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High temperature superconductors (HTS)-wound coils are being developed for use in motors,
generators as well as magnet applications. Determining the stability and safe operating margins
of such coils still poses challenges. While the recently introduced no-insulation winding method
provides a remedy for many problems, it comes with its own limitations. For comparison, we
have wound two pancake coils from HTS coated conductors with the insulated and non-insulated
winding techniques. Both coils were coated with a fluorescent, temperature-sensitive coating,
which allowed monitoring the surface temperatures during operation. The coils were cooled to
77 K via a combination of conduction and gas cooling, and their electrical and thermal behaviour
was observed in operation. Here we present the normal transition of both coils caused by an
artificially introduced instability due to a surface-mounted, resistive heater element. In the
insulated coil, the localized disturbance caused a local transition of the superconductor to the
normal conducting state, triggering a thermal runaway. Merely the turns in contact with the
artificial disturbance heated up, while the rest of the coil remained in the superconducting state.
In the non-insulated coil—although a much longer heater pulse was required—the normal
transition started from the weakest point of the coil (around the bobbin) and the whole coil was
heating thereafter, with the centre heating more.

Keywords: thermal imaging, HTS, non-insulated coil, insulated coil, fluorescent thermal imaging

(Some figures may appear in colour only in the online journal)

1. Introduction

Coils wound from second generation high temperature
superconductors (HTS) are a focus of research interest as
they are an enabling technology for steady state magnetic
field above 45T [1]. Although HTS magnets are inherently
more stable than those made out of low temperature
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superconductors, the protection of HTS magnets remains a
challenging topic. Defects in long length of coated conductors
may cause local hot spots in HTS pancake coils that can go
undetected during normal operation and develop a hot spot
during transient states or due to external disturbances. The
‘self-protecting’ behaviour of non-insulated coils was repor-
ted previously in several works [2-7]; however, insulated
coils are still prone to damage following local dis-
turbances [8].

The aim of this investigation was to destabilize two test
coils and observe the temporal evolution of a normal trans-
ition both thermally and electrically. To better understand the

© 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Table 1. Properties of the non-insulated and insulated coils wound
from SuperPower SCS4050 AP tape [12].

Property Non-insulated coil  Insulated coil
Number of turns 157 157
Tape width 4 mm 4 mm
Insulation — 50 pm Kapton
Inner and outer diameter 30 and 85 mm 30 and 97 mm
Approximate tape length 28 m 31m
Tape critical current” 141 A 141 A
Coil critical current” 57 and 67 A 65 and 72 A
Inductance 1.38 mH 1.49 mH
Field coefficient 3.98mT A~ 3.6mTA™!

! At 77 K, self-field, using the 1 'V cm™! criterion.

" At77 K, self-field. The value was determined at an overall coil terminal
voltage, calculated using the 0.1 1V em™" and 1 1V cm ™' criteria,
respectively, multiplied by the total conductor length.

thermal behaviour of pancake coils and the exact develop-
ment of a thermal runaway, fluorescent thermal imaging was
implemented on two distinct pancake coils [9, 10]. One of the
coils was wound using the conventional insulated coil
winding technique while the other coil was wound without
turn-to-turn insulation [11]. In this work, we show the effects
of a surface-mounted heater, which we pulse for varying
durations and observe the normal transition occurring inside
the coil.

2. Measurement procedure

A non-insulated and an insulated coil were wound into pan-
cakes with 157 turns. The coils have the same inner diameter
of 30 mm. Due to the insulation, the insulated coil has a larger
diameter (97 mm) than the non-insulated one (85 mm). This
means that, for a given transport current, the magnetic field
generated by the coils is slightly different. As a consequence,
the critical current of the two coils is different as well. Their
full specifications are listed in table 1.

The coils were wound onto a copper cylinder, where the
last turn of the coil was deliberately left longer to be used as
one of the current leads. The second current lead was a 12 mm
wide HTS tape soldered with In-Ag (97%-3%) solder to the
bottom of the central copper bobbin and ran under the pan-
cake coil. For mechanical stability, the two outer turns of the
coils were also soldered together. To facilitate the fluorescent
thermal imaging, the surface of the coils was coated with the
fluorescent solution. Simultaneously, the coil voltage was
measured across the two HTS current leads and the central
magnetic field was measured using an Arepoc Hall-effect
sensor mounted at the centre of the coil (in the middle, on the
top side of the central copper former). A finished image of the
non-insulated coil is shown in figure 1. A more in-depth
explanation of the experimental setup, coil winding method,
cryostat and instrumentation of the non-insulated coil was
presented in a previous publication [10]. The insulated coil
was wound similar to the non-insulated coil, the only

Figure 1. Picture of the non-insulated coil in the measurement
assembly. The black rectangle indicates the thermal image as
recorded by the camera. Reproduced from [10]. © IOP Publishing
Ltd. All rights reserved.
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Figure 2. Picture of the insulated coil with a 5 € resistor mounted on
its surface, used as a heater for creating a local disturbance.

difference being a 50 ym thick Kapton sheet co-wound to
serve as electrical insulation.

The effect of local disturbances on coil stability and
quench propagation are often studied using an embedded
heater inside the coil [13, 14]. Due to requirements of pre-
vious measurement, the coils presented here were instead
retrofitted with a resistive heater to study similar phenomena.
The heater consisted of a resistor, with a nominal resistance of
5 at 77K, mounted on the surface of the windings. The
position of the heater was approximately 1 cm from the coil
bobbin, on the side opposite to the 12 mm wide HTS current
lead. The resistor was mounted on the surface of the coil—
already coated with the fluorescent coating—using X60 two-
component glue. It was in contact with only a few turns, as
shown in figure 2.
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Figure 3. Effects of a 5 and 6 s long heat pulses at a power of 3.2 W
on the insulated coil. The dashed lines indicate the heater pulse
duration. The pulses were synchronized in the plot to start at 82.35 s.

The coils were cooled to 77 K in a custom-made cryostat
assembly, using conduction cooling on an aluminium surface
in a 77K nitrogen gas atmosphere [10]. The camera was
positioned above the coil and provided a top-down look as
indicated in figure 1. Due to the absence of a liquid coolant, it
is reasonable to assume that the majority of the heat dissipated
in the resistor was absorbed by either the heat capacity of
the resistor itself or transferred to the coil. Heat transfer to the
nitrogen gas environment over the small surface of the
resistor was neglected for practical purposes. Although only a
small amount of glue was used for mounting the heaters, the
number of turns in contact with the heater was not exactly the
same in the two coils.

3. Insulated coil

3.1. Heater pulse stability

In the experiments, the coil was ramped up to a previously
validated current level, 60 A (~83 %I.), using a Cryogenic
SMS120C power supply at a ramping rate of 5 As™'. After
the ramp, the coil was held steady for 60 s to rule out any
unexpected transient effect (due to our uncommon cooling
approach). The heater was then pulsed for a short duration (in
the range of seconds) with a current of 800 mA, providing a
heating power of ~3.2W. During the heater pulses, both
thermal images and electrical readings were taken, and after
each pulse, the coil was de-energized before the next
measurement.

For heater pulse durations of up to 2 s, the coil voltage
remained stable and the thermal imaging showed barely
detectable fluctuations caused by the heater itself, not related
to the coil operation. This indicates that the superconductor
itself did not incur losses due to a transfer into the dissipative
state (in any significant manner). For increased heater pulse
durations, the coil voltage rose and also recovered on its own
after the disturbance was stopped. The results of electrical
measurements of 5-6s long heater pulses are shown in
figure 3. The two heater pulses caused an approximately
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Figure 4. Electrical measurement of the quench in the insulated coil
caused by a 7 s long heat pulse at a heater power of 3.2 W. A manual
ramp down is indicated in the figure followed by an ‘emergency off’
of the power supply to protect the coil.

2 and 8 mV signal across the coil terminals, after which the
coil promptly recovered. During these two measurements,
still no localized heating was detected in the coil.

3.2. Thermal runaway

At a pulse length of 7 s, the coil was no longer able to recover
from the heat input and a normal transition was recorded. This
is shown in figure 4. A detectable voltage rise was measured
during the heater pulse. However, the voltage continued to
rise even after the heater pulse ended. Simultaneously, in the
thermal images, it is visible that the windings touched by the
heater started to transit into the normal conducting regime and
incurred Joule losses, followed by heating, as shown in
figure 5. The heater pulse started approximately at 81 s, as
shown in figure 5, where the heater is causing optical arte-
facts, which are actually not relevant to the thermal imaging.
In figure 5, 2 s after the heater pulse ended, distinct heating is
visible in the coil around the heater at a coil voltage of
~0.2 V. The temperature in the windings then peaked at 92 s
(figure 5), where only the turns directly in contact with the
heater were affected. At 97 s figure 5 shows the cooling down
of the involved turns. As expected, the electrical and thermal
insulation provided by the Kapton layer between the turns
greatly reduces the heat propagation in the radial direction of
the insulated coil. As a consequence, merely the windings in
direct contact with the surface-mounted heater were heating.
It is also visible that heating was present mostly around the
heater, diminishing progressively along the length of the turn
with an overall hot zone of approximately 70% of the cir-
cumference of the involved windings. These results show—
from a thermal perspective—the existing problem of pro-
tecting insulated HTS coils as developed hot spots do not
propagate considerably inside the body of the coil, but are
restricted to a small fraction of the windings.

Upon seeing the high voltages developed in the coil at
approximately 92 s, a manual ramp down was initiated in the
experiment to protect the coil. However, the voltage rise did
not stop immediately and the power supply’s ‘emergency off’
engaged at around 93 s and dropped the current to zero. The
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Figure 5. Thermal images of the normal transition in the insulated coil caused by a 7 s long heater pulse. Note that discolouring of the heater

and cables is noise and not related to the thermal imaging.

energy released inside the coil due to the superconducting-to-
normal transition was calculated by integrating the electrical
power dissipation in the coil, starting from the heater firing
until the emergency discharge (over the period 80.85-92.6s)

ft]Pdt:f%bI V di =951, )

to 80.85s

The coil was further tested in subsequent measurements
by both operating it closer to its critical current and letting the
normal transition develop further, up to voltages of 5V (this
constitutes the limit of the current supply at which the
‘emergency off’ is automatically triggered). The normal
transition was found to be qualitatively similar in all such
scenarios, with the normal transition starting from the position
of the heater disturbance and propagating solely in the turns
directly in contact with the heater.

After several heat pulses at 7s with a steady operating
current close to the coil’s critical current and triggered dis-
charges, the coil’s critical current was found to be unchanged,
indicating no permanent damage.

4. Non-insulated coil

4.1. Heater pulse stability

The non-insulated coil was also tested using heater pulses,
using a heater almost identical to that of the insulated coil. Due
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Figure 6. Voltage response of the NI coil to heater pulses of 3.2 W
for durations of 10, 16 and 18 s. The pulses were synchronized in the
plot to start at 105.5 s.

to experimental considerations, in the measurements shown
here, the coil was ramped to a slightly lower current, i.e. ~75%
of I, (50 A). The ramping rate was kep at SAs ' and upon
reaching the target current level, the coil was then given 90 s to
stabilize. The heater was then pulsed with the same current of
800 mA for various durations. Figure 6 shows a summary of
the effects of heater pulses applied to the NI coil for durations
of 10, 16 and 18 s. Coil terminal voltages were measured in the
range of 8 mV, where longer pulses caused a progressively
larger electrical voltage across the coil’s terminals. After each
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Figure 7. Electrical measurement of the quench in the non-insulated coil caused by a 20 s long heater pulse at a power of 3.2 W. The
highlighted area is shown in greater resolution. Note the changed scale of the measured voltage.

heater pulse, the coil recovered to steady state operation. The
rate of voltage rise was higher for the experiment with the 10s
heater pulse than in the other two measurements.

The time to full recovery took significantly longer than in
the case of the insulated coil, however, the heater pulse was
also 2-3 times longer.

It is also important to point out that while in the case of
the insulated coil the magnetic field remained unchanged
during the disturbances, in the non-insulated coil, the magn-
etic field did decrease during the heater pulses. This was
expected, since the current redistribution due to the dis-
turbance caused more current to bypass parts of the coil.

4.2. Thermal runaway

When increasing the heater pulse duration to 20 s, a runaway
was observed as shown in figure 7.

During the heater pulse, a distinct voltage rise was visible
across the coil terminals. However, after stopping the heater
disturbance the coil showed signs of self-recovery initially.
This effect is visible on the recovering coil voltage in figure 7
after 125 s as well as on the increasing magnetic field. The
combination of these two signals indicate currents transferring
back into the spiral path of the coil. However, a few seconds
later (~130s) the coil voltage started to rise again and the
magnetic field did not increase any further towards the pre-
vious plateau. Yet another ~5 s later a sharp voltage rise was
recorded, indicating that part of the coil was transitioning
from superconducting to normal conducting state. After this
rapid voltage rise and drastic reduction in the magnetic field,
further rise in voltage became more linear and the magnetic
field fell and stabilized at ~10% of its original value. Fol-
lowing the initial sharp voltage rise, indicating a normal
transition inside the windings, the coil was operated for
another 100 s before de-energizing. The peak heating power
reached before ramping down was around 40 W, as estimated
from P = [ - V. After the experiment, the critical current was
re-measured and found to be unchanged, indicating that no
permanent damage was done to the coil.

Thermal images recorded during the normal transition of
the coil are shown in figure 8. In this measurement, even
though the heater was positioned 1 cm away from the coil’s
centre (figure 2), no considerable heating was visible during
the heater pulse (figure 8). Then in figure 8, it is visible that
the thermal runaway has in fact started from around the coil’s
centre (the bobbin) and propagated outwards, starting from
the moment of rapid coil voltage appearance. Thereafter, in
figure 8, the temperature around the centre increased and
started propagating further into the body of the coil. Finally,
at 241 s in figure 8, just before ramping down the coil, most of
the coil was above 100K, with the centre being close to
130 K. In this figure it is also visible that the 12 mm wide
HTS current lead was also heating, and reaching above
150 K. The cooling of this current lead was sub-optimal and
hence such an effect was expected.

The results indicate that while the normal transition in the
non-insulated coil was initially triggered by a long heat load
at a localized disturbance, the transition itself did not originate
from this position. Instead, the current redistribution inside
the coil caused the weakest part of the coil to begin a trans-
ition, which then spread across the coil. In this coil design, the
weakest point was the centre of the coil around the copper
bobbin, where the magnetic field is the strongest and hence
degrades the critical current of the conductor to the highest
extent [15]. Simultaneously, Joule losses were present due to
a soldered joint between the copper bobbin and the HTS coil
itself, thereby further reducing the critical current density.
After the initial normal transition of superconducting wind-
ings around the centre of the coil, the coil voltage rise became
more linear, with more current flowing through the turn-to-
turn contact resistances. This effect is also clear in the thermal
recording, where the centre of the coil heats up rapidly, fol-
lowed by a more gradual heating in the body of the coil.

This experiment revealed a remarkable resemblance to a
thermal runaway when the coil was operated in an overcurrent
regime, as presented previously [10]. We believe this is due to
the fact that no larger heating power than ~3.2 W could be
applied in the current measurement approach. This potentially
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Figure 8. Thermal images of the normal transition in the the non-insulated coil during 20 s heater pulse measurement. Note that discolouring
of the heater and cables is noise and not related to the thermal imaging.

led to a slower current redistribution, resulting in a normal
transition around the weakest part of the coil (after turning off
the heater).

5. Conclusion

The stability and normal transition of an insulated and a non-
insulated pancake coil with an identical number of turns was
investigated using both electrical measurements and thermal
imaging, in the context of a local disturbance caused by a
surface-mounted heater element. A superconductor-to-normal
transition was observed in the insulated coil following a heat
pulse duration of 7s at 3.2 W. The thermal imaging revealed
strongly localized heating in the coil, caused by Joule losses
around normal transiting section of the superconductor. The
heating was further constrained by the electrical and thermal
insulation between the turns resulting from the use of an
insulating Kapton film. The temperature of the super-
conductor directly around the location of the disturbance
approached 150 K, before the coil was de-energized.

In the non-insulated coil, a normal transition was first
observed when applying a 20 s long heat pulse. While a rising
coil voltage was visible during the heat pulse, afterwards the
coil showed initial signs of recovery. Keeping the coil still
under load, a normal transition began a few seconds later. The
normal transition started from the centre of the coil, around
the bobbin, where the magnetic field was the strongest and a
resistive joint was also present. The coil was operated for
100 s after the appearance of an initial normal transition of the

superconductor. During this time, the entire coil heated above
100 K with the innermost turns being closer to 130 K.

The experiments show that a localized disturbance in an
insulated coil indeed causes strong localized heating due to
the local transition of the superconductor and strongly
reduced thermal conduction in the radial direction. Compared
to this, in a non-insulated coil, a localized disturbance does
not necessarily cause a local hot spot. The available resistive
heater limited the maximum applicable heating power.
Therefore, it is currently unsure if a higher heating power,
applied for a shorter duration, would cause a qualitatively
different normal transition in a non-insulated coil. This,
however, requires changes in both our experimental assembly
and procedure, and hence remains a topic of future research.
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