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Abstract

A new heuristic method for loading pattern search has been developed to overcome short-
comings of the algorithmic approach. To reduce the size of vast solution space, general
shuffling rules, a regionwise shuffling method, and a pattem grouping method were intro-
duced. The entropy theory was applied to classify possible loading patterns into groups with
similarity between them. The pattern search program was implemented with use of the
PROLOG language. A two—group nodal code MEDIUM-2D was used for analysis of power
distribution in the core. The above mentioned methodology has been tested to show effective-
ness in reducing of solution space down to a few hundred pattern groups. Bumable poison
rods were then arranged in each pattemn group in accordance with bumable poison distribu-
tion rules, which led to further reduction of the solution space to several scores of acceptable
pattern groups. The method of maximizing cycle length(MCL) and minimizing power-peaking
factor{MPF) were applied to search for specific useful loading patterns from the acceptable
pattern groups. Thus, several specific loading patterns that have low power-peaking factor and
large cycle length were successfully searched from the selected pattern groups.
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1. Introduction

Optimization of fuel loading pattern is very im-
portant for reducing of the fuel cycle costs.
However, since there exist so many available
loading patterns in the solution space, it is difficult
and complicate to find the optimum solution. The
conventional method to search for the optimum
loading pattern is based on an algorithmic optimiza-
tion approach. Dynamic programming was used
by Wall and Fenech,” and Stover and Sesonske.?
Sauar’ utilized linear programming to minimize
the present worth weighted total fuel cost while
imposing constraints on spatial region fuel loading.

Federowicz and Stover?

applied integer linear
programming and a two-dimensional power
shape. Naft and Sesonske® developed a direct
search algorithm to optimize the fuel shuffling pat-
tem and to minimize assembly power peaking
with use of a simplified neutronics model. Chit-
kara and Weisman® related the movement of each
assembly to fuel cycle cost by assuming an equilib-
rium cycle and applied direct search algorithm.
Motoda” et al. combined linear programming with
direct search of shuffling fuel within spatial regions
for the boiling water reactor as part of a stagewise
fuel cycle cost minimization. Chang and
Sesonske® coupled a direct search algorithm with
a nodal neutronics model to determine low—leak-
age loading patterns. Mingle® utilized the per-
turbation theory to predict how the core reactivity
is affected by the change in fuel loading pattern.
This method employs discrete burnup groups and
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a spatially zoned core with the objective of mini-
mizing the fuel cycle cost. Then fuel assembly
binary exchanges are attempted to minimize the
power peaking. Hobson and Turinsky!® utilized
the first-order perturbation theory to determine
effects of assembly shuffling on the core reactivity,
power distribution, and end-of-cycle burnup.
Monte Carlo integer programming was then used
to determine a near—optimal loading pattern with-
in a range of loading pattems near the reference
case. The process was then repeated with a new
loading pattern as a reference case and was termin-
ated when no better loading patterns could be
determined. Tumey and Williamson!" applied a
variational techinque to minimize power peaking
in the design of reload core. Ahn and Levine!?
applied the gradient projection method to calcu-
late a priority shuffling scheme for maximizing
reactivity in the three region core. Chao'® et al.
developed a backward diffusion calculation
method which for a given power distribution
solves the diffusion equation backwardly to esti-
mate the reactivity distribution that will result in a
given power distribution at the end of cycle(EOC).
Sekimizu'¥ proposed a hierarchy level scheme for
quasi—optimum fuel assembly loading in boiling
water reactors. The vast number of possible fuel
assembly allocations were reduced by adopting
the following two—step scheme :In the first step,
an optimum allocation of fresh fuel assemblies
was searched on the basis of proper criteria. Then
in the second step, without moving the fresh fuel
assemblies, allocation of reload fuel assemblies
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was determined to ascertain the required group
property as closely as possible. Kim et al.’® de-
veloped a two-step optmization procedure for a
core reload design. Firstly, the end—of—cycle critic-
al boron concentration was maximized to deter-
mine the best fuel allocation. A direct search
scheme was then applied by a series of binary
exchanges using the result of preliminary corewide
sensitivity analysis. Secondly, the control poison
requirements were established by use of excess
reactivity and power peaking constraints.

The above mentioned algorithmic approaches,
however, can not always guarantee a global opti-
mum solution, and are highly dependent on the
initial reference pattern.®® The pattern obtained
by these approaches is a near—optimal solution.
For these reasons, the possibility of applying a
heuristic search method was recently
investigated.'®!” Heuristic search methods are a
well-developed branch of the computer science
discipline known as artificial intelligence. The
feasibility of utilizing a computerized heuristic
search method for generation and optimization of
fuel reload configuration was studied by Galperin
and Nissan.!® The heuristic knowledge was ex-
pressed modularly in the form of IF-THEN pro-
duction rules. Elimination and preference rules
were used to reduce so vast solution space. A set
of 312 solutions were obtained within 20 minutes
of generation time. Galperin et al.'” also de-
veloped a knwoledge—based system for optimiza-
tion of fuel reload configurations. This system was
based on a heuristic search method and was im-
plemented in a common Lisp programming lan-
guage. The solution space was reduced, by the
application of several rules, to a few hundreds of
basic patterns each representing a family of poten-
tial solutions. Each family, however, contained a
very large number of solutions. Only one member
of each family was considered and compared to
obtain an optimal solution. The essence of this
approach is how to convince oneself that a speci-

195

fic configuration, arbitrarily selected from each
family, represents the whole configurations in that
family.

A new heuristic search method is developed to
search for the optimum loading pattern. The solu-
tion space of heuristic search is so enormous that
how to reduce its space to a reasonable level is
the key point of the heuristic search method.
Hence, reduction of solution space is performed
in the present work by the application of general
shuffling rules based on the experience of in—core
fuel management. With only these general shuf-
fling rules, however, it is still not possible to re-
duce the solution space to a reasonable level.
Thus the regionwise shuffling and pattern group-
ing methods are applied in addition to general
shuffling rules. For pattemn grouping the entropy
theory is applied. Burnable poison rods were then
arranged in each pattern group in accordance with
bumable poison distribution rules, which led to
further reduction of the solution space to several
scores of acceptable pattern groups. The methods
of maximizing cycle length(MCL) and minimizing
power-peaking factor(MPF) were applied to search
specific useful loading patterns from the accept-
able pattern groups.

2. Methodology
2.1. General Shuffling Rules

The total number of possible arrangements of
fuel assembilies in the three—loop pressurized wa-
ter reactor(PWR) is approximately 10%'°. This
number is so enormous that how to reduce the
solution space is the main subject of the heuristic
search method for optimization of fuel reloading.
The general shuffling rules adopted in the first
reduction stage of this heuristic search method are
based on the following conditions :

(1) three batch modes shuffling(i.e., fresh, once-
—burned and twice—bumed fuels)
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{2) low-leakege loading pattern
(3) quasi—equilibrium core
(4) quarter core symmetry
(5) no assembly rotation in this stage
(6) single enrichment of the fresh fuel
(7) predetermined central fuel assembly

The possible number of fuel arrangements can
be reduced to 10?! by applying of these shuffling
rules. There are still too many configurations to
search for the optimum solution. Hence, another
elimination principles are necessary to reduce the
number of loading pattems further.

2.2. Regionwise Shuffling Method

The regionwise shuffling method is utilized for
further reduction of loading pattem space and ex-
clusion of unacceptable ones. Fuel assembly posi-
tion of each type having unacceptably high or low
power peaking is excluded at this stage. The prin-
ciples to determine forbidden regions(or exclusion
zones) are as follows:

(1) Allocation of fresh fuel assemblies is avoided in
the region having too high power peaking

(2) Allocation of twice—burned fuel assemblies is
avoided in the region having too low power
peaking.

(3) Allocation of fresh fuel assemblies adjacent to
another fresh fuel assemblies is avoided in the
region having too high power peaking.

(4) Allocation of too many once—bumed fuel
assemblies in the position adjacent to fresh
fuel assemblies is prohibited to avoid local-
ized power peaking.

The forbidden regions (or exclusion zones) are
determined through analysis of core geometry and
sensitivity study of fuel allocations to exclude ex-
tremely unreasonable loading patterns. Sensitivity
analysis is performed for the quarter core of a
typical 3-loop PWR core. Four kinds of fuel
assembly groups are considered, namely, fresh

fuel assemblies, once—burned fuel assemblies,
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Table 1. List of Reloading Fuel Assemblies

F/A Burnup F/A Bumup
Identity (MWD/MTU) Identty (MWD/MTU)

C00 32620 A01 14930
BO1 31951 A02 14913
B02 30349 A03 14803
B0O3 30348 A04 14782
B04 28949 A0S 14346
BO5 28698 A06 14061
B06 27906 AQ7 14060
B07 27896 A08 13275
B08 27710 A09 13254
B09 27528 Al0 13123
B10 27135 All 11639
B11 27133 Al2 11621
B12 26889 FO1 0
B13 26592

B14 25666

B15 25697

CO00 : central fuel assembly

FO1 : representative of fresh fuel assemblies

AQ5 : representative of once-burned fuel assemblies
BO6 : representative of twice-bumed fuel assemblies

Raegion-1:
Exclusion zone for
alocation of fresh F/IA

Region-2:
Exclusion zone for aliocation
of two adjacent fresh F/As.

Region-4:

Exclusion zone for allocalion
of once-burned F/A surrounded
by more than three Iresh F/As

Exclusion zone for allocation
of more than three once-bumed
FiAs srround fresh F7A.

Region-5: Region-6.
. of once- Exclusion zone ol twice-
bumed F/A loc low leakage |1 _J bumad F/A to avoid too
loading pattern fow power peaking faclor.

Fig. 1. Types of Exclusion Zone or Forbidden Region.

twice-burned fuel assemblies and an arbitrary
twice~burned fuel assembly which was assigned to

the core center. Each fuel group is assumed to
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have identical charateristics to simplify sensitivity
analysis. All fresh fuel assemblies are assumed to
be identical. One fresh assembly is selected
among the fresh fuel assemblies. One once-
—burned and one twice-bumed fuel assemblies
having the nearest average burnup of each fuel
assembly group are selected as a representative
fuel assembly of each fuel group, respectively. In
this work fresh fuel FO1, once-bumed fuel A05
with the burnup of 14,346 MWD/MTU and
twice—bumed fuel B06 with the burnup of 27,906
MWD/MTU were selected. Table 1 shows data of
the fuel assemblies and selected representative
fuel assemblies. Figure 1 shows exclusion zones
applied. It is possible with this regionwise fuel
loading to simplify the shuffling procedure and
obtain more proper loading patterns. Solution
space is reduced to approximately 10° loading

pattems at this stage.
2.3. Pattern Grouping Method

More powerful methodology is necessary to
prune solution space to prevent combinatorial ex-
pansion of the search space. It was attempted to
reduce loading pattern search space by grouping
the whole loading patterns according to similarity
between each pattemn. The optimization problem
of comparing each individual loading pattem is
transformed to the problem of comparing each
pattemn group. In comparing each pattern group,
how to classify the groups and to select the repre-
sentative pattern for each group are very impor-
tant and difficult tasks.

There are three important criteria in grouping
patterns :

1. pattens in a group have similar characteristic-
s(i.e., how many positions are allocated by the
same batch of fuel assembly),

2. a representative pattem for each group can be
selected, and

3. there must be clarity between groups.
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In the present study the entropy theory is ap-
plied to classify pattern groups. If we use entropy
as a measure for pattern grouping then criteria 1
and 2 above can be satisfied successfully. Howev-
er, it is not straight foward to satisfy the criterion 3
but it is not so severe. For an example, in figure
3, groups A and B in cases of 1 and 2 have
common part. But in case of 1, group B is much
better then A and, in case of 2, both group A and
B can be considered as candidated patterns. In
case of 3, group B is apparently better then A.
Therfore the main purpose of the pattern group-
ing method is to distinguish A and B in cases of 1
and 3.

10° patterns are so enormous to calculate entro-
pies between them. At least (10'®—10%/2 times of
calculations are necessary. To solve this problem
the representative patterns allocated only with
representative F/A of each fuel batch are selected.
Then the whole solution space is classified with
their entropies between representative patterns
and specific patterns allocated with individual spe-
cific F/As of each fuel batch. The entropy repre-
sents quantatively the similarity of representative
pattern and specific pattern. If the entropy is small
then there is great similarity between two patterns.
If it is large then there is much difference. If we
grouping the specific patterns that allocated speci-
fic F/As of each fuel batch position of representa-
tive pattemn then the patterns which have similarity
with representative patterns are grouped automati-
cally. The patterns in a group distributed in the
3-dimensional space constructed by power peak-
ing, boron concentration and entropy.(Figure 3)
All representative patterns are located on the
plane of zero entropy surrounded with specific
patterns of the group.

The entropy is measured by the following

equation. 181920
- |Xi—Xil | Xi—Xil
Si _k§1 K C ui Tk i
2 XX 2 XX
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A05 [A0S {ADS5 |A0S |FO1 BO6 {FO1 B06

JA05 [ADS [AD5 1BO6 A0S | FOt FO1

B06 | A05 )| Bog | Fo1 [B06 | FO11B06

Bo6 | Fo1 A0s Bos | Fo1 BO6

A0S Bo6 Fo1 Fot B06

A0S FO1 [FO1 BO6 C00: core center fuel assembly
FO1: representative F/A of fresh fuel group
A05: representative F/A of once-bumed fuel group

BO6: representative F/A of twice-burned fuel group

B06 P06

Fig. 2. Example of Representative Pattern Allocated by
Only Representative F/As of Each Fuel Batch.

Power 1
Peaking I
plang
1eprasentative
pattern of each + a
P
-
- \
limét line +— — —— -— -
case 1 case 2 case 3
Entropy Boron Conc.

Fig. 3. Structure of Representative Pattern and Pattern
Group.

where Xj are nuclear properties such as infinite
multiplication factor and fuel assembly bumup of
the representative pattem in k core position and
X{ is that of pattern i. Representative patterns are
allocated only by the representative for each fuel
group in core positions instead of individual speci-
fic fuel assemblies. The difference between load-
ing patterns in a same pattern group means
mutual assembly exchanges only within the same
fuel assembly batch. Measured entropies between
representative pattern and all the loading patterns
in a pattern group have nearly same values about
with the order of 5. But the entropies between

J. Korean Nuclear Society, Vol. 25, No. 2, June 1993

one representative pattem and a specific pattern
of other pattern group, even if there is only one
exchanges between once-and twice—burned fuel
batch, is increased by the order of 10-20.

Total loading patterns that have to be consi-
dered are reduced to the level of 200-1000 pat-
tern groups by applying this method.

2.4. Search for Specific Useful Loading Pattern
From Each Pattern Group

2.4.1. Burnable Poison Distribution and Criteria

Burnable poison rods are then arranged to de-
crease power peaking in accordance with burn-
able poison distribution rules. Gadolinia is used as
bumable poison in this work. Figure 4 shows the
arrangement of burnable poison rods in a
poisoned fuel assembly. The burnable poison dis-
tribution rules are as follows :

Rule 1 : distribute burnable poison rods only in
fresh F/A

Rule 2:use only 4 gadolinia rods to prevent
power peaking at the end-of-cycle

Rule 3 : allocate burnable poison rods symmet-
rically

Rule 4 : allocate bumable poison rods from the
highest fresh F/A until no benefit of power dis-
tribution

According to experiences, it is impossible to

reduce power peaking factor more than 0.25 by

O ftuel rod

[ guide tube

instrumentation
u tube

Gd poisoned
u fuel rod

Fig. 4. Gadolinia Poisoned Fuel Assembly.
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distribution of the gadolinia poisoned fuel assemb-
lies. Power peaking factor that can be reducible
after allocation of specific assemblies instead of
each representative fuel assembly is also less than
0.08. The allowable maximum power peaking fac-
tor of the reload core design is 1.4350. Thus it is
reasonable to treat pattern groups having peaking
factors of less than 1.7650.

2.4.2. Search for Optimum Specific Loading
Pattern

Now the key problem is how to search a speci-
fic loading pattern having lower power peaking
factor and long cycle length that is located at the
right lower comer of the pattern distribution dia-
gram(Figure 5). Pattemn groups are divided into
two categories, namely, category 1 that has power
peaking factor lower than 1.4750 and category 2
that has peaking factor greater than 1.4750.

The best loading pattern in category 1 is sear-
ched by the method of maximizing cycle
length(MCL). The MCL method is to maximize
cycle length by locating high burned fuels in the
peripheral core positions. At first high burned fuels
are allocated in the peripheral core position. The
remaining fuel assemblies are allocated in the
order of their burnup around fresh fuel position
having a highest power peaking factor. More
reasonable loading pattern is found by trial and
error by tuning of some alternation of fuel
assemblies only within each fuel batch.

The method of minimizing power peaking fac-
tor(MPF) is applied for category 2. This method is
to minimiz power peaking factors by allocation of
high burned fuels in inner core positions. Higher
burned fuel assemblies are allocated arround fresh
fuel assemblies in the order of their power peak-
ing. The remaining fuel assemblies are arranged in
peripheral core positions. The better loading pat-
tern having high cycle length and low peaking
factor is obtained with some alternations of fuel
assemblies only within each fuel batch.

= .
. "
W& representative s

< pecific

group patterns > = loading
» * . patterns

0.08 . * * - -

-27 N . - +27 Boron
concentration

PR . (ppm)

Fig. 5. Distribution Diagram of Specific Patterns in a
Pattern Group.

3. Application of the Methodology

The equilibrium core of the three-loop PWR
plant with annual/three batch modes, mamely,
Korea’s Kori-3 Cycle-10 was selected as a test
problem to demonstrate the methodology de-
veloped in this work. This power plant is rated as
2775 MW thermal core power and its core con-
sists of 157 fuel assemblies. The loading pattern
search program is constructed by QUINTUS PRO-
LOG installed in a SUN 3/280 computer system.
The program is composed of the loading pattern
search part and the burnable poison arrangement
part.

3.1. Application of Shuffling Methods

Loading pattems are firstly searched by applica-
tion of the fuel allocation rules without bumable
poison. The core center position is assigned to the
highest burned fuel assembly in the whole fuel
assemblies. Three types of representative fuel
assemblies are then allocated. Figure 2 shows one
of these examples. The loading pattern that is
allocated by only three types of representative fuel
assemblies and central fuel assembly is a repre-
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sentative pattern containing many specific loading
patterns with only minor alternations of fuel
assemblies within each fuel batch. Loading pat-
terns within a pattern group have nearly the same
entropy between each pattern and representative
pattem in comparison with other loading patterns
of another pattern groups. Hence it becomes a
simplified problem of comparing representative
loading patterns rather than so vast specific load-
ing pattemns.

Representatives for fresh fuel assemblies are
allocated to allowed core positions according to
fresh fuel allocation rules. 62 fresh fuel pattem
groups are obtained after the allocation of fresh
fuel assemblies. Representatives of twice—bumed
fuel assemblies are assigned to core periphery
positions for the low—leakage loading pattern. Re-
maining twice—burned representatives are allo-
cated to core positions permitted by twice—burned
fuel allocation rules. There remain 205 reference
pattem groups after allocation of twice—burned
representative fuel assemblies. Since once-bumed
representative fuel assemblies are automatically
assignd to empty core positions, the remaining
pattem groups are still 205. These 205 pattern
groups are evaluated by the MEDIUM-2D code to
check their power peaking factors with use of the
Cyber computer.

3.2. Bumable Poison Distribution

Bumable poison rods are then arranged to de-
crease power peaking in accordance with bumn-
able poison distribution rules. There are 142 pat-
tem groups that meet bumable poison distribution
criteria. Bumable poison rods are distributed in
142 pattem groups according to bumable poison
distribution rules, and these pattemn groups are
evaluated again by the MEDIUM-2D. Pattern
groups having power peaking factors greater than
1.510 are excluded because it is possible to de-
crease peaking factor by 0.08 at best with alloca-
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Table 2. List of Pattern Groups that Have Peaking
Factor Less than 1.5150 After Burnable
Poison Distribution

Pattern Peaking Peaking g:;':::l
No. Factor Factor Concentr-
without BP with BP )
ation{ppm)
P003 1.6149 1.5019 1270
P0O05 1.6376 15145 1247
P006 1.6161 1.4841 1243
P010 1.6449 1.5115 1292
PO11 1.6870 1.5109 1265
P014 1.6336 1.5058 1270
PO17 1.5869 1.4803 1264
P041 1.6051 14711 1249
P043 1.6017 1.4862 1275
P046 1.6388 1.4818 1290
P048 1.5601 1.4984 1284
P052 1.5934 1.4682 1251
P056 1.5970 1.4972 1281
P071 1.6172 1.5096 1304
P074 1.5214 1.5014 1335
P083 1.6700 1.5083 1272
P084 1.6684 1.5045 1271
P086 1.7118 1.5031 1275
P088 1.7091 1.5060 1300
P098 1.5483 1.4580 1236
P099 1.5501 1.4700 1246
P106 1.6758 1.5085 1303
P115 1.6335 1.5039 1246
P118 1.6344 1.5122 1296
P128 1.6018 1.4904 1259
P129 1.6118 1.5023 1260
P130 1.5751 1.4573 1258
P131 1.6213 15103 1268
P132 1.6237 1.4853 1268
P135 1.7227 1.4872 1262
P138 1.7167 1.5066 1268
P139 1.5753 1.4728 1286
P140 1.6061 1.5029 1297
P142 1.5806 1.5041 1294
P152 1.5326 1.4435 1253
P153 1.5783 1.5025 1262
P154 1.6027 1.4939 1262
P168 1.6008 1.4947 1229
P170 1.5969 1.4947 1257
P171 1.5976 1.5041 1266
P175 1.6181 1.5130 1292
P176 1.5808 1.5113 1278
P201 1.5709 1.4685 1254
P202 1.6618 1.4912 1265
P203 1.5685 1.4802 1256




A Proposed Heuristic Methodology for Searching---K.Y. Choi and Y.K. Yoon 201

tion of specific fuel assemblies in core positions.
Pattern groups that satisfy this criterion are 45
groups and they are shown in Table 2. These 45
pattern groups are representative patterns for each
pattern family. Since each pattern group also con-
tains many specific loading patterns one must
search the best loading pattern among these pat-
tern groups. The data shown in Table 2 are max-
imum power peaking factors of representative pat-
terns and a critical boron concentration at the
beginning of cycle with and without burnable
poison. Effect of bumable poison (varied approx-
imately 2-3ppm) on cycle length is negligible. Cri-
tical boron concentration without bumable poison
could be used as a cycle length criterion in com-
paring pattem groups. The distribution range of
peaking factors and cycle length of loading pat-
termns for a representative pattern are shown in
Figure 5.

Maximum reduction(0.08) of power peaking
from the value of the group representative pattern
can be realized when all of the high burned fuel
assemblies are Jocated in inner core positions and
all of the less burned fuel assemblies are located
in the core periphery. Critical boron concentration
is approximately varied to the maximum of
54ppm from the value of the group representative
pattern The maximum boron change occurs when
almost high bumed fuel assemblies are located in
inner core positions and when less bumed fuel
assemblies are allocated in inner core positions.
Since the cycle length must be shorten by lower-
ing power peaking factor, it is impossible to lower
power peaking factor and lengthen cycle length at
the same time. The breakeven point, namely, no
gain of cycle length compared to that of the group
representative pattem, occurs to decrease the
power peaking factor more than 0.04 from the
value of the group representative pattern. The dis-
tribution ranges of 45 loading pattern groups are
evaluated, and some examples are shown in Fi-
gure 6. This evaluation shows that case 130, case

Power peaking

1.5¢ 4 l

.

&
3

1
o)
* P152e) le
1.4
i
M
Pmax(BOC) Pmax{EOC)  Boron Con.(EOC)
130 | rdp 140170 1.4303 9 ppm
137 152 1 P130 14182 t4178 36 ppm
[ =" P139:. 14231 1.4290 29 ppm

P152: 14132 14153 28pp

¥ T T T T
1220 1240 1260 1280 1300 1320 134¢
Boron concentration (ppm)

Fig. 6. Evaluation Results of 45 Representative Pat-
terns and Reference Design Pattern(rdp).

139 and case 152 are recommendable loading
pattern groups.

3.3. Search for Optimum Specific Pattern

After distributing burnable poison rods, a speci-
fic loading pattern having lower power peaking
factor and long cycle length which is located at
the right lower comer of the pattemn distribution
diagram(Figure 5) was searched. Pattern groups
are divided into two categories, namely, category
1 that has power peaking factor lower than
1.4750 and category 2 that has peaking factor
greater than 1.4750.

Pattern group case 130 and case 152 are classi-
fied into category 1. The MCL method is used to
find optimum specific loading pattemn from each
pattern group. After three to five changes of fuel
assemblies from each initial starting loading pat-
tern, case 130 and case 152 are obtained. Pattern
group case 139 is classified into category 2. The
MPF method is used to find optimum specific
loading pattern from pattern group. After three to
five Case 139 is obtained after several trials from
the initial starting loading pattem. Figure 6 shows
the evaluation results of 45 representative pattem
groups and found three specific loading patterns
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It is possible to search several specific loading
patterns(P130, P139 and P152) which are better
than the reference design pattern (rdp) which was
designed to scope cycle 10 of Kori-3. If a desig-
ner who wants to obtain a loading pattern having
long cycle length, the pattem group 130 is then
suitable and a desiginer for whom to obtain low
power peaking factor the pattern group 152 is
suitable. Figure 7 shows the final specific loading
patterns of reference design pattern, P130, P139
and P152.

4. Conclusions

Three principles, namely, the general shuffling
rules, regionwise shuffling method and pattern
grouping method were applied to reduce solution
space. With application of the general shuffling
rules, the solution space was reduced from 10%'°
to the level of 10?! loading pattems. The loading
pattern space was further reduced by use of the
regionwise shuffling method to the level of 10°
patterns. With use of the pattern grouping method
that classifies loading patterns in accordance with
similarity between loading pattems, the loading
pattern space was reduced to the number of
200-1000 representative patterns.

The entropy theory was applied as the criterion
of pattern group classification. Pattern generation
and bumable poison distribution programs are
constructed by the QUINTUS PROLOG language,
and power peaking factor was checked by use of
the MEDIUM 2D computer code. 205 representa-
tive pattems without bumable poison distribution
were initially generated by the pattern search
program. They were ultimately reduced to 45 rep-
resentative patterns with burmable poison by the
limiting criteria and distribution rules for distribu-
tion of burnable poisoned fuel assemblies.

The MCL and MPF method were applied to
find the best specific loading pattem in a repre-
sentative pattemn group. Case 130 and 152, a
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Reference design pattem(rdp) P130
Co0 €00
.080] .042
Aod A11]BOS|F4 |B1D | F [B15 AD1 A0G | BO3| F4 |B0O4 | F | BOS
19951369 1.354 1.0391.30%.108}1.41 0.7 1.41801-367]1.39d1.1791.417 054 ] 1.33q0.644
A0t [ a1z [812 | Ao7| Bos|Fe |F A02 [ ao7 [a10 | Acs| BO7|F4 [F
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Fig. 7. The Final Specific Loading Patterns and Refer-
ence Design Pattern at BOC.

specific loading pattern of each representative pat-
tern group, were obtained by the MCL method.
The pattern group 152 is very good loading pat-
tern having the lowest power peaking factor and
large cycle length. MPF method was used to find
case 139. It was successful to obtain the specific
loading pattem after several trials with the initial
starting loading pattem. Therefore, it is possible to
search the loading pattern group and a specific

loading pattern that meet a designer’s purpose
for reload core design.
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