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Conceptual Design Study of Fusion Experimental
Reactor (FY86 FER)

—— Magnet Design ——
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This report summarizes the FER magnet design which was conducted last
year (1986). Main objective of the new FER design is to have better cost
performance of the machine. The physics assumptions are reviewed to
reduce risks, Optimization of the physics design and improvements of
the engineering design have been done without changing missions of the
device.‘ After a preliminary investigation for the optimization and
improvements, six FER concépts have been developed to establish the
improved design point, and havé been studied in more detail,

In the magnet design, the improvements of superconducting magnet
design were mainly investigated to reduce the reactor size. A normal
conductor was studied as an altenative option for appling to the special
poloidal field coils that were located on the interior to the toroidal
field coils.

Some improvements were made on the superconducting magnet design.
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Based on the preliminaly investigation, the magnet design specificatiomns
have been modified somewhat. The conceptual design of the magnet system

components have been done for the candidate FER concepts.

Keywords: Fusion Experimental Reactor, Conceptual Design,
Tokamak Reactor, Magnet, Toroidal Field Coil, Poloidal
Field Coil, Superconductor, Cryogenic System, Active

Control Codil.
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Table 1.2-2  Design modification goals for superconducing

TF coils
Design parometer Thickness reduction
Critical issues ;
85 FER Innovation due fo innovation
Increase of wmdlng jpcck=3OA/mm2 36A/mm? 8em
pack current density (Bosl 2T
max™

Reduction of structural Bm 055 0.65

materiai (@ t8cm
(including bucking cylinder) 'ec™30cm - 20cm
Increase of nuclear Omayx=! mMWAee  1OmW/ce B
(3) {5em
heat load Q=15kW 40 kW
~ 120 kw

{1} B is the fractional space allotted to conductor in the
toroidal direction

(2) tge is the bucking cylinder thickness

{3} Shield thickness of 65c¢m including TF coil can with the:

thickness of 2 to 10cm
( Average neutron wall load of 1 MW/m2)

Table 1.2-3  Design modification goals for superconducting

PF coils
, . (1
L Design parameter Rodial build
Critical issues "85 FER 1 : reduction due
E ANOVANION 1 innovation
12}
jeduction of 1olal 5y oovs  sovs 4dem
volt-seconds required
High current density = Bpgy = 10T 10T 3em
and high mognetic ~ lpack * 25A/mm?  30A/mm?
field
Bmax = 10T (27
(A% =50 VS ) Scm

ipack = 25A/mm?  30A/mm?

(1) Quter radius of CH coil

(2) Based on '85 design parameter of B, =10T, jpm:k=25ﬂx/mm2

— 4 —
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¢ Device
PF coil  Bucking cviinder
Required TF cail
uire
spece for VS é:i%%:lrd ¢ Plasma
A .

[
(Q) Superconducting solenoid coil external to TF coil

¢ Device
TF coil Cu PF coail

: Inboard
-E;%“&Z? ’ shield | &Flosma
] ’

NN

(b) Copper solenoid coil internal to TF coil

Fig. 1.2-1 Radial build for inner forus configuration
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Table 1.3-2 Design requirement for the FER concepts

Option C ACS  ACD  MINI

Plasma
Elcngation, K 1.7 1.7 2.0 2.0
Divertor SND  SND DND  SND
Total volt-seconds, ag(vs) 50 50 50 15
Snield

Bulk shield thickness(m) - 0.8 0.75 0.75 0.7

Radial build(plasma to TF), a(m) 1.3 1.13 1.03 1.0
TF coil

Maximum field, Bygx (T) 12 12 12 12

Current density, Jpgck (A/mm?) 30 35 35 35

Fraction of winding (¢ direction) 0.55 0.65 0.85 0,65

Bucking cylinder thickness,tgc(m) 0.3 0.23 0.23 0.22
CH coil

Maximum fieid, Bpgx (T) 10 10 10 10

Current density, Jpgek (A/mm2) 25 30t 3t 3l

(1) Maximum current density is 25 A/mm? gt 12T for the
divertor coils

¢ Device
PF coil Bucking cylinder
| TF cail
Required Inboard | € Plasma
space for VS shield
|
A \\‘7/
N 77/
AN
N

‘.,,
w
o

. A

-
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¢ Device

space for VS shield
P

NN
N //u

( @) Superconducting solenoid coil external to TF cail
( Bulk shield thickness for TF coil=0.7m )

PF coil Bucking cylinder
L } | TEcoll
Required 4 ! Inboard | € Plasma
& Plasma

- . ,
_ TF coil PFI coil
. nboard
' Buckin ‘ ; ¢ Plasma
cyli nde? sh,__:e!d /__“_
]

.88

(b) Copper solenoid coil intermal to TF cail
( Bulk shield thickness for PF coil=0.7m)

Fig.1.3-1 Radial build for inner forus configuration
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Table 2.3-1 Comparison of FER(ACS) TF coil and

moment free coil

FER(ACS)ATF ccil | Momert ?ree_coil (B/A-1)x100%
ry(Inner radius) 1.845m % 1.845m | A
r,(Outer radius) 8,950 m | 8,950 m 07
k — 0,790 —
ro(Center radius) 5.398 m 4,064 m -28.7 %
hGO{Stroight length) 5.076 m 8,373 m 65.0 %
hdd(Coil hight) 9.180 m 12,080 m 31,6 7%
1(Perimeter) 26.816 m 31,995 m 19.3 %
L{Inductance} 25,29 H 33,2653 H 31.5 %
E(Stored energy) 13.49 GJ 17.74 GJ 31.5 %
Fy (Hoop force) 663 NN 833 MN 25.6 4
Fr  (Centoring force) -296 MM -403  MN 36.0 %
FZ*)(Vertical force) 137 MN 137 MN 0%
rg = vty » ) BEHTEHEIE
r
k = % In r%
Nag
Mg
M
"o
2
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Table 2.3-2 Main Characteristics of Toroidal Field Coils

Items unit Option C ACS l ACD MINI
Bore radius m/m 7.8x10.0 7.1x9.2 | 6.0x5.4 | 6.1x8.8
Number of coils ; 12 12 12 12
Cooling method Forced flow cooling n "
Winding concept Parcake winding " K "
Shape of coil C-shape u L "
Super-conductor (NbT1);Sn u " n
Peak field T 11.4 11.3 11.2 10.9
Operating current KA 26.61 32.66 32.64 32.71
Coil current density | A/mm? 29.6 36.3 36.3 26.3
Winding carity m2 0.324 0,234 0.234 0.202
Number of turms 18=20=36 _=13x20=260 13x20=260|14x16=224
Number of parcakes 20 20 20 16
Number of grading No No No No
Magnetomotive force MAT 115.0 101.9 101.8 87.9
Total inductance H 52.8 25.29 24.51 18.2
total stored energy 6d 18.7 13.5 12.1 9.7
Hoop force Fy [MN/coil g76 663 704 526
Centering force Fp MN/coil -327 -267 -292 -181
Vertical force Fz MN/coil 179 134 127 119
Toroidal field ripple _ % 0.69 0.65 0.62 0.59
Tabie 2.3-3 Inductance matrix of TF coils (ACS)
[unit: HI
Coils 1 2 3 4y 5 b 7

1 0.9362 | 0.3089 | 0.1307 | 0,0662 | 0.0393 | 0.0280 | 0.0249

2 0,3089 | 0.9362 ; 0.3089 | 0.1307 | 0,0662 | 0.0393 | 0.0280

3 0.1307 10,3089 | 0.9362 | 0.3089 | 0.1307 | 0.0662 | 0,0393

4 0.0662 | 0,1307 | 0.3089 | 0.9362 | 0,3089 | 0.1307 | 0.0662

5 0.0393 | 0.0662 | 0,1307 | 0.3089 | 0.9362 | 0,3089 | 0,1307

6 0,0280 | 0.0393 | 0,0662 | 0.1307 | 0.3089 | 0.9362 | 0.3089

7 0.0249 ¢ 0.0280 { 0.0393 ! 0,0662 | 0,1307 | 0.3089 ! 0,9362

Total inductance
LT = 12 X {L]. + 2 X (Mlz + M13 + M14 + M15 + Mlﬁ) + M17}

25,29 (H)

— 17 -

12x10.9362+2x (0, 3089+0, 1307+0, 0662+0, 0393+0,0280) +0 ., 0249}
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Fig.2.3-1 Dimension of TF coil (ACS)
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Fig.2.3-3 Magnetic field distribution on the TF coil mid-plane (ACS)
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Z(m)

Moment free coil
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D-shape coil
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Fig.2.3-2 Comparison of the D-shape coil for
FER(ACS) and the moment free coil
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Fig.2.3-4 Magnetic field distribution along @ TF coil
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Fig.2.3-6 Qut-of-plane force distribution of TF coils
for the advanced type FER (ACS)
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Fig.2.3-7 Over turning moment distribution of TF coils
for the advanced type FER (ACS)
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Table 2.4-2 <{haracteristics of the superconductor for TFC

No. Item sign unit} 127 conductor
1. |Superconducting material — (NbT1)4Sn
2.|Stand diameter Dy ¢mm 0.79
3.|Filament diameter (Number of filaments) Grm 5 (2852)
4.|Bronze ratio —— 2.5
5.1Copper ratio — 1.5
6. |No. of strands n — | 3" x 7 = 567
7. |Superconducting material area of stands Asc wme 111.1
8. |Copper area of strands Acu mm 166.7
9. |Total area of strands Aco mm 277.8

10. |Cperation current 1d KA 32.7
11.Critical current at 12T, 5K (J; =540 A/mm?) Ic KA 60.0

12.|5.5. Conduit outer dimensions a cmm | 28.6 = 28.6

13.]5.S. Conduit inner dimensions b mm | 21.6 x 21.6

14.15.5. Conduti area Asys 2 328.7

15.{Insulation thickness tins mny 0.7
16. |Helium area AHe mme 185.2

17.|Volume fraction of copper in strands £=Al,/ACy —_— 0.6
18. |Volume fraction of metal in the coble space|fep=Aco/Aco+AHe| — 0.6
19.|Cable space area A = Acg + AHe i mm2 ! 463

20.1Void fraction fe = 1 - fco fHe — 0.4

21.[Limiting current Ig KA 42.7
22.|Stability margin AH J/cc 1.45
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SC filamant Nb filament
 5um x 2852

Strand Bronze ratio 2.5
T Cu(Cu/SC =15)
Ta barrier
$0.79 \Cr plating
x 5 Ist strand pitch 30
Triplex I
2nd strand pitch 60
x 3 3nd strand pitch 120
1 4nd strand pitch 240
x 7 5th strand pitch 480
Conductor

28.6
30.0

Insulator
X
S.S conduit _—

unit:Lmm1]

Fig.2.4-1 SC conductor of TF coil for FER
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conductor
100} B-Ic curve at 45K
90t
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30[Operating current 13 _ B-1 curve at 70K
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Magnetic Field B (T)
Fig.24-2 TF coil load line (ACS)

(@) NbaSn J. (B,T) curves
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B 1.8K ERN

R 30K gt

3 . 100015—

i 7.0K

= 1005—

J,’i | Il 1 i | I | O_L!l | 1 ] L | | |
6 78 9101 1213 8 910 1112 13 14 15

B (T) B (T)

{(b) (NbTi)3Sn J¢ (B,T) curves

Fig.2.4-3 Jc (B,T) curves of Nb3;Sn and (NbTi)s Sn
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100
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AP=2atm

Pressure drop AP (atm)
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0.01 i | I | I ! |
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Mass flow G (g/s)
Fig.2.4-4 Pressure drop-mass flow relation
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2.5 adAAILEE

J4 kSR, BIS9, 0EEOMEREFTERIRITY —Fve Ay e oYy BOREE
BEHEED 2 4 VERTH S, BERERI I TNy - RBEDEBEEZE T A 3 F7 4 LA
Tigl, EERELIABEREOCHELEMESEE TR+ Y EDORBERUN A7 0 AT
— L LI BETH D,

ERNDOEXELARBUTCEY TH S,

Wi BEHOSUS Yy — 2R THXHTrLHic a1 v FERTEBITIHEE(HL, 2

ANVEBROBEFRETHE, SUSY—RFEALTVEYL)

ML 24 LEBARTESsN, B LIFTEXET L2 AR
B a4 VEBMRTEEERN, Bl T RNRAMRD VAT £ TG ABE

MHBEREEOSHAMN» SBRELARB L, MBSCELIRANREBTLEY, | HEERY
— 2L LT OENS LM, ACSTHEH125m, MINITHEE85mTH 5,
Fig.26—1icBEL a4 VEROMmMO A5x4, X, Table2b—-1 ¥ — YEEUY
BE~TEAETR T,

5 — VR Option CH 36045 —», ACS, ACDM2604%—», MINI#H2244—~
Th 5,

Table 25—-21, TFIA4A VAP TDOTF 24 volif@EkErd.

X, ACS, MINI @27 —ZDOTF a4 viEHER>Fig.25-2, Fig.25-31CxRT,

Table 2.5-1 Number of turns and
winding dimensions

Number of turns Winding dimensicn
g??ég%ion No. of turns/pie|Total | D ™ g ™M
Option C 18 20 360 540 600
ACS,ACD | 13 20 260 3230 500
MINI 14 16 224 420 480

— 35 —
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Table 2.5-2 Inner leg cross section of
TF coil

(m)

Option C | ACS , ACD MINI

R 2,03 1.844 1.56
B 0.60 0,60 0.48
D 0.54 0.39 0.42
Xy | 0.831 0.783 0.626
X, | 0.850 G.677 0.688
ty| 0.197 0.174 0,168
t, | 0.087 0,087 0.074

outer ring ;

t

i

L2

Q013 XSOI3

Q013

—]

inner ring
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w( Cooling channe!
SR \ s - Inner-surface of coil case

N /r_/%/ 7 ——— Stainless-steel key spacer
= == Ground insulation

4 395 F/Turn—ro-rurn insulation
\ ? = ~_— Superconductor
N X "

155
:\f — - @
v
N7 L

13 D

Fig.2.5-1 Cross section of TF coil case and superconductor
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2.6 WWMESEFR

SEEOSEBIRFNTH, FTEEHAMBRUFECNEEORIT 21T - 2. BEHME R,
CNFETESUSSCALNEL TV AH, SHEFEORITTH, JCS(Japanese Cryogenic
Steels) #FH W AT L L, JCSIRODWVWTI 261 TH~B4, SUS304LN T Lk,
EEIBOBRRALBEAUEAHTAMETHY, COBRSTEREMEAESETRETHV
LS R EREEICHT L e ERICHEATILENH O, SERRWBELNELoDT 7
o—-FbHAN, THOCDERELE2.6.1ITRT,

RICEHECREBEDL DD THEBRIT (NF A —F —F =N ) ET>7, BFI59, 60 FE
OMAHATRIFMUFEMBRIETOL TV EM, 4FEEZDr—A L2V THRET S
PHEPHBID, TFaA4AvARECESESTABEFELT -7,

FHBAELTONRTIA—F - —_RADFERE 2.6, 2RI, &, BLAOEEHFLL, T
NETRHPLERHITHARCBELTOLY, FHEAFTO-DELT, 72 PEETLL
2L,

COFHBRFOBREZERL L TCHESOLALAHAERL r— AT 2EERTERE 2.6
3IRT, MHFHEE, FHEBRHA T ALHEER-TH 2,

X, #E - Fr 7 L=, YT NRZACD2OTIE, BG59, 60FEOEEBHELEE
EEEHRI A HETCHEERETE L, #R%2.6.41T5R7,

26,1 HERAHMHKRUBREHET OB
(1) K& & F AR
W59, 60EHOWABRIT TR, BEAMBRSUSIOLILN & LT, SHEE
DHRATIHSA —H -OHDNEEBTERAPERL CEZ-EEABESEERAV & &
Lt Z0B%OEM Table 2.6.1— LW REBO THD, EROMEITH~, LD
SRE, Gt TH D,
ﬁfﬁ%‘c“ﬂflﬁ*ﬂrﬂi%fgﬁb’CJCS(Japanese Cryogenic Steels YEFEEHN T 5,
JCSER2EHEDA —RAFH4 F RAFVYLAPICDHEINE, —DRE- vy L-7 0
A%@%U,%5“0@%7yﬁyﬁﬁé&'MMezm—g%Kkiﬁﬁ%ﬁﬁo
Fig-2-6-1-I[ZQJKEW#C%"QL%E%W@%&Eﬁiﬁiﬂﬁﬁ&c T, MAROFEHEHMT
H50,>1200MPa, Ki¢>>200MPavm ( C Ot % JAERI box E#L T 3)
2, FEEEENTV S, X, FEHME,X1600MPa~1800MPaTdh %,
X, ABEETEAKNT — 5 OBRMIEBT 54, SEXH ] CS OBIRICHE
TEBADF - s BREEINTY B, |
Ihoor—-424L0, a4y —2, hLZHEFO#BEM LR ELLERE, EEO
IV bHAWNRE LAEIRICO0T, Table 2.6.1 -3 it /R 7 BT MY
OFREEAHREL . M, BROME, BN LE BAMIhLEDITHT L2ETH S,
M, MLETH~HEOBMAEEL, $NXTL4KTDETH 5,
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(2) WiE e
JCSRBERDOHMBICE~NER CEBEOME TS, COBREMEZBYL, BiEAK

BTHRIHTIHGE, BEHUBECRUEBRBECHY LRSS R LA+ AT ILENSH D, I

F15 04« 6 0 FEOMEEN TR, BHHL 2/, BYELEHKILHL 1 0&E0ES

FARD, ENRERNZERLLZ2MAHREL TCVEE, SQEEL 2 —HED, ¥

BO¥EOFEEBALL,

WRNFICRT2EFOELLR, BZUTo@HTH 5,

O MBI LT OREFELET .

@ R~y KRR, SHAEHEL SBRESHRAEAEABREDESE S/ DI TR
BrxoRfRenldb, HEEILEVWY, d2EA28ALE, EHEH4ZT 28X
etk RE B,

@ RETHEBRAED-DERELNL LY, RACFORESEESY, ShilaE
IR * 2 T4,
PEOBRRABRAMICRT &, Fig. 261 -2 %, B2 ARG EHE, Sl

RRMAREEREEZ®RS, CThbEEBRTRY,

R T GRMESEEAERELZOHE, Rl IREPSREST 28R, S e

WIESRETH 5,

NN RKGEEESEIKE, U FTogcHESH S,

/121ma
4K = —— A g (2.6.1*1 )
Q

LT a KT
do P IEFEBE ( Onax — Tmin )
Q < KEEHERFETHRLHIERK
(AEE1&ELED
a DEDHRD HFRIX@HERTELY, ZAXMOEGRZOBES%, NECNET &
TAEORMEDESIEERELRT, :
AKPIK e EDPESTREREEAREL SV, MKyDEE 8~10MPa vm 28 &3
Biwhasd, ~BCRBRIKET 2HAEHE L,
X, HHEBORMTHEEIRALOHET 5,

1.2 1 T aAcer
KIC — - O max  terettetemeerrietataieieciiciiaaeaae ( 2.6.1 -2 )
Q

CLT aer: WEBBRRKMETE(TEOBRD AE3X(261-1) OBEEELTHE )
Kic ' HEWNHE (KicAFPHOTARETCOBUHECRTI260THD,
O ORAHRESETHEELEN LN, T2 T], KiclEFH VD)
Imax 1 R GIRIE T

WL, 5V PORICHROBE E ace DL, BMESLIOAELHLBANS S,
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AUy P HOBAERBAERThEA~N I D AN Y s T B ERNEE, foT, L0
A WA T R BN OE S LT 50BN, B,
R EREC R ES>HORNH B4, KEMTRELFICRT,

Paris@iﬁ : da/dN=C4Km (2_6‘1W3)

Walker @ 1 da,/ dN=C (4K )™ oo (2.6.1—4)
dK ss=4K/(1-RO"?
da CrdK™

Forman @M — = ———————— o (261-5)
dN (1-R)Kie -4K

T dasdN : REaREEE
C, ¢, m  MEEH
R NG TT S ERIBIC Oy ey )
ZDHOHBERR(261-1), (261-2)THWELLBAYTH 3,

ParisODXNIRBR ROBENEZINTELT, R=0(ZE&RFEHRE)DESGICARS
NaxTHE L, Walker DR TR=0&F 1L, ParisdORic—FHT 5,

X, MBEHD I L, ~RICEREINDZBEEC, mTHb, £ T, Forman DRICH
3 A5CDfER, R=0, 4Kin =1 0MPav m ({RE ) TForman®RXDda,dN & o
R (T TRParisDOX) Dda dNBE—HTEEVHIFZHOLETHEL

Fig.26.1-3tWalker X & Forman ORXDLEEFR T, HEEHKC, mic20 T
BICSOF—sBlinkd, TITHSUS3IIBLN ofi4Eesb0EL, C=
7.56x107"%, m=326 &L, HEOHR, AiédbRELERTL, LEORME
B EFEGTWalker XS EE LU,

Fig.2.6.1-43, Walker ORIt k2 FIHRip~THEBORLEIFEOMESL, &ATI
RIGS] Omax =4 00MPa, IE/NE#HEIo=100MPa, 200MPa, 300MPadF&IC
DVWTRLEGDTH D, YROFUNS, FAUHAI 71 ThHNE L s DEFKEOE,
MBIcHEELEBARMETHESNE, 2RET/NEHREEREL, BEBLETAERS
v, RIZBRYELREEA2Z X 10 EL, B0ELRKIEHT 2LLEE 4 L0,
do=300MPaDBa, MBEFBERMBTEIT L 2mE K5,

Fig.26.1-5 R CWalker DR T, MIIRM~TEEBAFIRIENOEFZIENES
BENIA—F L LTRLIEEDTHD, —FIELT, do=300MPa #IHEARMETE
iL.2mEThiE, Fig.261-4DEEERUL, Fnax =400MPadti b, BHEER
=0, bR KEIKEDIEETH 5,

Fig.26.1 -6 Walker DATR=0 (HHEELHFRYOEFHIE, Paris dRic—
HE2)0BEOMNBRETELEDELBBOBRERLLZSOTH S, WRE2 VY
v PMEEEL, BERORETEAZ S mICHRLES, EHEIFLHBERTEVE
BOLDTH D, MBILHETHDREUWENLL, HILId o P RELRBBRMEY, TDOEHN
M BEHER, RMEAPLOMEENICRET B EARL TV %, X, KEHDI,
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AK= 4K, (10MPavmERE) &, REEARE LS VR TH 5. 14, KIERE
HEIHET BHMEEHC, m20TEPEDSUSIIGLN ToMAE,, WHESNE
RIS STREEICBAG  Kic (=20 0MPav/m ) %0,

REOWMBABOELEMA 2X10Y, B sFLEF 4L, BESYELORK
28x10* S LA LDTH B,

B, RENFHBRCRTILLLORDBICHE, BUEBELEKIWNL TELZE 4 BA
CEZTG oM, WEBORBTECY LLL2RERALDEZELHLY, 2LTRED
BRLRAIEI W LESFERAD O E L,

LlEoskic, WEHFENELTE4E, MEREDIRA L~ vofug, &HE LK
PR TESIREEN AR T L2007 77 49—~ L1550, hob05h, BHE
BORELHORUBRETETHAD,

3 RN THES DERE

Ak, BRI EZFMT 6 HATHREBENEL SLLEAFET L2 FRIEINEL RO
NARIBDTHLY, SEEOLBIMRI TR, 2 s coFPIERRETHL, @
HE, #ROBALHCEEERETESITHMT BHEMS &, WHEA¥WEL F5H O K
HOoHESu:OlEFE,LG, —DDOSyERETHIEE L, (kL 78z, chidfa
{ig, BHETHY, #HEHOBERBCRIMIEHLLINEN SHT0,)

W50 6 0FEDMWEHRI T, Sar FASMEIHEY, Smi =min (20,73, 0y,
3V&EL TV, SEFERJCSOBBRALZOBEABTYICER T 27 %, Sp1 =
Min (20573, ¢,/2) &4 5, Table 26.1-3 L0, EROEE, o,=1200MPa,
7y = 1600MPa 38 Sn =800MPa, SMIMTERICALIEEL S LEROBAS,
0y,=1100MPa, ¢, =1500MPa & 3HifSm =733MPa &4 3,

=7, WRNENEZA AL OO ESEHT 3HBESn R U TOBRIEKRHOLIN S,
BOBLEIKEZ2 X100, BOELERICHT 2KELE4 4, OHBEERNTELER
(TFaAWr—~2F 20T 2m, BR(BEI YD )RS TIRO. 2me
LIIBS, Fig.26.1-5, Fig.26.1 -6 DREED opay (BABEGN) E4da (IEH
ZEIE) OMAAE R Table261-4 KRTEBYVENE, PFIAALDI Y I k#HH
T Omax=40=500MPa LU TVWEDR, PFaA vy Py bHMIERETDIE
NRBALEPF I VABODBHAICLZ 6D THY, IBRESZIZRHENICHED 725
Th b,

TRAANT —ZRTRIA NIV Yy MHRREST B HERFECHETH 5, BR
A, HEOE oA S VBRI IBR LN LA oA S ABIBCLIBHIOMAS
ETHD, o, BAAKE - THREGHEIRLD, BHBRIBZThE0HASREN S,

CORUSERESIETRECRENICE L, WBNENFELORDONIFATELE,
—HREIESCHATAIE RS ORBHEL BN 2 &G EEicg L v, 5
HMLEEAEZ LI TORICELI NS,

g1=4d14 + 014
S =oy—9;3 (o1 >0y >ay) }

(2.6.1-6)
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LT e KB E AR EG T
T CEDD L, WEEBAICX H5EIET]
LR CEDS L, BB L ETRIGT

gy, 03 [ ETNFheolCHRKTSEILN

Table 26.1 -4 KR d doid o400, ooaxido, WAMTEN SEHETF2(HDE
Table 2.6.1—4iTi{dtii,

TF2AA 220 T 262 THARITHRANICVL T, fod yrviigicks
L6143 250~350MPa( DB a,,= 0) ThHY, Table 2.6.1 -4 iTRT
FEBEWCHECETHE, X, ZORDIRTEAIBE00~TOI0MPaBEKE ->TWHW5, &
DIENBESEBHTEZEALBOTHY, CHhCHTL2HFEMEIB1L5S AT 26DT
B, SEEG, TFaA vy —RE 20 THBNEMNEZHPSREINSIETE S w0
THEHEMELT, MRDIGIHE, 600~700MPa kL, BLOKRBE 2 RiAAK
i, 1.5Smz=800MPatl, Sp2=800MPa 1.5=533MPald5,

TFaAnvay oy bHI2OVTE, B9 6 0FEEOBMERITCRTHH E DM
STy, Table 26.1 -4 iR THRiICde OBEICHBELGIN B, 0rax
BB REUBEE TCHESNDITEDLD, Spne bTFIA My — 2 XD KENELE
ETCX2560EEbR S, BERMNIKEITFIA vy Yy P OFMBGAFEELEITLT
HETRETHHA D,

PFaqrvavydy bRHIE20THR, BE-#EETIREIIAL, Snz =9qn.x=500MPa
Ed A, b, HIN59 60fFHOMAHATRIDESAE600MPa L THED, 5FEDS
F o YVVEEKETTEIE00MPaEBAHVLINTVWS, CHRESEEOHE «- FEID
JBREOBRF LR oA S VEECEHEHPFEITLTITOOALLHTHD, SRELHBESIC
WHTLHBMEELIDUEKL EBLEND B,

PLomsadldRdDoNSn, Sne &8, Spn ZFRELCHEE S Table 2.6.1 -5 iC
Tde ZOSn BREFEEBICHTAEDTH S, Sn1@ERTF24 05— A TB00MPa,
TFaAgraydy b, PFaAnaryyy bTT33MPa tERIREVELEAH, B
BH¥HEZ AL STNEIEAESEN S 28BEE, HBCTFaf vy -2, PFaA
WA YTy PEDVTESm KDL DESHIBRT 2L ERD S,

N, TZTHBMOESR (LD T 2EHMB, 02 )LLRESASLI VY 5 b
OEHEFRIC O TRFITHA TR VY, FEBETORB TR LORTEENLRTD
%

Lo, SERBLADORERH 2600, MBAFOHEALRL, BHEBS OSSR
oW T—20BB% &%, WEBEBAFHNEAALTRACLIES, SREALUTOAEZES,
BT EHENDS S,
© FIRL B NARSERBEIEAHLWBAED SEELNEHBRT 2EL 0

BAKERPONIEXNSEDTHSH, HFHMBRFIOBRBTRERMCIDREILERHEIHR

HELBEVESRENZBSOHBAEEZSHTHHMBIN G, - THEAEROBE TA,

CodEE Sl THMT 3 LEND D,
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@ XREHEEREFoORFICERLAMBESRRIOMBOoLDTAD, ZhiXSHE, JCS
ZOLODHEKBERAILNENSZ, X, MIDBBLTORNBEHFERETHETH S,
COREENELTRE, FALTBCERABFEIRLZC LD, BREOCHEES
PiTiEBE R CEENE, ChOoDSRS5HOBATRETH 5,

Table 2.6.1-1 Requirements on engineering properties
of new structural materials for fusion
supercenducting coils

1. Yield strength: more than 1,200MPa

2. Fracture toughness: more than 200MPa vim

3. Fatigue characteristics: similar to those of 316
austenitic stainless steel

4. Magnetic permeability: not specified
(non-magnetic material is prefered)
Corrosion resistance: good rust resistance

6. Others: good workability and weldability
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Table 2.6.1-2 Chemical compositions of the Japanese
cryogenic steels {JCS)

CSUS - Jdi : 120r-12Ni-10Mn-5Mo-0. 2N ( 6 tons heats)
CSUS - JN1 : 25Cr-15Ni-4Mn-0.35N (50 tons heats)
CSUS - JKA1 @ 20Cr-14Ni-Mn-Mo-V-0.3N { 5 tons heats)
CSUs - JdKz : 22Mn-13Cr-5Ni-0.2N (15 tons heats)
CSUS - JN2 : 25Mn-15Cr~1INi-Cu-0.2N (50 tons heats)
CSUS - JKAZ :  9Mn-21Cr-7Ni-0.3N ( 5 tons heats)
CSus - J«1 o 17Cr-12Ni-2Mo-1Mn-Nb-0,2N o

Table 2.6.1-3 Minimum structural material properties

Case material Conduit mater1a1(a)
Yield stress (MPa) 1200 | 1100
UTtimate stress (MPa) 1600 1500
Elongation (%) 10 10
Toughness, K. (MPavm) 200 ZOO(D)

(a) CSUS-JK1 with both cold work and heat treatment
(b) The plane stress fracture toughness (KIC) for a thin conduit
reaches a higher level than K;. = 200 MPa Vm
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Table 2.6.1-4 Allowable values against fatigue limit

TF coil case TF c¢oil sheath PF ¢coil sheath
Operating cycles 2 x 10" 2 x 10% 2 x 10%
Allowable initial }) - o0 0.5
flaw size ai (mm) : . .
Allowable tensile
200 250 300 200 250 300 500
stress Ao/opax Jas0 ~ /400 /300 oo~ 71000 T 7800 /500
(MPa)

{1) Flaw size

et B .
i T =

b

Z2a
Surface Flaw Subsurface Flaw

Table 2.6.1-5 Allowable stress intensity of TF coil case,
TF coil sheath and PF coil sheath

{MPa)
S Sma 1 S
TF cail case 800 533 533
TF cofl sheath 733 T.8.D (6551?;80)
PF coil sheath 733 500 500
where S : allowable stress intensity

Min (Sp,s Spa)
Min (2Gy/3, Uu/Z)

Smz:  allowable stress intensity against
fatigue Timit




350

150

100

50
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Fig.2.6.1-1 Characteristics of fracture toughness
and yield strength of the JCS at 4K

JAERI-M 87-153

/0y =1200MPa -
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| | ] |

|

log da/dN

200 600 800 1000 1200 1400 1600 1800
YIELD STRENGTH Oy (MPa)

Fig.2.6.1-2 Relation between da/dN

and AK



Fatigue crack growth rate , da/dN (m/cycle)
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i : Walker’s eq. ——— Forman’s eq. 1
- da . m da C'AK™ -
[ 89 - ¢ (AKyg) i _
dN s dN - (1-R) Kie- AK
- AKets =AK/({1-R) f j y
- R = Omin / Omax ]./ i
(/1

10° L 1] |
N /I ]
N /| )
i R=07 ]
i R=0.95 B
I R=0 w |

/
-7

10 —
" // Material data ]
i // Kic Z 200MPavim 1
. / // C=7.56x10' m/cycle (a)-
- i m=3.26 (a) 1
. / / (a) assumed the same value -

/ as 316 LN
168 | Lo 0 i ; Lo o s I ] [
5 10 50 100 500

Stress intensity range , AK (MPavm)

Fig, 2.6.1-3 Fatigue crack growth rate for structural material
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T i T 1

T [ T i i | 1

- | i
- | Design guideline .
50 L Omax= 400 MPa | L l
i | N = N¢/4 ]
i :where N=2x10° -

| =f°f___d.9____
- I ai C(Z&Keff%:; i
AKeff=1.1Umux(|“R) l/ﬁ
10 R = Omin/Omay -
5 N
[ Material data | -
- Oy =1200 MPa ; ]
- Ky = 200 MPavm { AT =100 MPd]
05+ ¢-= g.se x(iO’)’s(o) | -
| meieb i | A= 200MPq

(a) assumed |
' | AG = 300MPg
!
Lo I g .l ) R T S 6

0" 10° | 10

Cycles to failure

Fig. 2.6.1-4 Allowable initial flaw size of the TF coil

case

based on the fatigue crack growth
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1| T T ‘.|1TTI

Design quideline

X \
50+ R=0Omin/Omax

_ \ N < Ne/4
‘\ where N =2x10%
\ af da

Ny * ai C(AKge)™

Qs
AKeffz I .lo.mcx( |_R) ’/ﬁ

10 - R = Omin /Omax R
\
[ \
5 ]
(L Material datg A0 = 100MPa |
. 0,21200 MPa ] :
. Kic= 200 MPa v | A= 200MPo;
05F C=7.56x10%(a) AC = 300 MPa-

m=3.26 (a) \
(a) assumed \

oy l ) ] ' | } 1 | 1 1

50 {00 500 1000
Maximum tensile stress Ompqx (MPa)

Fig. 2.6.1-5 Allowable initial flaw size of the TF coil
case for the fatigue life, N =2 x10* cycles
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—  Kyc z 200MPavm

L S B T [ R R B A
Life for the thick plate

_____ Life for the thin (5mm) plate

1. 1

Design guideline

!

N € Ne/d

where N=2x 10" ij

£c=200MPa

Material data

11l

gy 2 1100 MPa

Y Ac=800MPa

|

c = 7.56x107%% {assumed)
m = 3.26 {assumed)
AKsy = 10MPavim (assumed)

|
I
|
|
where 22 = ¢(ak)" :
|
L

L] f [ BN

10* Tol

Cycles to fajlure

Fig. 2.6.1-6 Allowable initial flaw size of the
based on the fatigue crack growth

(R = min / “max = 0)

PF coil sheath
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Table 2,6.2-1 Cross sectional dimensions of TF coil case
and bucking cylinder (8 =0.,55, jw =30 A/mm?)

(m)

| | ' S

- Rz min [Stress infensit
Ry d tymin t2min| '3 min| R2mex | R3 minns;;:x of side p]gTey
.5 | 05740104 0048 015210937 | 1.855 0918 | <155m
1.6 | 0567 0112]0050| 01631022 1954|0932 %
.7 10562 0119|0051 0174 1.106]| 2.052' 0.946 Z
.8 0557 0126 0053 0184 1192]2152]0.960 "
19 | 05530134 0054 01951275 2251 0976 v
20 10548|0141] 0056 0206|1359 2.350] 0991 "
2.1 1054510149 ;0057|0217 1442 | 2.450! 1008 v
22 10541]0.15610058! 022816262549 1023 "
23 1053901630060 02381610 2650|1040 "
24 0536|0170 0061 02491693 2.7490 1.056 v
25 1 0534,0178 | 0063| 0260[1.775, 2.850 1075 ”
24910544 0168|0078 0300 1.730 | 2.860i 1130 | <15Sm
Note (1) '85FER

\\ TF coil case
.\hw
Bucking _cyiinder /¥ T/
f3 T1§: d 2
o2 002
Rz - Ry
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Table 2.6.2-2 Cross sectional dimensicns of TF coil case
and bucking cylinder (8 =0.65, jw =35A/mm?)

(m)
R1 i d ' min 72 min | 13 min ; Rz max R3 min —252' ::x (?:r:isjem;?(;f?
(5 '0396|/0116|0041 0154{10!2]1759 0747 >155m
16 0393/0125[/0042 0165|1094|1859 0765] .
17 10390]0134/0044 0!76]|! 1751959 0784] >155m
{8 1 0387/0144310045|0187|125712059,0.802! =155m
1.9 |0385/0.152!0046 0198|1338 2159.0821 <15Sm
20 | 0.383:0.160/0048|0209 1420|2260 |0.840 ;
21 10381/0.1690049|0220| 1501236010859, «
22 |0380 0178|0051 0231 1581|2461 0880 :
23 |0378 0.18710052 10242 1662|2561 /0899 "
24 |0377,0196/0054 0253|1743 /2663 0920 :
25 10376/0204|0055|0264|1.824]2763/0939 155m

TF coil case

Bucking cylinder
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Table 2,6,2-3 Cross sectional dimensions of TF coil case
under the flat coil case wedging supnort
(g =0.55, iw =30A/mm?¢)

(m)
R, d Y omin | 12 min ’R2 max | 3 min 'RR32mn:Zx ggrseisdsemg?;gy
1.5 0574102330048 0960|1855 0895 | <1{5Sm
1.6 | 0567 0245 0050|1052, 1.954|C902 :
.7 0562 0260 0051 | 1139|2052 093  *
18 [ 055702730053, 12292152 0923 :
.9 | 0553|0286 005413182251 0933 .
2.0 | 0.548/0.300 0056|1406 2350 0 944 :
2.1 10545,0312!0057,1.496|2450] 0954 :
22 1054103260058 1584 2549 0965 !
23 0539 0340|0060 1671 2650|0979 | -
24 10536[0.353 0061|1759 2.749 ' 0,990 "
25 1053403660063 1.847| 2.850| 1.003 | <1.55m

coill case

Flot surface
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Table 2.6.2-4 Cross sectional dimensions of TF coil case
under the flat coil case wedging support

(8 =0.65, jw =35A/mm?)

‘ (m)
| » : :
R d 'ty min t2 min { Ro max | Rz min _RR32 n;:tx éi;rzsizgn;til'g?gy
1.5 1039610241:0041 11041, 1.759 0718 | =1.58m
6 |0393|0255/0042 | 1.129]1.859 | 0.730 | <1.5Sm
1.7 10390/ 0269/0044 | 1216|1959 0743 i
{8 10387:0281 0045 306 2059] 0753 | "
9 1038510295 0046 | 1.393 2159|0766 .
20 | 0383 0308 0048 | 1.481 2260! 0779 :
24 10381]0321 0049 | 1569|2360 0.791 .
22 10380/0335/0051 | 1655|2461 0806 :
2.3 10378]0349/0052 1742|2561 |0819 0
24 | 0377036610054, 1.826| 26631 0837 .
25 1037603850055 1907|2763 0856 | <15 Sm

TF coil ¢ase

Fiat surface
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Table 2.6.2-5 Cross sectional dimensions of TF coil case

under the cylindrical coil case wedging

support (8 =0,55, jw =30A/mm?)
(m)

’ | R3 mi gSn'ess intensity
RI d 71 min Tz min Rz max R3 min “RZmr:lnax of side plate
1.5 | 0574 Q165?QO48FL028?L855 0.827 | < 1.55m
.6 | 0567 0179 0.050[1.118/1.954| 0.836 "
{7 105620192/ 0051]1.207!/2052| 0.845 | "
.8 | 0557|0206 0053 1.296|2152] 0.857 "
.9 {0553[0219| 0054 1385|2251|0.867 “
2.0 0548|0233| 0056 1473 2.350 0.877 "
2.1 105450246 0057 1.562: 2450, 0889 "
2.2 10541]10260; 0058 1.650| 2549 0.800 "
2.3 105390273, 0060 1.738! 2650 0.913 "
24 0536102870061 8252749 0924 "
2.5 10534 0300 0063 1.913|2.850| 0937 <1{5S5m

2 ﬂ///,TF coil case
R

Cylindrical surface

|
hii d

Bl

T

{2

002

002
R3' Rz
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Table 2,6,2-6 Cross secticnal dimensions of TF coil case
under the cylindrical coi! case wedging
support (8 =0,65, jw =35A/mm<)

(m)
] N
Ry d "'} min | T2 min R2 max | R min _RR32 :EX !E;ressisd]ems{losgy
15 039601760041 1106 1759 0653  >15Sm
.6 0329310190 0042 1194 1859 0666 | =15S5m
{7 10390]0204'0044 | (281] 1.959] 0678 | <15Sm
{8 |0387/0218[0045] 136712059 069! v
.9 | 0385|0232|0.046 1456 2.159 0.704 u
2.0 10383 02460048 | 1543 2.260 0718 "
2.1 1 0381/0260/0049 1630|2360 0.7 3 a
2.2 0380 0274 0051|1716 2461 0.745 "
2.3 1 0.378/02880052| .803 ! 2.561 0.758 "
24 1 03771030210054 1890 2663 0774 :
2.5 10376 03161 0055 1976 2763 0787 <15Sm
Q> TF coil case
]

Cylindrical surface
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Side plate

Quter ring

\Inner ring

R1:Winding radius df inner TF coil leg
Rz: Winding radius of outer TF coil leg
B=Db/a

Fig. 2.6.2-1 Cross-sectional view of TF coil case
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1400 T 1 T ]

1200 ]

ti=0168m

S —

——: 8=055, jw=30a/mm"

800F =--~-:8=065, jw=30A/mm’
cylindrical surface

|t = Q200m

)t1=0.250m

600" At=0300m
t=0.350m
400
14
200
] 1 | 1 |
0 05 1.0 1.5 20 2.5 3.0

Winding radius of inner TF coil leg R, (m)

Fig. 2.6.2-7 Maximum stress -of TF coil case due to the
centering force under the coil cace
wedging action
( Cylindrical coil case surface )

_71_
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Side plate stress (MPg)
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1000 1 [ l T
\
800} .
600} g
400 _.3-055,jw=308mn? ’
———-:3 =065 , jw=35A/mrt -
200F '85-FER
O | | | | |
0 05 10 15 20 25 30

Winding radius of inner TF coil leg R, (m)
Fig.2.6.2-9  Side plate stress by out-of-plane force

TFZ TFZ I:Z

7 ey
N

Side plate Outer ring Inner ring

Fig. 2.6.2-10 Principal stress of TF coil case
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1000 ; T T T
900+ N
_ 1.58, = 800MPG
a° 800 m t
= kil
g B =055
£ 700f jw= 304/mm’
o
=
o 600k
L
9 500t
OT | | i 1 !
0 05 1.0 15 20 25 30
winding radius of inner TF coil leg Ry (m)
Fig. 2.6.2-11 Stress intensity of side plate

1000 1 ; . T

900 |
800 1.58, = 800MPa \\ U—’—f Tite=00m)
\\\\\\5_____,,,a

a®
-.E,. 11=010m
> - 1=043m
ji 700 B=0865 f1=0.168m
g jw=354/mm’
= 600
¢
® 500 .
O=H ! ] ] | 1
0 05 10 1.5 20 25 30

Winding radius of inner TF coil leg R, tm)

Fig.2.6.2-12  Stress intensity of side plate
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1000

1,55, = 800MPa

=

800

 Stress intensity (MP,)

(0)

O

&)
1

H

O

O
T

n

Q

O
T

——:8=0.55, jw=30A/mmn]
LUJ ----- .8 =065 , jw=35A/mmt

! ] ] L

O

0.5 1.0 15 20 25 3.0

Winding radius of inner TF coli leg R, (m)

Fig. 2,6.2-13 Stress infensity of outer ring

{ Bucking cylinder support )

1000 ; T
o))
1.5, = 800MPa V
. 800
o’ Flat surface
= 600F ( .
Fany
g 400r -
= . 2
" Iy |tz 007m . 8 =055, jw=30A/mm
¢ 200 .
s 0 :B =065, jw = 354/mnf
O I ] I 1 |
O 05 1.0 1.5 20 25 30
Winding radius of inner TF coiileg R, (m)
Fig. 2.6.2-14 Stress intensity of outer ring

(Flat coil case wedging support )
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1000~ - I e
———:R =055, jw=30A/mm°

—~ 800 - _

5 ———=:8 =065, jw=35A/mnt _ -7 h=0.20m
=
2000 ¢ s

= |

5 Cylindrical surface

£ 400}

B

L

n 200 .

1]
VO' L‘j' ‘-—JT2=Q.O?m | o |
0 05 10 1.5 2.0 25 3.0
Winding radius of inner TF coil leg R, (m)
Fig.2.6,2-15 Stress intensity of outer ring
(Cylindrical coil case wedging support)
~_— b=-146MPq
§=-430MPa
K Px=80MPa
N
&£=-328 MPFa
\x \ .
P 6=—413MPa

i

R 1730/7 300

Fig. 2.6.2-16  Stress analysis of bucking cylinder

}h=o.168m

jﬁ =0.25m

h=0.30m
M=0.35m
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1000 1
o —— 8 =055, jw=30a/mm’
T goof £055, ] ]
= ~-~——-:B=065, jw=35A/mm
>
G 600|
D
=
@ 400
O
)

200}

O i ] | [ ]
0 0.5 10 15 20 25 30

Winding radius of inner TF coil leg Ri (m)

Fig.2.6.2-17 Stress intensity of bucking cylinder
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500 T
on
= _
: £ 400 — ]
o E
3 : Bucking cylinder
— support
o @
[ & )] [— A
= |
g talt
S5
A E 300 Flat surface
e =
x> O
E = Wedqing support
s ; B
£ 3 l—
o RS e ts
E w» Wedging support
e =2
_ O
== 200k s
/ Cylindrical 7
surface
/
—— 1 B=055, jw=30A/mm?
: ———:B=0.65, jw=35A/mm%L
! 1 | 1 | T
0.5 [.0 1.5 2.0 2.5 3.0

Winding radius of inner TF coil leg Ry(m)

Fig. 2.6,2-18 Comparison between bucking cylinder support
and wedging support
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2.6.3 BEMLEOARBF®MERA

EHLEDOTFE 24 v AR TOBmTEiE Table 25-2iCRdB VTS B, T O<Fikid
Table2.62—1, 248% &L, BLORBERAATRE L6 THB,

REMITCHT I ER 26 20 FHBT T~ FkEFA—TH5,

Table 263 -1 ICEHNICL HEHAEES|RENT %R T, Option CTIE 159MPa, ACS,
ACDRAHEDPLYERI NI b0, FHEREEMNEL L7278, 200MPall
kLB, MINT 3ERBPLOFEENNEILS L sofc®d, (565MPaF TRALT 3,

Table 2.6.3 -2 KL JIIC K 2ABOMFIENER T, WFNH300~400MPa D
B EE T3,

EAER I LB AR, Wik, ARDIEI% Table26.3—3 Kmd. FHBRFTTIE TFaA
NVEBREERXLTHPFEETBen=ATERELLY, I THb SR —FIZE->THHEL
WBLIEZHOTWS, (Bpn=4TERELABEED 81 B~94FBICELL T3 ) LTI
it 2.6 2IRTEBYTH B,

LHhoDEREL SAIR, Al FROKFOIENEBEIEZHE LA HEE % Table 263 — 4 iC
Tode CHHDIENESICH T 2HBERB800MPa TH 5,

Option C TIMIMKIZE89MPa, AHiZ633MPa, WHE3TTMPad A EAELL
TWVW5HH, TXRTHFBFMERNTH Y, ARG SH>DPLEBEIEERLFTREXD S,

AC S Cit, fI#i2639MPa, ¥z T66MPa, H#FIZ 31 IMPad L IRETHYD,
i, A#iE0ption CEDKENIEHBEEM 2TV ELIBHBFEANTS 5, WHEIE Option
C & B, IR A28 dby, 4%, LORONI YAORABKBLELL S D,

ACDIBACSE BIEE LETH %,

MINI i3 H# A 55 2MPa, #3357 IMPa, A#A254MPa 9 XTHBEMEATH 2
B, oy —RICE~NKBLES D, BLSELORMIES A5,
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Table 2.6.3-1 Averdge tensile stress of TF coil
case due to vertical force

Option C | ACS ACD MINI
Ry (M) 2,03 1.84 | 1.8 | 1.5
R, (m) 9,85 8,95 | 7.85 | 7.88
d (m 0,568 0.416 | 0.416 | 0.4u6
: 0.58 0.63 | 0.63 | 0.61
£, (m 0,197 0.174 | 0.174 | 0.168
t, (m 0.087 | 0.087 | 0.087 | 0.074
j, (A/mm2) 29.6 3.3 | 36.3 | 36.3
NI (AT) 115.7 102.4 | 102.4 | 89.1
Fy (N) 2115 1659 | 1809 | 1266
o, (MPQ) 159 207 226 155

where  Ry: Winding radius of inner TF coil leg

R,: Winding radius of outer TF coil leg

d : Winding thickness (including insulation)

8 : Fractiongl space alloted to conductor in
the toroidal direction (including
Insulation)

ty:  Quter ring thickness

t,: Inner ring thickness

jw: Averqage current density
NI: Total ampere-turns of TF coil
FZ: Vertical force

Average tensile stress of TF coil case
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Table 2.6.3-2 Bending stress of outer ring

due to centering force

Option C ACS,ACD MINI
Fy (N/M) 578 512 446
PX (Pa) /8.1 /0.3 /4.6
B (m) 0.626 0.626 0.506
t, 0.197 0.174 0.168
o (MPa} 394 [ 455 388
where  Fy: Total centering force
Py: Pressure load due to centering force
B : Winding width (including insulation)
t;: Quter ring thickness
ot Bending stress of outer ring due to

centering force
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Table 2,.6.3-3 TF cQil case stress due to

out-of-plane force

Option C ACS, ACD MINI
FY(=IBPN)(MN/m) 36.2 28,1 21.4
d (m) 0.568 0.416 0.446
Py (MPa) 63.7 67.5 48.0
hy (m) 0.231 0.180 0.165
ty (m) 0.197 0.174 0,168
t, (m) 0.087 0.087 0.074
Ihs (MPa) 350 328 319
%ho (MP@G) 119 97 80
i (MPa) 377 258 254
where  Fy : Out-of-plane force
d : Winding thickness (including
Insulaticn)
Py + Pressure load due to out-of-plane
force
hy Side plate thickness at winding cente
t Outer ring thickness
t, Inner ring thickness
9,gt Bending stress of side plate
9! Bending and tensile stress of outer
ring
opi: Bending and tensile stress of inner

ring
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Table 2.6.3-4 Stress intensity of TF coil case

1 (MPa)
Option C | ACS | ACD | MINI
oy 158 207 | 226 | 155
side T35 -350 -328 | -328 ' -319
olate S = 1,50 - o5 589 b33 667 552
g 300 800 & 800 | 800
Sap -394 -455 | -455 | -338
outer
ring S = 1.50; - o4 633 766 | 794 | 571
S$q 800 800 : 800 | 800
inner I35 377 258 | 258 254
ring | ° Tmax (1+291934) 377 311 | 338 254
Sq 800 800 | 800 300
where S Stress intensity
Sq Allowable limit of stress intensity
4 Avercge tensile stress due to vertical force
Tag Bending stress of side plate due to cut-of-
. plane force
o3, + Bending stress of outer ring due to
centering force
Ta; Bending gnd tensile stress of Inner ring due

to out-of-plane force
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2.6.4 HHE—bTL—A
1} BmAOAE

FHE b T —h, YeTNFAMC20TH, BIN59, 0FEEOlEBRITORBEIC
WTHEHECLOVEAERNCLI2ERE, IHNETHEL, 47 A0 THERE
DEWRER, BT BEMEE2ET5WHEE KD 1,

W, WA TREFEERRT STV 20, BRSO TIRRIZ BRI EHT
Wi, COBKAEERR T, FEERRICOVTHE, 2%, B toBMRLED T
RETEHEDND D,

2 Wohe—2vroitE

TFaA g, 2FELTI2ED 24 My 27 X2 V0THEAOIRESS O HEE
THo, chzEslmicEhE, 1 20T Faf vaiEsl, Y2 THNAAMEZRRE L
Lk — A vlEThd b, ZoOBEKRCTNERDICE 28 705ER LcBaE,
EF 2 7hdREoRRONBMEHL, TFaan, ¥z 7832 0E, Fig, 2.64
-1 OEEE:T S,

TFAIANEEELTORD - AY AU TOBIKHE T 3,

T=¢plc/ (22N)

¢p=r (R —R{ ) Bv

ZZT T =TFaAdAnv]lBYHOEIE -5}
Ry =TF 24 v OEREPLER
R, =TF 3 A AR HEDLHER
dp =WRE
l¢c =TFaA4 veEHN
Bv = . ¥ i 5 i 15
N =348 {12)

Table2.64—1i' 85—FER &AM 4y —2RDOTHE LALERERY, @&, ]|
DE-ZAVIORZESPSIFEDNBTELR D, BREF FRCHTVRE ICET 55,
Z M@t Table 26.4—1 KRFMHD 1.5 ERE &> TH Y, Table2.64—1 1T RTIR
DNE—AYFPORKEIRL2EOFHEMLETS S,

3 HE—~bF7L—sLOMEET

TFaAVNERE—EFEEL oY - T L —4id, B3 FEOhREBTRMARL,
FTFHETHMBES L EIERTSD, GEDCHL, ThE282E L THR- B IENE
WLILE, COVFE -7 L—-aDEHNHcL5EEE, EAEENIERD L0, B
59, 60EEOESBHOEREEZAL, Fig, 264-2 K FITREENEZIT -/ O
HBETF a4 VA O E Ty« TR Al%E 1 ROEBTEOREEEZL, ZAUEER
HhbDTH b,

INEEWEAR THL, —HAWEORE L TEALSAOENBIUTORZIHES
s,
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d=W4£* 712E1

COAMGFig 264-20BRC >0 TEHBEHAE 2KRE—2 Y FPE2HOVAEHU TO@ED
LB,
A 3.182x10%%7000°

I equ = = " =2759%1 0" mm*
12E3 12x206x10*%160

COHEMBHEHZIKRE -4 Y FREBIFESE» L 6 TOREAXE—AVIFTHEDS,
fH->T, IROHETEIFGEN B IR - A Y 2D Towm8d 5,

quu: Icen+2( Iedge_lcen )3

leen i3, FLL SV TOHE2RE—A Y FTH D, Teggeld, EFDY = 795 0
M TOWER 2KRE—A Y FTHE, BEL, MEICHEETIHE Y = T NFNICE - TE
BINLBETHY, Y272 VEREAERRTE Y =27 N2 EBEREDTHE L
MOoEHEEMNCRIBASESLLVWEEL SN b, #E-T, WEMPCH TE, Fig 2.64
—2IRTRICY 2 THRRAVEFER INTVARPOAEEFHME EZ 3,

69, 60FEEORMEHINTEY 54 AM oM EIEKE Fig. 264-31Rd, KK
0, sk, WHIKRTEZHE2RE 2 Y b ERKHIELUTORITNES,

leen =1.909%x10" mm*
1 odge =2.937x1 0" mut

legw =2.594x%10" mm*

ooz B0 TEER, EETOMTEA LB LIACERE Table2 6.4 —2iTR
To sfBEMARLUTOEDTH 3,

W=T,/R

8 =WL®/12E Log
We 2

6=

I equ/(h/2)

2T WITFaA 140 EAlN
T: TFaA4L]1EM4DIRDE —%x v+ (Table264—151)
R: 7Nz vhRETOER
L ETFoy 7ok vBoiE B

CNoORPOERES, #TIES o, 259, 60 FEOHMARI LFEL Hic
HRLIBEDR Y - RO LEQEMEE 2 T — 4 v b RUORE TOLE LU EFEED
koo b, BRAE Table 264 —2iTR T,

SEOESY 2D E - 7 L —-AF I CIRTEMEEH2KE -2 ¥ b, LEWEG
HEERT2WMATIRE T 24EMND 5,
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Hr —ADY R - 7 - LKA Table 26.4—3 1R d, b, de REAELLFES
NAETHETHD, by K2WVWTE, T7eAFA2ZEL, TF 24 vHNABPO&EE L
BUAZ2TFaAVEROTERUEET 2,

W2 e -2 Y RB{Er—2LFEMHEMEL T HH, WEICHT HEHEHRIZ
Option CRABMEELABELTVE L, 40, ColARKOBEEDO -2 &K
ST EARLEESNDNEY (249MPa )T, HEFREARE L T O ®ITHIIC
Thiuvbods Lid, TOEC UTHE, WINFELERSLELRLS I,

X, Table2.64—3ORICHERE LTV, MINIZD 0 TIREEICELOREL
Holwr, TFaArBERELEVORE, 20, v - b7V —-20MERI LTH 5

Y oaT A LOWEESE

PE— P 7L —-ADORA TR Y 27 NAVDEEZZRERLTOVROLY, Y27/ 500
FEAERTLHE, EMNRLUTOBICHESA S,

6 =0; +d,
cCT 8 AETE
3y v TR ADERICE D B

( wz1£§>
24E1,
6, ¥R —bT7L—-LDERICE LEL
( wai)
12E1,
£y ¥ TR ES
Ly HE—FZ7L—LES

Iy (TR AMHZ2IRE—# Y0
Iy ¥ R—b7 L—-LWE2IKE AT

PIEomit8E 4, Bfos59, 60EEHMSHToHERIc O TAEAEBET 5, LTz 74500
ERIIFig. 264—4 0ARicRETED THEH, BFHLE, Chit LRt & 5 EER
KE#RLTER S, '

[,=4475x10" mm!

[z = lep=2594%x10" mm*
£;=3129mm

Ly, =69 68mm

Wx3129%6968*%
L 2 4x206%X10*x4475%1 0"

d =6867%x107TW
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Wx6968°
12x206%X10*x25094x10"

0, = =5276x107%W

6 /8, =0130

PLro#RED, SEBEOEy — A2 THCOBEEORFELLLE, ¥ 275500
O ARD, TORMBEBET L v 72 Vv BEIRERELT 3,

B —RECD20VWT, BBERY 27 2 VORI Table 2.64—4icRid, X, &4 —
AD Y 2TNZ Dt E LOWIE % Table 2.6 4— 587, AL EFEDERKIEE>LL
HHITEDEND B,

Table 2.6.4-1 Torsionagl moment of TF coil
due to overturning force

‘85-FER | Option C| ACS ACD | MINI
Ry {m) 2.49 2.03 1.84 ) 1.84| 1.56
R, (m) 10,0 9.85 8.95| 7.85! 7.68
B, (T) 0.5 0.57 0.1 0.68, 0.71
[.(MAT)  137.8 | 115.0 101.9| 101.8| 88.0
¢D(Wb) 147.3 166.4 147.0) 124.4 | 126.1
TMN m) | 269,2 253, 8 198.7 168'0l 147.2
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Table 2.6.4-2 Required moment of inertia and modulus of
section of TF coilscase and support frame

‘85-FER | Option C |  ACS ACD MIND |
T (kgm |2.692x107 [2.538x107 |1.987x107 |1.680x107 |1.472x107
R (m) 8,35 7.85 7.17 6,49 6.53
W (kg) 3.224x10° |3.233x10° 12.771x10° 12.589x10° |2.254x10°
L, (m) 6.968 7.80 5,10 6,08 5,45
5 (mm) 17.0 17,0 , 17.0 17.0 17.0
loqy (M*) |2.596x10"%3.651x10" 11, 500x10 | 1,386x10"" 8,683x10"°
op (kg/m®)| 24,9 24,9 24.9 24.9 24.9
Z (mm’) |4.518x10° |5.064x10° |3.394x10° '3,162x10° |2,507x10°
where T  Jorsional moment |

R » Radius at shear pcnel center

W :  Shearing force

1, : Distance between upper shear panel and

lower shear panel

§ ;. Support frame dlsolocement

1equ : 'Equivalent moment of inertia |

T Bending stress of support frame

Z +  Required secticon modulus
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Table 2.6.4-3 Required sectional dimensions of outer
leg TF coll case and support frame

Option C ACS ACD MINI
b,  (mm) 1088 986 986 336
b,  (mm) 626 6265 625 506
b, (mm) 1544 1349 1349 1000
by (mm) 1244 1049 1049 850
d, (o) 850 677 677 638
d, () 566 416 416 L6
dyeqqe  (MM) 1493 500 500 1100
43 cen (mm) 500 500 500 400
yegge (D) 1343 350 350 950
A4 cen (mm) 350 350 750 250
I (mm®)! 4.,589x10" |1.520x10%Y 1.520x10%% |1, 099x101t
edge
I cen (mm*)| 3.134x10"" |1.520x10MY 1.520x10' |7, 154x101°
I equ (mm*)| 4.104x10°" 1.520x20™] 1,520x10""| 9. 711x10"°
i (mm*)| 3.651x10' [1.500x107 | 1.384x10%t| 8.683x10"°
equ r‘eq
Zogge (M) 5.316x10° |2.252x10° | 2,252x10° |1.9u2x10°
i (mm>)l 5, 064x10° [3.394x10° | 3.162x10° |2.507x108
edge reg
.
d, ds
da d3
|
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Required moment of inertia of shear panel

"85-FER

Option C

ACS

ACD

- MINI

6968
3129
2.,594x10™
5.276x10” %%
6.867x107
4, 475510

7800
2570
4.104x10"
4.678x10" %W
6.081x10" W
5.201x10M"

6100
2400
1.520x10
6.040x10™ %W
7.853x107
2,300x10"

11

6080
2050
11
1.533x10
5,930x10 %W
7.710x107 "W
1.,988x10""

5450
2420
9,711x10%°
6.744x10"°W
8.766x107" W
1.658x10%

Table 2.6.4-5 Required section of shear panel

Option C

ACS

ACD

MINI

1500

2750

200

150

120
5.284x10*
5,.201x10"

1300
1800
200
150
120
11
2.,530x10
2.300x10""

1200

1800

200

150

120
2.,054x10
1.986x10

11
11

1150
1900
150
150
120
11
1,712x10
1.658x10"!
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Overturning force
/ Upper shear pannel

B
/ S/ Upper shear pannel

/< >‘ Overturning force \ —
\ / verturning force

N(%___.;.;/ TF coll
TF coit /

\ Y
RN | _LA\Lower shear pamer L __

Fig.2.6.4 -1 TF coil structure model and deformation
due to oveturning force

effective width

s shear panel

o L

3 ton d=16.0mm

W=3.182 x 10
= T

[1=3112 x 10 'mm*!
| 1=2414 510 mm?*|
[ 1=2015x 10" mms!
1=1.915x 10 'mm*
[1=2.015x 10 mm?|
[1:2414 513" mms#|

1=3112 x 10" mm¢
777

TF coil case
and support frame

Fig 2.6.4-2 An example of displacement analysis
of support frame due to overturing force
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0 330
25 ;l
S| B v = Y
= Q 150
(Z i
B 83| !s5m| |73
" 830 [570(1600) ( }:edge part

Fig.2.6.4-3 Outer leg section of TF coil case and
support frame in '85- FER

00

Q
- K Y {0,
150 750" 1

Q

1360
=<

12
o
o
o

3000§

real shape of shear panel calculating shape of shear panel

Fig.2.6.4-4 Cross section of upper shear panel
in '85 - FER
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265 A%oMES

SEEORNEFEFCEL DA~ ACOWTHREE{T- e, EEMICTE 24 LRAIH
ZHLELTHBENERE ZiT- 7o BRI Lo, 20U ERLTS, s#5BESNE
U ZAPSBRONIBEREINTOBGCERLTHR-TED, ZOHTEEEoHEIEE
DR TEEEND 2, SHEEOBHNERPOR LN —RED0THE, FEMBIRSOH
MBAPLETHAILERIEITEL VDY, ZoMcsSE, DUTOBEEACODVTRIL T
W HEREL S,

© #EERAE &R R BH

2.6 1 Tub~7okkic, SHEEEIBEAMBEZENZTTOSUS304LN 25, SR
Eh it JCS{ Japanese Cryogenic Steels )M MI THEAT- 1o

InocoMEiEEVRRELHENEEAGL TV LS, BHCMETIME7— 4
(Paris MDD c, m) BAEDTEHEY, 4%, Cho07F— 9 DERNEEVLET
H b,

X, HHEERNET, VHFERMEE EOBICRET S, Z0BmAhE, FoE7T
DHBEOREEBRB TEIDEEIEATH S FFICHDNIRE(FZ1E | mEE ) %5
FICHRIET B EPHRNE, FECEVEALAADE LTS, 77 927 3EBLEL

, RBEEL Th, BamoEHMMMCBIBICESC &0,

Pl o SREME QR 26 Zhic I A 2 1 /NI o B 28 0 8 R E R D&t

THO, R o—-EBomlL &, REERRTEORBHSE{EEhE,
@ HEL ORI NS

BEFIS 9, 60FEOHIERTCRIAFEMBIR TR, SETEWMAQORELS 2
E-nBRELTEILOA, COE —AMNBEYE R ANZTEBLIBEL SN =TV E LTH
ranTnzd, SEEOBRT TESERT OB EFMINTE5T, T XTOBMAEE
BTRHTE2HDLE LTS, CHEASEEORNPEBRFETHD, b 0HEHEARL
BEHKLDPR LB LDEDTHD, THARLUTCEANACE L TRERRE LD DR
HEHLTEY, (OFRBSBROBRHETHOIO LD BILENDA I,

—F, @l A BENZOMBESSRO iCHT A MRS D EL L, R L
FRICHEME9E s 6 0FHORMABHTENATEBLLTVEY, TOoABEYLHES
EHL COahGh0BRETHOR T L, HAEKE, ERTLAKELESL, 58
ERBBLERT—FBEL T - ENEEEL ARBRETHIE 0 IBELHTE
Hbdbr, ZBEFLOMMEDOFMIC LD, AROTHEEILLDEN - EDENAH, LD
RBERE, MohDOFRTHEAET ILEND S,

® mOohEEAL

AEFD L 34 TR, POTEY 2 v VARTEH LLBES DO HEIESR
T, 2T FEFEL T 20, FEHTNME S S, SEZTRPLIEIBHIRN TR
FaEDTEN, Ty VERARICLD2ERTESBIMEENZZ EE VA VATA
TAN v bDdd, X, AR TE Y2 v VEBFABFEHTHIEELEINE, 5%
PLXFEAADORE EETLTC BEHAEAEOY » v PEMEOLR, 34 LREBO




JAERI-M 87-153

W, ML« BEERSC >V TRITLTHWRENS A I,
@ WABWACHTLEZLN
mMABHAICLY, BRICEBMIVPREESTS, SEEORT TR, COHNEBBOER
DPRMTZEHE 20L& L, BABEN OREORAMMETEET £ VIFRA LB
TAHARBICE-T VWS, RENERCHL TRBOIALVEROAROBELHRHTES
HHEAON, —E, DEMAZKNIDMES 5,
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3. Fe a4 LA aan

3.1 B =

AETE, OHO A VEIHEENIEBE~SZ 2B SLWTT-IN7A—F 94— <14, 5
BREEAEK 7P F 24 VRAEERRS, RUNT 4 g5 -~ LB oo RitEE
L PR BEAEERL TIT-/PF a4 vBITIC2 0T 5,

32 OHOAILNSA—=FZH—~A
CZTHOHZAVODEINTBEBEARDI AT A —FF — N4 DTk 3,

Fig. 32—-1iARE 34 VEBICRTOHIAVOMBETIE (J6)E0HT 4 v EXIE
(Bupax ) HEROEHICEDLEND,

Bon Brnax

RI d
Ro

Fig. 332—1 Contiguration of OH coil
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d2

d¢:2HBOH(R5*Ro'd+?) ............................................. (3.2-1)
a

Bmax:_ BOH
a Sy

4¢ HHEEE (Vs

Bou  TOREE (T)

Bmax 3 34 WERKEE (T)
j s BIKEREE (A m)
Ro 34 WHAF¥E (m)
d ;a4 VES {m )}
Ha s B E (47x10°"H/ m)
a s A D NESERES R
8 ; By O5 (R)ZE R R
T s/ A F a4 VERSE
t T AEHRBCENSELFERSXRARF 77 X ERICL SBBERS OF( Bex )
DRMBTHO, ROLSTEDHES,

ex

2 anx

e =1 — (32-3)

a, B, rOEELTIHXE (30) OMEFERLED 1.0655, 085, 096 % HT 5., «dD
BRESBEORAPBETHBHT T 0.8(Beox Brax~0.4) 2 HT 3,

—HOHaIA VD HERFOEZFEL T, BRCRETZIERNIZLEEBEEEY 2
L5E, COBAGNBERCRETIZERAIVBEARBHAI LT 2, 1L, 24 vBABEK
Da vy bHERET BB, BELEHBarY .y FHMOEAEE T LT EEKRDED
2185,

Bmax'j.(RO_—d)
f

a By _
— f cpy e jed f e mar e s e e (302 —4)

¢ VT y NCREREST BN (Pa)

AR THE, 2AVEABI VY o MMIECRETDIIEHOFEE2600MPe ( 5 9 EEFH
HooA VRBBSHASELTLZ LA NVTEH TOa Yy bMICRETAIRTIEHI 30
MPad&k#z)ELT, EBBEEI2T, 10T OBA&C 2T 24 LETEFTHR LI, #EED
Iy P EAORSORRIEIIHNORARRICERESLEZMLTCT 4 6m& L7,
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Fig. 32— 2t WRENEE N7 A -4 L LT a4 AETEKRT 2. Table3. 2 — 1 it
Z{L&E 1560, 100, 50, 15 Vs DEEAD A LE L AT LW, BPTCRERESHIE 10T
DEEGE 1 00ELAVNEREEEIORGRL THS, RS 1 2 TOBACRLBRREE
SEHHL0BEML, SRELTIAVAYERDNBCHETHNERBNBEALEL, 240
NERMOBEAR—-R, R - FR&E2AR-ZARKE{BEET S,

LR 0 RIFEEEELIARG THE50 Ves OWMEL({LBL RESHEL0H T4 L
ORFEEL LT, REFB 10T, ERFEESOA /mizHA L, HELIA45—5 23408
TREBCIE<E IS CERIPRE VYD, BEHES 1 2T THEETLE LK,

Table 3.2-1 PF coll parameters

Option A B C D Y B’ ¢ D’
Maximum Field (T) 10 ' 12

Flux Swing (V's) i50 | 100 ¢ 50 | 15 ¢ 150 | 100 | 50 | 15
Coil Outer-radius (m) 198 | 163 | 118 | 068 | 187 | 154 112 1065
Coil Inner-radius (m) 157 126 ] 087|044 [ 136 | {09 075 ;036
Coil Thickness (m) 0.41 | 037 1 031024} 051|045 037 | 029

Current Density{IOGA/mz) 22.4 | 252 1302 {386 | 21.8 1247 | 299 |38.7

Volume Fraction of Conduil | g 593105301 043710281 ] 059310540 0444|0280
in Conductor , f

Conduit Area of Conductor

" 1,043 841 | 579 | 291 [1,087 874 | 595 | 290
(10 "m?)

Conductor length Ratio 100 % 110 %
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. Fig. 3.2-2 OH coil radius and current density
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3.3 EikEE

(1) BT HE S LU EEHE
oA ST A VHERE N 0 A SR A VSR EEBICHEEREN T 7 A
CELMEmENEER ST 5, BEZHHHAE FlKRT, M224Horo (5 v
A WVEBREH TR LK i, Table 24 — 1 [SEBAVEEE KA OR AL EE |
R - TEMAEETEIT - 7o
Rekat
® PF a4 vHEEREL THHBWHET (Cable in Conduit type )AL L FoH
Hick W BEEL I,
o EMHPIME (B8 /1% SUS Conduit THA S,)
o FEEMUT -V V(HBRIEEOEMABROAEL, BREEFRALEEN S )
° EAC loss (BMEMOKEGEILFLS)
® PFaANEHEE (/7T yFRBCRE)ABILZLDIK, TRERS 40kABE
EET B,
® PFaAW(HCOHIL W )DOFEHBHREEAE30A/nf at 10TEEET 5,
@ EFEHES (Cable in Conduit type) BEOEEOMBEO LY, BHIR T4
NWEBRETODS L —F 4 Y RITHE O,
& FoAFVEESHICED, Fod S RB a4 VHEERIZ L2 TH(NDT )s S,
I1OTHNb:Sn &6 THNDBT; D3REELT 5,
® 12TH, 10THEFEOHBEIT 2N T—-T7474A Y 454, FCREEHE
7 waty %2 E L BBHOMESEEREMA S, $/426 TABRZREREICT 2 1
v MR AL BB oEeRETFALABE LTS,
FoA S g2 4 v RABEHEL KOBES Fig, 3.3-1 Rd,
(2) Wk
PF a4 vVHEHGHBEBEEEME ELT12THIZ(NBT; )38n, 10THIEND; S,,
6 TAHIENDT, MV 2, SEELICERBRIZEETHI0kAD 2ELUEEL, o
OHIMRER g R CEEM~ -V vAHEEFhEFNRDEHIICED,

B K HIREHR Ip (kKA) ZEM=— v v dH( ] ce)
12THERE 493 1.4 8
10 THEK 52 4 .76

6 T HE{& 4 7.7 0.4 1

i/, PEBOBEGBEAENAZLDIC 1 2 TR O THERTIZTa ) 7 — &%
WMREILZZ7 oaxy FE2L, —HF6THEETRC, N; S 7L MBHEERT + v
BRI HE LS Lic, /0, BETHRE2HELTL 20, BRELTIEZED L, SR
wBiR s, BEM Y VYAHEIESREAERTLZC L3R LI, VoidEETF A4
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BREEREICEEELOMEELZER L T4 05 28R,
Viro#itkatEs L0 TTable 33— 1ITART,

Table 3.3-1 Characteristics of the superconductor for PFC

No. Ltem Sign unit conéggtor conégltor congzctor
1 |Superconducting material — | (NDbTi),8n|  NbsSn NBTi
2 |Strand dimeter Dy Gmm 0.912 0.842 0.503
3 F}}?gﬁgﬁtg;ameter {(Number of b 5 (3803)! 5 (3237) 10 (758)
4 |Bronze ratio _ 2.5 2.5 —
5 |Copper ratio — 1.5 1.5 2.34
6 |No. of strands n — 3%%7 =567 |3%x7 = 567 3%7=1323
7 Szge;igggzgting material area Asc ?mmz 148 .2 126.1 78.8
8 iCopper area of strands Acu mm2 | 222.3 189.2 184.0
9 iTota] area of strands Aco mme | 370.5 315.3 262.8
10 |Operation current Ig KA | 40.0 40.0 40.0
11 [Critical current at 107, 5K Ic KA 82.9 88.3 86.7
12 |S.S. conduit outer dimensions a mn 37%37 35x35 35x35
13 |S.5. conduit inner dimensions b mm 2hx25 23x23 21x21
14 |S.S. conduit area Asus mme | 692.5 644 . 717.9
15 |Insulation thickness tins | mm 0.5 0.5 0.5
16 |HeTium area Ahe mm2 | 251.5 213.7 175.2
17 Vglggﬁeract1on of copper in F=Acy/Peo . 0.6 0.6 0.7
18 Vg;gmgagqgcggggeof metal in fcozAco/Aco+AHe L 0.6 0.6 0.6
19 |Cable space area A=Acg*AHe A mm2 | 622 526 438
20 |Void fraction fle=1-f¢o fHe 0.4 0.4 0.4
21 {Limiting current Ig KA 49.3 £2.4 47 .7
22 {Stability marqgin AH J/cc 1.48 1.76 0.41

— 100 —
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x N Bronze ratio

SC filament (Nb filament ¢5pm)
2.5

Cu (Cu/SC=1.5)
Cr plating

12T | 10T
A |0.912/0.842 3 2rd strand pitch 60
. | x3 3rd strand pitch 120
N [38033237 4th strand pitch 240
W, 38| 36
W,o!| 37| 35 x 7 Sth strand pitch 480
Wy| 25|23 1
_ =<
@ )
Conductor Q o o -
=22
Insulator _— D
. (\\ i)
S.S.conduit / L B,
W3
W2
Wi unit : [ mm )

Fig.3.3-1 (a) 12T,10T conductor of PF coil
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SN SC filament (NbTi filament
Strand | ‘\i\ #10,m x1630 )
. Cu (Cu/SC=3.0)
CuNi barrier $0.81 Formver

{ st stand pitch 30

ls 2nd strand pitch 60
3 3rd strand pitch 120
4th strand pitch 240

x 7 5th strand pitch 480

Conductor

Insulator
S.S. conduit /

Unit : [mm ]

Fig.3.3-1(b) 6T SC conductor of PF coil for FER
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3.4 A JLEESt

FBIZHTRLALLIROH 4 WEEFTEHELT, ORESHE 1 0T, QBHREREH
EEIOA/mEHH LT PF 24 VIR AIT 270 Y455 34 Vi3 ¥4 8—5 75 X
TEAEATCHICHEN RS NEENARESEILENHD, 12TEFTHHEU DI & L,

OHOA v ERNER L LTEI2HO AT A -4 -~ Tit, A RETIEBR A
BREFBFBCIFTIE LA (COBEo A VEREOEK I Y U MORE4 B 07 D5
bRESALD, COBATOIR/IEELEC00MPallTE L), REEARKORY v 7o
WACER 55 ERERNTPEREEORE L S20DIENHGEEL KO L5 KEES 3, Hb,
DA NVHEMTRE LIEASTER N EERBEOEEM, S8ME N L TARNNEE LS
BWhB2 AL L THER SN L, - THEAHFMBELEL L T2 A LFEBHEELTL 50
MPa ( ZOEREOHT 4 VENBEKICHRETLINNEZ600MPa & LB OHa 1 LT
ELTRELTVAENOMN LB THDE ) dE T3, BILBEDI VY o b DA T DEE
BEEBMBPLOCEBECRRAT VA7 — 72 EB L2255,

Table3. 4—1IKPFIA VR BEELTRT. AFHBEBE QL LTy 7 X EHHELY
BoNPFadvlilE, BEIEHETSLPF a4 %% L, Fig, 3.4—1~34—41c
T ATEHINRELIDBONKLPF oA VWNEBELEHEBORE A RT. COF 7 X v EHE
RRABELEL THRELI2A VEE ST A— 4% 2 Table3 4—-2~3.4- 13574, Table
&&ﬂ4K§%&LTACS®%é@UV§—V4VﬁﬁﬁVZVﬁUviz%iﬁﬁéo
Table3.4—3, 6, 9 LR TEABZ T SEB 4 VELERO
EHCHRELLBEED Point itHIE T 5, EE

ACSITNTEIAVOEBIORAE ST L2HiZ2.66 n
CAT-mé&’ 8 FEDHHMIBTCAT-mic T2 8 B
LT3, ZL_

Fi o v TR N2 AV OFERES 1 2T &

Lichs, #4534 vDEFHERELCORERICHY 5 twmun4wmmz« va
EBEEAMTEREELTANCEBLIECILEND -7, COEFHB T 2D ICHEEHIE
B PR S BERH N LEENS,

Wi, IBAEEL L THRGIBI0MPadE s —vicRET L2ER A 24 Lkt
DE—KEABLIELHFRLIMETHY, GEAHZLE2EHTESROBEBETH S,

BMBAKOBYV Y 724 0OLETARAB LT P a4 FLEIBICL2ERE, 59, 60EED
tERREIC a4 VB DILAT Y LAFIEORE 3 0mDr —- 22 HT THBL, Fodf s
ANVERPLOXRTA/EE LI, 34 - Z2QACoRBROEDEE 2 vy Othhif T
DERE LT B, Fig, 34-5ia 40— 2 EEHolaEs 74,
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Table 3.4-1 Criteric of PE coil desian

Maximum opergting current 40 kA
Maximum current density 30 A/mm?
Moximum field for CH coils 107
Maximum field for other coils 127

Maximum average stress 450 MPa
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TF Coil TF Coil
e

Break of Coil Case

/

Ej ; / _| | 200mm e

PF Coil Case

PF Coil Case
/// v - ' ‘
| _-PF Coil (with Ground Insuiation)
@ f///[/L/ / E/S“dmg que
_—Fixed Base

KTFCOH

Fig, 3.4-5 Conceptual structure of outer PF coil support
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B ND; So HiEDHHMBEE L b,
3 BEFos/v—F7Fv7
IANEBREEZ TV - Frrd s bick0agnmary Ny MESTEEELEIL S, TOH
&, BAROER LD EBRITHR &1 5,
M) EBHACHTIINANEEORBEL
BHNIOEEAA = ZLEZR ST, TEYR 2 A VENBELZ T I LENDH S, &
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4.1 FHFBE

XRBER, BERWNICEBIEMSL ¢ « 6 0EEOMESRAERCTHEY, BHTILLUTD
BOTHD,
@ S R A

L AT AE R, AFmiCl yhofgrRodtE s a4 HEohED 12
HEREAHAEOETREETHS, OHIA VO LREHEDEMRENL, 34 VAAIOX
HAETIXHL, S ETOMBERY L~ b CHLEROTE 34 4 inboard & % —
BIEELTIXFIOBETH L, PLXHOREIT > TR 428,

@ TFaArFits

TFaf v bETioEy=T7Na0%2800, TRFo4vels kbt aHEE L, &7
NEZFT S, Y27 NFZNETAVANDEEAR-ZARFT A N5 HRY 7 + EOTF
TR A7, inboardfll, outboard fllicarEl4+ 3,

@ PF a4 MK

OHaA VBT ANy —af WPHDPFaA 0, TFaALYE—FT L —4
THRTAIBETHD, TFIANVERETZBHAREIESE— b7 L—60EE 4K
WEaiwh, FEAEMICRASA FAELBETH 5,

@ WEZEHEE

2ANEEREXFT L MBAREER, POWMics A, ARMICL 24K, &1 640
GFRPHEHOHABEXFHATH L, PLHOXHFHEFARER, ARAROXERIERHEIC
A4 POl TH b,

XREIEET 270y 7 THEEESH, TEIZ $1600mX t100m, EHE 61400mx t100
mTHb, COMEE, BALI « 6 0EEOBARTCERIAWMBELORIBER L
EENLEDTH 5, b, MEERFTCEALLMBERDOIEE 2 <27 b v O s E
B 1 ~5Hz2TH A, v/ %y b ¥R 762K LTOREREEN T OHEBICIISS
VIR ORMESRESAT S (HII59 - 6 0 FEOHAEZHTR, 7% v b
VAT LEKE LTHREREEHIIKRE-FTETTHz TH D )o

SHEORN TR~ A v b RATLE2KELTOERIMEAG 9 « 6 0 FEOEEE
DB LTEY, XEHOWEESDNSCTE T EBHEEZN, 2 V727
LEEPORIES, TOEBRIETRNSOLD, X OWHIZEAS 9 « 6 0 FE
OMERIFTEIMRMEE LA,

Fig d1-1ICACSDBEDT 4 v b VY 2T LDEEMKERT,
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4.2 X

2.6. L Tah~~fotfic, RULABER LGS, hLXHTE—BESEHCIREET 260
LEZD,
Px=RiBm?’ 2¢R1 8 (262Q3%8)
w=BXPxx12/{(2zR)
sc=wR/t = Sm
X, RAEREEHZILUTFOXTRD S,

3Et?
12(1—-v%)R?

Pcr=

UeFEH3, E=21X10°MPa, v=0275 4L, FEMAEEREIEHecr BEFO
RRickbsh s,
scr=18932(t R)®>ac
VLD RERER Ty —2ic20TTable 42—-11TR,

Table 42—1 Stress calculation of bucking

cylinder due to centering force

Option ¢ ACS, ACD MINI
Py 78.1 70.3 4.6
R 1.406 1.47 1.059
B 0.60 0.60 0,48
t 0.30 0.23 0,22
e 298 350 | 311
Sy 533 533 533
Ier 862 | 552 817
where
Py Pressure locd due to centering force (MPa)

Bucking cylinder radius at center of thickness (m)

B : Winding width {(m)

t : Bucking cylinder thickness (m)'

o+ Uniformly compressive stress (MPa)

Sy ¢ Allowable stress Intensity (MPa)

o.r: Allowable buckling compressive stress (MPa)

—124-—



JAERI-M 87-153

43 L2HEERFIUVERIRILE-

Table 4.3-1TF 24, PFaf L, ZHEESOMBESELRT, Option CTIRE
it7880ton, ACSi{Z5405ton, ACD{E5755t0on, MINT (4300 ton REOER
L5, ACDRBACSIZHA, TFaAVERBIBDLL T2, PFaALERERLLED
BLAD, AHEBELACDLDEL L 2TV 5,

Table 43-2RTFaAVEBLTFaANERBTANVE —2RT, TFaA vERIHE
&, Bés, #BM, v EF—r 7L -4, YT, ALYHOBSEROATETH .

INAT 77 TRRGAEFig 431 0BED K35, EBET LO®ED, v T/
DREIELTLOERMIALVF—LERELRZOEDEHD, Z2LDASKERE BN, 2ENK
ANETFIAVERERETF oA L ER A VF -3 ZHABERCH B LRI LS,
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Teble 4,3-1 Total weight of magnet system .

(ton)
Option C | ACS | ACD | MINI
Winding 590 480 | 480 | 37C
Case 1790 960 | 910, 820
Insulation 80 70 70 60
e Support frame 1880 | 1360 ¢ 1230 | 1080
Shear panel 1220 920 | 870| 7801
Bucking cylinder 230 145 | 145 100
' Winding 910 | 570 915 390
. Case 320 160 390 85
Insulation 20 15 20 10
Support 170 165 | 165 135
support | Steel 650 | 540 | 540 450
j structure | GFRP 20 20 20 20
i Total 7880 | 5405 | 5755 | 4300
Table 4,3-2 TFC weight and TFC stored energy
Option C| ACS | ACD | MINI
| Winding 500 | 480| 480 370
| Case 1790 | 960 910 820
TEC Insulation 80 70! /70 60
Weight | Support frame 1880 1360 | 1230 | 1080
(ton) | shear panel 1220 | 920 870 780
Bucking cylinder | 230 | 145 145| 100 |
Total 5790 | 3935 | 3705 | 3210
TFC st%%%% energy 18.7 13.5| 12.6 | Q.7
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6000
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ACS ’ '85 = FER

TFC stored energy (GJ)

Fig.4.3-1 Relation between TFC total weight

and TFC stored energy
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51 B &M

PoaA S AVHBEIANVRUER oA SNV A VAT ERBMEIKEROBTREL RT3
FTEENREREINS, T0RAGL L TR RIHEHASEL 0N S,

© ACHKX ! TFa24n, PFaA4 vRUIRRBERIEHHACEILENEDT, AC
HEZRET 2, ACBROAFTE L TR, BEERMeR T2 271 v RBE, %«
ELH, BEa Yo b, 9 vBEERCXEREFRPCRET ZAEFRBERVESY
MELEAMEN L THRETLHEGEEL KB EN S,

@ PHLRRERARIGICHED 14MeVOEHTARE T LM, 75 Vi o b RUER
RAmAL, BELARhETHIHBEI A, HiT oA FUVREI L Vit AL,
BT 5,

@ BAB I SAVOEELXALMATER, FUREESORARKY, SKY - Fo
R, EARNEEZLONS,

BEWNOE LHE Table 5.1 —1~51—41KFET,
(1l ACHEL
AFEEEATHE, Frorv7 MET 28, BB B800sec (MINIS(Z 100 sec)
DAVAFERELLTED, MEEOEEEFICHELT, £80ACHELbAEICE
BALENTEENE, —F, Foa vy MeAdEp s ticky, KETRT LAL
HE, FFEEOFR SN TERR THS0~95% LM >TWE, KEEE, /5 A —F 4
—NABEEDE, BRI LCBFOER Y F VA QEMMER - THEY, 22Tk, B
59«6 0FEERHER P 2L A CHEDKRUENTH B XBBBKR I
BHTOEERBRIT DO THRE L 7,
—fic, MEBERIBEXRE, RATELZONn 5,
(N a4nvEFR(aABHID)

at2hb
4 (a+b)

a
L - Ac (W/m)
d 2p,

P

#o ad
4p

TL1L=

m-
=y

ab
Ty *

—_— A, (W,/m)
d{a+b) 2p,

P =

o dahb

Ty = —————
2p(a+b)
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Ac=2d(a+b) (m)
P={(Pio+Pis IxL (W)
AL NTEIZPELE S,
(i XrrfgEis
FiREFUEBALT
7 d

P=—— «B%2+A%2 « [ (W)
87

b c -1
f=06r(— +—)
C b

A=bec (m)

MEMAE & B TRET 5L P =K -
BiOFTELTCENTES,CCTK ' d
., ENRYOERDRICLIORESN
EETH 5. VB

Fig 51—-1 KFFEE O &Ny — ¥
LACHEEZRT, ACBLXORER, 77 X~BROM LY, EFESLEETHD, £
KO8 HAEEDTH S,

BFODACHBROBREAAE G454, Fig 6.1 —2iRdEE Y — VAREL .
ACSHFDtey, ti, t4 TOWBEDIHLOBFOZTHEERKR P IAVEBTOBER
BEkERD, MOFRMICO>VTRBIICHY T 3 HETHRE L,

BIFEOA CHEFKA Table b.1—1~b1—dicF bwic, BEHicdzb, bod FvEs
I, oA 5G4 v, CEBEEOERE, FEELIEMUE L TEHoR AR
WTW5, Table D Peak{liid, ZEELL T, MFEOTEEEL2 b EERBLHOHE
B,

BIFELOEBBERTOACRHBRBELALEZEDTED, SHLTHLHLEME, A4
Yo —NEANTRALTOSE, FEFICHST LA EREDS, EHo0ZTHRIEOEE
B->Tw0d, MINIFTHEE o 2O 2EHRICT - T LD, BERD duty 259
1721 ->T0aEiTERLTVS,

{2) hkFH 8

FERTHD-TRIEKLDREAET A 14Me VT OERMLBHE LN L, BirEEE
TIAWICBELT, 14Me VPR EZEERZI A VEROTEEOEL LG, 18
HEOBEROABLERNENEFHERNEL T3,

AFERFALHILY, FOa2 v~ 7 MEEK 24, BEETF 24 vOEFREEDOERD
2ITH T &t Lz,

() S@EBTF a4 VvoBEREEENO TR
EEHELHINE OFEORTHEE 0P oB/DER606cm (TAVER IO
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RO IL ICRET S E, BREHAFII0mW ccBIE, BERERABT 40~
I20kWEEE (24 vEHERRORI 2~10m ) B FHEENS,
AEEHFEECRTE, BRATOENREL, RUVBHROBEE s8Itk 5
WISEEALSERET L LCED, BBOBEELRE, BRoEE~— YV VISHFET S
BHT, TEHAMO0#F LT, EREELAENTEER LI, CHITXVEESRED
BMAERDHL T &L L,
et T2 E D TRHBDIRE, RUBREET» /o
D RIFEH
{a) AR a4 VET
Bt H W EHEFE T Table 242 KR THDTH B, X4 vHERE, &
BRI ICH W AN A= -~ h o RFESHETTable 515 KRTHEL
R,

Table 5.1—5 Main characteristics of TF coil system

Number of coils 4

Number of turns 240 /coil
Number of pancakes 20 /coil
Number of cooling paths 2 / pancake
Length of a turn 30m
Operating current 30.7 kA

(b) BE~OHEM

TFaAABELT7S IHOERES 5en ( ~) 7V LAERBE 2en ) iEtd 2#E
RERABFKAEE, —a—-to=2/2HE (IRZTEMNEEFV) RLORDB LA
F2TF a4 vBEBEMEBORRESE, FRUEELZZRLTCI7 727/ —2%2F0
T Qmax=4.3mW,/ cd ( EEPHTFEAF L, = LOMW/m)THALA SN TV 3,

—F, BEDGTOMRAEOREL, exp(—0073x)THEAZLNE, T ZTx
BREEFEE () Thd, X, BRAOREHEE, =2 -1t o =7 2 TOFHEHE
TFaAvEbhOMRABESEEIXDEC L&, TFa2AvFREHOT S
A2 ETERTED4~mEAR L THERERIHFFOELTOT EAHHL
T3,

A TE, BEoz EhoRAEH V3,
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Qn = Qmaxexp("0.0TB’x)

X1 +4d
Q=/ q.*bedx
X1

NN

X1 +4a O
:f Omax * b*Leexp(—0.07T3x)dx X1
X1

=Qmagx *h e £ e 0073 X1 _ 0073 (x1+2) 1.,/0.073

T, gn ;BERExcniBYLEEME (Wat i, of)
Q s BAEE x=x1 0 TRUELZY —VOBEEHRE (Watt)
a s BEDOIE (em)
b yBRoEmE (em)
£ G HRERRAESES (o)
dmax ;] X = 0en TORAKFEEME (Watt. ed)
CCTHRBREBOANIEFROREFHEKN LTH—& L, BEESE, TFo
ANVEHNBEREIEN (1 47—V E) &L,
MET—VVICHTENT A s —_RAEITHH, BRAGRAR gLax = 5~
20mW,/ e TRITT %0 —HlELTCanax=5mW/ i DBEDE Y — v icRESS
HFEHEEA Table 5.1 —6I1CRT,

Table 51—6 Nuclear heating in a pancake coil

Turn rNucleur heating (W)
No. I path 2 path
1 29.7 —

2 — 23.8
3 19.2 -
4 — 15.4
5 124 | =
6 — 8.9
7 8.0 -
8 — 6.5
9 5.1 -~
10 — 4.1
f 33 -
12 - 2.7
Total | 77.7 62.4

Aoy = 9 mW/cm>
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(¢} s
a4 @EEcE, BiOs 9FEoZiFicH/AD 10atm, 45K OHBERT
Ny LEHOWS, £ - AQ, HOMOFEESE, RRKL oKD, (EFE)

1,75 1,75 0,25 -1
- (p}

AP,/ £=484x10%G""" + (D) v CAge) " - ip)

ZZic, 4P ;EAEKL (atm)

L I HBE (m)

G EERE (g//s)

De ;7kAEZE ()

CAHe 3 N U LFERMIERE  (of)

pooHEHERE (g s )

P E B (g/a)
PIMEfEE, 10atm, 45KDEEXB W, BEEBFEHIE, Blasivs DK D EHLE
% 345 LTHW:,

(d} BEES T

&Y —VHOTOBRDEE -V Y428 T248, 4 - VYBEOHBENHHLE
LB, B4 v HD20THR, MESHPELLTHILNS, T TRAEFAL 9
FTEORATHAONLHEIALAART O AfRicEBE L TH VY, Table
51—=7iC& s — Y EREgE, RUBREREL/RT.

Table 5. 1-7 Maximum field and critical

temperature in a path

Turn Maximum Critical
No. ~ field (T) temperature (K)
1 11.98 12.74
3 9.82 13.84
S} 7.65 14.86
7 5.49 15.81
9 3.33 16.70
1 2.27 {7.13
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(e) BEDHEREN, RUEE~—V
A (NDT i )38, KT 2B RERE, BAER, DHMBEER, RIAro8

HjL/f\'_o
BRAREE s T =180x(1-B/24)Y?2 (K)
ﬁ?@%(ﬁ; Ic:on(Tc‘“Tb)//Tu (KA)

DFIEIRE § Tes =To+(1-1/1.)(Tce—Ts) (K)

ZZi, B B OB (T)

T. ;EHEE (K)
Ty ;WEEE (K)
[ ESEHR (KA) TH3I0LTKA
I, ;MEAFEICEBIT LEMASBHE (KA)

BL, I, DERK L ->THE, BHHIEICETA5KD (NbTi )38, 0 J. 5

BLTEDL (BTUTHEBEBESTS Do X, BHMMLOIAVES LEESDE

{LERFER LT,

@ RS

WAL FERE Quex=5~20mW, et ( PHETFEER LOMWV/ m) OB & 0B kDS
MNEE~—- Y Y% Fig 51 -31RT, CITHRESRKREES £13, 15— v E30m
D14 (TFaAvFEEO LTEBTEDEY, 7.5 m&Lir)2M0i, Fig
5.1~3 LD BAEEMNE q oz = 5mW,/ cd TRAEE Y — Y, 26KMEETS,
X DROABRKREEZ, KBS0 4g sThH5, _

LITHEdg sBEV 68 /s, L1 /7 VA 900~2900 TE.ALE T 137¢
Bt oL ~OBBHLENL L, BREORXEH VS EREBELOENBERELLH-T
LEHIH, ARFATRAROKE*ACTEHBELBHE L1,

—PIE LT, BREAEHRE qQuax = 5.6, 84mW, of ( B4, THEMHTIBEARL, =
10, LEMW/ mOHFA ) KT 24HOKs — YHOTORENT, BLURE <
—~ Y% Fig 51—4, Fig 51 -5TFETo T T Qmax = 5.6mW citld, B
DA NVBEMBE LTSS316, liTOARE (BEY, BE~NY 9 LA TORMNE
B LIBEO 1 RTHIIER, FEBRELLCT 779 —345F U BT, AFDL)
HTHBR, BB, BEN) T LTORBMEEEL T quax = 43mW cd & 5= &
HIELTRV, Fighl—4iBOTREY—v (1 5V —F 24% 50k, 19212
AHOLIRBBHEI—vENY, CoTR1I1y—vHOAERT ) TEHREEST
BLTOUZLDMH5, chERETIHERORD, BLXUENBRICHS ] -
ThRICERL TV S, Fig .1-50 08/ NIE~— Y i3, BEOSWER, 1
y—rHOKSD, WEABEOHEMICE Y, FRELTHWIT LB 5,

RMET -V VOFEEL, BEERMERA VT IA L ES LB E L 25{LE
BPORETHIENTESL, BIEN1 2 THETRIFR20%T, BFE<—v
DL 1deg TH D, MEROBEHMTIHR VTR, BT 20%3EETHY, &
Bldeg CLTHRES-YVOFEME 2degl a3 20024 Ta 45, DED
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LEMLFig b1 -3 2R TAHLER v~V V> 2deg 2 H BT AR AR,
RUBH ARSI, Table 018 IFE LB ONE, BEFELWETEE~— U
> 2 degitxt U TBRAKERBAERIING 285, EHiEELENL, ARATBRT 2
VIBNORENED, 0Bk, FYTHABLEU LTRSS LTVAIR, #
BEMATHENREEZ NS T HLERS B,
Fig 6132 R v 7Bk TEEnicod, Fig 611-6THd, £r7E
HOBEREFRAICE -7z,
BYTEN L=GypevedP. 5 (Wait)
ZZiw Gr ;2TFaAvOBEBEER (ks )
v 3 EEORER (o ke) (CCTHRAD, BCHoEHEES, i
BETOMER0)
4P ; FE/R% (Pa)
p 3 BYTHELTE LI,
Fig 81 -6 0RE~v— Y Y >2deg N IFBRAEBHRER, 10mW/ i T, ¥4
WHEBIE6g. 55, XZOWOLEYX Y 7EAR, TIKWERL S, 4, GO AN
FFEZ10atmb o 6atmiTHLELTRL E, BRREEZEL L THEE~-Y v it
WL, BERY7HNETFLCEBTEE, T, THETREIBED ] —
TRERILLEL2EDTHZ, BL, 34 vOHMPRBERORERABKBL TS 3G 2
EBBEBEBHH LD, RVYITHARI—-EELLT, TF2 A LvEBBMER, 2140
AODKERENEZTHCT, HBEE~— UV CBES S EHRETEREATS HiE
bEZ LR B,
Pk, GEEBRADLHD 54 =5 5= A5, BRAERHAE 1 0nW, of
HBE-— Y OEPOHETE, HREL65mHoT I EBTRTHS,
AREE S LICHHROERSER L TRAMEAFLHERD ImW cc b 3mW
JCeETHET A LIt L, CHIREDBERERRRE, 40~60kWRE LA 3,

" Table 51 —8 Permissible value of maximum nuclear

heating (Temperature margin>2deg.)

Coolant mass [(g/s) 4 6 8

Maximum nuclear
heating q,,, [mMW/cm

s T4 | 112 | 143

TF coil Winding pack [kW ]

Total nuclear heating in 49 8 75 3 96.2
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BIRED o 4 VIR SEOHE

HBAF (Option C, ACS, ACD, MINI) ® b oA IR 2 1 0D BEHEE
EHEE L/, TOMMNOBATREFO LA (SEEMT ) PCHBRENEE L TV, -
ROTHABCLAHMEHRRTHT, UTRRTLOUFIE L D BESHEL RS
o FHOBREL M) (BAM) L ERFREKNMRHEREL B L THEL
TEEFILLTE L,

AR FGEHRRATOEFEOELE PR THAT L XHERE (He BEREL S ) %
Table 6.1-9izd &bic, TR 1 KRTHBIRLORDAEHEREE 3 1 v BHISFH
DBIFAE Fig 51755 Fig 519 kw4 32 | et 3 bt T B e 1MW
Smt, 7 x R 0IMWY, m il BRI LTV B, F A EiR{AERIE SS316-85%,
K—15HDHEEEELTVS,

SERHF LI 2, HEEAMORUER LIBERVEBHORINERICELT
REFROKRDERECHET 2HBMERPSFEAL Y, 1 RTHEI T 3T HES
ERHT ERU TR S, HRMKICE LTS b AR OEERE S, bl s
NIAA VR RBBCELTOPRIERBERARKEBANEER U TRD L, 7L
Fig b1 -0DWHMOBEBRES L M L EBOEIE2ET LI LEETAILE A b
P MEHBBAES 10D 34 VABERELALBETH S, TFCRIEMBRICH
PIMNNVERRBBOFIANLLOKRZT DT (AL Fig .1—10k3I4ALVAERS
SUXMERESES5mDEZDIM VERBEBBEERORABLHEE KT ), 340
BROBESKIEUTHEST 3L ENEE, CLTRFig 51-10KFaNF2 4 LE
eRAEREBOELELER L,

VEDHETRO OGN BPEDOTF CRHFMHMEE Table 51 -9 KR L1z & T
SRRELLT, PEFHEERCHIVRECEKET 3RS (ST LT v 2,
# dpa, MEHMRINEE ) RU LKA ¥ v BICEE LTRIET 2 5HH (HRBE, &
%%)Kﬁ?%ﬁ%ﬁ%%ﬁﬁﬂ&w?mnmnCHﬂ@ﬁ@MﬁﬂDﬁLh%%%ﬁMﬂéc&

CTHEEINGE, HICRERABRRIDPTHEISkWAMA 2 olgetkpsii o, Sikoineg -

3)

LCHMS BRI A E L CHAEMOEEEEEH AT L, ERESEL (ES L
MEHRE ) BSHBETH 5o
B A #

(1) Wrehsess

GHIEEA4300~T000TonDBFEDZ 7 % v b Y2 F 4%, T, GFRP ©H
FictOZHINIHETH S,

TLHI 4 ADGFRPOMNBETRH SN LA, ETF3 444 GFRP OEH
TXFR&EN5, GFRPOMNE LV ZEHTRBATIEEBA FTXIc THES 3,

T
Q=<A/l)_ézsz (W) (51—1)
1
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T, AWEEHE Cai )
L BET: &ET DS (cn )
2 B
foz AT ; Tim o T % TOREEROHEHM
GFRPIBMLT, BBREROBHMERTN 7 AEERRUVBERBARIIKIDELEZN, K
AstECE, DUToEEZERT %,

.Qimgsz=150x10‘3 (W em)
k -
,@xp AdT=650x10"% (W /em)

¥, GFRP®#m% Table 5.1—10 R4, .
BWEGATERECHE L THANEESBDOLTED, GFRPOHBHELESFICH
LTEFLELS TCHBERVHERHOSTHERL VW, DEOEFL SAEE LT
BlRE—#FcERAVLITECT S, A2KRUSOCKIZEDAMEE, &4, KO
AP
D 42K~DRBAH Q=05kW
@ B0 k~DREFAH Q=16 kW
(i) &Y —F
FERDTFaAVRUPFaAvicHOOhLERY — Fid, ERREHEOESH
REL, ToRBHRAIUTORBICRDONS,
BRECH T2 BRERERCESOMARR (51-2)KXTEDLEN B,

300 -
S K 0,574

(I?) ;=408X10*5X(7:ﬁ§) (512>
op

LoROBEBAERE, (51-3)XTEbxh s,

Q P 300K -o,0865
(;Jmin::L72x10‘3x(i;E§) (5.1-3)
et o . 300kicEdBE Y — FMORER (Q —a )

42k - 4.2 " ( Q-cn )

P
P
S SERY - FEERE (o)
L s BERY - FES (en)
I s BEER (A)
o, FEBRORAZRIZ, (51-4)XTEDLENS,

S 300k
Q:o.o58><z-/¢zk AdT (5.1—4)
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CCT,Aikhm;U—FM®ﬂE§$®%ﬁﬁ
TFaALKUOPF a4 udtiz, 0% oK 1 00pOFRCUY — FHEEL,
V- FRITmOHEOHELCKRUVHARBTA Table 5.1 -11 KU 51-12ExRt,
BHELTFa4 0312, PFaAE, Option CA52 0, fid 1 87T, |k Y

—FeABMPERSN L. BEROBABRMOGITIE, M25~2TkW THEE L IFZE

LThb, CNSOBEAMEHT 2HAEN) 92D LERE, REBWMETHI000L

S hr &b, X, EFEEBEREE, H560~600W(T780L, / hr~8404/ hr)DE

BHTH B,

BHAWNOE & D

BEMAAEZENHDB ETable 51 —1~61—4 LR RTHENE, TTTHEREMBEACTR
BHFEFEEESE & -,

PEREE, v 7 Ay PYRATLADALS KOBEAR, $4bL, SHED R Y 7EE,
MHEH, ACHE, EEBAR (BHR) —F288) holkEEXNS, Fig 51111z,
ACHEEARUBRAABANE LBy FBEEOMGEERT, BHlHE 13, HEk
DIEE~—YV % 2deg Pl EEBLTHEODALMOBRELF% 25deg lFELTED
s
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Tapble 5,1-10 Parameter of GFRP cylinder

Outer dicameter ( 80K - 4,2K)
o (300K -~ 80K)
Thickness of cylinder
Length ( 80K - 4,2K)
" (300K — 80K)
Sectional areg ( 80K - 4.2K)
" (300K = 80K)

¢1400 mm
¢1600 mm
100 mm
200 mm
300 mm
4084 cm
4712 cm

2
2

Table 5,1-11 Parameter of current leads for TF coil

Operation current
Optimum sectional ared
Material
Length of lead
Cooling
Heat load (Operation)

" (No Operation)

30 kA

61 cm”

OFCu (RRR = 100)
700 cm

He vapor cooling
69.3 W/coil

15.4 W/coil

Table 5.1-12 Parameter of current leads for PF coil

Operation current
Optimum sectional area
Material
Length of lead
Cooling
Heat load (Operation)

“ (No Operation)

40 kA

82 cm® |
OFCu (RRR = 100)
700 cm?

He vapor cooling
92.4 W/coil

20.6 W/coll
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'85FER
i _ 57 |
i 375 4371 537
! pral | [ 2000s |
05 _ | | (Burn)
- 100 . 180 200 2200 2220 2420
Operation scenario (s) time
o4 |
_ '63258274?) | | |
i ' TF coil.
| | L15016(81776) o
- (3796.9) 8070 8063
o134 1366 __ 1.03 | | eo2x10? 2.82
\oges (48656) (3047) (3983.0) (10.5) (28314) (5634)
(239.6) | - time
AC loss of TF coils _and PF_coils
- 38287
] 3896
- / 1249 | .
sz saz BT 525,102 1888 790
\472 " time

AC loss of supports

Fig.5.1-1- iOpercTiOn scenario and AC loss ("85FER )
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10
Ie sk 7.7}'69 TN OptionC
(MA) g | 468T
4l . 800s —- duty =078
(Burn)
2 |
0 20 2 i3 tq4 |ts te
fo, 1 100 120 920 940 1020
{OF (s) fime
I g1 874
8 4617 ACS
(MA) 6
4l ~—800s — duty =0.78
(Burn)
2 L
0 0.5
1 t00 120 920 940 1020
10 (s) time
7.96
e gl 48 ACD
(MA) 6 507T
4t . 800s - duty =0.78
ol (Burn)
O 0-5
1 100 120 920 940 1020
10k (s) time
Ip 8.37
8 7.86 MINI
458T
(MA)6 s
duty = Q.31
4+ ~—1005—
ol (Burn)
0 0.5 '
1 100 120 220 240 320
- (s) time

Fig.5.1-2 Operation scenerio
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Coolant temperature
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Inlet coolant conditions
Pi=10atm
Ti=45K
Maximum nnclear heating
Gmax = 0.6 mW/cm
——— Qg = 8.4 mW/em®

3

! | _ 1 I | |

Fig.

{ 3 5 7 S i
Turn number {Outlet)

5.1-4 TF-coil temperature distribution
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Coolant : Pin =10atm
Pout = Satm
» Tin =4.5K
Qr=Qp+Qn+Qac+Qs
Where : Qg = 20.4kW
Qp : Nuclear heat
Qac: AC loss
ACD
— MINI
ACS
OptionC
5
| | | | | | I |
p 6 | 10 14
Pump Power Qp (kW) I
e =07 E—
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7%, TERBEEBLRRET oM R R, Rick 12y FAOBE « RS
DHERL, D=y MITEK L,

SHER 7%, BEVRE ALY T621=y b oElRkENE, EFY) —FBII
AANTERNT A EL, BEANY Y AR ST ERTAGIARE Ui, 24022
FHEORWROFAZWNT L, BBy 779 v 2HRBLTH B,

Table 5.2 — 7 ~Table 5.2 — QLB FEOHERERIEBEOETLAYRT. 34 LVEE
Reicld, 34 WM EREATORRBERERE ~) 7 4T N TEAERIN ( KFHET OE~

—152—




JAERI-M 87-153

Do LBETHI00kL)TEHREL, ¥BY vI/FRBRAO~NT 9L HFARNES L T4
Vo fE-> THEANY Y 2R ERBEBEESR (B « B{LBXF 7 7L TERESL LTS
WFOEELA R REAE ) 200 ke & L2100k £5MA/ 300 KEDFFFELIES, (AL,
B — FREHAAOEN, HHME L TORNEERMBRRT A & Uiz, BEEER
BEBBNIBAOREERGHBLBET A BICED I,

HHRABR EERSE ORE % OptionC, ACSIED>WVTFig. 5.2 -2, Fig. 5.2-3 it
Ao MEBRRFEBAR-RiCd, SEEME, SLR10E, GAERITHE, N7 78 v
7, ENGRMESR . R Iy —, BEBAZRBET 2, FEEH T 2O~ v o8 m{LH
FiILB, N AGE BB v F Ry 2Ry P RN Y LS ASET S,
FAREEESTICKE, SHERY72HM LA 6 £ DS HESSHEEH, B4 2O,
RUOEBAAREGHEREL, ~V 0o BH - B{IBE L ET B I N EBERE TEEINT
WA, GEHINRRENE, SHERAKHREEL S A VBNORBRE, ROHEEEBNERY
—FLOMGERETEESERCERN I mDO T2 £AREHFITIT,

—153—




JAERI-M 87-153

U/1 000N +

JU/1 000% +|J4U/T 000h +|JU/T 000 + . .
o o o 87ng| AU/1 0008T + €15 | U/ 058 + ¢’ (010}
G/ 08 '/ 6'S - — $SO| dung
. T'eT G'he G' /e 607 — - BUT1DaY JD3[JNN
£'81 G/ 5"/ 8" 0T - s3J0ddng
$S07
£'0 20 10 €0 - - SU00 4d |
b0 2'0 2'0 €0 — — S1109 4]
/1 08/T JU/1 048
J4/1 000k | J4/1 000h | Ju/4 000% | JU/T 000N 10 10 SPDIY JUBLIN)
| /T 0ZLT /1 082
82 87 82 8'Z Tl SJUTO[ 4032NPUO)
. : : . . . UOT1IDIPDY
A Z'n 2 2 2 A 401 1 3nPhoS
INTH 10y Sy 7 UO11d0 (36.4DY) (BUIPTOY 3G h)
i — | ad Inounim apol SWAY |
(UJNg) apoll Uo13DJady opol UO13IDJ8do-31d|  Agq-pupis
(S 3 T0M)

9poW uoT11DJad0 Ydpas syl 4O DPDOT IDBH T-2'¢S

21dbl

—154—




JAERI-M 87-153

MA [ = SSO[ dund ,

/T 000hZ | 4U/1 00022 | Ju/T 00062 | JU/T 0008T 101048611134 0
10 W 08 10 WY 06 | 40 MY 08 10 MY 09 A3100dDd U61530
: : : : (MW) J01DJ961.J )9y

_ : : _ (W) Z" TxD A112DdDD
L6/ 058 h's/ 8'/S QAN I v
86T T'1¢ /8T I U/ 1) 9 asDUd
h' 99 30/ 8" 29 2'8gh ) | uing’ie
0SS b /S b+l 6 fe8 he | U/ Dy | PPOT AD9H
14/1 000+ W £°2T R T

o . WY buiuINg/2aUT
19/T°61 hir/S " b 5/ 17 HI/6°0T  |ang bu1I08U 1981900
INTMW 1Y SOV ) U013dg

A312DdDD UOTIDJABTA494 PUD PDO] IDSH Z-Z2°G 93[qpl

— 1565~




JAERI-M 87-153

Table 5,2-3 Parameters of No,1 unit

ref./liqg.

system

Ref./Liq,
Feed comp.,
Flow capacity
Supply pressure
Return pressure
Recycle comp,
Flow capacity
Supply pressure
Return pressure
Turbo-expander
Flow capacity
Inlet pressure
Qutlet pressure

capacity

Capacity of heat exchanger
Requirement of lig. N,

|

10 kW or 3000 1/hr

15000
18
1

21000
18
2~3

1050
18
2~3
60
1600

NmS /hr
atm
atm

Nm3/hr
atm
atm

g/sec
atm
atm
KW
l/hr

Table 5.2-4 Parameters of No.2 unit

ref./liq.

system

Ref./Lig. capacity
Feed comp,
Flow capacity
Supply pressure
Return pressure
Recycle comp.
Flow capacity
Supply pressure
Return pressure
Turbo-expander
Flow capacity
Inlet pressure
Qutiet pressure

Capacity of heat exchanger
Requirement of lig. N,

26000
18
1

42000
18
2~3

2100
18
2~3
100
3000

20 kKW or 60C0 1/hr

Nm>/hr
atm
atm

Nm3/hr
atm
atm

g/sec
atm
atm
KW
1/hr
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Table 5,2-5 Parameters of No.3 unit
ref,/liqg. system

Ref./Lig. capacity 30 kW or 9000 1/hr
Feed comp.

Flow capacity 39000 Nm>/hr

Supply pressure 18 atm

Return pressure 1 atm
Recycle comp.

Flow capacity 63000 Nm°/hr

Supply pressure 18 atm

Return pressure 2~ 3 atm
Turbo-expgnder

Flow capacity 3150 g/sec

Inlet pressure 18 atm

Outlet pressure 2~ 3 gtm
Capacity of heat exchanger 150 kW
Requirement of lig. N, 4500 1/hr

Table 5.2-6 Combination units for the egch operation mode

Mode Option C ACS ACD
Initial mode , , ,
(Cooling) No.2 unit x 2/ No.2 unit x 2| N0.2 unit x 2
Stand-by mode . _ 2 uni
(4.5K Holding) No.2 unit x 1| No.1 unit x 1| No.,2 unit x 1
Pre-operation Mode . 2 uni _
(Without PF charge) No.2 unit x 1| No.2 unit x 1| No.2 unit x 1
. No.1 unit x 1| No.2 unit x 3
Operation mode NO.2 unit x 3 | No.2 unit x 2 | No.3 unit x 1
(Burning) No.3 unit x 1

No.1l unit; 10 kW or 3000 i/hr Ref./Liq.
No.2 unit; 20 kW or 6000 l/hr Ref./Liq.
No.3 unit; 30 kW or 9000 l/hr Ref./Liq.
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6. Wl 1o

6.1 # =

MEME N A7 RE0TR, 77 A7 BEEARKMBEALETSH S, 77 XD LT
BEHET A0 ICE, 77 ReBEICOKEIEEARESE 3L ENS D, REAF v 2 v
HE a4 vBHOLGNE, FEREBOLTH, BEAAY 2 v Kk > T 7 5 X v DARERE
BT 10 0msec BERRESN TV A, CORLERBRERIAE D&, S8 240 OEEN
MEVEOPER I, BERUFHEZEOEBHESAKENS,

@S v, T - HTEBRAAPBEE0IA L THE, 75 X~ OBHICHIE LT 2
ANVERLAEEHTEEL LD, 77X -HEAFMEMNES 2 ~3alllREEXL1350 %0
5T h, HH T A B, AIFEERBIC TFaAvETRE LA, TFIAfWETH
S LA E~NT, IENMNE , $RMEF A MCELAAC AL (A
Bo TFAaANWEHETLTWALED, §flaA viZEEBE I I LETT A,

B, PUTicir ACSHicHinc Lt k<5,

6.2 B

1 =4 i@
a4 WIBRTFaAALETAHELTVEN, Z2OEESCLEREBEOARICT L5
LE, ABICREBTARED2 r —2ANEL NG, NFNOBEIIKROENTE 3,
(1) [ 5 e K D A

5 B AR DA DI HHE 2 A VG Ot R R ROV HiE 2 A v
D77 ABFARRTE B, TANVERBIETES, FEECHTEA v ~7 b
WIS, T, EEARIC L AR Y — o RN KEI L, oA VOBEERMA X
{1B, a4ADERE, b—FRFAIK—FA Ltz 4nvEdT 2,

Uiy B Ak O '

NETETIBERMAFRARALTLA, NETOEART 7 vir o b LERKEA
O, TIBEROESGEI A N —sREEREOTICHB A LERE LT 5,

B 24 M DT 5 X WOEREHTE I, fRMOhEFEGHMEE 15,
Dz, 53y s AFOBERGRY THEBE L, HEMOMBRNERELEE L TH
REELEHED —H, HEIANET 5 A~ OBMOBBMBENHDUEL D, B
By — W FHRIBAS L, £, 94N T 5 XLE SO O REREHAS N
B, LED-T, BEEGREOANICHE I A LEBLBEICH~RT, 75 X2 HBEH
MRBELEEK B, 34 VORI, BRERESA NS ROBH - EHAEZL D &,
P~ RAEIDE LR ETALERD S,
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REEORTICEBVLTHE, FIEERTE~-2& L, EEEBREOABICEHE 2 4 L%
ELCARET S, CHEIAVERORESL, PRESCHTE 4 v Ny rOBRAERL
fctebThb, Fig. 6.2 — 1M 4 viEBEA ARG,

2) FmEt&H

B = A DERNIEHRRE, BIHEEDEHER—E Lz, Table 6.2 — LIt &u
BT, IR LT 7 XM, v LB, FEE, Sl 4 vEBBERER-TED,
SHEORE LBKETH B,

P, 773 X=ALERESBPH100ms A LN v VillKADRBE T &
Bafgl X o, S IAVFEORBEETEIRELHUW LT 02, #2403
T E L, TRFNIS0KATOEARBEE Ui, §ifa A vic k75 x=dilic 4
UAACEEB IR, 8001TTH5,

Tabie 6.2-1 Design specification of active control coil

Vertical instability
Growth time(a) ~ 100 ms
Passive coil stability margin(a) ~ 1.0

Shield structure
One-turn resistance 30 un
Penetration time of control field < 50 ms

Active control coil

Location Between TFC and shield
Allowable dose in the insulator < 10° rad
'Ampere;turn/coil + 150 KAT
One-turn voltage 75 ¥
Wave from AC ~ 10 Hz
Duty 0.2
n
(a) Stability margin mg = :%—- 1

Growth time g T g, Mg
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Active control coil

T

Fig. 6.2-1

Position of active control coil
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6.3 1B =

W4 voiE, SEE, PABED ORI, SEHE, BNARESBCEEL TN A,
TOiw, HlfH 3 4 v HEORE & FERIC, WW%M%&®WAm%%%%%$ﬁ&%QFm.
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TOAHMAPRL T B0, BHALELTL, CORREERLT, LML FHoa A
LTI GHEOFEE Uiz, 9405 —VHIE5 4 — > & L, EAICHR 2 RAETRIE30KA
&L,
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SHLEN TR SNLETHS, Lol, FARLOREREEF 4SRN L, »oBRH
EXRTAOXFBEOHRERIL T LV &SN B,

LEoZEZLFibE D&, SHEEORITHR, 7-7ERHARCuEBEOLTERETELD
&L,

Tabie 6.3 —3ICHH = A VicEF AEBEHE AL 7~ 7 A%E T T, 7 —7TBRAIR., o
AWTEZ425MN, FH 24 v THI6BMNTHAS, Tabie 6.3 — 1 OBEKWERE*EZ %
E, 7-FIEARHA50MPaTH B, BMITHEETABEERICHO TIRC u BEKARILT 2,

OB T7 —~7TIENE0MPa 3 LW EELOH, BRI SSKSABERFERL T2
LEBSHD, LTFTARE#AR+:» 2N L THEERTEHTE DL S,

ARBORBICB I R+ B2V, B TEBESTER T AE5MIT, BAESEERIC
TNFVL T F -7 TERLIZE, BOWMRALBELI IR ET 2, 7. #BBYLLOT Y
MAHABRT 7 Z-HBOEEEHEEL SR VLI, 74 02E%+ +» YN T 2 57
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Table 6.3-1 Parameters of active contrel coil

Upper coil Lower coil
Coil parameter
Location R, Z {m)} 6.09, 3.22 6.42, -3.10
Cross section AR x AZ  (mm2) 135 x 165 180 x 265
Number of turns 5 5
Conductor
Material (mme) AgCu AgCu
Cross size (mm2) 120 x 27 165 x50
Cross sectional
area of Cu {(mm2 ) 2860 6290
Current density
2
Jpeak (A/mm2) 10.5 4.8
(a)
s (A/mm2) 3.3 1.5
(a) J Jpeak (Duty)?
rms /é‘ J
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Table 6.3.2 Main characteristics of active control coil

Upper coil Lower coil

Ampere-turn (KAT) 150 150
Number ¢f turns {turn} 5 5
Current Ipeak (KA) | 30 30

Trms (KA) 9.5 9.5
Resistance R (m3) 1.2 0.67
Self-inductance L (mH) 0.89 0.87
Time constant T (S) 0.63 1.29
Power 10ss Iims R (KW} 126 61
Stored energy--% L ISeak (KJ) 401 390

Table 6.3-3 Electromagnetic force and stress

Upper coil Lower coil

Magnetic field due to PF coils

Bp (T) 0.15 (0.32)(®) 0.27

3, (T) -0.74 | -1.60
Magnetic force

Fr (MN) - +4.25 79.68

£y (MN) +0.86 (+1.83)(2) £ 1.63
Hoop stress (MPa} +47 749

(a) Value in blankets is for the beginning of ignition approach.

Other values are for the burn phase.
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(b) Lower active coil

Fig.6.3-2 Support concept of active control coil
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Table 7-1 Design requirement for the FER concepts

Option C ACS  ACD  MINI

plasmg :

Elongation, K 1.7 1.7 2.0 2.0

Divertor SND  SND  DND  SND

Total voit-seconds, 48(vs) 50 50 50 15
Shieid

Bulk shield thickness{m) c.8 0.7%5 0.75 0.7

Radial build{plasmag to TF), a{m) 1.3 1,13 1.03 1.05
TF coil

Maximum field, Bpgy (T) 12 12 12 12

Current density, Jpgck (A/mm2) 30 35 35 35

Fraction of winding (s direction? 0.55 0.65 0.65 0,65

Bucking cylinder thickness,tgcim) 0.3 0.23 0.25 0.22
OH coil

Maximum field, Bpgx (T) 10 1 lOf

Current density, Jpgck (A/mm?) 25 30 3 5l

(1) Maximum current density is 25 A/mm? gt 12T for the

divertor coils

- & Device

"~ PS cail Bucking cylinder

TF caoil

soace for VS
|

\Required | I

Z Flosma

Inboard |
shield r
! [ ‘
[

- 176 —

¥,



JAERI-M 87-153

Table 7-2 Summary of design parameters of the FER magnet system

Cption C ACS ACD MINI
Plasma
Plasma major radius (m) 4.97 4.42 4.02 3.84
Plasma minor radius (m) 1.32 1.25 C.95 1.02
Plasma elongation 1.7 1.7 2.0 2.0
Flasma triargularity 0.2 0.2 0.35 0.2
Plasma current (MA) 8.69 8.74 7.96 8.37
Field on plasma axis (T) 4.68 4.61 5.07 4.58
TF coil
Number of coils 12 iz 12 12
Total current (MAT) 115 102 102 88
Mean bore height (m) 10.0 9.2 9.4 8.8
Mean bore width {m) 7.8 7.1 6.0 6.1
Max. field at conductor (T) 11.4 11.3 11.2 10.9
Total AT .m (GAT -m} 3.38 2.74 2.59 2.18
Total stored energy (GJ) 18.7 13.5 12.1 G,7
Winging-pack curr. density (A/mmé2) 29.6 36.3 34.9 36.3
Total nuclear heating (kW) 14 35 44 61
PF coil
Number of coils 20 18 18 18
Total current (MAT) i67 149 212 127
Central scieroid radius (m) 1.025 1.0 1.0 0.75
Largest ring coil radius  {m) 10.5 9.0 8.35 9.0
Max. field at conductor (T 9.7 11.7 11.9 11.6
Total AT.m (GAT -m) 3.76 2.66 4.47 1.85
Total stored energy (GJ) 1C.6 6.3 14.7 3.7
Magnet system weight
TF coil (ton) 5790 3935 3705 3210
PF coil {ton) 1420 310 1490 620
Support structure {(ton) €70 560 560 470
Total weight (ton) 7880 5405 5755 4300
Cryogenic system
Refrigerator capacity (kW) 6C 80 90 80
Crycgenic helium pump {kg/s) 4.2 5.3 6.0 5.6
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Table 7-3 TF coil porameter for the advanced type FER

Coil parameter FER (ACS)
Number of coils 12
Totcl current 102 MAT
Field on plasmc axis Lo T
Plasma major radius 4,42 m
Toroidal field ripple at plosma edge 0.65 7
Mean radius of the inner leg 1,85 m
Mean radius of the outer leg 8.55m
Mean bcre height/width 9.2 m/7.1m
Mean perimeter 26,9 m
Maximum field 11.3 7
Total stored energy 13,8 GJ
Opercting currant 33 KA
Average winding-pack current density 36 A/mm°
Dump voltage - 12 kV
Protection discharge time constant & s
Maximum nucledr nheating 1.5 mW/cc
Totel nuclear heagting 35 kW
Maximum neutron fluence in superconductor 2.2x10% n/em?
Maximum atomic displacement Iin copper 1.6x107% doa
Maximum dcse in insulgtor 4,2 x10% rad
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Table 7-4 Comparison of the TF coil winding pack design

'85 FER 'B6FER(ACS)

Major parameters

Maximum field (T) 12 12
Superconductor (NbTi);Sn {NbT1)3Sn
Stabilizer Cu Cu
Operating current {KkA) 307 32.7
Critical current at 5K (kA) 60.0 ©0.0
Strand diameter {mm) 0.87 0.79
Coil dump voltage (kV) 10 [ 2
Max. hot-spot temperature (K) 100 100

Winding pack parameters

Effective area of o turn (mm?) 32x32 30x 30
Average current density , Joog (A/mm?) 30 36
Material fraction / current density {A/mm?)
foteel 7 Jsteel 0.34/89 0.37/99
Fins 7 Jins 0.12/246  0.12/303
feond 7/ Jeond 0.33/92 0.31/118
fue 7/ Jue 0.22/138 0.21/177

Conductor cable -space parameters

Cable -space cross section (mm?2) 556 463
Average current density , J, (A/mm?) 55 71
Fraction of conductor in the cable space, fogng 0.6 0.6
Fraction of helium in the cable space, fy, 0.4 0.4
_?roction of copper in the conductor, fey 0.67 0.6
Non - copper current density , Jo. (A/mm?) 280 294
Copper current density , Joy (A/mm?) {38 196
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Table 7-5 PF coil parameter for the advanced type FER

Coil porameter FER(ACS)
Plasma majcr radius 4.42 m
Plasma mincr radius 1.25m
Plasma current 8.7 MA
Total volt-seconds required 50 Vs
Number of ceoils 13
Total ampere turns 149 MAT
Mean radius of central solenoid 1.0m
Mecn radius of largest ring coil 9.0 m
Maximum field . 11.7 7
Total stored energy 6 GJ
Operating current 40 xA
Average winding-pack current density 28 A/mm?
Maximum dump voltage 20 kV
Maximum field rise 3 T/s

Bregk-down voltage 10V for 1 s

—180~



JAERI-M

87-153

Table 7-6  Comparison of the PF coil winding pack desian

'85 FER '86 FER
Major parameters
Maximum field (T) 10 12 10
Superconductor Nb3 Sn (NbTi)4Sn NbzSn
Stabilizer Cu Cu Cu
Operating current (kA) 40 40 40
Critical current at 5K (kA) 80 83 88
Strand diameter (mm) 0.89 0.91 0.84
Coil dump voltage (kV) 10 20 20
Max. hot -spot temperature (K) 100 100 100
Winding pack parameters
Effective area of a turn (mm?) 3B8x38 38x 38 36x 36
Average current density | Jpqck (A/mm?) 28 28 31
Material fraction / current density (A/mm?) .
foteal 7 Jsteel 0.49/57 048/58  0.50/62
fins 7 Jins 0.10/270 0.09/309 0.10/318
feond 7 Jeond 0.24/113 | 0.26/108  0.24/127
fue 7 Jne 0.16/170 0.17/159  0.16/187
Conductor cable-space parameters
Cable - space cross section (mm?) 588 622 526
Average current density , J, (A/mm?) 68 64 76
Fraction of conductor in the cable space , f ong 0.6 0.6 0.6
Fraction of helium in the cable space , f,, 0.4 0.4 04
Fraction of copper in the conductor fey 0.67 0.6 0.6
Non- copper current density , Jo. {A/mm?) 340 270 317
Copper current density , Jo, (A/mm?) 170 180 211
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Tablie 7-7 Total hegt load for cryogenic system

Conduction and radigtion 4 kW
Joint loss 3 kW
AC loss 8 kW
Pump loss 7 KW
Nuclear hecting 28 kW
Current lead 4 kesh
Total heat load 50 kW +4 k2/h

Table 7-8 Required capacity of cryvogenic system
for the advanced type FER (ACS)

Refrigerator/Liquefier
Refrigerator copacity 80 kW at 4.5k

Cocling weight 5400 ton

Cool-down time 2 ~4 weeks
Crvogenic nelium pump

Flow rate 6 kg/s

Supply pressure 10 atm

Return pressure 8 ~9 atm
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e =
T

conductor W3 WZ

LHSUlgiQLJ//////Zﬂqgﬁ&gi“-_—::J )

5., Conduit,/////// — -/¢7i /

< W3 ——
< W2 |
Wi
Boax (7 12
Lop (kA) 32.7
Jpack (A/mm°) 36
At (mm?) 463
Ags 'Y () 329
Wy (mm) 30
W (mm) 28.6
W1 (mm) 21.6
t (mm) 3.5
(1) A, + Cross-sectional area of cable space
Ags: Cross-sectional areq of ss conault

Fig, 7-2 Characteristics and dimensions of TF coil
conductor
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t (mm)- 5 b 7/
(1) AW . {ross-sectional area of cable space
(2) ASS: Cross-sectional area of 'ss conduit

Fig, 7-3 Characteristics and dimensions of PF coil
conductor
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