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Structure Design of the Central Solenoid in JT-60SA
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The upgrade of JT-60U magnet system to superconducting coils (JT-60SA : JT-60 Super Advanced) has
been decided by parties of Japanese government (JA) and European commission (EU) in the framework
of the Broader Approach (BA) agreement. The magnet system for JT-60SA consists of a central solenoid
(CS), equilibrium field(EF) coils, toroidal field(TF) coils. The central solenoid consists the four winding
pack modules. In order to counteract the thermal contraction as well as the electric magnetic repulsion
and attraction together with other forces generated in each module, it is necessary to apply pre-loading to
the support structure of the solenoid and to pursue a structure which is capable of sustaining such loading.
In the present report, the structural design of the supporting structure of the solenoid and the jackets of
the modules is verified analytically, and the results indicate that the structural design satisfies the “Codes

for Fusion Facilities - Rules on Superconducting Magnet Structure -”.
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k=110
Ex

B 79 X~k {E JT-60U %5 7 A b b~ 27 (JT-60SA:JT-60 Super Advanced) & L CTi#A
BELTHAARL EU LR TR Y =7 FAHEES L TVWD, JT-60SA D~ 71y h v AT A
ILEIZHL Y L 2 A R(CS:central solenoid), bk &1 & /Uf45(TF:toroidal field) = /v “Pfirféss
(EF:equilibrium field) =2 A L2580 | S HIZCS T4 DDFE Y 2 —ANbLERINTWVWD, £F
V= WEENEIISNL LR 24772 5 T2, 77 A~ RSCHIEO 2 4 L v 7tk » T,
105 1702 EDBRESINIET D, Fo, CSEY a—) b IFEMEEY & ORICA U 5 EUR
ML DXy T2 MO L DI TWMEEZ G2 DN VNE L 25, Db, CS & XFfE
EPNIXTARIE, BR)SCBNAEICH 2 5 28EEZH T2 Lk bnd, VDY

BRI LY . FaA N ETTAITHERPIBSND Z LICEY CS ITHAET LES
&G B 2 SR D . RIRMRAT & SERIARAT I T35, BRMRHT & SRR Ci, EBR. TAT
HEBUESINZ SNTZSAOXFHEEm L CS OV X r v b OREERNT &3l T niT
25, v

AEETIL, CS OXEFEEM L T 2 — LDV ¥ Ay b ORERE 2T L. [ERaR
RS B~ 7Ry MEERKK) D 2T 2 L A REET 5.

B, BT m 77 Ak, ANSYS 11.0 Release UP20070125 #{# 4%,

2 BRI

21 =5
TR FRAT O B CS. SCFEIEY) O RIRIRIT & & % > b OFEMBET 21772 9 ITER L T,
W< BRI RDDHZETHD,

fENTRIZIL CS, EF 2o /b, 7T A~ & T 5, CSIE4 DODEY 22—/ (CS1~CS4)H b AL
. 62D EF 21 JL(EF1~EF6)IX TF = A /L& JHTe L 9 ICHE SN D, MRATHIPH & L CHErEfig
W& BBRICHFMEEZ BRE L T 200 &2 ET7 Vb T 5, B, KT COT I X~ i3fkaA 1o
BN RDDIZDDHEDTHHDOT, 77 AIRIIFEMAL U CTHER W &35, k5
Td D CS, EF aA /v, XEEEW % Fig. 2-112, fifrE£7 /L % Fig. 2-2 I/~ T,
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Fig. 2-1 JT-60SA coils system (mm)
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CS3 ' /
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Element type : 3-D Coupled-Field

EF6
Number of nodes : 19,615
‘ Number of elements : 14,875
EF4 EF5

Fig. 2-2 Electric magnetic force Analysis model (20 degree)

Solid SOLID5
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22 YtEfE

ANSYS IZ X D ARFIETIE, T23 B8RS (IR T X 9 R EIC X 0 BIE 2 % 2 A VISR E
T BN, A VWIR COBEBRDAAELE 2T H7-0I10, FEEOBXEIIEE 2 A VO H L)
NHaAANFLETEEBRLETEOEBEOWLHIS U TEB L TRET 5,

23 BERSGM

ANSYS IZ X HAFIETIE, aA VI SN D EIRERERASEMEE L THRET D, 24 WD
R ESEMEE LTy 7Y 7 (Coupling) (HINOSEEORE—(L) L. il % S5 ENLL D
FHHEICRET 2, b AHOEMNE —EMICRET D, FEREMHFOH L LT CSL OEERSE
% Fig. 2-3 12779,

Current is set on master
degree of freedom -

Voltage issetto 0

Coupled degree of
freedom of voltage

Fig. 2-3 Boundary conditions (CS1)

2.4 fESAE. T — R

CS(CS1~CS4), EF =i A L (EF1~EF6), 7T A~ Ilit SN 5 EBRMEOMAGOHEIZ LY T3
F18 K (Max. repulsion force)). 51775 K (Max. attraction force) . [#)HA b (Initial magnetic
excitation) . [FEFH7 % K (Max. vertical unbalance force (up))). [FEFMT T K (Max. vertical
unbalance force (down))| @ 57— A &+ 5, K7 —AZBIT LKA N & 7T X~ DOERE
% Table 2-1 |Z7~7,
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Table 2-1 Current values (MA)

Case Case 1 Case 2 Case 3 Case 4 Case 5

Condition Max. Max. Initial Max. vertical | Max. vertical
repulsion attraction magnetic unbalance unbalance

force force excitation force (up) force (down)

Cs1 4.979 -8.629 11.419 -3.768 6.405

CS2 0.825 -11.057 10.845 -9.409 2.737

CS3 -5.280 -10.976 10.816 -7.941 -1.045

CS4 5.064 -5.564 11.634 -11.069 2.713

EF1 -1.933 -1.211 0.196 -1.940 -0.641

Coil | EF2 | 0.212 -2.733 0.002 -1.110 -1.078

EF3 1.204 3.333 4.104 -0.828 1.369

EF4 0.585 6.876 4.147 7.048 6.975

EF5 2.297 -0.935 -0.123 -2.327 -1.804

EF6 -2.699 -3.079 0.247 -1.863 -0.951

Plasma 2.900 5.500 0.000 5.500 2.900

25  fRETHER

CS DKEY 2 —/L(CSI~CSA)IFAET D ET7 M L snE T M DOER S 2 Kb %, Fric, T4
FEARAEAT ) LB L 7R D ERELT MR ICIER S D, Case 2 (5]7JdxK) TiE, CS1,CS2(ZIE T
&, CS3,CS4ZiF hmEDERSNFAEL, EHHEAD & CS2 ICREREMNNFEET D &
Ex bivhH, CS(CSLI~CSA)NZFAT 5 ERE ) % Table 2-2 IZ/R7,

Table 2-2 Electric magnetic force (MN)

Case Condition Direction Coil
Cs1 CSs2 CS3 CS4

Case 1l Max. repulsion force Radial 32.001 2.256 7.931 25.562
Vertical -0.505 2.806 6.752 -9.407

Case 2 Max. attraction force Radial 97.313 167.259 149.947 33.397
Vertical -39.721 -6.421 23.211 29.356
Case 3 Initial magnetic Radial 224.307 | 223.988 223.430 228.684
excitation Vertical -37.885 1.012 -1.562 39.237

Case 4 | Max. vertical unbalance Radial 29.340 108.888 91.841 119.575
force (up) Vertical -11.269 -11.283 -4.772 45.153

Case 5 | Max. vertical unbalance Radial 56.150 18.377 -3.746 15.707
force (down) Vertical -6.007 6.460 -0.106 -3.928
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3 AT

3.1 =5

FENTXHEIL CS (ki b &de) . SCFflEY) (Ny 77V —rv F—T v Uxzvd,
A TL—R), Z7LFTTN-TL—F, UV F-TI7y b eT5, CS EYa—/Lidxt
Hiffix S 4L, S BT CS E Y 2 —/L[E(CS-CS) btk ST 5, CS D L & T X Fri S
Ny T77- = =Tyl Uy UKV, AT L— NMIEOFEDT, T
WHEZ 52 5HETH 5D, CS & FHEEY DK% Fig. 3-1 12”7, £ CS % bk < SCFiEIE
Yo BEX, AKIEMRK CTH D5, TF a4 VICRY it~y b7 I 7y hTrLEdyv
N T L— &I LTCCS &HDHTHEEE K> TN D,

FEAT RIS R EZ BB L T20° 50325, vV M T Ty M 7LF TN T L— b
CS LB FHEEY O BIIX % Fig. 3-2 12773, CS. gk, N> 77 —1320° 43, #
A TLb—bh F—TRYI Uz TLIXTTN-TL—bL U T Ty MI1R2
DMENTHLPH & 72 5, Fig. 3-3 IZHTE T VDK% =", CS & CS-CS iz, CS-CS #ufk & xt
HuifR . PR & Ny 7 7 ) — U TCII M A B R T D, E, XA T L—REF—T
2y 7 L OBEMOBEEEILA L ML VDT HITWDOT—RE L, A5 138
HEET D, Fig. 34~V N T Ty M TLFxR TN L— NS AR, Fig. 3-4, Fig.
3-5 12 Fig. 3-2 lZkfI& L 7= CS _LE D SRt iE M O fifht£ 5 /L % 7597, Fig. 3-6 ICCS EV 2 —/b
MOET VER L, Fig. 3-7 I XFHEEY FEOET NV ERT,

Mount Bracket

==
Upper —1
BufferZone
CS1i,
cs244,
L S
2
CS3-H.
CsS44L
Lower
P BufferZone ——|| |
Vs =

Fig. 3-1 Elevation view of CS assembly (left : CS modules are not shown)

(right : cross section of a part around CS modules with pre-compress mechanism)
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MOUNTING BRACKET

FLEXIBLE PLATE

INNER TIE PLATE

OUTER TIE PLATE

UPPER KEY BLOCK
WEDGE

UPPER BUFFER ZONE

Fig. 3-2 Elevation view of CS upper assembly

Mounting bracket

Flexible plate —

Cs1
CSs2 Tie plate
| P
CS3 Number of nodes : 77,065
Number of elements : 108,714
csa Element type :

Fig. 3-3 Whole analysis model (1)

3-D Coupled-Field Solid SOLID5 (90,852)
Contact elements (17,862)
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Mount bracket

Flexible plate

™~

‘ Inner leg ,
Outer le ’
Attachment on TF coil

Fig. 3-4 Whole analysis model (2) (Mount bracket, Flexible plate)

Upper Key block

Inner Tie plate

Outer Tie plate
Wedge block

Upper Buffer zone

Fig. 3-5 Whole analysis model (3) (A upper part around CS modules with pre-compress mechanism)
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CS

CS Ground insulation

Fig. 3-6 Whole Analysis model (4) (A part around CS modules)

Lower Buffer zone

Lower Key block

Fig. 3-7 Whole analysis model (5) (A lower part around CS modules with pre-compress mechanism)
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32 Al

SATITEMmRAIME, S E A VW2, CS MOl —ARF | FRP &, xiHiffixit VPI-G
ZfEH L. fiid SUS316LN Z T 5, xftiffiix & CS OMEHIRGPEL L, B AITE S
F e T 5, FEaIHEH L T DB O EE, Yo 78, K7V ok, BUgESR)
% Table 3-1~Table 3-3 1Z/~7, BWIERITMT 7' 1 7T AW CHRIEEVZIE R b S IR
ZERE L PR RRNREH ST, AT S5, Table 3-3 ([CHRMEERSRAZ R LT
W5,

Table 3-1 Material properties (1) (SUS316LN, Epoxy, FRP)

Material SUS316LN Epoxy, FRP
Component Wedge | Buffer | Key Tie | Flexible | Mount Cs-Cs
block zone | block | plate plate | bracket insulation
Density (kg/m°) 7940 2000
Young's modulus (GPa) 205 10
Poisson's ratio 0.3 0.33
Thermal expansion (%) Table 3-3 Material properties (3) 0.5
(293 K to 4 K)

Table 3-2 Material properties (2) (VPI-G (G10), CS)

Material VPI-G (G10) cst
Component Ground insulation | CS1, CS2, CS3, CS4
Density (kg/m®) 2000 5476
v « modul Ex 12 20 36.58
0””%53;3’ WS T, 20 20 100.6
E, 20 12 37.97
sh dul Gyy 6 6 17.28
ear modulus
(GPa) Gy, 6 6 17.3
Gux 6 6 5.938
Vxy 0.33 0.17 0.098
Poisson's ratio Vyz 0.17 0.33 0.094
Vo 0.33 0.33 0.431
0.75 0.25 0.346
Thermal expansion T 025 025 03
(%) (293K to 4 K) | % : : :
a, 0.25 0.75 0.346
Material direction R(X) V4 x :X(R), y:Y(0),z.Z

*1 : Equivalent stiffness
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Table 3-3 Material properties (3) (Coefficient of the thermal expansion (instantaneous))

Temp. 4 20 30 40 50 60 70 80 90 100
a 0 0 0.2 0.3 0.5 0.5 0.5 0.6 0.7 0.7
Temp. 110 120 130 140 150 160 170 180 190 200
a 0.8 1. 1. 11 1.2 1.2 1.4 1.3 1.4 1.5
Temp. | 210 220 230 240 250 260 270 280 290 300
a 1.5 1.5 15 1.5 1.6 1.5 1.5452 | 1.5548 1.4 1.5
Temp. | 310 320 330 340 350 360 370 380 390 400
a 1.5 1.5 15 1.5 1.5 1.5 1.6 1.6 1.6 1.6

Temp. : Temperature (K)

a : Coefficient of thermal expansion (instantaneous) (X 10°/K)

33 EERSMH

JE 5 SRR VLR T e B 23k T, ~ v > b7 T 7y MO IR Y AT A A (R).
FRE ) TR T 5, mHEHGEOSMEE LT~ U v b7 T 7y MEEBIZEEIC K 5 BT m o
SREIENLZ b — T AW N2 5, FREZEN T OB, BWiREE, SRIBE» OO
TEEZE o0 B U RIS T1E-0.00377 m., AMRIIEIES T1%-0.00727 m & 5%, B 5% Fig. 3-8,
Fig. 3-9 (27”77, Fig. 3-8 121X CS & ZFi & OB RS %2 L XV /R L, Fig. 3-9 IZid~w > k-
7Ty b, 7RI N-T L— M & CS B O FHEEY ORGSR T,

Symmetry boundaries

Symmetry boundaries

Fig. 3-8 Whole analysis boundary conditions (1)
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K Symmetry boundaries

Symmetry
boundaries

UR=-0.00377m
uz=0

4

UR=-0.00727m
UR : Radial displacement Uz=0
UZ : Axial(Z) displacement

Fig. 3-9 Whole analysis boundary conditions (2) (Elevation view of CS upper assembly)

3.4  fESM

& LT, A7 L— NN X DHOfHT (Constriction), H & (+ Gravity), # #](+ Cooled
down) . &M JI(Electric magnetic force)x 5-2 5, # A 7' L— MT R DHOFTITIREZAT=
85 KIZK 2 B i) CHMET 2, BAEMIZIE, #4-7L— OBMIREZ 318K & L,
fila 293 K (i : 20 °C) L9725, fDfHiT L HEZMAIRETOWREIZ 298K LT25, @
HFFCIXREZLZ 293K 226 4K ETTIF 5, [2 BN TRDIA I —ADER )% CS
WZh-2 %,

35 o —=

Case 0-1 1X# A -7 L— MIZRIREN L DOIREZE(AT=85 C)ZMZ 5T LK VFEFDAT
LT CH %5, Case0-2 TlE, S HIZHEA 5 2%, Case0-3 (% Case 0-2 (Zxf L CTEMirE & LT
REZ AKIZRTET 5, Case0-1,0-2 TOIREIX 293 K Th 5, Case 1~5 (L, Case 0-3 DIRFEIC
FREN TRFENERI T8I0, TOIHIRG) . TIEPM iR, TRV FRoR) DOERE
NEMZ D, Milr/r—A% Table 3-4 (2”9, RHPDOTOIHNIMEZNATND Z L 2R T,
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Table 3-4 Analysis cases of the whole analysis (1)™

Case Case 0-1 Case 0-2 Case 0-3
Condition Constriction | +Gravity | +Cooled down
Constriction O O O
Load Gravity — O O
Cooled down — — O

*1: “0O” ; loaded

Table 3-5 Analysis cases of the whole analysis (2)™

Case Case 1 Case 2 Case 3 Case 4 Case 5
Max. Max. Initial Max. Max.
Condition repulsion | attraction | magnetic vertical vertical
force force excitation | unbalance | unbalance
force(up) | force(down)
Constriction O O O O O
Gravity O O O O O
Cooled down O O O O O
Max. repulsion force O — — — —
Max. attraction force — O — —
Electric Initial magnetic — — O — —
magnetic excitation
force Max. vertical unbalance — — — O —
force (up)
Max. vertical unbalance — — — — O
force (down)

*1: “O” ; loaded

3.6 RATHR

3.6.1

YU N T Ty hETLRUT LT L— b

T LI RMEMIK BEDO~ T N T Iy hEeT LR TN T L= Dbk~ D
YT Ty MO TF 24 L & OB AT EICE < ) (D BWESIT@ < ) 2Rk b,
PRI O BN FE A ERFER LS & 0 SRIE NS HR L B S, AMAIO BTSSR E FRNCI S 2o
T oinsd, FRIFROK T CS FHOHENGEHFRO ) T—HEZAH L TNWDHEBZXHILD,
WO AHTEZ@< HhE LTy 75y NI < RK S (U 750w B
12Y%7=0 %) % Table 3-6 |2/~

~UV T Ty NOBIIZIZHEANC L D TF a4 VHOBINFEIC L 2B E 7 LT
b7 L— NO RN % I R R ENMH, Z0kd, Z7LXF TS L—hbv

TR T Ty N OB

YU T Ty NEKAD Y THEG.

NIRRT 12K &
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Table 3-6 Reaction force (MN)

RIMEI o IKRIES) (FLVAAIE) 17 LF 707 L— DY ERICI4A L 363 MPa T
b2, ZOFBIHRBRREESVRHLTOBENITHnEELOND, TV T Ty B
OB (R A BRI SY) OFRISINTER Y fHF EEICHAE L 312 MPa Th 5, U 7D
KIeHEMZ, V7 RIBIOENBNAGTHEIC) TORES EEIOR#E{LEZR > TnD,
DR T Ty hOHERE T LR T T L— F ORISR, ENZE 304 MPa & 254 MPa
Thy, WO TR E 7 L — bO EEOMITFRIZEAEL TV D,

B % Fig. 3-10 13T, KEBORKIG % Table 3-7 IR d, 7LF 7T L—hb<wy
YT Ty hORIK, ~ v T Ty B B, TR r T T L— R FL— |
oIS S1504m (MU AAIET)) ZZEnZ R Fig. 3-11~Fig. 3-15 (27”7,

Location Inner leg Outer leg
Direction Radial Vertical Radial Vertical
Force 0.111 -2.433 -0.158 0.570

Table 3-7 Maximum stress (Tresca stress) (MPa)

Region Stress
Mount bracket, Flexible plate 363
Mount bracket Whole 312
Legs 304
Flexible plate Whole 363
Plates 254

— 13 —

ANEYS

RERRRADT

11.0

. 001531
.002225
.00z9z

. 003614
.004309
.oos003
. 005697
. 006392
.007086
. 007781

Fig. 3-10 Displacement (Whole analysis ) (Mount bracket, Flexible plate) (m)
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ANSYS 11.0
189348
. 405E+08
.BOYE+08
.121E+09
. 162E+09
363MPa — .202E+09

(Maximum) [ ‘ ‘ .242E+09

. 283E+08

. 323E+09
. 363E+09

) LA |

R~

Fig. 3-11 Tresca stress (1) (Whole analysis) (Mount bracket, Flexible plate) (Pa)

RNRIREC0C

312MPa

189348

.348E+08
. B95E+08
.104E+09
.139E+02
.173E+09
.208E+09
.243E+092
.277E+09
.312E+09

ERRRROO00

Fig. 3-12 Tresca stress (2) (Whole analysis) (Pa)
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ANSYS 11.0

240582

.339E+08
.677E+08
.101E+09
.135E+09
.169E+09
.202E+09
.236E+09
.270E+09
.304E+09

RRRAREO00

304MPa
(Maximum)

Fig. 3-13 Tresca stress (3) (Whole analysis) (Legs of the Mount bracket) (Pa)

ANSYS 11.0
624679
.409E+08
.B1ZE+08
. 122E+083
.162E+083
.20ZE+03
.242E+09
.283E+09
. 323E+02
. 363E+02

BEREEE000

363MPa
(Maximum)

g

Fig. 3-14 Tresca stress (4) (Whole analysis) (Flexible plate) (Pa)



JAEA-Technology 2009-044

ANSYS 11.0
4098407

L 318408
C1 sosz+os
T g72s+08
1 1iss+409
- 143E+09
B i50z:00
B oegi00
[ P
.

254MPa

(Maximum)

Fig. 3-15 Tresca stress (5) (Whole analysis) (Flexible plate) (Pa)

362 HA-TFL—h

H A 7 L— D OBEREIIERE S MG & E IR & L TUREY IS I BAE LT TV D,
FREL T S DB KAF 1 Case 0-2 (+HE) O —AIZFAEL, 144MPa TH D, KNI (b
VA7) 1% Case 0-2 12X A -7 L— bk D CS O T T\ pF—-T7 1 v 7 & Ol
STFEAE L. 566 MPa CTd 5, AR (Case 0-3) (21X CS OEMMEIC K VISR Fid D, R
NEMATZ—ATH CS ZWHE S BB 2D ISP TR ->TnH B bND, Z A1 -
7L — b OERERTICENE I < ) LS L ERE T RS ) & Table 3-8 12”9, A - L— b
O AP I8 R4 D I KIi ) % Table 3-9 12397, e RIS H13 %8429 % Case 0-2 D)) (ML
AHNGT]) 5346 % Fig. 3-16 127”7,

Table 3-8 Vertical force and stress of Tie plate

Case Condition Inner Outer

Force | Stress Force Stress
(MN) | (MPa) | (MN) (MPa)

Case 0-1 Constriction 2.032 129 1.684 142
Case 0-2 + Gravity 2.016 | 128 2.729 144
Case 0-3 + Cooled down 1.242 79 2.708 89

Case 1l Max. repulsion force 1.188 75 1.645 86
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Case 2 Max. attraction force 0.388 25 0.464 24

Case 3 Initial magnetic excitation | 0.262 17 0.463 24

Case 4 Max. vertical unbalance 0.504 32 0.420 24
force (up)

Case 5 Max. vertical unbalance 1.187 75 1.712 90
force (down)

Table 3-9 Maximum stress (Tresca stress) of Tie plate (MPa)

Case Condition Tie plate
Inner Outer
Case 0-1 Constriction 528 218
Case 0-2 + Gravity 531 217
Case 0-3 + Cooled down 378 153
Case 1l Max. repulsion force 364 149
Case 2 Max. attraction force 145 153
Case 3 Initial magnetic excitation 128 133
Case 4 Max. vertical unbalance force (up) 153 211
Case 5 Max. vertical unbalance force (down) | 370 151

(g 11.0
L2E5E+07

[*

.552E+08
. 10BE+09
. 161E+09
«214E+09
.2Z6TE+D9
.320E+09
+373E+09
+425E+09
- L4TEE+OY
e ,// .531E+09

J‘;.\\..
/ N\
/]
/ )
AN [
N, /
BIRERACOOC &

AN

531MPa
(Maximum)

Fig. 3-16 Tresca stress of Tie plate (Whole analysis) (Case 2-0 : + Gravity) (Pa)
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3.6.3 iffxik

CS M& N CS EToffifatk & CS £ ¥ a— /LIZIIBRMEZ B ESERNVE ST IHNERH
%o HRZ, CSEY 2 — LI OEEMITMRE SN TWD Z kbbb, Cased (GBI i oK)
D _EERHERFIR D —FRZFRVNT, K7 — A &t CS RO CS |k F Ol o JEME 1T fefR S v T
%o b RKERJEME 11X Case 2 (B 0#K) (2315 % CS2 & CS3 M Dfffikic 74 L, -43.3
MPa T& %, Case 4 Tix, LEDEMSINMEINTWDL2D, SMUID EFBIc7 LR TN -
L— b 3% B0 TITEMIS AR E <, WRITEBRISD B A b5, HRAfEIT 0448 MPa &
JERMEIS ) & el 2 & RE Rl Cldevy, ERE BRI TODL720, kDT iz /&
< L TH RIS OFPHITEIRITIEN H 720N,

LU, Case3 (WIHIIREL) (23 TIE, EE OB SIRIS TR H 723, 5 MPa LA
TOEMISNPIEEAEEZHDTWD, ZOD, FEDFHTEEEE L TWAHIREZAT 5K T
(F72AT=80 K T 2, 2K TEMITMSR SR,

CS MK TN CS b F g (2@ < $r1E 7 Mt /1% Fig. 3-18~Fig. 3-20 (27”7, Mkt D7 iE
% Fig. 3-17 127, #R OB GG L, FHE ETEZE S50 b Rohd, RRIEE &
IMEZ LD Z LT, BEAOFHENEOND L EZ LD

Mount
bracket

insulation
plate

(UBZ-CS1) ™S,

Ccs1
(CS1-CS2)  —__

Upper Buffer
Zone (UB2)

CS2

(CS2-CS3)  ~__
CS3
(CS3-CS4)  ~,

CcS4 Lower Buffer

(CS4-LBZ) — Zone (LBZ)

Fig. 3-17 Location of the insulation plate between each CS modules
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Case Case 0-1 Case 0-2 Case 0-3

Condition Constriction + Gravity =+ Cooled down

between
UBZ
and
Cs1*

between
Cs1
and
Ccs2*

between
CS2
and
CS3*

between
CS3
and
CS4*

between
Cs4
and
LBZ*

* : Reference to Fig. 3-17

.450E+08
.400E+08
.350E+08
.300E+08
.250E+08
.200E+08
.150E+08
.100E+08
.500E+07

e T T

RRNRAROCOC

.500E+07
(Pa)
Fig. 3-18 Vertical direction stress of the insulation plates (1) (Case 0-1, Case 0-2, Case 0-3)
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Case

Case 1

Case 2

Case 3

Condition

Max. repulsion force

Max.

attraction force

Initial magnetic excitation

between
uBz
and
Cs1*

between
Cs1
and
Ccs2*

between
CS2
and
CS3*

between
CS3
and
CS4*

between
Cs4
and
LBZ*

* : Reference to Fig. 3-17

RRRRRADOCD

0

. 450E+08
. 400E+08
.350E+08
.300E+08
.250E+08
.200E+08
.150E+08
.100E+08
.500E+07

.500E+07

(Pa)

Fig. 3-19 Vertical direction stress of the insulation plates (2) (Case 1, Case 2, Case 3)
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Case Case 4 Case 5

Condition | Max. vertical unbalance Max. vertical unbalance
force (up) force (down)

between
UBZz
and
Cs1*

between
Cs1
and
Ccs2*

between
CS2
and
CS3*

between
Cs3
and
CS4*

between
Cs4
and
LBZ*

* : Reference to Fig. 3-17

-.450E+08
-.400E+08
-.350E+08
-.300E+08
-.250E+08
-.200E+08
-.150E+08
-.100E+08
-.500E+07
1]

RRNRARECO0

.500E+07

(Pa)
Fig. 3-20 Vertical direction stress of the insulation plates (3) (Case 4, Case 5)
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3.7 IETIEH
3.7.1 i JIRTAm AL HE

TEIRHEEAE LI AR N ARSI 2 A R S~ 2 % v MR )

UUFI~=7xy Mk &V D) BT D,

4K, 296 K O EF FM316LNL & FM316LNM D F%FHE /18 S Sy, 72 £ % Table 3-10 127777, 72
B, 2T, SIS (GRS BT )) SRS LB 2 — IR, R
IS, BTG )) SRS LT A2 IR E & BT 5,

ST DFE S % LA T IRT,

Pm : —#%I)E 71 (General membrane stress)

Py : HiiF I 71(Bending stress)

F @ E—7 )% /)(Peak stress)

Q : K> /i(Secondary stress)

Table 3-10 Stress intensity of the material properties (FM316LNL , FM316LNM)

Temperature (K) 4 296
Material FM316LNL | FM316LNM | FM316LNL | FM316LNM
Design yield strength S , " (MPa) 500 700 210 245
Design tensile strength S, (MPa) 1340 1385 520 550
Additional coefficient K 1.0 1.0 1.0 1.0
Design stress intensity Sy, * (MPa) 333 467 140 163
Peak stress intensity 25, (MPa) 893 893 — —

*1 : Values for the “Table FM-2710-2 design yield strength at every 50 “C(K)(MPa) FM316LNL ,
FM316LNM” for 4 K and 296 K. The values for “thickness of 200(mm) or less” are used.

*2 : Values for the “Table FM-2710-3 design tensile strength at every 50 “C(K)(MPa) FM316LNL ,
FM316LNM” for 4 K and 296 K. The values for “thickness of 200(mm) or less” are used.

*3 : Depend on the “Table FM-2221 additional coefficient K limit set 1 (normal operation)”.

*4 : The design stress strength S,=Min[2/3S,, 1/2S,] depend on the “FM-3120 value of the design
stress strength” .

*5 : Depend on the “Table 31-1 digital value of the design fatigue curve (Fig. 31-1) for austenitic
stainless steel at -269 “C(4 K) as designed on the basis of the characteristics at extremely low
temperatures”. Strength with respect to repeated peak stress corresponding to the total amplitude
for the permissible number of 36,000 repetitions.

372 ~UU RN T Ty RETLHRITN-T L— ]

YU T Ty b U T Ty M, 7L XU L— MR K E R E
DM % Case 4 GEFM LK) IZHOWTEHIET %, ISHFHMEALEIX 7 LT L- 7 L — ||
U T Ty N U T Ty MEDIS O E S LV IERT S5, v v R T
70y O LEHIZY 7O SR, ~v o N7 Ty MNERBIINAI ORI, 7 e
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TN T L— NI ER T V— FOMTREA &35, IS RHEALE % Fig. 3-21~Fig. 3-23 127”7,
I T EEARS SRAZ AU =TI TNIRE RGAT T H RO 253D 1 Th VD  #48 FM316LNM
DIFFMEZ R T2, RIS — 7 )1 & G el SRR & 3 FHE 57 OFF A E &+ 53 i 72 77
WS SRR R II T~ 7Ry M EUS ) OFFRME AT T, ISR NI L e D — A
D157 R R % Table 3-11 (2R ¥, JG J1aFls 5 4 Table 3-12 (27R”F,

Table 3-11 Stress category (MPa) "2

Membrane | Bending | Membrane Peak Total
Case Condition Location | stress stress | +Bending | stress ™ | stress
stress ™t
P P, PPy F

Case line_a 4.7 1.1 5.8 0.7 6.5
0-3 +Cooled down line_b 9.4 1.9 11.3 0.8 121
line_c 15 22.4 23.9 1.6 25.5
Case Max. vertical line_a 184.1 36.2 220.3 26.7 247.0
4-1* unbalance force line_b 1975 39.5 237.0 16.9 253.9
(up) 1* load™ line_c 116.7 139.7 256.4 4.2 260.6
Case Max. vertical line_a 182.9 35.9 218.8 26.5 245.3
4 unbalance force line_b 198.2 395 237.7 16.9 254.6
(up)™ line_c 122.6 1325 255.1 3.4 258.5

*1 : Calculated using the feature of ANSYS.
*2 : Tresca stress

*3 : 1% load
Table 3-12 Stress evaluation (4 K) (FM316LNM) (MPa)
Membrane | Membrane | Primary+ | Primary+
stress +Bending | Secondary | Secondary
stress stress +Peak
Stress
Location <P,+P, <P, +P, Estimation
P Pm+Pp +Q>"t +Q+F>"
Limit of stress intensity
KSm 1.5KSy, 3Sm 28,7
467 700 1400 893
line_a 184.1 184.17 178.2™ 204.0* O
line_b 197.5 1975 188.8™ 204.9™ O
line_c 116.7 256.4 231.2 233.0 O

*1 : < >indicates the range for the strength with respect to repeated stress.
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*2 : Strength with respect to repeated peak stress corresponding to the total amplitude for the permissible
number of 36,000 repetitions.

*3 : Depends on “FM-3221 general”. “O”indicates that the permissible values are met for “FM316LNM”.
The evaluation is for 4 K.

*4 . The estimation spans the symmetric surface, and it is necessary to exercise extra caution in
performing stress estimation which includes the bending stress.

Fig. 3-21 Evaluation line (line_a) (Whole analysis)

line b

Fig. 3-22 Evaluation line (line_b) (Whole analysis) (Legs of the Mount bracket)
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= line_c

<

Fig. 3-23 Evaluation line (line_c) (Whole analysis)

373 XA 71— |

B AT L— MTEWERE SO NRIEAEL TS — ROV T 5, M HIRFClE Case
1 (R ER) & Case5 (FEFAl P k). =iR(293K)Tld Case 0-2 (+ HE) THDH, — K
S %M 5721 Case 1 & Case 5 (Zxhiis L, #ARFE (WA 1 4K) 25 R\ —2% 1-1%,
5-1% 45, FHMBZEIZEVIGS (ML ABIES) BEAELTWEL A - FL— % —7
By 7 Zff DT TV S ER Sy & EARER S ORISR T D, IS TIRHIEALE & Fig. 3-24 (12”7,

JE TR B K AUE S ENC B O T—RIG I3 E FM316LNM OFF RO 3 50D 1 LA R TH Y |
FREME 97 A T 2 7200 O ZIRIG )R — 7 s )1 & STl D IRE S A A T 723, 2903 K D
Wi DEHMIZ B W TUEEREHE 7 ORI 2 B L LW e O — WIS T DWW T O BFHMT 2 25, #k
FM316LNM DOFFAEZ 72 L TV D, Wb, ME FM316LNM Tikl~ 7 v kg OFFAE
ZA T2 & — A DR )5y FERE R % Table 3-13 12,4 K & 293 K O it 773l 5 & % 4124 Table 3-14,
Table 3-15 (27”7,
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Table 3-13 Stress category (MPa)

Membrane | Bending | Membrane | Peak | Total
Case | Condition | Location stress stress | +Bending | stress™ | stress
stress '
P P PntPp F
line d 86.4 106.6 193.0 208.2 | 401.2
inner | line_e 1515 53.2 204.7 100.2 | 304.9
Case + Gravity line_f 128.7 5.6 134.3 2.0 136.3
0-2 line g | 529 45.7 98.6 83.3 | 181.9
outer | line_h 138.6 23.3 161.9 34.6 196.5
line_i 143.5 1.7 145.2 0.0 145.2
line_d 61.7 79.5 141.2 172.1 | 313.3
inner | line_e 96.6 45.7 142.3 101.7 | 244.0
Case +Cooled line_f 79.3 3.3 82.6 0.1 82.7
0-3 down line_g 50.9 32.4 83.3 61.5 144.8
outer | line_h 82.6 24.0 106.6 26.9 133.5
line_i 88.6 11 89.7 0.0 89.7
line_d 84.0 103.7 187.7 200.9 | 388.6
Max. inner | line_e 147.4 51.8 199.2 97.4 | 296.6
Case repulsion line_f 125.2 55 130.7 2.0 132.7
1-1* force line g | 572 54.5 111.7 80.2 | 191.9
1"load | outer | line h | 136.7 22.8 159.5 339 | 1934
line_i 141.5 1.6 143.1 0.0 143.1
Max. line d 84.0 104.5 188.5 203.9 | 3924
vertical inner | line_e 147.0 53.8 200.8 98.7 | 299.5
Case unbalance line_f 125.2 5.8 131.0 0.2 131.2
5-1° force line g | 533 51.0 104.3 75.3 | 1796
(down) | outer | line_h | 139.7 22.6 162.3 31.6 | 193.9
1" load line_i 145.1 1.3 146.4 0.0 | 146.4
line d 594 76.7 136.1 166.2 | 302.3
inner | line_e 87.4 30.0 117.4 73.5 190.9
Case Max. line_f 75.9 3.4 79.3 0.1 79.4
1 repulsion line_g 49.3 31.0 80.3 59.8 | 140.1
force outer | line_h 80.6 235 104.1 26.1 130.2
line_i 86.5 1.0 87.5 0.0 87.5
Max. line_d 59.5 7.7 137.2 169.1 | 306.3
vertical inner | line_e 87.1 319 119.0 74.6 193.6
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Case unbalance line_f 75.9 3.7 79.6 13 208.2
5 force line g 42.1 254 67.5 54.5 122.0
(down) outer | line_h 83.7 22.9 106.6 240 | 130.6
line_i 90.0 0.8 90.8 0.0 90.8
*1 : Calculated using the feature of ANSYS
*2 : Tresca stress.
Table 3-14 Stress evaluation (4 K) (FM316LNM) (MPa)
Membrane | Membrane | Primary+ | Primary—+
stress +Bending | Secondary | Secondary
stress Stress + Peak
Stress Estima-
Case Condition Location <Pn+P, <P,+P, | tion™
P Pr+Pp +Q>" | +QHRT
Limit of stress intensity
KSm 1.5KSp 3Sm 25,7
467 700 1400 893
line_d 84.0 187.7 811 11.0 O
Max. inner | line_e 147.4 199.2 99.7 53.1 O
Case 1 repulsion line_f 125.2 130.7 57.2 33 O
force line_g 57.2 111.7 55 57.4 O
outer | line_h 136.7 159.5 67.6 3.3 O
line_i 141.5 143.1 64.7 2.2 O
line_d 84.0 1885 4.0 7.0 @)
Max. vertical | inner | line_e 147.0 200.8 23.3 50.4 O
Case5 | unbalance line_f 125.2 131.0 3.0 125.5 O
force (down) line_g 53.3 104.3 15.8 22.8 O
outer | line_h | 139.7 162.3 0.0 2.9 O
line_i 145.1 146.4 11 1.1 O

*1 : < >indicates the range for the strength with respect to repeated stress.

*2 : Strength with respect to repeated peak stress corresponding to the total amplitude for the permissible

number of 36,000 repetitions.
*3 : Depends on “FM-3221 general”. “O”indicates that the permissible values are met for “FM316LNM”.

Estimation performed at 4 K.
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Table 3-15 Stress evaluation (293 K) (FM316LNM) (MPa)

Membrane | Membrane
stress +Bending
stress
Case Location Pm Pm+P, | Estimation™
Limit of stress intensity
KSm 1.5KSn,
163 245

line_d 86.4 193.0 O
inner | line_e 151.5 204.7 O
Case 0-2 | +Gravity line_f 128.7 134.3 O
line_g 52.9 98.6 O
outer | line_h 138.6 161.9 O
line_i 1435 145.2 O

*1 : < >indicates the range for the strength with respect to repeated stress.

*2 : Depends on “FM-3221 general”. “O”indicates that the permissible values are met for “FM316LNM”.

Estimation performed at 293 K.

line_f

Inner

MR

N
q

AW line_i

outer

line_e

A~

Inner

outer

Fig. 3-24 Evaluation lines of Tie plate (Whole analysis)

line_h
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4 FEARARAT
4.1

Ty v b FAIREET L
411 ETI)L

CS DY x4 v bOESEIETT /VOFEMRSIE 2 B E LT Cd D, TR 51X
CSO3EHDOY X7 b, X— ik, xtifixch o, ExHET L THD, V¥ 7y b

H—fiir CRE ., REE T L, BETAMETH D, WA HIfER STV D, fi#
WrE7 V% Fig. 4-1 12, $LK% Fig. 4-2 12”7,

Number of nodes : 65,166

Number of elements : 63,648
Element type : 2-D Structural Solid PLANE42 (axisymmetric elelemt)

Fig. 4-1 Detail analysis align model (1)

Vs

Y

/B

Impregnation
Ground insulation

) Vi

/

Turn insulation

Fig. 4-2 Detail analysis align model (2) (Zooming figure)
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YytAE

T 7w b OMEHT SUS316LN, FEHE Tl Resin+G, & — L iffufxk & % iz <% VPI-G (G10)
BT D, Z— ikl PRI R GMME T v . MBS BEE ) IIES T
o5, BWRERIIHRMEWER L SRIRE A BE L CEYRWRRNE N S, T
Shd, Wiz Table 4-1~Table 4-3 (27”9, BRREEVIZESR X Table 4-3 IZ/R 7, & — U ifafx D

JAEA-Technology 2009-044

MEDT TR (BRET51A) % Fig. 4-3 (2R,

Table 4-1 Material properties (1) (SUS316LN, Resin+G)

Material SUS316LN Resin+G
Component Jacket Impregnation
Young's modulus (GPa) 205 10
Poisson's ratio 0.28 0.33
Coefficient thermal Table 4-3 -
] ) ) 2.4221x10>"!
expansion (294 K to 4 K) | Material properties (3)
*1 : Coefficient of the thermal compression 0.7%.
Table 4-2 Material properties (2) (VPI-G (G10))
Material VPI-G (G10)
Component Turn insulation Ground insulation
Density (kg/m?) 2000 2000
v . dul Ex 12 12
oung's modulus
(GPa) Ey 20 20
E, 20 20
Gyxy 6 6
Shear modulus G 5 5
(GPa) yz
GZX 6 6
V xy 0.33 0.33
Poisson's ratio vy 0.17 0.17
Vo 0.33 0.33
Thermal expansion ay 0.75 0.75
(%)(293 K to 4 K) ay 0.25 0.25
Material direction Fig. 4-3 X (R)

Table 4-3 Material properties (3) (Coefficient of the thermal expansion (instantaneous))

Temp. 4 20 30 40 50 60 70 80 90 100
a 0 0 0.2 0.3 0.5 0.5 0.5 0.6 0.7 0.7
Temp. 110 120 130 140 150 160 170 180 190 200
a 0.8 1. 1. 11 1.2 1.2 1.4 1.3 1.4 15
Temp. | 210 220 230 240 250 260 270 280 290 300
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15 1.5452 | 1.5548 1.4 15

a 15 15 15 15 1.6
Temp. | 310 320 330 340 350 360 370 380 390 400
a 1.5 1.5 15 1.5 1.5 1.5 1.6 1.6 1.6 1.6

Temp. : Temperature (K)
: Coefficient of thermal expansion (instantaneous)( X 10°/K)

|
L]

[IIII.TIIIlIIIIIIII

— . Material direction

Fig. 4-3 Element coordinate systems of the turn insulation

413 BERFEMH
ToD 7 A OB (ET) FrzfE L, EmoT A4 o 0dh

T 5, BEREME Fig. 4-4 128,

Coupling (Vertical direction)

EFBDOENZ T > ) T

Constraints (\ertical direction)

Fig. 4-4 Boundary conditions (Detail analysis align model)
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414 frESAMF

DT A ~DIET], Uy NONHIZERKS (m—1 2> 7)) (Lorentz force) . EfijE

(BH -4 K) ZfiEE LTEHER D, 3BT THROILE CSITRAET DenE MG % k
DT A L NESE LTMZ D, FEMEITR b R ERRE S ML II35HAL TS Case 2 (5]
TER) OEET D, ZOEITHIEIIE CS2IZ%¥EL, -352MPa TH D, =—L Y D
FLIZI Case 2 123\ T CS2 IZHAT DA EE A & W T, ¥ % 77> h ONEEIZ Cosine 4341
w5, ))& ERS OWESA & Fig. 4-5 1277, Table 4-4 (2 &RMENT T DAV TZ8RE T A
71 & RFERRMT CREF 3 5 ) O3t % 7~

Table 4-4 Correspondence of the analysis conditions and results
between the whole analysis and the detail analysis of the align model

Case Case 0-2 Case 0-3 Case 2
Condition + Gravity +Cooled | Max. attraction
down force
Whole Constriction O O O
analysis Gravity O O O
Load Cooled down — O O
Max. attraction force — — O
Result | Vertical stress (MPa) ? | -31.8--13.5 | -17.1--6.6 | -35.2"1-+1.9
Detail Load Pressure (MPa) 24.1 14.4 35.2
analysis

*1 : Generated in CS2.
*2 . Generated in CS1-CS4.

Pressure

00000

Electric magnetic force (Lorentz force)

Fig. 4-5 Loading conditions (Detail analysis align model)
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415 fiEMT T — A

RHT o — AXBE R L MRS OEWC L D 4 5 —ATH D, Case 0-2 (ZJE ), Case 0-3 1%
S HICETE (KA - 4K), Case 2 1% Case 0-3 ICIx CEMSI 2525, Case 2 (6 L7iz—K
fif B 2 - 2 T fifthT 4 Case 2-0 & LCTHT72 9, LD T A TR D FENT— IR EIZHHET 5,
fifffr r — 2 % Table 4-5 |\Z/” T, 723, 7 — AF T & RMTREMHT & 5HE ST 5,

Table 4-5 Analysis cases

Load
Case Condition Pressure (MPa) | Thermal load (K)™ | Max. attraction
force™
Case 0-2 + Gravity 24.1 293 —
Case 0-3 +Cooled down 14.4 4 —
Case 2-0 | Electric magnetic 35.2 293 O
force 1%
Case 2 Electric magnetic 35.2 4 O
force

*1 : Reference temperature : 293 K
*2: “O” ; loaded

4.1.6  FRMTHRER

b RERIGS (ML ABIET)) 1% Case 2 (Bl K) O 2@HEENEDY ¥ 7 MIFAE
T 5, IJIMEIL 357 MPa T 5, Hifb i) (Case 0-2)I2 & 0 #&E U725 /11%, Case 0-3 TIFEUN
fRlC X VM SN TR T+ 228, BRSO OMEM(Case 2)IC L W EVISHR AT D EE 2 BND,
Hr—AL bV hOWNEOEGIZEWVISIRRET 25, Fic, AlloY x 7y N
DFE (WA EAMUOZROLEM GMID ICEWENIR A BND, b KRERIGDBIAL,
S IEHH 24T 72> CD Case 3D 2BHEBRNEOY ¥ 7o MUy v hEIKDIG T O /IME
LK% Table 4-6 (2~ 7, V¥ 7 v NEIKROIL 15340 % Fig. 4-6~Fig. 4-8 IZ/R T, &I DFF
MiZz17725 2 @ERNE DY ¥ 7 v s OIS 1534 % Fig. 4-9 12R 7,

Table 4-6 Tresca stress (MPa)

Case Condition Whole of the model Evaluation region

(2" layer, innermost)

Case 0-2 +Gravity 9.3-197.1 9.3-197.1
Case 0-3 | +Cooled down 1.4-118.0 18.6 - 108.2
Case 2 Max. attraction 102.2 - 357.3 170.4 - 357.3
force
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Fig. 4-6 Tresca stress (Case 0-2 : + Gravity) (MPa)

00000000000
0000000060000
00000000000

Fig. 4-7 Tresca stress (Case 0-3 :+ Cooled down) (MPa)

000600000088
000000600088
000000009

Fig. 4-8 Tresca stress (Case 2 : Max. attraction force ) (MPa)
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BRRERROH

( Case 0-2 :+Gravity )

RRRRAGOC

RRRRRECO00

( Case 2 : Max. attraction force )

9.

299

30. 187
51.035
71.903
9z2.771
113. 639
134.507
155.376
176,244
197,112

15.
28.
38.
4a.
58.
aa.
TE.
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98.
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211.
232.
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274,
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315.
336.
357.
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513
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36
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24
201

374
147
92
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466
239
01z
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558
331

Fig. 4-9 Tresca stress (2™ layer, innermost) (MPa)
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4.1.7 FFAM
4.1.7.1 &) RFAm EETE

IS SR AR HE I 13.7.1 IS )R R 2 T %
4172 Yx %7 bk

Tx oy bOIS (MRS b m < BRGSO D 720 2 JE RN RIS EEGAL
EEHET D, 4K WA TO—KILT), ZRISTTR0E— 767 % &1 IR X 5% EHE 571X
B FM316LNL OFF A 4723, 293 K (ZiR) TO—WIS 1 A K FM316LNL O FF2f % it 7=
T ZORHIRGHE T Ol 2 LB L Lgv, &KL LTI E FM316LNM TlXl~ 71 v MBI )
DFFEZG T L TN D, &7 —ADIG KRR % Table 4-7 1273, 4 K TOISRHERE R %
Table 4-8 2759, 293 K TOJi /13T AfhfE 5 4 Table 4-9 (27”9, J& /JFHINLE % Fig. 4-10 (2779,

Table 4-7 Stress category (MPa)

Membrane | Bending | Membrane Peak Total stress
Case Condition stress * stress + Bending stress ™+
stress
P Pp Pm+ Py F
Case 0-2 + Gravity 99.2 7.7 176.9 20.1 197.0
Case 0-3 | +Cooled down 64.0 36.8 100.8 5.3 106.1
Case 2-0 | Max. attraction 259.2 106.4 365.6 27.2 392.8
force 1% load
Case 2 Max. attraction 273.6 95.8 369.4 25.9 395.3
force

*1 : Calculated using the feature of ANSYS.

Table 4-8 Stress evaluation (4 K) (FM316LNL) (MPa)

Membrane | Membrane | Primary+ Primary +
stress +Bending | Secondary Secondary
stress Stress + Peak
Stress
Location <Pn+P, <P,+P, | Estimation™
P Pn+Py +Q>"1 +Q+F>"
Limit of stress intensity
KSm 1.5KS, 3Sm 28,7
333 500 1000 893
line_j 259.2 365.6 268.6 289.2 O

*1 : < >indicates the range for the strength with respect to repeated stress.

*2 : Strength with respect to repeated peak stress corresponding to the total amplitude for the permissible

number of 36,000 repetitions.
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*3 : Depends on “FM-3221 general”. “O”indicates that the permissible values are met for “FM316LNL”,
Estimation performed at 4 K.

Table 4-9 Stress evaluation (293 K) (FM316LNL) (MPa)

Membrane | Membrane
stress +Bending
stress
Location P Pm+Pyp Estimation
Limit of stress intensity
KSm 1.5KS,
140 210
line_ J 99.2 176.9 O

*1 : < >indicates the range for the strength with respect to repeated stress.

*2 : Depends on “FM-3221 general”. “O”indicates that the permissible values are met for “FM316LNL".
Estimation performed at 293 K.

line_J

Fig. 4-10 Evaluation line (line_j) (2" layer, innermost)

4.1.73 Z— ko FEER

Zo— g O FBEFEAMIZ XM B A MIS 1oy EHABIIE ) el ko TEREIND
Mohr-Coulomb Filisi 4 i 4% ¢, Mohr-Coulomb Flii& 9 ., LHD(Large Helical Device) criteria®’
TIFEUTORXDOMEN 1 2B 2 25 &HBET D & HWrZiLd, ITER(International Thermonuclear

Experimental Reactor) criteria (28 W Tl oy N B 0 LA ETIELL FOXOMEN 1 2B 2 5, ¥
2 XD /NS TIUTT R CTOFFE CTHBEST 5 L flrsh s,

(oW T0)+( Tl To)f *)
on : BRI

oo @ BRI 38MPa (77 K Dff)
Tn 1 HAWTIGT
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co @ HAWISS 27 MPa (77 K D)

FEATG 2 38 3 DAL EIXE AWIS KR E < ERFMEOZEN DIV 2 EHDOHNINE 27 H
DH— kORI E T 5, Z 2 TiMiid 57— A1 Case 0-3 (+HHA) & Case2 (5| JJiK)
&3 %, ITER criteria TOFHMICTld=—F—H2 B EMERS GREES) THEERRD b D,
Mohr-Coulomb #i# 12 & % RIgkEFm %R % Fig. 4-11~Fig. 4-12 |27, Mohr-Coulomb #5557 — 7'
& H— kg OALE & OBk % Fig. 4-15 12777, LHD criteria & ITER criteria D HIBEOFRF & 7
Z 7R,

5 — kR O PR & AMAICHE R A B 8 U T iR 2 32 T, AT - — A 13 Case 0-3, Case 2 & L,
BEER BT 02 ZRE L T D, a—F—0bEMREHS GREHS) ICHBERRD b d, Hifil
% &8 LTz Case 2 DX % Fig. 4-13 12777, ITER criteria (2 & 5 Mohr-Coulomb i & #2fid 2
%Ebk%ﬁ&@ﬂ%ﬁﬁ%wﬁﬁék%ﬁ%%ﬁmwafum%1%0&&?@%%(%
Thb, HEEEET D LI KD ORI 2% 2 7256 . Mohr-Coulomb BRI & 5 HIFfE
OFHIIAERZb DO EBZ 2 bD, £, HREMIZIL, %%ﬁ EORBBER RN LR ENT
Wh, ¥, F7 7 TR, a—F—aNERE S LD E AT O NITEL L WSy
LHOLNDLD, BRERAFORE IORELE 2 b, HBERHhAERICITEEL 5 2 0,

B — g DR EOTHOR KL 0.23% TH Y, 2 —F—EOFBEET 2 ER5 1234 L T
5o REOTHOFHILE T THDH, Case 0-2 (+ HE) |, Case 0-3, Case 2 D X — L figd
KT & BRFOT HORKEIL, EZE4,21.5 MPa, 17.1 MPa, 27.6 MPa & 0.21%, 0.13%,
0.23% T 5, Case2 DX — Hukx D KEOT 2054 % Fig. 4-14 127,
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= = +Mohr-Coulomb theory (LHD)
e Mohr—Coulomb theory (ITER)
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Fig. 4-11 Mohr-Coulomb theory curves (align model

: Case 0-3 :+Cooled down)
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Straight_1 (S_1)
— =— Corner_1 (C_1)
= = = Straight 2 (S_2)
— - -Corner_2 (C_2)
= = Straight 3 (S_3)
= = Mohr-Coulomb theory (LHD)
e Mohr—Coulomb theory (ITER)
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o - - = - Straight 5 (S_5)
\N - N — - -Comer 4 (C_4)
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K \ N = = Mohr-Coulomb theory (LHD)
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Fig. 4-12 Mohr-Coulomb theory curves (align model : Case 2 : Max. attraction force)
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Fig. 4-13 Displacement (align model : Case 2 : Max. attraction force)
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Fig. 4-14 First principal strain (Turn insulation) (align model : Case 2 : Max. attraction force)
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Fig. 4-15 Location of the Mohr-Coulomb theory curves (Turn insulation)
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42 Txrv bk HLEVEEETT NV
421 =TTV

CSOY ¥y hOb EYFEET VOIS IRHEZ BI) & LIcfifir T 5, fRITRIZE
CSD3EHDOY Y7y b, Z— ik, xtliffik s 32, MHRET LV THD, ¥¥ 7y b
H— Ui TR E . REE T L, BETAMIETH DL, WA IR GG S L TWD, fif
HrE7 V% Fig. 4-16 |2, $LKX % Fig. 4-17 IZ~7,

0000000000

CIOIOIOOOICICIC)
CI00O00000000)

Number of nodes : 30,543
Number of elements : 29,588
Element type : 2-D Structural Solid PLANE42 (axisymmetric element)

Fig. 4-16 Detail analysis misalign model (1)
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Fig. 4-17 Detail analysis misalign model (2) (Zooming figure)

/I

Ground insulation
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422 WPELE

WX T4.1.2 PR ERIC &5,
423 SRS

THEDT A v &nE (EF) FRWE L, B0 7 A > OFRE T FIEEIEM % 5 2 5, 1E
FIBLIEE T /L & RIRRIC CS2 & KT Lo 3T CTdb 5, CS D KR IXIEFIBLEET A3 E® |
HLEVREET MIDOTNTHD, 207, b EVREET /VTIESIEREE T VIR S
%, HEVEEETNO EO T A NZESEET T VOMITRERE L TR LN BN &R
BN E LTEZ D, MEIEMIE KW EICHET 5, b EVEEET VOMREIZEMIZRIST
% IEFILEE T A O EIL, fofT (tBEZ ST SMiE (+mEAE), BRI THY . Case
2-0 L LT RMEICL DT HIT72 9, Table 4-10 [CIEFIFLE T T L OMFESM, fHRELE LT
Bol ESaT A v OB & & AR (b E Y EETET V) CHEMT 2 MEIEM ORGZ R/,
I — AT B LRI AT, IERLE T TV ORI O — AF S5 LT D, BER %
% Fig. 4-18 IZ/”T,

Table 4-10 Correspondence of the analysis conditions and results
between the align model and the misalign model

Case Case 0-2 Case 0-3 Case 2-0 Case 2
Max. Max.
Model Condition +Gravity | +Cooled | attraction | attraction
down force force
1* load
Pressure (MPa) 24.1 141 35.2 35.2
Align Load Thermal load (K)™ 293 4 293 4
model Max. attraction force 2" — — O O
Result Vertical displacement -0.053494 | -0.32412 | -0.090731 | -0.39021
(Top line) (mm)
Misalign | Boundary | Prescribed displacement | -0.053494 | -0.32412 | -0.090731 | -0.39021
model | conditions (Vertical direction)
(Top line) (mm)

*1 : Reference Temperature
*2 : Electric magnetic force(Lorentz force)
*3: “O” ; loaded
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Fig. 4-18 Boundary conditions (Detail analysis misalign model)
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Ty NOWNEIZ Cosine DA TCH- 2 5, 72k, BREINT—RME, B EIX IR MESRICY
¥4 5, BRI % Fig. 4-19 [T,

Electric magnetic force (Lorentz force)

Fig. 4-19 Loading conditions (Detail analysis misalign model)

425 fiFHTr—A

RN — AT B RSk L R ESE OEVIC L D 4 r— AT D, Case 0-2 [ fH DT (+ H E)
(Z%f I L7 g 287, Case 0-3 12 & B ICEE (1 H)) . Case 2 1% Case 0-3 (212 CERLS % 5
25, Case 2 [Tkt LIim— R E % 5 2 I-fi#ffr & Case 2-0 & LTIT72 9, LD T A4 2z

2 BRI AT IR EIZ ST S 23, Case 2-0 (X IEALEE T /L & DXL CT—IRMEE T 5, T
r—A LR O A DE % Table 4-11 (277,
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Table 4-11 Analysis cases

Load
Case Condition Prescribed displacement | Thermal load | Max. attraction
(Vertical direction) (K)™* force
(mm)

Case 0-2 +Gravity -0.053494 293 —
Case 0-3 | +Cooled down -0.32412 4 —

Case 2- | Max. attraction -0.090731 293 O

force 1% load
Case 2 | Max. attraction -0.39021 4 O
force

*1 : Reference temperature : 293 K,

*2 : Electric magnetic force(Lorentz force)
*3: “O” ; loaded

426

FRATT i SR
Uy NEEDIST (ML RABIET) 357 —2 & SNl ESMIICEWERS B R B 5,
RIS (ML RAAIRT)) (X Case2 (BIIEKR) @ 1 J@HANMNZRAE L, 355 MPa Té %, Case
21IZBWVWTHE Y Yy 7y b TEWVIGHDNEA L TWODEMIEEICNE O LS TH S, Case 0-2 (+
H ). Case 0-3 (+®WH) OERKIGIE, Case 2 LT H L 20D 1LUTTHD, /DR
MR 1%, BRI I (Case )AL TV D L EEANMIE MO — A b EDEVIG B AL D
2 @R, SEESMUD Y ¥ or v M T 5, T 7y MR E R TTEHIE S O KIS 71 % Table
4-12 1R T, KT —ADEIKDIE 54 (N VU ABIRT]) % Fig. 4-20~Fig. 4-22 |\ZR"7, Jin /)

SR 5y D Jis S 53 ATi % Fig. 4-23~Fig. 4-25 (Z7~d, & JJRHMENLE % Fig. 4-26 12/~

Table 4-12 Tresca stress (MPa)

Evaluation region
Case Condition Whole of | Region K | Region L | Region M
the model | 2" layer, 1% layer, 3" layer,
innermost innermost outermost
Case 0-2 =+ Gravity -190.2 -190.2 -165.6 -160.5
Case 0-3 +Cooled down -119.8 -80.3 -119.6 -119.8
Case 2-0 Max. attraction -159.5 -154.5 -159.5 -92.0
force 1¥ load
Case 2 Max. attraction -355.2 -321.6 -355.2 -302.7
force
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Fig. 4-20 Tresca stress (Case 0-2: + Gravity) (MPa)
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Fig. 4-21 Tresca stress (Case 0-3: + Cooled down) (MPa)
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Fig. 4-22 Tresca stress (Case 2: Max. attraction force) (MPa)
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Fig. 4-25 Tresca stress (Evaluation region) (Case 2 : Max. attraction force) (MPa)
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Table 4-13 Stress category (MPa) ™

Membrane | Bending | Membrane | Peak | Total
Case Condition Location stress stress +Bending | stress | stress
stress
Pm Py Pm+tPy F
line_k 97.6 74.8 172.4 17.8 | 190.2
Case 0-2 + Gravity line_|I 80.2 69.2 149.4 16.5 | 165.9
line_m 78.6 66.1 1447 16.1 | 160.8
line_k 10.8 41.7 52.5 5.9 58.4
Case 0-3 | +Cooled down line_|I 51.9 43.4 95.3 11.0 | 106.3
line_m 54.4 48.4 102.8 119 | 1147
Max. attraction line_k 147.4 0.7 148.1 2.0 150.1
Case2-0 | force1® load line_| 149.7 0.0 149.7 1.0 | 150.7
line_m 88.8 2.7 91,5 0.8 92.3
Max. attraction line_k 221.6 87.1 308.7 21.6 | 330.3
Case 2 force line_l 260.1 79.7 339.8 26.5 | 366.3
line_m 201.0 85.1 286.1 28.7 | 314.8

*1 : Calculated using the feature of ANSYS.

Table 4-14 Stress evaluation (4 K) (FM316LNL) (MPa)

Membrane | Membrane | Primary+ Primary +
stress +Bending | Secondary Secondary
stress Stress +Peak
Location Stress Estimation™
<Pn+P, <Pn+P,
P Pn+Py +Q>t +Q+F>"
Limit of stress intensity
KSm 1.5KS;, 3Sm 25,7
333 500 1000 893
line_k 147.4 148.1 256.2 271.9 O
line_l 149.7 149.7 244.5 260.0 O
line_m 88.8 91.5 183.3 200.1 O

*1 : < >indicates the range for the strength with respect to repeated stress.

*2 : Strength with respect to repeated peak stress corresponding to the total amplitude for the permissible
number of 36,000 repetitions.

*3 : Depends on “FM-3221 general”. “O”indicates that the permissible values are met for “FM316LNL".
Estimation performed at 4K.
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Fig. 4-26 Evaluation regions and lines of the misalign model
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