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The reactivity effect of the asymmetry of axial burmup profile in bumnup credit criticality
safety is smdied for 2 realistic PWR spent fuel tansport cask proposed im the current QECD/NEA
Phage II-C benchmark problem. The axial bumup profiles are sirmuolated in 21 makerial 2ones based
on incore flux measurcments varying from strong asymmetry to more of less no asymmetry.
Criticality calculations in 2 3-D model have been performed using the continuous encrgy Monte
Carlo code MCNP-4B2 and the nuclear data library JENDL-3.2.

Calculation condiions are determined with consideragon of the awial fission source
convergence. Caleulations are carried out not ealy for cases propased in the benchmark but also for
additional cases assuming symmetric burmop profike, The actinide-only approach supposed for first
domestic introduction of burmup credit into eriticality evalvation is alse considered in addition to the
actinide plus fissicn product approach adopted in the benchmark. The calculated results show that
ke and the eod effect merease almost linearly with increasing bumup axial offset that is defined as
one of typical parameters showing the intensity of axial bumup esymmeay. The end effect is more
sensitive to the asymmetry of bumup profile for the higher bucnup. For an axially distribnted bumup,
the axial fission source distribovon becomes strongly asymimetric as i1s peak shifts wward the top
end of the fuel's active zone where the local bumup is Tess thano that of the bottom end. The peak of
fission source distribution becomes higher with the increase of either the asymmetry of bumup
profite or the assembly-averaged bummup. The conservatism of the assumpiion of uniform axial
burnup based on the actinide-only approach is estimated quantitatively in comparizon with the k.
result calculated with expenmeni-based srongest asymmetric axial bumup profile with the actinide
plus fission product approach.

Keywords: Criticality Safety, Spent Fuel, Transport Cask, Bumnp Credit, Axial Bumnop Profile, End
Effect, Asymmetry, Burnup Axial Offzet, MCNF-4B2, JENDL-3.2
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1. Intreduction

In the framewotk of the OECD/NEA burnup credit (BUC) criticality safsty research activities,
the affect of axial burnup profile on criticality of PWR spent fuel was stadied for an infimite armay of
foel rods with a finite axial height in the Phase I-A benchuark [1], and for a realistic spent fuel
rancport cask in the Phase TI-B benchmark [2). The end effect, which is defined as the reactiviry
difference betwesn the neutron effective multiphication factor (kg calculated with an axplicit
representation of the axial bumup profile, and ky calculated assuming a uniform axial bornup, was
evaluated. It has been known from the Phases T1-A and I1-B a5 well as from other sodies [3]74] dar
the end effect becomes positive for PWR spent fuel of an average bumup of more than about 30
MWdAgl!l, This means that the assumption of uniform axial burnup is non-conservative for a high
burnup, while it is conservative for a Tow bumwp of below 30 MWd/kgU.

In the Phases -4 and II-B, the end effect was evaluated with an assumption of a symmetric
axial burnup prefile. In reslity, however, the axial burnup profile of spent fuel is asymmenic due to
asymmetry of the reactr’s core configuration and operation history. In the lake 2000, J. Ch. Neuber
and Th. Lamprecht {Genmany) have proposed the OECD/NEA Phase II-C burnup credit criticality
benchmark for PWR spent fuels” loaded into the transpott cask that is the same as in the Phase [I-B
benchmark in order to study the effect of the asymmetry of axial burmip profiles. The benchmark is
haged oo 4 set of actual shapes of cutstanding quality with the error in the nodal bumup being less
than 5%. The axially asymmerric change with bomup is also taken into aceount. Thus, the
OECDY/NEA Fhase I1-C benchmark problem forms an experiment-based database for international
studies of BUC criticality safety for PWR spent fuel of high bumup.

To study the effect of the asymmetry of axial bumup profiles proposed in the Phase nc
benchmark problem, we have performed three- dimensional eriticality calculations by psing the
conlinuous enecgy Monte Carlo code MCNP-4EB2 [5) and the puclear data libeary JENDL-3.2 [6). As
additional cases to the benchmark problem, we propose symmetsic bumup profiles of 32 MWdfkgU
and 50 MWd/kgl m order to cover the rangs of burmup profile variation from pure symmetry to
strong asymmetry [7]. Consequen'ﬂ}r, onr caleulations alsa include the cases of symmetric axial
burnup profiles, Morsover, calculations hased on the actinide-only approach for BUC criticality
safety are also performed in addition to the actinide plus fission product approach, Such additional
calculations are carried out as an extension of the originel OECIDYNEA Phase II-C benchmark
problem. The olsained results contribute to the currently required intemational comparison in the
OECD/NEA expert group on bumup credit and help to beiter understand the physics of PWR spent
fue! criticality safety.

A description of the Phase 1[-C benchmark problem including the additional cases is presented

* Siemens Konvoi fuel assembly type FOUUS™: Specifications can be downloaded from the
wehsite; hitp . ffwww.nea. ihiml/science/wpncs/buc/specificationsfphase-2o/index_himi


http://www.nea.fr/html/science/wpncs/buc/specifications/phase-2c/index.html
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in Chap. 2. The caleulation method and mode! are presented in Chap. 3. In order to determine the
calculasion conditions concerning Monte Carlo simulation, convergence not enly for k. but also for
hssion distribution should be carefully achieved. Hence, prior cxaminations for cakulation
condiions and comvergence checks are performed and described with calculated resulis in Chap. 4.
At the end of the report, a sample input of MCNP-4B2 is provided in Appendix I to show the
calculation madel in detail, and the calculated results for the fission source distributions illustrated in
the section 4.4.2. ar listed in the Tables in Appendix .
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2.  Deseription of th¢ Benchmark Problem

L1, Coniipuration
The transport cask configoration of Phase I-C benchmark is similar to the ane already used in
Phase TI-B (¢f. Ref.Z) in stocture and armangement of fuel assemblies. According to Phase I1-C
specification downloaded from the website, some modifications have been made due to the fact that
the fusl assembly of the Konvoi type for Phase II-C §s somewhat bigger than the 17x17 foel
assembly tgpe for Phage 11-B. The configuration is summarized below as shown in Fig. | and Fig. 2.
Cask shell

nner diameter: 146cm, inner cavity height: 4%cm,

Cater diameter: 206cm, Outside height: 556cm,

Material; Stainless Sieel of 30cm thickness, the same as for the upper and lower lids
Cask interior

21 fuel 2ssemblies are amanged in a 515 armay without corner positions, separated by basket
wall and positioned centrally within the basket regions. The cask is complet=ly filled with
WaIET.

Assembly basket
Inner basket companment dimensions: 23.5cm x 23.5cm x 496 cm per assembly position
Basket wall thickness: 1cm {only one basket wall between twa adjacent assembly positions)
Materizl: Borated stainless steel {1wit% natural boron)

Fuel assembly (18x18-24 lattice}
Number of fuel rods: 300, Number of guide thimbles: 24, Rodpitch: 1.2%7cm
Spacer grid: to be ignored
Upper and lower hardware: 30.0 and 19.5cm high, respectively (width: 22 86cm),
assumed 85 & smeared mizre of 50vol% water and 50vol% stainless steel.

Fuel rod

Pell=t diameler: OL822cm, Cladding inner diameter: 0.822cm,
Cladding outer dJiameter: 0.55cm, Cladding material: Zircaloy,
Active fuel length: 39%0cm (fuel compositions will be described in the next section.),
Full fuel kength: 439 5cm, nitial **U enrichmene: 4.0 wi,
Upper inactive zone: 17.1cm, Lower inactive zone: A2 4em

End plugs are ignored. The fuel pellet region is treawd as void ingide the inaclive zone
between top {or bottom) end of the active zone and vpper (or lower) hardware, and the others
inside the inactive zone are ireated the same as the active zone.

Guide thimble
Inner diamxier: 1.11cm, QOut2r diameter: 1.232¢m,
Maiterial: ZLircaloy
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2.2 Axial Bumup Profiles for Beochmark
2.2.1. Proposed Cases in Phase II-C

For the benchmark, initial **U enrichment of 4,0wt% and twe average bumups of the fucl
assemblies of 32MWdArU and SOMWaA/kgU, and cooling tirne of five years are assamned.

Axiat bumup profiles for Phase I1-C benchmark problem are based on evaluations of 830 axial
bumup shapes in foel sssemblies detived from in-core 3D power density (flux) distribution
measurements. According to Phase I-C specifications, axial bumuop shapes are evaluated by 850
vations assembly-wise averaged burnups ﬁ; {as shown by B{averape) in Fig. 3); here each

Fratguancy

120
Mo

<

n

T LR ERE

B 10 16 20 2= 30 33 40 45 5 85 L1
Blaveragel / MWdag U

Fig. 3  Distribution of assembly-wise averaged bumups

agsembly is referred to as j {j=1.850). fij is given as the average of 8§, of 850 axizl bumuvp data
momitored av 32 equidistant axial nodes, here, § means axial nodes (=1,32).

» ] 2 |
=— Y K
B, 3z§ g {n

The analyses are carried out by means of the relative burnup distribution &, (= .B'!r / ﬁ, ). The
szmple mean &% of the ratio ¢, as shown by selid line in Fig. 4 is the basic case proposed in Phase
I-C.

§ N R
de, =zj—“‘.{i=1.-.+,32. N=850) @

sul 4=l )

The dashed line on a log scale in Fig.4 shows the siandard deviation of axial burnup data,
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simultaneously. It is found that the variance is significantly greater at the wp end of fuel zone than
that at the others.

L3 l ¥
8, = [—la, -4,f . G=1....32, N=850) (3
N _I'j-l
1.4 i 1.0E-02
18 | —+— Sample mean ]
e - - Standard deviation .
1.2 ')".“x x‘“ﬂ‘“*g . 1.0E-03
c 1. .: g
£ 1.0 . 3
2 ! 1.0E-4 ;
09 | &
r§ 08 | » E
[T
0.7 1 10608
0.6
ps L . . .. e ] 1.0E-06
0.2 4 6 B 101214 16 18 20 22 24 26 28 30 32

Fig.4 Sample mean and standard deviation of axizl burnup profiles

In consideration of the measured data wherehy the decreass of the height of the bumup shape at
the top nodes results in higher asymmeiry of the shape and increase of the height of the shape at wp
nodes results in lower asymmetry, various burnup shapes are proposed in she benchmark by adding
the mean values &; of the top six nodes by Aa, {i=1.6}. The vanation of the top nodes is also
counterbalanced by multiplying the mean values of the nodes m=18 throngh m=29 with [, in order

1o preserve the sum of &, as described blow.
f=¢ {m-17)+1, {m=15.....2%) (4)

i Aa,
Sk,

The variations Agr, are bounded by the minimum and maximum values of the ratio g
observed in the sample of axial shapes under examination, It is taken into account that the minimum
and maximom values depend on the average buraup. The observed minimum and maximum values

&) (3)

are listed in Tabde .
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Table 1 The observed minimum and maximum values of the rations o,

. . . MWlm Max
Nodh Mo, . v A _ -
ode e 1 Averue Bunp AW g L 1=1, ,,.H:\ll{ﬁ'l:' )=l HN![“IH}
| 12 44 i
n 4z {LEEeN
= i LK v [t
s 1 fat [ %1
1 N (T T LR
i B LR
4 L {1 114030
h1l 0445 w4z
3 32 0win L 47
in TN |41
£i LA 1 X | T2
LT | iminey | usi

The cases proposed in the benchmark are given in Table 2. The cases with the serial numbers 2
theough 7, 1, and 8 through 13 in this order represent the variation of the shape from strong
asymmetry {case No.2} to more or less no asymmetry (case No.13). The cases No. 14 and L5

represent those often had when a fuel assembly 15 posiioned at the edge of the core durmg s first

Table 2 Casas proposed by OECD/NEA BUC Phase T1-C benchmark

wral st Wenntivanon L T -
i x 1 4 i i

1 Bhb wy & 2FIXT dlegn 0 Mean Yean  Mlean Yhean Mean
: BREC3x & 1I00EL Sl Wim ‘in kin Ao him

H Bl p A01T1ED Al hin ko (AT Akn hiuan
4 By Y0 Min A M hln Mean Sluany
3 Bbbl i 411122 A %ln ki hlean Shean hlean
[ Bty 411222 M L Llean hloan Alean LY,
T BBl wy 422022 Sl hlean bleun hlzan Slean Sean
1} Bl 33 A2 Slewn Yean klean Mhoan Ahan Y
v BoOO 41 4322237 Mean Maan Mean Mo Ygw Max
1 By AZ32 333 Sy Mlseate hlcun by Mlen Wax
1l P v 4225337 Mean Maan Maw hlax My LY
1} BBl 3y 4253555 Mudn [RETY Ylan hlak i ki
1 Dbl 33 AARSE Max Mrlux hdas, belus b1 L1 hian
H Dot ¥y 4122227 Alin Belxtans hlean Moun Mean LAET
15 Dbt yy 411221 Mo elmi Wlean hlcun Mun mlas
It Bl i 4322720 Al Blean Slean e Mean him
17 B 33 L3211 My el Ml hloun i hin

*: Bbb stands for the aversge burnup (B2 I2MW AL, BS0: SOMWaLegln.

Cyy stands for the cooling ume (C0S: five years cooling Lme is jusd considered in Phace 0-C).
Annnnnn is for the iderification of the yarimion of the top six nodes (1: Min, 2; Mean, 3: Max).

**: Refertnce case (of. Sebd luve i Fig. 43

*++; Mean stands for &, given by Eq. (23, Mun and Max are given in Table: b,



file:////2ir

JAERI-Tech 2003-021

cycle. In the cases No. 16 and 17, the difference of the averaged burnup of 6 wp nodes from thai of
the lower half is almost conserved, All cases are well suited to stdy the impact of the axial shape on
the local reactivity within the fuel zone.

All burnup shapes are divided inte 21 axial zomes. For each of the 21 axial zones, the
benchmark provides the number densities of twenty-cight nuclides such as actinides and fission
products. The division of the axial shapes is shown in Table 3.

Tabde 3 Privision of the axial bumug shape in 21 zones

Axmi MNovkes coilapsod Lengch af the zone Hergf of 1he upper boumd
Loz ™o, . m of the zone . cni
w1tk pesqeet va the: boam.oF the Mk som)
| n 1219 (AL
2 K | 1219 M50
3 n (kAL L
4 2 L2119 4375
3 27, 2N 7313
b M 1214 x5.31
7 D5 3637 121.48%
b n 1214 13406
q i [] | 2438 153544
3L 1R.§y .37 1RLE]
1l 17 1219 195,00}
2 413,16 i 2350
K 13 1214 M3
14 HLILIZ 3656 240.31
13 130 J657 regy
14 G 12.1% 0w
12 ol RALY E2 e
1% 4 1219 AMidd
u 3 1214 63N
) 2 1215 TR
H | 1219 LY

222, Additional Cases as an Extension of Phase I1-C

The benchmark provides the axial bumup shapes varying from slight asymmetry 10 strong
asymmetry. Naturally, one is interestad in knowing the end effect for a symmetric axial burnup shape,
although it is probably not a realistic one. We propossd symmewic shapss for twa average bumups
ag additional cases to the benchmark problam in order 1o gover the range of burnup shape variation
from a pute symimelry to a strong and realistic asymmeury.

The burnup shapes for symmetric cases, idkentified as BbHCOSSymmetric, are assumed frem
those of the cases BbbOOSAIII333, which is dwe keast asymimeiric bumup shape, by averaging
burnup data of iwo nodes that are located symmetrically about mid peint in the axial direction. The
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axjal bumup shapes of BobUCO5A333333 and BbbCO5Symmeiric for 32MWd/kglU and S0MWd/kgU
are presented in Fig. 5 and Fig. 6, respectively. We can see that, the symmeiric bumup shapes
BbbCOSSymmetric improve its symmetry compared with the least asymmetric burmup shapes
BbbZ05A333333,

1.2
1 — - .

11 ]
/ \
Tos :

04

-~ B32C05A333332
a2 - B32C05Syrmetric
o

123455 7 R 91011 1249344 4518 17 18 18 D0 21 2P 25 34 25 26 27 28 6 5091 32
{Top parl} Axial node Bt part}
Fig. 5  Axial burnup shapes of B32C05A333333 and B32C055 ymmetric

12
Lo P
1 E
oAt
J oa
D.il
i —~ BSOCOSA3393Y2
02— = BSOCOSSymmatric

12345876 8WMENHERETHEDN2IMMNTNNNN R
(Top pan) Axial node (Bolton pat)
Fig. 6  Axial burnup shapes of BS0C05A333333 and BSOS ymmetric

The number densities of each nuclide in the 32 equidistnt nodes for BbbCOSSymmetric are
obtained by averaging the ones in the comesponding 32 equidistant nodes for BbBC0SA333331 in
the same manner a5 explained above for bumup shape.
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The original DECD/NEA Phase IIMC benchmark problem involves fifteen nuclides of fission
product in the fuel composition, Here, the caleulations for these cases are referred to as the actinide
plus fission product (AC+FP) approach. In addition, we carriad oot caleimlations for the actinide-only
(AC-only) approach, in which the fission products are neplected.

223, Inmoduction of Burtap Axial Gifset
As a mepresentative parameter of intensity of axial bumop asymmeiry, we introduce bumup
axial offset (bumuop A. 03.). The definition of the bumup A. O, is as follows. The valoes of bumup A.
0. are listed im Table 4.

Bumup A. Q. = (average bumnup of lower 16 nodes — that of upper 16 nodes) / that for all nodes

Table 4 Bumup A. O.

Scrial Bumup Serial | Bumup
Case T No. | AO.(%) Case I} No. | A0O. (%)
B3R2C035 ymmelric — 0.00 BSOCOSSymmetric an 0.0
| B32C05Uniform - 0.00 BS0COSUniform — .00
BAIMCOSATIZIZY 1 7.21 BSDCOSA22222) 13 7.1
B32C05A111111 2 11.20 EﬁﬂCﬂﬁﬁl]llll 19 846
BAXT05AL1T112 3 10,73 BSOCOSALININZ i) 8.15
BI2ZCN5AL111 22 4 1027 BSOCO5ALI11122 2l M
B32C05AE11222 5 9.60 BSOCO5SA111222 12 504
BA2COSA1NT212 [i] 3.93 BSOCOSALIZ222 T3 .11
BAXCOSALZZEEY ¥ B 14 BS0CO5A1Z222T 4 7.54
B3XCO3ATIZIZY 8 662 BSOCOS 4222223 15 6,76
BINN3A2I2X5) 9 5 87 BSQCOSA222233 i) a.15
B3N 05A222333 10 4,93 BAOCOSAZIZINA px 541
B32C05AZ23333 11 336 BSOS A2Z73333 28 4.45
B3XCN5AZ33333 12 268 BSCO54233333 P 3.46
BI2C05A333333 13 1.19 BSH05A333333 u 2,38
BIIOSA 12222 14 7.55 BSCO5A122221 il 105
BIXCO5A112233 i5 759 B50COSA112233 32 &.70
BI2MCO5A322221 16 6.19 BA(H)SA 222 a3 624
BIICO5A332211 17 548 B3CO54A332211 KTl 536

In Tablz 4, the imiform bumup case 15 identified by BebCOSUniform.

Region-wise averaged burnup differences both between tog 6 nodes and bottom 6 nodes, and
beeween end part of 12 nodes and middle part of 20 nodes, increase linearly with imcreasing barnup
A. O, a5 shown im Fig. 7. Consequenily, the burnup A. O. shows the imtensity of not only burmup
profike asymmetry but also the neutron decoupling between upper and lower fucl parts.
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| —+— Beatween top 6 nodes and bottom 6 nodes

| -e~-Between end 12 nodes and middie 20 nu-deJ--- —=

o

10
Bumup A. O. (%)

(a) 32 MWdkgU
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—s— Between top 6 nodes and bottomn 6 non:_les
- & Between end 12 nodes and middle 20 nodes

Burnup A. O. (%)

(b) 50 MWdikgU

Fig. 7  Burnup differences vs. bumup A. O.
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3. Calculstion Method, Model and Conditions

3.1. Calculation Method

The calculaion method iz a combinaton of the continuovs enerpy Monee Carle code
MCNP-4B2 [5) and 1he nuclear data library JENDL-3.2 [6]. The KCODE apiion of MCNP has been
employed in eriticality cakenlations for 3-D mode] of the transport cask.

32, Cakulation Model and Conditions

I was found that the input cards of the primary results as shown in the referance [7) had some
mistakes. The lack of the S(x.p} identifier affects the k. results significantly, and the re-caleulated
tesults daseribed in the next chapler show that the old k4 results are underestimated by about 1%. In
the re-calenlations, the input cards were corrected and modifiad The thres major modifications are
sumnmarized below, A sample input is shown in Appendix L

{1} The radial 1/8 symmetry of the cask configuration as shown by dashed line in Fig. 1 is
modeled explicitly in the input cards. It contributes to reduce the nikmber of initial source
points, namely, computer memory. All cakulations are carried out on EWS: SUN/Blade 100
{Solaris 8) where the MUNP is installed with the dynamic memory option. The dynamic
storage of the sample input a5 shown i the appendix is 6810117 words, which is still nore
than the default value of the static memory parameter (MDAS = 4000000}

{2} The 32 axial equidistant cells (not 21 vom-equidistant cells) ave sxplicidy specified in the
input cards in order to thow the fission sowrce distribybon smoothly. In addition, the
compositions of 21 pon-equidistamt zones are redistibuted o the cormsporsding 32
equidistant cells,

{3) The mitial guess for fission source is flat and distributed vniformly in all fissile fuel cells for
all cases (syrimedric, vhiform, asymmetnc cases).

In addition, calculation conditions are reexamined. At first, we assume 300 skipped cycles to
check the axial fssion source convergence for a pin cell configuration. We have to increase the
skipped cycles to reach convergende in some casés of slow convergence. The number of active
historics, namely, the prodoct of the number of scored cycles and the number of histories per cycle,
ig taken wo be 2,000,000 in order to estimate k. {1 15 abowt 0.00035) and ihe end effect (more or kess
1%6) except for the uniform bumup cases. It is necessary to increase the number of active histocies in
cases of uniform burmup to oblain a converged fission source distribution supposed 1o be a
cogine-like curve in shape. The combination of the number of skipped cycles and the number of
higtories per cyele is determined as a result of convergence check for fission source distribution,
which is described im section 4.2

The rurnbers of neutron hisiory for the final estimation are listed in Table 5.
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Table 5 Numbere of neutron history

Humbers of history* Caszs Comneents

20000 x {300 + 100) Symmetnic 4 cases At 32 & SOMWIkgU for both

5000 x (300 + 4000} Uniformn 4 cases AC-only and AC+FF approach

5000 x (300 + 400 Asymmetric cases except below 1 for kg is neazly equal to 0.0005

5000 x {150C + 440} BI2005A233333, B32C05A333333 for | Fission source slow  convergemce
AC+FP approach needs many skipped cycles,

5000 x (4500 + 400) B32C054233333 for AC-only app.

S000 x {600 + 400) HA2C054333333 for AC-pnty app.

*: Nuinsber of histories per cycle x (number of skipped cycley + number of scored cyrles)
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d. Calculated Resulis

4.1, Prior Examination of Skipped Cycles Based on the Pin Cell Configuration

It is important to check the slow convergence caused by the axial bumup distribution in the
benchmark, The aim in this sectiom is to determine the aumber of the skipped cyeles enough 1o reach
convergence of fission source distribution, Hence, we have examined the convergence of the fission
source distribution for an infinile armay system of pin celly that is modeled as full axial stracture of
the cask for the Phase I1-C. We adopt the pin cell configuration prior to the realishc cask because it
has the advantage that effects caused by the axial bumup distribution can be disbinguished from
effects of the mdial structore (12x18-24 fuel lanice, basket wall of B-SS and water gap, 21 Fuel
assemblies arranged in 2 5x% amay, cask wall, and 20 on). The simple configuration decreases the
probability of units without ne::tn:m generation points ansen and redoces the calculation time o
process the configuration when the Monte Carlo simulations are ¢xecuted.

As rtepresentative cases, the symmetric case: BI2C05Symmetric, the vniform case:
B32C05Uniform and one of the asymmetric cases; B3XC05A222227 are analyzed by the ACHFP
approach. Criticality caleulations are performed by varying the number of skipped cycles with other
calculation conditions of 20,000 histories per cycle, 100 scored cycles, and flat and wniform mibal
guess of fission source. Figure 8 shows calculated kg per skipped cycles. Increase of skipped cycles
of more than 14 affects slightly the k.y tremsds for the thres cases as shown in Fig. 8. In the
following sections, we examine the number of skipped cycles to reach convergence of the fission
source distribution for the three cases, respectively.

1112 — 1137
4y bar shvat |
1110 - I . 1.130
:ﬁ‘ ; ‘ % & ﬁ
g 1108 | »——f—-—‘-";__ % 1126 o
™
1
E 1.11:&5'[ _,,.-% """ * uh*' F 1.126 %
T T e &
5 1 il % 1.124 <
J 1. -— . J
1,102 - 3= BAICOESymmEt 1122
* L& ERRCOSAZIRRRR
1,100 | . —- : ; : - 1120
0 50 100 150 %0 250 30

skipped cycles

Fig. 8  Cakulated k g vs. skipped cycles for the pin cell model basad on Phase 11-C
(20,000 hisioriesieyele, 100 cycles scored]
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4.1.1. Symmetric Bumup Case
Figure 9 shows calcolated results of fission source distributions with various oumbers of
skippad cycles for the symmebric bumup case identfied by B32C05Symmetric.

n#u? - - I — - - e -
. —— Initial guess
0.06 Eas J —a— 20cycles skipped T
- e —— Glcycles skipped 7
% 0.05 —»— 100cycles skipped = W
E —— 150cycles skipped f 7
§ 0.04
:
% 9.03
8
i?'! 0.02
007 - —— T
u N L N N N N x " L " N L 1 N N N N N . N N N N N _L N
1 23 4567 8BP101121214151617 181920212223 24 252627 20 20 30 31 32
{Top part) Axial noda (Bottem part)

Fig. 9  Figsion source diskributions of BI2C05Symmetnic for varous skipped cycles basad on the
pin cell model [20,000 histories/cycle, (20-300) skipped, 100 cycies scored)

As shown in Fig. 9, it is found that the initial puess affects the figsion source in case of
insufficient skipped cycles. The fission soiicce at middle pants of the fuel decreases gradwally with
the increase of skipped cycles, and becomes almost constant for moce than 150 skipped cycles. On
the other hand, it seems that fission source at the top and bottom parts increases with the increase of
skipped cycles, and still oscillates slightty #ven for 300 skipped cycles. Lat's study the trends of
fission fractions at the 3 parts (top, middle and bottom), which are obmained by summing those of six
nodes st the top and bottom parts, and twelve nodes at the middle pan shown in Fig. 9. As shown in
Fig. 10, the fission fractions are almost constant for more than 200 scored ¢ychkes. Even though the
bumup distribution is axiedly symmetric, the fission source is not symmetoic such chat the fission
fraction at the top part is greater than that at the bogtom part. It rnay be caused by a difference of the
reflector effect between the vpper and lower structures. The reachvity difference however, is found
to be so small that it becomes very difficult to estimate accurately how it affects the figsion source
distribution as a result of some calculations.
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Therefore, we conclude that 300 cycles suffice as the number of skipped cycles for the axially
symmetric bumup case o esimate the fission source distribution. The combination of the number of
histories per cycle and the number of scored cyeles and it affect on the fission source distmbution
will be discussed in the next section hased on the cask configuration.

035

030

—— Lavwraar & nodes

-+~ Uppsr & nodas
= Canter 12 nodes

Fission source fraction
=
[ =)
[+ ]

020 &

0 15 [ [l 1 L L 1
¢ &0 100 150 200 250 300

Skipped cyclas

Fig. 10 Fission fractions of 6 nodes at the top and battom parts and the center 12 nodes for varioos
skipped cycles hased on the pin cell model of B32C0OSSymmetric

d4.1.2. Unpiform Burnup Case

Figure 11 shows calcnlated resnlis of fission source distributons with varors mimbers of
skipped cycles for the uniform bumup case identified by B32C05Uniform

As shown in Fig. 11, it is found thet the fission source at the middle part is affected by the
initial guess of flat distribution in ¢ase of insufficient skipped cycles. Tt is supposad o becoms near
cosine-like in shape with increase of the skipped cycles because the reflector stmchire differsnce
between top and bottom parts litle affects the fission source distribation. But, np matter by how
many the skipped cycles increase, the fission source diswibution could not be represented by &
smooth curve, IUis peceszary to increase the total scored histories, namely the product of the number
of the histories per cycles and the number of the scored cycles, in order 10 obtain a srooth fission
source distribution like a cosine curve,

Therefore, we conclude that 300 skipped cychs are enough for the uniform bumup case to
estimate the fission source distribution. The resulis for the increase of the total scored historiss will
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be provided in the subsection 4.3.2 based on the cask confignration.

0.08

=
[=]
o

[
b

o
o
'

o
=
»

Fissian sounce fraction

0.

12345678 91677121334 1518 17 18 18 20 2t 22 23 24 25 26 27 28 20 30 31 32
{Top part) Axial node (Bottom part)

Fig. 11  Fission source distributions of B32C05Uniform for various skipped cycles based on the

pin <¢ll mode] (20,000 histodies/icycle, (20-300) skipped, 100 cycles scored)

4.1.3. Asymmetric Bumup Case

Figure 12 shows calculated resuolis of fission source distributions with various numbers of
skipped cycles for the asymmetric burnup case identified by BI2C05A222222,

Regarding the asymmetric bumup cases, the fission source distribution localizes on the top pant
bacause of its low bumup. As shown in Fig. 12, the peak value at the top pant increases and the
source Jevel at the bottom part decreases with increase of the skipped cycles. Figure 13 shows the
fission fractions of 4 nodes at the top and bortom perts. The fission fraction at the top 4 nodes
becomes atmost constant at more than 130 skipped cycles. The fission fraction at the bottom 4 nodes
is shown by the logarithm axis on the right hand side in Fig. 13 becavse of its very low source Jevel,
It is still decreasing at M0 skipped cycles with increase of skipped cycles as shown in Fig, 13, But
the change of the fission source at the bottom part is very small and does not affect the by
estimation. Therefore, we regard the fission source distribution as converged at the skipped cycles of

MM or more.
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098 —- -

4 8 12 14 20 24 28 32
{Tap part} Axial node . {Botiom parl)

Fig. 12 Fission source distributions of BA2005A222222 for variows skipped cycles based on the
pin cell model [20,000 histories/cycle, (20-300) skipped, 100 ¢vcles scored)
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= 0.40 | £
-u E
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3 1 G000t
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" | . , . - 0.00001
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Fig. 13  Figsion fractions of 4 nodes at the top and bottom parts for various skipped cycles based on
the pin cell model of BI2005A 222222
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4.2. Radial Fission Distibution Based on Single Assembly and Color Set Configurations

In order to check the radial convergence of fiscion soorce distribution, we have also examined
the single assambly configuration and 2x2 maulti assembly configucation named color set
configuration, here. In the color set configuration, three fuel assemblies and 2 water channel are
considered as shown in Fig. 14. The radial boundary conditions are reflective, and the 1/8 cadial
symmetry is aleo considered for both canfipurations.

G Refrective Boundary ¢ ¢
G i
ol I 0 71
O LD e
8] L £
0 R Q) _
. 190 1 | | _
o _ &
. f w1 i‘
Cank wall
/' i |
Wiler channal | -
d ;
V4 o 1|
/ —— +—
./. = o
4 0
R o
Q1L AT
¢ G [] Posion of a fusl rod G

[O] Poskion of a guide timble
Fig. 14 Calkulation model of the color set configuration

The calculated results of the radial fission sovrce distribution for the singlke assembly
configuration are shown in Fig. 15, 16 and {7 comesponding 1o the case [D of B32C055ymmetric,
B32C05Uniform and B32C05A222222, respectively. In Fig.15 wo 17, the cakulation conditions arc
150 skipped cycles and 20000 histories per cycle, and the results for both 10 and 100 scored cycles
ars shown.

As shown in Fig. 15 1o 17, the radial fission source distributions for the three cases inside the
assembly are almost the same as a chopped cosine curve in shape in spiie of the axial fission source
distribution difference, and they have already converged with the number of 150 skipped cycles.

The caloulased result of the radial fission source distribution for the color set configuration is
shown in Fig. 18 conespondmg to the case ID of B32C05A222227, The cakulation conditions are
300 skipped cycles and 20000 histotics por cycke, and the results for both 10 and 100 scored cycles
are shown. As shown in Fig. 18, the averaged Nission source inside the quarter assembly (B) shown
in Fig.14 is greater than that inside the eighth assembly (A} shown in Fiz. 14. And she cadial fission
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source duistnbutions mside the assemblies are sinnlar to a chopped cosine curve in shape

The radal fisston source distribution for the color set configuratton not only nside the
assembly but also assembly-wise averages has aleeady converged as shown m Fig 13

These fact show that the radial source convergence 15 faster than the axial one In addibion, the
calculabon tume mcreases very much in order to pant out the pin-wnse fission source Hence, for the

cask configuration, only the ax1a] convergence 15 checked in the naxt sachan

Rinmaprdgn

Pl & nilyc

(a) 10 scored cyeles {b) 100 scored cycles
Fig [5 Radial fission source distnbution of simgie assembly eonfiguration for B320058ymmetric
(difference of colors only means to distmgsh belween ¥ axes rod position)

(a) 10 scored cycles (b} 100 scored cycles
Fig 16 Radial fission source dismbunien of single assembly configurancn for B32C05Unifonn

{(difference of colors only means the same as the other figures)

LETE LY P
LI TR

{a) 19 scored cycles {b) 1{4) scored cycles
Fig 17 Radial fission source distnbunion of single assembly configuration for B32C05A 222222
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{a) 1) scored eycles

Pettnt wh e, By

{t) 100 scored cycles

Fig. 12 Radial fissien source distribution of ¢olor set confipurafion for BI2C05AZ22222

Converpence Check of Axial Fiszion Sounce Dusteibution Based on Cask Configaration

As a result of the prnor examinalons described in the previous sections, we delermine the

number of skipped eycles to be 5ot at 300 in all cases of the cagk calculation. Caleulations for the

Phase I1-C cask cenfiguration ar carvied out, As calenlation conditions, the combination of the

number ol histories per cycle and the namber of seored eyeles are exsmined. Then, we cheek the

axial source comverpence and ceset the caleulation conditions lo improve convergence as dascribed

in the seclion 3.2,

43

1. Symmetnc Bumup Case

The ¢alculation conditions of 3-D cask model described in Chapter 2 for B32003Symmetric
based on the AC+FP approach are examined as listed m Table 6. The ¢aleulated results for the axial

fission source are shewn in Fig, 19

Table & Caleulation conditions for BI2C0535ymimetric examined

Na, Skipped cycles Scored cycles Histortes pet cyele | Total scored historics
1 300 4,000 500 2,000,000
2 300 2,000 1,004 2,000,000
3 300 400 5,000 2,000,500
i X0 2,000 3,000 FC000,000
s 300 00 20,000 2,000,000

Az shown e Fig. 19, il s found that the cesults for each condition are quite different, In order 1o

check the fission source convargence, Tor ingtance, the fission spurce trends per seored cycle for No.

4 antl 5 are shown in Fig. 20 and Fig. 21, respectively. As shown in Fig. 20, the Bssion soorce
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distribution changes with the incrcasc of svorcd cyeles, The same trond s observed for e
calcolation conditivns of No. 2 and 3. In these cascs, the number of histonics per cyele 15 so small
thal the fission sourcc distribution trends become unstablz. On the other hand, 20,000 histories per
cycle in case No. 5 i3 enongh for the Gission source distribution trend o be stable as shown in Fig 21

'Dt4 !_____._._._ e o e ___.-________ _ _ . __.....-_.... ___ - ____-._. e e ———— e .
; - No. 1: keff=0.8680, 500x(300+4000) | |
0.12 . — No. 2: keff=0.8701, 1000x{300+2000)
N Y —-No. 3: keff=0.8698, 5000x{200+400) |
% 0.10 f—--m- ,\ == _&No. 4: keff=0.8604, 5000x{300+2000) [~~~ x~
3 ! L No. 5: keff=0.8685, 20000x{300+100) :
8 0.03 T o =0,0005)
=
 0.08
=
8
i a.04
E A

=
o
(=3

Bl S VISR M N

D.'Dﬂ e e e e | [P | . I Qe | k. 1 1 1 1 1 i l- L] P Ty - - LIt . 4 1 '
y's 4 il A 10 12 14 16 18 20 22 24 28 28 W 32
{Top part) Axial node {Bottom part)

Fig. 19  Fission source distributions of B32CH5Symmelnic for varous conditions

Fission source fraction

[+ cycles

Fig. 20 Fission source distribution trend of B32C055ymmelric (calcolation condition No. 4)



JAERFTech 2003-021

Fizsion source fraction

az cycles

012 . T — e - —————— e o

| -+ AG+FP at 32 MWd/kgU |

| -
010 o] -m ACHFP at 50 MWd/kgU  |... .Y

| -5 AG-only ot 32 MWd/kgU VA

=
=
==

| AG-only st 50 MWd/keU | . [ ]

0.04

Fission source fraction

|

5
k]

0.02 | - e
1
L] P {
ﬂ‘nﬂ [ TP T T T T S S R TR | q.-ﬁh.ﬂf E Rt |.E—rr;7':43':_u-|- oo o o o a |
2 4 & & 10 12 14 16 18 20 22 24 26 28 30 a2

{Top Part) Axial node {Bottom Part}

Fig. 22 Caleulated resolis for fission source distribution in cases of the symmetric bumup

Therefore, we determine the calculation conditions for all symmeltric cases to be set as No. 5 in
Table 6. The calculated cesults tor the Fission spurce distributions are almost symmetnic as shown in
Fig. 22

— 23
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4.32. Uniform Burnup Case
The calenlation ¢onditions of 3-D cask model for B32C05Uniform based on the ACHFP
approach are examined as listed in Table 7. The cakulated results for the axial fission source are

shown in Fig. 23
Table 7 The cakeulation conditions for BI2C05Uniferm examined
Na. Skipped cycles Scored cyckes Histories percycle | Total scored histories
1 300 IELLL 2,000 2,000,000
2 300 L L1 5.000 2,000,000
k! 300 100 20,000 2,000,000

The converged fission source disributions for the uniform bumup case are expected to be
cosine-like in shape, and the results of the fission source distribution for each condition ane o link: bit
different from cosine curve as shown in Fig. 23. [t is necessary 10 increase the total scored histories
io order to obtain smoother end more cosine-like shape. The calcotated resulis of all uniform cases
for condition No.2 in Table 7 and for the case of increased histories are shown in Fig. 24(a) ard Fig.
244b), respectively. The calculation condition of the latter, that is 300 skipped cycbes, 4,000 scored
cycles and 5000 histories per cycle are considered appropriate to give the final resulis for the
mniform bumag cases in this repor.

006 — -
0.05 -
5 :
§ 0.04 .
=
2 0.03
§ i
E 0.02 -+ No.1: keff=0.B7005, 1000x{300+2000) |
L = No.2: keff=0.87181, SO00x(300+400) !
.01 -+ No.3: kaff=0.87113, 20000x(300+100)
—— Cosine {reflector saving §=20cm)
0.00 .

18 X 22 24 2 28 30 32
Axial node (Bottom part}

2 [ ) ] 4 10 12 14 148
{Top part)

Fig. 23 Calculated resulis for fission scurce distribution in ¢ases of the uniform bumup
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Fig. 24 Calculated results for fission source distribution in cases of the uniform bumup
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in order to check the fission soutce convergence of final results, the fission source trend per
scored cycle of B32C05Uniform, for mstance, is shown in Fig. 25. As shown in Fig. 25, the fission

source distribution is observed to reach near convergence at 4000 scored cycles.

& 06y - e —
(1311 el

o4

Fission souree fraction
(=)
2

.....

“%
Axial node 242645 P % Scored cyales

‘%

Fig. 25 Fission soures distribution teend of B32C03Uniform in case of 3000 histories per cycle

433 Asvmmetnc Bumop Case

It is desirable to examine various calenlation conditions for the asymmetric burnnp cases in the
same way as the previously mentioned cases of symmetric and uniform burnup. From the viewpoints
of caleulation time, we cany out calculazons of only two different conditions sizch as 1,000 histoties
per eycle x 2000 scored oycles and 5,000 histonies per cycle x 400 scored cycles. Bolh are with 300
skipped evcies. For most cases, the fission source distribution trends for the latter condition arc
slightly more stable than the fonper, and they reach pear convergence. But it was found that there
exist four cases of insullicientdy converged fission source. As z function of the bumup A. 0. {see
subsaction 2.2.3.), the maximum and the standard deviation for differences of fission spurce
distribution betweets two conditions are shown in Fig. 26. In general, both conditions give almost the
same result of fssion source distibution except the insufficiently converped cases sueh as
B32C05A733333 and BIMC05A333333 for the both AC+FP and AC-only approaches as shown in
Fig, 26. This is caused by theic slightly asyrametric burnup. So, the skipped cyclas are reexamined
for them to reach convergence based on the cask configuration. The calenlatad resnlis of the four

cases for more than 300 skipped eyeles are shown in Fig. 27 to Fig. 30, respectively. 1t is found that

-5



JAERT-Tech 2003-021

the largest number of skipped cycles shown in each ligure gives almost converged fission source

distribution of the comresponding four cases. In order to check the fission source convergence of final

results, the fission source trends per scored cycle of the four cases are shown in Fig. 31 1o Fig. 34.
Therefore, the calculation conditions for all cases ars finally determined as listed in Table 3.
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4.4.1.

k¢ and End Effact
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Calewlated k_p results, one standard deviations and and effacts for the final sstimations are
listed in Table . Here, the end effect is defined as a reactivity difference behwesn the uniform
bumup case and the others in considecation of the axial burnup profiles as formulated below.

End effect (% Ak/k) =100 x

k. (axial bumup profile} -k, (vniform burnup)

Kk, (uniform butnup)

Table §  Calculated kg results for bath AC+FP and AC-only approaches

Seriat | BER ACHEP approach _ AL-only approach
Case TD No AD, Yo e End effrct ke la End cffcct
; (%) {BALE) (T ALY
B32C055ymmetric | - 0.00 086247 0.0008 1 0.6 004071 | 000045 053
B32C05Unitorm = 0.00 087166 | 0.00015 p— 094571 | 0000L% —
BIZCO5A222222 1 T2 0EEFT L 0.00050 .07 095218 | 000048 .68
B3I2COSAILIN 2 1120 | 050013 [ €.00050 327 096170 | 0.0005) 1.64
BAICOSATIIZ 3 1073 | 000042 | C.00051 330 006001 | 0.00055 1.51
BIZC0SA 1122 4 027 (LRt ] £0.00049 3.M 095077 000051 1.59
[B3ZCO5A 111222 5 (T3] DESIG | 000047 792 095574 | Q00050 1.38
B32C05A 112222 [ CXT) DEFIN | 000000 755 095695 | 000045 110
B32C05A 122222 7 .14 083102 0004 2.22 095332 | 040043 .81
B32C052 102373 ] 662 088674 0.0004% 1.73 005265 | 000052 873
B32C05A232733 [ 557 088630 | 000049 168 D95158 | GAKKAG 067
E32C05A727335 0 1.93 OE34I0 | 0.00047 143 094531 000043 .33
[B3IC054223335 1 386 087786 | 0.0004% 0.67 053411 000047 017 |
B32C05AZI13T5 2 2 68 087327 0.00047 .18 0.94357 | 0.00052 T¥X)
B3IC05A 01303 13 1.1% 087093 0.00047 0.08 094403 | 000045 4517
E32CO5A 122229 14 7E35 088086 | 0.00049 209 005347 | 000050 71
B3ICI5A 112233 1% 759 09201 D.00049 734 095273 000057 .74
B32C05A122271 I3 619 D.EEGTI 0.00049 1.73 095300 | ©00049 077
E32C05A332211 7 =45 055252 000048 1.23 0395254 | 00050 0.72
E5OCOSSymmelnic | -- 0.00 075590 | 0.00047 2.03 0.84242 | 0.00047 .76
BS0OCH5Umitorm . 0.00 0.74084 0.00013 — 033500 | 000014 —
B50CO5A222272 % 721 08712 D0O046 533 03653 | 000047 353
BSOCHSA LTI ] £45 079407 000046 T.18 0E/013 | 000040 107
[ BS0COSATLILIZ 20 235 079362 | QANKG 712 DETIZ | D050 4107
BIOCO5A111122 23 8.24 0793712 0005 T.14 DETG3 000042 417
BS0CO5A 111222 22 3.04 019209 | D000 7.04 086543 | 000047 3199
B50COSA 112222 3 777 070037 | C.000d7 650 D.E&BET 0.00048 1.90
B50COSA 122222 4 EET 078533 | CO0MT 642 086670 | 0.0004% 151
BS0CDSATI2I7S 75 (%3 072619 | Q007 620 DEESED | DO00MME 154
B50CI5AZ22233 6 5.3 078363 | G000 i 086413 | 000047 .35
BIOCOSAZ2ZIII 27 5.41 078221 | O0.00045 5.55 DEGISS | 0.00050 1.4
B50CI5A333333 28 345 07I5%7 | 4003 P DESGSE | QOO0 T A%
ESOCOSATINIS L] 146 076718 | 00046 364 DESOIE | 000050 ed]
EMCO5A133333 30 738 076141 | G006 27% DE4TA0 | 000046 1.35
BYOCHA 122213 31 T.09 072910 | U.00046 £.51 086599 | 000046 157
BSOCISA 12233 32 6.7 079017 | .00 6.6 086763 | 000049 KK
BX0CH5422222) 33 624 078211 | G000 557 086290 | 000098 321
B50CHSAIIZZN 34 536 077461 | ©.00047 455 085828 | 000044 2.65
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The relation belween kg and burnup A. O. is shown in Fig. 35 1o Fig. 38, Here, the arror bars
show 3o of k.. The fisting lines are obtained by the following equations as shown in Fig. 35 1o Fig.
38,

ke [32MWdkgtl, AC+FP approach] = 0.0031 x Bumup A. Q. (%) + 0.8672
Koy [SOMWd/&kgU, AC+FP approach] = 0.0049 x Burnup A O (%) + 0.7531
kea [32MWdAkgl, AC-only approach] = 00419 x Burnup A. O. (%) + 0.9399

¥ [FOMWdARpL), AC-only approach] = 0.0036 x Bormup A. O. {%) + 0.8406

As shown in Fig. 35 to Fig. 38, it is found thot ks in case of 32 MWdkgU decreases by
considering the axial bumuop profile at 0 burnup A. O. both for the AC+FP and AC-only approaches.
OCn the other hand, in case of 50 MWd/kgU, k. increases at 0 burnup A. O. This is explained as
follows. The consideration of axial bumup profile makes the fission source distribution to be
localized in the top and the boitomn pants. In case of low burnup, the localization of fission source
distribution mcreases the negative reactivity of neutron leakage that is supposed o be major affact
At 32 MWdAgU for symmetric bumup profile, total reactivity is somewhat negative. With increase
of average bumup, the burmup diffarence between the end part of low bumup and the middle part of
high bumup increases, and the localization of fission source distribution to the low burnup is also
enhanced. Therefore, the increase of average bumup contributes to the positive reactivity effect. In a
certain point of average bumup more than 32 MWdkgU, the positive reactivity effact seems to be
greater than the negative one. Hence, the total reactivity at 50 MWdApU for symmetric bumnop
prefile becomes positive,

The butnup difference between the top part of highest burhup and the cther part increases with
the increase of buenup A. O., namely, with increase of the axial asymmetry of burnup profile, and the
localization of fission source distribution is also enhanced. So, K.y moreases almost linearly with the
incréage of barmuep A. O at both 32 and 50 MWd/Aall, The discrepancy between ¥y results and the
fitting line seems to be large In comparison with 3g of k.. One of the reasons is supposed to be that
the burnup shape inside the upper part affects the Ky resolts becaus2 the buroup A.Q. represents the
region averaged bumup difference, but does not reflect the fime burmip shape inside the top part.

It is obviously seen that the AC-only approach s conservative in comparison with the AC+FP
approach. The k.q margin at both 32 and S0 MWd/kgU is at least 4 BAK/K, '

The rzlation between the end effect and the bumup A. O. is shown in Fig. 39. The fitting lines
are also shown in Fig. 3%9. The same tendency as kg is observed in Fig. 39. Both the increase of
average burnup and the consideration of FP contribute to the increase of not only the end effect itself
but also the endency of dependence on the burnup A. Q.
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Fig. 39 End effect vs. bumup A. O

4.4.2. Fission Source Distribution

The calculated results of the fission source dastribanon for al! cases are shown in Fig. 40 o Fig.
43 with both linear and semi-log scales. We cannot predict the very low source levels at the bottom
end with enough reliability. Nonetheless, the precision of estimated k.= and fiscion source
distributions are acceplable. 50, we neglect the fission source fluctuation at the boltom end in
judging convergences of caleulations. It is seen that the increase of average burmup and the burmup A,
0., and the comgidaration of FP enhance the localization of the fission source distribution at the
upper part and merease the mazimiem valve. In order to illustrate this tendency, we mtroduce the
fission A, O, defined as follows.

Fiszion A. O. = (Figsion source average for upper 16 nodes — that for lower 16 nodes)
FFission sourcs averape For all 32 nodes

The calculated results of the fission A, O. a5 a fonction of burnbp A, O. are shown in Fig. 44
and Fig. 45. The fission A. O. increases with the increase of the bumup A. O, as shown in Fig. 44
and Fig. 45. The tendency of the fission source distribution is different from that of k. In case of
strong asymmelry of burnup prefile, the fizsion A. O. is very large, and it is supposed to change
drastically toward 2ero, namely as approaching to symmetnc shape with a low value of burnup A O

The sbove cbservation shows that the localization of fission source distribution could happen
drastically as the asymmeiry degree inceeases in bumup profile.
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4.4.3. Comparison of Cakulation Time
The cakulation time depends on not oaly the auraber of histories but also the calculation medel
and printcul parameters to be estimated. The cepresentative cases for the ACHFP approach adopted
in this report are listed in Table 9. All calculation times listed in Table 9 are actal results for one
case performed on the SUN/BLADE1O) (Solaris®) machine. In case of the AC-only approach, it
isn't necessary to read 15 FP nuclides data from the cross section library. 50, the calculation time is
reduced 10 about BFKE of the ACHFP approach.

Table 9 Calculation time per execution for representative cases

Configuration Mumbers of history* Calculation time
Pin cell 20000 x (HM + 100) 1.7 br
Single assembly 20000 x {150 + 100} 6.5 hr
Color set 10000 x {300 + 200} O5hr
Cask 20000 x (300 + 100 10.0 hr
5000 x (300 + 4000 296 hr
3000 x 300 + 400 4.7 hr
SO0 x (1500 + 2007 L2101 hr
SO} X {3500 + 400 25.1 hr**
SN} x, (00 + 4007 32.2 hye*
1000 (300 + 2000) 3.2 hr

*: Number of histories per cycle x (number of skipped cycles + number of scorad cycles)
**: Actual resulis for the AC-only approach (caleulations for AC+FP is not carried out)
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5. Conclusion

Our study has been based on the corment OECD/NEA Phase [1-C benchmark problem for PWE
spent fuel transpont cack, which consisis of a malistic wet of axial burhup profiles for average
bormups of 32 MWdkpeU and 50 MWdkpl. The material compositions in each of the 2t
non-equidistant material zones are provided in the benchmark in ordar 1o simulate the axial bumup
profiles. Criticality calculations of 3-D} model are camied oul based net only on the actinide plus
fission product approach specified in the benchmark, but also actinide-only approach as an extension
of the Phase I.C, by using the continucus energy Monte Carlo code MCNP-4B2 with the cross
section library JENDML-3.2 And the sansitivities of K g, end effect and fission source distribution o
the asymmetry of the axial bormup profils are evaluated with introducing the bumuop axiai offset.

The adequacy of Monte Carlo calenlation conditions is exantined by the convergence chack for
the fission source distribution. In seme cases recopnized as very slaw fission source coavargence,
the caleulation comditions are reexamined. As a resitlt of the fmal estimation, a genaral wendency is
observed suwch that the end effect increases Jinsarly with the increase of axial burnup profile
asyrunetry. The end effect is found to be more sensitive to the asymmetry of axial bamup profile as
averaged bumup increages.

Even for slightly asymmeinc axial bumop profiles, the axial fission source distribution
becomes strongly asymmetric such that the peak shifis toward the top end of the fuel active zone
where the local bumup is less than that of the bottom end. The peak of fission sowrce distribution
becomes highsr with the morease of the asymmewy of burpup profile as well as the
assembly-averaged bumup.

As far as conservatism of bomup credit criticality is concerned, the following conclusions can
be deawn. The actinide plus fssion product approach should be adopted carefuliy becanse an axially
diswibuted burmup profile strongly affects the caleulated K,y so0 that the wpper fimit of axial
asymmetry should be assumed from the real situzbion of burmup profile. On the oiher hand, the
actinide-only approach assuming uniform bwrmup profile is still conservative with a reactivity mangin
of at least 4 SAl/k as a result of the Phase II-C benchmark problem. The trade-off batween
simplicity by assuming the above approach and its less incentive 10 an introduetion of burnup credit,
regarding the reactivity of fission products as a safety margin, should be further considared from the

economical point of view.
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Appendix I

Sample Input of MCNP-4B2 Code for the OECD/NEA Phase IF-C Burnup Credit
Criticality Benchmark
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Samgle input of MCNP-4B2 in case of B32C05A222222 based on the ACHFP approach
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Appendix 11

Table of Fission Source Distributions
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Table A-1 Fission source fraction at 32 MWd/kgl) based on AC+FP approach
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Table A-2 Fission source fraction at 50 MWd/Ak g based on AC+FP approach
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