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Abstract 

High temperature superconducting (HTS) tapes of the second generation have been widely used as 

energy storage materials, such as in superconducting magnetic energy storage (SMES) devices. In order 

to enhance the current-carrying characteristics, these systems are typically run close to the critical 

currents of the coated conductors; as a result, hot spots may develop, which could cause the 

superconductor to become quenched. In order to prevent the start of hot spots and to reduce the amount 

of faulting, efforts have been made to raise the normal zone propagation velocity (NZPV) in this 

manuscript. The interfacial resistance between the superconductor and stabilizer layer, which can act as 

a current flow diverter during fault circumstances, has been shown to be the key to producing massive 

NZPV. The tape's architecture has been slightly modified by the addition of a high resistive layer 

between the superconducting and stabiliser layers, where various interfacial resistances have been 

utilised to forecast the temperature distribution between 10 cm lengths of HTS tape. A 2D numerical 

model was created using COMSOL to assess the NZPV and temperature distribution of the 2G 

superconducting tape. It has been concluded that larger NZPVs can be achieved by using substantial 

interfacial resistances to prevent superconducting tape quenching. 

 

Keywords: HTS tape, normal zone propagation velocity, interfacial resistance, quench, HTS cables, 

SFCL, SMES. 

 

1. Introduction 

Coated conductors are widely employed in power applications due to their ability to carry huge currents 

while operating effectively near critical currents. Coated conductors have replaced copper conductors in 

almost all power applications, including cables, motors, generators, transformers, MRIs, NMRs, fault 

current limiters, and SMES systems, since they are more efficient at managing current and take up less 

space than conventional devices. As fault current limiting and energy storage devices operate near 

critical currents, hot patches may form, resulting in superconductor quench. The development of HTS 

cables is also gaining attention these days, with current carrying cables being designed with greater load 

factors (near critical currents) to maximise their current carrying capacity. However, excessive currents 

can cause unbalance owing to heat generation, and inadequate cooling can lead to hot spots and, 

ultimately, tape thermal quench. This topic has yet to be addressed, and numerous research groups are 
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working on it theoretically, computationally, and experimentally. When the current 'I' applied to such 

devices approaches the critical current Ic, hot spots (owing to thermal instabilities) may occur in the 

weaker zones of the superconducting tape. Inhomogeneities in materials, such as superconducting tape, 

can arise as a result of micro-scale manufacturing defects that affect the Ic of the tape, or as a result of 

other phenomena, such as the presence of an external magnetic field, which causes an arbitrary increase 

in the temperature of the superconducting tape locally, leading to hot spots. Such hot spots can harm the 

entire system if the local temperature rises above the threshold level. Thus, avoiding hot spots among 

superconductors utilised in any application is critical to preventing system failure.  

Quenching is a phenomenon that occurs when the temperature of a superconducting tape exceeds a 

certain point, and as previously discussed, it can be caused by hot spots. Hot spot problems exist in all 

superconducting devices, but they are more evident in SMES and SFCL systems because in the former, 

the operating currents are frequently chosen as close as Ic to maximise the field generated. The latter's 

fundamental mechanism of operation is based on superconductor quenching.  Studies demonstrate that 

for coated conductors NZPVs are low, making them sensitive to hot spots, resulting in a rapid increase 

in the temperature before adequate voltage drop emerges, and detecting the quench in the case of 

superconducting magnets. 

Various solutions have been used to address hot spot issues, including expanding the thickness of the 

stabiliser or substrate layer to increase thermal mass. However, simply oversizing the tape by increasing 

the thickness of the copper does not suffice; a marginal current (temperature) is required to provide 

sufficient time before the detection of the quench and to change or halt the input current before the 

system fails. As a result, it is preferable to work near 80% of the load factor, which provides sufficient 

margins to address such concerns. However, this margin clearly limits the current carrying capacity of 

the cable or the maximum achievable magnetic field inside the magnet.  

Increase NZPV as a second technique for reducing temperature rise in hot regions; however, this 

diminishes the superconducting tape's stability margin. This element is represented by the minimal 

energy required to induce a quench, which is commonly known as minimum quench energy (MQE). 

Numerous strategies have been presented by various researchers to improve the NZPV in coated 

conductors. For example, researchers have recommended using sapphire as a substitute for Hastelloy, 

which has electrical and thermal qualities that favour big NZPV. Recently, researchers suggested 

purposely enhancing the interfacial resistance between the stabiliser and superconductor to boost the 

NZPV in coated conductors. This increases the current transfer length (CTL) between the stabiliser and 

superconductor. This concept is simple to implement and offers appealing solutions; however, the 

critical challenges in increasing interfacial resistance are associated with the amount of heat generated at 

the interface of current leads connections, as the temperature increased dramatically, potentially causing 

quenching of the superconductor. 

In this study, a basic superconducting tape construction with significant interfacial resistances was used 

to boost NZPV. It has been believed that the interfacial resistance changes over the width of the tape, 

with one segment having extremely low interfacial resistance and the other having very high interfacial 

resistance. A 2D numerical model was created using Comsol MultiPhysics, and NZPV was compared 

across different interfacial resistances.  

 

2. Numerical Modelling 

A 2D model was created using Comsol MultiPhysics 5.4, and the Joule heating module was used for the  
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numerical solution. The electrothermal behaviour of the coated conductor was investigated by varying 

the interfacial resistance between the superconducting and stabiliser layers.  The basic geometry and 

methodology used are discussed in the following sections. 

 

2.1 Geometrical details  

Coated conductors were utilised in this work, and their geometry is shown in Figure 1, with the tape 

length assumed to be 10 mm and other values listed in Table 1. The tape is 12 mm wide and has a 1 µm 

thick superconducting (SC) layer. In general, SC tape consists of four layers: stabiliser, superconducting 

layer, substrate, and buffer layers. For the tape used in this work, the stabiliser layer is silver (Ag), the 

superconducting layer is ReBaCuO, the substrate is Hastelloy, and the buffer layer is MgO. depicts the 

tape's architecture, which includes a longitudinal arrangement of the several layers. The highlighted 

arrows represent virtual probe locations that are often used to measure electric field variations over time 

and are separated by a distance of 1 mm. Multicolors are utilised to distinguish the different layers. 

signifies that current has been supplied from the left end while the other end is grounded, resulting in a 

low Jc area at the end of the superconducting tape. The extremely resistant layer can be referred to as a 

current flow diverter because it is responsible for redirecting current from the SC region to the stabiliser 

in order to protect the superconducting tape from quenching. The majority of the tape's temperature-

dependent properties have been extracted from. There is detailed information available on the 

characteristics of the buffer layer (MgO), stabiliser (Ag), substrate (Hastelloy), and SC tape (ReBCO for 

T>Tc). As the tape must cool at 77 K, all property data is recovered at this liquid nitrogen temperature. 

 
Figure 1 Tape Architecture  

In the current investigation, a mathematical model similar to that of Lacroix et al was utilised with a few 

adjustments; current densities were assumed to be 100 times greater than those in the Lacroix model, 

and the tape width was assumed to be 12 mm rather than 4 mm. Furthermore, the authors did not 

investigate how variable interfacial resistance affects the NZPV, as they did in this study. Due to the 

non-linear behaviour of resistivity below Tc, electrical conductivity behaves similarly, hence the power-

law model is used to approximate the electrical conductivity of (Re)BaCuO in the flux creep and flux 

flow zones. However, the electrical conductivity of the normal state during the transition from the 

superconducting state can be described by considering two parallel resistances. The following phrases 

have been utilised for the current simulations. 
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Table 1 Nomenclature 

Jc0 Critical current density at T0 

T0 Liquid nitrogen temperature 

E  Norm electric field 

Tc Critical temperature 

n0 Fitting parameter 

d Width of the low Jc region 

A Amplitude of the low Jc region 

l Position of the low Jc region 

I(t) Applied transport current 

Ω Represents the surface at one end of the tape 

n Local unit vector perpendicular to the external surfaces of the tape 

( )T  Electrical conductivity 

m  Mass density of the tape 

( )pC T  Heat capacity 

( )k T  Thermal conductivity 

 

2.2 Electro-thermal modelling 

To initiate normal zone propagation, a low Jc region has been integrated into the tape architecture, as 

shown in Figure 1, highlighted in red. The same model as that of Lacroix et al has been mimicked in the 

current work, as shown in Figure 2, where reduction in the critical current has been considered by the 

following relation: 
2

2

( )

2
0 0 1

x l

d
c cJ J Ae

− − 
→ − 

  

      (4) 

It has been built in such a way that when the current density through the superconducting tape is 

surpassed, heat is generated at the low Jc region, which in turn forms the normal zone, which is 

projected to expand with time. The electro-thermal model of the superconducting tape has two variables: 

potential V and temperature T. The governing equations for electro-thermal modelling are as follows.: 

Electrical part 

.( ( ) ) 0T V within thetape −  =    (5) 

.( ( ) )d ( )T V S I t at left end of thetape


− −  = n   (6) 
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0V at theother end of thetape=    (7) 

. 0V at the remaining boundaries of thetape =n  (8) 

Thermal part 

For the thermal analysis, heat equation can be written as 

( ) .( ( ) )m p j

T
C T k T T Q inthetape

t



+ −  =


   (9) 

Joule heating losses can be evaluated using following coupled correlation: 
2( )( )jQ T V inthetape= −    (10) 

For the present study, it has been assumed that the temperature gradient at the both ends of the tape is 

zero as described by following equation: 

. 0T at thebothends of thetape =n  (11) 

Regarding the remaining boundaries, as superconducting tape is assumed to be through liquid nitrogen at 

77 K therefore, the cooling power required by the nitrogen can be evaluated though the following 

relation:  

0.( ) ( )k T h T T at theremaining boundaries = −n   (12) 

 

2.3 Numerical Approximations  

For the 2D analysis, infinitely thin domains are used to represent buffer layers and interfacial resistance 

layers which further implies that in-plane (Jx and Jy) current densities are taken as negligible and only 

normal component of current density (Jz) has been considered. Therefore, after such approximations (6) 

becomes: 

2 1( ) ( )z

V VV
J T T

z t
 

−  
= =  

  
      (13) 

 
Figure 2 Electro-thermal model details 

The potentials on either side of the infinitely thin layer are V2 and V1, and the layer's thickness is t. 

Similarly, the heat flux (Qz) circulating across multiple tiny layers can be calculated using following 

equation: 
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1 2 1( ) ( )z
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 − 
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      (14) 

 

Table 2 Modelling Parameters involved in quench analysis 

 
The temperatures on either side of the infinitely thin layer are T2 and T1, and its thermal conductivity is 

k(T). Lacroix et al discovered that in an indefinitely thin layer, both electric potentials and temperatures 

are discontinuous for such approximations, and the potential and temperature values diverge on either 

side of the layer. Interface boundary conditions can be used to control the value shift. This is a depiction 

of the lumped approximation in the continuous situation, and it is strongly dependent on the thin layer's 

material properties, such as electrical conductivity, thermal conductivity, and layer thickness.  

 

3. Mesh Sensitivity Studies 

The computational domain is discretized using mapped meshing, and each layer of the superconducting 

tape, including the stabiliser, substrate, and superconducting layer, is subdivided into small sub-domains 

using this technique. depicts a superconducting tape of 10 cm length that is discretized in the transverse 

direction using 100, 200, 300, 400, and 500 components. Table 3 shows that the maximum temperature 

rise within the tape for electrical conductivity 1e9 S/m is the same as in cases 4 and 5. However, the 

computing time elapsed for analysis and the degree of freedoms for case-3 were determined to be lower, 

hence this meshing was adopted for the remaining experiments. System setups were as follows: Intel 

Core i5-8250 CPU at 1.6GHz, 8GB RAM, 64-bit operatingsystem with Window 10. 

 

Table 3 Mesh sensitivity studies for electro-thermal analysis of the HTS tape 

Sr. 

No. 

Number 

of 

elements 

Number 

of domain 

elements 

Number of 

domain 

boundaries 

Degree of 

freedom 
Time (s) 

Max. 

Temp. (K) 

1.  100 3000 460 25327 22m 56s 95 

2.  200 6000 860 50527 42m 47s 94.9 

3.  300 9000 1260 75727 
1h 4m 

37s 
94.7 
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4.  400 12000 1660 100927 
1h 48m 

32s 
94.7 

5.  500 15000 2060 126127 
1h 56m 

39s 
94.7 

 

4. Results and Summary 

The parameters involved in the quench dynamics are tabulated in the Table 2 where 2G HTS coated 

conductors have been tested for various interfacial resistance amid the superconducting and stabilizer 

layer. For the modelling purposes, electrical conductivity has been used as input material property 

instead of resistivity. The right end of the tape is grounded and the effect of this has been tested for 

various electrical conductivities of the interface. More NZPV is required which implies the information 

regarding the fault has to dispersed uniformly to the left end so that uniform temperature distribution can 

be obtained in order to avoid instant gradients. 

1
Normal zone propagation velocity

Timeelapsed
=    (15)  

 

5. Conclusions 

The electro-thermal analysis of the superconducting tape revealed that increasing the interfacial 

resistance of the superconducting-stabilizer layer can improve the NZPV and help manage the tape's 

quenching. The study discovered that a NZPV of 666.67 cm/s is possible with an electrical conductivity 

of 1 S/m. This research will aid in understanding the quench protection systems and how the NZPV 

affects the HTS coated conductor tape protection unit. 
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