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Abstract—Superconducting power devices are considered for
many applications, including airborne applications. For the
devices of interest the operating temperature needs to remain
around 70 K in order to minimize the weight and volume of the
associated cooling system. The use of (YBCO)
coated conductors allows for operation at fairly high temperature
(65-77 K) while maintaining high current carrying capabilities.
Unfortunately, when a hot spot is created in a coated conductor
wound magnet, the quench propagates so slowly that it cannot be
detected using conventional methods and therefore those magnets
may remain unprotected. To address this quench detection issue,
we must better understand the physics of the quench and the
phenomena that drive it so it can be accurately simulated. We
have modeled YBCO tapes using Finite Element Analysis to assess
the role of the contact resistance between the different layers
composing the tape. Indeed, if the temperature rises, the YBCO
layer becomes highly resistive and the current redistributes into
the stabilization layers. The contact resistance between the YBCO
layer and the copper is likely to play a very important role in terms
of the current sharing length and voltage difference between the
layers. This paper presents a model implemented in COMSOL
Multiphysics, simulation results and a discussion.

Index Terms—Coated conductors, FEA simulation, normal zone
propagation velocity, quench.

. INTRODUCTION

S A RESULT of the thermal properties of YBasCu3Oy
(YBCO), heat propagation in YBCO coated conductors
if very slow and the detection of hot spots is very difficult. Sig-
nificant work [1]-[16] has been done towards a better under-
standing of the quench propagation phenomenon and to improve
the normal zone propagation velocity. In the limit of very slow
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propagation, quench detection is paramount for quench protec-
tion in commercial applications. Many numerical simulations
have been performed based on simplified homogeneous models
which were successful in simulating quench propagation in cer-
tain cases [1], [2], [9], [13], [14]. We propose to build a model
for a tape including the major composing layers and investigate
the influence of the interlayer electrical and thermal contact re-
sistances between the YBCO and copper stabilization layer and
between the YBCO and nickel layer on the normal zone propa-
gation velocity (NZPV). Indeed, it is thought that modifying the
contact resistance in the current sharing path would be reflected
in the NZPV [4], [13].

Very few finite element analysis (FEA) tools are capable
of handling the non-linearity of the electrical conductivity of
superconductors. One with this capability is Comsol Multi-
physicst which allows the J(E) characteristic of superconductors
to be implemented and easily couples the electromagnetic and
thermal physics. Thus, the model developed here uses the
Comsol platform. One experimental observation not previously
obtained through simulations is the asymmetry of the voltage
on the copper layer and the nickel alloy layer which is thought
to result from the contact resistances between layers.

Il. ELECTRO-THERMAL TAPE MODEL

Our primary interest is to investigate qualitatively the effects
of the interlayer contact resistances on current redistribution
within the layers of the superconducting tape during the forma-
tion of a normal zone. In the presented model, we neglect edge
effects, self-field and external applied field. We assume the cur-
rent to be uniform in the transverse direction of the tape and
variable only along the longitudinal direction of the tape. Under
the above assumptions, we consider a 2D tape model which cou-
ples an electrical potential equation with a thermal equation in a
longitudinal cross sectional domain, together with a power law
describing the nonlinear E-J behavior of the superconducting
material. The presented 2D tape model includes all layers of a
typical tape. Realistic dimensions are used without scaling, as
shown in Fig. 1.

We investigate the current sharing behavior along the longitu-
dinal direction of a tape with a normal zone initiated at the center
of the tape. Due to the symmetric nature of the thermal behavior
and the asymmetric nature of the electrical behavior, however,
we need only consider a half-length model. The longitudinal ge-
ometry of the 2D half-length tape model is shown in Fig. 2.

1COMSOL Multiphysics is a trademark of COMSOL AB.
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Copper Layer 50 um

Silver Layer 0.5 xm

YBCO Layer 5 ym
Buffer Layers 0.3 um

Nickel Layer 75 um
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Fig. 1. Transverse cross section of YBCO coated conductor. The transport cur-
rent flows normal to the image.
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Fig. 2. Longitudinal cross section of the half-length of tape as modeled. Nu-
merical numbers represent the boundary conditions stated in text and referred
to in Table I.

Due to limited computational resources, the half — length =
4.8 mm. A 0.8 mm normal zone placed at the far left end, cor-
responding to a 1.6 mm normal zone placed at the center of a
full-length tape, is used to initiate current redistribution which
in turn initiates a quench by joule heating. We treat the layer
where normally silver is coated as a general layer and call it the
S-layer.
The current density .J inside a tape is described using

J=0(E,T)E @)
E=—-VV )
—V - o(E,T)VV =0 ®)

where E is the electric field and V' is the electric potential. The
nonlinear electrical conductivity in the superconductor is de-
scribed by a power law, which itself is derived from the com-
monly used J(E) power law,
1—n
o(B.T) = 1.(1)
Ee

(4)

where the critical electric field E. = 1 x 10~* V/m. The tem-
perature dependence of the conductivity is expressed through a
temperature dependent relation of the critical current

B
J.(T) = { Jeo (5:5) if T<Te )
0 if T>T..

The operating temperature 7,, = 77 K and the critical tem-
perature 1. = 92 K. For YBCO coated conductor at 77 K, we
use a constant n = 15 and 8 = 1.5. To ensure sufficient joule
heating in response to a short normal zone, we use a large critical
current density J., = J.(T,) = 2 x 10'* A /cm” and an oper-
ating current density .J, such that .J./.J., = 0.8. These values
can easily been changed within the model.

The current equations are coupled with the following thermal
equation

p(T)C(T)%—z +V . (-K(T)VT)= J(E,T)-E (6)
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TABLE |
ELECTRIC BOUNDARY CONDITIONS

Boundary Condition
1,2,3 Ground (V' =0)
4,5,7,8 Insulation (VV -1 = 0)
Inflow current
6 (—oVV i = J.)
TABLE 11

THERMAL BOUNDARY CONDITIONS

Boundary Condition
1,2,3,5,6,7,8 Insulation (VT - 1 = 0)
4 Fixed temperature

(T =77K)

The term on the right hand side of (6) is the joule heating
generated by the transport current redistributed from the YBCO
layer to the copper and the nickel layers. The values of the
temperature dependent density, heat capacity and thermal
conductivity for copper, nickel and YBCO are established. The
boundary conditions for the electrical part of the model are
listed below in Table I, with each number corresponding to a
boundary specified in Fig. 2. Here J. is the applied current
density flowing normal to boundary 6 as illustrated.

The boundary conditions for the thermal part of the model are
listed below in Table I1.

The initial thermal state is constant temperature T'(ty) =
77 K throughout the whole domain. To avoid meshing the
thin S-layer and buffer layer, we assume that the electrical and
thermal physics on these two layers has dominating dynamics
across the thickness and that dynamics parallel to the layer
surface can be neglected. This allows us to model the physics of
the two thin layers with 1D analytical thin film contact/thermal
resistive equations. Consider, for example, the S-layer. The 1D
thin film contact resistive equations can be expressed as [2],
[17]

(i) = = 22 (Vi = V) ™
(J-)e = = 7 (Vo= Vi) ®)

where o, is the S-layer electrical conductivity, d is the S-layer
thickness, (J - )y is the current flowing across the S-layer
top boundary, (.J - i) is the current flowing across the S-layer
bottom boundary, V; is the voltage on the S-layer top surface,
and V4 is the voltage at the bottom surface. Similar equations
hold for the buffer layer. The 1D thin film thermal resistive equa-
tions can be expressed as

Ks

(-KVT-it); = T(Tl - T5) ©)
(—KVT i)y = %(T2 _1) (10)

where K is the S-layer thermal conductivity, (—KVT - i),
is the thermal flux flowing across the S-layer top boundary,
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Fig. 3. Normalized current density vectors showing the current redistribution when a normal zone is established. The S-layer electrical conductivity is 8

and that of the buffer layer is ¢

Surface: Temperature (K] Arrow: Induced curment densdly - Subdamain marker: Resstive heating [Wim )

Fig. 4. A snapshot of the temperature distribution during a quench at

occurs at the normal zone propagation front, especially in the YBCO layer. The S-layer electrical conductivity is 8
and that of the buffer layer is 40

The S-layer thermal conductivity is 500

(=KVT - i)y is the thermal flux flowing across the S-layer
bottom boundary, T} is the temperature on the S-layer top sur-
face, and T is the temperature at the bottom surface. Similar
equations hold for the buffer layer.

I1l. SIMULATION RESULTS

A. Current Sharing Length

Simulation results show that in a particular normal material
layer, the current sharing length in which the transport current
is diverted from the YBCO layer to the normal layer is deter-
mined by the electrical conductivity of the interlayer between
the normal layer and the YBCO layer. Fig. 3 shows a typical
(normalized) current sharing pattern inside a coated conductor
with the electrical conductivity of the S-layer 100 times larger
than that of the buffer layer. In general, a larger electrical con-
ductivity of an interlayer leads to a shorter current sharing length
in the normal material. The thermal conductivity of YBCO is
very low, approximately 10 W/(mn - K), whereas the thermal
conductivity of copper is around 400 W/(m - K) and that of
nickel is around 100 W /(m - K). As a result of large differences
in thermal conductivities between the layers, a large thermal
gradient is established at the normal zone propagation front, as
shown in Fig. 4. This thermal phenomenon, together with the
electrical nonlinearity in the coupled equations, has made the
coupled model a very stiff simulation problem. We approached
this problem by solving the electrical problem and the thermal
problem in a time dependent segregated solver which solves se-
quentially back and forth the two nonlinear physics problems in

. The white portions represent regions with

wg?  M0T720

. A large thermal gradient
and that of the buffer layeris 3

small enough error tolerances and time steps to ensure conver-
gence in each separated nonlinear physics solver and segregated
step.

The current sharing length as observed on a surface of a tape
can be defined as the distance measured from the current outflow
end (corresponding to the center of the normal zone) to a point
where the magnitude of the current measured on the surface is
five times larger than that of a reference current. The reference
current is measured at a fixed reference point near the current
inflow end on the same surface. An alternative way to determine
the current sharing length is to measure numerically the distance
at which the voltage difference against a reference voltage has
exceeded a predefined ratio. Both methods give approximately
the same current sharing lengths so we adopt the first method
because it is easier computationally. Figs. 5 and 6 show how the
electrical conductivities of the S-layer and the buffer layer affect
the current sharing lengths at the copper layer and the nickel
layer, respectively. We observe that a larger interlayer electrical
conductivity always leads to a shorter current sharing length in
the normal material layer in contact with that interlayer.

Results of two simulations are shown together in Figs. 7to 9.
In one case, the S —layer electrical conductivity =
1 x 108 S/m and the buffer layer electrical conductivity =
10 S/m (resulting curves labeled with a “1”). In the other, the
S-layer electrical conductivity is reduced to 1 x 105 S/m and
the buffer layer electrical conductivity increased to 1 x 10® S/m
(resulting curves labeled with a “2”). Fig. 7 plots the electric
potential versus the longitudinal location along the conductor as
calculated at the top of the copper surface (solid lines), within
the YBCO layer (dash-dot lines) and on the nickel bottom
surface (dashed lines). Figs. 8 and 9 plot the magnitudes of
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Fig. 5. Currentsharing length at the copper layer vs. the S-layer electrical con-
ductivity. Larger interlayer conductivity reduces the current sharing length.
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Fig. 6. Current sharing length at the nickel layer vs. the buffer layer electrical
conductivity. Larger interlayer conductivity reduces the current sharing length.

the current densities and electric fields at these same locations,
respectively.

As previously demonstrated experimentally, Fig. 7 shows that
the electric potential distribution along the conductor longitu-
dinal position is different on the copper and nickel layers [6]
and is dependent on the interlayer electrical contact resistances.
In Fig. 8, one sees that the current density distribution among
layers depends on the interlayer contact resistances. We can see
in Fig. 8 that the current sharing length (as illustrated by the
horizontal, dotted arrows in Fig. 8) in case 2, which has lower
S-layer electrical conductivity and higher buffer layer electrical
conductivity, is longer than that of case 1. Lastly, in Fig. 9 it
is clear that the interlayer contact resistance affects the electric
field distribution along the conductor longitudinally. Large elec-
tric fields, on the order of 10* V/m, occur across the YBCO
layer in both cases over the entire length of the induced normal
zone (0.0 mm to 0.8 mm). Also note that the electric field dis-
tributions on the Ni layers are homogeneous and of much lower
magnitude.

B. Normal Zone Propagation Velocity and Peak Temperature

It is thought that the electrical and thermal conductivities of
interlayers affect the NZPV [1], [13]. Fig. 10 shows that the
NZPV is not monotonically varying with increasing S-layer
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Fig. 7. Electric potential vs. longitudinal position in the conductor.
Shown are results at three different locations in the conductor for two
runs with different S-layer and buffer layer electrical conductivities.
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Fig. 8. Current density vs. longitudinal position in the conductor.
Shown are results at three different locations in the conductor for two
runs with different S-layer and buffer layer electrical conductivities.
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illustrate the current sharing lengths for each case.

electrical conductivity. When the S-layer electrical conductivity
< 1 x 107 S/m, there is an inverse relationship between the
S-layer electrical conductivity and the NZPV. Furthermore,
there is a 35% increase in the NZPV as the S-layer electrical
conductivity decreases by two orders of magnitude. When the
S-layer electrical conductivity is greater than 1 x 107 S/m, the
NZPV increases, though increases by only 1.5% as the S-layer
electrical conductivity increases by two orders of magnitude.
Fig. 11 shows that increased S-layer thermal conductivity
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Fig. 9. Electric field vs. longitudinal position in the conductor. Shown
are results at three different locations in the conductor for two runs
with different S-layer and buffer layer electrical conductivities. In
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Fig. 10. Relative NZPV and temperature vs. S-layer electrical conductivity.
The buffer layer electrical conductivity is 3 , the S-layer thermal con-
ductivity is 500 and that of the buffer layer is 40

Values were taken at

always results in a higher NZPV, though again by only a very
small amount (3% increase in NZPV for three orders of magni-
tude in thermal conductivity). For both the S-layer electrical or
thermal conductivities, the peak temperature behaves inversely
to that of the NZPV; i.e., a higher NZPV leads to a lower peak
temperature and vice versa.

The buffer layer electrical and thermal conductivities show
different effects on the NZPV and peak temperature. Fig. 12
shows that the NZPV is not monotonically varying with in-
creasing buffer layer electrical conductivity. In contrast to
Fig. 10, however, the peak temperature varies with the same
trend as the NZPV; i.e., increased NZPV corresponds to in-
creased peak temperature and vice versa. We also find that,
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Fig. 11. Relative NZPV and temperature vs. S-layer thermal conductivity.
The S-layer electrical conductivity is 8 and that of the buffer layer is

3 . The buffer layer thermal conductivity is 40 . Values
were taken at t=0.5 ms.

in general, reduced buffer layer electrical conductivity has
more impact on the NZPV and peak temperature than the
S-layer electrical conductivity. As the buffer layer electrical
conductivity is varied, the NZPV varies by a factor of two and
the peak temperature varies by a factor of five. Fig. 13 shows a
reverse trend for the NZPV with varying buffer layer thermal
conductivity as compared to the trend shown in Fig. 11 for
the S-layer thermal conductivity, with an inverse relationship
between the buffer layer thermal conductivity and both the
NZPV and peak temperature. As seen from the leftmost entries
in Figs. 12 and 13, a typical YBCO tape with low buffer layer
electrical and thermal conductivities will have a high NZPV
and a high peak temperature as compared to other possible
buffer layer contact conductivities, at least within the context of
the idealized cooling environment modeled here, with cooling
on the nickel surface and adiabatic conditions everywhere else.

IV. CONCLUSIONS

We have developed a high fidelity model of YBCO coated
conductors to investigate qualitatively the influence of the
interlayer contact resistances on quench propagation. Based
on the simulation results, larger interlayer contact resistances
lead to longer current sharing distances. A large electric field in
the range of 10* V /m exists across the YBCO layer along the
normal zone and may cause reliability issue in the conductor.
For the range of parameters studied here, reduced buffer-layer
electrical or thermal conductivities has more impact on quench
behavior than reduced S-layer conductivities, but the contact
resistances of both interlayers determine the NZPV. Interest-
ingly, varying the conductivities in the buffer layers results
in the same trends for both the NZPV and peak temperature,
whereas varying the conductivities in the S-layer has opposite
trends for the NZPV and peak temperature, albeit very weak
trends for both.

High propagation velocities are needed if quench detection
systems based on voltage measurements are to be applicable to
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