitored closely until
adequate experience with these suppliers has been obtained.
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EVALUATION OF SEVERE ACCIDENT RISK IN THE PICKERING A RISK
ASSESSMENT

K.S. Dinnie and V.M. Raina
Risk Assessment Section

Reactor Safety and Operational Analysis Department
Nuclear Technology Services Division

Ontario Hydro

1 INTRODUCTION

The nature of the design of commercial power plants is such that significant impacts on
public health can only occur if a number of barriers fail. Rigorous design and licensing
requirements ensure that the more likely accidents do not fail all these barriers and their
contribution to risk is likely to be small. The task of estimating accident risk must,
therefore, focus more towards those less likely but potentially more serious combinations
of failures that are characterized by the following;

a) a large release of fission products into the containment atmosphere,
b) a breach in the containment envelope, and
c) the existence of a driving force to expel the containment atmosphere to the outside

environment.

The likelihood of such conditions existing simultaneously during the course of an accident
is expected to be small, such that experience and data regarding the behaviour of plant
systems under such conditions is sparse or non-existent. The challenge of Probabilistic
Safety Assessments (PSAs) is to examine the potential for severe accidents using
approaches that are sufficiently detailed and realistic to provide valid information
regarding plant risk and susceptibilities, while simple enough to keep the analysis
manageable.

This paper outlines the key features of the Pickering A Risk Assessment (PARA) [1] and
the manner in which it addresses these issues, and provides some insights into the results
and conclusions drawn from the study.

2 STRUCTURE OF THE PARA

A major task in the Pickering A Risk Assessment was the identification of the various
accident sequences that have the potential to cause a significant release of radioactivity
outside the reactor containment, and the estimation of the magnitude of the associated
release. As the number of such possible accident sequences is potentially large it is not
feasible to explicitly calculate the consequences of each one of them. Instead, it is



customary in PSAs to group events by similarity of the expected radionuclide release.
Risk assessments achieve this by first defining categories of releases of radioactivity,
encompassing the possible range of releases with the potential for significant health
consequences, and then allocating all the various event sequences to one of these release
categories. It is the accident categories that form the structure of the PSA, providing the
link between accident frequency estimates and accident consequence estimates to generate
estimates of risk.

Categorization serves as a means to ensure the full range of potential consequences is
addressed and as a vehicle to ensure that the study is complete within its defined scope by
requiring that all identified sequences be assigned to a category, unless designated as
insignificant to risk. It is this requirement for completeness that is the essential
characteristic of PSA and, at the same time, its greatest challenge.

The process of consequence categorization is intimately affected by the interplay between
design and operation of plant systems, equipment configuration, plant response to various
malfunctions, and understanding of the physical processes that take place inside the
reactor and containment when plant systems fail. The complexity of reactor design,
operation, and the often uncertain state of knowledge of plant response to various
accidents makes it necessary to adopt a structured approach to categorization, while at the
same time retaining the flexibility of being able to iterate on the definitions as more
information is obtained.

The PARA utilized two broad categorization schemes. The first had as its primary
objective the characterization of accident sequences by the extent of the resulting fuel
damage, with the output being a set of so-called Fuel Damage Categories (FDCs). Fuel
Damage Categories were defined to the extent possible on the basis of existing design
basis accident analysis, as documented in the plant's safety report. The second took
account of the behaviour of containment systems given the occurrence of fuel damage
inside containment, leading to a set of categories based on magnitude and timing of release
to the environment.

Knowledge of the consequences of design basis events is insufficient to enable the
development of such a categorization scheme since they usually span only a narrow band
of the possible set of consequences, the intent of design basis analysis being to
demonstrate low consequences for design basis events. Hence, analyses were undertaken
to assess the consequences of combinations of fuel damage events and containment
subsystem failures not assessed in the safety report, on which was based the development
of so-called Ex-Plant Release Categories (EPRCs). As the purpose of these analyses is to
develop broad consequence categories and enable the allocation of accident sequences to
them, rather than to assess compliance with narrowly-defined licensing limits, the required
level of rigour in such analysis is less than in traditional licensing analysis.

In PSA parlance, the development of the analysis to the point of fuel damage categories is
called the Level-I analysis, the ex-plant release categories the Level-II analysis and the



Figure 1:
The Structure of the PARA
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offsite consequence and risk the Level-Ill analysis. The structure of the PARA is shown
graphically in Figure 1.

3 THE PARA RISK MODEL

Products of the PARA included; lists of accident sequences belonging to each FDC and
EPRC, the frequency of occurrence of each accident sequence and category, and the
health and economic consequences associated with each category. Such outputs afford
the opportunity to determine the impact on accident frequency and consequence, and
hence risk, if changes occur to plant design and operation. This set of outputs is referred
to as a risk model.

The PARA risk model may be described in terms of its following elements:

1. Definitions of Fuel Damage Categories
2. Identification of event sequences leading to the various FDCs
3. Dominant contributors to each FDC

4. Items similar to 1 and 3 for Ex-Plant Release Categories.

The following deals with the Level-I component of the PARA.

3.1 Fuel Damage Categories

Based on a knowledge of Pickering A's engineered systems, safety features, and an
understanding of plant response to accidents documented in the safety report, events
leading to fuel damage were classified into nine categories, as shown in Table 1.



A distinction was drawn between events affecting fuel in a single channel (FDC7/8) and
those potentially affecting the whole core. With the exception of a large loss-of-coolaht-
accident (FDC6), damage to fuel in the core requires impairment of Emergency Coolant
Injection (ECI) and the magnitude of the damage depends largely on when after shutdown
the requirement for ECI occurs (FDC3/4/5). Finally, sequences leading to core
disassembly were divided into two categories; rapid (FDCl), resulting from failure to
shutdown and slow (FDC2), from loss of all heat removal. A ninth category was added to
reflect the economic penalty arising from the consequences of ECI injection (FDC9), such
as a prolonged multi-unit outage.

FDCl and FDC2 constitute the severe accident categories, those involving failures leading
to loss of the core structural integrity. Such events intrinsically present a much greater
hazard potential, because of the massive degree of fuel damage and greater challenge to
containment systems. Sequences involving loss of primary heat sink leading to the
potential for consequential multiple fuel channel failures were allocated to FDC4, based on
a judgement that overall core structural integrity would be maintained, even though such
events are normally considered to be beyond the design basis.

3.2 Event Sequence Identification

An event in a fuel damage category occurs if normal reactor operation is somehow
interrupted and mitigation of the effects of such an interruption fail. Identification of
accident sequences, therefore, requires determination of various ways by which normal
operation can be upset, identification of the available mitigating systems if any, and an
assessment of the abilities of mitigating systems to cope with the upset. These three
requirements are met in a risk assessment by carrying out the tasks of initiating event
selection, event tree analysis and fault tree analysis.

Fault tree analysis was the primary vehicle for the quantification of event sequence
frequencies and formed a major activity of the total risk assessment effort. First the high
level logic for each FDC derived from the event trees was captured in the form of what is
called the fuel damage category logic, which in itself is a fault tree representation of the
constituents of each FDC. Then fault trees were developed for each of the mitigating
systems appearing in the FDC logic. A similar exercise is conducted with respect to the
ex-plant release categories, giving rise to what is called the EPRC logic.

The Pickering NGS A risk model contains fairly detailed fault tree models for 34 plant
systems. Each of these plant models contains all relevant information about the given
system's topology, interactions with other systems, control aspects, operator/maintainer
interface, capability, test and maintenance policies and records, and response to initiating
events. The resulting fault tree logic and data files, thus, are an archive of information
about the system's safety function.



Table 1
Frequency of Fuel Damage Categories

FDC Description Mean Frequency
(occ/yr)

FDCl Failure to shut down following fast loss of
power regulation

FDC2 LOCA and failure of emergency coolant
injection and moderator heatsink

FDC3 LOCA and failure of high pressure
emergency coolant injection

FDC4 LOCA and failure of emergency coolant
recovery

FDC5 Small LOCA and failure of emergency
coolant recovery

FDC6 Large LOCA with extensive fuel failures
FDC7 LOCA resulting in fuel failures in one

channel and containment pressurization
FDC8 LOCA resulting in fuel failures in one

channel but without containment
pressurization

FDC9 LOCA requiring emergency coolant
injection
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7 x 10"6

1 x 10"5

,-5
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4x10'

2 x 1 0
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2.6 x 10*

The category logic and the system fault trees were then logically integrated by means of
computer methods, supported by component failure data bases, and operator reliability
quantification models to generate lists of so-called minimal cutsets, representing the most
likely, or dominant, ways by which each category of events can occur.

3.3 Dominant Contributors to Severe Core Damage Accidents

Estimated frequencies for the nine FDCs are given in Table 1. The severe core damage
frequency for a Pickering A reactor was calculated in the PARA to be 1.3 x 10"4 per year
(the sum of FDCl and FDC2), resulting primarily from event sequences in which a loss of
coolant occurs, initiated by a pipe break in the heat transport system or induced by a
transient event, followed by failure in the longer term of the D2O recovery system, the
emergency coolant injection system and the moderator heat sink. A common theme in
these accident sequences was the presence of design features that lead to dependencies
between the various mitigating systems and initiating events. A few of the dominant
accident sequences and underlying dependencies are discussed below.

(a) In the event of a LOCA at Pickering A, following successful completion of the initial
injection phase, the emergency coolant recovery (ECR) function is implemented by the
use of the moderator system pumps to recover and pump back the water escaping from
the HT system break and accumulating in the reactor building sumps. Should these pumps
fail, both the emergency coolant recovery (ECR) function and the moderator heat sink



function, therefore, fail. Unique design features, and failure criteria derived from the
station's Safety Report, make the pumps vulnerable to a number of single failures. For
example, failure of the dump port level controller or loss of air supply to the calandria
outlet valves (COVs) leads to the moderator pumps gas-locking, loss of a single Class HI
power bus causes enough pumps to fail to lead to insufficient flow, failure of a control
power bus leads to loss of all moderator room air cooling units, and the spurious opening
of an air-operated sump isolation valve leads to the moderator pumps being aligned to the
sumps soon after the LOCA when the latter are empty.

(b) Transient events have the potential to cause a loss of coolant as well as failure to
mitigate the LOCA in the longer term by means of the moderator pumps. An example of
such an event is the loss of air supply to the reactor building which may also lead to the
heat transport relief valves opening and, in conjunction with bleed condenser relief valves
failing to reclose, to a LOCA, as well as failure to open the D2O recovery isolation valve.
Failure of the moderator pumps due to gas-locking initiated by COVs failing open on loss
of the air supply then leads to core damage. Many of these failures, however, are
recoverable before core damage occurs..

(c) Dependencies also exist between the various heat removal systems. Among these are
the reliance of main and auxiliary boiler feedwater and shutdown cooling on common
Class IV and in power supplies, and common low pressure service water (LPSW)
supplies. Steam line breaks, condenser cooling water (CCW) line breaks and service water
line breaks in the power house have the potential to cause widespread loss of electrical,
instrument air and cooling water supplies, thereby affecting a number of heat removal
systems. Steam line breaks can not only lead to loss of the class HI and IV power supplies
but also the power supplies required to open the ECI motorized valves.

(d) The operation of a number of backup or protective systems can be defeated due to the
reliance on the operator to initiate them. An example is the provision of an alternate heat
sink after loss of normal main feedwater supply, the multiplicity of backup cooling systems
such as auxiliary feedwater, shutdown cooling, and emergency boiler water systems
notwithstanding. In fact, the PARA results indicate that appropriate operator action is a
key factor in keeping the core damage frequency low. Other examples of key operator
actions are: the throttling of dump tank isolation valves to prevent moderator pump gas-
locking, initiation of ECI following a very small LOCA as boiler room pressure may not
rise sufficiently for automatic initiation to occur; isolation of condenser cooling water pipe
breaks to prevent water levels in the powerhouse basement from reaching such heights
that the instrument air systems fail, startup of the emergency LPSW pumps following a
loss of main LPSW pumps, and the manual energization of Class HI buses following
failure of the emergency transfer scheme (ETS) to initiate automatically. Timely operator
action to trip HT main circulating pumps is an important defence against HT pump seal
LOCAs.

(e) A noteworthy feature of the Pickering NGS A design is the availability of auxiliary
services from the non-accident units to assist the accident unit. This is either because of



intended redundancy or because of a common shared function which nevertheless can be
supplied services from different units. Prime examples of these are the electrical supplies
to the HPECI pumps and valves, which can be obtained from either the grid or any non-
accident unit on site, the high pressure service water supply from Pickering NGS B Units
6 and 7 to any of the Pickering NGS A units to provide emergency boiler cooling water,
the Class HE inter-station transfer bus, the paired instrument air systems, and the standby
generators. Further, inter-unit ties exist between the instrument air and the low pressure
service water systems. The PARA, nevertheless, identified failure modes that affect
multiple units. Examples of such failure modes are common grid failures, steam and CCW
line breaks, and possible multi-generating unit trips following an initiating event.

3.4 Importance Analysis (Severe Core Damage)

A breakdown of the dominant contributors to severe core damage by type of initiating
event is shown in Figure 2. Accident sequences initiated by pipe break LOCAs are found
to contribute 83 per cent of the core damage frequency, the rest being contributed by
transient initiating events. The contribution of failure to shutdown events (FDC1) to the
frequency of core damage was found to be insignificant.

Figure 2 also displays the percentage contribution to severe core damage events of various
kinds of LOCAs. Thus, the very small LOCA1 breaks (initial discharge rate within the
capacity of D2O feedpumps, 40 kg/s) contribute 43 per cent, while intermediate breaks
(40-1000 kg/s), viz. LOCA2s, account for 26 per cent. The significant contribution of
LOCA1 breaks is likely conservative as only a small credit (one chance in four) has been
taken for averting core damage through operator action, even though the small leak rate
provides considerable opportunity for corrective action.

Of the specially-defined LOCAs, pressure tube failure is the most significant (8 per cent)
and all others together total 6 per cent (e.g., large LOCA, stagnation feeder break, flow
blockage, steam generator tube rupture).

Figure 2:
Contributors to Severe Core Damage frequency by Event Type
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Figure 3:
Breakdown of Transient Initiator Contributors to Severe Core Damage

Others
18%

LPSWLB-OC
40%

•c
CCWLB

14%
I S f e ^ LOLPSW
* * *§$1 18%

LO250
10%

The overall 17 per cent contribution to severe core damage frequency from non-HT
system pipe breaks is broken down in Figure 3. As can be noted, the major contributions
arise from losses of service water (LPSWLB-OC, LOLPSW), CCW line breaks (CCWLB)
and a 250 V dc electric power bus failure (LO250). Loss of high pressure instrument air (4
per cent of contribution from transients) and large steam line breaks outside containment
(3 per cent) are also significant. In general, power supply failure events are relatively low
contributors, reflecting a high level of redundancy. In all transient-initiated events, a loss
of HT integrity (usually consequential) occurs followed by loss of ECI and moderator heat
sink (again usually due to consequential reasons).

An assessment of the importance of the various component failures and human errors
giving rise to severe core damage result in the finding that the ability to terminate a small
loss of coolant before it develops into core damage is the most important means by which
the severe core damage frequency can be controlled, thus pointing to the importance of
training in event diagnosis and correction. Improvements in the reliability of the D2O
recovery system, and lowering the chances of moderator pump gaslocking were indicated
as being next in importance, followed by that of the moderator sump pumps. Components
(or operator actions) which would increase the severe core damage frequency the most if
they were assumed to be continuously in the failed state instead of being assigned their
expected failure probability, were found to be the shut-off rods, followed by failure of the
operator to take action to provide a back-up heat sink.

The frequency of 1.3 x 10"4 per reactor-yr for slow loss of core structural integrity is of the
same order of magnitude (within a factor of 2 or so) as the core damage frequency calculated
for the majority of the western world's pressurized water reactors (PWRs), to which among all
reactor types the Pickering A reactors are the most similar. This is borne out by the numerous
PSAs, particularly the Individual Plant Examination (IPE) assessments, carried out recently in
the United States. The average US PWR core damage frequency, based on IPEs of 62
reactors, excluding the contribution from the so-called external events and non-power states, is
8.4 x 10"5/reactor-yr [2], with a range covering about two orders of magnitude, from about 5 x
10"6 to 5 x lO^/reactor-yr. Consistent with this, the severe core damage frequency for the more
modern Darlington CANDU design was estimated to be 4 x 10-6/reactor-yr [3].



4 SEVERE ACCIDENT CONSEQUENCE ESTIMATION

4.1 Role of Consequence Analysis in PSA

Consequence analysis of nuclear accidents is performed typically using the following
process; an accident is identified, the sequence of events (or combination of failures)
defined, analysis assumptions developed for the event sequence, and consequence (usually
public dose) calculated. This process is repeated for all identified sequences.

In PSA, Level-II (in-plant) consequence analysis is required initially to address two
questions; what is the range of consequences that can occur as the result of nuclear
accidents and how should the PSA be structured to enable the estimation of the likelihood
of occurrence of various levels of consequence over the range of interest? The Level-II
analysis must first be used to establish the range of interest, then to simplify the spectrum
to a manageable form by establishing suitable discrete consequence categories.
Subsequently, a Level-Hi (offsite) consequence analysis is used to evaluate the dose and
economic consequences of accidents representative of the categories.

One outcome of this approach is that accident sequences used in establishing the design
basis for the plant and those important in the licensing of the plant may not be important in
establishing the risk from the plant. The highly stylized accidents analyzed for licensing
are both unlikely, because of the very specific nature of the events and associated
assumptions, and of relatively low consequence, because the plant has been designed to
ensure the consequences meet strict licensing criteria.

As previously noted, a key product of PSA is the identification of the so-called 'dominant
contributors' to risk - the sequences which produce the highest risk contribution. Control
of risk requires control of the dominant contributors so it is important to minimize any
methodological bias which may artificially increase risk contributions from some
sequences at the expense of others. This requires that arbitrary conservatisms be
minimized to the extent possible. The broad scope of PSA and state of knowledge of
some accident phenomena limits the degree to which conservatisms can be eliminated.
The consequence analysis takes an approach which can be summarized as: 'a conservative
representation of realistic scenarios'.

Ex-Plant Release Categories. For a significant release of radioactivity to occur from the
containment not only must there be a release into the containment building, but there must
also exist an opening in the containment envelope and a driving force to expel the
radioactive materials through it. The opening could in turn be either pre-existing such as
isolation failure or leakages through containment penetrations, or be caused by the
accident itself, e.g., due to forces resulting from failure to shutdown the reactor, or
hydrogen detonation. Furthermore, some core damage events have the potential to bypass
containment, such as steam generator tube ruptures and the blowback of heat transport



coolant via the Shutdown Cooling and HPECI valves. The driving force may be provided
by inability, due to air cooling unit failure, to condense steam formed as a result of the
accident, or a hydrogen burn due to failure of the hydrogen igniters to mitigate the build-
up of hydrogen concentrations. Thus, the magnitude and timing of the releases is
dependent on the nature of the accident sequence and the state of the containment system.

The lower the accident release and dose, the lower the chance of public health impact and
at some point the dose falls below that at which there is a significant chance of any health
effects at all. For the PARA this value was set at about 20 P-Sv (total dose to the
population within 100 km) and sequences with consequences below this were neglected.
The impact on the study was that all sequences resulting in fuel damage inside an intact
containment could be excluded, except for severe accidents involving core disassembly.

The EPRC structure was developed based on two fundamental release characteristics
which have the greatest influence on accident consequence; timing and magnitude. The
timing of the release was categorized into three time bands called source term periods or
STPs, early (0-6 hours), intermediate (6-24 hours) and late (>24 hours). The magnitude
of release was similarly divided in to three bands; large ( » 1% release of core inventory
of volatile fission products, principally cesium and iodine isotopes), intermediate (0.1-1%
release) and small (< 0.1%). The choice of these boundaries was based partly on scoping
analysis and partly on the exercise of reasonable judgement. This 3x3 matrix was used as
the conceptual starting point for categorization which eventually led to seven EPRCs
being defined (Table 2).

Table 2:
EPRC Structure

Magnitude
Large
Intermediate
Small

Release
Timing

Early
(STP1)

EPRC1
EPRC4
EPRC5/6

Intermediate
(STP2)

EPRC2

Late
(STP3)

EPRC3

EPRC7

Empty cells imply that no sequences with such characteristics were identified or, more
likely, that they were conservatively subsumed into more severe categories (i.e., earlier or
larger).

The Containment Event Tree. The multi-unit, negative-pressure containment system
(NPCS) employed by Ontario Hydro's stations presents a somewhat different challenge to
the PSA analyst than single-unit, positive-pressure reactor containment designs. The
NPCS contains a number of active sub-systems and components that must be addressed
explicitly in the risk model, particularly the vacuum system, air coolers (ACU) and filtered
air discharge (FAD). This dictates an event tree/fault tree approach to representing



containment system response rather than the phenomenologically-driven event trees used
for the more passive light water reactor (LWR) containments.

The Level-II analysis used to support the development of the containment event tree and
EPRCs was one of the major innovations of the PARA. This complex analysis is
described elsewhere [4,5]. The results of the analysis indicated that mere are few
consequential mechanisms that are of sufficient magnitude to challenge containment
integrity. The early disassembly of CANDU reactors under severe accident conditions
eliminates challenges arising from high-pressure melt ejection from the core and greatly
reduces the importance of sequences involving containment bypass. Long-term
pressurization is made almost inconceivable by the potential for interconnection of eight
reactor buildings and the vacuum building. Only early steam overpressure due to failure to
shut down (ECF) or the possibility of accumulation of hydrogen in the long term leading
to explosive concentrations (LCF) were considered credible consequential failure
mechanisms.

EPRC Logic. The EPRC logic is the name given to the collection of sequences involving
in-plant severe accident sequences and containment failure modes, each assigned to the
appropriate EPRC based on its release characteristics. The study identified hundreds of
such sequences, all of which had to be accounted for by assignment to an EPRC either
directly, based on consequence analysis, or indirectly, subsuming the sequence(s) by a
more likely combination with similar consequences. The Level-H accident analysis was
required to identify the timing and release characteristics of each sequence type for the
purposes of allocation to EPRCs.

Each EPRC appears both as a collection of sequences expressed in Boolean logic which
can be solved to calculate frequency, and a set of release characteristics which can be
modelled in the Level-in consequence code MACCS [6] to calculate public dose and
associated economic consequences. The risks are calculated for each category and taken
together represent the risk profile for the plant.

4.2 Results of the Consequence Analysis

Dose. Any given set of release characteristics can result in a wide range of dose and
economic consequences depending on prevailing meteorological conditions over the
course of the release. Results of the consequence calculations are expressed not as a
single number but as a probability distribution representing the probability of occurrence
of any given level of dose conditional on the occurrence of an event in the EPRC under
evaluation. This distribution is best understood when expressed as a complementary
cumulative distribution Junction (CCDF), which expresses the probability with which any
given level of dose would be exceeded, given the occurrence of an event in that EPRC.
Typical Level-IH analysis results for PARA EPRCs are shown in Figure 4 with mean
values given in Table 3.



Historically, economic and social consequences of accidents have proven to be of greater
significance than the health consequences. Accident consequence codes have the
capability to estimate the dose and cost components associated with the implementation of
dose countermeasures. Countermeasures imposed to limit the long-term dose
consequences of accidents (e.g., evacuation, relocation, decontamination and food
interdiction) have significant costs which increase as the contribution to dose decreases.

Economic. The MACCS code incorporates the effect of long-term countermeasures
based on projected dose using a user-supplied intervention dose criterion, above which
countermeasures are taken and below which they are not. The intervention dose is the
estimated dose over the first year after the accident (assuming no countermeasures) and is
calculated for every sector in the spatial grid used to represent population distribution.
The code then uses the dose criterion to determine where countermeasures will be needed
and calculates population dose and countermeasure costs accordingly.

The effect of varying the intervention dose criterion on PARA economic consequence
results is illustrated in Tables 3 and 4. The results show that, although it is possible to
control post-accident dose to a degree, there is a significant cost to achieve only modest
reductions (although the relative benefits are masked to a certain degree because no early
countermeasures were credited in the analysis leading to an overestimate of the early
component of dose).

Figure 4:
Conditional Population Dose CCDFs

C.CO3 OK71 O.1 1EMMD 100,000

Dose (P-Sv)



Table 3:
EPRC Mean Dose Consequences y. Intervention Dose

Intervention
Dose Criterion
(Sv)
0.005
0.02
0.1

EPRC3
(P-Sv)

6.3 x 103

9.7 xlO3

1.5 xlO4

EPRC4
(P-Sv)

4.6 xlO3

6.0 x 103

7.0 x 103

EPRC5
(P-Sv)

8.8 x 102

9.4 xlO2

9.4 xlO2

EPRC6
(P-Sv)

4.3 x 102

4.9 x 102

5.3 x. 102

EPRC7
(P-Sv)

2.1 x 10'
2.1 x 10'
2.1 xlO'

Table 4:
EPRC Mean Economic Consequences v. Intervention Dose

Intervention
Dose Criterion
(Sv)
0.005
0.02
0.1

EPRC3
$ Million

6000
2500
535

EPRC4
$ Million

1300
280
31

EPRC5
$ Million

40
4

0.2

EPRC6
$ Million

13
18
0.8

EPRC7
$ Million

0
0
0

4.3 Results of the EPRC Frequency Analysis

Results for the frequency of the seven EPRCs are given in Table 5.

Dominant Contributors to Ex-plant Release Categories. The dominant event sequences
making up the EPRCs again arise from dependencies between systems that may be
implicated in a core damage event and containment subsystem failures. Examples are the
reliance of the building air cooling units (ACUs) on service water and electrical power
supplies which may in turn have contributed to a core damage state, that of the hydrogen
igniters on Class HI and II power, the failure of the vacuum building pathway to the FAD
system following loss of Class IV power or low pressure service water due to the resulting
inoperability of the vacuum pumps, etc.

For instance, the most likely cause of EPRC 1 is the loss, coincident with a LOCA, of the
even power distribution systems in conjunction with a dormant diode failure in an odd 48
V dc supply, and a pre-existing containment impairment. Inadequate HPECI results due to
failure to generate the LOCA conditioning signal to open sufficient shutdown cooling
system isolation valves as a result of the loss of the 48 V dc supply. Moderator system
failure occurs due to inability to backwash service water travelling screens and trip
condenser cooling water (CCW) pumps due to the loss of the even power supplies. The
reactor building ACUs fail as well due to the loss of the power supplies.

Dominant contributors to EPRC2 arise from an unrecovered loss of low pressure service
water, which leads to loss of main and auxiliary feedwater, as well as shutdown cooling.
The coincident failure of the emergency boiler water system leads to core damage. The



Table 5:
Frequency Results for EPRCs

EPRC

EPRC1

EPRC2

EPRC3

EPRC4

EPRC5
EPRC6

EPRC7

Description

Early core disassembly with
pre-existing opening
Slow core disassembly with
pre-existing opening
Late consequential failure
due to hydrogen explosion
Intermediate release in
STP1
Containment bypass
Reactivity excursion and
early consequential
containment cracking
Late release through filtered
air discharge

Mean Frequency
(per reactor.yr)

4xlO"10

6 x lO"9

9 x 10"8

2 x 10"8

2 x 10s

3 x 10"7

1.3 x lO"4

ACUs are unable to condense the steam in the reactor building as a result of the loss of
low pressure service water and the resulting inability, for example due to flooding, to
valve in an alternate water supply from inter-unit ties. This provides the pressurization to
drive fission products out of containment through an unrecovered pre-existing opening in
any of the six building airlocks.

In EPRC3, a dependency of the emergency coolant recovery/ moderator heat sink and the
hydrogen ignition system on an odd 4kv Class III power bus features in the dominant
event sequences. The unrecovered loss of this bus leads to insufficient moderator flow,
and, hence, loss of the emergency coolant recovery (ECR) and moderator heat sink
functions, and, severe core damage. It further leads to failure of the fans associated with
the air cooling units in the east fuelling machine vault, thus preventing adequate mixing of
the atmosphere in this FM vault, and, failure of controlled ignition of combustible gases
produced following the severe core damage event. However, the likelihood of operator
recovery to prevent containment failure is high as an alternative power supply to the
ACUs can be provided.

A key event sequence finding its way into EPRC3 is the loss of all electrical power due to
the occurrence of a large steam line break in the powerhouse and inability to mitigate its
effects by means of engineered features, such as the powerhouse venting system, or the
Class I and II electrical room ventilation system. Failure of all of a unit's power supplies,
Class I to IV, results in total loss of core cooling, and eventual core damage, as well as
failure of the unit's hydrogen igniters. Only the FAD system remains functional since it is



Figure 5:
Contributors to Individual Delayed Fatality Risk by Initiating Event Type
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powered from Pickering NGS B supplies. However, the FAD system can only delay but
not prevent the formation of detonable mixtures in the reactor building given an initially
intact containment. Thus, unless local burns can successfully burn off the combustible
gases produced as a result of the interaction of the molten core with the concrete basemat
of the reactor building, the failure of the hydrogen igniters may lead to a late containment
failure.

EPRC4 contains those sequences in which the core is damaged early in the accident, and a
release occurs via a large pre-existing containment impairment before the FAD system can
be placed in service. The delay in crediting the FAD system is postulated to be caused by
water-plugging of the HEPA filters due to the presence of steam in the containment
atmosphere. The major cause of core damage is the unrecovered draining of the
moderator inventory after a LOCA2 or bigger break.

EPRC5 is the set of all sequences in which HT coolant blows back into the HPECI
system, leading to the latter's failure as well as a loss of containment. If additionally, the
moderator heat sink also fails, for example, due to its also being drained to the break
through the ECR injection valves, both an in-plant as well as an ex-plant release occurs.
Similarly, steam generator tube breaks with failure of HPECI and the moderator heat sink,
coupled with inability to close the steam reject valves, also lead to an off-site release of the
kind represented by EPRC5. The fact that, once core disassembly begins, the primary
release pathway is into the subatmospheric containment, contributes to the relatively small
off-site release associated with the category.

The set of events in which the reactor fails to be shut down after a reactivity insertion,
with the release occurring either due to a small opening in the containment envelope or as
a consequence of failure to shut down, contribute to EPRC6. Finally, those core damage
events in which all containment mitigating systems operate but a release of noble gases
occurs over the long-term via the FAD system were placed in EPRC7. Dominant
contributors to EPRC7, as is obvious, are the same as that to fuel damage category FDC2.

An illustration of the relative importance of initiating events to one of the public health
risk measures defined in Section 4 is given in Figures 5 and 6.



Figure 6:
Breakdown of Transient Initiator Contributors to Individual Delayed Fatality Risk
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Initiating events additional to those appearing in Figures 2 and 3 are; a fast loss of reactor
power regulation (FLOR), large steam line break outside containment (LSLB-OC), LPSW
line break in the supply to the moderator system (LPSW-MOD) and total loss of high
pressure instrument air (LOHPIA).

5 SUMMARY OF PARA RESULTS AND CONCLUSIONS

5.1 Summary of Risk Results from the PARA

A summary of the major numerical results of the study is given in Table 6. Maximum
individual risk is that calculated for a hypothetical individual at the site boundary, dose
exposure risk being converted to latent fatality risk at the rate of 5% per Sievert. Ontario
Hydro's three trial risk-based safety goals are shown for comparison purposes.

The results show that all three current safety goals are met. The very low offsite risks,
which arise in part from the benefits of a multi-unit, shared containment station design, is
contrasted with the high onsite property damage risk, which arises due to the same cause.

A quantitative uncertainty analysis was performed for some selected outputs based on
probability distribution functions provided for all basic event failure probability data and
consequence analysis significant to the risk calculation. The relatively small ratios
between the 95th percentile and the mean values is a reflection of the presence of many
independent variables in the risk equation

5.2 Discussion of Results

The PARA has calculated generally very low frequencies for significant releases of
radioactivity off-site. These low frequencies are not merely artifacts of the risk assessment
methodology but are the result of specific aspects of the station design;



(a) the pressure tube design of CANDU reactors;
(b) the multi-unit, negative-pressure containment system; and,
(c) continuous on-power fuelling.

The most likely sequences leading to core disassembly involve failures of primary and
emergency heat removal systems, leading to moderator draining, boil-off and progressive
uncovering of fuel channels. Under these conditions, CANDU fuel channels fail relatively
early, analogous to a pressure fuse. If primary circuit depressurization has not already
occurred due to an initiating LOCA, failure of the first fuel channel will cause rapid HT
system depressurization initially into the calandria and subsequently, via the calandria
rupture discs, into containment. Any further core degradation will occur at low HT system
pressure, reducing the potential for energetic release of core materials and fission
products, and limiting the potential for challenging containment integrity.

Rapid and near-simultaneous failure of multiple fuel channels can be postulated to
accompany a fast, uncontrolled reactivity transient. At the extreme, this can lead to
structural failure of the calandria and expulsion of the moderator. However, the dispersal
of fuel that results from the initial violent pressure surge creates a large cooling surface
area that limits the rate of fuel heat-up and accompanying early fission product release to
containment and, as a result, to the environment.
For both types of sequence discussed above, any long term accident progression takes

Table 6:
PARA Integral Results (Point Values) for Accident Risk

MEASURE MEAN 95%
CONFIDENCE

Comments

Maximum Individual 2.5 x 10"8 per station-yr -
Early Fatality Risk
Maximum Individual 4.4 x 10'7 per station-yr 1.2 x 10'6

Latent Fatality Risk
Societal Latent Fatality 1.3 x 10"3 per station-yr -
Risk
Large Release Frequency 1.2 x 10~7 per reactor-yr 3.6 x 10~7

Severe Core Damage 1.3 x 10"4 per reactor-yr 3.4 x 10"4

Frequency
Onsite Property Damage $60 Million per station- -
Risk yr
Off site Property Damage $ 1000 per station-yr
Risk

Safety Goal = 1 x 1 0 '
6 per station-yr
Safety Goal =1x10"
5 per station-yr

Safety Goal =1x10"
6 per reactor-yr



place inside a containment maintained at, or more likely slightly below, atmospheric
pressure. The response to internal pressurization of the reinforced concrete structure of
the buildings that constitute the containment envelope tends to reduce the likelihood of
catastrophic containment failure. The expected behaviour is local yielding of reinforcement
and cracking of the envelope, leading to pressure relief and followed by reclosure. No
credible causes of catastrophic failure were identified.

For those sequences involving a failure of the HT system leading to containment bypass,
the driving force for release out of the PHT system impairment bypassing containment is
removed once core disassembly begins. More likely, the flow direction reverts into the
subatmospheric containment via the calandria relief ducts. Because of this, severe accident
sequences initiated by an event causing a containment bypass pathway, such as steam
generator tube failures or the spurious opening of emergency coolant injection valves
(called blowback in the PARA but also referred to elsewhere as the V sequence), are
benign in terms of off-site consequences compared to the equivalent sequences in designs
which use a reactor pressure vessel.

In sequences where failure of containment systems is postulated to lead to gradual
pressurization of the accident unit, containment envelope failure is precluded in the near
term because interconnection between the eight Pickering units will occur via the
rupture/relief panel systems and the pressure relief duct. This greatly increases the
effective volume of containment and the availability of heat removal. Only in the event of
operator inaction for many days could pressurization sufficient to challenge containment
envelope integrity be envisaged. The many opportunities for accident recovery that would
be available over such a timescale effectively eliminate slow pressurization as a cause of
containment failure.

Finally, because on-power fuelling reduces the average irradiation time of the fuel
compared to that of light water reactors (LWRs), the core inventories of long-lived
radioisotopes, which play an important part in the long-term consequences of large
releases of radioactivity, are three to five times lower than their LWR counterparts per
unit of thermal power produced. In addition, the electrical power output rating of the
Pickering NGS A reactors at a nominal 540 MW is lower than that of more recent reactor
designs (typically 800-1000 MW). As a result, the overall equilibrium core inventory of
fission products is correspondingly lower. The outcome is that the Pickering NGS A
reactors contain significantly less potential for off-site contamination by long-lived
radioactivity.

Figure 7 shows the combined population dose CCDF from the PARA, along with
equivalent results from for two US plants [7] for comparison purposes. The results
exhibit characteristics which are typical of the CANDU reactor in a negative-pressure
containment; a very low risk contribution from the high consequence end of the spectrum
and a relatively high contribution from the low-consequence end. This reflects the PARA
finding that there are very few mechanisms that can credibly cause catastrophic
containment failure leading to a large release, but the need to discharge containment



atmosphere via the filtered air discharge system (in order to maintain containment at
negative pressure) always results in some, albeit small, release for any accident.

Figure 7:
Comparison of PARA and NUREG-1150 Risk Profiles
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5.3 Study Conclusions

The principal conclusions of the study were:

1) On the basis of comparison with safety goals, the risk to the health and welfare of the
population living or working in the vicinity of the Pickering Nuclear Generating
Station is significantly lower than other risks to which they are normally exposed.

2) The likelihood of an accident which could cause severe damage to the reactor core is
similar to that for other contemporary reactor designs but higher than that for more
recent CANDU reactors such as Darlington NGS. This is largely due to a lack of
independence between the emergency coolant injection system and the moderator
system. Despite the presence of only one fast-acting shutdown system, accident
sequences resulting in rapid positive reactivity insertion do not appear to be significant
to risk.

3) The likelihood of the occurrence of a catastrophic accident which could cause acute
radiation effects beyond the site boundary is sufficiently small to be considered
negligible for all practical purposes. Features unique to the CANDU pressure-tube
design and the multi-unit, negative-pressure containment contribute to a very low
overall risk to public health and welfare.

4) External economic risks from the accidental release of airborne radioactivity off-site
are correspondingly low. The internal economic risk to Ontario Hydro from an



accident involving fuel damage is comparable to that from its other stations, with the
dominant contribution arising from the relatively more likely, low consequence events.
Both the low offsite risks and the relatively high onsite risk result from the multi-unit
containment design.

The PARA was produced as part of an ongoing risk assessment program at Ontario Hydro
Nuclear. Current plans include the Bruce B Risk Assessment (BBRA), the Bruce A Risk
Assessment and an updated Darlington Risk Assessment (DARA).
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1. INTRODUCTION

Currently, the Korea Atomic Energy Research Institute (KAERI) and Atomic Energy
of Canada Limited (AECL) are jointly developing an advanced Canada deuterium
uranium (CANDU) fuel, called CANDU Flexible Fuelling (CANFLEX). The
CANFLEX 43-element bundle design has two major design improvements over the
standard CANDU-6 37-element bundle while maintaining compatibility with the
existing CANDU reactor fuel-handling systems and all other fuel performance
characteristics. First, the CANFLEX bundle contains 43 elements of two different
diameters, thereby reducing peak linear element power by 20% (i.e., < 50 kW/m), as
shown in Figure 1. The lower linear element power not only enables a 200% increase
in average discharge burriup (i.e., 21000 MWD/MTU) with the use of slightly
enriched uranium compared with the standard natural uranium bundle but also
improves the safety margins of CANDU reactors. Second, the CANFLEX bundle has
the attachment of critical heat flux enhancement pads called buttons. The buttons
increase critical channel power by about 5%, which leads to the improvement of the
operating margins for CANDU reactors.

This paper describes the safety assessment results for the two representative
large-break LOCAs in CANDU-6 reactor loaded with CANFLEX-natural uranium
(NU) fuel bundles; 35% reactor inlet header (RIH) break and 100% reactor outlet
header (ROH) break. The 35% RIH and 100% ROH breaks are chosen because they
are limiting accidents for fuel channel integrity and fission product release (FPR)



standpoints, respectively (Reference 1). The predicted results are compared with those
for the reactor loaded with standard 37-element bundles.

2. ANALYSIS METHODOLOGY

2.1 Methodology for Fuel Channel Integrity Analysis

The CATHENA two fluid thermalhydraulic code (Reference 2) is used for fuel
channel analysis. The response of the heat transport system to the 35% RIH break
for a CANDU-6 reactor is analyzed using a CATHENA "full circuit" model. The
effects of individual channel characteristics (elevation, feeder geometry, channel
power, etc.) on fuel and fuel channel behaviour are analyzed by way of "slave" single
channel simulations using header boundary conditions predicted by the full circuit
simulations. The CATHENA slave channel (Reference 3) contains a more detailed
model for fuel and PT than the full circuit model. A node-link model of the fuel
channel assembly is constructed and the transient thermalhydraulic header boundary
conditions (pressure, enthalpy and void fraction) from the full-circuit simulations are
applied to the inlet and outlet headers.

Figures 2 and 3 illustrate the CATHENA fuel and fuel channel models using a
43-element CANFLEX and a 37-element standard fuel bundle cross section,
respectively. The model provides a detailed nodalization of the fuel bundle, pressure
tube and calandria tube. The CANFLEX bundle (Figure 2) consists of 43 fuel
elements arranged in four rings (21, 14, 7 and 1 in the outer, intermediate, inner and
center elements, respectively), while the standard bundle (Figure 3) consists of 37
fuel elements arranged in four rings (18, 12, 6 and 1 in the outer, intermediate, inner
and center elements, respectively). Each element (except the center and top element)
is circumferentially divided into two sectors primarily to capture the different "inside"
and "outside" surface temperatures for the thermal radiation calculation. The center
element has one sector while the top element has 16 and 18 sectors for the
CANFLEX and standard bundles, respectively. Both the PT and CT are divided into
32 circumferential sectors. The numbers in Figures 2 and 3 indicate the sector
numbering schemes for the thermal radiation calculation.

A high powered channel 06 is selected for the analysis. The fuel channel is divided
axially into 12 nodes corresponding to the 12 fuel bundles. Both the maximum
channel and bundle powers (bundles 6 and 7) of channel 06 are normalized to the
maximum operating limits of 7.3 MW and 935 kW, respectively.



2.2 Methodology for FPR Assessment

The methodology to determine FPR for a postulated large LOCA is detailed in
Reference 1. The methodology is briefly described in this section.

FPR estimate is obtained by determining which fuel elements are expected to fail
following the accident and their times of failure. The inventories of FPR following
the accident are estimated to be equal to the gap inventories of the failed fuel
elements plus 1% of the grain-bound inventories of the failed fuel elements in the
critical core pass. The latter inventories are added to the former to account for the
possibility of additional releases of fission products from the fuel matrix due to
diffusion, oxidation, Zircaloy-UC>2 interaction and UO2 cracking.

The analysis is composed of four parts: (i) estimate of fission product inventories
and distribution in the fuel elements in the reactor core at the time of the accident;
(ii) estimate of fuel element failure thresholds of linear power at various burnups;
(iii) estimate of the number of fuel elements expected to fail and their times of
failure, and; (iv) estimate of the transient FPR from failed fuel elements.

ELESTRES (Reference 4) simulations using the ANS 5.4 gas release model
(Reference 5) generate a list of the total and gap inventories for the complete
operating ranges of fuel element linear power between 5 kW/m and 61 kW/m, and
burnup between 10 MW.hAg(U) and 240 MW.hAg(U).

The fuel failure thresholds are defined as follows: for a given burnup, the fuel failure
threshold is the maximum linear power (in kW/m) which would results in a
prediction of fuel element not failing following a large LOCA. The fuel failure
thresholds are determined for fuel element burnups ranging from 10 MW.h/kg(U) to
240 MW.h/kg(U) using the ELESTRES and ELOCA (Reference 6) computer codes.
The transient thermalhydraulic boundary conditions from the CATHENA slave
channel simulations for a fuel element in the outer ring at the top of bundle 6 (935
kW) of the 06 channel (7.3 MW) are used in the ELOCA simulations to calculate the
fuel failure thresholds.

Simple and conservative criteria are used to determine whether a fuel element fails or
not, based on the predictions of the ELOCA code. These criteria are based on
experimental data and experience with operating reactors. The criteria used here are
listed below.



The fuel sheath is considered to remain intact if the following are satisfied-

1. No fuel centerline melting. A fuel element will be assumed to fail if
centerline melting (2840 °C) is reached, due to volume expansion causing
excessive sheath strain.

2. No excessive diametral strain. The uniform sheath strain shall remain less
than 5 percent for sheath temperatures lower than 1000 °C (References 7
and 8).

3. No significant cracks in the surface oxide. The uniform sheath strain shall
remain less than 2 percent for sheath temperatures higher than 1000 °C
(Reference 9).

4. No oxygen embrittlement. Oxygen concentration shall remain less than 0.7
weight percent over half the sheath thickness (Reference 10).

5. No sheath failure by beryllium-braze penetration at bearing pad and spacer
pad locations (Reference 11).

The number of fuel elements expected to fail is estimated by adding the number of
fuel elements in each power/burnup group where the power is equal to or greater
than the fuel failure threshold at that burnup.

For each power/burnup group considered as failed, the timing of fuel failure is
estimated, based on the corresponding ELOCA predictions.

3. ANALYSIS RESULTS

3.1 Fuel Channel Integrity Analysis Results for 35% RIH Break

Figure 4 shows the relative channel power histories obtained from the power pulse
analysis for the 35% RIH break for each CANDU-6 reactor loaded with either the
CANFLEX or standard bundles. The power pulses have integrated powers of 4.2 and
3.8 full power seconds (FPS) up to 3 seconds from the start of the accident for the
CANFLEX and standard bundle cases, respectively. The 0.4 FPS higher integrated
power of the CANFLEX bundle case is due to the higher void reactivity of the
CANFLEX bundle compared with the standard bundle case (Reference 12).

Transient thermalhydraulic header boundary conditions were obtained from the
CATHENA full circuit analysis for the 35% RIH break for each CANDU-6 reactor
loaded with either the CANFLEX or standard bundles. Both header boundary
conditions are found to be very similar to each other because the CANFLEX bundles



are designed to be hydraulically compatible with the standard bundles.

The fuel channel coolant pressure and void fraction, and flow transients at axial node
7 are shown in Figures 5 and 6, respectively. The three hydraulic parameter
transients for both bundle cases are almost the same, indicating both bundles are
hydraulically nearly equivalent. After the break is initiated, the channel pressure
decreases rapidly and the void fraction increases rapidly (Figure 5). The void fraction
never Quite reaches 1.0, indicating that a small amount of water is predicted to
remain in the bottom of the channel. The initial rapid flow reversal is due to the
break initiation. Through the competing forces of the break and the pump, the
channel flow stagnates at 10 s and then reverses again at 17 s. The flow between
14 and 16 s is slightly negative, but relatively higher than the rest. The channel
refills at about 91 and 87 s for the CANFLEX and standard bundles, respectively.

Figure 7 shows the temperature transients for the centerline, top and bottom sector
sheath of the top fuel element (Sectors 51 and 44 in Figure 2, and Sectors 48 and 40
in Figure 3), the inside surface of the PT top sector (Sectors 67 and 64 in Figures 2
and 3, respectively) and the channel coolant at axial node 7. The fuel centerline
temperature rapidly increases due to the short-lived power pulse (Figure 4) caused
by the positive void coefficient of CANDU reactor. The maximum fuel centerline
temperatures for the CANFLEX and standard bundles are 2025 and 2361 °C,
respectively and both occur at 1.6 s. The sheath and coolant temperatures show
similar behaviour; an initial rapid increase up to 10 s, a modest increase between 10
and 17 s except the sudden drop between 14 and 16 s, and a decrease afterward.
The behaviour is very closely related to the aforementioned flow behaviour due to
the strong flow velocity dependence of steam convective heat transfer in the
stratified flow regime. The maximum bottom sector sheath temperatures for the
CANFLEX and standard bundles are 1411 and 1506 °C, respectively and both occur
at 18 s. However, the top sector sheath temperatures are lower compared to the
bottom sector sheath because of the radiative heat transfer to the opposite cool PT.
The maximum top sheath temperatures for the CANFLEX and standard bundles are
1259 and 1331 °C, and they occur at 18 and 16 s, respectively. The lower fuel
centerline and sheath temperatures of the CANFLEX bundle in spite of the higher
power pulse are attributed to the lower initial stored heat caused by the lower linear
element power of the CANFLEX bundle as compared with the standard bundle.

The PT top sector temperature (Figure 7) monotonously increases up to the time of
PT/CT contact and then rapidly cools down because of the heat loss to the
surrounding moderator. The PT heatup rate for the CANFLEX bundle is lower



compared to the standard bundle. The PT contacts its CT at 21 and 19 s with the
average contact temperatures and pressures of 811 and 812 °C and 3.9 and 4.0 MPa
for the CANFLEX and standard bundles, respectively. The maximum PT top sector
temperatures at the time of each PT/CT contact for the CANFLEX and standard
bundles are 825 °C and 826 °C, respectively. The convective and radiative heat flux
transients at the sheath outside and PT inside surfaces are shown in Figure 8.
Figure 8 demonstrates that the lower PT heatup rate and temperatures of the
CANFLEX bundle compared with those of the standard bundle are mainly due to the
the lower radiative heating by the lower temperature sheaths. The convective PT
heating by coolant is almost similar for the both bundles as shown in Figure 8. The
minimum top sector PT thicknesses at the end of the simulation (100 s) for the
CANFLEX and standard bundles are 78% and 83% of the original PT thickness,
respectively. The slightly thinner PT thickness <i.e., the slightly higher PT hoop
creep strain) for the CANFLEX bundle is due to the about 2 s longer period of PT
temperatures greater than the PT creep onset temperature 600 °C (Reference 13) as
shown in Figure 7. The longer high PT temperature period for the CANFLEX bundle
is mainly attributed to the 2 s later PT/CT contact.

Figure 9 shows the circumferential temperature distribution at 0, 5, 10, 15 and 19
s (the time of PT/CT contact for the standard bundle). The nearly flat temperature
distribution for upper half part of PT is characteristic of a steam-exposed PT in a
fully voided channel. For the thermalhydraulic temperature non-uniformities, no PT
failure prior to PT/CT contact for both bundles was predicted based on Shewfelt's
upper and lower bound failure criteria (Reference 14). Fuel channel integrity after
PT/CT contact is also guaranteed for both bundles because moderator subcooling
margin is enough to prevent CT dryout based on the results of contact boiling
experiments (Reference 15). The 1 °C lower average PT/CT contact temperature for
the CANFLEX bundle results in the negligible increase in the moderator subcooling
margin.

3.2 FPR Assessment Results for 100% ROH Break

Figure 4 shows the relative channel power histories obtained from the power pulse
analysis for the 100% RIH break for each CANDU-6 reactor loaded with either the
CANFLEX or standard bundles. The power pulses have integrated powers of 4.2 and
3.9 full power seconds (FPS) up to 3 seconds from the start of the accident for the
CANFLEX and standard bundle cases, respectively. The 0.3 FPS higher integrated
power of the CANFLEX bundle case is due to the higher void reactivity of the
CANFLEX bundle compared with the standard bundle case (Reference 12).



Figure 10 shows the fuel average and sheath temperature, and sheath strain
transients for the outer elements of the bundle 6 (935 kW) at bumup of 60
MW.h/kg(U) from ELOCA simulations. The burnup of 60 MW.bAg(U), also called
the plutonium peak, is roughly the time when the fuel element's temperature is at a
maximum during its residence in the reactor. The power/burnup history up to the
burnup is assumed to be the limiting element power history shown in Figure 11. The
temperatures for both bundles show similar behaviour; an initial rapid increase due to
the short-lived power pulse, a decrease due to the flow increase following the pump
recovery up to about 20 s, then a re-increase due to the late stagnation up to the
first ECC refill times. The lower fuel average and sheath temperatures for the
CANFLEX bundle in spite of the higher power pulse are attributed to the lower
initial stored heat caused by the lower linear element power of the CANFLEX bundle
as compared with the standard bundle. The sheath strains for the CANFLEX bundle
case are lower than those for the standard bundle case due to the lower FPR (i.e.
the lower internal gas pressure) and fuel/sheath temperatures of the CANFLEX
bundle case, compared with the standard bundle case.

Figure 11 shows the fuel failure thresholds. The fuel failure thresholds for the
CANFLEX and standard bundle elements are very similar because both bundles have
the same fuel material (natural UO2) and the nearly same sheath radius to thickness
ratio, and undergo the nearly same hydraulic transients following the accident (i.e.,
the nearly same coolant pressure and sheath-to-coolant heat transfer coefficient
transients). All the sheaths at the corresponding failure thresholds for the CANFLEX
and standard bundles fail by criterion 3 in Section 2.2, except those for the
CANFLEX inner elements at burnups of 220 to 240 MW.h/kg(U), which fail by
criterion 4. The limiting power envelope for the CANFLEX bundle elements is lower
than by about 10 kW/m than that for the standard bundle elements and the limiting
power at each burnup for the CANFLEX bundle elements are always lower than the
corresponding fuel failure threshold, as shown in Figure 11. Therefore, it is expected
that almost no fuel failure will be observed for the CANFLEX bundle elements.
Indeed, the fuel failure analysis predicts that the number of failed fuel elements for
the CANFLEX bundle case is none, while that for the standard bundle case is 1827.
The failed fuel elements for the standard bundle case belong to the outer ring of the
high power bundles 4 to 9. The total (gap plus bound) 1-131 releases for the
CANFLEX and standard bundles are none and 5889 TBq, respectively. The
significant reduction of the number of failed fuel elements and FPR for the
CANFLEX fuel bundle is attributed to the lower linear power of the CANFLEX fuel
bundle, compared with the standard fuel bundle.



4. SUMMARY & CONCLUSIONS

Fuel channel integrity and FPR analyses have been performed for LOCA in
CANDU-6 reactor loaded with CANFLEX-natural uranium (NU) fuel bundles. The
35% RIH and 100% ROH breaks are chosen for fuel channel integrity and FPR
analyses, respectively. The predicted results are compared with those for the reactor
loaded with standard 37-element bundles.

The maximum fuel centerline and sheath temperatures of the full CANFLEX bundle
channel for 35% RIH breaks were lower by 336 and 95 °C, respectively, than those
for the standard bundle because of the lower linear power of the CANFLEX bundle
in spite of the 11% higher power pulse of the CANFLEX bundle case. The PT/CT
contact for the CANFLEX bundle occurred 2 s later than that for the standard
bundle. The PT/CT contact temperature for the CANFLEX bundle was 1 °C lower
than that for the standard bundle. These provide the CANFLEX bundle with the
negligibly enhanced safety margin for the fuel channel integrity in CANDU 6 reactor,
compared with the standard bundle.

The fuel failure thresholds for the CANFLEX and standard bundle elements are very
similar. The fuel failure analysis predicts that the number of failed fuel elements for
the CANFLEX bundle case is none, while that for the standard bundle case is 1827.
The total (gap plus bound) 1-131 releases for the CANFLEX and standard bundles
are none and 5889 TBq, respectively. The significant reduction of the number of
failed fuel elements and FPR for the CANFLEX fuel bundle is attributed to the lower
linear power of the CANFLEX fuel bundle compared with the standard fuel bundle.
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Figure 4. Power Pulses of 06 Channel for 35% RIH & 100 % ROH Breaks;
CANFLEX (solid line) & Standard (dotted line) Bundles



2-
Q.

12000000

10000000

8000000 -

6000000 -

4000000 -

2000000 -•

10 20 30 40 50 60 70 80 90 100

Figure 5 : Pressure & Void Fraction Transients at Mid-Channel of
7.3 MW (O6) Channel for 35% RIH Break Case;
CANFLEX (solid line) & Standard (dotted line) Bundles



CO

I
u.

•iU -

Of) .

10 -

c

n -

-5 -
f

pH

;

t a

# •

\

V

10 20 30 40 50 60

Time (s)

70 80 90 100

Figure 6 : Flow Transients at Mid-Channel of 7.3 MW (O6) Channel
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ABSTRACT

If a break should occur in the inlet feeder or inlet header of a CANDU reactor, the rapid depressurization will
cause the channel flow(s) to reverse. Depending on the gap between the upstream bundle and shield plug, the
string of bundles will accelerate in the reverse direction and impact with the upstream shield plug. The effects
of the channel thermal hydraulic conditions on the bundle movement due to reverse flow are investigated. These
conditions include channel power as well as enthalpy and pressure of inlet and outlet headers.

1. INTRODUCTION

In CANDU reactors, the fuel channels contain "strings" of 12 or 13 bundles, depending on the channel design.
During normal operation, the channel flow forces the bundles in a channel towards the downstream end where
they rest against either the downstream shield plug or fuel latch. A small gap, typically less than 0.1 m, exists
between the end bundle and upstream shield plug. However, the gap increases over the lifetime of the reactor,
due to pressure tube creep, and may become as large as 0.3 m. Also, during abnormal situations, and for a short
period of time for single-ended refuelling modes, fewer than the full complement of bundles may be present in a
channel and the gap can be significantly larger. When a break occurs in the upstream (i.e., inlet) feeder, the
rapid depressurization will cause the channel flow to reverse forcing the string of bundles to accelerate and
impact with the upstream shield plug. The potential for bundle and channel damage depends on the bundle
velocity at impact.

In some postulated loss-of-coolant accidents (LOCAs) in a CANDU reactor, a rapid relocation of the fuel
bundles may occur. If the channels are fuelled in a direction opposite to the coolant flow, the irradiation
distribution along the channel is such that the least irradiated fuel resides nearest the downstream end.
Therefore, in the event of fuel string displacement towards the upstream end of the channel, fuel with lower
irradiation (i,e., at the downstream end) moves into a higher neutron flux region while fuel with higher
irradiation (i.e., at the upstream end) moves into a lower flux region. The net result is a positive insertion of
reactivity.

A series of five reverse flow, bundle acceleration experiments has been conducted at Stern Laboratories Inc.,
simulating a break in the inlet feeder of a CANDU fuel channel with 37-element bundles for full power and zero
power hot conditions [1,2]. The experimental apparatus consisted of a full scale reactor channel with end-fittings
and feeders. The break was simulated using a rupture disc and bundle velocities were measured using a system
of magnets and coils. The tests covered the range from a full complement of 13 bundles, with an initial bundle-
to-shield plug gap of 0.202 m, to the case of 6 bundles missing with a gap of 3.172 m.

Similar behaviour was observed in all tests. The bundles were observed to accelerate rapidly at first and then
level off to a constant or asymptotic value after a few hundred milliseconds, unless the transient is terminated by
impact with the shield plug. The experiments show that the bundle string essentially moves as a unit. However,
in one of the tests, there was evidence of significant bundle separation due to high initial outlet temperature
which resulted in a high voiding following rupture. Bundle separation would distribute the momentum transfer
of the bundles to the shield plug over time which could lessen the damage to fuel bundles and fuel channel.



A model, SOPHT-RFI [2,3] has been developed to predict the bundle motion due to the channel flow reversal.
The model is a modification of the fully transient, two-phase thermal hydraulic code, SOPHT [4], to incorporate
the interaction and feedback between bundle motion and channel thermal hydraulics. The model has been
extensively modified to account for various forces acting on the bundle due to reverse flow [3]. These forces
result from the pressure gradient, drag and friction between the bundles and the pressure tube. The calculational
control volumes of nodes are adjusted to account for the location and velocity of the bundle.

The analytical model has been validated against the experiments. The agreement between measured and predicted
velocities is excellent (less than 5.6 percent difference), for all tests with the exception of test 4 where the
model over-predicts the impact velocity by about 28 percent. The over-prediction, in test 4, may be attributed to
the analytical assumption that the bundles are considered as one solid string whereas the measurements indicated
that a significant separation occurred among the first four bundles. Separation between bundles may result in a
lower pressure in the gap created between separated bundles, for a short period of time, compared to the no
separation case. This may result in a lower acceleration and velocity of the first bundles in comparison with the
no separation case.

The details of the code modifications as well as a comparison between measured and predicted values are given
in Reference 3. It was also demonstrated that the model may be successfully used to simulate the thermal
hydraulic transient and bundle movement in the fuel channel following a large break LOCA or, in the case of a
guillotine break at the inlet feeder [3].

The reverse flow impact velocities, in the case of a guillotine break at the inlet feeder, were determined for
Bruce NGS A under various reactor operating states using the validated model SOPHT-RFI [5]. The information
is needed to support operation with less than a full complement of bundles in the channel and is also required to
support channel defuelling. The impact velocities may be used to evaluate channel component integrity analysis.
For the case of Full Power, operating with six missing bundles (i.e. seven bundles are present) yields the largest
kinetic energies of 14.17 and 13.42 kJ, at impact, as well as the largest impact velocities of 13.07 and 12.72 m/s
for inner and outer zones, respectively.

The main parameters affecting the bundle movement due to reverse flow are discussed in Section 2. The
analytical model accounting for various forces acting on the bundle due to reverse flow is summarized in Section
3. The analytical model is used to simulate the thermal hydraulic transient in a single channel and predict the
bundle movement to assess the effects of the channel thermal hydraulic conditions on the bundle impact velocity.
The simulation and analytical results are illustrated in Sections 4 and 5, respectively. Summary and conclusions
are presented in Section 6.

2. MAIN PARAMETERS AFFECTING BUNDLE MOVEMENT

The model may be used to simulate the thermal hydraulic transient and bundle movement in a single channel in
the case of a guillotine break at the inlet feeder. The bundle motion depends, in general, on the reactor
conditions, channel geometry as well as the size and location of the break. The main parameters that affect the
bundle movement due to the flow reverse are:
(1) The initial channel thermal hydraulic conditions including channel power and flow, pressure distribution,

and coolant temperature profile;
(2) The gap between the first bundle and the shield plug (nominal gap added to the length of the missing

bundles);
(3) The bundle loss factor;
(4) The characteristics of the outlet feeder;
(5) The characteristics of the inlet feeder;
(6) The characteristics of the end-fittings;
(7) The size of the break (diameter of the inlet feeder);



(8) The location of the break (distance between the break and the inlet end-fitting);
(9) The duration of the guillotine break to be developed;
(10) The mass of the fuel bundle; and
(11) The friction between the bundles and the pressure tube.

Channel elevation, length and loss coefficient of inlet feeder, and the developing time of the break have an
insignificant effect on the bundle motion. Channels with minimum outlet feeder resistance, largest inlet feeder
diameter and break located just upstream of the inlet end-fitting give the largest impact velocity, Reducing the
end-fitting resistance or increasing the bundle loss coefficient yields larger impact velocity [6].

The bundle velocities depend on the reactor operating conditions such as channel power as well as coolant
pressure and temperature. The model was used in predicting the impact velocity and kinetic energy following a
guillotine break at the inlet feeder for Bruce NGS A under various reactor operating states [5]. Four different
operating states were considered. These states include full power, zero power, shutdown hot and shutdown cold.
The initial temperature profile across the channel is flat for all cases, with the exception of the full power case.
The outlet header pressure is relatively smaller (about 4 MPa) for shutdown cases than that ( about 9 MPa) for
full and zero power cases. The inlet header temperature is about 50°C for the shutdown cold case while it is
about 260°C for the other cases.

Channels M04 and C12, with a minimum outlet feeder resistance and having the largest inlet feeder cross-
sectional area of 0.0031114 m2, were selected to represent the inner and outer zones, respectively. They are
expected to have maximum impact velocity. The gap between the end bundle and the shield plug is assumed to
be 0.3 m when all of the thirteen bundles are present. The mass of each bundle is 23.7 kg.

The impact velocity as well as kinetic energy for various numbers of missing bundles are calculated for both
inner and outer zones. The maximum kinetic energies, at impact, are 5.45, 5.49, 10.45, 11.83, 14.17 and 13.42 kJ
(corresponding to impact velocities of 7.58, 6.49, 9.39, 10.53, 13.07 and 12.72 m/s) for the cases of Shutdown
Hot (inner zone), Shutdown Cold (inner zone), Zero Power Hot (inner zone), Zero Power Hot (outer zone), Full
Power (inner zone) and Full Power (outer zone), respectively. These results indicate that the value of the impact
velocity depends greatly on the channel thermal hydraulic conditions. The effects of the channel thermal
hydraulic conditions on the bundle movement due to reverse flow are addressed in Section 5.

3. ANALYTICAL MODEL

The model SOPHT-RFI is an adaption of SOPHT to incorporate the interaction and feedback between bundle
motion and channel thermal hydraulics. The equations governing the coolant frictional force and bundle
movement are described in detail in Reference [3]. The forces acting on the bundle include: the pressure force
Fp, drag force Fd, Coulomb friction force Fc due to friction between bearing pads and pressure tube, damping
force, FD and inertia force F;. The positive direction of the bundle displacement, velocity and acceleration,
coolant flow and forces acting on the bundle, is assumed to coincide with the direction from outlet to inlet
feeders.

The pressure force, Fp, arises from the pressure difference at the two ends of the bundle string and acts on the
cross-sectional area of the bundle. The drag force, Fd, is caused by the frictional force exerted by the coolant
flowing past the bundle and is proportional to the square of the relative velocity between the coolant and the
bundle. The drag force acts in the direction of the relative velocity. The friction force due to the contact
between the bundle and the pressure tube, F^ is proportional to the weight of the bundle and acts in the opposite
direction of the bundle movement. The damping effect on the bundle motion is attributed to energy dissipation
caused by various mechanisms such as structural damping. The equivalent viscous damping force FD, is
proportional to the bundle velocity and acts in the opposite direction of the bundle movement. The force balance
of the bundle gives :



- FD~ Fc

The net resultant force represents the inertia force F; and is used in the calculations of the bundle acceleration.
The acceleration of the bundle string is calculated in a separate subroutine based on the predicted drag, dry
friction and damping forces as well as pressure drop across the bundle string. The transient velocity as well as
motion of the bundle string are also calculated. The bundles in a channel are considered as one solid string. In
a time step interval, the forces acting on the bundle string and consequently, the acceleration of the entire string
are assumed constant. Then, the bundle velocity at the end of the time step and its displacement during the time
step interval are calculated.

The detailed thermal hydraulic model in SOPHT is discussed in Reference [4]. The interaction and feedback
between bundle motion and channel thermal hydraulics are incorporated by adjusting the calculational control
volumes of nodes and pressure drop along the channel at each time step to account for the location and velocity
of the bundle.

The coolant friction factors of the pressure tube and bundles are assumed to be equal. The coolant friction factor
and two-phase multiplier are calculated at the coolant thermodynamic conditions using the flow hydraulic
diameter based on the overall flow area and total wetted perimeter of both bundle and pressure tube. The
coefficient of static friction is about 0.53. A value of 0.25 is used for the dynamic friction coefficient. For the
bundle appendages, such as bundle junctions, spacers and bearing pads, the skin friction represents about 11
percent of the total loss factor. The viscous damping force is small and can be neglected [3].

4. SIMULATION

The model is used to simulate the thermal hydraulic transient and bundle movement in a single channel with 37-
element bundles in the case of a guillotine break at the inlet feeder. The channel has thirteen bundles. Each
bundle has a mass of 23.7 kg, length of 0.495 m and loss coefficient of 0.816. Both feeders are simulated as
straight pipes having a constant diameter of 6.3 cm, length of 10 m and loss coefficient of unity. The channel,
feeders and end-fittings are finely nodalized. The channel is modelled using two multi-node modules. One
module represents the section of the channel occupied by the bundles and the other module represents the section
of empty channel. The end-fittings are modelled as an annulus representing the direct flow path between the
liner tube and end-fitting wall. The appropriate form loss factors for the end-fittings are used. The gap between
the end bundle and the shield plug is assumed to be 0.5 m when all of the thirteen bundles are present. This gap
is larger than the maximum gap expected over lifetime pressure tube creep.

The guillotine break at the inlet feeder is assumed to occur just upstream (at 0.5 m) of the inlet end-fitting. This
maximizes the pressure drop across the bundle string and consequently, results in the highest bundle velocity.
The break is simulated by two break discharge valves and an externally controlled varying resistance link. This
resistance link is assigned a large value after the break to cut off flow between the two segments of the feeder at
the break location so that the coolant is discharged to atmosphere through the discharge valve. The break is
assumed to be completely developed in 30 ms.

For the reference case, the pressures of inlet and outlet headers are 10.4 and 9.2 MPa, respectively. The
enthalpy of inlet and outlet headers are 1074 and 1298 kJ/kg, respectively. During the transient, the outlet header
pressure and enthalpy are used as fixed constant boundary conditions. In the case of a channel with the full
complement of bundles, the channel power is assumed to be 6 MW and cosine axial flux distribution is used. In
the case of a channel with less than the full complement of bundles, the channel power is adjusted accordingly.



5. RESULTS AND DISCUSSIONS

The initial channel thermal hydraulic conditions and the characteristics of the break and various channel
components are listed in Table 1. These values are used in predicting the bundle impact velocity following a
guillotine break at the inlet feeder.

The impact velocity is mainly governed by the bundle/shield plug gap which limits the time over which the
bundles can accelerate. The fewer bundles in the channel, the larger the gap, the greater the time available for
acceleration and the higher the impact velocity unless the bundles reach the asymptotic limit The calculations
were carried out for different numbers of missing bundles in the channel. The bundle velocities, as functions of
time, are shown in Figures 1 and 2. The bundle string accelerates rapidly at first and (hen levels off (as shown in
Figure 2 for 7 or 8 missing bundles), unless the transient is terminated by impact with the shield plug (as shown
in Figures 1 and 2, for smaller numbers of missing bundles).

At the onset of the break, the pressure at the break location drops to the saturation pressure corresponding to the
inlet header temperature and this results in a large initial pressure force, which accelerates the bundle string. The
initial stage is followed by a second stage where the acceleration decreases as the bundles start to move. The
second stage starts earlier as the number of missing bundles increases, as shown in Figures 1 and 2. Then, the
velocity changes slope and increases again. The reason of this change in the acceleration is due to the transient
void and pressure. In some cases, a maximum velocity is reached prior to the impact whereas in others, the
transient is terminated by impact with the shield plug. The driving force and consequently the acceleration of
the fuel bundles are proportional to the pressure drop across the bundle string and the drag force acting on it.
Both forces are proportional to the square of the relative velocity of the coolant flowing through the bundles, i.e.,
coolant velocity less bundle velocity. As the bundle string accelerates, the relative velocity and therefore the
accelerating force, decrease and the bundle string asymptotically approaches a limiting velocity. In cases where
only a few bundles are missing from the channel, the bundles may hit the shield plug well before reaching the
asymptotic velocity.

The maximum impact velocity is 12.4 m/s and corresponds to the case of five missing bundles (i.e., eight
bundles are present). Increasing the number of missing bundles beyond this value results in a lower impact
velocity. In this case, the bundle string reaches the limiting velocity before the end of the transient. It can also
be concluded that operating with five missing bundles (i.e., eight bundles are present) yields the largest kinetic
energy of 14.6 kJ, at impact The cases of channel operating with the full complement of 13 bundles and with
five bundles missing (having maximum kinetic energy at impact) are considered for the study of the sensitivity
of the impact velocity to various parameters.

5.1 Channel Power Effect

The level of the channel power determines the initial forward flow, axial temperature distribution and the amount
of void along the channel prior to the break. The effect of the channel power on the bundle velocity is
illustrated in Figures 3 and 4 for the cases of no and five missing bundles, respectively. At the onset of the
break, the pressure at the break location drops to the saturation pressure corresponding to the inlet header
temperature and this results in a large initial pressure force, which accelerates the bundle string. Since the inlet
header enthalpy is assumed constant for these simulations, the initial stage is the same for all channel power
levels. The duration of this stage is short (about 6 ms), which is the time required for the expansion wave,
generated by the break, to reach the channel outlet.

In the early portion of the transient the bundle string velocity becomes larger as the channel power increases, as
shown in Figures 3 and 4. During the first stage of the transient, the pressure along the channel drops to the
saturation pressure corresponding to the local coolant temperature. This stage is followed by a second stage



where the bundle sting acceleration is mainly governed by the pressure gradient along the channel which depends
on the initial coolant temperature profile. Since the profile is flat, for the case of zero channel power, no pressure
gradient exists along the channel and the acceleration decreases slightly (as shown in Figures 3 and 4), due to the
friction between the bundles and the pressure tube. As the channel power increases, the pressure gradient along
the channel as well as the bundle string acceleration become greater. Also, increasing the channel power results
in a decrease in the initial forward flow and momentum which may result in earlier flow reversal and larger
bundle acceleration.

In the case of five missing bundles, the maximum impact velocity is 12.4 m/s and corresponds to channel power
of 6 MW. When the channel power is less than 6 MW, the bundle string reaches the limiting velocity before the
end of the transient. It can also be concluded that operating with the full complement of bundles yields the
largest impact velocity of 6.4 m/s when the channel power is 6 MW.

5.2 Inlet Header Enthalpy Effect

To study the effect of inlet header enthalpy on the bundle motion, calculations were performed for both cases at
two values of channel power. The bundle transients are shown in Figures 5 and 6 for zero channel power, and
in Figures 7 and 8 for channel power of 6 MW. The channel inlet pressure transient is controlled by the break
discharge flow and upstream thermohydraulics. The discharge (choked flow) is strongly dependent on the
upstream coolant temperature and void. The minimum pressure to which the inlet feeder drops is directly related
to the initial inlet header temperature (or enthalpy), i.e., the lower the initial enthalpy, the lower the pressure and
the larger the driving forces acting on the bundle string. Consequently, the initial acceleration increases as the
inlet enthalpy decreases, as shown in Figures 5 to 8.

When the channel power is zero, the initial stage of the transient is followed by a second stage where the
acceleration is almost zero. During this stage, the axial coolant temperature profile is flat, and no pressure
gradient exists along the channel. The duration of the second stage becomes shorter as the inlet header enthalpy
decreases, as shown in Figures 5 and 6. At the end of this stage, the pressure gradient along the channel
develops and the drag force increases due to flow reversal. Consequently, the acceleration of the bundle string
increases.

When the channel power is 6 MW and the inlet header enthalpy is greater than 1000 kJ/kg, the second stage
(which is characterized with no bundle acceleration) disappears, as illustrated in Figures 7 and 8. For smaller
inlet header enthalpy, the velocity changes slope due to the transient void and pressure. In general, the bundle
string reaches the end of the transient earlier having larger impact velocity as the inlet header enthalpy decreases.
It should be noted that the effect of inlet header enthalpy on the bundle movement is less pronounced for values
less than 800 kJ/kg.

5.3 Outlet Header Enthalpy Effect

The change in outlet header enthalpy has no effect on the initial state of the channel, or on the initial forward
flow and momentum. Consequently, its effect on the bundle velocity is insignificant, for the case of no bundle
missing and for the early portion of the transient in the case of 5 bundles missing, as illustrated in Figures 9 and
10, respectively. In the latter portion of the transient, the higher temperature coolant from the outlet header
flows through the channel and the effect of enthalpy becomes noticeable. In the case of operating with 5
bundles missing, the bundle impact velocity increases from 12.2 to 13.2 m/s as the outlet header enthalpy
increases from 1074 to 1500 kJ/kg.



5.4 Channel Pressure Effect

The effect of the channel pressure on the bundle velocity is illustrated in Figures 11 and 12, for the cases of no
and five missing bundles, respectively. In these simulations, an inlet header enthalpy of 1074 kJ/kg and a header
to header pressure drop of 1.2 MPa are used. At the onset of the break, the pressure at the break location drops
to the saturation pressure of 4.4 MPa, corresponding to the inlet header enthalpy. If the outlet header pressure is
greater than 4.4 MPa, the bundle string starts to move at the onset of the break, as shown in Figures 11 and 12.
Increasing the outlet header pressure yields a larger pressure drop and driving force acting on the bundle string
which may result in a higher final bundle velocity.

If the outlet header pressure is less than 4.4 MPa, the bundle string will not start to move until the initial forward
flow momentum is overcome by the flow reversal, the pressure gradient along the channel develops and the drag
force increases. In this case, decreasing the outlet header pressure yields a larger amount of void and a smaller
initial forward flow, and this results in earlier bundle movement, as shown in Figures 11 and 12. Again,
increasing the outlet header pressure yields a larger pressure drop and driving force acting on the bundle string .
which may result in a higher final bundle velocity. This explains why the bundle string starts to move earlier
and has a smaller impact velocity at 2 MPa, as compared with 4 MPa.

5.5 Header to Header Pressure Drop Effect

Two sets of simulations were carried out. In the first set, header to header pressure drop varies by changing the
inlet header pressure, whereas the outlet header pressure is maintained constant at 9.2 MPa. Since the guillotine
break at the inlet feeder is assumed to occur just upstream of the inlet end-fitting, the inlet header pressure does
not play any role during the transient However, increasing header to header pressure drop results in larger
initial forward flow and momentum which may delay the onset of the bundle motion and decrease the bundle
string acceleration and consequently, it may result in a lower final bundle velocity. This is evident from the
results shown in Figures 13 and 14 for the cases of no and five missing bundles, respectively.

In the second set of simulations, header to header pressure drop varies by changing the outlet header pressure,
whereas the inlet header pressure is maintained constant at 10.4 MPa. Again, increasing header to header
pressure drop results in larger initial forward flow and momentum which may delay the onset of the bundle
motion and decrease the bundle string acceleration and consequently, it may result in a lower final bundle
velocity. Also, increasing the outlet header pressure yields a larger pressure drop and driving force acting on the
bundle string during the transient. This results in a higher final bundle velocity, as shown in Figures 15 and 16
for the cases of no and five missing bundles, respectively.

6. SUMMARY AND CONCLUSIONS

During normal operation, the channel flow forces the bundle string towards the downstream end where it rests
against the fuel latch. A small gap exists between the end bundle and upstream shield plug. When fewer than
the full complement of bundles are present in a channel, the gap is larger. In the event that a break occurs in the
inlet feeder or inlet header, the rapid depressurization will cause the channel flow to reverse forcing the string of
bundles to accelerate and impact with upstream shield plug. In this case, the potential bundle and channel
damage depends primarily on the velocity of the bundles at impact For the case of fuelling against the flow, the
bundle relocation due to reverse flow may result in a positive insertion of reactivity.

The reverse flow impact velocities, in the case of a guillotine break at the inlet feeder, are determined using the
validated model SOPHT-RFI. The information is needed to support operation with less than a full complement
of bundles in die channel and is also required to support channel defuelling. The impact velocities may be used
to evaluate channel component integrity analysis.



Removal of one or more of the inlet end bundles would add a gap equal to the length of these bundles to the
existing gap and may result in a larger impact velocity. In cases where only a few bundles are missing from the
channel, the bundles may hit the shield plug well before reaching the asymptotic velocity. The maximum impact
velocity is achieved for a certain number of missing bundles. Increasing the number of missing bundles beyond
this value results in a lower impact velocity. In this case, the bundle string reaches the limiting velocity before
the end of the transient

The effects of the channel thermal hydraulic conditions on the bundle movement due to reverse flow are
investigated. These results indicate that the value of the impact velocity depends greatly on the channel thermal
hydraulic conditions such as channel power as well as enthalpy and pressure of both headers. Increasing the
outlet header pressure, reducing the inlet header enthalpy or increasing the outlet header enthalpy yields larger
impact velocity.
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Table 1
Reference Input Values

Channel Power (kW) 6000
Inlet Header Pressure (MPa) 10.4
Outlet Header Pressure (MPa) 9.2
Inlet Header Enthalpy (kJ/kg) 1074
Outlet Header Enthalpy (kJ/kg) 1298

Channel Elevation (m) 10
Number of Bundles in Channel 13
Bundle Mass (kg) 23.7
Bundle Length (m) 0.495
Bundle Loss Coefficient 0.816
Gap between End Bundle and Shield Plug (m) 0.5

Met Feeder Diameter (m) 0.063
Inlet Feeder Length (m) 10
Inlet Feeder Loss Coefficient 1.0

Outlet Feeder Diameter (m) 0.063
Outlet Feeder Length (m) 10
Outlet Feeder Loss Coefficient 1.0

Distance between Break and Inlet End-fitting (m) 0.5
Break Developing Time (ms) 30



FIGURE 1: BUNDLE VELOCITY VS TIME
EFFECT OF GAP BETWEEN END BUNDLE AND SHIELD PLUG
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FIGURE 2: BUNDLE VELOCITY VS TIME
EFFECT OF GAP BETWEEN END BUNDLE AND SHIELD PLUG
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FIGURE 3: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
CHANNEL POWER EFFECT
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FIGURE 4: BUNDLE VELOCITY VS TIME (5 BUNDLES MISSING)
CHANNEL POWER EFFECT
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FIGURE 5: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
INLET HEADER ENTHALPY EFFECT-CHANNEL POWER = 0 MW
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FIGURE 6: BUNDLE VELOCITY VS TIME (5 BUNDLE MISSING)
INLET HEADER ENTHALPY EFFECT-CHANNEL POWER = 0 MW
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FIGURE 7: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
INLET HEADER ENTHALPY EFFECT-CHANNEL POWER = 6 MW
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FIGURE 8: BUNDLE VELOCITY VS TIME (5 BUNDLE MISSING)
INLET HEADER ENTHALPY EFFECT-CHANNEL POWER = 6 MW
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FIGURE 9: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
OUTLET HEADER ENTHALPY EFFECT
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FIGURE 10: BUNDLE VELOCITY VS TIME (5 BUNDLES MISSING)
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FIGURE 11: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
CHANNEL PRESSURE EFFECT, DP = 1.2 MPa
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FIGURE 12: BUNDLE VELOCITY VS TIME (5 BUNDLE MISSING)
CHANNEL PRESSURE EFFECT, DP = 1.2 MPa
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FIGURE 13: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
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FIGURE 14: BUNDLE VELOCITY VS TIME (5 BUNDLE MISSING)
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FIGURE 15: BUNDLE VELOCITY VS TIME (NO BUNDLE MISSING)
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FIGURE 16: BUNDLE VELOCITY VS TIME (5 BUNDLE MISSING)
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CATHENA SIMULATIONS OF STEAM GENERATOR TUBE RUPTURE

A. Abdul-Razzak, M.R. Lin, A.C.D. Wright

AECL-Sheridan Park

2251 Speakman Drive

Mississauga, Ontario L5K1B2

ABSTRACT

The CATHENA thermalhydraulic computer code was used to simulate various scenarios
following a CANDU® 9 steam generator tube rupture (SGTR) event. The analysis included
cases with class IV power and emergency core cooling system (ECCS) available and other cases
with subsequent loss of class IV power (LCIVP) or impairment of ECCS injection. Two main
approaches were followed in the analysis of each case. In the first approach, D2O feed was
credited to provide conservative data for input to radionuclide release and dose calculations.
Also operator actions are credited. The other approach is designed to give conservative
predictions with respect to the acceptance criteria of fuel and fuel channel integrity and to prove
that in case of such event, the operator will have enough time to mitigate the consequences. This
is done by not crediting makeup for the inventory loss and relying on the automatic operation of
safety systems.

The analysis of the cases of the first approach provided the required data for radionuclide release
and dose calculations and gave a good insight into the required sequence of operator timely
actions to mitigate the consequences of such event. On the other hand, the cases of the second
approach confirmed compliance with regulatory requirements for pressure tube and fuel
integrity. The runs with ECCS available, showed that ECCS injection is effective in filling and
cooling the core and that regulatory requirements for fuel and channel integrity are met. In the
event of ECCS impairment, the earliest indication of late fuel heat-up is late enough to provide
the operator with an adequate time to act in mitigating the consequences of this event.

INTRODUCTION

In CANDU reactors, steam generator tubes provide a physical boundary between the D2O
coolant of the primary heat transport system (HTS) and the H2O inventory in the secondary side.
Thus a steam generator tube rupture (SGTR) would lead to hydraulic coupling of the primary
and the secondary sides, resulting in discharge of D2O and radioactivity into the shell side of the
affected steam generator. Leakage or blowdown from the secondary circuit to the atmosphere
would present a direct path for radioactivity to reach the public.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).



The analysis of SGTR event considers three scenarios, namely, SGTR without additional
impairment, SGTR with consequential LCIVP and SGTR with loss of the emergency core
cooling (LOECC) system. The main objectives of these analyses are:

i. To produce the transient thermalhydraulic values, including break discharge and
enthalpy, needed for radionuclide release and dose calculation. In this analysis, the
expected operator actions are credited. However, to maximize the discharge, the D2O
feed is credited.

ii. To confirm compliance with the regulatory requirements for pressure tube and fuel
integrity. In this analysis, D2O feed and operator actions are conservatively not
credited.

MODELLING

The CATHENA thermalhydraulic computer code is used in the analysis. CATHENA is a
one-dimensional, two-fluid thermalhydraulic computer code developed by AECL primarily for
the analysis of postulated loss of coolant accident events in a CANDU reactor (Reference 1).
The code has a general network capability and is capable of modelling, in detail, the heat transfer
phenomena in a CANDU 9 type fuel channel. The wall heat transfer package provides many
heat transfer correlations to be used/selected and includes radial and circumferential conduction,
thermal radiation, and the Zr-E^O reaction heat source. The heat transfer package is general and
allows the connection of multiple wall surfaces to a single thermalhydraulic node.

The CANDU 9 primary heat transport system (HTS) is arranged in four core passes, each
between a unique inlet header and an outlet header that is shared by two core passes. Each core
pass consists of 120 fuel channels. In the circuit model, the 120 channels in each core pass are
represented by a single average channel. The CATHENA network model includes the heat
transport system, secondary circuit (the steam and feedwater system) and the emergency core
cooling system. CATHENA primary and secondary circuit nodalization is shown in Figure 1
while that of the ECC is shown in Figure 2.

For the SGTR analysis, a guillotine break is assumed to occur just above the outlet tube sheet of
a U-tube in steam generator 4 (SG4). This location, i.e. at the bottom of the cold leg of a steam
generator tube, results in higher break discharge rates. The 4663 steam generator tubes are
represented by two parallel lines; one represents the broken tube and the other simulates the
remaining 4662 intact tubes. Since the break is a double-ended break, there are two links, each
connecting one break end to the secondary side of the steam generator (i.e., PRE4B to PREH4
and BOP4 to PREH4, Figure 3). For break discharge, the CATHENA valve model with the
choked flow option is chosen to improve the running efficiency. The schematic diagram of the
break discharge model is shown in Figure 3.

ANALYSIS SCOPE

Following a SGTR event, the expected event sequences are: operator actions of tripping the
reactor, transferring D2O from D2O supply system or valving in light water from the reserve



water tank to the D2O storage tank, performing controlled cooldown of heat transport system and
valving in the shutdown cooling system (SDCS). The normal procedure for the controlled
cooldown of HTS should be performed by using the condenser steam discharge valves (CSDVs).
These actions provide adequate core cooling and minimize doses. However, the main steam
safety valves (MSSVs) are conservatively used to cool down the HTS in the present analysis.
The present analysis includes two analysis procedures. One is to maximize the dose calculation
and the other is to maximize the fuel and pressure tube temperature. Figure 4 shows the various
cases covered in the analysis.

In the manual trip cases, the operator is credited to shut down the reactor at 15 minutes after the
first unambiguous alarm which identifies a SGTR event. A conservative estimate for the time
needed to confirm a SGTR event of 25 minutes is used in the analysis. Accordingly, the operator
is credited to shut down the reactor at 40 minutes after the initiation of the break. If continuous
makeup is available, the operator's next main action is to isolate the affected steam generator and
then initiate manual crash cooling. It is assumed that the operator needs 30 minutes after the
confirmation of a SGTR event to close the MSFV and MSSVs for the affected steam generator.
Therefore, the MSIV and MSSVs for the affected steam generator are assumed to be closed after
55 minutes from the time the break occurs. If continuous makeup is not available, the operator
initiates manual crash cooling 5 minutes after shutting down the reactor while the isolation of the
affected steam generator is kept at 30 minutes after the confirmation of a SGTR event. This
procedure of early cooling, prior to steam generator isolation, is found to be needed in the case
ofLCIVP.

The automatic trip cases are designed to confirm that there is enough time for the operator to act
and mitigate the consequences of this event and to determine whether the requirements related to
the acceptance criteria of the fuel and fuel channel integrity are met. This is done by not
crediting D2O feed makeup for HTS inventory loss and waiting for the automatic operation of
safety systems.

RESULTS AND DISCUSSION

A brief summary of the event sequence and results of the various cases are shown in Table 1,
while results from selected cases are discussed below.

No Additional Impairment, Continuous D2O Makeup and Operator Actions

This analysis is considered as the reference case for the set of analyses which produce the
thermalhydraulic data required for radionuclide release and dose calculations. The initial break
discharge is 8 kg/s from tube sheet side and 2.1 kg/s from the tube side as shown in in Figure 5.
Since HTS pressure is kept constant by makeup flow, the break discharge continues to be about
10.1 kg/s from both ends until reactor shutdown. After reactor shutdown at 2400 s, break
discharge from the tube sheet side drops to about 7.5 kg/s while that from the tube side increases
to about 2.6 kg/s. The decrease in the discharge from the tube sheet side is caused by HTS
depressurization while the increase in the discharge from the tube side is caused by the change of
fluid from two phase to liquid phase which outweighs the effect of the depressurization. At 3300



s, the affected steam generator is isolated and manual crash cooling is started by opening two
MSSVs on each of the three unaffected steam lines. MSSVs opening results in fast
depressurization of the secondary side and accordingly higher discharges from both ends of the
break. However, only break discharge prior to the isolation of the affected steam generator is
needed in calculating the radioactivity release to the atmosphere through the opened MSSVs.
The sharp drop in break discharge at 14465 s is due to filling the isolated steam generator and the
associated steam line by HTS break discharge.

Figure 6 shows the reactor inlet and outlet header pressures. Prior to reactor shutdown at 2400 s,
header pressures remain constant at their steady state values since continuous makeup is
assumed available.

The operator can limit the radioactive releases to the atmosphere by closing the opened MSSVs
and valving in the shutdown cooling system when reactor header temperatures fall to 177 °C.
After the HTS coolant is cooled down to 54 °C, the leak to the secondary side can be stopped by
draining the HTS below the steam generator level. Figure 7 shows reactor header temperatures.
The coolant temperature in the outlet headers falls below 177 °C at 4100 s. This means that at
this time the shutdown cooling system can be valved in for long term cooling.

No Additional Impairment, No D2O Makeup and No Operator Actions

The initial break discharge is about 8 kg/s from tube sheet side and 2.1 kg/s from the tube side as
shown in Figure 8. This discharge rate gradually drops due to the continuous inventory loss until
reactor trip. After reactor trip on low pressurizer level at 2864 s, break discharge from the tube
sheet side drops to about 6.2 kg/s while that from the tube side increases to about 2.2 kg/s.
These changes in discharge rates are due to change in pressure and flow regime. Break
discharges continue to drop due to the continuous depressurization of HTS. At 5290 s, break
discharges drop sharply due to the depletion of the pressurizer. At 5642 s, the ECC signal, of
low outlet header pressure, comes in. This is followed by the conditioning signal of sustained
HTS low pressure at 6242 s. The conditioning LOCA signal results in initiating crash cooling
and results in ECCS injection at 6253 s. Shortly after the start of ECCS injection, break
discharges increase sharply due to the HTS refill. Then break flows resume a gradual decline
due to the continued depressurization of the HTS. The last sharp increase in break flows, at
9605 s, is caused by the increase in the pressure of the primary side of the steam generators due
to automatic HTS pump trip when a pressure of 2.1 MPa(a) in either reactor outlet header is
sustained for 10 minutes.

Figure 9 shows the reactor inlet and outlet header pressures. After the initiation of the event, the
pressure drops gradually due to the HTS depressurization. Reactor trip at 2864 s on low
pressurizer level, results in a sharp drop in pressure. The sharp drop in header pressures at 5290
s is due to pressurizer depletion which lowers the HTS pressure to the saturation pressure
corresponding to the coolant temperature. After the initiation of crash cooling and ECCS
injection, the depressurization rate becomes faster. The main pumps trip, at 9605 s, results in
more uniform system pressure.



ECC flow to the headers is shown in Figure 10. All six rupture disks are ruptured almost
simultaneously at around 6253 s. The injection is mainly to the outlet headers since they are at
lower pressure than the inlet headers. Prior to main pumps trip, flow is recirculated from inlet
headers to the outlet headers.

Figures 11 shows the flow rate of pass 4. Reactor trip and initiation of ECC injection results in
sharp increase in core flow rate. After the main pumps trip, at 9605 s, flow through the core
drops sharply since forced circulation is lost and flow is governed by natural circulation.

Figure 12 shows fuel sheath temperatures of a high power single channel in pass 4. Prior to
reactor trip, the fuel sheath temperatures remain close to the initial steady state value. After
reactor trip and prior to ECCS injection, sheath temperatures remain around 260 °C and drop to
lower than 200 °C after ECCS injection. Accordingly, fuel integrity is ensured.

With Loss of Class IV Power, Continuous D2O Makeup and Operator Actions

Up to the time at which the LCIVP occurs, the results are the same as in the case with class IV
power. About 15 s after reactor trip, class IV power is lost and thus the HTS pumps are tripped.
The initial break discharge is 8 kg/s from tube sheet side and 2.1 kg/s from the tube side. Figure
13 shows that shortly after reactor shutdown at 2400 s, break discharge form the tube sheet side
regains its initial value of about 8 kg/s while that from the tube side increases to about 2.6 kg/s.
After 3300 s, the pressure in the isolated steam generator (SG4) increases temporarily and
accordingly break discharge decreases. However, when HTS coolant temperature drops to lower
than SG4 saturation temperature, SG4 pressure, shown in Figure 14, starts to decrease due to
steam condensation.

Figure 15 shows reactor header temperatures. As can be seen from this figure, the three
unaffected steam generators are effective in cooling the HTS in this mode of single phase
thermosphoning. The coolant temperature of inlet header 4 (RIH4) and outlet header 1 (ROH1)
are close to each other due to the isolation of SG4. At 6545 s, the coolant temperature in both
outlet headers falls to lower than 177 °C. This means that the shutdown cooling system can be
valved in at this time for long term cooling.

With Loss of ECC, No D2O Makeup and No Operator Actions

The initial break discharge is about 8 kg/s from tube sheet side and 2.1 kg/s from the tube side as
shown in Figure 16. This discharge rate gradually drops due to the continuous inventory loss
until reactor trip. After reactor trip on low pressurizer level at 2864 s, break discharge from the
tube sheet side drops to about 6.2 kg/s while that from the tube side increases to about 2.2 kg/s.
These changes in discharge rates are due to change in pressure and flow regime. At 5290 s,
break discharges drop sharply due to the depletion of the pressurizer. The ECC signal, of low
outlet header pressure, comes in at 5642 followed by the conditioning signal of sustained HTS
low pressure at 6242 s. The conditioning LOCA signal results in initiating crash cooling. Since
ECCS injection is impaired, the HTS depressurizes quickly as shown in Figure 17. After the



main pumps trip at 7179 s, the HTS pressure becomes more uniform.

Figures 18 and 19 show channel flow and fuel sheath temperatures of a high power single
channel in pass 4. The channel flow increases on reactor trip as long as the pressurizer kept the
HTS refilled. After pressurizer depletion, HTS void starts to increase and accordingly channel
flow decreases. The first indication of fuel heatup occurs later than 8500 s. This ensures that the
operator has enough time to act to mitigate the consequences of this event such us providing
makeup for the inventory loss and valving in the shutdown cooling system.

CONCLUSION

Two main approaches for a single steam generator tube rupture event are followed. In the first
approach, D2O feed is credited to provide conservative data for input to separate radionuclide
release and dose calculations. Also operator actions are credited. The other approach is
designed to give conservative predictions with respect to the fuel and fuel channel integrity and
to prove that in case of such event, the operator will have enough time to mitigate the
consequences. This is done by not crediting makeup for the inventory loss and relying on the
automatic operation of safety systems.

The main operator actions for a SGTR event include shutting down the reactor, providing
continuous makeup, isolating the affected steam generator, conducting controlled cooldown of
HTS and ultimately valving in the SDCS. The normal procedure for the controlled cooldown of
HTS should be performed by using CSDVs. These actions provide adequate core cooling and
minimize doses. However, the MSSVs are conservatively used in cooling the HTS in the present
analysis.

The analysis provided the thermalhydraulic data required for radionuclide and dose calculations
and identified the time at which the operator can valve in the SDCS. The SDCS can be valved in
to cool down the HTS from the zero power hot temperature of 260 °C under abnormal
conditions. However, the normal operation of SDCS to cool down the HTS from 177 °C is
assumed in the present analysis.

If continuous makeup is not available, manual crash cooling should be initiated prior to isolating
the affected steam generator. This is found to be a necessary procedure in the case with
subsequent LCIVP. A sensitivity test showed that the combined effect of isolating the affected
steam generator and losing forced circulation resulted in heating up the pass downstream of the
isolated steam generator when continuous makeup is not available.

Several cases were conducted to confirm compliance with regulatory requirements for pressure
tube and fuel integrity. In these runs, coolant makeup was conservatively not credited. The
manual reactor trip was ignored and the next trip signal, low pressurizer level, was credited to
trip the reactor. Single channel runs for these cases were conducted. The runs with ECCS
available, showed that ECCS injection is effective in filling and cooling the core and that
regulatory requirements for fuel and channel integrity are met. In the event of ECCS
impairment, the earliest indication of late fuel heat-up is later than 8500 s from the time the



break occurs. Thus, the operator has enough time to act in mitigating the consequences of this
event.

REFERENCES

1- Richards, D.J., Hanna,, B.N., Hobson, N. and Ardron K.H., "ATHENA Two-Fluid Code for
CANDU LOCA Analysis", Presented at the Third International Topical Meeting on Reactor
Thermalhydraulics, Newport RI, USA ,1985, Oct. 15-18, pp. 7.E.1 - 7.E.14. (ATHENA was
subsequently renamed CATHENA).

Table 1
Summary of Main Events and Results for the Analyzed Cases

Case

No Additional
Impairment

Manual Trip
Continuous
D2O Feed

Manual Trip
Limited D26

Feed

Automatic
Trip

LCIVP

Manual Trip
Continuous

D2O

Manual Trip
Limited D2O

Feed

Automatic
Trip

LOECC

Manual Trip
Limited D2O

Feed

Automatic
Trip

Reactor Trip
Time (s)

LCIVP
Time (s)

MSSVs
Opening Time

(s)

SG4 MSSVs
& MSIV Clos-
ing Time (s)

ECC Injection
Time (s)

SDCS
Time (s)
(reactor

header temp,
reach 177 °C)

Late Fuel
Heat-up

2400

2400

2864
(low pressur-

izer level)

N/A

N/A

N/A

3300
(manual)

2700
(manual)

6242
(automatic)

3300

3300

no isolation of
SG4 and au-
tomatic open-
ing of MSSVs

not reached

4287

6253

4100

3507

N/A

no

no

no

2400

2400

2864
(low pressur-

izer level)

2415

2415

2878

3300
(manual)

2700
(manual)

6834
(automatic)

3300

3300

no isolation of
SG4 and au-
tomatic open-
ing of MSSVs

not reached

4440

6917

6545

4500

N/A

no

no

no

2400

2864
(low pressur-

izer level)

N/A

N/A

2700
(manual)

6242
(automatic)

3300

no isolation of
SG4 and au-
tomatic open-
ing of MSSVs

N/A
(ECCS im-

paired)

N/A
(ECCS im-

paired)

3507

N/A

no

yes
after 8500 s



Figure 1 CANDU 9 480/NU CATHENA Nodalization
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ABSTRACT

As the expected lifetime of the present fuel in the SLOWPOKE-2 reactor at Ecole
Polytechnique de Montreal was seen to approach, a project was initiated which will lead to
the refueling of the reactor in 1997. Two aspects of this project require major development
work: the defueling and fuel loading procedures need to be revised since this is the first
time a SLOWPOKE reactor will be refueled; work is also required to bring safety analysis
and documentation in line with recent regulatory requirements. Here, we present the
proposed overall refueling strategy and discuss the changes in the operation of the core
resulting from the use of low-enriched fuel. Additional experiments, which should be
carried out during commissioning, are also analyzed.

I. Introduction

The SLOWPOKE-2 reactor at Ecole Polytechnique de Montreal has operated since
1976 with the original fuel which consists of 0.8 kg of 93% enriched Uranium (HEU).
The 296 fuel pins contain Uranium-Aluminium alloy with Aluminium cladding. The
core is surrounded by a Beryllium reflector and is moderated and cooled by light water
which circulates by natural convection. The reactor is used for research involving neutron
activation analysis and the use of radioactive tracers as well as for teaching.M As the
lifetime of the present fuel was seen to approach, a project which was initiated three years
ago will lead to the refueling of the reactor in 1997. Atomic Energy of Canada Limited
has been contracted to carry out the refueling.

Proliferation concerns and technological advancements have led to the development
of low-enriched (20%) Uranium-oxide SLOWPOKE fuel with zircaloy sheathing (LEU).[2]

The new fuel will be identical to that used in the Royal Military College SLOWPOKE
reactor since 1985. Three aspects of the refueling project require major development work.
First, defueling procedures must be written since this is the first time a SLOWPOKE
reactor will be refueled. The fuel loading procedure used in 1976 also needs to be revised
based on the experience gained in the last 20 years and on the fact that it will take place
in a reactor which has already been irradiated. Finally, work is required to bring safety
analysis and documentation in line with recent regulatory requirements.

In this paper we first present the proposed overall refueling strategy and discuss specific
points that must be considered when a new core is inserted in an already irradiated



reflector. We will also discuss the changes resulting from the use of low-enriched fuel
relative to the present fuel. Finally, the last section will analyze additional experiments
that are proposed to gain a better understanding of the characteristics of the core including
knowledge of the void reactivity feedback effect and the neutron flux distribution.

II. Refueling Procedure

II.A. Defueling

A defueling strategy, taking into account reactivity effects and core radioactivity, was
designed so as to minimize shut-down time. The reactor will be defueled about ten days
after shut-down, when the fission product activity is about 1000 Ci. A new procedure
has been developed to safely defuel the reactor without disassembling the reactor water
container. A remote handling machine was designed, constructed and tested. It will
operate under the 76 cm thick concrete pool covers and will lift the core out of the
container, move it horizontally 1 m and lower it to the bottom of the pool where it can
easily be placed in the shipping flask.

The capacity of the reactor will be doubled by installing five new irradiation sites just
outside the beryllium reflector. All associated equipment will be verified for fitness for
another 20 years of use.

II.B. Fuel loading

The radioactive Beryllium reflector is a gamma-ray and neutron source which must
be taken into account during fuel loading. These neutrons add to those emitted by the
power-calibrated neutron source used for start-up and thus complicate the determination
of reactor power. At the beginning of fuel loading, the gamma-rays emitted by the reflector
will produce a non-negligible signal in the ionization chamber used for neutron detection
and reactivity estimation. Therefore, a BF3 detector in the pulse counting mode will also
be used.

Otherwise, the fuel-loading procedure is similar to that used previously at RMC and
it is expected that 200 fuel pins will be needed. The reactor will have an excess reactivity
near 4.0 mk with less than 4 mm of Beryllium reflector plates added above the fuel.
Relative to the old reactor core, the increased amount of water within and just above the
core will have a significant effect on reactor properties.

II.C. Commissioning Tests

Commissioning tests include:

• Calibration of the control rod,

• Adjustment of the control system set point neutron flux,

• Testing the auxiliary shut-down system,

• Measurement of reactivity worths of samples in the irradiation sites,



• Self-limiting power excursions

• Operation in automatic mode.

The most important tests are the self-limiting power excursions. These will demon-
strate that the inherent negative feedback effects limit the reactor power to safe levels
even for reactivity insertions in excess of 4.0 mk. They are also the most difficult to
simulate. A significant part of the research effort at the institut in the last year has been
devoted to predicting the transient behaviour of a core submitted to such experimental
conditions. Details of this modeling will be presented in companion papers.^' ^

In the next section we will concentrate our discussions on experiments which are not
part of the commissioning procedure but are useful towards getting a better understanding
of the physics of the new LEU core.

III. Experiments and Pre-simulations

Here we will concentrate on three types of measurements which will be performed
during or just after fuel loading J5' One of these measurements is an integral part of the
fueling procedure and involves the evaluation of the subcritical multiplication of the core.
We also suggested two experiments which can only be performed while the reactor core
is opened. These will be performed with a full core load and at very low power. The
first experiment consists of evaluating the effect of coolant displacement (void effect) on
the reactivity of the core while the second experiment aims at the characterization of the
neutron flux distribution inside the core. Here we discuss how these experiments were
analyzed using the lattice code DRAGONJ6'

III.A. Approach to Critical

The standard fueling strategy used for the SLOWPOKE-2 reactor is very different
from that considered for most power reactors. Instead of inserting into the reactor core
the full fuel load which should result in the required excess reactivity, a more empirical
procedure is considered, namely, an increasing number of fuel pins are loaded in the core
until the reactor reaches criticality. This strategy is dictated by the fact that there is
only one control mechanism inside the core, the control rod, whose worth is only a few
mk. Therefore it would be impossible to compensate easily for the error in reactivity
associated with a given fuel load with this device alone.

A consequence of this procedure is that one must be able to measure the subcritical
multiplication constant associated with each incremental fuel loading sequence. This is
realized experimentally by measuring at a given point inside the reactor (the detector site)
the neutron flux generated when a well known fixed source is inserted in the core. As the
amount of fuel increases the multiplicative effect of fission should produce an increase in
the flux level seen by the detector. In the limit where the core reactivity is very close to
criticality, the relation between the integrated flux at the detector in the presence of n
fuel pins {4>{n)) and that measured when no fuel is present in the core (0(0)) should take
the form:

= 1.0 -



where a is a constant which depends on the type of fuel and on the reactor configuration.
The fueling of the SL0WP0KE-2 reactor therefore takes place in the presence of a

source, producing neutrons having well defined energies, inserted in one of the irradiation
site located inside the Beryllium reflector. The detector (an ionization chamber) on the
other hand is situated outside the core in the water reflector.

In order to simulate this fueling experiment using DRAGON, a certain number of
approximations are requiredJ7' We first assumed that neither the source nor the detector
position will influence considerably the results for <f>(0)/(j)(n). Accordingly, the transport
problem was simplified by locating the neutron source in the center of the core (control rod
location) while the detector was positioned in one of the Beryllium reflector irradiation
sites. A second assumption concerns the neutron spectrum associated with the source.
Here because our DRAGON calculations were performed using the 69 group Winfrith
library, we will consider a source that has a non-zero flat spectrum only between 500 keV
and 812 keV (group 6). It is also a distributed source of uniform density which occupies
a volume identical to that of an irradiation site. Because the transport calculations were
performed with the cell code DRAGON, using a 2-D model of the reactor, neutron leakage
must be accounted for since it represents a loss in reactivity of over 200 rnkJ5! However,
in DRAGON no fixed source calculations can be performed with an imposed buckling.
We therefore simulated the effect of leakage by adding an absorber (Boron) uniformly
in the core in such a way that the last core load considered would result in an effective
multiplication constant i-Q^O.997.

The above approximations can be easily justified. When the reactor is close to critical,
the ratio decreases rapidly. In fact, when Kefi=0.9, <j){n) is already ten times larger than
0(0). This means that most of the neutrons in the cell were generated by fission and
do not come directly from the source. Accordingly, most of the neutrons in the core
are generated by fission and will therefore have no memory of the original fixed neutron
source. For a reactor close to criticality the position and the spectrum of the fixed neutron
source on the neutron flux distribution inside the core can therefore be considered as a
second order effect. The justification for the independence of the results fox'(f)(0)/<f>(n) on
the position of the detector is similar, namely, a detector located outside the core will see
this core as an attenuated point neutron source. Finally the use of Boron as an absorber
to simulate leakage is acceptable from the point of view of neutronics since the leakage is
generally taken into account in the 2-D transport problem by adding a contribution dB2

to the absorption cross section.

In order to verify that our model was realistic, we first analyzed the old HEU core for
which the experimental results of Fig. 1 were already available from the initial loading
of the reactor. After performing successive transport calculations for various fuel loads,
we evaluated the integrated flux at a the assumed position of the detector. Assuming the
same normalization as that used in Fig. 1, the differences between the DRAGON results
and experiment presented in Fig. 2 were obtained. As one can see, these differences can
be relatively large. However, the large error oscillations are mainly observed when only
a few pins are inserted in the core in a non symmetric way. On the other hand, one can
see from Fig. 3 that the dependence of Kes on <p(0)/<j>(n) as computed using DRAGON is
nearly identical to that obtained experimentally. In fact, from our observations we obtain

«ISAGON = 3-66 ± 0.05



while the experimental results is

" = 3.6626.

This indicates that the approximations we used in the modeling of the HEU core are
reasonable and can also be applied to the LEU fuel.

The same calculations were repeated for the proposed LEU core following a refueling
scheme similar to that used for the old HEU core. One of the main differences in this case
is the number of fuel pins loaded in the core. The core was fueled with a total of 192 LEU
pins resulting in a final reactivity in the absence of leakage very close to that observed
when the core was fueled with 296 HEU fuel pins. The Boron concentration was again
selected in such a way that Keg=0.997. One will find in Fig. 4 the DRAGON prediction
for ATeff versus </>(0)/4>(n) from which we derived

As can be seen, the slope aLEU is steeper than that observed for the HEU core. Accord-
ingly, for a fixed increase in reactivity, the LEU core generates more neutrons. This is
due to the increased amount of coolant in the LEU relative to the HEU core therefore
resulting in a more thermalized neutron flux.

III.B. Void Reactivity Experiment

The main reason for investigating the effect on reactivity of void is that one expects
that for large reactivity insertions leading to higher powers, significant boiling will occur.
This negative void reactivity effect is important to reactor safety. However, from the
experimental point of view, inserting either a uniform void inside the coolant or around
each fuel pin is not practical during the commissioning of the reactor.

Here, we suggest that the insertion of a specific amount of Aluminium in the control rod
guide tube should have the same reactivity effect as a void insertion at the same location
because of the reduce slowing down resulting form the coolant water displacement.® This
is quite different from the effect that would be observed by inserting void in the water
reflector where the resulting increase in reactivity results from a reduction of absorption
in the water. However, it remains to be shown that the reactivity effect of the insertion
of Aluminium in the core is still dominated by the effect of coolant water displacement
since our experiment assumes that from a neutronics point of view, both the void and
Aluminium should be nearly equivalent.

We first investigated the effect of filling the guide tube for the control rod with an
identical volume of Void or Aluminium. In both cases a change in the reactivity of the
core of -4.1 mk was observed. We also considered the case where the void is located
around the fuel pins instead of being centered in the core. Assuming the same volume
of void and Aluminium as that used in the first experiment is now distributed uniformly
around each fuel pin, a slightly smaller change of reactivity is observed, namely -3.1 mk
for void and -2.8 mk for Aluminium. Again this shows that both a void or Aluminium
region will have nearly the same effect on the neutron flux distribution in the cell.



III.C. Neutron Flux Distribution Experiments

This last experiment concerns the evaluation of the axial and radial neutron flux
distribution inside the core which can be measured indirectly by irradiating Copper and
Gold wires located at different radial locations inside the core. Copper, which has a cross
section which is nearly of the form 1/v, will generally be more sensitive to the thermal
neutron flux. Gold, on the other hand, will react more to the fast flux distribution because
of the presence of epithermal resonances in its cross section. As a result, verifying that
the DRAGON predictions for both the Gold and Copper activity are in agreement with
experimental observations gives more confidence in the prediction and the validity of the
code.

One will find in Fig. 5 to Fig. 7 respectively the integrated flux distribution at various
radial locations inside the core, and the computed Copper and Gold activity per atom
for the proposed LEU core. Here the flux and activities are normalized in such a way
that the response in flux or activity in the irradiation sites is 1. The first observation is
that the flux, at the empty fuel sites is somewhat smaller than that in the coolant at the
same radial position while the reverse is true for the filled fuel sites. For the Gold activity
simulations, the opposite behaviour is observed even if the difference is less important
for Gold than Copper. One can also see that the rate of decrease in the Gold activity
as a function of radius is much more important than for Copper. This is due to the fact
that the fast flux decreases more rapidly than the thermal flux as one moves towards the
exterior of the reactor core.

Looking at the results for Copper activity, one can also observe that the thermal
flux is more peaked in the reflector region. Accordingly the radial dependence of the
thermal neutron distribution inside the core is less important than that observed for the
integrated flux. For the empty fuel sites, where the neutrons are more thermalized, the
Copper activity is around 8 % larger than that computed for the surrounding annular
region while a difference of about 4% was computed for Gold activity. The relation
between the Copper activity and the radial position inside the LEU core is of the form :

ACu(r) = [1.20 ± 0.01] - [0.029 ± 0.002]r

while the following relation is obtained

AAu(r) = [1.63 ± 0.01] - [0.044 ± 0.002]r

for Gold activity versus radial position.

IV. Conclusion

The first refueling of a SLOWPOKE reactor has required a considerable amount of
development work but the inherently safe new core will be easy to maintain and operate
and will provide a convenient tool for neutron activation analysis for the next twenty
years.

The modelling work described here has already contributed to our understanding of
the reactor; this will continue with the comparison of the calculations with the results
of the measurements made during commissioning. The exercise is also proving to be
extremely useful for code validation.
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Figure 1: Measured flux as a function of the number of fueled sites for HEU
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ON THE USE OF DYNAMIC MODELLING FOR THE DESIGN OF IRF

by
H.W. Hinds

Atomic Energy of Canada, Ltd.
Chalk River, ONT CA9900096

ABSTRACT

The multi-purpose high-flux Irradiation Research Facility (IRF) reactor has been proposed by
AECL as a replacement for the venerable NRU reactor at Chalk River, and the pre-project design
of IRF is currently underway. As part of this design effort, we are currently modelling the
dynamic response of the reactor and especially that of the Reactor Regulating System (RRS). The
tool chosen for this work is the MATRJKx family of programs, including XMath, SystemBuild
and Documentlt.

The SystemBuild tool allows users to specify a complete model by graphically interconnecting a set
of modules (SuperBlocks) and/or "primitives". Each module, in turn, can be defined graphically
by interconnecting a further set of sub-modules and/or "primitives". The system supports both
continuous (analog) as well as discrete (digital) modules at the same time. Thus, it is possible to
accurately model a continuous process coupled to its computer-based control system. The
frequency response of the system can be extracted from the same model.

The model will be used for control system stability analysis and to choose appropriate design
parameters for various controllers and dynamic compensators within both the RRS and other
important controllers in the system. The whole system can then be tested using various
manoeuvres such as start-ups, shutdowns and step perturbations. It can also be used to verify that
the design functions well under extreme conditions such as those which might occur at the
beginning or end of the fuel cycle, or when attempting to override a poison-out. The model can
also be of practical assistance to other designers in choosing the various parameters involved (e.g.,
step size of the stepping motor drives for the control absorber rods (CARs), or rundown time of
the main primary coolant system pumps).

The model currently consists of:
• point- or 7-node neutron kinetics with temperature and xenon feedback,
• 1 or 2 sets of log, linear and log rate amplifiers,
• the RRS (flux) control algorithm,
• 1 or 2 banks of CAR drives,
• the primary coolant circuit with 2 pumps and two main heat exchangers, and
• secondary temperature control valve(s) and controller(s).

This model-based design process has proven very useful for the MAPLE reactor design, and it is
expected to be equally important in designing the even more complex IRF system.



INTRODUCTION

The multi-purpose high-flux Irradiation Research Facility (IRF) reactor [1] has been proposed by
AECL as a replacement for the venerable NRU reactor at Chalk River. The IRF is a 40 MW
split-core MAPLE-type reactor. The main part of the reactor has 32 fueled sites. Each contains
either a hexagonal fuel bundle of 36 elements or an 18-element cylindrical fuel bundle. The
elements are aluminum fuel rods containing 20% enriched U3Si2Al metal matrix composite. The
eight (four on each side) 18-element fuel bundles are associated with movable hafnium Control
Absorber Rods (CARs), which surround the fuel. The main reactor is cooled by low-pressure,
low-temperature light water, which flows upwards through the core. Surrounding the core is a
large tank of heavy water, called the reflector. In the centre, between the two halves of the split
core are three Horizontal Test Sections (HTSs), each capable of containing up to three
CANDU® bundles under CANDU-like coolant conditions. These HTSs are also surrounded by
reflector heavy water. In addition, there are fast neutron sites, vertical fuel-test facilities, material
irradiation sites and neutron beam research facilities.

The pre-project design has been underway for nearly two years. As part of this design effort, we
are modelling the dynamic response of the reactor to various desired changes and upsets. In
particular, a major effort is directed towards modelling the response of the Reactor Regulating
System (RRS), which controls the reactor flux/power via the CARs, to setpoint changes, for
example, during shutdowns and startups. These models are used to design control strategies, and
select gains and dynamic compensators, to give an optimal or nearly optimal response under a
variety of conditions. A similar dynamic modelling exercise was conducted as part of the
MAPLE-X10 design and proved very useful.

MODELLING TOOLS

It is preferable to perform simulation and modelling on a commercially-supported platform which
includes much of the desired functionality. In the past, we have simulated reactor control
systems using the following platforms:

- analog and analog/hybrid computers (1960s and 1970s),
- the FORSIM package [2] (1980s and 1990s), and
- the EASY5W package (also in 1990s).

The new tool chosen for this work is the modern MATRIXx family of programs, including
XMath, SystemBuild and Documentlt, purchased from Integrated Systems Inc. (ISI).
MATRIXx runs on a Pentium-based personal computer under Windows NT; a workstation
(UNIX) version is also available.

XMath, the basis of the package, is a general purpose matrix algebra tool. In the simulation
context, it allows the user to calculate and specify model and simulation parameters. It also
facilitates plotting. Scripts can be set up which perform repetitive functions, such as calculating



initial conditions, automatically. In fact, the user does not have to specify the initial conditions
of each state, the system itself can find them from the steady-state solution for the model.

The SystemBuild modelling tool allows users to specify a complete dynamic model by
graphically interconnecting a set of modules (SuperB locks) and "primitives". Each module, in
turn, can be defined graphically by interconnecting a further set of sub-modules and primitives.
The primitives, which are supplied by ISI, include:

• algebraic blocks (gain, sum/difference, multiply, divide, polynomial, etc.);
• piece-wise linear blocks (dead-band, saturation/limiter, absolute value,

quantization, pre-load);
• dynamic blocks (n* order integrator, state space, transfer function in z, hysteresis,

time delay, PID controller, second-order system);
• trigonometric blocks (sin, cos, tan, and their inverses, etc.);
• power-exponential-logarithmic blocks (square-root, log, exponential, power);
• coordinate transformation blocks (Cartesian to polar, 3-axis rotation, etc.);
• signal sources (step, ramp, sinusoid, general, random numbers, etc.);
• logical blocks (shift register, AND, OR, NOT, relational comparison, switch,

binary-to-decimal, etc.);
• user-written blocks;
• knowledge-based blocks (expert system, fuzzy logic);
• interpolation blocks (linear, cubic spline, etc.); and
• SuperBlocks (collections of other blocks).

Note that MATRIXx supports both continuous (analog) as well as discrete (digital) modules in
an interconnected system. Thus it is possible to accurately model a continuous process coupled
to its computer-based control system.

The frequency response of the system can be extracted from the same model which gives the time
response, thus giving the user two different views of the system. Previous modelling codes (e.g.,
CATHENA) could do either one or the other but not both.

The Documentlt tool provides a semi-automatic method for documenting the model and its
various modules and sub-modules. This documentation comes from the model itself.

Additional tools are available in the MATRTXx package and provide robust control system
design, simulation animation, and ADA controller-code generation. The package is periodically
updated and enhanced by ISI.

The use of this modern dynamic simulation and analysis tool, in principle, should increase
productivity and reduce turnaround time, when simulating new scenarios, or testing modifications
to either the plant, its instrumentation or its controllers.



MODEL

The IRF model being developed is presently designed to work in all normal operating conditions,
and to cover single faults that are likely to occur over the life of the reactor. The range of validity
is up to the first trip point. In a practical sense, for the IRF, this implies that the primary
coolant remains a single-phase fluid. This single-phase assumption greatly simplifies the heat-
transport, fluid-flow modelling. The model is not meant to be a fully qualified safety-analysis
code, which would be capable of analyzing severe accidents; CATHENA is the chosen tool for
safety analysis. However, it is meant to give designers and operators a very good idea of how the
reactor will function under all expected conditions.

Presently, we are planning to incorporate the following modules in our module library:
• point neutron kinetics (6 delayed groups plus 9 photoneutron groups),
• 7-node neutron kinetics (1-D diffusion),
• xenon,
• logarithmic amplifier,
• log rate and linear rate amplifiers,
• the RRS (flux/power) control algorithm,
• CAR drives and conversion to reactivity,
• pump,
• heat exchanger,
• the primary coolant circuit with two pumps and two main heat exchangers, and
• primary temperature control valves and controllers.

The point-kinetics, log amplifier, log rate amplifier, RRS controller and CAR drive provide the
basic RRS flux control loop at low power, while at high power, the linear and linear rate
amplifiers are also used. Internal reactivity feedback is provided by power, reactor inlet
temperature and xenon feedbacks. The reactor inlet temperature is provided by the primary
coolant circuit module with its pumps and heat exchangers. The control valves on the secondary
side provide primary temperature control. The main RRS loop, with the important feedback
sources, is illustrated in Figure 1. The main RRS loop is shown in the SystemBuild format in
Figure 2; this loop includes the following SuperBlocks:

nk reactor kinetics
Tfeedback temperature/power feedback
Lo, ra_log, ra_lin flux amplifiers: log, log rate, and linear rate
RRC, RRS_calc_delay the RRS algorithm, including calculational delay
rod 1 _cont single equivalent CAR drive

The RRS algorithm SuperBlock is shown in Figure 3; it uses many of the ISI-supplied
primitives.



By connecting the model shown in Figure 2 to a signal source primitive, a simulation can easily be
run. Figure 4 is an example showing a power manoeuvre of the MAPLE-X10 reactor from 100%
FP to 50% FP over the first 75 s, and then back again.

Because of the split-core IRF design, there is the potential of side-to-side flux tilts driven by
xenon. The 7-node neutron kinetics module models one-energy group diffusion in one-spatial
direction. It has been shown to be accurate to within 5-10% in comparison to a 2-energy group
26-node model, working on the same reactor kinetics problem. It will be used in conjunction with
the xenon module to demonstrate that the flux tilt control algorithm successfully controls the flux
shape across the reactor.

The dynamic model of the IRF will be used for control system stability analysis and to choose
appropriate design parameters for various controllers and dynamic compensators within both the
RRS and other important controllers (e.g., primary coolant temperature) in the system. Control
stability is usually specified as a combination of:

• gain margin - should be greater than 5 dB,
• phase margin - should be greater than 40 degrees, and
• over/undershoot - less than 1% at full power.

These limits have been used previously for NRU, NRX [3], and MAPLE-X10 [4] controller
evaluations. They should be applicable under all anticipated operating conditions, including
steady state at any power level, and during ramp-up from low power to high power.

The whole simulation system (controllers plus reactor) can then be tested using various
manoeuvres such as start-ups, shutdowns and step perturbations. It can also be used to verify
that the design functions well under extreme conditions such as those which might occur at the
beginning or end of the fuel cycle, when attempting to override an xenon poison-out, or when
starting up with a colder-than-normal pool. The model is also of practical assistance to other
system designers in choosing the various parameters involved, and to operations in developing
operating rules for unusual situations. Some of the important parameters that must be chosen
are:

• time constants of the linear, log, linear rate and log rate amplifiers;
• time constants for temperature sensors;
• speed and step size of the CAR drive stepping motors;
• dynamic compensators within the RRS control algorithm; and
• PID gains for the PCS temperature controller, and possibly any feedforward terms.

For the IRF, we expect the the model will gradually grow both in scope and detail. For example,
ultimately the model will include the HTSs with their loops, and thus it will account for both the
effect of the reactor on the HTSs (temperature, pressure and void changes due to changes in



reactor power) and of the HTS loops on the reactor (temperature/void reactivity feedback). The
middle node of the 7-node kinetics module is used to represent the HTSs. With this expanded
model, we can ensure during design that the main reactor flux-control loop, the PCS temperature
control loop and the control loops for the HTSs, are satisfactorily co-ordinated. The reactor
should be able to startup at full speed (5% PP/s or 3% FP/s) without exceeding limits on any
system.

By gradually expanding and improving our library of nuclear modules, the first group of which
are listed above, we should be able to configure simulations of any nuclear-related system within
a fairly short time-frame. The modules developed to date have followed a rigorous quality
assurance procedure, which is suitable for a CSA N286.2 [5] design program. The documentation
for each module covers the equation set used, implementation details, any limitations on their
use, and a test (verification and validation) report. This extra effort should be repaid in the future
as modules are re-used in other simulations.

Flexible tools like MATRIXx support efficient rapid prototyping. However, the use of scripts is
necessary to guarantee reproducible simulations, using identical input data and models; this use
of scripts requires substantially greater development and documentation effort.

CONCLUSIONS

This model-based design process has proven very useful for the MAPLE reactor design, and it is
expected to be equally important in designing the even more complex IRF system.

The development of a library of modules, complete with descriptions, test cases and validation,
should lead to a modelling environment which is flexible and easy-to-use, while at the same time
providing verifiable results. By re-using modules over several different models and projects the
effort involved in software development and documentation pays off.

The model of the IRF reactor being developed has sufficient details in the RRS flux control loop
to answer all design questions regarding its operation. In particular, we can evaluate the effects
on flux control of amplifier time constants,.CAR step sizes, and controller cycle times.
Ultimately, it will be expanded to enable evaluation of the integrated reactor control including
PCS temperature control and HTS pressure and temperature control.
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Abstract

The SLOWPOKE reactor at Ecole Polytechnique will be refueled with a Low Enriched
Uranium (LEU) fuel in place of a High Enriched Uranium (HEU) fuel used until now.
The purpose of this study is to provide various models, using the reactor physics chain of
codes DRAGON/DONJON, in order to predict the behavior of the new LEU Slowpoke.
In particular, we will present some numerical results concerning the separate temperature
effects of the main components of the core, the effect of a partial void appearing near the
fuel pins and the axial and radial flux distributions. Finally the difference between the
present HEU and the future LEU fuel power will be given.

I. INTRODUCTION

SLOWPOKE is an acronym for Safe Low Power Critical Experiment. It is a pool-type
reactor developed by Atomic Energy of Canada Limited as a neutron source for isotope
production and neutron activation analysis.
The HEU-fueled Slowpoke reactor, installed at Ecole Polytechnique of Montreal in 1976,
will be replaced by Low Enriched Uranium (LEU) fuel. The newly developed LEU fuel
was used for the first time in the Slowpoke installed at the Royal Military College in
Kingston in 1985. A HEU fuel element is an Aluminum-Uranium metal pin sheathed
by Aluminum; while a LEU fuel element is based on a Zircalloy-4 clad U02 fuel, with
a smaller outside diameter. LEU fuel contains uranium with an enrichment of « 20%
wgt U235, compared to 93% wgt in HEU fuel. However, LEU fuel has a much higher
uranium density than HEU. As a result the number of elements within the same core
volume required to reproduce a given reactivity is lower with LEU fuel. The exact fuel
load design of the LEU core at Ecole Polytechnique is not yet established, so we decided
to use specifications identical to the one currently installed at RMC.



To support the Slowpoke core refueling, various reactor models were prepared using
the reactor physics chain composed of the transport code DRAGON^ and the diffusion
code DONJON,^ which calls TRIVAC-3® modules. Work regarding transport models
and studies are reported in another paper presented in this conference.^ Here we will be
interested in the diffusion part only.

A 6-energy group diffusion model of the entire reactor core, along with its reflector
and some structural material was developed,^ using a 3D hexagonal geometry.® The
nuclear properties to be included in this model were produced using an homogeniza-
tion/condensation process for macroscopic cross sections and diffusion coefficients issued
from transport calculations. Global temperature effects and control rod worth were al-
ready reported for the HEU Slowpoke reactor^5' 7> 8J Following these efforts, LEU core
models were produced and used to compute various steady-state data.

The goal of this paper is to present new numerical results for the LEU Slowpoke
reactor,® namely the separate temperature reactivity coefficients of the main components
of the reactor, the effects of a partial void, the radial and axial flux distributions and
finally, the LEU/HEU power ratio for a fixed detector reading. These DONJON results
will be used in the SLOWKIN model for the simulation of transients.^

II. DIFFUSION CALCULATION

The transport calculations were performed in DRAGON using a microscopic library
based on ENDF/B5.^ The cross section of the Beryllium isotope in this library have been
tabulated in temperature. The diffusion code DONJON, is then used to compute fluxes
and multiplication factor. The computer codes DRAGON and DONJON are set up in a
modular form which allows the user to break up his calculation in procedures having a
smaller number of steps. Relevant data can then be easily passed from one process to the
other through hierarchical data files and/or its sequential export facilities. The standard
calculation procedure we carry is in two steps:

1. Perform critical transport calculations on the transport model and generate a con-
sistent set of multigroup properties (various cross sections and diffusion coefficients)
for each different material;

2. Introduce these nuclear properties in the DONJON full core model and compute
the macroscopic flux distribution and the multiplication factor of the core.

The DRAGON generated macroscopic properties are stored in COMPO files. This
type of file has been developed to unify output storage and to be able to keep macro-
scopic as well as microscopic cross sections with a variable number of energy groups and
eventually for different steps of evolution (burnup steps). The COMPO files will be di-
rectly accessed in the DONJON computation to ensure adequate communications between
transport and diffusion calculations.



The location of fuel pins in Slowpoke reactor can be reproduced by a hexagonal ge-
ometry. A full 3D hexagonal diffusion model of the LEU reactor was set up. The model
is constructed to fit the reactor dimensions used in DRAGON model geometry. It is also
expanded beyond the Beryllium reflector to about 35 cm from core center. In axial direc-
tion, the bottom Beryllium (Be) reflector, the top and bottom water zones were explicitly
modeled. Beryllium plates in the upper shim tray were included in the model, when ap-
propriate. However in the case of LEU reactor, none were present at the commissioning.

In the DONJON static simulations, all fuel rods share the same nuclear properties
issued from the transport calculations. The diffusion calculations were performed using
mesh centered finite difference discretization (MCFD) with one mesh per hexagonal cell.
To accelerate the flux convergence, at least two ADI calculations per outer iteration were
necessary. Flux was converged to a precision of 10~5.

A convergence study with the model was performed to ensure a proper behavior of the
solution. The axial mesh spacing and the number of energy groups used in the diffusion
calculations were investigated. Our initial study has shown that there is no need to go
beyond 6-energy groups because the reactivity is almost constant, although CPU time
increases significantly.^ The core model in diffusion represents about 50K unknowns per
energy group.

The control rod device can also be taken into account by DONJON. The code allows
different rod positioning along a simulation The actual position of the device is set in terms
of fraction of full insertion and the affected mesh properties are adjusted by volumetric
dilution.

On the other hand, using the resulting fluxes and energy conversion factors, (called
H factors), DONJON can be used to normalize fluxes to a given total power. The local
power in each fuel pin can then be estimated. However, the resolution geometry used is
composed of many more regions than the fuel area. A fuel map object can then be denned
to limit the regions of interest in the resolution domain. Power calculation over fuel pins
of the reactor is done using this fuel map definition, as well as fuel average fluxes. The
axial and/or radial flux shapes can also be recovered.

Detector readings can also be simulated. A detector is defined by coordinates for
Cartesian and cylindrical geometries or by hexagon numbering for hexagonal ones. With
this geometrical information, flux interpolation is performed to recover multigroup values
at a special site. 6-group detector activation cross sections must be provided to measure
detector sensitivity and to allow a prediction of the actual detector response. In the LEU
core, a single Cadmium detector is used. So the spectral sensitivity of the Cadmium
isotope to 6 energy groups was computed in DRAGON and input in DONJON to obtain
a single response.

When used for regulation capability, detector responses are generally computed in
fraction of full power with respect to a reference state. In our case, they are used to
specify a flux value at the detector location and then to normalize the overall fluxes in
order to obtain reactor power.



III. NUMERICAL RESULTS

III.A. Temperature reactivity coefficient

One of the most important properties needed for simulating the operating reactor is
its temperature reactivity coefficients. Experiments were done in the LEU Slowpoke re-
actor at Royal Military College (RMC) to study the reactor behavior for various uniform
temperatures. We have tried to reproduce the general trend of this experimental data.
The separate temperature effects of the main components (fuel, coolant, Beryllium and
outer water) of the reactor were also evaluated. For water temperatures varying from
10°C to 80°C, and for fuel temperature up to 300°C, DONJON calculations were done
to determine the temperature reactivity coefficients of the different components, while
keeping the control rod outside the core. Fig. 1 represents the trend of each separate
coefficient and the total one.
Detailed transport calculations in DRAGON were also carried out to confirm the separate
temperature effects and to provide a physical interpretation for the observed behavior of

The dominant effect is due to the coolant water which has an important negative
reactivity. The effects of fuel temperature are not negligible because of the Doppler
reactivity caused by large presence of U238 and the low conductivity of the ceramic fuel.
The water outside the Beryllium reflector, nested as moderator, has a positive reactivity.

On the other hand, like in the temperature reactivity experiments, calculations to
reproduce the measurements keeping the control rod inside the core were performed.
Nuclear properties of all the components of the reactor, including those of the control
rod, are computed at different temperatures from 10°C to 45° C. Two calculations were
performed: one using control rod properties at 20°C and another one using its temperature
dependent properties. The control rod was inserted at 79% of full insertion (around the
maximum axial flux) in the two cases. Fig. 2 shows the excess reactivities found for these
cases as well as the calculation with the control rod out and the measurements performed
in the RMC reactor. The advantage of temperature dependent nuclear properties of the
control rod is clearly demonstrated.

IILB. Void effects

For high power transients, the fuel sheath temperature may exceed the coolant satura-
tion temperature, and then the formation of void bubbles surrounding the fuel pins may
occur. The volume of water displaced is small, but the negative reactivity introduced can
be quite significant. A study of the effects of the void in a Slowpoke lattice has shown
that the reactivity effects of the void is mostly a function of the average water density^
and an uniform reduction of density produces nearly the same reactivity changes as void
located near the fuel pin. On the other hand, our diffusion calculations show that the
axial distribution of the void can be a factor. In order to study the effects of a partial



void in the LEU reactor, the core model was divided in the middle and two different
water density reductions (1% and 2%) are introduced respectively in the top region and
uniformly in all the core respectively. The resulting reactivities are presented in Table
1. As we can see, the reactivity effect of the void is more significant when the same void
fraction is introduced non-uniformly in the core volume(2% in the top half versus 1%
uniformly).

III. C. Control rod worth

Two static calculations were performed with 6 energy group properties, at 20°C; one
without the control rod and one with the control rod fully inserted. Since we are close
to criticality, the control rod reactivity worth was simply taken as the difference between
the two keff values obtained. The range of travel for the absorber rod is 8 inches in the
core.

The control rod worth in the HEU reactor was measured in 1976 during the commis-
sioning of the reactor. A worth of 5.4 mk was determined. For the new LEU reactor to
be installed at Ecole Polytechnique, the control rod device should be the same as in HEU
reactor. But its reactivity worth may change as the loaded fuel is not the same.

The control rod reactivity worth has been computed by DONJON and a value of about
4.35 mk was found when the control rod is inserted to 5.7 cm above the bottom reflector.
Some calculations were carried out with a new rod maximum position at 1.6 cm above
the bottom reflector (the control rod is more inserted inside the core). The control rod
reactivity in this case is about 6.06 mk. Comparing these different values, one can see that
inserting the control rod further in the core can give a significant increase in the control
rod reactivity, so that matching the original control rod worth should be no problem in
the new LEU core.

III.D. Flux and Power Distributions

The axial thermal flux distribution has been obtained from DONJON calculations.
Fig. 3 shows the calculated axial flux distributions of LEU core with control rod out and
no top plate along a specific fuel rod located at a radius of about 4.4 cm. This radius was
chosen since it is more representative of the reactor core than the distribution along the
center line at r — 0. The effects of the bottom Beryllium reflector and the water zones
which produce a large peak can be clearly seen. Note that the lack of top reflector causes
also the asymmetry of the flux shape.

The radial thermal and fast flux distributions are also been presented in Fig. 4 along
a radial cut of the core from the center to the outside. As expected, the thermal flux in
the coolant locations, where it is thermalized, is larger than that in the fuel locations,
while the fast flux has the opposite effect. The thermal flux is also more peaked in the
reflector and center regions.

Using the DONJON capability to obtain the detector responses, we have computed the
LEU and HEU reactor powers with a same fixed flux at the detector site ($^ta:e = 1012).
The normalization factor is then :



f =Jn fc
d

And the corresponding reactor power is obtained by:

P=<H$> x/n

The involved LEU/HEU power ratio is about 1.0587. This value is used in the
SLOWKIN model for the simulation transients of the LEU-Slowpoke reactor J1O1

IV. CONCLUSION

A 3-D full hexagonal model of the new LEU Slowpoke to be installed at Ecole Poly-
technique was set up. Nuclear properties for fuel and water holes meshes were performed
by an accurate transport model by DRAGON code. Every material was exactly located
and a sufficient axial mesh spacing and energy group decomposition were established to
ensure convergence.

Using these models, steady state simulations were performed. Since the experimental
data are not available, we have compared our numerical results to measurements of another
LEU reactor installed at Royal Military College (RMC). Results are encouraging, but
could be improved when some measurements will become available after commissioning
of the new core at Ecole Polytechnique.

The static modelling could still be improved by using different nuclear properties for
the fuel regions near the center of the core or the reflector. The core region could be split
for example into three zones in order to reproduce more accurately the flux spectrum
of the transport model. However, this approach would impose several constraints in the
calculation flow-chart when going to burnup dependent properties.
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Table 1: DONJON Void Reactivity in LEU SLOWPOKE-2

Moderator Density Reduction
1% in top half
1% in all the core
2% in top half
2% in all the core

Reactivity (mk)
-2.390
-3.616
-4.656
-7.218
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