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Abstract

®

CrossMark

Stacks of superconducting tape can be used as composite bulk superconductors for both trapped
field magnets and for magnetic levitation. Little previous work has been done on quantifying the
levitation force behavior between stacks of tape and permanent magnets. This paper reports the
axial levitation force properties of superconducting tape wound into pancake coils to act as a
composite bulk cylinder, showing that similar stable forces to those expected from a uniform
bulk cylinder are possible. Force creep was also measured and simulated for the system. The
geometry tested is a possible candidate for a rotary superconducting bearing. Detailed finite
element modeling in COMSOL Multiphysics was also performed including a full critical state
model for induced currents, with temperature and field dependent properties and 3D levitation
force models. This work represents one of the most complete levitation force modeling
frameworks yet reported using the H-formulation and helps explain why the coil-like stacks of
tape are able to sustain levitation forces. The flexibility of geometry and consistency of
superconducting properties offered by stacks of tapes, make them attractive for superconducting
levitation applications.

Keywords: magnetic levitation, HTS tape, magnetic bearing, stack of tapes, composite bulk
superconductor

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

1. Introduction

Stacks of high temperature superconducting (HTS) tapes have
proven potential to act as composite superconducting bulks,
for either trapped field magnets or as passive components of a
magnetic levitation system. Experiments on stacks made from
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standard 12 mm wide commercial tape have shown that high
fields can be trapped using both the pulsed field method of
magnetization [1], and field cooling [2], with work also done
on stacking annuli made from larger width tape to form a
uniform field persistent magnet, magnetized using field
cooling [3, 4].

Superconducting levitation offers stable contactless
bearings, enabling very low loss and resistance to sudden
failure compared to active magnetic bearings [5]. It is stan-
dard to use HTS (RE)Ba,Cu30;_,4 ((RE)BCO) bulk super-
conductors, where ‘RE’ stands for rare earth, for magnetic
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levitation, but stacks or blocks made from HTS tape have
previously been investigated in the context of maglev appli-
cations showing that stable levitation of RE permanent
magnets (PMs) is possible [6, 7]. There are still many possible
configurations involving different geometries and stacking
patterns that have yet to be investigated quantitatively for
magnetic levitation using stacks of tape. Investigation of
levitation performance below 77K and using the latest
commercially available tape has also yet to be reported.
Recent production of solder coated tape by SuperOx has
allowed for the creation of soldered self-supporting slabs with
high geometric tolerance, and previous work by the current
authors has shown these soldered stacks are well suited to
acting as trapped field magnets [8, 9]. The two main advan-
tages of using stacks of commercial HTS tape for super-
conducting levitation instead of conventional (RE)BCO bulks
are (i) predictability and uniformity of the superconducting
properties and (ii) flexibility of geometry. The first advantage
has already been exploited in the context of trapped field
magnets but the second has not been exploited much. The
work reported in this paper uses stacks of tape in a completely
different geometry to that of slabs and blocks considered
previously. By coiling the tape a cylindrical geometry can be
created, suited to cylindrical type superconducting bearings.
Cylindrical bearings have previously been used for large scale
flywheel energy storage systems such as the one produced by
ATZ GmbH [10]. The superconducting stator part is made of
many tessellated (RE)BCO bulk pieces to form an approx-
imate cylinder. The rotor is made of a stack of rare-earth PMs
giving a final axial levitation force density of 13Ncm 2
which is around the maximum that can practically be
achieved in such cylindrical superconducting bearings using
rare-earth PMs. The geometry of the system presented here is
similar to the ATZ bearing because it is targeted at super-
conducting bearings for applications such as flywheel energy
storage and turbo-machinery. The other, planar geometry for
superconducting bearings, used in applications like the Boe-
ing flywheel energy storage system [11], involves tessellating
hexagonal (RE)BCO bulks to form a planar disk-shaped
superconducting stator. The present authors are also working
on applying stacks of tape to form planar slabs suitable for
this type of bearing geometry, to be reported in future
publications.

2. Experimental levitation force measurements

2.1. Superconducting tape specifications and coil geometry

In order to create a cylindrical type levitation force system,
12 mm wide superconducting tape produced by SuperOx [12]
was wound into three single pancake coils and the coils
stacked on top of each other to form the cylinder shown in
figure 1. The two ends of the individual winding are not
electrically joined to anything, so the tape is unable to carry
any net transport current, so the pancake coils are not acting
as current carrying solenoid coils. The coils were wound onto
a tufnol former as shown in figure 2. Two Nd-Fe-B PMs

PM

3 tape coils
A
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Figure 1. Schematic showing the experimental geometry with a pair
of permanent magnets coaxially aligned inside three tape coils
(wound around the z-axis) in the field cooling position.

Figure 2. Former with two of the three tape coils already wound.

30mm in diameter were stacked together and coaxially
aligned with the tape coils, as shown in figure 1, by inserting
them into a thin-walled stainless steel tube and then forcing
them into contact by turning a screw attached to one end of
the tube. This typical arrangement produces high magnetic
field gradients for the superconductor to maximize stiffness.
The centrally aligned position shown in figure 1, was always
used for field cooling of the superconducting coils before any
movement, and so is associated with the z = 0 position in
later graphs. Movement only occurred for positive z dis-
placement but force behavior is expected to be the same if
moving in negative z due to the symmetry of the coils and
PMs in the z = 0 plane. The gap between the PMs and coil
was 2.5 mm, which is the same as that in the ATZ bear-
ing [10].

The tape used had a nominal minimum /.. rating of 430 A
at self-field and 77 K but the average I. was closer to 500 A.
The basic architecture of the tape is similar to that produced
by several other manufacturers. The tape is based on a 60 ym
thick Hastelloy substrate, with the functional layers deposited
by the IBAD-MgO/PLD-GdBCO route. The stabilizer con-
sisted of a 2 um silver layer, giving a total tape thickness of
approximately 65 ym. A total length of 14.1 m of tape was
used to create the three pancake coils which each had 39
layers. There was no turn-to-turn insulation or any insulation
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between the coils. Although this allows transient currents to
flow between tape layers, the force measurements were more
quasi-static than dynamic and so the effects of these currents
is assumed to be negligible for the results reported. The cri-
tical state model, reported in section 3.3, predicted the max-
imum depth over which currents would be induced to be
2.9 mm for a uniform superconducting cylinder at 77.4 K. The
thickness of the coil was chosen to be approximately the
same, however is it only a first approximation and should not
be considered as experimentally optimum given important
differences between the tape coils and a uniform, axially
symmetric superconducting cylinder (see section 3.5).

The levitation force system was built around an Oxford
Instruments Variox cryostat with indirect cooling of the coil
samples via helium gas between a cold head and the samples.
Full details of the levitation force system can be found else-
where [13].

2.2. Three layer ‘coil’ force hysteresis

After cooling of the tape coils to the desired operating tem-
perature in the position shown in figure 1, the PM stack was
displaced upward by 40 mm (extraction) and then back down
40 mm (insertion) to the starting position, moving at speeds
upto 1 mms~', pausing every 0.2mm for load cell mea-
surement. This resulted in the hysteresis curves shown in
figure 3 for the three temperatures tested. It is clear that the
temperature has a strong influence on the hysteresis, as
expected, with the lowest temperatures exhibiting the smallest
hysteresis due to high J.. Conversely 77.4 K shows highly
irreversible behavior, suggesting large-scale penetration of the
flux originating from the PM inside the tape coil. Most of the
features of the lower temperature curves are very similar to
those measured for a PM stack inside a uniform MgB, bulk
cylinder [14], which is a good system to compare to due to the
uniform properties of MgB, bulks. The study in [14] mea-
sured peak forces of between 150 and 400 N depending on the
number of PMs used, at approximately 20K for an MgB,
cylinder of 25 mm internal diameter. The peak force mea-
sured for the tape coils in the present study was 317 N at
20 K, which proves that comparable axial forces can be sus-
tained by the new system compared to bulk systems. The
peak force is very close to the theoretical maximum of 327 N
predicted by the perfectly trapped flux (PTF) model which
considers infinite J... In this respect, the system has very high
performance but its stiffness is expected to be lower than the
PTF model as the force gradient is clearly lower for the initial
displacement. For a bearing application, stability is required
which corresponds to a negative gradient on the hysteresis
curve. This means that the present system would be operated
at 5 mm displacement, for example, if supporting a static axial
load such as a flywheel. This gives enough margin for sta-
bility if displaced further. Force behavior for displacements
greater than, say, 10 mm for this system are not of much
practical significance. A full comparison of the results to what
is expected from modeling is given in section 3.
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Figure 3. Experimental hysteresis levitation force curves following
field cooling at various temperatures. Dotted line for PTF simulation
assumes infinite J.. Arrows represent movement direction.

2.3. Force creep

Force creep, F(f), was measured by displacing the PM stack
from the field cooling position by 5 mm, and then recording
the change in force with the displacement fixed at 5 mm. This
is slightly different to a gap decay measurement for a levi-
tation system, where the load or force is kept constant and the
change in the displacement (gap) measured. Whilst the latter
is perhaps more directly relevant for a bearing, it was not
possible to measure in our system and force decay is still an
important indicator of the order of magnitude decay rates for
the gap. Because the origin of force creep is flux creep, we
expect the force creep to follow the same logarithmic decay
observed for flux creep in coils and magnetized bulks. This
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Figure 4. Force creep observed at 5 mm displacement of PMs. F is
the force measured 5 s after reaching 5 mm. Creep rates estimated
with logarithmic fits (dotted lines).

takes the form:
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t

1 —alog(
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):1+a10gt0—alogt, (1)
where F, is the initial force at time 7,, and a, which is defined
as the creep rate, gives the fractional decay in force per time
decade expressed by equation (1). The force decay was
measured at the same three temperatures used for the previous
hysteresis measurements, with force measured every Ss
starting S5s after reaching a 5Smm displacement. The full
experimental results are shown in figure 4, with all
temperatures fitting the expected logarithmic decay quite
well. This behavior agrees with previous literature on
logarithmic force relaxation measured for superconducting
bulks [15, 16]. The 77.4K curve appears slightly non-
logarithmic for the first two minutes and later on suffers from
noise and drift. The drift is believed to be due to temperature
fluctuations as the J. is sensitive to fluctuations at high
temperatures. It is clear that there is an large difference in the
fitted creep rate for the highest and lowest temperatures,
approximately a factor of 5. Whilst the creep rate was 4.3%
per time decade for 77.4 K, it was only 0.89% for 20 K. Given
the logarithmic nature of the decay and the very low creep
rates for 45 K and lower, the measured force decay behavior
is not a concern for the majority of applications. It may also
be less of an issue than expected for applications such as
flywheels where the levitating body is not rigidly constrained,
because creep rates are believed to be significantly lower for
bodies which are allowed free oscillations [17].

3. Modeling of superconducting levitation force

Two different FEM techniques were used to simulate and
understand the levitation force experiments. The PTF model
as described in [18, 19] estimates levitation forces involving
superconducting domains by perfectly preserving the mag-
netic flux density inside the domain when there is movement.
This is physically equivalent to an infinite J. and therefore

induced surface currents. It was achieved here by preserving
the magnetic vector potential in the superconducting domain
as in [20, 21] and is a simple and fast computation tool using
a time independent solver. Due to the limited fields produced
by rare earth PMs, it is often a good approximation, but
breaks down if the J. is not high enough.

The critical state model [22], on the other hand, simulates
real induced currents within the superconducting domain and
so is a more accurate tool and is necessary to determine
current flow paths, however computation times are con-
siderably longer than the PTF model and numerical instability
is a frequent problem.

3.1. Modeling parameters for the critical state model

The H-formulation for magnetic fields was used in COMSOL
Multiphysics 5.0. The framework used an E—J power law to
simulate the critical state, where E, and J,, are the azimuthal
electric field and current density respectively.

E; = Eo(i) . @)
‘ Je(B, T)

The Kim model [23] with temperature dependent para-
meters was used to describe the dependence of the critical
current density (equivalent to the engineering critical current
density J. for the experiment) on field:

IoLo(T)
wd[1 + B/By(T)]’

S (B, T) =/ = 3)

A full description of the parameters used is given in
table 1. The motivation behind equation (3) is to use a simple
mathematical framework that can easily fit typical measured
J.. values for commercial superconducting tape over 10-77 K
and fields of 0—4 T, as these are the ranges of interest for
superconducting bearings. The temperature dependent lift
factor is defined below, where SF is the self field, and I.. refers
to tape critical current.

I.(T,B=0)

Lo(T) = —<L2 =)
ol7) 1.(77.4K, SF)

“

Lift factors generally describe the I. of commercial HTS
tape at different temperatures and/or applied fields compared
to the I. at 77.4 K and in self-field which is considered the
standard performance parameter. In this case, the field
dependence is described by the Kim model in equation (3) so
the lift factor used describes the effect of temperature on I,
only at zero-field rather than self-field, even though this
condition is impossible in conventional critical current mea-
surements. Zero field J.. has to be defined in modeling and is
related to the I. values for which the fitting curves for I.(B)
data, intercept the /. axis. Therefore, equation (4) gives an Ly
slightly greater than 1 for 77.4 K. Both the L, factor and the
By Kim law parameter, were fitted to data for typical SuperOx
tape at different temperatures (available at [24]) and then
approximated with a linear temperature dependence given in
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Table 1. Descriptions and values of parameters used in modeling.

Parameter Description Value

Ey Electric field constant in equation (2) 1 x107*Vm!

1.0 = I.(77K, SF) Tape critical current at 77.4 K and self-field 500 A

Lo(T) Lift factor for tape I. defined by equation (4) —0.135T + 11.725
w Tape width 12 mm

d Tape thickness 65 pm

By(T) Flux density constant in equation (3) —0.0103T + 0.9888
n n-value in equation (2) 9 during ‘movement’, n(B,T) during force creep
ng n-value constant in equation (5) 30

Ton Temperature constant in equation (5) 774K

Bon Flux density constant in equation (5) 0.75T

T Temperature for superconducting domain 20, 45 or 774K

v Speed of PM movement in model and experiment 1 mm s~

table 1 to give By(T) and Lo(T). The Kim model used data for
which applied field is always perpendicular to the tape sur-
face, hence J.(f) anisotropy is ignored in our model. These
linear dependencies actually fit the data quite well whilst
keeping the dependence as simple as possible. It should be
noted that the empirically reliable linear approximation made
for Lo(T) is different from the typical zero-field temperature
dependence of J. used more in the context of bulk super-
conductors as described in [25]. The n-value was constant
during the ‘movement’ part of the modeling, but had a field
and temperature dependence given below for the flux creep
part of the models during which there is no domain move-
ment.

n(B,

_ ng Ton
D= 1+ B/Bo,,( T ) ©)

A constant and low n = 9 value, as used in [26], was
reliable for the movement part (as justified in section 3.3) but
not for flux creep, which is very sensitive to the n-value used.
Therefore a full temperature and field dependence was used,
fitting data such as [27] for high temperatures. Full lower
temperature data is lacking in literature so the fit is very
approximate for lower temperatures.

The movement of the PMs was implemented by model-
ing the PMs as a thin layer of current density on the cir-
cumferential surface based on the theoretical equivalence of
remanent magnetization and surface current density for a PM:
Js = Brem/ 1o (A mfl). The thin layer currents approximating
the ideal surface current density J;, were then moved along
the z direction by defining them with a time and space
dependent current density J(z,r) = Jo(vt,r) (A m_z), where v
is the speed at which the domain moves and was 1 mm s~ for
both experiment and model. The H-formulation in COMSOL
does not allow true surface currents to be modeled, nor does it
seem possible to move actual domain boundaries, so the
method used was the only one feasible and reliable enough,
provided a thin enough current layer was used for J(z,r).
Lastly, it is worth mentioning that a first approximation of J.
anisotropy was tried to see if this affected the levitation force.
A modified Kim law using parallel and perpendicular B

components as in [28] was tried, but showed no difference in
the force values (less than 1%), so J. anisotropy was ignored
for all subsequent modeling.

3.2. PTF model results

The 2D axially symmetric PTF model was applied to the
same geometry as the experimental system shown in figure 1,
resulting in the force—displacement curves shown in
figures 3(b) and (c). Because the model is equivalent to
having infinite J., there is no hysteresis in the curves. There is
clear correlation between the shape of this curve for an ideal
superconducting cylinder and the real experiment. As in the
case for previous experiments with bulk superconducting
cylinders [20], the PTF model curve approximately gives the
maximum stiffness for initial displacement and also the
maximum force. This applies to figures 3(b) and (c) where the
initial stiffness and largest force magnitude is never higher
than that predicted by the PTF model. The critical state model
results presented in the next section turned out to be very
close in shape and magnitude to the PTF model results, which
validates the reliability of the PTF modeling.

3.3. Critical state for uniform superconducting cylinder

A superconducting cylinder was modeled in a 2D axisym-
metric geometry with the same overall dimensions as the
three tape coils shown in figure 1 combined, and with a
constant n value of 9. This is a good first approximation
which shows the magnitude and depth over which currents
should be induced at different temperatures when moving the
PM stack. Figure 5 shows the circulating current density
induced in the cross-section of the cylinder wall for the three
different temperatures modeled for a displacement of 5 mm.
Three different current regions with alternating sign are
induced which is related to the existence of 3 effective field
poles of the PM stack. When you stack two PMs together
with their poles opposing, as in figure 1, you expel flux
radially outward from the region joining the two PMs together
(see [19] for illustrations of field lines). As this expelled flux
is axially symmetric, it can be considered as a single pole.
Only two current regions (opposite in sign) would be created
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Figure 5. Current densities induced inside the wall of a uniform
superconducting cylinder shown on rectangular green cross-sections
for different temperatures. The critical state model gives regions of
oppositely flowing current density which slightly overlap but are
mostly separated along the cylinder length.

100

50 L7
Displacement/mm /
’ Z

6 8

-50
-100
-150
=== PTF model
~=77.4K CS model

45K CS model
—— 20K CS model

-200

Levitation force/N

-250

-300 —=—77.4K experiment

350 45K experiment

—eo— 20K experiment
-400

Figure 6. Summary of PTF model, critical state (CS) model and
experimental levitation force curves. The CS curves considers a
single superconducting cylinder of 36 mm in height.

if there was only one PM which has two poles. The higher the
temperature, the lower the J. and so the greater the depth over
which current is induced which relates to large hysteresis. The
77.4K case therefore explains why significant hysteresis can
only be seen for force measurements at high temperature. At
45 K and below, it is clear that the high J. leads to effective
shielding, confining the induced current to a thin layer near
the inner surface which can be approximated well by the PTF
model. This is illustrated in figure 6, which gives a summary
of all the modeling and experimental levitation force curves.
Focussing on the modeling, it is clear that the critical state
curves have a similar shape as the PTF model and the 20 and

45K curves also have very similar magnitude to the PTF
curve. However the 77K curve shows significantly lower
forces than the PTF model due to large flux penetration
resulting from a low J.. It is worth noting that the 45 K case
was also modeled with the full n(B,T) relation but less than
0.5% difference was found in the force curve compared to
n = 9 curve, proving the reliability of using only n = 9 for
movement.

The critical state model is a powerful tool in both
exploring temperature dependence of levitation force and
understanding what currents are responsible for the forces.
However, for the specific case of tape coils, figure 6 shows
some significant differences in shape of the force curves
compared to the modeling. The force magnitudes are similar
and correlated to critical state model curves for different
temperatures, but the peak in the force occurs for larger dis-
placements giving a lower force gradient for the initial dis-
placement. Also, the difference in modeling and experimental
force magnitudes is largest for 77 K, at which the tape
properties are supposedly best known. Given the relatively
complex geometry of the real tape coils/spirals compared to a
uniform cylinder, it is encouraging that there is some real
correlation between the modeled and experiment, however the
results suggest there are still some differences which can be
slightly reduced further by considering splitting the cylinder
into three domains and applying current constraints as in
section 3.6.

Section 3.5 aims at answering the first and most basic
question of how a superconducting domain without directly
circulating current paths can sustain large levitation forces. It
is worth firstly considering whether the different regions of
azimuthally flowing current /4, cancel out if averaged over the
cross-sectional area, as a preliminary to looking at cases
where current flow is restricted. This is best quantified by
considering the net current for a whole cross-section, divided
by the sum of the current magnitudes, which gives the fol-
lowing equation for current mismatch.

Zld) / J@(r, Z)dS

Z|I<Z>| - //|J¢(r, Z)|dS.

Applying this equation to the critical state model results
for the single cylinder (such as those for 5 mm displacement
in figure 5) allows the current flow mismatch to be plotted
against displacement, as in figure 7. This summary shows that
for displacements less than 10 mm, the mismatch is only a
few per cent for all temperatures. Although there must be an
error resulting from finite mesh element size, the results are
convincing enough to say that for the displacements of
interest, there is small current flow mismatch.

(6)

3.4. Force creep in the critical state

Force creep was also simulated using the critical state model
for the single cylinder by calculating time-dependent changes
in force after reaching a 5mm displacement. Given the
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Figure 8. Simulated force creep for the uniform superconducting
cylinder after 5 mm displacement of the PMs using estimated n(B,T)
relationships. Results for n = 9 for 45 K also shown to highlight
how large creep is for low n values. Creep rates estimated with
logarithmic fits.

sensitivity of force creep to n value, a full n(B,T) relation as
described by equation (5) was used, which actually varied
between approximately 7 and 50 depending on temperature
and local field. The resulting creep behavior is illustrated in
figure 8. The creep is logarithmic as expected which matched
the type of decay observed experimentally. As for the
experimental results in figure 4, there is strong temperature
dependence of the creep rate, although all the modeling creep
rates are lower than the real ones, significantly so for the
lower temperatures. This suggests that the n(B,T) relations are
an overestimate for lower temperatures. Given the lack of data
for n values, these differences are not too surprising but it
would be interesting in future to use accurate n value data for
the tape being used which would allow a more direct com-
parison between the critical state model for levitation, and the
experiment. It was interesting to also see what creep rate
results from a constant n# = 9 value which is also shown in
figure 8 for 45 K as an example. The rate is much greater than
it should be, confirming the need for a temperature dependent
n value.

-400

Figure 9. Levitation force for displacement of a PM stack
considering the original uniform superconducting cylinder and also a
superconducting split ring and spiral with same overall height and
inner and outer diameters.

3.5. Critical state for a split ring and superconducting spiral

In order to investigate what happens to current flow for
superconducting topologies which do not allow directly cir-
culating current paths, two 3D geometries were modeled with
the same overall size as the single uniform cylinder con-
sidered previously. A split ring and the simplest possible two-
turn spiral were both modeled to determine their force
behavior (figure 9) and also current flow paths (figure 10).
The force behavior plotted in figure 9 shows that there is very
little difference in force up to 7 mm, after which there is some
departure compared to the uniform cylinder. These results
show that even in theory, geometries such as split rings and
spirals do not prevent levitation force and behave very simi-
larly to a complete uniform superconducting domain for
displacements up to the largest force. The explanation of these
results can be made by considering the current flow mismatch
introduced in section 3.3. A very small mismatch should
allow the currents flowing in one direction to be diverted into
forming the oppositely flowing currents at a boundary,
without a difference in the force behavior. In section 3.6 we
turn this argument around and impose zero current flow
mismatch to 2D axi-symmetric domains and discover that the
new solutions for current density do not give largely different
forces compared to when there is no constraint, as in all
previous models reported in section 3.

Figure 10 displays the geometry and current densities
that exist for the split ring and spiral. The 3D models had
approximately 0.5 million mesh elements and therefore took
over 1 day to solve on a powerful desktop computer. Due to
these computational demands, the 2 turn spiral was the most
complex geometry that could be practically modeled in this
context which represents a coil configuration. Although the
real coils have far more turns (39), the two turn model still
gives insight into current flow diversion. Figures 10(a) and (b)
show the magnitude of the current density flowing next to the
geometry surface for a 10 mm displacement (the maximum
displacement modeled). Most of the high current density
regions are on the inner wall which is not visible in the 3D
plots but is clear in (c). Figure 10(c) shows the current
flowing through yz plane cross-section. There are clear
similarities with the previous uniform cylinder results (like in
figure 5) showing that expected current regions have not been
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Figure 10. (a) Surface current density for a split ring. (b) Surface current density for a 2 turn spiral. (c) Cross-section through the yz plane
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Figure 11. Schematic showing how oppositely induced currents on
the inner wall of a superconducting cylinder flow, by being diverted
in a perpendicular direction if interrupted by a boundary.

prevented from flowing in either case. The bright areas visible
on the outer surface of (a) and (b) therefore correspond to the
current diversion regions; the place at which the currents
flowing on the inner cylinder wall are being diverted in the z
direction, spreading out near the interrupting boundaries. For
the spiral, this occurs at the layer cross-over as well as at the
end of the spiral turns in order to give the distribution shown
in figure 10(c), which suggests that such current diversion is
occurring in every turn of our real coils. The current diversion
for the split ring is more explicitly illustrated in the schematic
shown in figure 11.

The 3D results explain why discontinuous super-
conducting domains do not prevent stable levitation forces, a
result evident in most superconducting bearings using

segmented (RE)BCO bulks. The results also apply to simple
spiral geometries, but are not able to fully explain the dif-
ference in levitation force curve seen for the experimental
tape coils compared to modeling. The same effects of forced
current diversion seen in these 3D models can be approxi-
mated by applying current constraints for 2D-axisymmetric
models as in the next section

3.6. Critical state for 2D-axisymmetric models with current
constraints

Having shown the way in which current is allowed to divert at
boundaries for 3D domains, we have demonstrated why split
rings and spirals can still sustain levitation forces. Even when
there is a strict requirement of no net current flow across the
cross-section of a superconducting domain, azimuthally
flowing currents can still be set up which are similar to the
case of a plain superconducting cylinder. The next step is to
try and apply current constraint conditions in 2D-axisymetric
models which are simpler to solve, to approximate the
behavior of our more complex 3D-geometry. This can be
achieved by applying an integral constraint in COMSOL such
that the integral of current J,;, over the cross-sectional area of a
specified domain, is zero at all times. Applying this constraint
to the single superconducting cylinder modeled in figure 5
and figure 6 unsurprisingly gives almost no different in the
force curve up to 15 mm displacement due to the current flow
mismatch already being very small as described in figure 7.

The more relevant and interesting application of current
constraints comes when splitting the cylinder into 3 separate
cylinders each with the same overall dimensions as the real
pancake coils, as this represents our real system more accu-
rately. Without the current constraints, this model would be
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Figure 12. (a) Current densities induced inside a superconducting cylinder split into 3 domains of the same size as each pancake coil, each
with a total current constraint. (b) Critical state (CS) force curves for the new segmented current constraint model compared to the previous

single cylinder model.

identical to the single cylinder model as the boundaries
between the cylinders (for axisymmetric models) have no
effect on current flow. Looking at figure 5, it is clear that
splitting the cylinder into three will result in domains that
have very large current flow mismatch, or indeed current
flowing almost only in one direction which we know is not
allowed in our coils. The current constraint was therefore
applied to each of the three cylinder domains yielding the
results shown in figure 12. The induced currents shown in
figure 12(a) for 5 mm displacements have similar 3 regions of
current seen in figure 5 but now have new regions of current
next to the boundaries between coils which are a direct result
of current conservation. The effect of these new currents on
levitation force can be seen in figure 12(a) compared to the
single cylinder critical state model. 45 and 20 K show almost
no difference but the 77 K curve is visibly shifted closer to the
real experimental curve in figure 6 but a difference still
remains. Interestingly this result shows that for our system,
having a current constraint alone for the overall super-
conducting region, has a very small effect on levitation force,
but splitting the cylinder into separate cylinders and having a
current constraint, can lead to larger changes.

The tape coils are an extreme case of a spiral, where not
only does the total current in the spiral cross-section have to
be zero (as in figure 12(a)), but the total current in each tape
has to be zero. This is effectively imposing an extra constraint
similar to stating that the line integral of current density from
the top to the bottom of the cylinder, for a given radius, has to
be zero. Preliminary results for modeling which splits each of
the three cylinders further into thin domains (up to 39 as in
our real coils), each with their own current constraint, shows
little change in levitation force compared the curves in
figure 12(a). This may be due to too coarse a mesh being used
for each domain or it may indicate other unknown factors are
responsible for the differences between the model and the

behavior of the real pancake coils. Three new future experi-
ments using cylindrical geometry may be performed that will
help strengthen the reliability of models and increase our
understanding of these levitation force systems. A PM stack
will be placed inside the following: (1) A plain bulk MgB,
cylinder similar to that used in [14] which is simplest to
model (no current constraints). (2) A single pancake coil
using ~40 mm wide HTS tape. (3) A stack of tape annuli the
same as those used in [4] by Hahn et al which should give
similar results to an MgB, bulk cylinder due to lack of current
constraints. Although the lack of turn to turn and inter coil
insulation are not believed to significantly affect our results
due to the quasi-static nature of the measurements, it is worth
experimentally check if adding insulation changes the force
results.

4. Summary

Stable superconducting levitation is possible between PMs
and field cooled coils of commercial superconducting tape
which could form the basis of a rotary superconducting
bearing. Forces up to 317N were measured for a stack of
three coils with an inner diameter of 35 mm made from
12 mm wide SuperOx tape, which is similar to the maximum
force expected for an ideal bulk cylinder. The force creep was
investigated at different temperatures and found to be loga-
rithmic with time in all cases. A detailed investigation of
levitation force was conducted by extensive FEM modeling in
COMSOL. A comparison of the PTF model and critical state
models showed when each model is valid, with the critical
state model showing explicitly what currents are induced in a
superconductor for a levitation force system. After applying
the critical state model to the tape coil geometry, the diversion
of current at boundaries was demonstrated and used to explain
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why levitation forces are still established in cases such as the
tape coils, where directly circulating current paths are not
possible. However, differences between the modeling and
experimental curves still exist.

There are numerous winding/stacking arrangements for
the tape that have yet to be tried for a cylindrical geometry as
well as the first tests on coils for planar geometry bearings.
Radial forces may be measured, as well as the creation of
cylinders and disks with the tape soldered together. Dynamic
force and stiffness behavior will be reported in future
publications.
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