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Abstract

Sodium void Worths in plate and pin environments and
plate and pin fuel substitution reactivities in FCA VI-2
assembly, and reacfivities in plate and pin ZEBRA-CADENZA
cores have been ‘analyzed. " Sodium void worths were
recalculated by taking into account the effect of 241Pu
decay, which was not considered in the previous analysis,
and it is found that the effect is small and difference of
20% in the C/E values still reﬁains for pin and plate cores.
The C/E values of the substitution reactivities are about
1.4, and a further investigation is necessary. The C/E
values of the neutron multiplication factors in pin and
plate CADENZA cores are 1.0048 and 1.0004 respectively.

The difference of C/E values in pin and plate cores will
be investigated by international comparison.

Sodium void worths in large voiding zones and axial

void map in ZPPR-9 are calculated using the unified diffusion



coefficient and biasinq-féctors for the calculated leakaqge
and nonleakadge components have been calculated using
measured data. The biasing factors are compared with
those obtained by using the Benoist's diffusion coefficient.
It is seen that when using the unified diffusion coefficient
the difference in biasing factors of leakage components for
the two void patterns is small, but large when using
Benoist's diffusion coefficient.

To investigate the effect of cell models on nuclear
characteristics, especially in heterogeneous cores, we
used a one-dimensional multi-cell model and calculated
ko and reaction rate distributions. The results were
compared with those calculated by using cell-averaged
cross sections obtained from infinite cell calculations,
and it is seen that an error of 6% is found in 238U
fission rate distribution. Further the appropriate
model is proposed.

Finaly a solution algorithm for a three-dimensional
transport codes is considered, and an efficient
acceleration method based on diffusion synthetic method

has been extended to multi-dimension geometry.

%* Study performed under contracts between Power Reactor
and Nuclear Fuel Deveropement Corporation and Osaka

University.

x% Osaka University, Faculty of Engeneering
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Table 2.1 Cell-averaged atom densities of test region of Assembly VI-2
(10%%/cm®)
Plate cell
929 759 Pin cell
fissile Pu system fissile Pu system
Pu - 239 0.10449] 0.095327 0.095450
- 240% | 0.009213 0.033806 0.035856 .
- 241**| 0,000829 (0.000872)f} 0.008846 (0.010298)| 0.009530 (0.010037)
U - 235 0.001424 0.001424 0.001254
- 238 0.691329 0.691329 0.617790
0 1.723031 1.723031 1.520070
Na 0,765637 0.765637 0.727450
Al 0.240019 0.243388 | -mm—me-
Cr 0,343254 0.345109 0.449616
Fe 1.260911 1,267797 1.612210
Ni 0.156165 0.157050 0.210677

* Weights of Pu-238 and Pu-242 are included in that of Pu-240.
#= Decgy of Pu-241 is taken into considerdtion.

t Used in the previous analysis.



Table 2.2.a Atomic Composition of Test Region Plate Cell Loaded with 92% Fissile

Pu Plate
(Unit;10%%atoms/cm?)

Huclide D::::ix& Na ean Na meat DUO, 92% gtSSile 21,0;
Pu-239 1.81666

Pu-240 0.16017
Pu-241 3.01442{0.01515)}
u-235 0.00413

U-238 2.00322

o 4.01470 5.86815

Na 2.03580

Al 0.26073 3.91210
Cx 1.36670 1.43808 0.12675 0.08223 0.56773 0.08223
Fe 4.97584 5.3314° 0.46462 0.29937 2.10128 0.29937
Ni 0.59577 0.68273 3.057a9 0.03584 0.26748 0.03584
Hidth 0.22 0.058 0.519 0.635 ~ 0.15875  0.15875

Table 2'2Tb Atomic Composition of Test Region Plate Cell Loaded with 75% Fissile

Pu Plate
{Unit;10%%atoms/cm?®}

Huclide Dii:iix& Na can Na meat DUO, 75% gissile Al,0s
Pu-239 1.65734

Pu-240 0.58775

Pu-241 ¢.15381(0.17903)
u-235 0.00413
U-238 | 2.00322

o 4.01470 5.86815

Na 2.03580

al 0.31940  3.91310

cr 1.36670  1.43808  0.12675  0.08223  0.59999  0.08223

Fe 4.97584  5.33149  0.46462  0.29937  2.22099  0.29937
Ni 0.59577  0.68273  0.05709  0.03584  0.28287  0.03584
?iifh 0.22  0.058 0.519 0.635 0.15875  0.15875




Table 2.2.¢ Atomic Cumpositidn cf 'A' Pattern Axial Blanket

(Unit;10?**atoms/cm?}
D
Nuclide ;:'éifx& Na can Na meat DUO; Hatural U Al;04
Pu-239
Pu—-240
Pu-241
U-235 0.00413 0.03142
u-238 2.00322 4.33437
o 4.01470 S.86815
Na 2.03580
Al 3.91210
Cr 1.36670 1.43808 0.12675 0.08223 0.082213 0.08223
Fe 4.97584 5.33149 0.46462 0.29937 0.29937 0.29937
Mi 0.59577 0.68273 0.05709 0.03584 0.03584 0.03584
"E‘zgrh | 0.2z 0.058 0.519 0.635 0.15875  0.15875
table 2.2.d Atomic Compusition of DUDz/Na Blanket Table 2.2.e  Cell-averagad Densityes of Radial
Blanket,Axlal blanket & Empty Matrix
(Unit;10* *atoms/cn’) tUnit;10% *atama/cm")
uclide | CE3¥EE € Wa can  Ha meat oz - Huclide Radial | | Axial wopYY
Pu-239 Pu-239
Pu-240 Pu-240
Pu-241 Pu-241
IS | 0.00412 . ] ue23s ¢.02891 0.00840. .
u-238 2.00322 u-238 - 3.98887 4.01746
o 4.01470 1 o
Na 2.03580 Ra
Al AL
cr 1.36670  1.43808  0.12675  0.08223 cr 0.13461 0.18461 0.11626
Fe 4.97584  $.33149  0.46462  0.29937 Fo 0.67213 0.67213 0.42329
Hi 0.59577 0.68273 0.0570% 6.03584 HL 0.08048 0.05048 0.05068
width :
phar 0.22 0.053 0.5189 0635




Table 2.3.a

Atom benaicties of Haterials of
Individual Regions in J-annulaz
HMaodel, Corresponding to 1/16 of
Cora Pin Cell (Unit;l0*!atoms/cm’)

Huclide | PuOz/uo: (tubit,]f:lad) Fa+sUs
Pu-239 0.28571
Pu-240 0.10734
Pu=241 0.02953 (2. 03005}
v-235 000375

_ u-z3p 1.84937
o 4,55038
Ma 1.41389
AL
cr 1.25127  0,50557
Fe 4.43980  1.52696
ni 0.61478  0.22852

Table 2.3.b

Atom Densities of Materials of
Individual Regiona in J-annular
Hodel Corresponding to 1/16 of
Blanket Pin Cell (Unit;19?%atoms/cm’}

Huclide DUD: (tuhz‘::l aqy  Ma*SUS
Pu-239
Pu-240
Pu-241
=235 0.00469
=238 2.31197
0 4.63479
Na 145983
x .
cr 1.23792  0.48471
Fa 4.39143  1.7529%
w 0.50822  0.21827

Table 2.]).c Atom Densities of Materials of Individual Regions -
in 4= lar Hodel Cor ding to 1716 of Core
Pin Cell
[Unit; 107 fatona/on’)
. Huclide PUO2/U0T (o ey HOHSUS -"ﬁ"ﬁ‘l‘;ﬁg;‘i’:‘
Pu-219 9.28573
Pu-240 0,10734
u-241 0.03005
u-23% 0.02953{0.03005)
U-238 1.84927
a 4.55038
Ha 2.26449
A -
cx 1.25127 0.02384 1,30631
Fe 4.43880 0.0B458 4.72119
HL ¢.61478 9.01171 0.58289

Table 2.3.4

Atpn Densities of Haterials of Individual Resiong
in 4-annular Model Corrasponding to 1/16 of Blanket
Pin Cell

{Unit;10% 2atoms/on’)
tuclide LS, - S e ey
Pu~239
PU-Z40
Pu-241
U-235 0.00469
U-238 2.31187

[ 4.63479 B
Na 2.33807
Al
. 1.23792 0.01022 1.27341
Fa 4.39143 0,03625 4,60650
Ni 0.60822 0.00502 0.57273 .




. Table 2.3.9 Aton Densities of Haterials of Individual Regions in Slab
Table 2.3.¢  Atom Densities of Individval Ragigns in Model of Core Pin Cell
6-annular Hodel of Cgre Pin Cell

(unityi0'*atoms/on?)
- 21 3
(Units 10" atoms/cm’) weelige |BAtrix,draver Hassus sus pupesuos  NAYSUS
Huelide Na+5US5 Pugs/UDa HassUs S5 & calandria {Ho.l)  {tube,clad) - {Ko.2) i
- {Na.1} (0.2}
Pu-239 2.28572
Pu-239 0.28572
Pu-240 0.10734
Pu-240 0.10734
Bu=241 0.02953(0.03005)
Pu=241 0.02953(0.03005)
B u-235 0.00375 .
U-235 0.00375
u-238 1,84937
=238 1.83937 o
[} 4.55038 ’
Ha 1,79919 1, 74785
Na 1.47562 1.60663
AL
A2 -
- cr 1. 46685  0.248%0 1,25127 0.27624
[+ 0.43589 . 0,36340  1.34594
Pa 5.30507  0.89845 4.43880 0.99750
Fa 1,.54631 1.28913  4.66378
. B 0.66042  0.11310 0.61478 0.12557
Hi 0.21416 0.17855  0.60836 rach . .
widel
P 0.281 0.2329 7.1045 0,461 0.540 |
Table 2.3.£ Atom Denmities of Individual Regions in Table 2.3.h Atom Densities of Materials of Individual Reglons in slab
§-annular Model of Rlanket Pin Cell #odel, of Dlanket Pin Cell
[Unit;10* latoms/cm®) . {Unit;10% ntoms/on®}
Ha+sUs Ha45UsS Hatrix,drawer Na+SUS SUs . Ha+5Us
Nuclide o)  Duos PN s0S Buclide |7 " a)andria  (Ho.1] (tube,clad) P01 - (No.3)
Pu~239 ’ Pu-239 i
Pu-240 Pu-240
Pu-241 Pu-741
0235 0.00469 U-235 0.00469
u-238 2.31197 0-238 ©2.31197
o 4.63479 ' o . - 4.63479
Ha 1.52358 1.65904 Ha 1.B5765 1.80:69
AL X1
cr 0.43124 0,35952  1.29040 cr 1.41297 9.2371)  1.23792 0.26325
Fa 1.52980 1.27538  A.66675 . e 5.11394 9.85662 4.39543 0.95106
Hi 0.21188 0.17664 0.58107 ui 0.63395  0.10730  ©.60022 0,11513
width 0.540
tom) 0,281 0.329 0.1045 0.461




- Table 2.4

k-infinity Obtained from 70 Group Cell Calculations

Decay of Pu-241 is Considered

Decay of Pu-241 is Negrected

1.36850

Cell Name Na-in Na-out  Difference Na-in Na-out . Difference

92% Fissile Pu .

Plate Cell 1.25557 - 1.25620

75% Fissile Pu

Plate Cell 1.27718 1.32954 0.05236 1.28993 1.34202 0.05209
Pin Cell _1.31069 0.05781 1.31219 1.36999 0.05780




Table 2.5 Measured Sodium Void Worth and Correction for SUS Material Worth
Voidid ‘ Correction Corrected Corrected Removed
Axial M?;igf??iai) of SUS Measurement Measurement Na
Position ‘ (%107 ®Ak/k) (X10-%Ak/k) (x10-%Ak/k/kg-Na) - {kg)
(1v3)Z 178.4+2 7.07 185.5 151.9+2 1.2215
(4n6) Z 53.2%2 4.06 57.3 46.9%2 1.2215
Plate »
(7v9) 2 =-113.6%2 0.196 -113.4 - 92.8%2 1.2215
(10016) % -104.4+2 -1.02 =-105.4 - 37.0zx2 2.850
(1n3) 2 155.9+2 134,32 1.1605
(4v6) 2 51.0%2 44,02 1l.1605
Pin
(7v9) 2 - 99,1+2 - B85.41%2 1.1605
- B88.7+2 - 31.7x0.7 2.796

(10v16) 2




Table 2.6 Sodium Void Reactivity Worth and C/E Value with Correction
for Transport Effect and Exact Perturbation

(a) Plate Cell (Unit;10~°Ak/k/kg-Na)
Xo;d Benoist,s D Transport E.P - FOP Corrected
xial X . Worth
Position (FOP) C/E Correction Correction C/E
(1v3) 2 154.6 1.02 2.2 3.6 160.4 1.06
_ _ (0.99)* (1.03)*%
(4"6) 7 42.9 0.91 10.5 5.9 59.3 1.26
{(0.95) (1.30)
{(7n9) 2 -104.2 1.12 20.3 9.4 - 74.5 0.80
_ {(1.01) {0.69)
(10~16) 2 - 35.2 0.95 5.8 1.7 - 27.7 0.75
(0.93) (0.73)

* Result of Previous Analysis



(b} Pin Cell

{(Unit;10”%Ak/k/kg-Na)

Voidid . Corrected
Cell Model  Axial Bﬁggé?tfs D gransport E.p - FoF Worth
Position C/E or,rec 10 orrection C/E
{13) 2 171.2 1.27 1.7 3.4 176.8 1.31
{1.25) (1.24}
{4ve) 2 78.1 1.78 10.4 3.8 82.3 2.10
3-annular (1.72) (2.04)
(79) Z - 46.6 0.55 20.8 4.7 - 21.1 0.25
{(0.52) (0.22)
(10n16)2 - 22.1 0.70 6.6 0.9 ~ l4.6 (.46
(0.65) {0.41)
{13} 2 l63.4 1l.22 1.7 3.4 i68.5 1.25
(1.19) (1.23)
(4v6) E 45.4 1.03 10.4 3.8 59,6 1.35
4-annular (0.97) (1.30)
{(7n9) 2 -112.9 1.32 20.8 4.7 - 87.4 1.02
(1.29) (0.99}
{10163 2 - 71.8 2.26 6.6 0.9 - 64.3 2.03
{(2.21) (1.99})
{13} 2 l66.6 1.24 1.7 3.4 171.7 1.28
{1.21} {1.25)
(4v6) 2 78.3 1.78 10.4 3.8 92.5% 2.10
6-annular _ {1.72} (2.04)
{7v9) 2 -~ 38.5 0.45 20.8 4.7 - 13,0 0.15
(0.42) (0.12)
(10n16) 2 - 20.0 0.64 6.6 0.9 - 12.5 0.3%9
{0.58) (0.34)
(1n3) 2 l64.2 1.22 1.7 3.4 169.3 1.26
(1.20) (1.24)
(4v6)Z 59.0 1.34 10.4 3.8 73.2 1l.66
Slab {1.28) {1.61)
{7232 - 80.8 0.95 20.8 4.7 - 55.3 0.65
{0.92) (0.62)
(10v16)2 - 33.3 1.05 6.6 0.9 - 25.8 0.81
. (1.00) (0.76}




Table 2.7 Calculated Reactivity Worth and Component for Axial Group Void
Traverse for Plate and Pin Cell

(Unit;10” ®Ak/k/kg-Na)

Voided Component
Axial Total -—
Position Leakage Absorption Moderation Fission
ﬁ (1v3) 2 154.6 -12.8 48.3 149.0 -29.9
‘; (476) 7 42.9 -80.0 35.3 109.3 -21.7
= (79} 2 -104.2 -168.6 16.8 57.0 -9.4
Py (10v16) 2 -35.2 -48.5 1.8 11.8 -0.18
5 (1n3) 2 171.2 -8.9 41.9 139.4 ~1.2
§:§ (4%6) 2 78.1 -54.3 30.8 102.4 -0.85
g8 (7ve)z -46.6 -116.1 15.2 54.6 -0.36
™ (10716) % -22.1 -36.3 1.9 12.3 ~0.0057
H (1%3) 7 163.4 ~14.7 44.8 138.5 -5.3
E:@ (an6)Z 45.4 -85.5 32,9 101.8 -3.8
glEEl (e -112.9 -181.7 16.3 54.3 -1.9
3l (LOV16) Z -71.8 -86.2 1.9 12.5 -0.027
E " (1v3)z 166.6 -8.3 44.9 141.5 ~11.6
33| ez 78.3 -50.3 33.0 104.0 . -8.3
g2 (792 -38.5 -106.4 16.2 55.3 -3.7
o (10"V16) 2 ~20.0 -34.2 2.0 12.4 -0.16
| avne 164.2 -11.5 44.4 140.3 -9.1
23] (4ve)z 59.0 -70.3 32.6 103.2 -6.5
wel  (7v9)z -80.8 ~149.0 16.0 55.0 -2.9
- (10016) 2 -33.3 -47.5 2.0 12.3 -0.11




Table 2.8 Sodium Void Reactivity Worth and Component 'Obtained from Homogeneous
and Heterogeneous Calculations for 3x3 Drawers (1n3)3Z Voiding

(Unit;10~ %Ak /k/kg-Na)

Total Component
(C/E) Leakage Absorption Moderation Fission
B Homogeneous 203.5 1.34 -6.6 63.3 154.6 -7.8
ﬁ Heterogeneous 160.4 1.06 -10.3 47.8 153.6 -30.8
Homogeneous 195.8 1.46 6.6 59.7  150.1 -7.5
=
& | Heterogeneous 176.3 1.31 ~6.5 40.9 143.4 -1.7

(3-annular)




Table 2.9 Experimental and Calculational Value of Pin-Plate Substitution Reactivity
in FCA VI-2-B Core
{3Ak/k)
Reactivity Change
Reglon Pattern Method” Calculation C/E

Experiment

| Central 3x3x3
packs in F-side

75%Pu Plate—+ Pin

0.0090%0.0001

FOP 0.0129 1.44

Central 5xbx6

92%Pu Plate—75%Pu Plate

0.105 +0.002

E.P 0.1510 1.44

Region in F-side

—Pin{Core,Blanket}

1.32 +0.01

packs
75%Pu Plate — Pin 0.047 z0.001 BE.P 0.0643. 1.37
92%Pu.Plate—+75%PuJPlate 0.067 £0.0005 E.P 0.0593 0.89
Central Core .
Ix3 75%Pu Plate— Pin 0.0176%20.0003 E.P 0.0293 1.66
drawers
in F-side | 51 pee plate — Pin 0.0036%0.0001 FOP  0.0048  1.34
Whole Test 92%Pu Plate ,DUOp/Na

E.P 0.7214 0.55

# FOP ; First order perturbation
E.P ; Exact perturbation




Region in F-side

—Pin(Core,Blanket)

Table 2.10 Components of Substitution Reactivity
(Unit;%Ak/k)
Components
Region Pattern Total - Leakage  Absorption Mederation Fission
Central 3x3x3 . _
| packs in F-side 75%Pu Plate — Pin 0.0129 0.00012 0.0091s6 0.00684 0.00317
Central 5x5x6 92%Pu Plate —75%Pu Plate 0.1510 0.00053 -0.20808 -0.00786 0.36644
packs
75%Pu Plate — Pin 0.0643 0.00046 0.05597 0.03584 -0.02792
' 92%Pu Plate —75%Pu Plate 0.0593 0.0015% -0.07993 -0.00312 0.14075
Central Core
3x3 . L) ) -
drawers 75%Pu Plate — Pin 0.0293 0.00197 0.01907 0.01473 0.00650
in F-side .
Blanket Plate — Pin 0.0048 0.00168% 0.00399 0.00110 -0.001927
Whole Test 92%Pu Plate ,DUOy/Na 0.7214 | 0.04368 -0.43131  0.07666  1.03233
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Table 3.1

Mumber densities used in one-di

mensional plate cell calculation

wnit:10%/crf )

Region Na plate U02+can Pu+qan Pu can
) #* uo, region Na plate Pu region steel plate +
Nuclide uo, can ‘ Pu+can Uoz+can uo, can
U-2135 1.32734E-4
U-238 + Pu-238 1.83218E-2 2,31019E-5
Pu-239 2.14488E-2
Pu~240 5.12455E-3
Pu-241 5.48538E-4
Pu-~-242 1.38681E-4
Am=241 3.39076E~4
c 5.61069%E-5 3.15205E-5 5.97528E-5 3.41055E~4 5.85514E-5 *1.16652E-4
Fe 1.34972E-2 7.64845E-3 1.49200E-2 8.B2768E-3 2.68589E~-2 3.98253E-2
cr 2.54591E-2 9.98272E~4 2.91730E-3 1.23468E-3 6.43663E-3- 9.83331E-3
Mn 2.27679E-4 7.56445E-5 2.62867E-4 1.27501E-4 5.81820E-4 7.56600E~4
Ni + Ti 1.31134E-3 6.10200E~4 1.46380E-3 5.52688E-4 3.58711E-3 5.23786E~3
H 1.74104E~5 3.01991E-5 1.73221E-5 1.00532E-4 1.20232E-5 1.79972E-5
Mo + Nb 3.95616E~3 2.67800E-7 3.69637E-5 _ 2.38040E-5
si 1.08557E44 6.,49929E-5 1.22482E-4 5.84436E-5 3.08224E-4 4.23637E-4
Cu + Ga 1.19174E-6 1.19174E-6 9,52331E~4 3.67379E~3 1.67361E-3 8.02836E-3
Al 1.06201E-6 3,78267E-6 1.06201E-6 1.81007E-5 3.39074E-5 1.06201E-6
0 3.93304E-6 3.69116E-2 3.67477E-6 6.56008E~5
Na + Ca 1.61722E-2 1.51102E-2
N 1.79593E-5




Table 3.2

Pin cell types in mixed

pin cells

. . - Calandria
Pin cell Pin type (Number) type
3a PUPIN C (16) I
3B | PUPIN B (11) I
PUPIN F (5)

3C PUPIN A (8) IIL
PUPIN'E ( 8)

3D PUPIN D (8) III
PUPINF (8)

3E PUPIN D (8) IIS
PUPIN F ( 8)

3H PUPIN B (11) v
PIPINF (5)

3J PUPIN E (12) v
UO2PIN C (4)

3L PUPIN B (11) v

PUPIN F (5)




( 1) 1'st Region

Tahle 3.3 Number densities used in one-dimensional pin cell calculation

(Unit;1024/cm3)

Pin Type
PUPIN A PUPIN B PUPIN C PUPIN D PUPIN E PUPIN F UQZPIN C
Nuclide
U-234 1.27849E-6 | 1.29389E-6 | 1.26308E~6 | 1,3B631E-6 1.10905E—6 1.12445E-6 | 9.55014E-7
U-235 1.38592E-4 | 1.32134E-4 | 1.27625E~4 | 1.40079E~4 1.12579E-4 | 1.13177E~4 [ 1.67733E~4
U-236 7.78904E~7 | 7.33086E-7 | 7.17814E~7 | 7.78904E-7 | 6.26178E-7 | 6.26178E-7
U-238 + Pu-238 1,90322E~2 | 1.81439E-2 | 1.75275E-2 | 1.92344E-2 | 1.54642E-2 1.55473E-2 | 2,31591E-2
Pu-239 2,91519E-3 | 3.66655E~3 4.39002E-3 | 2.96431E-3 | 5,93457E=-3 | 5.90253E-3
Pu-240 6.60369F-4 | 9,34786E~4 | 1.04101E-3 | 7.40774E-4 1.48303E~3 | 1.50089E-3
Pu-241 6.90778E-5 | 1.09965E~4 { 1.13883E-4 | 8.68445E-5 1.73868E~4 | 1.93669E-4
Pu=-242 11.71719E-5 2.74780E-5 | 2.95035E-5 2.05825E-5 | 4,11947E-5 | 4.35776E-5
Am-241 4.69891E—5 5.47807E-5 | 5.67398E-5 | 4,00050E~5 | 8.00848E-5 6.68046E-5
o 4.57634E-2 | 4,61430E~2 | 4.65764E-2 | 4.64589E-2 | 4.64436E-2 4.66234E-2 | 4.66544E-2
Fe 5.55148E-6 7.55259E~6 | 6.77796E-6 | 1.01347E-5 | 1.12966E~5 | 1.09738E~6
Ni 5.34307E-6 | 1.07476E-5 | 1.38797E-5 2.14951E-6
Al 1.14906E~-5 1.93736E~5 | 1.85720E-5 | 9.35273E-6 1.40292E-5 | 2.33820E-5
H: 3.21910E-5 | 3.21910E-5 | 3,219108-5] 3.2191CE-5 | 3.21910E-5 3.21910E-5 | 3.21910E-5
si §.85680E~6 | 7.82992E-6 | 2.46450E-5 | 4.49258E-5 3.92780E-5
Ca 7.73536E-6 1.56506E-5 | 3,14811E-5 | 6.62902E-5 | 1.25924E-5
c 3.15152E-5




Table 3.3 . Continue
(2) 2'nd Region Part 1 (Unit;1024/cm3)
Type NACL T NACL IT S
Nuclide PUPIN B PUPIN C . PUPIN F PUPIN D PUPIN F
C 1.29303E-4 | 8.91441E-5 6.36743E-5 2.45840E-4 1,94207E-4
Fe 4,00794E-2 4.22035E-2 4.17433E-2 3.98220E-2 4,04588E-2
Cr 1.16845E-2 1.28274E-2 1.22023E-2 1.17434E-2 1.18919E-2
Mn + Co 1.11346E-3 8,78307E-4 8.76135E-4 8.06121E-4
Ni 6.28118E-3 6.25644E-3 6.01543E-3
H 1.64090E-5 1.71678E-5 1.67884E-5 1.61814E-5 1.64090E-5
Si 7.32537E-4 6.64506E-4 6.91645E-4 7.13468E-4 7.76061E-4
Mo + Nb 1.16896E-3 8.45943E-6 2,21331E-6 9,80463E-6
Al 1.69503E-6 2.58507E-6 1.69503E-6
Ni + Ti 8.,63784E~6 5.95201E-3 6.15244E-3
Cu - 6.46895E-6 5.87802E-6




Table 3.3 _Continue

{ 2)

2'nd Region Part 2

(Unit;1024/cm3)

Type NACL DI
Nuclide PUPIN A PUPIN D PUPIN E PUPIN F
c 7.29907E-5 | 1.00344E-4 | 4,94300E-5 | 4.87109E-5
Fe 4.43704E-2 | 4.28107E-2 | 4.32242E-2 | 4.34474E-2
Cr 1.31234E-2 | 1.22056E-2 | 1.22821E-2 | 1.23542E-2
Mo - 7.14572E-6 | 1.48035E-5 | 1.47370E~5
Mn + Co 9.87696E-4 | 8.27991E-4 | 7.56955E-4 | 7.57977E-4
Ni + Ti 6.44976E-3 | 5.95181E-3 | 6.11727E-3 | 6.,15224E-3
H 1.80594E-5 | 1.72247E~5 | 1.73765E-5 | 1.74524E-5
si 7.056478~4 | 7.21977E-4 | 7.81852E-4 | 7.84570E-4
Cu 2.40705E-6 | 2.41909E-6 | 1.81612E-6
Al 2.58507E-6 | 2.55672E-6 | 1.69503E~6




Table 3.3

Continue

(2) 2'nd Region Part 3 (Unit;1024/cm3)
Type NACL IV NACL V
Nuclide PUPIN B PUPIN E PUPIN F UO2PIN C PUPIN B PUPIN F
C 1.55171E-4 9.02616E~5 8.95420E-5 1.13827E-4 1.55171E-4 8.95420E-5
Fe 4.12854E~2 | 4.27261E-2 | 4.29493E-2 | 4.39188E-2 | 4.12854E-2 | 4.29493E-2
Cr 1.17270E~2 | 1.21727E-2 | 1.22448E-2 | 1.30287E-2 | 1.17270E-2 | 1.22448E-2
Mn + Co 1.04829E-3 | 8.12117E~4 | 8.13139E-4 | 1.04432E~3 | 1.04829E-3 | 8.13139E-4
Ni + Ti 6.25220E-3 | 5.96011E-3 | 5.99508E-3 | 6.30042E-3 | 6.25220E-3 | 5.99508E-3
H 1.65987E~5 | 1.69022E~-5 | 1.69781E-5 | 1.75851E~5 | 1.65987E-5 | 1.69781E-5
Si 7.74575E-4 | 7.30965E-4 | 7.33682E-4 | 6.54751E-4 | 7.74575E-4 | 7.33682E-4
Cu 2.41901E-6 | 1.81612E-6
Mo + Nb 1.16896E-4 8.52559E-6 8.45943E-6 8.45943E-6
Al 2.55672E-6 | 1,69503E-6 1.69503E-6




Table 3.3

Continue

(3) 3'rd Region (Unit;1024/cm3)
Type

Nuclide NACL I NACL II S NACL II NACL W NACL V
c 4,29924E-5 4,70580E-5 3.43640E-5 4,34215E-5 3.43447E-5
Fe 1.32363E-2 1.33883E-2 1.29810E-2 1.27400E-2 1.29716E-2
Cr 1.59751E~3 1.61561E-3 1.46918E-3 1.43935E-3 1.46677E-3
‘Mn 1.48204E-4 1.56389E-4 1.39564E-4 1.42774E~4 1.39357E-4
Ni 7.08338E-4 7.21305E-4 7.18195E-4 6.34885E~4 7.16916E-4
H 1.32177E-5 1.69952E-5 1.44773E-5 1.43830E-5 1.44736E-5
o 4,22156E-6 7.03593E-7 2.34531E-6 2.34531E-6 2.34531E-6

Na + Ca + K| 1.57676E-2 1.59302E-2 1.56095E-2 1.57075E-2 1,55714E-2
Si 8.,68416E-5 1.03181E~-4 8.02542E~5 9,84160E-5 8.01142E-5
Mo 9.10671E-7 9.13044E-7 9.13566E-7
Cu 2,16516E-6 ' 2.16516E-6 2,16516E~6 2,16516E-6 2.16516E-6
Al 1.92947E~-6 1.92947E~-6 1.92947E~6 1.92947E-6 1,92947E-6




Table 3.4 Energy group structure of 16 groups

Corr esponding gxroup
Group in 70 groups of Energy range
JENDI—~2
1 10 2 10.5 v 6.5 MeV
2 3n g 6.5V 4.0
3 5% 6 4.0 v 2.5
4 7~ 8 2.5 v 1.4
5 9 ~ 10 1.4 v 0.8
6 11 ~ 13 0.8 v 0.4
7 14 ~ 16 0.4~ 0.2
8 17 ~ 19 0.2 v 0.1
9 20 v 22 100 * 46.5 keV
10 23 ~ 25 46.5 v 21.5
11 26 Vv 28 21.5 ~ 10.0
12 29 v 31 10.0 v 4.65
13 32 v 34 4.65 v 2.15
14 35 v 37 2.15 & 1.00
15 38 v 40 1000 v 465 eV
16 41 v 70 465 " thermal




Table 3.5 Effect of application of buckling to cell

calculation
Reff T
> 5 _zﬁ.Difference
B =0 B"=0.002 cm (correction)
Plate 1.003160 1.006220° 0.003060
Pin 1.001763 1.002241 0.000478
+ Obtained from l6-group RZ diffusion calculation

+¥ 70--group cell calculations were performed with

' 2= 1
averaged diffusion coefficient Davy =3 Ur +3 Bz



Table 3.6 Three—aimensional-effect of cell models estimated
from 16 group RZ diffusion calculations using
cross sections obtained from 1 and 2 dimensional -

cell calculations*

Core Cell calculation keff bifferance
{correction)
1-p* , 1.003588
_ | .
Plate 2-D 1.003668 0.000080
’ * %
3-D —_— 0.00016C
1-D 1.002923
Pin 3A 2-D 1.003582 0.000659
* %
3-D —_ 0.000659

* Sheath is smeared into z2ll plates

** conjectured from the difference of keffs obtained

by using 1 and 2-D cell averaged cross sections

' Cell calculations were performed using region-wise

16 group cross sections



Table 3.7 ' . - Transport correction

calculated in R% geometry

Core kogf
' . Difference (4 k)
TWOTRAN-ITI (SSPO) CITATION
plate -1.007794 1.003160 0.004634
1.001763 0.004010

Pin 1.005773




Table 3.8 Neutron streaming correction for pin cell core
obtained by using Benoist's and the present

diffusion coefficients

Diffusion coefficient keffs Difference
(correction)
Benoist's D 0.998861
Present D 0.998639 -0.000222

% results were obtained by 16 group RZ diffusion

calculations



Table 3.9 Correction for spatial mesh effect

obtajined from 2-D XY diffusion calculations

Core keff
Coarse mesh Improved Difference
calculation coarse mesh
calculation
Plate 1.123390 1.118413 ~-0.004977
1.125668 -0.004641

Pin 1.13030°

Calculations are performed in 16 groups using
per drawer (coarse mesh calculation) or using

improved coarse mesh method.

Buckling is set to zero.

one mesh
the



Table 3.10

keff for pin and plate geometry CADENZA assemblies

3«D diffusion Correction
calculation Corrected
: Buckling - Neutron ;
Geometry it ., o offsst  UB  mranspors Sireaming  SERE %
in ce correction in pin .

(16 group) calculation effect cells correction
Plate 0.999567 0.003060 0.000160 0.004634 -0.004977 1.002444 1.0004
Pin 1.005522 0.000478 0.000659 0.,004010 -0.000222 ~0,004641 1.005806 L.0048
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Fig. 3.1 Vertical cross section of Core 22
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Fig.3.5 Calculational flow diagram
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Table 4. 1 Large

Central Zone Voiding Worth in ZPPR-9

{Step Wise)

Void Measured Calculated Step Worth ¢/kg
Step Step Worth C/E C/E*®
Configuration ¢/kyg Non-Leakage Leakage Net
+ t + T
1 9 Drawers 1.045+0.036 1.182 -0.062 " 1.120 t 1L.072 " 0.94 ot
+ 8 in. (-0.073} (1.109) (1.061) {0.93)
2 37 Drawers 0.94440.021 1.174 -0.060 1.114 1.180 1.03
+ 8 in. (-0.073) {(1.101} {1.166) (L.03}
3 97 Drawers 0.921+0.019 1.156 ~0.064 1.092 1.186 1.04
+ 8 in. (-0.073) {1.083) (1.176) (L.03)
4 97 Drawers 0.25140.004 0.731 -0.392 0.339 1.351 1.05
+16 in. {-0.438) (0.293) {(L.187) {1.01)
5 97 Drawers -0.365+0.008 0.362 -0.720 -0.358 0.981 1l.04
+20 in. {-0.784) (-0.442) {1.156) {1.04)
6 97 Drawers -0.266+0.006 0.149 -0.398 ~0.249 0.936 0.96
+27 in. (-0.414) (-0.265) {0.996) {0.89)

# These were obtained after the correction by means of

unified D and a=0.89, b=0.88 when using Bencist’s D.

.1_
T

Using the unified D.
Using Benoist’s D.

the bias factors: a=0.97, b=0.88 when using the



Table

~Large Central Zone Voiding Worth in ZPPR-9

(Cumulative)

Void Measured Calculated Worth  ¢/kg
Worth C/E C/E*
Configuration t/kg Non-Leakage Leakage Net
- T + + t
9 Drawers 1.04+0.02 1.182 0.062 1.120 _ 1.08 | 0.95 .
+ 8 in. (-0.073) 7T (1.109) Ff (.o ¥t | (0.94) T
' X -0. . . .02
37 Drawers 0.97+0.02 1.176 0.061 1.115 1.15 1.0
t 8 in. {(-0.073) (1.103) (1.13) (1.01)
97 Drawers 0.94+0.02 1.164 -0.063 1.101 1.17 l.02
T 8 in. (-0.073) {1.091) (1.16) (1.02)
97 Drawers 0.6040.02 0.947 -0.227 0.720 1.20 1.02
116 in. : {~0.2586) {0.691) {1.15) {1.00)
97.DraWErs 0.4140.01 0.833 -0.324 0.509 1.24 1.00
+20 in. {-0.359) (0.474) (1.15) (0.95)
97 Drawers 0-2310.01 0.655 -0.343 0.312 1.35 1.04
+27 in. (-0.373) (0.282) {1.13) (1.00)

_* Using the unified D.

tt Ugsing Benoist’s D.

These were obtained after the correction by means
using the unified D and a=0.96, b=0.90 when using Benoist’s D.

of the bias factors; a=1.04, b=0.89 when



Table 4. 3 Axial Void Map in ZPPR-9
Axial Measured Calculated Worth ¢/kg
Position Worth Non- . C/E c/E®

cm /g Leakage Leakage Net

2.54 1.5240.065%% | 1.130 ~0.0003(-0.001)T 1.130" (1 1290t 0.74" (0.7 o.66" (0.66)"7
5.08 0.99+0,02° 1.124 -0.009 (-0.010} 1.115 (1.114) 1.13 (1.12) 1.00 (1.01)
7.62 0.954+0.04% 1.109 -0.015 (=0.027) 1.094 (1.082) 1.15 (1.14) 1.02 (1.02)
10.16 1.01+0.04 1.055 -0.055 (=0.087) 1.000 {(0.968) 0.99 (0.96) 0.88 (0.88)
15.24 0.88+0.02° 1.018 ~0.083 (-0.128) 0.935 (0.890) 1.07 (1.01) 0.95 (0.95)
20. 32 0.7240.03 0.926 -0.129 (-0.230) 0.797 (0.696) 1.11 (0.97) 0.99 (0.99)
22.86 0.66+0.04 0.872 -0.165 (-0.290) 0.707 (0.582) 1.08 (0.88) 0.95 (0.95)
27.94 0.38+%0.04° 0.755 -0.268 (~0.423) 0.487 (0.332) 1.29 (0.87) 1.16 (1.18)
30.48 0.29+0.03° 0.692 -0.290 (-0.494) 0.402 (0.198) 1.38 (0.69) 1.28 (1.24)
33.02 0.26%0.01 0.629 -0.327 (-0.567) 0.302 (0.062) 1.15 (0.24) 1.08 {1.04)
33,02 0.20£0.04° 0.629 ~0.327 (=0.567) 0.302 (0.062) 1.50 (0.31) 1.40 (1.35)
38.10 0.05%0.04° 0.505 -0.435 (-0.713) 0.070(~0.208) 1.40(-4.16) 1.50 (1.58)
40.64 -0.1540.03 0.446 -0.451 (-0.783) -0.005(-0.337) 0.03 (2.25) |-0.06 {0.07)
43,18 -0.09+0.04° 0.390 -0.519 (-0.848) -0.129(-0.458) 1.43 (5.09) 1.10 (1.04)
48.26 ~0.13£0.04° 0.293 ~0.569 (-0.957) -0.276(=0.664} 2.12 (5.11) 1.77 (1.85)
50,80 -0.30%0.03 0.253 -0.599 (-0.994) -0.346(~0.741) 1.15 (2.47) 0.97 (0.97)
58.42 -0.14%0.038 0.281 -0.620 (-0.995) -0.339(-0.714) 2.42 (5.10) 2.00 (1.93)

# These were obtained after the correction by means of the bias factors; a=

unified D and a=0.52, b=0.89 when using Benoist’s D.

## Phig case was excluded when determining the bias factors.

¥ Using the unified D.

1

Using Benoist'D.

0.86, b=0.89 when using the



Table 4. 4 Biasing Factors for Void Worth in ZPPR-9

Biasing Pactors

piffusion Coefficient . C/E C/E
Leakage (a) Non-Leakage (b)
Large Zone Unified D 0.97 0.88 1.118 1.010
“X0. .

Voiding +0.,140 10.043
{Step Wise) Benoist's D 0.89 0.88 1.120 0.988
+0.068 +0.057

Axial Unified D 0.86 0.89 1.275 1.124
Void +0.496 +0.516
Map Benoist’s D 0.52 0.8%9 1.503 l.128
' 22,207 +0.416

* after biased.
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Fig. 4. 1 Multi-Drwaer Cell Models for Calculating the Unified Diffusion Coefficient
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Table 5.1 k-infinity for multi-drawer cell models

Multi-drawer cell model
Methods
1 2 3
1 1.08656 1.08867 1.09551
2 S — 1.09185,
3 y —— —_— 1.09574
4 1.08647 1.08917 1.09626

k-infinity calculated from infinite cell calculations:

1.69427 for core fuel drawer
0.269951 for blanket drawer



Table 5.2 Contribution of each drawer to total absorption and
fission rates for models 1, 2 and 3

¥ 5

Model | Reaction rates | F(2) | F(1) | B(1) | B(2) e B™
-1 Absofption 60.36 39.64 60.36 39,64
Fission 88.65 11.35 88.65 11.35
) Absorption 30,18 *| 19,82 * 60.36 39.64
Fisson 44,85 5.15 89.70 10.30
5 Absorption + 20,07 20,18 *| 13.21 * 13,15 60.43 39,57
: Fission - 30.6] 30.11 3.25 2.67 90,83 9.17
F(2) ; Fuel drawer apart from blanket draewr
F(I) 5 Fuel drawer adjacent to blanket drawer
B(1) : Blanket drawer adjacent to fuel drawer
B(2) ; Blanket drawer apart from fuel drawer

; There is one more symmetric drawer

5 Contribution of drawer type




Table 5.3 Percent difference of microscopic reaction rates
distribution calculated by each method from
reference result

Nuclide | Reaction|Method| F(2) F)* | B(D* | B@)
rates
1 |76 | 15.39 | 17.90 | 18.65
capture | 2 | 021 | 020 | -0.22 | -0.08
3 | 0.34 0.42 | -0.33 | -0.33
- 4 | 0.40 0.33 | -0.33 | -0.24
1 |15.93 | 16.17 | 17.16 | 17.42
o 2 | -0.08 | -0.11 0.07 0.12
Fission |\ 3 | 508 | 0.39 | -0.23 | -0.21
y | 028 | 0.21 | -0.22 | -0.20
"1 |16.25 | 16.59 | 16.77 | 17.02
| 2 |-0.02 | 0.30 | -0.30 0.03
Capture | 3 | g,01 | -0.07 0.14 | -0.15
| y | 017 | 0.15 | -0.15 | -0.18
U-238
1 | 2414 | 21.80 | 11.56 9.16
2 -0l | -2.38 4.06 2,97
Fission | 3 | 563 | 1.15 0.24 0.85
4 | o.1s | -0.38 0.64 | -0.15
1 |13.03 | 13.68 | 19.46 | 20.69
2 0.27 | 0.59 -0.40 -0.20
Capture | 3 | g,71 0.4 | -0.41 | -0.25
4o 0,57 0.52 | -0.41 | -0.26
Pu-239 —
1 |16.38 | 16.27 | 17.02 | 17.05
o 2 |-0,13 | -0.20 0.17 0.18
Fission | 3 | 9,26 0.45 | -0.139 | -0.22
y | 0.27 0.18 | -0.20 | -0.22

* ; There is one more symmetric drawer

Method 1 : Reaction rate distribution




Table 5.4 Cell—averaéed'u—238 fission cross section for

representative groups obtgined by various cell models

Group | Model | F(2) F(1) B(1) B(2)
Inf. 1.11237 1.01988
1.19196. | 9.96550F-1
L 1.17200 9.98915E-1
1.14629 1.16558 9.98975E-1 | 1.00286
Inf. 5.98567E-1 | 5.58980F-1
i 1 6.40211E-1 | 5.47249E-1
2 | 6.29746E-1 | 5.48349E-1
3 | 6.16215E-1 | 6.26013E-1 | 5.48362E-1 | 5.50218E-1
Inf. 1,58171E-2 | 1.55545E-2
1.63585E-2 | 1.54176E-2
10 2 1,62658E-2 | 1.54260E-2
1.61240E-2 | 1.62131E-2 | 1.54256E-2 | 1.54375E-2

Inf. ; Infinite cell model
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Table A6 16 group Constant used in DZ Calculation
group Ef Ec Zh
1 1.22278E-1 4.80265E-2 8.14087E-2
2 1.33438E-1 5.,41527E-2 8.97977E-2
3 1.56470E-1 5.94935E-2 1.03092E-1
4 1.71347E-1 6.71074E-2 1.13972E-1
5 2.41266E-1 7.85980E-2 1.51731E-1
6 2.61160E-1 1.013238-1 1.73183E-1
7 3,18907E-1 9.96299E~2 1.98213E-1
8 3.563918-1 1.13480E-1 2.22688E-1
9 3.94090E-1 1.40924E-1 2.54396E-1
10 4,36449E-1 1.61980E-1 2.85380E-1
11 4,77026E~1 1.60950E-1 3.03052E-1
12 6.06766E~-1 3.04352E-1 4.40312E-1
13 6.38161E-1 9.19176E-1 7.92837E-1
14 5,45851E-1 2.41571E-1 3.78370E-1
15 5.58360E~1 1.90839E-1 3.56070E-1
16 7.11276E-1 2.46777E-1 4.55607E-1

4

=

tr

tr

tr

of Fuel Pin Region

of Coolant Region

of Homogenious Region




Table A7 Comparison of axial diffusion coefficients calculated from the
present method, Benoist's method and the conventicnal method

Axial diffusion coefficient Percent difference

Group e
Present Benoist 1/3Z¢, D (Present)~D (Benoist)
1 4.10704 4.03879 T 4.09457 +1.69%
2 3.72411 3.67379 3.71205 +1.37
3 3.25047 3.20740 3.23336 +1.34
4 2.94123 2.90948 2.92469 +1.09
5 2.22641 2.19604 2.19687 +1.38
6 1.94482 1.99277 1.92475 -2.41
7 1.71534 1.69059 1.68169 +1.46
8 1.52975 1.50037 1.49686 +1.96
9 1.33678 1.32835 1.31029 +0.63
10 1.19241 1.21947 1.16863 ~2.22
11 1.12999 1.12491 1.09992 +0.45
12 0.76758 0.76916 0.75704 -0.21
13 0.42330 0.47442 0.42043 ~10.77
14 0.89672 0.90587 0.88097 -1.01
15 0.96563 0.95986 0.93615 +0.60
16 0.76027 0.77661 0.73162 -2.10




Table A8 Pin

cell 3A 16 group constant

— 001 —

Group Za 91} D, Py
1 6.99844E~03 3,25318E-02  ..4+03879E+00  4.10707E+00
2 7.63198E=03 2,01959E=02 3.67379E+00 | 3.72795E+00
3 6s55051E=03 1.89454E-02_  _3+20T40Ex00__3,25630E+00_
4 T 5.29081E=03 1.71742E=02 2.90948E+00 2.94998E+00
5 404466E=03__9.69174E=03_  _2e19604E400 ~ 2,23535E+00
6 3.45556E-03 - To43488E-03 1.99277E+00 2.01088E+00
7  3,33279€E=03__ 6.53101E~03 _1.69059E+00__ _1.72034E+00
8 3.70271E=03 b.47024E-03 1.50037E+00 1.,52002E+00
9 _4e62162E=03_ 6,78T73E=03 _1032B35E+00_ _1.335B9E+00_
10 TBHo02239E~03 6.97969E~03 1:2194TE+00 1.,22414E+00
11 _7.28135E=03__7.,17593E~03 1.12491E+00_ 1,12856E+00_
12 9.,63535E=~03 8.53829E~03 T 7.69158E-01 7.64207E-01
13 _1.3B174E=02 _ 1.24721E=-02 40T4417E-01_ 4.71469E-01_
14 1.74735E=-02 1.54991E-02  9.05869E~01 '8,97822E-01
15 _2,50070E=02  2.60697E=02_ _9e59860E~01  9,52541E~01_
16 T4 .09881E-02 4.54664E~02 TeT6614E-01 7.,64608E~01

Chtained from 1-D cell calculation



Appendix B

Homegenization Method of Pin Rods in ZPPR-10A Assembly

A homogenization method have been developed for a
heterogeneous control rod channel. Effective cross
sections which preserve the integrated reaction rates
in each energy group are obtained by usinQ a super-cell
composed of a control rod channel and a sorrounding
fuel region; The method has been applied to the
calculation of the pin rod worths in ZPPR-10A assembly,

and the applicability has been checked.

I. INTRODUCTION

In the ZPPR-10A critical experiment, natural and fully-
enriched B4C pins ﬁere arranged in a.variety of shapes within
the 3 X 3 central control rod position as shown in Fig. 1 and
the rod worth relative to the control rod position (sodium
follower) is measured to investigate the dependence of the
obtained C/E values to the boron enrichment aﬁd to the pin

configuration.
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"Reactivity worths of the three pin rods shown in Fig. 1
were analyzed; CR-1 and CR¥2 coptain the central absorber
region with 92 % enriched (CR-1) and natural (CR-2) boron
and the surrounding steel & sodium region, CR-3 contains
three rectangular absorber regionsrwith 92 % enriched boron

and pin rods are rather homogeneously scattered in CR-3.

‘The cell-averaged cross sections of such mafrixes are
usually prepared using the neutron flux calcﬁlatéd in the super-
cell consisting of control rod channel matrixes and the surrounding
fuel drawers as a weighting function. This commonly used
method, however, has a problem, which comes from the fact that
when super-cell calculations are performed using the homogenized

cross sections once more the neutron current at the internai
_boundary between the control rod channel and the fuel region is

different from that obtained in the heterogeneous super-cell cal-
culation; the averaged neutron flux in control rod channels is not
preserved; the control rod reactivity worth is not preserved.
Therefore we obtain group constants to preserve the region-
wise reaction rates in each energy group in the super-cell by
using an iterative procedure and investigate the homogenization

effect of pin rods in ZPPR—10A.

IT. METHODS OF ANALYSIS
The current most widely used scheme fof calculating cell-

averaged group constants of control rod cells is to weight the

—102 —



cross sections with neutron fluxes obtained from super-cell

calculation:

The homogenized cross section for reaction o {denoting capture,

fission or removal) is determined by

- - -> >
= x
zag Jrgz ag(r)@g(r)/ Jrgg @g(r) (1)

where @g(f) is the g-group flux at peoint T resulting from the zero-
current boundary super-cell calculations. Eowever, the inte-
grated reaction rates estimated by using homogenized cross sections

Eag are not generally egqual to the true ihtegrated reaction rates

because the flux obtained by using Eag‘is different from
@g(g)(l),(Z),(3).

Then, in order to obtain an effective homogenized cross section,
we derive a procedure which preserves the integrated reaction rates
between the original heterogeneous transport and the homogeneous
transport (or diffusion) calculations. A cylindrical super-cell
containing a central rod region, a surrounding coolant and structure
region and an outermost fuel region as shown in Fig. 2 is.taken;

The conventional homogenized cross sections corresponding to the

(4)

central 3x3 matrices region were obtained by means of CASUP code
using 70 energy group cross section set obtained from JENDL—ZB(S).
At the same time, the reaction rates for control rod and for fuel
drawers were also obtained. Using the reaction rates and the

homogenized cross sections, the effective transport (or diffusion)

parameters for the rod channel are calculated so as to preserve
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the reaction rates :

= (n) _ > > =(n-1)
Zag = Ivdv Eag(r)®g(r) / Jvdv @g (2)

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

rate and is obtained from a heterogeneous transport calculation, V

is the volume of the rod channel, while in the denominator Eén_l)

is the g-group flux resulting from a transport (or diffusion) calcu-

lation using group constants fé;—l)

(n) -

ag requires a homogeneous transport (or diffusion

in the super-cell. Thus the

determination of I

calculation in a super-cell. In the calculation of Qg(§) and

65“‘1’, the fission source is normalized to unity in a super-cell.

aAnd the evaluation of fén) is iterated until Eén)

satisfies a given

criterion.

E(n) _ a(n—l)
Max| —J g <€ (3)

Eén) (€=5.0 x 10 2)

Homogenized cross sections obtained by this procedure are
different from conventional ones. - In order to explain the fact.,.-—

equation (2) can be reduced to

J dv & _(¥)e (¥ J av ¢ _(T) f’dv & (¥
E(n) _ . = 2(01 (4)
ag ag
J av & (%) J av 3(@-1) J av 301
v g v g v g
where J dv & (?)/J dv Eén_l) can be considered as a correction
v v _
factor to conventional cell-averaged cross section. This correc-

tion factor makes up for the fact that a homogeneous calculation can

not reproduce the true flux depression in a super-cell.
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As mentioned above, the way to use the formula (2) enables us
to prepare homogenized cross sections based on transport and diffusion

theory. In preparing transport and diffusion homogenized cross

sections, homogéneous calculations are performed based on transpoft
and diffusion theory, respectively. When iterative calculations
are performed based on diffusion theory, we use the conventional D
(based on D = 1/3Ztr) for the central control rod channel,énd

(6)

Benoist's D for the fuel drawers.

IT1. CALCULATION OF PIN ROD WORTH IN ZPPR-10A
Let's first compare the conventional and the effective cross-
sections obtained from the 70 group super-cell calculation.

Figure 3 shows the convergence of the effective absorption

cross sections for the 1lst, 1l0th, 20th and 30th groups (their
energy ranges are 10.5~8.3 MeV, 1.1~0.8 MeV, 100~77 KeV and
7.7~6.0 KeV, respectively) for CR-1l, CR-2 and CR-3. The
effective cross sections for the transport and diffusion
calculations are different in each energy group, but the
convetgence is raﬁher rapid. Table 1 shows the 18 group
conventional cross sections collapsed from the 70 groups with
a RZ spectrum and the difference of the effective cross
sections from the conventional ones for CR-1, CR-2 and CR-3.
The difference between the conventional and the effective

cross sections for the fuel region was small and it is not shown.

Comparing the conventional and effective cross sections of
CR-1, it is seen that the effective transport cross sections

are smaller than the conventiconal ones in all groups‘but
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the effective diffusion cross sections are smaller in groups
1 to 10, and that the energy dependence of the differences
differs for the transport and diffusion parameters: The
difference for the effective transport cross section increases
with energy group but opposite frend can be seen for the
éfféctive diffusion cross section. For CR-2 the difference
between the conventionai cross section and the effective
transport cross section is small compared with the result
for CR-1. For CR-3 the effective transport cross sections
in the energy range 10.5 MeV A 1 keV are larger than the
conventional cross sections in ‘contrast with the CR—-1 and
CR-2.

Rod worth calculations were performgd on the two-dimensional
RZ model ;hown in Fig. 4, where the central region of radius
9.35 cm corresponds to the control rod position (CRP)} or the
control rod (CR) . Control rod-worths relative to CRP were
calculated using the effective and conventional homogenized
cross sections in 18 groups. The CRP was assumed homogeneous
then the effective cross sections were appl%ed only for the keff
calculations for a core with the centrél CR. When using the
effective cross sections, we applied them only to the CR
belonging to the inner core and used the conventional cross
sections for the CR belonging to the axial blanket because the
contribution of that region to control rod worth is small.
As a reference we performed whole core transport calculations

. without homogenizing the rod channel: The CR region was divided
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into two or six subregions to treat the heterogeneity within
the CR explicitly. Diffusion and transport calculations

(7) 11 (8)

and TWOTRAN- codes.

were carried out using CITATION
The results of keff and control rod worths for CR-1, CR-2 and
CR-3 are presented in Table 2.

Let us examine the homogepization effect and transport
effect. The homcgenization effect is defined as the
difference between the rod worths obtained from the transport
(diffusion) calculation using the conventional cross section
and from the reference transport (diffusion) calculation.
This effect is large for CR-1 and CR-2 (about 4 % Ak/k), and
small for CR-3 (about -2 % 4k/k}. This indicates that the
homogenization effect is mostly dependent to the rod pin configu-
ration rather than boron enrichment. Calculated results of the
homogenization effect are close for the transport and
diffusion calculations. Thus the correction for the homogenization
can be evaluated from diffusion theory calculations. The
transport effect is defined as the difference between the
reference transport and diffusion calculations. ' For CR-1 and
CR-3 the transport effect is large though in opposite direction,
and it is small for CR-2. The transport effect also can be
estimated from the difference between the transport and |
diffusion calculations using the conventional cross section.
The control rod worthsobtained from the transport calculations

susing the effective cross section agree well with those of
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the reference transport calculations: Difference between the
results obtained from the transport calculatidns using the
effective cross section and the reference transport
calculations is within 1.5 %Ak/k. The diffusion calculation
using the conventional cross éeétion yielded errors of 10.9,
6.9 and -6.2 %Ak/k for CR-1, CR-2 and CR-3, respectively,
which come from the summation of the homogenization effect of
4.0, 4.5 and -2.4 %Ak/k, and the transport effect of 5.9, 3.1
and -5.2 3Ak/k. The diffusion calculation using the effective
cross section yielded large errors for CR-1 and CR-2. This
suggests that the global transport effect is not taken into
account in the diffusion calculation only by modifying the
group constant in the CR region.

Table 3 shows the comparison of averaged neutron spectra
in the control rod for CR-1 obtained from RZ 18-groups calcu-
lations. The results obtained by the use of the effective cross
section was further multiplied by Eém)/f(o) and normalized
thereafter. It is apparent that the use of the effective cross
section yields the close spectrum to the reference transport
calculation. Thus the effective cross section is useful in
calculating the sample worths, reaction rate distributions in

addition to the control rod worth calculations.
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Iv. CONCLUSION
) We have developed a homogenization method of a control rod
channel which preserves group-wise averaded reaction rates.
It was found fhaﬁ transport calculations using the conventional
flux weighted group constants yielded large errors in control rod

worths and those using the effective group constants produced the

reasonable control rod worths and neutron spectra.
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Table 1 Comparison of effective transport and effective diffusion cross sections with

conventional cross sections

a} CR-1
Conventional Percent difference of
cross section
*
: -1 -1 Effective Effective
Group Energy range D (cm) Ea(cm ) Etr(cm ) transport difFusion
1 106.5 v 6.5 MeV 3.98345 7.33018~3 B.36796~2 -4.9 -20.0
2 6.5 v 4.0 MeV 3.47411 7.15456~3 9.59478-2 -5.2 -18.0
3 4,0 v 2,5 MeVv 2.89628 5.47814-3 1.15090~1 -5.9 -14.2
4 2.5 0 1.4 MeVv 2.75388 6.53067-3 1.21041~1 -5.9 -9.0
5 1.4 ~ 0,8 MeV 0 2.,41135 3.55893-3 1.38235-1 -7.2 -7.3
6 0.8 v 0.4 MeV 1.83%900 9.40556-3 1.81258~-1 ~9.5 ~8.3
7 0.4 ~ 0.2 MeVv 1.63192 1.63440-2 2.04258-1 -10.0 -7.8
8 0.2 ~ 0.1 MeV 1.36695 2.48151-2 2.43852-1 -10.6 -6.4
9 100 ~ 46.5 keV - 1.22947 3.21167-2 2.71120-1 -11.3 -4.,1
10 46.5 v 21.5 keV 1.05920 '4,18730-2 3.14704-1 -13.1 0.0
11 21.5 ~ 10.0 keVi 0.90241 5.29582-2 3.69380-1 -16.7 -0.9
12 10.0 v 4,65 keV 0.51969 6.07830-2 6.41406-1 -25.1 +10.7
13 4.65 v 2,15 keV 0.33671 6.58680-2 .9.89965~1 -34.1 +24,7
14 2.15 v 1,00 keVv 0.67248 8.00801-2 4.95675-1 -28.7 +8,8
15 1000 ~ 465 eV 0.68025 8.81290-2 4.90019~1 -23.0 +3.4
16 465 v 215 eV 0.48402 9.09814-2 6.88675-1 -26.0 +7.3
17 215 ~ 100 ev 0.58471 9.59054-2 5.70080~1 -26.6 -1.2
1B 100 ~ thermal 0.56020 1.01820-1 5.95030-1 ~34.9 -23.6

# D is fixed to the conventional D
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b) CR-2

Percent difference of -

Conventional cross section
*®
-1 -1 Effective Effective
Group Energy range D (cm) I, (em ™) Iy (om transport diffusion
1 10.5 ~ 6.5 MeV 4,07912 3.74170-3- 8.17170-2 -0.5 -20.0
2 6.5 v 4,0 MeV 3.53603 2.23245-3 9.42677-2 -0.3 -17.0
3 4.0 ~ 2,5 MeV 3.04703 1.46227-3 1.093%6-1 -1.0 -12.6
4 2.5 v 1,4 MeV 2.79018 1.46934-3 1.19467-1 -1.8 -7.5
5 1.4 ~ 0.8. MeV 2,47258 8.36328-4 1.34812-1 -2.9 -4.9
6 0.8 v 0.4 MeV 1.94898 2.10663~3 1.71030-1 -5.1 -5.9
7 0.4 ~ 0.2 MeV 1.79297 3.72058-3 1.85911-1 -3.7 -3.9
8 0.2 v 0,1 MeV 1.44479 5.72358-3 2.30714-1 -4.0 -3.0
9 100 "~ 46.5 keV 1.2711¢ 7.77265-3 2.62240-1 -2.6 +0.9
10 46.5 "~ 21.5 keVv 1.11633: 1.1114%-2 2.98597-1 -0.5 +2.7
11 21.5 v 10.0 keVv 0.96781 1.60057-2 3.44420-1 -2.1 +1.6
12 10.0 ~ 4.65 keV 0.59969 2.37057-2 . 5.55843-1 -2.0 +6.0
13 4,65 v 2.15 keV’ 0.36760 3.31868-2 9.06785-1 -9.0 ~0.2
14 2.15 ~ 1.00 kev 0.75458 4.32802-2 4.41747-1 -15.8 -7.1
15 1000 ~ 465 eV 0.76807 5.60105-2 4.33988-1 -15.1 - -0.4
16 465 v 215 eV 0.54696 7.35094-2 6.09435-1 -22.4 -7.1
17 215 v 100 eV 0.63159 8.48488-2 5.27766-1 -28.4 -14.6
100 v thermal 0.58291 1.04583-1  5,71846-1 -37.8 -31.4

* D is fixed to the conventional D
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c) CR-3

Percent difference of

Conventional cross section
*
Group Energy ‘range D (cm) Ea(cm l) Ztr(cm l) Eiii:;;gi gfg?g:;gg
1 10.5 ~ 6.5 MeV . 4.04901 7.90464-3 8.23246-2 +3.9 -11.7
2 6.5 v 4.0 MeVv 3.52039 8.04671~3 9.46865-2 +4.,2 -8.8
3 4.0 v2,5 MeV 2.89859 6.21675-3 1.14999-1 +4.6 -3.4
4 2.5 Vv 1.4 MevV 2.75697 7.14131-3 1.20906-1 +4.1 +2.5
5 1.4 v 0,8 MeV 2.38999 3.86398-3 1.39471-1 +4.6 +7.0
6 0.8 v 0.4 MeV 1.80747 1.04031-2 1.84420-1 +5.9 +9. 4
7 0.4 ™~ 0.2 MeV 1.57686 1.89691-2 2.11390-1 +5.9 +11.9
8 0.2 v~ 0.1 MeV 1.34208 - 2.93575-2 2.48371-1 +6.4 +16.3
9 100 v 46.5 keV 1.20453 3.96878-2 2.76733-1 +6.8 +22,3
10 46.5 Vv 21.5 kev 1.01991: 5.73458-2 3.26827-1 +9.5 +35.0
11 21.5 v 10.0 kev 0.87658 8.41697-2 3.80264-1 +13.0 +52.6
12 10.0 ™ 4.65 keV 0.54308 1.26846-1 6.13783-1 +23.,9 +157
13 4,65 v 2,15 keVv 0.31737 1.86743-1 1.05030+0 +31.3 +1420
14 2,15 v 1.00 kev 0.52169 2.91587-1 6.38950-1 +6,2 +111
15 1000 ™~ 465 eV 0.44071 4.39914-1 7.56357-1 -8.3 -10.7
16 465 v 215 ev 0.29598 6.81332-1 1.11117+0 -6.1 +80.3
17 215 v 100 ev 0.24295 1.03280+0 1.37201+0 -13.4 +2.4
18 100 ™~ thermal 0.13231 2,15782+0 2.51934+0 -1.5 +60.5

# D is fixed to the conventional D



Table 2 The values_of.keff and control rod worths

a) CR-1
- * -—
Mathod .keFF Control rod workth { x 10 3Ak/kk’)
Transsori
Two-region
(Referancs) 1.019583 R 7.24213 .
*k
Convantional £ 1.019283 7.5333 (4.0)
EZfsctive L 1.019513 7.3101 {0.9) '
iffusion
Two-region 1,013825 : 7.6768 (5.9}
Conventional I 1.013254 8.033¢ (lo.9) "
£factive © 1.013447 7.8450 {8.3)

" x W
* Tha worth relative to CRP

**x Percent éifference of the CR worths from the referencs caleulation
*i¥ CRP kK ge 1.027168 (Transgort)
1.0215359 (Diffusion)
b}y CR-2
Mathed X ss Contzdl rod worth { x 107 -ak/kk’)
Transport
Two-region 1 a . a
(Rafe:ence) 1.022348 ) 4.5598 .
Conventional L[| 1,02213) 4,7974 (4.5)
Effectiva L 1,022275 4,.6598 (1.5?
Diffusion
Two-region 1.016354 4,732¢ - (3.1}
Coaventional L | 1.016472 . '4,9085 {5.9)
Effective [ 1.018570 4.8137, . {4.9)

XWX
* The worth relative to CR?P

£
¥kk D . ke‘f l:UZTlGS {Transport}
1.021569 (Diffusion)
c} Cr-3 .
Method Xogs Control red worth' ( x 10 8k/kk’)
Transport
Six-regions
(Referance) 1.018281 §.4416
Conventional E 1.018494 - 8.2363 (~2.4)**
Effective L 1.018389 8.3375 (-1.2}
Diffusion
Six-regions 1.013384 8.0060 {-5.2)
Conventional I 1.013473 : 7.9194 (-6.2
Effective I 1.012999 8.3811 {(-0.7)

* The worth relative to CRP***
*+* Percent dufference of the CR worth from the reference calculation
*4w CRP keff 1.027110 {?Transport)
1.021673 (DifEusion)
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Table 3 Comparison of averaged spectra in control rod drawer for CR-1

—SIT—

Energy Reference Transport Diffusion
group (Transport) Effective I Conventional L Effective I Conventional L
1 .1975-2 .1964-2 .1894-2 .1991-2 .2178-2
2 .9504-2 .9449-2 .9122-2 .1069-1 .1025-1
3 .2266-1 .2251-1 .2183-1 .2529~1 .2375-1
4 .5366-1 .5363-1 .5246-1 .4264-1 .5500-1
5 .7386-1 .7386-1 .7301-1 .7388-1 .7467-1
6 .14004+0 .1382+0 .1392+0 .1377+0 .1406+0
7 . 1674+0 .1644+0 .1674+0 .1662+0 .1674+0
8 172140 .1723+0 .1735+0 .1730+0 .171940
<] .1521+0 .1539+0 .1540+0 .1542+0 .1514+0
10 .8750-1 .9087-1 .8929-1 .9411-1 .8769-1
11 .6010-1 .5965-1 .6008-1 .6037-1 .5865-1
12 .2512-1 .2476-1 .2505~1 .2598-1 .2407-1
13 .9224-2 .8693-2 .9103-2 .8842-2 .8766-2
14 .1446-1 .1359~1 .1402-1 .1476- .1357-1
15 .7030-2 .6928-2 .6796-2 .7020- .6602-2
16 .2323-2 .2287-2 .2244-2 .2313-2 .2483-2
17 .7822-3 .7757-3 .7681-3 .7702-3 .7467-3
18 .2198-3 .2196-3 .2273~-3 .8813-4 .2217-3
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— One fuel drawer —— |

| — 3%3 control rod ——J ]

drawers

Equi-volume eylindricalization

Steel & scdium region

Core mixture

region

Absorber_ region

a) Lumped absorber model b) Annularfabsdrber model

Fig. 2 One~dimensional cylinder super-cell model
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Fig. 4

2-dimensional RZ model for calculating control rod worth
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Appendix C

Effect of Cell Calculation Model on the Analysis of
Fuel Siumping Experiment

The reacti?iﬁy change measured in the fuel slumping
experiment on'FCA Assembly VIII-2 has been analysed with
two kind of cell calculation models, infinite cell model
and multi-drawer cell model. 18-group transport calcu:
lations were carried out with the JENDL-2B cross section
set. The use of the multi-drawer cell model has
improved the (C—-E) value of the reactivity change due to
fuel slumping compared with the infinite cell model.

Qur resﬁit was very close to the result calculated by
JAERI by means of JAERI-Fast Set Version II and both of

them agreed well with the experimental data.

I. INTRODUCTION

The slumping experiment was made on FCA Assembly VIII-2 by
Nakano, Tsunoda and Hirota, The detail of the experiment is
" described in the NEACRP paper "Analysis of Fuel Slumping Exper-

iment on FCA Assembly VIII-2" by Nakano and Tsunodafl) The
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axial fuel slumping was simulated along the core center using
drawers with fuel platesltwice as many as the normal one and
spacer drawers. The neutronic propefties of these drawers
differ remarkably from that of the surrounding normal fuel
drawers. Therefore we estimate the effect of the interference
between different drawers on the reactivity change due to fuel
slumping using multi-drawer cell models. The resultant reac-

tivity change is compared with other results.

IT. CALCULATIONAL METHCD

Cell calculations were carried out in 70 groups with the
cross section se£ obtained from JENDL-ZB(z). Infinite cell
calculations were made for the drawers used in the central
slumping region (normal Na voided cell, Na voided axial blanket
cell, fuel compacted ceil) and the surrounding drawers (test
fégion cell, axial blanket cell, driver region cell) by means
of one-dimensional slab cell models as shown in Fig. 1. To
treat the interference of the self shielding effect and the
neutron intra-cell flux-distribution between the slumping
region (fuel compactedAdrawer, spacer drawer) and the test
region (Fig, 2), the multi-drawer cell model shown in Fig. 3
were used, Using the neutron spectra calculated in RZ models

corresponding to each slumping case, the 70 group constants

were collapsed into 18 groups. The reactivity changes due to
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each fuel slumping were calculated from the exact transport

(3) with &P

perturbation calculation using the TWOTRAN-II code 6o

approximation.

ITI. RESULT AND DISCUSSION

1. Comparison of Group Constants Obtained from Infinite and

Multi-Drawer Cell Models

We compared the group constants for the Al pattern obtained
from the infinite cell model with those obtained frdm the multi-
drawer ceil model. Table 1 shows the group constants of the
test region obtained from the infinite cell model and the per-
cent difference between group constants obtained from the multi-
drawer cell model and the infinite cell model. The multi-
drawer cell model consists of the spacer and test region. When
using the group constants obtained from this model, the absorp-
tion and fission cross sections iﬁcreased by 2 n 3% in the
fast energy range compared with those obtained from the infinite .
cell model. In Tables 2 and 3, the group constants of the fuel
compaéted drawer and the sodium filled test region were compéred
respectively. The multi-drawer cell model consists of the fuel
compacted drawer and sodium filled test region. Table 2 shows
that the changes of the absorption and fission cross sections of
the fuel compacted drawer adjacent to the sodium filled test

region are 0;2 ~ 0,3% and 0.2 n 0.4% in the fast enérgy range.
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For the fuel compacted drawer apart from the test region, the.
changes are smaller. Table 3 shows that the changes of the
absorption and fission cross sections of the test region are

3.1 ~ -0,6% and -~1.5 ~ =0,7% in the fast energy range. These
'éhanges are smaller than those of the test region adjacent to

the spacer drawer as shown in Table 1. It is found that the
neutron interference effect is stronger between the test region
and spacer drawer than between the test region and fuel compacted

drawer.

2. Reactivity Change Due to Fuel Slumping

The A0 pattern is the reference configuration in the fuel
slumping experiment, The Al, A2 and A3 patterns correspond to
the asymmetric fuel slumping models about the core mid-plane
and the fuel slumping region increases in that order, while the
S pattern is symmetric as shown in Fig. 2,

In Table 4, the.transport calculation results in 18 groups
using the cross sections obtained from the infinite cell and
multi-drawer cell models are shown. When using the multi-
drawer cell model, the (C-E) values of tnE reactivity worth due
to fuel slumping are smaller than those using the infinite cell
model, especially for the most asymmetric A3 pattern, Fig. 4
shows the measured reactivity worth due to fuel slumping and the
calculated results obtained by various research laboratories,
The result obtained by MAPI(4) becomes saturated as the fuel

slumping region increases {(from A2 pattern to A3 pattern) while
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our result and the result obtained by JAERI by means of JAERI-
Fast Set Version II(S) are very close except for the A3 pattern
and follow up the measured data. Table 5.a and b shows each
component of the transport perturbation calculation results
obtained by using the cross sections from the infinite cell and
multi-drawer cell models respectively. - The leakage and moder-
ation components obtained from the multi-drawer cell model are
very similar to those obtained from the infinite cell model,
The changes of absorption and fission components between the
infinite cell and multi-drawer cell models are opposite in sign

and this causes less change of the non-leakage component.

VI. CONCLUSIONS

1) The use of the multi-drawer éell model has improved
the (C-E) value of the reactivity change due to fuel slumping
compared with the infinité cell model, this trend was especilally
true for the most asymmetfic fuel.slumping pattern,

2) Our result was very close to the result calculated by -
JAERI by means of JAERI-Fast Set Version II and both of them

agree well to the experimental data.
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Table 1

Comparison of Cross Sections of Test Region from Xnfinite Cell

Calculation with those'from Multi-Drawer Cell Calculation®

Multi~Drawer Cell
Infinite Cell $ Difference from
( Infinite Cell )

Group f::;i? I VI, T, Vg
1 10,5 ~ 6.5 MeV 1,31-2%% | . 3. 48-2 1,88 2,89
2 6,5~ 4,0 8,24-3 2,06-2 2,32 3,33
3 4,0 v 2,5 6.63~3 1,86-2 2,44 2,92
4 .25 a4 1.4 6.12-3 1.62-2 1,76 2,05
5 1,4 v 0.8 3.34-3 7.23~3 1.26 1,71
6 0.8 v 0,4 2,86-3 5,44-3 0.29 0.44
7 0.4 v 0,2 2,81-3 4,87-3 0,11 0,11
8 9,2 v 0,1 3,18-3 4,81-3 0.16 0,08
9 100 v 46.5 keV 4.14-3 5,023 0,12 -0,02
10 46.5 ~ 21,5 5.62-3 5,11~3 0,35 0.05
11 21,5 ~ 10,0 6.82-3 5,22-3 0,49 0.31
12 10.0 ~ 4,65 8.89-3 6.17-3 0.23 0,01
13 4.65 v 2,15 1,19-2 8.93~3 ~1,45 -1,93
14 2,15 ~ 1,00 1.43-2 1.09-2 1.25 0.44
15 1000 ~ 465 eV 1.99-2 1.85-2 1,09 ' 0,10
16 465 215 2,61-2 2,79=2 0.65 -0.20
17 215 & 100 3.77-2 3.77-2 0,39 «0.72
18 100 ~ thermal 5,99-2 B.48-2 0.09 -0,67

f Multi~-Drawer Cell consists of Spacer and Test Region (Na in)

## pead as 1.31 x 1072



Table 2 Comparigon of Cross Sections of Fuel Compacted Drawer from Infinite CellCalculation

with those from Multi-Drawer Cell Calculation*

— LT —

Infinite Cell Multi-Drawer Cell (% Difference from Test Region)
Group Adjacent to Test Region Apart from Test Region

Ea VI L, '“yzf ;a vzf

1 2.31-2%% 6.72-2 0.21 0,30 0.10 0.13
2 1,52-2 3,97-2 0.26 0,36 0,12 0.18
3 1.26~2 3.61-~2 0.26 0.32 0.13 0,16
4 1,20-2 3,18-2 06.15 0.18 0,09 0.11
5 6,50-3 1.42-2 0.19 0.25 0.11 0.15
[ 5.56-3 1.08-2 0.07 0,12 0.07 0,10
7 5.47-3 9,71-3 0,03 0.04 0.02 0.03
8 6.20-3 9,63-3 -0,01 - -0.01 0.00 0.01
9 8,11-3 1,01-2: 0.01 0.02 0.00 0,00
10 1,09-~2 1.02-2 0.02 -0,02 ¢.01 . 0.01
11 1,31-2 1.04-2 0.04 -0,01 -0.01 ~0.01
12 1.67=2 1.23-2 0,10 0.03 0.00 0.00
13 2,12-2 S 1.86-2 0.50 0.22 0,06 0.09
14 2,65-2 2,22-2 '~0.16 -0,51 -0.19° -0.28
15 3,79=2 - 3.70-2 0.03 ~0,20 -0.22 -0.27
16 4,99-2 5.56~2 -0,03 -0,22 -0,19 -0.23
17 7.19-2 7.62-2 -0,10 ~-0,38 ~0,21 -0.27
18 o 1l.l6-1 1.72-2 ~-0.33 -0.55 -0,28% -0,33

* Multi-Drawer Cell conslsts of Fuel Compacted Drawer and Test Region (Na in)

## Read as 2,31 x 1('.1-2



Table 4 Reactivity Worth due to Fuel Slumping

Obtained by Transport Calculation

1) Infinite Cell Calcﬁlqtion

* -
Worth (x10 4Ak/kk ') *x
. Pattern keff C/E C -E
Calculation Experiment

A0 1.008173 "

a1 1.008574 3.94 5.3 + 0.2 0.74 | -1.36

A2 1.009173 9.83 12.6 + 0.3 0.78 | -2.77

A3 1.009395 12.01 15.2 + 0.3 0.79 -3.19

s 1.007685 -4.80 -4.1 + 0.2 1.17 | -0.70

2) Multi-Drawer Cell Calculation

& -
: worth (x10”Yak/xk") .
Pattern - k_. C/E C-F
eff .
Calculation Experiment

A0 1.008088

Al 1.002s542 4.52 5.3 + 0.2 0.85 | -0.78

Az T} 1.009172 | 10.66 12.6 + 0.3 | 0.85 | -1.94

A3 1.009411 13.00 15.2 + 0.3 0.86 | -2.2

s 1.007732 -3.50 -3.1 + 0.2 0.85 | 0.6
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Table 5.a Components of Fuel Slumping Reactivity Worths for Each Pattern Obtained by Using

Cross Sections from Infinite Cell Calculation (x10-4ﬂk/kk’)

—6él—

Calculation (Exact Perturbation)
Pattern Experiment Calculation
(Direct) Net lLeakage Absorption | Moderation Fisgsion
A0 - Al 5.3 + 0.2 3.94 3.89 ~-0.22 ~-0.24 ~1.35 5.70
A0 - A2 12.6 + 0.3 9.83 9.75 ~1.72 -4.,40 -3.93 19.80
AQ - A3 15.2 + 0.3 12.01 11.95 ~5.59 -9.,78 -65,15 33.47
RO - S ~4.1 + 0.2 ~4.80 -4.81 4.36 33,42 2.07 -44.66
Table 5.b Components of Fuel Slumping Reactivity Worths for Each Pattern Obtained by Using‘
' Multi-Drawer Cell: Calculation -
Cross Sections from Multi-Drawe (10”4 8k /KK )
Calculation (Exact Perturbation)
Pattern Experiment Calculation
) {Direct) Nat Leakage Absorption| Moderation| Fisson
A0 -~ Al 5.3 + 0.2 4,52 4,47 ~0,21 . -0.89 ~-1.37 6.94
AD - A2 12.6 + 0.3 10.66 10,59 ~-1.74 ~5,.81 -3.93 21.77
A0 -~ A3 15.2 + 0.3 13,00 12.95 ~5,60 -1).28 ~6.16 35.99
AQ - 8 ~4.1 + 0,2 ~3.50 ~-3.51 4,40 31.89 2,01 ~-41.81




Table 3 Comparison of Cross Sections of Test Region from

Infinite Cell Calculation with those from Multi-

Drawer Cell Calculation¥
- Multi-Drawer Cell
Infinite Cell g Difference from
( Infinite Cell )

Group. Za vZf Za vEf
1 1,31-2%%¥| 3.48-2 ~-0.93 -1.35
2 8.24~3 2.06-2 -1.12 -1,54
3 6.63-3 1.86-2 -1.05 -1.23
4 6.12-3 1,62-2 -0.64 -0.74
5 3.34-3 7,23-3 ~0.63 -0,84
6 2.86-3 5,44-3 -0.28 -0.42
7 2.81-3 4,87-3 -0.06 -0.14
8 3.18-3 4,81-3 "0.12 0.02
9 4,14-3 5.02-3 0,09 -0.04
10 5.62-3 5,11-3 0.05 0.01
11 6.81-3 5,22-3 0.03 0,05
12 8.87-3 6.16-3 -0.12 -0.06
13 1.19-2 8,93-3 -0,71 -0.81
14 1.42-2 1,09-2 0.54 0.83
15 1.99-2 1.85-2 0.17 0.45
16 2,612 2,78-2 0,22 0.46
17 3,76-2 3,77-2 0.34 0.66
18 5,97-2 8,.55-2 0.53 0.72

# Multi-Drawer Cell consists of Fuel Compacted Drawer and
Test Region (Na in)

#%¥ poad as 1.31 x 1072
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Fig. 1 Infinite Slab Cell Models
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Fig. 4 Change of Reactivity Worth due to Fuel Slumping

Performed by Various Research Laboratories
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