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Conceptual Design Study of Fusion Experimental
Reactor (FY87 FER)

—-— Magnet Design —
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This report describes the FER magnet design which was conducted last
year (1987). Based on a large uncertainty of the physics assumption, two
sets of FER concepts have been developed. One is based on the best
existing physics data bases and another is based on rather conservative
physics bases. ‘

In the mégnet design, the improvements of superconducting magnet
design were investigated to reduce the reactor size and to realize higher
reactor-core performance., In addition, we studied several critical

technical issues that affect the magnet design specification.
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Table 1.1 Major design parameters of FER

Operation mode

OH coil flux (Vs)

Burn time (s)
Major/minor radius (m)
Plasma elongation
Plosmo‘trionguloritv
Safety factor a,

Field on Axis (T)
Piasma current (MA)
Total beta (%)

[on temperature (keV)
Ion density (m=3)
Fusion power (MW)
Lifetime fluence (MW.a/m?)
Neutron wall loading (MW/m?2)
Impurity control
Breeding blanket

Max. toroidal field (T)
TF superconductor
Number of TF coils
Max. poloidal field (T)
PF. superconductor

ACS-M
non-inductive
74

800

4,42/1.25

1.7

W W N
=

= s 00 = N O
w

2

1,09 x10°°
409

0.3

1.08

single null
test modules
12
(NDT1)3Sn
12

12

(NbT1) 58, NbTi

LRD
inductive
216
2000
5.5/1.61

873

0.3

1.3

double null
test modules
12 |
(NbTi)sSn

12

14 |
(NbTi)sSn,NbTl
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Table 1.2 Summary of magnet design specifications

¢ Device

PF coil Bucking cylinder

X

x\\\\x\\\

X]

tgc—

/7
+

—

-

i
w
I

ACS-M LRD

Plasma

Total volt-seconds, a¢gy (VS) 80 250
Shield '

Bulk shield thickness (m) 0.75 0.75

Radial build(plasma to TF), a(m) 1.13 1.03
TE _coil

Maximum field, Bpgx (T) _ 12 12

Current density, Jpgek (A/mm2) (L) 40 40

Current density, Jqqy (A/nm2) (1) 12.0 10.7

Fraction of winding (e direction) 0.60 0.75

Bucking cylinder thickness, tgc(m) 0.20 0,295

TF coil thickness in the inner leg, tsg(m)  0.629 0.540
OH coil

Maximum field, Bpgy (T) 12 14

Current density, Jpgck (A/mm?) 30 20

(1) Jpgek + Winding-pack current density

Jegy + Average current density over inner

TF coil
Required Inboard ¢ Plasma
space for %S sh1eld o
AR
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Table 2.3 Operation scenario for ‘87 EFR (ACS - M)
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Table 2.4 FER magnet design guideline

[tem ACS-M LRD
Toroidal field coils
1. Winding-pack current density 40 A/mm2 40 A/mm?
at 12 T _
2, Allowable stress of
structural material
¢ Sp = Min (%o, o) 800 MPa 800 MPa
o Ao BOO_MPG 400 MPa
3, Coil shield requirement
e Peak nuclear heating in 3 mW/cc 4 mW/cc
winding-pack
« Total nuclear heating 35 kW 50 kW
Central solenoid coils
1. Winding-pack current density 20 A/mm2 20 A/mm?
(gt 12T) (at 147)
2. Allowable stress of conduit
o AC | 500 MPa 700 MPq

max
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Table 2.5 TF coil parameter for the various type FER

Coil parameter ACS-M LRD
Number of coils - 12 12
Total current {MAT) 108.2 141.7
Field on plasma axis (T 4.9 5,173
Plasma major radius (m) 4,417 5.479
Toroidal field ripple at plasma edge (%) 0.62 0.64
Mean radius of the inner leg (m} 1.845 2,69
Mean radius of the outer leg (m) 8,95 11.185
Mean bore height/width (m) 8.6/6.5 12.6/8.0
Mean perimeter (m) 26.81 35.73
Maximum field (T) 12.0 11.0
Total stored energy {GJ) 15.3 33.4
Operating current (kA) 41,75 39,37
Average winding-pack current density (A/mm?) 41.4 39,1
Dump voltage (kV) 12 20
Protection discharge time constant (s} 5.1 /.1
Maximum nuclear heating (mW/cc) 2.5 2.9
Total nuclear heating (kW) 35 90
Maximum neutron fluence in superconductor (n/cm?) | 4 x 10Y | 4 x 10"
Maximum atomic displacement in copper (dpa 3x 107" 3 x 10°°
Maximum dose in insulator (rad) 1 x 10° 1 x 10°
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Table 2.6 Comparison of FER (ACS — M) TF coil and moment free coil

A B
ACS-M TF coil Moment free coil | (B/A-1) x100%
ri{Inner radius) 1.845 m 1.845m 0%
rz{Outer radius) 8.950 m 8.950 m 0%
k - ' 0.790 -
ro(Center radius) 5.398 m 4.064 m -24.7 %
haa Straight Tength) 5.076 m 8.576 m 69.3 %
d(Coil hight) 9.18C m 12,105 m 31.9 %
I?Per1meter 26.816 m 32.100 m 19.7 %
L(Inductance) 17.56 H 23.26 H 32.5 %
(Stored energy) 15.30 4&d 20.27 GJ 32.5 %
FH {Hoop force) 751.6 MN 949.3 MN 26.3 %
R*) (Centoring force) -337.4  MN -460.2  MN 36.4 %
FZ*)(Vertical farce) 154.4 MN 154.9 MN 0.3 %

Table 2.7 Comparison of FER (LRD) TF coil and moment free coil

A B
LRD TF coil Moment free coil (B/A-1) x100%
ry{Inner radius}) 2.690 m 2.650 m 0 %
r,(Outer radius) 11.185 m 11.185 m 0 %
k - 0.713 -
ro(Center radius) 6.938 m 5.486m -20.9 %.
hza{Straight length) 8.576 m 9.316 m 8.6 %
hgd{Coil hight) 13.064 m 13.843 m 6.0 %
I{Perimeter) 35.730 m 37.040 m 3.7 %
L{Inductance) $59.07 H 73.485 H 6.4 %
E(Stored energy) 33.36 GJ 35.48 GJ 6.4 %
Fu*) (Hoop force) , 1283.8 . MN 1340.4 MN 4.4 %
Fp*) (Centoring force) -552.3 MN -584.8  MN 5.9 %
Fy*) (Vertical force) 239.1  MN 239.6  MN 0.2 %
*) Analytical values
R ) Analytical valy
1 T
k == 1n—
2 r
Nag
Pag

rz
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Table 2.8 Main characteristics of toroidal field coils

Items unit ACS-M ' LRD
Bore radius m/m 6.5 x8.6 8.0x12.6
Number of coils 12 12
Cooling method Forced fiow cooling| Forced flow cocling
winding'concept Pancake winding Pancake winding
Shape of coil D-shape D-shape
Super-conductor ' (NbT1},Sn (NbT1),Sn
Peak field T 12.0 11.0
Operating current KA 41.75 39.37
Coil current density | A/mm? 41.4 39.1
Winding cavity m2 0.215 0.290
Number of turns 12 x18 = 216 10 x30 =300
Number of pancakes 18 30
Number of grading No No
Magnetomotive force MAT 108.2 141.7
Total inductance H 17.56 43.06
Total stored energy GJ 15.3 33.4
Hoop force Fy MN/coil 752 ‘ 1284
Centering force Fp _ MN/coil -337 -552
Vertical force Fy MN/coil 154 239
Toroidal field ripple % 0.62 0.64
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Table 2.9 Inductance matrix of TF coils (ACS — M)

funjt: HI
Coils 1 2 3 4y 5 6 7
1 10,6500(0.214510,090710.0460(0,0273(0,019410,0173
2 10.,214510.6500(0,2145(0.0907{0.0460|0,0273|0,0194
3 10.090710.,2145(0,6500|0.2145|0,0807(0.0460(0,0273
4 10.,0460|0.0907|0.2145[0,6500(0.2145{0,0907|0,0460
5 10.06273|0.0460(0,0907{0,2145|0.6500(0,2145|0,0907
6 (0.0194{0.0273|0,0460({0,090710.2145|0.6500(0.2145
7 10.0173|0,0194{0,0273(0,0460|0.0707{0,2145|0,6500

Total inductance

Ly = 12 % {Ly + 2 % (Myp +Myg +Mpy Mg+ g) + Myj)
= 12x{0,6500+2x(0,2145+0,0907+0,0460+0,0273+0,0194)
+),0173}

= 17.56 (H)
Table 2.10 Inductance matrix of TF coils (LRD)
lunit: HI
Coils 1 2 3 it 5 b /

1 11,5940(0.5259|0,222510.1127|0.0669|0.0477{0.0424

2 10.,5259]1.5940(0,5259(0,2225|0,1127|0.0669|0,0477

3 10.,2225|0,5259(1,594010,5259(0.2225{0.1127{0,0669

4 [0.1127 0.2225|0,52591.594010,5259(0.222510,1127

5 10,0669|0,1127|0,2225|0.5259|1.5940|0,5259(0,2225

6 |0.0477|0,0669(0.1127|0,2225|0,5259}1,5940|0,5259

i 7 10.042410.0477]0,0669|0,112710,2225(0,5259{1.5940

Total inductance

Ly

]

il

12 x {L; + 2 x
12>(1.5940+2x(

43,06 (H)

(Myp +Myg +Myy +Mg +Myg) + Myl

0,5259+0.222540,1127+0,0669+0,0477) +
+0., 0424}
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Table 2.12 Design guideline of forced flow superconductor
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Table 2.13 Characteristics of the superconductor for TFC

No. 1tem sign unit | 127 conductor
1. | Superconducting material S {(NbTi},Sn

2. | Stand diameter Dy ¢mm 0.865

3. | Filament diameter (Number of filaments) dum 5 (3422)

4. | Bronze ratio — 2.5

5. | Copper ratio — 1.5

6. | No. of strands n — 3% x 7 =567
7. | Superconducting material area of stands Asc tam? 133

8. | Copper area of strands ACu mme 200

G. | Total area of strands ACo mm2 333

10. | Operation current id KA gé;? Eg:: ‘ECRS'M
11.| Critical current at 12T, 5K (J; =540 A/nm?} Ic KA 72.0

12. [ S.5. conduit outer dimensions a o 29.57 x 29.57
13. | S.S5. conduit inner dimensions b mm 23.57 x 23.57
14, | §.5. conduit area Asus me2 300

15. ] Insulation thickness tins i 1.0

16. | Helium area Aya 2 222

17. | Volume fraction of copper in strands f =ACu/ACO — 0.6

18. | Volume fraction of metal in the coble space | frg=Acp/AcotPpe| — 0.6

19. ) Cable space are A=A + Apa A mm? 555
20, | Void fraction fye= 1 - fco THe — 0.4

21, | Limiting current I KA 44.6

22, | Stability margin {at B=12T) AH J/cc 8;3% Fg; ﬁgg—M

‘-._’Fable 2.14 Number of turns and winding dimensibns

Number of turns Winding dimension
N0indloie | No. of pies | total| Dtmm | B (mm)
ACS-M 12 18 216 379 E68
LRD 10 20 300 316 qy7
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Table 2.15 Inner leg cross section of TF coil

(m)

ACS-M LRD
1.845 2,690
B 0.568 0.947
0.379 0.316
Xy 0,810 1.284
X, 0.629 0,540
t 0,132 0,124
t, 0.092 0.074
R side plate
a9
—
S
O Y
o :0 '
e o (a &
> ™
/ LN N L
/\l\/ 5
,_.{|
- S
outer r1ng/// / inner ring
t1 D ity

.

0013 0013
: X 2
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Table 2.16 TF coil case and winding stress due to the vertical force

ACS-M LRD
R1 (m) 1,844 2,690
R, (m) 8,950 11,190
d (m 0.379 0,316
Bhax/® (T) | 10.6 10.0
NI (MAT) 107.9 1424
F, (MND 1840 2891
Acgse (M%) 0.359 0.408
N 12 12
g1 (MPa) 179 239
o, (MPa) 321 443
where R; Winding center radius of inner leg
Ro+ Winding center radius of outer leg
d : Winding thickness
Brmax Maxium field
a : Correction factor with ripple
NI : Total ampere-turns
F; : Total vertical force
Acgse: TF coil case area of inner leg
Acond: Total conduit ared
N :  Number of TF coil
or : Average tensile stress of TF coil case
and winding due to vertical force,
o,' : Tensile and bending stress of TF coil

case due to vertical force,
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centering force

Table 2.17 Pressure load on the outer ring of coil case due to.the

ACS-M LRD
Rt (m 1.844 2,690
d (m) 0.379 0.316
B 0.576 0.657
Fy (MN) 571 712
g ~(MPa) 86 64
where R Winding center radius of inner leg
d Winding thickness
Bmax: Maxium field
! . Correction factor with ripple
B v Fractional space alloted to conductor
in the toroidal direction
Fy Total centering force
P Pressure load of outer ring due to

centering force



Table 2.18 TF coil case stress due to the

JAERI-M 88-110

out — of — plane force

ACS-M LRD
Fy  (MN/m) 31.3 24,5
d (m) 0.379 0.316
ty  (m) 0.132 0.124
t; o (m 0.085 0.055
ty  (m) 0.197 0.234
oy (MPQ) 204 162
O35 {MPa) 287 383
oy (MPa) 311 129
where Fy Muxium out-of-plane force
d Winding thickness
t Outer ring thickness
[ Minimum inner ring thickness at
winding corner
t3 Side plate thickness at winding center
o3 ¢ Tensile and bending stress of outer
ring due to out-of-plane force
739 Tensile and bending stress of inner
ring due to out-of-plane force
o35 : Bending stress of side plate due to

out-of-plane force
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Table 2.19  Stress estimation of TF coil case and winding — pack

ACS-M LRD Allowable limit
. (1) ACS-M 300
Winding 9y 179 239 'RD LOO
o, (1) 321 43 1000
Outer 0,02 86 54 1000
- 3) ACS-M 300
$ =0, o, 407 507 1000
[er o, (1) 321 443 1000
(3) ACS=M 300
g %3 287 383 [(RD 00
S=Max(oqy,03¢)| 321 Ly3 1000
. o, (1) 321 443 1000
Side
olate | 930 [31133000 | 129 AL 288
S = 0y *og, 632 572 1000
where S ¢+ Stress intensity
Note - (1): See Table 2.16
(2) See Table 2.17

See Table 2.18
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Moment free coil

93:75.939
U

D -shape coil for FER (ACS-M)

0,(3.8453, 2.838

0714.0636,2.1845]

Ry* 4.59

,..
| Watiad

1 3 o)
[1.345,01| 0,{2,2303,0 014.36,0)

N

Fig. 29 Comparison of the FER (ACS — M) D ~ shape coil with the

moment free coil
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Z (m)A
8
? .
Moment free coil
6 Teomz\ ¥ 9222 %,:7.3684 D -shap coil for FER(LRD)
5 ) 8769.92 ) R176.8109
Riz2.1492  /\0y(4.8392,4.6578)
4 R!BZT:&M 0338818, 42
23450.077°
3 03 /4.469,2.0098 )
§,:43.736°
2+ 0,15.468,2.0088}
1 3 i
. | 9,%61.42° {11.185,01
0 1 | l RIVAN | | | ] | | L
1 2 3 4 5 6 7 8 9 0 11 12
0,(38/%6,0 0,(4.3741,0) R (m)
-1k
_.2 b
-3
_4 |-
/
-5k
-6+
-7

Fig. 2.10 Comparison of the FER (LRD) D —shape coil with the moment

free coil
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Fig. 2.11 Magnetic field distribution on the mid — plane of TF coil (ACS — M)

100

- 80

(T)

- 6.0

40

IS N U SN R U N Y O T WS A N N S O OO0 MO T O

181
Illl|ll|i|llli|llil]llll

Radius (m}

Fig. 2.12 Magnetic field distribution on the mid — plane between TF coils (ACS — M)
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Fig. 2.14 Magnetic field distribution on the mid — plane of TF coil (LRD)
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Fig. 2.15 'Magnetic field distribution on the mid plane between TF coils (LRD)
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23 3 208

B 22.6

27.8

304 | Vertical force

304 | Fz=154MN/coil 174

| 304 4-5

30.4 Centering force

30.4 Fr.=337MN/coil

s 1 | ) I 1 1 \ 17.3 |

o 1 2 3 4 S © 7 8 9 10
Total hoop force F, =752MN/coil

Fig. 2.17 In —plane force distribution along the coil mid — plane {ACS - M)
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Fig. 2.18 Out —of — plane force distribution along the TF coil perimeter of FER (ACS - M)

for the V — 1 {Reference) scenario

| 70s
t= 90s
. 20r t=150s
E t=170s
=
=
10 +
_=_
>
kS
= 0 ; : !
i’ - \ o - 30
g \ / © Perimeter {m)
3 -
S -10F
[+
=
k=)
jo N
s -20F t=70s
S —— t= 90s
© —--— t=150s
~-=== 1=170s
..30 -

Fig. 2.19 Out - of — plane force distribution along the TF coil perimeter
of FER (ACS — M) for the V —2 (Inductive 1) scenario
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Fig. 2.20 OQut - of — plane force distribution along the TF coil perimeter
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of FER (ACS — M) for the V —3 (Inductive 2) scenario
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Out — of — plane force distribution along the TF coil perimeter
of FER (ACS — M) for the V—4 (High — &) scenario
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Fig. 2.22 Out — of — plane force distribution along the TF coil perimeter
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Fig. 2.23 0Out — of - plane force distribution along the TF coil perimeter

of FER (ACS — M) for the V — 6 (Size — L} scenario
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Fig: 2.24 Out — of — plane force distribution aong the TF coil perimeter
of FER (ACS — M) for the V —7 (DND) scenario
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Fig. 2.25 Out — of — plane force distribution along the TF coil perimeter of FER (LRD)
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SC filamant Nb filament
( # Sum x 3422 )

Strand Bronze ratio 2.5
CulCu/SC=15)
Ta barrier
Cr plating
l Twist pitch 15
x3 st strand pitch 30
Triplex |

I 2nd strand pitch 60
x3 3nd strand pitch 120
‘4nd strand pitch 240

x7 5th strand pitch 480

‘ fﬁ-@f‘
- Conductor
SWNIEEE
Ihsula'rdhr '/' (g
*\ =
$.S conduit_—" | N
: 2386
29.6 , unit : [mm]
31,6

Fig. 2.26 SC conduction of TF ceil for the FER
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Cooling channel

\»K S ———— Inner-surface of coil case
%/ %/ ﬁ/ %Smmless steel key spacer
r‘*ﬂ Ground insulation
Turn-to~-furn insutation
o Superconductor

N

7
AR \<\\\

N

Fig. 2.29 Cross section of TF coil case and superconductor
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- where I;. Moment of inertia of main shear panel
I3 Moment of inertia of sub-shear pane!
a - Reductional rate of deflection

! l i L | ] ! ] ! L

1.0 20 1,/1,

Fig. 2.33 Deflection of TF coil support frame due to
the overturning force as a function of

moment of inertia of sub — shear panel

where I,. Moment of inertia of main shear panel
I37 Moment of inertia of sub- shear panel
B Reductional rate of bending moment

L L L L L A L L 1 I

Fig. 2.34 Bending moment of TF coil support frame
due to the overturning force as a function

of moment of inertia of sub — shear panel
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Table 2.20 C coefficients of the FER (ACS— M) for V-1 (reference)

scenario

Coil o |
Cho. | G C2 G b
1~3 |
0.25%4 | 0.3u45 = 0,1854 | 0.2515
10~12
4 0.122 | 0.06276  0.8492 | 0.2608

5 0.1112 | 0.05532 | 0.8062 @ 0.2183

6 0.2555 | 0.1014 | 1.862 | 0.07445

7 0.0029 |-0.126 | -0.11 | 0,0203%0
8 | -0,0152 | 0.2694 | -0.195 | 0.00918

9 0.0177 | -0.244 | -0.102 | 0.00695

13 0.2191 | 0.2169 | 0.1743 | 0.2633
146 | 0.1189 | 0.01984 | 0.u864 | 0.2150
15 | 0,1815 | -0.333 2,372+ 0.07656

16 0.0025 | -0.33 1,919 | 0.02117

17 0.0015 @ 0.7072 | -0.381 | 0,00924

18 0.0100 |-0.455 | -1.07 | 0.00684
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Table 2.21 Current pattern of the FER (ACS— M) for V — | scenario

T (sec) 0 1 100 120 920 940 970
Ip (MA) | 0.00 0.50 8.74 8.74 8.74  6.50 0.00
y (¥s) | 37 27 -8 © -18 -55 -37 0
10 35 10 37 -18 -37
Bp 0.0 0.0 0.0 1.2 1.2 0.0 0.0
- Coil current (MAT)
No. 0 1 100 120 920 940 970 | Max. MAT
16 ~13 | 9.519 7.097 -0.455  0.564 -9.033 -8.393 0.000| 9.519
4 5.902 3.719 6.446  5.884  1.370 1.006 0.000| 6.446
5 5.186 3.406 6.157  5.625  1.510 1.126 0.000| 6.157
6 7.643 7.830 14.230 12.738  3.285 2.650 0.000 ¢ 14.230
7 0.281 0.023 -0.985 -2.335 -2.442 -0.822 0.000 | 2.442
8 -0.319 -0.508 -1.583  1.395  1.957 -0.705 0.000 | 1.957
9 0.547 0.427 -1.033 -3.769 -4.424 -1.318 0.000| 4.424
13 8.549 6.003 -0.229 -0.146 -8.252 -6.974 0.000 | 8.549
14 5.359  3.454 3.300 2.319 -2.080 -1.238 0.000 | 5.359
15 5.666 6.087 19.279 13.972  7.256 8.703 0.000 | 19.279
16 0.279 1.027 16.752 13.266 13.174 12.381 0.000 | 16.752
17 0.133 -0.150 -3.342  4.060  4.005 -2.532 0.000| 4.060
18 0.338 -0.265 -9.432 -14.304 -14.674 -7.325 0.000 | 14.674
Sum MAT | 97.316 75.476 85.496 83.199 118.631 97.135 0.000 | 161.443
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Table 2.23 Criteria of coil design

ACS-M | LRD

Magnetic field (T) 12 14

Coil average stress (MPa)| 350 500

Current density of 80 48
winding area (10% A/m2)
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Table 2.26 PF coil parameters of the FER (ACS—M) for V —1 scenario
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Table 2.27 PF coil maximum parameters of the FER

(ACS - M) for V1 ~ V7 scenario

Coil AT fop Jpack B o |
No. (MAT) (kA) (10%4/m?) (M (MPQ)
1 9.71 | 37.4 28.7 11.5 298
2 9,71 | 37.4 28.7 11.4 294
3 9,71 | 37.4 28.7 11.1 | 283
y 7.97 | 39,9 30.7 9.5 263
5 7.41 | 37.8 30,2 10.3 348
6 15.70 | 39.7 37,5 9,3 327
7 18,22 | 38.9 31.9 9,3 25
8 6.73 | 37.0 41,1 3.5 282
9 8.29 | 34.5 33,8 5.3 324
10 9.71 | 37.4 28,7 11,5 299
11 9.71 | 37.4 28.7 11,5 297
12 9,71 37.4 28.7 11.3 290
13 13.66 | 38.0 35,1 10,7 280
14 7.56 | 38.2 26.4 11.8 338
15 20.72 | 39.0 29,6 11.9 340
16 20,62 | 39.7 32,5 9,5 |. 333
17 7.61 | 38.8 43,1 5.9 142
18 17.66 | 39.4 21.9 7.7 341
Table 2.28 Parameters of the FER {(LRD)
MAT lop 3 Max Jpgck | Max o
o . (KA) (T) (A/mmé) | (MPa)
Coil
No. 0| 36| 20361 0] 36/2036| 0| 36
1 {12,1|-4.5{-14.4 (30,3 /11.3|36.0/10.5| 1.9]10.0 20,2 236
2 118,9(-2,7|-18,3139,4| 5.6(38.1/13.2| 2.4 (11,1 22.7 447
3 |12,0| 3.9 -6.1,37.5112,2/19.1|10.3! 3.3| 6.8 16,8 209
v 10,4 4.9 -3,6[37.1/17,5|12,9| 9.6 5.1 3.3 14,5 182
5 | 83, 4.7| -2,0(37.7|2t.4| 9,0 8.8| 5.6 1.8 22.0 330
6 { 9.7| 7.2| -0.838.5/28.6 3.2| 7.1| 5.8]| 1.5 31.5 354
7 | 0.3 82| 80 1.2/32.0(31.3| 0.9 4,9 4.7 40.8 241
g8 !-1.4]-1.5| -0.3| 9.7/10.4| 2.1| 1.0} 2.0 1.4 24,6 327
9 | 2.6 -39 -6,1116,2|24,4138,1| 1.6 2.9 4.2 28.1 333
10 |-0.4|-59) -5.5| 2.6 /38,3 /35.7| 0.3| 3.8] 3.5 36.3 325
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R=442m
a=1.25m
k=17
3=0.2
Rnu||=4.07m
Znu1=-20 m

| Tl

50F \

y (V-s)

——> low beta
—— intermediate
wmmmp high beta

Fig. 2.37 Operation window of the V — 1 scenario for the FER (ACS - M)
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R2

Conductor
' Wy W

Insulator _—

(e

K& ‘A
$.S. Conduit AN -
W, t
W2
Wy
Brax (T) 14 12 6
Top (KA) 40 40 40
Jogck  (A/mm?) 26 38 1y
a2y 838 500 400
AP m2) 570 456 405
W1 (mm) 33,0 32,5 30
W, (mm) 38,0 315 29
Wy (mm) 29,0 22,5 20
t (mm) 4,5 4,5 4,5

(1) Aw : Cross-sectional areag of cable space
(2) Ass‘ Cross-sectional area of ss conduit

Fig. 2.38 Characteristics and dimensions of PF cojl conductor
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TF coil TF coil
e Ve

Break of coil case|

L - e
T 1 1 / 200mm TTETE'
Q PF coil case
PF coil case
-
P iy . X : i
s | PF coil (with ground insulation)
:j [

. / Sliding base

__—Fixed base

TF coil

Fig. 2.39 Conceptual structure of outer PF coil support



JAERI-M 88-110

2.4 2HIHEBE

2.4.1 XFHEE
FRE SO S (PO, OHoA VKHEME), TFo4 v Li#ie PF
IANSFE, XEH ORI L, DT 2 OMEL RS,

© FLEXEREE D PO RESERTOXEL ORI v S HBEL CRER SN S,

DLEHETF 34 Av0RLAEXXET L0 THD, 1 2 HOESHEOHZMEH&
THH, FLIHIKIBAC loss EROAOEBAMICL 78, 2 Y v FA2BF COHS
KHREMEGRLABETH S, SE3HMTRELANINSNTED, KL/ 4V F RIBBY
£90° FoLRS — I THRESND, BB, TLERERBTF 34 VORLADMIC
OHoADE#N (BEN)O—-FTEHHET 3,

OH=2 A viZ L 0RETHHEHNOBHE, hOEHONMICHT SN HERE
B, hOEHEHBELHEMCRBES N XM TEHT 2, HEZHHEIZAC loss
BRSO 725, AHHICLDHUENLBETS 5, THEMALALEI 4 3B SALBE
THD, WHRTHOLHEWEIRECRI B CEAS ., LHIICERT 5
BHAEBNIE—ILT 5%, OHa A v 18, REEHETI Lo TEEMREEINS,
OHaANDBHARY TR AMFT 45— 5 DEBSIRRE TSNS v 2T B, vy IR
WFAN— S DBFEEAEENBET 2, CORTEHEARPLEIREMEIHLEO ETH
WL SN ARRY R -+ TEH T EHETH S, CONRRKRy R P ETFaq
MEMEDEERS SOTHD, TFaM4n, RLEHE, HEXHEEEL TEAY 2,

@ TFIAVERERE TFa AV ETIRR Y- T30 ERY, TFI4 25—k
b 2#EE L, BRANEZXE T2, Va7 42024 LORERR—RDI 45— 4
By P EDTE BT S/, inboard fil, outboard it %4 5, LRDIE
TF34 L O@ESPRFICERY, EFEY =742 L TES LT HEENICL 3R
BOIBAWHEEICRELLE, - TLRDFE EFD v 7rezvofth, hiHics 2
B, GHABOY 2T N2 NERT B,

@ PFaAAZEHE: OHaA AL, 5§48 340N DOPFaf Lz TFEIAL L4
A—t 7L - bTURTIEETSHD, vH -7 v —LOEELEE, PF o1 0kE
AILOEE EBFRIER 54 FalferitEs L4 3,

@ ZFEW: AL EEXRETLIIBNE, 24 v2ROBEEXEL, HEKRICLRES
WREEFL, WAKRKEN, FBLEARNT 540, ERAMICBEHTRELESET
A AN QAR AN A

Witk 2® 220, XRWAKFEIGFRPELEL, FOHIC4E, ABHIc 1 2K, &t
1 6 ADLFRHERT 5,

XFEHELETF2 7oy 2 THRER, THE¢1600mxt100m, E@iZ¢1400m
Xt1100mOMEH TS, < OWEHEHENG6 0 FEOMERCRY 2 BB E
RIDRESNAODTH L, $8b5, MERSCERALILHEROILEA Y brd
S E NI I~5Hz ThH L, v~ 77y b okt LTORBEREBENC DERICI S



JAERI-M 88-110
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BERTRILTVS, CCTREESGEEL, CAFTOFRPEAMVIXFMEEE
FOEEWBTLLDE L,

Fig. 240 &Fig. 24 1 RACS-MEELLRDEFED= /% v b ¥ 2T LDREMBIL

AFd. B ULABIZLRDIZABO T2 a2 HET S, LRDOTF 24 k%
Fig. 2.4 2 127,
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 hOHHOEEBEIL VTR L L KBNS RT A, FOKR, SEELCA
ITEEDENRLIFBERECNORDAAET 2, HREBROEBY TH L.



JAERI-M 88-110

1 4 E t?
Fog= — X

S5 1201 Rk
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NI TODEZHLERNZEARUTO2ETH 5,

O hITH BEHEZIULI2MHEOCEEORERAL T, SERBEREELEED
M EBESBTOAEANESFIABOERLLZER L, COWEREREA RN
TED 4/ 3KELHEB,

@ FRANEITRREDLTE - T, SRIEHEGTLEAEEODMES & 5,
LO5GED, FEEREFARINETIDRETS 2,

Table 2.2 9 iCACS—M, LRDOHEHEREL TR T,

M, 2V PEAREFHEERLOIDSOIRABEEL, $h34 072 -V MERLF

BINCB VIS REST B4, BH5 9 FEORTIEEHEEL, ChoDEARB L5 Sm
PPk tBohs0TE5EIRBTEE L.

243 T ixw VAT LLKER
Table 230 K=/ 45 b v AT L EWERERT,



Table 2.29 Stress evaluation of bucking cylinder due to the centering force
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where

ACS-M LLRD
Ry (m) 1,844 2,690
d (m) 0.379 0.316
B (m) 0.569 0.948
8 0.576 0.657
Bmgx/a (T) 10.6 10
t {m) 0.200 0.295
PX (MPa) 86 64
RbUCk (m) 1.460 2.321
o.  (MPQ) 456 1 393
S (MPa) 800 800
' Cca (MPa) 465 400
Ry « Winding center radius of inner leg
d . Winding thickness
B » Winding width
B . Fractional space alloted to conductor in
the toroidal direction
Bmax » Maximum field
a + Correction factor with ripple
t « Bucking cylinder thickness
Py . Pressure load due to centering force
Rpuck: Bucking cylinder radius for calculating of
critical bucking load
o. : Average compressive stress due to centering
force
Sy ¢ Min(20y/3, 94/2)

: Allowable buckling stress
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Table 2.30 Total weight of magnet system

(ton)
ACS-M " LRD
| Winding 485 840
Case 1010 1560
Insuldtion 70 120
TFC

Support frame 1430 2635
Shear panel 960 1490
Bucking cylinder 200 430
Winding 785 995
Case 225 280

PFC -
Insulatien 20 25
support 165 190
support Steel 550 /45
structure | GFRP 20 25
Total 5920 9335
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Fig. 2.40 Structure of magnet system (ACS—-M)
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Fig. 242 TF coil structure for the FER (LRD)
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Fig. 243 Perspective view of the FER (ACS —~ M) magnet system
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<, B42101, 27TTKWTH35,

—7%, LRDiL2WwTIE, ACS-MODNDMATH2 6KWHRELTWSE, &L
BEROLFIXFEER TS B RLA0 9%, X, TFI4ALEPFaALTiE, |
B1:20R&8TRELT VS, 244 TREVOQE, 24 VEBTOEERELTS
b, TBWBARTAZLOE, Al 27520, BLUOBLESRSTE 5,

2) #% & #
FERTUD-TRIEICE TR ET L 14Me VIHEFORRMEEE L E, 75 v 4
v PEICERETEBLEE LB FIE, &40, IEBEHRCARL, B+
%,
PEFafriZs0TlR, TFa4A2r0AMZEESNTVEA, HEBET55EKRE
DR R L - TERTE 5,
e, TFaAves0TE, a4 vARMERTDOEREL KRS E5CEHTE
HOR, COBMOBEEOESTTF 24 A ~OHEBRNRESN S,
BRATFEGAERER, BHRORE~—-YYHo8lRans, BFo<— 2 v, Ay
v VAR EEEGREFRICH S, 35 1 HTEMICRNET 3,
AEEDOACS-MEFI, BI6 1 FERAOACS tRAEEO D FRABRKEED 2,
(ACS-MEFDO7L:o Y7ot LTR, BESHEDICHA L THRREAINKAT S b
D& LT, Reference 3 5 KWEREMBICHEE L, )X, LRDE, ACS-MEEDHE
WERE—Thy, PHTEENOAL 1L0SMW/ m b 1.2 TMW mickd 5, 205,
C BANEBREBICLRABNRENLSL, 2 00F OEmE% Table 2.3 4 TR T,
3 EHEERAR
AFEEOBABERE, HiEd, BU6 1 FERIFLEAKTHY, EFEARLEYE, K
TA42KWTH 5, BIEEREORMIIACS-MT, 28KW, LRDT3.0KWEH B, Th
2, ACS-MiIZltBiLCLRDDPFa4 1805202, £#TF24 LDTFEHK
BB CKARENLALCLrEs6D0TCHs, Rk, BHR) - FORERMILL 2 LHe
HREOETF, #ML, LRDTR42KL/hHELLS, '
Table 2.3 5 KARABFMEAETRT,
4 BAFOT LD
ACS—M(Reference) DRZBMARKMOMBICH - TEBL/ADMFig 244 T
Hb, Fr7oHEER, FHR)-FORRILLSLHe ZBRSLBR (BAMNLTIIHLT
BEREINZGBEOHRBLLIUCERZNOENEXRLORDTHE, (BHBROKEBR, 24
NOAHBEOREZ, EHHEEEEL4, 225K, latm& LTEH LA, )¥— 7885
{2Break downB ( to~t1) T4063KWE7 5,

Hefm@RiE, BHME | EERFT LA mA- RICWRL 24 VBICSHE (HEER~Y
L) AEBRREELLHOSHER Y FREMOME SN, MEBEE, SHEALZBEREZANL
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Reference HDNDE TR 7L+ v T4 2FELILBEDACS —ME, BXU
LRDFD=/ 43y b ¥27 D45 KORAMI, 26 1ATE EHAHABERNIC, SHER
YIDREBEEMAKLEDER S, ACS-MPEODVTH, &7 L+ v 7 0 OERRRE N
BisAA, Reference ( #Hiduty=800sec/1000sec=0.8 )ZEHELL, 10008
AT VEE Y - D7 L F Y E Y F OV TRE, RERREZRDT S LT 5.
¥, LRDEFIR-SOVTIR, BEJduty=082E%, 211680347 vEEET
Do

A CH%, #%%m&®% WEHEMICOVLTE, BEMOROBRNKEREZREL T, B
RITE s LB —27EE2H VI, Table 2236 i3, ACS-MEFO&E-FTOHRHE
Ric T ABAMMARLIEODTH D, 456 KERFE-FTALZKW+880£, hr, 1000
HWEEREHET2SKW~T71KW(atdbK)+4000£L/ 'hr Thb, Size LETDOTI L
2B F 4 AEBELEZACS-—MFORARELTEIHEABET IKW (at 45K )+4000
L/ hr £ 1T A,

Mfic, LRDFOZHEEZ: - FTOHRAM % Table 237 &ART, 45 KRFE-F,
BLUTFoA ViBERE, ACS-MFIBERCARAMTHY, PFa4 vy, E8EBR
DEWIZEBZEBAELTY S,

MEE s LB RICERSNBEEAR, MROEFAAMU LOowE - BALEN L, mHESR
%6MW(ACS—M)~1mm0rV(LRD)@k%vﬁzVbvx%Amﬁﬁ%ﬂ%Z
B~ 17 HOMENKERTE23ETH %, BFI6 0 FEFERSFicBLT, KHNERENE000
N DT Ay PVATALRAOKW (at 42K )OBREENETT 58 - ﬁ%ﬁ%f@ﬁ

BHIEEETHD, ACS—MIF, LRDFIESVWTHRL, 40KW, 6 0 KWOHHEET
BT 558« BLBREZERT NI, @mﬁﬂiﬁfééc&ﬁ@ﬁfééosmeLif@
JLEVEYF4EZRULACS MY, BLULRDFREREN S H« BALBROR
B4 Table 2.3 8 IWRd, B« Mlbtis, BERM sy —vickD, Bl - BLENDOED

523=y b OHELSGDOEICE > THERT 2, 2=y Mid, 20K (at 45K)IXIE6000
o hr, 30KW(at 45K ) Xi20000 £/ hr DfSET B, Ba=y FOERE
Table 2.3 9, Table 2.4 0 IR Y, '

RIFQEIEEE— Fickitaa=y t D#EASDEH Table 2.4 1 TRdo
Rz, DB EAEEE, BRUAARESBLYIA M 2 Y FRORENEADER
AR BEHNHET A4 s VERERA LA, TOFA 7 VRERERESHEL )Y
£ I NVSEEBIVBEAHe 2REIEL 74— FROF A VD OoEREN, MER2 -V FFy
JANOBEBRETHAICESLTWS, Fig. 2245 RTFa4n, PFas4n, SHER
7, TEREASHALBESZ 7o —NERT, Mgkl a=y b OKH - BLROA%E
AL, fhx = bIIEREL .

SHE £v 7%I%, HBANGENLEDT61 =y F HoBRENE, BRY - F@milid, =
ANFRERMIA vEL, BE~N) S LBERGLERTVZABHARNLE L, 2407 2T
EDRERHOAFALZRNGT S0, KBRSy 775 Y2 ERELTH D,

Table 2.4 2 CREFTHBPACS —MPOKRBFBREEREOELETR T, 24 V7
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GRICE, A VBMCERSATORZRER~Y v 43T TRERN (ASHE T Ok~
YO LBETHI0O Ok L) TE2HREL, BRI VIFERAOANY o £ # 2ARNES 1213
e BEo THAEN U Y LI 3T TR (Al - BB 5 7o cEEELLT
SHOBENGRFMARENE) 200k £ LT 1 00Kk £AMA/A 300 kK LOFFHEE L5,
BL, B@RY -~ FRAMAZCREI, HEAE LTORMEBRNADI T L C &ic L, #iE
EXFHERRY I S ORKEEEARLHET 5 B ED -,
HEREREREERBEOEESACS - MEIK DL CFig. 246 KR4, ABALRERE
AN =R, BRELER, EREE, RESEEE, ~y o5, BIREMESR, #
ARpNG—, REBERET 2, FEEHT2ZHEO~NY 9 0B HRIBNBEICZ, ~U Y L5
BALB D -V KRy 723y P BRUBBEN) Y o FEARE T 5, PAKERERT IR,
SHEFR Y 72WE L/ 6 EDSHEMARHRERE, R 2ANEM, bIUENRTAESRES
HEL, "V LmE BB ELEEWRASNAZZERETHEEINTO 3, BHH R4S,
SHERARBMER PO A NVBANOREBEET, BLIUHEZEERHNERY - FLOMSEELES
HERIKERHN I mO 77 X RNAEBTTITS, '
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Table 2.31 AC loss and nuclear heating of the FER (ACS — M) magnet system

Total nucledr
AC loss heating
TF coils |PF coils | Supports ki
Operation . X
oy Aver. kW | Aver. kW | Aver. kW |(Burning time: S)

(1 cycle time M) (M) (M)
Reference - 0.43 0.77 15.7 35
(1000sec) (0.43) (0.77) (15.74) (800)
Inductive 1 2.21 3.71 95,3 35

(230sec) (0,51} (0.85) (21,91) (60)
Inductive 2 5.78 10,11 260,8 -

(bbsec) (0.38) (0.67) (17.22) (-)
High & 1.40 2.,U8 50.3 38,6

(260sec) (0.36) (0.64) {13.08) (60)
High 0.50 0,95 19.4 4,1

{600sec) (0,30) (0.57) (11.65) {400)
Size L 0,44 0.77 15,8 58,4

(830s€ec) (0.37) (0.64) (13.08) (600)
DND 0,68 1.15 23.5 47.1

(730sec) (0.49) (0,84) (17.17) (500)

Table 2.32 Total heat load of the FER (LRD) magnet system

Total
AC loss nuclear
heating
TF coils | PF coils | Supports "
Aver, kW | Aver, kW | Aver., KW (Burning time sec)
(1 cycle time) (MJ) (MJ) (MJ)
LRD 0.33 2.23 23.3 30
(2116 sec) (1.77) (4.73) (49,23) (2000}

— 94—
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Table 2.33 AC loss formulas

AC fossvd  Models Formulas Notes
B 2
« Q= 2::0 2 {%ﬁi‘%} Asc Asc:Area of SC mctericzi
[BS.’} (J/C)’C|E'm) [AQQ:N'Wszq'
i 8.2 .N=No of filumem_
‘Q . 0,z 2;0 _2_{3%__ _3_152_ - Ase J :Critical current d;nzs;ry
. . (82 1] (J/cycier m! D :Filoment diameter (m)
| Bm-Oscillating fleg (71
. Ter emplitude
Pysteresis Bou " A 2ol L\
loss
c B 28 g
*qQ,= LT { } Asc
tJ/cycie-mJ
[,3 <[]
8
(> {
o V0, B} e
e [5 217 (J/cycle m)
B .
m# Bm
aTRAY

 J
. e, Ty _Bi| i
Prus 16 k? 210 Ciyg/m

(sec)

r = Conductor radius {m)
Ac:mr? {m*)
Jg (kq)=0: Bessal furction
k,22.405 Kk =11.792

k,=5.520 k, 14931
k3:8.654 %g=18.071

' {W/m}
5 m
(sec)
Eddy
current a*25 o g2 ¢ Cond ith (m)
L P i Conductor width (m
foss AT R T e U
(W/m)
Hg0d
R {sec)
..__ab Br!
'Plllzm'Tll'_a";T'Ac
(d«a,b] {W/m)
Hodab
'rll. EP G’b] (SEC)
ad - i=h-
-P:—a-i-_—.th.Az.f (W) Aizh-¢ {m?)
-1
- = -b-
f-O.Grr(c +—g—)
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Table 2.33 AC loss formulas (cont.)

AC losshg  Models Formulas Note
By’ 1 ggg Cross secti
e P 4 7 . <caCross section of SC.areq
ci T.L 2’_]_ ll!'\SCB [W/m) A ) R2 {mi’.)
1 ) P’D (—]L)z [ SCB.- T ]
*TL" Qpy \ 27 {sec) |lp:Twist pitch {m)
1 1 | W R :Radius of SC areg(m)
L |9 e = — . —— W : Width of di
Filgment | Pt TP RS (1/8m) ! confi%rcr?c;lp l(nr?ﬂ
Coupling . p - 11"1 p Pef:Effectiv(en re)sis'rivity
loss Lo 1= m
B, Bos PL:Perpend(iﬁulcr) resistivity
m
s B;,2 3|\ :Proportion of S.C.
,,////// P 5T Zag A () materiai
_ & RD 27R 32
« Ty -
5 "C2h, ( lp ) {sec)
/ - P ~P
Biy / I 1
Ben 2,2 2
(Pcn‘p {'%:”R)'Bl)

Table 2.34 Shielding response parameters

Leem Criteri (Re?ggéﬂce) LRD
g el heotina i e | 25| 2
ggﬁlw%%ﬁgrpgiﬁtéﬂg i ese <35 35 90
Avercge neutron wall loac (MW/m?) 1,08 1.27
R eEnehsof foif taed) ™" 7@ | 77

Lifetime fluence of FER is 0.3 MW-y/m?
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Table 2,35 Steady state heat loss formulas

1) i= B
Q=£fT24dT , (W),

2) Mk &

Q= (Tet=T1%)

AL

€1 Az \ &

= qA(T:—T1) (W)

3) EAU - F (ERWMEBYESHR) O

~057
(_§__) = 408 x10-5 x (m) o (cm/A)
£1/opt Razk
B R
(3) = 172x107 x (fﬂ )—0'0865 (W A)
I /min 042k
JEHBR
: S 300K
= = 2
Q= 0058 % = f42K 4T (W)
rTT S Bk {cm?)
L:BET & T O (em)
. AL TR (W cmek)
Jp AAT T Tam 5 Tod TOMERRD S (W/cm )
1
€ . b
A EEH® ( m2)
GIRAFT VAN T ST (W/m2ek4)
q ! ZEWEG O RESLEE (W m+k)
LB R)-VYOES (cm)
I mEE (A
%{fg—“: Y — F#D 300K & 42KICH T 5 (=)
© R

suffix 12: ¥k |, iR 22 &Hh4
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Table 2.38 Heat load and refrigeration

capacity

ACS-M
(Size L) LRD
Totagl nucledr heating

Heat load at
non-burning phase

5.3 kW
+2140 1/hr

5,3 kW
+2100 1/hr

Heat load (kW+ki/h) 70.8 + 4.0 135 + 4.2
at purn- (W) 8L .2 .1
Phase (k1/h) 25.1 B4
Refrigeration

capacity @x1.2 (kW) 101 179

Input power for

refrigerator (MW) 35.4 62.6
Design capacity 100 kW or 180 kW or

of refrigerator 30000 1/hr 54000 1/hr

Table 2.39 Parameters of No.l unit ref./lig. 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
Outlet pressure

Capacity of heat exchanger
Requirement of lig. N,

20 kW or 6000 1/hr

26000 Nm°/hr
18 atm
1 atm

52000 Nm°/hr
18 atm
2~ 3 datm

2100 g/sec
18 atm

2~3 atm
100 kW

3000 1/hr

— 100 —
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Table 2.40 Parameters of No.2

110

unit ref.liq. system

Ref./Lig. copacity
Feed comp.

Flow capacity

Supply pressure

Return pressure-
Recycle comp,

Fiow capacity

Supply pressure

Return pressure
Turbo-expander

Flow capacity

Inlet pressure

Outlet pressure
Capacity of heat exchanger
Requirement of lig. N,

30 kW or

39000
18
1

63000
- 18
2~3

3150
18
2~3
150
4500

8000 1/hr

NmB/hr
atm
atm

nme/hr
atm
atm

g/sec
atm
atm
kW
1/hr

Table 2.41 Combination units for the each operation mode
Mode ACS-M LRD

Initigl moge No.1 unit x 2 No.2 unit x 2

tLang-py mede, No.1'unit x 1 | No.2 unit x 1

TiSioperaglon mode - No.1unit x 1| No.2 unit x 1

ODe&ﬁﬁi?ﬂuﬂPde Ng:% HR%E ~ % NO.2 Unit * 6

No,1 unit; 20 kW or
NO.Z2 unit; 30 kW or

—-101—

6000 1/hr Ref./Liq,
9000 1/hr Ref./Liq.
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Table 2.42 List of main elements of cooling system (ACS - M)

Element Specification Room / Area
He ref./liq. 30kW x 2 sets
20KW = 2 sets He ref./1lig, room
_ _ _ (Reactor building)
Lig. He container 100k x 3
He ref./lig., comp,
Feed line 39,00QNm3 /h = 2
, 26,000« <2 Cryogenic machine
Recycle line 63,000 + x2
42,000 » x2
He recovery comp. 9,000Nm3/h = 1
N> 1ig. comp, 60,000Nm3 /h = 1
No liguefier 20ka/h =1
Lig. Ny container 500k% x 1
Recovery gas bog 500m3 %2
Purifier 1
Buffer tacnk 210m?3 x 2
140m =4
Fin tube gas warmer - 1
SHE heat exchcnger vessel & Current lead cuct room
Cooling gas distributing vessel 1 (Reactor building’
Return gas gathering vessel 1

—102—
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T 1 ] [ i

1
ACS-M (Reference)

Ji 1

br AC loss of TF coils ]

Power leads
Pump loss
10°H Steady state heat loss .
_ (without power leads)
Time average Design capacity of He Ref,
=
10°k - " =
= T —
_ AR a%
5 7'/., . . Nuclear heating 2
=
BT é /% |
3 z
,E é
L 10F :-AC loss, of coil support . x
/ (i
Zéé%2?zzg§iz??;§
AC loss of PF coils
°l 0 |
22 |

100 0 100 200 80 900 1000
Time

Fig. 2.44 Heat load during burning operation cycle of the FER
(ACS — M) for the V — 1 (reference) scenario

—103 -
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2.6 H3aAIN

2.6.1 {t Kk

MEWE A =780 TH, 73 ARBEEIANCABALECHZ, 77 A<D LTI
BEEHET Sl 75X BBCKPHIEAHESEILENSD, BRENLHY = v &
WA vAERVLENE, FEREBWLWTR, FELAY s vitd-T7 5 XvDARERE
Bfid100msecBEICRESINTVE, COFRLERENBEVE, §8a4 vOREH
BHENSOPEREIH, ERBLUHFHZOAHEBAECH B,

flA 43, LF—NTERTABFEEMEDIANTEHEDL, 77 XAvDEMHELTa
A NVBEEHBETA I LKLY, FTIAVEEAMEMES2~3mlHLBEL30E%R
HoTWad, UTFicid, FER (ACS—M) JHicxtlh LicfgtzB~3,

FIE A N OREERNS L WEVEH%E Table 243 KRd, ROHMAR
FER(ACS-M) 2BEL THROBELZELLbDTHD, 77X, ¥ = LEBE,
PR, S vfE, FIESREsELNE, RELAKETH 5,

Table 243 KBV TR, 77 XA-REREHEHEIWI00ms EEEL TV 5,
FER(ACSM) o 52Thnd, vaVB8BEL{ADITEERED, TOBREDARE
EREREICT A LRAREEER L, FA A AR ETHTIEL, ZTAZTHI50KATOE
WEE&E L, Fig. 2247 KB4 V@A T, HEla vtk 77 X< hbicd U
BKEEIBE, M001TTH 5.

o 4 Afr@EE, Fig., 247 WiRdBHMETF a4 A XTHE LI, TFaA LFETHK
BCE LAk E~T, HIEEAN/NSL, FAHEE 24 LIt LEACo AR NI LS,
TFaALETHICHB A LEE CIBEICS, ERkEOAllicd 2mG6LE, RBRKRETS
BED2HF —ZANEZOLNS, FER(ACS-M) B0 TR, 34 @B OTETRE
OE, BLUFBECXd 4 v/ VOBBAEZEL T, AEEREOABICRET LA
Wl U (R

2.6.2 ¥ i

Table 2.4 4 w34 vDEFt#ELERT, £/, Table 2.4 5 KEYEFL RS, 24
MLER, FABENLORAEVICED LT TR LHERE -T2, L FaAVUET
OARERPBENL T E %, ERALENE, COEEEXZRLT, EHETHDa A4 0
WESBEDTEE Lic, 340y —vEEBEs—vEL, BRcHEnsBREREZ 30KA
&L,

Fig. 248 iza4 vitfl, Fig. 24 924 VXBEEERT ., BAMBEER )
DEHAgIMOEBERET 2, #H 24 VICREFESEOFBRNBFKNLE 0, AHER
KE37—7BEHMAOME&EARENL S, WAROBRENEXFT ST, SUSY ¥ 7
FiLrHmEIEZILVbDE L,

Table 2.4 6 CHE A VvicETL2ERA L7 - TIHAERT, 7 - 7EENE, L=
AT+ 425MN, THa4rT+968MNTHEL, Table 2.4 4 ODBEBAWTELAELS &,
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7-T7IMIRMEOMPaT b, B TESTABERCSOTIEC u BENKILT A, 20
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Table 2.43 Design specification of active control coil

Vertical instabitity
(a)

Passive coil stability margin(a)

" Growth time

 Shield structure
One-turn resistance

Penetration time of control field

Active control coil
Location
Allowable dose in the insulator
Ampere-turn/coil
One-turn voltage
Wave from
Duty-

?

100 ms

30 un
100 ms

I4

Between TFC and shield
107 rad
150 KAT
75V
AC ~ 10 Hz
0.2

1A

I+

(a) Stability margin m¢ = :% -1

Growth time Tq x T Mg

Table 2.44 Parameters of active control coil

Upper coil Lower coil
Coil parameter
tocation 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 AgCu AgCu
Cross size {mm?2 ) 120 x 27 165 x 59
Cross sectional
area of Cu {mm2) 2860 6230
Current density
-4
Jpeak (A/mm?) 10,5 4.8
(a)
Jyms (A/mm2) 3.3 1.5
J eak i
ORI N —F;_— (Duty)*
2
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Table 2.45 Main characteristics of active control coil

Upper coil Lower coil
Ampere-turn (KAT) 150 150
Number of turns (turn) 5 5
Current Ipeak (KA) 30 30.
Irms (KA) 9.5 9.5
Resistance R {m2) 1.4 0.67
Self-inductance L (mH) 0.89 0.87
Time constant T (S) 0.63 1.29
Power loss Iims R (KN) 126 61
Stored energy 7 L Ifeak (KJ) 401 390
Table 2.46 Electromagnetic force and stress
Upper coil Lower coil
Magnetic field due to PF coils
B (T) 0.15 (0.32)'3) 0.27
B, (T) -0.74 -1.60
Magnetic force
Fr (MN) +4,25 79.68
Fy (MN) +0.86 (21.83)(@) 71.63
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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Vacuumn vesse|

Winding

%
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]
”
2 A
Cooling pipe for shield
(a) Upper active coil
R6420 . .
Coil can Winding support (SS)
- A
: A
~ 3 0 |

Mean radious
of bellows

i

Vo

Vacuum vessel

{b) Lower active coil

Fig. 2.49 Support concept of active control coil
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Table 2.47 Design requirement for the FER concepfs

ACS ACS-M LRD

Plasma

Elongation, K 1.7 1.7 2.0

Divertor ‘ SND SND DND

Total volt-seconds, 8¢, (VS) 60 80 250
Shield |

Bulk shield thickness(m) 0.75 0.75 0,75

Radial build(plasma to TF), a(m) 1,13 1,13 1.03
TF_coil :

Maximum field, Bpgx(T) 1) 12 12 12

Current density. Jpock(Jcov) (A/mm2) 35(10.6) 40(12.0) 40(10.7)

Fraction of winding (8 direction) 0.65 0,60 0.75

Bucking cylinder thickness, tgc(m} 0,23 0.20 0,295

TF coil thickness in the inner led. tTF(m) 0,677 0.629 0.540
OH coil

Moximum field, Bpgx (T) 10 12 14

Current density, Jpgck (A/mm?) 30 30 20

(1) Jpgek: Winding-pack current density
Jeqv @ Average current density over inner leg

¢ Device

PF coil Bucking cylinder
TF coil

Required ( Inboard ¢ Plasma
space for VS sh1e1d -
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Table 2.48 Summary of design parameters of the FER magnet system

ACS ACS-M LRD
Plasma
Plasma mgjor radius (m) 4,42 4,42 5,48
Plasma minor radius {m) 1.25 1.25 1.615
Plasma elongaticn 1.7 1.7 2.0
Plasma triangularity 0.2 0.2 G.4
Plasma current . (MA) 8.74 8.74 15.12
Field on plasma axis (T 4,61 4,99 5.17
TIF coil
Number of coils 12 12 12
Total current (MAT) 102 108 142
Mean bore helght {m) 9.2 9,2 13,91
Mecn bore width {m) 7.1 7.1 8.5 -
Max., field at conductor (T) 11.3 12.0 11.0
Total AT-m (GAT-m) 2.74 2,90 4,87
Total stored energy o (Gd) 13,5 15.3 31.3
Winging-pack curr, density (A/mm?) 6.3 40,0 40.0
Total nuclear hecgting (kW) 35 35 a0
PF coil
Number of coils 18 18 20
Total current (MAT) 149 210 201
Central solenoid radius (m) 1.0 1.05 1.7
Largest ring coil radius {m) 9.0 9.0 12.0
Max, Tield at conductor (T) 11.7 12 14
Total AT-:m (GAT-m) 2.66 3,6 4,6
Total stored energy (6J) 6.3 7 11.8
Magnet system weight
TF coil (ton) 3935 4155 7075
PF coil (ton) 910 1195 1480
SUpport structure (ton) 560 570 770
Total weight (ton) 5405 5920 9335
Cryogenic system
Refrigerator capacity (kW) 80 100 180
Cryogenic helium pump (kg/s) 5.3 ) 10
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Table 2.49 TF coil parameters for the FER (ACS — M)

Coil parameters FER (ACS-M)
Number of colils 12
Total current 108 MAT
Field on plasma axis 4,97
Plasma major radius 4,42 m
Toroidal field ripple at plasma edge 0.65 %
Mean radius of the inner leg 1.85m
Mean radius of the outer leg 8,95 m
Mean bore height/width 9.2m/7.1m
Mean perimeter 26,8 m
Maximum field 12,07
Total stored energy 15.3 6J
Operating current : 42 kA
Average winding-pack current density 42 A/mm®
Dump voltage 12 kV
Protection discharge time constant 5s
Maximum nuclear heating 2.5 mW/cc
Total nuclear heating 35 kW
Maximum neutron fluence in superconductor 2,2x10%7 n/cm’?
Maximum atomic displacement in copper 1.6x107* dpa

Maximum dose in insulator | 1.6x10% rad
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Table 2.50 TF coil winding — pack parameters for the FER (ACS — M)

Parameters FERCACS-M)
Maior parameters

Maximum field (T) 12
superconductor (NbT1)5Sn
Stabilizer Cu
Operating current (KkA) u2
Critical current at 5K (kA) 72
Strand diameter (mm) 0.865
Coil dump voltage {(kV) 12
Max. hot-spot temperdature {(K) 100

Winding pack parameters
Effective area of one turn (mm?) 999
Average current density, J (A/mm?) 1Y,

ack
Material fraction / curren% density (A/mm2)
f;tée] / dsteen 0.30/139
fine 7/ Jins 0.14/289
cond 7 Jeond 0.33/125
fle 7 Jhe | ~0.22/188
Conductor cable-space parameters
Cable-space cross section (mm) 555
Average current density, Jy (A/mm?) 75
Fraction of conductor in the cable space, fegond 0.6
Fraction of helium in the cable space., fye 0.4
Fraction of copper in the conductor, f., 0.6
Non-copper current density, Jg. (A/mm?) 314
Copper current density, J., (A/mm?) 209

—119—



JAERI-M 88-110

Table 2.51 PF coil parameters for the FER (ACS — M)

Coil parameters FER(ACS-M)

Plasma major radius 4,42 m
Plasma minor radius 1.25 m
Plasma current 8.7 MA
Total volt-seconds required 75 Vs
Number of coils 18
Total ampere turns 210 MAT
Mean radius of central solenoid 1.05m
Mean radius of largest ring coil 9.0 m
Maximum field 12.0 T
Total stored energy 7 GJ

- Operating current 4o kA
Average winding-pack current density 30 A/mm’
Maximum dump voltage 20 kV
Maximum field rise 37T/s
Break-down voltage . 10V for 1 s
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Table 2.52 Control solenoid coii winding — pack parameters for the FER (ACS — M)

Parameters _ ' FER(ACS-M)
Major parameters ‘

Maximum field (T) 12
Superconductor (NBT1)3Sn
Stabilizer _ Cu
Operating current (kA) 40
Critical current at 5 K (kA) 65
Strand digmeter (mm) 0,91
Coil dump voltage (kV) 20
Max. hot-spot temperature (K) 100

Winding pack parameters
Effective area of a turn (mmz) 32.5x41
Average current density, J (A/mmz) 30

ack

Material fraction / curren? density (A/mn°)

fétee] / Jsteel 0.55/52

fins 7 Jins 0.08/399

cond 7 Jdeond 0.23/133
fle FANITR 0.15/200
Conductor cable-space parameters ,

Cable-space cross section (mm) 500
Average current density, Jy (A/mm°) 80
Fraction of conductor In the cable space, f g4 0.6
Fraction of helium in the cable space, fy, 0.4
Fraction of copper in the conductor, f., ' 0.6
Non-copper current density, J.. (A/mm?) 333
Copper current density, J_, (A/mmz) ' 222
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Table 2.53 Total cryogenic system heat load for the FER (ACS — M)

~ Conduction and radiation 4 kKW
Joint loss 3 kW
AC loss 14 kW
Pump 10ss. 6 kW
Nuclear heating ua kW
Current lead 4 ke/h

Total heat load 71 kKW + 4 ke/h

Table 2.54 Cryogenic system capacity required for the FER (ACS — M)

Refrigerator/Liquefier
Refrigerator capacity 100 kW at 4.5 K

Cooling weight 6000 ton

Cool-down time 2 ~ U weeks
Cryogenic helium pump

Flow rate 6 kg/s

Supply pressure . 10 atm

Return pressure 8 ~ 9 atm
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=
| R2
Conductor | (::::B(::::::)

_ Wy W

Insulator _— (::::::}
AN

S.S. Conduit ng Ji47

W, t
Wy
Wy

Briy (T) 12

Lo (KA) 41,8

Jjack (A/mm2) 42

A (mm?) 555

Ags) (mm2) 300

W1 (mm) 31.6

Wy (mm) 29,6

W3 (mm) 23,0

t (mm) 3.0

(1) Aw . Cross-sectional arec of cable space
(2) Ass‘ Cross-sectional area of ss conduit

Fig. 2.51 Characteristics and dimensions of TF coil conductor
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R2

(e
Conductor

Insulator _—

:\Q ))

$,S. Conduit /]
- ¥ t
Wa
wl
Bnox (1) 12 5
Iop (kA) 40 4
Jpack (A/mm?) 38 44
Al (mm2) 500 400
Agl?) (mm?2) 456 405
Wi (mm) 32.5 30
W, (mm) 31.5 29
W, (mm) 22.5 20
t (mm) 4.5 4.5

(1) AW : Cross-sectional areg of cable space
(2) Ass“ Cross-sectional area of ss conduit

Fig. 2.52 Characteristics and dimensions of PF coil conductor
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eff Mo
A bFFT YR B2
TC m
HEEEER Qs =C, Q* . SAQT  rrrerrerreeseenen (391 -11)
eft 2,
Bn?
AL 8 kD Qp =L(B) ) CAGE  rrrrrrrrerrereeesresenmenns (39217 —12)
Ho

- THEHIA VDI A2 ORFRBEROESTEIRAD LI ITERDLIN D,

Quat =Qe TQe Qs +Qn ( Joul, Cyclesm) oo (321-13)

3.212 @EEZLAKRDORMAL

Fig.3.1, Table3 2 it;mndT 8 THEFERBBIEHEE(TF 24 H )tV T, 3211
HORKERFTEFEIIH - TRKDHEREE Fig. 3.2~Fig.3.4 iLiRd,
Fig.32¢Fig33 Rz hehBAEFARACH L EELEHMEBpy & ETLEEHBE A Bpp A
EEORMM THMENKIRFICBERICRET ARFEREERDLLDTH S, HLThDIHE
BLIoA S NVHROESBHNLHEABLRBOLLTHEBELTV S, ZhoDOR» LA 5 &
ILEFHEAOKACIDREET EIRMBRADORKSINBENLY, BpvidBpp AL T,
B=5T, B=5T/SOEE, 3 0EREARS L, $AH4ET 30RBEELHEN S EE—
FICHEHILTOEY, CHEABEROEHLENV AT EROEH BB/ TEHL VT LIC
ERLTVE, ZOL)CHALBMICEESEZDNLIEBHERIIER %%Wﬁ&lﬁgﬁj&iﬂ
ETENFNTgv=10msec, Tep=0.1msecBl T & ~Thd, —HETHHBLEVE
BILEBPICARERAVEGHTILEAOCNIBE, KEBRXERILBERCENT 25—
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EMICNET 5, ARUAPESOCEGHT LIRS LEIEGBMEEELEDHA L TTE
BB TFNFNTgv=10sec. Tap=ClsecBl b & T 5, H, HdicEFFrEI0#
HBt=0T, 6T, 12TOHEGOKERDLEE -V 2liit LTHC .

Wiz, BAMBEROEEL RS, BEEBLIOLETTAEHRAORIENS1T~10T, HF
ZALREEDS 1T/ S~1 0T/S OHRAT., ABHOHMBEREL 0 TH 0 14T £ Thk-> TRES Z350IEK
A Fig.3.41Rd, HEBicABKOESM 2 — 2 v ORREER KT . CNRLEER
FRHEEIEHAATAS EHAAUTA S U -TEY, COREE L THRAUBRFBROLD
EHMAATEAEHS NS U B EF N 5. RFEXOHNHMEAKEL R LI
NS0, FIARSMAMEREROTH» S 14TE TEALAES, BEBLCEITEGHF
Ik BRHEKE, 2heh014~06F6L0012~08 BRECHDT S LD 5,

PIESTAHFER OTF oA VABBE L EOEGHHAIC L AR HRIBHOHEFRERL
fodd, ZoOIcEDEMAERESHEANRKRD SN b, RICACS-MELRDODT 73X~ 7 +
277 va YBICEEICRET ARHEREEZHTEL, BRORER IR LT 773 X<F 4
277 vaYBIETF 34 VEELNAEBHAORANERITIACS-M, LRDTEHLTH
(Bpy=—0.6809T, Bpp=14091T), (Bpy=00T, Bpp=—214T) &7 5, EHFRM%
1~1000msec & L THEEKFLETIRHIBR A KD/ DA Fig 35 L Figd3bitmd,
CoRicihid, 73 X274 277 v a YEES Imsec TH->THERIZHEES HRMIRA
GREER~ -V YAHLUTTHEDT, TFIALEERNIZVYFTHEEFEL, HL,
COWA, IANr—R, af LHg- PCHRETIRRBAEEBCANTVELOT, 3
AADI T yFIEBLTEECRATLELENRS Do

3213 BEE2M4 VORHEESE
FEHOZHIBEFAEFEABOCTF 24 VRUFPF A vORFHREERE L. BL
PF24AOBKIEITFIA VvER—OBEAEROTHELN, TF 31 Vv ORRBRENRS 5
B, FECAVEEBRA G 24 vEREODLEL, 34w 4 —F K-> TACS—M
DBERA84, LRDOEBAGS 8HAREMA LI, /24 vy — 2O FEEBHEEM D HREP
A—tibLoRELAREL, ATBREAFCHE L, —APF a4 vd a4 vEAAD
BAL—TROTIALANEREISAL, 84 v YaOdb BT 2EBMREZ KD TER
BEAZHBL., PFIALREDORHRIBEELTHE A v v 2 OXHRBRERARE L TRB 7,
Pl F o EEEAE Table 3.3 KRT, ZCIRIBACS MO TREEDZ7LF Y E ) 74— &LRD
o WTHRE Lt , ACS-MOE#EEIRE - FOReference WML TWETF 24 vDiEH
HEMA430W, PP/ vORHEERTTOW, B L2kWORKEBKLK LG, LOFE
BiITi3 a4 v XEBEY (HOEE, Y27 -2 vE)ORKRBEBEENTOHLL,
ACS-MO TEBHEO 7L+ vy 74 —OPTHABMOTPHKBBEORRAKD DR
Inductive 2D 1589 kW& D, BIDEDitReference 1.2 kWEHL>TWB, 7
1442 vicEBI2LHBBPEARO DT Inductivel @ L36M] T, /D bDid High
s D0BTM] EH->TWWd, —FLRDOLFEHE R 65M], BUNHOFHEREAFE 3.1
KWERD, EBEHABLLAT-DICLZHRBEAXEENLALEDEZEALNS, ACS-MBLT
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LRDDIHA I LVFDERT v 7B A3TFIANLNELIDPFE 24 VORFKEBREICE 25
HORBEAFig 37T~Fig317TETd.

3.2.2 34 MRBIR

—RICHBEE TR PRI Iy FERELAES, 24 vZEBINTL T 2 UE - A
KETONHBEATHEL, 24 VvOBEHISRESHLI VAT LENR - TV B, Bl
MAHOCE, ILRERETEL2ES T2 34 VvVATHEBES N3 T s ¥ - 307Ky, o
ANVBARODBRELRZEMASH, BULHICLE2 314 VvEBOBEIBRBTONL, —HKE
BREEZSTNEERENRCREST 294 VEHEEESRKE(HD,, oA L EBHREBETD
RATHIREZ T S, COXHIIT I VEEOUESLSE A VBEROBRZHEREL 100
kKIA, 2AVEBMETE A 20k VUTIRT AL HSCHENONNABHETHYILEN S S,
ZLTI7 T FHROBEROEE FE % Hot spot mode] (WA EFAL )Y TEHL, 74 4F
Brir®¥F— oA VIGEEES X UVLEMMOBREFEOBEFIC >V THRAT 2,

TANDOHEBEOMOD TCTHEEERIRELNLET EE, COERLEFZHD /T v 23K
RDOLHINE D

12 R dt:_Z'Ti Ci{T IV dT rorrvrrmrrmremiiiiciieeeeevn e (322 -1
i

SUS =¥y b

HEH RN

1=jA

A= Acond +AHe +ASUS +Ains

Acond =AcutTAsec

£
R=peu*
LT 1 a4 WERBH (A
J D2 WEBRBREE (A )

A DEAWEE (o ]
Acond: BERZHRWHERE (m ]
A - BEBEZBHOZE/LHMER L or )
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Age - HEEEHEANOBEESHMMES [ ne ]

Age [ WERBEHRERE (o)

Asys - EEa v Uy PEER L]

Ains - BIKEEMWER (o ]

H ol Elk )

CM -k #[J keek]

v ik Bl )

i C BERYE  cu. sc» He: SUS: insulator

. Peu - REASHILEHR (Lom)]
RN(322-1)FEELT,
t

£
f PP AT e o (T
P A

cl

Tm
d¢=f Iy CiTIV; dt
Tb

i

¢ T Acu Y, 7i CilT)
f 2 A2 dt:f ¥ - AT crreerrrrrmroreminmnmreees (3229
o Tb i £ P T

LA, LTI/ L vFEHEOBEBRIBHROECEENRD AHN, Joule BANLENTHD
AHTRETALEEZNHER (3222 dRADLHICEESN B,
Tm Ai Ti Ci(T)

«— 4T e (822 -3)
To Acy g eaT

t
U(Tm):-f jcuz(t)dt:z.
o’ i

Ei s BEEED ERERS 210t (3.22-3) AMOAEELHSCC THEBILLTE
EiLi, BEEMBELCRROSEEMICANTR (322-3) 2RO X5 KEHT 5,

’ e . Ase
et “ATm "‘%{"‘ THe CHe [TH 7 cuCo, u[T)+A 75cCselT
u(‘Tm):f jcuzlﬂdt=f — . - =
o Tb : f £ eulT)
cererriene (322 -4 : A T
<

—F, RBEBEEWE COBMERN tiag &
T4 NEHROREEEAEEL T, & %mgb Wﬁﬁz 2o
(322-4)0HEm2HEE L

oo

T
f jedtltidt = j4° °(t|ag+?)

cirseisieess {399 5 )

L b,
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CZTRA(322-4) L&D

AHe Age
ul Tg)= ulHe)+up {cud+—— 1z {sc) e (322 -6)
Acu cu
Tm Tm
e * CHelT) Teu® CoulD
w (He )= £I'"‘**—I‘L'[—dt, ug(cu)= c—-———-dtr
Tb £l T) Tb P culT!
T yec * CaelT)
u3lscl= — —dt

Th O eulT

EEWL, Figdl8iu(Tm)y wy (He)s uz (Culds us(SCHYA¥EE0EEE L TTL
oo CRPLEFREBEFSOKUITOES, MEOCAFTENTHEFES L TS0z L, 50
kU ETREEMS, BBEEMOBBFENFTST L LMnb. —F Joule REAE XD T
(322-5) L ELMHOBHREE j,=100MA/ m~25 0MA mr$ TEILSH, o4 VEE
BEf r=50sec, 10sec & LABELCODVTFig319ixrd, BLEDES, 7258
HEBROENHBEVWGEDLELTVE, ZORML LS B EREBERH r=5sec DL, 71 v
FPOBE LI OMBRICBEANDORBETTLTVWELETHE, —HEHK r=10sec DI
B2 OT—EEIZELEL TV S,

Fig3l88LkUFigdlon220s3 7 b1 FlolkoRSTSEEL kD5
LEWTES, PlAE, LEAFOWMPEBEREE j, =200MA/mE L, BRBEREH =
5sec &@Lﬂﬂi'rfm Jeur dt=10" (A% e s /) KBS, u(Tw)=10"7 (A%« s, m)
Mo Fig. 31 S%ﬂgb\fﬁﬁi%%@}%ﬁﬁTm =80k BRHENB, Fig 3200 j,=200
MA/m ) 1=5secDBEGI/ Ty FRIBBEIOBIAY t1,6=0 1, 2secDEHF — RITDWNT
[ dt BB L b0 THEN, FNTROBERTEERER, 80k, 120k,
180k &7 B, B-CITYFORHEROENEEERSEHEE To =100k UTFICA
HCHITIE05sec I TRT D248 H b, BEAHOEBEBFREE j, =20 0MA/ OB EDE
(KRB OFFRIZAIL%E, tlag=0sec: lsecB5BLDF r=5sec, 10seciK 2V TFig 3211
To ERNHEMFAOEREELXEU(RERFNFERE, A VERBREHRERS LU I v EET
ANF-—TT oy b LEbDEFig3d22~Fig3.24KRd, £ TFig.3.22h0853%
BE T =100k EHETHNIE A VERERETEH M r=15ec, Ssecr 1 0sec DB, BE
ERFAEBHREERINTN jo=500MA/m 225MA/ > 160MA/ M THBIEMNT B,
Fig.323 R B&SHERE4A Ta =50k, 100k, 200k, 300k KBEEL, BEIFERE
BAE23 4 VEEREHOBBMELTEDLLTVS, —AHFigd 24 3 EEESFEERE T, =
100k icEEL, EEAHERFELZ A LERBIALVF - OBEKE L TEL TS, TF
A4 VDEREREIANVER A LF -3, ACS-MPOHREFIKEBEWVLT, I14=4175kA,
E=12756G). coil, LRDFOHFRHICEVT 14 =393TkA:, E=2783G]. coll &%
ST B, T/ Ly FROBERREEEEE T, =100k &2®MET LHHICE, 7207
MHOBMENASBEOEREL, FL 34 vEWEES 20k VAR RETNE, Fig 3.24
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IO REMFAOHEEREE LU 21 A HEBERIZACS-MT ji =390MA/mH =
31sec LRDT j2=190MA m t=T.1sec&tbd, —HACM-MBLUPLRD®DTF
T4 NOBEOREMHOGERIEZA =200 THY, &5~ ZOLENAWEREER |,
=20875MA/m& 1 9685MA/ MEN T b, ACS—-MIREEAFOBRERE ICRHD
%%tb,34»@%%&&?6,%ﬁﬁ%é<?5c&ﬁﬂ%f@éoLRD@%%M%%
RO BHREEVEFSEABIATCH 2O THRESF|ZRAE T, 3100k 2D LEBAL T LI
5, '

3.2.3 (NpTi)s Sa ¥

"QTEFERDOHBE A VORI AITHRKED, HHTE (NpTi: S OFBHEHES
BYimsofHEL, Figd 2 B8LUFig326its &b, REHEZITICH WA (NeTi)%Sa
oL, Ref.[4]J(C.D. Henning et al» TIBER Final Design Report,
Nov. 1, 1985, pl05)&iE—HULAEEROTY 3,

3.24 JERIFOEZLR

BEH A VOARBEEHEREEORERERFBBECAREINEBLE5AIRTTH LM,
ZLDNIA—IREBETARTHOERRNEDOBRRITKETELIABREP -1, TL
T, BEBTEHBHEEORBERTED ~2DFX LT 2ik~<5b,

HREEEEREE (e ) HRATEDEN S,

lop Lop
Apaek Aw TAsatAins

] pack =

1
- Aw//I op+Aas/1 op +Ains/Iop

1

= ............(3‘2.4_1)
l/jw+1/jsa+1/jlins

lop - BEER

Apaek - AR ED AW H IR

Av D EBEeWMEREOI B Yy PAKEEK
Ass - " a2y Yy PERWTEME
‘Ains - " Y& 3 SR M W i A
jpack - HEEEEEREE

jw - 2vYy PAREEHEREE

jas - AVYy PECPHERER

jins - MOBEMEEHERER
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ERZROTI jws 1756 1 Jins BEBEBHICEHEZ2Y 0y F AWEE, 299 b
MEmE . CREHMFEROSH 2HA0EEELS, 1./ ) BEEEENE, ©E#, o
ANWREIT DD, 1.7 e WBAOBEMMEE, WELCADDHEZEDTHY, 1. jindd
A4 NEBRECLIPDEEOTHEL, (3.24—-1)RIRT, jw, jas, jins & TN
E, 94 VEEHBREE ( jpa ) RELALH, B DO5LRGEVLOORBILHLLIDT,
B EBFAEL-CHLES VR LEBUETH B,

jins FEAKDOWMBEHMN, RESKRETIETHINUTORSTHEEO L HERY

CEDREEGE2—E(10%B)ERET L. COHEAE (ine £FT 3 ( 3.24-1) Rk
s B,

. l—fins
]packz : --..-‘......................................................( 324_2)
1//]w +1/jas

(1) 2voy FREEHEREE .
YTy PAEEEREE jv» RRATEALSN B,

A Lap Top (1—fHe) Top
Jw = = =
AW AH9+ACO ACU
(1 —fhed Lop 1 —fh
= = B T T ( 3.24_3 )
Acu+Asc l/jcu+1/}.sc
X i3,
(1+fﬂe) IOD/ASC (Imee) jSC
jW= = ............(3.2.4_4)

Acu/A5c+1 T+1

AHe . S H E ZMr i
Acu - BEALMETEE
Ase P FFERIEAMHM dFE
fre D 3 vYy PRI EDE Ag. DEE
jeu - REAMBLEEEREE
jse ¢ FBREMAMEBEHERER
7+ - Cunon-Cu
SHE Sl EA cHEMHRN, ERNBTOBRAY 9L 34 FE g ik, 0.4 08
BahThas, (324-3) AN T i@ 3IMNVREBLEGRTAIHETHSEN, 22T
BAEEOBEKZFTHER LTV SME, r(Cusnon-Cud=1.52EHRT %,
(324-4 )T je l3WEB), SHEEE(Ty), BE<-—Y v (4T)H DM
HTHOROESICEPSAE (Fig 327 A8HE), |
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jsc(B, Tcs) I\c*—Teg
ic(B, To) T —Te

ciiienensn (32 4—5 )

e (B, Td) T — Te
ie(B, 42k) TF—42

viirnine (324 —6)

T.*: WBB TOERNEREE

Ty - 34 AODSHERE

Tes - DHBABEE (=Tp+4T)

AT RE~-—Y v

ie(B To) REEB, BE T, TOnon CulfABREE

je (B 4.2k) I HEB, EBEA42KkTO non—CulERBEREBHE
CZTTS, je (B, 42k) 13, BIBOMEE L TERAKKDL I IIHMEN D,

Tc* ~a—B+B O - e A

Je(B 42k )= jeo( 1=

co

( 324%8 ) K&CE{\—CBCO Gimﬁﬁmiﬁf%éo C_ Cfﬁi (NbTi)‘g S!l %‘r&& Lr-t-’ ﬁﬁlﬁ
ik ~xfo kD,

T H 21768 05T3B (K] wrerreremmmmmmmssnss s (324 =17)

. B

Je (B 420228 %100 (1o—e)t (Agi) o (32480
HRHET 5o

BEw—vry4Tkid, BHEL (4T, ), BEBAC s8Ity d 2=—- Y (4T
BEU, TRIAAVDESEKER(AT,), PFafAvOBAIKIBACTR (4Tac)
HEMRESETND, B, BHELELS, BHENL £ HEdm]  ce, BREH, ACTR
W,/ M EORETEDLENED, WEFNLLBEKEEETHS L. CCTREHEOR
BITFIA4ALTRAT=3k PFaALTEAIT=25k &HETE. COKIITLTRK
B jee (B, Tes VBEF I/ Top(=ic(B, Tod/ jea(By Tes) ) OREG RN =
Fig 328, Fig.3.29Cmdo FHEEZATEFIg3 29 RLAELIIC I Topldtld
kA EL, EREMTR2 L0/, SHEBHTR2IDREL>TV S, KROK
a4 VA THBEE o/ Top~2 B EASA TS, Fig 3301 js (B, Tes) o Hit
BIKER L, fre=04, =10 %2R LILEAED j« OBIBKEELZTT
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2} a2 v Yy PEHEREE .
By PEREE jes (= lop Ass ) DEZHFRBTFIANEPFIANETRL S,
Y TF a4 votgs
TFaI4nid, EBEALHEMELTaAVERBEELTVEDOT ja (BB ALD
MAREHEIRIE S, CCTREROHITEELEHEL T,

Av
fw =

Aw +Ass +Ains

2 (324-1)YNicfERT 5, CoBEH(3.24-11R4E

(1 —fHe) fw
jpaek = e e e e e (394 —10 )

1+7y
B, Fig33 1t LA TRDLETF A NVOEBTBEBREEART, 4T=3k D
BEI2TTCA40A mMOEBRLEHREEBSELNS,
(il PFaA4LdEs
PFaANE VR BEREBEOACOREZERTALEHBRTFaALDESI I TALVE
BERFLTHWEVWOT, a4rida vy b M BEUBRAISTEHISM CHEER %
FEHLEAOERL S0, FEHRERETENEN jLdXRODLHSICEDLEIND,
I

Jss=

= < (324-11)
B+ R

v BEAZEMEBGS

B a4 LMREERE

Re - 24 WFEHHE

o, BiloA v NEIEAH, SRASGLLIDE A LEBICRNL LY, 2T TRPO
WL/ AFIALERELTT=350MPa, B=Bnax” 2 ( EMRKRE ) 2EHT 5,
Fig.332IRANTA =2 L LT joe OPWIBRTHEETR T, jocr jas 2L TKD
fe#ly v /A P34 D j, DERKRERE Fig.3.33Icqnd, mARE 12T, 24
NEBER I mOBE, H30A/ MOEFLEHEREE L5,

3.25 QHIIA NG A—FH -~

Moy A i, FELTFIX~DAK, BECHBE LT AMES ML T 285
ZFHETA0HaA N (HLE YL/ A FafvBEY e, S XvEEALBELTIHERKCHS
T DO EHHIEERESEIBEEEFETAEF 3 AL (FA—F a4, ROR) T
MDD LR EN S, Fig 334 il KFEERHOACS MEOED 4 #F VD 4 VEE
ERT,

CC'E‘.GZL FRMEDZ VTN ERLFABZLZEEBOELL, OHIA LVOBHEEOLTEIC
3, IR THBNICEATEZH VDS, OHIA VBRI IWHELEBEOH I A v~fiEDM
FEHE~D,
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(i) OH=zA4 VvERELE & FEAEE
Fig. 33 RRTOH2A ABRICHRTOH 2 A VO EL{LE (4¢) 0B a4
BRAEE (Bunx) OBEERKRATEDEIN B,

d?
A¢=2 #Bou( Rp +Ro * d+m3_ ) e e (39 B — ] )

Bmax =@BOH=@ B 7 ft jpack l rrrorreremmse s (3959 )

4¢  WHAELB(V=-5)
Bopg: OHa A s (T )
Brax: OHZ A4 v AW (T)
el T A MEEEREBE (A
Ro @ a4 WAEE(m)
é I aAER{m)
g L BWE(4x2x107H, m)
a a4 LoREREEDR
Bl BN ZER LA
r VLA F3ALBIRENR
a, B, r3 A WRICKEFET EERFTH S, Fig 336y D4 vERIKEEER
T MIEMT LA rRIANVHE (L) T4V EEEZE (R)DEL"RICXDEA
T 5, FERTOOH2A MFEMPIRRLAKXHIIEL, R~6THH, r DEIF095
THbo
Fig33TREBOHIA A~ AREX (L), MHAREBMBE(p 2 FERTERE
ANBETER=1~2m p=1m& L, BAEEERE=hpENFTA-—FLLTIA N
E& dd, BREREE B & TOES Bon DL, a=Buax Bonilxt L& 5#HET 55
2B~ LOTH B, R=1~2moEHATH, RIaicpBAH52T, fLdLBaiti
L 2, HL, e dKBFERBVBARNELRLBENSANLD, UEORSTEBEOLD
=09 a=1035%HHT 5,
(il OHz A LVERAXH
WIEOH2 A vOBEAZELODVWTHIT S, OHIAWRBTFIA VD LHLITA
wﬁﬁéﬁbfwﬁmkbOHj4»@%E?é%@ﬁ@é%7—f%@ﬁ@§%@:y
UL N TEBTALENS S, R EBH AL EORMEER L L RERHSLETE
B, L TERIAATHENTERS. COBE ﬁﬁsﬂtﬁbéﬂ YYy PHOEEE T
CLFBEAY Yy FMEHEIES (T BRATED SN B,
g'jpack'Rc ~

;’dﬁ f =B. jss.Rc B I T R R R I R L T (3254.3)

T lavyy PTHEETLEHEN (Pa)
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fIEEZEwEa Y, OB
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B, Tl af vRBIEATE, BRASAICEETEHM0HI AL THERNIICFig3ls
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jw + 7T FNERBREE (A7)
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RONECTERAMBER L 2TESETHZ, LEWHEELLESH 200V s DBSHEE
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Table 3.1 AC loss formulas

Eddy
current

loss

AC IossNJ Models Formulas Notes
. 8 2 L:
. Q.= 2;0 -2 {—2—3-8—-%}}' Asc Asc:Arec of S.C mureriuzi
(g<1) (J/cycle-m) [A,‘;:N‘?FDZM'
2 5.2 e N:No of filament
. L, T2 4. :Critical current density
(‘x . Qi' 2;0 2{35 'ﬁf} Ase (A/m?)
. . (821) {J7eycte m) D : Filoment diameter (m)
Bm:Qscillating field
} 8, " ur?\plitude (T}
Hysteresis| By | ALT hode 0 & TN
loss 8. 28 &z
- m g —— = aa—— -
.Q’-EHQ{E} 3}Asc
& (8<1) {J/cycle-m]
- 8l (2 4
[Pt O S < N G
2 a . .Q" 2#0 38 332} Asc
e (A21] {J/cycle m)
Bﬂ'lff ) Brn
By IRV
5 2
) To_ By | r = Conductor radius (m)
I i Por= 16§ Wt it Ac(w/m) Ac:wr? (m?)
' Jo {ka!=0- Bessel furction
1 2
o s ot (sec) k,;22.405 k,211792
) 12T 5eCt | x,=5.520 %s:14331

k328.654 ke=1BO7I

eP. = g*2b Q0 o, éi; -Ac d: Conductor width (m!
87 glarb] 4 ¢ 2pe A:z2dla+b) (m?)
vf‘ lW/m]
<[]
3 1 T
BiL Bew Koad
*Tir 3 {sec)
Ae ab By
R as B | * Pan* Gigeny T 21.1:-0 Ac
47— (d «0,8] (W/m)
g —— Lodab
T plareT rsec)
C/A'/\b\‘ 'P:E%'Buz ARt (wy |[Aisbre (m?)
5/ : b c -1
d‘f'o‘”(‘c‘*b)
8,
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Table 3.1 AC loss formulas (cont.)

AC losshd  Models Formulas Note
B!'lz Aecq Cross section of SC.areq
T L %8 L.
Pt & T2 A (wW/m) fcgR? (M)
2 [ scg~ T )
q - Mo (_IL) _
LT 24 \ 2T {sec} |lp:Twist pitch (m)
| ‘ 1 w R :Rodius of SC area{m)
riY i Y T W Width of surroundin
Filgment Ll Pt TP ROP (1/8m) condactor (r%)
Coupling D) B, Effactive resistivity
loss chrT o {2m)
B, % P :Perpend(isclullr?r) resistivity
‘ r B2 ~i X Proportion of §.C.
/ * Peu® '%' Ty 2:0“‘&5“ (W/m) material
K .”- 'BD 2rR 2 |
s Tz
5 " 28, ( Ip ) (sec)
re «p ~p
N / nF
Ben _ 1 T o2 2
(ra g (23 00)
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Table 3.2 Characteristics of the superconductor for TFC

No. Item sign unit 12T conductor
1. | Superconducting material ’ — {NbTi),5n
2. | Stand diameter ) Dy ¢mm 0.865
3. | Filament diameter (Number of filaments) $um 5 (3422)
4.1 Bronze ratio B — 2.5
5. | Copper ratio — 1.5
6. | No. of strands n — 3% x 7 =567
7. | Superconducting material area of stands A mm? 133
8. | Copper area of strands ACU mm?2 200
9. | Tetal area of strands ACo mm?2 333

10. | Operation current 1d KA gég? ;g: f‘gg'ﬁ

11.| Critical current at 12T, 5K (J =540 A/mm?) I KA 72.0

12.] $.5. conduit outer dimensions a i 29.57 x 29.57

13.] 5.5. conduit inner dimensions b mm 23.57 x 23.57

14.§ 5.5. conduit area Asiis mn® 300

15. I ‘Insulation thickness tins mmn 1.0

16. | Helium area’ Aye mm2 222

17. ] Volume fraction of copher in strands f =ACu/ACo —_— 0.6

18. | Volume fraction of metal in the coble space | fco=Aco/AcotAte] — 0.6

19. | Cable space are A =Aco + Ape A i 555

20, | Void fraction fle= 1 - f¢p THe — 0.4

21. | Limiting current Ig KA 44.6

22.| Stability margin {at B=12T) AH J/ce 8%3 ‘Fg; IL\%S—M

Table 3.3 Summary of AC loss of SC coil system

TF coil AC loss | PF coil AC Toss | Total AC loss | Operation time

(Joule)/ (W) {Joute)/ (W) (WJoule)/ (W) (sec)
Reference % % % At = 1000
Inductive 1 - % 352:;‘130 % at = 230
Inductive 2 % % % At = 66
ACS-M |  High & % 644;1;20 % at = 260
High x % % % at = 600
Size L % % % st = 830
OND % % 1331?;20 st = 730
LRD % % % At = 2116
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SC filamant Nb filgment
( # Sum x 3422 )

Strand Bronze ratio 2.5
| Cu(Cu/SC=15)
Ta barrier
Cr plating
l Twist pitch 15
x3 st strand pitch 30
Triplex J'

2nd strand pitch 60
x3 3nd strand pitch 120
l -4nd strand pitch 240

x 7 Bth strand pitch 480

|

N\
-
Conductor
plawy)it
MY G -
. o N MY
Insuigtor
5 J
S.S conduit & Z
: 236
29.6 unit : [mm3
31.6

Fig. 3.1 SC conductor of TF coil for the FER
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lo4 - T 7 \ll}.‘ [I .l \lll\" T .| T T T TI.Hi T T I'WHE ] T 1 1117 3XIO4
L~ B=500T/3 .
_-B=200T/8 .
10 Stabifity margin for the '87FER | 3¢10% ~
E AH{OT) 3 8
= AHIBT) ] =
—— 1 e
BHI2T) =
= E
= —
2 10 3300
- ] IS
= . =
= . 2
890 F 430 S
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o i By=50T | P
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| Bv=20T 3 N
- B By=10T 7 <t
B . B,=05T
- ool L Ll . Lol Lol ol 1Ll
10 . 1 I l LIl 03
16° 1g° g | 10 10 (0

Field change time T {s)

Fig. 3.2 AC loss of the ‘87 FER superconducting conductor caused by
the vertical component of pulse field (Static field = OT)

4
IO4E T T "H‘II 1 T '\II\-‘V T fff!'} T T \\.\1[ T |\‘-HI T T T \It 3;(10
C 8,=50T 1
i Bp= 40T 1
3 Bp=30T , s~
107 = . Stability margin for the '8TFER o 3x10” &
—_ g Bp=20T AHIOT) ] -
g E AHI6T) ] £
s - =
2 - - AHU2T) £
> Bp=1.0T =
= 10°F 4300 o
g ; 5
= r Bp=057 . ] 2
s . !
E - -8=5000/5 - e 4. -
B=2000T/$ - =
s 0 F 8=10007/S 330 =
=8 k- . 3 7]
- - o
2 - B 500T(s ) 7 e
= i B=2001/5 S
< ‘ 7 -
= 1 L B=100T/S W
- B . . 4 A 3 N <I
E P 8 =Bp/T B=0T/S S E
N B=20T/S - ]
i T 5=10T/5 ~ .
1 1 B=5T/S
10' 1 "|I.\H|‘ Lyl NI e Ll lar L1t et | 03
108 1g° 19 Tk ok 10" |

Field change time , T {s)

Fig. 3.3 AC los of the '87 FER superconducting conductor caused by
the parallel of pulse field (Static field = OT)
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AC loss per unit strand volume (J/stcc)

IO t I 1} 1 T T T
AH=sHeATcsﬁ—g§ = 1.7465-0.0764 8 ]

1 .
ATcszTcs"Tb:“"'To;:]?')(Tc".rb) 10
TJ(B)=17.6(!'—-§(—)E_17—2) ]

[.0F x
T
L]
S
1.0 _
W
wy
k=
0.1 )
<J
S
ol
' =
=
>
0.01 =
=
jw
=
00! o
] =
S
&
0.001 =
93]
—_

0.001

0.0001 L ’ ‘ ' L i

0 2 4 6 8 10 12 14
Static field B, (T)

Fig. 3.4 AC loss of the '87 FER superconducting conductor as a

function of static field
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jeiB,4.2)

je(B,Tv)

Current density

jc (B, Tes)

Temperature

Fig. 3.27 Schematic diagram of current density

600 T T T T T T

400

200

Non- copper current density jsc (10°A/m?)

O | 1 I i |
10 o2 14 16

Magnetic  field (T}

Fig. 3.28 Non — copper current density
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