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Abstract The modified out-in fuel management strategy was applied to the core loading design for the first four
cycles of the Bushehr (Iran-1) KWU designed Pressurized Water Reactor (PWR). The minimum peak-to-average
power density was chosen as the objective function of the optimization process. Lattice homogenization and group
constants generation were performed by using the LEOPARD computercede. For core calculationsthe ERUPT code
was applied. The optimum core configurations were designed afterseveral hand shuftlings of fuel assemblies. For the
equilibrium cycle, a satisfactory value of 2.73 was found for the peaking power factor. The average
discharge burn-up of this cycle was determined to be around 33,700 MWD / MTU.
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INTRODUCTION

In nuclear fuel management. like the more general
program of energy management, the main objective of
any optimization plan is to minimize the cost. In the
out-of-core fuel management, which basically involves
uranium procurement, enrichment, fabrication, re-
the minimum levelized cost is the
only characteristic of an optimized program, Here, the
enrichment as a variable parameter plays the promi-
nent role. In the m-core fuel management.there exists
a conservative strategy which prefers designs implying

processing, elc....,

the flattest possible spatial power distribution during
the cycle. This strategy leads to a higher leakage,
shorter cycie, and consequently suboptimal fuel
utilization. In this socalled «out-in» scheme, the fresh
fuel assemblies are loaded at the core periphery, while
once and twice - burned fuelassemblies are arrangedin
a «checkerboard» pattern towards the core center.
Several attempts to develop and implement an au-
tomatic optimization of the loading configurations
were undertaken during the last three decades. Not all
of these optimization techmques were based on
minimum power peaking. Wall and Fenech [1] first
demonstrated that dynamic programming could be
used to optimize burn - up as the objective function.
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Naft and Sesonsky [2] proposed an optimization
loading technique that maximizes the average power
while limiting the peak power. Stoutand Robinson [3]
chose the minimum peak - to - average power ratio as
objective characteristic of the optimum loading. They
introduced a computer program called «SHUFLE»
which uses an iteration approach for searching the
optimum loading configuration. Most of the recent fuel
management optimization efforts are towards designs
ustng low - leakage loading patterns. Inthisfuelloading
strategy, sometimes called «in - out» scheme, the tresh
fuelassembliesare loadedinthe corecenterandinlater
cycles are moved towards periphery. This tvpe of in -
core fuel management has, of course, the disadvantage
of increased power peaking and also possibly less
negative moderator temperature coefficient (MTC).
The reason is that the low leakage cores are usually
operated for an extended cycle length, which requires
icreasing the beginning - of - cycle (BOC) soluble

boron concentration. Some studies [4. 5] have used
maximum cycle length or end - of - cycle (EOC) K,
instead of minimal cost, as the objective functional.
The result of these calculations has been to highlight
low leakage cores as the optimum configuration.
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Comes and Turmsky (6] developed an optimization
methodology incorporated in a computer code named
OCEON. Their methodology uses a zero dimensional
reactor physies model and a rapid fuel cvcle cost
routine to seiect mimmum cost eveling schemes that
statisty all constraints,

In the presentwork. the objective was to design fuel
louding of our reference reactor. the Bushehr KWU
destgned pressurized water reactor. Since the firsteore
contigurauon was provided by the supplier [7]. it was
ONI necessary o anaiy ze that core and determine the
loading contiguration of the first few cveles. Duetothe
nmitalion ol access to modern computer codes and
advanced machines. this study may not be recognized
as a tnanzed and very accurate one. but it should be
considered as a survey tvpe of fuel management. We
nuve wsed LEOPARD (sjand ERUPT [Y] computer
codes for latticehomogenization and core calculation.
More rizorous resuits could be generated 1f the
moditied version of LEOPARD code. named PSUT -
LEOPARD (it1] and the more claborate mulu -
dimensional tuel cvele codes such as SIMULATE-E
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LATTIC HOMOGENIZATION BY LEOPARD

The first step of the in - core fuel management is the
generation of group constants by lattice homogeniza-
tion. LEOPARD Code is capable of producing either
4-group or 2-group constants, but for the in - core fuel
management calculations, the 2-groupisquite satisfac-
tory. In LEOPARD, the cell homogenization is
performed over a so - called «suppercell». In this cell
the effect of control and instrumentation cells and also
lattice spaces 1s incorporated into an extraregion. The
volume percent of all materials and elements of the
suppercell 1s calculated and used as the input to the
code. The effective temperature necessary tocalculate
resonance integrals was evaluated from [11]:

T=048T +0.52T, (1)
where, T _and T_denote the temperatures of the center
and the surface of the fuel respectively.

Another input parameter 1s the geometric buckling
whichinvolves the reflector saving. For LWR swith Zr
clad the reflector saving is almost independent of the
core dimensions [13]. In the presentwork the value ot 7
cm [14] was used for this parameter. The variation of
welght percentof importantisotopessuchas U, U,
““U, -"Pu, “""Pu and -*'Pu with burn - up calculated by
LEOPARD is shownn Figure 1.

The depletion calculation results were tabulated for
later use by ERUPT. These tablescontained the values
of the group constants for three different enrichments
(1.9%, 2.5%, and 3.2% ) at 21 subsequent burn - up
steps. In this article we have assumed that during
normal operation of the reactor all control rods are out
of the core. Also the soluble boron concentration
necessary to compensate for the excess reactivity is
treated seperately and will be discussed later in this
paper. I fact, soluble boron 1s evenly dispersed
through the core and has a minor effect on the power

distribution.

CORE CALCULATION

The computer code FRUPT was used Tor flux and
power density distribution caleulation. This code 15 a
two group two dimensional diffusion program suitable
for cylindrical reactor cores.

The ability to aterate at subsequent time steps and
calculation of important core characteristics such as
Keffand burn - up of various core regions, give ERUP
some of theessential capabilitics of an in - core fucl
management code.

T he caleulated flux for cach regronatthe beginningof a
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time step s assumed to be constant during that period.
From this flux the fluence (flux - time) of the region is
determined and added to the previous accumulated
value.

When the fluence 1s known, ERUPT can refer to the
table of group constants to find the appropriate values
by interpolation.The table should be made ready by a
depletion code such as LEOPARD. In order to use
ERUPT to analyze a core withaspecific configuration,
the core should be divided into several homogenous
cylindrical concentric regions (rings). Each region
would consist of a certain number of assemblies having
the same enrichment, so that its group constants could
be computed by LEOPARD.The equivalent radius of
each region was so calculated that its volume equaled
that of the entire assemblies it represented [15].
The code then proceeded to determine the flux, power
density, and burn-up of each region at any desired
moment of time.
Since m the process of loading configuration design the
assemblies are the umts which are shuffled, the EOC
burn - up of individual assemblies was the real variable
to be determined. This was calculated by first deter-
mining its volume fraction in any of the regions and
then summing up the weighted burn - ups of those
regions [15].

FUEL LOADING DESIGN

Among various core loading methods, the «scatter
loading» is the most popular one for pressurized water
reactors. Other less complex methods, obviously have
their own disadvantages. The «zone - loading»
gives better results compared with simple
«batch - loading» . but still is not satisfactory for large
reactors. The reason is the sizable dilference between
flux and power density of individual zones.

2R(0) power density distribution in R& 7 direction
240 280
200 R
160 20
120 [6)
2 12
40 N
%)

Figure 2. Power densiy distribution tor a simple bateh toadmg of the

reference reactor
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The simple - batch method inwhich the core is loaded
with uniformly enriched assemblies was tested for our
reference reactor. The radial and axial power density
distribution calculated by ERUPT (Figure 2), assum-
ing a uniform enrichment value of 2.5% (average of
the actual enrichements), showed the characteristic
shape of Cosine (axialiy) and Bes,ei Funcuon (radial-
ly). These undesirable power shapes make the batch -
load impractical, not only for fuel economy reasons.
but also because of the adverse effect of the reactivity
change during the cycle. The unusual excess reactivity
at the BOC requires a high concentration of chemical
poisons, which could result in a positive temperature
coefficient. In the «out - in scatter loading» method
appited in this paper, the fuel assemblies with the
highest enrichment are loaded at the core periphery
and the restis scattered ina checkerboard patternin
the central part of the core. Figure 3 shows the loading
configuration of the first core of our reference rcacter
In order to make the power distribution as flat as
possibile, each assembly with high reactvity (K, ) is
surrounded by four low redctivity assemblies.

The feed enrichment value is an important variable
of in-core fuel management. This value is determined
by a multistage total fuel cycle cost optimization
pracess. For PWR cores with 3 zones and 1 year cyele
length. the minimum fuel cyvcle cost occurs at an
enrichment value of around 3.2 [16]. Thisvaiue was
also suggested by the manufacturer of our reference
reactor [7]. However inthe firstcore withenurely fresh
fuels the assemblies of the twoscattered centralregions
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should have lower enrichments (1.9 and 2.3%) in
order to secure power shape uniformity. From now on
we reler to the first core assemblies with initial
enrichments of 1.9.2.5 and 3.2 percentas L1, 1.2, and
L3, respectively.,

Another important variable is the cvele length. For
the Istevele the eyele length is chosen to be longer than
othercycles. The purpose of thisis to gain more energy
Irom the assemblies so that after being removed from
the Ist core may never again have a chance of being
loaded into the core. In this work, the length of the st
cvele was about 420 davs [7] and the length of the
subsequenteveleswas consideredtobe around 1 year.
[tisimteresting to note that while American companies
such as B & Woare recently changing trom [2 month to
I8 and 24 month cycle lengths [ 17, 18] for economical
recasons, the FR German companies have concluded
that 12 month cveleswork outcheaperfor theircountry
[IN]. The longereyele length, of course would demand
higher feed enrichment and even could lead to larger
batch sizes it the discharge burn- uplimit is not raised
accordinglv.

The burn - up distribution of the Istcore at the EOC
calculated by ERUPT 1s demonstrated in Figure 4.
Also the varianon of the Ist evele K, versus time is
shown in Figure 3.

The transeintat the beginming of the exposure s due to
the build - up of ' Xe, which soon reaches equlibrium
and lets the smooth variation start and continue. In
Figure 6, lcast square fit to the radial power density

A B C D E F G H
14570 T17137]14012] 17143 ] 13887 ] 17927 | 17127 [ 15973
Aty bs hie |25 |19 {25 (25 |25
14201 17249] 14481 [ 17396 | 14203 | 17137 ] 15963
B 1o 125 11y 235 {1y |25 |32
14569 [ 17681 [14335] 17261] 13093 | 15892
C 19 125 (19 |25 |19 |32
14081 | 17832 ] 13725 | 18038 | 15782
D 1o |25 1o |32 |32
] 170721 12896 | 15918
k >s 1o |32
‘ 16258| 15738
k 32 a2
G
Burn - up (MWD/MT) B-U
H Ennchment (%) I

Figure 4. Burn - up distribution at the end of Ist cycle.
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distribution data of the st core at the BOCand EOC1s
compared. The BOC power shape peaks at the center,
while for the EOC a flatter distribution is observed.
This is due to the spread of reactivity that occurs after
one cvele of exposure. Infact. asshown inFigure 4, the
regions with higher enrichment have produced more
cenergy and thus have become less reactive. Similar
behavior for the axial power density distribution of the
central and buckling regions is seen in Figures 7and 8.

The fuel loading design for subsequent cycles was
not so straightforward as for the Ist cycle. In this
segment of m - core fuel management the iterative
approach is themost practical method of searching for
optimum pattern. Actually, thereisnoargumentabout
the peripheral zone of the core, because that section is
always substituted by fresh fuel. On the contrary, for
the central scattered zone. one has to decide which
assemblies should be removed and which ones must be
shuffled. Several heuristic search methods have been
suggested (e. g. see references 10 and 19) for finding
optimum reload configurations. These methods are
notlfounded onexactrulesofequations, butinstead are
based on some general guidelines resulting from
experiences gained by trying hundreds of different
configurations. A comperhenstive list of these general
rules is given in reference 3. The authors have
developed a computer code named SHUFLE, which
apphies these rules in an automatic shuffling effort to

effective multipication factor versus time
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Figure 5. Variation of Ketf with time during the Ist cycie.

L

determine the optimum loading configuration. In the
present work, we only had a chance 10 use ERUPT
computer code as our tool for analyzing the core. This
code had no provisions for automatic shuftling.
Therefore, we had to set the configurations and run
the code in an iterative manner, in order to find the
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optimum pattern. Since our objective function of
optimization (mimmum peak - 1o - average power
density) was the same as reference 30 we employed
therr general rales as the mam gurdehme in our manual
shuffling. The core of our reference reactor contained
193 Tucl assemblies (FA). so at cach refueling we
replaced 64 FA'S {almost one third of the core) with
resh FA S with 3,27 enrichment. The out - hine of the
changes at the end of the st cvele is as follows:
- 04 FAS with highest burn - up were selected trom
the 69 FA's of the LT and were discharged.
- The enure 50 1.3 FA swere moved from periphery
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Figure 6. Radial power density distribution at the heginning(BOC)
and end of (EOC) of the st core.
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Figure 7. Axial power density distnbution at central region of the Ist
core
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into the central zone and replaced by fresh FA'S
(1.4).

- The S remaining assemblies of .1 were mixed with
FA’'s of .2 (68 assemblies) and the 8 fresh FA's from
L4, and shuffled to reach the optimum configuration.

The loading conliguration at the begmning ol the
2nd cycleand the burn-updistributionof the end of this
cycle are shown in Figures 9 and 10, The burn - ups
Figure 10 are given interms of Mwd-MTU. At the end
of the 2nd evele we had the following changes:

-SFA'sfrom L1 remained fromthe tstevele together
with 59 FA s from L2 were removed.

- The 9 remaining FA's from the L2 which were
sclected to have the lowestburn-upwere movedto
new positions.

- 04 tresh FA'Ss (L5) were charged to the peripheral
zone.

Theretore the third core consisted of 64 fresh FA'S
(LS), 64 assemblies of 1.4, 56 FA'sfrom{.3and9 FA'S
from L2. The shutthng of the FA S the scattered zone
was repeated many times. until no improvement of the
peaking power factor (PF), defined as the peak - 1o -
average power density, could resultfrom further trials.

0.7

0.6

T

0.4+

0 S0 HO0 56

power density (wiee)

Figure 8. Axial power density distribution at peripheralrecion of the
Ist core.
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In Figures 11 and 12 the final BOC core configuration
and the EOC burn - up distribution of the 3rd cycle are
shown. The PE for this configuration was calcuiated to
be 3.08.To form the core configuration for the 4th cycle
the Toflowing steps were taken:
- The 9 remaining FAs from L2 together with the 36
FA's of 1.3 were discharged.
- One of the FA's from L2 (BD in Figure 10),
discharged at the end of 2nd cyele was charged
back and loaded in the center of the core.

- 64 FA's from the LS were moved into the central

zone and replaced bv 64 fresh FA's (L6).

As for previous cycles, trial shufflings based on the
mentioned guidelines continued until the final op-
timum loading pattern (Figure 13) was found. In this
core the entire FA's had initial enrichment of 3.2%,
and a value of 2.73 was calculated for the PF of the core.
[tappeared that the fuel loading of future cycles would
be very similar to that of the 4th cycle, so we assumed
this cycle to be the start of the equiibrium in - core fuel

A B C D E F G H
12896{ 13093117249 162358 [ 17143] 15973 17072 [0
Ao 1o a5 152 |25 (32 |as s
17927 [TRO3R] 17137 | 15918] 176811 153782 10
B 25 432 |25 |32 das |32 |32
172491 153963 [ {7832 17261 |0
¢ 2.5 32 |25 3.2 2.5 3.2
171371 15892] 17396 [ 1) 0
b 25 |32 |ss (32 |32
E 17122115389 | 0
2.3 3.2 3.2
E () ()
32 |32
G
0 Burn-up(MW[)/MT) B-U
Earichient (%) E

Figure 9. Loading configuration of the beginning of the 2nd cycle.

A B ¢ D E F G H
A 26279 123581 25135 12309 | 27327] 12138 | 28947 | 0
2.5 3.2 2.5 3.2 3.2 32 3.2 3.2
B 24903 [ TIa24] 288371113981 28816 12256 |0
2.5 32 32 32 3.2 32 32
¢ 09| vz [27424 0 [3ua0 o
3.2 3.2 3.2 3.2 3.2 32
D 27327 112893 27699 | 0 (1
3.2 3.2 32 32 32
8 12038 [ 13240 | 0
3.2 3.2 3.2
F (4 ()
32 32
G
b Burn - up (MWIXMT)| B-U
Ennchment (%) E

Figure 11. The final core configuration at the beginning of the 3rd

cvele.
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A B ¢ D E F G H
AT18193] 18923 24903 | 28947 | 26472 | 27299 | 28280 12338
B 25135( 27427 | 26279 | 27699| 28411 29140 [12256
C 26418] 27327 | 28017] 13240 28208 {11979
b 27011 {28837 | 28485 | 12893 [11524
E 2ROR6| 28K816] 12138
F 12309 | 11398
G
H Burn - up (MWD/MT;| B-1

Figure 10. Burn - up distribution at the end of 2nd cycle.

A B ¢ D E F G H
A 328231 20891 [ 32810 | 22447 [ 39336 | 24631 | 41244 | 11346
B 31980[21396] 39411 {23410 41374 {24507 [ {1032
C 37442 | 23473 {39597 ] 12585 [ 41196 | 10628
D 39430 [ 25306 | 40079) 1661 { 10305
E 24501 252501 10793
F ISICARIAEAR
G
Hi Burn - up (MWD/MT) E
L

Figure 12. Burn - up distribution at the end of 3rd cvele.
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mangement. The PF values of several reactors [20] are
given in Table 1. These values are in good agreement
with our value of 2.73 for the equilibrium cycle PF.
Figure 14 demonstrates the burn- up distribution at the
end of thedthcycle. The average discharge burn-upfor
this cycle was 33690 Mwd/MTU. This burn - up is in
very good agreement with the supplier design value.

SOLUBLE BORON CONCENTRATION

The excess reactivity control required to assure
criticality during the cycle energy production may be
compensatedby burnable poison (BP) rods or soluble
boron or a combination of them. In this work no BP
rods have been considered, meaning that the full
control of excess reactivity was given to soluble boron.
A simple computer program was written to calculate
the critical boron concentration as a function of burn -
up for a homogeneousreactor core. [tis assumed that
boron only affects the absorption cross section of the
coolant. The macroscopic absorption cross section for
soluble boron can be written as:

2. =aly (2)
where Cy is the boron concentration in ppm, andaisa
constant value determined by the volume ratioand
density of water in the coolant, and also the micros-
copic absorptoion cross section of boron. For our
reference reactor a value of 1.686 X 107 was found for
this constant.

The program iteration scheme is based on the
following relations:

Su: [61\ 6CH]”]) (3)
AKWI:K“”‘l (4)
(w “”:C”(H ]J+AK(")/S” (5)

B

A B C D E F G H

A i(f% OO [ 224451 10175 [ 24390 1 10O175] 24631 ]

B 20081110303 21369 11661 | 24507] 11052 {)

C 23473110628 123410 0 25396 0

D 23473110793 | 23250 0 0

E 11346 | 12583 0

I g 0

G

H Burn-up (MWD:MT) | B-U

“the only FA with 2.5 enrichment
Figure 13. The final loading configuration of the 4th core.
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where K" is the K calculated from the two group
difussion formalism. First, aninitial guessfor C; (C,")
is considered and the value of K" iscalculated: if K'"'is
not equal to 1 the program uses equation 3 through Sto
find a new value for Cy. The iteration continues until
the criticality is reached. The procedure is then
repeated for all burn - up steps of each cycle. Figure 15
shows the variation of boron concentration as a
function of burn - up for the first core of our reference
reactor assuming a homogeneous core with an average
2.5% enrichment. As expected, this variation shows
the same behaviour as the K, variation of Figure 5.
The concentration values are comparable . but slightly
less than values provided by KW U {7].

CONCLUSION

While there are previous reports on anaivsis of the first
core of our reference reactor [21. 22] and fuel cycle
calculations [23]. this work was the first attempt to
core configuration design for @ PWR in Iran. The
highest credit was given o the satety parameter, by
considering the minimum peak - to - average power
density as the objective iuncuon ot the opumization.
The core loading patterns for the first 4 cvcles were
designed and anaivzed. Simcee the ERUPT code had no
fuel assembly automatic shuffling feature, we had to
run the code many times to find the optimum core
configuration for each cycle. The peaking powerfactor
of the equlibrium cycle (4th cycle) was determined to
be equal to 2.73, which is comparable to the values for
some  other working PWR's. Also, the average
dischage burn - up of the 4th cycle was calculated to be
around 33,700 MWD -MTU . a value close to the design
figure for the reference reactor.

A B C D E F G H

A 35683 | 22645 | 34360 | 22394 | 36940 | 22387 | 36083 [10005
B 325561223771 33618] 24010] 36700 | 22393 | 9854
C 35692 | 22941 [35713] 12144 | 36332 {9416
D 35864 | 22999 36902| 10494 | 9115
E 23175[ 23492 | 9586

F 9722 | 8994

G

H Burn - up (MWD/MT) | B-U

average discharge burn-up = 336y0 MWD MT
Figure 14. Burn - up distribution at the end of 4th cycle.
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