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Fuel Temperature Prediction during High Burnup HTGR Fuel
Irradiation Test

(US-JAERT Trradiation Test for HTGR Fuel)
Kazuhiro SAWZ, Kousaku FUKUDA and Raj ACHARYA*

Department of Chemistry and Fuel Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received December 12, 1994)

This report describes the preirradiation thermal analysis of the
HRB-22 capsule designed for an irradiation test in a remcvable
beryllium position of the High Flux Isctope Reactor(HFIR) at Oak Ridge
National Laboratory. This test is being carried out under Annex 2 of
the Arrangement between the U.S. Department of Energy and the Japan
Atomic Energy Research Institute on Cooperation in Research and
Development regarding High-Temperature Gas-cooled Reactors. The fuel
used in the test is an advanced type. The advanced fuel was designed
aiming at burnup of abcut 10% fima which was higher than that of the
first charge fuel for the High Temperature Engineering Test
Reactor (HTTR) and was produced in Japan. CACA-2, a heavy isotope and
fission product concentration calculational code for experimental
irradiation capsules, was used to determine time-dependent fission
power for the fuel compacts. The Heat Engineering and Transfer in Nine
Geometries (HEATING) code was used to solve the steady-state heat
conduction problem. The diameters of the graphite fuel body, which

contains the fuel compacts, and of the primary pressure vessel were

*0Oak Ridge National Laboratory
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determined such that the requirements of running the fuel compacts at
an average temperature less than 1250C and of not exceeding a maximum
fuel temperature of 1350C were met throughout the four cycles of
irradiation. The detail design of the capsule was carried cut based on

this analysis.

Keywords: Capsule Design, Irradiaticn, HFIR, Thermal Analysis,

Advanced Fuel, Fuel Compact, HTGR, Temperature
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Fig. 3.2 Predicted burnup for individual compacts.
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Fig. 3.7 Thermal conductivity of unirradiated SP2020 graphite.
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CACA-2a—FOALH

INPUT DATA SET FOR CACA-2 ANALYSIS

Run of CACAZ2 for HRB-22,

4 RB cycles,

243,
5.21
8.97
221.

181.0
2.77
10.2
130.

Individual compact loadings

241.
37.1
180C.
206.

144.0
32.2
110.
i42.

2 1 1 6 7 6 6
HFIR PB-FACILITY, ORNL CROSS SECTIONS.
00208 2200.
432. 532.
52.6 44.0
0.0 22.
35.5
HFIR RB-FACILITY, ORNL CROSS SECTIONS.
.006 1500.
281. 329,
40.1 27.89
13.0 8.3
36.5

I-135 Xe-135m Xe-135

2.931D-05
c.0
7.551D-04
c.o
2.106D-05
c.0
9.257E-06
0.0
3.663E-06
0.0
1.530E-06
0.0
22.0
22.0

17.730

2 2 2 2

.B500

.B500

9.13045d14

-1.93210d09
1
1

0.05494681
0.06504610
0.00012933
0.00737862
0.00004544
0.00372083
0.03983277
0.06974543
0.0C002050
0.000333912
0.00000721
0.0000847%
5.0

3.800

2 2 2
0.0
0.0
2.01658d13
2.58347d407

I-133 Xe-133m Xe-133

0.0

0.06547724
0.0

0.00155514

0.0
0.00C64680

0.0
0.06728879

0.0
0.00000615

0.0
0.00000251
22.0

2.63890E-04

2.66580E-04

2.64820E-04

2.71710E-04

2.71010E-04

2.69B40E-04

.8500
.8500
-1.74940d413

0.05002101
0.00830833
0.00436202
0.06001006
0.00043639
0.00015490

5.0

¢.0
g.0
5.39957d1z2

.Q00859

0.0

6.72

342,

.023

150.

5.808

287.0

0.06280323

0.00178358

0.00078616

0.06689589

0.00001881

0.00000665
22.0

.8500

. 8500

-7.73530d11

930.
24.3
93.8
175.

550.
16.1
6€5.6
108.

0.068914587
0.00015624
0.00011052
0.06741997
0.00001220
0.00000417
5.0

.11560E-05

1.13100E-05

1.12360E-05

1.1528B0E-05

1.1498B0E-05

1.14490E-05

0.0

0.0
5.57093d10
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17.70
2 2 2
.8500
.8500

.32270415
. 47590407

1.0
17.7C

2 2 2
.8500
.8500

.73811d15
.26180d08

1.0
17.70

2 2 2
.8500
.8500

.09581d15
.86893d08

1.0
17.7GC

2 2 2
.B500
.8500

.38935d15
.75507408

1.0
17.70

2 2 2
.8500
.8500

.55895d15
.00000000

1.0

3.8980
2 2 2
0.0
0.0
-6.05040d12
1.09850406
3.9000
2 2 2
0.0
0.0
2.03662d12
8.57961d06
3.9010
2 2 2
0.0
0.0
-2.40620d12
-5.52870d406
3.8990
2 2 2
0.0
0.0
-4.14520d12
-8.70290d06
3.8980
2 2 2
0.0
0.0
0.00000000
0.00000000
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.8500
.8500

.93244d12

. 8500
.8500

.19790d12

.8500
.8500

.06812d12

.8500
.8500

.80375d12

.8500
.8500

.00000000

-1.

0.0
0.0

.33860d11

0.0
0.0

.01068d11

0.0
0.0

.62870d12

0.0
0.0
76470412

0.0
0.0

.00000000

.8500
.8500
6.544384d10

.B500
.8500
-1.72210d11

.8500
.8500
2.48078d11

. 8500
.8500
2.75183d11

.8500
.B500
0.00000000

0.0
0.0
-1.23040408

0.0
0.0
1.56960d10

c.0
0.0
-1.62602d10

0.0
0.0
-1.99310d10

0.0
0.0
0.00000000
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2a—-FOANH

HEATING 7.2 INPUT DATA SET FOR BEGINNING OF CYCLE 1

End of Cycle 2, B0O%He

12000
0

regions

*

3
G

#¥#xxfuel compacts

1

OO RO ONGODN WO RNBND WD NN

] = =
NN N O

2

1

W o b MU~ Uk WoWw N

Hp
P BENO

12

20% Ne Final Design

0
1

0.501
C
0.501
0
0.501
0
0.501
0
0.501
0
0.501
0
0.501
Q
c.501
o
0.501
0
0.501
0
0.501
0
0.501
o

1
1 0
1.28708 .0
¢ 0
1.29555 0.0
G 0
1.29411 c.0
o 0
1.29285 c.0
¢ 0
1.2%183 0.0
0 0
1.29131 0.0
0 0
1.29131 0.0
0 0
1.29183 0.0
0 0
1.29285 0.0
0 0
1.25411 0.0
0 0
1.29555 0.0
0 0
1.28709 0.0
0 0

kKK I b Ak hkhkhkhrhkhkhkhkhkrddrhrhbhkhkkdhkdrrhhbkdbdbdbrdhddi

**x**gweep gas in central space

13 14 0.0001 0.50100 0.0 0.0
2 0 0 0 0 0
****carbon insulator at bottom
14 16 0.0001 1.926873 0.0 g.o0
1 15 0 0 0 0
x*%x*xinconel primary at bottom of capsule
15 13 0.0001 2.10082 g.0 0.0
1 14 0 0 o G
***+He gas between containments at bottom of capsule
16 15 £.0001 2.10092 0.0 0.0
3 0 0 0 0 0
17 15 2.100%2 2.10265 0.0 c.0
3 0 0 0 0 0
**x#*inconel secondary at bottom of capsule
18 i3 0.0001 2.10082 ¢.0 0.0

00 OO0 0000000000 Cc O C0o00o o000

[ W v9] W W >
L [J3] (=] [ o [\8] o
QO OO O WONODHOOODODWO®®O-JOoh o 'U‘I

28]
~1

M H -
< b4 w W

L

0.0059

-0.3243

-0.3243

-0.8958

2/18/94

o - [ ¥ ) w W ) S IS n
(= tn W W 3 o > o [$ N o
OV OB OWONOHOOOUWO MO -1O00MOUU O B

~]

51.0013
5

2.67544
o

0.5774

0.005%

0.0059

-0.3243



3
13
3

14
13
14

o
2.10082
0
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2
2.2961
2

o o O

0
0.0
0

*******************************_*******************

****Syeep gas between fuel and SP2020

* k% *TOR
20
2
**x*¥*Region-1
21
2
****Region-2
22
2
****xRegion-3
23
2
****Region-4
24
2
**x*rRagion-5
25
2
*kx*Ragion-6
26
2
**x**Regicn-7
27
2
**x*Region-8
28
2z
**k*rRegion-9
22
2
****Ragion-10
30
2
****Ragion-11
31
2
***x*Region-12
32
2

14
¢

14
0

14
0

14
e

14
e

14
o

14
0

14
0

14
o]

14
0

14
0

0.50100
5

1.258709
5

1.28555
5

1.29411
5

1.29285

1.29193

5

1.29131
5

1.29131
5

1.28183
5

1.2%285
5

1.29411
5

1.29555
5

1.28708%
5

1.308355
5

1.30885
5

1.30832
5

1.30786
5

1.30698
5

1.30652
5

1.30625
5

1.30625
5

1.30652
5 .

1.3C698
5

1.30786
5

1.30832
5

1.30895
5

.0

0

0.0
0

R R A 2 2 22 2222222 2 2R 222X R 2 ittt

****5P2020 Region-1

33
3

7
123

1.30895
0

****8P2020 Region-2

34

B

1.30832

1.87522
o

1.89592

2

-0.8958

2

50.4

46,

42 .

38.

34.

30.

23.

i9.

15.

11.

46 .

42.

5

-0.

51.

3243

0013

50.4

46 .5

42.6

38.7

34.8

3C.8

23.1

19.2

15.3

11.4

50.4

46.5



3
**xxkGD2020

35

3
*kx*GP2020

36

3
T xxGP2020

37

3
kXA GP2020

38

3
****SP2020

39

3
**k¥GP2020

40

3
*xxk*SP2020

41

3
*k*FSP2020

42

3
*k*kkGDPR2020

43

3
*EXXGP2020

44

3

****‘k***************************************i*

13 0
Region-3
9 1.307886
13 0
Region-4
10 1.30658
13 c
Region-5
11 1.30652
1z 0
Region-6
12 1.30625
13 0
Region-7
12 1.30625
13 0
Region-8
11 1.30652
13 0
Region-2
10 1.30638
13 0
Region-10
9 1.30786
i3 0
Region-11
8 1.3083Z2
13 0
Region-12
7 1.30855
13 0

JAERI-Tech 94-038

1.89524
0

1.91047
0

1.50%98

1.5094

1.5094

1.9058

1.91047
0

1.89524
0

1.89592
o]

1.87522
0

****8P2020 inconel sweep gas Jgap

****Region-

45
3

***+*Region-

46
3

****Region..

47
3

****Region-

48
3

****Region-

45
3

****Region—

50

1
14 1.87522
0 5

2
14 1.89552
0 5

3
14 1.89524
0] 5

4
14 1.351047
o 5

5
14 1.9098
0 5

6
14 1.320%94

1.92673
5

1.92673
5

1.92673
5

1.92673
5

1.92673
5

1.92673

c.0
0

38.7

34.8

30.9

46.5

42.6

38.7

34.8

30.9

27

42.6

38.7

34.8

30.8

50.4

45.5

42 .6

38.7

34.8

30.9
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3 ¢ 5 5
***x*Region-7
51 14 1.9094 1.392673
3 0 5 5
***x*Region-8
52 14 1.3098 1.82673
3 0 5 5
**¥*Region-9
53 14 1.91047 1.92673
3 0 5 5
****Region-1C
54 14 1.89524 1.82673
3 0 5 5
****Region-11
55 14 1.89592 1.82673
3 o 5 )
*%x**Region-12
56 14 1.87522 1.92673
3 ¢ 5 5

P 2 2 22222222 XX AR R R A £ 20 L AR A A& RS & & LA

+***Inconel primary wall

57 13 1.92673 2.10092
3 14 0
***+He gas between containments
58 15 2.1005%2 2.10265
3 0 4 4
***x+Inconel secondary wall
59 13 2.10265 2.2961
3 14 0 2
***x*inconel top cap
60 13 0.0001 2.10082
3 14 0 0
****Carbon insulator at top
61 16 0.0001 0.501
2 15 0 0
62 ie 0.501 1.29709
2 i5 0 D
63 16 1.29709 1.30885
2 15 0 0
*kx*GP2020 at
top
64 7 1.30885 1.87522
1 13 ) o
*kk*gyweep gas at top
65 14 1.87522 1.82673
1 0 3 3
66 14 0.0001 1.82673
1 0 0 o
**%*Carbon insulateor at
top

OO0 OO OO

.0

0

jw]

o o

o o o o

o

o Q
L= o o0 oo o

o

o
o O Qo

23.1

19.2

0.5774

0.0052

-0.3243

57.2713

51.0013
o
51.0013
0
51.0013
¢

50.4

50.4

53.54

23.1

1.2

15.3

57.2713

67.1925

67.1925

$8.2238

51.635

51.635

51.635

52.27

53.54

(V]
57.2713
3
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67 16 0.0001 1.87522 0.0 0.0 52.27
1 15 0 0 0 0 0
68 16 0.0001 1.208%95 0.0 0.0 51.635
1 15 ¢ 0 0 0 0
* ****Graphite
ring
69 7 1.056%8 1.30835 0.0 0.0 2.83546
1 13 c 0 0 0 0
* **+*kgraphite support
disk
70 7 0.0001 1.52673 0.0 0.0 2.67544
1 13 0 0 0 0 0
* **¥%% Carbond between disk and inconel
71 16 1.52673 1.92673 0.0 0.0 2.67544
1 15 0 0 0 o o
* **x%**Carbond between fuel and disk
72 le C.C001 1.05698 0.0 0.0 2.8B3546
1 15 C 0 0 0 0
* *+x*k SP2020 graphite
73 7 1.308%95 1.87522 0.0 0.0 2.83546
1 13 0 0 C 0 0
* **%x*Helium at top
74 15 0.0001 2.10082 0.0 0.0 58.2238
3 0 0 0 0 C 4
* **#*Syweep gas between SP2020 and Inconel Region-72
75 14 1.87522 1.92673 0.0 0.0 2.83546
3 ¢ 5 5 0 0 0
* R R e R R 2R R 2R S RS E R RS R 2 2 2 2 R 2 £ &% &
materials
1 fuelZl 0.13457 1.93 4] 0 0
3
2 fuelZz2 0.13457 1.93 0 0 0
3 .
3 fuelZ3 0.13457 1.83 0 0 o
3
4 fuelZ4 0.13457 1.83 0 0 c
3
5 fuelzs 0.13457 1.93 0 0 g
3
6 fuelZb 0.13457 1.93 0 0 0
3
7 zZ1 1 1.78 0 -8 o
8 zZ2 1 1.78 0 -8 4]
9 Z3 1 1.78 0 -8 o}
10 Z4 1 1.78 0 -8 0
11 Z5 1 1.78 0 -8 0
1z Z6 1 1.78 0 -B 0
13 inc-718 1 8.1833 c -9 0
14 he-ne 1 e} o -12 0
15 helium 1 0 o -10 0
16 Carbon 0.0015 0.15% 0 o 0

2.B83546
0

2.83546
c

67.1825
4

Q

00O 0O 000000

(=]

QO O 0O 0 0 o0 000
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* ***********i**********************************

initial temperatures

1 200 0 0 0
p 1200 0 0 0
3 800 0 0 0
* **********************************************
heat generations
1 82.3 0 0 0 0
2 98.2 ¢ 0 0 0
3 109.0 4, 0 0 0
4 126.3 ¢ 0 0 0
5 12¢6.9 ¢ 0 0 0
& 124.8 ) 0 0 0
7 124.8 0 0 0 Q
8 120.9 Y 0 0 0
9 126.3 c 0 0 0
10 109.0 0 0 0 0
11 ©898.2 ¢ 0 0 0
12 82.3 0 0 0 0
13 0.85 0 0 0 0
14 0.85 0 0 0 0
15 1.02 0 0 0 0
i6 15 C 0 0 0
% *********************i************************
boundary conditions
i 2 48.89
2 1 48.89
2.4
3 3 0 0 o ¢
0 2.00E-12
4 3 0 0 0 0
0 1.40E-12
5 3 0 0 0 G
0 5.10E-12
* *****i**i*************************************
xgrid
0.0001 0.50100 1.056928 1.29131 1.29183 1.29285
@ 1.29411 1.29555 1.28709 1.30625 1.30652 1.30658
@ 1.30786 1.30832 1.30895 1.52673 1.87522 1.89524
@ 1.88592 1.59054 1.9098 1.91047 1.92673 2.10082
@ 2.10265 2.29610C
2 4 1 1 1 1
@ 1 1 1 1 1 1
@ 1 1 2 2 1 1
@ 3 1 1 1 3 1
@ 3
* kA kdkkhkhhk kb kA r kb r ks hkr ek rrkhkdd
zgrid
-0.8958 -0.3243 0.0059 0.5774 2.67544 2.8354¢

3

QO QO W OO o000 o000 oo oo



@ 3.6 7.5
@ 27 30.9
@ 5¢.4 51.0013
@ £5g.2238 £7.1925
4 2
@ 4 4
@ 4 4
@ 2 2
@ 2 2
*
tabular functions
1 15
-B.56 6
@ 11.76 17.¢6
@ 32.08 22.9
@ 52.4 12
2 15
-8.56 7
@ 11.76 20.4
@ 32.08 25.7
@ 52.4 13
3 15
-8.56 7
@ 11.76 22.2
@ 32.08 26.4
@ 52.4 14.1
4 15
-8.56 22.9
@ 11.76 87.7
@ 32.08 132.7
@ 52.4 65.5
5 15
-8.56 35.2
@ 11.76 895.8
@ 3z2.08 142.¢6
@ 52.4 68
6 15
-8.56 36.9
@ 11.7¢6 114.7
@ 32.08 145.8
@ 52.4 77
* **+* Thermal cond.
7 14
100 0.3614
@ 500 0.269
@ 900 0.209
@ 1300 0.1815
* **%** Thermal cond.
B . 8
500 0.1151

JAERI-Tech 94-038

11.4 15.3
34.8 38.7
51.635 52.27
4 4

4 4

4 4

2 2

-3.48 8.8
16.84 18.9
37.16 21.1
57.48 g.8
-3.48 9.5
16.84 22.3
37.16 23.4
57.48 9.5
-3.48 10.6
16.84 24.6
37.16 24.6
57.48 16.6
-3.48 37.7
16 .84 106.5
37.16 116.3
57.48 47.5
-3.48 51.6
1l6.84 117.2
37.16 131.1
57.48 51.¢6
-3.48 §3.3
16.84 131
37.1¢6 139.3
57.48 53.3

of compact

200 0.3353

600 0.251

1000 0.1921

1400 0.1797
of SP2020

600 0.13BE

15.2
42 .6
53.54

[SEI R S

1.6
21.92
42.24
62.56

1.6
21.92
42.24

62.56

1.6
21.92
42 .24
62.56

1.6
21.92
42 .24
62.56

1.6
21.82
42 .24
62.56

1.6
21.92
42 .24
62.56

300
700
1100

700

23.1
46.5
57.2713

SO U V]

hdkkkkkhhkAh bk kAT Frr b ATk bk bk ok ddddddkd

12
22.3
17.6

13
24,
20.

-~ &

14.
25.
22.

dJ N o

55.7
122.9
98.3
32.8

68
136
106.5
35.2
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1100 D.2784 1200
**** Inconel 718 thermal
g 10
21.11 0.111 93.33
426 .67 0.177 537.78
871.11 0.249 1093.33.
***%]100% He and 0% Ne
1C i8
27 0.0015 297
777 0.0037¢6 877
1077 0.00455 1127
1277 0.00507 1327
1477 0.00557 1577
*%x**90% He and 10% Ne
11 18
27 0.001395 287
777 0.003492 877
1077 0.004222 1127
1277 0.004702 1327
1477 0.0051¢3 1577
****80% He and 20% Ne
12 18
27 0.001238 297
777 0.003224 877
1077 0.003894 1127
1277 0.004334 1327
1477 0.004756 1577
*kx*70% He and 30% Ne
i3 18
27 0.001197 297
777 0.0025856 877
1077 0.003566 1127
1277 0.003966 1327
1477 0.00434% 1577
***%x50% He and 40% Ne
14 18
27 0.001058¢ 257
777 0.002688 877
1077 0.003238 1127
1277 0.003598 1327
1477 0.003942 1577
**%x*50% He and 50% Ne
15 18
27 0.000995 297
777 0.00242 877
1077 0.00281 1127
1277 0.00323 1327
1477 0.003535 1577
*#***%¥40% He and 60% Ne
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0.2170 16480
0.3117

conductivity

0.124 204.44
0.185 64B.89
0.28265
1.0 0.0
0.002386 597
0.00403 877
0.00469 1177
0.00521 1377
0.00583
0.9 0.1
0.002198 597
0.003742 977
0.004351 1177
0.004831 1377
0.005402
0.8 0.2
0.002036 597
0.003454 877
0.004012 1177
0.004452 1377
0.004974
0.7 0.3
0.001874 597
0.003166 877
0.003673 1177
0.004073 1377
0.00454¢6
0.6 0.4
0.001712 597
0.002878 877
0.003334 1177
D.003654 1377
0.004118
0.5 0.5
0.00155 5§57
0.00259 977
0.002885 1177
0.003315 1377
0.00369
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0.212
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0.00257
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0.003773
0.004166

0.00234
0.003058
0.003424
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760

697
1027
1227
1427

697
1027
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0.004225
0.004654
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0.003473
0.003867
0.00425¢6

0.002536 .
0.003154
0.003509
0.0D3B58

0.002285
0.002835
0.003152

0.00346
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27 0.000854

@ 777 0.0021562

@ 1077 0.002582

@ 1277 0.002862

@ 1477 0.003128

* ***+30% He and 70%
17 18
27 0.000783

@ 777 0.001884

@ 1077 0.002254

@ 1277 0.00245%4

@ 1477 0.002721

* **%**¥20% He and 80%
18 18
27 0.000692

@ 777 0.001616

@ 1077 0.0019%926

@ 1277 0.002126

@ 1477 0.002314

* *%%k*]10% He and 20%
is 18
27 0.000591

@ 777 0.001348

@ 1077 0.0015%8

@ 1277 0.001758

@ 1477 0.001%07

* ****0% He and 100%
20 18
27 0.000458

@ 777 0.00108

@ 1077 0.00127

@ 1277 0.00138

@ 1477 0.0015
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1577
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1577
Ne
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1577
Ne
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B77
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1327
1577
Ne
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877
1127
1327
1577

steady state parameters
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.0c09g02
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.001578

0.0 1.0

0.00074
c.0C115
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0.001363
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