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Chapter 1

Introduction

High Temperature Superconducting (HTS) stacks of tapes and bulks can
be used as strong permanent magnets in the rotors of hybrid-electric fully
superconducting motors for Hybrid Distributed Electric Propulsion in avi-
ation [1]. The major issue with such superconducting motors, though, is
the high rate of cross-field demagnetization of HTS tapes present in the
rotor of the motor due to stray ripple magnetic fields from motor back-
ground/surroundings. This makes the superconductor lose its trapped
field, and hence the magnetization (Figure 1.1), thus, causing the pre-
mature stopping of motor [2–5]. The numerical analysis methods and
commercial software used for the computation of electromagnetic state
variables in this phenomenon are quite slow and limited, and, thus, a bet-
ter program to model the cross field demagnetization of superconductors
is required to model a practical case of the superconducting motors in
HDEP systems in hybrid electric aircraft, that requires calculations for
millions of ripple field cycles [3, 4, 6–12].

Thus, it is the goal of this PhD to develop a 2D computer program,
in C++ using E-J Power Law (called Power Law model), capable of mod-
eling cross-field demagnetization in stacks (of very wide and thin tapes),
and bulks for realistic motors. Semi-empirical formulas for demagnetiza-
tion decay time constant are to be realized for HTS stacks of tapes. As
the superconducting motors for aviation operate at very high frequencies
(in the range of 1000s of Hz), we have also developed a new effective E-J
relation (called DMR model), which is able to calculate the demagnetiza-
tion of very thick superconducting stacks (up to 100 tapes) for millions of
cycles of applied cross field.

Also, a major problem that the superconducting coils in high field
magnets and electrical applications (like motor, generators, reactors, ac-
celarators, etc.) face is the electro-magneto-thermal quench, which can
drive the superconductor material into its ‘normal’ state, where all the
benefits of superconductivity cease to exist [13,14]. Thus, it is essential to
model the quench behavior in the designing of superconducting magnets
under different local electro-thermal conditions, as the quenching effect is
able to rapidly destroy the superconducting magnets. There are numer-
ous software that can model the Electro-Magnetic and Electro-Thermal
behavior of superconductors, for magnetic quench and other phenomenon,
but there is a need for a simple and fast software that can perform ‘cou-
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Figure 1.1: Current density distribution (a) after Field-Cool magnetiza-
tion (applied field parallel to x- axis), and (b) after 30 cycles of cross
magnetic field (ripple field parallel to y- axis), calculated by our numer-
ical method for 1 tape of 2 µm thickness with power law exponent as
30.

pled’ Electro-Magnetic and Electro-Thermal analysis of superconductors
quickly and accurately. Thus, another goal of the proposed thesis is to
develop a simple and an effective software in C++, using original in-house
methods (MEMEP and METEP), that can analyze the coupled Electro-
Magnetic and Electro-Thermal behavior of superconductor under different
inputs such as applied voltage and applied magnetic field.
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Chapter 2

Modeling method

We use Minimum Electro-Magnetic Entropy Production (2D MEMEP)
method in this PhD to solve for current density, J , in Electro-Magnetic
(EM) model [15–17].

The time constant (τ) can be understood as the time that it takes
for the superconducting stack to reach 1/e of its original magnetization
(around 37 percent), with e being the Euler number, since the application
of ripple field or the start of demagnetization procedure. The approxi-
mated formulas of time constant for a single tape, thin stack of tapes,
and thick stack of tapes, respectively, found analytically during this thesis
work using uniform J , are

1

τ
=

fπ

ln 2

d

w

(
Bm
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− 1

)
, (2.1)
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d

wn
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1
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2
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Bp
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, (2.3)

where, w, d, Bp are the width, thickness, and parallel penetration field of
the tape respectively, f and Bm are the applied ripple field frequency and
amplitude respectively, n and h are the number of tapes in stack and total
height of stack respectively, and the critical current density, Jc, is assumed
to be constant. We compare our formula with Brandt’s formula for single
tape (uses non-uniform J), and results from our numerical method.

We have also developed an effective E(J) relation, which is used in 2D
MEMEP model, in place of E-J Power Law, to calculate demagnetization
of superconducting stacks for millions of cycles. For effective constitutive
model based on dynamic magneto-resistance (DMR), we can divide a thin
film superconductor into elements across the width, with each element
having tape thickness (Figure 2.1(b), right). Then these elements can
each be treated as individual slabs, given their high aspect ratios and
negligible mutual magnetic shielding effects of the magnetic field’s parallel
component [2]. The derived effective E(J) relation is
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CHAPTER 2. MODELING METHOD

Figure 2.1: (a) The E(J) relation derived from the dynamic-magneto re-
sistance (DMR) model. (b) shows that the DMR model require only 1
element in thickness mesh for the tape which makes the calculations faster.

E(J) =


0, if Bra ≤ Bth(J) and |J | < Jc,
ER(J), if Bra ≥ Bth(J) and |J | < Jc,
ρ(|J | − Jc) J

|J| + ER(J = Jc), if |J | ≥ Jc,
(2.4)

where, electric field due to DMR, ER(J), is

ER(J) = E0

[
Bra

Bp
− Bth

Bp

(
J

Jc

)]
J

Jc
, (2.5)

and threshold magnetic field (Bth) being

Bth

(
J

Jc

)
= Bp

(
1−

∣∣∣∣ JJc
∣∣∣∣) . (2.6)

From Figure 2.1(a), it can be seen that there is no DMR when applied
ripple field, Bra, is less than Bth(J), and hence E vanishes. Also, when
Bra is above Bp, there exists a non-zero E for any non-zero J .

Similarly, to solve for temperature in superconductors, an original vari-
ational principle method- Minimum Electro-Thermal Entropy Production
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(a) (b)

Figure 2.2: (a) Schematic of the coupling process of ElectroMagnetic and
ElectroThermal solver.(b) Sketch of the considered square superconduct-
ing bulk sample for the thesis.

(METEP) is used. The MEMEP and METEP models are coupled with
each other in a single solver, to perform an overall analysis of Electro-
Magnetic and Electro-Thermal properties of superconducting sample on
the application of external magnetic field or current, or both. Both
MEMEP and METEP solvers are connected through a time loop, where
METEP is solved first and then MEMEP is solved, for each time step for
number of cycles, as can be seen in Figure 2.2 (a).

In this solver, the critical current density Jc is not constant, and de-
pends on temperature. For superconductors in contact with liquid Nitro-
gen, a strongly non-linear convection at the boundary exists (as we con-
sider in this thesis- Figure 2.2 (b)), which leads to a boiling heat transfer.
In the initial stages of this coupled software development, we have con-
sidered a constant physical conductivity parameter, kN for the surfaces in
contact with liquid Nitrogen, from the convection coefficient for nucleate
boiling phase, h, obtained from [18].
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Chapter 3

Cross field demagnetization of HTS stacks

Magnetization trends in superconducting tapes have been analyzed in this
section, depending on different parameters. The thickness of the tape con-
sidered is 2 µm, unless otherwise specified, and the separation between
tapes is 60 µm for the stacks of tapes. The sample is first magnetized
through Field Cooling process for 100 seconds, 300 mT applied field mag-
nitude, and later it is set to be relaxed for 900 seconds. After relaxation,
a demagnetizing ripple field is applied in transverse direction with high
frequency of 500 Hz and peak ripple field amplitudes ranging from 2 mT
to 200 mT (Figure 3.1). The trapped field is calculated at an observa-
tion point located at 1 mm distance from the center of the tape in the x
direction for single tapes (Figure 3.1).

Figure 3.1: (a) Field is applied firstly for magnetization, then after relax-
ation tranverse alternating field is applied to check demagnetization. (b)
shows the directions for magnetizing(Bm) and ripple cross fields (Br).

Instantaneous dependence of trapped field

Benchmark of 2D MEMEP model with 3D MEMEP model

The 2D MEMEP model being used in this document is benchmarked with
the 3D MEMEP model from [16]. All the parameters for this calculation
are same, except that the 3D model uses a superconducting tape with
a finite length, and the 2D model is applied to an infinitely long tape.
Figure 3.2 (a) and (b), shows very good agreement between both models,
and specially when the tape length is 3 times or more the width, 2D
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MEMEP can be used accurately, as the results are practically same for
long samples.
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Figure 3.2: Bechmark of 2D MEMEP model with 3D MEMEP model for
(a) the whole trapped field curve, and (b) the demagnetization phase. 2D
model is realistic for long samples.

Current density

The current density profiles for a stack of 10 tapes, with each tape of
thickness 2 µm and width 12 mm, and applied ripple field of 200 mT
for 30 cycles, can be seen in Figure 3.3. By the end of magnetization and
relaxation phase, we see the stack is fully penetrated and saturated (Figure
3.3 (a)). On application of cross riple field, we see some penetration of
opposing currents in the sample, which is an indication of demagnetization
of sample (Figure 3.3 (b)). The demagnetization of a single tape can be
seen in Figure 1.1. Comparing the stack with a single tape in the above
figures shows that a single tape has more penetration of opposing screening
currents in the sample for the same amount of cycles.

Dependence on state variables

For this calculation, constant Jcd or constant sheet current is considered.
From Figure 3.4 (a), it can be seen that the demagnetization percentage
and rate increases with increase in thickness. Thus, a strong thickness
dependence is observed here and we show that artificial thickness should
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Figure 3.3: Current density profiles for the 10 - tape stack (a) after Relax-
ation, and (b) demagnetization from application of 30 cross field cycles.

be avoided in modeling the demagnetization of HTS stacks. It can also be
seen here that the demagnetization increases with cross field amplitude.
There is almost negligible change at low fields. Similarly, there is less
demagnetization for higher number of tapes in a stack (Figure 3.4 (b)),
and thicker stacks should be considered for solving this problem of cross
field demagnetization.

Time constant study

A comprehensive time constant study has been carried out to check the
rate of demagnetization of superconducting tapes, and its dependence on
various parameters such as tape thickness and width, applied ripple field
amplitude and frequency, and number of tapes in a superconducting stack.
All cases that are considered here are for 2 µm tape with critical current
density of 1.36 x 1010 A/m2, and 200 mT of applied ripple field with 500 Hz
frequency for 30 cycles, unless specified otherwise, for better comparison
of different cases.

It is seen from Figures 3.5 (a), (b), and (d) that the time constant or
demagnetization decreases with tape thickess, tape width, and number of
tapes in a stack, respectively, and (c) shows that demagnetization increases
with cross field frequency.

The results are for constant Jc, and the thickness dependence is in
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Figure 3.4: Dependence of demagnetization on (a) tape thickness and
cross field amplitude (constant Jcd), and (b) number of tapes in a stack.

contrast to the result from constant Jcd case. These trends are due to the
dependence of time constant on these state parameters, as can be seen in
equations (2.1), (2.2), and (2.3).

Comparison with analytical formulas

For a single tape, the time constant formulas as given in equation (2.1) and
Brandt’s equation for single tape ( [2]) are used, and their comparisons
with the numerical data, for frequency dependence, is shown in Figure 3.6
(a). It can be seen from these graphs that the time constant values for nu-
merical analysis are very close to the data from analytical formulas. Thus,
in contrast of non-uniform J by Brandt, we validate the approximation
of uniform J in the width of the tape for our formulas. The numerical
method takes non-uniform J in both the thickness and width of the tape,
so the agreement with numerical results approve of our assumptions. The
curves for analytical data are, in general, a bit lower than the numeri-
cal results, being more pessimistic, and, hence, providing safer values for
engineering applications.

Similarly, the time constant comparison between numerical and ana-
lytical results for a stack with different number of tapes is also performed,
using equation (2.3) for analytical purposes. The graphs for both these
results are in a very good agreement with each other, especially for higher
values of ripple fields, as can be seen in Figure 3.6 (b). The agreement is
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Figure 3.5: Dependence of time constant on (a) tape thickness, (b) tape
width, (c) cross field frequency, and (d) number of tapes in stack. The
calculations are for constant Jc.

expected to get better with higher number of computed cycles since these
results are calculated at very early stages of demagnetization decay curves.
Also, higher Power Law exponent can bring the results closer, since at very
high n values (above 100) the E − J Power Law Model comes very close
to Critical State Model, which the formulas use.

Dynamic Magneto-Resistance approach

Till now, all the results are achieved by incorporating E-J Power Law in
MEMEP method (let’s call this E-J Power Law Model). Though the re-
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Figure 3.6: Bechmark of anayltical formulas for different cases of (a) cross
field frequency, and (b) number of tapes dependencies. Numerical calcu-
lations agree with simplified formulas for time constant.

sults are accurate, it takes a lot of time to calculate them which depends
on various factors such as applied ripple field amplitude, tape/stack ge-
ometry, etc. Thus, we use the novel effective E-J relation, developed using
Dynamic Magneto-Resistance (DMR model) in MEMEP 2D to calculate
demagnetization for millions of cycles of applied cross field.

For this section, we use 2 different configurations for these calculations-
Benchmark and Rotor (Table 3.1), according to the different cases.

Modeling configurations
Parameters Benchmark Rotor

Tape Thickness 2 µm 1.5 µm
Tape Width 12 mm 40 mm

Gap 60 µm 100 µm
Jc 1.36 x 1010 A/m2 5.78 x 1010 A/m2

Ripple field frequency 500 Hz 2400 Hz

Table 3.1: Different modeling configurations for calculating results with
different models.
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Benchmark of DMR model

Firstly, we benchmark DMRmodel with E-J Power Law model by checking
the demagnetization behavior of a 10-tape stack by both models, using
Benchmark Configuration, in Figure 3.8. In the (a) part of this Figure,
you can see that DMR model shows very good agreement with E-J Power
Law model, even for higher number of cycles (100). A little difference
(around 0.01 percent) between both models is expected due to the DMR
model being based on Critical State Model.

(a) (b)

Figure 3.7: Trapped field decay comparison for DMR model, and E-J
Power Law Model, using Benchmark configuration for a 10-tape stack
(Benchmark configuration). (a) shows good agreement between both mod-
els. (b) shows that asymptotic values are reached for ripple field ampli-
tudes below the tape’s penetration field, 55 mT (Rotor configuration).

There are 2 major advantages of DMR model over E-J Power Law
model. Firstly, the mesh used in the thickness of tapes in HTS stacks
include only one element in DMR model, in contrast to the E-J Power
Law model where you need atleast 20 elements in thickness. Secondly, the
electric field in DMR model is calculated for one whole cycle (or several
cycles) of applied ripple field, whereas, the E-J Power Law model uses
20 time steps in each cycle. Thanks to these benefits, you can calculate
demagnetization for very high number of cycles using DMR model fairly
quickly. For benchmarking, E-J Power Law model takes 1-2 months for
calculating 100 cycles for a 10 tape stack, depending on the applied ripple
field amplitude (more time for low amplitudes). For the same case, DMR
model takes only around 2 minutes to calculate 100 cycles of demagne-
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tization which shows that the DMR model is very strong and fast when
compared to its contemporary.

Using these advantages of DMR model, we apply it to calculate de-
magnetization for 100 thousand cycles of ripple field for a 10-tape stack,
this time using Rotor configuration. An interesting result can be seen in
Figure 3.8(d) that the trapped field curves at low amplitudes do not de-
cay towards full demagnetization but tend to reach an asymptotic value,
whereas the curves at higher amplitude demagnetize to almost zero. This
behavior is due to the fact that the dynamic magneto-resistance, which is
the cause of demagnetization, is dependent on the tape’s threshold field.
After some cycles, for low amplitudes, this threshold field becomes rela-
tively very high, in comparison to the ripple field amplitude, that makes
the dynamic magneto-resistance practically zero. Hence, there is almost no
demagnetization at this point and we see permanent asymptotic values,
which means that the tape can stay magnetized at these values practi-
cally indefinitely. For high ripple field amplitudes over penetration field,
threshold field can never overcome the field amplitude, and the dynamic
magneto-resistance cannot reach zero, which makes the tape/stack fully
demagnetized.

Here, the tape’s parallel penetration field is around 55 mT. So from
this we deduce that, if the applied ripple field amplitude is below the
tape’s penetration field, we get asymptotic or permanent values of trapped
field, whereas, if the applied ripple field amplitude is above the parallel
penetration field then the sample tends to fully demagnetize.

Demagnetization of 100 tape stack for millions of cycles

Now, since we have shown that the DMRmodel is accurate and can present
asymptotic values at high number of cycles, we apply the model to a 100
tape stack for high number of applied ripple field cycles. Rotor configu-
ration is used in this section. In real life applications, such as supercon-
ducting motors for aircraft, generally 50 to 100 tape thick stacks are used
in the rotor, and, thus, modeling such thick stacks is required.

Firstly, the current density profiles for the 100 tape stack can be seen
in Figure 3.8 (a) and (b). In order to observe asymptotic values, 30 mT
ripple field amplitude is considered for these graphs, as it is below the
penetration field of the tape (around 55 mT). The current density profile
after relaxation in (a) shows a completely saturated, and uniform stack.
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Figure 3.8: Current density profile for 100 tape stack using Rotor config-
uration at (a) post-relaxation,(b) 100 thousand cycles, and (c) 2 million
cycles. Ripple field amplitude applied here is 30 mT.

From (b), it can be seen that even after applying ripple field for 2 million
cycles, the stack is not fully demagnetized (where the current density is
still around 50 percent of Jc), and, hence, a permanent magnetization
is retained. Also, the change is not visible here in the thickness of the
stack as we only use 1 element in the thickness of the tape. However, the
non-uniformity of the current density can be observed in the width of the
sample.

In Figure 3.8 (c), we notice that the curves for 15 mT and 30 mT
applied ripple field amplitudes reach an asymptotic value, whereas, the
other curves demagnetize fully in less than 1 million cycles. Here, we
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again show that if the ripple field amplitude is below parallel penetration
field of a tape, then the trapped field reaches an asymptotic value and some
magnetization is retained permanently. The time taken for calculating 2
million cycles of demagnetization of the 100 tape stack is around 2-4 days,
depending on field amplitude, which again shows that the DMR model
is very fast when compared to commercial software and E-J Power Law
model.

Other configurations

HTS Bulks
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Figure 3.9: Comparison of bulk and stack for (a) low number of cycles,
and (b) high number of cycles.

Next, the DMR model is applied to an interesting case of bulks, to
compare their demagnetization with stacks for high number of cycles. For
this purpose, a 10 tape stack under Rotor configuration parameters is
used. Equivalent bulk dimensions of the stack, and engineering critical
current density is used for the bulk.

From Figure 3.9, a very striking contrast between the behaviors of
bulks and stacks can be observed. We see that for low number of cycles,
stacks demagnetize less, whereas, for high number of cycles, bulks demag-
netize less. This is due to the fact that bulks have much higher parallel
penetration field as compared to the stacks, so bulks have much higher
range of ripple field amplitudes for which they can reach an asymptotic
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value. In other words, bulks can retain magnetization permanently for
ripple field amplitudes higher than the stack’s penetration field, and for
these fields, stacks get fully demagnetized.

Soldered stacks

Though we know now that bulks can retain more magnetization than
stacks, an important point to note is that constructing a bulk is more
complicated than building a stack. Also, stacks are more customizable
than bulk. Thus, a good alternative for using bulk for the cross field
demagnetization problem can be a fully soldered stack, which acts like a
bulk at low resistances [19], in order to have the best of both cases.

(a) (b)

Figure 3.10: (a) Considered configuration 8 tape stack, 4 pairs of soldered
stack. (b) Comparison of trapped field curves of 8-tape soldered stacks
and isolated stacks.

For this case, we fully solder 2 tapes on the superconducting side. For
modeling, we have assumed that all coupling current flows at the end
resistance (or the soldering is only at the edges) [19]. Next, we calculate
the demagnetization of a stack of a unique construction, where the soldered
tapes are arranged in 4 pairs to give a 8-tape soldered-isolated stack, as
seen in Figure 3.10 (a).

The demagnetization curves of the soldered stacks and the isolated
stacks are calculated using E-J Power Law model and DMR model re-
spectively. Due to higher penetration fields, the soldered stacks also reach
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permanent asymptotic fields for cross field amplitudes below their pene-
tration field (48 mT), as can be seen in Fig. 3.10 (b). For 60 mT, both
stacks demagnetize to zero since the cross field amplitude is above both of
their respective penetration fields. This comparative behavior is the same
as the one for the bulk’s case in previous section. Thus, we show here that
the soldered stacks behave as bulk, and, to avoid rapid demagnetization
like isolated stacks, soldered stacks can be used in concerned applications.
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Coupled Electro-Magnetic and Electro-Thermal
model

We have developed a novel and fast software in C++ which performs
coupled Electro-Magnetic (EM) and Electro-Thermal (ET) analysis of su-
perconductors. In the initial stages of development, we have applied this
program to the problem of electro-thermal quench, as a proof-of-concept.

For this analysis, a square superconductor sample of dimensions 1 cm
× 1 cm is considered. The boiling point or temperature of liquid Nitrogen
is taken as 77 K. The critical temperature (Tc) and the critical current
density (Jc) of the superconductor are taken as 92 K and 1×108 A/m2,
which are in the range of typical characteristic values of REBCO bulk
superconductors. This Jc is also considered as the critical current density
at 77 K, Jc,N , and is used to normalize current density profiles in this
chapter. The thermal conductivity (k) and the thermal heat capacity at
constant volume (Cv) of the superconductor are taken as 9 W/m.K and
9 × 10 5 J/m3/K, respectively, for REBCO cuperconductor [18, 20]. A
physical effective thermal conductivity, kN , is considered at the surfaces
using convection coefficient, h, of 10000 W/m2K. The normal state re-
sistivity and Power-Law exponent(n) are taken as 3 ×10−7 Ωm and 30,
respectively. An important point to note here is that n and Cv are tem-
perature dependant, which the software is capable of considering, and the
constant values are only taken here for the sake of simplicity. Addition-
ally, the sinusoidal input voltages and magnetic fields are applied at 50 Hz
frequency, with 20 time steps per cycle.

Quench modeling with voltage input

In this section, the quench modeling for the considered superconductor is
done using only voltage as an input parameter, where the applied magnetic
field is zero. The EM and ET models are coupled with each other, so that
for each time step J from the EM is transferred to the ET, and T from
the ET is transferred to the EM.

The quenching of the magnet is a serious problem, and highly effective
cooling conditions and methods are required to overcome this potentially
destructive phase. Figure 4.1 (a) and (c) show the rise in average temper-
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ature for voltage inputs 1 V/m and 5 V/m, respectively. For 1 V/m, the
temperature rise is not big, which is easily overcome by enabling cooling
at the surfaces. The low temperatures also do not affect the total current
in the sample, and, thus, the total current stays almost the same for the
cooling enabled case as well (Figure 4.1 (b)). Contrastingly, for 5 V/m,
the average temperature rises very rapidly to above 300 K in just 250
cycles for the adiabatic case. However, with heat exchange with liquid
Nitrogen in the cooling enabled case, the average temperature is limited
to only around 100 K (just a bit higher than the critical temperature, 92
K), as can be seen in Figure 4.1 (c). This also affects the total current in
the sample, and as observed in Figure 4.1 (d), much higher total current is
retained for the cooling enabled case. This is because of smaller decrease
of Jc in cooling enabled case, as compared to the adiabatic case, which
allows for higher retention of superconducting currents.

Similarly, we analyze various curves of average temperature for differ-
ent voltage inputs in Figure 4.2. Here, we can see almost no change for
voltages 1 V/m and 2 V/m due to effective cooling. For cooling enabled
case for 1 V/m, the temperature and current density profiles are presented
in Figures 4.3 (a) and (b), respectively. The curves for 10 V/m and 20
V/m amplitudes are for highly limiting case and, with cooling enabled,
they reach a stationary state.

The case of 5 V/m with enabled cooling is of special interest, as it still
shows relatively high total current (around 3000 A in Figure 4.1(d)), even
though the corresponding transient state of average temperature (around
100 K) is above the critical temperature, 92 K (Figure 4.1 (c) ). This
effect can be understood by observing the current density and temperature
profiles in Figures 4.3 (c) and (d). On letting the program run for 250
cycles, we see that the center of the sample has much higher temperature
(around 110 K) than the critical temperature (92 K), which shows that
the center of sample is in the normal state (Figure 4.3 (c)). Interestingly,
the edges, and some elements near the edges, show temperatures below
the critical temperature. Similarly, as can be seen in Figure 4.3 (d), the
edges, and some elements extending from the edges, show high current
densities in the range of Jc. This explains the obtained total current curve
in Figure 4.1(d), as most of the sample is behaving as a normal conductor
but the edges present superconducting behavior, enabling high transfer
of currents, given the non-linear nature of superconductors. This shows
another feature of using an effective cooling mechanism, that even after
achieving normal state at high voltages, a good amount of current can be
transmitted using a superconductor in a potent cryogenic environment.
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Quench modeling with applied field input

The coupled Electro-Magnetic and Electro-Thermal model is also able to
take applied magnetic field as an input. For this case, we have used input
voltage as zero and cooling is enabled. The sinusoidal magnetic field is
applied in y direction (Figure 4.5).

Firstly, we see the average temperature curves for different applied
magnetic field inputs in Figure 4.4. For the applied field of 200 mT, the
maximum temperature rise from 77 K is quite small and stable during the
whole process. There is higher temperature rise for 500 mT. A cyclical
rise in temperature is seen for 1 T and 2 T applied field, which is due to
cyclic AC power loss generation. An important point to note here is that
the total current for the sample will be zero in all these cases, due to the
symmetrical nature of current density penetration, which is in contrast to
the case of using voltage as an input parameter in the previous section.

Next, the temperature and current density profiles for 500 mT input
are analyzed. Figures 4.5 (a) and (b) show, that in just 1 time step, the
screening currents start penetrating from the edges inwards. Their sign
follows the right-hand rule in order to generate a high magnetic field in the
y direction at the sample center. The temperature change is negligible at
this stage. On reducing the applied magnetic field to zero when reaching
half cycle, the penetrating screening currents switch their sign (Figures
4.5 (c) and (d)). This effect can be understood from the Critical State
Model. Due to this penetration, there appears local heat generation, and,
hence, the temperature of the sample rises more.

To note an observable change in the current density profiles due to
the temperature rise, the simulation is let to run for up to 150 cycles of
applied field. At the end of 150 cycles, we see higher temperatures and
lower current densities at the center (Figures 4.5 (e) and (f)). At higher
magnetic field inputs, the underlying mechanics of the screening current
penetration and temperature rise stays the same, only the rate of the
temperature rise increases.

Thus, we show here that the coupled EM and ET model can accurately
take the applied magnetic field as input as well, in addition to the voltage
as an input parameter, and is able to explain the underlying physics of
current and temperature change adequately.
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Figure 4.1: Average Temperature and Total current comparison for Adi-
abatic case and Cooling enabled case respectively taking Vm as (a,b) 1
V/m, and (c,d) 5 V/m, respectively. At high applied voltages, the super-
conductor quenches faster, which reduces the total current in the sample
rapidly.
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Figure 4.3: Temperature (a,c) and Current Density (b,d) profiles for the
cooling enabled case, at the 250th cycle, taking Vm as (a,b) 1 V/m, and
(c,d) 5 V/m, respectively.
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Figure 4.5: Temperature (a,c,e) and Current Density (b,d,f) profiles for
applied field, Bm, of 500 mT, cooling enabled case, at the (a,b) 1st time
step (Ba/Bm = 0.2) of the 1st cycle, (c,d) the half cycle (applied field Ba

= 0) of the 1st cycle, and (e,f) at the 150th cycle, respectively.
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Cross field demagnetization of HTS stacks and bulks

We show that the 2D MEMEP model, using E-J Power Law (called E-
J Power Law Model), is able to model the phenomenon of cross field
demagnetization of HTS stacks and bulks accurately. The 2D model is
bechmarked with 3D model, and we see that the trapped fields at the
center of tape lengths of 3 times the width (3D MEMEP) is practically
the same as for the infinitely long tapes (2D MEMEP). We use the 2D
MEMEP model to calculate the time constant of the deteriorating curve
of the stack’s trapped field, a measure of magnetization decay rate, and
we see that the numerical results for the time constant also agree with the
analytical formulas’ results developed by our team.

It is found that the demagnetization of a superconducting tape, or
stack of tapes, is dependent on various state variables like applied ripple
magnetic field amplitude and frequency, thickness and width of the tape,
and number of tapes in stacks. The time constant increases with tape
thickness (constant Jc), tape width, and number of tapes in stack, and
decreases with in ripple field amplitude and frequency. The demagnetiza-
tion also increases with thickness of tape for critical sheet current density
(constant Jcd).

We also develop a novel effective E-J relation, based on Dynamic
Magneto-Resistance (we call this DMR model), which is used to calcu-
late the demagnetization of a 100-tape stack for over 2 million cycles of
ripple field in less than 4 days, which is the current world record, as per
our knowledge. From this calculation, we see that if the applied ripple
field amplitude is below the parallel penetration field of the tape, then the
trapped field curves reach an asymptotic value, where we achieve perma-
nent magnetization for indefinite time. For ripple field amplitudes above
the parallel penetration field of the tape, the stack fully demagnetizes.
We apply this model to other interesting cases as well, such as bulks and
soldered stacks, and show that they retain more magnetization for high
number of cycles as their parallel penetration fields are much higher than
isolated stacks.

The frequencies in HTS motors for aviation are very high (1000s of Hz),
thus, we need to calculate demagnetization of HTS stacks for millions of
cycles to account for the real flight times, which are atleast 2 hours for
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transcontinental flights. The DMRmodel developed during this thesis can,
thereby, assist the motor engineers to effectively design superconducting
motors, enabling them in the pursuit of realtime and fast calculation of
the cross field demagnetization of HTS stacks and bulks.

Coupled Electro-Thermal modeling of superconductors

We have also developed a novel computer software which performs coupled
2D Electro-Thermal (ET) and Electro-Magnetic (EM) analysis of super-
conductors. The ET and EM codes work in conjunction, and affect each
other, for every timestep, and are based on Minimum Electro-Thermal
Entropy Production (METEP) and Minimum Electro-Magnetic Entropy
Production (MEMEP), respectively.

The software is able to accurately and quickly predict the magnetic
quench behavior using different inputs, and can explain the physics of
temperature and current density change in detail. The models are pro-
grammed in C++ at our department, and, thus, they are highly customiz-
able to take more inputs and variables, and include other physical analyses
as well. The software, built using completely new methods, is currently
in the initial development phase, and shows great promise for the com-
plete multiphysical analysis of superconductors for different high field and
power applications.

For future work, for coupled Electro-Thermal and Electro-Magnetic
model, we plan to upgrade the software by including temperature de-
pendence of different variables, like Cv(T ), n(T ), and k(T ). Then, the
software will be applied to the geometry of axisymmetric coil, for Electro-
Thermal and Electro-Magnetic analyses. It is also planned to add coupled
Mechanical analysis by the end of this year (2021) in the C++ program,
which will enable us to completely analyze the multiphysics of supercon-
ductors for high field magnets under the Hi-SCALE project.
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