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The Reactivity Effects of Steam Ingress into the Core

of Gas-Cooled Fast Reactors

% %k
Hiroyuki YOSHIDA, Susumu TIJIMA, Fumio OHTA  and Masakazu HOTTA

Divigion of Power Reactor Projects, JAERI

(Received April 9, 1681)

Steam ingress reactivity effect is caused by steam ingress into the
core of GCFRs through coolant channels from the secondary coolant system
during a hypothetical accident. This reactivity effect in GCFR can be
considered one of the most important safety-related physics parameters
as ig the sodium void reactivity effect in LMFBR.

The steam ingress reactivity effects have been studied for 300 MWe
and 1000 MWe GCFR designed at General Atomics in US., taking account of
the influences of fuel burnup, fuel temperature and the presence of control
rods. The calculations have been made basing on the exact perturbation
theory in R-7Z geometry together with JAERI-Fast 25 group constants set
Version 2. 1In addition, to asses the uncertainties associated with the data
and methods, some detailed investigations have been made on the influences
of heterogeneous arrangement of fuel pins in a subassembly, and of differences
in nuclear data and their processing methods to produce group constants.
and also the measurements of the concerned reactivity effects at ZPR-9 have
been analysed to understand our predicting accuracy.

From this study, the following conclusions were drawn :

(1) In the cold clean state at low fuel temperature with no contrel rods
present, the steam ingress reactivity effect is most positive for 1000 MWe
GCFR at BOL but is negative for 300 MWe GCFR. The positive reactivity
effect increases as the steam density increases.

(2) The presence of control rods in the core significantly reduces the

large positive reactivity effect for 1000MWe GCFR mentioned above.

% On leave from Tohoku Management Computing Centre Ltd.

%% On leave from Information System Laboratory Ltd.
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(3) In the full power operating state at high fuel temperature, further
reduction of the positive reactivity effect can be expected mainly due to
increase of neutron absorption in the lower energy region through Doppler

: 38 ;
effect of 2 U capture cross-sections.

(4) The steam ingress reactivity effect becomes much more negative for
300 MWe and 1000 MWe GCFRs as fuel burnup proceeds, even if no control rods
is inserted in the core. This is also due to increase of neutron absorption
in the lower energy region through fission product accumulation with burnup.
Although the detailed investigations including analysis of experiments
indicate that the reactivity effects obtained by the basic calculations
should be moved toward positive direction by more than 1 % Ak/k, the steam
ingress reactivity effect could not be so important in GCEFRs as previously
considered.
The present paper also includes a comparison of the steam ingress

reactivity efféect between GCFRs with uranium and thorium cycles,

Keywords: GCas Cooled Fast Reactors, Reactivity Effects, Steam TIngress,
Exact Purturbation Theory, Reactor Constants, Fuel Temperature,

Burnuﬁ, Diffusion Equation, Thorium Cycles, Comparative Evaluations,

Computer Cecdes
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Table 3.3 Difference of Steam Ingress Reactivity
Effect of GCFRs at BOL and EOEC Obtained
Basing on Exact Perturbation Theory

(Unit : % AK/K)

300 MWe GCFR
Region Non-Leak. Leak. Ap
Core 1 -0.8408 -0.0212 -0.8620
Core 2 -0.4949 -0.0701 -0.5650
Core 3 -0.3602 -0,0196 -0.3798
Core & -0.1127 -0,01L58 -0.1285
A.Blanket 0.3770 -0.0071 0.3699
R.Blanket 0.1544 0.0030 0.1574
Reflector -0,0051 0.0028 -0,0023
Sum -1.2823 -0.2105 -1.0718

1000 MWe GCFR
Region Non-Leak. Leak. Ap
Core 1 -1.9708 -0.0038 -1.9747
Core 2 -1.8182 -0,0143 -1.8325
Core 3 -0.5532 -0.0160 -0.5692
Core & -0.2686 -0,0267 -0.2952
A.Blanket 0.1866 -0.0003 0.1864
R.Blanket 0.1852 -0.0140 0.1712
Reflector -0.0006 0.0015 0.0008
Sum -4,2397 -0.0735 -4,3132

Ap = Non-Leak. + Leak,
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Table 4.1 Nuclear Characteristics of GCFRs Obtained by Homogeneous
Calculation and Their Heterpgeneity Effects
Ttem 300 MWe GCFR .1000 MWe GCFR
(L) Keff 1.0597 1.0341
Hetero. effect : % K/K
Hetero-4R — -0.448
Hetero-2R -0.302 -0.331
(2) Breeding ratio S 1.527
Hetero. effect :
Hetero-4R —_— 0.012
Hetero-2R —_— G.009
(3) Doppler Reactivity : % K/K -0.499% -0.240°
Hetero. effect : % K/K
Hetero—4R —_— 0.002
Hetero-2R 0.002 0.001
(4) He-loss Reactovity : % K/K 0.246 0.551
Hetero. effect : % K/K
Hetero-4R — -0,018
Hetero—-2R ~-0.011 -0.017

a ; 300-900°K in core, b ;

1500 - 2100°K in core.

Table 4.3 Steam Ingress Reactivity Effect of 1000 MWe GCFR at BOL
Obtained by Homogeneous and Heterogeneous Calculations

(Unit : % AK/K)

Steam (g/cma) HOM HETERO-2R Difference#*
0.01 -0.2414 -0,1964 0.0450
0.03 0.0717 0.1657 0.0940
0.05 0.4046 0.5066 0.1020

* Difference = HETERO-2R - HOM



JAERI-M 9473

Table 4.2 Total Neutron Flux Distributions along Centre Axis

of 1000MWe GCFR obtained by Homogeneous and

Heterogeneous Calculations

Flux Point
Point Distance from HOMO HETERO-4R | HETERO-2R
Num. Core Center (cm)
1 2.470 1.0 1.0 1.0

2 7.410 0.99406 0.99414 0.99412

3 12.350 0.98224 0.98246 0.98240

4 17.290 0.96460 0.96506 0.96493

5 22,230 0.94130 0.94205 0.94184

6 27.170 0.91250 0.91361 0.91331

7 32,110 0.87844 0.87998 0.87957

Core-1 8 37.050 G.83939 0.84143 0.84089
9 41.990 0.79571 0.79830 0.79761

10 46.930 '0.74781 0.75099 0.75015

11 51.870 0.69618 0.69998 0.69899

12 56.810 0.64142 0.64586 0.64472

13 61.750 0.58426 0.58934 0.58805

14 66.690 0.52561 0.53129 0.52988

15 71.630 0.46665 0.47283 0.47135

16 76.600 0.40865 0.41515 0.41368

17 81.600 0.35417 0.36094 0.35944

18 86.600 0.30428 0.31123 0.30969

19 91.600 0.25936 0.26636 0.26480

20 96.600 0.21948 0.22640 0.22484

AX.BL.. 21 101. 600 0.18448 0.19122 0.18967
22 106.600 0.15409 0.16056 0.15904

23 111.600 0.12793 0.13407 0.13260
24 116.600 0.10561 0.11138 0.10997

25 121.600 0.08674 0.69213 0.09078

26 126.600 0.07941 0.07397 0.07467

_ 27 131.600 0.05791 0.06260 0.06135
Refl. 28 137.850 0.04187 0.04551 .0.04454
29 145.350 0.01939 0.02109 0.02065
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Table 4.4 Heterogeneity Effect on Steam Ingress Reactivity
in 1000MWe GCFR, divided into Two Components

{ Unit ; % ak/k )

{1) Steam of 0.0l g/cc

Region Non-Leakage Leakage Total
Core 1 - 0.0047 0.0093 0.0046
Core 2 -~ 0.0043 0.0111 0.00€8
Core 3 - 0.0C15 0.0c67 0.0052
Core 4 - 0.0037 0.0087 0.0G50
Ax. Bl 0.0001 0.0148 0.0149
Rd. Bl - 0.0001 0.0086 0.0085
Sum - 0.0142 0.0592 0.0c45C

(2) Steam of 0.03 g/cc

Region Non-Leakage Leakage Total
Core 1 - 0.0171 0.0233 0.0063
Core 2 - 0.0162 0.0273 c.0111
Core 3 - 0.0053 0.0158 0.0105
Core 4 ~ 00,0098 0.0212 0.0114
Ax. Bl 0.0005 0.0347 0.0352
Rd. Bl 0.0001 0.0195 0.0196
Sum - 0.0478 0.1418 0.0940

(3) Steam of 0.05 g/cc

Regicn Non-Leakage Leakage Total
Core 1 - 0.0335 0.0343 0.0007
Core 2 - 0.0369 0.0399 0.0030
Core 3 - (.,0124 0.0223 0.0099
Core 4 - 0.0171 0.0314 0.0143
Ax, Bl 0.0007 0.0469 0.0476
Rd. Bl 0.0004 0.0262 0.0266
Sum - 00,0989 0.2009 0.1020
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Table 4.5 contribution of Material to Non-Leakage Term of Heterogeneity
Effect on Steam Tngress Reactivity in Core-1 of 1000MWe GCFR

Steam Density in Coolant Channel ( g/cc )

0.01 0.03 0.05
U-235 ,
Capture 0.0004 0.0012 0.0017
Fission - 0.0010 - 0.0026 - 0.0039
Scatter - 0.0000 - 0.0000 - 0.0000
Sum - 0.0006 - 0.0014 - 0.0022
U-238
Capture 0.0253 0.05&8 0.0742
Fission 0.0003 0.0031 0.0049
Scatter - 0.0008 - 0.0022 - 0.0027
Sum 0.0248 0.0577 0.0764
Pu-239
Capture 0.0170 0.0544 0.0986
Fission - 0.0379 ~ 0.1138 - 0.1217
Scatter - 0.0000 - 0.0000 - 0.0000
Sum - 0.0209 - 0.0594 - 0.0931
Pu-240
Capture 0.0058 0.0203 0.0387
Fission 0.0003 0.0012 0.0017
Scatter - 0.0000 - (00,0000 - (,0000
Sum 0.0061 0.0215 0.0404
Pu-241
Capture 0.0031 0.0C98 0.0169
Fission - 0.0158 - 0.0474 - 0.0777
Scatter - £.0000 - 0.00C0 - 0.0000
Sum - 0.0127 - 0.0376 - 0.0608
Pu-242
Capture 0.0007, 0.0021 0.0033
Figsion 0.0000 0.0001 0.0002
Scatter - 0.0900 - 0.0000 - 0.0000
Sum 0.0007 0.0022 0.0035
Cr
Capture - 0.0002 - 0.0005 - 0.0007
Scatter 0.0001 0.0002 0.0001
Sum - 0.0001 - 0.0003 - 0.0006
Fe
Capture - 0.0004 - 0.0013 - 0.001%
Scatter 0.0004 0.0006 0.0005
Sum i 0.000C0 - 0.,0007 - 0.0014
Ni
Capture - 0.0002 - 0.0004 - 0,0005
Scatter 0.0001 0.0001 0.0001
Sum - 0.0001 - 0.0003 - 0.0004
Q
~  capture - 0.0000 - 0.0000 - 0.0000
Scatterx - D.0037 _ - (0.0042 - 0.0032
sum - 0.0037 - 0.0042 - 0.0032
H
" Capture - 0.0000 - 0.0000 - 0.0001
Scatter 0.0019 0.0054 0.0082
Sum 0.0019 0.0054 0.0081
Non-Leakage - 0.0047 - 0.0171 - 0.0335

— 47 — ( Unit ; 3 Ak/k )
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Dependence of Cell Models on Heterogeneity Effect of
Steam Ingress Reacitvity Effect in 1000 MWe GCFR at

Table 4.6
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values are obtained by homogeneous calculation.

Fig. 4.1 TFuel Pin Arrangement in a Fuel Assembly of
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HETERO-2R Model
Cell R (em)

GCore 1, AB-1 0.566
Core 2, AB-2 0.574
Core 3, AB-3 0,575
Core 4, AB-4 0,559

Can.
He
Structure

Fuel
{ 0.305 cm R

Core and Axial Blanket

Can.
' He

Structure
|
e Ry: 0.532 cm
: Ry: 0.665 cm
1 Fuel

Ry Ry

Radial Blanket

Fig. 4.2-1 Cylindrical Cell Models for 300MWe GCFR

HETERO-4R Model HETERG-2R Model

Structure
i Can. Ry: 0.3695 By: 0.3695
i .
| Rg: 0.4002 Can. Rp: 0.6866
% Ry: 0.6622 Structure (cm)
| He He
Ry 0.6866
Fuel {em)
. R Ry R3Ry 31 Ry
Core 5 Axial Blanket Core & Axfial Blanket
. Structure
; Ry: 0,5460 Ry 0.5480
| 8 Ry: 0.5970 Ry: 0.7722
i He Ryt 0.7566 Can, (cm)
Structure
; Rys 0.7722 He
i (em)
Fuel
Ry Ra RaRy . By Rz

Radial Blanket Radial Blankst

Fig. 4.2-2 Cylindrical Cell Models for 1000MWe GCFR
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Table 5.1 Energy Group Structures of Neutron Cross-Section Sets,
JFS-v2-25 and JF5-V2-70.
Group No. Group No. Group No.
Upper Upper ‘Upper
JFS JFS JFS JFS JES JFS
Energy Energy Energy
v2-25|v2-70 v2-25|v2-70 v2-25|v2~-70
1 10.5 MeV 10 25 27.8 KevV 18 49 59.8 eV
: 2 8.3 26 21.5 .50 46.5
3 6.5 11 27 16.6 19 51 36.0
’ 4 5.1 28 12.9 52 27.8
5 4,0 29 10.90 53 21.5
’ 6 3.1 12 30 7.73 20 54 16.6
7 2.5 31 5.98 55 12.9
) 8 1.9 32 4.65 56 10.0
9 1.4 13 33 3.60 21 57 7.73
’ 10 1.1 5 34 2.78 58 5.98
11 | o.8 35 | 2.15 59 | 4.65
6 12 0.63 14 | 36 1.66 22 60 3.60
13 0.50 37 1.29 61 2.78
14 0.40 38 1000 ev 62 2.15
7 15 0.31 15 39 773 23 63 1.66
16 0.25 40 598 64 1.29
17 | 0.20 41| 465 65 | 1.00
8 18 0.15 16 42 360 24 66 | 0.773
19 0.12 43 278 67 0.598
20 100 Kev 44 215 638 0.465
9 21 77.3 17 45 166 25 69 0.360
22 59.8 46 129 70 0.278
23 46.3 47 100 Lowest energy 1is
10 18
24 36.0 48 77.3 0.215 eV,
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Table 5.4 Material Contribution to Difference in Non-leakage Term
of Steam Ingress Reactivity Effect Obtained by JF5-V2-25
and JFS-v2-70 Sets for Core 1 of 300 MWe GCFR.
(Unit : % AK/K)
Component U-235 U-238 Pu-239 Pu-240 | Pu-241 Pu-242
Capture -0.0001 |-0.0118 | 0.0064 | 0.0010 {-0.0006 |-0.0005
Fission 0.0003 | 0.0377 |-0.0376 | -0.0097 | 0.0025 | -0.0004
AHR(0)
Scattering | -0.0000 -[-0.0061 | 0.0036 | -0,0001 |-0.0002 -0.0000
Sum 0.0002 | 0.0198 |-0.0348 | -0.008% | 0.0017 | -0.0009
Capture 0.0003 |-0.0520 | 0.1899 | -0.0652 |-0.0015 | -0.0071
AL, Fission -0.0005 | 0.0321 |-0.3245| -0.0088 |-0.0030 | -0.0005
My “(2) | scattering | ~0.0000 |-0.0056 |-0.0022 | =0.0002 |-0.0001 | -0.0000
Sum -0.0003 | -0.0255 |-0.136%9 | -0,0741 |-0,0046 | -0.0076
Capture 0.0003 |-0.0402 | 0.1835| -0,0662 |-0,0009 | -0.0066
AP () Fission -0.0008 | -0.0056 |-0.2869 | 00,0010 |-0,0054 | -0,0001
b4
Scattering | 0.0000 | 0.0005 |-0,0058 | -0,0000 | 0.0001 0.0000
Sum —0.0004 | -0.0453 |-0.1020 | -0.0653 |-0,0062 | -0,0068
Component Cr Fe Ni Mo H 0
Capture 0.0001 | -0,0121 |-0.,0036| -0.0013 | O 0.0002
Fission 0 0 0 0 0 0
aHNE(0)
Scattering | -0,0111 { 0.0070 { 0.0096| 0.0003 | O ~(.0545
Sum -0.0109 | -0.0051 | 0.0059 . -0.0010 | O -0.0541
Capture 0.0013 | -0.0105 | -0.0030 -0,0119 | -0.0000 | 0.0002
NL Fission 0 0 0 0
Sy (x)
Scattering | —-0.0028 | -0.0042 | 0.0004 | 0,0002 | -0.0024 -0.0104
Sum ~0.0014 | -0.0146 | -0,0026 | -0.0117 | -0.0024 | -0.0102
Capture 0.0012 | 0,0016 | 0.0006| -0,0106 | -0.0000 | 0.0000
Fission 0 0 g 0 0 0
AP (x)
Scattering| 0.0083 | -0.0114 |-0.0092| -0,0001 | -0.0024 0.0442
Sum 0.0095 | -0.0095 | -0.0086 | -0.0107 | -0.0024 | 0.0442
AP () = M) - aHNF(0)  [x = 0.05 g/cm’]
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Table 5.5 Material Contribution to Difference in Non-leakage Term
of Steam Ingress Reactivity Effect Obtained by JFS-V2-25
and JFS-V2-70 Sets for Core 1 of 1000 MWe GCFR.
(Unit : % AK/K)
Component U-235 U-238 Pu-239 Pu-240 Pu-241 | Pu-242
Capture ~-0.0000 | -0.0029 0.0051 | 0.0013 {-0.0029 | -0.,0006
Fission 0.0002 | 0.0432 | -0.0395 | -0.0088 | 0.0109 | -0.0003
Biigy“(0)
Scattering | -0.0000 | -0,0076 | -0.0021 | -0.0001 -0.0007 0.0000
Sum 0.0001 | 0.0327 | -0,0365 | -0.0075 0.0072 | -0.0009
Capture .0.0004 | -0.0500 | 0.0852 | -0.0980 |-0.0092 | -0.0049
NI Fission -0.0012 | -0.0346 | -0.2300 | -0.0083 |-0.0081 | -0.0005
A
m (%) Scattering | -0.0000 |-0.0096 | -0.0014 | -0.0002 -0,0005 | -0.0000
Sum -0.0008 |-0.0251 | -0.1461 | -0.1065 {-0.0178 | -0.0054
Capture 0.0005 | -0.0471 | 0.0802 | -0.0993 |-0.0063 | -0.0042
40 () Fission -0.0014 |-0.0086 | -0.1905 0.0005 1-0.0189 | -0.0002
X
Scattering | 0.0000 |-0.0020 | 0.0007 |-0.0001 0.0002 | -0.0000
Sum -0.0009 |-0.0577 | -0.1097 | -0.0989 |-0.0250 | -0.,0045
Component Cr Fe Ni H 0
Capture 0.000& |-0.0139 |-0.0028 | O 0.0002
AHEJL(O) Fission 0] 0 0 0]
Scattering | -0.0057 0.0113 0.0100 0 -0.0228
Sum -0.0052 | -0.0026 | 0.,0072 0 -0.0226
Capture 0.0010 | -0.0087 | -0.0023 | -0.0001 | 0.0002
Fission 0 0 0 0 0
MR ()
Scattering | -0.0024 |-0,0054 | 0.0005 | 0.0050 |-0.0131
Sum -0.0014 | -0.0140 | -0.0017 0.0050 | -0.0129
Capture 0.0006 0,0052 | 0,0005 |-0.0001 | 0.0000
Fissi
80 (30 ission 0 0 0 0 0
Scattering | 0.0033 [-0.0166 | -0.0095 0.0050 | 0.0097
Sum 0.0039 |-0.0114 |-0.0090 | 0,0050 | 0,0097 B
AP(x) = AHNV(x) - AHNE(0)  [x = 0.05 g/cm®]
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Table 5.6 Specification of Fundamental Mode GCFR-5team
Ingress Benchmarks.
(Atomic number density : 10720 /¢cm3 unit)
BO Bl B2 B3 B4 B5 B6 B7
B10O 0 0 0 0.2 0 0 0 0
Cr 30.0| 30.0 | 30.0| 30.0| 30.0| 30.0| 30.0; 30.0
Fe 140.0| 140.0 | 140.0 ! 140.0 | 140.0 140.0 | 140.0 | 140.0
F.P. 2.0 2.0 2.0 0 2.0 0 0 2,0
Ni 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
0 100.0 | 100.0 | 100.0| 100,0 | 100.0 | 100.0 | 100.0 | 100.0
Pu-239 9.0 12.3| 12.7 9.0 9.0 9.0 | 12.3 5.8
Pu-240 3.5 1.7 Q 3.5 3.5 3.5 1.7 2.4
Pu-241 2.3 0 Q 2.3 2.3 2.3 0 1.4
U-238 33.2 34,0 | 35.37 35.2 | 33.2| 35.2 36.0 38.4
Temp. [°K] 1500 | 1500 | 1500 | 1500 300 300 300 1500
B2 [10™%em™?] 12.0| 12.0! 12.0| 12.0| 1l2.0} 12.0 | 12.0 6.0
Table 5.7 Number Densities of H and O for Steam Ingress
(Unit : 10+20/cmd)
So S1 Ss s; Sy Sx Sg 57 Sg 8¢
0 0,33 0.66 0.99 1.32 1.65 1.98 2.31 2.64 3.30
0 0.165 0.33 0.495 0.66 G.825 0.99 1.155 1.32 1.65
S10 S11 S12 S13 S1y S15 816 S17 518 819
3.96 4.95 5.94 7.26 §.58 9.90 11.55 13.20 14,85 16.50
1.98 2.475 2,97 3.63 4.29 4,95 3.775 6,60 7.425 8.25
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Table 5.8 Important Features of the Calculational Methods used at
Various Laboratories

. Group Number of ..
Organi- . . Fission
Country . Constant energy Fission spectrum
zation products
Set groups
Germany KfK KFKINR 26 MAXW. = 1.41 Mev 1 Pseudo—FPP3)
Switzer— EIR FeLs 2240 MAXW. = 1.41 MeV 1 single
land FGLS : fission
2) product
UK UKAEA FGLS 2240 MAXW, = 1.41 MeV nuclide
France CEA CARNAVAL-TIII 25
Japan JAERT JAERI-2 Rev. 25 MAXW, = 1.41 MeV 1 Pseudo F.P.
USA ANL 3 methods 11 broad
groups

1) Cases B4, B5, B6 only; FGL4 has been used previously for the analysis of PROTEUS
experiments.

2) Cases B4, BS5, B6 calculated at EIR Wurenlingen, the other cases corresponding to
T = 1500 K were calculated for EIR under contract at Winfrith.

3) It was recommended and usually accepted to use data for FPP which correspond to
fission of 23%pu,

Table 5.9 Comparison of Steam Ingress Reactivity Effect
Obtained by JFS-v2-70 and ENDF/B-IV, for
300 MWe GCFR at BOL,

(Unit : Z AK/K)

Set Stean 0.01 g/cm3 0.03 g/cm?® 0.05 g/cmd
JFS-v2-70 ~0,8236 ~1.3459 _1.2148
a=30" ~0.8596 ~1.5993 ~1.6050
ENDF/B-IV 2)
A= 1 ~0.8685 _1.6404 _1.6733

1) Na is used as main moderator for calculation of
slowing dowmn density.

2) H is used as moderator for calculation of
slowing down density.



(% AK/K)
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Table 6.1 Composition Void Volume Fractiom
in ZPR-9 Phase IT Assembly

Composition Void Fraction {(v/o)
Core and axial blanket (Av.) 42.3
Type 1 41.9
Type 2 32,7
Type 3 52.3
Radial blanket 37.3

Table 6.2 Results of the Experiment for Steam Entry
Reactivity Worths in ZPR-9 Phase II Assembly

CH, Density in Void Channels Reactivity Worth
(g/cc) (Ih)
0.0044 86.6+10
0.0088 . 210.7£14
0.0175 537.6x10

(a) Effective core radius 54.79 cm

(b} Clean core installed no B,C rods

Table 6.3 Comparison of Experimental and Calculated
Effective Multiplication, kyff and
Operational Parameters in ZPR-9, Phase II

Assembly
Experimental JAERI-FAST ERDF/B-4
0.9861+0.007 0.97685 0.96571
C/E 0.991 0.979

Operational parameter
Inhours per percent reactivity 972.0

Beta effective, B ¢¢ 0.003306
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Table 6.4 Comparison of Effective Multiplication Factor and
Neutron Balance Calculated with Diffusion and
Transport Theories

Diffusion Transport 8
Source 1.0000 1.0000 -
Absorption 0.8963 0.8851 0.0112
Radial leakage 0.0894 0.0785 0.0109
Axial leakage 0.0381 0.0321 0.0059
(Total leakage) (0.1275) {0.1106) 0.0168
Keff 0.97685 1.00432 -2.74 ZAk/k
Table 6.5 Comparison of Experimental and Calculated Steam Entry

Reactivity Worths in ZPR-9 Phase II Assembly

{(%Ak/%)
For nominal Calculation
channel CH, Experimental
density (g/4) JAERI-FAST C/E C~E | ENDF/B-4 C/E C-E
17.5 0.553x0.01 0.302 0.546 -0.251 0.173 0.313 -0.380
8.8 0.217+0.01 0.061 0.281 -0.156 0.006 0.028 -0.211
4.4 0.089x0.01 0.007 0,079 -0,082 -0.017 - -0.106

(a)

972 Ih/%ZAk/k
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Table 6.6 Components of Steam Entry Reactivity
Worth in 17.5 g/% CH; Density

(x1073 ZAk/K)

Region Leakage Spectrum Total
Core 3.920 3,209 7.129
Axial Blanket 6.272 -1.526 -0.899
Radial Blanket 1,303 -4.,510 -3.207
Reactor 5.851 -2.828 3.023

(a) Result with JAERI-FAST Set

Table 6.7 Difference of Each Component of Steam Entry
Reactivity Worth Calculated with ENDF/B-4 from
that Calculated with JAERI-FAST

(%)
Region Leakage Spectrum Total
Core -0.74 | -45.00 -20.7
Axial Blanket -1.69 -3.03 -3.97
Radial Blanket -1.55 -3.57 -4.39

(a) %: (ENDF/B-4 - JAERI-FAST)/JAERI-FAST




JAERT-M 9473

REFLECTOR L—q__LLL
HJ_,J—'_;mmm BLANKET

EMPTY MATRIX

I cORe |
(13009

~— ZPRY 1
KNEES
ZPRY TABLE
Fig. 6.1 Midplane View in ZPR-9 Phase II Critical

Assembly




JAERI-M 9473

™we | ™e 2 ™e 3
I
CORE: viviFeld v julv el v |u|vEe v lo|v rp v
o] kv 0 v of Hu ol [ev
0 - D .1

—— — = |
-
=
-
=
=8
-

AXIAL nvuﬁv ujlv u:-v ulv|v
BLANKET : e {0 0 0 of o o| {o

F i l = = ==
1$.5735 ¢m
[
S.Ziio.ml_—“_ rm
I x .
! Pu : Pu-U-M,
ujul v {ujuply uo : U308
moaL 5048 UC[%[  1O1OM 5525 DU : Depleted U
BLANKEY
FEO: F8203
V : Void Can
— e -
0.081-
QK02
$.528

ALL DIMENSIORS N ¢cm

Fig. 6.2 Unit Cell Structures for the Core, Axial Blanket
and Radial Blanket in ZPR-9 Phase II Critical
Assembly



JAERI-M 9473

DIMENSIONS IN CM

e = © s =
2 P : L=
S 8 = 2
000 —
>
z x
CGRE S z
L =
1--} m
> -
z a
m o
- =
56.23 —.
RADIAL BLANKET az
' >
3 (d
el
= ]
82.7580 — m e
RADIAL REFLECTOR
§6.2198 —
ZPR3 RADIAL STRUCTURE
107.26 -—
R
Fig. 6.3 R-Z Calculation Model for ZPR-9 Phase II

Critical Assembly



JAERI-M 9473

7. ThHIf GCFR mk#EABAKISEZ R

BiEE TICHEK » T &1z GCFR @ Pu—U ¥ 4 7 it TV 1ol R AT s SRR 4
AOE D 1oODOFEE LT U-Th +4 7 5d b, &dFICTh ARATEEALLE, UL
R R E OB R (LRI B &V BEAD S, T OE (OBBE TR SN TEL. THIC
fng . 19774, EEREMELY 4 2 VEHE (INFCE) OBlgicd » T, BI—Th 44 73, #&
R ARESOREAET 5 £ LT, BENTREFEONRE L7

LMFRR i€ ¥ U-Th+ 4 7 LAEMA 45 &, HMEEAEEF LB T 575, EONaF A F
s e L, LMFBR DEEDESBEE L X#+5, &0 BRICELTL 50 GCFR
Tl RASHIC R T AREMITH DN T 05, GCFR 0L TROERSFVIEATE
D1 oTHLHKESEBARGESR M TR BT H0 TN,

AT, GCFR ICHMAMHESSAENIC P U-—Th ¥ 1 7 L8R LB, Pu-U¥47
e U TS, — M, KEBRGBRARIGEGROBE £ITL > 72,

7.1 EFFEFILEHERE

R & L7z GCFR =7 vit, GBRADHRGHTES 1200 MWe GCFR mBELTILNE,

Fig. 7. 1ic 2 ke e s EnR Li. BEIEE TOKRHNE GCFR & GA® T @ 1000MWe

GCFR Th 0, GBRAZF D 1200MWe GCFR S EFHEL T4, L L, A& DRI
sEeE oo 2EERIE, WO GCFRICAERATSE, —KRANTHS EEALOND

2YU_Th + 4 7 VDBAEL, UTFD 3y —2IK>WTERE L, (1lPu0:—UO: 4.0, UO:
75 vk b ThORB 75 ¥ o k4 5755 GCFR-MEF L, (277U02 ~UO: b,
ThO, S E LUE 75 4 v Fip5 755 GCFR—D £ 7, (3}*°U0, —~ThO 47k, ThO: 4
LYURERTS vh oy MBI GCFR-UE 7, Thb, BERELT, Fig 7 Lic/RL7z5E
215 Pu-U#4 2 w0 GCFR-P € FAERELTWE, RALALETMTOVTH, Table
Tk, EREHTR LI, 77, &EFAOBOL kb 5 RFHEE % Table 7.2 R LTe

8 4 ORREL A 7 i < BER s E LR T ARG IR, FhFENORFHERICEL
<. RiE, REUSEER LABERIESLEET L, LDL, Z mE DB TIE, GCFR-P
AT, ]S OBRERET AT - TWiEL, §10d5, GCFR-F B L TERES
fig. 7.1 OETFEBIR, Tk L OCREROMEL G/ BEHOMRILE, D% fho€
FLGCFR-M, D, UREALTWLA, 3 20FLEEKD PuB/LEE, S A, T
IR B R S AR T E 5 KA RED o T+ A 7 i B BEEARH T, 3 1T
N HEEBEILTH S

B E e REREREOIEE, ENDE/B-I04 5k L A 25 BElT IR & v b & 2 Rt
R—Z HEGILICEV TV E, AR TROEE L uAMED *°U, Th ORWEHET - 5%
29p, 2lpy 3 238]], MOPy OEMFFEKT — 5 SHELTHL S, Table 7.3~ Table 7.5 i



JAERI -M 9473

U—233, Pu~-239, Pu—241eo>\C@D0o,, ¢, 7 OE, Table 7.6~ Table 7.8 ¢ Th—232
£ U—238, Pu—240 it > TD0,, 6;, 7OLEK, ZENEhmRL T B3Iy B¥9py Py
O I GEESHENA DN D, 7=V 0,1, R ORENARE T AEELCRT TS
%, Pu—2414%, Pu—239, U—233 LT 2R A F—HWRICENT, b & bt 7 BER
¥, Pu—239 07 fiZKeV Bl ETU-233 A0 <, KeVLIRTIRU-233D 7 pdNRCAR AN
B Lehs »T, Pu—239, Pu—24113, SEFOREA vy b)) —, HEEEOELD
5. obodbTCnRERETHY, BOPHTF TS, U- 233 457 CHIMRERELTD 25
CEMIL A THB, £/, U—WB3RU-23B5 L0/ HEELEIERS, EEFICE LTS
ﬂu@ﬁwﬁ%%ﬁféé%iéﬂéoit,meswnﬁm,ﬁrwgwn@&ﬁﬁbfgz
FF LT O EHGEEERL T 50
Th—239 & 17 238, Pu—240 OME X, HCHEAUMER o cB8WTRON D, Th~232

Do, thoEmED 6 LEEL T, EEihE, Th-2820 LOMREE —FARIEBEAL
METERVEELOND,

7.2 Th#HGCFR O—AEHyR4SME

BaDTh#+4 7 vicECGCEFR DIKESIBARISESEER  —RIERHEI D TEED
N

(1) BefRssE

GCFR~P, M, D, U x5 vOEmsiEs, #E 4 v~ ) —, SEHRREE, dU7ic>0T
Table 7.9 ic i Lz,

GCFR—P & GCFR-MAWBTEC Eick »T, 7V 4 v MBI ELTUO, ORDIC
ThO, &H L BEEARS C EHTE D, COMBE, FLHAL, BERME, FIERLE T Rk
f v~y b —AETELT AL B, ZoBRANPE .

GCFR-D& GCFR-U%HET AC sick > T, FHLOEMEE LT U0 DRGICThO,
AR NLYREML C ENTE By I ThO ZERF L7 GCFR-U D FTERLE TR v
by —ld, UQs 258 L7 GCFR-D & B L THI0%E (18 b, LT, BWETh ooy &Ml
RIBUQEREEBLTAEDENT EICk - T, BARK - F AZHHTERNILPEC L.

Pudit Dic PP U A L0 ARMIE & L TRV %RE GCFR-M & GCFR-D A
FBCEIESTHIBE EDCE D, 1778 KUTHIERE A v b ) — e L TEEH I
KasABEA LRV, BUERBRE TS5 GCFR-DD BOL By i B 4% ghita i AREIK
R, Pud il b d 5 GCFR-M & HEE LT, FMicE LTHLETNERE oR,

(2) ARV

Table 7.10 iz, GCFR € /L ich8+ 5 Hl, SRITIIN AREME 5 ¥ 2% HiE Lo
S5 2 MOEC It 2B TH B0 WE 7 ¥ AT A7 0D 144 7 VTORDH
PEVIE O B S TR AT 9B C T & o TRW .

GCFR-P & GCFR-MZHBT AL Lick-T, 774y MK &L TUO, ®fRYIC
ThO, %ER LT, HEMHAEI R EASHELEV, —F, P UERKE & 95 GCFR M



JAERI-M 9473

LTM,ﬁﬁﬁﬂ%%“tGCFR4D®%%ﬁﬁm,Pu%ﬁﬂ&?éGCﬂ%%%GCFR#M
SHELT, AMciEL D, 52275 Th #4 7 vicE< GCFR-U TRHAR v A 7 vBkics
H%DX&%ﬁﬁé&%ﬁﬁ&mmDKEME%&éi%%acm;ﬁm@bmmﬂﬁL“ﬁh
%%%CUC&K;cf%%@%%kmw%kéﬁéc&mﬁ”u&“Wh@ﬂ@ﬁ”%u,
2] s L. 2 NERES , F OBBREOHEEIE (L EBEURNTS 5,

{3) BUGEEZHR

KEGBARGEGR I DL TIE R T 545, Table 7.11iC GCFR DX HEL R GERRICD
WTHE L 72
%ﬁm;é&ﬁﬁ@%uﬁ&#47nﬂnxmc&EOEC@%%%%$;@$E%Kﬁka
C@ﬁmﬁﬁ%®%¢@d%%HUﬁ4ﬁwwﬁ<GUW—PTE&éﬂTw&Cﬂ@ﬁ@W
RSB AT H A C FEREEEL T b, —F, UMK E S5 GCFR-D ,GCFR-U
fu;Pu%H@GCFR&ﬁELT,%2%@%%@%%%@&@&%&?60LtﬁﬁfWU
%ﬂ@GCFRTH,C@%ﬁﬁﬁﬁ%ﬁ%?%t&uPu%HGCFR&kELT,%2%@%
B O RS DA S B L IS BUNMIBE AL B LT AT S EERT Do

Vo7 RISEESE M LT, FOREE T 1500 K 45 2100°Kic L5 LAz B DIUL
ﬁ%%&bfﬁﬁbﬁoﬁﬁ%%mmmFR—D%%wﬁ,%?wﬁ®Fv75—ﬁmEﬁ%®m
ﬁamémoGHR—D@Fyfa—ﬁmﬁﬂ%mmm%fwaﬁﬁtf%m%%<a%e
%HHHe®%%EE§%%m,ﬁ@&%ﬁﬁf%y&yh@He%OK?écam;ati
f%ﬁﬁﬁﬁ&&bfiwtc&@ﬁ%@Uﬂ%R@Naf4Fﬁﬁﬁﬁ%&ﬁb?%éoC@
ﬁﬁﬁ%%m%ttm,%W@Uﬁ47»ﬂ%<aﬁR—szme@ﬁk@,%@@Thﬁ
A7t GCFR-U itk THOR/NME, &5,

73 ThRIAGCFR OXKEZRRARICEDSRE

CCTmm%ﬁ%AEEE%%@,ﬁ@&mﬁﬁiav#yr@%mﬁf+7$wmaMg/
mﬁQ%ﬁ%%ﬁmﬁﬁﬁiﬁf%éﬂ%%%ﬂiféﬁﬁﬁgﬁtLfiwhoLtﬁef.
%ﬁﬁf?y7ybw%ﬁﬁmmﬁﬁﬁk5ﬁ%%%?wﬁm,%6ntﬁﬁ%%%ﬁ®ﬁﬁm
iF 2L SiE ¢ LEALNA, Table 7121 GCFR—P, GCFR-M, GCFR-D, GCFR-U
mﬁﬁémiiﬁkﬁmﬁﬁ%%%ﬁLtoﬁ%%%%ﬁﬁﬁé&,WB@K,PmﬁH@GﬁR
®Mﬁ%§kﬁmﬁﬁ%@,%%@@UDﬁAﬁMmmfﬁfﬁéﬁ,mUﬁﬂ@GamTu
:mmcmﬁwf%%ﬁwkgﬁﬁmﬁ%%octmméoLkmnf,mﬁﬁﬁkﬁmﬁﬁ%
u,mﬁRmﬁbﬁﬂ&Utm%ﬁﬁ?%ﬂmU%ﬁﬂﬁéﬁmiqf,%ﬁm%%%%ﬁ
BELESTLENTE S

ﬁm%ﬁﬁtiﬁm,m%ﬁﬁkﬁﬁﬁﬁ%@,2o®%iﬁéaé¢%iéc&wfééo
Fribb 1oOELRGHTRESNASEOER, fhizKRILLPHF <7 brEitic
WH6Q®E$T%50¢E¥EmM%¢éEiM,m%ﬂGCNHJ“U%HGmmtTk
mmiu%&u%i%numoﬁmm%@,ﬁ%@ﬁ%@%ﬁm%L<,it¢ﬁ%ﬁﬁm%ﬁ
5%%%kmmﬁémw@5fﬁégLtﬁaﬁrm%ﬁGUm&ﬂ”UﬁHGamﬁ@mﬁ



JAERT-M 8473

%EA&EE%%@kémmﬁmﬁ@¢@¥z&a%wﬂmwﬁﬁmmﬁm;otifééﬁi
BT EHTE D,
T%k?S&T@M?A@%E#%,mUu%ﬁ@®ﬁ¥E1$w¥~ﬁﬁwﬁhf”Wu
S L TIEE R p D A AF —RERERL TV S, PPu R XUBAREME LT
5Gcmrmimﬁﬁﬁkmxatifémﬁ%x&ﬁbWﬁmmivf,%ﬁ%mnﬁﬁ%ﬁ
CIEFL, #OBEHFEICKSTADORGEHREMS EEAL6N05. —7, UMD GCFR
fm,nﬁﬁl*»ﬁ—ﬁ%ttﬁ@f&étm,mﬁ%@xm;&%%%n@wﬁFuméa
kX EORISEGR SO NVEELBL EHTE B CORER, EOMEFRAOERES
%?TWKPu%ﬂﬁ%(GCFk%ﬂCEFR*MTMN@ECKﬁmfﬁ@*ﬁﬁﬁkﬁﬁﬁ@
%%ﬁw,””UWﬂm§<GCFR4)(mFRfUTu,Mom:wsz@#ﬁmkémmm
KEGRBACEHREET 5L L5, :

fie ThO, 8¢ 5 CEiRBL TR, ML Thy 1 7 vick < GCFR- U@mﬁ%&k
R B RE (PPU0, —P*U0,) D GCFR-D DFNEAB LTI ETHH T &
mé,TMh@@@%ﬁﬂ*ﬁﬁ@&ﬁﬁﬁ%%%;bmmﬁééﬁiéc&ﬁfééo

LIL, COEDRFDG, RO ENTA D,
u)Pu%ﬂmg<mﬁﬂm,ﬁﬁmﬁﬂ4VNyrU_wwm<,%%ﬁ&m@¢n,ﬁ%a
ﬁ@Fw75—Eﬁﬁﬁ%&@@ﬁ%%ﬁhﬁﬁﬁ%%%ﬁ?éc&f,&%ﬁﬁ;@%%ﬁ
OhE»SHE LVHEEEAREL TV 5.
9 73wy bicTh 28R LTh, EROFELOHEERES> LT
(3) ThBE0 U AFLICER 9560 &, I, BEA v~ b Y —E2F (LS bRk
K,&T?%ﬂ<ﬁé@ﬁ®ﬂﬁﬁ%kﬁﬁﬁ%%%%t%?C&K@D,%nK%<aFR
BABEITHS.

Table 7.1 Fast breeder reactor model and it's fuel cycle

Fuel material

Model Core Ax.Blanket Rd.Blanket Comment
ES
GCFR-P Pu0,/UC, U0y U0y U-Pu fuel cycle
*
GCFR-M Pu0s/U02 U0» ThO» Mixed cycle-1
GCFR-D  233y0,/U0, ThO> ThO, Denatured cycle
GCFR-U  233y0,/Tho, ThO, " ThO, Th-U fuel cycle

U0y ; depleted uranium, 0.2/99.8

# Pu ; LWR discharged plutonium,
239Pu/2’+DPu/241Pu/2|+2Pu

56.0/23.7/15.0/5.3
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Table 7.2-1 Atomic Number Densities of Start—up Core (BOL)
- GCFBR-P Model -

[102%.cem™ 3]
Region| Control Channel Core 1 Core 2 Core 3 Ax. Blanket
Nuclide Region No.1l,5 Region No.2 | Region No.3 | Region Ne.4 | Region No.6,7
Th-232
U-233
U-235 9.4069(-6) 7.7723(-6) 8.6436(-6) 1.1872(-5)
U-238 4.6940(-3) 3.8784(-3) 4.,3132(-3) 5.9242(-3)
Pu-239 4.5438(-4) 6.2968(~4) 7.8652(-4)
Pu-240 1.9230(-4) 2.6649(-4) 3.3287(-4)
Pu-241 1.2371(-4) 1.6866(-4) 2.1068(~4)
Pu-242 4,3004(-5) 5.9594(-5) 7.4439(-5)
0 1.0819(-2) 9.9209(-3) 1.1338(-2) 1.1753(-2)
He 1.1083(-3) 7.2459(—4) 7.5964(-4) 7.0983(-4) 7.2795(-4)
Cr 6.,0064 (-4) 1.6431(-3) 1.5479(-3) 1.6832(-3) 1.6340(-3)
Mn 4,3739(-5) 1.5033(-4) 1.4059(-04) | 1.5443(-4) 1.4939(-4)
Fe 3.7003(-3) 7.5934(-3) 7.2378(-3) 7.7431(~3) 7.5593(-3)
Ni 4.6645(—4) 4.2384(-4) 4.8439(-4) 4.6237(-4)
Mo 7.1353(-5) 6.4835(-5) 7.4097(-5) 7.0729(-5)
Regiont Rad. Blanket |Ax.Reflector Rad.Reflector
Nuclide Region No.8,9 |Region No.l0 Region No.ll
Th-232
U-233
U-235 2.3691(-5)
U-238 1.1822(-2)
Pu-239
Pu-240
Pu-241
Pu-242
0 2.3454(-2)
He 3.7827(-4) 4.6700(~4) 5.8375(-5)
Cr 2.3175(-3) 7.1082(-3) 1.1255(-2)
Mn 2.2344(-4) 5.1763(-4) 8.1957(-4)
Fe 9.7684(~3) 4,3790(-2) 6.9335(-2)
Ni 4,2787(=4)
Mo 6.5452(-5)
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Table 7.2-2 Atomic Number Densities of Start-up Core (BOL)
- GCFBR-M Model -

{1024 cm 3 ]

\\\\Begion‘

Nuclide

Control Channel
Region No.1,5

Core 1
Region No.Z2

Core 2
Region No.3

Ax. Blanket
Region No.6,7

Core 3
Region No.4

Th-232

U-233

U-235 9.3979(-6) 7.7071(-6) 8.5315(-6) 1.1872(-5)

U-238 4,6896(-3) 3.8458(-3) 4,2572(-3) 5.9242(-3)

Pu-239 4.5688(-4) 6.4794(-4) 8.1795(-4)

Pu-240 1.9336(-4) 2.7422(-4) 3.4617(-4)

Pu-241 1.2238(f4) 1.7356(~4) 2.1909(-4)

Pu-242 4.3241(-5) 6.1323(-5) 7.7413(-5) _
0 1.0919(-2) 9,9209(~3) 1.1338(-2) 1.1753(-2)
He 1.1083(-3) 7.2459(-4) 7.5964(-4) 7.0983(-4) 7.2795(=4)
Cr 6.0064(-4) 1.6331(-3) 1.5479(-3) 1.6832(-3) 1.6340(-3)
Mn 4.3739(-5) 1.5033(-4) 1.4059(-4) 1.5443(-4) 1.4939(-4)
Fe 3.7003(-3) 7.5934(-3) 7.2378(-3) 7.7431(-3) 7.5593(-3)
Ni 4.6645(-4) 4,2384(=4) 4.8439(-4) 4.6237(-4)
Mo 7.1353(-5) 6.4835(-5) 7.4097(~5) 7.0729(-5)
Region | Rad. Blanket |Ax.Reflector|Rad.Reflector

Nuclide Region No.8,9 { Region No.l0|Region No.ll

Th-232 1.1033(-2)

U-233

y-235

U-238

Pu-239

Pu-240

Pu-241

- Pu-242

0 2.1846(-2)
He 3.7827(-4) 4.6700(=4) 5.8375(-5)
Cr 2.3175(-3) 7.1082(-3) 1,1255(-2)
Mn 2.2344(-4) 5.1763(-4) 8.1957(-4)
Fe 9.7684(-3) 4.3790(-2) 6.9335(-2)
Ni 4.2787(-4)
Mo 6.5452(-5)

— 84—
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Table 7.2-3 Atomic Number Densities of Start-up Core (BOL)

- GCFBR-D Model -

[102“-cm_3]
Region | Control Channel Core 1 Core 2 Core 3 Ax. Blanket
Nuclide Region No.l,5 Region No.2| Region No.3 |Region ¥o.4 | Region ¥No.6,7
Th-232 5.5292(-3)
U-233 6.2795(-4) 8.2829(-4) 1.1166(-3)
U-235 1.0721(-5) 9.2263(-6) 1.0204(-5)
U-238 5.3498(-3) 4,6039(-3) 5.0919(-3)
Pu-239
Pu-240
Pu-241
Pu-242
0 1.1857(-2) 1.0774(-2) 1.2313(-2) 1.0948(-2)
He 1.1083(-3) 7.2459(=4) 7.5964(=4) 7.0983(-4) 7.2795(-4)
Cr 6.0064(-4) 1.6431(-3) 1.5479(-3) 1.6832(-3) 1.6340(-3)
Mn 4,3739(-5) 1.5033(-4) 1.4059(-4) 1.5443(-4) 1.4939(=4)
Fe 3.7003(-3) 7.5934(-3) 7.2378(-3) 7.7431(-3) 7.55393(=3)
Ni 4.6645(-4) 4.2384 (-4) 4,8439(-4) 4.6237(-4)
Mo 7.1353(-5) 6.4835(-5) 7.4097(-5) 7.0729(-5)
Region | Rad. Blanket |Ax.Reflector Rad.Reflector
Nucli&E‘\\ Region No.8,9 | Region No.l0|Region No.ll
Th-232 1.1033(-2)
U-233
U-235
U-238
Pu-239
Pu-240
Pu-241
Pu-242
0 2.1846(-2)
He 3.7827(-4) 4.6700(~4) 5.8375(~5)
Cr 2.3175(-3) 7.1082(-3) 1.1255(-2)
Mn 2.2344(-4) 5.1763(-4) 8.1957(-4)
Fe 9.7684(-3) 4.3790(-2) 6.9335(-2)
Ni 4.2787(-4)
Mo 6.5452(=5)
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Table 7.2-4 Atomic Number Densities of Start-up Core (BOL)
- GCFBR-U Model -

[lOzu-cm_3]
Region | Control Channel Core 1 Core 2 Core 3 Ax. Blanket
Nuclide Region No.,1,5 Region No.2| Region No.3 |Region No.4 | Reglon No.6,7
Th=-232 4.4297(-3) 3.7391(-3) 4,0983(-3) 5.2592(-3)
U-233 7.6424(-4) 9.7681(~4) 1.2955(-3)
U-235 |
U-238
Pu-239
Pu-240
Pu-241
Pu-242
0] 1.0284(-2) 9.3447(-3) 1.0680(-2) 1.0948(-2)
H3 1.1083(-3) 7.2459(-4) 7.5964(-4) 7.0983(-4) 7.2795(-4)
Cr 6.0064(-4) 1.6431(-3) | 1.5479(-3) |1.6832(-3) 1.6340(-3)
Mn 4.3739(-5) 1.5033(-4) 1,4059(-4) 1.5443(-4) 1.4939(~4)
Fe 3.7003(-3) 7.5934(-3) 7.2378(-3) 7.7431(-3) 7.5593(-3)
N1 4.6645(-4) | 4.2384(-4) |4.8439(=4) | 4.6237(-4)
Mo 7.1353(-5) 6.4835(-5) 7.4097(-5) 7.0729(-5)
Region | Rad. Blanket | Ax.Reflector Rad.Reflector
Nuclide \\ Region No.8,9 | Region No.1l0|Region No.ll
Th-232 1.1033(-2)
U-233
U-235
U-238
Pu-239
Pu-240
Pu-241
Pu-242
0 2.1846(-2)
H3 3.7827(-4) 4.67-0(-4) 5.8375(-5)
Cr 2.3175(-3) 7.1082(-3) 1.1255(-2)
Mn 2.2344(-4) 5.1764(-4) 8.1957(-4)
Fe 9.7684(-3) 4,3790(-2) 6.9335(-2)
Ni 4.2787(-4)
Mo 6.5452(-5)
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Table 7.3 ¥Fission cross-section Uf of fissile materials -

Group Lower energy U-233 Pu-239 Pu-241
1 6.5  MeV 2.11 2.20 - 1.99
2 4.0  MeV 1.51 1.70 1.46
3 2.5  MeV 1.73 1.89 1.52
4 1.4  MeV 1.88 2.02 1.74
5 0.8  MeV 1.83 1 1.76 _ 1.60
6 0.4  MeV 1.84 1.61 1.51
7 0.2  MeV 2.11 1.51 1.72
8 0.1  MeV 2.18 1.54 2.05
9 46.5  KeV 2.39 1.67 2.38
10 21.5  KeV 2.98 1.75 2.66
11 10.0  KeV 3.79 1.88 \ 3.21
12 4.65 KeV 4,91 2,23 4.06
13 .15 KeV 6.55 3.05 6.15
14 1.0 KeV 9.41 4.62 8.43
15. 465 eV 12.71 8.62 13.39
16 215 eV 17.82 12.22 26.13
17 100 eV 25.58 18.87 31.69
18 46.5 ev 37.27 58.36 44,26
19 21.5 eV 65.57 23.19 66.04
20 10.0 ev 108.64 105.88 132.75
21 4.65 eV 95.44 32.25 234.71
22 2.15 eV 118.37 11.17 108.34
23 1.0 eV 347.56 23.83 27.61
24 0.465 eV 123.06 98.63 44.30
25 0.215 eV 162.97 1640.47 811.93

Highest energy is 10.5 MeV. { unit : bara )
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Table 7.4 Capture cross-section Gc of fissile materials
Group Lower eﬁergy U-233 Pu—239; - fu—Zdl”
1 6.5 MeV 0.0124 0.0018 0.0275
2 4.0 MeV 0.0177 0.0016 0.0427
3 2.5 MeV 0.0250 0.0030 0.0652
4 1.4 MeV 0.0364 0.0094 0.0942
5 0.8 MeV 0.0543 0.0247 0.106
6 0.4 MeV 0.115 0.0912 0.103
7 0.2 MeV 0.188 0.178 0.141
8 0.1  Mev 0.212 0.229 0.285
9 46.5 KeV 0.250 0.306 0.539
10 21.5 KeV 0.333 - 0.565 0.593
11 10.0 KeV 0.440 0.931 0.739
12 4.65 KeV 0.582 1.67 0.956
13 .15 KeVv 0.784 2.76 1.48
14 1.0 KeV 0.925 3.82 2.10
15 465 eV 1.42 6.66 4,12
16 215 ev 2.47 12.33 6.53
17 100 eV 3.99 16.37 6.91
18 46.5 eV 5.66 37.19 7.63
19 21.5 eV 6.74 34.95 5.93
20 10.0 eV 17.77 71.97 41.10
21 4,65 eV 17.39 33.82 17.88
22 2.15 eV 46,13 1.53 42.55
23 1.0 eV 60.07 7.42 2.78
24 0.465 eV 9.51 1108.0 13.89
25 0.215 eV 14.36 358.76
Highest energy is 10.5 MeV. ( unit : barn )



Table 7.5 n ( Uoflca ) value of fissile materials

JAERI-M 9473

Group Lower energy U-233 Pu-239 Pu-241
1 6.5 MeV 3.46 4.04 "3.99
2 4.0 MeV 3.04 3.59 3.55
3 2.5 MeV 2.79 3.29 3.24
4 1.4 MeV 2,62 3.12 3.05
5 0.8  MeV 2.51 2.98 2.90
6 0.4 MeV 2.37 2.79 2.83
7 0.2 MeV 2.29 2.61 2.75
8 0.1 MeV 2.26 2.53 2.60
9 46.5 KeV 2.24 2.44 2.41

10 21.5 KeV 2,22 2.18 2.40
11 10.0 KeV 2.20 1.93 2.39
12 4.65 KeV 2.20 1.65 2.38
13 2.15 KeV 2.20 1.51 2.37
14 1.0 KeV 2.24 1.58 2.35
15 465 eV 2,21 1.62 2.25
16 215 eV 2,16 1.43 2,35
17 100 eV 2,13 1.54 2.41
18 46.5 eV 2.14 1.76 2.51
19 21.5 eV 2.23 1.15 2.70
20 10.0 eV 2.11 1.71 2.24
21 4.65 eV 2.08 1.41 2.73
22 2.15 eV 1.77 .2.53 2.11
23 1.0 eV 2.10 2.20 2,07
24 0.465 eV 2.28 1.98 2.24
25 0.215 eV 2.26 1.70 2.04

Highest energy is 10.5 MeV.



Table 7.6
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Fission cross-section ¢, of fertile materials

£
Group Lower energy Th-232 U-238 Pu-240
1 6.5 MeV 0.32 0.94 1.80
2 4.0  MeV 0.15 0.56 1.48
3 2.5  Mev 0.13 0.54 1.56
4 1.4  MeV 0.10 0.47 1.54
5 0.8  MeV 0.0 0.03 1.40
6 0.4  Mev 0.0 0.0 0.57
7 0.2 Mev 0.0 0.0 0.14
8 0.1 Mev 0.0 6.0 0.09
9 46.5  KeV 0.0 0.0 0.08
10 21.5  KeV 0.0 0.0 0.10
11 16.0  Kev 0.0 0.0 0.09
12 4.65 KeV 0:0 0.0 0.11
13 2.15 KeV 0.0 0.0 0.16
14 1.0 KeV 0.0 0.0 0.17
15 465 eV 0.0 0.0 0.26
16 215 eV 0.0 0.0 0.07
17 100 ev 0.0 0.0 0.18
18 46.5 eV 0.0 0.0 0.34
19 21.5 ev 0.0 0.0 0.45
20 10.0 ev 0.0 0.0 0.24
21 4.65 eV 0.0 0.0 0.
22 2.15 eV 0.0 0.0 0.
23 1.0 ev 0.0 0.0 1.84
24 0.465 ey 0.0 0.0 0.24
25 0.215 eV 0.0 0.0 0.03

Highest energy is 10.5 MeV.

{ unit : barn )
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Table 7.7 Capture cross—section_cc of fertile materials
Group Lower energy Th-232 U-238 Pu-240
1 6.5 MeV 0.0107 0.0060 0.0068
2 4.0 MeV 0.0190 0.0105 0.0134
3 2.5 MeV 0.0349 0.0226 0.0285
4 1.4 MeV 0.0722 6.0571 0.0575
5 0.8 MeV 0.141 0.120 0.103
6 0.4 MeV 0.178 0.122 0.150
7 0.2 MeV 0.180 0.126 0.175
8 0.1 MeV 0.221 0.170 0.226
9 46.5 KeV 0.340 0.270 G.325
10 21.5 KeV 0.458 0.451 0.487
11 10.0 KeV 0.645 0.645 0.714
12 4.65 KeV 0.883 0.877 1.01
13 2.15 Kev 1.33 1.29 1.55
14 1.0 KeV 2.01 1.89 2.60
15 465 ev 3.28 3.53 4.46
16 215 ev 8,67 4.64 6.73
17 100 eV 14.68 20.83 19.64
18 46..5 eV 23.34 16.79 36.41
19 21.5 eV 52.20 56.86 61.86
20 10.0 eV 0.523 81.19 26,91
21 4.65 ev 0.143 171.17 0.859
22 2.15 eV 0.290 0.665 8.83
23 1.0 eV 0.624 0.494 9624.7
24 0.465 eV 1.15 0.599 1234 .4
25 0.215 eV 1.90 0.817 160.33
Highest energy is 10.5 MeV. ( unit : barn )
Table 7.8 n (vcf/csa) value of fertile materials
Group  Lower energy Th-232 U-238 Pu-240
1 6.5 MeV 2.96 3.49 3.64
2 4.0  Mev 2.33 3.03 3.35
3 2.5 MeV 1.85 2.70 3.14
4 1.4 MeV 1.25 2.34 2.97
5 0.8 MeV - 0.0 0.50 2.79
6 0.4  Mev 0.0 0.0 2.34
7 0.2 MeV 0.0 0.0 1.30
. 8 0.1 MeV 0.0 0.0 0.83

Highest energy 1is 10.5 MeV.
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Table 7.9 Nuclear characteristics of GCFRs

GCFR-P GCFR-M GCFR-D GCFR-U
Effective multiplication factor
' at BOL 1.039  1.041  1.078  1.093
at EOC 1.002 1.002 1.001 1.000
Core fuel inventory {ton)
U-233 - - 4,83 5.76
Pu-23% + Pu-241 4.57 4,66 - -
Total heavy metal 35.36 35.36 38.24 32.44
Average fissile enrichment (a/o)
233y or fiss.-Pu/H.M.  12.8  13.1  12.9  17.7
Average power density - (kW/1)
at BOL 200 204 208 208
at MOC 189 192 199 199
Maximum linear rating (W/cm)
at BOL 430 444 421 404 -
at MOC 371 381 394 381
Power.form factor in core
at BOL 1.52 1.54 1.43 1.37
at MOC 1.39 1.40 1.39 1.35
Maximum burnup of core fuel |
(104 MWd/t) 9.98 10.24 9.80 11.16
Power distribution at MOC
Core-1 0.568 0.578 0.598 0.590
Core=2  0.160 ~ 0.164  0.165 ~0.164
Core-3 0.175 0.176 0.190  0.196
Core 0.904 0.919 0.954 0.950
Ax.Blanket 0.053 0.054 0.028 0.030
Rd.Blanket  0.043 0,027  0.018  0.020

BOL : Beginning of Life (start-up core)
MOC : Middle of Equilibrium cycle
EOC : End of Equilibrium cycle
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Table 7.10 Breeding Ratio and Fissile Material Balance of GCFRs

GCFR-P GCFR-M GCFR-D GCFR-U

Breeding ratie at MOC

Core 0.779 0.773 0.699 0.556
Ax. Blanket 0.330 0.329 0.269 0.256
Rd. Blanket 0.343 0.333 0.273 0.263
Reactor 1.452 1.435 1.241 1.075
Fissile material balancef(kg/GWe.yr) '
U-233 - 240 -231 50
Pu-239 471 209 428 -
Pu-241 -118 -121 0 -

Table 7.11 Reactivity Effects of GCFRs

GCFR-F GCFR-M GCFR-D GCFR-U

Reactivity swing due to burnup

(2 Ak/kk'/cycle) -1.59 -1.66 -3.39 -3.73
Doppler effect at MOC*

(% Ak/kk') -0.192 ~0.190 -0.257 -0.188
Helium void effect at MOC#%%*

(% Ak/kk") 0.879 0.874 0.298 -0.141

* Temperature of core changes from 1500 °K to 2100 °K.

%#%% Helium coolant is removed from central control, core and axial
blanket regions.

Table 7.12 Steam Ingress Reactivity Effect of GCFRs

GCFR-P GCFR-M GCFR-D GCFR-U

Steam entry effect at MOC*#* _
(% Ak/kk') -1.74 -1.81 4,85 6.03

*%  0.04 gr/cm3 steam is ingressed into whole coolant channels of core
and axial blanket,
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Table A.1 GCeometric Specifications of Core Unit Cell in ZPR-9
Phase II Critical Assembly

No. Material Width (cm) Height (cm)
1 Matrix Side(®) 0.30015 5.08
2 U30g 0.5990 5.048
3 Void Can Side 0.0380 5.067
4 Void Can Core 0.5380 4,991
5 Void Can Side 0.0380 5.067
6 Fe,04 0.3175 5.08
7 Pu-U-Mo Can Side 0.0521 5.07
8 Pu-U-Mo Can Core 0.510 4,920
9 Pu-U-Mo Can Side 0.0521 5.07

10 Fe,03 0.3175 5.08

11 Void Can Side 0.0380 5,067

12 Void Can Core 1.1730 4,991

13 Void Can Side 0.0380 5.067

14 U30g 0.599 5.048

15 Void Can S5ide 0.0380 5,067

16. Void Can Core 0.5380 4,991

17 Void Can Side (.0380 5.067

18 Matrix Side 3.5822 5.08

i9 Fes04q 0.3175 5.08

20 Pu-U~-Mo Can Side 0.0521 5.08

21 Pu-U-Mo Can Core 0.510 4.920

22 Pu-U-Mo Can Side 0.0521 5.07

23 Fe,04 0.3175 5.08

24 Void Can Side 0.0380 5.067

25 Void Can Core 1.1730 4,991

26 Vold Can Side 0.0380 5.067

27 Ua0g 0.5990 5.048

28 Void Can Side 0.0380 5.067

29 Void Can Core 0.5380 4.991

30 Void Can Side 0.0380 5.067

31 Feosfq 0.3175 5.08

32 Pu-U-Mo Can Side 0.0521 .07

33 Pu-U-Mo Can Core 0.5100 4.920

34 Pu-U-Mo Can Side 0.0521 5.07
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Table A,1 (Continued)

No. Material Width (cm) Height {(cm)
35 Fes03 0.3175 5.08
36 Matrix Side 0.5642 5.08
37 Void Can Side 0.0380 5,067
38 Void Can Core 1.1730 4,991
39 Void Can Side 0.0380 5.067
40 U305 0.5990 5.048
41 Void Can Side 0.0380 5.067
42 Void Can Core 0.5380 4,991
43 Void Can Side $.0380 5.067
44 Fe,03 0.3175 5.08
45 Pu-U-Mo Can Side 0.0521 5.07
46 Pu-U-Mo Can Core 0.510 4,920
47 Pu-U-Mo Can Side 0.,0521 5.07
48 Fe,03 0.3175 5.08
49 Void Can Side 0.0380 5.067
50 Void Can Core 1.1730 4,991
51 Void Can Side $.0380 5.067
52 Matrix Side 0.28215 5.08
Total 16.5735

(a) Include gap and drawer side.
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Table A,2 Geometric Specifications of Axial Blanket Unit Cell
in ZPR-9 Phase II Critical Assembly

No. Material Width (cm) Height (cm)
1 Matrix Side(2) 0.313 5.08
2 Us0g 0.599 5.048
3 Void Can Side 0.038 5.067
4 Void Can Core 0.538 4,991
5 Void Can Side 0.038 5.067
6 U30g 0.906 5.052
7 Depl. U 0.3175 5.08
8 Void Can Side 0.038 5.067
9 Void Can Core 1.173 4,991

10 Void Can Side 0,038 5.067

11 U,0q 0.599 5.052

12 Void Can Side 0.038 5.067

i3 Veid Can Core 0.538 4,991

14 Void Can Side 0.038 5.067

15 Matrix Side 0.6208 5.08

16 Uq0g 0.906 5.048

17 Depl, U 0.3175 5.08

18 Void Can Side 0.038 5,067

19 Void Can Core 1.173 4,991

20 Void Can Side 0.038 5.067

21 U404 0.599 5.052

22 Void Can Side 0.038 5.067

23 Void Can Core 0.538 4,991

24 Void Can Side 0.038 3.067

25 U40q 0.906 5.052

26 Depl. U 0.3175 5,08

27 Matrix Side 0.6028 5.08

28 Void Can Side 0.038 5.067

29 Void Can Core 1.173 4,991

30 Void Can Side 0.038 5,067

31 Uuo 0.599 5.052

32 Void Can Side 0.038 5.067

33 Void Can Core 0.538 4.991

34 Void Can Side 0.038 5,067
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Table A.2 (continued)

No. Material Width (cm) Height (cm)
35 Us0g 0.906 5.052
36 Depl. U 0.3175 5.08
37 Void Can Side 0.038 5.067
38 Void Can Core 1.173 4,991
39 Void Can Side 0.038 5.067
. 40 Matrix Side 0.2950 5.08
- Total 16.5736
‘ (a) 1Include gap and drawer side.
Table A.3 Geometric Specifications of Radial Blanket Unit
Cell in ZPR-9 Phase II Critical Assembly
No. Material Width (cm) Height (cm)
1 Matrix Side (@) 0.3015 5.08
2 U305 1.198 5.048
§ 3 Void Can Side 0.038 5,067
; 4 Void Can Core 1.173 4,981
5 Void Can Side 0.038 5.067
6 U404 1.198 5.048
| % 7 Depl. U 0.3175 5.08
B 8 Void Can Side 0.038 5.067
9 Void Can Core 0.538 4,991
10 Void Can Side 0.076 5.067
11 Void Can Core 0.269 4,991
12 Void Can Side 0.038 5.067
13 Matrix Side 0,3015 5.08
Total 5.5245

(a) Include gap and drawer side.
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Table A.4 Atom Concentrations for the Unit Cells in ZPR-9

Phase- II Critical Assembly

(Atoms/cc-107%2)
Pu-U-Mo Can
U30g Depl. U
Core Side
Pu-239 0.9647 - - -
Pu-240 0.1280 - - -
Pu-241 0.0128 - - -
Pu-242 0.0017 - - -
Am-241 0.0093 - - -
U-235 0.0061 - 0.0032 0.0090
U-238 2.7120 - 1.5215 4,2097
Mo 0.2465 - - -
0 - 0.164 4,0591 -
Fe - 4,9236 - -
Ni - 0.7053 - -
Cr - 1.4221 - -
Mn - 0.1206 - -
Matrix Void Can
Side Fe,03
Side Core
0] 0.1505 4,7950 0.2131 0.0163
Fe 3.9500 3.9037 3.8306 0.4425
Ni 0.4829 0.0556 (0.8482 0.0556
Cr 1.1045 0.1244 1.6713 0.1244
Mn 0.0897 0.0099 0.1253 0.0099

(a) Plates hight elongated to be equalized 5.3245 cm.
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Table A.5 Composition Average Atom Density

(atoms/cc-lO_zz)

Axial Radial Axial Radial Empty
Core Blanket Blanket | Reflector | Reflector | Matrix
Pu-239 0.11832 - - - - -
Pu-240 | 0.1569 - - - - -
Pu-241 | 0,00163 - - - - -
Pu-242 | 0.00023 - - - - -
Am-241 | 0.0093 - - - - -
U-235 0.00122  0.00186 0.00194 - - -
U-238 0.55421 0.86998  0.90911 - - -
0 1.34423  1.45819  1,77994 - - -
Fe 1.53210 0.88023 0.87909  5.28807 5.55448 0.41482
Ni 0.13281  0.11426  0.,11371 0.66746 0.67956 0.05092
Cr 0.28828  0.25122 0.25087 1.50985 1.57448 0.011754
Mn 0.02260 0.01944 0.01944  0,14434 0.13279 (.06900
Mo 0.03121 0.00097 0.00099  0.00055 0.00730 0.00055
Al 0.00065 0.00033  0,00031 - - -
C 0.00303 0,00278 0.00281 0.02370 0.02164 0.00155
Si 0.01791 0.01591 0.01591. 0.10056 0.09052 0.00721
Cu 0.00195 0.00182 0.00179 0.00146 0.00548 0.00146
0.00019 0.000l16 0.00016 0.00371 0.00377 0.00005
P 0.00052  0.00047  0.00047 0.00454 0.00405 0.00025
Co 0.00092 0.00083 0.00083  0.00073 0.00473 0.00073
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