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Abstract: High temperature superconducting (HTS) magnets often work at high energy density and
have slow quench propagation speed, so a quench will present a serious risk to the safety of magnets.
The quench protection method based on the dump resistance can effectively reduce the current and
release the energy in the HTS magnets. However, too large dump resistance may cause excessive
voltage across the magnets. A quench protection system consisting of dump resistances and metal
discs has been proposed. Copper discs are often embedded in HTS magnets for conducting cooling
and mechanical support. In the discharging process of HTS magnets, the copper discs can absorb
energy from the magnets through magnetic coupling, thus accelerating the current decay of the
magnets. This quench protection method is more effective than using dump resistance alone. In
this paper, the effect of different copper discs on the discharging process of HTS coils is discussed.
Eight types of copper with different residual resistivity ratios (RRR) are applied. The results show
that with the increase of the RRR of the copper disc, the current decay rate of the coil increases, and
the energy absorbed by the copper disc from the coil increases. The role of different copper discs in
the fast quench protection of the coil can be sorted as: RRR = 300 > RRR = 100 > RRR = 80 > RRR =
60 > RRR = 40 > RRR = 30 > RRR = 20 > RRR = 10. The copper disc with RRR of 300 shows the best
performance in quench protection of HTS coils.

Keywords: HTS magnets; quench protection; discharge; copper disc

1. Introduction

The second-generation high temperature superconductor (HTS), ReBCO coated con-
ductor is a very promising material [1,2]. HTS magnets are the primary candidates for
manufacturing high magnetic field magnets due to their high critical current and high
critical temperature [3–5]. However, the quench protection has always been an important
problem in the development of HTS magnets in [6,7]. HTS coils often work at a high current
density, and the quench propagation rate of insulated coils is low [8,9]. Therefore, when a
local quench occurs, a large amount of Joule heat can be generated at the quench region.
The generated Joule heat not only presents a serious risk to the safety of HTS magnets,
but also affects the cooling system [10–12]. A quench protection system which can rapidly
reduce the current in HTS coils is required.

Quench protection heaters is an effective active quench protection method [13]. Heat-
ing the whole HTS coils to the normal state in a sufficiently short time requires a sufficiently
powerful heaters, which is extremely demanding for a quench heater system [14]. Another
common active quench protection method is to rapidly reduce the current in HTS coils by
using the dump resistance [15,16]. However, in some high-field magnets, too large dump
resistance may breakdown the magnets, so the dump resistance is limited to avoid excessive
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voltage across the magnets [17,18]. Some research has been conducted to overcome this
drawback. A quench protection system consisting of dump resistances and copper discs
has been proposed [19]. Copper discs often used in HTS magnets for conducting cooling.
The copper discs can absorb considerable energy from HTS magnets through electromag-
netic coupling, resulting in a rapid current drop at the beginning of discharge [20,21]. This
quench protection method is more effective than using dump resistance alone.

During the fast-discharging process of HTS coils, copper discs can accelerate the energy
release in the coils, but the effect of copper with different purity on this process may be
significantly different. In this paper, the discharging tests based on a dump resistance and a
copper disc are performed on a small HTS test coil, which further confirm the acceleration
effect of copper disc on the discharge of coil current. Moreover, a finite element model
(FEM) is built by COMSOL, which includes a large-scale insulated HTS coil and two copper
discs. A series of discharge tests are performed on the coil. Eight types of copper with
different residual resistivity ratios (RRR) are applied, and the RRRs of copper are 300, 100,
80, 60, 40, 30, 20, and 10, respectively. In the eight cases of copper with different RRRs,
the coil current, energy in the coil, current and temperature of copper discs are compared.

2. Experiment
2.1. Experiment Setup

An experimental platform is built to test the effect of copper discs on the fast discharge
of HTS coil, as shown in Figure 1. This experimental platform consists of a DC power
supply, a sliding rheostat (dump resistance), a switch, an oscilloscope and a small HTS
test coil. The coil is an insulated double pancake (DP) coil made of HTS ReBCO tapes
from SuNAM, South Korea. The turn-to-turn insulation of the coil is Kapton, and the
detailed coil parameters are displayed in Table 1. A copper disc is used in the experiment.
The thickness of the copper disc is 2 mm, and the inner diameter and outer diameter are
70 mm and 120 mm respectively.

Figure 1. Experiment platform for discharging tests of the HTS coil.

Table 1. Specifications of test coil.

Parameters Test Coil

Tape width 4 mm
Tape thickness 0.25 mm

Average thickness of each turn 444 µm
Number of turns, DP 27 × 2
Inner/outer diameter 80/104 mm

Insulation Kapton
Field per Ampere 0.7 mT/A
Self-inductance 0.4 mH

Critical current of the coil 96 A @ 77 K
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The HTS test coil and copper disc are tested in liquid nitrogen (77 K). In the tests,
the first step is to charge the coil to a preset value using the power supply. After the
coil current is stable, the copper disc is placed above the coil. Finally, the power supply
is disconnected, and the coil is discharged through the dump resistance. During the
discharging process, the current and voltage of the coil are recorded by oscilloscope.
The experimental schematic diagram of the discharging process is shown in Figure 2. When
the coil is discharged with the dump resistance, the copper disc is magnetically coupled
with the coil. In this figure, Rd is the dump resistance, Rc is the resistance of the copper
disc, and M is the mutual inductance between the copper disc and the coil.

Figure 2. Experimental schematic diagram for discharging tests of the HTS coil.

2.2. Experiment Results

Two tests are conducted in the experiment: without and with copper disc. Both
discharging tests have the same initial conditions. The initial transport current in the coil
is 29.0 A, and the dump resistance Rd is 0.51 Ω. The variation of coil current and voltage
during discharging process with and without copper disc are plotted in Figure 3. After
the discharge starts, the coil current without copper disc decays exponentially. Compared
with the current curve without copper disc, the curve with copper disc decays faster at
the initial stage of discharge. The maximum current difference between the two curves
happens at t = 1 ms, the coil current with copper disc is 7.2 A, and the coil current without
copper disc is 12.9 A. The difference is 19.7% of the initial transport current. The integral
of square current of the coil without copper disc is 0.51, and that with copper disc is 0.36,
indicating that 29.4% of the energy stored in the coil is absorbed by the copper disc.

Figure 3. The (a) current and (b) voltage of the HTS coil during the discharging process with and
without the copper disc.
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Before the discharge starts, the voltage of the coil is zero. At the beginning of the
discharge, the voltage generates a high pulse and then gradually decays. The decay trend
of coil voltage is the same as that of coil current. The peak of the voltage curve without
copper disc is 15.4 V, and the peak of the voltage curve with copper disc is 12.9 V, which is
16.2% lower than that without copper disc.

3. Simulation Model
3.1. FEM Model

To comprehensively study the effect of different copper discs in the discharging process
of the coil, a 2D axisymmetric model is built by COMSOL Multiphysics. This model is a
FEM model, which consists of an electromagnetic part, a thermal part and a circuit part.
The electromagnetic part of the model is applied to all regions, and its input is the current of
HTS coil calculated by the circuit part [20]. The electromagnetic part is coupled to the circuit
part to simulate the current distribution in the copper discs, and its governing equation is:{

∇× B = µJ
B = ∇×A

(1)

where B is the magnetic flux, A is the magnetic vector potential, and µ is the permeability.
In the thermal part, it is assumed that the copper discs are heated up adiabatically and the
input is the eddy current distribution on the copper discs. The governing equation is:

ρCc
∂T
∂t

+∇ · (−kc∇T) = Qh (2)

where ρ is the density, kc and Cc are thermal conductivity and heat capacity, respectively.
The circuit part of the model is used to solve the discharging process of the HTS coil, which
is the process after the power supply is disconnected in the experiment. The coil and
copper discs are equivalent to ideal inductance elements, and the inductance is constant.
First, the circuit equations are listed according to the coupling relationship between the
coil and the copper discs, and then solved by the differential algebraic equations (DAEs) in
COMSOL. The circuit part obtains the temperature of the copper discs from the thermal
part to calculate the equivalent resistance of the copper discs.

According to the parameters in the experiment, a simulation model is built to vali-
date this model. The self-inductance of the copper disc is 1.3 × 10−7 H, and the mutual
inductance between the coil and the copper disc is 5.5 × 10-6 H. The coil voltages from the
experiment and simulation are compared. As shown in Figure 4, the two voltage curves
are in good agreement.

Figure 4. The coil voltages from experiment and simulation in the discharging tests with a 2 mm
copper disc. Rd is 0.51 Ω, Initial current is 29.0 A.
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3.2. Study Case

The HTS coil used in the simulation is a large-scale insulated DP coil, which is made
of ReBCO tapes. The turn-to-turn insulation of the coil is Kapton. The specifications of the
large-scale coil are shown in Table 2. The model is shown in Figure 5. Two identical copper
discs are distributed in the upper and lower parts of the coil respectively. The thickness
of the copper discs is 2 mm, and the inner and outer diameters are the same as those of
the coil.

Table 2. Specifications of the large-scale coil.

Parameters Industry-Scale Coil

Tape width 10 mm
Tape thickness 95 µm

Number of turns, DP 200 × 2
Inner/outer diameter 80/128 mm

Kapton 25 µm
Field per Ampere 7.4 mT/A
Self-inductance 18.3 mH

Figure 5. Schematic illustration of the HTS DP coil and two copper discs in 2D axisymmetric space.

The schematic diagram of the discharging tests of the coil is shown in Figure 6. Mc1
and Mc2 are the mutual inductance between the coil and two copper discs, Mcc is the
mutual inductance between the two copper discs. Rd is the dump resistance and Rc is the
resistance of the copper discs, which increases with the increase of temperature. In separate
simulations, the inductance parameters between the coil and copper discs are calculated
using the magnetic energy. The results are shown in Table 3. In the following simulation
tests, the initial conditions remain unchanged. The initial temperature is 4.2 K, the initial
transport current is 350 A, and Rd is 1 Ω.

Table 3. The inductance parameters.

Parameters Values

Self-Inductance of copper disc 1.48 × 10−7 H
Mutual-Inductance between two copper discs, Mcc 6.10 × 10−8 H

Mutual-Inductance between HTS coil and copper discs Mc1 = Mc2 3.86 × 10−5 H
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Figure 6. Schematic diagram for discharging tests of the HTS DP coil in the simulation.

3.3. Material Parameters

In the simulation, the RRRs of different copper discs used is 300, 100, 80, 60, 40, 30,
20, and 10, respectively. The purity of copper discs with different RRRs is different, and
their electromagnetic and thermal properties are also different. The electrical conductivity
and thermal conductivity of copper with different RRRs are obtained from [22], their
variations with temperature are shown in Figures 7 and 8. Copper with different RRRs has
an approximate heat capacity, and its variation with temperature is shown in Figure 9.

Figure 7. Temperature-dependent electrical conductivity of copper with different RRRs.

Figure 8. Temperature-dependent thermal conductivity of copper with different RRRs.
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Figure 9. Temperature-dependent heat capacity of copper.

4. Results and Discussion
4.1. The Current and Energy in the HTS Coil

Nine discharging tests are performed on the HTS coil, and eight types of copper with
different RRRs are applied. The variation of coil current during discharging process is
shown in Figure 10. The discharging current of the coil without copper discs follows an
exponential decay, and the time constant τ is 18.3 ms. In the case of with copper discs, the
coil current has a rapid current drop at the beginning of discharging process, and then the
decay rate slows down. When the RRR of copper is high enough, the coil current rebounds
after a rapid decay, so there is a current valley in the curve.

Figure 10. Current of the coil with different copper discs during fast discharging tests. Rd is 1 Ω.
The initial transport current is 350 A.

The current of coil without copper disc decays by 63.2% in the first τ of the discharge.
In the case of copper with RRRs of 10, 20, and 30, the coil current decays by 68.5%, 73.8%,
and 77.8%, respectively in the first τ of the discharge. When the RRR of copper is greater
than 30, the coil current rebounds after attenuation. In the case of copper with RRR of
40, the current valley happens at t = 15 ms, and the corresponding current attenuation is
283.2 A, which is 80.9% of the initial transport current. In the case of copper with RRR of 60,
the current valley occurs at t = 15.5 ms, and the attenuation is 84.9% of the initial transport
current. In the case of copper with RRR of 80, the current valley occurs at t = 16 ms, and
the coil current is attenuated by 87.3%. In the case of copper with RRR of 100, the current
valley also happens at t = 16 ms, and the coil current is attenuated by 88.9%. In the case of
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copper with RRR of 300, the coil current shows the fastest drop before the valley, which
decreases by 94.3% at t = 19 ms. In the discharging process of the coil with different copper
discs, the occurrence time of the current valley is similar, which is near the first τ.

Figure 7 shows the variation of the electrical conductivity of copper with different
RRRs in the temperature range of 4–100 K. The equivalent resistance of the copper disc
is inversely proportional to the electrical conductivity, so the higher the RRR of copper,
the lower the resistance of the copper disc. The equivalent resistance of the copper disc
decreases, and more eddy currents can be induced in the copper disc during discharging
process. Therefore, the higher the RRR of copper, the faster the coil current decays at the
beginning of discharging process.

To analyze the flow of energy stored in the HTS coil during the discharging process,
this paper calculates the integral of the square current of the coil to the discharge time.
The discharge time in this study is 0.1 s. The integral of the square current of the coil in
the nine discharging tests and their ratios to the integral without copper discs are listed
in Table 4. The energy of the coil without the copper disc is consumed only by the dump
resistance Rd. The energy of the coil with the copper disc is consumed by the dump
resistance and the copper disc. As shown in Table 4, with the decrease of RRR, the ratio of
the integral of square current is gradually increasing. When RRR = 10, the integral with
copper disc accounts for 64.3% of the integral without copper disc, and the copper disc
only consumes 35.7% of the energy stored in the coil during the whole discharging process.
When RRR = 300, the integral ratio is 34.5%, indicating that the energy consumed in the
copper disc is 65.5% of the energy stored in the coil, which is 1.8 times that of RRR = 10.
With the RRR of copper increases, the energy absorbed by the copper disc from the coil
increases greatly. Therefore, the current drop of the coil is steeper at the beginning of the
discharging process, and the energy stored in the coil is released faster. It can be concluded
that the higher the RRR of copper is, the more effective this technique is for HTS coils.

Table 4. Energy parameters of different copper discs.

Materials
∫ t

0I2dt Ratios

Without copper disc 1121.5 100%
RRR = 300 387.5 34.5%
RRR = 100 436.5 38.9%
RRR = 80 449.3 40.1%
RRR = 60 472.7 42.1%
RRR = 40 510.4 45.5%
RRR = 30 541.6 48.3%
RRR = 20 599.9 53.5%
RRR = 10 721.1 64.3%

4.2. Current of Copper Discs

As shown in Figure 5, the two copper discs in the model are distributed in the upper
and lower parts of the HTS coil. The two copper discs are in a symmetrical position and
they have the same size. Thus, the current variations in the two copper discs are the
same, as shown in Figure 11. During the discharging process of the coil with different
copper discs, the current in the copper disc follows the same trend, first rising rapidly
from zero to a peak, then gradually decreasing. At the beginning of the discharge, the
copper disc can induce considerable eddy currents by magnetic coupling with the coil.
Then, the current in the copper disc flows through its own resistance to produce Joule heat
and gradually decreases.

As the RRR of copper increases, the peak current in the copper disc gradually decreases.
In the case of RRR = 10, the copper disc has the lowest peak current, 27.7 kA. In the case of
RRR = 300, the copper disc has the highest peak current of 58.6 kA, which is 2.1 times that of
RRR = 10. This is because the electrical conductivity of copper increases significantly with
the increase of RRR in the temperature range of 4–20 K, as shown in Figure 7. The electrical
conductivity of copper with RRR of 300 is nearly two orders of magnitude higher than that
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of copper with RRR of 10, so the peak current induced in the copper disc with RRR of 300
is much higher.

Figure 11. Current in different copper discs during fast discharging tests.

4.3. Temperature of Copper Discs

The current distribution in the two copper discs is the same, so the temperature distri-
bution on the copper discs is the same. During the discharging process, the temperature
distribution difference on the copper disc is ignored, and the average temperature on the
copper disc is calculated, as shown in Figure 12. Plot (b) shows the partial enlargement
of the red dotted area in plot (a). In the early stage of discharging process, the higher the
RRR of copper is, the faster the average temperature on the copper disc rises. The copper
disc with RRR of 300 has the slowest temperature rise. As the RRR of copper increases, the
equivalent resistance of the copper disc decreases significantly, and the temperature rise
on the copper disc becomes slower. Therefore, even though the copper disc with RRR of
300 has the largest peak current, the temperature rise is the slowest.

Figure 12. Average temperature of the copper discs during fast discharging tests. (a) during 0–0.1 s;
(b) during 0–0.02 s.

At t = 0.1 s, the average temperature on the copper disc with RRR of 300 is the highest
and continues to rise. As the RRR of copper decreases, the final average temperature on the
copper disc decreases. When RRR = 10, the final average temperature on the copper disc is
49.7 K. As shown in Figure 7, the difference between the electrical conductivity of copper
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with different RRRs decreases substantially when the temperature is greater than 20 K.
The electrical conductivity of copper with RRR of 300 decays fastest with temperature, so
the resistance has the largest increase, and the temperature continues to rise. The electrical
conductivity of copper with RRR of 10 has the least obvious attenuation with temperature,
so the increase of resistance is small, and the temperature basically remains unchanged
after t = 20 ms.

5. Conclusions

In this paper, the effect of copper discs with different RRRs on the discharging process
of HTS coils is analyzed by finite element simulation. At the early stage of the discharging
process, the acceleration effect of copper disc on the current of the HTS coil is verified
on a small HTS test coil. The simulation results show that with the increase of RRR,
the acceleration effect of copper discs on the coil current at the beginning of discharge
becomes significant, and the copper discs can absorb more energy from the coil. Therefore,
the role of different copper discs in the quench protection of HTS coils can be sorted as:
RRR = 300 > RRR = 100 > RRR = 80 > RRR = 60 > RRR = 40 > RRR = 30 > RRR = 20 > RRR = 10.
The copper disc with RRR of 300 has the best performance in this quench protection technique.
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