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Abstract

This report is composed of the foliowing two parts and appendix.

() Improvement of the Method for Evaluating Reactivity Based on Monte Carlo Perturbation
Theory

(ID) Improvement of Nodal Transport Method for 3—-D Hexagonal Geometry

(Appendix) Effective Cross Section of Z*U Samples for Analyzing Doppler Reactivity in Fast

Reactors

Part 1 Improvement of the Method for Evaluating Reactivity Based on Monte Carlo

Perturbation Theory

Theoretical formulation in Monte Carlo perturbation method had been checked, and then

_iv_



introduced into a calculation code. The increase of cpu time is about 10 to 20 % compared
to that if normal Monte Carlo code, in the cases of same number of history. This Monte
Carlo perturbation method found to be effective, because results are almost reasonable and
deviations of the results are especially small, by using the Monte Carlo perturbation code.
However, there are some cases that the results of the change of eigenvalues becomes
positive or negative by changing the estimator, and there is no reasonable difference in the
results between the conventional method, which does not consider the change of neutron
source distribution caused by a perturbation, and the new method, which consider that change.

Thus it is still necessary to check the Monte Carlo perturbation code.

Part 1I Improvement of Nodal Transport Method for 3-D Hexagonal Geometry

It is certain that we can accurately evaluate hexagonal geometry FBR core by nodal
transport calculation code for hexagonal-Z geometry named "NSHEX'. However it is also
found that in very heterogeneous core the results is not good enough. Because the treatment
of the transverse lcakag_e to the radial direction, which is use for evaluating intra~nodal flux
distribution, is not so accurate. For the treatment of the leakage distribution, it is necessary

to estimate the nodal vertex flux. In conventional method, the vertex flux estimated by the
surrounding node surface flux around that vertex. On the contrary, in new methods, the vertex
flux is estimated by a second order polynomial serics using average angular fluxes at the
relevant node boundary, near by node boundaries and nodes averaged flux.

By using that method, the validational calculation was performed for small FBR model
of NEACRP 3D NEUTRON TRANSPORT BENCHMARKS, and for "MONJU" power reactor
model. As the result, effective multiplication factors are in good agreement within 0.1%
between GMVP and the other methods. The difference of the region averaged flux is about

a few percent, however, the difference becomes larger for a control rod inserted core. In this



core, new method is doesn't show the effectiveness compared to conventional method, thus

the results of both new and conventional methods becomes almost same.

This work performed by Department of Nuclear Engineering, Osake University under constract

with Power Reactor and Nuclear Fuel Development Corporation.

* i Faculty of Engineering, Department of Nuclear Engineering, Osaka University.
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EEREINB, DFV, BERIBRTOEHRI—RIVORIZ., HOERBICHETHHER
P /Z)D, BERIBETORELTERDENS,

DI ENS, BERIOREBTEELURVWERE. WIBHROREBTIONEFELR
SRABENREEINTVAESIE. REC-1DIL25EBRIIRE. dr0ni¥rodi
B8, HEOHMZOLI REHEIHRbORVWIDICLTNWS, BERIBTOHERL—FI
DLENRE T H2EREEEERTT A LBENBETH S0, BEFiE TOHEL—FR
VoA ERZo TS, BRELEEIBEAZBS I ERHES, ULALRYS, DAY
O &R BEREBIHRORTOEANEDER>TNE I EIZRD. IR
Correlated Sampling Method & WS Z &M HbHNa DT, BEFIEBRERUCHNHET
BET, HEZ2BRDIS EL TR EHMMHST, BHBOKTFOEANTEOERSR
BEEIBHINHBOHEES YO &R, Correlated Sampling 27> T 5 Eidn A<k
HEEZOEND, TOZEN, TOXIREBHERDBVISIRLUTWSEHRTH S,

e — )V OBHIFTEOLY,. RiTH—XINERBU LT TN —F KERNELTEHE
INTNH3B, REC-1DIZHS5DONTWBEHEHICOWTIE. ZORTHI—RIOFHER
BTERLNTEY., FRE2F0EEANTVS, I, HEEBOBHIIBR TOREED

pl/pid. BEIEFHINOHBEZTIBOANT—FELTEIONTNSHDE

FHTS, LT, FEINZHEREHI—NOREBEFICREL., WS 5HEFIESR
LEBEIt P ETESDOICRL, AETFEADOEZEHL T, FHETFHEZELZE
EONEIZY TN —F UNEUTRTITFONTE D, FOi=H,. BEH—XINDHED
NEUTRIV—F > O THEFEADIICEL NS Z LIZin5.
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2.2.3 YEEBOYTI)T

2.2.1&2.2. 2 TRIAI—FNEEEH XN OBEBRIE TOHROSFEIZDWTHR
R, T TRENAS ZAVTHESINDIEHEROY > 7Y L FIDWTIARS,

BHEDORH, Yo7 U TWAHEEE LTI, BEnE8E8gehthoBaE
o, R, Bh. REnS 0B TH D,
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Estimator TOY > 7 7B Iixbi, &EEAM 5 ECollision &Analog Estimator
WC&kBY T TRBIRbNTNS,

#HZE, BERBTOERFEHEFOELCEEZY > T 7L TWSEE, UTW&O
BRATEIND DHOEYTU LTS,
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Z:T,wm¢ﬁ%®ié‘xﬁ*ﬁ%@ﬂﬁﬁ%&%brm%o
(2) Collision Estimator
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P! w*
AVED) = (g —Dx(WP)
(3) Analog Estimator
AVED = (- —1)x(w 2= )
G

.0
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Analog Estimator OFHMEIE—ET 3 Z &iT/iad.
BINBIZDWTHEREBOH G EFRIRD 2E NS,
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(3) Analog Estimator
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total— Gt.k
history

s oRiE. Wit bProduction Estimator T# %, Balance Estimator Ik %
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3.1 Fi5&H
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#FEni o)
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#3-1 EIEERCEBFROZOFERR (H3-10ER)

M FE cOBHI OREHER
: FEA & HEHER (FE)
Track Length Estimator 1.39009 (0.0600%)
Collision Estimator 1.39031 (0.0531%)
Analog Estimator 1.38967 (0.0679%)
Production 1.39046 (0.0874%)
Balance 1.39022 (0.0523%)
All 1.39030 (0.0488%)
MIEE TOBRMEOESRAGE
Ealipip-d HEFR (BE
Track Length Estimator 1.37019 (0.0721%)
Collision Estimator 1.37124 (0.0520%)
Analog Estimator 1.37111 {0.0581%,
Production 1.37107 (0.0866%)
Balance 1.37109 (0.0521%)
All 1.37161 (0.0482%)

#E3-1 FEERMEHREEHREBROZOHERER (H3-104%) (@)
mAEREREN SO, HEMIETOENREROE (BEM
A E FHEER (BE
Track Length Estimator -1.990e~2 (6.50%
Collision Estimator -1.907e~2 (5.38%)
Analog Estimator -1.856e-2 (6.65%)
Production -1.939¢-2 (8.76%)
Balance -1.913e-2 (5.33%
All ~1.869¢-2 (5.07%)

BT

TRNOGETO, REUNEOHMFEEDE

(HEBRE TOPEFRSMOED ZELL L BE)

M SHERR (RE)
Track Length Estimator -1.849e-2 (2.29%
Collision Estimator -1.877e-2 (2.16%
Analog Estimator -1.885e-2 (2.50%)
Production -1.855e-2 (5.40%)
Balance -1.868e-2 (2.10%)
All -1.878e~2 (1.79%

BE®T 7 0ETO. BERRoENEER0E
EHRIRTOPETFRAGOEDZEEL LE5E)

FHIE 7 % HEEE (B3
Track Length Estimator -1.849e-2 (2.30%)
Collision Estimator -1.878e-2 (2.17%
Analog Estimator -1.887e-2 (2.51%)
Production ~1.855e-2 (5.32%)
Balance -1.868e-2 (2.11%)
All -1.879e-2 (1.78%)




#3-2 FEHHEREEHNABROZOERR (H3-204R)

#£3-2 EPMEELIDBEROZOHEER (K3-20464R)
WIFHEAERN S0, BUNR TOSBHBEROZE (BRE)

MIEHE T OB OHEAHEE

FEHE BHEER (RE)
Track Length Estimator 1.31047 (0.0477%)
Collision Estimator 1.31062 (0.0450%)
Analcg Estimator 1.31076 (0.0575%)
Production 1.31075 (0.0704%)
Balance 1.31064 (0.0449%)
All 1.31041 (0.0432%)

EE g HEER (BE)
Track Length Estimator 48152 (1.74%)
Collision Estimator 4.738e-2 (1.80%)
Analog Estimator 4.676e-2 (2.21%)
Production 4.734e-2 (2.78%)
Balance 4,775¢-2 (1.69%)

All 4,792e~2 (1.58%

MIEtHE TOEBBOEIEEE

BEHETANCOHETD, HERIEOEYREROE
(BEIE TOFETEIFOERHLEGLAES)

R FEER (R
Track Length Estimator 1.35862 (0.0413%)
Collislon Estimator 1.35800 (0.0454%)
Analog Estimator 1.35752 (0.0522%)
Production 1.35809 (0.0690%)
Balance 1.35839 (0.0407%)
All 1.35833 (0.0370%)

EEiiipiges HEER (F2)
Track Length Estimator 4.509e-2 {4.62%)
Collision Estimator 4,576e-2 (2.73%
Analog Estimator 4.558e-2 (3.63%)
Production 4.254e-2 (9.71%)
Balance 4.561e-2 (2.65%)

All 4.575e-2 (2.58%

HEE L FHILOFETO. BEREROZNHEBTOE
(EEHIETOPETRIGOEBEZGLEES)

FECH SRR (RE)
Track Length Estimator 4.53%-2 (4.51%)
Collision Estimator 4.543e-2 (2.82%)
Analog Estimator 4.48%e-2 (3.56%)
Production 4.129¢-2 (8.93%)
Balance 4.504e-2 (2.55%)
All 4,513e-2 (2.53%)

(&)




#3-3(a) EPHHEREEMBEROEOHTHR (H3-30MR, -50%HE)
WA E TOREATOELN B ER

#3-3(a) FTHHERE-EDHFROZOHERER (KIS-304E%K. ~50%HE)
MITHEERP S50, EHHETOEMIBEROZ (BREB)

PR HEBE (RE

Track Length Estimator 1.38754 (0.0242%)
Collision Estimator 1.38753 (0.0234%)
Analog Estimator 1.38757 (0.0316%
Production 1.38762 (0.0293%)
Balance 1.38759 (0.0226%)
All 1.38747 (0.0217%

TEFHE rEAR (RE)

Track Length Estimator 2.89e-3 (17.0%)
Collision Estimator 2.27e-3 (13.5%)
Analog Estimator 2.37e~3 (14.7%)
Production 1.38e~3 (28.2%)
Balance 2.48e-3 (12.2%)

All 2.43e-3 (17.1%)

TR TORBROEINBER

BEEFHIVOGFETO, BBEROENBEROE
(BERRTORETFRIFOESHZEALLES)

ER iR SEER (BE)
Track Length Estimator 1.39043 (0.0258%)
Collision Estimator 1.38980 (0.0217%)
Analog Estimator 1.28994 (0.0310%
Production 1.39001 {0.0286%)
Balance 1.39007 (0.0224%}
Al 1.38990 (0.0206%)

Exdlipage-d SrEER BE)
Track Length Estimator 3.005e-3 (13.5%)
Collision Estimator 2.508e-3 (13.8%
Analog Estimator 2.608e-3 (13.8%)
Production 3.132e-3 (31.4%%)
Balance 2.655e~3 (12.2%)
All 2.554e~3 (11.6%)

BT FHIIOFETO, EEREOEEERDE
(R TOP TR AOEHELER U LES)

BRI AT HERR (BE
Track Length Estimator 3.045e-3 (14.3%)
Collision Estimator 2.607e~3 (13.5%
Analog Estimator 2.597e-3 (14.7%)
Production 3.467e-3 (28.2%
Balance 2.686e-3 (12.2%)

All 2.696e-3 {10.3%




— 62 —

R3-3b) FHMERBLFEEROZOHERE (K3-30&R, ~25%F8
MILETE T OEBAN O S

#3-30b) MR EMBEBOZOHEER (K3-304H. -25%HH)
MU BHRRD 5 0. BEMETORDBEROE (BHER)

SR % FERE (RE)
Track Length Estimator 1.38754 (0.0242%
Collision Estimator 1.38753 (0.0234%)
Analog Estimator 1.38757 (0.0316%)
Production 1.38762 (0.0293%)
Balance 1.38759 (0.0226%
All 1.38747 (0.0217%)

FLaiipay:S HERR (B3

Track Length Estimator 1.14e-3 (40.8%)
Collision Estimator 1.03e-3 (43.1%)
Analog Estimator 1.25e-3 (46.7%
Production 8.40e-4 (64.7%)
Balance . 9.30e-4 (46.2%)

All 1.23e-3 (33.5%)

HIEHE TORBROENEEE

BEETANOGETO, MBAHOEHPEROE
(ESMETOPETFREITOLEHEEEL -H8)

EEAiWae BrEER (BE)
Track Length Estimator 1.38868 (0.0232%)
Collision Estimator 1.38856 (0.0218%)
Analog Estimator 1.38882 (0.0277%)
Production 1.38846 (0.0260%)
Balance 1.38852 (0.0212%)
All 1.38870 (0.0203%)

FmAE HEER (F®
Track Length Estimator 1.420e-3 (12.5%)
Collision Estimator 1.319e-3 (12.3%)
Analog Estimator 1.406e-3 (12.6%)
Production 1.705e~3 (23.2%)
Balance 1.376e-3 (11.3%
All 1.469e~3 (9.04%)

BEBECFANOHETD, EBEORIBEREOE
(BH#HIER TORETEAMOEHEHEL-158)

TR i HESER (B2
Track Length Estimator 1.445e~3 (13.4%)
Collision Estimator 1.373e-3 (12.1%)
Analog Estimator 1.411e-3 (13.1%)
Production 1.770e-3 (21.9%)
Balance 1.397e-3 (11.3%)
All 1.533e-3 (8.44%)




#3-4(a) PR LFPEHRBOZOHFHER (R3-404F%. -50%%E)
IR TOEBET O HR

#3-4(a) EWBEBEEPBEROZOHERHE (RK3-40HR. -50%HEE)
W FERERN S D, BHAE TOEMEEROE (BRMA)

)

PR HEHRRE (Ex)
Track Length Estimator -1.028e-2 (4.88%)
Collision Estimator -1.024e-2 (4.13%)
Analog Estimator ~1.023e-2 (6.17%
Production -1.002e-2 (4.47%)
Balance ~-1.009e-2 (4.18%
All -1.032e-2 (3.74%)

BHEFHNOGETO, HBMEOEMAERDE

FHEF HERR (FE)
Track Length Estimator 1.85624 (0.0199%)
Collision Estimator 1.85611 (0.0153%)
Analog Estimator 1.85579 (0.0227%)
Production 1.85609 (0.0158%)
Balance 1.85597 (0.0154%)
All 1.85628 (0.0129%)

WA FE TOEHEOEDREE

Eldliipagss HEHER EE
Track Length Estimator 1.84596 (0.0184%)
Collision Estimator 1.84587 (0.0170%
Analog Estimator 1.84556 (0.0255%)
Production 1.84607 (0.0183%)
Balance 1.84588 (0.0168%
All 1.84596 (0.0164%)

(BIHETOPETRANOENEEELLEE)

S B BEER (RE)
Track Length Estimator -0.902e-3 (2.08%)
Collision Estimator ~-9.964e-3 (1.86%)
Analog Estimator -9.510e-3 (4.11%
Production -1.073e-2 (14.68%
Balarice -1.002e-2 (5.31%)
Al -1.013e-2 (1.70%)

BT FHANOHETO, BEMEROEHEERDOE
(BENR TORETRSTOEHEERL -5

SHE HEER (FX
Track Length Estimator -9.526e-3 (2.51%)
Collision Estimator -9.593e-3 (2.08%)
Analog Estimator -9.066e~3 (4.44%)
Production -9.837e~3 (17.06%)
Balance -9.687¢-3 (5.69%)
All -9.636e-3 (2.04%)




#3-4(b) EHREREEREROZOFHESER (H3-40FFK, -25%F)
MR E TORBR OEEER

#3-4(b) HINAEREEMPEROZOHRHER (H3-40ER, -25%H )
WIHBEREREL SO, BEEIRTOEMEEROE (BRMA)

(ReZ)

EEdiipatd fiERER (B2

Track Length Estimator ~5.03e-3 (8.91%
Collision Estimator -5.06e-3 (7.33%)
Analog Estimator -4.68e-3 (12.12%)
Production -4.96e-3 (8.46%)
Balance -4.88e-3 (7.61%)

All -5.27e~-3 (6.32%)

BHEFTHNORETO, HEREOEMBRHEROE
(EHHETOREFRAFOLR = BAL LBE)

PG SRR (EE)
Track Length Estimator 1.85624 (0.0199%)
Collision Estimator 1.85611 {0.0153%)
Analog Estimator 1.85579 (0.0227%)
Production 1.85609 (0.0159%)
Balance 1.85587 (0.0154%)
All 1.85628 (0.0129%)
MAIHBETORMEOEMDBESR
E A HESE (BE
Track Length Estimator 1.85121 (0.0137%%)
Collision Estimator 1.85105 {0.0129%)
Analog Estimator 1.85111 (0.0207%)
Production 1.85113 (0.0161%)
Balance 1.85109 (0.0128%)
All 1.85101 (0.0125%)

Bl srEER B2
Track Length Estimator ~4,934e-3 (1.43%)
Collision Estimator -4.963e-3 (1.43%)
Analog Estimator -4.803e-3 (2.78%)
Production -4.179e-3 (15.87%)
Balance -5.101e-3 (3.55%)
All -4.973e-3 (1.33%)

BHETANOHETO, BEHEOENBEROE
(HBE TOPRTRAMOLEBEEELFE)

EliipagsS SEER (FE)
Track Length Estimator -4.838e-3 (1.56%)
Collision Estimator -4.871e-3 (1.40%)
Analog Estimator -4.672e-3 (2.80%
Production -3.994e~3 (16.55%)
Balance -5.016e-3 (3.80%)
All -4.892e-3 (1.34%)




#3-6 FRUMHERBLENBFEROZOHEER (H3-b0E%) ()
WUHERERN 5O, BESHETOIMEEROE (SRR

#3-5 HINEERFMEEROEOHERR (H3-504%)
MAAE TOREAM OEZHEER

AR HEER (D) EEA R (RE)

Track Length Estimator 1.03914 (0.0748%) Track Length Estimator -4.40e~3 (23.1%)
Collision Estimator 1.03898 (0.0734%) - | Collision Estimator -4.08e-3 (23.4%)
Analog Estimator 1.03984 (0.0841% Analog Estimator -4.71e-3 (27.5%)

Production 1.03923 (0.0730%) Production ~4.13e-3 (23.6%

Balance 1.03907 (0.0750%) Balance ~4.19e-3 (22.9%)

All 1.04013 (0.0677%) All -5.13e~3 (17.4%)

MM FHETORIEOEDIBER BHETHNOETOD. BEMBEOEYREROE
Er sy NEEE (RE) (E@Jﬁﬁ?ﬁ‘@@Wiﬁ?ﬂEﬁ#ﬁ@%@]%%ﬁ L&)

Track Length Bstimator 1.03474 (0.0635%) PR AR (RE)
Collision Estimator 103450 (0.0557%9) Track Length Estimator 1.460e-2 (61.1%)
Analog Estimator 1.03513 (0.0925%) Collision Estimator 8.121e-3 (86.4%)

Production 1.03510 (0.0589%) Analog Estimator 1.295¢-2 (83.6%)
Balance 1.03488 (0.0539%0) Preduction -2.231e-2 (23.7%
Al 1.03500 (0.0532%) Balance 5:370e-3 (124%)
All -1.857e-2 (23.7%




#3-6 FEINBEREFEMELBOEOITBR (M3-6064FR) ()
MUYABERN SO, HBmETOEDEEEDE (SRR

#3-6 EFMERLEMHNEROEOIEET (M3-6DER)
W HETOEDA OEDER '

EL iR BREER (RE A SRR (FD)
Track Length Estimator 1.85617 (0.0155%) Track Length Estimator 2.869e-2 (1.43%)
Collision Estimator 1.85614 (0.0156%) Collision Estimator 2.856e-2 (1.35%)
Analog Estimator 1.85590 (0.0199%) Analog Estimator 2.906e-2 (2.00%
Production 1.85610 (0.0173%) Production 2.858e-2 (1.48%
Balance 1.85604 (0.0161%) Balance 2.875e-2 (1.43%)

All 1.85631 (0.0104%) All 2.849e-2 (1.10%

M EH R TS ORI ER

BEEFHNVOHETO, BEGEOEMEERDE

FPE A i AHERE (B2 FHE A HEHE (B®)
Track Length Estimator 1.88486 (0.0155%) Track Length Estimator 2.811e-2 (2.28%)
Collision Estimator 1.88470 (0.0134%) Collision Estimator 2.826e-2 (1.70%)
Analog Estimator 1.88496 (0.0237%) Analog Estimator 2.800e-2 (3.74%)
Production 1.88468 (0.0146%) Production 3.178e-2 (10.50%
Balance 1.88479 (0.0149%) Balance 2.728e-2 {4.30%)
All 1.88480 (0.0130%) All 2.842e-2 (1.29%)
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521-1 BENCHMARKS AR TOHERlaEsR

GASE1
GMVP} FiE Fik2 Fii3 Fix4 F#E5
10954 | 1.0951 1.0953 1.0961 1.0953 1.0960
(£0.05%); -0.02% 0.00% 0.06% 0.00% 0.06%
CASE3
GMVP} FiE1 FiE2 Fik3 Fika Fi%5
0.8806 0.8788 0.8777 0.8786 0.8787 0.8820
(+0.04%); -0.20% -0.33% -0.22% -0.22% 0.16%
( )JGMVPOIE#({FE
KF : GMVPEDZE [%A4]



#1-2-1 BENCHMARKS (casel) R TOZRABEOTEHPHFER HHE

ENERGY GMVP FiE Fike Fis Fik4 Fi&5
1| 489506 0.69 079 0.94 0.78 1.02
STEEL 2| v.69t-06 0.03 on 038 0.13 0.48
3| 723e-08 -0.14 -0.18 o1 -0.19 0.17
4| 7.85E-08 0.58 045 0.54 045 0.55
[
ENERGY GMVP Fi# Fik2 FE3 Fika Fi&E5
1| 352E-05 -005 0.08 0.04 0.05 0.08
AXIAL 2| 495e-05 0.00 012 0.19 0.10 0.17
BLANKET 3| 2.81E-05 1.13 1.20 1.17 1.15 1.08
4| 1.20E-05 097 0.94 063 0.91 0.52
[%]
ENERGY GMVP FiE Fk2 Fix3 Fika Fi6
1| 2.18E-05 -1.18 -1.11 -0.94 -1.1 -0.85
AMIAL 2| 293E-05 -070 -0.69 -0.45 ~0,63 -0.36
REFLEGTOR 3| 1.83E-05 -0.38 -0.41 -0.26 ~042 ~0.17
4| 1.42E-05 -0.16 -0.33 -0.37 -0.33 -037
%
ENERGY GMVP Fix1 FiE2 Fi&s Fika FiES
1| 1.34E-04 -0.18 -0.10 -0.04 -0.07 0.03
TEST ZONE 2| 1.08E-04 -0.17 -0.00 0.01 -0.08 ~0.02
3} 3.09E-05 051 0.60 025 0.52 0.09
41 3BYE-06 -0.65 -092 -1.82 -0.80 -2.35
{5
ENERGY GMVP Fi1 Fiko Fiis Fik4 FikS
DRIVER 1| 9.92E-05 -0.39 -0.47 -0.35 -0.37 ~0.24
without 2| 7.98E-05 -0.04 -0.08 010 -0,03 017
MODERATOR 3| 297E-05 0.42 072 0.20 0.50 0.22
4| 6.88E-08 0.68 142 -0.24 091 =077
%
ENERGY GMVP Fix Fike Fiks Fit4 Fiti5
DRIVER 1| 6.53E-05 011 0.07 028 0.12 039
with 2| 5.01E-05 0,07 013 020 0.10 021
MODERATOR 3| 2.838-05 0.14 0.10 026 0.1t 027
4| 1.45E-05 0.01 ~-0.24 -0 -0.19 -0.12
[%]
ENERGY GMYP Fi1 FiE2 Fiks Fik4 FiE5
REFLECTOR 1| 1.04E-05 -0.42 -0.26 -0.53 -041 -0.63
without 2| 1.24E-05 -0.14 -0.36 0.08 -0,18 017
MODERATOR 3| 8.74E-06 -0.20 -0.52 -0.15 -048 0.14
4| 1.05E-05 0.31 -0.05 -045 -0.14 -023
[%]
ENERGY GMvP Fi Fit2 PR3 FiR4 FiES
REFLEGCTOR 1| 2.68E-08 -0.39 -0.72 -2.03 -0.94 -2.43
with 2| 298E-06 -0.13 -0.12 -0.88 -0.23 -0.87
MODERATOR 3| 2.71E-06 -0.51 -0.38 -0.87 -0.43 -0.84
4| 7.82E-06 -0.94 -0.77 -0.83 -0.74 -0.64
[x]
ENERGY GMVP FiE Fike Fiis Fika Fi&5
1| 9.38E-07 0.87 0.16 -053 0.53 -1.09
KNK-1 2| 1.23E-00 237 0.50 -0.16 0.95 -0.62
REFLECTOR 3| S.TE-07 1.94 013 028 0.30 -0.85
4| 2.60E-08 -1.73 -0.68 -0.48 -1.07 -0.79
[%]
ENERGY GMVP Fi# Fik2 Fi#3 Fike Fi#s
1| 3.166-07 -0.36 -0.87 -037 -0,61 -1.84
SODIUM 2| 5.238-07 -0.65 -1.47 0.13 -1.18 -1.68
STEEL ZONE 3| 393e-07 -1.48 -2.54 -0.15 -2,37 -2,45
4| 5.75E-07 -0.20 1.04 2.80 0383 032
[%]
ENERGY GMVP Fi Fike2 Fika Fit4 TS
1| 0.00E+00 0.00 0.00 0.00 0.00 0.00
CONTROL ROD 2! 0.00E+00 0.00 0.00 0.00 0.00 0.00
3| 0.00E+00 0.00 0.00 0.00 0.00 0.00
4{ 0.00E+00 0.00 0.00 0.00 0.00 0.00
{5
ENERGY GMVP Fi&1 Fiko Fiks Fit4 Fi£5
1| 5.25E-05 617 0.51 0.38 0.32 0.25
GONTROL ROD 2| s07E-05 032 0.42 0.52 0.43 0.55
FOLLOWER 2| 2.26E-05 0.64 0.64 053 0.70 0.62
4| 1.04E-05 0.02 -0.30 -0.33 0.0t 0.06
[%]
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#21-2-2 BENCHMARKS (cased) R TOEMAROF b7 HxtE

ENERGY | GMVP FiE Fik2 FHS3 Fita Fi6
1| e.06E-08 110 135 1.23 1.22 112
STEEL 2| 1.08E-05 048 0.70 0,61 0.61 0.61
3| 1.426-08 0.42 0.59 0.48 047 0.41
4| 1.53c-08 -0.42 -0.36 -0.44 -0.48 -0.81
%]
ENERGY [ GMVP FiE Fikz2 FiE3 Fika Fiks5
i| 4.08E-05 1.54 197 1.67 1.69 1.48
AXIAL 2{ B21E-0S 0.64 0,82 0.75 0.75 0.64
BLANKET 3{ 2.37E-05 024 033 030 028 0.06
41 9.786-08 1.81 187 1.79 1.74 1.09
%]
ENERGY | GMVP Fi Fik2 Fit3 Fika FikE
1| 2.38E-05 -0.24 -0.08 -0.17 -0.16 ~017
AXIAL 2| 296E-05 0.05 021 013 0.13 0.11
REFLECTOR 3| 1.70E-05 0.22 0.20 022 021 0.24
4| 1.28E-05 -043 -0.48 -053 -057 -0.58
%
ENERGY | GMVP Fik Fika Fiks Fi4 F#&S
1| 1.65E-04 -028 -007 -0.13 -0.11 -0.25
TEST ZONE 2| 117604 0.08 0.20 0.16 0.18 0.12
3| 2.18E-05 -0.17 -0.30 -0.18 -027 -037
4| 1.18E-08 197 045 2.09 173 -0.06
%l
ENERGY | GMVP FH1 Fik2 Fika Fikg FHS
DRIVER t| t.10E-04 -0.63 -0.73 -0.68 -0.85 -0.66
without 2| 7.77E-05 0.14 0.04 o1 012 0.15
MODERATOR 3| 2.128-05 -0.36 ~-0.34 -0.31 -0.40 -0.64
4| 394E-06 0.85 1.09 1.05 1.00 -0.28
[%1
ENERGY | GMVP Fiki Fik2 Fik3 Fixg FiES
DRIVER 1] 7.52E-05 0.25 0.30 025 0.26 0.25
with 2| 520£E-05 021 0.32 023 022 0.09
MODERATOR 3| 2.70E-05 0.19 o185 0.13 0.14 0.35
4| 1.34E-05 0.08 -0.18 =011 -0.11 027
[%]
ENERGY [ GMVP Fik1 Fik2 FEa Fita Fik6
REFLECTOR 1| 1.22e-08 014 058 0.33 0.28 -0.38
without 2| 1.38E-05 018 017 0.18 0.22 027
MODERATCR 3| 9.19E-06 015 0.08 -0.04 -0.06 033
4| 1.09E-05 0.44 0.28 008 0.05 -038
%]
ENERGY | GMVP FiE Fi2 Fi&s Fika Fiks
REFLEGTOR 11{ 3.14E-08 0.50 035 010 0.01 -2.02
with 2{ 3.35E-06 021 041 021 0.18 -0.89
MODERATOR 31{ 3.00E-08 -0.14 021 0.04 0.04 -0.77
4| 8.57E-08 -0.34 0.05 -0.05 -0.04 -037
[%]
ENERGY | GMVP Fi1 Fik2 FiEs Fika Fi6
1| 1.10E-08 1.00 047 0.56 0.69 ~1.46
KNK-1 2| 141E-06 1.84 021 0.46 0.53 -1.87
REFLECTOR 3| 1.10E-06 091 -0.55 -0.50 -0.53 -1.94
41 2.89E-06 -0.82 0.40 0.03 -0.12 -0.21
fs]
ENERGY | GMVP FiE1 Fik2 Fi£3 Fika Fi&5
1| 3.70-07 0.04 -0.30 -0.28 -0.17 -1.93
SODIUM 21 6.00E-07 -0.80 -1.41 -1.30 -1.26 -2.10
STEEL ZONE 3| a.45e-07 ~0.50 -1.78 -1.74 -1.74 -2,12
4| 642E-07 0.49 1.82 1.61 1.49 1.23
[%]
ENERGY | GMVP Fi# Fiko Fika Fika Fix5
1| 857605 017 0.69 0.32 0.26 -0.20
CONTROL ROD 2| 695e-08 0.37 0.74 0.49 0.47 -0.07
3| 1.356-05 0.25 0.82 0.33 0.31 -1.71
4| s.736-07 2.08 3.26 2,08 2.32 -2.82
&)
ENERGY | GMVP Fi1 Fike Fiks Fita Fik5
t| 0.00E+H0D 0.00 0.00 0.00 0.00 0.00
CONTROL ROD 2| oooero0 0.00 0.00 0.00 0.00 0.00
FOLLOWER 3| 0.00E+00 0.00 0.00 0.00 0.00 0.00
4| 0.00E+00 0.00 0.00 0.00 0.00 0.00 i
%.



#&2-1 THALW ] (RRTOEMEMHGEER

HlEEe s ERE AR
GMVP Fik1 Fiko Fi£83 Eik4 FikE
10321 1.0320 1.0319 1.0319 1.0319 10323
(+£0.019%): 0.01% 0.00% 0.00% 0.00% 0.04%
HliESEAKR
GMVP! Fik1 Fik2 Fi%3 Fik4 FiES
0.8604 0.8610 0.8605 0.8609 0.8609 0.8626
(+0.027%): 0.06% 0.00% 0.04% 0.04% 0.25%

( XGMVPOE#RE
AE . GMVPEDE [%A4K
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#&2-2-1 LALH (FEEREIEEE) RRTOS/—FRTESPETR ExE

ENERGY| aMVP EH1 Eko EF3 Fik4 EHE
1| 1.41E-02 0.79 0.95 0.75 0.73 0.13
2| 9.09E-02 -0.39 -048 -049 -0.50 -0.72
1 -NA 3| 5.75E-02 -1.08 -1.36 -1.21 -1.20 -1.36
4| 153E-02 0.04 -0.32 -0.26 -0.23 0.25
5] 3.40E-03 -0.50 -0.99 -0.82 -0.82 0.52
6{ 2.70E-05 8.15 6.65 16,50 11.60 59.20
[%]
ENERGY| GMVP EiE1 F2 K] Fika Fh5
1| 1.56E-02 -0.45 ~0.60 -057 -056 -0.62
2| 9.02E-02 -0.69 -0.80 -0.79 -0.79 -0.86
2-IC 3| 5.45E-02 -0.99 -1.22 -1.10 -1.10 -1.26
4| 1.33E-02 -042 -057 -0.63 064 -0.62
5| 252603 -0.73 -0.90 -0.97 097 -0.87
5| 1.18E-05 -4.80 -5.08 -5.33 —5.50 -6.14
(%]
ENERGY] GMVP FE1 Fko FE3 Fgka FEb
1| 1.52E-02 -0.31 -0.45 -0.41 -0.41 -0.48
2| 8.76E-02 -0.39 ~0.49 048 -0.47 -0.56
3-1C 3| 5.25E-02 0.08 012 -0.02 -0.02 -0.18
4| 1.29E-02 067 -0.80 084 -0.85 -0.87
5| 244E-03 -0.32 -0.45 -0.51 -0.52 -0.48
6| 1.07E-05 017 0.00 -0.10 0.09 -0.66
EY
ENERGY| GMVP FE1 F&2 FE3 Fik4 Fi&B
1| 1.45E-02 -0.44 -053 -0.50 —0.50 -058
2| 8.40E-02 -0.35 -0,42 —0.41 041 -050
4-1C 3| 5.04E-02 -0.1 -0.35 -0.27 -0.27 -0.41
4| 1.21E-02 0.36 0.27 0.22 0.22 015
5| 2.38E-03 -0.77 -0.9 -0.93 -0.92 -082
6| 9.99E-06 7.08 6.82 6.14 5.20 3.76
[%]
ENERGY| GMVP E31 FiE2 F#3 FEik4 =35
1] 1.37E-02 -0.56 -0.62 -0.60 -0.60 -0.68
2| 7.84E-02 0.12 0.09 0.09 0.10 0.02
5-1C 3| 467E-02 018 0.12 017 0.17 0.06
4| 1.13E-02 0.26 0.23 0.20 0.20 0.15
5| 2.10E-03 ~0.60 ~0.59 -0.63 -0.64 -0.66
6| 9.176-06 -3.73 -3.60 -3.65 -3.35 -458
[
ENERGY| GMVP FiE1 Fie F*£3 Fika FES
1| 1.26E-02 -0.28 -0.32 -0.30 -0.30 -0.43
2| 7.24E-02 0.23 0.23 0.23 0.24 0.18
6 -IC 3| az4E-02 0.21 0.21 0.22 0.22 0.16
4| 1.02E-02 -1.01 -0.99 -1.01 -1.02 -1.07
5| 1.91E-03 -0.78 -0.76 -0.77 -0.78 -0.63
6| 9.47E-06 -12.00 -12.20 -13.20 -14.70 -16.70
[¥]
ENERGY| GMVP FEH1 Fik2 Fik3 Fka F%5
1] 1.19e-02 007 0.12 0.07 0.07 0.10
2| 651E-02 017 0.25 0.24 0.24 0.29
7-1C 3| 3.61E-02 0.14 0.20 0.18 0.18 0.18
4| 799E-03 0.95 0.98 1.00 0.98 0.0
5! 1.33E-03 -0.55 -0.59 -0.52 ~0.53 -0.58
61 4.28E-06 -1.26 -1.55 017 -0.22 439
]




£2-2-1 HALD (RIHELSIEHE) FRTOE/—FREHPEFR HEXZEEHE)

ENERGY| GMVP F#1 Eiko Fiks Fika FEkE
1| 1.06E-02 -1.12 -1.00 -1.02 -1.01 ~0.66
2| 5.29E-02 -0.87 -0.77 -078 -0.78 ~0.57
B-0C 3| 282E-02 -0.88 -075 -0.81 -0.82 -0.80
4| 601E-03 1.58 1.67 1.69 1.68 1.48
5| 8.65E-04 -0.53 -0.49 -045 045 -1.06
6| 232E-06 477 3.55 657 10.70 13.10
[%)
ENERGY| GMVP Ei#1 Fik2 Fi%3 Fiha Fh5
1| 6.16E-03 0.02 -0.13 -0.04 -0.02 0.52
2| 3.30E-02 -0.59 -0.49 -0.49 049 -0.21
9-0C 3| 1.99E-02 -0.29 ~0.06 -0.16 -0.18 012
4| 489E-03 -1.80 -1.69 -1.1 -1.74 -1.95
5| 8.52E-04 -0.29 0.03 -0.06 -0.04 -0.76
6| 1.15E-05 1.97 2,78 1.51 255 -3.23
[%)
ENERGY| GMVP 3 Fik2 Fika Fika FES
1| 1.486-03 -1.21 ~0.50 -0.64 067 -1.38
21 1.41E-02 -1.79 -1.52 -1.56 -1.57 -1.69
10 -~ BLANKET 31 1.23E-02 -0.80 -0.52 ~0.62 —-0.61 -0.50
4] AB1E-03 -0.85 -0.68 -0.65 -0.63 -0.57
5] 1.08E-03 1.20 1.29 1.38 1.40 1.70
6] 5.56E-05 1.39 1.28 1.69 1.41 305
(%1
ENERGY| GMvP Fi#E Fik2 F%3 Fika FiES
1| 3.25E-04 3.68 2,76 2.74 269 1.14
2| 4.97E-03 154 1.56 152 150 1.07
11 -BLANKET 3| 5.89E-03 -0.39 -0.07 -0.19 -0.19 -0.16
4| 2.24E-03 -4.25 -3.97 -3.95 -3.93 -4.01
5| 8.40E-04 -1.80 -1.49 147 -1.44 -1.53
6{ 7.10E-05 -0.66 0.12 0.18 0.30 -0.13
(%]
ENERGY| GMVP Fik1 Fik2 FiES8 Fika Fi&6
1| 1.17E-02 -1.44 -1.01 -1.23 -1.26 -1,77
2| 7.02E-02 0.05 0.16 0.13 012 0.00
12~ NA 3| 4.22E-02 -1.06 -1.02 -1.01 ~1.00 -1.01
4| 1.09E-02 -0.97 -1.04 ~0.92 -0.80 ~0.48
5| 2.29-03 -1.50 -1.72 ~1.46 -147 -0.11
6| 2.09E-05 -12.40 -13.50 ~4.74 -9.31 32,50
%]
ENERGY| GMVP FiE1 Fi2 Fiks Fx4 FES
1| 1.34E-02 -0.17 0.08 ~0.12 -0.15 -0.74
2| 8.54E-02 -0.37 -0.38 -0.40 0.4 -0.61
13 - NA 4| 5.35E-02 -0.45 -0.60 -0.50 -0.49 -0.61
4| 1.41E-02 1.20 0.98 1.06 1.09 1.54
5| 3.22E-03 -1.1 -2.06 -1.88 -1.88 -0.62
6| 259E-05 457 3.25 12.90 8.24 54.30
%]
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#2-2-2 HALH (HIEHELEEAN) KRTOE/—FATHHETR ArtE

ENERGY|] GMVP FE1 Fk2 F&#£3 Fi&4 FiES5
1] 743E-03 -3.70 -3.57 -3.67 =374 -4.21
21 4.44E-02 -2.11 -2.25 -2.16 =218 -2.34
1-CR 3| 2i8E-02 -1.18 -1.31 -1.20 -1.19 ~-1.46
' 4| 286E-03 -1.60 -1.51 -1.70 -1.62 -3.06
5| 2.06E-04 2.58 296 2.30 275 —0.30
6| 2.64E-07 3.27 387 -1.54 44,50 26.70
(%]
ENERGY
1] 9.74E-03 =-2.55 -2.80 -2.55 -2.54 -2.2%
2| 5.21E-02 =232 -2.55 -233 -232 =207
2-Ic 3| 2.64E-02 -1.43 -1.65 -1.39 -1.38 ~0.97
41 5.12E-03 -0.69 -1.05 -0.61 -0.64 0.45
5| 7.27E-04 =333 -3.91 -3.17 =335 -1.27
6| 1.89E-06 19.50 18.60 20,70 12.20 16.40
(%]
ENERGY
1] 1.00E-02 -2.94 -3.28 -3.03 -3.03 -2.83
2| 530E-02 -1.69 =200 -1.79 -1,78 -1.57
3~I1C 3] 267E-02 -1.18 -1.51 -1.26 -1.26 -0.83
4| 5.23E-03 -2.16 ~2.67 -2.23 -2.25 -1.12
5] 696E-04 140 0.63 143 1.23 3.49
6} 2.66E-06 -16.50 ~17.20 -15.20 -21.20 -17.10
]
ENERGY|
1| 1.05E-02 -3.47 -3.80 - -3.59 -3.58 -3.43
2| 5.52E-02 —0.60 -0.89 -7 =0.70 -0.53
4~-I1C 3| 277e-02 -0.53 -0.86 —0.64 -0.63 -0.21
4| 5.38E-03 -237 -2.89 -2.50 -2.53 -1.3%
5| 1HE-04 -3.02 -3.85 -3.07 -3.26 -0.99
6| 248E-06 -1.86 -2.88 -1.68 =-9.72 -6.24
(]
ENERGY
1| 1.10E-02 ~0.89 -1.20 -1.03 -1.02 -0.93
2| 581E-02 -1.14 -1.43 -1.28 -1.26 -1.19
§-IC 3| 277E-02 =0.77 -1.17 -0.93 -0 -0.54
4| 5.19E-03 -0.66 -1.34 -0.75 -0.79 0.69
5] 747E-04 -4.29 -5.14 -4.26 -4.48 -2.23
6§ 2.74E-06 -18.90 -19.60 -17.80 -20.00 -23.20
(%]
ENERGY
1] 1.24E-02 -0.37 -0.63 ~0.54 -0.54 -0.60
2} 651E-02 -0.91 -1.11 -1.04 ~1.02 -1.03
6-IC 3| 3.08E-02 -0.78 -1.10 -0.95 -0.93 -0.67
4| 5.68E~-03 0.75 0.19 0.64 0.60 1.80
5| 831E-04 -0.46 -1.22 -0.48 ~0.66 1.4
6| 2.69E-06 -1.76 -2.54 -1.17 -4.43 -8.87
[l
ENERGY
t{ 1.556E-02 -0.78 -0.57 —-0.67 -0.67 -0.78
21 7.65E-02 -0.74 -0.67 -0.72 -0.1 -0.n
T-1C 3| 3.69E-02 -0.06 -0.09 -0.12 -0.12 0.00
4| 7.46E-03 112 0.98 0.98 0.94 1.31
5| 1.10E-03 -0.28 —-0.51 -0.41 -0.51 0.30
6| 278E-08 17.10 16.30 13.40 542 7.44 :
[
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#2-2-2 HA L (HEELEBA) FRTOE/~FRFEHTHFR HEEHS)

ENERGY
1] 1.61E-02 0.08 0.25 0.14 015 0.25
2] 7.20E-02 -0.50 -0.37 -0.46 -0.45 -0.42
8-0C 3| 3.55E-02 -1.21 -1.16 ~1.25 -1.26 -1.36
4| 7.24E-03 1.30 1.31 1.24 1.21 0.99
5| 9.67E-04 254 247 243 24 180
6| 2.92E-06 -1.97 -3.41 ~-0.99 1.89 -1.82
(%]
ENERGY
1| 1.03e-02 0.15 0.01 0.00 0.03 0.25
2| 4.39BE-02 -0.53 042 =051 -0.50 -0.46
9-0C 31 277E-02 =012 0.00 -0.13 -0.14 0.3t
4| 6.57E-03 -0.44 -0.33 -0.47 -0.48 -0.85
5| 1.17E-03 -1.67 -1.47 -1.69 -1.67 -251
6| 1.61E-05 0.50 - 117 -0.32 0.55 -5.92
(%]
ENERGY
1| 243E-03 2.28 3.18 291 2.89 177
2| 213E-02 -0.02 035 0.21 0.21 -0.25
10 - BLANKET 3| 1.BOE-02 -0.62 -0.44 -0.55 -0.53 -0.74
4| 5.43E-03 -0.08 ~0.01 -0.1 -0.10 -0.22
5| 1.58E-03 -0.74 -0.80 -0.85 -0.84 -0.69
6| B8.58E-05 -6.28 -6.53 -6.31 -6.60 -5.35
%]
ENERGY
1| 548E-04 547 457 4.42 438 243
2| 7.96E-03 -1.33 -1.28 -i41 -1.42 -2.18
11 -BLANKET 3} 9.06E-03 -3.12 -2.95 -3.06 -3.05 ~-3.36
41 3.14E-03 0.99 118 1.06 1.00 0.81
51 1.20E-03 -0.00 0.16 0.03 0.07 ~-0.21
6 1.04E-04 -1.49 -0.94 -1.02 ~-0.H -1.57
(%]
ENERGY
1| t.06E-02 -0.81 -0.21 -0.55 -0.63 -1.37
2| 6.03E-02 -1.16 -0.92 -1.05 -1.07 -1.48
12-CR 3| 287E-02 -1.15 -0.96 -1.09 -1.08 -1.66
4| 3.62E-03 -0.24 0.19 ~-0.26 -0.18 205
51 253E-04 230 3.00 2.01 247 -1.11
6| 257E-07 16.80 17.30 285 66.50 61.00
[#]
1] 8.01E-03 -1.14 -0.86 -1.04 -1.12 -1.69
2} 4.89E-02 -1.84 -1.84 -1.82 -1.85 -2.09
13- CR 31 241E-02 -1.25 -1.25 -1.22 -1.21 ~1.56
4] 3.16E-03 -1.714 -1.50 -1.78 -1.70 -3.22
5| 230E-04 1.41 1.93 117 1.62 ~-1.49
6| 2.21E-07 34.20 35.20 20.20 89.40 65.60
%]
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#2-3-1 HLALY (HEEESIEERE) ARTOE/—FARSRRIEE HxE

GMVP FH1 Fiko Fix3 Fika Fi%5
1-NA 0 0 0 0 ) 0
2-IC 4.29E-04 -0.89 -0.85 -0.82 -0.82 -0.89
3-IC 4,09E-04 -0.28 -043 —-0.40 -0.40 -048
4-1C 3.93E-04 -0.26 -0.36 -0.34 -0.34 -043
5-IC 3.84E-04 -002 -007 -0.06 -0.08 013
6-1C 3.34E-04 -0.10 -0.10 -0.10 -0.10 -0.18
7-C 2.91E-04 0.18 0.25 0.24 0.23 0.25
8-0C 3.09E-04 -066 -055 -0.57 057 -0.45
9-0C 207E-04 -0.55 -043 -0.45 045 -0.31
10-BLANKET 9.43E-08 -1.13 -052 -0.63 —0.65 -1.18
11-BLANKET 2.66E-06 1.80 1.34 1.32 1.29 0.28
12-NA 0 0 0 0 0 0
13-NA 0 0 0 0 0 0

(%]

#2-3-2 HALD (FIHELEA) ARTOE/—FARSHRIGE BxE

GMVP Fi*k1 Fike Fix3 Fika F&5
i-CCR 0 0 0 0 0 0
2-IC 2.21E-04 -205 -230 -203 -2.03 -1.61
3-IC 2.95E-04 -1.82 -2.18 -1.91 -1.91 ~1.51
4-1C 2.356-04 -1.50 -1.85 -1.82 -1.62 -1.24
5-1C 241E-04 -1.08 -143 -1.19 -1.19 -0.87
6-1C 2.70E-04 -0.60 -0.88 -0.74 074 -0.54
7-1G 3.27E-04 -0.41 -0.36 ~0.41 -042 -0.36
8-0C 4.17E-04 -0.27 -0.17 -0.26 -0.25 -0.28
9-0C 3.08E-04 -0.34 -0.27 -0.37 -0,36 045
J0-BLANKET 151E-05 175 252 2.28 2.26 1.32
11-BLANKET 4,30E-08 3.14 2.63 249 247 1.08
12-CCR 0 0 0 () 0 0
13-CCR 0 0 0 0 0 0

[

#®2-4 HALY (HIHELEA) KRTOE/—FRARIREE BxtE

GMVP FHE1 Fik2 Fike FE4 F*5
1-GCR 1.31E-03 -1.49 ~1.66 -1.54 -1.51 -2.04
2-C 447E-04 -1.85 -2.11 -1.82 -1.83 -1.30
3-IG 4.54E-04 -1.63 201 -1.72 -1.72 -1.20
4-1C 4.75E-04 -1.37 -1.74 -1.48 -1.49 -0.99
5-1C 481E-04 -1.08 -148 -1.20 -1.21 -0.73
6-1C 5,36E-04 -0.53 -0.85 -0.66 -0.67 —-0.32
7-iC 6.54E-04 -0.21 -0.20 -0.24 -0.25 -0.12
8-0C T41E-04 —0.21 -0.12 -0.21 -0.21 -0.28
8-0C 5.70E-04 ~0.30 -0.30 -0.41 041 -0.57
10-BLANKET 2.10E-04 -0.27 -0.08 —0.19 -0.18 =0.41
11-BLANKET 1.10E-04 -0.92 -0.76 -0.88 —0.86 -1.26
12-CCR 1.73E-03 -0.89 -0.62 -0.83 —0.81 -1.64
13-CCR 1.45E-03 -1.43 -1.37 -1.43 -1.40 =2.01

[%]



G=1

G=4

G=5

25 AL (FIHESIEA) LR BHERKEBERTORIBODETER [FiX1]
i REAGION 13 ( B4fssa5s
IRLF—E RGHEM /~FRpEFHE

1.81E-00
1.75E-06
1.76E-08
1.85E~-08
1.97E-C5
1.93E-08

] 1.11E-03

D da R =

RiTAE /—FARABETH
1.18E-05
1.18E-05
1.16E-05
1.19E-05
1.23E-05
1.22E-05

| AT TS|

ot BN —

MITHE /—FAGETH
6.056-06
5.97E-06
6.00E-06
6.12E-08
6.24E-06
6.19E-08

b WD —

I 3.66E-05 | 7.92E-07 9.46E-07 B95E-07 7.37E-07 B.S53E-07 111E-07

Xs

U+ W+ -

u- V-

445E~07 5.65E-07 B.05E-07 7.77E-07 1.42E-07 522E-07
S32E-07 454507 S44E-07 1.52E-07 1.46E-07 1.41E-07
7.68E-07 E5IE-07 452E-07 5265-07 7.36E~07 1.56E-07
8.00E-07 B8.20E-07 LGIE-07 442E-07 525C-07 155E-07
8.00E-07 8.66E-07 8.40E-07 LH6E-07 433E-07 541E-07

SEIE-07 BASE-07 9.45E-07 7.86E-07 5I3IL-07 435E-07

8.37E-07 9.66E-07 9.24E-07 791E-07 7.27E-07 749E-07

X
3 75E-08
3.87E-G8
4.37E-G6
4.46E-08
A49E-CE
3. 98E-08
1.73E-08

X+
200E-08
205506
2.29E-06
2.32E~G8
2.33E-06
209E-08

U+ Ve X=
403E-05 4.56E-06 4.36E-G8
JE6E-05 J88E-065 4.29E-CS
403E-06 363606 382E-06
4,656-08 406E-06 3 7OE-06
4.74E-06 4.65E-06 J9IE-06
470506 4.66E-06 4.30E-08
2.12E-06 2.00E-06 1.62E-08

U+ Ve X=
2 166-06 2.37E-06 2.25E-06
Z2086-06 2 1TE-06 220E-08
2 I4E-06 205608 201E-05
243E-06 2 J4E-08 1.96E-08
2.46E-06 241E-06 ZOME-U5
2,44E-06 241E-06 226E-08

U= V-
4.20E-06 3 77E-U6;
421E-06 4.21E-08
4.18E-06 4.25E-08
J77E-06 4.20E-CS
3 6IE-06 J82E-06]
3 JBE-08 3 64E-U5;
1.40E~05 1.48E-08

u- V-
217E-05 1.98E-06
2.16E-08 2.20E-08]
2176-05 2.22E-08
1.97E-06 2.22E-08
1.92E-G6 Z00E-06
L 98E-08 1.93E-06

MITHE /—RAPETE x+ Us v+ X- u- V-
1 799E-07 | 297607 324E-07 A0IE-07 3.79E-07 3.67E-07 294E-07
2 791E-07 | 205E-07 369E-07 315E-07 3.76E-07 3.70E-07 3.75E-07
3 785E-07 | 88907 2205-07 203E-07 295E-07 3.68E-07 3.7BE-07
4 BOTE-07 | 393E-07 A1IE0T /8E-07 282507 291E-07 3.ITE-0T
5  BIOE-07 | 383E-07 492E-07 4.11E-07 298607 277E-07 293E-07
6 8.14E-07 | 208E-07 41SE-07 4.12E-07 3.79E-07 291E-07 Z81E-07
[ 483606 | 271E-07 30307 254E-07 260E-07 246507 Z61E-O7

mAEAR /-FRBREFE X+ U+ V4 X= u- V-
1 60E-08 [ 2/3E-08 250E-08 4.BIE-0B 478E-08 4.43E-08 226508
2 5899608 239508 227608 247F-08 AG5E-08 4.49E-03 4.51E-08
3  598E-08 | ABTE-08 2505-08 Z/6E-08 2295-08 AA1E-08 4.62E—08
4 BITE-05  |503E-08 5.08E-08 245E-08 204E-08 224E-08 ASTE-08
5  628E-08 | AO5E-08 5.16E-08 494E-08 232E-08 198E-08 229E-08
[} 6.20E-_9§ 242F-08 5.06E-08 5.00E-0B A.70E-08 Z25£-08 Z01£-08
[ 366E-07 792E-08 B.UGE-CS 7.75E-08 7.41E08 GBIE0B 7.14E-08

RITAE /—FRPEFE X+ U+ Vi X- u- V-
T 776E-11 | Z84E-17 332E-17 131E-10 1.36E~10 1.21E-10 F04E-11
2 183E-N 327E-17 2866-11 323E-T7 132E-10 1.23E-10 1.23E-10
3 7.63E-11 1.A0E-10 2J5E-17 Z77E-11 R1SE-11 1.20E-10 1.26E-10
4 7.99E~11 1,45E-10 1.37E-10 325E-11 Z72E-11 302E-17 1.26E-10
5 8.00E-11 1.41E-10 1.38E-10 1.32E-10 Z/8E-11 256E-11 312E-11
6 7.86E-11 FIFE-11 1.35E-10 1.34E-10 1.32E-10 FO05E-11 Z262E-11
l 4.G§E—IO 3.32E-10 3.15E-10 3.04E-10 3.I0E-10 2.77E-10 288E-10

XUt
1.68E-07
7.44E-07
8.51£-07
8.83E-07
9.13e-07
9.03E-07
5.06E-06

XUt
4.70E-06
461E-06
4.78E-08
4.88E-06
5.01E-06
4.96E-06
2.90E-05

XUt
2.53E-06
2.48E-06
2.56E-06
2.56E-08
2.64E-06
2.62E-06
1.54E-05

Xui
485507
4.74E-07
4.92E-07
4.97E-07
5.08E-07
5.05E-07
2.96E-06

XU1
6.41E-08
6.39E-08
6.96E-08
7.05E-08
T12E-C8
G.9BE-C8
4.09E-07

KUi
1.93E-10
2.00E-10
221E-10
2.23E-10
2.18E-10
213E-10
1.27E-09

U1
8.57E-07
7.73E-07
7.76E-07
9.12E-07
9.42E-07
9.32E-07
5.23-06

9355
5.02E-06
4.78E-06
4,79E-06
5.05E-06
5.14E-08
5.13E-08
2.59E-05

uvi
2.66E-06
2.58E~06
2.58E-08
2.6BE-06
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Effective Cross Section of 28y Samples for Analyzing Doppler Reactivity in Fast

Reactors

ABSTRACT

An effective cross section of **U sample has been derived to accurately calculate the
Doppler reactivity worth. The neutron spectrum in the sample is determined by considering
the interference effect of neutron spectrum between the sample and the surrounding fuel
region, and is used to obtain the effective cross section of the sample. The obtained effective
cross section can be calculated using the conventional self-shielding factors. The use of the
present cross section has increased the Doppler reactivity worth in ZPPR-9 by about 4%
compared to the result by the conventional self-shielding factor method without the spectrum
interference effect. This increment coincides with the result of the ultra fine energy cell

calculation by PEACO-X®,

L INTRODUCTION

Experiments on Doppler reactivity worths of fast reactors have been conducted using the
fast critical assemblies SEFOR®, FCA®, ZPPR® and so on by changing the temperature of
small samples or fuel. In the experiment of isothermal temperature variation over the core
such as the SEFOR experiment a large proportion of the reactivity worth is due to the core
expansion. So it is difficult to isolate the Doppler reactivity worth from the total reactivity.

In the FCA and ZPPR experiments the Doppler samples of **U, Fe were contained in
capsules with heater. The capsules are adiabatic with neighboring fuel regions. Therefore
only the Doppler reactivities of the samples are measured without the effect of the fuel
expansion. |

The analyses of Doppler samples in the ZPPR assemblies were carried by Okajima® and
Shirakata®. Okajima utilized a sophisticated method to calculate the effective group cross
section of samples : A super-cell model composed of a central sample region, structural

region of capsules and a surrounding fuel region was used, and the effective group cross



section of the sample was calculated by using the ultra fine group cell calculation code
PEACO-X. He concluded that the resonance interference effect of the sample and the fuel
regions was important in calculating the effective group cross section. His conclusion is
important for the accurate analysis of Doppler reactivity worth. However there remains a
question whether or not the commonly used self-shielding factor method is applicable to such
a problem.

In this paper we derive a new formula for the effective group cross section based on the
conventional self-shielding factor method. The neutron spectrum interference effect between
a sample region and a fuel region is taken into account in terms of collision probability for
the super—cell model. Chapter II describes the formulation for the effective group cross

section. Chapter III shows numerical results, and conclusions are presented in Chapter IV.

II. THEORY
Let us first derive an analytic expression for the neutron spectrum in a Doppler sample
region. It is assumed that the Doppler sample region denoted by suffix 1 is surrounded by
the fuel region denoted by suffix 2 in Fig.1.

The neutron flux ¢ ,(E) in region 1 satisfies

(bl(E)zl E)V1 = Pu(E)S1(E)V1 * le(E)Sz(E)Vz (1)

where L (E) : total cross section of region 1
V; :volume of region i
P 4(E) : collision probability for a neutron born in region i to make its first collision
in region j
S (E) : neutron source in region i.
The neutron source S,(E) is assumed to be proportional to 1/E on and spatially constant
based on the narrow resonance approximation. The use of the reciprocity relation for the

collision probability, and the rational approximation
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n = m 2)

leads to
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B s T EE E ©)

where a is the Bell factor, and 2, = 1/d (d : sample diameter).
When there is no resonant nuclide in region 2, Z.(E) is constant. In this case the

neutron spectrum in region 1 reduces to the following conventional expression

1

¢, (E) = W . : 4

Usually the region 2 contains the isotopes of U and Pu which have resonances. Therefore
when the sample contains nuclides whose resonances overlap with those of U and Pu isotopes,
it is necessary to take into account of the effect of Z,(E) brought to ¢ ,(E) according to
Eq.(3). The resonance overlap is of-course significant when the sample contains the same
nuclide as one of isotopes of U and Pu.

Here we consider the case when the sample contains 2®U. However the formulation can
be used for the cases without spoiling generality.

We rewrite Eq.(3) using the microscopic total cross section 0 (E) of 2*U as follows

o« — L OB oy 1
o(E) + 0, o(E) + o0, E
Where o, = NL{ D, +aZ,}
°2b=‘;}_1{ T, +a%, } ©
I

02b.|' = -""'220
N2

N; : atomic number densities of #*U in region i

X, ¢ macroscopic total cross sections of the nuclides



excluding U of region i.
Here ¢ ,, corresponds to the background cross section of the isolated Doppler sample, and 7 5

corresponds to that of the core region. Therefore the neutron spectrum is expressed by

A B 1
= { + ¢ —
W@ o(E) + 6, o) +o, E
. ' gy, - 0
A = b 25
where _°1b -~ oy 6)

O, — Gyt
B =22
Olb—O‘ﬂ,/

The effective cross section is therefore given by

[dE o(@ | - 4 ,__B
O =

1

Yo

(E) + oy o(E) + 0,y E

faE | A _ ,__B .1
o(E) +o, oE) +o, E

™

While the conventional effective cross section 0, with the background cross section

0, 1s defined by

de_(_E)‘l(.@__.%
- o(E) + ¢ :
Cip = 1 = 1 8)
-
o(E) + 0, E

This conventional effective cross section is calculated for different background cross section

and different temperature using the table of self-shielding factor. Transforming Eq.(8) we

obtain

a(E) + G E a_lb + 0, (9)

where T is the lethargy of the energy group considered. The similar equation is obtained for

——

0 zbl
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T

Ky = ——— (10)
02‘5! + Ube
Substituting Eqgs.(9) and (10} into (7) leads to
— AK,0,, + BK, 0
og = 16915 * BKyyi0, _ (i1)
4K, + BK,,

Thus a new formula of the effective cross section is derived using the conventional cross
section E; and 0 .

In the following let us investigate Eq.(11). First we consider a case where the sample
region is much large compared to the surrounding region. In this case I, is small because

Z.=1/d (d : diameter of region 1), so
Oy < Opy = Oy - (12)

Therefore A = 1 and B = 0. Thus Eq.(11) reduces to

oy =Ty (13)

Thus in this case the effective cross section reduces to the conventional formula in which 2,
is assumed constant in Eq.(3), and there is no resonance interference effect.

On the other hand when the sample is very small,
Op > Oy 2nd Ky > K, (14)
, SO
g o = sz/ . (15)

This comresponds to the effective cross section of the surrounding fuel region.
The effective cross section defined by Eq.(11) corresponds to a linear combination of

this two limited cases.



. NUMERICAL RESULTS

The formula of the effective group cross section has been applied to the analysis of UO,
Doppler reactivity worth measured at the core center of the fast critical assembly ZPPR-9.

The Doppler reactivity worths responding to the temperature changes 298.0(K) —
487.5(K), 298.0(K) — 644.4(K), 298.0(K) — 794.0(K), 298.0(K) — 935.4(K), 298.0(K) —
1087.0(K) were analyzed.

Figure 2 shows the effective microscopic capture cross section of Z*U in the sample
calculated by the present method. The ratio of the cross section to that calculated by the
conventional mcfhod with the Dancoff factor, Eq.(13) is also shown. The effective cross
section was calculated with the JENDL-3.2. The *®U capture cross section calculated by the
present method is smaller than that by the conventional method. The ratio is about unity
above 10keV, but 0.8 in the energy range 100eV~1keV. The smaller effective microscopic
capture Cross section of Z°U in the sample means increment of the resonance self—shielding
effect due to the surrounding fuel. Thus the present method estimates stronger interference
than the conventional method. Figure 3 shows the comparison between the 28U background
cross section of the isolated Doppler sample (0 ,,) and that of the core region (0 ,,). The 0,
is smaller than the 0. The cocfficients AK,, and BK,, in Eq.(11) are the same order.
Therefore the effective **U capture cross section in the sample approaches the average of 0 ,,
and O, as is expected from Eq.(11). This tendency can be seen from Fig.4 which shows the
comparison between the effective *U capture cross section by the present method and those
by using of the #*U background cross sections (0, and 0,,).

Figure 5 shows the difference of the **U capture cross section for temperatures 298.0(K)
and 1087.0(K) for the present method and the conventional method. The ratio for the present
method relative to the conventional method is 2.7~1.0 in the energy range 1keV~180keV.
In the present calculation using the JFS-3-J3.2R there is no resonance parameters above
180keV. So the contribution above 180keV to the Doppler effect cannot be taken into account
in the present calculation. Doppler reactivity worths was calculated by using of a perturbation

formulation. This formulation uses the changes of *U capture cross section in the sample.
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Therefore the Doppler reactivity worths by the present method become larger than those by
the conventional method.

The ratio of calculated to experimental Doppler reactivities are listed in Table 1 at each
temperature. It can be seen from Table 1 that the Doppler reactivity worth calculated by the
present method increases by about 4% compared to the conventional method. By comparing
the C/E values between these methods, it is shown that the present method better predicts the

measured Doppler reactivity worths,

IV. CONCLUSIONS
In order to evaluate the resonance interaction effect between the Doppler sample region
and core region, a new method was formulated for the effective cross section. When this
resonance interaction effect is taken into account, the calculated Doppler reactivity worths
become larger than those using the conventional method. From these results we confirmed
the effect of the resonance interaction between the Doppler sample region and core region

could be estimated by using of the present method.



Table 1 Doppler reactivity worths for each calculation method

Temp (K) Experiment Conventional Method Present Method
298.0— (¢/kg)’  Calculation(¢/kg)® C/E  Calculation(¢ /kg)’ C/E
487.5 -0.0277 -0.0219 0.791 -0.0231 0.834
644.4 —0.0440 -0.0356 0.809 -0.0375 0.852
794.0 -0.0586 -0.0462 0.788 -0.0486 0.829
9354 ~-0.0662 -0.0543 0.820 -0.0573 0.867
1087.0 -0.0763 -0.0618 0.810 -0.0658 0.858

"B = 3.612 x 107,

— 96 —

weight of 2°U in sample : 1.08616kg



1:Doppler sample(Rg=3. 117cm)
2:Fuel region  (R,=30cm)

Fig.1 Two regions model for Doppler sample cross section calculaltion
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Fig.2 Comparison between **U effective microscopic cross sections of Doppler sample

calculated by the conventional method and the present method (298K)
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Fig.5 Comparison between the difference of **U effective microscopic capture cross sections

of Doppler sample calculated by the conventional method and the present method
(298K—1087K)
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