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Abstract—Large, single-grain high-temperature superconducting
(HTS) bulks have significant potential to replace permanent
magnets in various engineering applications. However, based on
our previous research, the trapped field in a bulk superconductor
can be attenuated or even erased when a bulk is subjected to a
time-varying, external magnetic field. Therefore, it is important
to develop a method to protect bulks from demagnetization by (a)
improving the thermal conduction of the bulk and/or (b)
reducing AC losses. Improvement in the thermal conduction of
bulks involves modification of the material fabrication process,
which may have a detrimental effect on its superconducting
properties. Employing shielding materials around a bulk helps to
decrease the AC losses, but also provides a durable way to
maintain the original material properties. In this paper, two
shielding cases are proposed and evaluated numerically: ring-
shaped shielding with a copper coil, and surface shielding with a
ferromagnetic material. Based on the numerical modelling results,
the ring-shaped coil works well for externally applied AC fields
of larger magnitude and higher frequency. However, the
ferromagnetic material was preferable for surface shielding for
relatively lower fields. Finally, an optimal shield design is
presented.

Index Terms—High-temperature superconductors, numerical
simulation, trapped field magnets, trapped field attenuation,
finite element method.

I. INTRODUCTION

arge, single-grain (RE)BCO high-temperature
Lsuperconducting (HTS) bulk materials have great

potential to trap high magnetic fields of over 17 T below
30 K [1], [2] and up to3 T at 77 K [3]. More compact and
high-performance applications can be realized by using HTS
bulks [4-11], but in practical applications these can be exposed
to time-varying magnetic field perturbations. Since this
phenomenon affects the magnetic field trapped in the bulks to
a large extent, the overall efficiency and performance can be
limited. Based on previous studies [12-14], the trapped
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magnetic field attenuated and was even erased by the
application of an external time-varying magnetic field, even
though the amplitude was much smaller than the original
trapped magnetic field.

Therefore, it is necessary to figure out the exact
mechanisms for this demagnetization effect and to develop a
method to suppress the attenuation of trapped field. In our
previous research [14], the attenuation of trapped field in HTS
bulks subjected to an external time-varying field is attributed
to flux creep, shielding current redistribution within the HTS
bulks, and AC losses generated by the penetration of the
external AC field into the bulk. Hence, it is considered that the
demagnetization effect can be suppressed by (a) improving the
thermal conduction of the bulk or (b) screening the sample
from the external field to reduce the losses in the bulks [16-
17]. In order to improve the thermal properties of the bulk, a
bulk impregnated with low melting point metal was developed
to suppress demagnetization in an AC field [15]. However,
this method may have a detrimental effect on the bulk’s
superconducting properties. Employing shielding coils around
bulks helps to decrease the AC losses [16-17], but also
provides a durable way to maintain the material’s original
properties.

Comparing a bulk sample without any protection, two sets
of shields fabricated from copper and ferromagnetic materials
are investigated numerically in this paper. The modelling
frame work is summarized in Section II, and two different
ways of shielding are described in Section Ill, including the
main simulation results.

Il. NUMERICAL SIMULATION

A. Numerical Simulation Framework

The electromagnetic properties are simulated using a two-
dimensional (2D) axisymmetric model based on the H-
formulation [14], [18-23] and is solved using the Finite
Element Method (FEM) implemented in the Partial
Differential Equation (PDE) module of COMSOL
Multiphysics 4.3a [24]. More detailed model framework can
be found in [25].

The HTS bulk sample used in all the models has a diameter
of 20 mm and thickness of 10 mm. The external magnetic
field simulation is split into three time domains:

a) 0<t<8s: Zero field cooling (ZFC) with an applied
magnetic field, By =2 T.
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b) 8 <t <12 s: Sinusoidal external magnetic field of
magnitude B, and frequency f is applied.
c) 12<t<16s: Relaxation time of 4s.
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Fig. 1. Applied magnetic field for the simulation of zero field cooling of the
YBCO sample during the first stage.

Firstly, the HTS bulk sample is magnetized by the zero field
cooling method (ZFC) by setting appropriate boundary
conditions in the model to apply the field shown in Fig 1. In
this ideal electromagnetic model, any increase in temperature
due to the movement of magnetic flux lines is ignored. The
reduction of trapped field due to flux creep and shielding
current redistribution is analyzed easily in this electromagnetic
model without consideration of temperature rise during the
process.

The E-J power law (E o J") is used to simulate the non-
linear electrical properties of the superconductors, where n =
21 and Eo = 1 x 10 V/m. The Kim model is also employed, as
shown in equation (1), to model the J.(B) characteristics,
where By= 0.4 T and Joo = 2 x 108 A/m?, which is consistent
with the measured material properties of the (RE)BCO bulk
superconductors  fabricated by the Cambridge Bulk
Superconductivity Group [22].
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The governing functions are derived from Maxwell’s
equations, namely Faraday’s (2) and Ampere’s (3) laws:

d sttt H)
dt
VxH=J (3)

VxE+(i—?):VxE+ 0 (2)

where |, is the permeability of free space, and for the
superconducting, copper and air sub-domains, the relative
permeability is simply p,= 1. For the ferromagnetic sub-
domains, an appropriate constant value for p, is used, resulting
in a linear B(H) curve, until the saturation value poMgy iS
reached. Thus, , is represented in the numerical simulation by
the following equations:

/ur = /ur,max for B < IUOMsat '

M t
=) for B> 1M, (4)
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Where poMsyand prmaxare 2 T and 1700, respectively [21].
In addition, the resistivity of ferromagnetic material used was
1x10°Qm[21].

In these cases, the main focus is the trapped field in the
superconductor, and in Section III.C, the loss in the
superconductor is considered, but eddy current losses and iron
losses have not been considered. A further study that includes
a thermal model and the effect of these losses should be
investigated in the future, but it is expected that a layer of
thermal insulator would be present to isolate the bulk from the
shield to avoid any excessive heat transfer to the bulk.

I11.  SIMULATION RESULTS AND ANALYSIS

In this section, two types of shield configurations — ring-
shaped shielding and surface shielding — are investigated and
compared with the trapped field performance of the bulk
sample without any protection.

A. Ring-shaped Shielding

Bulk Bulk

10 mm

A amd >

20 mm 2 mm 2 mm

Fig. 2. Bulk sample dimensions (left) and shield configuration made ofa
copper or ferromagnetic coil in a ring shape (right).

As shown in Fig. 2, a copper or ferromagnetic shield of
thickness 2 mm was employed to screen the bulk sample from
the applied AC field. Due to the effective screening effect, the
initial trapped field in the sample with a copper ring (0.52 T)
was slightly lower than that trapped without any shield
(0.54T). The initial trapped field for the ferromagnetic
shielding ring is close t0 0.54 T.

As discussed in [14], the trapped field can decrease
dramatically with increasing magnitude of external AC field:
when the applied field was around 0.3 T, the trapped field was
almost erased from the sample. Thus, the shielding effect of
the copper and ferromagnetic shields with applied field
varying from Bg, = 0.1 T to 0.3 T with f = 50 Hz was
investigated using the model and the results are shown in Fig.
3. With an increase in the applied external field, the remnant
trapped field ratio (Byap/Biniia) Without shielding dropped
dramatically from 0.75 to 0.45. However, with the copper
protector, this ratio was controlled within the range of 0.85 to
0.6. The performance of the shield is determined by the
resistivity, p, of the employed copper and also the applied field
frequency. In this study, the resistivity of copper was set as 3
nQm [26]. In addition, the shielding effect for copper ring is
better for relatively higher external applied AC fields, Be,.

However, for the ferromagnetic shielding ring, there is a
negligible shielding effect. Due to the field enhancement in
ferromagnetic material region during the cycles of the external
applied field, the total field around the edge of the bulk sample
is higher than without shielding, which on the contrary, even
enhances the demagnetization effect.
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Fig. 3. Remnant trapped field ratio (Buap/Biniia) With the applied field
magnitude, Bey, varying from 0.1to 0.3 T, for f = 50 Hz.

The frequency-dependent performance was also assessed.
Since the attenuation of the trapped field was more severe for
Bex = 0.3 T [14], the frequency-dependent performance in the
range of 10 to 100 Hz is analysed for a field, B¢ = 0.3 T, and
the results are shown in Fig. 4. Interestingly, with an increase
of applied field frequency, the copper shield’s performance
also improved. This could be explained by Faraday’s law.
With a faster change in applied field, the induced field
generated in the copper coil will be also be relatively large in
the opposite direction to compensate the applied AC field,
which enhances the shielding effect to protect the trapped
field.
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Fig. 4.Frequency dependence of remnant trapped field ratio (Byap/Biniiar) With
the applied field frequency varying from 10 to 90 Hz, for B, =0.3 T.

B. Surface shielding

Since the use of ferromagnetic materials can enhance the
magnetic field in certain regions, another form of shield using
ferromagnetic material was investigated, as shown in Fig. 5.

Bulk

ww o1

!

2mm
Fig. 5. Surface shield configuration using ferromagnetic material.

The remnant trapped field ratio when using ferromagnetic
surface shielding was studied for B,,=0.1t0 0.3 T (f = 50 Hz).
In Section IlI.A, the initial trapped field without protection
was 0.54 T; however, Bjisial in the case of a ferromagnet on the

bottom surface is 0.58 T. Thus, the ferromagnetic surface can
facilitate the enhancement in trapped field, as shown in [21].

The performance of the ferromagnetic surface shield does
not depend on the external AC field frequency, which
improves the final trapped field after the application of
external time-varying field. However, with a higher magnitude
of external field, this mitigation performance was less, and this
is shown in Fig. 6.

For a fixed frequency of applied external field (f = 50 Hz),
the magnitude-dependence is investigated in Fig. 6. It is
shown that the mitigation effect during the applied time-
varying field stage (second stage) contributed by the
ferromagnetic surface shield is relatively large when B, = 0.1
T, compared with the case where B, =0.3 T.
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Fig. 6. Frequency dependence of remnant trapped field with the applied field
frequency varying from 10 to 90 Hz, for B, =0.1and 0.3 T.
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Fig. 7. Remnant trapped field with the applied field magnitude varying from
0.1t00.3 T, for f =50 Hz.

The mitigation performance of the ferromagnetic surface
shield is a passive effect, which means if the magnitude of
applied field is below the saturation field and the final trapped
field near the ferromagnetic surface is relatively high, the
enhancement performance will be also high as shown in
equation (5):

B = HoptH ®)

where |, is the relative permeability of the ferromagnetic
material. As discussed in [14], in the area of penetration of the
external applied field, the screening current cannot effectively
contribute to the trapped field and reduces the overall trapped
field. For a larger external applied AC field, a greater area is



MT ID:06020P0020

penetrated by the external field as shown in Figs. 8 and 9.
Therefore, in the case of Bg = 0.3 T, a larger demagnetization
effect occurs and the remnant field around the ferromagnetic
surface is relatively smaller than in the case of B, = 0.1 T.
Thus, the mitigation performance is lower in Fig. 9.
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Fig. 8. Magnetic flux density plot of the modulus of B (colour scale) for the
surface shielding case with B, = 0.1 Tand f =50 Hz, at t = 16 s.

- 0.8
8 e

Z - Coordinate [mm]
[1] Aisuap xn3 onauden

0 10 20

r - Coordinate [mm]
Fig. 9. Magnetic flux density plot of the modulus of B (colour scale) for the
surface shielding case with B, =0.3 Tand f =50 Hz, att =16 s.

Fig. 10 shows the remnant trapped field ratio (Byap/Binitiar)
for the ferromagnetic surface shield with the applied field
frequency varying from 10 to 90 Hz, for B, = 0.3 T. Fig. 11
shows the field-dependent performance of the ferromagnetic
surface shield. Although the magnitude of the remnant trapped
field for the ferromagnetic surface shield after several cycles
of time-varying external applied field was larger than that
without protection, the remnant trapped field ratio was worse.
The enhancement of remnant trapped field is mainly due to the
field enhancement during the ZFC stage and the thickness can
be optimized, by finding the threshold thickness for the
ferromagnetic surface shield, as described in [21].
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Fig.10. Frequency-dependence of the remnant trapped field ratio (Biap/Binitiar)
with the applied field frequency varying from 10 to 90 Hz, for B, =0.3 T.
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Fig. 11. Remnant trapped field ratio (Buap/Biniiar) With the applied field

magnitude varying from 0.1 to 0.3 T, for f = 50 Hz.

C. Energy loss in the bulk sample

Fig. 12 shows 5 cycles of the energy loss (Q = _[ Eds) for

three cases: 1) without protection, 2) with the copper ring, and
3) with ferromagnetic surface shielding. The highest energy
loss occurs in the sample without protection. The copper ring
shielding reduces the energy loss in the superconductor by
approximately one third. Although the energy loss in the bulk
sample remains similar in the case of the ferromagnetic
surface shield, the remnant trapped field is still slightly higher
compared to the case without any protection, due to the
enhancement in initial trapped field.
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Fig. 12. Instantaneous energy loss in the bulk sample: 1) without protection,
2) with copper ring shielding, and3) with ferromagnetic surface shielding,

fromt=11sto11.1s for B, =0.2 T and f = 50 Hz.
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IV. CONCLUSION

HTS bulk superconductors are ideal candidates to develop
more compact and efficient devices, such as actuators,
magnetic levitation systems, flywheel energy storage systems
and electric machines, due to their ability to trap large
magnetic fields. However, a significant concern for practical
applications is the attenuation of the trapped field in HTS
bulks due to external time-varying fields. In this paper, two
types of shielding were studied numerically using copper and
ferromagnetic materials.

It is found that copper works well in a ring-shaped shield,
particularly for larger external applied fields and higher
frequencies, due to the induced shielding current. The
ferromagnetic ring-shaped shield has a negligible effect on
demagnetization from an external field and can, on the
contrary, enhance the demagnetization effect.

The ferromagnetic material was preferable as a surface
shield for relatively low external applied fields, but the
positive effect on remnant trapped field works due to the field
enhancement in the initial magnetizing stage. A threshold
thickness can be estimated to optimize the trapped field
enhancement from the ferromagnetic surface shield.
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