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Abstract

The LWR fuel performance analysis computer code, FRAPCON-1, are evaluated to investigate
the performance of CANDU fuel elements loaded in Wolsung-] reactor. The FRAPCON-]1 models
of neutron flux depression in fuel and of fuel-to-cladding heat transfer are modified, and the
validity of fission gas release model for CANDU fuel is evaluated. And the heavy water proper-
ties are provided in calculating the heat transfer coefficient between cladding and coolant.
By using the modified code, FRAPCON-1-CSK, the sensitivity studies are carried out for Wol-
sung-1 fuel element design parameters. The performance analysis is also performed for Wolsung-
1 fuel elements. The calculated results are discussed in terms of LWR fuel design criteria

because of unavailability of CANDU fuel design criteria.
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1. Introduction

The Wolsung unit 1 s the first CANDU-
PHWR nuclear power plant in Korea. The
Wolsung CANDU reactor uses deuterium oxide
as moderator and natural uranium dioxide as
fuel. Hence, the Wolsung CANDU reactor fuel
elements have several peculiar characteristics?.
2, in comparison with PWR fuel elements.
The Wolsung CANDU reactor fuel, consists of
Zircaloy-sheathed UO, pellets, assembled into
elements, which are then welded to end plates
to form a fuel bundle. There are many design
features or fabrication processes that could in-
fluence fuel performance: e.g. short bundle
length, collapsible sheathing, high density pel-
let, natural UO, fuel, welded end caps, brazed
appendages to maintain bundle geometry, and
CANLUB coating between the fuel pellets and
cladding, horizontal orientation of fuel bundle.
Although the cladding thickness to diameter
ratio varies in fuel for different reactors, in all
CANDU systems the cladding collapses on to
the pellets under normal operating conditions.
Accordingly, pellet/clad interaction may occur,
circumferential ridges are formed, and the
internal gas pressure increases very high as
burnup proceeds. Therefore it becomes very im-
portant to design, fabricate, and analyze the
fuel elements with high degree of reliability
and comservatism to assure the mechanical
integrity of fuel element during lifetime under
the normal and transient operating conditions.

In this study, the steady state LWR fuel rod
performance code, FRAPCON-1% is applied
for the CANDU fuel element performance an-
alysis. The FRAPCON-1 code had been devel-
oped to predict the behaviour of fuel rods
during long-term irradiation and to calculate
initial conditions for transient analysis by com-
bining features from FRAP-S® and GAPCON-

THERMALS® . The program calculates the inter-
related effects of fuel and cladding temperature,
rod internal pressure, fuel and cladding defor-
mation, release of fission product gases, fuel

~ swelling, cladding thermal growth, cladding

corrosion, and crud deposition as a function of
time and specific power.

In order to apply the FRAPCON-1 code for
CANDU fuel analysis it is required to review
the calculational models in detail. If the models
are inadequate for CANDU fuel, the model
provided in FRAPCON-1 should be replaced.
Accordingly the FRAPCON-1 models of neutron
inverse diffusion length and of fuel-to-cladding
heat transfer are modified, and the validity of
fission gas release model for CANDU fuel is
evaluated. And the heavy water properties are
provided in calculating the heat transfer coeffi-
cient between the cladding and coolant. By
using the modified code, FRAPCON-1-CSK, we
carried out the sensitivity studies about Wol-
sung-1 fuel element design parameters. We
also performed the performance analysis for
Wolsung-1 fuel elements. The calculated results
are discussed in terms of LWR fuel design
criteria”»® because of unavailability of CANDU

fuel design criteria.

2. Verification of Calculational Models
for CANDU Fuel Performance An-
alysis

2.1. Heat Transfer between Cladding and
Coolant

It is required to calculate the coolant temp
erature distribution and heat transfer coefficient
between cladding and coolant using the heavy
water properties instead of light water pro-
perties. To provide the heavy water propertiees,
new subprogram named DODS81 is introduced.
The DOD81 calcilates the thermodynamic and
transport properties of heavy water and is des-
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Fig. 1. CANDU 37-Element Fuel Bundle

cribed in reference 9. The heat transfer coeffi-
cient between cladding and coolant is calculated
using the Dittus-Boelter correlation”,9.

The calculated results of heat transfer coeffi-
cient, ks, in Wolsung-1 condition for light
water and for heavy water are as follows,

11120 (Btu/hr-ft>-°F) for H,O
= {9760 (Btu/hr-ft>-°F) for D,0

The calculated condition is; the channel power
is 6.5 MW, coolant mass flow rate is 5. 16X 10°
1bm/ft?-hr, coolant pressure is 1545 psia, and
coolant inlet temperature is 5]11.4°F. And
calculated results show maximum 5°F difference
in cladding surface temperature and maximum
10°F difference in fuel center temperature bet-
ween the calculations using light water proper-
ties and heavy water properties, respectively.

2.2. Heat Transfer between Fuel and Clad-
ding

The fuel-to-cladding heat transfer coefficient
is composed of conduction through solid/solid
contact spots and conduction through the fluid
medium trapped in the voids between these
spots, and radiation through this medium'?,
namely, hr=h,+hs+k,. (T: total, s: solid con-
duction, g: fluid medium corduction, r: radia-
tion) In CANDU f{uel, the cladding is collapsed
onto the fuel pellet and remains in firm contact,
hence the sAolid/solid conduction is importnt and
should be calculated accurately. There are
several different models . describing the solid/

solid conduction as follows,

—5 Ross-Stoute model

p_ KnP
5= Ta, R\IH
—1UCampbel et al. model
K,.P\2

b= 4, RV*H
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—5Cracked pellet model
h,=a,-P*
where, n=1 for 0<P<1000 (psi)
n=0,5 for P>>1000 (psi)
—5Beyer-Hann model
=it (1) (3F)
where, a=1 for (P/H)>0.01
n=0.5 for (P/H)<0.00]1, and
(P/H)*=0, 01 for 0.001<
(P/H)<0.01
(Rs/4s)=exp(0.5825 In Ry
—5.738)
=a dimensionless ratio of
fuel surface roughness
and wavelength

= 2K K,
Ka= Ks+R,

_ R2,+Rc2 172
- [ 2

P =interfacial pressure
H =Meyer hardness
Ky, K,=thermal conductivity of
fuel and cladding
Ry, R,=arithmetic mean rough-
ness of fuel and cladding
ay, a;, ds, as=constant
The cracked pellet model can not describe
the effects of solid thermal conductivity and
surface roughness adequately, thus it is aban-
doned here. And by using the Ross-Stoute
model, Campbell model, and Beyer-Hann model,
fuel temperature is calculated for WRI-HWR
condition and compared with the experimental
results of WRI-HWR!®», WRI-HWR -cond
itions are described in reference 12. Figure 2
and Table 1 show the results predicted by the
FRAPCON-1 using several heat transfer models.
The COMETHE-III-] and LIFE-THERMAL
1 code predictions are also included. From the
comparison of the calculated results with exper-
imental value, the Beyer-Hann model predictions
are most close to the experimental results,

Table 1. Fuel Center Temperature Predicted
by FRAPCON-1

Ross-Stoute | Beyer-Hann| Campbell Expe(rggl)ent
1 3,871 3,893 3, 828 4,180
2 3, 853 3,893 3, 800 4, 340
3 4,226 4,275 4,234
4 4, 105 4,160 4,051 4,340
5 4, 293 4,350 4,235
6 4,097 4,170 4,037
7 4, 256 4,353 4,222
8 2,111 1,957 1,954
9 3,658 3,709 3, 587
10 4,123 4,185 4,045 4, 380
11 4,365 4,448 4,373
12 4,173 4, 252 4,144

hence, the Beyer-Hann model may be selected
as a best describing model for CANDU condi-
tion.
2.3. Neutron Flux Depression in Fuel

The neutron inverse diffusion length required
to calculate the volumetric heat generation is
calculated using the following formula.

QO)=NZ+YY r*+W r9

(o) *

Fuvl Cowbor Temperature
000,

2200

* LIFE-THERMAL 1
© FRAPCON-1 (Campbell) }
O FRAPCON-1 (Beyer—Haun) &
8 COMETRE-111-~J

A FRAPCON-1 {Ross-Stoute)

® EXPERINENT

- 400 800 1200 1600 2000 2400 2800

BURKUP  (3D/WTU)

Fig 2. WRI-HWR Experiment Fuel Center
Temperature
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where,

Q(r) =volumetric heat generation

N =a normalization constant
Z =1

YY =(£~)-104
W =(YY)/4

x

(em™1)

=neutron inverse diffusion length

=lomn 15 ] )7

[1+o.6

(T—70) ]

394

2e =Nps 0,28+ Npgs 0.2+ Nyo,°
2t =N3g0i28 4 Nysso2% -+ Noo 0
Nozg, Nizs, Ny=number density of U,

U235

and oxygen

d4,0; =microscopic cross section at refe-
rence temperature 40°C(absorption

Table 2. Example of Neutron Inverse Diffu-
sion Length Value Used in FRAPC

ON-1-CSK
FRAPCON| Hammer Results Used for
-1 Modification
D Jo.71 W/0[0.71 W/0[ 2.0 W/O[3.0W/0
(em™)

0 0.7698  0.84282 1.2394] 1.4588
1000 0.924 1.2204) 1.424
2000 0.972 1.2060{ 1.406
3000 1.008 1.1958] 1.391
4000 1.037 1. 1860 1.370
5000 1.062 1.1621 1.344
6000 1.085 1.1480] 1.325
7000 1.106 1.1353 1.305
8000 1.135 1.1099 1.279
9000 1.163 1.0910{ 1.248

10000 1.189 1.0794| 1.227
11000 1.214 1.0676{ 1.204
12000 1.236 1.0505( 1.175
13000 1. 256 1.0411} 1.149
14000 1.275 1.0365) 1.126
15000 1.292 1.0322; 1.103
16000 1. 306 1.0253 1.073
17000 1. 320 1.0274| 1.052
18000 1. 330 1.0362] 1.034
19000 1. 340 1.0418f 1.011
20000 1. 347 1.0488} 0.987

& total)
T =coolant inlet temperature(°F)

In present FARPCON-1, once the value of
neutron inverse diffusion length is calculated
as a function of coolant inlet temperature, it is
set as a constant throughout the whole power
steps. Calculations showed for low-enrichment
CANDU fuel, that plutonium buildup at the
fuel surface led to a significant drop in fuel
center temperature as burnup proceeds!’. There-
fore, it is required for CANDU fuel to calculate
the neutron inverse diffusion length according
to the fuel burnup?. The calculated results of
neutron inverse diffusion length from the neu-
tron physics code, HAMMER!?, are used as a
data Table. An interpolation routine then selects
the appropriate set of data at each burnup
interval for the particular element and initial
enrichment under consideration. Here the La-
grange interpolation is adopted3!., The examples
of data Table for some enrichment are listed
in Table 2. The predicted results of fuel center
temperature for Wolsung-1 reactor with the

——— FRAPCON-1 ORICINAL RESULT
= = = FRAPCON-1-C3K ( neutron inverse diffusion
length modified }

h

h

500.00 3540.00 3580.09 3520.00

&3300.003340.00 3380.00 3420.00
by s h i el h

Ty
.00 120,00 240.00 360.00 480.00 600.00 720.00 840.00
BURNUP «10¢ (Mwo/MTU)

Fig. 3. Frapcon-1 Fuel Center Temperature
Results
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neutron inverse diffusion length correction are
lower than the results from the original FRA-
PCON-1 model about 20°F as shown in Figure
3.
2.4. Fission Gas Release

The FRAPCON-1 code contains two fission
gas release model, the Macdonald-Weisman
model'®, and the Booth-Diffusion model!®, It
is necessary to verify the validity of these
models for CANDU fuel.

1) The Macdonald-Weisman Model

The Macdonald-Weisman model takes into
account the amount of fission gas release to be
determined- by escape of gas from the fuel
matrix and release of trapped gas from grain
boundaries and dislocations. At constant power
the total fractional release is,

— o~ K'K2
F=1- (1K) 35—
where, K'=the proportion of fission gas that
escapes without being trapped
K =the probability of trapped particle
release per unit time

(K and K! are calculated from empirical
correlation as functions of fuel temperature and
density. )

At variable power histories reactor operation
is described by a series of constant power steps.
The number of moles released, 4ni, during the

ith interval is then,

—K:1
dn;=n;—n;_=P; { At,--——lK—Igil—[l —exp

(—K,‘K,'ldt,')] } + C,'_1[1 "'e_K"K"lA"']

The fraction of total gas released is

é Aﬂ,‘

gml i 4t

where, P; —gas production rate during ¢, inter-
val

A4t; =time duration during i, interval

2) The Booth-Diffusion Model

The fractional release for a constant power
and temperature may be calculated by the Booth
model'®, The fractional release at the end of

constant- power and temperature operation is,

. T _ 3 2
F=4 7T for n%r<1
0.43 _ _aap
F=1—-ﬂ—21__— ngz' {e1—e "} for n%r>1
where,
t=D-t
¢ 9 3x104>
0.95% 10 exp{( 8

[ 161’73 —?;3—] }f°f T<1292°F

31%9182; )[ 16173
1.8

—mﬁ] } for T>>1292°F

T =fuel temperature (°F)

0.95X107° exp { (

t =time (sec)

By using these models, calculations are perf-
ormed for fission gas release. At present, adeq-
uate fission gas release experimental results
are unavailable, but calculational model predict-
ions!? for CANDU reactor condition using
several LWR fuel performance codes are avail-
able as listed in Table 4, and experimental
results from PWR and the predicted results
using these codes for PWR conditions'® are
also available as listed in Table 3. Thus the
FRAPCON-1 model is compared firstly with
experimental result for fission gas release and
the code predictions for PWR condition and

Table 3. Comparison with PWR Experiment

~ and other Computer Code Predictions
for Fission Gas Release!®

Experiment!? 13.4 (%)
FRAPCON-1 (Macdonald-Weisman) 8.5 (%)
FRAPCON-1 (Booth) 0.5 (%)
BEHAVE-4 14. 4 (%)
COMETHE-III-J 22.4 (%)
LIFE-THERMAL 1 5.9 (%)
GAPCON-THERMAL 2 49.5 (%)
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Table 4. Comarison with other Computer Code
Predictions for WRI-HWR Fisgion
Gas Release?

FRAPCON-1 (Macdonald-Weisman) 24.9(%)
BEHAVE-4 30.1(%)
COMETHE-III-J 21.9(%)
LIFE-THERMAL 1 16.0(%)
GAPCON-THERMAL 2 40.8(%)

secondly with the computer code predictions
for CANDU reactor condition.

As represented in Table 3, the Macdonald-
Weisman result does not accurately correspond
to the experimental value, but appears better
than the LIFE-THERMAL 1 and the COM-
ETHE-III-J result. And it can be said that the
predicted value by Macdonald-Weisman model
is among the interval of BEHAVE-4, COM-
ETHE-III-], and LIFE-THERMAL predictions.
The Booth model is considered to be inadequate.

From the results in Table 4 we can see that
the predicted value by the Macdonald-Weisman
model is among the interval of BEHAVE-4,
COMETHE-III-], and LIFE-THERMAL 1 pre-
dictions. Especially, the Macdonald-weisman
model piedictions for PWR case and WRI-
HWR case are always set between the predicted
results of BEHAVE-4 and LIFE-THERMAL
1. Correspondingly the PWR experimental
result is located between the LIFE-THERMAL
1 prediction and the BEHAVE-4 prediction.
Thus we may presume that the WRI-HWR
fission gas release experimental result would be
located between the BEHAVE-4 prediction and
the LIFE-THERMAL 1 prediction. Therefore
we may say that the Macdonald-Weisman model
in FRAPCON-1 code may predict the fission
gas release in CANDU fuel adequately.

3. Parametric Study on Fuel Design
Parameters

Parametric study is carried out for nuclear

fuel design parameters such as, fuel density,
fuel diametral gap, clad thickness, pellet dia-
meter, pellet dish, dish land width, fuel grain
size, axial gap length, and pellet length. Each
design parameter has its own specified design
value range®. In Table 5 the fuel design para-
meter ranges are listed. Thus, calculations are
performed for the parameter’s maximum and
minimum value except fuel density. When one
parameter is considered, other parameters are
taken to be the nominal design value®,%®.

1) Fuel Density

Fuel density of CANDU reactor is ranged
from 10.55 to 10.75gm/cm® Calculations are
carried out by dividing the range into 10.55,
10.60, 10.65, 10.70. and 10.75. Calculated
results for various fuel design parameters accor-
ding to density change are illustrated in Figure
4,5, and 6. Fuel center temperature decreases
with the density increase because thermal con-
ductivity is increased due to densification®. In
high density fuel, fuel expansion is smaller at
initial low burnup because of lower fuel tem-
perature than the expansion of low density
fuel, but is larger as burnup proceeds because
swelling effect is gradually dominant in high
density fuel. Fractional fission gas release dec-

Table 5. Fuel Design Parameters Range

T " "DESIGN VALUE
PARAETERS RANGE

PELLET DIAMETER
CLAD INNER DIAMETER
CLAD DIAMETRAL

0.478520. 0004 (in)
0.4820=:0. 0015 (in)
0.0165+0.0015 (in)

THICKNESS

CLAD OUTER DIAMETER | 0.5150%£0.0015 (in)
DIAMETRAL CLEARANCE | 0.0015 to 0.006 (in)
AXIAL GAP 0.095 +0.055 (in)
L/D RATIO 1.32 =%0.04

DISH DEPTH 0.0100£0.003 (in)
DISH LAND WIDTH 0.01 +g. 86% (in)
FUEL DENSITY 10.55 to 10.75(10.6)

): nominal design (gm/cm®)
FUEL GRAIN SIZE 5 to 15 (W)
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Fig. 4. Fuel Center Temperature & Fuel Outer Fig. 5. Fractional Gas Release & Internal
Diameter Distribution according to Fuel Gas Pressure Distribution accerding
Density Change to Fuel Density Change

ots /\ reases as density incremses because the fuel
v.s / A temperature is lowered as density increases.®® In
::: (\/// ) high density fuel, although the fractional gas

N \V/ e 1055 (e release is lower, the internal gas pressure is

= A ! ——— 10,60 . . . .

g renV e higher because the internal void volume is smail

8 0,63

£ and cladding stress and strain are smaller at
oot initial low burnup than in low density fuel.
o0 But as burnup preceeds the cladding stress and
o strain (both hoop and axial) increase more
057 rapidly and larger than those of low density
::’ fuel. The fuel performance is worse in high
o5 density fuel at high burnup as burnup reaches
2 ‘\\\ N\ 0.5 corens end of life, but the performance of low density
0.52 V070
ost AV fuel element is worse at initial low burnup.

\\\ . . .

050 S\ gossre The current design-nominal value of fuel density
:: - \ o 10. 6gm/cm?, is turned out to be adequate.

" — N e,
1000 2000 30007 4000 5000 6000 7000  HOOD | 5000

2) Fuel Diametral Gap
By using the maximum, nominal, and mini-

BURNLE (MWOATYY

Fig. 6. Clad Hoop Strain Distribution accor- mum diametral gap, performance calculation is

ding to Fuel Density Change carried out. The fuel center temperature and
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Stress Distribution according to Dia-

metral Gap Change

clad hoop stress distribution are shown in Figure
7. The clad hoop and axial strain distribution
are illustrated in Figure 8. In fuel with maxi-
mum diametral gap the fuel center temperature
becomes higher due to smaller fuel-to-clad heat
transfer coefficient. And due to higher fuel
temperature the fractional gas release, internal
gas pressure, and fuel expansion becomes larger
than those of minimum diametral gap. But the
more important problem in fuel peformance, clad
stress and strain (both hoop and axial axial),
are much higher in fuel with minimum diame-
tral gap due to severe pellet-clad interaction,
and hoop strain approaches the design limit of
1%. But the clad stress and strain of the
element with minimum diametral gap are much
lower than those of maximum diametral gap
element. And calculation shows that the perfo-
rmance of the element with maximum diametral
gap is best among all other parameter variations.
Thus, it can be concluded that the fuel diame-
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Fig. 8. Clad Hoop Strain & Axial Strain Dis-
tribution according to Diametral Gap
Change

tral gap is the most important parameteramong
the fuel design parameter determining the
CANDU fuel performance, and it is recommend
to increase the cold diametral gap of the fuel
element within the bound of design value to
improve the fuel performance.

3) Clad Thickness

Results for minimum and maximum design
clad thickness show only slight difference. Fuel
center temperature, fractional fission gas release,
internal gas pressure, fuel outer diameter, clad
hoop and axial stress, clad hoop and axial total
strain are slightly higher or larger in fuel with
maximum clad thickness. Only axial and hoop
plastic -strain are higher in minimum clad
thickness fuel.

4) Pellet Diameter

Fuel pellet diameter should be considered
more seriously in mneutronics and fuel. cycle
aspects?®. But'it is also’ concerned with L/D
(length-to-diameter) ratio of fuel pellet-and has
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effect on the fuel performance??,2®, Results
show that smaller diameter has slightly worse
performance. But it is supposed that the circum-
ferential ridge formation which is related to
L/D ratio can not be described by FRAPCON
~1.

5) Pellet Dish Depth

From the results for minimum and maximum
pellet dish depth, it is known that the internal
gas pressure is higher and fuel center tempera-
ture, clad axial stress, clad axial strain, and
clad hoop strains are slightly higher in fuel
with minimum dish depth. But it is also sup-
posed that the circumferential ridge effect related
to dish depth can not be described by FRAPC-
ON-1.

6) Pellet Land Width

The results show that the clad axial stress
and strain are much higher in fuel with maxi-
mum land width, and internal gas pressure,
clad hoop strain are also higher than in mini-
mum land width fuel. But the circumferential
ridge effect is not described either.

7) Fuel Grain Size

Calculations are carried out for fuels with
minimum and maximum grain size, but the
predicted results have no difference. It car be
concluded that FRAPCON-]1 code can not des-
cribe the effect of grain size change.

8) Axial Gap Length

The axial stress and strain are higher in
minimum axial gap and the internal gas pres-
sure is also higher than that of the maximum
axial gap. The results show that general pe-
rformance are slightly better in maximum axial
gap. But the end flux peaking effect due to the
presences of axial gap and end plugs can be
increased in large axial gap. This peaking effect
can not be described by FRAPCON-1.

9) Pellet Length

Pellet length considerations in fuel perfor-
mance is principally related to circumferential

ridge formation 13222 which can not be ade-
quately described by FRAPCON-]1. Calculational
results from FRAPCON-1 show that the per-
formance of fuel having shorter pellets is better
than that of longer pellets. The clad strain is
slightly higher in fuel with longer pellets.

From parametric sensitivity study it is mani-
fested that the initial cold diametral gap size
is the most important parameter among the
design parameters considered. And it is recom-
mended to increase the cold diametral gap
within design value range. The most unfavou-
rable combination of parameters is selected as
the case for minimum fuel density, minimum
diametral gap, mimimum pellet diameter, mini-
mum pellet dish depth, maximum pellet dish
land width, maximum clad thickness, maximum
pellet length, and minimum axial gap length.
Performance calculation is carried out for this
case with using the steady state upper bound
power history at S-13 channel of the outermost
ring fuel element. Predicted results indicate that
the design criteria of LWR fuel is exceeded
for the clad strain.

4. Performance Analysis for Wolsung-1
Fael Element

By using the FRAPCON-1-CSK code the
performance analysis for Wolsung-1 fuel ele-
ments is carried out. All fuel design parameters
are taken to be the nominal design values
specified in Safety Report. The power-burnup

~ history is taken from the actual upper bound

power history of a Gentilly-2 (in Canada) fuel
element because the Walsung-1 reactor is not
eperated yet. The Gentilly-2 reactor is also a
606MWe CANDU reactor and its upper bound
pewer history is used at AECL for 600MWe
reactor fusl element performance analysis.%2"
The channel coolant properties required are
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taken from the subchannel properties of outer-
most ring element located in maximum power-
generating bundle of S-13 channel. These sub-
channel properties are calculated from the CO-
BRA-IV code (modified version for‘ heavy
water reactor)®, The calculation is performed
dividing the element into 19 axial nodes, and
peak power node outputs are reviewed. The
predicted fuel surface temperature and fuel
center temperature distribution of Wolsung-1
fuel are shown in Figure 9. The predicted frac-
tional fission gas release, rod internal gas pres-
sure, and corrosion thickness distribution are illu-
strated in Figure 10. The predicted clad hoop
stress, clad hoop total strain, and clad plastic
strain distribution are shown in Figure 11.
The predicted clad axial stress, clad axial total
strain, and clad axial plastic strain distribution

are also drawn in Figure 12.. The outputs are.

discussed in terms of LWR fuel design crite-
ria.”»® - ' S

—The maximum fuel center &"témi)erature
predicted by FRAPCON-1-CSK is 3564°F
and is far below the melting point, 5080°F.

—The maximum clad surface temperature is
602°F and is far below the corrosion enhan-
cing temperature, 770°F.

—The maximum clad hoop strain is 0.69%
and is less than the design limit 19.

—The maximum internal gas pressuré, is 545
psi and is less than external coolant pres-
sure, 1435 psi.

—The maximum Zircaloy corrosion thickness
is 0.07 mil and is far less than the design
limit 109% thickness, 1. 65 mil.

—The maximum hydrogen uptake in Zircaloy
is 19ppm and is far less than the design
limit 250ppm.

From the above results it can be said that
the performance of Wolsung-1 fuel element
designed by thé 'Sé_fety Répori; "'s_.ie:ciﬁcation is
very good in c(;mpérison with the LWR fuel

design criteria. Besides, although the design
criteria for CANDU fuel are not known at
present, we may say that the actual design
criteria of CANDU fuel have somewhat larger
allowable limits than those of LWR fuel due to
the fact that the CANDU fuel irradiation time
is relatively short and fuel discharge burnup is
low in comparison with those of PWR case.

5. Conclusions

From the analysis carried out in this study,
several important viewpoints can be drawn.

1) The predicted results of fuel center tem-
perature for Wolsung-1 reactor with the neutron
flux depression correction are lower than the
results from the original FRAPCON-1 model
about 20°F.

2) The calculated outputs show 5°F difference
in cladding surface temperature and maximum
10°F difference in fuel center temperature bet-
ween the calculations using light water pro-
perties and heavy water properties.

3) The Beyer-Hann gap conductance model
is the best-describing model for CANDU fuel
performance among Ross-Stoute model, Camp-
bell model, Cracked pellet model, and Beyer-
Hann model.

4) The Macdonald-Weisman fission gas release
model is valid for CANDU fuel performance.

5) The fuel diametral gap is the most impor-
tant parameter among the fuel design para-
meters determining the CANDU fuel perfor-
mance. It is recommended to increase the cold
diametral gap of the fuel element within the
bound of design value to improve the fuel
performance.

6) The current design nominal value of fuel
density is adequate for CANDU fuel perfor-
mance. ’ ‘

. 7). The FRAPCON-1 code is not adequate for
consviderin'g:the eﬁects of fuel grain size change
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and circumferential ridge formation in CANDU

fuel elements.

8) The fuel elements loaded in Wolsung-1

CANDU reactor satisfy all the design criteria
for the steady state upper bound power history.

9) Further study about the design criteria of

CANDU f{fuel is suggested to ensure the accurate
judgement for the CANDU fuel performance.
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