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Abstract—ReBCO conductor-on-round-core (CORC) cable has 

become a promising candidate for high temperature superconduct-
ing (HTS) power applications, due to its great mechanical strength, 
high current carrying capacity, high flexibility and low AC losses. 

However, ReBCO coated conductors are at risk of quenching, 
which significantly affects the thermal stability and reliability of 
the CORC cable. Three-dimensional (3D) numerical study on the 

quench behavior of the CORC cable remains a challenge, for its 
complex geometry is difficult to cope with. In this paper, a 3D time-
dependent multi-physics quench model based on the T-A formula-

tion has been developed. Three modules are coupled in this model; 
The T-A formulation model, a heat transfer model and an equiva-
lent circuit model. The quench behavior of a single-layer ReBCO 

CORC cable with non-uniform terminal contact resistances has 
been studied, when a hotspot is imposed on one of the tapes to in-
duce a local quench. Results show that, the CORC cable has the 

highest MQE, in another word, is most stable, when the hotspot-
induced quench occurs on the tape with the middle value of termi-
nal contact resistance. 

 
 Index Terms—CORC cable, non-uniform terminal contact re-

sistance, 3D quench modeling, T-A formulation. 

I. INTRODUCTION 

EVERAL high temperature superconducting (HTS) materi-

als, including Bi-2212, Bi-2223, and (Re)Ba2Ca3O7-x 

(ReBCO) coated conductors, are widely used in some in-

dustrial HTS power applications (e.g., motors/generators, 

transformers, fault current limiters and transmission cables), 

due to their high current carrying capacity and high critical 

magnetic fields [1-3]. The power grid and high field magnets 

have called for practical HTS cables with high current and low 

inductance [4-7]. Several ReBCO based cabling concepts are 

in development, these include the Roebel Assembled coated 

conductor (RACC) cables [8, 9], Twisted Stacked-Tape cables 

[10], and Conductor on Round Core (CORC) cables [11-16]. 
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    The CORC cable shows a great potential in high-field mag-

nets and power devices for its advantages on mechanical 

strength, high current carrying capacity, mechanic flexibility, 

and low AC losses [15]. In spite of the progress that has been 

done in the development of ReBCO coated conductors, the 

stability and reliability of HTS applications are at risk of 

quenching. Quench behavior of single ReBCO tapes has been 

studied a lot [17]. The quench behavior of CORC cable differs 

from that of a single ReBCO tape, due to the complex struc-

ture and current redistribution through terminal contact re-

sistances. Experiments have been carried out to test the stabil-

ity and normal zone propagation of CORC cable [18, 19]. In 

practical applications, ReBCO tapes are soldered at terminal 

leads, the non-uniform contact resistances may has a signifi-

cant influence on the thermal stability of CORC cables during 

quench [20], which has not been elucidated in details yet. 

This paper presents a study on the quench behavior of a 

single-layer ReBCO CORC cable with non-uniform terminal 

contact resistances. To conduct this research, a 3D multi-

physics model is built using the finite element method (FEM) 

software, COMSOL Multiphysics. Three modules are coupled 

in this model: The T-A formulation module, an equivalent cir-

cuit module, and a heat transfer module. A hotspot is induced 

on each one of the three ReBCO tapes in the cable, causing 

heat disturbance during its operating process. Temperature rise 

in each tape, tape voltage variation and the current redistribu-

tion among tapes are analyzed. Minimum quench energy 

(MQE) of the CORC cable with non-uniform terminal contact 

resistances is calculated. 

II. CABLE MODEL AND NUMERICAL METHOD 

A. Cable model studied 

Fabrication of the HTS CORC cable is to wind ReBCO 

coated conductors in a helical fashion around a round copper 

former with relatively small radius. Here, radius of the single-

layer CORC cable is 2.6 mm. Winding angle of the ReBCO 

tapes is 40° . The ReBCO tape used in this study has a width 

of 4 mm and a thickness of 1 mm. More parameters of the 

ReBCO tape (thermal conductivity, heat capacity, I-V curve of 

the ReBCO film, etc.) can be seen from [21]. The operating 

temperature is 70 K, and the critical current of the tape under 

this temperature is around 148 A. To simplify the simulation, 

only the superconducting layer is simulated, and ReBCO tapes 

are assumed to be isolated from each other. During the simula-
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tion process, a heat pulse is applied on one of the three tapes 

to cause a local hot spot. The 3D geometry of the CORC cable 

and the area where the heat pulse is imposed are shown in Fig. 

1. Detailed specification of this cable is listed in Table I. 

Heat Pulse

  

Fig. 1. Geometry of the single-layer CORC cable with three ReBCO tapes and 
the heat pulse zone. 

B. Numerical method 

To build a 3D quench model, three modules are coupled us-

ing COMSOL Multiphysics; the T-A formulation model, a 

heat transfer model on thin shell, and an equivalent circuit 

model. The numerical algorithm can be seen in Fig. 2. 
 

T-A formulation

Heat transfer 

model

Equivalent circuit 

model
 

Fig. 2. Numerical algorithm of the 3D quench model 

C. The T-A formulation 

Principle of the T- and A-formulation model is the assump-

tion that the superconducting tape can be approximated as an 

infinitely thin sheet, which means the thickness of the tape is 

neglected, due to its high aspect ratio. Thus, meshing number 

of the model is reduced significantly, which can effectively 

shorten the computational time. In the T-A formulation, the 

current vector potential T, which only applies to the supercon-

ducting region, is used to calculate the current distribution of 

the ReBCO tapes. The magnetic vector potential A, on the 

other hand, is applied to the whole domain to solve the distri-

bution of magnetic field. The obtained magnetic field is then 

fed back to the T-formulation model to achieve the electro-

magnetic coupling. Governing equation of the T-A formula-

tion can be expressed as[22-25], 
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The E-J relationship of ReBCO tape used here is as follow:   
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where the critical electric field E0 = 10-4 V/m, and the E - J 

power law index n = 31 in this manuscript. 

The dependence of the critical current on the temperature 

and external magnetic field can be expressed as [21, 26-28]:                                                
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In (3),  is the power index in the J - T relation. Operating 

temperature To = 70 K, and Tc = 92 K is the critical tempera-

ture. In (4), Bpar and Bper represent the magnetic fields parallel 

and perpendicular to the tape surface respectively. K = 0.0605, 

b = 0.7580, and Bc is the critical magnetic field. 

D. The heat transfer model 

A heat transfer in thin shells model is coupled to the T-A 

formulation model to calculate the temperature of ReBCO 

tapes. Typical governing equation of the heat transfer model is 

expressed as follow [21, 26], 

( )s
p s s p

T
C k T Q Q

t



    


                                   (5) 

Here,  represents the density of the ReBCO conductors, Ts 

is the temperature of the superconductor. Cp and k are the heat 

capacity and the thermal conductivity respectively, which are 

both temperature dependent [21]. Qs represents the heat power 

caused by the transport current flowing in the CORC cable, 

TABLE I 
SPECIFICATION OF THE CORC CABLE MODEL 

 

Parameter Quantity 

Cable 

Radius 2.6 mm 
Winding angle 40° 
Pitch 19 mm 
Operating current 360 A 
Operating temperature 70 K 
Tapes per layer 3 

ReBCO tape 

Width/Thickness 4 mm/0.1 mm 
Critical current 148 A @ 70 K 
Operating current 120 A 
Substrate (Hastelloy) 50 µm 
Stabilizer (Copper) 20 µm 
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while Qp is an external heat pulse power, which is generated 

by imposed heater. 

The thin sheet approximation is also applied to this model. 

Although the thermal conductivity of the hastelloy layer in the 

ReBCO tape is much lower than that of the copper layer, it is 

relatively higher than other materials. The heat pulse is rela-

tively long for thermal process. Therefore, it is reasonable to 

neglect the temperature difference along thickness direction.  

Thus, a uniform temperature distribution approximation is 

achieved [26]. 

E. Geometry of CORC cable & the equivalent circuit model 

  As can be seen from Fig. 3, to measure the current redis-

tribution among ReBCO tapes during the quench process, an 

equivalent circuit model is built and coupled with other mod-

els. Each tape is treated as three components, terminal contact 

resistance Rt, total resistance of the tape (Rtape), and an induct-

ance. Due to the symmetric structure of the CORC cable, the 

mutual inductances between tapes and the self-inductance of 

each tape are almost equal. Thus, the current redistribution 

among tapes is mainly determined by the tape voltage Rtape 

and the terminal contact resistance Rt, especially at steady sit-

uation.  
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Fig. 3. Equivalent circuit model of the single-layer CORC cable with three 
ReBCO tapes 

III. RESULTS AND DISCUSSION 

During the simulation process, the single-layer CORC cable 

carries a total transport current of 360 A. Due to the non-

uniform terminal contact resistances, ramped current in each 

tape is distributed inhomogeneously. Then, a series of heat 

pulses are imposed on one of the three tapes from 2.0 s, which 

is called ‘the target tape’ in this paper, for a period of time to 

induce a hotspot on that tape. Here, the heat pulse is imposed 

after two seconds of operation, and duration of the heat pulse 

is set to be 100 ms. The other two tapes without hotspot are 

called ‘the normal tapes’. Cooling is not considered in this pa-

per. To analyze the quench behavior of a CORC cable with the 

non-uniform terminal contact resistance Rt when a hotspot-

induced quench occurs, simulation was performed under a set 

of non-uniform terminal contact resistances: Rt,1 =40 µΩ, Rt,2 

=50 µΩ Rt,3 =60 µΩ. Three cases will be studied, in which 

hotspot is induced on tapes with a terminal contact resistance 

of 40 µΩ, 50 µΩ and 60 µΩ respectively. 

As shown in Table II, when the heat pulse is imposed on the 

tape with lowest terminal contact resistance (Rt=40 µΩ), the 

minimum quench energy (MQE) is 104.4 mJ, while the MQE 

for the tape with highest terminal contact resistance (Rt=60 µΩ) 

rises to 122.7 mJ. However, the highest MQE is obtained 

when the tape with a terminal contact resistance of 50 µΩ en-

dures a local quench, which reaches 156.7 mJ. To understand 

this result, the transport current, tape voltage, and temperature 

of the CORC cable during the quenching process have been 

plotted in Fig. 4. Notice that the tape voltage does not include 

that on terminal contact resistances. 

TABLE II 
MINIMUM QUENCH ENERGY 

 

Terminal Contact Resistance (µΩ) Minimum Quench Energy (mJ) 

40 104.4 
50 156.7 
60 122.7 

This table lists the minimum quench energy when the hotspot is induced on 
tapes with Rt=40 µΩ, 50 µΩ and 60 µΩ respectively. 

Simulation results from Fig. 4 are obtained from the situa-

tion when the heat pulse is high enough to cause a local 

quench on the target tape. Left column presents the current re-

distribution among tapes, middle column plots the tape voltage 

of each tape (the voltage of terminal contact resistance is not 

included), and right column shows the temperature change in 

each tape. Results show that, after the hotspot is induced, tem-

perature and tape voltage of the target tape both increase rap-

idly, leading to current decrease in the target tape. Transport-

ing current in the target tape is then forced out to other tapes. 

This current redistribution is absorbed by normal tapes, caus-

ing current rise in these tapes. However, since the tape voltage 

in target tape is much higher than that of the normal tapes 

right after the heat pulse is turned off, this voltage rise pre-

vents current from further redistributing to normal tapes. As a 

result, current in the target tape decreases much slower than 

before, leading to heat accumulation and higher temperature 

on the target tape, thus, eventually inducing a quench. 

In Fig. 4(a1), when Rt of the target tape is the lowest among 

all tapes, which, in this case, is 40 µΩ, current in the target 

tape drops from 140 A to 80A, which means that around 43% 

of the current is redistributed to normal tapes. Transport cur-

rent of the tape with Rt=50 µΩ rises above its critical value of 

148 A, then decrease slightly, back to a value that is lower 

than 148 A after the heat pulse is turned off, which leads to a 

slight voltage rise in this tape. Voltage of the tape with highest 

Rt (=60 µΩ) remains the same for the first 3 seconds, for cur-

rent in this tape only rises to 130 A with the heat pulse im-

posed. In Fig. 4(a3), temperature of the target tape decreases 

slightly after the heat pulse is turned off, then remains nearly 

unchanged for a while, before it sharply increases to over 100 

K after 3s. 

From Fig. 4(c), currents in normal tapes rise above their 

critical values right after the heat pulse is imposed, leading to 

considerable voltage rise in these tapes. The redistributed cur-

rent from the target tape leads to continuous over-currents 
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flowing in normal tapes. In Fig. 4(c3), the temperature of the 

target tape shows a slight decrease after the heat pulse is 

turned off, then there’s a sudden rise of temperature at around 

2.4 s, and the temperature of target tape reaches 100 K in 0.2 s. 

Compared with Fig. 4(a) and (c), quenching process in Fig. 

4(b), which is the case when the heat pulse is imposed on the 

tape with middle value of Rt (40 µΩ), is much smoother and 

shows no sudden change during the whole quenching process. 

Around 50% of transporting current is redistributed from the 

target tape at the end of the heat pulse. 

The MQE of a tape in this CORC cable model are deter-

mined by two factors, transport current and current redistribu-

tion through terminal contact resistances. Lower terminal con-

tact resistance means easier current redistribution to other 

tapes, which leads to higher MQE. However, it also leads to 

higher transport current during the ramping of the cable’s total 

current, and tapes with higher transport current has lower 

MQE. Together, these two factors lead to the conclusion that 

the tapes with lowest terminal contact resistance does not have 

largest MQE. Results also show that, for a single-layer CORC 

cable with non-uniform terminal contact resistances, the tape 

with moderate terminal contact resistance has highest MQE 

and best thermal stability. 

 

Fig. 4.  Current redistribution among tapes, tape voltage, and temperature on each tape during local hotspot-induced quench process, when the heat pulse is im-

posed on the tape with (a) Rt=40 µΩ; (b) Rt=50 µΩ; and (c) Rt=60 µΩ. 
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IV. CONCLUSION 

A 3D multi-physics quench model is developed in this pa-

per to analyze the quench behavior of a single-layer ReBCO 

CORC cable with non-uniform terminal contact resistances 

(Rt=40 µΩ, 50 µΩ and 60 µΩ). Three modules are coupled in 

this model: The T-A formulation model, a heat transfer on thin 

shell model, and an equivalent circuit model. A hotspot is in-

duced on each tape of the cable separately to study their 

quench behavior. 

Results show that, the CORC cable is most stable when a 

hotspot is induced on the tape with the middle value of termi-

nal contact resistance, in this case, when Rt=50 µΩ. The high-

est MQE is also obtained from this case. This is because that, 

high terminal contact resistance means hard current redistribu-

tion and sharp increase of tape voltage, which decreases the 

thermal stability. Although low terminal contact resistance 

leads to an easy current redistribution among tapes, it also 

leads to higher transport current, which lowers the MQE. Thus, 

conclusion can be made that, for a single-layer ReBCO CORC 

cable with non-uniform terminal contact resistances, tape with 

middle value of Rt has the largest MQE. 
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