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Coolant Void Reactivity Estimatiomn of

ATR by Using Gadolinia Fuel Rod

Nobuo FUKUMURA%, Norio KAWATA%#*
and Toshio WAKABAYASHI*%*

Abstract

It is a difficult problem to shift coolant void reactivity of ATR
to more negative. However it has been clarified by critical experiments
with using DCA that use of thé fuel pins containing gadolinia is very
effective for decreasing coolant void reactivity. Then the analytical
study has been done in order to find the solution which has the negative
coolant void reactivity of ATR; The lattice is composed of the 36-rod
fuel cluster and the lattice pitch is 24.2 cm square. The average
enrichment through the MOX fuel cluster is 2.53 or 2.88 w/o Pufis..
This lattice is almost the same one as the demonstration power plant of
ATR which is now under designing. The calculation code which is used

is WIMS ATR — CITATION code system.
The calculational input parameter is as follows:
(1) Position of gadolinia poisoned fuel pin.
(2) Number of gadolinia poisoned fuel pin.
{3) Concentration of gadolinia contained in the fuel pin.
(4) Concentration of '®B in the D20 moderator.

(5) 0, 20, 40, 60, 80 and 100% coolant void,.

* Experimental Reactor Division, Criticality Engineering Section,
Oarai Engineering Center, PNC.

%%  Technical Development Division, Plant Engineering Section,
Qarai Engineering Center, PNC,
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The burn up calculation is up to 20 GWD/T. This is the core aver-

age value, The output of calculation is as follows:

(1) Coolant void reactivity.,

(2) Reactivity coefficient of coolant void.

(3) Local power peaking.

(4) Decay curve of gadolinia concentration through burn up.

According to the present study, the following understanding is

clarified:

(1) The best solution which has the negative coolant void reactivity
value through burn up is the use of the 36-rod MOX fuel cluster
which has the gadolinia poisoned fuel pin both in the inner and

in the middle array of the cluster,

(2) The number of the gadolinia poisoned fuel pin is 3 both in the

inner and in the middle array.
(3) Concentration of the gadolinia is 5 w/o.

It is explained that the above effect is due to decreasing the
thermal neutron shielding of H;0 coolant by the strong neutron absorber

gadolinia.
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TABLE 5 — 1 —1 CORE VOID REACTIVITY (CASE 1.1)
( CYCLE BOC)

B10 OPPM
INNER CORE IN.FUEL-NOGD
OUTER CORE IN.FUEL-NOGD

VOID K-EFF DEL~K/K DEL-K/K/%V
(%)

0.0 1.1209669 8.551E-04 0.000E+C0
20.0 1.1202235 1.913E~04 -3.316E-05
40.0 1.1200092 0.000E+00 -9.565E-06
60.0 1.1210683 9.456E-04 4_.728E-05
80.0 1.1245717 4.074E-03 1.563E-04
100.0 1.1327881 {.144E-02 3.653E-04

TABLE 5—1~1 CORE VOID REACTIVITY (CASE 1.2 )

( CYCLE BOC)
B10O OPPM

INNER CORE IN.FUEL-NOGD
OUTER CORE IN.FUEL-NOGD

VOID : K-EFF DEL-K/K DEL-K/K/%V
(%)

0.0 1.0217545 4.021E-04 0.000E+00
20.0 1.0213112 -3.192E-05 -2.169E-05
40.0 1.0213438 0.000E+Q0 1.596E-06
60.0 1.0225243 1.156E-03 5.779E-05
80.0 1.0259577 4.517E-03 1.679E-04
100.0 1.0336915 {.209E-02 3.769E-04
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TABLE 5—1—2 CORE VOID REACTIVITY (CASE 2.1 )
(CYCLE BOC )

B10 OPPM
INNER CORE

IN.FUEL-NOGD
OUTER CORE OUT.FUEL-NOGD

VOID K-EFF DEL-K/K DEL-K/K/%V
(%)

0.0 1.1260815 - 1.097E-03 0.000E+00O
20.0 1.1251894 3.036E-04 -3.961E-05
40.0 1.1248479 O0.000E+00 =-1.518E-05
60.0 1.1258249 B.6B6E-04 4.343E-05
80.0 1.1293005 3.958E-03 1.544E-04

100.0 1.1375219 1.127E-02 3.640E-04

TABLE 6§ — 1 — 2 CORE VOID REACTIVITY (CASE 2.2 )
(CYCLE BOC)

B10 OPPM
INNER CQRE

IN. FUEL-NOGD

OUTER CORE OUT.FUEL-NOGD

vOo1lD K-EFF DEL-K/K DEL-K/K/%V

(%)

0.0 1.0278061 6.576E-04 0.000E+00
20.0 1.0272115 7.867E-05 -2.893E-05
40.0 1.0271307 0.000E+00 -3.933E-06
60.0 1.0282607 {.100E-03 5.501E~-05
80.0 1.0317118 4.460E-03 1.678E-04

100.0 1.0395345 1.208E-02 3.791E-04
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TABLES —1—3 CORE VOID REACTIVITY (CASE 3.1)
{ CYCLE BOC)

B10 OPPM
INNER CORE IN.FUEL-GD IN-3PINS 3% MID-3PINS 3%
OUTER CORE IN.FUEL-GD IN-3PINS 3% MID-3PINS 3%
VOID K-EFF DEL-K/K DEL-K/K/%V
(%)
0.0 1.0459223 3.438E-03 0.000E+00
20.0 1.0442745 1.857E-03 -7.877E-05
40.0 1.0423389 0.000E+00 -9.268E-05
60.0 1.0404395 -1.822E-03 -9.111E-05
80.0 1.0390864 -3.120E-03 -6.503E-05
100.0 1. -2.963E-03 7.882E-06

0392502

TABLE 5 —1—3 CORE VOID REACTIVITY (CASE 3.2)

( CYCLE BOC)

B10 4PPM
INNER CORE IN.FUEL-GD IN-3PINS 3% MID-3PINS 3%
OUTER CORE - IN.FUEL~GD IN-3PINS 3% MID-3PINS 3%
VOID K-EFF DEL-K/K DEL-K/K/%V
(%)
0.0 1.0018861 2.202E-03 0.000E+00
20.0 1.0007895 1.105E-03 -5.473E-05
40.0 0.9996846 0.000E+00 -5.520E-05
60.0 0.9989572 -7.276E-04 -3.63BE-05
80.0 0.9992129 -4.718E-04 {1 .2BOE-05
100.0 1.0015625 1.878E-03 1.176E~04
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TABLE 5—1—3 CORE VOID REACTIVITY (CASE 3.3 )
(CYCLE BOC)

BiO OPPM
INNER CORE IN.FUEL-GD IN-3PINS 3% MID-3PINS 3%

OUTER CORE IN.FUEL-GD IN-3PINS 37, MID-3PINS 3%

VOID ~ K-EFF DEL-K/K DEL-K/K/%V
(%)

0.0 0.9868703 1.762E-03 0.000E+00
20.0 0.9859754 8.536E-04 -4.534E-05
40.0 0.9851345 0.000E+00 -4.264E-05
60.0 0.9848194 ~-3,199E-04 -1.598E-~05
80.0 0.9858182 6.940E-04 5.071E-05

100.0 0.9895788 4,.511E-03 1.907E-04
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TABLE 5 — 1~ 4 CORE VOID REACTIVITY ( CASE 4.1 )
(CYCLE BOC )

BiO OPPM
INNER CORE IN.FUEL~GD IN-3PINS 2% MID-3PINS 5%
OUTER CORE IN.FUEL-GD IN-3PINS 27 MID-3PINS 5%

VOID K-EFF DEL-K/K DEL-K/K/%V

(%)

0.0 1.0374451 3.714E-03 O.000E+0C

20.0 1.0356649 1.992E-03 -8.580F-05

40.0 1.0336064 0.000E+00 -9.938BE-05

60.0 1.0315832 -1.957E-03 -9.787E~-05

80.0 1.0301119 -3.381E-03 -7.131E-05

100.0 1.0301155 -3.377E-03 1.747E-07

TABLE 5 —1—4 CORE VOID REACTIVITY (CASE 4.2 )
(CYCLE BOC )

B10 OPPM
INNER CORE IN.FUEL-GD IN-3PINS 2% MID-3PINS 5%
DUTER CORE IN.FUEL-GD IN-3PINS 2% MID-3PINS 5%
VOID K~-EFF DEL-K/K DEL-K/K/%V
(%)
0.0 0.9788979 1.982E-03 0. 000E+Q0
20.0 0.9778986 9.588E-04 ~5.104E-05
40.0 0.9769619 0.000E+Q0 -4.789E-05
60.0 0.976545%1 -4.266E-04 -2.133E-05
BO.O 0.9774400 A4.894E-04 4_.582E-05
100.0 0.9810405 4.175E-03 1.842E~04
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TABLE 6§ —1—4 CORE VOID REACTIVITY (CASE 4.3)
(CYCLE BOC)

B10 OPPM
INNER CORE IN.FUEL-GD IN-3PINS 2% MID-3PINS 5%

OUTER CORE OUT.FUEL-GD IN-3PINS 27, MID-3PINS 5%

voib K-EFF DEL-K/K DEL-K/K/%V
(%)

0.0 1.0438175 3.8B57E-03 0.000E+Q0
20.0 1.0419409 2.053E-03 -~B8.989E-05
40.0 1.0398065 0.000E+00 -1.024E-04
60.0 1.0377331 -1.994E-03 -9.970E-05
80.0 1.0362407 -3.429E-03 -7.191E-05
100.0 1.0362139 -3.455E-03 -1{.293E-06

TABLE 5 —1—4 CORE VOID REACTIVITY (CASE 4.4 )
( CYCLE BOC)

B10 OPPM
INNER CORE IN.FUEL-GD IN-3PINS 2% MID-3PINS 5%

OUTER CORE OUT.FUEL-GD IN-3PINS 2% MID-3PINS 5%

VOID K-EFF DEL-K/K DEL-K/K/%V
(%) ,
0.0 0.9844618 2.222E-03 0.000E+0Q0
20.0 0.9833274 1.067E-03 -5.762E-05
40.0 0.9822789 0.000E+00 -5.331E-05
60.0 0.9817817 -5.062E-04 -2.531E-05
80.0 0.9826216 3.489E-04 4.277E-05
100.0 0.9861807 3.972E-03 1.811E-04
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TABLE 5 —1—5 CORE VOID REACTIVITY (CASE 5.1)
(CYCLE BOC)

B10 OPPM
INNER CORE IN.FUEL-GD IN-3PINS 5% MID-3PINS 5%

OUTER CORE IN.FUEL-GD IN-3PINS 5% MID-3PINS 5%

vO1i1D K-EFF DEL-K/K DEL-K/K/%V
(%)

0.0 1.0176173 4.8B35E-03 0.000E+Q0
20.0 1.0154351 2.681E-03 -1.072E-04
40.0 1.0127203 0.000E+00 -1.337E-04
60.0 1.0096698 -3.012E-03 -1.506E-04
80.0 1.0066041 -6.039E-03 -1.518E-04

100.0 1.0041459 -B.467E-03 -1.221E-04

TABLE 5~ 1—5 CORE VOID REACTIVITY (CASE 5.2 )
(CYCLE BOC )

B10 OPPM
INNER CORE IN.FUEL-GD IN-3PINS 5% MID-3PINS 5%
OUTER CORE IN.FUEL-GD IN-3PINS 5% MID-3PINS 5%

VOID K~EFF DEL-K/K DEL-K/K/%V
(%)

0.0 0.9612612 2.950E-03 0.000E+QO
20.0 0.9599391 1.571E-03 ~6.877E-05
40.0 0.9584334 O.000E+00 -7.843E-05
60.0 0.9570893 -1.402E-03 -7.012E-05
80.0 0.9565086 -2.008E-03 -3.034E-05

100.0 0.9577930 -6.682E-04 6.714E-05
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TABLE5—1—6 CORE VOID REACTIVITY (CASE 6.1)
(CYCLE BOC )

BiD0 OPPM
INNER CORE
OUTER CORE OUT.FUEL-NOGD

IN.FUEL-GD MID-3PINS 5%

vOoID K-EFF DEL-K/K DEL-K/K/%V

(%)

0.0 1.0977051 2 .686E-03 0.000QE+00
20.0 1.0960059 1.134E-03 -7.740E-05
40.0 1.0947647 0.000E+00 ~-5.662E-05
60.0 1.0947225 -3.855E-05 ~-1.927E-06
80.0 1.0969405 1.987E-03 1.013E-04

100.0 1.1034480 7.930E-03 2.965E-04

TABLE 5 —~1—6 CORE VOID REACTIVITY ( CASE 6.2)
(CYCLE BOC)

B10 OPPM
INNER CORE
OUTER CORE OUT.FUEL-GD MID-3PINS 3%

IN.FUEL~GD MID-3PINS 5%

VOID K-EFF DEL-K/K DEL-K/K/%V

(%)

0.0 1.0654566 3.278E-03 0.000E+00
20.0 1.0636361 1.563E~-03 -~B8.543E-05
40.0 1.06419759 0.000E+00 ~7.804E-05
60.C 1.0610527 -~8.693E-04 -4.347E-05
80.0 1.0617852 -1.796E-04 3.452E-05

100.0 1.0659194 3.713E-03 1.947E-04
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TABLE 5~ 1—6 CORE VOID REACTIVITY ( CASE 6.3 )
( CYCLE BOC )

B10 OPPM

INNER CORE 1/2(IN.FUEL-GD MID-3PINS 5%) 1/2(IN,FUEL-NOGD)
OUTER CORE OUT.FUEL-GD MID-3PINS 3%

VOID K-EFF DEL-K/K DEL~K/K/%V
(%)

0.0 1.0872731 2.371E-03 O.000E+00
20.0 1.0858484 1{.057E-03 ~6.552E-05
40.0 1.0847016 0.000E+00 -5.281E-05
60.0 1.0844742 2.096E-04 ~-1.048E-05
80.0 1.0861676 1.352E-03 7.8B0Q7E-05

100.0 1.0917302 6.480E-03 2.561E-04
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TABLE 5 —1 -7 CORE VOID REACTIVITY (CASE 7.1 )
(CYCLE BOC )

B10 OPPM
INNER CORE

IN.FUEL-GD MID~6PINS 5% OUT-9PINS 0.5%

OQUTER CORE OUT.FUEL-GD MID-3PINS 3%

vOID K-EFF DEL-K/K DEL-K/K/%V
(%)

0.0 1.0332839 4.911E-03 0.0Q00E+00
20.0 1.0306837 2.382E-03 -1.258E-04
40.0 1.0282343 0.000E+00 -1.1{88E-04
60.0 1.0265560 -1.632E-03 -8.161E-05
80.0 1.0264483 -1.737E-03 -5.246E-06

100.0 1.0295626 1.292E-03 1.517E-04
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TABLE 5 — 1 —8 CORE VOID REACTIVITY (CASE 7.1 )
( CYCLE BOC)

B10 OPPM

INNER CORE IN.FUEL-GD MID-3PINS 3%
DUTER CORE QUT.FUEL-GD MID-3PINS 3%

VOID K-EFF DEL-K/K DEL-K/K/%LV
(%)

0.0 1.0715582 2.817E-03 0.000E+00
20.0 1.0699637 1.324E~-03 -7.440E-05
40.0 1.0685485 0.000E+00 -6.613E-05
60.0 1.0679226 -5.857E-04 -2,929E-05
80.0 1.0690358 4.560E-04 5.212E-05

100.0 1.0737210 4_841E-03 2.191E-04
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INNER CORE IN.FUEL-GD MID-3PINS 3%
OUTER CORE QUT.FUEL-GD MID-3PINS 39%

TABLE 5 —1 — 9 GD FUEL CORE VOID REACTIVITY (CASE 8.2)

{BOC) B =6ppm
vOiID K-INF DEL-K/K DEL-K/K%
(%)

0.0 1.0049269 1.586E-03 0.000E+Q0
20.0 1.0038608 5.335E~04 -5.331E-05
40.0 {1.0033253 Q.000E+Q00 -2.677E-05
60.0 1.0040078 6.B02E~-04 3.412E~-05
80.0 1.0068479 3.611E~03 1.470E-04

100.0 1.0141103 1.075E-02 3.58B1E-04

TABLE 5 —1 -9 GD FUEL CORE VOID REACTIVITY ( CASE 8.3 )}

{BOC) “B=0ppm
vOID K- INF DEL-K/K DEL-K/K%
(%)

0.0 1.0096447 1.186E-03  0O.000E+00
20.0 1.0088619 4.102E-04 ~-3.914E-05
40.0 1.0084482 0O.000E+00 -2.0689E-05
60.0 1.0080444 5.912E-04 2,981E~05
80.0 1.0117134 3.238E-03 1.334E-04

100.0 1.0184170 9.885E~03 3.3528-04
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#52 FLhov-+xvg
CASE # CYCLE '°B VOID RPF (1T, 31) LPF(RING) TPF
1.1 BOC Oppm  40%  2.1285(16.3) 1.128(3) 2401
& EOC Oppm  40%  2.0010(16.3) 1.109(2) 2219
2.1 BOC 0 ppm 40%  1.6540(16.3) 1.128(3) 1.866
2.2 EOC Oppm  40%  1.4628(16.3) 1.109(2)  1.622
3.1 BOC Oppm  40%  1.9467(15.1) 1.254(3)  2.441
3.2 BOC Oppm  40%  2.1108(15.1) 1.246(3) 2,630
3.3 EOC Oppm  40%  1.8126(16.3) 1.172(2) 2124
4.1 BOC Oppm  40%  2.0031(15:1) 1.258(3)  2.520
4.2 EOC Oppm  40%  1.7902(16.3) 1.180(2) 2112
4.3 BOC Oppm  40%  1.4285(13.1) 1.258(8) L7497
4.4 EQC Oppm  40%  1.3339(16.3) 1.180(2) 1574
5.1 BOC Oppm  40%  2.0484(15.1) 1.266(3) 2593
5.2 EOC Oppm  40%  1.8181(16.3) 1.191(2)  2.165
6.1 BOC Oppm  40%  2.1414( 5.1) 1.209(3)  2.589
6.2 BOC Oppm  40%  1.3563( 6.3) 1.209(3)  1.640
6.3 BOC Oppm  40%  2.2975(15.1) 1.128(3)  2.592
7.1 BOC Oppm  40%  2.2585( 4.3) 1.319(3) 2979
8.1 BOC Oppm  40%  1.3528(16.3) 1.248(3)  1.688

B 1€ F 2Ry VaTOE—F Y FE2Fe Y2 00E—F 7 & L,
RPF®7 FL2idE 5.2 281,
(RING )3, LPFORAEMBEET, 23HEE. 3BABETHS,
TPF ®E2%id, TPF = RPF X LPF T& 5.
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#5.3 HFY=9AADBERFOBRESB DM FAEREES (F) (1.72)
WIMS. #4 FER: 409
r—2 #® oM kiERE
H ) OEE - BE
Ne 1% B [ ppme) = (GWdA) (%)
0 0.364(0.370
FRiL AR M B 3Kk 3wt )
1 8  0.371(0.376)
0 ppm R 3&iC 3wt %
16 0.373(0.378)
0 0.366(0.371
5 FA.C P R N B 3&T 3wt s 037200 378;
0 ppmn hRElE 3&iC 3wt % ' .
16 0.375(0.380)
0 0.365
- PERIN P s N B 3R Z2wt® 8 0.371
0 ppm Hig 3&iK Swt % 16 0.373
24 0.375
0 0.353
o SR R AR M B 3&k 2wt % 8 0.363
0 ppm hfEiE 3&lkE Swt % 16 0.370
24 0.372
0 0.365
. SR PR W B 3&iC S5wt® 8 0.372
. 0 ppm i 34 5wt % 16 0.375
24 0.376
0 0.364
SR PO R ) 8 0.370
5 : BRE 3AIC 5wt %
0 ppm 16 0.372
24 0.375
B Ao )EiIZ100%BH4 FiE
SFC Rl © ( 3.75.73.75.71.30 Ywt % Pu (f)
Pu (f)

FEAMAIEREL - ( 4.00.74.0071.75 Y wt %
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#£53 HFY=o s ADBEETFOERGENRPHTEREE (L) (2.72)
WIMS. &4 FE . 40%
Fr=m S fRpERT g
HEY ORE « B
No 08 pprm ) - (Gwd ) (%)
0 0.381
LA R g 6&KiC Swt%
6 8 0.373
0 ppm A B o9&l 05wt %
16 0.373
FRL P R i 097
e o h hiff@ 34&iC 3wt % 8 0.385
0 ppm
16 0.390
AR LML ’ 0509
F— g a i g 3&ic 3wt 8 0.375
0 ppm
16 0.385
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TABLE 5 —4 —1

B10O OPPM

IN.FUEL-GD IN-3PINS 3%

CELL VOID REACTIVITY (CASE 1)

K-INF

MID-3PINS 3%

EXp vOID DEL-K/K DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1581530 4.790E-03 0.0Q0Q0E+00
c.0 20.0 1.1558430 2.786E-03 -9.973E-05
0.0 40.0 {1.1526320 0.0C0E4+00 ~-1.389E-04
0.0 60.0 1.1484260 -3.649E-03 -1.825E-04
0.0 80.0 1.1432700 -8.122E-03 -2.245E-04
0.0 100.0 1.1369830 -1.358BE-02 -2.750E-04
8.0 0.0 1.0650440 3.047E-03 0.000E+00
8.0 20.0 1.0636480 $1.732E-03 -6.554E~05
8.0 40.0 1.0618090 0.000E+00 -8.645E-05
8.0 60.0 1.0597650 =-1.925E-03 -9.625E-05
8.0 80.0 1.0579390 -3.645E-03 -8.615E-05
8.0 100.0 1.0569240 -4.601E-03 -4.797E-05
16.0 0.0 1.0401930 1.481E-04 0.000E+00
16.0 20.0 1.0400400 9.615E-07 -7.354E-06
16.0 40.0 1.0400390 0.000E+00 -4.808E-08
16.0 60.0 1.0407110 6.461E~-04 3.231E-05
16.0 80.0 1.0430480 2.893E-03 1.123E-04
16.0 100.0 1.04B6950 8.323E-03 2.707E-04
TABLE 5 ~ 4 — 2 CELL VOID REACTIVITY (CASE 2)
B10 4PPM

IN.FUEL-GD IN-3PINS 3% MID-3PINS 3%

EXP va1Db K- INF DEL-K/K DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1120480 3.041E-03 0.000E+00
0.0 20.0 1.1106580 1.787E-03 -6.250E-05
0.0 40.0 1.1086770 0.000E+00 -8.918E-05
0.0 60.0 1.4060960 -2.32BE-03 -1.164E-04
0.0 80.0 1.1030470 -5.078E-03 ~1.37BE-04
0.0 100.0 1.0995240 -8.256E-03 -1.597E-04
8.0 0.0 1.0213390 1.486FE-03 0.000E+00
8.0 20.0 1.0206540 8.139E-04 -3.353E-05
8.0 40.0 1.0198240 0.000E+00 -4.066E-05
8.0 60.0 1.0191680 -6.432E~-04 -3.216E-05
8.0 80.0 1.0191890 -6.227E-04 1.030E-06
8.0 100.0 1.0206170 7.776E-04 7 .006E-05
16.0 0.0 0.9951085 ~1.124E-03 0.000E+00
16.0 20.0 0.9954497 -7.815E-04 1.714E-05
16.0 40.0 0.99622873 0.000E+00 3.911E-05
i6.0 60.0 0.9980492 i.828E-03 9.139E-05
16.0 80.0 1.0019940 5.788E-03 1.976E-04
16.0 100.0 1.0098080 1.363E-02 3.899E-04
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TABLE 5 —4— 3 CELL VOID REACTIVITY (CASE 3-1)

B10 OPPM

IN.FUEL-GD IN-3PINS 2%

MID-3PINS 5%

EXP VOID K~ INF DEL-K/K  DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1527080 5.025E-03 0. 000E+00
C.0 20.0 1.1502690 2.898E-03 -1.058E-04
0.0 40.0 1.1469450 O.000E+00 =-1.445E-04
0.0 60.0 1.41426570 ~3.739E-03 -1.869E-04
0.0 80.0 1.1374380 -8.289E-03 -2.2B84E-04
0.0 100.0 1.1311180 -1.38BQE-Q2 ~-2.778E-04
8.0 0.0 1.0493520 3.502E-03  0O.000E+00
8.0 20.0 1.0477360 1.957E-03 ~7.700E-05
8.0 40.0 1.0456900 O.00Q0E+00 -9.764E-05
8.0 60.0 1.0434450 -2.147E-03 -1.073E-04
8.0 80.0 1.0413870 -4.115E-03 -9.862E-05
8.0 100.0 1.0400480 -5.,395E-03 -56.429E~-05
16.0 Q.0 1.0236700 6.393E-04 O.000E+QO
16.0 20.0 1.0232740 2.522E-04 -1.934E-05
16.0 40.0 1.0230160 0.0C00CE+00 -1.261E-05
16.0 60.0 $.0234140 3.BS0E-04 1.945E-05
16.0 80.0 1.0254260 2.356E-03 9,.830E-05
16.0 100.0 1.0305130 7.32BE-03 2.480E-04
24,0 0.0 0.9944616 -1.740E-03  0.000E+00
24.0 20.0 0.9950479 =-1.152E-03 2.948E-05
24,0 40.0 0.9961954 O.Q00E+00 5.766E-05
24.0 60.0 0.9985552 2.369E-03 1.184E-04
24.0 80.0 1.0033480 7.180E-03  2.400E-04
24.0 100.0 1.0128140 1.66BE-02 4.717E-04
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TABLE 5 —4 —4 CELL VOID REACTIVITY (CASE 3-2)

B10 OPPM

OUT.FUEL-GD IN-3PINS 2%

MID-3PINS 5%

EXP VOID K-INF DEL-K/K DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1875190 4,767E-03 0.000E+Q0
0.0 20.0 1.1851080 2.728E~-03 -1.015E-04
0.0 40.0 1.1818850 O.000E+00 -1.360E-04
0.0 60.0 1.1778470 -3.417E-03 -1.708BE-~-04
0.0 80.0 1.1731300 -7.408E-03 -2.002E-04
0.0 100.0 1.1674760 -1.219E-02 -2.410E-04
8.0 0.0 1.0769560 4,308E-03 0.000E+00
8.0 20.0 1.0748610 2.3556-03 ~9.726E-05
8.0 40.0 1.0723360 0.000E+00 -1.175E-04
8.0 60.0 1.0695940 -2.557E-03 -1.279E-04
8.0 80.0 1.0669530 -5.020F-03 -1.235£-04
8.0 100.0 1.0648830 -6.950E-03 -9.701E-05
16.0 0.0 1.0348080 2.200E-03 0.000E+0Q0
16.0 20.0 1.0336240 1.053E-03 -5.726E-05
16.0 40.0 1.0325370 0.000FE+00 -5.258E-05
16.0 60.0 1.0320380 -4.833E-04 ~-2.416E-05
16.0 80.0 1.0330490 4.959E-04 4,898E-05
16.0 100.0 1.0368600 4.187E-03 1.8B45E-04
24.0 0.0 1.0137090 -6.526E-04 0.000E+Q0
24.0 20.0 1.0137380 -6.240E-04 1.430E-06
24.0 40.0 1.0143710 0.000E+00 3.122E-05
24.0 60.0 1.0163310 1.932E-03 9.661E-05
24.0 80.0 1.020905C 6.441E-03 2.250E-04
24.0 100.0 1.0302290 1.563E-02 4.567E-04
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TABLE 5 —4 —5

B10 OPPM
IN.FUEL-GD IN-3PINS 5% MID-3PINS 5%

CELL VOID REACTIVITY (CASE 4)

EXP voiDp K- INF DEL-K/K  DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1423190 5.594E-03  0.000E+00
0.0 20.0 1.1396140 3.213E-03 -1.184E-04
0.0 40.0 1.1359640 O0.00QE+00 -1.601E-04
0.0 60.0 1.1312820 -4.122E-03 -2.061E-04
0.0 80.0 1.1255450 -9.172E-03 =-2.536E-04
0.0 100.0 1.1185000 -1.537E-02 -3.130E-04
8.0 0.0 1.0314400 4.301E-03  0O.000E+00
8.0 20.0 1.0295540 2.464E-03 -9.143E-05
8.0 40.0 1.0270230 0.000E+00 -1.229E-04
8.0 60.0 1.0240070 -2.937E-03 ~1.468E-04
8.0 80.0 1.0207480 -6.139E-03 -1.606E-04
8.0 100.0 1.0173340 -9.434E-03 -1.65BE-04
16.0 0.0 0.9946649 2.216E-03  0.000E+00
16.0 20.0 0.9937075 1.251E-03 -4.813E-05
16.0 40.0 0.9924657 ©O.000E+0Q -6.24BE-05
16.0 60.0 0.9912625 -1.212E-03 -6.062E-05
16.0 80.0 0.9907380 -1.741E-03 -2.646E-05
16.0 100.0 0.9917546 -7.165E-04 5,131E-05
24.0 0.0 0.9676918 -5.218E-05  0.0O0QE+00
24.0 20.0 0.9676538 =~9.145E-05 -1.963E-06
24.0 40.0 0.9677423 0.000E+00 4.573E-06
24.0 60.0 0.9684381 7.190E-04  3.595E-05
24,0 80.0 0.9706827 3.038E-03 1.159E-04
24.0 100.0 0.9763470 8.892E-03  2.91BE-04
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TABLE 5 —4—6 CELL VOID REACTIVITY (CASE 5 )

B10O OPPM
IN.FUEL-GD MID-3PINS 5%

EXP VvOI1D K- INF DEL-K/K DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1719290 4.869E-03 0.000E+00
0.0 20.0 1.1692040 2.533E-03 -1.163E-04
0.0 40.0 1.1662500 0.000E+00 -1.263E-04
0.0 60.0 1.1633900 ~-2.452E-03 -1.226E-04
0.0 80.0 1.1614110 -4.149E-03 ~8.505E-05
0.0 100.0 {1.1617170 -3.887E-03 1.317E-05
8.0 0.0 1.0749950 2.376E-03 0.000E+00
8.0 20.0 1.0736490 1.121E-03 -6.260E-05
8.0 40.0 1.0724470 0.000E4+00 -5.598E-05
8.0 60.0 1.0719510 -4.625E-04 -2.312E-05
8.0 80.0 1.0731250 6.322E-04 5.476E-05
8.0 100.0 {1.0776490 4,851E~03 2.108E-04
16.0 0.0 1.0498250 -5.360E-04 0.000E+00
16.0 20.0 1.0498680 -4.951E-04 2.048E-06
16.0 40.0 1.0503880 0.000E+00 2.477E-05
16.0 60.0 1.0520760 1.607E-03 8.035E-05
16.0 80.0 1.0561510 5.487E-03 1.937E-04
16.0 100.0 1.0646310 {.356E-02 4.015E-04
TABLE 6§ ~4 — 7 CELL VOID REACTIVITY (CASE 6 )
BiO OPPM
IN.FUEL-GD MID-6PINS 5% OUT-9PINS 0.5%
EXP VOID K- INF DEL-K/K DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 0.7267534 8.464E-03 0.000E+00
0.0 20.0 0.7236814 4.201E-03 -2.114E-04
0.0 40.0 0.7206537 0.000E+Q0 =-2.092E-04
0.0 60.0 0.7179798 -3.710E-03 -1.855E-04
0.0 80.0 0.7163601 -5.958E-03 ~1.128E-04
0.0 100.0 0.7170419 -5.012E-03 4.759E-05
8.0 0.0 1.0086970 5,782E-03 0.000E+00
8.0 20.0 1.0059760 3.069E-03 -1.349E-04
8.0 40.0 1.0028980 0.000E+00 -1.530E-04
8.0 60.0 0.9998056 -3.083E-03 -1.542E-04
8.0 80.0 0.9972377 -5.644E-03 -1.284E-04
8.0 100.0 0.9961038 -6.775E-03 -5.685E-05
16.0 0.0 1.0078480 1.396E-03 0.000E+00
16.0 20.0 1.0070690 6.220E-04 -3.865E-05
16.0 40.0 1.0064430 O.000E+00 -3.108E-05
i6.0 - 60.0 1.0065120 6.856E-05 3.428E-06
16.0 80.0 1.0082520 1.797E-03 8.644E-05
16.0 100.0 1.0131150 6.629E-03 2.442E-04
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#5—4—8 GdBEI R4 FRISE ( 3.7573.7571.30 )pu () (CASE 7—-1)

( 3% CdBEr 3 ATEBICRE LA THE) "B=0ppm
EXP VOID K-INF DEL-K/K DEL-K/K%
(GWD/T) (%)
0.0 0.0 1.1719470 4,372E-03 0.000E+00
0.0 20.0 1.1685110 2.285E-03 -1.218E-04
0.0 40.0 {.1668450 0.000E+00 -1.333E-04
0.0 60.0 1.1644020 -2.094E-03 -1.221E-04
0.0 80.0 1.1629470 -3.341E-03 -7.275E-05
0.0 100.0 1.1638740 -2.5468E-03 4,635E-05
8.0 0.0 1.1020550 1.240E-03 0.000E+00
8.0 20.0 1.1012540 5.124E-04 -4.005E-05
8.0 40.0 1.1006900 0.CO0E+00 -2.820E-05
B.0O 60.0 1.1009760 2.598E-04 1.430E-05
8.0 80.0 1.1032800 2.353E-03 1.152E-04
8.0 100.0 1.1094870 7.992E-03 3.104E-04
16.0 0.0 1.0703700 -1.576E-03 0.000E+00
16.0 20.0 1.0709290 -1.055E-03 2.795E-05
16.0 40.0 1.07206800 O.000E+00 5.655E-05
16.0 60.0 {.0745060 2.282E-03 1.223E-04
i6.0 80.0 {1.0796280 7.059E-03 2.561E-04
16.0 100.0 1.0897820 1.653E-02 5.077E-04

£6—4—9 GdBKE A4 FRIGE ( 40074007175 )pu (f) (CASE 7-2)

( 3% GAdMKAE2 3 ADEBICRELI-ETHE) ""B=0ppm
EXP VOID K-INF DEL-K/K DEL-K/K%
(GWD/T) (%)
0.0 0.0 1.2055980 4.616E-03 0.000E+00
0.0 20.0 1.2029200 2.385E-03 -1.339E-04
0.0 40.0 1.2000580 0.000E+00 =-1.431E-04
0.0 60.0 1.41974080 -2.208E-03 -1.325E-04
0.0 80.0 1.1857440 -3.598E-03 -8.320E-05
0.0 100.0 1.1964170 -3.034E-03 3.365E-05
8.0 0.0 1.1181220 2.818E-03 0.000E+00
8.0 20.0 {.1174520 1.322E-03 -8.350E-05
. 8.0 40.0 1.1159770 O.O0QOE+00 =-7.375E-05
8.0 60.0 1.1153060 -6.013E-04 -3.355E-05
8.0 80.0 1.1165210 4.875E-04 6.075E-05
8.0 100.0 1.4214120 4.870E-03 2.44B8E-04
16.0 0.0 1.0928220 -1.016E-04 0.000E+00
i6.0 20.0 {1.0925540 -3.468E-04 -1.340E-05
i6.0 40.0 1.0929330 ©.000E+Q0 1.895E-05
16.0 60.0 1.0947610 1.673E-03 9.140E-05
16.0 80.0 1.0984270 5.942E-03 2.333E-04
16.0 100.0 1.1092180 1.490E-02 4.895E-04
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F6—4—10 GdMEEA FRIGE ( 3753757130 )pu{(f) (CASE 8—-1)
(3% GAdBRA3ARPREBIAEL, BIEES 6 ppm ic L-#FHE)

EXP VvOID K-INF DEL-K/K DEL-K/K %
{GWD/T) (%)
0.0 0.0 1.1050350 2.455E-03  0.000E+00
0.0 20:.0 1.1035930 1.152E-03 -7.180E-05
0.0 40.0 1.1023290 0.000E+00 -6.350E-05
0.0 60.0 1.1017600 -5.162E-04 -2.B45E-05
0.0 80.0 1.4027520 3.8237E-04 4,.860E-05
0.0 100.0 1.1068360 4.089E-03 2.042E-04
8.0 0.0 1.03684380 -3.077E-04  0.000E+00
8.0 20.0 1.0362870 -4.533E-04 -7.550E-06
8.0 40,0 1.0367570 0.000E+00  2.350E-05
8.0 0.0 1.0385510 1.730E-03 8.970E-05
8.0 80.0 1.0429360 5.960E-03 2.192E-04
8.0 100.0 1.0519260 1.463E-02 4.495E-04
16.0 0.0 1.0022800 -2.805E-03  0.000E+00
16.0 20.0 1.0032130 -1.886E-03 4.615E-05
16.0 40.0 1.0051090 O0.00QE+00  9.480E-05
16.0 60.0 1.0088080 3.680E-03 1.850E-04
i6.0 80.0 1.0157630 1.060E-02 3.477E-04
i6.0 100.0 1.0284940 2,327E-02 6.366E-04

#£5—4—11 GdBEFEA FRUSE ( 4.0074.0071.75 Ypu (f ) (CASE 8—-2)
( 3% GAdMEIE 3ARPEBICEE L, BIEE% 6 ppm ic LABTFHE)

EXP VOoIbD K-INF DEL-K/K DEL-K/K %
(GWD/T) (%) '
0.0 0.0 1.1392110  2.737E-03  0.000E+Q0O
0.0 20.0 1.1375800 1.284E-03 -8.255E-05
0.0 40.0 1.1361010 O.O0OE+00 =-7.295E-05
0.0 60.0 1.41353060 -6.998E-04 -3.875E-0S
0.0 80.0 1.1360510 -4.401E-05 3.725E-05
0.0 100.0 1.1398210  3,274E-03 1.885E-04
8.0 0.0 1.0554330 {.241E~03  0.000E+00
8.0 20.0 1.0544900 3.463E-04 -4.71{5E-05
8.0 40.0 1.0541250 0.000E+00 -1.825E-05
8.0 60.0 1.0550030 8,.329E-04 ' 4.380E-05
8.0 80.0 1.0582890 3.960E-03 1.648E-04
8.0 100.0 1.0653220 1.149E-02 3.812E-04
16.0 0.0 1.0262280 -1.352E-03  0.000E+00
16.0 20.0 1.0264110 -1.174E-03 9.150E-08
16.0 40.0 1.0276170 0O.0C00E+00  6.030E-05
16.0 60.0 1.0307200 3.020E-03 1.552E-04
16.0 80.0 1.0372250 9.350E-03 3.252E-04
16.0 100.0 1.0495250 2.132E-02 6.150E-04
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£5—5 HFU=0sA0DBHEGEDOKEFIHRESr — 2

Gl

3 AWK 3wt%

T

HED =9 LD
~ o . s #
7o weoom BE - A B K
N B 3EIZIwtH HRHEETEL 0~ 32GWdt
1 X B m B | v

©E )ppm

7B WP . ( 463 /463 7 1.567 )wt % Pu

(f)

£5—6 HAFY=9aADBERESERERFPLODIFELGEY — X
- 2 4 5 MERAE HFY - v o %
o 0R (H KD =0 AfE A - BE) "
ROC WIE IR 3A3%, E 3K3I%
L1X L LT
0 ppm MUE N —E 3AI %, BB 3A3% =
- EOC RUF R -ME 3ER3Y%, B A3 Y .
) 0 ppm WIE A —E 3A3%, WE 3439
) PR PR (SRR 324 6)
PME T AL (EGTIREME RS T 202 4K)
PR . PRl (463,463 15857 dwt% Pu (f)
i@ : iR
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TABLE 5 — 7 CELL VOID REACTIVITY (CASE 1X)

B10 OPPM

IN.FUEL-GD IN-3PINS 3%

MID-3PINS 3%

EXP voiIbp K= INF DEL-K/K DEL-K/K/%V
(GWD/T) (%)
0.0 0.0 1.1934550 4,022E-03 0.000E+00
0.0 20.0 1.1914490 2.335E-03 -8.,404E-05
0.0 40.0 {1.1886740 0.000E+00 -1.165E-04
0.0 60.0 1.1852000 -2.923E-03 ~1.461E-04
0.0 B80.0 1.1811960 -6.291E-03 -1.689E-04
0.0 100.0 1.1764410 -1.029E-02 -2.013E-04
8.0 0.0 1.0944780 2.677E-03 0. Q00E+00
8.0 20.0 1.0931640 1.473E-03 -6.003E-05
8.0 40.0 1.0915560 0.000E+00 -7.355E-05
8.0 60.0 1.0898090 -1.600F-03 -8,002E-05
8.0 80.0 1.0884410 -2.B54E-03 -6.276E-05
8.0 100.0 1.0881900 -3.0B4E-03 -1.{53E-05
16.0 0.0 1.0592470 4,798E-04 0.000E+00
i6.0 20.0 1.0589010 1.530E-04 ~-1.633F-05
i6.0 40.0 1.0587390 0.000E+00 -7.649E-06
i6.0 50.0 1.0592870 5.176E-04 2.588E-05
16.0 80.0 1.0613470 2.463E-03 9, 724E-05
16.0 100.0 1.0662910 7.133E-03 2.329E-04
24.0 0.0 1.0109190 -8.B3G6E-~04 Q. Q00E+00
24.0 20.0 1.0111280 -6.770E-04 1.034E-05
24.0 40.0 1.0118130 0. 000E+00 3.387E-05
24.0 60.0 1.0136250 1.791E-03 8.954£-05
24.0 80.0 1.0177070 5,.825E-03 2.014E-04
24.0 100.0 1.0258310 1.385£~02 3.991E~04
32.0 0.0 0.9610367 -1.855E-03 0. 0Q00E+00
32.0 20.0 0.9615375 -1.135E-03 2.606E-05
32.0 40.0 0.9626300 0.000E+00 5.681E-05
32.0 60.0 0.9649751 2.436E-03 {.241BE-04
32.0 80O.0 0.9697704 7.418BE-03 2.485E-04
32.0 100.0 0.9790600 1.707€-02 4.790E-04
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TABLE 5 —8 CORE VOID REACTIVITY (CASE 1X.1)
( CYCLE BOC)
B10 OPPM

INNER CORE IN.FUEL-NOGD
OUTER CORE IN.FUEL-NOGD

VOID K-EFF DEL-K/K DEL-K/K/%V

(%)

0.0 1.0715115 3.396E-03 0.00CE+Q0
20.0 1.0698169 1.809E-03 -7.90BE-05
40.0 1.06878850 0.000E+00 -9.029E-05
60.0 1.0660835 -1.68B7E-03 -8.435E-05
80.0 1.0649022 -2,793E-03 -5.540E-05

100.0 1.0851973 -2.517E-03 1.386E-05

TABLE 5 — 8 CORE VOID REACTIVITY (CASE 1X.2)
(CYCLE BOC )

B10 OPPM
INNER CORE IN.FUEL-NOGD
OUTER CORE IN,FUEL-NOGD

VOID K-EFF DEL-K/K DEL-K/K/%V

(%)

0.0 1.0120377 1.872E-03 O.000E+00
20.0 1.0110247 8.688BE-04 -5.005E-05
40.0 1.0101471 0.000E+00 -4.340E-05
60.0 1.0098744 -2.700E-04 -1.350E-05
BC.O 1.0109838 8.283E-04 5.493E-05

100.0 1.0148932 4,69BE-03 1.933E-04
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%59 FLDKeff RUFFEA FRIGE

CASE# CYCLE B  VOID #¥s4 7 Keff KA N RISE

L1 BOC Oppm 40%  HEEE(E 11200092  L14%AK/K
12 BOC Oppm 40% [ k10213438 121 %AK/K
31 BOC Oppm 40%  HEE{E 10423389 - 0.30 BAK/K
33 EOC Oppm 40% @ Lk 09851345  0.45 BAK/K
1X.1 BOC Oppm 40%  31WT% 10678850 —0.25AK/K
1X%.2 EOC Oppm 40% [ k 10101471 047 BAK/K

) HEHEEE(LEE . 2.525 ( 3.75./375 /130 )wt % Pu (£)#H

IWT% - 3d

( 46374637157 Ywt% Pu (£ ¥

R4 FRUGEE @ 4 FR40% =100 & TORIE
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#5—10 HFFY=9LADBEETOERESBPETERES (F)
WIMS, 4 F2: 0%

o A i # AEY =9 460 1R % Y B
Mo YB (ppm) E - A% - BE (GWd t) (%)

0 0.353

7 0 P9 R W B 3AKIC Fwt® 8 0.361

1 X 0 ppm R B 3 AIC 3wl 16 0.365
24 0.369

32 0.372

B AP IERR 0 (46374637157 Ywt% Pu(f)

#5511 FlLoE—Fr7

CASE# CYCLE ''B VOID  RPF (4T, %) LPF (RING) TPF

1.1 BOC Oppm 40% 2129 ( 163 ) 1128 (3 ) 2401
1.2 EOC Oppm 40% 2001 ( 163 ) 1109 (2) 2219
3.1 BOC Oppm 40% 1947 ( 151 ) 1.254 ( 3 ) 2.441
3.3 EOC Oppm 40% 1813 (163 ) 1172 (2) 2124

1X.1 BOC Oppm 40% 1958 ( 151 ) 1.269 ( 3 ) 2.485
1X.2 EOC Oppm 40% 1831 ( 163) 1154 (2) 2113
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616 (A0 (WAIEE 324 1k, AAIBEE 292 )
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616 MFdE.O (HEIRE 324 &, AN 292 )
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