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Abstract

The gap conductance between the fuel and the sheath depends strongly on the gap width and
has a significant influence on the amount of initial stored energy. The modified Ross and Stoute
gap conductance model in ELESTRES is based on a simplified thermal deformation model for
steady-state fuel temperature calculations. A review on a series of experiments reveals that fuel pel-
lets crack, relocate, and are eccentrically positioned within the sheath rather than solid concentric
clinders. In this paper, the two recently-proposed gap conductance models {offset gap model and
relocated gap model) are described and are applied to calculate the fuel-sheath gap conductances
under experimental conditions and normal operating conditions in CANDU reactors. The good
agreement between the experimentally-inferred and calculated gap conductance values demonstrat-
es that the modified Ross and Stoute model was implemented correctly in ELESTRES. The predic-
tions of the modified Ross and Stoute model provide conservative values for gap heat transfer and
fuel surface temperature compared to the offset gap and relocated gap models for a limiting power

envelope.
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1. Introduction

In CANDU safety analysis, ELESTRES [References
1, 2] which models fuel element thermal and mech-
anical behavior during irradiation under normal oper-
ating conditions is used to provide fuel conditions
(such as UO: temperature distribution, sheath tem-
perature, sheath strain, internal gas pressure) at the
time of a postulated accident.

The amount of stored energy in the fuel at the
start of a reactor transient plays an important role in
the response of the fuel element during the transient.
The amount of stored energy is directly related to
the fuel center-line temperature and the temperature
gradient from the fuel center to the fuel surface. The
initial stored energy for fuel element primarily control-
s the sheath temperature rise after dryout. The fuel
center-line temperature and the temperature gradient
are functions of thermal conduction within the pellet,
heat transfer through the fuel-sheath gap, and con-
duction through the sheath under the same element
power, coolant temperature and sheath-to-coolant
heat transfer coefficient.

The fuel-sheath gap is a major resistance to the
heat transfer from the fuel pellets to the coolant. The

primary heat transfer mechanisms within fuel-to-sheat-

h gap are conduction through the fill gas, radiation,
and solid-solid contact conduction. The total heat
transfer through the fuel-sheath gap can be con-
sidered to consist primarily of contributions arising
from contact conductance (fuel and sheath are in
contact} and gap conductance (fuel and sheath are
separated). The fuel-to-sheath radiation heat transfer
only contributes significantly to the gap conductivity
under the conditions of sheath ballooning.

The mechanism that governs heat transfer across
the fuel-sheath gap has been well understood [Refer-
ence 3]. One significant trend in steady-state thermal

calculations in the past ten years has been a steady
reduction in calculated values for fuel temperatures
and stored energy [Reference 4]. This perspective
permitted data interpretation and fuel element mod-
eling to focus on effective gap size rather than on the
gap conductance mechanism itself.

U.S. NRC Regulatory Guide [Reference 5] recom-
mends that the calculation of the gap width during
reactor operation (hot gap size) take into account
UQO: fuel swelling, densification, creep, thermal ex-
pansion and fragment relocation, and sheath creep.
The recently-proposed models such as offset gap con-
ductance model [References 6, 7, 8] and relocated
gap conductance model [Reference 9] include the
above essential phenomena and are based on in-pile
and out-of-pile test data. As a result, the heat transfer
across the fuel-sheath gap is significantly greater than
what is calculated with fuel pellet modelling as solid
concentric cylinder. However, the ELESTRES dy-
namic gap conductance model assumes a modified
Ross and Stoute model [References 10, 11] based
on a simplified thermal deformation model. In the
case of CANDU fuel, the sheath is collapsed into con-
tact with the pellet at the beginning-of-life (BOL). At
higher burnups a gap may exist so that the effects of
fuel relocation and cracking should be considered to
estimate the gap width correctly.

In this paper, the two recently-proposed gap con-
ductance models (offset gap and relocated gap con-
ductance models) are described along with the modi-
fied Ross and Stoute model. For the comparison pur-
pose, the models are applied to calculate the
fuel-sheath gap conductances under the conditions
of experiment and in a fuel element during CANDU

reactor operations.



2. Gap Conductance Model

Measurement of UQ:z-zircaloy conductance at Pa-
cific Northwest Laboratory {PNL) vielded the con-
clusion that the previous understanding of gap heat
transfer mechanisms had been incomplete [Referen-
ces 3, 12]. Nevertheless, the predictions of the cur-
rent gap conductance models is in agreement with
the measurements to such an extent that the tem-
perature discrepancies is small. A series of three tests
to evaluate gap conductance in Light Water Reactor
(LWR) fuel elements [Reference 9] was performed in
the Power Burst Facility (PBF) at the Idaho National
Engineering Laboratory (INEL). Studies were also
performed in the Halden boiling water reactor
(HBWR) at Halden, Norway [References 13, 14].

The quantity, quality and comprehensiveness of
fuel temperature data hawe increased dramatically.

These have lowered the uncertainty bounds on meas-

ured temperatures to the point where the conserva-
tism of the calculated values could be recognized.
Experimental results show that fuel pellets crack, rel-
ocate, and are eccentrically positioned within the
sheath. As a result, the heat transfer across the
fuel-sheath gap is significantly greater than that which
is calculated with fuel pellet modelling as solid con-
centric cylinder.

2.1. Modified Ross and Stoute Model

The international nuclear community has used the
work of Ross and Stoute {References 10, 11] as a
standard, classical reference for fuelto-sheath heat
transfer ; essentially all of the present fuel-to-sheath
heat transfer models are based to some extent on
their correlations. The modified Ross and Stoute
model is incorporated in ELESTRES,

Thermal conductance of the fuel-sheath gap is a
strong function of hot gap size and of the compo-
sition and pressure of the gases in the fuel element.
The thermal conductance of the fill gas/fission gas
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mixture at the fuel-to-sheath interface is given by

kg

M= SR +R)+u+tg (1)

Where, he=conductance through the gas in the gap
(W/em? - K)
ke =thermal conductivity of gas {(W/cm - K)
Ri, Rz =surface roughnesses of the fuel and
the sheath (cm)
ts =circumferentially averaged fuelsheath gap
width (cm)

For the thermal conduction of a gas between two
surfaces, a temperature drop at each surface due to
gas molecule/surface collisions must be considered
and can be accounted for by increasing the meas--
ured gap size by a “temperature jump distance {g)”
for each surface. Since the value of g is proportional
to gas mean free path which itself is a function of
gas temperature, pressure, and composition, the fol-
lowing formula is used to calculate g

. s+1/2
Sk
: (go)i |\273 Pg
Where, g =temperature jump distance (cm)
w=mole fraction of ith component of gas
{go) =temperature jump distance of i-th com-
ponent of gas at STP (cm)
Ts=gas temperature in the fuel-sheath gap
(K)
P:=gas pressure in the fuelsheath gap
{MPa)
s =exponen dependent on gas type
For fuel operating conditions, appropriate values
of go are 52 um for helium, 0.57 um for argon, and
0.26 um for fission gas.

2.2. Offset Gap Conductance Model

The offset gap conductance model correctly pred-
icts the significant circumferential variation in fuel
temperature that was measured during the test series.
The model is consistent with test results indicating
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that fuel pellets are offset from the sheath center-line
instead of centrally located within the sheath. This
model has been incorporated into state-of-the-art cal-
culation methods for fuel element thermal response
(FRAP-T6, RELAP5, and GAPCON-THERMAL-2)
[References 6, 7, 8].

Since the longitudinal axis of the fuel pellets is
usually offset from the longitudinal axis of the sheat-
h, the width of the fuel-sheath gap varies with cir-
cumferential position. This variation causes the con-
ductance through the gas in the gap to vary with cir-
cumferential position. The circumferential variation of
the conductance is taken into account by dividing the
gap into several equal segments. The conductance
for each segment is calculated and then an average
conductance, hy, is computed by the equation

N
_ ke 1
he Nﬂ; 32RI+R2) +tat+ g’ )

By dividing the fuel-sheath gap into 8 equal seg-
ments (N=8), with the first segment including the
point of the fuel pellet surface offset towards the
sheath and the 8-th segment including the diametric-
ally opposite point, the fuel-sheath gap width is given

by the equation
tn = [(2n—l)/N] tg (tg < to) (4)
th=tg + 0.5 to [-1 + (2n-1)/N] (tg > to) (5)

Where, t» =width of fuel-sheath gap at the midpoint
of the n.th circumferential segment (cm),
0(tn (2t

t- = as-fabricated fuel-sheath gap width (cm)

The temperature jump distance terms account for
the temperature discontinuity caused by incomplete
thermal accommodation of gas molecules to the sur-
face temperature. The terms also account for the in-
ability of gas molecules leaving the fuel and sheath
surfaces to completely exchange their energy with
neighboring gas molecules, which produces a nonlin-
ear temperature gradient near the fuel and sheath
surfaces. The terms are calculated by
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keTg ™ 1/2

—_— (6)
Pg Z yiaiMi ~ /2
i

g’ = 0.024688

Where, a=accommodation coefficient of the i-th
component of gas
M =molecular weight of the i-th compone-
nt of gas
The accommodation coefficients for gases are
obtained by using curve fits to the data of Ullman
[Reference 15].

2.3. Relocated Gap Conductance Model

The comrelation developed in the PBF gap con-
ductance tests [Reference 9] provides a calculation
method for an average relocated gap width, t. This
provides predictive estimates of fuel element relocat-
ed gap conductance when used with the modified
Ross and Stoute gap conductance correlation. The
partition of total thermal resistance between fuel and
gap has been reassessed. The result is that further
gap size is reduced more than necessary to achieve a
match to the experimental data of fuel center-line
temperature. This overestimation is compensated by
degrading the fuel conductivity again to achieve
agreement to fuel center-line temperature data. The
relocated gap conductance for uniform thermal ex-

pansion model is given by

kg

M = SR TR Fu + g (7

Where, t-=gap width based on the relocated gap
model (cm),
=t{czp) —C (to-ts)

t{czp) =relocated gap width at cold zero pow-
er (em),

=1.665x1073+8680x107! t—1. 344%
10% t*+7.168 X 10* to°

C =empirical constant

As a fuel element is operated at power, thermal
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stresses cause the fuel pellets to crack and pieces of
the fuel to relocate in such a manner that some of
the initial gap area is redistributed toward the center
of the pellet. Consequently, pellet cracking and relo-
cation alter the pellet-to-sheath gap width.

3. Application of Gap Conductance Model

3.1. Experiment Simulation

On simulating normal operating conditions, the
gap conductance mode! is coupled with the fuel el-
ement heat transfer model to calculate the tempera-
ture distributions within UQz. Comparison with ex-
perimental data was conducted to ensure that the

gap conductance model performed correctly in ELES-

TRES code and then to evaluate the offset and rel-
ocated gap conductance models.

Results of the experiment performed in Reference
11 were used to assess the applicability of the modi-
fied Ross and Stoute model implemented in ELES-
TRES code to in-reactor conditions. Campbell et al.
performed a series of instrumented in-reactor meas-
urements in which the fill gas composition and press-
ure were controlled. Variations in fuel temperature
and sheath strain were determined as the internal
gas pressure of helium or argon was varied. During
these pressure cycles, the pressure was varied in step-
s with the size of each step more or less proportional
to pressure. These experiments showed that where
there was a fuel-to-sheath gap, the width of which
could be calculated from the change in sheath strain
and fuel expansion, the classical approach of Ross
and Stoute based on laboratory measurements
agreed closely with experiment.

In this study, h, total heat transfer through the
fuel-sheath gap are inferred by matching a measured
fuel surface temperature {at a given power and cool-
ant temperature) with assumed thermal conductivity
of the sheath used in the ELESTRES code:

P _—-—ﬂ_—
o= dg (Tts — Tsi) @)
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Where, h:=total heat transfer through the gap
(W/em? - K)

q=linear heat rating (W/cm)

ds =average gap diameter (cm)

ATs =fuel surface temperature (K)

ATs =sheath inner surface temperature (K)

The temperature at the sheath inner surface, Ts,

was calculated according to the standard equation

Tsi = Te + ATr + ATs (9)

Where, T- = coolant temperature (K)

A Ti=temperature drop across the coolant film

(K)
AT.=temperature drop across the sheath (K)
Where AT: is found from the sheath-to-coolant

film heat transfer coefficient defined by thermoh-
ydraulic simulation and with the assumption that the
sheath thickness is small {so that the sheath can be
treated as a plane rather than annulus in CANDU
reactors) AT is calculated by

. _ gt
ATs = 7t ds Ks (10)

Where, t. =sheath thickness (cm)
ds =average sheath diameter (cm)
k-=thermal conductivity of sheath (W/cm -
K)

Note that the method does not use gap size or the
nature of the fill gas in computing h. The calculation
uses the coolant temperature, the heat flux, and a
pellet surface temperature. The gap conductance, by,
can be calculated based on the h: value to match the
three variables. The basic heat transfer relationship
that was used in these calculations was that imple-
mented in ELESTRES.

3.2. CANDUG6 Fuel Element Simulation

ELESTRES models fuel element thermal and mec:
hanical behavior during irradiation under normal
operating conditions. In CANDU safety analysis,
FLESTRES is used to provide fuel conditions (such
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as UQOz temperature distribution, sheath temperature,
sheath strain, internal gas pressure) at the time of a
postulated accident, to be used as initial conditions
for estimating the timing of fuel element (sheath) fail-
ure following the accident.

In this study, ELESTRES runs were performed
with typical input data for CANDUG6 fuel and a pow-
er history of an “overpower envelope™ as used in saf-
ety analyses. Typical input data for CANDUG fuel are
given in Table 1 for fuel behavior assessments during
irradiation at operating conditions. The steady-state
coolant conditions, coolant temperature, coolant pres-
sure, and sheath-to-coolant heat transfer coefficient,
for an outer element of a high-power bundle in the
channel O6 are obtained from the thermohydraulic
simulations using CATHENA code [Reference 16].
The reference overpower envelope used for an outer
element is a curve of element power versus element
burnup which encompasses most of the bundle pow-
ers predicted in a fuel management simulation of re-
actor operation. As shown in Figure 1, the envelope
is discretized into a series of power steps at constant
burnup followed by a hold period at constant power
for an interval of 10 MW  h/kg{U). The maximum
power is equal to the operational limit, 59.3 kW/m
for an outer element.

The ELESTRES runs produce the calculated val-
ues of fill gas composition, radial gap width, internal
gas pressure and fuel-sheath interfacial pressure at

Table 1. Input Data for Calculation of the Gap Conduc-
tance Within Outer Element by ELESTRES

Code

Variables Values
Pellet Diameter (mm) 122
Density (mg/m?) 106
Sheath Thickness (mm) 038
Sheath Outer Diameter (mm) 13.04
Film Coeff. between sheath-to-coolant (kW/m?K) 56926
Coolant Pressure (MPa) 10.757
Coolant Temperature (K} 571
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Fig. 1. Limiting Power Envelope of an Outer Element
Used in ELESTRES Simulations

burnups ranging from 10 MW - h/kg(U) up to 270
MW - h/kg(U), in intervals of 10 MW - h/kg(U).
These values are used to evaluate the different gap
conductance models to predict the fuel surface tem-
peratures under the normal operating conditions.

4. Results and Discussion
4.1. Experiment Simulation

Comparison with experimental data of heat trans-
fer through the fuel-sheath gap was conducted to en-
sure that the gap conductance model performed cor-
rectly in ELESTRES code. As shown in Figures 2, 3,
the good agreement between the inferred and calcul-
ated values demonstrates that the modified Ross and
Stoute model has been implemented correcily in
ELESTRES. In steady-state thermal calculations, low-
er values of gap conductance give higher fuel surface
temperatures (initial stored energy).

The offset and relocated gap conductance models
provide higher calculated values for gap conductance
than those based on the modified Ross and Stoute
model. As a result, the heat transfer across the
fuel-sheath gap is estimated to be greater, especially
in a wide-gap region~20 um for helium pressure
ccle and ~6 um for argon pressure cycle), than
what is calculated with the fuel pellet modelling as
solid concentric cylinder. The greatest discrepancy in
the gap conductance is in calculating the gap width;
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Fig. 2. Gap Condutances with Various Gap Models for Helium Pressure Cycle Experiments
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Fig. 3. Gap Condutances with Various Gap Models for Argon Pressure Cycle Experiments

Table 2. Effect of Gap Width Difference on Fuel Surface Temperature Using the Modified Ross and Stout-
e and Relocated Gap Conductance Models (He Pressure Cycle)

Temperature Difference

Internal He Pressure .Gap Width 'I.'emperatuere per Unit Gap Width
Difference (um) Difference (°C) j o

Difference (°C/um)
0.06 0.1728 0.61 3.63
0.08 0.6029 2.17 3.60
0.10 0.9065 329 363
0.20 1.6425 596 3.63
040 1.9829 7.30 3.68
0.80 2.1899 8.09 3.69
1.00 22819 842 3.69
2.00 24429 9.02 3.69
4.00 27419 101 3.68
8.00 3.2019 118 3.69
100 34549 127 3.68

140 3.9839 145 3.64




Evaluation of Gap Heat Transfer Mode!l in ELESTRES ---K.M. Lee, et al

Table 3. Effect of Gap Width Difference on Fuel Surface Temperature Using the Modified Ross and Stout-

e and Relocated Gap Conductance Models (Ar Pressure Cycle)

Temperature Difference

Gap Width T tur
Internal Ar Pressure . P .empera . ¢ per Unit Gap Width
Difference (um) Difference (°C) i .
Difference (°C/um)

020 0.1176 3.02 25.7
040 01797 4.62 257
0.80 0.2073 533 257
1.00 02211 5.68 25.7
200 0.2625 6.71 256
4.00 0.3683 9.29 252
800 0.6558 158 241
100 0.8122 19.6 241
14.0 1.0675 250 234

s
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Fig. 4. Fuel Surface Temperatures with Various Gap
Models for Helium Pressure Cyicle Experiments
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Fig. 5. Fuel Surface Temperatures with Various Gap
Models for Argon Pressure Cylcle Experiments
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a 1-um reduction based on the relocated gap model
can introduce reduction of ~4°C for helium press-
ure cycle and ~26°C for argon pressure cycle in cal-
culating the fuel surface temperature as given in T-
ables 2, 3 and as shown in Figures 4, 5. The greatest
discrepancy in the fuel surface temperature is ~50°
C calculated on the basis of the offset gap conduc-
tance model at wide-gap region in high-pressure ar-
gon. Therefore, the relocated and offset gap models
have a little effect on the fuel temperature compared
to the present model in ELESTRES, especially for
helium pressure cycle (similar gas composition to
that at BOL). Furthermore, the discrepancies of fuel
surface temperatures become more pronounced with
increasing gap size for the recently-proposed models
due to pellet cracking, relocation and pellet eccen-
tricity.

4.2. CANDUG6 Fuel Element Simulation

ELESTRES calculations were made using CAN-
DU6 fuel data for each power history point to evalu-
ate the modified Ross and Stoute model, the offset
gap model, and the relocated gap model, respect-
ively. Figures 6, 7 show the main estimated variables
of internal gas pressure, interfacial pressure, and fill
gas composition. In the case of CANDU fuel, the gap

J. Korean Nuclear Society, Vol. 27, No. 3, June 1995

width is small, and the sheath is collapsed into con-
tact with the pellet. A gap can exist under the inter-
nal pressure above coolant pressure, so the effects of
fuel cracking and relocation should be considered to
estimate the gap width correctly after a bumup of
140 MW - h/kg(U). By this point, about 95% of the
fuel-sheath gap is filled with fission gas, xenon be-
cause the fission gas release is conservatively mod-
elled in the code.

The analysis based on the above parameters dem-
onstrates that the calculated gap conductance based
on the modified Ross and Stoute model is lower
than those predicted by other models as shown in
Figures 8, 9. The gap conductance is lower even
when the fuel-to-sheath gap is open. Fuel pellet crac-
king, fragment relocation, and pellet eccentricity are
thought to be the probable causes of the discrep-
ancy, and it is shown that the gap size is influenced
by the pellet cracking and eccentricity as shown in
Figures 10 to 12. Furthermore, the discrepancy of
the gap width and gap conductance become more
pronounced with increasing burnup for the offset gap
conductance model due to enhanced eccentricity
gap. For the relocated gap model, since the element
power decreases as time goes, the difference for gap
width is relatively constant with bumup. The only sig-
nificant discrepancies of fuel surface temperatures

Pressure (MPa)

A
~4
. —a
A\( Rk U,

Fuel/Sheath Interfacial Pressure
= —— Internal Gas Pressure

Gap Open

130 170
Burnup (MW.h/kg(U))

Fig. 6. Internal Gas and Interfacial Pressure Transients for an Quter Element of 59.3 kW/m
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Fig. 7. Composition Distributions of Gases in the Gap for an Outer Element of 59.3 kW/m
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Fig. 9. Normalized Gap Conductance with Various Gap Models for an Outer Element of
59.3 kW/m (Relative to that Based on the Modified Ross and Stoute Model)
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Fig. 13. Normalized Fuel Surface Temperatures with Various Gap Models
for an Outer Element of 59.3 kW/m (Relative to that Based on the
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occur at very small gaps. But for these high-conduc-
tance situations, a relatively large absolute discrep-
ancy of the conductance translates into relatively
small value in fuel temperature.

Figure 13 shows the corresponding predicted fuel
surface temperature normalized to that based on the
modified Ross and Stoute model. The calculated fuel

surface temperature from the present model in ELES-

TRES is larger than those predicted by the other
models. It is seen that the overall behavior closely ref
lects what is expected from the corresponding gap
conductances. There is a spread of about 170°C be-
tween the highest and lowest predicted values of fuel
surface temperatures.

Ovwerall, there are relatively significant differences
between the results from the modified Ross and
Stoute model and the offset and relocated gap mod-
els using the conditions from ELESTRES runs for
the same CANDU fuel.

The calculation of hot gap size should take into
account the essential phenomena such as UQO: fuel
swelling, densification, creep, thermal expansion and
fragment relocation, and sheath creep. Relocation
quickly becomes complete in a fuel element. The
fragment moves outward to lightly contact the sheat-
h, creating an effective gap width. The choice of the

effective gap width was relatively arbitrary to be adjus-

ted for different conditions. Other adjustments have
been tried, including accounting for possible pellet
eccentricity and contact with the sheath. The offset
gap conductance model correctly predicts the signifi-
cant circumferential variation of fuel temperature that
was measured during the test. As a result, the effec-
tive gap width and the calculated values for fuel tem-
peratures and stored energy are reduced. The pred-
icted values of the thermal consequences of fuel pel-
let densification should also be reduced if the pellet
fragment relocation and eccentricity are real because
the absolute increase in gap size resulting from the
densification will be reduced.

Fission gas released from the pellet contaminates
the original helium fill gas. Because fission gas is pri-
marily xenon, with a conductivity 1/20 that of he-
lium, fission gas reduces its conductivity, and raises
the fuel temperature at constant element power.
These effects produce more fission gas release, and
the process continues until the fuel element stabilizes
at the point that its fill gas is thoroughly saturated
with fission gas (“thermal feedback™). If the pellet
fragment relocation and eccentricity reduce the tem-
perature effect of varying gap size and fill gas com-
position at BOL, then the phenomena could be
expected to reduce the impact of “thermal
feedback”. The predicted temperature resulting from
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the thermal feedback with and without relocation
and eccentricity is extreme; there is a spread of about
170°C between the highest and lowest predicted val-
ues of fuel surface temperatures as shown in Figure
13.

However, the predictions of the modified Ross and
Stoute model provide conservative values for fuel-to-
sheath gap heat transfer and fuel surface temperatur-
es. End-oflife (EOL) burmups for LWR fuel are sig-
nificantly higher than that for CANDU fuel, so the
“tuning” that improves LWR predictions based on
the offset and relocated gap models at EOL could
be, more or less, inappropriate under some condi-
tions for the low burnups applicable to CANDU fuel
at EOL.

5. Conclusion

Existing gap conductance correlations in ELES-
TRES, have been compared to the offset gap model
and relocated gap model. The following conclusions
can be drawn:

1. the between the
experimentally-inferred and calculated values dem-
onstrates that the modified Ross and Stoute mod-
el has been implemented correctly in ELESTRES,

2. the pellet fragment relocation and eccentricity re-

good agreement

duce the calculated values for fuel temperatures
and stored energy because of the reduction of ef-

fective gap width and the impact of “thermal feed-

back”, and

3. the predictions of the modified Ross and Stoute
model provide conservative values for gap heat
transfer and fuel surface temperatures compared
to the physically-based models, the offset gap
model and relocated gap model.
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