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Abstract

The Westinghouse coil is one of three forced-flow coils in
the six-coil toroidal array of the International Fusion Super-
conducting Magnet Test Facility at Oak Ridge National Lab-
oratory. It is wound with an 18-kA, NbaSn/Cu. cable-in-
conduit superconductor structurally supported by aluminum
plates and cooied by 4-K, 15-atm supercritical helium. The
coil is instrumented to permit measurement of helium tempera-
ture, pressure, and flow rate; structure temperature and strain;
field: and normal zone voltage. A resistive heater has been in-
stalled to simulate nuclear heating, and inductive heaters have
been installed to facilitate stability testing. The coil has been
tested both individually and in the six-coil array. The tests
covered charging to full design current and field, measuring
the current-sharing threshold temperature using the resistive
heaters, and measuring the stability margin using the pulsed
inductive heaters. At least one section of the conductor ex-
hibits a very broad resistive transition (resistive transition in-
dex — 4). The broad transition, though causing the appearance
of voltage at relatively low temperatures, does not compro-
mise the stability margin of the coii, which was greater than
1.1 J/cm3 of strands. In another, nonresistive location, the sta-
bility margin was between 1.7 and 1.9 J/cm3 of strands. The
coil is completely stable in operation at 100% design current
in both the single- and six-coil modes.

Introduction

The first tests of the Westinghouse coil were carried out in
June. 1986 and the results were reported in Ref. 1. Among
the results were singb-toil measurements of the current-sharing
threshold temperature (shown in Fig. I). The earlier measure-
ments extended to only 11.2 kA (about 63^t of the full design
current). In the present series of experiments, begun in Novem-
ber. 1986. the earlier points were augmented by one at 18 kA,
which confirmed the trend of the earlier points. When the mea-
sured current-sharing threshold temperature is interpreted by
means of the ideal critical-state theory (sharp resistive transi-
tion), it implies a rather low value of the stability margin A/ /
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Fig. 1. Temperature at which voltage is first observed vs trans-
port current (single-coil mode).
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at full current in the single-coil mode (—190 mJ./cm3). When
Ref. 1 was being written, no direct measurements of the stabil-
ity margin were available. When Aif was measured in the later
series of tests, it was found to be 1.1 and 1.7-1.9 J/cm3 in two
different locations—six to ten times larger than the value ob-
tained by analyzing the current-sharing threshold. The cause
for this discrepancy has been traced to failure of the conductor
to obey the ideal critical-state theory: the conductor exhibits
a broad, not a sharp, resistive transition. This broad tran-
sition, though causing the appearance of voltage at relatively
low temperatures, does not compromise the stability margin of
the conductor.

Experimental Arrangement

Figure 2 shows an exploded view of the Westinghouse coil.
It is wound four-in-hand with a 486-strand NbsSn/Cu cable-
in-conduit superconductor that is tightly held in grooves in
24 aluminum supporting plates. The conductor is cooled with
4-K, 15-atm supercritical helium.

Figure 3 shows schematically the instrumentation provided
in the experimental section of the coil (conductor A, turn 1,
plate 14). The short rectangles represent groups of seven in-
duction coils hard-wired in parallel. Each such group of seven
will henceforth be designated as an inductive heater. Seven-
teen such heaters, having a total length of roughly 7 m. are
distributed around three-quarters of an inner turn. The total
length of all 119 induction coils (17 groups of 7) is 5.35 m. so
the average spacing between them is about 1.4 cm: each coil
is 4.5 cm long. The inductive heaters can be connected in a
variety of ways, two of which were used in the experiments
reported here.
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Fig. 3 Schematic of the instrumentation of conductor A.
turn 1. plate 14. Black dots are voltage taps: open
dots are thermometers: open rectangles are inductive
heaters; and numbers in circles denote data channels.

Seven voltage taps, shown in Fig. 3 as black dots, are dis-
tributed around the heated length, dividing it into six regions,
each approximately 1.17 m long. A pair of thermometers,
shown as open dots, has been provided at each end of the
heated length. Numbers in circles are channel numbers of the
data acquisition system and will be used in what follows as a
convenient means of specifying locations.

In addition to the instrumentation shown, a 9-m-long re-
sistive heater has been provided in turn 2 of the conductor A
in plate 14: this is the turn immediately upstream of turn 1
just described.

Single-Coil Current-Sharing Threshold Measurements

The measurements were carried out by raising the temper-
ature of the helium entering turn 1 by pulsing the resistive
heater in turn 2. Successive pulses were made stronger until a
voltage was detected somewhere in turn 1. The smallest volt-
age that could be detected reliably was about 20 ti\'. Voltage
invariably appeared first in zone 1 and was always the largest
of the voltages in all zones. Figure 1 shows the temperature
at which voltage was first observed (current-sharing threshold)
plotted against transport current. The points below 12 kA
were those taken in the earlier series of experiments: the point
at IS kA is for the present series of experiments.

The earlier current-sharing measurements were analyzed
in Ref. 1 in terms of the ideal critical-state model. The analy-
sis connected the measured current-sharing threshold temper-
ature Tc, as a function of transport current with the critical
current at the ambient temperature T» as a function of field.
The critical currents so obtained were quite low compared with
those measured for single strands and thus bespoke substantial
degradation of the conductor. »'v>̂ >' c*&J

Even at that earlier epoch, there was a hint that the ideal
critical-state model was not strictly applicable. It was shown
in Ref. 1 that, if the helium temperature were raised slightly
above Tr, to produce the observed voltage, the conductor
would quench in a few seconds. But such a behavior was not

observed — the conductor voltage failed to grow perceptibly for
the roughly 40 s it took the warm bubble of helium to pass any
point. The warm bubble created by the resistive heater thus
had ample time to migrate into a region of low field where it
no longer created any voltage.

The explanation given in Ref. 1 for this slow rise in voltage
is the nonlinear behavior of V as a function of T near T.s.
This behavior is connected with the slow onset of resistivity
with increasing current for fixed temperature, p = pMI /n|".
From this latter equation one can show that for fixed current
/. V <x {Tc -T)~". Typical values of n are between 30 and 50.
If the temperature required to produce the voltage observed
were well down in the power-law onset region, then the rate of
rise of the voltage would be very low, as observed.

The low values of Tcr shown in Fig. 1 imply a low sta-
bility margin, AH. (The stability margin is defined as the
largest, sudden, uniform heat deposition in the strands from
which recovery of the superconducting state is still possible.
It is conventionally expressed in units of mJ/cm3 of strands,
excluding helium or jacket material.) The stability margin is
given roughly by the formula

AH = " (pCp)HtdT (1)

A current-sharing threshold of Tc, = 4.8 K with a bath tem-
perature T<- = 3.8 K results in a value of AH = 190 mJ cm3.

Single-Coil Stability Measurements

The stability margin AH was measured using inductive
heaters, which cause a rapid deposition of heat in the strands
( — 10 ms) and create an initial condition of hot conductor im-
mersed in cold helium. The metal and helium try to equili-
brate, but while they are doing so, Joule power is produced in
the conductor. If the metal and helium equilibrate at a tem-
perature below Tc,, the magnet recovers; if not, the magnet
quenches.

We measured the total energy transferred to the helium
during recovery—it is the sum of the initial inductive heat
pulse and any Joule heat produced. We did this by calculat-
ing Ene = VAHC f(pCF)HcATdt using the measured tempera-
ture rise AT at TE2159 and TE2162 (CH0011 and CH0014).
We had hoped to calculate the Joule heat produced during re-
covery by calculating / / I'szdt, where \'sz ls the transient
normal-zone voltage. But inductive pickup by the voltage tap
leads from the inductive heaters masked the signal Vr

vz and
thwarted this plan.

Nevertheless, we were able to separate the pulse and Joule
contributions to the heat burden of the helium by plotting
EH,, versus the total energy Eutr delivered by the inductive
heaters' power supply. We obtained Ef/ir by integrating with
respect to time the product of the power supply's instantaneous
current and instantaneous voltage. When EHU is less than
1 kj, EHf/Entr = 0.11 with quite good accuracy. When EmT
exceeds 1 kJ, En? begins to increase beyond 0.11 Eutr- We
interpret this to mean that only 11% of the heater energy- is
transferred to the strands and that any excess represents Joule
heat produced during recovery.

Zone 1. for which the current-sharing threshold is known
to be 4.8 K, recovered from a sudden heat input of 2.25 kJ
" 0.11 = 0.248 kJ = 248 J. Zone 1 is approximately 1.2 m long

and thus contains 120 x 1.87 = 224 cm3 of strands. Thus.
AH > 248 J/224 cm3 = 1.11 J/cm3, which is nearly six times
larger than what we estimated from Eq. (1) using Tcf = 4.S K.
This disagreement represents a serious paradox.

Resolution of the Paradox
The resolution of this paradox can be found in the nonlin-

ear behavior of V as a function of T. But whereas we formerly



u'nsi'iered t.his nonlinearity to be a small rounding of the foot
"I thi1 voltage-temperature curve, now we must conceive of it
as d broad transition spread over many degrees. We shall see
presently how this helps resolve our paradox, but before we do.
let us first take note of direct experimental evidence for this
bro.nl transition.

Each inductive heater pulse creates a warm bubble of he-
lium after the metal and helium in zone 1 equilibrate. We
measured the temperature of the bubble as it passed TE2159
and TE2I62. This warm bubble is accompanied by a small
voltage, in zone 1. which we have also measured. The temper-
ature of the bubble T and the voltage V are connected by the
relation V a (Tc - T)'n, but the data show n = 4, not 30-50!
Such a small value of n attests to a broad transition from zero
resistance to fully normal resistance.

When 1.11 J e m 3 are deposited in the stands, they, to-
gett rr with an estimated 20% additional Joule heat are left in
the warm helium bubble after recovery. This heat causes an
average increase in the enthalpy of the helium initially in the
zone of about 17.7 J/g, which raises the helium temperature
to about 8.2 K, creating a voltage in zone 1 of 180 pV (about
1.5 j/V cm). According to Eq. (4) of Ref. 1, this initial voltage
corresponds to a runaway time of 20 s. During this experi-
ment, the flow velocity was 30 cm/s (m = 202 g/s), so during
the 1'0-s runaway time, the heated slug of helium was able to
move 6 m or about five times its own length. It was thus able
to move out of zone 1 into a region of greater stability before
it quenched the conductor in zone 1. In the region of greater
stability, the voltage was less than in zone 1 and the runaway
time was correspondingly longer. Again the heated slug was
able to move to a region of even higher stability and lower volt-
age before the runaway time elapsed. In fact, in this particular
event, no quench occurred.

In the next event, 2.0 J/cm3 of pulse and Joule heat were
left in the heated slug of helium. The conductor in zons 1
recovered, but the event culminated in a downstream quench.
In other words, although the heated slug moved into regions
of higher stability, it could not do so fast enough to outrun
the elapsing runaway time. (Remember, the runaway time is
inversely proportional to the initial voltage |lj.)

Revised Picture of the Stability of Cable in-Conduit
Conductor with a Broad Transition

The broad transition discussed above requires us to re-
vise our picture of the stability of cable-in-conduit conductors.
Our original picture was based on the three-segment voltage-
temperature curve of the ideal critical state model |2j. In that
model, one of two outcomes is possible following a sudden heat
deposition in the strands. If the heat deposition is small, the
heiiuin and the strands equilibrate at a temperature below Tcf.
When the strand temperature falls below Tcs, Joule heat pro-
duction stops, and the conductor recovers. If the heat depo-
sition is too large, the strand temperature can never cool be-
low 7"c,. Joule heat production never stops, and the conductor
quenches. The stability margin is defined as the sudden heat
deposition that causes the strands and helium to equilibrate
just at TCQ.

in our revised picture based on a broad transition, no sharp
cutoff of the Joule heat production occurs. In such a picture.
if the helium were stationary, the ultimate fate of the conduc-
tor would always be a quench because Joule heat production
would never be extinguished. But the helium does flow though
the magnet, and so the following is what happens. After the
sudden heat deposition in the strands, a rapid redistribution of
heat between strands and helium takes place. This redistribu-
tion is rapid enough that replacement of the local helium due
to flow can be ignored. During this redistribution, and indeed
during the whole process. Joule power is produced. After this
rapid initial phase of heat transfer is over, the strands and the
helium are at nearly the same temperature. If the initiating

heat deposition is small, this "equilibration" lemperalnrc is
low and corresponds to a small voltage (rather than no volt-
age as in the strict critical-state picture' According to Ref. 1.
the runaway time is then very long, and the heated slug of he-
lium can move into a region of greater stability (lower voltage)
before thermal runaway occurs. On the other hand, if the ini-
tiating pulse is large, the equilibration temperature is high and
corresponds to a large voltage. The thermal runaway time is
short, and the fluid elements originally warmed by the heated
section of strands cannot escape from the region of low stability
before thermal runaway. Therefore, a quench ensues. In the
case of an intermediate-sized initialing pulse, thermal runaway
might take place downstream from the site of the initiating
pulse.

It is clear from this revised picture that the stability margin
AH of the conductor cannot be approximated by the helium
enthalpy available between the bath temperature and the tem-
perature at which resistive voltage can first be detected. In
fact, the stability margin AH in zone 1 at 5.6 T and 3.8 K
exceeds 1.11 J/cm3 of strands, an energy sufficient to raise
the strands initially to 25 K. The stability margin was also
measured in zone 6 usint; heater 2816. For this series of exper-
iments, 15?c of the heater energy was transferred to the helium.
The heated zone, which contains about 75 cm3 of strands, re-
covered from a heat input of 128 J and was quenched by a heat
input of 143 J. The stability margin in zone 6 is greater than
1.71 J/cm3 and less than 1.91 J/cm3. Thus, zone 6 appears
able to recover from a sudden excursion of the metal to at least
29 K.

Such large stability margins confirm the excellent stability
of the Westinghouse coil.

High-Temperature Measurements

The current-sharing measurements outlined in the previous
section were performed in the single-coil mode. When six-coil
operation began, measurements of the current-sharing thresh-
old at higher fields were undertaken. In single-coil mode, the
fields at zone 6 (high-field point) and zone 1 (low-field point)
are 6.2 and 5.6 T, respectively: in full-current, field-symmetric.
six-coil mode, the fields are 8.3 and 6.1 T. respectively. We ex-
pected that voltage would first appear in zone 6. owing to the
substantially higher field there, but voltage appeared only in
zone 1, where it first became perceptible at a helium temper-
ature of 4.6 K. Even at 4.8 K no voltage appeared in zone 6.
which means that the current-sharing threshold in zone 6 at
8.3 T is greater than that in zone 1 at 5.6 T. This indicates a
considerable difference in the critical properties of the conduc-
tor in these two places.

This difference raised the question of whether any of the
rest of the conductor is degraded similarly to zone 1 or whether
zone 1 is somehow anomalously bad. To answer it. we raised
the temperature of the helium coming from the refrigerator to
8.0 K and studied the voltage in various parts of the coil as a
function of transport current. Fourteen pairs of voltage taps
were available for this purpose, all but one spanning one con-
ductor of the four over two plates and the one spanning four
plates. All showed voltages afcurrents between 12 and 17.5 kA
(68% and 99% of full current). Some voltages were larger than
that exhibited by plates 14 and 15, some were smaller. For
example, at 17.5 kA, the ratios of the largest and smallest
voltages observed in conductor A to that in plates 14 and 15
were 1.53 and 0.35. Furthermore, the voltage in conductor A
of plates 14 and 15 was 6.6 times larger than that recorded
in zone 1, turn 1. If we assume that turn 1 is in no way ex-
ceptional, it would seem that there are other zones like zone 1
in conductor A-14/15 and that the critical properties of the
conductor fluctuate from point to point. Moreover, such mac-
ulated degradation of the conductor is not confined to plates 14
and 15 but appears to be spread over the entire magnet.



These results at 8.0 K suggest that even in normal op-
eration at 3.? K the Westinghouse coil may be resist ve and
produce perceptible Joule power. This resistive power was de-
termined in two ways—from the coil compensated voltage and
from the temperature rise of the helium as it traversed the
roil. The results of the two methods agree. Figure 4 shows
resistive heat load as a function of transport current in the
single-coil mode {Alt-C) and in the six-coil mode (Alt-A). The
onset of resistance is gradual and extends over a broad range
of transport currents, (n the single-coil mode, the largest sta
ble operating point occurs at 23.1 kA (maximum field: Sf
in the six-coil mode, the largest stable operating point is at
19.8 kA (maximum field: 8.9 T).

e /- J

800

700

6 0 0

5 500
5 400
D 300

200

100

0!
C

: ' 1

• ALT-C

o ALT-A +

-

-

-i-i

. - 1 ^
4 8

WH COIL

i i i !

f >

1 1 1 1 I

12 16 20
CURRENT (kA)

f
-

-
24

Fig. 4. Resistive heat load as a function of transport current
in the single-coil mode (Alt-C) and in the six-coil mode
(Alt-A).

Hot-Spot Temperature

To bracket the stability margin in zone 6, successively
larger heat pulses were delivered by inductive heater 2816 until
a quench was precipitated. In the last event, which culminated
in the quench, the normal-zone voltage disappeared below the
noise threshold only to reappear growing without bound 4.45 s
later. At nearly the same time (0.14 s later), voltage appeared
in zone 5. too. The voltage across zones 5 and 6 observed in this
event and during the subsequent quench allowed the instanta-
neous resistivity p of the copper matrix to be calculated. This
resistivity can be converted to temperature using the formula
P = PT.J •*• Pmag + Pph(T), where pTe, is the residual resistiv-
ity at zero temperature and zero field (5.0 y 10~9 fi-cm for
the VVestinghouse conductor), p m o s is the magnetoresistance
(4.8 - 10~9i? fl-cm, when B is expressed in teslas. according
to Fickett's data) and pph[T) is the phonon term (measured
directly for both turn 1 of conductor A14 and the entire coil
during cooldown). At times of 3.5, 7.0, and 27.0 s after the
second appearance of voltage in zone 6, the conductor temper-
ature reached 54, 105, and 144 K. respectively. The last time
is two relaxation times of the current after the start of the
dump, so 144 K represents a good estimate of the maximum
temperature in zone 6. The maximum temperature in zone 5
was similarly found to be 132 K.

Propagation

In the event described above (#2517), the flight of the
propagating normal-superconducting front across the various
zones shown in Fig. 3 was timed by noting the times of onset
of voltage in the various zones. The propagation velocity so ob-
tained was about 40 cm/s. The velocity of the hot-coid front
in the helium was also obtained by the time-of-flight method
as follows. In one of the current-sharing experiments described
in Sect. 4, the time of flight of the leading edge of the heated
helium slug between thermometers TE2161 and TE2160 was
recorded (1.4 s). The total mass flow during this experiment
(180 g/s) corresponds to a flow velocity of 28 cm s; thus,
TE2161 and TE2160 are 39 cm apart. In event **2517, the

time of flight of the hot-cold front moving upstream from zonefi
between the same two thermometers was 1.4 s. so the front VP-
locity was 28 c m s . Since the mass How in event =*2517 was
100 g s. corresponding to an imposed flow velocity of 15 cm <=.
we may infer that the hot-cold front would move with a veloc-
ity of 44 cm 'S in the absence of imposed flow and a velocity of
60 c m s in the downstream direction.

If the hot-cold front moves as fast as or faster than the
normal-superconducting front, it engulfs no new helium I i.e..
the slug of warm helium always consists of the same atoms).
Upon expanding, the warm helium must push the cold helium
to either side of it out of the way. The pressure rise of the warm
helium can be determined theoretically |3j from the motion
of the hot-cold front. At the moment the coil was dumped
in event #2517, this pressure rise is calculated to have been
1.9 atm. Since this pressure rise is small compared with the
ambient pressure (15 atm). the expansion of the warm helium
was nearly isobaric.

In Ref. 3, a model of normal-zone propagation in cable-
in-conduit conductors filled with stagnant helium has been
proposed. It is based on (1) assuming that the normal-
superconducting front and the hot-cold front coincide and (2)
treating the warm helium as a perfect gas. In event #2517, an
average Joule power of 3.9 W cm3 was deposited in the cable
during the first 3.5 s after voltage appeared in zone 6 (as de-
duced from the measured voltage). At the end of this 3.5 s,
the cable temperature reached 54 K, at which temperature the
heat capacity of the metal is about 43 times that of the helium
(if we treat the expansion of the helium as isobaric). If we add
the heat capacity of the metal to that of the helium to get an
effective heat capacity at constant pressure cp for the helium
and write -j = cr/(cp — R) for the ratio of the specific heats.
the latter turns out to be 1.0090 (cp = 44 < 5.3 J/g-K; R.
the gas constant per gram. = 2.09 J/g-K). By using this value
in Eq. (10) of Ref. 3, we find an average propagation velocity
during the first 3.5 s of 40 cm/s. In view of the roughness of
the estimates, this good agreement is probably fortuitous, but
it shows the importance of accounting for the heat capacity of
the metal in calculating the propagation velocity.

Concluding Summary

The Westinghouse conductor is characterized by a broad
resistive transition, which causes the appearance of voltage at
relatively low temperatures (4.8 K). The resistance appears to
be concentrated in spots scattered throughout the coil. This
resistance does not compromise the stability margin of the coil,
which was measured at full current (18 kA) in two locations to
be >1.1 and 1.7-1.9 J/cm3 of strands. The heat load caused by
the resistance is 200-300 W in normal (18 kA) operation, and
500-700 W in extended (20-23 kA) operation. Nevertheless.
the coil is completely stable in operation at and beyond the
design current (18 kA) in both the single- and six-coil modes.
Following an intentional quench caused by a heater-induced
normal zone, the hot-spot temperature reached 144 K. The
measured propagation velocity (~40 cm/s) is consistent with
the theory of Ref. 3 if the contribution of the metal to the total
heat capacity is taken into account. The same theory implies
only a small pressure rise in the heated helium (~2 atm).
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