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OPERATING CHARACTERISTICS
OF THE 1.5 MJ PULSED
SUPERCONDUCTING COIL*

S. H. Kim, S.-T. Wang, and M. Lieberg
Argonne National Léboratory

9700 South Cass Avenue
Axrgonne, IL 60439

INTRODUCTION

Theuohmic heating coils of Tokamak Fusion Reactors'require a stored energy
on the .order of 1 GJ, a ramping rate of ~ 9 T/s, and a peak operation current
of 50 ~ 100 kA. Due to power balance reéuiréments of the reactors at these

' sizes, qnly-superconduc;iﬁg cpilslére-ekpected to be economical. .For the
development of the ohmié.heating qoils, a cryostable pulsed superconducting
-coil has been conétructed aﬁd teéted at'Argénne ﬁational Laﬁoratory.‘ The
coil has a stored energy of 1.5 MJ and a peak field of 4.5 T at the peak
operatioﬁ currenf §f il.2 kA._ fhe.téil wasltestedAwitﬁ boéh“bc and puls;d
gurrents. h | |

FABRICATION OF THE CABLE

‘The design of the cable for the 1.5 MJ coil is based on detailed
cryostability studies §f basic cables and 5 kJ model coils[l]. *The cable -
~was fabricated by Supercon, Inc;, to Argbnﬁe Nafiohal Laboratory
épecifications by tw;sting 24 basic cables around an ;nsulaﬁed
stainless steel strip with a twist pitch of 22.5 cm. A close-up of the
cable cross section is shown'in Fig. 1. The basic cable is made by twisting
thrge seven-strand conduc#ors (triplex cable) with a twist pitch-of'2.2 cm.
The seven;strand conductors are made of six OFHC copper wires twisted aroﬁnd

a superconducting center conductor and soldered with staybrite. Since the

*work Supported by the U.S, Department of Energy.



‘reguirements of low ac losses and cryostability conflict with eacﬁ oﬁher,

the basic‘principle chosen is to athieve cryostability within the basié cable.
To restrict ac coupling among the 24 tfiplex cableé in the final cable, only
limited current shéring among the triplex is allowed by coating a thin .
.insuléting film around the seven-strand conductors. The_critical current
‘éf.a short‘sample of the basic cable is 405 Alat'S T. _Each‘superconducting
' strand haé‘a diameter 6f 0.051 cm containing 2041 6-u filaﬁents with fwist
pitch of 1.27 cm and a copper superconductihg ratio of l.é.

Thevfinai cable is compressed dufing the'cabling'with‘heavy rolls from
four sides. Thisvis reqﬁi:ad to minimize mechanical pefturbgtions‘éf the
‘basic éonductors:duging'pulsing'bf_the 1.5 MJ'ébil. The compression did
not damage the insulation between the sﬁainless steel strié and the 24l
ériplex.caﬁies. .However, dug{to ﬁhé defofmation of théAsoft soldering in the
seven-strand conductor, about 5% degradation of'the'recayéry current in the;
triplex has been observed. | The dimensioné of the_finisheé{gég;e are 3.78 cm
A}wide and 0.74 cm thick. The first 25—m‘long~cable wa;‘produced ;s a- .
test of the cabling technique. The total cable length fabricated for the
.coil was about 5%0-m 19ng. ‘
1.5 MJ COIL FABRICATION

Coil winding with a sponéeous.cableAis a rather intErestiné experience.
The coil is coﬁposed of 18 helicai layers with an average of 14.3 turns in
" each layer. 'Turn—to—turn insulations are pro&ided-by-two layers of 0.02 cm
'thiék'glass—cloth‘tape ahd-two layers of 0.01 cm thick Mylar‘tape. "The
winding'layers for -the first to tenth layefs are separated by 0748 Cm“thick
and 0.64 cm wide G-10 strips. In the low field region of t;_he:llth to 18th
layer, the thickness of the stripé is reduced to 0.32 cm. Charactefistics éf

the coil are listed in Table I.‘




" Figure 2 is a close-up of the coil winding in the thirteenth layer.
Spaces between the strips provide;0.64 cm wide cooling channels in the
vertical direction. Thg G-10 bobbin'haé cooling channels in the radial
direction. During the winding, the tension in the cable was increésed.

gradually from 225 kg to 450 kg to provide a constant radial pressure in

the coil. Total length of the cable used for the coil is about 510 cm.

Nine poténtial taps have been installed in the coil.té'study bossible conductor
motion and'gix fhermpcouples to monitor temperature Qariation during the

test of the coil;l.When the coil is charged, the average ho9p stress in the
cable‘is about 3lO»MN/m2. Part of the stress can be sustained by‘the stainléss
steel strip ih:the‘cable itself. To support the exéeSs stress, 16 bands are
piaced outside the coil. Each band is made'of 30 layers of 0.625 cmvthick by
3.2 cm wide fiber§1ass‘cloth.

SET-UP OF THE COIL TESTS T

The 1.5 MJ coil is éssembled for tests as shown in Fi;lhj. Most

Vs

of the materials used for £he set-up are pon—ﬁetallié'to avoid eddy current
losses during the pulsing éf the coil. The top flange is made of 5.7 cm
thick micarta'plate. Tﬁe coil is suspended to the top flange using eight
0.64 cm dia.-stainiess steel rods. .BQttom of the coil is furthei supported
byAé 2.54 ch thick micarta plate. 'As thermal radiéfion shields, é 10 cm
thick piece of styrofoam and'8 layers of aluminum foil are attéched to the
bottoﬁ of the top flange. The two coil terminals are brought to the top of
the coil by graduallyvchanging the winding angles. Afte? remoying thé thin
insulation in thé basic céblé, each terminal is soft solderéa'to eight copper
stabilized monoiithic superconductor 6f~1-cm wide and'0.2 cm thick.‘ This is
to change fhe directions of the terminals easily and to make the terminals

mechanically solid. Then the terminals are connected to the bottom tips of

the vapor cooled current leads.




The leads éurchased from' American Magnetics Inc.,_have'a currept éapacity
of up to 15 kA DC. Heat leaks‘of the leads are about 22 W without current
aﬁd 30w wiﬁh 12 kA DC current. Duriﬁg the test of the coil the liquid helium
level should be maintained between the bottom tips of thé leads and top.oflthe'
coil. The distance between £hem is abéﬁt 23 cm, which éorresponds to the
helium boil-off energy of abéut 386 kJ. It turnedAout that with this enérgy
the céiiucould be pulsed about 140 times withzipulsing‘rate of 9 T/s. |

DC CURRENT SHARING

The 1.5 MJ coil was first charged up to the Criticai current of 11.2
kA of the short sampléAcable by a 5V, 12 kA dc powef supply. During:the .
first charge -of the éoil-no'major conductor.motion oxr mechénicél perturbation
waé observed. Figure 4 shows the criﬁicél current and the load 1inerf the
coil. The éritical current of the cable is determined from meésurements-of
the critical current of stht sample triplex cable.

“To demonstrate the cryostability of the coil, it was charged beyond the
criticai current up to 11.75 kA (from point A totpoint B in Fig. 4). A
.bridge ciicuit“Was used to detect when parts.of the coil in thévhigh field
" region go nérmai. Beyond the critical curxrrent, unb;lanced vqltage of the bridge
increased gradually, indicating a stable current shariné betweenfthé super-
conducting filaments and the copper stabilizer. The current sharing section,
with alresistive &oltége of 2 mV,'is estimated to be about 1.5 m long in theA
cable. Cﬁarging‘thecoil up to point ‘A without deQeloping‘a resistive voltage
_ is a significant result. 'Tbis means that thé cable is fully transposed and the
current carrying capacify of each of the 24 basic'éables is equal without any

degradation.
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PULSED CURRENT TESTS

Single Pulsing. After the current sharing test, the coil was pulsed with

a 7 MW (650 V at 10.9 kA} power_supply. A summary of the pulsed current
characteristics is shown in Table I. The coil was charged to 4.4 T peak
field in 0.4 sec and discharged to zero ‘in 0.6 sec with a maximum ramping

rate of 11 T/s. The off-time between pulses was 10 sec. ' The. terminal

voltage of the coil, V__ .., can be written as
: ) coil
daI1 .
V .. =L=+V ~
coil dt loss, ' . e (1)

where L is the inductance of the coil and V is the voltage associated

loss

with the energv losses in the coil during pulsing. Figuré 5 is a set of

recordings.forra typical"puléing test. In this figure the peak current is

10 kA.with~a pulsing time of 1 sec. Left side of the figuré'is an expansion

of the recording, and right side shows a continuous,pulsing between off-time
of 10 sec. The current variation di/dt is close to a triangﬁlér waveform
(Fig. 5a) with a maximum rate of 27 kA/s; This rate is not limited by the

coil performance but by the power supply used. The terminal voltage of the

0il’ (Fig. 5b) is balanced with an inductive voltage taken from a

" mutual inductor placed outside of the coil. The resulting loss voltage

Véoi]' is shown in Fig. 5c.

Double Pulsing. After more than 3000 single pulses:the coil was tested

with double triangular waveform pulses as shown in Fig.. 6. The double

_pulsing mode was used to simulate the full flux swing of ehmic heating ceils,

The peak current during the pulsing was 10.6 kA with a central field of 4.0 T.
The current waveform is shown in Fig. 6a. The full period of the double .
pulsing wés 9.5 sec. with an off-time of 6.9 sec. The charging and dis-

charging times were about 0.64 sec., respectively, in each pulse. The



double pulse at the_left side of the figure is an expansion of.the pulses ét
the right side of the figure. Pottntial leads are tapped to several layers of
the coil. The potentials between layers number 2 and 4, and'bétweeh layeré
. number 12 and 14 are shown in Fig. 6b and 64, respectively. After 570
double pulsing cycles no visible differences between the twé voltage waveforms
" have been obserQed.
AC LOSSES

The- AC losses of the coil were ‘determined from helium boil-off during
the pulsing énd from the electronic integrator method [2'3l AC losses
as a‘fhnction of (dB/dt)'2 are shown in Fig. 7. Data pqints of circles and
‘Atriangles7are obtained from the tests with single pulséé, and datalpbints
marked with dark rectangulars are obtained from the double pulsing tesf..

’ L
Eddy. current losses in the copper stabilizer can be expressed as ("]

' 2 \2 ' 2 B® ' '
= 1{-P B. 2 3_ L °
Ped’ - ch <.21r> + <2 ) (Rt) Pr. (2)

where ch is the volume of copper, Zp is the twist pitch length, R is the

radius of superconducting wire, p

5 is the effective transverse resistivity,

- and Rt is theAconductor radius including coppei stabilizer., The’linear
variation of the ac losses as a function of éz-in Fig. 7 inéicaﬁés that most
.of the losses are due to the eddy current in the copper.

The insulation on the surface of thevsix—strand wiré is thin enough
‘to havé limited current sharing among the triplex cable [?]. This will
¥ a1low certain degree of ac coupling amo;§ the 24 triplex cabie of the 15 MJ
coil. If the coupling is assumed to be limited within the six—str;hd wire,
from the e#perimental data.of Fig. 7 and Eq. (2) the effective resistivify is

10

found to be about 2 x 10 Q-m, which is somewhat lower than expected.

This is an indication that some portion of the ac losses come from the ac



coupling amqng fhe ﬁriplex cables and the six~strand wirés. 'FfomAthe”above-
results one can conclude that the ‘thin insulation of the 1.5 MJ coil cable
has a right thickness to cgmpfomise the current sharihg and l@w»aé losses.
PULSING EFFECT ON THE CRYOSTABILITY |
After the éulsing tests of the coil, anéther DC current test has been
.conductor using a 50 kA, 5V DC power supply. This test is to inveétigate
the pulsing effect on the cryostability of the coil. The coil was charged
with a charging &oltagévof 0.7V. No significant chaige in the critical
current has béen observed. .. The coil remained.in.a current sharing state up
to 1 kA abové the critical currenf, and fecqvered to sgperconductihg state
by rééﬁcing.the cﬁrrent;. The coil was quenched when the éufrent was fufthér~
incfeaéed.. Thé amount of the énergy released in the quench estimated fromthe
1 blow out of'the,heliuﬁ is approximately 0.5 MJ. In the subsequént charging,
discharging, and qﬁenéh, no significant chanées in the’Eﬁ;rgcteristics of |
the coil have been observed. B
SUMMARY
It is demonstrated for the first time that a relatively large cryostable‘
sﬁperconducting coil can,be ppléed with relatively low ac losges at high
ramping rates. The low ac losses with limited current sharing have been
‘achieved by insulating the surface of the-basic cable with thin organic.
film. The ac losses at 9 T/s are about 0.1% of the stored energy in the
coil. After more than 4000 pulsing cycles, no changes in the pﬁlsing character-
_istics ‘and cryostability of the coil have been observed. ‘The éueﬁch current
pf the coil is approximately 1 kA higher than the criticai current of ‘the coil.
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TABLE I

CHARACTERISTICS OF THE

PULSED SUPERCONDUCTING COIL

Central Field
Peak Field
Operation Current
Inductance
Coil ID
‘Coil OD
Axial Length
No. of Layers
Total No. of Turns
Cryostable Recovery Heat Flux

Layer—-to-Layer Spacing
Average Current Density

Cable Cross Section

Cable Length

Total Amper-meters

Maximum Radial Magnetic Pressure
Maximum Axial Magnetic Pressure
Maxiﬁum'dB/dT

Maximum dI/dT

Charging Voltage

"Hysteresis Loss in the Filaments

-0.35 W/cm"-

4.2 T

4.5 T

11 kA
24 mH
41.6 cm
81.0 cm '
58.1 cm
18
258

2
0.48 cm (1-10th Layer).'
0.32 cm (11-18th Layer).
2290 A/cm® (1-10th Laver)
2685 a/cm’ (11-18th Layer)
3.78 cm x 0.74 cm .

510 m..

5.8"x 10° A-m
83 MPa

28 MPa

11 T/s

27 kA/s

650 Vv

n0.1 kJ/cycle

Eddy Current Loss in the Matrix at 9 T/s

2.65 kJ/cycle

" AC Losses/Stored Energy at 9 T/s ‘ no0.1%

Eddy Current Loss in the Stainléss Steel

v e @t 9T/

Heat FLux Due to the AC Losses at 9 T/s

60 J/cycle
n10 mW/cm2




Fig.

Fig.

- Fig.

Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS
Cross Section of the AC Chb;e.
Thirteenth Laye¥ of the 1.5 MJ Coil'Winding.
Set~up of the 1.5 MJ Coil for Tests.
Critical Currént ofAthe Short Sample Cable and the Load Liﬁe
of the 1.5 MJ Coil!

Recording of a Single Pulsing Test. (a) Curirent Waveform, (b) Coil

-Terminal Voltage, (c) Loss Voltage, (d) Integrated Loss Voltage.

Recording of a Double Pulsing Tést. (a) Current Waveform, (b) Voltage

of 2-4th Layer of the Coil (2V/div.), (c) Loss Voltageibf the Coil .

-(0.2V/div.), (d) Voltage of 12-14th Layer (5V/div.).

AC Losses vs. (dB/dt)z. Data Points of Circles and Triangles are
Obtained from Single Pulsing Tests and Rectangulars are from Double

Pulsing Tests.
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(a) Current Waveform,
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