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TABLE 2.1 Specifications of the sample multifilamentary superconductor

Diameter of strand(including insulation) 0.420 mm
Diameter of conductor(metal area) 0.395 mm
Copper/NbTi ratio 0.9
Diameter of filament 6.3 um
Twist pitch 8.5 mm

Twist direction of filaments B S (anti-clockwise)
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Fig. 2.4 Typical heat transfer characteristic on Cu/NbTi wire. H =7 kW m™ at T = 4.8
K,H=16 kWm~atT=57 K, H=3kWm™atT =122 K[17].
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Fig. 3.1 Applied magnetic field to strand in resistive current limiter. z-axis is defined as
strand axis. Strand diameter 0.214mm, Ist cable(strand x 6) twist pitch 7.5mm, 2nd
cable (1st cable x 6) twist pitch 22mm, 1st layer $220mm X 300mm, 2nd layer ¢240mm
x 300mm, Winding Pitch 8mm, 38 Turns / layer [23].
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Fig. 3.2 Typical E-j characteristics of CuNi/NbTi wire
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TABLE 3.1 Specifications of strand and cable

NbTi wire

Strand diameter
Number of filaments
Matrix metal
Matrix ratio
Filament diameter
Twist pitch
Filamentary region diameter

0.178 mm
23749
Cu-10%Ni
CuNi/Cu/NbTi=2/01/1
0.67 pm
1.34 mm /S-twisted (anti-clockwise)
0.178 x0.89 m

Cable B

Composition of second stage cable

Composition of main first stage cable

Other first stage cables
Strand diameter (after insulation)
Diameter of bare Cu-10%Ni wire
Twist pitch of first stage cable

Twist pitch of second stage cable

First stage cable x 6
+ Center Cu-10%Ni wire x 1
Insulated CuNi/NbTi wire X 1
+ bare Cu-10%Ni wire X 6
(Center : CuNi wire)

Bare Cu-10%Ni wire X 7
0.178 mm (0.205 mm)
0.209 mm
4.7 mm /S-twisted (anti-clockwise)
13.2 mm /S-twisted (anti-clockwise)
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Fig. 3.4 (a) Sample A with doubly stacked cable and (b) applied magnetic field to the
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TABLE 3.2 Characteristics of applied magnetic field to sample A, B, C, D, when the
maximum transverse magnetic field is 0.5T.

- - Bt (transverse) B - Bl (longitudinal)
Sample | Maximum Average ABt* | Average ABl*
A ()1 04T 0.1T 0.2T 0.3T
B 05 04T 0.1T | 0 0.4T
(& 05T 05T 0 0 0
D 05T 05T 0 0.2T 0

* AB means the deference between maximum value of the transverse or longitudinal

magnetic field and its average value.
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Fig. 3.9 Measured and calculated quench current for sample A, C, D as a function of
transverse magnetic field. Longitudinal field is proportional to the transverse field and
determined as shown in Fig. 3.4 to Fig. 3.7 for each sample.
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Fig. 3.10 Measured and calculated quench current for sample B, C as a function of
transverse magnetic field. Longitudinal field is proportional to the transverse field and
determined as shown in Fig. 3.5 to Fig. 3.6 for each sample




3.6 B

SEHRIEE 7 TOFHORY > TN OGEEREDBEIC, B TINOITFO
FRIZDWTERT 5.

9. HikE SIHz, SMBRIER R RMEZ 0.5T, MEEIREZE 05T ICHBTHER
BAMD 0.5 (%, k (RHEMRE BAEEE) % 084 LT, 2 7IVA, C. DOE

For . REEVE R ONRIE S i A A L7z, Fig. 3.11 12, {iffl or = 88° ORFD &Y > T

Wz BB EHNE OBFH % RS . Fig. 3.12 (a)~(c) 1T, &5 > TIVDHEHRN
DIRE LR Z T,

Fig. 3.11 ®¥ > 7)) C. D O&EFHMiZLEL Thmd L ST, MR OZETH
AR B A L TV D 2 &N S, Fig. 3.12 (a), (b) IIRENBEDIT. &
LTI D TORBROMANHRZI NS, T 0OLSRERHESRORKICHED RADH X
M. WD SRR A LENE (Agy) DIRRKDERNTH 5.

Fig. 3.11 75, Y27 A QERMGADIRA FTOMEITBWTRTAMICH

(LN TV TR I NS, Fig. 3.13 3. H > 7V A ITBT S RREER &R
SEDBERE RLTWS A, BRIR R O KER(LE TORBOMRN LIS,
X 5|2Fig. 3.12 (¢) &0, RATARFEHOE KITHE S TRFTRRE BRI 5
WB I EEHRETESD, Y27 A DREENEZE 0.5 T TOERAERMEICHL 0.62
EELTMHiT2E, BNV I FTHBENIaL—bENZA, TDIIF
ERTTOEH DR & RSO EAFig. 3.14 TH D, ARIRIRE L7279 (0
MY TOFREHTHD N, BEEROALERIMLNZDIT, 7T FREICE L
TH, ZORE[ANSANFEEACIHINTHEVI ENDNS

H2 7 A ED T ERIREBICBWTRHRELOFEME L NVRIEEALLD
SRVSIZHIEATRETH S, H2 7 A THRAET DR BT ORRCE i

1. or=88° I2BWVT 307.8 kWm'. D TiE 308.0 kWm' TH 0. 1 ANIEEDHS R




4> TV A T4542 kWim', DT 4543 kWim' L3RS, @RBRTHHFIRZEAL
EDSIEV. TbE EHSNBROLTHRR EHkHT 2 KT TR DR O %

HT AT MWD T EANTERNT E DA TH SN EMR T

Sample A

— — -z= .670mm —— - z=10.050mm
-z=2.010mm — z=11.390mm
fffff 7= 3.350mm - - - - - 2=12.730mm
- - z=4.690mm z=14.070mm
—-—--z=6.030mm — - -z=15410mm
—— 72=7.370mm - -z=16.750mm
-7z=8.710mm — - z=18.090mm
4000
__ 3000
E
£ Sample D
< 2000 |
=
. 1000
3 Sample C
= 0
o
5
S -1000
S
g
S -2000 ot = 88°
-3000 L
0 0.2 0.4 0.6 0.8 1

Normalized radius r/Rf

Fig. 3.11 Radial current distributions in strand of sample A, C, D. 1/[.=0.5.
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Fig. 3.16 External magnetic field and axial distribution of power density in strand of

sample B

Fig. 3.17 Axial profiles of temperature and power density in strand of sample B
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Fig. 4.3 Region for FEM calculation
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TABLE 4.2 Boundary condition for self-field condition
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TABLE 4.3 Boundary condition when the conductor has no transport current and
external magnetic field is applied to x-direction.
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TABLE 4.4 Boundary condition when the conductor has no transport current and
external magnetic field is applied to y-direction.
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TABLE 4.5 Boundary condition when the conductor carries a transport current and
external magnetic field is applied to x-direction.
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TABLE 4.6 Boundary condition when the conductor carries a transport current and
external magnetic field is applied to y-direction.
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Fig. 4.4 Comparison between numerical and analytical results of coupling loss in
cylindrical multifilamentary superconducting wire as a function of frequency. The
amplitude of the magnetic field is 0.5 T. The conductivity of the matrix is 3x10* S/m, and
the twist pitch is 2 mm. E = 107 (j/10*)"* . The diameter of the wire is 1 mm.
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JHI 8% 50 Hz Tdh %,

TABLE 4.7

Specifications of the two kinds of HTS tapes

Type (1)

Type (ii)

Tape size

3 mm X 0.2 mm

3mm x 0.2 mm

Matrix conductivity

3x10" S/m

3x10" S/m

Volume fraction of SC in

filamentary region

50 %

50 %

E—j characteristics

E=10"@G10H"

E=10"(j/10%"

Major and minor axes of

filamentary region

2.4 mm, 0.16 mm

2.4 mm, 0.16 mm
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Fig. 4.5 AC losses in two kinds of tapes as a function of twist pitch. The conductivities of

the matrix of the two wires are 3x10* and 3x10’ S/m, respectively. The amplitude of the
magnetic field is 0.1 T and its frequency is 50 Hz.
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Fig. 4.6 Loss components in Type (I) HTS tape as a function of Lp" in magnetic field
perpendicular to the tape face.
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p(x, y)=(rcos8. cusin6)
N q(rcosé, rsin6)
Fig. 5.1 Schematic of elliptical filamentary region and filament direction
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Fig. 5.2 Electric field and filament direction on x-y plane
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Fig. 5.3 Coupling loss and coupling time constant as a function of aspect ratio oz o, = 9
x 10* S/m, A = 0.5. The amplitude of the magnetic field is 5 mT. E-j characteristic is
represented with E = 10~ (j/j.)*, where j, =2 x 10* A/m’.
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Fig. 6.1 Current distribution in filamentary region in magnetic field perpendicular to
the tape face. The amplitude is 50 mT and wt = 54°.
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Fig. 6.3 Cross-section of filamentary region in a tape and a direction of an applied
magnetic field




EBLUFDEDITNEFUTEHR 5N 5,

E; = Eo (/1) (6. 10)
DT, 74T A2 MARIZBT 2HKDOBHHEIZLL F DX D178 %,

A E, = Aje (E,IEo) E, (6. 11)
TIT. jOMKKENZ KimET IS T FD LD ITE5Z % [61].

Je=Jeo Be /(B + Be) (6.12)
U, jo BESEEA FIC BT 2 AEREE T, B REAOHANTHKET 28K

TH5D, (6.9) H5 (6.12) RZEHEL T, —Hl, BAAKLYZ0DOERT) > AH

40 Jm'feycle) IZLAFD LS ITHEZ 51 %,

0= ﬂ(zﬂfgo')” tin 4ff xl+1h gs
SFR

w%ﬁm
af B
4| ————2c—— costE (D f) dr (6.13)
o Bo'sin27ft) + B.
T 2T, B/IRSURIE, FIZRERE SulET 4 9 A MEEWHEE RS, £ nfd

DEFUEEEISRE Oz, Z ZTIRERT 5. 512, LD/ 3Fg. 6.4 12
REND LD ICEES N MAETHE ICET M) EFME 25, I, BESN

T AEM GO x R b, BRI T D y WO BIFL TOKTHA 515,




b=oaV CO;i;Z—;’)) :(Vai’rl.\in(frﬁlf@))f (6. 14)

, . 2\-1
Bi= i(cosim?—@) + (a’ ‘sm(ns’l-o))‘) (6.15)
> Ty (6. 13) KICBFBHEMEMNILLFOLIICLERTE S,
ff xl+lnd4s :f f P2+ Un cosl+ 1ng drd@ (6.16)
SFR 0 0

0 b

o= —
V c0539+(ﬁ71 sin(i)_

(6. 16) :Z& (6. 13) KITRAL., BL. n flN 1 LD HHREVEEITIR. BLFD

LI oG ENS,

1
. ] . cos(2fi
0= Ajco (27By)"*! x4f B cos2aft)
0

oamEN Bo'sin(27ft) + Be
_n__ cosf
3n+1 4 0\32
0 (00529+(B cos()) )
16Aj¢ AL+l . By’ + B
=280 (bBy) " (2mpyt B—L(log—“ = 6. 17)
mEy" 2t By’ ¢
J DEFURFENEHTE S5 610, BFokSIcik 5,
(6. 18)

Fo Iy
0 :&{/‘03_!1.’1 (I)BO’)]H L (27U)|/H
nE(] n n+




Fig. 6.4 Modified filamentary region for calculation
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Fig. 6.8 Cross-section of A g-sheathed Bi-2223 tape conductor. Tape size is 3.5 x 0.23
mm’. Cross-sectional area of the superconductor is 0.22 mm’.
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TABLE 6.1 Fitting parameters on j.-B and n-B characteristics

0 (deg) Jeo (A/m?) B.(T) n, Bo('h)
0 2x10° 0.045 20 0.045
45 2 x10* 0.055 15 0.09
60 2x10* 0.07 12 0.13

90 2x10* 0.38 20 0.17
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Fig. 6.10 Experimental set-up for measurement of magnetization loss
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Fig. 6.11 Current distribution and magnetic flux distribution, when the magnetic field is
applied to 45° to the tape face. The amplitude is 70 mT and the frequency is 60 Hz.




(e) (f)

Fig. 6.11 Current distribution and magnetic flux distribution, when the magnetic field is
applied to 45° to the tape face. The amplitude is 70 mT and the frequency is 60 Hz.
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Current distribution and magnetic flux distribution, when the magnetic field is

applied to 45° to the tape face. The amplitude is 70 mT and the frequency is 60 Hz.

Fig. 6.11
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(m)

Current distribution and magnetic flux distribution, when the magnetic field is

Fig. 6.11

applied to 45° to the tape face. The amplitude is 70 mT and the frequency is 60 Hz.
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(q)

Current distribution and magnetic flux distribution, when the magnetic field is

Fig. 6.11

The amplitude is 70 mT and the frequency is 60 Hz.

applied to 45° to the tape face.
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(u) (v)

Fig. 6.11 Current distribution and magnetic flux distribution, when the magnetic field is
applied to 45° to the tape face. The amplitude is 70 mT and the frequency is 60 Hz.
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(a)

(b)

Fig. 6.12 Finite element meshes for the tape. (a) Whole region. (b) Enlarged part near
the tape.
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Fig. 6.13 Magnetization loss in non-twisted BSCCO tape as a function of amplitude of
magnetic field. The magnetic field is applied to several orientations at 60 Hz.
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Fig. 6.15 Magnetization loss in non-twisted BSCCO tape as a function of frequency.
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TABLE 7.1 Specifications of typical BSCCO tape for numerical analysis

Tape size 3mm x 0.2 mm

Major and minor axes of elliptical

filamentary region 2.4 mm, 0.16 mm
Filament size 300 pm x 20 pm
Volume fraction of SC in filamentary region 50 %
Matrix to SC ratio 2.98
Matrix (Ag) conductivity 3.3 x 108 S/m
I (critical current) at B,=0T 30.15 A
(j.at B,=0T) (2 x 10° A/m’)
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Fig. 7.1 Transport loss in non-saturated tape by Norris and transport loss in twisted
tape by FEM in self-field mode. The frequency is 50 Hz. The twisted pitch is 10 mm.
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Fig. 7.2 (a) Loss as a function of I/I,, where I, and I, are an amplitude of a transport
current and a critical current density, and (b) calculated current distribution inside the
tape at I/I, = 0.5 at 27ft = 90°. The external magnetic field with amplitude of 50 mT is
applied parallel to the tape face. The frequency is 50 Hz.
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Fig. 7.3 Loss as a function of the amplitude of the external magnetic field. The magnetic
field is applied parallel to the tape face. I/l = 0.5. The frequency is 50 Hz.
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Fig. 7.4 Loss as a function of the amplitude of the external magnetic field. The external
magnetic field is perpendicular to the tape face. I/I, = 0.5. The frequency is 50 Hz.
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Fig. 7.5 (a) Twist pitch dependence of losses and (b) current distributions in twisted
tapes carrying the transport current under external magnetic field. I/I. = 0.8 and its
frequency is 50 Hz. The magnetic field with the amplitude of 50 mT is applied parallel to

the tape face at 50 Hz.
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Fig. 7.6 Total loss in different amplitude of the external magnetic field as a function of
twist pitch. I/I. = 0.8. The AC magnetic field is applied parallel to the tape face. The
frequency of the AC current and the magnetic field is 50 Hz.
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magnetic field with the amplitude of 30 mT is applied parallel to the tape face at 50 Hz.
The frequency of the AC current is 50 Hz.
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Fig. 4.A.1 Temporal evolution of electric fields and power densities in the filament
carrying A C currentin A C magnetic field parallel to the filament face, obtained by FEM
and analytically.
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