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Abstract

Conductor-on-round-core (CORC®) cables composed of rare-earth-barium-copper-oxide
high-temperature superconducting (HTS) tapes are of great interest for power transmission
applications due to their many advantages such as high power density, light weight, and low
loss. Closed circulation loops of cryogenic helium gas can be used to cool HTS cables down to
low temperatures to significantly improve their current-carrying capacity. Coupled
circuit-electromagnetic-thermal finite element simulations implemented in the COMSOL
Multiphysics package were developed, validated, and then used for simulating the fault current
limiting (FCL) performance and the cooling processes of an 8-layer CORC® cable cooled with
a flow of cryogenic helium gas. In the simulations, the temperature dependence of the electrical
and thermal properties of all component materials is implemented for improved accuracy. To
overcome computational challenges caused by the considerable difference in geometrical scales
(i.e. few-pm-thick HTS layers versus 10 m-long HTS cable), the model is divided into two
separate simulations. The first simulation is performed on the transverse cross-section of the
cable to calculate the electric field, heating power and temperature rise in each component of a
CORC® cable during FCL operation. The heating power calculated in the first simulation is
transferred to the second model to simulate the cooling of a 10 m-long cable after the fault is
cleared. The effect of the helium gas flow rate on the cooling process is also investigated to
develop strategic approaches for optimizing cooling systems for HTS cables with FCL
capability. The simulations indicated that a 40 ms fault with a voltage drop of 20 V m™!
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along the cable can result in a temperature increase from 60 K to about 165 K inside the cable,
and it takes about 500 s to cool the cable back to nearly 60 K with a flow of cold helium gas at a

rate of 5 g s~

Keywords: CORC® cable, superconducting cables, fault current limiter, finite element modeling,

helium gas

1. Introduction

High-temperature superconducting (HTS) power cables offer
an attractive option for replacing conventional metal conduct-
ors in power transmission and distribution [1-4]. These cables
offer several significant advantages, including higher power
density, reduced size, and lower weight. Additionally, the
rapid transition from the superconducting to the normal state in
HTS cables when the current exceeds the critical current (/..)
is utilized to suppress current surges caused by faults in the
power grid, thereby enabling more resilient power transmis-
sion and distribution systems. Extensive research and devel-
opment efforts have focused on assessing and improving the
fault current limiting (FCL) capabilities of HT'S power cables
through design advancements [5-7].

HTS cables commonly operate at 65-77 K using low-
cost, abundantly available liquid nitrogen as a coolant using
subcooled and pressurized systems [8—10]. The critical cur-
rent of the HTS cables (and therefore the operating current)
will increase substantially when they are cooled by cryogenic
helium gas to operate at lower temperatures [6, 11]. The HTS
power transmission cables cooled by a closed loop of cryo-
genic helium gas are particularly beneficial for electric ships
and aircraft due to the mobility and exceptionally high power
density these systems provide [11, 12].

In practical applications, when a fault occurs, an HTS cable
quickly responds to limit the fault current to a level that enables
traditional protection systems to safely interrupt the fault. This
process typically takes several tens of milliseconds (a frac-
tion of a power cycle), depending on the response time of the
breakers. During the brief fault period, the HTS cable carries
an electrical current significantly higher than its critical cur-
rent I.. As a result, a substantial amount of heat is generated
within the cable, causing the temperatures of its components
to rise rapidly. The temperature of the HTS tapes inside the
cable will exceed the critical temperature 7., at which point
all the fault current will be carried by the metal layers until
the fault is cleared. Once the fault is cleared, cooling must be
applied to the cable to dissipate the heat and return it to its
normal operating temperature, allowing for re-energization.

This paper leverages advanced coupling of circuit, elec-
tromagnetic, thermal, and fluid dynamic finite element (FE)
models implemented in the COMSOL Multiphysics package
to provide comprehensive models for predicting the FCL per-
formance and cooling processes of advanced HTS cable sys-
tems. Section 2 presents the description and key improve-
ments made to the 2D transverse cross-section model for
simulating cable FCL performance. Section 3 offers a brief

overview of fault current experiments and the validation
of the enhanced 2D transverse model. In section 4, a new
numerical model is introduced to predict the critical cur-
rent of rare-earth-barium-copper-oxide (REBCO) conductor-
on-round-core (CORC®) cable at various temperatures, along
with its validation. Section 5 presents simulations of the FCL
performance of the cable operating at 60 K in helium gas,
achieved by coupling the circuit model with the validated 2D
transverse model. Finally, section 6 addresses simulations of
post-fault cooling for a 10 m-long REBCO CORC® cable
operating at 60 K under varying coolant flow rates.

It is worth mentioning that all the above studies were per-
formed on only one CORC® cable sample but under differ-
ent operating conditions. The cable sample has 8 layers with
3 HTS tapes per layer, wound on an aluminum core which
is electrically insulated from the HTS layers. Therefore, the
core does not carry any electrical current, but it was considered
in thermal transfer simulation. The properties of the CORC®
cable are listed in table 1 and figure 1 illustrates a cross section
of the cable.

2. The 2D transverse model for FCL performance

We recently reported the development and validation of a 2D
transverse model to simulate the FCL performance of 8-layer
CORC® HTS cables with different core materials [13]. This
is a coupled thermal-electromagnetic finite element method
(FEM) model implemented in the COMSOL Multiphysics
package and performed in the 2D transverse cross-section of
the cable. The electrical model is based on the common H-
formulation [14] to calculate the evolution of the current dis-
tribution and the ohmic heating in the cable during a fault. The
governing equations of this model include [14]:

J=VxH €))
OH
VXxpVxH=—p—. )
ot
The resistivity of superconducting layer follows the well-
known power law:
J n
=E 3
() ©

where E; = 0.0001 V m~' and J.(T) is the critical cur-
rent density of the superconducting layers, which is cal-
culated from the value of the cable critical current I.(T).
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Table 1. Properties of REBCO CORC® cable.

Parameters Values
Core material Aluminum
Number of layers 8

Number of tapes per layer 3

Former diameter (mm) 4.95

Outer diameter (mm) 7.18

I. at 76 K (A) 2930

HTS tape width (mm) 4.02

HTS thickness (um) 1.8
Substrate thickness (y«m) 50

Copper thickness (stabilizer) (um) 5
Silver thickness (stabilizer) (um) 1.5
Thickness of Kapton layer (mm) 4.7

= J J 2 . X

HTS
(a) S Substrate
\ . Stabilizer

Layers of
HTS tapes

Simulated
domain

Aluminum
Core

Kapton

Figure 1. Cross section of typical REBCO tape and CORC® cable.

Determination of the cable critical current /.(T), based on the
typical field dependence of the critical current density J.(B, T)
for REBCO tapes, is given in detail in section 4.

While the model reproduces the experimental data well for
a cable with a copper core, a 15% discrepancy was observed
between the simulated and experimental results for a cable
with a stainless-steel core. In the stainless-steel core cable,
most of the current exceeding the cable’s I; is carried by the
thin copper and silver layers of the HTS tapes. As a result,
a significant amount of Ohmic heat is generated in the cable
within a very brief period, making thermal transfer simula-
tions more challenging and highly sensitive to cable para-
meters. While the model accounted for the spiral winding of
HTS tape by using the effective length of the HTS tapes in
the cable [13], the electrical contacts between the HTS layers
were not considered. To incorporate these electrical contacts
into the simulations, a 3D model would typically be required.
However, a 3D model using H-formulation for an 8-layer cable
is extremely complex and may not be necessary for FCL sim-
ulations. In this paper, a new, simpler approach is introduced
by using the effective thicknesses of the Cu and Ag layers
to account for electrical contact in the 2D transverse model,

thereby improving accuracy. The effective thicknesses were
determined from measured cable resistances across a wide
temperature range above the critical temperature 7. of YBCO
tapes. When the temperature is above the critical temperature
of YBCO tapes, the current in the cable is only carried by the
substrate, Cu and Ag layers of YBCO tapes. Assuming that
YBCO tapes are uniform along the cable, then there would be
no current sharing between the tapes in the same layer and the
copper, silver, and substrate layers are connected in parallel.
Thus, the resistance of a cable with n layers and m tapes in
each layer can be calculated as

1
- Z Z sub RCu RAg ’

=1j=I iy

“

Ldble

where R e is the cable resistance and RE,“,RZg and RPY" are
the resistances of copper, silver and substrate domains of the
Jjth tape on the ith layer, respectively The resistances of sub-
strate, Cu and Ag layers (RS]”7 7 and RYY") can be easily cal-
culated from their geometric parameters (thlckness width and
length) and their temperature dependent resistivities. Thus,
equation (4) can be used to calculate the cable resistance at
any temperature above the 7.

Due to the significantly higher resistivity of the Hastelloy
substrate compared to Cu and Ag (especially at cryogenic
temperatures) and its minimal temperature dependence, the
variation in cable resistance with temperature primarily arises
from the Cu and Ag layers. In principle, layer-to-layer con-
tact is not considered in equation (4) for analytically calculat-
ing cable resistance. However, this contact can generally be
accounted for by using the ‘effective’ thicknesses (rather than
the actual thicknesses) of the Cu and Ag layers in equation (4).
Therefore, to determine the effective thicknesses of Cu and
Ag layers, they were slightly varied about their nominal val-
ues provided by the tape manufacturer, so that the cable resist-
ances calculated by equation (4) best reproduce the measured
cable resistance for a wide range of temperatures (the thick-
ness of the substrate is kept constant and equal to 50 ym for the
HTS tapes used for the cable). Figure 2 plots the experimental
data for cable resistances when the temperature increases from
77 K to 200 K. The cable resistance as a function of tem-
perature between 100 K to 200 K calculated by equation (4)
for several sets of the thicknesses of Cu and Ag layers was
also plotted for comparison. Clearly, the cable resistance cal-
culated with manufacture values of the thicknesses of Cu and
Ag layers (fag = 1.5 ym and fcy, = 5 pum) is quite lower than
the experimental data. The optimal match between the experi-
mental cable resistance and the analytical cable resistance was
obtained with the effective thicknesses of 4.1 um for the Cu
layer and 1 pum for the Ag layer. The effective thickness of the
Cu layer is slightly thinner than the actual thickness specified
by the HTS tape manufacturer. That difference indicates that
there is an electrical current crossing the layers though their
contact surface during measuring cable resistance at temper-
ature 7 > T and 2D analytical model using equation (4) to cal-
culate the cable resistance must use effective thicknesses of Cu
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Figure 2. The cable resistance as a function of temperature between
100 K-200 K calculated by equation (4) for several sets of the
thicknesses of Cu and Ag layers is plotted to compare with the
experimental data.

and Ag layers to account for the layer-to-layer electrical con-
tact and thus achieve better agreement with the experimental
data. Therefore, the effective thickness of Cu and Ag layers
also need to be used in the 2D FEM FCL simulations for bet-
ter accuracy.

The thermal contact resistance between REBCO tapes in
the two adjacent layers may also play an important role in the
heat transfer inside the CORC® cable. Therefore, in addition
to implementing the effective thickness of the Cu and Ag lay-
ers, the 2D transverse model was further improved by includ-
ing the thermal contact resistance, Ry, between the HTS lay-
ers in the thermal transfer simulation. The impact of thermal
contact resistance in cable winding on their quench behavior
has been investigated elsewhere [15, 16]. This thermal con-
tact resistance changes slowly with contact pressure [17, 18].
However, the variation in winding pressure due to the vary-
ing cable temperature is not significant enough to warrant its
consideration. In fact, our improved 2D transverse model only
needs to use a constant thermal resistance for copper-copper
contact, Ry = 9 x 1075 Km*W~! [17] to produce results that
align well with experimental data for the entire 150 ms fault
duration, as discussed in more detail in section 3.

3. Fault current experiment and validation of the
improved FEM transverse model

The improved simulated model was validated against the over-
current experiments on the CORC® cable sample with spe-
cifications listed in table 1. In the fault current tests at 76 K,
the current was ramped up at 1 MA s~! until the electric field
along the cable reached approximately 20 V m~'. The voltage
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Figure 3. The electric fields and electrical current in the cable
during a 150 ms fault for which the transport current surges to about
nearly twice the cable critical current.

drop was then intended to be kept at that level for approxim-
ately 150 ms to assess the capability of the cable to withstand
the heat load and to limit the current in the circuit, as seen
in figure 3. Due to the heating in current leads connecting
the power supply to the HTS cable during the current surge,
the circuit resistance somewhat increased. The power sup-
ply reacted to that resistance increase, causing a slight drop
of the electric field to a nearly flat level of 17 V m~! after
briefly reaching 20 V m~! as preset. The fault current surged
to 5800 kA, or about 200% of cable I, then quickly dropped to
the lowest value of 1.2 kA at t = 150 ms, thanks to the current
limiting capability of the HTS cable.

The 2D transverse model used the measured cable current
pulse as the input to calculate the temperature rise, the current
sharing between the constituent layers (HTS layers, substrate,
Cu and Ag layers) and the voltage drop to validate against
the experimental data. To compare with the experimental data,
figure 3 also shows the voltage drops along the cable calcu-
lated both with and without accounting for the thermal contact
resistance. When the thermal contact resistance was not con-
sidered, the simulated voltage drop is up to 20% lower than the
experimentally observed results. However, when the thermal
contact resistance was considered, the simulation reproduces
the experimental data well for the entire length of the over cur-
rent pulse. The good agreement between simulated and experi-
mental results for the entire length of the 150 ms fault confirms
the remarkable improvement in the accuracy of our model.

The model was also used to calculate the temperature evol-
ution inside the cable during the pulse. Figure 4 shows that, at
t = 150 ms, the cable temperature rose to 240 K when thermal
contact resistance between the HTS tapes was considered and
to 170 K when thermal contact resistance was not included
in the simulation. When thermal contact resistance is taken
into account, heat is retained in the HTS tapes for a longer



Supercond. Sci. Technol. 38 (2025) 065020

L N Nguyen et al

260
240 R ——

220

- N

® Q

S o
L L

160 4

Temperature (K)
=
o

1204

100

80
Al core = HTS

10 ms
= Kapton

180 4

1604 ————

X140 4
4
=
%120_ 100 ms
GE.) 60 ms
100
ﬂ 30 ms
80+ 10ms
Al core ~ HTS " Kapton

T T T T T T T T T 1
23 24 25 26 27 28 29 30 31 32 33

Radial direction (mm)

()

23 24 25 26 27 28 29 30 31 32 33
Radial direction (mm)

(b)

Figure 4. Evolution of temperature along the radial direction with respect to time: (a) with thermal contact resistance among REBCO tapes;

(b) without thermal contact resistance among REBCO tapes.

period, leading to a higher temperature rise inside the cable.
Comparisons of the results obtained with and without con-
sidering thermal contact resistance, shown in figures 3 and 4,
indicate that thermal contact resistance plays a significant role
in the thermal transfer process during a fault and should be
considered for accurate simulation of the FCL performance of
REBCO CORC® cables. This is especially important for the
cable studied in this paper, which has an electrically isolated
metal core. Since no current flows through the core, all the
fault current is carried by the stabilizer layers, with the HTS
layers becoming non-conductive as their temperature exceeds
the critical temperature 7. As a result, the temperature rise—
and consequently, the voltage drop—are highly sensitive to the
thermal transfer process inside the cable. For improved accur-
acy, the effective thicknesses of the Cu and Ag layers along
with the thermal contact resistance Ry = 9 x 107> Km2 W™,
have been incorporated into all the simulation models.

Figure 5 illustrates in more detail the temporal behavior of
the current through different components of the cable, includ-
ing the aluminum core, substrate, stabilizer, and HTS layers,
during a fault current event. The total current computed in the
cable is obtained by summing the currents of each individual
component. As seen in figure 5, the computed total current
in the cable coincides with the experimental data. The cur-
rent pulse has a peak current of about 5900 A, about 3000 A
higher than cable I. at 76 K. As anticipated, the HTS layers
carry all the current when it is lower than the cable /.. As the
total current surpasses I (76 K) at approximately ¢ = 4 ms, it
begins distributing to the other components. Because the core
is electrically isolated, it does not carry any current. With much
higher electrical conductivity, the stabilizer layers of the HTS
tapes carry a significant fraction of the current even though
those layers are only about 5.1 m thick (summation of com-
puted thicknesses of copper and silver layers). Consequently,
the temperature in the HTS tapes increases quickly, result-
ing in a fast drop in the current density in the HTS layers.
At t = 8 ms, the current density in the HTS layers effectively
vanishes, indicating that the temperature in the HTS layers is
above T¢. After 8 ms, most of the current is carried by the sta-
bilizer layers. The electrical currents carried in the substrate

6 -
@ Total - EXP
Total - FEM
54 - - -Al Corc -FEM
- - - - Substrate - FEM
Cu_Ag-FEM
41 -~ HTS - FEM

Current (kA)

Ipen,k - I(: ~ 3kA

Time (ms)

Figure 5. Electrical currents in different cable components during a
fault for which the transport current surges to about twice the cable
critical current.

layers are considerably low compared to those carried in the
stabilizers for the entire duration of the pulse, because of the
high electrical resistance of the Hastelloy.

4. Prediction of critical current of REBCO CORC®
cable at different temperature

To accurately predict the FCL performance of the HTS cable
at lower temperatures, the temperature dependence of the crit-
ical current of the cable must be known. In this section, we
propose a simple numerical approach to determine the crit-
ical current of the CORC® cable at different temperatures. In
this method, the temperature dependence of the critical cur-
rent of a single tape published by Wimbush et al was used
[19]. Because our sample cable has very small diameters and
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Figure 6. Algorithm to predict critical current of layer i of a
multilayer CORC® cable.

carries large currents at lower operating temperatures, its cir-
cumferential magnetic field is considerable. Thus, for better
accuracy, the dependence the J. of HTS tapes on the circum-
ferential magnetic field should be considered in the computa-
tions. However, the circumferential magnetic field depends on
the cable current. As a result, a numerical procedure is needed.

The circumferential magnetic field applied on an HTS layer
depends on its winding radius and the total electrical cur-
rent running inside that layer. Therefore, the critical current
of each HTS layer is calculated and then the summation of
the predicted critical current of all HTS layers will provide
the critical current of the CORC® cable. As the inner lay-
ers can generate a circumferential magnetic field in the outer
layers (but not vice versa), the calculation is performed from
the innermost layer outward. Figure 6 presents the algorithm
used to predict the critical current of layer i (i = 1-8 with
i = 1 is the innermost layer) of a CORC® cable at differ-
ent temperatures. In this case, the /. of layer k with k < i is
already calculated and known. For the initial condition, the
1. of layer i is the sum of the critical currents of individual
tapes at zero field in that layer, I. = I. (B =0). The actual
cable I. must be lower than that initial value due to the mag-
netic self-field. From that initial value, If: is reduced by 0.1%
at each iteration and the circumferential magnetic field Bl
applying on layer i can be calculated from the new values of
L. (defined as I¢"*") and known I*<'. From the B!, the field-
dependent ;" (B.) is determined based on the Kim model:
B (B) =L (B=0)/(1+kx Bi/BC)b where the parallel
field BL = o (I + Y I5<') /27r, o =47 x 1077 Hm ™! is
the free space permeability, r is the radius at the current HT'S
layer, while the parameters k = 0.25, B.=0.1 Tand b =0.7
are fitting parameters [20]. The iterative process ends when

~< L
- -Ic-nofielddependence
e | - field dependence
104+ ¢
T=60k ¥
I =5874.6 A
<
e’ T=76K 2
l.=2968.8 A
10°
20 30 40 50 60 70 80 90

Temperature (K)

Figure 7. Calculated and measured critical current of REBCO
CORC® cable at different temperatures. The I.(T) curves calculated
both with and without considering the J.(B) were plotted for
comparison.

the relative difference, |I5"" — I| /I:™¥, is lower than a small
number epsilon, €= 0.005.

The model was applied to predict the temperature depend-
ence of I, for the considered CORC® cable with specifica-
tions listed in table 1. Figure 7 depicts 1. (T) for the 8-layer
CORC® cable with the red solid line representing the values
obtained from the numerical method and the blue line repres-
enting the values obtained by simply summing the /. (T) of
the individual tapes without considering the effect of the mag-
netic field on the critical current density. Comparing the two
curves in figure 7, the cable critical current calculated without
considering the effect of the magnetic field can cause errors of
about 10% and 22% at 60 K and 30 K, respectively. The dif-
ference between the two curves is more remarkable at lower
temperatures because the cable /. increases at lower temper-
atures and thus the circumferential magnetic fields impinging
on the REBCO tapes are higher and reduce the /. of the cable
more significantly.

The numerical method was validated at 76 K and then
used to predict the critical current at lower temperatures. At
76 K, the calculated critical current of the cable is I (76 K) ~
2969 A, about 1% higher than the experimental value of /, ~
2930 A. In this paper, helium gas at 60 K is considered as the
cooling medium for the HTS cable. At this temperature, the
cable [, is predicted to be I, (60 K) ~ 5875 A (figure 7), nearly
twice that at 76 K, and that value of /. is used as input for the
simulation of the FCL performance in helium gas.

5. Coupled circuit and transverse section models to
simulate the FCL performance

Figure 8 presents a flowchart of the numerical simulation con-
ducted to predict the FCL performance and post-fault cooling
process of the considered cable (the cable with specification
listed in table 1) operating at 60 K in flowing helium gas. The
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Figure 8. Illustration for numerical approach to simulate the fault
current limiting performance and post-fault cooling process for our
cable operating at 60 K in flowing helium gas.

study is divided into two stages. In the first stage, a circuit
model is coupled with a transverse FEM model to predict the
electromagnetic response, temperature rise, and heating gen-
erated in the cable during a 40 ms fault. The circuit breaker
will open to terminate the fault, turning off the electrical cur-
rent. The heat generated during the fault is then transferred
to the coolant (pressurized helium gas). The second stage of
the simulation involves coupled fluid dynamics and heat trans-
fer models to simulate the cooling process along a 50 m-long
cable, a length that is realistic for potential use in future elec-
tric aircraft.

For the first stage, the coupling between the circuit and the
2D transverse models was achieved by using a method similar
to the one reported by Santos ef al [21]. At each time step, the
average electric field over the cross-section of the HTS cable
is calculated and used as the driving voltage for the HTS cable
components in the circuit model. The purpose of this paper
was to demonstrate an approach using coupled circuit model
and FEM model to study a fault in a circuit with supercon-
ducting cables. In principle, any other electrical components
can be added to that circuit and values of electrical compon-
ents can be changed according to the design of actual electrical
systems. Thus, the paper only considered a simplified circuit
consisting of the typical components, including the DC power
source V), the resistance of copper leads Rje,q and two 50 m-
long superconducting cables to transmit the power to the load
Rioad- Values of the components are chosen so that during the
normal operating conditions (voltage drop in superconducting
cable is zero) the current in the circuit is 4 kA (approxim-
ately 68% of the 1. of the cable). During the short-circuit fault
(Rioad = 09), the voltage drop in cable can reach 20 V m™!
(2000 V for 100 m of HTS cable), as shown in figure 3. Table 2
summarizes the values of the circuit components.

Figure 9 shows plots of the current in the circuit and voltage
drop in the HTS cable before, during and after the fault. During
normal operation, the HTS cable is in the superconducting
state and carries 4 kA. At r= 8 ms, the short circuit hap-
pens (Rjo,a = 012), the current quickly surges to approximately
12.2 kA and the electric field in the HTS cable increases from
zero to approximately 20 V m~!, as expected. The current is
suppressed and gradually decreases to approximately 2 kA at
the end of the fault ( = 40 ms), enabling the breaker to safely

Table 2. Specification of circuit model.

Voltage source, Vy (V) 2000
Load resistance, Rioad (€2) 0.5

Lead resistance, Rjead (£2) 0.01
Total HTS cable length, L (m) 100
Voltage source, Vp (V) 2000

Load resistance, Rioad (£2) 0.5

Lead resistance, Ricad (£2) 0.01
Total HTS cable length, L (m) 100
FT Y N E 20
Current
104 K = Electric field
Fault F15 ~
—~ 84 current, Ipeak ~ 9215 §
é starting 1. =
= -10 @
= &
© 8
Ls &
-0
T T T
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Time (ms)

Figure 9. Current in the circuit and electric field in the HTS cable
before, during and after the fault.

open the circuit. Without the presence of an HTS cable, the
fault current will be Igyy = Vo/Rieaa = 200 KA. Thus, the HTS
cable significantly suppresses the fault current from 200 kA to
the peak current of 12.2 kA, enabling the safe operation of
the breakers and preventing catastrophic damage to the elec-
trical components and systems. It is worth noting that the same
cable can handle a much higher current above its /. when it
operates at lower temperatures due to the significant reduction
of the resistivity of the copper stabilizer at lower temperat-
ure. To produce about the same voltage drop of 20 V m~!, our
sample cable can handle A7~ 3 kA aboveits I, at T=76 K
and handle AI ~ 7.7 kA above the I, at T = 60 K.

Figure 10 shows power losses (in W/m) generated in differ-
ent layers of the cable during the fault. At the beginning of the
fault, the current penetrates from the outer layers inward due to
the skin effect [13]. Consequently, the power losses are higher
in the outer layers, as expected. When the fault current reaches
and goes beyond the /. of the cable, the current is distributed
more evenly between the layers and the heating is nearly the
same in all the layers. The slight variation of heating in the
layers later during the fault is caused by the differences in the
temperature rise in those layers. As mentioned, previously the
power losses calculated in this first simulation stage are used
as input for the second stage to simulate the cooling process
after the fault is cleared.

Figure 11 depicts the temperature rise in the HTS layers
during the fault. The temperature increase tends to be higher
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Figure 10. Power loss at different HTS layers calculated by the 2D
transverse model.
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Figure 11. Temperature profile along the radius direction at
different times during the fault.

in the middle layers because the heat in the outer and inner
layers can be transferred out faster. The large step between
the temperatures in the aluminum core and the HTS winding
is caused by thermal insulation of the polyester layer cover-
ing the core, which is used as the electrical insulation. Due to
the thermal contact resistance between HTS layers, the tem-
perature profiles inside the HTS winding region have stair-
case shapes. Without taking the thermal contact resistance
into account, the temperature profiles are much smoother (see
figure 4(b) or [13]). This difference indicates an important role
of the thermal contact resistance in the heat transfer process.
As seen in figure 11, the maximum temperature in the cable
winding reaches 165 K at the end of the fault (+ = 40 ms).
The temperature in the aluminum core increases from 60 K

to approximately 66 K. At the end of the fault, the temperat-
ure near the outside surface of the Kapton overwrap is still at
60 K, indicating that heat is still trapped inside the cable during
the 40 ms fault and there is no heat transferred to the helium
gas. Therefore, the 2D transverse model used to simulate the
FCL performance does not need to account for the heat transfer
from inside the cable to the helium coolant during the 40 ms
fault. The heat generated inside the cable will remain uniform
along its length during this time, as no heat is transferred to the
helium gas coolant. As a result, the 2D transverse model can
calculate the heating power within the cable and transfer this
heating power to the longitudinal 2D model for further cooling
simulations. This approach is both accurate and significantly
reduces computational time and complexity.

6. Longitudinal 2D model for long-length cable
cooled by helium gas

Each long cable can be cooled with multiple cooling loops
for a more uniform operating temperature and faster cooling
process. A simplified cooling apparatus with multiple cool-
ing loops for a 50 m-long cable is shown in figure 12. The
considered cable (not depicted in the figure) is placed inside a
cryostat, which is cooled with flowing helium gas that enters
through inlets and returns via three outlets positioned altern-
ately between the inlets, as illustrated in figure 12. The flow
directions of the helium gas are indicated by green arrows.
Each inlet and outlet is equipped with a control valve that can
be adjusted to optimize the flow rates in different sections.
Sections with current leads, which may have higher heat leak-
age, will require more cooling power. For the 50 m-long cable,
each section between adjacent inlet and outlet is 10 m long.
Therefore, this paper focuses on a numerical model to simu-
late the cooling process for a 10 m-long section cooled with
pressurized, flowing helium gas. The model was performed
in the longitudinal cross-section of the 10 m system, with the
CORC?® cable positioned at the center of the cryostat and cold
helium gas flowing from one end (inlet) to the other (out-
let). To have a stable, uniform temperature of 60 K along
the 10 m-long cable as assumed in the 2D transverse model,
the jacket of the cryostat is assumed to have perfect thermal
insulation (perfect thermal insulation boundary). This simula-
tion focuses on solving the multi-scale challenge to study the
heat transfer from the cable to the coolant and the impact of
coolant flow rate on the cooling processes. The simulations
must be performed on an entire 10 m-long cable and simul-
taneously cope with many thin constituent layers of REBCO
tapes with thicknesses at the micrometer scale. Two simple
approaches were used to resolve this multi-scale challenge and
reduce the computation time with acceptable error. First, each
REBCO tape with several thin layers of different materials
can be treated as a single domain of homogeneous material
of equivalent thermal properties. The equivalent specific heat
and mass density are calculated as the average heat capacity
and mass density of the constituent layers. These constituent
layers are connected in series in the heat transfer path, so the
equivalent thermal conductivity can be calculated easily from
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Figure 12. Simplified cooling apparatus for a 50 m long cable with a multiple-cooling-loop cryostat.

the thickness and thermal conductivities of constituent layers
[22]. Secondly, mapped meshes were used to reduce the num-
ber of nodes and to ensure the simulation runs are stable given
the high aspect ratio of the mapped meshes. It is worth noting
that the thermal contact resistance Ry =9 x 107> K m? W~!
between HTS layers was also considered in this longitudinal
model.

Coupled laminar fluid dynamics and heat transfer models
built in the commercial COMSOL™ Multiphysics package
were used to simulate the cooling process of the cable placed
in the center of a cryostat with a laminar flow of helium gas.
The temperature and velocity of the helium gas are set as con-
stant inputs at the inlet boundary for both heat transfer and
laminar fluid dynamic models. The laminar flow of helium gas
inside the cryostat is simply governed by the mass conserva-
tion equation [23]:

9pp (T)
ot

+V.(pp(T)u) =0 ®)
where p, (T) is the density of the helium gas at pressure of
20 atm and u is the velocity vector of the gas flow. We assume
that the flow of helium gas in the cryostat is well regulated
by control valves at the inlets and outlets so that the change
in the pressure of the helium gas in the system is negligibly
small during the fault. Thus, the heat transfer in the cryostat is
described by [23]:

ot ©®

pp (T) Cp (T) <8—T + uVT> +V.gq=0.
In equation (6), C,, (7) is the specific heat of materials. For
solid materials (such as HTS tapes and insulations), u will be
zero. For helium gas, velocity vector u calculated from laminar
fluid dynamics models will be used as input for equation (6).
The heat flux vector ¢ in equation (6) is calculated from the
thermal conductivity k£ and gradient of the temperature as
follows:

q=—kVT. )

The heating power calculated by the 2D traverse model and
shown in figure 10 will be used as input for the heating source
Q in equation (6). More details of the governing equations for
these models can be found in the COMSOL™ Multiphysics
package [23]. The parameters for the helium cryostat and the
simulation parameters for the 2D longitudinal model are given
in table 3. The pressure of the inlet is assumed to be 20 atm
and the pressure inside the 10 m long section is slightly varied

Table 3. Parameters of cooling system and simulation parameters
for the longitudinal 2D model.

Radius of cryostat (m) 0.01
Length of cryostat (m) 10
Velocity of helium gas, vie (g/s)  2.5,5 and 10
Pressure (atm) 20
Viscosity of helium gas, u (Pa.s)  0.00006
Number of quadrilateral elements 160080
Number of elements along cable 1000
Number of degrees of freedom 294622
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Figure 13. Density of helium gas with respect to temperature at
pressure 20 atm.

along 10 m long cryostat. However, that pressure variation is
small enough to approximately use the temperature depend-
ences of density, heat capacity and thermal conductivity of
helium gas at a constant pressure of 20 atm for the entire sim-
ulation process. These temperature dependences are plotted in
figures 13-15, respectively [24].

Figure 16 depicts the temperature distribution over the
cross-section of the cooling system near the inlet and outlet
locations at 0.1 s and at 1 s when the helium gas flows at the
rate of 5 g s~!. For more details, temperature profiles along
the radius direction at different times, r = 0.04 s, 0.1's, 1 s
and 5 s were plotted in figure 17 for both the inlet and out-
let locations. Because the thermal contact resistance between
HTS layers was considered in the 2D longitudinal mode, the
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Figure 14. Heat capacity of helium gas with respect to temperature
at pressure 20 atm.
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Figure 15. Thermal conductivity of helium gas with respect to
temperature at pressure 20 atm.

temperature profiles also have staircase shapes, similar to that
shown in figure 11 which was obtained by the 2D transverse
model. As expected, the temperature profile along the cable
radius at + = 0.04 s shown in figure 17 (obtained with 2D
longitudinal model) reproduces well that which is shown in
figure 11 (obtained with the 2D transverse model), confirming
the validity of the longitudinal model.

As seen in figure 17, even at = 0.1 s (or 0.06 s after the
fault ends at t = 0.04 s), the temperature distribution along the
radius direction at the inlet and outlet locations are identical.
This means that the heat generated in the winding has not been
transferred out to the coolant at that time. At later times, such

10

80

70

60
V¥ 60

HTS  Kapton He gas

Figure 16. Comparison temperature distribution between inlet (left)
and outlet (right) of the cable at 0.1 s (top) and 1 s (bottom).
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Figure 17. Temperature along the radial direction at the inlet and
outlet locations and at different times.

ast =1 s or 5 s, the temperature at the inlet location is con-
siderably lower than that at the outlet. This is understandable
because the cable at the inlet location will be cooled down
faster by colder helium gas.

The temperature profiles along the 10 m-long cable in the
innermost and outermost REBCO tapes at different times up
to 500 s after the fault are plotted in figures 18 and 19, respect-
ively. Since the thermal conductivity of the Kapton insulation
is significantly higher than that of REBCO winding, the differ-
ence in the cooling rate for the outermost and innermost layers
is insignificant. Overall, the temperatures in these innermost
and outermost layers gradually increase during and right after
the fault. This means that the heat generated in HTS layers is
trapped at the boundary of the winding due to thick insulation.
The temperatures of the innermost and outermost layers reach
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Figure 19. Temperature distribution along the cable length for the
outermost REBCO layer at different times.

peaks of nearly 90 K at approximately 1 s then start decreas-
ing. As expected, the cable at the inlet location is cooled down
quickly and the cooling rate gradually reduces toward the out-
let. The temperature of the cable at the inlet location decreases
to nearly 60 K, the original temperature, after about 100 s.
However, it takes approximately 500 s for the cable at the out-
let location to be cooled back to that temperature. Figure 20
depicts the impact of the flow rate vy of the helium gas, on
the cooling rate for the innermost layer at the inlet and outlet
locations. It is obvious that the inlet location is cooled much
faster than the outlet location and the cable are cooled down
faster with higher vy,. With vy, = 10 gs™', it takes approxim-
ately 100 s and 400 s to cool the innermost cable layer at the
inlet and outlet back to nearly 60 K, respectively. In case of

—=—Inlet- vy, = 10 g/s

= Outlet - v;;, = 10 g/s
——Inlet- vy, =5 g/s
---+---QOutlet - vy, = 5 g/s
—— Inlet - vy, =2.5 g/s
---+---Qutlet - vy, = 2.5 g/s

Temperature (K)
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Figure 20. Evolution of temperature of the innermost layer at the
inlet and outlet locations for different helium gas flow rates.

Ve = 2.5 gs~ !, it takes approximately 200 s and 660 s for the
cable to be cooled back to nearly 60 K at the inlet and outlet
locations, respectively.

7. Conclusion and outlook

The accuracy of our coupled electromagnetic-thermal 2D
transverse model for simulating the FCL performance of
CORC® cable was significantly improved by more accurately
estimating the thicknesses of the Cu and Ag layers and con-
sidering the thermal contact resistance between the HTS tapes.
This refined model reproduces the experimental data very well
for a long duration fault. To accurately predict the fault cur-
rent limitation in HTS cables at temperatures less than 70 K,
accurate prediction of the dependence of the cable’s critical
current on temperature is essential. A numerical method was
developed to determine the critical current of CORC® cables
for a wide range of temperatures based on the I, (T, B) of single
tapes. The model is suitable for cables with an arbitrary num-
ber of layers and HTS tapes per layer. The model generated
the I. at 76 K for an 8-layer cable with a 1.4% discrepancy
with respect to the experimental data. The model developed
was then used to predict /. of the cable at 60 K, the operating
temperature of the cable in He gas.

The performance of the FCL and the cooling behavior
of an 8-layer HTS cable cooled by helium gas were thor-
oughly investigated using FEM simulations conducted in two
stages. In the first stage, a circuit model was coupled with
a refined two-dimensional transverse model to simulate the
FCL performance of the cable. The quick superconducting-
to-normal transition of the HTS cable suppressed the fault
current to about 12.2 kA (210% of cable I.) which is sub-
stantially lower than the fault current in the system without
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an HTS cable. The 40 ms fault at voltage drop of 20 V m™!
along the cable resulted in temperature rise to about 165 K.
The heating power calculated in the first stage was used as the
input for the longitudinal 2D simulations which use coupled
lamina fluid dynamics and heat transfer models to address the
multi-scale challenge of studying heat transfer from the cable
to the coolant and the impact of coolant flow rate on the cool-
ing processes for a long-length cable. The simulation indic-
ated that it takes about 500 s to cool down a 10 m long cable
to its original operating temperature of 60 K if helium gas at
20 atm pressure and a mass flow rate of 5 g s~ is used as the
coolant.

While the 2D transverse model has been well validated
against experiments at liquid nitrogen temperature, it would be
interesting to build a 10 m long cooling system using helium
gas in the future to test the FCL performance at lower tem-
peratures and validate/refine the longitudinal model. A valid-
ated longitudinal model would be a useful tool in the design
and optimization of cooling systems for HTS FCL cables.
Additionally, there would be heat leaks through the cryostat
and current leads at the terminals, causing non-uniform tem-
peratures along the cable. The heat leak depends on the design
of the cryostat and current leads. If those heat leak parameters
are known, it would be straightforward to consider these heat
leaks in the longitudinal models.
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