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CORC Cables: Numerical Characterization of the
Critical Current After Bending

S. Viarengo ", Student Member, IEEE, F. Freschi

Abstract—To satisfy requirements of high operating current
densities, compact layouts, and the possibility to reach magnetic
field higher than 20 T, at temperatures from 4.2 K to 20 K, e.g.,
necessary for the development of next generation of colliders,
the CORC?® cable concept is of particular interest. Based on Re-
BCO high temperature superconducting tapes wound around a
copper former, it exploits round cross-section guaranteeing electri-
cal and mechanical isotropy. However, these cables can degrade
as a result of the winding process and operating conditions, as
ReBCO tapes are strain-sensitive. This paper presents a 3D multi-
physics numerical model for characterizing the critical current (I..)
of bended ReBCO CORC® cables, based on a 7-A formulation
implemented in COMSOL Multiphysics® coupled with a thermal
model of a straight cable, already validated against experimental
results. The tape is approximated as a thin shell, taking advantage
of its high aspect ratio, and the I, scaling for the tape accounts for
the local strain. A pure geometrical strain evaluation on the tape
surface allow to properly account for the punctual degradation of
I, as an input for the multi-physics model. The assessment of the
voltage-current curve for the bent conductor has been compared
to experimental results.

Index Terms—CORC cable, critical current, HT'S, multiphysics
model, ReBCO , strain.

1. INTRODUCTION

N THE framework of future generation of particle accelera-
I tors, the next frontier is reaching magnetic field up to 20T
[1]. High temperature superconductors (HTS) allow the possibil-
ity to reach those high fields [2], guaranteeing at the same time
high electrical performances and high thermal stability. Both
bismuth strontium calcium copper oxide, BSCCO, strands [3]
and ReBCO tapes [4] are under investigation for future dipole
magnets [5], [6]. The high elasticity of yttrium barium copper
oxide (YBCO) and the tape strength increased by the hastelloy
(see Fig. 1(b)) led to the development of the conductor in round
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Fig. 1. Cable layout (a) and tape (b) considered in this study.

core (CORC®) cable [7]. Several layers of YBCO tapes are
helically wounded in opposite winding directions on a copper
core allowing a high current density [8], an isotropy flexibility
and mechanical strength, with a reduction of AC losses [9],
[10], [11]. As the critical current I, of ReBCO tapes are strain
sensitive, the bending fabrication and winding of the coil de-
grade the cable performances [12], [13]. Numerical models
capable to predict the cable performance should proceed along
with experimental characterization. Some analytical solution
for the strain prediction on a tape are present in literature:
in [14], a curvature-based model provided analytical formulas
for strain computation for different bending modes, without
taking into account local deformation due to the Poisson’s effect.
In [15], a parametric analysis for different bending radii were
performed numerical and analytically based on Flexure formula.
In [16], [17] and [18], structural finite element analyses were
used to investigate the mechanical strain generated in tapes
with different winding angles: the studies showed that com-
pression decreases towards the edge along the tape width. A
combined tension and torsion analysis is carried out in [19].
Regarding the CORC® cable, in [20] a 3D mechanical simu-
lation computed the strain distribution on tapes, after winding
and bending processes, to compare results with critical current
and AC losses measurements on a 6-layer CORC® coil built
from authors. In [8] a detailed parametric analysis, validated
through experiments, aimed at defining the stress-strain state
for the determination of the critical strain that may cause the
breakage of the YBCO layer, considering the bending of the
cable. In [21] and in [22], electromechanical simulation, based
on 7-A formulation, were performed to predict the strain state
and the critical current degradation for straight CORC® cables.
The thermal behavior was not considered in those models and the
current was imposed without any possibility of redistributing, if
necessary, due to uneven strain in different tapes. In this paper,
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a 3D multiphysics model in COMSOL Multiphysics®, based
on the T7-A formulation, is proposed for bended CORC® cables
along with a simplified evaluation of the strain, based on pure
geometrical assumptions. The strain map allows to determine
the I. degradation due to the deformation in each element of
the computational domain. The model is coupled to a thermal
module and aims at the prediction of the cable I, and V — I
curve. A specific boundary condition allows the redistribution of
the current among tapes and layers according to the temperature,
strain, and magnetic field maps. In Section II, tapes, cable layout
and material properties are reported.

II. YBCO TAPES AND CABLE LAYOUT

The CORC® considered in this work has a 6-tapes, three
layers and two tapes per layer, see Fig. 1(a), with a length
of 405 mm and 20 mm of bending radius. The core diameter
is 2.8 mm and the twist pitch 5.7 mm. The tapes of Super-
Power Inc. [23] made of YBCO are the one considered in this
study, with the geometrical parameters reported in Fig. 1(b).
The multi-material tape thickness is treated as an homogenized
material: the thermophysical properties of each material were
taken from [24]. The density was weighted on the cross section,
while the specific heat on the mass. The thermal conductivity
is anisotropic: along the direction parallel to the tape surface,
thermal resistances are arranged in parallel, whereas resistances
are arranged in series along the perpendicular direction. The
equivalent electric conductivity o, is computed as a parallel
among layers weighted on the cross section:

N
B Doty i
- TN 4
Zi:ll A
where o; are the electric conductivities of the layers (the sub-
script ¢ is referred to the ith layer), taken from [24], A; are the
cross sections and [V; is the number of layers within the tape.

The YBCO electric conductivity is computed from the power
law in (2):
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where Ej is the critical field set to 1 4V /cm, J is the current
density flowing in the superconductor, n is the power law expo-
nent, and .J,. is the critical current density. The J.. is dependent
on the temperature €, magnetic field B and the strain € [25],
[26], according to:

JC (BH,BL,H,é) =
(e)Jeo (;0_:) ! e
c0 0 - /7(kBBzz+BE]

Where J, is the critical current density at zero field, .y is
the critical temperature, 6 is the operating temperature, 6 is
the temperature of the superconductor. The fitting parameter at
77 K for the cable under study are taken from [27] and reported
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TABLE I
J. CHARACTERIZATION: FITTING PARAMETERS FOR A SINGLE TAPE
(FROM [27])

Parameters Value Units
0o r K
Jeo 2.6 x 1019 A/m?
0.0 93 K
k 0.275 —
B. 100 mT
b 0.25 -
n 22 -

in Table I. The ¢ (g) = I./I.o parameter represents the critical
current degradation due to the strain: the strain evaluation is
reported in the next section and the value of v is taken from [28].

III. NUMERICAL MODEL

Taking advantage of the high aspect ratio on ReBCO tape,
the 7-A formulation [29] has been implemented in COMSOL
Multiphysics® and suitably coupled with a thermal module to
account for heat transfer in a shell.. Under magneto quasi-static
approximation, the model is based on two potentials: the current
vector potential T for the conducting solved for shell domain,
and the magnetic vector potential A solved for the whole do-
main. Since the tape is a shell, the current only flows along its
tangential direction and it is supposed to be uniform along the
width, neglecting the component orthogonal to the surface. T
is considered perpendicular to the shell surface and the current
density J is computed as the curl of T. The A is defined over
the entire computational domain, and the magnetic flux density
B is computed as the curl of A. The final governing are:

V x 1V><Tn -n:——aB~n @)
Ocq ot
1
V><<V><A)—J (&)
I

Where p is the vacuum permeability, 7" is a scalar and n is
the normal to the shell surface. The current redistribution are
is guaranteed through the application of a specific boundary
condition reported in [27]. For the thermal module, the heat
conduction equation is solved for the tape domain:

00
pequqE =
Where p., is the homogenized density, C,, is the homogenized
specific heat, ., is the homogenized thermal conductivity, and
0 is the temperature. The source term ¢ is given by the sum
of three contributions: the joule losses, if any, the conduction
among overlapping tapes, and the cooling from the L N» bath.
Further informations about the multiphysics model are reported
in [27].

=V (heq (0) VO) + ¢ (0) (6)

IV. STRAIN EVALUATION

In this work, no mechanical analysis has been carried out,
but the map of strain has been extrapolated both from literature
and from some simplified geometrical assumptions based on



VIARENGO et al.: CABLES: NUMERICAL CHARACTERIZATION OF THE CRITICAL CURRENT AFTER BENDING

EW

——Layer 1
04+ ----Layer2| f
<05
=
-0.6
-0.7
0 0.5 1 15 2

Length along the tape width (mm)

Fig. 2. Intrinsic strain distribution of the tape from [17] and final total dis-
tributions along the width at the cable center cross section. Inset: sketch of an
element after bending, for strain evaluation.

the definition of strain (the ratio among the elongation AL
and the initial length Lg). Three strain contributions have been
considered:
® intrinsic strain due to the winding of the tape on the copper
COre £}
e strain due to the bending ¢p;
¢ shrinkage of the tape due to the bending ¢;.

A. Winding of an Individual Tape

In the CORC® cable design, tapes are helically wound around
the central copper core inducing local deformation. The Re-
BCO layer is above the neutral plane, so it will be in compres-
sion state [14]. The non-uniform longitudinal strain distribution
along the width ¢,,,, computed in [17], has been imposed on each
tape, see Fig. 2.

B. Cable Bending

After the bending process, part of the cable above the neutral
radius R,,. is in tension state, while the one below it is in
compression (see Fig. 3(a)). Based on strain definition:

Rou - Rave
Eout = tRaT (N
Ein = ﬁ (®)

where subscripts out and in are referred to the part above and

below the neutral radius, respectively. Generalizing, the strain

along all the cable is computed as:

£p = R— Rave
Ra'ue

Where R is the cylindrical coordinate, see Fig. 2.

€))

C. Tape Shrinkage Due to Bending

The tension state led to a shrinkage of the tape, that has been
considered in this study, see Fig. 3(a). Based on the volume
conservation, the final thickness is computed as:

‘/tape = Riye¢t (10)
V;:ape
tfin =557 (11)
T Rave RO
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Fig. 3.  Strain maps: a) tension compression (top) and shrinkage (bottom) due
to bending process; b) total strain map. ¢) Total strain distributions along the
first 32 mm of the tape edges (3 subsequent pitches).

Where V. is the tape volume, ¢ is the angular coordinate of
the cylindrical system (see Fig. 2), ¢ is the thickness, and the
subscript f;,, is referred to after bending process. Therefore, the
strain £ is:

— Linit

_ tfin

€s 12)

tinit
Where t;,,;; is the initial thickness of the tape.

D. Total Strain
The total strain € is computed by the superposition principle:

E=¢€yw+ep+es (13)

Fig. 2 shows the strain distribution along the tape width of the
three layers. Fig. 3(b) and (c) report the total strain map and
distribution along the tape edges. From Fig. 3(c), it possible to
notice the increase of the average strain value from the straight
part of the cable to the bended one, and the periodic behaviour
among subsequent pitches. The percentage of degradation v (e)
of the tape critical current density due to the strain state has been
extrapolated from [28].

V. VALIDATION OF THE MODEL

The results of the proposed model have been compared
to the experimental results, measured on a bended 6-tapes
CORC?® cable tested at the Lawrence Berkeley National Lab-
oratory (LBNL). The V' — I curve is measured in a LN, bath at
77 K and in self-field conditions.

A. Experimental Setup

The sketch of the experimental setup is reported in Fig. 4(a).
Details can be found in [30]. Different bending radii and vacuum
pressure impregnation procedures were performed to quantify
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Fig. 4. Sketch of a) the experimental setup and b) the simulated domain and
boundary conditions.

the degradation of cable performances. In this study, the Sample
2b of [30] is considered. The wire was bended in an aluminum
fixture in grooves of 4.5 mm diameter. Voltage taps were sol-
dered to the wires at distances 5, 40 and 75 mm up from the
bottom of the copper terminations. Tapered tapes in the termi-
nations had been soldered to the copper tube to guarantee a
proper current injection.

B. Model Setup

In the cable model, an environment temperature of 77 K is
considered, the current is ramped up, and the voltage drop
is computed once the steady-state condition is reached. The
domain and the boundary conditions are sketched in Fig. 4(b).
The straight part as been simulated separately: leveraging on the
periodicity of the geometry, just a pitch has been considered.
The curved part has been simulated considering a pitch to avoid
edge effects. The voltage drop V;,; has computed by the sum of
voltages drop on the two domains:

‘/tot = / EstT ~dl 4 /
Latn L

Where L is the cable length, F is the electric field, subscripts
str and curve are referred to the straight and the curve part,
respectively. The mesh counts about 640k elements with an
average quality of 0.6. The simulation of a single value of current
might run for ~1h, when the current density is far from the
critical condition. In the latter case, it requires ~6.5 h.

Ecurve : dl

curve

(14)

C. V — I Results

Fig. 5(a) reports the comparison between the measurements
and the numerical model of the V' — I curve, as well as the
critical current. The critical current value is well-captured from
the model: the measured I. is ~218 A, while the computed
is ~217 A. Nonetheless, the total performance of the cable,
specifically the n-value is largely overestimated in COMSOL.
The measured n-value is ~6.5, while the computed is ~15. The
main possible reason for this behavior is that since the cable is
short, the termination may still play a significant role in the
voltage drop. Moreover, a better strain evaluation through a
proper mechanical model, which considers buckling of tapes,
might explain this discrepancy. In Fig. 5(b), the average electric
field of the bended part Fyepgeq and of a straight pitch Egyrqignt
are compared: as expected, the FEpepngeq 1S higher due to the
stronger deformation. The temperature increases about ~10 mK
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Fig. 5. (a) Comparison between measured and numerically computed V' —
I curves. Square dots referred to the experimental data, red solid line to the
COMSOL simulation, the light blue circle is the measured /., and finally the
red dot is the COMSOL I... (b) Comparison between the average electric field
of the bended part, red line, and of a straight pitch, blue line. (c) Current density
map at 150 A of total input current.

when the current reaches the I.., and it can rise of about 30 mK
at 230 A (when the tape transits to the normal state). In Fig. 5(c),
the norm of the current density distribution ./, -y, in self-field is
shown. The total input current is 150 A (each tape experiences
~0.51.), so the tapes are fully in the superconductive state. The
non-homogenous distribution of the current density is due to the
self-induced magnetic field among different tapes. The magnetic
field is stronger on the outermost layer and where tapes overlap,
with a consequent reduction of the critical current density,
increase of the resistivity, and therefore the redistribution of the
current.

VI. CONCLUSION

In this work, a full 3D magneto-thermal model of a bended
CORC® cable is developed for the first time in COMSOL
Multiphysics®, relying on a 7-A formulation. A pure geomet-
rical evaluation of strain allows the degradation of the /.. The
V' — I curve computed by the model has been to reproduce a
test at LBNL of a 6-tape CORC?® wire, in self-field immersed
in L N5 bath: the critical current has been well-capture, but the
n-value is largely overestimated. The main reasons might be
a strong influence of the termination, since it is a short cable,
and the strong simplification of the strain state. In perspective,
the CORC® model would be validated through available data in
literature and coupled to a mechanical module. Finally, it will
extend to more than 3-layer CORC® , other layouts and different
external conditions.
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