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Preliminary Investigation of Annealing Effect on Thermal Conductivity of Graphite
and Investigation of Annealing Test Method
(Contract Research)

Junya SUMITA, Masaaki NAKANO', Nobumasa TSUJI,
Taiju SHIBATA and Masahiro ISHITHARA®

Department of HT TR Project
Oarai Research Establishment
Japan Atomic Energy Research Institute
Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received July 1,2004)

Neutron irradiation remarkably reduces the thermal conductivity of graphite, and the reduced
thermal conductivity is recovered by annealing effect if the graphite is heated above the irradiation
temperature. The annealing effect is not considered in the maximum fuel temperature analysis of
the HTTR because of a conservative evaluation. Therefore, it is expected that the reduced thermal
conductivity of graphite components in the HTGR could be recovered by the annealing effect in
accidentis, such as a depressurization accident. Morteover, by considering the annealing effect, the
temperature analysis of the accident will be carried out more accurately and it could be possible to
advance the evaluation method for the integrity of the core components and reactor internals in the
HTGR. Then, an analytical investigation of the amnealing effect on thermal performance of a
HTGR core was carried. The analysis showed that the annealing effect reduces the maximum fuel
temperature about 70°C, and it is important to introduce the annealing effect appropriately in the
temperature analysis of the core components and reactor internals. In addition, an annealing test

method was investigated to evaluate the effect quantitatively, and the test plan was made.

Keywords: Graphite, HTGR, HTTR, Neuiron Irradiation, Thermal Conductivity,
Annealing Effect, Preliminary Analysis, Maximum Fuel Temperature

Present study is entrusted of Ministry of Education, Culture, Sports, Science and Technology of
Japan.
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Fig.1-2 Transient behavior during depressurization accident.
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Table 2-1 Typical physical and mechanical properties of graphite and carbon.

(unirradiated)
1G-110 PGX ASR-ORB
graphite graphite carbon
Bulk density(Mg/m®)" 1.78 1.73 1.65
Mean tensile strength(MPa) 25.3 8.1 6.8
Mean compressive strength(MPa) 76.8 30.6 50.4
'Young's modulus(GPa)
@ i—Su)“ 79 6.5 8.7
3
Mean thermal expansion coefficient 4.06 2.34 4.40
(293~673K)  (10°K)
Thermal conductivity(W/(m-K)) 80 75 10
(673K)
Ash(ppm) max.100 max.7000 max.5000
Grain size(um) mean 20 max.800 max.2000

*: At room temperature

**: Determined from the slop of the line connecting two poinis (one point is the one-third of the

specified minimum tensile strength and the other is the one-third of the specified minimum

compressive strength) on the stress-strain curve.
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Table 3-1 Analysis conditions(1/4)

Thermal conductivity of graphite

Thermal conductivity of each region (W/mK).

Irradiation Fluence Temperature C
Temperature
No. C 10*m?> | 400 800 1200 1600
1 630 155 26.95 23.53 21.60 20.85
2 690 349 28.27 24,53 2241 21.59
3 740 233 30.00 25.83 23.46 22.53
4 810 323 32.08 27.36 24.68 23.63
5 590 1.8 57.47 4393 36.93 34.21
6 860 8.0 46.21 37.02 32.04 30.07
7 590 0.2 76.76 54.38 43.84 39.88
8 600 1.6 60.22 45.52 38.02 35.12
9 700 2.4 59.43 45.06 37.71 34.86
10 750 4.2 52.08 40.70 34.68 3232
11 750 1.0 71.55 5171 42,13 38.50
12 - - 79.59 55.79 4472 40.60
13 - - 79.59 55.79 4472 40.60
14 - - 79.59 55.79 4472 40.60
15 - - 79.59 55.79 44,72 40.60

Region number (Each number correspond to number shown above.)

Inner reflecior Fuel column Outer reflecior
14 12 14
Upper reflector block 7 5 7
Fuel block 1st 8 1 8
Fuel block 2nd 2 -
Fuel block 31d 9 3 9
Fuel block 4th 15 15
Fuel block 5th
Fuel block 6th 10 4 10
Fuel block 7th
" Fuel block 8th
Lower reflector block 1m ) 6 1
| 15 13 15

Thermal conductivities of reflector blocks used in this analysis were 1.2 times larger than those
shown above. '
Errors were taken into consideration: irradiated  +20%, -5%

unirradiated +10%, -10%
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Table 3-1 Analysis conditions(2/4)

Thermal conductivity of fuel rod"'®

Nominal value
Minimum value
Maximum value
60
- 50
~
§ 40
2
=
2 30
=
=
&
Q
=
g 20
=
10

:18.85 W/mK
:16.75 W/mK
:400C  30.6 (W/mK)

800°C  23.4 (W/mK)
1200C  20.1 (W/mK)
1600°C  19.3 (W/mK)

- ® : Irradiation data

L\ Unirradiation data
.\:\

| QQ\‘%
' ?/1.2@73:7;22
- N

Design value

] i} 1 ] ] ] ]

0 200 400 600 800 1000 1200 1400

Irradiation temperature("C)

Thermal conduCtivity of fuel rod
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Table 3-1  Analysis conditions(3/4)

Fractional thermal radiation of graphite(n)

Nominal value :0.85
Minimum value :0.8

Maximum value :1.0

Effective thermal conductivity of fuel and reflector

To evaluate fuel temperature (Minimum value)

Radius effective thermal conductivity At (W/mK)

Temperature'C
No. 400 800 1200 1600
1 9.51 10.95 1353 16.88
2 9.86 11.26 13.82 17.20
3 10.31 11.67 14,20 17.59
4 10.85 12.13 14.62 18.05
5 51.31 3922 3297 30.54
6 4291 3438 29.75 27.92
7 64.49 59.55 57.03 55.711
8 52.00 51.39 50.23 49.44
9 51.40 50.96 49.86 49.10
10 45.80 46.81 46,24 4571
11 85.86 62.05 50.55 46.20
12 71.05 49.80 3992 36.24
13 73.91 51.80 4153 37.70
14 66.62 60.83 58.05 56.64
15 95.51 66.95 53.67 48.72

Axial effective thermal conductivity Aa (W/mK)
Fuel region : Material thermal conductivity A X Volume of graphite X 1.6 (radiant heat to axial)
Reflector region : Material thermal conductivity A X Volume rate graphite
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Table 3-1 Analysis conditions(4/4)

Heat capacity of graphite

Specific heat of grapjite Cp : J/kgK
Cp=4186.8(0.54212-2.4266TE-6*T-90.2725/T-4.34493E4/T"+1.59309E7/T-1.43688E9/T")
T : Temperature (K) |
Density of graphite 0 =1.78Mg/m’

Errors of heat capacity
Fuel region ::10%
Reflector region :+5%

Core barrel  Alloy 800H (NCF300H)

Fractional radiant heat :0.5~0.8
Nominal value 0.65

Upper shroud:  Stainless steel

Fractional radiant heat :0.36~1.0
Nominal value 0.45
Power distribution
Shown below
16
o 14 b , O Innerofcore
g E : O Centre of core '
§ i2 A A Outerofcore | |
FRRL ‘_—‘*ﬁ:{
R -
3 B -
fum)
[
2 4 -
2
0 i [ [ 5 D) N )

000 105 230 315 420 525 630 735 840
- Axial position (m)

Power distribuiion of the core
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Fig.3-1 Core components and reactor internals in the GTHTR3007.
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Table4-1 TIiradiation condition of specimens.

Irradiation temperature Fluence Number of
n/m’, E>0.18MeV dpa specimens
Low temperature
300C o
o 2.42X10 0.213
400C
" 500C
Middle temperature
700°C a5
1.34X10 1.18
800C
900°C
High temperature
1000°C ’s
. 1.34X10 1.18
1100°C
1200C
Tabled4-2 Measurement condition of basic test.
Specimen Measuring Temperature
Trradiation temperature 300°C
Irradiation temperature 400°C
Trradiation temperature 500°C
Irradiation temperature 700°C
Irradiation temperature 800°C RT~1500'C~RT

Irradiation temperature 900°C
Irradiation temperature 1000°C
Irradiation temperature 1100°C

Irradiation temperature 1200°C
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Irradiation

After the measured value geis stable,

heat up to next temperature,

Start of measurement

Time

Fig.4-1 An example of measuring method of thermal conductivity.
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B, TNSEE—0EHELTETIMEENTWS, ZOEEEE OB G % 25
REREERZEEL, ZITlE. TOEHAEICIDODVWTRNS,

A-1 BRI
PREHES DR Z2Z DO ELBEMDOBETIVEL T, BEVEIT 21T\, Z0EEE,
apgsmans. XAXOEMBACERA ZRDZ,

1219
wAT
A D HMEZEEE (WmK)
1 EEE (m)
W D fEEUE (m)
AT :HEHEEZ K

Q wHEDOREHE (Wm)

BRFET I ZE Fig A 1ICRS, ZIT L FOHOEEZBEZEATICEEL. ETFHIMA
WCEEBEII Y. TOROABEHE Q 2RO, K, HIEN w. M1 THD, @I
13, HRERET OS5 L ANSYS ZHWE, 728, AT WEMEGERICEZ DFEEH
N IAEENENWC ER2HERLEZOT, ZZTEHAT=10CELE, HLURHE, BE
BEICKD, BRACEENRRY, £k BNEOTHREREZEETILEND D,
TableA-1 7T 7 — A DWW T 27> 7=,

A-2 fRITHER
RESTR DTSR Z Fig.A-2 ITR T,

TableA-1 Analysis cases of effective thermal conductivity

. Thermal conductivity of | Thermal conductivity | Fractional radiant
graphite of fuel rod heat
' Nominal val
Nominal analysis Nominal value Nominal value onzglz 5\)7a e
Anmalysis of Minimum value . Minimum value
. Minimum value
fuel temperature (Irradiated X 0.95) (0.3)
Anmalysis of Maximum value Maximum value Maximum value
pressure vessel (Unirradiated X 1.1) (Unirradiated) 1.0
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Fig.A-1 Heat transfer analysis using finite element method (FEM).



Effective thermal conductivity (W/mK)
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®3 BEROSHE 6D SHELEL w0 | =420| a
%4 SIEHICEENIC »
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E # ., B A2 4 | Pa| Nm? P S _
IHIvFE-HEH#B Y 2 - )| J N-m P - W bar (&)
T2, RHEHER|7 v b W] Js 5 v Gal I R1—50 TERBEMAR] $5 K BE
ESE, EFH|7 - 8w v C| As # a2 Y - Ci EBHR 1985 ETTICk 5, 12751, 1oV
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a ype2 C [MEDHEAM ] mmHg #%k20A4F3Y
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# = ®
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1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 #1|  0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ E 1Pa-s(N-s/m*)=10P(# 7 %) (g/(cm-s)) 1.33322 x 107* | 1.35951 x 10~° | 1.31579 x 10~° 1 1.93368 x 107?
EHSE 1m%*s=10°St(X b~ 2 2) (cm%s) 6.89476 x 107* | 7.03070 x 10? | 6.80460 x 10~* 51.7149 1
| J(=107erg) kefem KW+ h cal (Gt&iE) Btu ft o Ibf eV 1 cal = 4.18605 J (3+&i)
+
;!; 1 0.101972 | 277778 x10°7 {  0.238889 | 9.47813 x 10~* 0.737562 | 6.24150 x 10*® =4.184J (B
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1.35582 0.138255 | 3.76616x 1077 | 0323890 | 1.28506 x 10™¢ 1 846233 x 10'® = 735.499 W
1.60218 x 1071 | 1.63377 x 10°%°| 4.45050 x 10-2¢| 3.82743 x 1072 | 1.51857 x 10~22| 1.18171 x 10~*° 1
® Bq Ci % Gy rad " C/kg R # Sv rem
5 W 5 &
1 2.70270 x 107! & 1 100 & 1 3876 2 1 100
i 2 = &
3.7 x 109 1 0.01 1 2.58 x 10~ 1 0.01 1
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