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ABSTRACT

AC losses of two subcables, one with Formvar coating on

the strands of the BNL 12-ml NbTi/Cu/CuNi conductor and another

without the coating, were measured using the ANL Subcable Test

Facility. The results indicate that couplings among the

strands with and without the Formvar coating were quite weak.

Weak coupling of the bare strands Is due to the high resistance

of the copper-nickel outer sheath. In the regime of B m 0 ~

1.2 T/s and B • 0 ~ 4 T, the magnetic diffusion time constant

was (3.8 - 5.7) x 10~3 s.

1. INTKODOCTION

High current superconductors for toroidal and pololdal field coils of

tokamaks may be subdivided to reduce ac losses under normal operations or

default conditions of the machine. In a developmental stage coupling losses

of the multi8trands of a subsize conductor must be minimized by reducing the

electrical contact among the strands. Formvar coating is one of the most

commonly used forms of insulation for magnet wires. Since there is no sys-

tematic data Cor the durability of the Formvar coating under cyclic strain

or under the friction among the strands at liquid helium temperatures, it is

necessary to measure the worst case ac losses due to the coupling of the

bare strands of a subcable. The purpose of this study is to determine the

magnetic diffusion time constant of subcablss from the measurements of the

ac losses in pulsed fields. Two triplex subcables were fabricated for the

ac loss measurements, one with Formvar coating on the strands of the BNL 12-

mil conductor of NbTi/Cu/CuNi and another without the coating. AC losses of

the two cables were measured using the ANL Subcable Test Facility, which is

described in the following section.



2. SUBCABLR TEST FACILITY

2.1 G-1Q Cryoatat

To avoid excessive boiling of the liquid helium during the rapid charge

and discharge of the coil, the cryostat is made using commercially available

G-10 cylinders. The inner helium cylinder has an inner diametar of 31 cm, a

depth of 170 cm, and a wall thickness of 0.31 cm. The outer cylinder has an

inner diameter of 40 cm and a wall thickness of 0.62 cm. The bottom dome of

the helium cylinder was fabricated by a wet lay-up method of fiberglass

epoxy. The resin used for the assembly of the cryostat was Shell Epon 815

with General Mills Versaraid 140 as curing agent in a volume ratio of one to

one.

To reduce the radiation heating from the cryoatat walls and bottom,

superinsulation was wrapped on the outer surface of the helium cylinder. It

consists of 30 layers of b.35 x 10~3 ram-thick, double aluminized Mylar ln-

terweaved with Dexter paper. Helium loss due to the radiation heat with a

helium level of 75 cm from the bottom was approximately 1.5 W. With instru-

mentation wires and two pairs of 1000-A current leads installed for the pul-

sing coil and testing sample coil, total helium losses in a stand-by condi-

tion were approximately 4.9 W.

2.2 Power Supplies

The pulsing power supply for the operation of the superconducting coil

is an 80-kW rectifier. It has a pulsing current of triangular waveform and

is rated for dc operation at 100 V and 800 A. Another power supply avail-

able for the pulsing coll is made up of four power supplies in one cabinet,

eac! rated for dc operation at 100 V and 1250 A. Possible operating modes

for the power supply are all in parallel with an output of 100 V, 5000 A,

and all in series with an output of 400 V, 1250 A.

2.3 Pulsed Superconducting Coils

In order to provide a pulsing background field for testing conductors,

two split-pair coils were fabricated. Some coil parameters are listed in

Table 1. The conductor for coll A is a 19-strand subcable which is com-

pacted but not soldered. The conductor structure is similar to the subcable



Table 1

Parameters of the Pulsed Colls

Peak field, T

Inner diameter, ram

Outer diameter, mm

Axial length, mm

Number of turns

Conductor length, m

Inductance, mH

Coil current density, A/nmr

Stored energy, kJ

Coil A

6.1 T at 640 A

21

124

184

2176

978

196

147

40

Coil B

6.2 T at 550 A

21

81

110

1588

504

95

132

14

for the ANL 3.3-MJ coil. The conductor for coil B is a seven-strand subcable

(six superconducting tit.rands around one copper wire).

A typical pulsing node for coil A is shown in Fig. 1. The unbalanced

voltage, Vu, shows a few disturbances in the coil for pulsing with a peak cur-

rent of 640 A as shown in Fig. l(a). For pulsing with a peak current of 665 A

as shown in Fig. l(b), the unbalanced voltage indicates that some sections of

the coil become normal and recover below a current level of 100 A. Quench or

recovery of the coil depends on the pulsing period and B of the coil.

3. LOSS wAsoumirrs

3.1 Superconductor

Parameters of the superconducting composite strand used for the measure-

ments are listed in Table 2. The strand has the outer sheath of CuNi. Two

kinds of triplex of 3 x (6 SC + 1 Cu) were fabricated as shown in Fig. 2, one

with bare superconducting strand and another with Formvar insulation on the

strand. The Formvar insulation was done by Essex of Fort Wayne, Indiana as a

single pass of a standard commercial process.



Fig. 1. Typical operating mode of the pulsed coil. I, pulsing current
(20 A/div.); V, coil terminal voltage (2 V/div.); Vu, unbalanced
voltage adjusted between V and Vo; Vo, voltage of one outer layer
of a split coil (0.1 V/div.); and (a) peak curent of 640 A is less
than the critical current; and (b) peak current of 665 A is above
the critical current.

Table 2

Superconducting Composite Strand

Diameter, mm 0.305

(Cu + CuNi)/NbTi ratio 1.25

Filament diameter, yen 9

Number of filaments 510

Filament twist pitch length, mm 10



Copper Wire
0.305 . iu.

Bare Supercon-
ducting Wire
0.30S — dia.

Sticky Mylar Tape
Insulation

(a)

Copper Wire
0.305 •< dig.

Fornvar Coated
Superconducting
Wire, 0.305 K dla

Sticky Myl.r Tape
Iniulation

Fig. 2. Triplex cables: (a) without Formvar coating
on the superconducting wire; and (b) with
Formvar coating on the superconducting wire.

The triplex cables were fabricated by the New England Electric Wire Corp.

of Lisbon, New Hampshire, according to ANL specifications. The six supercon-

ductors were twisted around one copper wire with a twist pitch length of 1*27

cm. The twist pitch length of the triplex cable is approximately 2.54 cm.

During both stages of the cabling, the strands were not coupacted. After the

cabling, two layers of sticky Mylar tapes were wrapped as the turn-to-turn in-

sulation of the sample coils.



3*2 Sample Coil and Helium Container

Sample colls of the two triplex cables were wound nonlnductively on G-10

bobbins. Parameters of the sample coils are listed in Table 3. The sample

coll is located inside a separate 6-10 helium container as shown in Fig. 3.

Table 3

Sample Coil Parameters

Inner diameter, mm

Outer diameter, mm

Axial length, mm

Number of turns

Cable length, m

Conductor volume, a 3

27

113

25

146

32

49.0 x 10-6

G-10 HELIUM CONTAINER

O-1O CRYOSTAT

Fig. 3 .

TESTING CONDUCTOR

PULSING COIL

Cross-sectional view of the helium container
inserted between the sp l i t coil (diameter -
13 cm, G-10 cylinder height - SO cm).

A G-10 cylinder (length - 60 CM, inner diameter - 2.2 c«) i s attached to

the helium container. The helium boil-off and a helium level change of 1 cm



inside the cylinder is equivalent to approximately 10.7 J of heat generation.

Liquid helium was transferred to the G-10 containter by overflowing the lielium

from the G-10 cryostat to the inside of the cylinder. Possible liquid helium

leaks of the helium container were tested for more than two hours when the

helium level of the G-10 cryostat was about 30 cm lower than that of the

cylinder.

3.3 Experimental Data and Discussions

Figure A is a typical pulsing node during the measurements of the helium

boil-off from the sample coil in the G-10 helium container. Charging and dis-

charging times for the pulsing coil are in the range of 2.5 to 4.5 s with

p..

Fig. 4. Typical pulsing mode of the coil with a testing sample
coil between the gap. I, pulsing current (20 A/div.);
V, coil terminal voltage (2 V/div.); Vu, unbalanced
voltage (0.4 n V/div.); Is, transport current in the
sample coil (10 A/div.); Vs, terminal voltage of the
sample coil (1 m V/div.).



pulsing pe-lods of 8 to 10 a. The recordings of the transport current, Igl

and voltage, Vs, of ch« non-perfect bipolar winding of the sample coil monitor

whether the sample coil is quenched or not. The magnetic fields on the sample

coil at the pulsing current of 640 k were in the range of 4.0 ~ 2.8 T.

The data of the loss measurements for the sample coils is shown in Fig.

5. Each data point of the ac losses in Fig. 5 is averaged over 30 to 50 pul-

ses. The changes of the liquid helium level in the G-10 cylinder during the

measuvements of the average losses were typically 5 to 10 cm. The data in

Fig. 5 shows that the ac losses of the cable with Formvar coated strands and

I.S

Total ac losses per unit volume of the conductor
vs. i2. (Data of triangles are from the triplex
cable with Formvar-coated strands; those of cir
cles are from the cable without roravar-coated,
open circles and triangles are without transport
current; and closed circles and triangles are
with a transport current of 350 A.
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effective ramping tine, te, is determined froai the expression

2/te - l/tu + l/td , (1)

those of the cable without the Forravar coating on the strands are virtually

the same. This means that the data does not show any significant additional

coupling losses among the bare superconducting strands. This nay be due to

the fact that the copper-nickel outer sheath has a quite high contact resis-

tance among the strands. Also, the transport current of 350 A in the sample

coil, which is less than 302 of the critical current, does not effect the ac

losses significantly.

Figure 6 shows the data of the total ac losses per pulse. Assuming the

current variations of the charge and discharge in Fig. 4 are linear, the where

tu and Cd are charging and discharging times, respectively. The maximum mag-

netic field Bm at the peak current is an averaged value over the sample

coil. In order to determine the time constant, T Q, from the expression for

the coupling and eddy current losses, W_, in the case of tfi » T 0 ,

Wp -

the hysteresis losses of the sample coils were subtracted froa the data of

Fig. 6, and plotted in Fig. 7. in Eq. (2), :tf is the radius of the filament

region of the strand and R is the radius of the strand.

The ratio of Rf/R is taken to be unity assuming the thickness of the

outer sheath is small compared to the radius of the strand. From Fig. 7 and

Eq. (2), T Q is found to be approximately 3.8 to 5.7 ms. From the expression

for the magnetic diffusion time constant,

and using the filament twist pitch length I of 1.0 cm, the effective coupling

resistivity of the strand, pe, is found to be (5,0 to 7.5) x 10
1"10 Q-a. This

result is comparable to the previous measurements of a 0.51-mm strand ( T Q -

10 ms, pe - 5.1 x 10"
1 0 ft-m)/4
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Fig. 6. Total ac losses per pulse per unit volume of the
conductor vs. B|/te. Data of triangles are from
the triplex cable with Formvar-coated strands;
those of circles are from the cable with Formvar
coated; open circles and triangles are without
transport current; and closed circles and tri-
angles are with a transport current of 350 A.

Fig. 7. Coupling and eddy current losses vs. ^ e
Data of triangles are froa the triplex cable
with Foravar-coated strands; those of circles
are from cable without Fomvar coated; and
open circles and triangles are with a trans-
port current of 350 A*
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In subtracting the hysteresis losses from the data cf Fig. 6, th« follow-

ing expression for the hysteresis loss, Q/Vsc (J*n~
3 pulse),

Q/Vsc - (4/3IT)J0B0 d taffB^ + Bo)/Bo} , (4)

is used. Here V g c is the volume of the superconducting filament only, d is

the diameter of the filament, and Jo • 9 x 10
9 A/m2 and B o - 1 T are constants

for the expression of the critical current of NbTl filaments.

4. CONCLUSIONS

AC losses of two triplex cables were measured, one with Formvar coating

on the superconducting strands and another without the coating. The results

indicate that, because of the high resistance of the CuNi outer sheath of the

superconducting strand, coupling among the bare strands seems to be very weak.

In the regime of B - 0 ~ 1.2 T/s and B - 0 ~ A T, the magnetic diffusion time

constant T Q was (3.8-5.7) x 10"
3 s. The time constant could be reduced easily

to a factor of one-fourth by reducing the twist pitch length *0 by one half.

Since practical conductors may be compacted to a certain degree during the

cabling procedure, it may be necessary to measure the coupling losses when the

subcables are compacted to 5 ~ 10% in diameter.
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