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A Study on the Amoeba Effect of the Fuel for Reference
Core Design (Mark-III) of the Experimental Multi-Purpose

High~-Temperature Gas-Cooled Reactor

Taketoshi ARAI and Yutaro TANI*
Division of Power Reactor Projects, JAERI

{Received November 12, 1975)

One of the performance limitations of the coated fuel particles for
high temperature reactors is reduction of the coating-layer thicknesses
due to an unidirectional migration of the fuel kernel, the so-called
"amoeba effect".

Design principles for the amceba effect of UO; fuel and its analysis
method were studied on the basis of results of the irradiation experiments
of U0, fuels in foreign countries,

According to the design principles, quantitative evaluation was made
for the amoeba effect under some thermal conditions specified in Reference
Core Design Mark-III of the Experimental High-Temperature Gas-Cooled
Reactor plamned in JAERI. Calculation showed that the maximum kernel
migration distance under the nominal thermal conditions at the end of fuel
life is about 25 um and that the fission product retention capability of
the coated fuel particle might not be affected by the amoeba effect.

Finally, future studies necessary for more reliable fuel design for

the amoeba effect were indicated.

* Vigiting Researcher, Nuclear Power Development Q0ffice, I.H.I. Co., Ltd.
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Table 3. 1.1 V.H.T.-R. Core. design parameters .
AL, BHEAER MK - T .0 MK — I i
L — & ETEmS Ky 7 v, RARE, HedH
=R i v MW 50
BHAERE SAELAL T 400 PS5 (FFHEALT S X )
LT C 1000 1000 (B-HFHO/ )
|mAaMES  FOAD UG 40 40 GEFFIRO / Z)
E: By e e Fo g s BEE
BEFHFES ERETE
2. F O [P SmEE m 269 2.69
POEHE X m 35 40
B H R AHAE X m 1.1 1.05
FFERHEERX m 1.0 1.14
MEHKD 708 2 T 73 73
AR R 66 66
) R LR T 7
AENRE GHA D 7 2% 90 78
13 L0 EHER 7 7
HEE e e R AR 19(7.712)
BEELEFF - oA B 19 - 19
&5 E AR ERE (Weo)i 7.7,5.55.33 6,6,4, 4,422
HhEE By &AL (Wie) 25,589 2259
Hhe —+ »7eH ERNE 1.17 1.19
& F o 2.02 2.25
TR (X 10%n /cm? sec )
BhiE TR (P /B 33767 4.25710.6
e R (B AAD 1.2./7°26 3.61L7 936
3 8o kO AEHARI A SHBEMT
oy, R i .
B EHEHRAT
BT a ., 2 HE H?"M&'ﬁ fJfEEJJ&é SM1-24H%
FE g tmt ) 1.8
L mm 299 299
e mm 500 570
BEHAE  m 49 50
AH A grEmebk 18 12
R A 9 3
Hanz ) -7 HH ﬁ”f‘b’ﬁﬁ bﬁ%&} SM 1-24 4%
FE g om? 1.8
HWIE mm 3 54 363
AE mm 450 46.0
Brtaveerstr BR | bvvo- 1712 BT " E
[ EES M 21.0 18 0
HE . mm 35.0 36.0
b AR S % 27.5 300
7 )y 7 A g om? 1.6 1.65
B e e T Fiv i BEmsu, i i
TRISO-I#
EES i) 780 920
3 2857 alng U, Uo,
ERES i 500 600
BES
BIEBEEPYCHEE 2 1 40 60
B oOEEEEPYCHIE S 30 30
®IE SiC BE & u 25 25
E A EEPyCHEE S o 45 45

— B’Zﬁ




JAERI-M 6326

Table 3. 1.2 Coated fuel particle design parameters

MK-T | MK-I |DRAGON | UK GAC
®ooR & U0, | UO; Uo; U0, Uo,
. WE (% TD)| ~95 ~95 ~80 ~77 >95
BE 2 500 600 800 800 200
R B1E (EFEPyCE)
WE  gtc L1 L1 11 L1 1.15
JEi X # 40 | 60 25~35 35 85
B2l @HEEPYCIE) 6
EE  gtc 18 18 |[155~175| L6~18 1.95
= P -30 30 65 20+ 35 25
#3E (SiC®) .
WE  g./tc >318 | >3.20 ~3.20 >3.20 320
JEE u 25 25 35 | 35 25
Fam (SEEPYC B
i ®E  g/tc 1.8 1.8 ~1.8 18 1.8
; g X # 45 45 40 55 35
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Table 3.1. 3. Core thermal design bases

Lo# ot f
BT ) 50 MWt
# B i _ 47 MWt
B AHk, HEE, Toft 2.5 MWt
2 RDHRE
B AL/ B Rl 395°C71000°C
0 AR D 400°C~ 10397
3 BHIHHN
B g R0 40kg cm?G
4 HBDEHE
4 W @ - 15.92kg /s
A0 14.33kg /s
I L 0.hdkg /s
B R 0.96kg."s

LA ]
RS R I S L T NI SR 21T O . FAMiEAl s LRI
Z2HEA ST 5.
1LW=2 A& HuEW P Ladimic kD, SEE S TON QMR
MA 2hH7 5,
2 W—3 Sk KU coBHeRM L £ A5,
6. BFLED f &

nH AL , 50 mm
) —7H% 46 mm
%Y — 7 W 36.3mm
=RV RAR A 4t 36 mm
3 e s b INER I8 mm
B & 378 cm

(B & MBI £ PR RS ST 5)
7. BEHT -2
¥y, Targs s 2
4 oM 015mm, M, MOEHICLs JELEEEEML, 5

Ho#REaH b,
oz &
DT OIS BHARIC 31T B AILESE MU S 5 Mo RAE.
3 Ry bR 003cal /ems C
2 — 7 AR 0.06cal ~cms °C
~ s B R O K (F
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Table 3 3. 1. MK-II Core systematic factors
£ mxme 2% |wBan ANt awE lam s
AT, AT, | &Ts | &T. ATs

1 B -2
11 WHKRESSE 1.06 | 106 1014 | 106 106 | 106
1.2 BFEEHSE - . - * * *
13 #ARHBANE | L054] 10 1054 | 1054 1054 | 1054
L4 BHES 103 | 1015 | 103 103 103 | 103
2. BHMKSE
21 FRAKRES 1.0 1.0 10 1.0 1.0 1.0
2.2 EHAEES 104 | 104 1061 | 10 10 1.0
23 saz7E-— 1o | 10 1.0 10 10 10
24 HEREH 103 | 103 1046 | 10 10 1.0
3. HHARE I
3.1 ADRE 102 8 10 10 10 10
39 mEEMEEZE | 103 | 10 10 10 10 1.0
4 HERE 10 1.0 10 10 10 1.0

) BEHRICLDENS,

Table 3 3.2 MK-H Core systematic factors for power
s Region I | Region I | Regionl | Region I | Regio I : Region M
Fryal |miEa 5. ﬁgl}ﬁ%:r—';z_\ gagg_lsogz_\ %I]ﬁlgjoil.\ E,"‘é:fn%h = Jnfb
RF g LA |10+ 006 (HARERE) +0.054 (R S5 +003 (i HEE) =1.144
*&éég 109 1.09 1.07 1.07 1.03 103
& #H 1.234 1.234 i 1.214 1.214 1.174 1.174
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INPUT DATA
TC(L,D, TG (I,

NCASE - < DEL IR X (3.16)(3.17) OHE

AXIS #HEYY o FFA v
RADIAL. #®HB # » ¥ =%

DM EER Y o FF A B

A,B ! KMCEHEZH P I=LN; J=1 M

DAY  AEHEK ;%E;;; TGM (L. J)
RFO Do v b AR TOKML (I,], CASE+1D)

RF1I ca vty FAAE

HC CEFELESE A BA w2 CEBHLEE, REAR
RAMDA : = ¢/ r By ER : BIUOBESHLE OHK

(£ (3.18)(319)(3200(321) )

TODAY(I} I=1, NCASE
52 0hEd4 v Ty b F—4

DEBEAEE o BERAZ T
BEEIUEBEERLSE S »va
H(I) I=I, MAXIS G pE iR

BE, ih4 7 5 b
7 — & O FRNEEE

TOKEL (I,]J,K) D a7 bn

LCASE =1, NCASE

R BORBH AR tARE

TFO(I), QLC(D):
I=1 MAXIS

& BHBERIC R 5 DEGA-3 { sTorp )

POoOHERRID I VTS
HAFMNEOAETEEE LU
B hHEAD

TFOM(I), QLCM(I)
=1 M

BHEEE A » ¥ altB D
3y P ARERE
BHOICAHER

Fig.- 3. 4. 2. Flow chart of temperature and Kernel migration
' spectrum calculation.
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Fig. 35 2 Radial kerne! migration profile

at the worst axial location-
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Fig. 35 3 Axial kernel migration profile for the compact outer surface
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Fig. 3.5.8 Kerne! Migration at the worst radial position
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Fig. 3.5.9 Kernel Migration at the worst radial position
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Fig. 3.5.10 Kernel Migration at the worst radial position
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Table A- 1. Variation and life-average of the 1/6-Section
peaking factors

Region |BURN-P| (13.26) | (1325) | (1324) | (1323 | (12,26) | (12,25) | (12,24)
0 09253 109729 | 09989 | 10156 | 0.9978 | 10146 | ''1.0183
10 08637 |L09400 | 0.9911 | 10331 | 09911 | 10331 |"10449
I 140 09719 § 10006 |HLo032 | L0015 | L0023 | 10015 |"099g0
300 08518 1L0 o722 | 0.9984 | 10208 | 0.9984 | 10208 |"1.0264
450 09772 |Hio114 | 10037 | 09968 | L0037 | 09968 |0 9934
TOTAL 37252 | 39571 | 4.0042 | 4.0347 | 40023 | 4.0337 | 4.0361
AVERAGE 09316 | 09803 | L0011 | 1.0087 | 1.0084 | 10084 | L0090
[ Region |BURN-TP|| (10,25) | (1024) | (10.23) | (926) | (925 | (9.24)
00 | Yio0446 | 10398 | 1.0095 | 10216 | 09893 | 09836
10 Hi 911 | 11163 | 1.0876 | 10986 | 10684 | 1 0625
I 140 || 910673 | 10605 | 1.0238 | 10382 | 10010 | 0. 9950
300 | M10555 | 1.0503 | 1.0209 | 10328 | 10014 |, 0.9963
450 || Hioder | 1.0423 | 1.0063 | 1.0202 | 09837 |, 0.9777
TOTAL 42165 | 41929 | 40605 | 4.1128 | 39754 | 3 %26
AVERAGE L0541 | 10482 | 1.0151 | 1.0282 | 09939 | 0.9882
Region | B U (7.26)| (826> | (825) | (824) | (823) | (822)
0 [0.8694 | 09526 | 0.9090 | 09065 | 08758 | 0.9059
10 08625 | 09714 | 09133 | 0.9107 | 08636 | 0.8958
I 140 || ,0.8417 | 0.9560 | 0.8939 | 08850 | 0.8427 | 0.8696
300 08566 | 0.9852 | 0.9i48 | 09012 [, 08540 | 0.8805
450 0.8359 | 0982 | 0.9035 | 08856, |, 08202 | 0.8527
TOTAL 3. 4036 | 38800 | 36212 | 3.5783 | 3.4017 | 3 5087
AVER AGE 0.8509 | 0.9700 | 09053 | 0.8946 | 0.8504 | 0.8772
Region | B. U (9.23) | (9.22) | (9,20) | (10.26) | (1022) | (102D
0 0.9411 0.9324 0.9039 1.0699 0 9965 0. 9577
10 0.9596 | 0.9364 | 0.8964 | 11,0782 | 10144 | 0.9622
I 140 0.9371 | 00121 | 08709 | 11033 | 10070 | 09476
300 0.9618 | 09274 | 088ts |H1.0974 | 1.0288 | 09625
450 09569 | 00138 | 0889 | 11186 | 10314 | 0.9514
TOTAL 37969 | 36857 | 3.5i52 | 4.3898 | 4.0637 | 3.8192
AVERAGE 09492 | 09214 | 08788 | 10975 | 10159 | 0.9548
HREBMERTOR ) —V 3 v ORGH I E—% ¥ 7 TOTAL 12 10EH®
L ” el ” % P BRTVE,
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Table A. 1.  Continued
Region | B. U (10,200 | (11,26) | C11,25) | (11,24) | (1L23) | (11,22)
0 09445 | 11052 | 1091 | 10860 | 10598 | L0527
10 0.9387 | L0712 | 10762 | 1.0762 | LO712 | 10543
T 140 0.9220 | 11389 | 11189 | L1119 | 1.0879 | 1 0639
300 0.9313 | 10904 | 10924 | L0904 | 1.0884 | 1 0584
450 00128 |"1.1315 | L1196 | L1137 | 1.1048 | 10641
TOTAL 37106 | 4.4660 | 44210 | 4.4020 | 4.3409 | 4 2393
AVER AGE 0.9277 | L1165 | 11053 | 11005 | 1.0852 | 1.0589
Region | B U (1,20 | (11,200 | C1L19) | (1223 | (1222) | (122D
0 1.0204 | 10063 | 09673 | 11012 | L0941 | 1.0709
10 1.0254 | 1.0034 | 00612 | 10762 | 10762 | 1.0633
i 140 10210 | 09941 | 0.9448 | 11259 | L1119 | 10799
300 1.6298 | L0000 | 09511 | L0904 | 1.0835 | 10646
450 1.0305 | 09908 | 09336 | 11196 | 1.1038 | 0721
TOTAL 41017 | 39912 | 37968 | 4.4371 | 43933 | 4.2857
AVERAGE 1.0254 | 0.9978 | 0.9492 | 11093 | 1.0983 | 10719
Region | B U (12,200 1 (1219 | (12,18) | (1322) | (1321 | (13,20)
0 10517 | ro214 | 09922 (M11073 | 10972 | 10759
10 1.0483 | 1o0t74 | 0.98% | 10712 | 10772 | L0712
I 140 10540 | 10120 | 09780 |'"11389 | 11189 | 1.0959
300 L0507 | L0129 | 09821 : 1.08%4 | 10864 | 1 0805
450 [ 0532 | 1.0047 | 0.9683 | 11295 | L1117 | 10959
TOTAL 4.2096 | 40510 | 3.9206 | 4.4651 | 44142 | 4 382
AVERAGE 1.0524 | L0218 | 098027 | 11163 | 1.1036 | 10871
Region | B. U (1319) | (13,18) | (1317) | (13,160 | (1315) | (13,14)
0 10527 | 10224 | 09918 | 0.9550 | 0.9173 | 0.8735
10 10543 | 10403 | 0.9970 | 09509 | 0.9111 | 0.8631
i 140 L0630 | 10400 | 0.9873 | 09432 | 0.8909 | 08420
300 10636 | 10547 | 09970 | 09818 | 0.9042 | 0.8546
450 1.0721 | 10612 | 09888 | 0.9551 | 0.8869 | 0.8319
TOTAL 42523 | 41783 | 3.9650 | 38150 | 3.5093 | 3.4020
AVERAGE 1.0631 | 10446 | 09913 . 00538 | 0.8998 | 0.8505
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Table A- 1. Continued

Region | B U | (920) | (919 | (918) | (10,19) | (10,18)| (1017
0 10222 | 1.0192 | 0.9966 | 10386 | 10213 | 10107

10 1.0264 | 10192 | 09940 | 1043 | 10213 | 1.0081

i 140 1.0206 | L0141 | 09893 | 10384 | 10153 | 10030
300 1.0174 | 10114 | 09857 | 10337 [ 10091 | 09984

450 1.0194 | 10069 | 09785 | 1033 | 10082 | 09921

TOTAL 4.0796 | 4.0516 | 39501 | 41490 | 40539 | 40042
AVERAGE 10199 | 10129 | 09875 | 10373 | 10135 | LOOII
Region | B U (11,18) | (1L17) | (1L16) | (1217 | (1216) | (1215)
0 1.0821 | 10398 | 10322 |710937 | 10532 { 10113

10 10898 | 10408 | 10312 [Trio43 | L0603 | Loin

i 140 L1026 | L0512 | 1.0405-|"11185 | 10704 | 10196
300 11043 | 10531 | 10438 |[Y11204 | Lo7as | L0221

450 11197 | 19598 | 10448 |[T11392 | 10851 | L0245

TOTAL 44087 | 42039 | 41613 | 44718 | 42822 | 40775
AVERAGE L1022 | L0510 | 10403 | 11180 | L0706 | 1.01%
Region | B U (12,14) | (213 | (1212) | (1313) | (1312) | (131D
0 0.9649 | 09540 | 09039 | 09542 | 0.9078 | ,0.8943

10 0.9616 | 09488 | 08966 | 0.9532 | 09027 | 108870

i 140 0.9552 | 0.9440 | 08925 | 09461 | 0.8966 | 08822
300 0.9557 | 09458 | 08947 | 09476 | 0.8986 |  0.8847

450 0.9518 | 09378 | 08839 | .0.9452 | 0891l | 08737

TOTAL 38276 | 3.7816 | 3.5750 | 37931 | 3.5041 | 35349
AVERAGE 0.9569 | 09454 | 08938 | 09483 | 08985 | 0.8837
Region | B. U | (626) | (625) | (824) | (7.25) | (7,24) | (7,23
0 09834 | 0.9606 |, 09577 | 0320 |''1.0405 | 10259

10 09805 | 09559 |,09552 | L0361 |"10452 | 10270

N 140 09798 | 09565 |, 09565 | 10346 {10448 | 10278
300 0.9784 |, 0.9557 | 09568 | 1.0345 | '1.0456 | 1.0289

450 | 09766 |, 09505 | 09523 | 10403 |"10516 | 10288

TOTAL 39182 | 38233 | 38233 | 41414 | 41825 | 41114
AVERAGE 09796 | 09558 | 09558 | 10354 | 10456 | 10279
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Table A. 2 L 6-Section peaking factors of the hottest ,
lowest and average channels in each region.
egion I-C I-8 I-C
B. U Average Hot. Low . Hot. Av. Low
0 day 0.8253 1.0183 0.9729 1.0446 1.0147 0.9836
140 days | 0.9710 1.0032 0.9980 1.0673 1.0309 0.9950
300 days | 0.8518 | 1.0264 | 0.9722 | 10555 | 10262 | 0.9963
450 days || 0.9772 1.0114 09934 1.0491 1.0132 0.9777
TOTAL 37262 40593 3.9365 4 2165 4. 0850 3.9526
Average { 0.9316 1.0148 0.9841 1.0541 1.0213 0.9982
Region I—-s m-s V-S

B U Hot. Low Hot. Low. Hot- Low.
0 day 1.1073 0.8694 1.0837 - 0.R943 1.0405 0.9577
140 days | 1.1389 0.8417 1.1185 0.8822 1.0448 0. 9565
300 days | 1.0974 0.8540 1.1204 0.8847 1.0456 0.9557
450 days || 1.1315 0.8292 1.1392 0.8737 1.0516 0.9505
TOTAL 4.4751 3.3943 4. 4718 3. 5349 4.1825 3.8204
Average || 1.1188 0.8486 1.1180 0.8837 1. 0456 0.9551
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Peaking Factor P, PyxP,
BURN-UP 0 day Region| P, | MAX | AV | MIN | MAX AV ! MIN
118 17.9377(1-0183]1.0  10.9729|1.1586 1.1377{1.1068

c 0.9252

1.0527

1.0454 1.1073|1.0

0.8694 1.1575

1.0454 0.9089 |

1.0446(1.0147

D.5836|1.0920

1,060811.0283 |

0.9119|1.0937]1.0

0.894310.9973

0.9119{0.8154

0.83721.040G5|1.0

0,957710.8711

i0.33?210.3017

1.0113/1(-\1 0937,
/

Fig. A.1 T1/6-Section peaking factors at O burn-up day

Peaking Factor ' ! [7 Py P, xPy
BURN-UP | 10 days Region, Py | MAX AV [ MIN |mAX | AV | MIN
non g :
115 7 0705)1-0843[1.0 "To 940911280 70795 1. 0157
L , 0.8637 J 0.9323¢
i .
1115 ) ogge 1-0782{1.0 [0.8625 1.1417 1.0589]0.9133

C| 11.121117, 0925

1.062511.1871

1.1569)1.125)

ITT ;0.5060.1.70431.0

0.88701.0005

0.9060'0.8036

v |0.831201.0452"1.0

0.9552 0.8688

0.831210.7940

Fig. A.2 1/6-Section peaking factors at 10 burn-up days
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Peaking Factor Py Py xPy
BURN-UP | 740 days Py [max T AV [ MmN [ wax | AV | MIN
1 2149!1-0032]1.0 [0.998011.2188[1.2149[1.2125
0.9719 1.1808
| os7211-1389,1.0 08417 1.204111.0572,0.8839
1.067311.0309(0,99501.1284 {1.0899.1.0519
0.8742/1.1185:1.0  [0.882270.8773|0.5742:0.7712
0,7966|1.0448 /1.0 |0.9565.0.83230.7966{0.7620
N/
0.9893\ 71,0206
e — — v
10039/ \.0384/ N 0-947
\
/ : .
1.0153: 0.922&\/ 1.007BE
gl A ho
\ 1,051 oA944§/ \ 1.021
N/ \
1.000%, /1.1026\ ,70.9941
__..._*___
\0.5440/ \ 1.0196 T 1185/ \ 1,012/
/
\ / N\ \ / /
\ / N/ \
mwﬁﬁggg 1.0704,/ 0.5780", / 1.0540 0.9980'\ / 1.002
0.8827° \0.94617 %, 0.890% % 0.9873/\ 1.063y %, 1.1189,7\1.0016 /', 1.0006
/?’ \ \\ / // A \ / / \"\——‘
/0.8966"\/ 0.842), ,0.9432 /1.040}\ 10959 /T 138\ /3.0032\ A
Fig. A.3 1/6-Section peaking factors at 140 burn-up days
Peaking Factor T 5, PP,
BURN-UP{ 300 days Regionl, P, | MAx | Av | MIN | mAX [ Av_ [ MIN |
J2g7 10264 1.0 10.9722]1.15851.1287 1.0973
[ oesie] — j — 09614 —
0635 1:087411.0 |0.8540{1.16711.0635 0.9082
1.055§;1.026gl0.9953 1.7225]1.0814 11.0596
.3362;1.120451.0 0.8847.0.9929 0.8862 0.7840
QETTi}iﬁoass 1.0””'70.955?i0_8481 0.811% :0.7752
| H

/
0.9857\ /1.0174
P

\

.0586 \ /| 0904

Fig. A.%

1-6-Section peaking factors at 300 burn-up days
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Peaking Factor o . . C Py Py x P>

" BURN-UP [ 450 days ' o Regfon| Py MaAx AV | MIN | mMax AN | MIN
TS |7.2269 10114 [1-0_ [0.99341. 2409112269 Y.2188
. — o9tz — T aessl  —
1115 |1.0659 1-1315[1.0  ]0.8252 7.2061]1.0659 0.8838
1.045111.0132[0.9777| 11182 1.0800[1.0421
0.8573]1.139211.0  0.8737}0.9766!0.8573 |0, 7490
0.7802/1.0816[1.0 |0.9505|0.8205|0.7802|0.7416

08737/ \0.9452
/N

1.0059%, /7723

A
/
%.8911 "\ /0.2319, ,/0.9551 0610

- Fig. A-5 T1/6-Section peaking factor at 450 burn-up days

‘
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Fig.-B.1l Typical radial temp.and temp- gradient profile.
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Fig-B-3 Fuel temperature spectrum at ea~h burn —up da




JAERI-M 6326

= T T] 1200°C] 1250°C | 1300°C |
1409 100G MR R R T
ERd Ifw—3] 542 | 484 | 138] 74 | 17 |
Frvinlw—3] 534 | 473 | 113] 43 | ~0
R FHEA|w-2|510 | 213 3wl — | —
~ ¥ rraalw-3] 500 | 149 1] — -
N BEEAlw=2] 215 | 371 ] — | — | —
1200 ™ iy F +2 i Mw-3] 171 ]l —1 =1 =
—~ \\\ — (M %
3 el
— _\\ "“--,____ -‘\"\
\\ -~ -—-—.—_-"-.
= I RN —— HOEE—E (W-2)
Logo - D" N ———— AR (W 3D
] ...\\ \\
L AR
=
& 800
| Region § ~
mgTa vy
B.U. Oday
600 | -
400 L i 1 1 1 ] 1 L
0 6.2 04 06 8 10
#OoE & W OE
Fig-B.4 Fuel temperature spectrum for the max.av.and min.
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