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Abstract
This report is composed of the following five parts.
(I) Multidrawer effect for the analysis of ZPPR-13A
(II) Effective homogenization of control rods
(II1) Analysis of CADENZA additional experiment
(IV) Improvement of difference equation in transport
perturbation calculation

(V) Cross section adjustment in ZPPR-9 core

Part I : Multidrawer effect for the analysis of ZPPR-13A
A multidrawer was utiliéed to account of the interference
effect between fuel and internal blanket in ZPPR-13A.
Corrections to kg ¢y, reaction rate ratio, reaction rate
distributicon and: Na void worth were obtained. The corrections
due to the change of cell averaged cross section alteration are

as follows:



0.43%dk/k increase

keff

238U(n,f) distribution : 4% increase in fuel compared to
blanket region

Na void worth

small effect (-3 ~ 5%), but
relatively large space dependence
The use of unified diffusion coefficient (D) to account of the
neutron streaming interference has indicated the following
results:
(1) Unified D with flux weight is largely different to
Benoist's D. (15 ~ 30% in higher energy range)
{2) The use of radial unified D does not yields the local
transport correction.
(3) The transport correction to reaction rate distribution was
taken into account by the use of axial unified D.
Furthermore the multidrawer effect to control rod worth was

small.

Part ITI : Effective homogenization of control rods

A new calculational method of homogenized cross sections of
off-center control rods has been derived by considering neutron
current at super-cell surfaces as fixed sources. This method
is stable and does not lead to divergence in calculating
effective homogenized cross sections as was seen when the albedo
was used, Control rod worth was calculated in a 1-D slab model.
A maximum error of 3% was observed when the flux-weighted cross
section was used, and it reduced within 0.5% when the present

homogenization procedure was used.



Part IIT : Analysis of CADENZA additional experiment
The criticality in pin and plate cores of Zebra 2225 has
been analyzed using JFS-3-J2 cross sectioﬁ set, and the
difference in C/E values were investigated. The C/E values for

Na flooded cores (Zebra 22, 23 cores) are as follows:

Plate core C/E=1.005
Pin core C/E=1.007
The relative difference is only 0.2%. The C/E values for

voided cores (Zebra 24, 25 cores) are as follows:

Plate core C/E=1.008

Pin core C/E=1.011
The difference between C/E vélues in plate and pin cores is
almost the same as in flooded cores. In the previous analysis
for flooded cores, the C/E values were different by 0.6% between
the plate.and pin cores. The difference reduced to 0.2% in the
present analysis, and this 1s caused from the differences of
cross section set used, 1-D plate model and the selection of

diffusion coefficient in calculating 3-D cell model effect.

‘Part IV : Improvement of difference equation in transport
perturbation calculation
We investigated the difference between reactivities obtained
from direct transport calculations and transport perturbation
calculations. The difference does not arise in XY model, but
in RZ model, This is due to the fact that, in XY model, a
difference equatibn for transport calculatidns ceoincides with

that for transport perturbation calculations, but this is not the



case in RZ model. We added a correction term to transport
perturbation calculations to take the consistency between the two
methods, and estimated the correction term for a Na void worth

calculation.

Part V : Cross section adjustment in ZPPR-9 core
With the C/E values of neutronic properties in ZPPR-9 core,
we have carried out a cross section adjustment for 16 group cross
sections obtained from JFS-3-J2. After the adjustment the C/E
values were generally improved. In particular, the space-
dependency of control rod worths and reaction rate distributions

was reduced as follows:

CR worth 4.1% » 1.2%
239py fission rate 3.2% >  1.7%
distribution

+Study performed under contracts between Power Reactor and
Nuclear Fuel Development Corporation and Osaka University.
* Osaka University, Faculty of Engineering, Department of

Nuclear Energy
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Table 1.1 Compariscon between Unified D, Unified D based on
flat flux and Benoist's D

a) Unified D

(1)

DF drawer 1st group D, and D,

Model 1 2 3 1 2 3
Single(B=0) 3.444% 3.497
1DF+1RB 3.023 3.180
2DF+2RB 2.877 3.150
3DF+3RB 2.879 2.762 3.177  3.170
4DF+4RB 2.914 2.815 3.203 3.222
5DF+5RB 2.957 2.881 2.890 3.227 3.260 3.279
b) Unified D based on flat flux
Single (B=0) 3.444%% 3.501
1DF+1RB 3.385 3.444
2DF+2RB 3.392 3.461
3DF+3RB 3.396 3.408 3.464 3.484
ADF+4RB 3.399 3.415 3.465 3.489
5DF+5RB 3.400 3.419 3.424 3.466 3.490 3.494
(2) RB drawer 1st group D, and D,
a) Unified D
Single(B=0) 3.324 3.337
1DF+1RB 3.852 3.726
2DF+2RB 4,205 3.867
3DF+3RB 4,300 4,992 3.884 4,124
4DF+4RB 4,319 5.296 3.884 4,181
5DF+5RB 4,325 5.398 5.777 3.885 4.193 4.266
b) Unified D bhased on flat flux
Single(B=0) 3.324 3.336
1DF+1RB 3.382 3.390
2DF+2RB 3.375 3.374
3DF+3RB 3.371 3.360 3.371  3.352
4DF+4RB 3.369 3.353 3.370 3.348
5DF+5RB 3.369 3.349 3.344 3.370 3.346 3.343
* Benoist's D, #** Benoist's D based on flat flux



Table 1.2 keff obtained from each method

Method Kefs ak/k
1) 0.99047 ~ ——
2) 0.99442  0,0040
3) 0.99494  0,0045

i) 0.99533 0.0049




Table 1.3 Correction to reaction rate ratios calculated
by each method

Central Blanket 1st Fuel Ring

Reaction  Method :
Center Boundary  Boundary Mid

2) -0.449 0.75 0.01  -0.46
28,497 3 0.01 0.36 0.42  -0.36
1) 0.06 0.27 -0.55  -0.33
2) 16.47 -5.48 -0.84 1.62
28¢ M9e™F 3 -0.97 -2.02 1.79 1.08
) -1.94 -1.66 2.02 0.99

© 2380, 1 /2%, By, T 238y(n, £)/23%um, F)



Table 1.4 Multi Drawer Effect in Cell Averaged Cross Sections
for Fuel Drawer
production cross section absorption cross section
model | group $#1 #2 #3 #1 #2 #3
1 10.72 8.21
2 9.41 9.09
3 3.80 3.63
1 4 0.42 0.39
5 0.28 : 0.25 -
6 0.15 0.14
7 - 0.10 -0.04
1 4.91 6.48 3.76 4.96
2 4.17 5.75 4.03 5.56
3 2.01 2.00 - 1.92 1.91
2 4 0.33, 0.16 0.31 0.15
5 0.34 ~0.01 0.29 -0.01
6 0.27 -0.13 0.26 -0.11
7 0.53 -0.33 0.54 -0.26
1 3.03 3.14 5.13 2.32 2.41 3.93
2 2.45 2.83 4,52 2.37 2.73 4.37
3 1.34 1.23 1.36 1.28 1.18 1.30
3 4 0.27 0.17 0.08 0.25 0.16 0.07
5 0.36 0.06 -0.07 0.31 0.05 -0.06
6 0.31 -0.02 -0.13 0.29 -0.01 -0.11
7 0.49 0.13 -0.32 0.47 0.15 -0.25
1 10.93 7.78
2 10.61 9.60
3 7.69 5.62
4 4 0.98 0.50
5 1.07 : 0.47
6 0.65 0.36
7 - 0.46 ~-0.15
1 1.47 8.69 1.07 6.65
2 ‘1.55 7.75 1.42 7.48
3 2.59 2.53 1.88 2.42 .
5 4 0.65 0.18 0.31 0.17
5 1.17 -0.03 0.51 -0.03
6 0.95 -0.15 0.51 -0.13
7 1.03 -0.35 0.73 -0.27
1 0.33 6.56 2.83 0.26 5.01 2.03
2 0.40 5.73 2.95 0.37 5.53 2.68
3 1.89 1.99 2.06 1.37 1.90 1.51
6 4 0.59 0.17 0.26 0.23 0.16 0.13
5 1.15 -0.03 0.23 0.50 -0.03 0.10
6 0.96 -0.13 0.05 0.51 ~0.11 0.03
7 1.25 -0.01 -0.82 .81 0.03 -0.42




Table 1.4

Continuned

production cross section

absorption cross section

model | group #1 %2 #1 #2
1 6.18 4.73
2 4.99 4.82
3 3.18 3.04
7 4 0.69 0.65
5 0.76 0.65
6 0.54 0.48
7 0.67 0.61
1 4.12 3.63 3.16 2.78
2 3.24 3.06 3.13 2.96
3 2.05 1.87 1.96 1.79
8 4 0.48 0.44 0.45 0.41
5 0.60 0.38 0.51 0.33
6 0.46 0.14 0.41 0.11
7 0.58 0.04 0.53 0.03
1 -0.47 4.38 -0.32 3.35
2 -0.48 3.70- -0.42 3.58
, 3 1.76 1.77 1.28 1.69
9 4 0.76 0.34 0.36 0.31
5 1.58 0.23 0.68 0.20
6 1.42 0.04 0.73 0.02
7 -0.06 1.08 -0.06

1.85




Table 1.5 Multi Drawer Effect in Cell Averaged Cross Sections
for Radial Blanket Drawer

production cross section ' absorption cross section

model | group RB #1 RB #2 RB #1 RB #2
1 -1.21 -0.93 -0.73 -0.58

2 -1.10 -0.84 -1.04 -0.80

3 -0.09 -0.10 -0.08 -0.08

1 4 0.16 0.11 0.13 0.09
5 0.18 0.15 . 0.11 0.09

6 0.23 0.19 0.10 0.08

7 0.33 0.23 ' 0.13 0.09

1 ~1.53 -1.25 -0.93 -0.78

2 -1.34 -1.10 -1.28 -1.05

3. ~0.19 ~0.19 -0.16 -0.16

2 4 0.12 0.06 0.09 0.05
5 0.13 0.11 0.08 0.06

6 0.19 0.16 0.08 0.07

7 0.32 0.21 0.13 0.09

1 -1.65 -1.37 -1.01 -0.87

2 -1.44 -1.20 -1.37 -1.14

3 ~-0.23 -0.23 -0.20 - =0.20

3 4 0.09 0.04 0.07 0.03
5 0.11 0.09 0.07 0.05

6 0.18 0.14 0.08 0.06

7 0.32 0.21 0.13 0.08

1 -0.66 -0.49 -0.39 -0.31

2 -0.64 -0.49 -0.61 ~0.47

3 0.01 -0.01 0.10 ~0.00

4 4 0.16 0.12 0.13 0.10
5 0.16 0.14 0.10 0.09

6 0.20 0.18 0.09 0.08

7 0.29 c.21 0.12 0.09

1 -1.46 ~1.15 -0.88 -0.72

2 -1.28 -1.02 -1.22 -0.97

3 -0.17 -0.17 -0.15 -0.15

5 4 0.12 0.07 . 0.09 0.05
5 0.13 0.10 0.08 0.06

6 " 0.19 0.15 0.08 0.07

7 0.32 0.21 0.13 0.09

1 -1.39 -1.20 -0.89 ~0.76

2 -1.23 ~1.07 , -1.17 -1.02

3 -0.20 -0.21 -0.17 -0.18

6 4 0.07 0.03 0.05 0.02
5 0.07 0.06 0.05 0.04

6 0.12 0.10 0.05 0.05

7 0.27 0.17 0.11 0.07




Table 1.6 Control Rod Worths Obtained from each Method

core ' :
model 6CRs in FR1 12CRs in FR2 12CRs in FR3

Reff 1.098402 1.046513 ' 1.067420
worth 5.400 19.100 13.420
0 ' .
C/E 0.9373 0.9576 0.9891
percent
difference - - -
Keff 1.098700 ' 1.047651 1.068358
worth " 5.325 18.785 13.170
1
C/E 0.9243 0.9418 0.9707
percent _ B _
difference 1.389 1.649 1.863
Keff 1.098667 1.047499 ' 1.068231
worth 5.334 18.827 13.204
2
C/E 0.9259 0.9439 0.9732
percent _ - : -
difference 1.222 1.429 1.610
Keff 1.098678 1.047535 1.068229
worth 5.331 18.817 13.205
3 ,
C/E 0.9254 0.9434 0.9732
percent
difference -1.278 ~1.482 -1.602




Table 1.7

Percent Differences of Reaction Rate in Control Rods

°°;§del group  CR#7 CR#2 CR$19 CR#8 CR#9 CR#10 CR#31 CR#20 CR#21 CRE22
1 -1.09 ~0.48 ~1.23 -1.31 -0.73 -0.42 ~1.19 -1.31 -1.32 -1.40

2 -0.93 ~0.18 ~1.08 -1.07 ~0.41 ~0.00 ~1.06 ~1.11 -1.03 ~1.04

3 ~1.31 ~0.75 ~1.24 -1.21 ~1.04 ~0.97 . -1.09 -1.12 -1.33 ~1.51

1 4 ~1.10 ~0.70 ~0.94 ~0.97 -1.01 ~1.07 -0.73 -0.80 ~1.15 ~1.43
5 ~1.87 -1.53 -1.65 ~1.68 ~1.80 -1.88 -1.37 -1.44 ~1.84 ~2.16

6 ~1.60 ~1.52 ~1.32 ~1.52 ~1.91 -2.06 ~1.11 -1.27 ~1.89 -2.29

7 ~0.82 ~1.94 -0.28 -1.48 ~2.50 -2.50 ~0.32 ~0.92 ~2.14 —2.67

total -0.06 ~0.96 -1.21 ~1.23 -1.20 ~1.29 ~0.99 -1.06 -1.39 ~1.66

1 -0.63  -0.12 -0.76 -0.67 -0.31 -0.14 -0.64 ~0.64 -0.77 -0.93

2 ~0.54 0.07 ~0.69 ~0.54 ~0.10 0.12 -0.58 -0.54 -0.59 ~0.70

3 -1.23 -0.76 -1.20 ~1.12 -0.98 ~0.92 -0.99 -1.02 ~1.24 ~1.41

5 1 -1.21 ~0.87 -1.60 -1.07 ~1.13 ~1.19 ~0.81 ~0.90 ~1.26 ~1.50
5 ~2.05 -1.74 -1.85 ~1.85 ~1.99 ~2.08 ~1.51 ~1.62 ~2.02 -2.31

6 ~2.05 ~2.01 -1.75 ~1.95 ~2.41 ~2.64 ~1.46 -1.71 ~2.40 ~2.79
7 -1.97 -3.24 -1.25 -2.42 ~3.95 _1.68 ~1.09 -1.95 ~3.71 ~4.50 .

total -0.16 -1.12 -1.32 -1.32 -1.32 -1.42 ~1.05 -1.14 -1.49 ~1.73

1 -0.77 -0.04 -0.85 -0.61 ~0.25 -0.25 ~0.72 -0.70 -0.88 -1.10

2 -0.64 0.14 ~0.77 -0.48 ~0.02 0.11 ~0.64 ~0.56 -0.66 -0.81

3 ~1.25 -0.72 ~1.20 ~1.07 -0.91 ~0.94 ~0.96 -1.00 -1.26 ~1.49

3 4 ~1.15 -0.76 ~0.99 -1.01 ~1.02 ~1.07 ~0.70 -0.85 -1.22 ~1.48
5 -1.96 -1.61 -1.73 -1.77 ~1.86 ~1.89 -1.37 -1.56 -1.97 ~2.24

6 -1.85 ~1.73 ~1.51 -1.82 ~2.17 ~2.10 ~1.21 -1.60 -2.22 -2.48

7 ~1.43 -2.33 ~0.66 ~2.06 ~3.25 -2.61 -0.48 -1.67 -2.99 -3.11

total -0.10 ~1.01 -1.24 -1.25 -1.24 ~1.29 ~0.95 ~1.09 ~1.45 “1.71
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Fig. 1.2 Neutron path through drawer boundary
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Fig. 1.3 Neutron current under the wavy flux
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Flux normalized to unity at the core center

1.0k Transport (Sl6PO)

Diffusion D=1/3z. ..
T Diffusion Unified D

0.5~ D; Double column fuel drawer
B; Blanket drawer
D B D B D B D B e »
0\ S 72277277 RN V77 727 77) MR WRR Wk 177 770,770 W W Wk 107 V74 V0 »~) MR

Core center
Fig, 1.5 1st group flux distribution in Model-1



Flux normalized to unity at the core center

100.0 =

Transport (SlGPO)
Diffusion D=1/3z,
Diffusion Unidied D

75.0

50.0

25.0

0.0

Core Center

Fig., 1.6 1st group flux distribution in MOdel-2



Flux normalized to unity at the core center

10.0 [~

1.0~
Central B

1F

1B

2F

2B

3F

Method 2)
Method 3)
----— Method 4)

Core Center

Fig. 1.7 1st group flux distribution on ZPPR-13A mid plane

A4



Percent difference

Method 2)

----- Method 3)
Method 4)
-----D=1/38,_
10.0
5.0“‘
0.0~
-5.01
-10.0[
-20.0
Center B | 1F | 1B | 2F | 2B | _3F | Radial B R
Core Center R

Fig. 1.8 Correction to 238U fission rate distribution



NN S :
ANNNNIO () CIN )
NN\ NN\ ? TN
&fé'ooc 2
NS CHNE AN\ il oBie\ T CRSRN
2 \\\\L s I\ QG NNSNRN7/7
C\\\\\\COC\\_.aO(‘:Nl\
NN\ —2ﬂ'; NN N /7
S NN\NO ﬂ O ORNNANN : :
NN\ O i Q NN P NN\NN\N\YSS A
et s Of ° Oh\\\]O O 1 O DNNANNNV/ A
1oﬂ O "O RXANOO T 1T O F NSNSNKNV A 0
INANNNN] F OfO ONNANNNNA ;
C CK\\\\\JO'O?EE!? SNANNNNAS A
NONSNNSNSNGD 17 O CDNNSNSNNNASA A T
NN NN 7] Q_-l\\\\;R\V////:!II
SNNO 1 s OLS O NANNNNY/ A 0T
- O O:ftOlO NAINDNANNNLY /L Pl
Son O EENNcERERERENYSY R_VV///VI-'-%H
O O 1 - ONNNNNNNN/AZ/ 77 IR
O - L O ~ONSNONNANNNNNL A ili:i!;i
O O R\\\R\'hXKRVM//V/Ii!&z; |
Ok\\\\\\\\mﬁ\\YV//vy//uii|as P
\\\\\\\\SKR\NVV///V/J"1l|Iilerf
\\\\\\\\\VVA/////A .;;a M
\\\\NV////A//A//F;:;IIzii||-|ltu
A N I .
S S S S S v v L
LSS S SS S s b b i
S A AAST 0 0 v bbb bbb i bbbty
DOUBLE COLUMN FUEL DRAWER (DCF) RADIAL BLAMKET (RB)
(| SINGLE COLUMN FUEL DRAWER (SCF) RADIAL REFLECTOR
L DCF -~ SCF |

CR (CRP)

FIG. 1.9 XY MODEL FOR ZPPR 13A (CONTROL ROD WORTH)



FUEL

MODEL
MODEL

MODEL

MODEL

MODEL

"ODEL

MODEL

MODEL

HODEL

(]

i

L

c2

o

FUEL

= el
2 oer R
C\\\ ,/E'//

NN N
N

N -
R DCF (/RS -
N

QR FUEL RQ FUEL
- \W\:' w
ASs
NN
7 RN
| N
7N NN
} 1
SUPER CELL

%
oo N nee | nes | oes V. ra

R
[ DCF
AN

Y
cr Y DeF | DeF
NN \\

\‘Ea\ﬂ é:::j DeF
NGNS

Fig., 1.10 Multi Drawer Models



MODEL 2 Al =
CR DCF DCF
MODEL 8 c | D
CR SCcF DCF
MODEL 9 =

Fig. 1.11 Multi Drawer Models For XY Calculation
( Core Model 3 )



Appendix A

Comparison of Cell Models for Analysis of

Heterogeneous Fast Critical Assembly

by

Hideki KAMIDE and Toshikazu TAKEDA

Osaka University, Faculty of Engineering,

Department of Nuclear Engineering*

The number of pages: 13
tables: 5

figures: 8

* Yamadaoka, Suita-shi

,Osaka



Abstract

We have investigated cell calculation models to be used in

the analysis of neutronic characteristics of a heterogeneous fast
critical assembly. As cell models we considered a single drawer
model with a critical buckling, a single drawer model with group
dependent bucklings and a multidrawer model which consists of
some fuel and blanket drawers. We have compared the cell ave-
raged cross sections obtained from these cell models with the
results of the reference transport calculation and estimated the
ffects of the cell mo@els on k_gg, reaction rate ratios,
reaction rate distributions and a sodium void worth in the hete-
rogeneous faét critical assembly ZPPR-13A. It was found that the
multidrawer model gives the most reasonable cell averaged cross
sections and it has a large effect on keff and 2383 fission rate

distribution.

KEYWORDS: cell calculation, heterogeneous fast critical
assembly, multidrawer model, single drawer model, critical
buckling, group dependent buckling, neutron leakage,

streaming, reactin rate ratio, void worth



I. Introduction

Recently to investigate the neutronic characteristics of
large heterogeneous fast reactor cores, critical experiments have
been done under the Japan-United States corporation using the
fast critical assembly ZPPR-13 series. These assemblies are
radially heterogeneous and have internal blanket regions, and the
neutron interference effect between fuel and blanket drawers is
large. Thus compared to conventional homogeneous cores, data
and method approximations have a great effect in the analysis of
heterogeneous cores, particularly on such spatially varying para-
meters as a power distribution. Preliminary analysis has been
carried out with conventiqnal data and method for a recent e%pe-
riment on ZPPR-13. The brediction of physical parameters was
worse in generalrthan that for conventional cores.

Therefore it is desirable to use a more sophisticated method
to treat the heterogeneous cores. Especially a cell calculation
method including a fuel-blanket intefaction effect is necessary.
This is because the interaction effect is large on a intra-cell
flux diStribution in drawers near the fuel-blanket boundary and
cell averaged cross sections are different from those of a commo-
nly used cell model, single drawer model with zero buckling.
The interaction effect is mainly caused by the neutron leakage
between fuel drawers and blanket ones. Thus as a cell modef
treating the neutron leakage we consider in addition to é single
drawer model with a crifical buckling or a group dependent buc-
kling, a multidrawer model in which several fuel and blanket

drawers are included. The detail of each cell model is noted in



Chap. II and numerical results of cell averaged cross sections
for the three cell models are compared in Chap. III. Further-
more, the effect of each dell model on some neutronic characteri-
stics of a radially heterogeneous fast critical assembly ZPPR-
13A, a reference assembly of ZPPR-13 series, is investigated in

Chap. IV.

II. Cell Models With The Interaction Effect

First, let us consider drawbacks of the single drawer model
with zero buckling(B=0). Neutron balance for a drawer in an
assembly is noted as following;

<fission source> + <scattering source> =

<absorption> + <down scattering> + <leakage>. (1)

The single drawer model(B=0) does not treat the <leakage> tern.
Thus this model yields quite different intra-cell flux distribu-
tion from a real one for a drawer where the <leakage> term is
very large. Furthermore, the <fission source> fterm is not
treated exactlyf The <fission source> is inversely proportional

tok,,as follows:

Xg g! .g' '
59 = ) vsdledv (2)
k '
® g
Here notations are those usually employed. Though k_g¢ of an

assembly is almost 1.0, km of the single drawer model(B=0) ig
usually far from 1.0 and then its <fission source> term is not
evaluated correctly compared to the <scattering source>. We
exemplify this phenomenon by considering fuel drawers consisting

of ZPPR-13. There are two types of fuel drawer, a double column



fuel drawer(DF) including two Pu piates and a single column fuel
drawer(Sf) including one Pu plate. In the single drawer model
(B=0), for example, k, of the DF drawer is about 1.7 and the
¢<fission source> is quite underestimated compared to the <scatte-
ring source>. To take off these drawbacks of the single
drawer model(B=0)}, following three cell models are considered in
this studyv.

1. S8ingle drawer model with a critical buckling

2. Single drawer model with group dependent bucklings'

3. Multidrawer mocdel.
These models are explained in the following.

1 Single drawer model with a critical buckling
When a group independent buckling(B) is given, an absorption

cross section of plate i is changed as following:
29, —> 39, + 8987, (3)
ail

where DY is the cell averaged diffusion coefficient and obtained
by a volume weighting procedure, Benoist's diffusion coeffi-
cient may be utilized, but the change of diffusion coefficient
hés only a small effect on the cell averaged cross section, The
value of B is set so as to make k, 1.0. In this model the
<leakage> term is taken into account as '5gB2¢iVi_ in each plate,
and the «fission source> is estimated correctly because k, i5
1.0.
2 Single drawer-model with group dependent bucklings
This model is almost the same as the model with a critical

buckling except that it uses group and region dependent bucklings



(B_.}. The value of B_.'s for each region is obtained from an RZ

d g

or a XYZ diffusion calculation carried out with the cross sec-
tions from the single drawer model(B=0)}. In terms of Bg's an
absorption cross sections or a self-scattering cross sections is

altered as following:

9 _+39. + B9g° £ B2 > 0 (4)
T i by i D* B" £, i '
g-g grg _ g .2 3 2 < 0 (5)
ES — ES DB £, if B ’

Here £ is an adjusting factor and determined so as to make k
1.0. The reason to need this factor is as follows: There-are
two types of fuel drawer in a fuel region, DF drawer and SF
drawer, thus Bg's averaged over a fuel region neither make k of
the DF drawer nor make that of the SF drawer 1.0; k becomes 1.07
for the DF drawer and 0.78 for the 8F drawer.
3 Multidrawer mecdel

A multidrawer model consists of some fuel drawers and blan-
ket drawers and simulates a local drawer arrangement in an
assembly. This model can fréat the <leakage> term beftween fuel
drawers and blanket drawers directly. The <fission source> is
evaluated correctly, because the excess neutrons produced in fuel
drawers are absorbed in blanket drawers and k becomes near 1.0.
Furthermore; the interference effect on Dancoff factor is taken
into account and effective microscopic cross sections are resona-
bly calculated, though this effect is negligible.

In applying the multidrawer model to a core analysis we have

to decidé the drawer arrangement of the multidrawer model. Here



we consider the drawer arrangements of ZPPR-13A; this assembly
has a central blanket region, two internal blanket rings and
three fuel rings as seen in Fig. 1. To see the fﬁel-blanket
interaction effect in the assembly, We first consider a 1-D slab
model which simulates a drawer arrangement along the X-axis of
ZPPR-13A(See Fig. 1}. The reference cell averaged cross sec-
tions for each drawer are calculated by using the plate wise flux
distribution obtained from a whole core transport calculation by
ANISN code(1) withla S46P0 apprcximation. The resultant cross
sections are compared with that of single drawer model(B=0) and
the resulf of production cross sections above 6.5Mev is shown in
Fig. 2. The difference between the two cross sections 1is
large(3.0%) for the drawers adjacent to the fuel-blanket boundary
but small{1.5%) for the inner drawers. Thus it is desirable to
determine a multidrawer model so as to treat such a spatial cross
section change. Then we have chosen és a multidrawerAmodel that
includes 3 fuel drawers and 3 blanket drawers in periodic array
{(3F+3B model). From this model we can obtain the cell averaged
cross sections of the drawers adjacent and not adjacent to the
fuel-blanket boundary separately. This 3F+3B model reproduces
the referance cell averaged cross sections for each drawer in
good accuracy as shown latter.

At the fuel-blanket boundary fuel drawers are adjacent to
blanket drawers perpendicular(X) or parallel(Y) to plates in a
drawer. These types of arrangement are different from the

viewpoint of neutron streaming through plates in a drawer. Thus

we consider two multidrawer models, 3F+3B{X} model and 3F+3B(Y)



model as shown in Fig. 3; these models simulate the drawer arran-
gements along the X-axis and the Y-axis respectively. Here we
use only the DF drawer as a fuel drawer because the similar trend
can be seen for the SF drawer.

THe multidrawer effects(the effect of the multidrawer model)
on cell averaged cross sections are calculated by CASUP code(Z}
which has a two dimensional coliision probability calculation
option. The percent differences of the production cross sections
obtained from each model from those of the single drawer model
fB:O) are shown in Table 1; here results of the single drawer
models with the critical or the group dependent buckling are zlso
shown. The multidrawer effect is large in higher energy groups,
for example, +4% for the bF drawer adjacent to blanket drawer in
the 1st group(10.5~4.0Mev) and this value is similar to that seen
in the reference cross sections{See Fig. 2). However there is
almost no difference between the 3F+3B(X) model and the 3F+3B(Y)
model. Thus we can apply the results of the 3F+3B{X) model to
the drawers located ﬁear the Y-axis; the 3F+3B(x) model can be
treated by the 1-D slab geometry and save calculational time
required for the 2-D collision probability calculation.

Along 45. direction from X-axis one fuel drawer is adjacent
to two blanket drawers. To investigate the multidrawer effect
for such a case we consider a 2-D multidrawer model as shown in
Fig. 4. Here the heterogeneity of the blanket drawer is neglec-
ted in order to decrease the number of regions necessary in the
2-D collision probability calculation. The percent differences

of the production cross sections obtained from the 2-D model



relative to those of the single drawer model(B=0) are shown in
Table 2. The multidrawer effect for the fuel drawers adjacent
to blanket drawers is 4~5% in the 1st group and the effect for
the fuel drawers not adjacent is a little small(2~3%). This
value is almost the same with that of the 3F+3B(X} model.

The above results reveal that we can use the 3F+3B(X) model
to any drawers in an assembly ,thus we choose this model as the

most practical multidrawer model.

IIz, Compariscn of Cell Models

Cell calculations are performed by CASUP code using- the
JENDL-2B-70 cross section set(3), The critical buckling is B2 =
3.0x1073 for the DF drawef and 8.0x10~% for the SF drawer. In
the single drawer model with group depenaent bucklings the value
of £ is set to 1.2 for the DF drawer and (0.4 for the SF drawer;
the group dependent bucklings obtained from a 7-group RZ diffu-
sion calculation of ZPPR-13A are shown in Table 3. It is seen
that the group dependent bucklings above 1.4Mev are larger than
the critical buckling by about a factor of 2 £for the DF drawer.
Thus the single drawer model with group dependent bucklings can
treat the larger leakage of high.energy neutrons reasonablyr
compared to the model with a critical buckling correction. This
is seen from Fig. 5 which shows the intra-cell flux distribution
above 4.0Mev in the DF drawer obtained from each model; in the
multidrawer model the DF drawer is adjacent to the blanket drawer
at the left hand side. The single drawer model(B=0} yields the

flattest distribution because the <leakage> term is not treated



at all. The multidrawer model increases the flux in the Pu
plate by 4.9% compared to the single drawer model(B=0). This is
because the multidrawer model can take into account the large
neutron leakage from DF drawers to blanket drawers in higher
energy groups. The single drawer model with group dependent
bucklings increases the flux in the Pu plate by 4.1%, but only
1.8% increase is seen for a critical buckling correction., This
means that the single drawer model with group dependent buckling
igs better than the cell model with a critical buckling in the
treatment of the <leakage> term.

As was shown in Table 1 the multidrawer model gives us- the
cross sections of the drawers adjacent and not adjacent to other
type drawer separately; the percent differences from the cross
sections obtained from single drawer model(B=0) are 4.4% and
2.9% in the 1st group(>4.0Mev); respectively. The single drawer
model with group dependent bucklings has almost the same effect
{3.7% in the 1st group} as the multidrawer model but it can not
treat the spatial cross section change. The critical buckling
correction has the smallest effect. From the above results we
can conclude that the multidrawer model is the most reasonable

cell model.

IV. Effects on Neutronic Characteristics of ZPPR-13A
We investigate the effects of the cell models on some neut-
ronic characteristics of ZPPR-13A. We have performed 7-group RZ
diffusion calculations using CITATION code(4) with the cross

sections obtained from each cell model. The diffusion coeffi-



cients are set to D = 1/3%;r : Etr is the cell averaged tran-
sport cross section. We consider the following four methods to

assign the cross sections for the core calculation:
1) Cross sections calculated from the single drawer model
(B=0) are wused for all drawers,
2) Cross sections calculated from the single drawer model
with a critical buckling are used for all drawers,
3) Cross sections calculated from the single drawer model
with group dependent bucklings are used for all drawers,
4) .Cross sactions of the multidrawer model are used for the
drawers adjacent and not adjacent tﬁ the fuel-blanket
boundary separately.
Figure 6 shows the RZ geometry used in the core calculations.
Each region is divided into 3, or 5 sub-regions to treat the
drawers adjacent and not adjacent to the fuel-blanket boundary in
a separate way.

First we describe the effect of the above methods on kg s¢.
The results are shown in Table 4. The multidrawer model and the
single drawer model with group dependent bucklings yvield a consi-
derably large correction, though both results are almost the same.
The correction by the single drawer model with a critical
buckling is smaller than the above resulﬁs by about 0.2% dk/k.

Percent changes of reaction rate rétios éalculated by
methods (2L(3) and (4) at the central blanket and the first fuel
ring relative to the results by the method (1) are shown in
Table 5. It is found that the change is large for the reaction

rate ratio 238U(n,f)/239Pu(n,f). The multidrawer model produces



a 3.6% difference at the fuel-blanket boundary(-1.6% in the
blanket region and 2.0% in the fuel region). In the single
drawer model with group dependent buckiings the difference is
2.9% but the single drawer model with a critical buckling does
not yield such a large difference.

For the reaction rate distributiosns the largest effect is
seen in the 238y fission rate distribution, the percent diffe-
reace of this distribution from that of the method (1) is shown
in Fig. 7; the distribution is normalized at the core center.
The effects are almost the same as observed in the reaction rate
ratio 238U(n,f)/239Pu(n,f).

We have investigatsd the multidrawer effect on a2 sodium veoid
worth. Fach sub-region from thg'third sub-region in the 1st
fuel ring to the fifth sub-region in the 3rd fuel ring was voided
separately(See Fig. 6); the height of the voided region was
assumed to be +30.5cm from the mid plane. The differences of
the sodium void worths calculated by method (4) from those by
method (1) are shown in Fig. 8. The correction by the multi-
drawer model are not so large but rather large space dependency
is seen, i.e. in the fuel ring the correction is about -2.0% for
the sub-regions adjacent to the blanket region and +2~5% for the
mid sub-regiomn.

Though the above corrections have been investigated on the
basis of diffusion calculations, almost the same results are
obtained by the transport calculation, because these effects are

caused only by the differences of cell averaged cross sections,

For example, the correction by the multidrawer model to k.ge in



the 1-D slab model of ZPPR-13A is 0.43% dk/k in a diffusion
calculation and 0.44% dk/k in a transport calculation by ANISN

with a S54¢Pj approximation.

V. Conclusions

We have investigated the three cell models in order to
consider the fuel-blanket interaction effect, the single drawer
model with a critical buckling, the single drawer model with
group dependent bucklings and the multidrawer model; The
effects of these models on kg 5s, reaction rate ratios reaction
rate distributions and a sodium void worth in ZPPR-13A were
estimated. - As a result we have obtained the following conclu-
sions.

1} The most practical multidrawer model is the 3F+3B(X) model in
which 3 fuel drawers and 3 blanket drawers are arranged perpendi-
cular to plates in a dréwer.

2) The multidrawer model has a considefably large effect on cell
averaged cross sections and we can consider the spatial cross
section change using this model. The single drawer model with
group dependent bucklings has almost the same effect with the
multidrawer model, but it can not +reat the spatial cross section
change. _

3) The multidrawer model increases k gs by 0.43% dk/k and its
effect on the reaction rate ratio 238U(ﬁ,f)/239Pu(n,f) and 238y
fission rate distribution are large especially neaf the fuel-

blanket boundary. Thus these effects have to be added as cor-

rections when using the single drawer model in a core analysis.



The multidrawer effect on a sodium void worth is not so large

(-3~+5%) but it has rather large space dependency.
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Table 1 Effect on cell averaged production cross sections

1) Double column fuel drawer

Upper ‘3DF+3RB1* 3DF+3RB2**  Critical Group B
broup energy X Y X Y B Fuétor
1 10.5 Mev  4,40% 3.55 2.88 2.63  1.68 3,72
2 4,0 3,97  3.50 2.76  2.87 1.1 3,29
3 1.4 - 0.88 0.78 0.80  0.88 0.57 0.90
I 0.1 -0.03 -0.03 0.02  0.02 0.17 0.06
5 10.0 kev -0.14 0,16 -0.10 0.11  -0.01 0.02
6 1.0 -0,14 0,36 -0.07 0.01 -0.01 0.02
7 0.1  -0.30 1.43 0.15 -0.80 0.02 0.16
2) Blanket drawer
1 10.5 Mev  -1.94 -1,65 -1.62 -1.56 -1.24
2 4.0 -1.67 -1.26  -1.40 -1.26 1,03
3 1.4 -0,29 -0.15 -0.29 -0.23 -0,15
- 0.1 0.05  0.05 0.00 -0.01 0.00
5 10.0 kev 0,08 0,05 0.06 -0.02 -0.02
6 1.0 0.17 0,03 0.13 ~0.03 -0.04
7 0.1 0.36 -0.08 0.23 -0.11 0,14

+ adjacent to other type drawer, ** not adjacent to other type drawer



Table 2 Effect of 2-D multidrawer model on cell averaged
production cross sections

Pasition 1 2 3
aroup
1 5,12
2 .89
3 0.95
, b 0,01
5 -0, 14
6 -0.08
7 -0, 24
1 1,52 3,17
2 lt,34 3,21
3 0.83 0.76
2 -0.04 ~0.05
5 0.05 -0.12
6 0.15 ~0.09
7 0.53 0.16
1 1s,82 3,45 2.61
2 I, 15 3,50 2.80
3 6.79 0.84 0.83
34 0.03 -0.,03 0.05
5 0.31 ~0.04 0.01
6 0,55 -0.11 -0.01
7 1.60 -0.49 -0.,09




Table 3 Group dependent bucklings in each region (Bz)

Cem 2 )
Group Center B*  1st F** 1st B 2nd F 2nd B 3rd F Radial B
1 _1.3051-2%* 6.0066-3 ~-1.3721-2 5.6282-3 -1.3721-2 4,5332-3 ~1.3498-2
2 _1.4157-2 5,9384-3 -1.4395-2 5.5728-3 -1,4419-2  4.h816-3 ~1.4277-2
3 _14,3818-3  2.6590-3 -3.8218-3 2,6049-3 -3.8037-3  2.5685-3 -4.2307-3
Iy 5 8150-4 -1,0599-4 1,9259-3 §,6398-5 2.1413-3  7.4381-4  1.1025-3
5 1.3092-3 -1.6268-3  3.2041-3 -1,2492-3  3.4072-3 -2.7244-4  2.2042-3
6 2 3083-3 -5.9152-3  6.8386-3 -5,1062-3 7.1723-3 -3,5694-3  3.7213-3
7 6.2119-3 -4.1776-2 1.4791-2 -3.8407-2  1,5102-2 -3,3879-2 -1.9021-H

* Blanket region, ** Fuel region,

i #
#

read as -1.3451x1072



Table 4 Correction to keff'calculoted by each method

Method Kers A k/k
(1) 0,99733 _
(2) 1,00008  0.00276
(3) 1.00208 0.00477

(4) 1.00150 0.00427




Table 5 Correction to reaction rate ratios calculated each method

Racction  Method Central Blanket 1st Fuel Ring

Center Boundary  Boundary Mid

. @ 0.00% 0.01 -0.19  -0.22
ety (3) -0.03 ~0.01 0.6  -0.54
(&) 0.04 0.27 0,52 -0.32

L@ -0,20 ~0.16 0,58 0.51
B/ (3) -0.78 -1.35 1,50, 1,31
(4) -1.56 ~1,67 1.96 0.99

» 238,11 /23%un, £y, ** 238y(n, )/ %Puln, f)
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Table 1

changes by sodium void

Single drawer model(B=0) DF drawer

Cell averaged cross sections and cross section

group vEf b rem - AvIig AD A Zrem
1 2.6301-2" 3.3966 5.6311-2 -4.82-4 0.4735 -8.583-3
2 2.0183-2 2.7998 3.6669-2 -1.92-4 0.4324 -4.422-3
3 8.9662-3 1.7153 5.9253-3 -0.23-4 0.3383 -1.208-3
4 8.6350-3 1.1649 4.5494-3 0.13-4 0.1932 -1.162-3
5 1.3653-2 0.6350 5.2423-3 0.25-4 0.2145 -0.904-3
6 3.4578-2 0.7912 7.2900-4 0.64-4 0.0527 -0.109-3
7 1.2106-1 0.6905 — 7.80-4 0.0364
2} Multidrawer model DF drawer adjacent to RB drawer
1 2.7465-2 3.3972 5.6410-2 -5.23-4 0.4647 -8.503-3
2 2.0956-2 2.7876 3.6975-2 -2.24-4 (0.4257 -4.406-3
3 9.0572-3 1.7133 5.9314-3 -0.29-4 0.3373 -1.211-3
4 8.6315-3 1.1645 4.5418-3 0.05-4 0.1935 -1.149-3
5 1.3613-2 0.6343 5.2396-3 0.10-4 0.2147 -0.896-3
6 3.4339-2 0.7905 7.2612-4 0.01-4 0.0523 -0.100-3
I 1.1980-1 0.6866 —— 2.70-4 0.0367
3) Multidrawer model DF drawer not adjacent to RB drawer
1 2.7056-2 3.3842 5.6396-2 -4.81-4 0.4665 -8.522-3
2 2.0707-2 2.7910 3.6885-2 -1.96-4 0.4269 -4.402-3
3 9.0422-3 1.7137 5.9309-3 -0.26-4 0.3372 -1.210-3
4 8.6384-3 1.1647 4.5434-3 0.09-4 0.1931 -1.150-3
5 1.3645-2 0.6348 5.2391-3 0.19-4 0.2141 -0.896-3
6 3.4557-2 0.7902 7.2586-4 0.25-4 0.0520 -0.100-3
7 . 1.2110-1 0.6866 —— 4.80-4 0.0363

* Read as 2.630‘!}(10‘2



Table 2

Sodium void worth and its components

(10-%dx/x) /10kgNa

void Total Leak. Abs. Fiss. Spec.
pattern
1 2.583  -0.734 0.576  -0.529 3.269
2 2,175 -0.572 0.611  -0.613 2.748
3 0.881  -1.294 0.561  -0.626 2.240
4 1.421 -3.118 0.397  -0.412 1.712
5 -3.063  -4.596 0.282  -0.275 1.527
Multidrawer effect ( % difference, dW/IW])
1 -2.36%  -3.03 12.05  -23.89 0.56
2 0.58 0.03 2.40 - 5.81 1.21
3 4.74 1.00 0.95 - 2.24 1.68
4 2.45 0.76 2,90 - 6.46 1.52
5 0.18 0.38 11.60  -20.79 0.82




Table 3 Adjoint flux spectrum in sodium flooded core

(a) Basic model calculation

region

1 0.1774  0.1634 0.1582 0.1604 0,1722
2 0,1596 0.1495 0,1462 0.1479 0.1569
3 0.1313 0.1266 0.1259 0.1270 0.1323
4 0,1091 0.1100 10,1119 0.1112 0.1107
5 0.1052 0.1125 0,1161 0.1138 0.1066
6 0.1281 0.1360 0.1390 0.1372 0.1301
7 0.1893 0.2020 0.2027 0.2025 0.1912
2-1  -0.0178 -0.0139 -0.0120 -0,0125 -0.0153
3-1  -0.0461 -0,0368 -0.0323 -0.0334 -0,0399

(b)Y Multi model calculation

1 0.1781 0.1e42 0.1590 0.1612 0.1730
2 0.1602 0.1500 0.1467 0.1484  0.1575
3 0.1361 0.1267 0.1258 0.1270 0.1325
4 0.1089 0.1097 0.1117 0.1109 0.1106
5 0.1049 0.,1122 0.1158 0.1135 0.1063
6 0.1277 0.1356 0.1386 0.1369 0.1296
7 0.1836 0.2015 0.2023 0.2020 0.1905
2 -1 -0.0179 -0.0142 -0.0123 -0.0128 -0.0155

3-1 -0.0465 -0.0375 -0.0331 -0.0342 -0.0405
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Abstract
An effective homogenization of control rods is studied by
considering neutron leakage as a fixed boundary source. Good
numerical convergence is seen in the iterative calculation of
effective homogenized cross sections that preserve integrated
reaction rates. Usefulness of the present method is
demonstrated by treating off-center control rods in a one-

dimensional slab model of an FBR.
KEYWORDS: spatial homogenization, FBR, control rod worth,

calculation, neutron leakage, supercell, fixed boundary source,

collision probability, effective cross section, one-dimension



I. INTRODUCTION

In the design calculation of FBRs it 1is necessary to
evaluate control rod (CR) worths accurately. Heterogeneous CRs
are usually homogenized, and some effective homogenization is
required to take account of the strong heterogeneity and 1large
asymmetric neutron leakage. The usual homogenization method
is to use as a weightiﬁg function the flux fine structure
calculated in a heterogeneous supercell made up with a central CR
region and surrounding fuel regions. Such a commonly used
homogenization does not preserve the average reaction rates in
the CR region when the supercell calculation is repeated by using
the resultant homogenized cross sections, and therefore leads to
a nmnmisprediction of the CR worth(l). We have proposed an
iterative method to calculate effective homogenized Ccross
sections that preserve group-wise integrated reaction rates in
each region in the supercell(z). This method, however,
assumes the zero net current at the supercell boundary, andltakes
no account of the neutron leakage. Thus, the method can apply
only to CRs near the core-center where the.neutron leakage is
relatively small,

A well-known method to take the neutron 1leakage into
consideration is to use a buckling. This method, however,
shows a numerical instability for large negative bucklings:
moreover, 1t cannot take account of the asymmetric neutron
leakage, which is very important for off-center CRs. This
difficulty can be avoided by the albedo collision probability

method, where the albedos at each surface are incorporated into



(3)

the c¢collision probabilities . An alternative methed of
using incoming partial currents, instead of the albedos, has been
reported recently by Rempe and smith (4),

The iterative calculation of the effective homogenized
cross sections mentioned earlier can be made with fixed albedo
values. A first few iterations are found to give an improved
CR worth prediction. The iterations, however, £fail to
converge (See Fig. 3 below} because of the obvious reason that,
since the preservation of .the reaction rates means the
preservation of the net currents at the boundary surfaces, the
quantity that should be kept fixed during the iterations is not
the albedos, nor the incoming currents used by Rempe and Smith,
but the net currents.

The purpose of the present paper is thus to propose a
supercell calculatiqn with the net boundary currents treated as
fixed sources, and to well define the effective homogenized cross
sections that preserve the reaction rates.

In Chap. II, the cell calculation is formulated as a fixed
source problem, and an iterative procedure for calculating the
efféctive homogenized cross sections is described. In Chap-
IIT, a one-dimensional (1-D) test geometry with off-center CR is
treated to show the effectiveness of the present method.

Conclusions are given in Chap. IV.



II. CALCULATIONAL METHOQOD

We derive an effective homogenization method by considering
a simple 1-D supercell model shown in Fig. 1. It is assumed
that the net currents are given at the supercell boundaries.
They can be obtained from a preliminary reactor calculation with
the conventional flux-weighted cross sections. The collision
rate in region j in the supercell can be written in terms of the

partial incoming currents JD g and Jl g as
r 4

oy ) = E PLy 1 Vi * g Psz,j e Psi,J ,
where

2? : g-group total cross section of region j,

¢? : g-group scalar flux in region j,

VJ : Volume of region j,

Q? ¢ g-group fission and scattering source in region i
depending on the flux,

JI;§: g—group.partial incoming current on surface

Sy {k= 0 or 1),

g

PI} : Probability that a g-group neutron born in region
r

i makes its first collision in region j,

g
PS j: Probability that a g~group neutron crossing surface
k)
Sk {k= 0 or 1) makes its first c¢eollision in
region j.
The sum with respect to i on the right-hand side of Eq. (1) is
taken over all regions within the supercell. To express Eqgq.

net net
(1) in terms of the net boundary currents JU g and Jl g , we use
4 7



the relations

o g g d
Je,g = 1,9 Psl,sk + ? Pi,sk 9 vy (k=0 or 1; 1=1 or 0) (2)

and

It

1

where
J E’ : g-group partial outgoing current on surface Sk
g
(k= 0 or 1)
g *

,PSk;Sl: Probability that a g-group neutron crossing surface
Sk (k= 0 or 1) reaches surface Sl (1= 1 or 0)
without making collision in cell,

g
Pi;Sk : Probability that a g-group neutron born in region
i reaches surface Sk (k= 0 or 1) without making
collision in cell,
Net + -
Jk)g=Jng‘Jng; (k=0orl) (3)
where
J:FE : g-group net current on surface Sk (k= 0 or 1)
y
then follows that
1 net g
g9 "9 9
. Qs V. -J P
AN VJ"IPLJ Oy Vi + g g (-Jdg,g- s

-P P
50131 311 30

et g net g g net ¢
- Jl;g PSPJ - JO;Q PSO)Sl PSl.tj - JLQ PSl;SO PSD;J) (4)



where

1 g g g

*g g
g g ( PIJSO PSOJJ * Pi,Sl PSlJJ

_ g
Pi,j = Py *

1- Sgr$1 Psl,s0
g g g g g - g )
* Pi,so Psg,sl Psl,J * Pi,sl Psl,s0 so,J (5)

The first term on the right-hand side of Eq. (4) represents the
contribution from the néutron traveling from region i to region
j, and the remaining term describes the neutron comizg from the
supercell surfaces, The collision probability PLJ consists
of the direct contribution and the contribution of the ﬁeutron at
least once crossing the surfaces. Transport egquation (4) is
our basis of calculating the neutron flux fine structure in the
supercell,

Using the same technique as in Ref. 2, the effective
homogenized c¢ross sections for reaction ¢ (denoting capture,
fission, or removal ) are determined. The supercell calculation
is iteratively carried ouf using the homogenized cross sections
until the reaction rates at each region in the supercell become

preserved. The homogenized c¢ross sections for the nth

iteration is given by

—(n) -(n-1)
%a,0 = Trod AV Zg,g(r) og(r) / foq dV 8y~ (D) (6)

where the numerator on the right-hand side is the true reaction

rate obtained from a heterogeneous transport calculation wusing
-(n-1)

Egq. (4), while in the denominator ¢g

the (n-1)th iteration calculated by makihg use of Eq. (4) with

is the g-group flux of



~(n-1) ' -(m
group constants Ea g - This procedure is repeated until ¢g'
j
converges. The reaction rates can thus be preserved correctly
in the supercell calculation, and a good CR worth prediction 1is

expected.



ITTI. ANALYSIS OF 1-D TEST GEOMETRY

To investigate the applicability of the effective
homogenized c¢ross sections, let us analyze CR worths in a 1-D
slab model shown in Fig. 2. The CR consists of a central
absorber region and a region of coolant and structure material.
The CR worths for the core center rod (Case 1) and for off-center
rods (Case 2 and Case 3) are calculated. We consider three
different 10B enrichments - natural boron, 40% enrichment and 90%
enrichment - to study the dependence of the homogenization effect

104

on the enrichment. The calculations are made with 7

energy group cross sections obtained from the JENDL-2 70-group

cross section set(5); the group structure is shown in Table 1.

A reactor calculation has been carried out by the ANISN

(6)

code in the S_.P, approximation to obtain the net currents; the

8 0
total capture and leakage has been normalized to unity. The

103 enrichment.

results are ‘listed in Table 2 for, e.g., 90%
A large asymmetric leakage is obsefved for the off-center CRs.
The iterative calculation of the effective homogenized cross
sections has been made with the supercell model shown in Fig. 1.
A good flux convergence is shown in Fig. 3, while the iterative
calculation with fixed albedos diverges. Table 3 shows per-

cent differences of the effective absorption cross sections of

the CR from the conventional flux-weighted absorption cross sec-

tions for each 10B enrichment. The difference increases with
increasing 10B enrichment, but its dependence on the CR position
is small. Table 4 gives percent differences of the effective

absorption cross sections from the conventional ones for the fuel



regions adjacent to the CR. The difference depends on the CR
position, and differs in the right and left fuel regions adjacent
to the CR, reflecting the differences in the neutron leakage.

The following reactor calculations are performed using seve-
ral homogenized cross section sets to examine the effectiveness
of the present method:

1) Reference calculation treating the CR channel as

multiregion.

2) Calculation using flux-weighted cross sections for the CR

3) Calculation using the effective homogenized cross

sections for the CR and inner core regions without con-
sidering the leakage.

4) Calculation based on the present method.

The reactor calculations are executed by ANISN in the SgPy appro-
ximation. Table 5 compares the CR worths relative to a con-

trol rod position made up with sodium and steel obtained in the

above-mentioned methods. The flux-weighted cross sections yield
the maximum error of 2% for Case 1 and of 3% for Case 3. The
effective cross sections give errors within 0.5%. When the

" neutron leakage is not considered in calculating the effective
cross sections, the maximum error increases to 2%; the CR worth
decreases by the leakage effect by about 17.5%. Thus, the leakage
effect plays an important role in calculating the off-center CR
worths.

The present theory can easily be extended to 1-D cylindrical
supercells that will be used in treating 2-D core geometries.
Though the right and left fuel regions can be treated separately

in 1-D slab cells, they must be assumed identical in the 1-D



cylindrical supercell; i.e., the homogenized cross sections of
the fuel regions must be the same with only the sum of the
reaction rates in these regions being preserved. We have made a
test calculation in the 1-D slab cells in this way, and found for
Case 3 with 90% 10B enrichment the CR worth of 8.48, which shows
no improvement of the conventional result 8.49 obtained by
discarding the leakage effect. We consider it useful to include
the adjoint flux distribution, since in this method the cross
sections in homogeneous regions (such as the two fuel regions in
the supercell treated above) remain unchanged. The extension

of this method remains as a future problem.



Iv. Conclusions

We have developed a new method for calculating the effective
homogenized cross sections that preserve the reaction rates in
each region in a supercell. The iterative calculation of the
effective homogenization has been found to converge, in contrast
to the albedo collision probability method. Good numerical
results for the CR wor%hs show the usefulness of the present
method for predicting CR worths, particularly those of off-center
CRs with strong hetercgeneity.

The extension of the present method to 2-D core geometries

remains as a future problem.
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Table 1

Energy range for 7 groups

Energy group

Energy range

~N o U EF W oM

10.5

4.0

I

1.4

100

10
1

1

100 eV

4,0 Mev
1.4 MeV
0.1 MeV
10 kev

1 keV
0.1 keV

- Thermal




Table 2 Neutron leakage on supercell surfaces ( 90 % 10B )

Energy Case 1 Case 2 Case 3

Group Left Right Left Right - Left Right
1 ~-1,37 -3 -9.21 -5 -2,19 -3 -3,19 -3 -3.19 -4
2 -6.09 -3 -3.14 -4 -9.80 -3 -1.42 -2 -1.17 -3
3 -2,34 -2 same -8.28 -4 -3,71 -2 -5,39 -2 -1.08 -3
4 -1.29 -2 as -1.12 -3 -1,91 -2 -2.81 -2 -5.84 -4
5 -2,33 -3 Left -2,52 -4 -3,32 -3 4,94 -3 -3,16 -5
6 -6.20 -4 -7.84 -5 -8,52 -4 -1,29 -3 3.67 -5
7 -4.,56 -6 -5,87 -7 -6.20 -6 -9.41 -6 2,23 -6




Table 3 Percent difference of effective absorption cross
sections of CR from flux-weighted absorption cross section

(1) Natural B,C CR

Energy without with neutron leakage

group leakage Case 1 Case 2 Case 3
1 1.4 9.8 10.1 10.4
2 0.9 6.1 8.0 8.0
3 -0.8 —0.5 0.8 1.8
I -1.6 -3.1 -3.8 4,1
5 -5.1 -8.6 -10.7 -11.0
6 -7.1 -11.8 -14.4 -15.0

7 -12.0 -14.3 -15.8 -16.4




Table 3 Continued
2) 1oz 0B cRr

Energy without with neutron leakage
group leakage Case 1 Case 2 Case 3
1 0.2 6.4 | 6.3 6.4
2 -0.6 3.7 .4 4,5
3 -2.2 -2.4 -1.6 -2.6
4 -4.3 -6.5 -7.7 -/.1
5 - -12.6 -16.2  -17.4 -16.1
-12.3 -17.1 -18.7 -16.7

7 -20.4 -23.4 -24.5 -23.7




Table 3 Continued

3) 90z 108 ¢r

Eneray without with neutron leakage

group leakage Case 1 Case 2 Case 3
1 -3 2,6 -5.6 2.3
2 -3.5 -3.2 -6l 1.0
3 -5.2 -6.9 -8.6 -5.1
4 -9,2 -11.8 -9.0 -12.0
5 2 - -22.3 -15.6 -29.9
b -13.0 - -13.2 3.9 -24.9

7 -26.8 -27.8 -19.6 -36.6




Table 4 Percent difference of effective absorption cross sections of inner
core fuels from flux-weighted absorption cross section

(1) Adjacent to Natural ch CR-

Eneray without | with neutron leakage
neutron Case 1 Case 2 Case 3

group leakage Left  Right Left  Right Left  Right
1 -0.6 2.1 2.9 2.2 2.1 3.3
2 -0.5 1.9 5.6 2.7 2.5 3.8
3. -0.2 0.2 same 0.7 1.6 2.0 1.5
y 0.0 0.9 as 3.1 -0.1  -0.3  -3.8
5 1.1 . -1.4 Left ~7.0 -0.8 -0.8 -8.7
6 1.9 -0.5 -6.4 0.3 0.6 -8.9
7

2.4 -1.6 -12,3 2.4 3.0 -17.2




Table 4  Continued

(2)  Adjacent to 40% 108 CR

Energy without with neutron leakage
neutron Case 1 Case 2 Case 3

group leakage Left  Right Left  Right Left  Right
1 -1.3 1.0 1.9 0.8 0.7 2.1
2 -1.2 0.8 6 2.0 1.1 1.0 2.1
3 -0.7 0.8 same -1.8 0.6 0.3  -3.1
4 0.1 -0.9 as -5.3 0.4 0.8 -5.8
5 2.8 1.4 Left -5.9 4.1 6.0 ~7.4
6 b,y 2.7 -4,2 4.9 6.6 -5.7
/ 5.7 2,6 -13.7 11,2 14,1 -18.2




Table 4

Continued

(3)  Adjacent to 90% 198 CR
Energy without with neutron leakage
neutron Case 1 Case 2 Case 3
group leakage Left  Right Left  Right Left  Right
1 -2.4 -2.0 -7.2 -1.7 -0.2 -0.4
2 -2.4 -2,2 ' -8.7 -1.7 0.1 -1.0
3 -1.7 -2.5 same -11.1 -0.7 0.5 -7.3
I 0.9 0.3  as -5.9 3.7 3.2 -9.3
5 6.0 7.3  Left 1.3 12.9 8.3  -12.7
6 8.1 7.6 8.7 11.1 7.9 -8.6
7 10.6 10.0 -5.7 22.0 17.5  -29.2




Table 5  Control rod worth relative to control rod position in 1-D slab model
( %ak/Kk? )

Case 1 Case 2 Case 3

Method Natural 407 907 Natural 40%  90% Natural 40%  90%
B4C 'IOB 1OB B4C 10B 1OB B4C 10B 1OB

Reference 298 3.57 4,15 6.13 7.16 8.06 5.66 7.00 8.34
Flux 301 3.63 4.22 6,20 7.28 8.22 5,76 7,18 8,59
weighted = (1.2) (1.5) (1.6) (1.3) (L1.7) (2.00 (1.8) (2.5 (3.1)

Effective = 2,99 3,58 4,15 6,16 7.21. 8.16 571 7.09 8.49
(without leackage)  (0.3) (0.2) (0.0) (0.5 (0.7) (1.2) (0.9) (1.2) (1.9)

Effective = 2,98 3.57 4.14 6.13 7.17 8.08 5.67 7.02 8.37
(with leakage) (0,1) (0.0) (~0.2) (0.0) (0.2) (0.3) (0.1) (0.2) (0.5)

( ) : Percent error



Fig. 1
Fig. 2
Fig. 3

Figure Captions

1-D supercell model
Slab models for calculating control rod worth

Maximum deviation of flux distribution at nth
iteration for Case 3 with 90% 10B enrichment.
The iteration converges monotonously for an

infinite cell (0O), while it diverges if the
neutron leakage is taken into account by the

albedos (@). The present theory keeps the

. net leakage fixed to obtain a good convergence

(A).
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BADk e DEEE D, N OEY, 7v—+EHADROEL . RZERIFL
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BETE. SEMFHICH 05% (D) L h—BL TV 3,

FA FFMZOWVTid (Table .16 b) F PV Y ARHFEHFOLOHE & B LM
REC L APRBNI L -TOEH, FLOBRELE2DRIE 0.9%THHRE
LToi, ¥ - 7L — MESEGROZE —14% 66D THH 7+ Vv LFRH
FLDDBREEDLLVY, ¥ Tr— bORLDRIHBHREF M) Y KR
FOICHENTH 08B TORIL TS, € -7~ FOEBEOE LT 3 EER
DfEDEEGH 08% 80 Lot

3.3 FLHAUVCSHBROTRAE

CADENZA flooded core(Core 22, 28) i IXiC voided core (Core 24, 25) D
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Table 3,1 Energy group structure of 16 group

Corresponding group

~E1T—

Group in 70 groups of Energy range
JFS3-J]2
1 1 ~ 2 10. O ~ 6. 07 MeV
2 3 ~ 4 6. 07 ~ 3. 68
3 5 ~ 6 3. 68 ~ 2. 23
4 T o~ 8 2. 23 ~ 1. 35
S5 9 ~ 10 1. 356 ~ 0. 82
] 11 ~ 13 c. 82 -~ 0. 39
7 14 ~ 16 0. 39 ~ g. 18
8 17 ~ 19 0.18 ~ 0. 09
9 20 ~ 22 86.5 '~ 40. 9 keV
10 23 ~ 256 40. 9 ~ 19. 3
11 26 ~ 28 19. 3 ~ 9. 12
12 29 ~ 31 9.12 ~ 4. 31
13 32 ~ 34 4. 31 ~ 2. 03
14 3b ~ 37 2. 03 ~ 0. 961
15 38 ~ 40 961 ~ 454 eV
16 atr ~ 70 454 ~ thermal




Table 3.2 ke of Plate Cell™

Cell Koo

1 1.07445

2 1.06892
1X 0.95202
1Y _ 0.95193
12 0.95184
2X 1.00765
2Y 1.00756
27 1.00748

* B2-0.002 cm™2 , D=Dave
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Table 3.3a kyof Flooded Pin Cell

Mixed Pin Cell Single Pin Cell Ko
3A PuPinC-NACLI 1.01052
PuPinB-NACLI 0.91601
> PuPiNF-NACLI 1.19244
PuPinA-NACLIII 0.80087
3¢ PuPinE-NACLITII 1.19125
PuPinD-NACLIII 0.81338
P PuPinF-NACLIII 1.19186
PuPinD-NACLIIS 0.81406
- PuPinF-NACLIIS 1.19248
PuPinB-NACLV 0.91567
- PuPinF-NACLV 1.19127
PuPinE-NACLIV 1.19027
> U02PinC~NACLIV 0.19047
PuPinB-NACLIV 0.91530
- PuPin¥F-NACLIV 1.19089

2

* B%=0.002 cm™? D=D

ave
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Table 3.3b kgof Voided Pin Cell ™

Mixed Pin Cell Single Pin Cell Ka

3A1 PuPinC-vCLI 0.95286
PuPinB-VCLVII 0.85940

3B7
PuPiNF-VCLVII 1.12832
PuPinA-VCLIII 0.74905

3C3
PuPinE-VCLIITI 1.12845
PuPinD-VCLIII 0.76170

3D3
PuPinF-VCLIII 1.12943
‘ PuPinD-VCLIV 0.76016

3p4
PuPinF-VCLIV 1.12735
PuPinD-VCLV 0.76114

3D5
PuPinF-VCLV 1.12865
PuPinE-VCLVI 1.12708

3J6
U02PinC—VCLVI 0.18949

* 8%20.002 , D=D_

ve
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Table 3.4a Results of Cell Calculations of Flooded Cell (B2=0.002 com”
ke &(1/k) (%)
Cell Library Cell Model Homo Hetero Hetero Hetero Streaming Total Hetero
D=1/3str* D=Dave*| No Streaming Effect Effect
JENDIL -2 1D 0.9993 1.0144 1.0105 1.49 -0.38 1.11
Hk
1 1D 1.0158 1.0110 1.65 -0.47 1.18
(1D) (1.0133) (1.0084) (1.41) (-0.48) (0.93)
JFS3-J2 0.9990
Mod.1D™™ 1.0171 1.0145 1.78 -0.26 1.53
JENDL-2B 1D 1.0114 1.0166 1.0115 0.51 -0.50 0.01
3A
JFS3-J2 1p** 1.0110 1.0157 1.0105 0.46 ~0.50 -0.05

*  Diffusion coefficient used in pseudo absorption term (Dave=3Di+3D, )
%% ghielding-factor of non-fuel nuclide is obtained from homogeneous composition of cell
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Results of Cell calculations of Voided Cell (B%=0.002 cm™

2y

Table 3.4b
koo &5(1/k) (%)
Cell Library Cell Model Homo Hetero Hetero Hetero Streaming Total Hetero
D=1/32tr* D=Dave” | No Streaming Effect Effect
*%

1D 0.9583 0.9463 1.68 -1.32 0.37

1X JFS3-J2 0.9430
Mod.1D** 0.9595 0.9520 1.82 -0.82 1.00
3A1 JFS3-J2 1D 0.9593 0.9627 0.952¢9 0.36 -1.07 -0.71

*%

Diffusion coefficient used in pseudo absorption term (Dave:%D¢+§q?)
Shielding factor of non-fuel nucleide is obtained from homogeneous composition of cell



Table 3.5a

Diffusion Coefficient used in Pseudo Absorbtion
Term of Cell 1

1/35tr Benoist's D
Group Mod. 1D 1D § Diff.” Mod.1D 1D % Diff.”
1 4.27767 4.27767 0.0 4.28238 4,29320 -0.25
10 2.26150 2.26150 0.0 2.28532 2.29582 -0.46
20 1.45697 1.45697 0.0 1.47291 1.48557 -0.85
30 0.78577 0.78516 0.08 0.78815 0.79095 -0.35
40 0.90584 0.90455 0.14 0.92557 0.93898 -1.43
50 0.72768 0.72420 0.48 0.75575 0.76884 -1.70
60 0.91021 0.91020 0.0 0.92119 0.93048 -1.00
70 0.10081 0.10068 0.13 0.63720 0.65184 -2.25
* (D(Mod. 1D)}/D{(1D)-1)x100
Table 3.5b Comparison of Dpenoist and D1/32tr
used in Pseudo Absorption Term
of Cell 1%

Group Mod. 1D 1D

1 0.11 0.36

10 1.05 1.52

20 1.09 1.96

30 0.30 0.74

40 2.18 3.81

50 3.86 6.16

60 1.21 2.23

* (D(Benoist)/D(1/32tr)-1)1x100
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Table 3.6a Diffusion Coefficient used in Pseudo Absorbtion
Term of Cell 1X
1/3ztr Benoist's D

Group  Mod.1D 1D $ Diff.”  Mod.1D 1D $ Diff.”
1 4,92455  4,92454 0.0 4.94516 4.96845 -0.47
10 2.73238 2.73238 0.0 2.79773 2.82552 -0.98
20 1.70571 1.70570 0.0 1.75104 1.77850 -1.54
30 0.92987 0.92906 0.09 0.94058 0.95394 -1.40
40 0.97435 0.97295 0.14 1.00342 1.02371 -1.98
50 0.77070 0.76684 0.50 0.80704 0.82503 -2.18
60 0.97783 0.97782 0.0 0.99425 1.00950 -1.51
70 0.10172 0.10159 0.13 0.67517 0.69509 -2.86

* (D{Mod. 1D)/D(1D)-1)x100

Table 3.6b Comparison of Dpganeist and Dq/3ntr

used in Pseudo Absorption Term

of Cell 1X*
Group Mod. 1D 1D
1 0.42 0.89
10 2.39 3.41
20 2.66 4,27
30 1.15 2.68
40 2.98 5.22
50 4,72 7.59
60 1.68 3.24

* (D(Benoist)/D(1/3ztr)-1)x100
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ruble 3.7a Reaction Rate Distribution in Cell 1%

U235(n,f) U238(n,f) Pu239(n,f)

Region Mod.1D 1D Mod.1D 1D Mod.1D 15

Na+Steel -0.03 -0.04 -5.05 -4.92 -0.73 -0.74

U0, -0.06 -0.05 -3.07 -2.82 -0.43 -0.38

Na+Steel 0.09 0.09 3.42 3.62 0.48 0.50

Pu 0.30 0.30 15.76 14,64 2.19 2.04

Steel 0.06 0.07 5.27 5.22 0.79 0.79

vo, -0.10 -0.07 -1.35 -1.40 -0.17 -0.15

Na+Steel -0.08 -0.09 -3.77 -3.86 -0.56 -0.58
Pu240(n,f) U238(n,7)

Region Mod.1D 1D Mod.1D 1D

Na+Steel -3.04 -3.00 0.40 0.38

vo, -1.87 -1.71 0.23 0.23

Na+Steel 2.04 2.14 -0.22 -0.25

Pu 9.09 8.47 -1.05 -0.97

Steel 3.31 3.29. -0.41 -0.41

U0, -0.75 -0.74 0.05 0.07

Na+Steel -2.22 -2.29 0.23 0.23

* Percent difference from the cell averaged (region width

weighted) reaction rate , Bz=0.002 cm*2 D=Dave



Table 3.7b Reaction Rate Distribution in Cell 1X*

Region U235(n,f) U238(n,f) Pu239(n,f)
Void can+Steel -0.48 -4.05 -0.90
U0, -0.12 -2.17 -0.36
void can+Steel 0.30 3.63 0.71
Pu 1.15 13.54 2,57
Steel 0.46 4,05 0.90
U0, -0.02 -1.84 ~-0.24
Void can+Steel -0.41 -3.80 -0.81

Region Pu240{n,£) U238(n,7)

Void can+Steel -2.44 0.04
U0, -1.32 0.15
Void can+Steel 2.24 -0.14
Pu | 7.84 -0.39

Steel 2.55 -0.02
uo, -1.11 ‘ 0.23
Void can+Steel ] -2.28 0.02

* pPercent difference from the cell averaged {region width
weighted) reaction rate , B2=0.002 cm™¢ D=Dave
Mod.1D Model
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Table 3.8 k obtained from 16G 3D XY¥Z Diffusion

eff
Calculation
Core keff
1.00692
22 1.00263"
1.00848
23 Ext. 1.00663%
24 1.00956
25 Ext. 1.01116

* Result of previous analysis (Buckling correction
was applied) performed with JENDL-2B-70 group
cross section

Table 3.9 Transport Correction

Core keff obtained from RZ model 5(1/%)
CITATTON TWOTRAN-IT .

22 1.00980 1.01454 0.00463

23 BExt 1.00632 1.01032 0.00393

24 1.01434 1.02073 0.00617

25 Ext 1.01108%9 1.01659 0.00535
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Table 3.10 Spatial Mesh Correction

a) RZ Diffusion Calculation

andard mesh half mesh size
22 1.00552 1.00457 -0.00094 -0.001286
23 Ext 1.00192 1.00099 -0.00083 -0.00124
24 1.01434 17.01331 -0.00100 -0.00134
25 BExt 1.01109 1.01012 -0.000%95 -0.00127
b) XV Diffusion Calculation
Core CoarseImiiffimproveu_coarse S(1/k)
calculation mesh calculation
22 1.13623 1.13125 -0.00388
23 Ext, 1.13911 1.13447 -0.0035%
24 1.15456 1.14909 -0.00412
25 Ext 1.15957 1.15443 -0.00384
¢) Total Correction
Core 8{i/k) (RZ + XY)
22 -0.00514
23 Ext. -0.00483
24 -0.005456
25 Ext. -0.00511
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Table 3.11 Correction due to 3-D Cell Configuration

of Cell Model

Core %eff* - 5{1/k} Correction
2D model 1D model

22 1.003105 1.0025396 0.00051 0.00101

23 Ext 0.99%911 1.000344 0.00063 0.00063

24 1.003910 1.003638 0.00027 0.00054

25 Ext 1.003244 1.002977 0.00027 0.00027

* Obtained from 165 RZ Diffusion Calculation
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Table 3.12 Percent Change of 16 Group Cross Section
of plate Cell due to 2-D Cell Configuration*'

Za Ip
Group 1 1Y 1 1Y
1 0.37 0.30 0.43 0.34
2 0.34 0.27 0.46 0.37
3 0.28 0.22 0.32 - 0.25
4 0.21 0.17 0.25 0.20
5 0.23 0.17 0.30 0.22
6 -0.04 -0.06 -0.05 -0.07
7 -0.11 -0.10 -0.12 -0.13
8 -0.15 :0.13 -0.14 -0.15
9 -0.13 -0.11 -0.15 -0.15
10 -0.21 -0.19 -0.18 -0.17
11 -0.23 -0.24 -0.24 -0.23
12 -0.38 -0.42 -0.34 -0.35
13 -0.58 -0.66 -0.50 -0.51
14 -0.93 -0.99 -0.68 ~-0.68
15 -1.39 -0.46 -1.03 -1.04
16 -1.61 -1.66 -1.32 -1.32

* (2(2D)/z(1D)}-1)x100
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Table 3.13 kegg and C/E value of Cores
3D XYZ Correction
Diffusion Corrected
Core Library Calculation 3D Effect Transport Spatial Pin Cell Experiment C/E
of Cell Mesh Streaming Kaff
(Benoist's D) Model

JENDL-2B 1.00263 0.00016 0.00463 -0.00498 - 1.00244 1.0004

22 1.002
JFS3-J2 1.00692 0.00101 0.00463 -0.00514 -— 1.00742 1.0054
» JENDL-2B 1.00663 0.00066 0.00401 -0.00464 0.00087 1.00754 1.0065

23E ‘ 1.001
JF83-J2 1.00848 0.00063 0.00393 -0.00483 -— 1.00821 1.0072
24 JF83-J2 1.00956 0.00054 0.00617 -0.00546 -—— 1.01081 1.0025 1.0083
25E°  JFS3-J2 1.01116 0.00027 0.00535 -0.00511 ——— 1.01167 1.0003 1.0114

* Extrapolated Pin Core



Table 3.14

keff obtained from 16G RZ Homo Calculation

Core Composition keff
22 Cell 1 Homo 0.99272
22 Cell 3A Homo 0.99385
23 Ext. Cell 3A Homo 1.00259
24 Cell 1X Homo 0.99876
24 Cell 3A1 Homo 0.99939
25 Ext. Cell 3A1 Homo 1.00844

Table 3.15 keff obtained from 16G RZ Diffusion Calculation

Core Diffusion Coefficient keff
Benoist 1.00552
22
1/3str 1.00980
Benoist 1.00192
23 BExt.
1/3ztr 1.00632
Benoist 1.00919
24
1/3ztr 1.01434
Benoist 1.00460
25 Ext.
1/3%tr 1.01109
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Table 3.16a

Pin-Plate C/E Difference Analysis of Flooded Core

8(1/k}) (%)

Previous Analysis Present Analysis
{1) Pin-Plate 0.61 0.18
C/E difference
(2) Pin-Plate 0.23 0.11
Homo Composition
effect
(3) Pin-Plate 0.87 0.88
core size effect
(4) Pin-Plate -1.04 -1.35
Heterogeneity Effect
(incl. streaming)
(5) Total (2)+(3)+(4) 0.06 ~0.36
(6) pDifference (1)-(5) 0.54 0.54
Pin Hetero (0.46) 0.37
(0.38)*
Pin Streaming {-0.20) -0.44
(-0.20)
Pin Hetero+Streaming {0.26) -0.07
(0.18)
Plate Hetero {(1.44) 1.70
(1.48)
Plate Streaming (-0.15) -0.42
(-0.10)
Plate Hetero {1.29) 1.28
+Streaming (1.38)
* Calculated by applying Ehe factor 0.83 to non-streaming

heterogeneity and 0.

calculation

40 to streaming from infinite cell
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Table 3.16b Pin-Plate C/E Difference Analysis of Voided Core

& (1/k) (%)
(1) Pin-Plate 0.31
C/E difference
(2) Pin-Plate 0.06
Homo Composition
effect
(3) Pin-Plate 0.90
core size effect
(4) Pin-Plate -1.41
Heterogeneity Effect
{incl. streaming)
(5) Total (2)+(3)+(4) -0.45
(6) Difference (1)}-(5) 0.76
Pin Hetero 0.26
(0.30)%
Pin Streaming -0.64
. (-0.43)
Pin Hetero+Streaming -0.37
(-0.13)
Plate Hetero 1.54
(1.51)
Plate Streaming -0.50
(-0.33)
Plate Hetero 1.03
+Streaming {1.18)
*

Calculated by applying the factor 0.83 to non-streaming
heterogeneity and 0.40 to streaming from infinite cell

calculation
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Table 4.1 Sodium void worth for pattern 1 ( constant interval )

XY Geometry

Sy order Sy Sg Sg
Direct 4,006 -3° 4,006 -3 4,007 -3
Exact Perturbation 4,002 -3 4,000 -3 4,005 -3
Relative Error 6.17 0.1 7% 0.17%
RZ Geometry ( before correction )
Sy order Sy Sg Sg
Direct 2,164 -3 2.157 -3 2,156 -3
Exact Perturbation 2,108 -3 2,101 -3 2.099 -3
Relative Error - 2.6 % 2.6 % 2.6 7
ﬁZ Geometry ( after correction )
Sy order Sy Sg Sg
Direct 2.164 -3 2,157 -3 2,156 -3
Exact Perturbation 2,081 -3 2,079 -3 2,081 —3
Relative Error 3.8 7% 3.6 % 3.5%
Correction Term -0.027 -3 -0.022 -3 -0.018 -3

* to be read as 4.006 x 107>
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Table 4.2 Sodium void worth components for pattern 1

Constant interval mesh

SN order Sq 86 ‘ 88
Direct 2.164 -3 * 2,157 -3 2.156 -3
Exact Perturbation
Leakage ~-0.534 -3 ~-0.535 -3 -0,537 -3
Absorption - 0.625 -3 0.625 -3 0.625 -3
Spectrum 2,662 -3 2.657 -3 2,657 -3
Fission -0,645 -3 -0.646 -3 -0.646 -3
Correction term -0.027 -3 -0.022 -3 -0.018 -3
Total 2.081 -3 2,079 -3 2,081 -3
Relative Error 5.8 % 3.6 % 3.5 %
Constant volume mesh
Sy order S S Sg
Direct 2.156 -3 2.143 -3 2.140 -3
Exact Perturbation
Leakage -0.513 -3 -0.515 -3 -0.515 -3
Absorption 0.625 -3 0.625 -3 0.625 -3
Spectrum 2.667 -3 2.660 -3 2.660 -3
Fission -0.646 -3 -0.646 -3 -0.648 -3
- Correction term -0.014 -3 -0.010 -3 -0.005 -3
Total 2,119 -3 2.114 -3 2.117 -3
 Relative Error 1.7% 1.4 % 1.1

* to be read as 2.164 x 107>
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Table 4.3 Sodium void worth for pattern 1 & pattern 2
( constant intervagl )

Void pattern Pattern 1 Pattern 2
Direct 2,164 -3 * 7,683 -3
Exact perturbation 2.081 -3 7.609 -3

Relative Error 3.8 % 1.0%

* 0 be read as 2.164 x 107
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TABLE 5,1 CROSS SECTIONS USED IN THIS ADJUSTMENT

NUCLIDE NO.

1 JENDL NO. 8 OXYGEN SCATTERING
2 JENDL NO. 11 SODIUM CAPTURE
3 JENDL NO. 26 FE CAPTURE
4 JENDL NO. 925 u 235 CAPTURE
5 JENDL NO. 925 u 235 FISSION
6 JENDL NO. 925 u 235 NU VALUE
7 JENDL NO. 928 u 238 CAPTURE
8 JENDL NO. 928 u 238 FISSION
9 JENDL NO. 928 U 238 NU VALUE
10 JENDL NO. 940 PU 240 CAPTURE
11 | JENDL NO. 941 PU 241 FISSION
12 | JENDL NO. 949 PU 239 CAPTURE
13 JENDL NO. 949 PU 239 FISSION

14 JENDL NO. 949 PU 239 NU VALUE
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Table

C/7E Values
the

5.2

Cross

before

and

after

Section Adjustiment

Reactor Characteristics- C/E Values
(no.) Before Adjust. After Adjust.
1. keff 0. 899279 1. 00080
2. Na-void worth 1. 09241 1. 00130
3. Doppler worth UO: 0. 89583 0.97132
4. CR worth No. 1 0. 86026 0. 99933
o. CR worth No. 2 0. 96363 0. 98929
G. CR worth No. 3 1. 00000 1.01168
7. 238y (n, f) / 2%°Pu (n, f) 1. 11881 1. 05249
8. 235y (n, f) / 23°Pu (n, f) 1. 03208 1. 00725
9. 23%Pu (n, f) Core Center (1. 00000) (1. 00000)
10. 239Pu (n, f) I[.C No. 1 0.97418 0. 97352
11. 2%Pu (n, f) I.C No. 2 0. 99045 0. 98629
12. 23%py (n, f) O.C 1. 00578 0.98971
Reactor Parameters of ZPPR—9 are considered.
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Table 5,3 Cross Section Data of O-scattering before and after
the Cross Section Adjustment

Group Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)

1 10. O +B 8. 6306 E-1 8. 666860 E-1 0.411

2 6. 07 +6 '1.2048 E+0 1. 2082 E+4+0 0.118

3 3. 68 +8B 1. 1879 E+4+0 1. 1892 E4+9 0. 1156

4 2.23 +86 1.8110 E++O0O 1.9134 E+4+0 0. 129

15) i. 35 486 4. 0646 E+0 4. 0693 E+0 0.114

G 8. 21 +65 3. 8173 E+0 3. 81689 E+0 -0.010

it 3. 88 +5 4. 26985 E4+0 4. 2602 E+0 0.0186

8 1.83 +5 3. 7020 E+0 3. 7104 E+0 0. 227

9 8. 66 +4 3. 6260 E+0 3. 6342 E+0 - 0. 227

10 4, 09 +4 3. 8064 E+4+0 3.6150 E+0 0. 227

11 1. 93 44 3. 5982 E-+0 3. 6064 E+O0 0. 227

12 9.12 +3 3. 5821 E+0 3. 5902 E+0 0. 227

13 4. 31 +3 3. 5847 E+0 3. bg28 E+0 0. 227

14 2. 03 +3 3. b877 E+4+0 3. 58959 E4+O0 0. 227

15 9.681 +2 3. 5892 E+0 3. 5973 E+0 0. 227

16 4. 654 +2 3. 58900 E+40 3. 5981 E+0 c. 227




Table 5.4 Cross Section Data of Na (n, 7) before and after
the Cross Section Adjustment

~GLT-

Group Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)
1 10.0 +6 4. 6812 E-2 4. 7393 E-2 1. 241
2 8. 07 +6 3. 5665 E-3 3. 6007 E-3 1. 241
3 3. 68 +6 1. 8900 E—-4 1. 9135 E-4 1. 241
4 2. 23 +6 2. 0250 E—-4 2, 0307 E—-4 0. 282
5 1. 35 +6 2. 0874 E—4 2. 0877 E-—4 0. 014
(<] 8. 21 +5 3. 0490 E-4 3.0483 E-4 -0. 021
7 3. 88 +5 6. 4482 E-4 6. 4445 E-A4 ~-0. 058
8 1.83 +5 1. 0765 E~—3 1. 07368 E-—-3 —0. 1786
g 8. 66 +4 1.5274 E-3 1. 5242 E-3 -0. 210
10 4. 08 +4 1.6183 E-3 1.6164 E-3 —-0.178
11 1. 93 +4 Y. 8775 E-H 7. 8614 E-5 —-0. 205
12 9. 12 +3 i1.7761 E-3 1. 7686 E-3 —0. 419
i3 4, 31 +3 5. 8195 E-2 b. 7891 E-2 -0. 522
14 2. 03 +3 1. 1937 E-2 1.1875 E-2 —-~0. b22
15 9.861 +2 6. 5068 E-3 6. 4769 E-3 —0. 445
16 4. 584 +2 7.8292 E-3 7. 8280 E-3 -0. 0156




Table 5,5 Cross Section Data of Fe (n, 7) before and after
the Cro$s Section Adjustment

-9.L1 -

Group Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)
1 10. 0 +6 9.1412 E—-2 8. 2666 E-2 1. 361
2 6. 07 +6 2. 7184 E-2 2. 7564 E-2 1. 361
3 3. 88 +6 7. 3820 E-3 7. 4824 E-3 1. 361
4 2. 23 +6 3. 0226 E-3 3. 0637 E-3 1. 361
5 1. 35 +86 3. 4412 E-3 3. 4685 E-3 0. 795b
B 8. 21 +5 b. 8376 E—-3 6. 6448 E-3 0.128
7 3. 88 +5H 6. 3388 E-3 6. 34889 E-3 0. 143
8 1.83 +5 1. 0031 E-2 1. 0035 E-2 0. 041
9 8. 85 +4 1. 1592 E-2 1. 1637 E—2 —-0.473
10 4. 09 +4 1.6492 E-2 1. 6345 E-2 -0, 895
11 1. 93 +4+4 1.1418 E-2 1. 1314 E-2 -0.914
12 9.12 +3 1.8762 E-2 1. 60646 E—2 -1. 226
13 4. 31 43 5. 2436 E-3 5. 1919 E-3 -0. 987
14 2. 03 +3 2. 0142 E-1 1. 8484 E-1 —-8. 230
15 9.8681 +2 1.1818 E-2 1. 0974 E—-2 -7. 919
186 4. 54 +2 2. 7708 E-2 2, 7707 E-2 —-0. 001
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Table 5,6 Cross Section Data of 235U (n, f) before and after
the Cross Section Adjustment
Group Upper Cross Section (barn) Relative
No Energy (eV) Before Adjust. After Adjust. Change (%)

1 10. 0 46 1. 582569 E+0Q 1. 5204 E+0 -0. 361
2 6. 07 +6 1.1180 E+0 1. 1162 E+0 -0. 160
3 3. 68 +86 i1.2503 E+0 1. 2471 E+0O -0. 287
4 2. 23 +86 1. 2806 E+0 1.2773 E+0O -0. 262
51 1. 35 +6 1.2110 E4+90 1. 2057 E+0 —-0. 445
G 8. 21 456 i.1687Y E+0 I. 1584 E4+0 —-0. 880
r 3. 88 +5 i. 3605 E+0O 1. 2862 E+0 —-1. 101
8 i.83 +5 1. 581956 E+0 1. 4857 E+0 -1. 561
g 8.65 +4 1.8081 E+0 1. 76563 E+Q -2. 3069
10 4. 09 +4 2. 1430 E+0 2. 0706 E+O -~3. 378
11 1. 93 +4 2. 6103 E+0 2.b1768 E+0 —-3. 550
12 9.12 +3 3. 5432 E+0O 3. 3899 E+0 -4, 329
13 4. 31 +3 6. 0769 E+4+0 4. 8446 E+0 -4, 876
14 2. 03 +3 7. 530687 E+0O 7. 1949 E+0 -4, 1564
156 9.61 +2 1. 1007 E+1 1.0759 E+1 —2. 264
16 4. 54 +2 1.8111 E+1 1. 78989 E+1 -1.172
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Sectioﬁ Data

Table§,7 Cross of 238U (n, 7) before and after
the Cross Section Adjustment
Group Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)
1 10. 0 +6 5. 4645 E-3 4, 8270 E-3 —11. 666
2 6. 07 +6 9.4810 E-3 8.417%1 E-3 -0.B67H
3 3.68 +6 2. 0070 E-2 2.0152 E—-2 0.412
a 2. 23 +6 4, 8083 E-2 4. 7177 E-—2 —1. 885
5 1. 36 +6 1. 1298 E-1 1. 0703 E~1 —5. 264
8 8. 21 +5 1. 1420 E-1 1. 1032 E-1 —-3. 396
7 3. 88 +5 1. 2041 E-1 1. 1739 E-—1 -2. 512
8 1. 83 +5b6 1.86673 E-1 1.6204 E-1 —-2. 224
9 8. 656 +4 2. 95674 E-1 2. 9066 E-1 —-1.7186
10 4. 09 +4 4. 5883 E-—-1 4. 3803 E—-1 -4, 532
11 1. 93 +4 5.9082 E—-1 5. 5166 E-1 -6. 644
12 9. 12 +3 7. 7401 E-1 7. 3928 E—1 —-4, 488
13 4. 31 +3 1. 1565 E+0O 1. 1294 E+0O -2, 342
14 2. 03 +3 1. 8908 E+0 1. 8644 E+0O -1. 3989
15 9. 81 +2 3. 2932 E+0 3. 2661 E+0 -0. 8256
16 4. 54 +2 8. 9268 E+0 8. 9238 E+0 -0. 034




Table 5.8 Cross Section Data of 23U (n, f) before and after
the Cross Section Adjustment

-6.1—

Group Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)
1 10. 0 +86 9. 0236 E-1 8. 8756 E-1 -3. 857
2 6. 07 +86 5. 8290 E-1 5. 4000 E-1 -4. 073
3 3. 68 +6 5.4918 E-—-1 5. 2300 E-1 —4. 768
4 2. 23 +6 4. 2966 E-1 4. 1434 E-1 —3. BB7
o 1. 36 +6 3. 0869 E-2 2. 9977 E-2 —-2. 887
6 8. 21 +56 1. 2074 E-3 1. 1851 E-3 -1. 842
7 3. 88 +5b 1. 3228 E-4 i. 3082 E—-4 -1.029
8 1.83 +5 7. 8880 E-5H 7. 6363 E-5H -0. 427
g 8. 65 +4 6. 8861 E—-5 6. 8796 E-bH -0. 093
10 4. 99 +4 6. 8337 E—-bH 6.3010 E-bH —-7. 795
11 1. 93 +4 9. 9712 E-b 9. 1823 E-5 —-7.912
12 9.12 +3 7.87581 E-b 7. 2519 E-bH -7. 913
13 4. 31 +3 G. O 0. 0 0.0
14 2. 03 +3 2.7683 E—-4 2. 5492 E-4 —-7.915b6
156 9.61 +2 9. 4542 E-4 8. 7066 E-—-4 -7. 908
16 4. 64 +2 2. 6247 E-5H 2.4173 E-5 —-7. 902
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Tableb,9 Cross Section Data of 2Py (n, 7) before and after
: the Cross Section Adjusiment
Group Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)
1 10. 0O + G 8. 7857 E-5 8. 9869 E-5 2. 278
2 6. 07 +6 2. 6705 E-3 2, 7314 E-3 2. 278
3 3. 68 +86 1.6401 E-2 1.6775 E—-2 2. 278
4 2. 23 +6 4. 1539 E-2 4. 2485 E—~2 2. 278
5 1. 35 +6 6. 4516 E-2 6. 2137 E—-2 —-3.687
G 8. 21 +5 1. 0360 E-—1 1. 0282 E-1 ~-0. 760
7 3. 88 +5 1.8692 E-1 1.87098 E-1 0. 094
8 1.83 +65 2.6240 ‘E-1 2.6173 E—-1 —-0. 258
9 8. 65 +4 3. 6936 E-1 3. 7690 E-~-1 1. 770
10 4. 09 +4 5. 7618 E-1 5. 6240 E-1 —-2. 390
11 1. 93 +4 8. 1562 E-1 8. 9648 E-1 —2. 0893
12 9. 12 43 1. 5824 E+0 1.5221 E+0 -4, 410
13 4. 31 +3 2. 8382 E+0Q 2. 8367 E+O0 —-10.8622
14 2. 03 +3 3. 8848 E+0C 3. 1657 E+40 —-18. 089
15 89.61 +2 7T.4191 E+4+0 6. b753 E+0 ~-11. 373
16 4. 54 +2 1. 4438 E+1. 1. 3887 E+1 -3.1258
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Table510 Cross Section Data of 2Py (n, f) before and after
the Cross Section Adjustment
Group ‘Upper Cross Section (barn) Relative
No. Energy (eV) Before Adjust. After Adjust. Change (%)
1 10. 0 + 6 2. 0203 E+0 2. 0161 E+4+0 —-0. 208
2 6. 07 +6 1. 7423 E4+0 1. 7381 E+0 -0. 245
3 3. 68 +86 1.8015 E+0 1. 8946 E+0 —0. 364
4 2. 23 +6 1. 9689 E+0 1. 9618 E+0 -0, 364
5 1. 35 +6 1. 7795 E+4+0 1. 76895 E+0 —-0. b6 5H
4] 8. 21 45 i.6466 E+0 1.6321 E+4+0 -0. 884
4 3. 88 45 1. 5578 E+0 1. 54686868 E+0 -0. 718
8 1. 83 +5 1. 5627 E+0 1. 856560 E+0Q —-0. 495
g 8. 65 +4 1.6383 E+0 1.6346 E+0O -0. 263
10 4. 0S8 +4 1.6799 E+0 1.686768 E+0 —0. 183
11 1. 838 +4 1.7861 E+0 1. 7842 E+0 —-0. 105
12 9. 12 +3 2. 1103 E+0 2. 1906 E+0 3. 807
13 4. 31 +3 3. 1292 E+0 3. 2483 E+0 3. 807
i4d 2. 03 +3 4. 2923 E+0 4. 4556 E+0 3. 807
15 9. 61 +2 7. 8108 E+0 8. 1081 E+0 3. 807
i6 4, 54 +2 1. 8797 E+1 1. 6399 E+1 3. 807
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Table 5.11 STANDARD DAVIATION AND CORRELATION MATRLX
OF EXPERIMENTAL REACTOR CHARACTERISTICS
NO. 1 2 3 4 5 6 7 g 9 10 1 12
STp.DEV. 0.00037 0.05151 0.00067 u.uasa; 0.33540 0.35200 0.00040 0.01091 0.00900 0.00906 0.00848 0.00545
NO. o1 2 3 1 5 6 7 8 9 10 11 12
1 1.00000 Q. 0. 0. o. 0. 0. 0. 0. v o, 0.
2 0. 1.00000 Q. 0. 0. 0. a. 0. 0. 0. 6. a.
i 0. a. 1.00000 0. 0. 0. 0. a. 0. 0 0. 0.
4 0. o. 0. 1.00000 0.80000 0.80000 O. a. 0. o. 0. 0.
5 0. 0. 0. 0.30000 1.00000 0.80060 O. . a. 0. 0. c.
6 0. 0. a. 0.80000 0.8000C 1.00000 D. 0. 0. 0. 0 D.
70, 0. 0. 0. 0. a. 1.00000 C. 0. 0. a. 0.
8 0. 0. 0. g. 0. 0. 0. 1.00000 Q. 0. 0 0.
9 0. g. 0. o. 0. 0. o. 0. 1.00000 0.80000 0.80000 0.80000
10 0, 0. . 0. 0. 0. 0. 0. 0.30000 1.00000 0.30000 0.80000
11 0. 0. 0. 0. a. 0. 0. 0. 'D.80000 0,80000 1.00000 0.80000
12 @. 0. 0. 0. 0. 0. 0. 0. 0.80000 0.80000 ©.80000 1.00000
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Table 5.12 STANDARD DEVIATION AND CORRELATION MATRIX
oF MéTHOD‘UNCERTAINTY
NG . 1 2 3 4 5 6 7 3 9 10 11 t2
STP.pEV. 0.00298 0.16550 0.00181 0.06380 0.32320 0.35200 0.000G45 0.01%126 0.01000 0.00981 0.00933 0.00609
NO ., 1 2 3 4 5 é 7 8 9 10 11 12
1 i.00000 O, Q. o. 0. g. k. 0. a. 0. a. Q.
2 0. 1.00000 O. 0. 0. 0. 0. 0. 0. 0. o. 0.
3 b. a. t.qo000 0. 0. 0. 0. 0. 0. 0. a. 0.
4 0. 0. 0. 1.00000 0.50000 0.50000 0. 0. 0. a. D. 0.
5 0. 0. a. 0.50000 1.UUDbU 0.50000 0. 0. 0. 0. 0. a.
6 o. o. 0. 'U.SDUUD‘U.SUDUD 1.00000 0. 0. 0. 0. o. 0.
7 0. . 0. 0. a. 0. 1,00000 0. o. a. 0. 0.
8 a. a. 0. 0. 0. 0. 0. 1.00000 0. 0. a. 0.
9 0. 0. 0. 0. a. 0. 0. 0. 1.00000 ©,20000 0.20000 0.20000
10 0. 0. a. a. 0. 0. 0. 0. ¢.20000 1.00000 9.20000 U.ZDdUD
1 0. 0. 0. 0. g. 0. 0. g. 0.20000 0.20000 1.00000 {.20000
12 0. a. g. a. G. 0. a. 0. 0.20000 G.20000 0.20000 1.00000
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Table 5.13

STANDARD DEVLIATION AND CORRELATION MATRLX

OF SENSITIVITY UNCERTAINTY

NG . 1 2 3 4 5 6 7 8 9 10 11 12
$T0.DEV. 0.00994 0,33100 0.00602 0.31900 1.61600 1.76000 0.00045 0.02252 0.02000 0.01962 0.01866 0.01219
HO. 1 2 3 4 5 6 7 8 9 10 11 12
1 1.00000 0. 0. " 0. 0. 0. 0. 0. 0. 0. 0. 0.
2 o, 1.00000 0, 0. 0. 0. 0. 0. 0. 0. 0. 0.
3 0. 0. 1.00000 0. g. a. 0. 0. 0. 0. 0. 0.
4 0. 0. 0. 1.00000 0. 0. 0. 0. 0. 0. 0. 0.
5 0. 0. 0. 0. 1.00000 0. 0. 0. 0. 0. a. 0.
6 0. 0. 0. 0. 0. 1.00000 0. 0. 0. 0. 0. 0.
7 0. 0. 0. 0. 0. 0. 1.00000 0. 0. 0. 0. 0.
g 0. 0. 0. 0. 0. o. 0. 1.00000 0. 0. 0. 0.
9 0. u. 0. 0. 0. g. 5. 0. 1.00000 0. 0. 0.
10 o. 0. 0. 0. 0. 0. 0. 0. 0.  1.00000 O. 0.
11 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 1.00000 0.
12 0. 0. 0. 0. 0. 0. g. 0. 0. 0. 8. 1.00000



Table 5.14

STANDARD DAVIATION AND CORRELATION MATRIX

OF FALCULATIONAL REACTOR CHARACTERISTICS BEFORE ASJUSTMENT
NO. 1 2 3 4 5 6 7 8 g 10 11 12
5TP.DEV. 0.02225 0.23232 0.00313.0.11126 ©.50258 0.32170 0.00080 0.03734 0. 0.00071 0.00432 0.01028
NG, 1 2 3 4 5 6 7 8 9 10 1 12
1 1.00000-0.35963-0.13886 0.45032 0.39391-0.58225~0.468548-0.08174 0. ~0,74699-0.76359-0.75220
2 -0.35963 1.00000 0.54362~0,53986~0.52843~0,01970 0.30460 0.03817 0. 0.56372 0.55133 0.57315
3 ~0.13886 0.54362 1,00000-0.60098-0.60483-0.29601 0.19311~0.29334 0. 0.49750 0,48641 0.49144
. | |
x 4 0.45032-0.53986-0.60098°1.00000 0.99723 0.29989-0.46240 0.29643 0. ~0.86903-0.86962-0.87029
! 5 0.39391-0.52343-0.60483 0.99723 1.00000 0.36309-0.43405 0.29996 0. -0.83484-0.,83380-0.83526
6 =-0.58225~0.01970-0.29601 0.29989 0.36309 1.00000 0.19695 0.26072 0. 0.20291 0.20813 0.20072
7 -0.68548 0.30460 0.19310-0.46240-0.43405 0.19695 1.00000 0.08648 0. 0.56498 0.57985 0,.57714
8 -0.08176 0.03817-0.29334 0.29643 0.29996 0.26072 0.08648 1.00000 0. ~0.16148-0,17194-0.15677
? 0. 0. 0. 0. 0. 0. 0. o, 1.00000 0. 0. 0.
10 =0.74699 0.56372 0.49750-0.86903-0.83484 0.20291 0.56498B-0.16148 0, 1.00000 0.99795 0,99573
11 -0.76359 0.55133 0.48641-0.86962~0.83380 0.20813 0.57985-0.17194 0. 0.99795 1.00000 0.99684
12 ~0.75220 0.57315 0.49144-0.87029~0.83526 0.20072 0.57714-0.15677

0. 0.99573 0.994684 1,00000



NO.

Table 5.15

1

2

STANDARD DEVIATION AND CORRELATION MATRIX

OF

3

4

5

6

7

1

4

CALCULATIONAL REACTOR CHARACTERISYICS AFTER ADJUSTHENT

10

11

12

STD.DEV. 0.00072 0.11986 0.00123 0.04529 0.33275 0.35916 0.00043 0.01097 0.01000 0.00983 0.00938 0.00572

NO.

10

11

12

— 981 —

10
11

12

1.00000 0.03502-0.08628-0,06921-0.05013 0.06679 0.03846 0.00210-0.08629~-0.07966-0.03093 0.10847

0.04124 1.00000-0.19733-0,00403-0.00771-0.03247 0.00029-0.00272 0.03086 0.02865 0.01640-0.044%4

-0.11055-0.2146% 1.00000-0.01515-0.02058~0.04518-0,00470 0.00312 0.03744 0.03415 0.01500-D.04835

0.04938 0.09060 0.14537 1.00000 0.53368 D.63535 0.01286-0.00304-0.09414~0.08675-0.03755 0.12239

0.09499 0.08169 0.43287 0.51940 1.00000 0.61795 0,01244-0.00255-0,08295~0.07640-0.03307 0.10779

0.35347 0,02834 0,08077 0.53020 0,52834 1.00000 0.01249~0.00126-0.00146-0.00156-0.00018 0.00170

0.33359 0,00216-0.03185-0,01614-0.01888~-0.01563 1.000006-0.00130 0.00463 0.00462 0.00245-0.00711

0.06453-0.07092 0.07483 0.0038Y 0.00961 U.DZ&%S-G.00461 1.00000-0.01416-0.01311-0.00352 0.01611

-0.00000~0.00000-0.00000-0.00000-0,00000-0.00000~0.00000-0,00000 1.00000 0.19962 0.19898 0.21319

0.09165-0.006334-0,00443 0.00026-0.00028-0.00506~0.00001 0.00006 0.20373 1.00000 0.20026 0.20744

0.08166-0.04813-0,02584 0.00129-0.00231-0.03182-0.00037 0.00051 0.22431 0.22186 1.00000 0.17915

0.29118-0.09603~0.10007 0.00548-0.00855-0.12399~0.00202 0.00148 0.31576 0.30732 0.25564 1.00000
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