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Verification of Thermal-Irradiation Stress Analytical

Code VIENUS of Graphite Block
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The core graphite components of the High Temperature Engineering
Test Reactor (HTTR) show both the dimensional change (irradiation
shrinkage) and creep behavior due to fast neutron irradiation under the
temperature and the fast neutron Ilrradiation conditiens of the HTTR.
Therefore, thermal/irradiation stress analytical code, VIENUS, which
treats these graphite irradiation behavior, is to be employed in order
to design the core components such as fuel block ete. of the HTTR. The
VIENUS is a two dimensional finite element visco-elastic stress analyt-
ical code to take account of changes in mechanical properties, thermal
strain, irradiation-induced dimensional change and creep in the fast
neutron irradiation environment.

Verificaticn analyses were carried out in order te prove the
validity of this code based on the irradiation tests of the 8th 0GL-1
fuel assembly and the fuel element of the Peach Bottom reactor. This
report describes the outline of the VIENUS code and its verification

analyses.

+ Department of Fuels and Materials Research
* CSK Corp.
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Fig. 2.1 Damage crecss section of graphite as a function of
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Fig. 2.2 Irradiation-induced dimensicnal change of IG-110 graphite
(Unoxidized graphite)
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Fig. 2.4(a) Temperature dependence of mean thermal expansion
coefficient of IG-110 graphite {(Unirradiated and
unoxidized graphite)
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Fig. 2.4(b) Effect of irradiation on mean thermal expansion
coefficient of IG-110 graphite (Unoxidized graphite)
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Fig. 2.5(a) Effect of temperature on thermal cenductivity of IG-110
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Fig. 2.8 Rheology model of graphite in the VIENUS code
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Fig. 2.9 Concept of constant dose shifting rule
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3. VIENUS =z —F
3. 1 o 75 AHER

VIENUSZ — FOEERHS4L>WToTe s s s BlE. Fig.3.1 ERT. &
9 — K. Bl OBDE»DEY 22— oHEEhTwa, C03 584 OFY
A=, BEPTUEFOMHCLIIREXBONBECELEETET E2HAT
B0 . 1T HRHNEASETES I 2Dl HEOMBRVWTRRALERGRB Y77 4« ¥ 7
W VR -T BRI 7y 7EOMMBEERTET 3. TV a— VB2EHERT
202, REZOBIK< Y » 7 AZHETERITH . DD KTRD SN
Z{B]. [D1Z b BERNEFT Y. 2. BREGHAFECHERS TH
2, SMHAHEE LTCHEsh20 74, BROT A, REOTARUREZ
Y —FOFATHED. CASOVTHHMAR, 408, MRU D5 THESA S,

3. 2 HEI7=e-—

VIENUSD — Fit, EFFEGTRUBTFFRALBEREOIICERLTREY
ZERMT o, s 08 BHIEAZHET 2, COB. AAF—2ELTHRFFE
EHoRHTe ., JHOBESHORAENLELL Y, Che 2L THBOER
B0 — FickoRd B, VIENISZ— FR, COBNEBEREZERT, ZR7 0
Yy I REULZBRDTA,. RROTARUVEH 7V - TOT320REOERITA T
sy TBEHELEHOEA 2 XS, IBRMET 2 I LLEVETFEGTOR
BHENZ2EHRT 2, £4. FELBEROTAVPEREATHETEERSLL
BEOFA Lo RETIENBAR., FELBREHN Yoy 7OBREEER -
&?5&&&&@%0?6%%%7Dvﬁ@%ﬂb%hf\ﬂ%?U—T%KJ
BEHUOTADPLEHET %0
CVIENUST — FOHEY R — %, Fig.3.2 KiRTo
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3. 3 vRAFAHK
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(1) BiMHE 7 = 5 & (VIENUS-PRE)
#-HHELEDOANF -2 ELTHERERR T2 v 7HOBREFT -5, A
WMERF D - FABMUSUYY 2 OTEHRLTWZ, ABAQUS w k2 IREROEH
Ty A NE, VIENIS o — FTREEREDADRTVWAD, CNEEBRTEHEZT
feH b ONEPE S w5 A " VIENUS-PRE” T& %,

(2 MR 7w 35 A {VIENUS-PLOT)
MFHE DS a5 " VIENUS-PLOT” . VIENUS oRIERAXEH T 5«
HOLDOT, ZENHEUCEILHBERER TS %,

(3) WM 7w s 5 & (VIENUS-EVAL)

B BEHSECHTIRA Ty OBERLSEFMIE. VIENIS - FiT k3
GHBRNERLENBERGAH O THESWIFEL AL BTS2 L&
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{o} : Stress matrix
[xJ : Stiffness matrix
T e 1 ! {A e} . Incremental matrix of thermal-strain
caleulation {o} {Ae%™) : Incremental matrix of irradiation-strain
— {Aec) . incremental matrix of irradiation-induced
creep-strain

[N] : Shape function matrix of element

(B] : Differential matrix of [N]
Stiffness matrix (K] (B8] =v [N])
calculation (o] . Elastic matrix of element
] ({o}=[D] [e})
Caloulation &t Ve : Yolume of element
all element {Afi) : Incremental matrix of equivalent node-force
due to the each strain increment
i *y [Afp]  : Incremental matrix of node-force due
w":lr:_t‘:““m::mi‘s{'m foee) to the change of Young's modulus
5 1r .
{Afy)  : Incremental matrix of node-force due
*g to the external force
Calculation of irradiation ValRd 5 : Surface applying external-force
strain  increment {AT} . Incremental matrix of external-force
l {Awu) : Incremental matrix cof displacement
Crlcuiation of irradiation 2 IFAN Y
creep-strain  increment
Calewlation of equivalent (At =S (8] T ] [ (Art)
node-foree increment causeq v
by the each strain increment ¢ c{aew e (aee) ] av
Calculation of equivalent _ ST Iy -1 gl dv
node-force increment caused {Afﬂ] 'f (e] L] [AD] lo)
by Young' s modulus change Vo
Calculation of nedeforce {Afr =F [N]7 {AT) ds
increment caused by 5
external-force

b

Caleulation of whole balance {Au} - [K] "’[ {/_\.fm} . {Afp} + {/—\-f-r] ]

equation

e{icalculation a.“tL all elemenLJ
{

Calculation of total strain A e} = (8] {Au}
increment

|

Stress increment calculation {Ao) =)L (Ae) - (Aaes) - D ,g““'}_z

!

*1} Calculated by the thermal and initial external-force conditions
*2) Calculated by the thermal and irradiation conditions

Fig. 3.2 Calculation flow of VIENUS code
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TEMPERATURE
]"PUITA CALCULATION
p “ABAGUS”

IkpUT TENPERATURE DATA TEHPEREIEEELATIO "
K RESULTS
DATA L [eAtcuLaT]

FRE-PROCESSOR
"YIENUS-FRE"

STRESS ANALYSIS
CODE

“YTENUST

/

STRESS CALCULATION pLOT SYRESS
L__ffépkls [:::%;E;] EYALUATION DATA
FLOT PROGRAM STRESS EYALUATION
PROGRAN
"YTENUS-PLOT™ "VIENUS-EYAL"

-

PLOTS

Fig. 3.3 Code system to calculate the thermal/irradiation stress of
graphite block
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Table 4.1 Trradiation time of the 8th OGL-1 fuel

Cycle Irradiation time
( EFPH )~

64 The first half 206. 1

th The latter half 69. 9

65 The first half 290, 3

th The latter half 198.5

66 The first half 290. 2

th .| The latter half 235.1
Total 1290. 17

# Effective full power hour
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Table 4.2 Graphite sleeve inner surface temperature
calculated by the STPDSPZ code

Temperature ( °C }
Compact No.
64th cycle” 65th cyele” B6th cycle’
1 738, 8863 83§, 843 860, 866
2 782, 808 881, 883 836, 903
3 821, 949 921, 925 930, 938
4 857, 987 857, 960 §60, 970
5 887, 1020 988, 992 288, 998
§ 912, 1047 1015, 1018 1011, 1022
7 . 931, 1070 1036, 1039 1030, 1042
8 943, 10886 1052, 1055 1045, 10357
9 950, 1096 1062, 1065 1054, 1067
10 951, 1100 1065, 1069 1059, 1071
11 945, 1098 1063, 1067 1058, 1071
12 934, 10690 1055, 1059 1053, 1065
13 916, 1076 1041, 1045 1043, 1054
14 894, 1056 1021, 1026 1028, 1038
15 866, 1031 997, 1003 1008, 1018
16 834, 1001 967, 974 985, 994
117 798, 967 934, 941 957, 965
18 779, 936 905, 913 928, 835
19 766, 922 §g2, 899 816, 923
20 753, 909 8§79, 8386 206, 912

(the first half, the latter half)
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Graphite sleeve outer surface temperature

calculated by the STPDSP2 code

Temperature ( °C )
Compact No.

64th cyele’ 85th cycle’ §6th cycle”

1 699, 825 800, 806 825, 830
2 737, B64 838, 843 856, 862
8 772, 900 873, 878 885, 892
4 803, 933 905, 910 912, 9139
§ 831, 962 934, 938 936, 944
] 854, 987 958, 962 987, 9635
7 872, 1008 978, 982 974, 983
8 885, 1024 983, 997 988, 998
9 893, 1035 1004, 1008 998, 1008
10 896, 1041 1009, 1013 1004, 1014
11 864, 1042 1010, 1014 1006, 10186
12 887, 1038 1006, 1010 1005, 1014
13 875, 1029 997, 1002 999, 1008
14 858, 1015 983, 983 989, 998
15 837, 997 964, 971 975, 984
16 811, 974 942, 949 958, 966
17 782, 947 915, 923 937, 945
18 766, 922 g9z, 899 914, 921
18 755, 910 81, 888 a0s5, 911
20 T44, 899 8§70, 877 896, 902

¥

{the first half,

the latter half)

i38_
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Table 4.4 Graphite sleeve temperature measured by themocouples

Temerature ( °C)
Cycle
Core side Yessel side

64 The first half 982 855
th The latter half 1138 988
65 The first half 1122 974
th The latter half 1125 981
56 The first half 1104 945
th The latter half 1108 959
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Table 4.5 Measured inner diameter change of graphite sleeve

Compact No. Before irr. After irr. Fractional
{ mm ) ( nm ) change
1 36.261 36. 263 ¢.0055
2 36.233 36. 255 0.0055
3 36.230 36.2286 -0.0110
4 36.224 36.213 -0.0304
5 36.221 36.206 -0.0414
6 36.222 36.202 -0.0552
7 36.220 36.198 -0.0607
8 : 36.218 36.181 -0.069
9 36.216 36.189 -0.0746
10 36.228 36.205 -0.0635
11 36.238 36.215 -0.068¢8
12 36.217 36.193 -0.0663
13 36.213 36.191 -0.0608
14 36.21% 36.194 -0.0580
15 36.212 36.195 -0.0469
16 36.211 38.197 -0.0387
17 36.217 36.202 -0.0414
18 36.22 36.211 -0.0248
19 36.22 36.214 ~0.0165
20 36.224 36.224 0.0




JAERI-M 9Z2--019

Table 4.6 Comparison between measure and analysis result of
graphite sleeve temperature

Measured temp. { °C ) Caluculated temp. { °C )
Cycle
Core side Yessel side Core sidse Vessel side
T1 T2 T3 T4
64 | The first half 9972 855 834 811
The latter half 1138 988 1001 974
65| The first half 1122 ¢4 967 9472
The latter half 1125 981 874 949
66 | The first half 1104 g45 985 958
The latter half 1108 959 994 966




JAERI-M 92—-01¢

Table 4.7 Evaluation of graphite sleeve temperature
Difference of measure Difference of core
Cycle and analysis value side and vessel side
a” (%) value B~ (% )
64 | The first half 12.% T.42
th{ The latter half 7.65 7.06
65| The first half 9,81 7.086
th | The latter half 9,55 6.84
66 | The first half 11.0 7.78
th i The latter half 11.0 7.21
Mean value 10. 2 7.23
¥ = 100 x [ (T1+72)-(T3+T4) }/( T8+T4 )
g = 100 x | T1-T2 | /{ T1+T2 )

where T1.T2,T3 and T4 are defined in Table 4. 6.

i42_




JAERI-M 8Z2—-019

Table 4.8 Summary of irradiation conditions of Peach Bottom test

element
Operating period EOL Mean temperature
Element | Body ( EFPD ) Fluence during operation
No. D (10°° n/n

BOL EOL JE>291) ) ( °C)
FTE-2 1 29 435 1. 27 738
2 1.70 950
FTE-3 1 276 433 0.41 103
2 0. 54 890
3 0.34 860
FTE-4 1 276 812 1. 40 ’ 743
z 1.94 970
3 1.26 955
FTE-5 1 29 1068 2.73 T42
2 3. 67 853
3 2. 58 963
FTE-6 1 270 1035 2.10 769
2 2. 83 998
3 1. 96 998
FTE-14 1 435 812 1.01 ' 830
2 1. 44 | 1367
3 1.05 1273
FTE-135 1 383 8387 1. 48 668
2 2.05 1114
3 1. 82 1079
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Tzble 4.9 After cutting dimensional change of Peach Bottom
eight~hole teledial elements

Change of dimension after EOL
Element | Body | cutting AD, AG ( mm )} Fluence Teg'
No. ID {10°% n/m®

AG AD AD/AG JE>29F7 ) { °C)

FTE-2 1 ~0. 207 -0.052 0.25 1.27 736
2 —— ——— 1.70 g50

FTE-3 1 ~-0. 305 ~0.053 0.17 0.41 703
2 -0, 262 -0.0438 0.18 0. 54 850

3 -0. 240 -0.044 0.18 0.34 360

FTE-4 1 -0. 207 -0, 056 0.27 1.40 743
2 -0, 309 ~0.062 0.20 1.94 970

3 -0.213 -0.038 0.18 1. 286 955

FTE~5 1 -——= ———— 2.73 7432
2 -0.110 ~0. 043 0.39 3. 67 953

3 -0.071 -0.023 0.32 2.58 963

FTE-6 1 -0. 058 -0.0186 0.29 2.10 769
i -0.134 -0.039 0.29 2.83 9938

3 -0.133 -0. 037 0.28 1. 96 998

* ; Mean block temperature during reactor operztion.
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Table 4.11 Results of verification analysis
Item Test result Analysis
!
{ Fuel body diam. -0.1 -0.24
strain eo (%)
Groove change -0.0586 -0.271
AG (mm )
|
b
Outer diam. change | ~3.016 -0.078

AD ( mm )

_464.
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Neormalized fast neutron fluence
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Fig. 4.3(a) Fast neutron fluence distribution along the axial
direction of graphite sleeve
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Fig. 4.3(b) Fast neutron fluence distribution along the
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Element type; Axis symmetry element

= Only the part of graphite sleeve where fuel compacts loaded is modeled by FEM
o The number of finite elements is 240, 3 for rodjcl direction, 80 for axial direction

Fig. 4.4 Finite element medeling for the analysis of the
inner diameter change of the graphite sleeve
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Fig. 4.5 Comparison of the inner diameter change of the graphite
sleeve between the experiment value and the analyses
value of VIENUS code
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Fig. 4.7 Cross-sectional view of fuel test element with 8 fuel pines
of Peach Bottom reactor
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Fig. 4.8 Dimensional change measurements of graphite blocks slices
' cutted from the fuel test element of Peach Bottom reflector
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Fig. 4.9 Comparison of relative thermal fast neutron fluence between

caleulation and measurement of FTE-6 fuel test element
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Fig. 4.10 Thermal boundary condition
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