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Abstract: Superconducting fault current limiters (SFCLs) are attracting increasing attention due
to their potential for use in modern smart grids or micro grids. Thanks to the unique non-linear
properties of high-temperature-superconducting (HTS) tapes, an SFCL is invisible to the grid with
faster response compared to traditional fault current limiters. The quench recovery characteristic of
an HTS tape is fundamental for the design of an SFCL. In this work, the quench recovery time of
an HTS tape was measured for fault currents of different magnitudes and durations. A global heat
transfer model was developed to describe the quench recovery characteristic and compared with
experiments to validate its effectiveness. Based on the model, the influence of tape properties on the
quench recovery time was discussed, and a safe margin for the impact energy was proposed.
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1. Introduction

The smart grid technology market is booming due to demands for the automatic
management of complex power grids [1]. The incorporation of renewable energy sources
such as wind, solar or hydro and other distributed energy sources is generating unprece-
dented challenges to power generation, transmission and distribution in terms of efficiency,
reliability and flexibility [2,3]. The development of power grid technology is being revolu-
tionized rather than improved; for example, many direct-current grid projects are being
tested and are proved promising, especially for power transmission and distribution in
data centres, electrical ships or aircraft, and self-sustainable micro grids [4-7].

However, the smart grid meets important challenges associated with fault currents,
which are occurring at rising rates, and have larger peak values and faster propagation
speeds [8,9]. Therefore, in addition to intelligent parts for the realization of real-time
monitoring and control of grid operation, smart grids feature advanced power applications
such as fault current limiters to reduce the fault current rapidly and effectively [10,11].
A superconducting fault current limiter (SFCL) that mainly consists of high-temperature-
superconducting (HTS) coils generates almost no Joule losses during normal operation;
however, it can suppress fault currents much faster and more efficiently than conven-
tional ones, let mechanical current breakers function, and recover to normal operation
quickly when an electrical fault happens [12,13]. Such features like “invisibility” and
self-healing (i.e., that the SFCL can automatically switch between fault current limit and
normal operation state) mean SFCLs meet the needs of smart grids [14].

With increasing interest in the use of SFCLs in modern grids, the feasibility, fabrica-
tion and management of SFCLs are being considered in laboratories and even tested in
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grids [15-18]. For example, the 10 kV /200 A, 40 kV/2 kA and 220 kV /1.5 kA resistive-type
SFCLs were tested in a grid and proved to be effective in China by Shanghai Jiaotong
University, Institute of Electrical Engineering and Beijing Jiaotong University [19-21]. How-
ever, many scientific and technical problems remain in building a practical SFCL, due to
the complex non-linear, temperature- and magnetic-field-dependent properties of super-
conducting materials. An SFCL works by transforming into normal states (namely, quench)
to restrain fault currents, and by recovering to superconducting states to restore normal
grid operation. The quench recovery time, which is the time taken by an SFCL to restore
normal operation, is crucial as it determines the time window for fault isolation and load
current compensation [22].

In the literature, experiments and simulations were reported to investigate quench re-
covery characteristics of SFCLs. From the macroscopic point of view, the topology of SFCLs
was discussed qualitatively, mainly for determining the current-limiting efficiency [23-25].
For more precise descriptions of quench recovery processes, measurement and calculation
of HTS tapes were carried out, which clarified the physical nature of the process [26-33].
However, when a practical SFCL is designed and built for operation, how the quench recov-
ery time changes with a different fault current or energy needs to be known. Approaches
for such a quick and effective estimation of the quench recovery time directly from the
impact energy of a practical fault current have not been reported.

State Grid Corporation of China has developed a resistance type 10 kV /100 A SECL
prototype and tested it in a grid. In the present work, as part of theoretical research in
the project, the quench recovery time of an HTS tape was investigated numerically and
experimentally. Fault currents of different magnitudes and duration were applied to an
identical HTS sample to measure its non-linear response at 77 K. A simple but effective
global heat transfer model was proposed to quickly estimate the recovery time with the
impact energy. With consideration of the temperature dependent properties of different
composite materials in HTS tapes, the model fits well with the experimental results. Based
on the model, influences of geometry and material compositions of HTS tapes on quench
recovery wer discussed to guide the future design of SFCLs. In addition, the damage
temperature of HTS tapes was verified by the model and experiment. Furthermore, a safety
margin of the impact energy for avoiding irreversible damage of HTS tapes was suggested.

2. Experimental Details
2.1. Sample

The characteristics of the HTS tape used in the experiment are listed in Table 1, and the
picture of the sample is displayed in Figure 1. The time-dependent voltage and current
were measured by the four-point method. The copper terminals were 20 cm apart and
the distance between the two voltage leads was 18 cm. The voltage taps were soldered
onto the YBCO tape supported by a G10 plate. The YBCO copper tape was wrapped with
kapton films to simulate actual working conditions. During the experiments, the entire
experimental set-up was kept at 77 K by being immersed in liquid nitrogen under standard
atmospheric pressure.

Table 1. HTS tape properties.

Properties Parameters
Manufacturer Shanghai Superconductor
Brand type ST-4.8-L
Width /Thickness 4.8 mm/0.22 mm
Critical current (at 77 K, self-field) 168 A
Stablizers Cu, 75 um (both sides)

Substrate Hastelloy, 50 um
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Figure 1. The experimental set-up, (a) schematic diagram, (b) Photo under test.

2.2. Experimental System

Figure 2 depicts our experimental system for quench/recovery measurement. This sys-
tem mainly includes six parts: DC power supply (Agilent/KEYSIGHT 66804, 10 Hz,
Keysight, Santa Rosa, CA, USA), nanovoltmeter (Keithley 2182A, 10 Hz, Keithley, Cleve-
land, OH, USA), data acquisition card (SCB 68A, 1000 Hz, NI, Austin, TX, USA), computer,
a fixed value resistor Ry and the test sample.

When the measurement started, the programmable power supply output a current
pulse of large amplitudes (detailed in Section 3) to impact the tape. The tape was sub-
sequently quenched and lost its superconducting characteristics. Immediately after the
impact current pulse was over, the power supply was switched to output a small constant
current of 0.5 A. This value of current allows continuous measurement of the sample
without producing non-trivial heat. The sample then started to be cooled down by liquid
nitrogen to recover superconductivity around 90 K and reach 77 K finally. Throughout the
measurement, the voltage drops of the sample and R were recorded by the nanovoltmeter
and the data acquisition card at sampling rates of 1000 Hz and 10 Hz for the quench process
and recovery process, respectively. The amplitude of current flowing through the sample
was obtained by the voltage measurement of Ry.

DC Power
(Agilent/KEYSIGHT 6680A)
Data Acquisition Card Nanovoltmeter
(SCB-68A) (Keithley 2182A)
L]
D Ro
LN2
YBCO

Figure 2. Schematic of the experimental system.

3. Results

In this work, sixteen groups of experiments were carried out on the sample. As shown
in Table 2, impact currents of different amplitudes and durations were applied to the
sample. Currents and voltages were measured simultaneously and the corresponding
impact energy was calculated by their integration. The quench recovery time, defined
as the time needed to drop from the maximum resistance of the tape to around zero,
was extracted.
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Table 2. Impact current, pulse duration, impact energy, and recovery time obtained in the experiments.

Pulse Duration (ms) Impact Current (A) Impact Energy (J) Recovery Time (s)
370 23.47 0.476
250 480 53.60 0.657
580 90.34 0.825
690 115.49 0.829
370 47.08 0.720
500 480 117.26 0.996
580 193.79 1.315
690 252.29 1.616
370 69.09 0.895
750 480 208.78 1.669
580 336.69 2.803
690 410.06 3.505
370 124.78 1.586
480 293.23 2.368
1000 580 437.94 3.555
690 573.32 4.179

The quench and recovery process of the HTS tape can be identified from the resistance
of the tape. Figure 3 compares the resistance of the YBCO tape under different impact
currents of 370 A, 480 A, 580 A, and 690 A, with the same pulse duration of 500 ms.
As shown in Figure 3, the resistance first ascends to a peak value and then descends to
zero with time, which represents the quench and recovery processes of the HTS tape.
The incoming current travels the path with the least resistance once after the YBCO copper
tape is completely quenched, so the current will, therefore, pass through both sides of the
copper layers in our experimental setup.

T " T ! T

i —ml— 370 A-500 ms-Quench

Recovery 480 A-500 ms-Quench

O\ —— 580 A-500 ms-Quench
O

Quench

—0— 690 A-500 ms-Quench
-Q —O— 370 A-500 ms-Recovery| 1

480 A-500 ms-Recovery
—O— 580 A-500 ms-Recovery|_|
—O— 690 A-500 ms-Recovery

Resistance (m£)

_ 2
Time (s)

Figure 3. Resistance of the sample during the quench and recovery process at impact currents of
370 A, 480 A, 580 A and 690 A when the pulse duration was 500 ms.

The peak resistance occurred at 500 ms when the impact current ended. The peak
resistance of the sample increased with the increasing amplitude of the impact current.
After the peak, the resistance reduced to zero, suggesting that the sample recovered to
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the superconducting state. The descending slopes of the four curves are almost the same,
which will be further discussed in the next section.

Figure 4 compares resistance of the YBCO tape under the same impact current 580 A
for different pulse durations of 250 ms, 500 ms, 750 ms and 1000 ms. As shown in
Figure 4, the ascending slopes of the four curves are identical for euqal impact currents.
The peak resistances occur at different times according to when the impact currents end.
The peak resistance and quench recovery time increase with the durations of current pulse.
Similar to Figure 3, the descending slopes of the four curves are almost the same.
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Figure 4. Resistance of the sample during the quench and recovery processes at pulse durations of
250 ms, 500 ms, 750 ms and 1000 ms when the impact current was 580 A.

At the end of the experiment, the YBCO tape was found to be damaged under an
impact current of 690 A and pulse duration of 1000 ms, as shown in Figure 5. With the
observed drop off of the voltage and delamination of the tape, the superconducting tape
was irreversibly damaged.

Figure 5. Damage to the superconducting tape occurred under an impact current of 690 A and pulse
duration of 1000 ms.
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4. Numerical Model

As mentioned above, the resistivity of the sample, which depends on the temperature,
can indicate the states of the sample; as a result, we proposed to use the global temperature
as the state variable to describe the quench and recovery processes. A global heat transfer
model was developed, inspired by earlier heat transfer models [34,35].

During the quench process, a current pulse of amplitude I, was supplied to the
sample. The temperature quickly increased and the process could be described as a

differential equation,
ar

La(t)Vars(8) — (T) = c(T)m-—. ¢y

In this equation, the product of current I, and voltage Viyrs was the electrical power

absorbed by the sample. g(T) was the heat dissipation from the sample to the liquid

nitrogen. The item on the right side of the equation describes the temperature increase of

the sample. The temperature dependent heat capacity c(T) is a weighted value calculated

from heat capacity of copper and Hastelloy [36], since they composed nearly all mass of
the tape. The integrated form of Equation (1) is:

tp dT tp tp
|7 emmat = [ 1(tVirs(de— [ a(T)dt = Qi - Qu, @)

where t) is the pulse duration. Q; is referred to as the impact energy as shown in Table 2.
Q, is the total energy dissipated from the tape to liquid nitrogen during the quench process.
In literature, the quench process is often supposed to be adiabatic for simplification, which
means [37,38],

Qq=0. 3)

Applicability of this assumption will be discussed in the next section.
During the recovery process, the temperature slowly decreased following,

~q(T) = e(Tm @

During this process, the heat dissipation g(T) was dominated by convection cooling of
the liquid nitrogen; as a result, 4(T) was determined by the surface area of heat exchange
and the temperature difference between the sample and liquid nitrogen,

q(T) = S(T — To)n(T), ®)

where S is the double-sided surface area of the sample, Tj is the boiling point of liquid
nitrogen (77 K) and /(T) with the unit of W/(m?K) is the convention cooling coefficient.
The values of h(T), was taken from reference [36].

In this work, we are mainly interested in the recovery time, so instead of solving
equations from the very beginning, we can also solve Equation (4) from the time when the
recovery process starts. The initial condition for Equation (4) is then the peak temperature
of the tape when the quench process ends. This peak temperature can be evaluated from
the measured resistivity of the tape,

~ Vurs(t) As
ps(t) = L) (6)

where A; is the effective conducting area and L; is the length of the sample. The sample
contained several metal layers among which copper contributes the main conducting
route. For simplicity, the effective conducting area As was calibrated by experiments.
The resistivity was assumed to be the value of copper at 90 K when linear resistance
first appeared after the impact current applied. Then the temperature with time can be
estimated by simply comparing this resistivity to the temperature-dependent resistivity of
copper [39]. This approach provides more reasonable results, because it does not take the
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adiabatic assumption for the quench process as Equation (3). Further discussions will be
made in the next section.

This model can be easily solved by time-step iteration. In the next Section, the
temperatures and recovery time will be calculated using the global heat transfer model and
compared with experiments to discuss the feasibility and application of the model.

5. Discussion

The influence of the impact energy on the recovery process was investigated through
comparison of the numerical model and experiments. The resistivity of the tape first
increased with the temperature to a maximum value, indicating a quenched state, and then
decreased to zero, indicating recovery of the superconducting state. The resistivity and
temperature of the tape reflect the state of the tape.

The peak resistance or temperature is of importance for indicating initiation of quench
recovery. Peak resistance of the tape is plotted against impact energy in Figure 6. With in-
creasing impact energy, the peak resistance increases for any pulse duration. Furthermore,
the peak resistance increases linearly with the impact energy. For the same impact energy,
a shorter pulse duration results in a larger peak resistance. The reason for this is that
a shorter pulse results in smaller Q, in Equation (2), thus larger peak current and peak
resistance.

860 A-500msC e > &

[
[e)
T
1

o0
T

Peak resistance (m£2)
(@)}

4} sy * §
I ./ —m— 250 ms Pulse duration
2F W PE 500 ms Pulse duration |4

e —»— 750 ms Pulse duration
[ —&— 1000 ms Pulse duration| |
0 1 1 1 L 1 L 1 L

0 100 200 300 400 500 600
Impact energy (J)

Figure 6. Peak resistance of the HTS tape as a function of the impact energy. The pulse durations of
250 ms, 500 ms, 750 ms and 1000 ms are compared. The peak resistance value of a supplementary
experiment in the red circle will be discussed later.

Figure 7 illustrates the effect of impact energy on peak temperature with pulse dura-
tions of 250 ms, 500 ms, 750 ms and 1000 ms, respectively. With increasing impact energy,
the peak temperature increases throughout the pulse duration. For the same impact current,
the peak temperature increases with the impact energy and the trend is the same to that of
peak resistance shown in Figure 6. The reason is that the resistivity of stabilizers increases
almost linearly with temperature above 100 K.

Figure 8 shows the temperature change as a function of time during the recovery
process, which is calculated by Equation (4) using the iterative method of time steps. The
temperature dependence of the convection coefficient and the heat capacity of the tape
were taken into account. The recovery time can be recognized as the time needed for the
temperature to drop from the peak value to 90 K as shown in red dotted line in the Figure 8,
which is the critical temperature of the tape. As shown in Figure 8, for any impact energy,
the temperature decreases with time at varying rates. The temperature decrease was faster
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at above 120 K; however, it was boosted below 120 K, during the recovery process. This
can be explained by the fact that the heat exchange process is dominated by film cooling at
higher temperatures. The gas film hinders the heat exchange between the liquid nitrogen
and the tape in the film boiling state, so the heat transfer coefficient of film boiling at higher
temperatures is smaller than that of nucleate boiling at lower temperatures. Moreover, the
heat capacity of stabilizers and substrates decreases with temperatures, which increases
their sensitivity to temperature. The recovery time can be extracted as the cross points of

the curves with the horizontal axis for further discussions.

600 T T T T T T T T
—m— 250 ms Pulse duration 860 A-500 ms
500 ms Pulse duration * i
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Figure 7. Peak temperature of the HTS tape, calculated by the peak resistance, as a function of the
impact energy. The pulse durations of 250 ms, 500 ms, 750 ms and 1000 ms are compared. The peak
temperature value of a supplementary experiment in the red circle will be discussed later.
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Figure 8. Curves of temperature asa function of time in the recovery process, calculated by the peak
temperature. Different recovery processes are compared when the impact energy is 209 J, 293 J, 337 ],

4107, 437 J and 574].

Time (s)
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Figure 9 presents the recovery time calculated by solving Equations (1)—(5) assuming
that the quench process is adiabatic. The calculated values are compared with experi-
ments. As shown in Figure 9, the curves of recovery time with impact energy almost
overlap for different pulse durations, which demonstrates that the recovery time is mainly
determined by the impact energy. This observation holds for either the experimental or
calculated results. However, there exists a large deviation of the calculated curves from
the experimental ones. As marked in Figure 9, the calculated recovery time was generally
overestimated by 2 s. This error results from the ideal assumption that the quench process
is adiabatic. However, heat exchange during the quench process should not be neglected;
in fact, a common observation is that quench cannot be triggered, when the impact energy
is not large enough and the heat exchange rate between the tape and liquid nitrogen is
relatively fast.

N~
T

—— 250 ms - Model
500 ms - Model
—— 750 ms - Model

Recovery time (s)

[\S]
T

1000 ms - Model ]

L > B 250 ms - Experiment ||

1 C ) ¢ 500 ms - Experiment []
r .

» 750 ms - Experiment |4

4 1000 ms - Experiment| ]
1 . 1 . 1 h I : I :

0 L
0 100 200 300 400 500 600
Impact energy (J)

Figure 9. Calculated recovery time compared with the experimental results. Lines and dotted lines
represent the calculated and experimental results, respectively. The recovery time is calculated from
impact energy throughout the quench and recovery processes.

Figure 10 presents results calculated using the modified model by solving Equations (4)
—(6). The peak temperatures obtained from Figure 7 were used as initial conditions instead
of considering the quench process. As shown in Figure 10, the calculated and experimental
results are in good agreement, which validates the numerical model. Similar to Figure 9,
the calculated results show clear trends that the impact energy dominates recovery time;
however, unlike Figure 9, the pulse duration does play a role as well. The shorter the pulse
duration, the larger the recovery time, which can be explained by the fact that the loss
dissipation time during quench is shorter for shorter pulse durations. The peak temperature
as a function of the impact energy in Figure 8 shows equivalent trends, correspondingly.
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Figure 10. Calculated recovery time compared with experimental results. Lines and dotted lines
represent calculated and experimental results, respectively. The recovery time is calculated from
the measured peak resistance during the recovery process. The recovery time of a supplementary
experiment in the red circle will be discussed later.

As mentioned in Section 3, the sample was irreversibly damaged by delamination
under an impact current of 690 A and pulse duration of 1000 ms. The occurrence of such
damage is considered to be directly related to the peak temperature. A supplementary
experiment using an impact current of 860 A and pulse duration of 500 ms was carried out
as marked in Figures 6, 7 and 10. This sample was also damaged. As shown in Figure 7,
the peak temperatures of the two damaged samples were both around 530 K. This observa-
tion is consistent with [40—42]. In other words, this threshold temperature determines the
possibility of recovery. When the impact energy is large enough to increase the temperature
of the HTS tape to around 530 K, the tape will be delaminated or damaged.

As discussed above, the validity of the model has been justified by the agreement
between the experimental and calculated results. In the literature, factors that influence
the recovery time were reported. For example, Pavol suggested lowering the thermal
capacity /wetted surface ratio of the tape to accelerate recovery and demonstrated the
effect in a numerical simulation [34,43]. Hellmann also reported that surfaces with a
macroscopic texture and increased lamination thickness can achieve a higher heat flux to
surrounding coolants [44]. Furthermore, Maeda found that recovery characteristics were
much improved by pressurization of liquid nitrogen [27]. Based on the developed model
proposed in this work, the influence of different factors on the quench recovery time can be
investigated or predicted in a more simple and effective way. Next, the geometry of the
tape will be discussed; moreover, the impact energy that can result in irreversible damage
of the tape will be predicted.

Figure 11 shows the calculated recovery time as a function of the impact energy for
tapes of different widths. The tape would be damaged when the impact energy was 500 |
and the width of tape was 4 mm. Generally, the recovery time increases with impact energy
at similarly for different tape widths. The wider the tape, the shorter the recovery time.
This can be understood by the fact that wider tapes posses a larger area of heat exchange.
In addition, the extra width of the tape acts as a thermal sink and the peak temperature is
lowered. This suggests that incorporating wider metallic coats into an HTS tape can be
effective at increasing the speed of recovery.
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Figure 11. The recovery time as a function of impact energy when the unilateral thickness of the
copper layer is constant at 75 pm and the width of the tape is 4 mm, 6 mm, 8 mm, 10 mm and 12 mm.

The influence of the thickness of copper stabilizers was also investigated by the model
and cross-validated with results in the literature. Calculated results of peak temperatures
with impact energy were compared for HTS tapes with different thicknesses of stabilizers
in Figure 12. Peak temperatures show a linear trend with impact energy, and the slope
decreases with increasing thickness of copper. The reason for this is that thick copper
stabilizers act as thermal sink and contribute to an enthalpy increase.

800

T T T T

| [—*— 10 um Copper layer ]

20 pum Copper layer *

700 || —e—40 um Copper layer / 7]

3 80 um Copper layer * ]
7.7

600 L 160 um Copper layer / |
. Dangerous I * /’ ]

500+ Safe | / - 1

400 |
L & o ]
300 ¥ / — i
I ./ ]

200

\

Peak temperature (K)

\

100 L | L | L | L | L | L
0 100 200 300 400 500 600

Impact energy (J)

Figure 12. The peak temperature as a function of the impact energy when the width of the tape is
constant at 4.8 mm and the unilateral thickness of the copper layer in the tape is 10 um, 20 um, 40 um,
80 um and 160 pm.
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As mentioned above, the HTS tape can be irreversibly damaged when the peak
temperature exceeds 530 K. From Figure 12, the safe margin of impact energies can be
identified for different types of tapes. For example, the stabilizer has to be thicker than
40 pm when an impact energy of 500 J is applied.

Based on the peak temperature, the recovery time as a function of the impact energy
was calculated for different copper thicknesses, as shown in Figure 13. Interestingly,
unlike the peak temperature, the recovery time decreases with increasing copper thickness,
particularly for large impact energies. For thinner tapes, the peak temperature is higher,
but the heat capacity is smaller; as a result, the cooling efficiency of thinner tapes is much
improved. This observation is consistent with results reported in [34]. The results suggest
that thinner tapes, despite being more easily damaged, help to reduce recovery time.

6 T T T T T T T T T T T
| |—®— 10 um Copper layer - ]
r 20 pm Copper layer 1
5 | |——40 um Copper layer N / ]
I 80 um Copper layer 1
@, | |—*— 160 um Copper layer
Q i X
E4r )
e -
L 4
g I a —
3 o — |
5‘2 / o/.
4 ./
2+ / i .
o/
1 I L 1 L 1 L 1 L 1 L 1 L
0 100 200 300 400 500 600
Impact energy (J)

Figure 13. Curves of the recovery time as a function of impact energy when the width of the tape
is constant at 4.8 mm and the unilateral thickness of the copper layer in the tape is 10 um, 20 um,
40 um, 80 um and 160 pum.

To provide a more intuitive picture of the analysis, a two dimensional contour plot is
shown in Figure 14. The two axes represent width and thickness of the tape. The contour
lines represent when the margin temperature 530 K is reached. The three lines in Figure 14
represent the safety margin of the tape when the impact energy is 300 J, 400 ] and 500 ]J.
For example, when the impact energy is 500 ], tapes with geometry size below the black
line are probably damaged. Below the 530 K contour line is the predicted dangerous zone
where the tape will be damaged, and above is the predicted safe zone. It is not difficult to
see that as the impact energy increases, the zone regarding the width and thickness of the
tape increases. The result shows that selecting the appropriate width and thickness of the
tape in the safe zone according to different impact energies can avoid damage to the tape.
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Figure 14. Curves of the 530 K temperature contour as a function of the width of the tape and the
thickness of the copper layer in the tape when the impact energy is 300 J, 400 J and 500 J.

6. Conclusions

In this work, quench recovery characteristics of a high-temperature superconducting
(HTS) tape were investigated experimentally and numerically. The resistivity of an HTS
tape was measured throughout the quench and recovery processes. The influence of the
impact current on the recovery time was discussed in detail. Correspondingly, a numerical
model was developed with temperature-dependent material properties taken into account.
The calculated recovery time fit well with experimental results, which justified effectiveness
of the model. The model also suggested that the previous adiabatic assumption for the
quench process was not proper since it could produce obvious error to the calculated
values in the recovery time. Besides, impact energy margin that could result in irreversible
damage of HTS tapes were calculated and validated by repeatedly damaging experiments.
Based on the model, the influences of the geometry of the tape on quench recovery time
and the margin of impact energy that may damage the tape were discussed. Further study
can be done to improve the model by including dynamic boundary conditions to describe
the quench process.
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