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EVALUATION TESTS OF WINDING RIGIDITY FOR

SUPERCONDUCTING COILS [1]

* .
Yasuhide HATTORI , Kiyoshi YOSHIDA, Hideo NAKAJIMA,
Yasuo OHGANE, Masayuki OSHIKIRI and Susumu SHIMAMOTO

Department of Thermonueclear Fusion Research

Naka Fusion Research Establishment, JAERI

( Received August 26, 1985 3

_ This paper describes experimental studies on the mechanical
behavior of a winding in superconducting coils. The significance
of Young's modulus or rigidity of a winding increases in a fusion
reactor because of its large size and its high electro-magnetic
force. 1In order to study the rigidity of a winding, three kinds
of winding samples were prepared and evaluated at 300 K and 77 K.
The measured rigidities of monolithic conductors at 77 K are
lower than the calculated rigidities from a stress equation of
anisotropic thick-wall cylinder model. Because the internal
stress distribution of a winding is different between 300 K and
77 K : there is a thermal contraction difference between a

conductor and a insulator. The measured rigidities of stranded
flat cables are lower than that of wmonolithic conductor at room
temperature.

Keywords: Superconducting Coil, Cryogenic, Mechanical Properties,
Young's Moduluds, Winding, Temperature Dependence

* On leave from Mitsubishi Electric Corporation.
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2. ABEEBEOHME

Fig. 2.1 CHABREEOMEENE TR T NORERE, F6EOMETIL TH O, FTHDIE
AP SUCKoEBEEAHT gk, VRO vy IT oM VEAEERESE S, T
DEEHNEOFEE, BEROANL ST, EKRFES (WAE, BEZEEP) L5 icsA
FEAEMAHTENEHKLTET, Fig, 2. 1 RTHELSEBHRAESRZMA TV 3,
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P=19961xG (kg (1)
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kxEmA £, kgl &ETH@EA §, [kg) ER—&ELADT,
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f, = — k 2
” (kg (2)

THho, Fig. 2.3 L0,

f,=F’ sin 20° (3}

F =2F’ cos 20° {4)
L5, A, @), BERATBL,

F =5470G [kg] (B)
15, '

WA, WES LEHAY — SDELNSE 0 kg /af THdETEE, VY Ik vy Fricib3s
AESE, 27,350%kg L7535,
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BAhBIHDHEBRY TV TH S,
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“Poisson Ratio ” KU “ Egug " DEDSEEY, REFRRLIZRORB{ 8T 5,

INoDERLY, CORFYUVAHY v I4 v PLOERBBUVBERZERETOY V7R, Fh
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3.5.2 BEyrITL

Coil ~A, B, CO3BOEFY 7LV TDAIEFZRS, #hFh, Fig. 3.7, Fig.
38%U Fig. 3.9iRT, ChodOKT, “Leond " BEEOES, “Lins ” 25 — B4R
DIEE, “Econd " HEEDY Y 7E, “Erins ¥ $5 - vERBHOR AR Y L 7E, “E,yins 7
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HEPTIHRDABETT -7, FO5RFMEL Fig. 3.1 0i0Rd, MAERAE I ZELOHEER
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BILEBABROT, &5 — OB LABEC, 54— YHBEEOEMEEORVES (=Ereff ®
REWVEICEOES) &, BOHS (=Ereff O/NEWHEIEVES) EWRECEETIRLE
RILIE>T0 5B, Coil ~AKBLTEERDRRDL LR LTRVD, BEEFEETOHRS
Bl UMERIT®H -7z,

Coil —BOZEETOMEFEL, Fig, 3.8 —lalic, MEEHEEE TOHAIELERE Fig. 3.8 —
(DN R LTV B, CD 220X MolH ok, FEICBOTIEE 00 kg/mm’ TH-729— ¥
P OF N nl ¥ > 7#B, RASEREETIE2 5 0 kg/mm* CEFTHETFLTHA, THOHEH
R, MEASERAE TOAENMSARICEL > TiThb b, BRI A VOREKZERBICEE O T,
WK & 5 — R ORITREEICER L TRk & S48 - SRrIomb 4 & 04 X0 So ke
Rk, 57— BBHOBRSEMY v FTRELDSOHREMIICHIL LI EDEEL SN L. Wl

S foiR, WEHSHIINT 2B ORETBAFFECHEL, BEE s - VBB OBFEELEE L /-
MBI 24T » 7z TOMIERE Fig, 3.1 1R d, BINT, AMGKASREE COHEET
HbBo FATICBNTIE, Erins =6 00 kg/mm* &L, BEOBIRFELRZ14x10°/C, -
B OB FIZ 4.4 X 1 0 7°57Ck Lz, TORBTREEL S S LBRIZ, o/ B Bk =
DNEEZEELI-OATIEY — YREBRYOR S ERMEOF GRS ETAHE T, didL ik, 3
NPT ELFOIERYUPRPETOLEFEREEZ 5N b, v, BERTO Y — BEHORE R ¥
SERMEME 00 kg,/mm? if, 747 - FLOT K+ VEETOMH2 00 kg/mm® THEHZ &4
EABE, THERFUNT ABBMOEAR Y Y IRELTEINBTH 5,

Coil ~CDE@TO MERHRIEIFig. 3.9 ~(a), RAEAERBEE TOFERE Fig. 3.9 —(biTH 5.
FRTE, A lEICE LR+ Y BOBLRO 7w, ¥ — yERY O v FEMRE, Fil
Mic, BEOY v /EELELC1 1100 kg/mm* KETEDHLNTNS, Lipl, HAREREE
Tid, Coil —BL[EAROHFIREHSEIY, 500 kg/mm* KEFTETLTH S,

Lib#etz Coil —A, B, COBBHMY T e, AT VYLRM) ¥ Iy T riton TSR
PR DM EF{E % Table 3.31CE &%, Table 3.4 Table 3.3 b i, K@), K
QUOEMESHAZRACTERE LS 24 VD P v 7E (=58 HE) TH b,
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Table 3.1 Test Sample

Stainless Steel Solid Ring Sample

Material S.S, 304
Size 650 850-10
Stragin - Measuring 74 points

Winding Ring Sample

Conduclor
Mafterial NbTi - Mondlithic
Size 7x7 mm2

Young's Modulus 1100 kg/mm?

(Results of tension test at both room)
temperagture and 77K

Types of Winding Sample 3 kinds
{ Coil-A,B and C)

Shape of Winding Sample
1D oD t
650 x 794- 7

Size
Num. of Turn 1O turns
Strain Measuring 74 points

Table 3.2 Strain measurement and the calculated load for 12 load cells
Num, of Gange Num. Average value
. Calculated load
load cell No 1 Gauge No. 2 Gauge of strain
1 EEC ~-63 | EE¢ B6)= -£5 Straine -54 Forcem -826k9
2 EE( ~74 | EEC g8)a -74 Strains -74 Forces ~955kg
3 EE¢ ~95 | EE( 98)= -e3 Strain= -g9 Forces -1148ky
4 EE( -142 | EE( 92)= -188 Strains ~186 Forces -1267kg
5 EE ¢ -68 | EE( 94)= -565 Strain=  —&7 Forces =-B858ka
6 EE( ~35 | EE( Sg)= -77 Strains  -81 Forces -184Skg
7 EEC( -59 | EE( 9B)= -99 Strain= ~95 Force=s —-1219kg
8 EEC ~112 | EE¢1iBBr= -187 Straln=s =118 Forcew —1413ke
9 FE{1GL)= -1RA2 | EE(162)= ~121 Straln= -112Z Forcee =1445kg
10 EE(183)= =-10932 | EE(1843s ~—187 Stralin= -18S Faorce= =31354kg
11 EE(185)= ~B3 | EE(1B6)e  -B2 Strain=  -83 Forcem -1iB654kg
12 EE(1E7)= -95 | EE(188)=  -8Z Strain=  -B4 Fopses= ~1877kg
Total Force=13771kg




J

AERI—M 85-146

Table 3.3 Rigidity of Elements on Test Sample

(unit : kg / mm?}

_ Winding Sample
S.S. Solid - : -
Ring Sample Coil-A Coil-B Coil-C
cond. [inter-furn cond. | ins. | cond. | ins.
Room g-dire| 19,700 [1,100 1100 | 2000 | 11100 11,100
Tem Aimiiie Bl bty d il No fixed-——--+--—-7—-———17 ———1
perature ,
r-dire] 19,700 [11100 11001 600 | 1110011100
g-dire|] 20800 11,100 11,100 | 2000 | 11100 | 2000
TTK -t — -1 No fixed—— — —1 e Ml S
r-dire] 20800 [H1100 1100 | 250 11400 500
Table 3.4 Average Rigidity of Test Sample
(unif : kg/mm*;
5 S Solid Winding Sample
Ring Sample|  Coil - A Coil-B Coil-C
Room  |@-dire] 19700 |* 10800 11,100
Temperature; -~~~ 7~ ~"~"~""31 /[T T T T T T T T T
r-dire.| 19,700 7500 11,100
g-dire| 20800 10800 10800
77K p-——t-——"7"—7 / [T T T T T T
r-dire.| 20800 5000 7000
* It is imposible to evalugte a Winding Rigidity due to

irreqularity of strain in every turn.
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Expunding Disc Printer CRT Display
Device
L 1 1
Pressure
Gauge
. = i
Strain Gauget—{ Scanner :flﬂne;iﬂ;gi‘ Computer

rig. 3.3 Measuring Flow Diagram

STRAIN OF R-DIRE.

STRAIN OF H-DIRE,

0+ AIBICT | DI A F
a5° A B c 1 D £ F
0° ABC C F
3s°f-A B o | D E F

180° |- A7 4B Cn ID +E HF
25— A B C 1 D F

270° A B C D F
S S M T N S B | o
—307 —231 —1s5 —-BO —4 72 147 223 375 450

Fig. 3.4 Distribution of strain for R—direction and H-—direction
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(s7arD)

EL

SETTING OF
U-CAM MEAS.

U-CAMS_ yg!

INITTALIZE.?

NO

U—CAM :Data aguisition
instrument for
measurement

STRAIN AND PRES-—
SURE MEASUREMENT

-CHECK ON
DATA

- PLOTTING OF
STRAIN DISTRI.

1

s

OF STRAIN DATA

"AVERAGING PROCESS

T
|

i

SETTING OF DATA
FOR FITTING

v ]

INPUT OF ANALYTICAL
"~ VALUE FOR CALCULATION

]

STRAIN
CALCULATION

!

DRAWING OF STRAIN
CALUCULATION RESULT

DRAWING OF STRESS
CALCULATION RESULT

END

NO

Fig. 3.5 Flow chart of measurement program
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O—q 5 a {mm} = 325
72} b{mm) = 425
50| L {mm!} =10

circle : measured value Total Force {ton)=10.9

. , . Poisson Ratie = 0.3
line : anaiytical value Esuslkg/mm?] = 19700

Strain {PPM)

radial dire.

-69 I ] ! i : ] I | I
325 345 35 385 405 425

r (mm)

Fig. 3.6 —(a) Evaluation of S.S. Solid Sample at Room Temperature

24

105

85 Analytical Conditions
¢ (mm) = 325

66 b (mm) = 425

46| L {mm} =10
Total Force {ton)=10.9

circle : meosured value

line . analytical value Poisson Ratio = 0.28

Esus { kg /mmzl = 20,800

Strain (PPM)

T_

-13 radial dire.

-32 00T

O s

-52 g

_71 1 | i l L l 1 1 J
325 345 365 385 405 425

r {mm)

Fig. 3.6 —(b) Evaluation of S.S Solid Sample in Liquid Nitrogen
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hoop dire.

o}

at Room Temperature

Analyticel Conditions

a{mm) = 325

b{mm) = 395.5
Limm) = 705
Lcondlmmi= 7
Ling{mm) = 0.05

Total Force {ton) =10.9
Poisson Ratio = 0.33
Ecund(kg/mmzl ’1[,100
Ee efflkg/mm?} = O

3955

Er etf (kg/mm?) =100 ;
B E, off (kg/mm?} = 50
__Q__ok_._-J@-
) O
\rudiol dire.
O 1 l L | L [ ] L
325 3394 3532 3673 3814
r (mm)
Fig. 3.7 Evaluation of Coil-A Winding Sample
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[)

circle : measured vaiue
line : analytical value

| 1 |

i rodiol dire. A O—0
/ .
-6 Q

10
325

3394 3538

368.2

r {mm)

3826

397

Analytical Conditions

a{mm) =325

bimm} =397
Limm)=72

Lcond lmm)=7

Lins (mml)=0.2

Totai Force (ton)=10.9
Poisson Ratio = 0.33
Econd (kg/mm?) =11100
Esins (kg/mmd = 2000
Erins {kg/ mm?) = 600

Eeave (kg/mm?} = 10800
Erave lkg/mmzl = 7800

Fig. 3.8 —la} Evaluation of Coil-B Winding Sample
at Room Temperature

hoop dire.

circle : measured value
line @ analytical value

radial dire.

3394 3538

3682

r (mm)

3826

397

Analytical Conditions

g{mm} = 325

b (mm) = 397
Limm)= 7.2

Lcond (mm) =7
Lins{mm) = 0.2

Totat Force (ton) =10.9
Poisson Ratio = 033
E cond (kg/mm?) = 11100
Eains (kg/mm?) = 2000
Erins (kg/mm3 = 250

Ee ave lkg / mmz) = 10,800

EruvB (kg/ mmz} b 5,000

Fig. 3.8 —(b} Evaluation of Coil -B Winding Sample

in Liquid Nitrogen
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496
424
35
279
207
135
62
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O QA almm} = 325
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. Leondimm) =7
circle : measured value Lins (mm} =0.2
¢ y Poisson Ratio = 0.33
£cond (kg/mm?} =1{1100
S Eeins (kg /mm?)} = 11100
radial dire. Erins (kg/ mm?) = 11100
Esave (kg/mm?2) = 11100
T S S £ rave {kg/ mm?) = 11100
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3394 3538

JeB2 3826 397

r {mm)

Fig. 3.9 —(a) Evaluation of Coil-C Winding Sample
at Room Temperature
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310
252
193
134
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-42
-101
=159
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I

hoop dire.
8 / O
0 O Analyfical Conditions

almm) = 325
bimm) = 397

circle : measured value Limm) = 7.2

_ _ Loondlmm) = 7

line : onalytical value Lins (mm} = 0.2

redial dire.

| L 1 L

Total Force (ton}=10.9
Poisson Ratio = 0.33

E cond (kg/mm#} = 11100
Eeins (kg/mm?2} =2000

Erins(kg/mm3 = 500

Eeave(kg/ mm?) = 10800
R B Erave{kg /mm?) = 7000

3394 3538

3682 3826 397
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Fig. 3.9 —(b) Evaluation of Coil -C Winding Sample
in Liquid Nitrogen
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8
6 —
E.u [iquid nitrogen temperature
w4 .-
f£ =~ \
2 - room temperature
] 1 1 L L

0
0 0.05 0.1.0 015 0.20 0.25 0.3
fif T (%)
Fig.3.1 0 Tension test results of conductor

(conducter size : 7 X 7mm?)

SH.SR{pom) Analytical Result

3.84E+02

) ) ) ) : ) Tot.Forge=z 10.9
3.24E+02| . _\_____—_hw R AL IR .T‘h‘Er_D.fff‘=—.2=154 .

. . “‘h—-.._,____;_ i . EHgond=, 11100
2.64E+D2| . ).t T, . ERzond=: 11100, . .

@ ; . . e .

: .O‘O.@.o..mnshzuuu_._

2.05E402) . o LD T YERIAEE BOD L DL
. : . . T.Con.of Ton= @00014

T.45E402( - . ., .. ... ... ... ... .T.Con.of Ins=..00p044

8.4REH0T| . .,
2UBDE40T| . e
SOATERDY L e QL Qe
D o e L QU

—1.555+02‘@.,.O..
-2, 14E+02 ‘

325 332 339 347 354 361 368 375 383 300 397

R (mm}

Fig. 3.1 1 Comparison of the experimental results at 77K (circles) with the

calculated re.sults'(lines), which is including the terms of difference of

contraction conductor and turn—turn insulator.
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Table 4.1 Major parameters of tested coil

INNER DTA

OUTER DIA

NUM. OF TURN

SIZE OF CONDUCTOR

SIZE OF 55 PLATE

NUM. OF SUB—-CABLE

655mm
1045mm

10 turns

886 x17.5mm
74 x 25mm

21

sub—cable

Fig. 4.1 Size and shape of conductor

Fig. 4.2  Winding structure of tested coil
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Device
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rig. ¢.3 Measuring Flow Diagram

Fig. 4.4 Photogrph of setting for measurment of displacement
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SETTING OF :
U-CAM MEAS, U-~CAM . Data Agquisition
T instrument for

measurement
U-CA YES :
I .

NITIALIZE?

NO

IFLAG =0
3
[LOAD AND DISPLACE —

MENT MEASUREMENT

!

AVERAGING PROCESS OF
LOAD AND DISPLACEMENT

» ‘ ¥

~ / PLOTTING OF LOAD AND
DI'SPLACEMENT DISTRI.

- IFLAG=0
SAVING - N N
o | .
OF DATA| = IFLAG>0 -~ .
FLAG=1| T
TNPUT OF ANALYTICAL
VALUE FOR CALCULATION
DISPLACEMENT
CALCULATION

INDICATING OF DISPLACE.
CALUCULATION RESULT

<FITTING IS OK?%

Fig. 45 Flow chart of measurement program
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Fig. 4.6 Displacement of loaded point
-.213E "DATE ; BS5/4/12
e{,‘/*"“‘ — TITLE : JA-50
-.186 o N -.172
~ 1733 ™~
A1T749 1712 kN Tot Forcelkg)= 21141
e //fﬂ ?hx W\
f‘f S Yy ~{ \\ 3 ---Initial Condition--=
[ 11ke. 1 ,z--%t{\ \
- 2?7 [ ¥ -.2%6  Ri(mm)= 327.5
| : Roimm})= 522.5
4’ 1340 17 Almm) = 19.5
\ ! Al(mml= 17.5
s Vo A/ A2(mm)= 2
3 1847 ‘ _ 15?8 Blmm) = 88.6&
o f} < P é ~ Poisson Ratio= 0.3
N 1812y 16777 7 Econ(kg/mm2)= 5470
. ™Y - / EHins(kg/mm2)= O
.24~ //—_23 ER(ka/mm2)= 110
\""‘x e

25y ---Apalytical Resulet---
BERWOXR= -0.2130

mm Uro-Uri=-,211 mm

Fig, 4.7 Winding rigidity evaluation at around 21 ton
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-.37 DATE : B5/4/12
S
e,,-f” Ry _ TITLE : Ja-50
- 24 e ©. -.278
e 2496 \\
ff 2565(4,af”' “2553 \\ Tot Forcedlkg)= %1228

},,.‘ ‘//f \,\\ 'lfll.-" \w\\ \\ l ‘ ‘

I I » = - \\ ---initilal Condition---

/ 2675 25

l" 3 -

-.264 i K -.2 Rilmm)= 327.5

! { Rolmm)= 522.5

2%92—4 25 Almm) = 19.5
Al(mm)= 17.5

R L A ! AZlmm)= 2
\ Z?Q? g B 2794 j Blmm) = B6.6
o N/ . //” ¢ Poisson Ratio= 0.3
\ 2701 L 2%2 . /; Econlkg/mm2)= 5470
\x — - EHins{kg/mm2)= &
-.316 Eﬁ\a j//“ -.33 ER({kg/mm2)= 115
T By T ---Analyttcal Result---

EEMWOTR= -0.3068 nm Uro-Urt=~.304 mm

Fig. 4.8 Winding rigidity evaluation at around 31 ton

DATE : 85/4/12
TITLE : Ja-50

Tot Forcelkgl)= 41446
---Inttial Condition---

Ri(mm)= 327.5
Ro(mm)= 522.5
Almm) = 19.5
Al(mm)= 17.5
AZ(mm)= 2

B(mm) = 88.6
Polisson Ratio= 0.3
Econ(kg/mm2)= 5470
EHinstkg/mm2)= 0

-.425 L o m.402 ER(kg/mm2)= 130
\Hﬂm‘ ;f/f/
~48% . — --~Analytical Result---
#EBMOTEMM= -0.3806 mm Ura-Uri=—,378 mm

Fig. 4.9 Winding rigidity evaluation at around 41 ton

~28—.
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Fig. 4.1 0 Analytical model and deflection result of FEM: ER= 100kg “mm’

o
W

Analytical result by
Finite Element Methed

0.2 _‘i:\_ ———————

measured value

- decrement of winding width at loaded point,
(mm)

!
{
I
[
[
g |
> |
N0l |
[
° I
5
“ |
= I
IS |
& 0 i | L
0 50 100 150
radial Young’s modulus
(kg /mm?)

Fig. 4.1 1 Decrement of winding width versus radial Young’s

modulus
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