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Nuclear-grade graphite is used for core components of High Temperature Engineering Test Reactor
(HTTR) due to excellent heat resistant properties. The physical properties of this graphite change with
temperature and neutron irradiation, as well as exhibit complex behavior such as irradiation deformation
and creep deformation. Then, stress analysis code has been developed for the graphite. In previous study,
the code has been used to evaluate the shutdown stress by residual strain that accumulates with neutron
irradiation. However, the effects of change in physical properties such as Young’s modulus and thermal
expansion-coefficient on shutdown stress have not been fully understood. Therefore, an evaluation model
based on a simplified beam model was developed to clarify the effects of changes in physical properties
and complex deformations on stresses occurring during operation and reactor shutdown, and to contribute
to the development of graphite structures with longer lifetimes. As an application example, the effects of
changes on various physical properties on operational and shutdown stresses were clarified for graphite

components in the temperature range from 600 to 800°C.

Keywords: 1G-110 Graphite, Stress Analysis, Young’s Modulus, Thermal Expansion Coefficient,
Steady State Creep Coefficient, Irradiation Dimensional Changes, Residual Stress, Creep

Deformation
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1. [ZE®HIZ

H A 5 7 J3 F 98 B 8 A% A (R 7 4% ) @ HTTR (&R T3 B F 2247 . High Temperature
engineering Test Reactor) |3, & il 7 2SR BT AR Ofife N2 & LA %2 B Y & U TR B R e
FEFTICEERR SN2 A RGO B IR A AF ThHDH D2,

HTTR (&, JF RS ED ST EVE IS AL B R TR STV D DY, Zo BERPIEHT, i+
FHZ IO IIAEL . Z DB SBIZTHETF RN 2T 2L R ICHR U2 2 #4077, £z, 20000CLL L
DE R TRVWEBR NN T Y =TI ZET A PEF RS T T 400°CREE DR GH NS, &
HIZ, BEROWMEME LSO B e E1E, e U SN DR EIC RV B D70 | iM% 8 L >T
W5 0D m i BEEED ORI WL, 7V — T %), K IGEFEZEE L
FEM (Finite Element Method) =—R TVIENUS |ZBH%EL, Ziva IV TRk 2 7o fifflT - it 247> T& 72 921,

BEARIEW IR AT L8 L LT, TEERKREIS /) (Operational stress) | & TF {5 1L REES /) (Shutdown
stress) | D 2 DDOE—RR3H5H D, HERRFIG /)T, EISPII E <, 2 OFAEBERITBYS ) ThD,
AL, EERL STV =T EICIOE RS, IREITRAD TR M1 5, 207w | HEERRIS /)1
HEIEMW OIS IRBICEE T OMERDHD, — 5 FIF RIS X, 7V —7 B2 8 TR E
MWNIZE IR O T B0, s LR ISR EM DM HI SN O T B ESND e AL &
L& LB T DR 5, BEHEEY OIREEITA) 400°CH D 1200°C LA FEIHZRRE R CTHDT-
D, BERORGFHBE N RKESRRD | ZHDIE ] OEERITED ZEARIT DUV TR, B 213 FREIGHE 23 32
Bl 72t DNE I E LN ST RFI R+ ThiL T, 207z BintiEm ok FHFmib/rd %
H$5 L7238 A4S TR S O REHTIR, B &Y OIBERIE L /) K QAT I REIS ) O 2 Ey o+ 43
IR N L EETH D,

ZZT, BEMEEW IR AT DINDIS ) OB 23l T & 56 5 /ARG & 7 L 2B I LT,
A T, 2O SR EMERAIE 7 T DWW TR 5L L6112, 600°CH 5 800°C DI EIZH D B
PG Z R R L MVEE O RS ZARIC KD IEHR R IS J) B OMF A IR REIS S ~ D BRI DWW Tk
~D,
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2. HTTR & B+ EY)

HTTR (3003 mili &7 57280 | fF A& 13 1P il SR 60 M OV 58 i@%ﬁié‘imﬁ%L
WICEORERR STV D, 205G BEHEEM L, £ DOBERE N OSSO FIREME S 2 Z B L T, 708
SR IE Y LIF O SCRE RN IE W S ND O 1, JE L oW KA Fig. 2.1 IR,

2.1 JP D RENHEIEY)

SR BRI IEY (Core graphite components) (3, AEHA (Fuel assembly) D EEn 7 w7 | Hil#IELE
W~ mv 7 (Control rod guide block) & ORI &) S AH{A~7 =7 (Replaceable reflector block) 2> HA LS
Mo, J L BEEE Y IR, R OIERR T — W 3% IS A M EE S LTV DI E Th D,
HTTR D4 L BENEIEWIZIT, WA 1 S OV A B MR AL, iR EE A A T D I - S i MORL 5 5
PSR 1G-110 CGRFE R B R AR AL A S Th5,

2.2 SRR R E Y

JF 0 S FRF L 8 A% & % (Core support graphite components) (. [# & 5 #f /K7 =7 (Permanent
reflector block) . i ~7'L A7 17 (Hot plenum block) . 78 —RA AR (Support post) . %7 A& 375 W7
BENORERLSIND, B0 SR RSN S L TR 4F O R T O A AR E SAL TR WIS T
&%, HTTR OWFLIXFFEREEIED DOD | SN EREIND PR —FRAN RARN —F L OF—
(U BSOS P R OV B M AL = TR EE 2 9 D SR AP AR AMORL 55 5 1 B8R 1G-110 2ME &4
TWD, Fe, AERMNET vy s @RV L7 vy s R OYF R EE 121%, KA O EY) O
VEDS AT REZR 7P R TS5 7 P JR 80 PGX CK[E UCAR #1:HY) 23 ST D, IHIT, 7 IR T 2L
J& D —EIZIE, BrEWEL RIS Do > THEZEMEICENTZ ASR-ORB & 5% (R SIGRI #EH) 73
EHEh TS,
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3. #Fili 7

Fig. 3. 1(DIZASAFEROBREHE T vy 7% LD A7 X 2 75 57, F8%FAOLZ o g oo i R pE Ik 3
BUZARICEVIE D — 7| JE PR OAKIR SE 80T UNHE 32, 2072 A EY 72 O 40 SR D B 7 73
FEAEL, o SRS IEMEIS ) EIZOBGRSEEIX 5 RIS T 875,

ZOOT BRI FTLOEIE SNZDONT, 2 ROEFVET AV TERILL, T RN LD B Bt
B R 2L A 5 JE L CGEERREIS ) J OV 5 (IR ) O B 2 3E i CX 5 5 130T T L &4
T,

Fig.3.1Q2)i%. i S 1TVET VO &EZ RLIZHO T, mERSKED 2 KOs — Kbz ot
OFTHEDDVE VR TRV, @RI ER O & AR S IRO T R ET TR A =
LCW5, SEIRRF OIS SR CIE, @il & MR Z N Z U OWNW T — T B ST 5L L6 ICH
WEREEZRL., ENENDIL T OB D EALE T T 5, — 7, S5 L RF DI F1 5 Tl 5%
BOTHELTEET L7V =T 0T H R ORI EICLDRR O T AR | i 245 L TEL
Jis ST MRS AT IR O JFAEE I IRE I ) OFEERIZ 1D A2 AT 375,

3.1 BEpoERET IV
Fig.3.2 (Tl MEIRMZNZDII0ICE 22 B ET VA RL TnD, Z2THEM T 5%
TRV B G RE T8 D OTHESN TWALDE WA, BPE O BT AR S oo th b
BRI B O EEZE L TR 25, 2V =707 X, EFEIZV =0T A K
OBV —T OFT BIZEOIENT T2, 7V —FOF Z 5y iE, 28 Fig.3.3(1)DIIZAT YT IRIZ
ZAT 28413 Eq.(1). Figd.3Q)DINZHFH AN E LT 25413, EqQ)ICEiFfishns 7,
e(Y)=001¢(t-t1)+A0,@(t-t;)+A03Q(t-tz) + -+ woooerereeeee (1)

do(y;
SC (y): f-‘o’o (p(y_yl) d(yyl) dyl ........................................ (2)

ZIZT oy  MEFRRSE [x10%n/m?]
o(y) : ZUV—"7"B% [MPa!]
c : /1 [MPa]

B o () 1%, Bat G E T cllES I FNE WD,
(p(y)=M5y+a[1-exp(-by)] ......................................... 3)

TIT. MS : EEZU—FERE [(MPax 1020/m?)Y]
ab: EBBI—TIRTA—H
a=1.0X 10 [MPa"'].
b=4.5X10 [( X 10%n/m?) ']

Fo BOT B BE O B, v BEHE A & O P+ BT B o 2802 5 L THIT 975,
INBIZHONWTH, B ER G T TR W TEA R ES L TWD,
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3.2 B30T LD
Fig.3.4()~Q), IIVET NVZ A WS NRHEIZOWTEED =L DO THD, K, EiRMZ T+

TIRZ T H, KRN Z C Trd, £72, BAOT 2% EMHEIRZT Th, ZV—703 A% C, BT
IrZe 1 TRd,

(1) FIHES )

Fig.3.4()i%, WIS DT OWTORLIEL D THS, OLHNC, B—ESTH — W mfE o & iEml
Je ORI DT DFAOT Fr (€™, £T0¢) 23, i E Py & Pc D2V A (Balance Point) T3 AL
TWAHLDETHE,

ZZC, A (=1) : EIRAANEY O W i FE
Ac (=1) ARIRANEY ol 1fi 75
on: EIRMITV DI )
oc ARIRMNIZD DG 7
ThD, 2VHV R (Pu=Pc) Tl mHRMNZERM O T F ¢ p, RIBANZSIHEOT I e ¢ BAETDHDT,
Eq.(4) & O} Eq.(5)75,

GH(:EH'SH):GC(:EC'SC) ......................................... (6)
E E
gHzigc , 5c=§EH ......................................... (7)

Fig.3.4(1) OUOTHOREAREDDH NG Eq.(7)EY, @i O EME O 2 &y i,

Ey
=egt——¢
H EC H
E
=gy (1+ _H) ................................................ (8)
Ec
Th_.Th
o
H= T Eq/Ec ©)

ZIT  ADEEZEMOTHALT DL, enlFEMOT A (en<0) T FF5ZEET 5L Eq.O)T,

o

ey= TR T (10)

AR OFEA TS 1T, HEBPELREL En EOREIZEIRD D,
O=EQ gy corvrrrerrr (11)
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— AR DOFIROT 7 e 1,

et-ell=eytec

Ec
=—¢gcteg
Eq cTéc

Th_.Th

— BHTEC
T T Ec/En (12)

Fo KRR OIS E, TRUITEIRD D,

(2) RIS S

Fig.3.4Q2)1%, EHEEREIE NI OWTORLIZE D THD, EERREIZIL, @R TIEYHBO T 7 (eThy)
IEREETACL D7) —T OF P (0) EFREFIAEIZ L2 FR S OF 2 (ely) ICLDMED B, A2l )
FUE I R O E S (Free point) DN & L7405, —J7  ARIRMITIX. FIHIBAOF 2 (eT0) 2351
WETZE D7V =TT F (e50) IR VAE I SN D EEHITIRB I 2 L2 B O 5 2 (ele) 12X DA
Siv, FHR 2T AV FRIR R O B RO E L7 D, ZHE SR & ORAI 3 RS T,
DDV TARTUALTNDEDETHE Bk Eq.(4)~Eq.(7)23 VLD, Liz23-> T, Fig.3.4Q2)D 0
T AHORER (BB ROOT B2 =entec) EDVEWVEM Eq.(7)4L0,

8H+8c=(85h-85-8%{)-(8<T;h+88-81c) ................................. (14)

22T, ADMEEROTHETBE, . ohn, cle RIEROT7 (Ca<0, el < 0, dle<0) T, 145
BB T HE Eq.(14)%,
SH+8C=(821h+8§-:[+31}1)'(€Eh+58+81c) ............................ (15)

Eq(7)ZEE T DL e uld,

o (el (P eea)

H 1+EH/EC ........................................... (16)
en IFEMOT 2 (en<0) T, & B T D& Eq.(16)1%,
g = (Sgh+88+81c)‘(5ﬁh+gﬁ+gh) ........................................... (17)

H 1+Ey /Ec

— 5 AKIRAA DO B3RO A ec 13X, Eq.(15)& Eq.(7)&D
8H+8C: E_C Sc+8c
H

(e )P oet)
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(el seeh) (B s o) )

gc= 1+Eq/Ex

Fio EIRA K ORI OF AN 11X, Eq.(11) & OV Eq.(13) TR D5,

(3) WS RIS

Fig.3.43)i%, ZHHE O T AT IV AECDFE ILRFIE NI OWTRLIEL D TH D, MRl oF%E O
T FIHE O 7 (™) DIEFEE IS E D2V —T OF 7 (%) EBRFTIUHE 2 L5 B O 2 (eln)
T, WERDZ2T VUL Em R O B B RO E SR D, — 0 AR OFE R O T Zd, IO
F (™M) DFIBRVETLIZL D7V —T OF I (5¢) LRREFINHE IZ L2 B O 7 (610) TL IR A2 T
B HRIR A O B B A DONLE L0 D, Zuh @R & OIRIRM 3 RS T, 20H VR TART A
LTCWALDET 5L, Hikd Eq.(4)~Eq.(7)YSED, L7=23> T, Fig.3.43) D09 A D% (B H
ROOT B7E=gten) EDVE WS Eq.(7)L9,

SH"'SC:(SE'S%:)'('SE{'S%{) .......................................... (19)

ZITADMEEEROTHLT DL, € Cuy e n e ' IFEMOT A (€5<0, e'u<0, €'c<0) T,
a2 R4 5L Eq(19)i%,

8H+8C:(88+SIC)'(SE+8}—I) ......................................... (20)
Eq.(NZBET 5 enld,
eCtel)- (£l
SH:% ................................................... (21)

FoLEqQ.(NEBETDHE ec i,

ZGERO)-(Etel) e
g TEcEy (22)

ZIZT, e lFEMOT 2 (en<0) T, 5B ETHE Eq.(22)iF,

2 (Ere)-(E4) e,
Sci 1+Ec/Enq (23)

72X, mEAR K QMR D3 4 S J11%, Eq.(11) & OV Eq.(13) TRed D,
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3.3 EE —RZXDMGE

fEHEr — AL LT, HTTR OBREHMA RSN 7 0y 7 (1IG-110) O FIRIEORE A E B L T, @ikl olx
DOWEZ 800°C, IKiIRAIEZ 600°CEL, FIFIAFICL D TEELAEB BT, MIHEYS ) O 1
FRAHZ D7) — TR fRAT LT, SRAT I WD B PR % Table 3.1 1273, MEMMEAR B )
B ARAR SO, IG-110 BEno MR ¥ L U7z, £, EH 27V — 7% EKiE, 600°CE 800°C O
I 700°COfE DOk L7z,

BARBIZIL, ISR J1AEAT CTlE, Eq.(17) & Y Eq.(18)IZ38\W\ T, Ex=Ec, e'y=¢lc=0 £L. Eq.(11)
KN Eq.(13)JVENENDIE 1% R DT, Fo, WP RS ST T, Eq.(21) & T Eq.(23)I28
T, En=Ec. e'y=elc=0 LL. Eq.(1D& D Eq.(13)&VEHHE L, 22T, Eq.()IZED7V—7 DT HDFE
BFAZDOWT, Fig3.5 I3, T Tl e+ U &2 B NMSE, =1 26 J=1 £ETORT YK
DA Ao~ Ao ZFH LT Eq(DICEVZ)—7 O i at B4 5, fifroifing Fig3.6 (TR
o ET MBI E DEEZRER  HIIBUS D EFEL CAMIS T A1z R D, ZORHIER
JE TN LT BRE B4 1/100 (X 102n/m?) 3O NS T, BEMEIERR T $HCHUE T o5
KEEHHE 3X10Pn/m? £ TOIS %@ EHET5,

Fig.3.7 (X, IEHEAREIS SO @i K OMRIRAN DO FRGHES B 2R LT O Th D, i T,
IR TR RO P ARUS 123, 7V — T BT IVFERS ALK EEIZ 6=0 IZHiIL TV 5, Fig.3.8 I3,
FFE L IRE IS 77 0 AN K OMEIRAR O B IS0 2 B A 7R L7z b O C B IEREIG /) &I30IT 6=0 205
FRGTEEBIC BB  mIRMICHI8R IRIERCIEME OIS ) E720 | FIIEES 1 OfEICHE L T
WD, SEER AT K ORI (F 1 FR S B 3 X 10%5n/m?) OIEERREIS ) K OYF A IR RIS 7] &2 st
ST BT Fa% Table 3.2 1R, Fiz, EiRM & OMKIER OFEERRREIS ) | 1 LIS ) | SEHRRE O
P I S IE RO B O fEHTRS B4 Appendix 1 127”7,



JAEA-Technology 2024-002

4. JEHREF K O IR RFIG I A E IR O 52 %8

T T, AR OFE YR — ALHEBANELR B2 & OMPEAEOIRE WU B LD 2B b2 JE L7 bir
=A% L TR O B A R D,

4.1 HEFMELRE D58
HETHEEAR L O IREE B R OB Tl BRI ER G T #CHUET 2 ) O TFTRE WD,
E(t):EZO . fE(t) ...................................................... (24)

ZZC, E(t): IR ISR T DREHMELR B (GPa)
Ex0: IR (20°C) B OFE MR EL (GPa)
fe(t) IR t IZI 1T DREFEMEARE DAL
fe(t)=Co+C - t+Cat*+C3 3+Cy - t*+Cs- 1
Co=1.0
Ci=1.3328 10
C,=-1.5281 <107
C3=4.4335x101°
C4=-2.5016X 10"
Cs=4.8723 <1077
t: iR (°C) 20=t=1700
TR EE L6 T DfE LR B D2 L% Fig.4.1 12777, 600°C (iR & 800°C (/& ilAfl) & bt 4%
& 3% R A ORE AR I D3 = < Tpo TN,
FTo, MR O AT D R ORI, B ER G #CHET 2 D) O TFTRE WD,
E(t,y,T):E(t) (1+ AE(t,y,T)) ..................................... (25)

ZIT, E(ty, T): B (s b e 7 FRAT &y, BRURHELE T) OfE IR EE ¢ e DERAMELR 2 (GPa)
E(t): RIRSFAT O R t (2B DA% (GPa)
AE(t,y,T): R DR (20°C) (23T DRSS 12 (s P e B =&y, BRGHEEE T)

DEFEIEFR IR D2 A
AE(t,y,T)=E(t,y,T)/Eqo-1

=35 ()
Eao: R D5 20°C) FEOREFIHER I (GPa)
e B TR B (X 10%n/m?) (7 =3)
A FRRLIE ()
T TR
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T=600°C D
21=9.18521 % 10!
2,=4.66177 % 10!
a;=-1.14053
24=5.90802 X 10!
a5=-9.76594 X 1072
T=800°C D
21=6.66703 X 10!
,=2.21082 % 10!
a;=-6.43065 X 10!
24=3.26913 X 10!
as=-5.13699 X 1072

MEBRPEAREIZ DUV T, T=600°CJ Y T=800'C DR 21t % Fig.4.2 1277, 600°CE 800°C% LLik
T HE, BREEA 3X10%n/m? TIE 600°COD A 11%FEE @O EIEfRE L7 > T D,

HEMELR I D BRI DA EH PEAE A Table 4.1 (27797, Fig.4.3 & Fig.4.4 (J3EHRFRS /&
S LR IR 0 O @ AR fe OMERIRAR O EHT & S 7R 97, SEARITHEBR AR B DR S OV 284k %
EBRLIZLOTHD, — | IR —ADFEREZ R LT DO Th D, @RS SIERF L1
S AR LB R ISR 5728 | R UE — RL DGE WA HIBRIC BV | HF S IR REIS 77 CIie
BRPECR B O BRGTIC LD BN R ZBLAL, 1 B B3 3 X 10%n/m? CIIAEHE — AT LT 75%
ML TWD, 2L, fMERPEARE S RS & LB ITEmIRAITIEL 50%., RIRMITIE 70%REERE N3 5L
EBHIT,IRENRICED 3%EEEOBMMABFRL TN D, JEERRES 7] & OF 8 1k BEIS F) &2 bkt
JETDOT A% Table 4.2 12T, E7o, il K& OMEIEAN O JEHRIRE L /) | JF 4 L IRgES ) | SEHERRE O
P I P IERF O A DTS R % Appendix 2 (TR,

4.2 BZIRF O
B IRAR I DI LB R OB T, BEnE G Et T # CHRE T2 2 O TRz v,
a(t) (X.400 f () ..................................................... (26)

ZZC, at): EIE (20°C) MHIRELETO LB ELR E (°C)
0a00: ZE i (20°C) 7>5 400°C £ TO B RR K (°C)
0400=4.06 X 107
fo(t) R t 1T D LB SRR D b H
fu(t)=Co+C - t+Cp - t?
Co=0.853157
C1=4.26564 X107
Cr=-1.42894 X 1077
t: I (°C) 100=t=1500
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SRR ARAR B OIR E 2 b A Fig.d.5 (2R, 600°C (RIRAM) & 800°C (iR Tk, 4%F2E &
TRAN DS B RAR B Ei < Fp o T D,
Fio, ERIEMEIELR SO M RN R OKET T, BT ERE e TRE TS VO T A&
Hud,
a(t,y, T)=0(t) * (1FAQ(L,y, T))  weeveererrerreeeeeen (27)

22T, oy, T): BT (i e B S &y, BREHREE T) o FIREE t D =IR (20°C) 228
Bt E COFLH B RIR I (CT)
a(t) : RGO EIR (20°C) 2D AE HIREE t £ TONF B ERE (C)
Aa(t,y,T) : KRR & BRGTA (B R e 7 IR &y, ISHRE T) O IR (20°C) Kb
IR t ETOEBEERKOELE
Aa(t,y,T)=o(t,y,T)/a(t)-1
:Ziszl ai'Yi
v I - U R (X 10%n/m?) (Y=3)
t: {5 R (°C)
T: FR SR
T=600°C DKF, 400°C L 800°C DARFEA [ XV
a1=1.56849 X 10!
2,=-5.26726 X 102
a;=-2.85710 X107
24=3.57563 <1073
as=-4.21774X10*
T=800°C D
21=2.04390 X 10!
a,=-1.12636 X 10!
23=2.64706 X 1072
a4=-2.98755 X107
as=1.28728 X 10

EEJBWRAREL D T=600C L T T=800'C DI Z (% Figd.6 |Z-7, PG & 2X
10°n/m* LA _E Tl 600°CH 800 CH [AIFEEDIEE /2> TEY, Kb DL &L TS &
23 1.5 X 10%n/m? The K 113 {ERR L TWa,

LA AR LR B D B BEAT I W DM B PEAE % Table 4.3 (27”3, Figd.7 & Fig.4.8 |ZiEfRMF
Jis 3 LIFAE IR REE 70 oD v IRAR K OMEIRAR O AT S 7s 37, FERUT T B IR R B OIR B & O R
FEAEZE LD T, HRITEES —ADOREREZR LI D TH D, EERREIG SIS &I
DU R — AL @S A R L HRYE T BRET RS 0.5 X 10%°n/m? TIEK) 1.5 ffLleoTnd, &
= WP IEREIS B EE L EES R (A 3 X 10%n/m?) Tl 958 HE#Er — 22t LC 1.4 1%
(ARG — 2O @R ANF A5 1L RE IS T (4.4MPa) / BEHE o — 200 @ iR AP 45 1R IRF IS 71 (3.2MPa)) L7825 T
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WD, ZIBIZIE, ZHODKRF0E 265, — D HILEEEIZ R DOEWNTAELLH DT, Fig.d.9
(RTINS @A S OMRIRAI CAETLEB O Bz il — AT 54 RET AN 1.2 {FRRE KR
ETpoTND, Z0 HITEH BN IRAR I O A R TR — A TIIRIC IO ZE A B EL T
WRWS | AR — AT Fig.4.6 ISR L7 IOICRRGHIZ DA 113 E L C\a, 2Bl K 1425 &
FTHE AR —ATFERE — 2L 1.4~1.5 FRRE (K1 (1.2 ££) XEF 2(1.13 %)) @m<R02en
PRI IND, ERREIL ) S OYFE R REIS ) 2B I § 5OV 2% Table 4.4 12T, £2, mik
A e OV AR AR 0D S8 8 g S 7 L 49 45 L RIS ) | SEER R O 3 A | S A5 IR R O3 B O R AT A R A
Appendix 3 |23, ZZCHEBRREIG /JICHE B 95&, BS & 3.0 X 10%°n/m? TIES I D FF M3 HiHsL
TWD, HEHr—2TIE, BNOTAHERIT IV =T OFHNETDD G 1E 0 ISl
TN, Lol R —ATIEBZ SRR B O H k1 R 2 A B JE L TRV, Fig.d.6 (TR T LB
SRR IR A R LT LD 35, 078 | BAONT B LB A B NG 1) > B I B 1] LS HR T
IR Clde™ <eCLeh | IR0 MR 5,

4.3 EFIV—TIRE DB
TEH 7V — TR OMRE T, B ERGH HECTRET S D) O TR E WD,
MS=C1 . exp(Cz'T+C3) ............................................... (28)

22T, M RAHEEE T R0 &7 7V — 7 4% 4 (MPa) ' (10%n/m?, H = /L% —E>291]) !
T: BBEHEFE (C)(400= T = 1400)
Ci=1.2x10*
C=5.37X10"
C5=0.736
TE 7V — TR OIRE L% Fig.4.10 1277, 500°CH 5 800°C ORI TId, EH 7V — 7155k
EEIET S AN =Y PG AYN
TE 7V — TR DR BT I WD B MEEZ Table 4.5 127”77, Fig.d.11 & Fig.4.12 |Zi#EA
IRE s 77 &P LE RE R 77 D = iR AR S OMEIRARI D AT 5 R R 97, 2D DTS RATAEHE S — R L[]
U Chotz, 2L, EH 7V —7 %% 700°CHOME (3.7 X10* (MPa)'+(10*n/m?)™") T iRl K& UMK
R D 7 —T T (e —R) 247> CTh, @iz 800°COMHE (3.9X10* (MPa)'+(10*°n/m?)™) |
IR Z 600°COAE (3.5X 104 (MPa) '+ (10%°n/m?)") TZU— T 217> Ch ., Eid AR M o2
V=T OFHOEZRUCIEERLTND, £, miRA K& OMERIRAN O EER RIS J7 | P R RES )
TEHARFONT Zr JF S (LI ONF B O IEHT A5 5% Appendix 4 (27”877,
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4.4 WRESHEZEDRE
RS HEZ b OMETCIL, B ER G HECHET 2 ) O TE Hund,
e(y,T)= 215:1 T L PP PRRRRES (29)
ZIT, e(y,T): BT (s e P FR A oy, BRAHEE T) O S 12 iR RF O ~HEE L
(FRFTOT H)
v R BR A (X 10%n/m?, FPE =)L ¥ —E>291)) ) (Y=3)
T: FRGHEEE (°C)
T=600"C D
a1=-6.42060 < 10*
a;=-2.52533 X 10"
a;=-6.95441 X 10
24=1.98859 <107
as=-1.4396 X 10°
T=800"C DI}
a1=-4.82929 X 10
a,;=-2.32468 X 10™*
a;=1.68841x 107
a,=-9.2599 X 1077
as=0.0

T=600°C & O} T=800°C D MR & ~115254b % Fig.4.13 (¢, FEFIRE & &2 600°CE 800°C DR
FHOTHROENKETeoTND, Thbbh, T BEICEO S IR EARMN R O3 A3 E
ans,

PR SHE A O B BFRAT I O DA B % Table 4.6 1239, iR & OMKIRMANZ DUV T,
Fig.4.14 |TE#EERRFIS 7| Fig.4.15 (THFE IR IRE IR ) OFEHTHRE AR L CTD, Figd. 14 72Ho05E91Z,
EEERIRE S X P M R L EB I 20 D OFEHEr — AL g 95 & SR O JE#E i 71 23 L
IR OS] RIE HEEML CTWD, ZOME AL, Figd. 16 (23 @R & OIRIEM/ OB O 7, 7V
— 70T B B OTHOPETRINCEILDZB(L DI EORERAOFTHEMFOT H2E
THZETHRIfFSND, T72Db, Figd 17(1)D I O T HEEETHE, @Rl KRR o
WHIOBOT 275 Aey DSHREIEICEVZELL ., elh00<elsoo DT OTHZEN Agi<Asy E720, Zh
(2RI D N5,

— 7 FE IERF OIS 71, Fig 415 \R T I IS L &I @ IR O 5| 8RS J7 K OMEIRAN o FE A
JEJTEEINL , - BRET EY 1.2 X10%Pn/m? H7-D TR Rz R L, D% i /1138 2R T
Woo ZOI S DWANZHONTIE, FE IERETIZEO T AR N2 /) — 7 O B LR O %
EELTFig4.17Q)DINCHESND, T 70bh | EIRY M O @B O JEHE 7 U — 7 2T LARE R O
FIIRZV—T LD Aey DS FRIFINE (e's00 < €ls00) ICEVZEALL ., Aea<Agy E7RVIE TIN5,
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HEERIE IS ) K O IR RIS ) L 2B I G35 ONT 724 Table 4.7 (2377, F72, @i & DMK
IRAN OEERRFIE S7 W 1L RFIE T | TR O A P2 IERF O3 B OfENT S R4 Appendix 5 (27
ﬁ‘o

4.5 ETOYEEOFEEE B LI

2TOVMEEORELZ R LUIMITICH WM B PB4 Table 4.8 (2777, Fig4.18 KT}
Fig.4.19 [FEHRRF IR ) Mo OV 1L IR IS ) DFRAT /5 K2 R LT2b DT D, [F B IIAE JE 7 — A D fif
Bt RO TRL TS, IEHRREIS 71T, R HEr — A TIXZ ) — 7 BRI @i Aa | ARIRAIE S
BRI L TDn, 2 TEZE LI — AT D LEINCERT TWD, ZHUE, BRI TR~ 7
MRS I LD B Ch D, — 7, JFIE ILREIS ) IE, AR — A CIE /) — 7 AR K BRI L
TVWDEN, B TEZE L — AT LEANCEE L TEBY, 2GR I IC LB THD,

U — AL TEBE LT — AT DWW T, GBEEREIS /) LA 5 (RIS ) O i K% Table 4.9 (2
IRT (R E72 DB EIIERF O FUHIAR) . 2 CTEBE LI — AT, EIREEIS ) % —
AD 1.3 1% (=4.1/3.2)  JFfE ILREIS /103 2.2 {5 (=6.9/3.2) L7e>TD, ZHUZDWT, BL N THLET
B,

(1) FEERIEIER ) OGN

RIS 7] O KBTI BUE 77 (B 8=0) THHO T, MR IR LB O T 22 (=0 AT) 23
5325,

() fhEmME Rk

FEHEr— 2 ClE Table 3.1 (Z/RL7ZE9I2, E=7.9GPa 2 WV C\\5, —F, £ CEEE LI/ —AT
1. HEREAR B DR 2 R (Bq.(24) & B L T\ 5, I SRR o b B3R FE (700°C) &L CEE
i 2&, Yo7 R OBENIIT 1.03 [5E725,

(i) O 7

A — 2L B THEE R LI —ADBOT HO I TR TR T 5,

[e800-200] ALt 19800° AT1-0600* ATo ],

[Sggofggo]s]) - [ag00° AT1-ag00" ATz]SD

ZZC. [os00]sp=[0i800]sp=4.06 X 107°

[0600]aLL=4.29 X 107
[og00]arL=4.48 X 10°°
AT=780°C
AT,=580C

Eq.BO)LVEVOT D AR 358, 1.23 f5E725,

L7e3o T, MR EL BV O D b | SEERREIS SO INEFIE 1 1.27 % (=1.03 X 1.23) &72
U, FEHTRE R (1.3 £i%5) LIRE— 8T 2, E/o. EERRF IS ) O INTIIBO T RO BN RKENZ LN D
D% ZIUE, e R OEERRF IS I D PIEUS 1 ThHZ LN DY | BT AR EH ThHZ L0 i
Sha,
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(2) FfE IEIRERE 10BN

Table 4.9 {ZR LT SR IR IREE ) D e RAF T H M1 FRAT 50 2% 1.6 X 10%°n/m? TH DD T, MEHMELR
B 7V—=TOFT R ORHOT HBEETHEE LD,

() MEMPELREL

Table 3.1 |Z/RL72IDIC, =W — 2Tl E=7.9GPa 2 VT 5, —FH, & TEEZE LI/ —AT
T, HETRPE LR E O R ME - R 2 B (Equ(25)) & &L TV, 7eds, JA1E ILIREIR 71 EER (20°C) 1k
RETHA L TWDD T, MEFMEREL O BT3B 2700, 22Tk, & IR AR & AR IR o> A R I
(700°C) TRl 2&, Yo 73 Rid=1.68 f5L7D,

(i) ZV—7FOF 7

Fig.4.20 [IHEHE/r — R LR TEER LT —ATHONWT, ZV—TOF B0 FfE 7RI X528 v &
HRL7Eb D THD, @IRMATEMZY)—7 OF B AREM TRV 7 —T OF HREET TNVD, F
BOT TR U245 1R IS 1%, BRI Fig.3 40)ICRLTWa, KD, ZU—F O Rz kDl
IEREIS 1L, Yo 7RO PE T RS 2h 5 (x1.68) ZZ LT,

1
Gﬁ=§ (SE-SS)XEZOX 1.68
1

5 (aﬁ—sg)XEzoX1-68 ......................................... 31)

ot

ZZC, e%=-8.3x10"
£Cc=7.5x10"*
Eao: 21 COMEFMELREL (=7.9 X 10° (MPa) )
Thbd, GOICEVFHE DL, IFE RIS /11T 6%4=10.5(MPa) | 65c=-10.5 (MPa) 725,

(i) MRS O 2

A K OMEGR AN D BRI OV 200X EqRONCEDETE L, 7V —T7 O3 AL [fl Bk Fig.3.43)2 &5 (1
T 5, KNG, B O I E DN RIS 771X, Yo 7 RO R 2R (x1.68) B JEL
<,

1
oy= 3 (slc-s%{)XEzox 1.68

1
GEZE(SE'SE)XE&OXL&; ......................................... (32)

ZIT, ely=1.30%103
gle=-1.84x107
Eao: 2 il T OMEBMEAREL (=7.9 X 103 (MPa))
Tho, GOICEVFHETDE, IFE (RIS /11T o'w=-3.6 (MPa) | 6'c=3.6 (MPa) L72%,
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LIei3o> T 20 =7 0T B L CRE O AOMEND, 2 TE2HB B LI —ADIFE RS 1T,

Géhz 08+GIC ...................................................... (33)

TR C&%, Eq.(33) TatHA I 5&., il & OMRIRAM O fF 45 1R BF IS 1%, 6%"'h=6.9(MPa), ¢5"c=
-6.9(MPa)t720) | Table 4.9 DffiL725, ZZ T, ZNENDOOT ADHFHGIZE B THE, Z7V—T0DF A
IXIF A IR RIS A1 2 B NS5 07 18], B O 238 32 07 ISl Qb ZE b D, 2,
FRAT O 228 800°CE 600°CTIE, ls00<elgoo TEANT A LTI E N R WINEE /NEL o TS
OTHD,

72 E | TEEAREIG ) M OV S IEIREIR J1 & Zblcxt i 975 O 2% Table 4.10 1279, £72, @Ml
T OMEIR A O IEERIF IS J) | S 1L RFIS ) | SEERRF O 2 P8 IERF O B OfEHT S % Appendix
6 1”7,
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5. £&0

HTTR DJF N EEE & OIEEEIT, K 400°CH D 1200°C & #FH TR O BRG 2K B N K EE72R
DI HEMITHAET L0 B HIL D RIS ) O BEHEL > TnD, — T BEEIEYD
DR FmibeE % B R LR AIS MRBAL S O AN B F D72 I2i%, B EMIZRAET DIEN
DEE IR THIEDRNETHD,

ZZT, BEMEEW IR AT DI ) OZEE Z RN T 5720 . mii &k CMRIERIO 2 Koidhiae—
BALLTZITVET VAL B DKM T 7 V28 ] L CREMEEM R A OEHERF L T K&
OVFAE IR IR IS ) DSREAM C & 2 5 kML REI B 7 L 2 BRIE LT, O By kb EREAl & 7 L2 F Vv
T, Bl RE A — 2 (IR 600°C . w5 1RAR 800°C THEFRMEAR S, I B IRAR SR AN N 40 (IG-
110 5B8n) o MBI 22—l T, B HEEE BB LRV —R) T I FEBZR I L2A, M
HICHRARS LD LT D& AR~ LTz,

EHARE IS 0L, IR AR ARIRACR I aRIS J1&720 | MRS D7) — T E TR KR
S, BT IMEA B W35,

— 07 P RIS 0T SRR ) SIS IR T B RIS 7 | ARIR AR CIEAME I T &0 |
JEIMEN B s e BB L EH IS L, A1 BUS BN 5,

F72, KIEA 600°C, FERMA 800 CHHA I HOWT, MM OIREE, Pt 7RI b a5 &

L= A CEMEm e r — AL Ll U7 RS S DL F 2R L7z,
HEHMER B DO ZAL 2B BT D& EERREIS )X 7 RS &b I LT aIc i L, 42
W —RLOFENRHEVBNIRN, — 7 JFE RS DT e 7 B L eb i, Hik
T RS &S 3 X 105 n/m? THEEHE T —AD 1.75 {5725,
B R R OB E B RS DL, RS TP R LSBT T 5000 | 1R %
Ir—AXEWS IEZ R L, PP BB RS 0.5X10Pn/m? TR 1.5 f5&725, —J7, JFfE Ik
WIS i, e 7 BB 3 3 X 10%n/m? Tl 08 U — 2D 1.4 (54725,
B SHEZ b 2B JE LT — AT, RS )7 BRI L LB I 320 O O e
2 — AL @A O FEHE S T 23BN L ARIBA OB RIS BN T D, — 5 4 1L ERED
S TIUE . R B & SIS SRR OO 5 3R 7 K OMERIRAR O A Jis S 238N L | vk - B
B 1.2X10%n/m? H7- TR Rar L, EO% s 713 L Tng,
WMHE OB E 2 CTEB LI — AT, T BEICED HEE (LD FEIZLY | EliRRS
TIEPD DO JF S (R RIS T I N BB LT 5,

Atk BAZE L7682 K BVERTAR £ 7 1 &2 I T AR & 7R B S T S 2 P P B E )

EERRE IS S K QMRS IS ) BB 2R F L, BRI Em O R Fambial & B LIRS KRk
FEOHAMBHZFEIIE AL T,
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Table 3.1 Material properties used in standard case

Property value

Young's modulus, E 7.9 (GPa) ®
Mean-thermal-expansion-coe flicient, «  4.06 (10°/°C) (20°C~400°C) ¥
Steady creep coeflicient, M* 3.7x10* (MPa) (10¥wm?*? (700°C)%
Transition creep parame ters

a 1104 (MPa)* ©

b 4.5x10" (10%w/m?) ©

Table 3.2 Analysis results of standard case

Fluence Stress (MPa)* Strain **
(*¥10*/m%) Hot region Cold region Hot region Cold region
0.0 -3.2 / 0.0 3.2/ 0.0 _4.1x107* / 0.0 4.1x10* / 0.0
3.0 -0.01 / 3.2 0.01 / -3.2 ~1.7x10° / 4.0x10* 1.7x10° / _4.0x10™*

* 1 Operational stress/Shutdown stress
*% 1 Operational strain/ Shutdown strain
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Table 4.1 Material properties used in Young’s modulus effect case

Property

value

Young's modulus, E
Me an-the rmal-expansion-coeflicient, a

Steady creep coeflicient, M*

Transition creep parameters

Eq.(24) and Eq.(25)
4.06 (10%/°C) (20°C~400°C) ®

3.7x10* (MPa)'(10%wm?)? (700°C)®

1x10* (MPa)* ©

4.5x10" (10%w/m?) o

Table 4.2 Analysis results of young’s modulus effect case

Fluence Stress (MPa)* Strain **
(x10%/m?) Hot region Cold region Hot region Cold region
0.0 3.3/ 0.0 3.3/ 0.0 _4.0x10* /7 0.0 4.1x10* / 0.0
3.0 -4.6x10° / 5.6 4.6x10° / 5.6 -3.4x107 / 4.3x10* 3.1x107 / -3.8x10°

* 1 Operational stress/Shutdown stress
*% 1 Operational strain/ Shutdown strain
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Table 4.3 Material properties used in mean-thermal-expansion-coefficient effect case

Property value
Young's modulus, E 7.9 (GPa) ®
Mean-the rmal-expansion-coeflicient,a Eq.(26) and Eq.(27)

Steady creep coeflicient, M*

Transition creep parameters

3.7x10* (MPa)'(10%wm?)? (700°C) ¥

1x10* (MPa)* ©

4.5%10" (10¥w/m?) ©

Table 4.4 Analysis results of mean-thermal-expansion-coefficient effect case

Fluence Stress (MPa)* Strain **
(<10 /m?%) Hot region Cold region Hot region Cold region
0.0 -4.0 / 0.0 4.0 / 0.0 _5.0%x107% / 0.0 5.0x10% / 0.0
3.0 0.02 / 4.4 -0.02 / 44 3.0x10° / 5.5x10* -3.0x10° / -5.5x10*

Operational stress/Shutdown stress
Operational strain/ Shutdown strain
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Table 4.5 Material properties used in steady creep coefficient effect case

Property

value

Young's modulus, E

Me an-the rmal-expansion-coeflicient, a

Steady creep coeflicient, M*

Transition creep parame ters

7.9 (GPa) ®
4.06 (105/°C) (20°C~400°C) ®

Eq.(28)

1x10* (MPay! ©

4.5x10" (10%w/m?) ®

Table 4.6 Material properties used in irradiation dimensional change effect case

Property

value

Young's modulus, E

Me an-the rmal-expansion-coeflicient, «

Steady creep coeflicient, M*

Transition creep parameters

Inradiation strain

7.9 (GPa) ®
4.06 (10°°C) (20°C~400°C) ®

3.7x10* (MPa)1(10¥wm?)?! (700°C) 9

1x10* (MPa)* ©
4.5x10' (10%n/m?) @

Eq.(29)
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Table 4.7 Analysis results of irradiation dimensional change effect case

Fluence Stress (MPa)* Strain **
(x10%/m?) Hot region Cold region Hot region Cold region
0.0 3.2 /0.0 3.2/ 0.0 _4.1x10* / 0.0 5.0x10* / 0.0
3.0 -1.L 121 1.1 / 2.1 -1.4x10* / 2.7x10* 1.4x10* / 2.7x10*

* 1 Operational stress/Shutdown stress
*% 1 Operational strain/ Shutdown strain

Table 4.8 Material properties used in all considered effect case

Property value

Young's modulus, E Eq.(24) and Eq.(25)
Mean-thermal-expansion-coeflicient,a Eq.(26) and Eq.(27)

Steady creep coeflicient, M* Eq.(28)

Transition creep parameters

a 1x10* (MPa)* @
b 4.5%10" (10%n/m?) ©
Inradiation strain Eq.(29)
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Table 4.9 Comparison of standard case and all considered case

Case Region Operational stress (MPa) Shutdown stress (MPa)
Hot -3.2 # 3.2 %
Standard
Cold 3.2 % 3.2 %2
Hot 4.1 % 6.9 %3

All considered
Cold 4.1 ¥1 -6.9 *3

%1 . Initial thermal stress (Fluence = 0)
%2 ! Fluence =3 X 1025 n/m?
%3 ! Fluence = 1.6 X 102 n/m?

Table 4.10 Analysis results of all considered effect case

Fluence Stress (MPa)* Strain **
(*10%n/m?) Hot region Cold region Hot region Cold region
0.0 -4.1 / 0.0 4.1 / 0.0 -4.9x10" / 0.0 5.1x10* / 0.0
3.0 -1.1 / 65 1.1./ -6.5 -8.3x10° / 5.0x10*  7.4x10° / -4.4x10*

*  Operational stress/Shutdown stress
*% 1 Operational strain/ Shutdown strain
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Fig.2.1 Arrangement of graphite and carbon components of HTTR
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(2) Simple beam model

Fig.3.1 Simple beam model for secondary stress evaluation
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Fig.3.2 Deformation model of graphite”

Fig.3.3 Creep strain analysis
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Fig.3.4 Stress evaluation using beam model
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Fig.3.5 Creep strain analysis by Eq. (1)
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Fig.3.6 Analysis flow of operational and shutdown stresses
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Fig.3.7 Behavior of operational stress for standard case
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Fig.3.8 Behavior of shutdown stress for standard case

_32_

3.0



JAEA-Technology 2024-002

Fig.4.1 Temperature effect on Young’s modulus

Fig.4.2 Irradiation effect on Young’s modulus

for T=600°C and T=800°C
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Fig.4.3 Behavior of operational stress for young’s modulus effect case

8.0

6.0

-6.0

-8.0

Young's modulus effect
Standard case

L Hot region

1.0
FastNeutron Fluence [ X 10*n/m?]

1.5 2.0 25
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Fig.4.5 Temperature effect on mean-thermal-expansion coefficient

Fig.4.6 Irradiation effect on mean-thermal-expansion coefficient

for T=600°C and T=800°C
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Fig.4.8 Behavior of shutdown stress for mean-thermal-expansion-coefficient effect case
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Fig.4.10 Irradiation Temperature effect on steady creep coefficient
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Fig.4.12 Behavior of shutdown stress for steady creep coefficient effect case
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Fig.4.13 Change in irradiation strain for T=600°C and T=800°C
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Fig.4.16 Change in strain at hot region and cold region
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Appendix 1 Analysis results of standard case (1/8)
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Appendix 1 Analysis results of standard case (2/8)
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Appendix 1 Analysis results of standard case (3/8)
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Appendix 1 Analysis results of standard case (4/8)
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Appendix 1 Analysis results of standard case (5/8)
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Appendix 1 Analysis results of standard case (6/8)

,54,



JAEA-Technology 2024-002

Appendix 1 Analysis results of standard case (7/8)
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Appendix 1 Analysis results of standard case (8/8)
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Appendix 2 Analysis results of Young’s modulus effect case (1/8)



JAEA-Technology 2024-002

Appendix 2 Analysis results of Young’s modulus effect case (2/8)
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Appendix 2 Analysis results of Young’s modulus effect case (3/8)
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Appendix 2 Analysis results of Young’s modulus effect case (4/8)
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Appendix 2 Analysis results of Young’s modulus effect case (5/8)
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Appendix 2 Analysis results of Young’s modulus effect case (6/8)
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Appendix 2 Analysis results of Young’s modulus effect case (7/8)
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Appendix 2 Analysis results of Young’s modulus effect case (8/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (1/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (2/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (3/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (4/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (5/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (6/8)
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Appendix 3 Analysis results of mean-thermal-expansion-coefficient effect case (7/8)

,71,



JAEA-Technology 2024-002

Appendix 3 Analysis results of mean-thermal-expansion-coefficient case (8/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (1/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (2/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (3/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (4/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (5/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (6/8)
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Appendix 4 Analysis results of steady creep coefficient effect case (7/8)

,79,



JAEA-Technology 2024-002

Appendix 4 Analysis results of steady creep coefficient effect case (8/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (1/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (2/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (3/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (4/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (5/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (6/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (7/8)
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Appendix 5 Analysis results of irradiation dimensional change effect case (8/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (1/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (2/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (3/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (4/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (5/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (6/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (7/8)
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Appendix 6 Analysis results of considered all physical properties change effect case (8/8)
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