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In recent years, the deformation of rare-earth barium copper oxide (REBCO) pancake coils for high magnetic field generations
attracts attention. Several screening current simulation considering coil deformation shows a possibility that coil deformation
affected screening current distribution. Screening currents would produce strong electromagnetic forces to mechanically damage
REBCO pancake coils. Whereas, coil deformation also possibly affects the contact resistances of no-insulation (NI) REBCO
pancake coils often called the “characteristic resistances.” The NI characteristic resistances are an important factor of the stability
of NI REBCO pancake coil. Therefore, it is necessary to investigate the NI contact resistances as the coil shape deforms. As the
result, the NI characteristic resistance change during an external field charging and an NI coil charging is shown in this paper.
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1. Introduction

High magnetic fields beyond 20T are strongly desired for
various applications; compact fusion reactor [1-3], medical
use accelerator [4, 5], nuclear magnetic resonance (NMR)
[6-10], and so on. Since an insert rare-earth barium copper
oxide (REBCO) magnet with a no-insulation (NI) winding
technique [11] successfully generated 14.4 T inside 31.1 T
(45.5T in total) [12], REBCO coated conductors are widely
recognized as a suitable superconducting wire to generate a
high magnetic field beyond 20 T with a compact space.

The NI winding technique enhancing the thermal sta-
bility can protect REBCO pancake coils from burning-
out, mechanical damage, and critical-current degradation.
The NI REBCO pancake coils are not insulated be-
tween turns, so that the operating currents can be pre-
vented from flowing into normal-state zones. That is,
the operating currents are carried in the radial direction
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around the normal-state zones through turn-to-turn contact
resistances called the “characteristic resistances.” The char-
acteristic resistances characterize the thermal stability of NI
REBCO pancake coils, and it was investigated on some pa-
pers [13-16].

In the previous paper [13], the relation of temperature rise
and charging delay to the characteristic resistance was dis-
cussed. Fig. 1 shows the temperature rise at the appearance of
local normal zone. As the characteristic resistance increases,
the temperature rise increases. A current avoiding the local
normal zone carries onto the radial direction through turn-
to-turn surfaces with contact resistances. High contact resis-
tances increases the coil temperature. A large temperature
rise is followed by coil’s burning-out. That is, high charac-
teristic resistances bring NI REBCO pancake coils to thermal
instability. Meanwhile, a low characteristic resistance results
in another problem. A leakage current in the coil-radial di-
rection appears when charging an NI REBCO coil. That phe-
nomenon is known as “charging delay.” Low characteristic
resistances bring NI REBCO pancake coils to electromag-
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Figure 1 Temperature rise (red solid line) of NI REBCO pancake coil when a local normal-state transition occurs. In the re-
gion of high characteristic resistance, high temperature rise deteriorates the coil stability, occasionally resulting in burning-out.
Charging delay 7 (blue broken line) defined as 7 = L/ R an, where L and R i are respectively the coil inductance and the
characteristic resistance, when charging NI REBCO pancake coil. In the region of low characteristic resistance, long charging
delay is observed. In the region of middle characteristic resistance, thermal stability and quick charging are obtained as the good

performance for NI REBCO pancake coils [13].

netic performance deterioration. A characteristic resistance
suitable to the coil inductance is required as shown in Fig. 1,
to achieve both high thermal stability and no charging delay.
Consequently, the characteristic resistance is a very important
factor of NI REBCO coils.

In recent years, mechanical damages on REBCO pancake
coils have attracted attentions. Strong electromagnetic forces
due to high fields and large currents work to REBCO pan-
cake coils. Screening currents cause additional strong forces
to rotate REBCO coated conductors. It results in complicated
current behaviors as well as plastic deformations followed by
critical-current deterioration [17-20].

According to my deformation simulation results presented
before [20,21], some gaps are created due to the REBCO tape
rotation. Such gaps, i.e. non-contact tapes each other, in-
creases the characteristic resistances. However, the charac-
teristic resistance is commonly regarded as constant. In this
paper, I investigated the characteristic resistance change dur-
ing the charging of NI REBCO pancake coil by numerical

simulation considering both the current and deformation be-
haviors. A large increase of the characteristic resistance has
a possibility to deteriorate the thermal stability of NI REBCO

pancake coil.

2. Simulation Method

To investigate the characteristic resistances of NI REBCO
pancake coil, the current and deformation behaviors are simu-

lated with a partial element equivalent circuit (PEEC) model,
also called the “network model” [22,23], and an elastic finite
element method (FEM). The characteristic resistances are af-
fected by the contact area between turns of REBCO coated

conductors.

2.1 PEEC model

The PEEC model is employed as an electromagnetic simula-
tion method. An NI REBCO pancake coil is expressed with
self-'/mutual inductances L, azimuthal-directional REBCO
resistances Ry, transverse-directional REBCO resistances R;.
and radial-directional characteristic resistances R, as shown
in Fig. 2. This complicated PEEC model proposed in [24]
can represent the screening currents in REBCO coated con-
ductors.

The total characteristic resistance in an NI REBCO pan-
cake coils, Rt a1, is derived from [25]

Ni—1 P
Rctﬁall = Z F‘;twd (1)
i=1

where Ny, pe, 7; and wq are the total number of turns, the
average turn-to-turn contact resistance in units of Q - m?, the
radius of ith turn, and the REBCO tape width, respectively.

Meanwhile, a local contact resistance R used in the PEEC
model is given by

Pet
Ry = — 2
‘=g, (2)
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Figure 2 Partial element equivalent circuit (PEEC) model representing an NI REBCO pancake coil. Black components show
azimuthal inductances and REBCO resistances, blue ones tape-transverse REBCO resistances. Green resistances are local NI

characteristic resistances.

where S, is the local contact area of turn-to-turn. To feed the
deformation FEA results back to the PEEC model, if a con-
tact between turns is lost, the local contact area S, is set to
a large value. Actually, although the local contact resistance
R at the lost contact should be infinity, it is set to a value
large enough to be regarded as an insulation for numerical
simulation.

2.2 Deformation FEA

The coil deformation is obtained with 2-dimensional finite
element analysis (FEA) on the coil-cross-sectional plane by
solving the following equations:

do, Oo, or—o0y, 02u,

Oor + 0z + r +JoB. = ot? )
do, 0o, 0y 0?u,

R e T @

where o, 0,, 014, p, Ur, Uy, Jo, J,, B, and B, are respectively
the radial, the hoop, and the share stresses, the mass density,
the radial and the axial displacements, the azimuthal and the
axial current densities, and the radial and the axial magnetic
flux densities. The constitutive equations (Hooke’s law) are
given as

c 1 Vor Var 8“7' (5)
r—= 55 0r — 7500 — O, =
E, E, ' E, or
Vro + 1 V20 Uy (6)
€g=——0p+ 09— —0, = —
o E, E, ' E, r
rz z 1 ou,
Ez:_y T z o9 + Oz = - (7)

where €, 9 .1, By 0,1, and 113 are, respectively, the strains
and the Young’s moduli in the radial, azimuthal, and axial
directions, and the Poisson’s ratio (v12 = —ea2/e1). The
Young’s moduli and the Poisson’s ratio are treated as a single
composite material considering the layer structure by the rule
of mixture [18], because the REBCO tape has some layers
consisting of REBCO superconductor, Hastelloy substrate,
silver layer, and so on [26]. Here, the current densities and
the magnetic flux densities computed with the PEEC model
are substituted into (3) and (4).

To consider the contacts between turns, the Karush-Kuhn-
Tucker (KKT) condition [27] is implemented into the defor-
mation FEA.

oW(u)  0G(u)

ou P ou 0 ®)
p=>0 ©)
pG(p) =0 (10

where W, G, u and p are the objective function, which cor-
responds to the governing equations of the deformation FEA,
the constraint condition function of the distance between the
adjacent turns, the displacement, and the penalty parame-
ter, respectively. The KKT equations are solved with the
Newton-Raphson method.

2.3 Characteristic Resistance Change

In this paper, I propose the change of the characteristic re-
sistance R in (2) according to the coil deformation com-
puted from (3) and (4). The local contact area S is obtained
as shown in Fig. 3. As shown in Figs. 3(a) and (b), when
the windings are contacted, the local contact resistance Ry
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Figure 3 Conceptual relation between coil deformation and characteristic resistance. (a) realistic turn-to-turn contact condi-
tion, (b) partial contact between 4th and 5th turn due to deformed 5th-turn REBCO coated conductor resulting in increase in
characteristic resistance, and (c¢) no contact between 3rd and 4th turns causing infinite characteristic resistance.

can ordinarily be obtained from the contact REBCO tape sur-
face area. Whereas, when the turns are not contacted like
Figs. 3(c), the local contact resistance Ry is infinite (R =
00). The local contact resistances R obtained according to
the coil deformation are fed back to the Kirchhoff’s voltage
equation constructed in the PEEC model.

3. Characteristic Resistance Behaviors

3.1 Simulation Conditions

As a first fundamental investigation, I have simulated an in-
sert HTS coil whose specifications are listed in Table 1. Fig. 4
shows the schematic cross-sectional view of the simulated NI
REBCO pancake coil with an outsert copper magnet. The
insert HTS coil is located at 25 cm above the outsert mag-
net center to purposely increase the screening currents in the
REBCO coated conductor. Large screening currents induce
large coil deformation, and it would create some large local
gaps between turns. Table 1 also lists the specifications of
outsert copper magnet to generate an external magnetic field
Bx.

The operating pattern is as follows: (1) the outsert magnet
charges to Be, = 20T at a speed of 0.01 T -s~!, (2) it keeps
charging up to 30 T at 0.005 T - s~', and then (3) the operat-
ing current /,,, of insert NI REBCO pancake coil increases to
400Aat1A-s7!.

3.2 Simulation Result

Fig. 5 illustrates the deformed REBCO coil shapes with the
current density maps at different times. At the initial state of
Fig. 5(a) (t = 0's), before the deformation of NI REBCO coil,

the initial characteristic resistance is 1.8 pQ derived from (1)
with pg = 7 pQ - cm?. During charging the outsert mag-
net, since the screening current is induced, a gap appears on
the upper contact surface between 4th and 5th turns as shown
in Figs. 5(b) and (c). The electrical contact is lost on this
surface, and the local contact resistance between 4th and 5th
turns increases from 0.5 to 0.8 nQ. Consequently, the total
characteristic resistance is R an = 2.2 pQ.

Fig. 5(d) shows the current density map with deformation
at ¢ = 3000 s. At this moment, there are gaps between 1st-
2nd and 2nd-3rd turns. As the time elapses, the gaps moves
from the outer to the inner turn-to-turn. The total character-
istic resistance is R a = 2.4 pQ att = 3000 s.

At the end of charging the external field ({ = 4000 s,
Bex = 30 T), R an decreases back to 1.9 nQ). As shown
in Fig. 5(e), since the NI REBCO pancake coil finishes to be
expanded, the turn-to-turn contact area is likely back to the
initial state.

At t = 4135 s during charing the operating current of NI
REBCO pancake coil, the total contact resistance is 6.5 pQ at
maximum of this simulation. As we can see in Fig. 5(f), the
winding partly loses contact every turn-to-turn. When com-
pleting the charging, since no gap appears, the total contact
resistance R ay 18 1.9 pQ again.

Finally, Fig. 6 shows the total contact resistance time-
transition.

4. Conclusion

In recent years, some simulation results of REBCO coil de-
formation have been reported, and the deformation affects the
screening current behaviors. In this paper, the effects of the
coil deformation on the characteristic resistance of NI RE-
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Table 1 Specifications of insert NI REBCO pancake coil and outsert copper magnet

NI REBCO pancake coil Outsert copper magnet
Number of pancake coils 1 Inner diameter (cm) 16.8
Inner diameter (mm) 120 Magnet thickness (cm)  18.6
REBCO tape width (mm) 4 Magnet height (cm) 64
REBCO tape thickness (mm) 0.1 Maximum field (T) 30
Number of turns 5
Avg. characteristic resistivity pe (u1Q - cm?) 7
Operating temperature (K) 4.2
Outsert
copper
Z A magnet
60 mm 640 mm
NI REBCO 250 mm
pancake coil
r
84 mm  |[186 mm | |
(not to scale)

Figure 4 Cross section of NI REBCO pancake coil and outert copper magnet (not to scale). NI REBCO pancake coil is place

off-center above 250mm.

BCO pancake coils have been investigated on numerical sim-
ulation. The current and deformation behaviors are simulated
with the partial element equivalent circuit (PEEC) model and
the deformation finite element method (FEM).

In the simulation, the increase of the external magnetic
field is followed by the charging of the insert NI REBCO pan-
cake coil. Atthe beginning of the external field excitation, the
NI characteristic resistance increases due to air gap appear-
ance. After the characteristic resistance once decreases back
to the initial value, it increases again. At final, completing
the expansion of NI REBCO pancake coil, the characteristic
resistance is, once again, back to the initial one.

In the near future, it is necessary to investigate the thermal
stability of NI REBCO pancake coil while the characteristic
resistance changes at coil charging.
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Figure 6 Characteristic resistance as a function of time. R an, lop, and B, mean the total characteristic resistance of 5-turn
NI REBCO pancake coil, the operating current, and the external field generated by the outsert magnet, respectively.
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