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Abstract

A combination of computer codes such as LATREP, HWRAXAV and CITATION is utilized
in an attempt to analyze the nuclear design characteristics of the CANDU-PHWR of the Wolsung
Unit 1. The major nuclear properties to be computed are the lattice properties of CANDU fuel
channel and the core channel power distribution, The computed results are compared with the
PSR documentation for the Wolsung reactor. The observed discrepancies between our computa—

tions and the PSR values are discussed in terms of incomplete information on the description of

the core configuration in the PSR and the different calculation methods.
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1. Introduction

The Wolsung Unit 1 is the first CANDU-
PHWR nuclear power plant in Korea. The
Wolsung CANDU reactor, as its name bears,
uses deuterium oxide (heavy water) as mode-
rator and natural uranium dioxide as fuel. It is
manufactured in Canada by Atomic Energy of
Canada Limited (AECL) and has the design
capacity of 2,180 MW thermal power or 620
MW equivalent electrical power.
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The unit is currently under construction by
the Korea Electric Company with target com-—
pletion date of April 1982, Various safety fea-
tures of the plant is documented in a sequence
of the Preliminary Safety Reports!~® (PSR) by
AECL,

This paper is intended for analyzing nuclear
design characteristics of the Wolsung Unit 1
reactor on the basis of core physics codes availa-
ble to us at the present moment. The major
nuclear characteristics to be analyzed are the
multiplication properties of the fuel channels
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core, the D;O reflector and the stainless steel
calandria reactor vessel, The calandria which
OUTER ZONE envelopes the fuel channels and contains heavy

water moderator and reflector is a horizontal
cylindrical wvessel of 379.7cm in radius and
606 cm in extrapolated length. Fig. 1 depicts a
7 skeleton diagram of the reactor which is viewed

d \-INNER ZONE

from the side of the reactor. The detailed geo-
metrical information is also given in it
Reactor core is nearly cylindrical, 594.4 cm
L ' in length and 314.3cm in equivalent diameter.
/ It is made up of 380 calandria tubes or fuel
~ channels which pass from end to end through
~—__| : calandria. The fuel channels are arranged on
i -~ 65.4crve— . .
22575em —— T4.3cm — (A) Horizontal View
[ 337.8em T
[~ 378.8cm
€ ;

Fig. 1. Side View of the Wolsung PHWR Core

which consist of fuel bundle, pressure tube,
calandria tube and moderator, and the core
channel power distribution, |

Three principal computer codes are adopted;
LATREP4®, HWRAXAV® and CITATION?,
The adoption of these codes is not generally
recognized in the CANDU-reactor physics ana-

lysis, yet our computation results in a certain

degree of satisfaction and discrepancies when

i " Ca
i i i | — 57506 mm- —- = (2e-2)
compared with PSR values. The discrepancies z | r ! ‘
" H
between PSR and our computation are discussed P 886l mm
in terms of uncertain PSR information with X ~—sl.689mm - )
& F—— 56.032mm
regard to the core description and calculatior 64.500mm ——

B — 65.857mm ——
methods, ;

Ve 1612172 mm

2. Description of CANDU-PHWR ! .
(B) Axial Arrangement of Fuel Channel

Description of CANDU-PHWR is well docu~
mented in PSR®, Summarized in the following

439.53cm
Top of the reactor-

pd
-

is a brief information that affects the lattice EJ 5 I} [21s el s[5

[o]i iz}
cell and core physics computations of Wolsung ... - T

. ‘Boitom of the reactor
Unit 1.

CANDU-PHWR is composed of the reactor Fig. 2. Fuel Channel Dimension
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Table 1. Lattice Cell Data

Fuel 37 elements UQO,
Element Outside Diameter 13. 081 mm
Air Gap Thickness 0. 0455 mm
Average Clad Wall Thickness 0.419 mm
Pellet Outside Diameter 12. 154 mm
Stack Length (Bundle Length) 480.31 mm
UO; Density 10.6 g/cm®
UO, Area 42. 926 cm?
Coolant Area 34.211 cm?
UO; Weight per Bundle 20.987 kg
Zircaloy Weight per Bundle 2.2799 kg
Pressure Tube (Zr: 2.5% Nb) 103. 378 mm
Inside Diameter
Average Pressure Tube 4.343 mm
Wall Thickness
Calandria Tube (Zr-2) Inside 129. 0 mm
Diameter
Average Calandria Tube 1. 397 mm
Wall Thickness
Lattice Pitch 285.75 mm
Equivalent Channel Diameter 322. 4344 mm

a regular square lattice with a center-to-center
spacing of 28.575cm. Each calandria tube con-
tains a Zircaloy-2 pressure tube of 4. 343 mm
wall thickness and 103. 38 mm inside diameter.

Inside the pressure tube resides 12 fuel bundles
each of which comprises 37 fuel elements. D;0
coolant is pumped through the fuel elements,
The stagnant air gap between the calandria
tube and pressure tube serves to insulate the hot
heavy water coolant inside the pressure tube

from the cold heavy water moderator surroun-

ding the calandria tube.

Fig. 1 shows the initial core configuration
which consists of two regions; depleted inner
fuel region of 124 channels and undepleted outer
fuel region of 256 channels. The inner fuel
channels contain two depleted fuel bundles in
which fuel (UO;) is depleted to 0.52 atom
percent in U-235, Their axial location, howe-
Fig. 2
depicts the geometrical details on a fuel channel

ver, is not known at the moment.

which forms a lattice cell together with surro-
unding heavy water, Table 1 summarizes di-
mensional information of the cell constituents

required for the cell calculation.

3. Method of Nuclear Design Analysis

The nuclear physics parameters to be com—
puted in this report are the lattice cell para-
meters, reactivity effects of temperature and
the poison concentration and 2-dimensional core
power distributions, etc. The numerical com-
putations of these parameters are performed on
the basis of three principal computer codes;
LATREP, HWRAXAV and CITATION.

LATREP##% is a lattice cell code based on a
multigroup collision probability method in which
the fuelled cell calculation is carried out in 32
fast energy groups and one thermal group with
The code

has been extensively used for studying the

thermal cut-off energy of 0.625 eV.

lattice properties of CANDU-type reactor in

Table 2. Lattice Cell Parameters for the Initial Undepleted Fresh Fuel Channels

Condition Hot, Full Power with
Cold, Clean Hot, Clean Hot, Clean Equilibrivm Poison
Zero Power Zero Power Full Power N
Parameter LATREP PSR
€ 1. 029707 1. 031529 1.031542 1. 031527 1.0626
b 0. 903086 0. 902081 0. 896286 0. 896286 0. 9047
i 1. 319509 1. 309790 1.301131 1.244816 1.241
f 0. 932625 0. 934541 0.933713 0. 935614 0. 9358
koo 1. 144358 1. 139009 1.123228 1. 076786 1.078
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Table. 3. Temperature Specifications ¢f Channel Components vs, Operating Condition

W Cold, Clean Hot, Clean Hot, Clean .—.}{vg)_f:'FUIl, .Poyv_e‘r‘m
Temperature(°C) Zero Power Zero Power Full Power gé}?ofthbn“m
Fuel Pellet Temp. T 25°C 290°C 936°C 936°C
Clad Temp. T, 25°C 290°C 339°C 339°C
Coolant Temp. T. 25°C 290°C 299°C 293°C
Moderator Temp, Ty 25°C 73°C 73°C 73°C

Table 4. Burnup Dependent Lattice Cell Parameters for Undepleted Fresh Fuel Burdle at

HFP? Condition

Burnup
\ 0.0 n/kb® l 0.4 n/kb 0.8 n/kb 1.2 n/kb ' 1.6 n/kb , 2.9 n/kb
Parameter
€ 1. 031532 1.031485 1. 031464 1. 031448 1. 031428 1. (31403
p 0. 896336 0. 896047 0. 895850 0. 895722 0. 895654 0. 855637
/] 1. 249914 1. 245256 1.217855 1.182171 1. 145688 1.1116€3
f 0. 922746 0.927205 6. 929802 0.931131 0. 931889 0. 932386
ke 1. 066388 1. 067157 1. 046347 1. 016977 0. 986301 0.957428
kegs® 1.036%42 1. 037818 1. 018162 0. 989867 0. 960159 0.932144

(1) HFP: Hot Full Power

which fuel rods are arranged in the form of twrent s )

clusters inside the pressure tube. The accuracy

LA
of the code has been confirmed by comparing’
cell parameter measurements in ZED-IT with the

corresponding LATREP calculations®. In the

present application this code is used for comqu-
ting lattice cell parameters, cell burnup anb
equivalent homogenized diffusion theory pata~
meters as the input of CITATION computer
code.

HWRAXAV® js a perturbation theory ccde
which provides a simple, consistent method of
accounting for the axial variation in the lattice
The code is

primarily intended to convert the ax ially var-

cell parameters of fuel channel,

ying cell parameters for a given fuel chan el
into the equivalent values equal to the extra-
polated core height and thus to prepare some of
the basic input data for CITATION models of
the three-dimensional reactor,

CITATION” is a few-group finite-difference
diffusion theory code that can treat up to three

(2) n/kb: neurtons per kilo-barn

(3) Bg? is taken as 0.7618m"2
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Fig. 3. Changes in Isotopic Compesition versus
Burnup

space dimensions with arbitrary group-to-group
scattering. This code is used for determining 2-
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Table 5. Burnup Dependent Lattice Cell Parameters for Depleted Fresh Fuel Bundle at
HFP? Condition

Parameter

0.0 n/kb? ‘ 0.4 n/kb

‘ 0.8 n/kb ‘ 1.2 n/kb 1.6 n/kb 2.0 n/kb

€ 1. 031446 1. 031400 1. 031387 1. 031380 1. 031370 1. 031356
P 0. 895109 0. 895004 0. 894952 0. 894941 0. 894968 0. 895027
7 1. 102449 1. 144408 1. 145086 1.127780 1.104778 1. 081146

f 0. 913527 0.620514 0. 924654 0. 926999 0. 928496 0. 929562
ke 0.929827 0.972441 0.977325 0. 964976 0. 946840 0.927701
ke 0. 901503 0. 944286 0. 949901 0.938381 0.921043 0. 902630

(1) HFP:Hot Full Power

(2) n/kb: neutrons per kilo-barn

(3) B,? is taken as (.7618m2
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Fig. 8. Reactivity Effects of the Coolant Tem-
perature

dimensional X-Y channel power distribution in
terms of two-group representation of neutron

flux,

4. Results and Discussions

4.1. Lattice Cell Parameters

The lattice cell parameters for the undepleted
fresh fuel channels are calculated with LAT~
REP®,

The cell conditions of interest are (1) cold,
zero power, (2) hot, zero power, (3) hot, full
power and (4) hot, full power with equilibrium
poison concentration,

The numerical results of LATREP for the
undepleted fresh fuel channel are given in Table

2 along with the available PSR values. Just for
the sake of clarity, the cell conditions are
specified in terms of temperatures of cell com-
Moderator is

assumed boron-free and poison effects in con-

ponents as shown in Table 3.

dition (4) are taken into account using the
equilibrium Xe-135 concentration of 1.394x1016
atoms/cm?® and Sm-149 concentration of 1. 625x
105 atoms/cm3,

The lattice cell parameters changes as fuel
burnup proceeds and/or as the temperatures of
cell components such as fuel rod, coolant and
moderator deviate from respective reference
value. Fig, 3 depicts the changes in isotopic
composition of some important fuel nuclides
versus burnup (in units of n/kb). The acco-
mpanying changes in lattice cell’ parameters for
both depleted and undepleted fuel bundles are
listed in Tables 4 and 5.

Fuel temperature affects the neutron multipli-
cation through the Doppler broadening of U-238
and the spectrum change. As shown in Fig, 4,
the overall effect of change in fuel temperature
on the infinite muliplication factor is negative,
Fuel burnup influences on the absolute value
of fuel temperature reactivity coefficient., Both
LATREP and PSR® results for burnup dependent
fuel temperature coefficient are shown in Fig, 5,

An increase in moderator temperature acco-
mpanies the spectrum hardening partly due to
the increase in effective neutron temperature

Table 6. Equivalent Homogenized Two-Group Diffusion Theory Ceonstants for Undepleted

Fresh Fuel Bundle

Condition Cold, Clean Hot, Clean Hot, Clean Hot, Full Power with

Pm Zero Power Zero Power Full Power Equilibrium Poison
Dy 1. 280297 1.315781 1.303949 1. 303992

Ds 1. 084772 1.219619 1.209147 1.207045

Zat 0. 9692351078 0. 948518 X107 1. 0492851073 1. 0492851072

Zaz 4.757211X1073 4. 864226 X107 4,796183X1078 4.901861X1073

Zn 9.031741X1073 8.738245X1073 8.748788X1073 8.748790X10"2

vEi 6. 028166 X107* 6.141796X107% 6. 0395631073 5.915974 1073




Nuclear Design Analysis of-~- C.H. Chung-K.B. Oh-C.H. Kim:Y.H. Chang-S.Y. Kim-J,S. Kim 209

Table 7, Comparison of Two—Group Diffusion Theory Constants for HFP with Equilibrium Poison

PSR LATREP
oo R | PR | e | TR | PR [ e
Di(em) 1.2739 1.27396 1.3171 1.315774 1.315937 1. 259745
Da(em) 0.94106 0. 93984 0.87871 1.217935 1.211582 0. 886507
Zacm™) 0.76604X107% 0.76746><107° 0 0.10041X1072 0.101605%1072 0.109808X1072
aa(em™1) 0.37312X1072 0,33621X1072 0.14299>1073 0.49483<1072 0.4425943<1072 0.145163X1073
v (em™) 0.43716X1072 0.34312<1072 0 0.58877X107% 0.459760<X1072 0
Za(em™) 0.73895X107% 0.738813<1072 0. 101241071 0.86825:<1072 0.86707X1072 0.949439X107

(1.59 ppm of boron in the moderator)
(1) Undepleted Fuel: 0.72% U-235
(3) Reflector: 99.722% D;O

(2) Depleted Fuel: 0.52% U-235

Table 8. Axially Averagzed Effective Two-Group Constants

~—_ Region Inner Zone
~- Outer Undepleted (2 Depleted Fuel Bundles/Channel)
™~ Fuel Zone 8th & 9th Bundle 6th & 7th Bundle
Parameter T~ (set 1) (set 2)
D; 1. 3158 1.3158 1.3158
D, 0. 95769 0. 955775 0. 95769
a1 0.10042:X1072 0.10071X1072 0.10071X107°
2laz 0. 37554 X102 0.36702X1072 0.36436X1072
v 0. 44679X1072 0.42394X1072 0.41680X1072
Zna 0. 85829%107% 0. 86798X1072 0.86789X1072

and partly due to the decrease in moderator
density. The net effect on infinite multiplication
factor is negative as shown in Fig, 6, Addition
of boron into moderator results in further re-
duction in cell multiplication, The variation of
cell multiplication as the boron poison concent-
ration is varied is drawn in Fig, 7.

Effect of coolant temperature changes on k.,
is next considered. An increase in coolant tem-~
perature results in a decrease in coolant density.
This then gives rise to a net increase in k,
due to an increase in fast fissions and a decrease
in resonance absorption. Fig. 8 shows the va-
riation of cell reactivity versus the coolant tem-
perature changes around its nominal operational
value,

Upon comparison of LATREP results with
PSR values we observe both reasonable agree-

ments and some discrepancies. Let’s take Table
2, for instance, LATREP predicts the lattice
cell parameters which are in a fairly good
agreement with PSR? values, However, Fig.
5 shows that LATREP underestimates the
burnup effects of fuel temperature coeflicient
compared with the PSR® value. Though unc-
larified at the moment, this difference is suppo-
sedly due to the way the fuel composition at
the specific burnup level is approximated. App-
arently the PSR wvalue is based on the fuel
composition averaged over all the fuel bundle
irradiations present in the core, while in LA-
TREP computation the fuel composition is ref-
erred to that of a single fresh fuel bundle
- irradiation, One next point worthy to note is the
coolant temperature coefficient. As shown in
Fig. 8, LATREP predicts that an increase in
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Fig. 11. Channel Power Distribution

temperature via fuel temperature change, the

pusitive reactivity effect of the coolant tempe-
rature on reactor stability should be investigated
To our best knowledge, this point
is not mentioned in the PSR® yet.

4.2. Two-Group Diffusion Theory Constants

The lattice cell parameters computed in the

carefully,

\ previous section can be utilized to generate the

o7y} % | equivalent homogenized two-group diffusion
t/Unﬂ-wmd ~——— Depleted fusl zone unzeiered §4  theory parameters for core physics calculations.
0-6_ fuel zone fuel zone
-==- PSR Table 6 tabulates the two-group constants of
0.5+ 23.575cm CITATION { 6th AND 7th DEPLETED BUNDLE )
L4 k- T CITATION(SM AND Sth DEPLETED BUNDLE] the unborated, undep]eted fresh fuel channel
oal | I Y T T Y A A O O

with regard to four intial operating conditions
specified in Table 3. The effects of boron addi-
tion into moderator on two-group constants are
two fresh fuel channels,

1 L | |1
Wi o 87 €654 3 2 1 ¢! 23 4567 89 101

RADIAL POSITION

Fig. 12. Channe! Power Distribut’on
also evaluated for

depleted and undepleted. Table 7 compares the
PSR® value with LATREP output for two fuel
channels in which boron is dissolved into mo-
derator by 1.59ppm in weight.

coolant temperature gives rise to the increase
in the cell multiplication, i.e., the positive
coolant temperature coefficient, Since any change

in power level directly influences the coolant
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Two-group constants in Table 6 or 7, if used
directly in 2-dimensional diffusion theory com-
putation, may lower the accuracy in the core
channel power distribution. This is because the
real, 3-dimensional reactor core is non-uniform
in the third dimension which is not treated in
2-dimensional computation, For the case of
CANDU-PHWR core, each channel is conside-
red axially non-uniform either for the mixed
alignment of fuel bundles of different fissile
contents or for non-uniform burnup and different
axial leakage. In the face of this non-unifor-
mity of the channel, the two-group constants
are modified by means of the axially averaging
code of group constants, HWRAXAV®,

Listed in Table 8 are the effective two—group
constants averaged along the axial direction in
the spirit of HWRAXAV code.
core inner zone,

In treating
we assumed two different
channel configuration; one case that two depleted
fuel bundles are located in the axial positions
No. 8 and No. 9 and the other in axial posi-
tions No. 6 and No. 7. It is noted that LA-
TREP predicts quite a different set of two-group
constants from the PSR®, This discrepancy,
however, seems to be fortuitous in view of the
facts that equivalent homogenized group con-
stants are in general not unique and that they
depend on the method employed for homogen-
ization and group condensation,
4. 3. Channel Power Distribution

The computations of channel power distribu-
tion in the core are performed by introducing the
effective two-group constants into the 2-dim-
ensional diffusion equation code, CITATION?,

The first step in computation is to assume the
confidence in the accuracy of the LATREP-
predicted cross section data.  For this purpose
X-Y power distributions calculated using LA-
TREP-predicted two-group constants are com-
pared with that obtained from PSR values.

Fig. 9 shows that two sets of group constants

result in almost identical power distribution for
core plane consisting solely of undepleted fuel
bundles,

Fig. 10 and 11 represent the channel power
distribution calculated using set (1) and set (2)
two-group constants in Table 8 It is shown
that set (2) two-group cross sections give the
channel power distribution in a better agreement
with PSR® than set (1) data.

obvious when the channel power distribution is

This is more

viewed along a radial direction, as depicted in
Fig. 12.

5. Conclusion

The numerical results presented in this paper
on lattice properties and core channel power
distributions of Wolsung PHWR core are of a
preliminary nature. This is so partly because
the 3-dimensional Wolsung core is approxima-
tely represented by a 2-dimensional one and
partly because the presence of adjuster rods and
zone control systems that provide the control
absorber to shape the spatial power distribution
is not taken into account in the 2-dimensional
CITATION computation.

The combination of LATREP/CITATION
computer codes with regard to the core physics
analysis of Wolsung PHWR appears to be sati-
sfactory in the sense that they reproduce most
of the lattice cell and core design parameters
within an acceptable error bound. However,
the discrepancies that we mentioned in Section
4 make it necessary a further investigation
before the use of these codes is justified. In this
regard it is considered that the exact core con-~
figuration of the Wolsung PHWR must be
known gricr to any future attempt to improve
our computaticn,

Finally, the positive reactivity effects of

ccolant temperature supposedly plays an impor-

tant role in analyzing the stability characteri-
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stics of the Wolsung core. Though it may not
be a critical factor to determine the safety of
the reactor, the effect should be carefully dis-
cussed in any future issue of the Safety Analysis
Report of the Wolsung PHWR.
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