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ABSTRACT 

Turbulence flow is encountered in most of the thermal systems including heat exchangers. 

However, estimation of friction factors and heat transfer coefficients in turbulent flow 

regime is still a challenge. A numerous experiments have to be conducted in order to 

estimate the same. This challenge can be overcome with the help of numerical and 

computational techniques which are economic to be implemented. In recent years 

conventional power transmission systems are recommended to be replaced by 

superconducting power transmission systems with High Temperature Superconducting 

(HTS) cables. These cables have potential merits of large current carrying capacity and 

compactness with reduced transmission losses and Right-of-way (ROW) compared to 

conventional transmission power cables. However, internal forced convective cooling is 

used to cool HTS cables using cryogenic coolant such as liquid nitrogen (LN2) to retain the 

superconductivity for efficient power transmission. However, flow of LN2 in the 

corrugated steel pipe (former) of HTS cable is found to be turbulent. Hence, the present 

work aims at estimating pressure drop and heat transfer in turbulent flow regime using 

Computational Fluid Dynamics (CFD). Due to forced convective cooling, inevitable 

pressure drop will occur in these cables and result in development of temperature and 

velocity gradients. Further, the accounted temperature and velocity gradients in HTS 

cables lead to volumetric entropy generation. 

The present work focuses at investigating the volumetric entropy generation rate in HTS 

cable. Further, entropy generation minimization (EGM) technique is used as an 

optimization tool to estimate the minimum volumetric entropy generation rate to optimize 

thermohydraulic characteristics in HTS cables. Furthermore, pumping power and cooling 

capacity at minimum entropy generation rate are calculated. Computational Fluid 

Dynamics (CFD) is used to analyze the pressure drop and heat transfer rate for different 

flow rates to estimate the friction factor, pumping power and cooling capacity with LN2 

flow in corrugated former in HTS cable. A 3D computational geometry is developed and 

simulated the flow domain of LN2 in commercial ANSYS. K-epsilon turbulent scheme is 

used to signify the validity of turbulence model to practical experimental conditions. The 

simulated results are validated with the results available in literature. 

Chapter 1 introduces the high temperature superconductivity, critical parameters of 

Superconductor, characteristics of Superconductor, cryogenics and applications of 
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superconductivity such as Superconducting cables, Superconducting motors, 

Superconducting generators, Superconducting Magnetic Energy Storage (SMES), 

Superconducting Transformers and Superconducting Fault Current Limiters (SFCL). 

Chapter 2 begins with the exhaustive survey of available literature on the development of 

HTS cables, losses encountered by the HTS cables during normal operation. The 

implemented cooling strategies to compensate the heat loads due to the losses and the 

thermohydraulic characteristics  in HTS cables. Further, a typical review on entropy 

generation rate in various engineering applications is presented. From the literature, 

research gaps are identified and research objectives are framed from the gaps. 

Chapter 3 illustrates the mathematical formulation for solving the thermohydraulic 

characteristics and entropy generation rate in HTS Cables employing the governing 

equations such as conservation of mass, momentum and energy that are required for 

solving the closure problem. Further, the thermohydraulic characteristics and entropy 

generation rate for internally forced cooled HTS cables are computationally investigated 

using the time averaged Reynolds Averaged Navier-Stokes (RANS) equations. The Finite 

Volume Method of discretization with   turbulence equations are used as closure to the 

RANS equations is discussed in this chapter. 

Chapter 4 describes the hydraulic studies in HTS cables under the influence of mass flow 

inlet ranging from 11 L/min to 20 L/min, heat loads ranging from 1 W/m to 3 W/m and 

inlet temperature ranging from 65 K to 77 K. The pressure gradients, velocity gradients 

developed in the computational domain are predicted and results are utilized for estimating 

the entropy generation rate due to velocity gradients in the HTS cables. Further, the 

hydraulic characteristics such as Friction factor, pressure drop and pumping power are 

estimated at different flow rates, heat loads and inlet temperatures in this chapter. 

Chapter 5 describes the thermal studies in HTS cables under the influence of mass flow 

inlet ranging from 11 L/min to 20 L/min, heat loads ranging from 1 W/m to 3 W/m and 

inlet temperature ranging from 65 K to 77 K. The temperature gradients and the 

temperature profile developed in the computational domain are predicted and results are 

utilized for estimating the entropy generation rate due to thermal gradients in the HTS 

cables. Further, the thermal characteristics such as Nusselt number, Temperature difference 

and cooing are estimated at different flow rates, heat loads and inlet temperatures in this 

chapter. 
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Chapter 6 includes the results of entropy generation rate in HTS cables under the influence 

of mass flow inlet ranging from 11 L/min to 20 L/min, heat loads ranging from 1 W/m to 3 

W/m and inlet temperature ranging from 65 K to 77 K. The entropy generation rate due to 

velocity gradients and entropy generation rate due to thermal gradients developed in the 

computational domain are predicted and results are utilized for estimating the entropy 

generation rate in the HTS cables. Further, the entropy generation rate developed in the 

HTS cables are utilized for optimization at different flow rates, heat loads and inlet 

temperatures. 

Chapter 7 deals investigations on entropy generation minimization in HTS cables under the 

influence of mass flow rates ranging from 11 L/min to 20 L/min, heat loads ranging from 1 

W/m to 3 W/m and inlet temperatures ranging from 65 K to 77 K. The objective of the 

present work is to estimate the volumetric entropy generation rate for optimizing the 

thermohydraulic performance of HTS cable with higher heat transfer rate and lower 

pumping power. To achieve the objectives, hydraulic and thermal characteristics that are 

calculated in chapter 4 and chapter 5 are utilized along with the results of entropy 

generation rate discussed in chapter 6 for optimization. 

Chapter 8 deals with the summary and conclusion of study such as thermohydraulic 

characteristics, entropy generation rate and entropy generation minimization results. 

Further, the future scope of the study is discussed. 

Entropy generation minimization is the approach that signifies the optimum 

thermohydraulic performance of HTS cable for efficient operation under various heat 

loads, inlet temperature and flow rate. The hydraulic performance and the entropy 

generation rate due to velocity gradients at different heat loads are not significantly 

increased for various flow rates. From the performance evaluation, the maximum possible 

cooling capacity is observed at 14 L/min and 16 L/min at an AC loss of 1.5 W/m and 2.5 

W/m respectively. Further, it is concluded that, at an operating condition of 77K and 2.7 

bar with a heat of 2.1 W/m, flow rate of 14 L/min is optimum with lower pumping power 

and higher cooling capacity. Furthermore, the contribution to volumetric entropy 

generation rate from thermal gradients is higher than the velocity gradients in HTS cable. 

The present analysis will assist to select the flow rate that is required to overcome the 

quench of HTS tape under heat loads due to heat in leaks from ambient and AC losses in 

HTS cables. Since, the thermohydraulic performance is optimized, it helps in cooling the 

HTS cable with less pumping power and it is worth of minimizing the total entropy 
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generation. Further, recommends that the flow rate required for operating the HTS cable 

under various heat loads with minimum pumping power and higher cooling capacity.   
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NOMENCLATURE 

ije  Steady mean rate of deformation 

ije  Fluctuation component of rate of deformation 

T  Time averaged temperature (K) 

u , v , w  Time averaged components  of velocity in x , y , z directions (m/s) 

u , v , w  Components of velocity in x , y , z directions (m/s) 

u  Fluctuation in velocity (m/s) 

   Fluctuation in flow property 

  Time averaged component of mean flow property 

refT  Reference temperature (K) 

k  Thermal Conductivity of LN2 (W/m-K) 

ch  Convective heat transfer coefficient (W/m2K) 

p  Average pressure of LN2 (Pa) 

Greek Symbols 
 

  Density of LN2 (kg/m3) 

  Turbulent kinetic energy (m2/s2), 
2 / 2u   

  Dissipation rate per unit mass (m2/s3), 2 .ij ijve e    

  viscosity of LN2  (Pa-s) 

  Viscous dissipation rate function  

k  Turbulent Kinetic Energy (TKE) Prandtl number 

  Turbulence Dissipation Rate (TDR) Prandtl number  

t   Turbulent viscosity (Pa-s),  2
t C     
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ABBREVATIONS 

HTS High Temperature Superconductor 

Tc Critical Temperature 

Ic Critical Current 

Jc Critical Current Density 

Hc Critical Magnetic Field 

LTS Low Temperature Superconductors 

MTS Medium Temperature Superconductors 

PPLP Poly Propylene Laminated Paper 

XLPE Cross Linked Polyethylene Paper 

PVC Poly Vinyl Chloride 

PC Critical Pressure 

LN2 Liquid Nitrogen 

CSP Corrugated Steel Pipe 

hc Convective Heat Transfer Coefficient 

CFD Computational Fluid Dynamics 

SMES Superconducting Magnetic Energy Storage 

SFCL Superconducting Fault Current Limiters 

YBCO Yttrium Barium Copper Oxide 

BSCCO Bismuth Strontium Calcium Copper Oxide  

Be Bejan Number (-) 

EGR Entropy Generation Rate (W/m3K) 

EGV Entropy Generation Rate due to Velocity Gradients (W/m3K) 

EGT Entropy Generation Rate due to Thermal Gradients (W/m3K) 

RANS Reynolds Averaged Navier-Stokes 

FVM Finite Volume Method 

TKE Turbulence kinetic energy 

TDR Turbulence dissipation rate 
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CHAPTER I 

1 INTRODUCTION 

1.1 High Temperature Superconductivity 

In the early 1900s, soon after the method of liquefaction of helium by Kamerlingh Onnes, 

further investigation concerning the electrical resistance of pure metals at low temperature 

initiated. At that instance, the electric resistance characteristic at low temperature was 

unexplored and unknown. The existing prediction ranged from the continuous linear 

decrease of electrical resistance towards, leveling at some residual resistance value, or an 

increase at some point due to electron scattering mechanisms.  

 

Figure 1.1 Comparison between resistance v/s temperature curves of a superconductor and a normal 
conductor 

At that time, one of the purest metals available was Mercury. Kamerlingh Onnes, in 1911, 

measured the electrical resistance of pure mercury as a function of temperature and 

discovered that the mercury’s resistance abruptly drops to zero below 4 K (operating 

temperature of liquid helium). A new realization came that below 4 K, mercury enters a 

new state, which he called “superconductivity”. Such remarkable and fascinating features 

had not been predicted, which still intrigues today. Since then, many materials were 

subsequently discovered in order to show the phenomenon of superconductivity at low 

temperature. Since then, a vast categorical device, which takes majority of the field of 
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physics, is in the continuous state of development. A typical dependence of resistance on 

the temperature of a superconductor and a normal conductor is shown in Figure 1.1.  

The resistance of a superconductor drops to zero when the temperature reduces to a certain 

value below the critical temperature (Tc), which is due to the non-scattering by crystal 

lattice, resulting in no dissipation of energy when operating with DC. However, for a 

normal conductor upon decreasing temperature, some resistance in the material is 

observed. There are three fundamental parameters, namely, critical temperature Tc, critical 

external magnetic field Hc, and critical current density Jc, as shown in Figure 1.2. These 

three are the most important parameters which define the state of superconductivity in a 

superconductor. 

 

Figure 1.2 Critical parameters of a superconductor 

The development of superconductors in large scale made a revolutionary changes in 

superconducting power applications such as Superconducting cables, SMES, 

superconducting motors, superconducting generators, superconducting transformer and 

superconducting fault current limiters. The superconductors are premium than normal 

conductors because they exhibit zero resistivity and handles higher current density at lower 

volumes. The superconductors are manufactured either in wire or tape using different 

superconducting materials. The superconducting wires are manufactured using a thin 

superconducting material enclosed within Aluminum, Copper, Silver alloy matrix to 

enhance the strength and to protect the wire from quench. The parameters such as critical 

magnetic field ( CB ), critical temperature ( CT ) and critical current density ( CJ ) 
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characterize the superconducting material. At cryogenic temperatures, there is a direct 

dependency within these three parameters to achieve higher magnetic field and higher 

current densities. 

 

Figure 1.3 Characteristics of a superconductor and perfect conductor in the presence of an external magnetic 

field 

For instance, for SMES higher magnetic fields are required to achieve higher storage 

capacities, consequently the critical current density and the critical temperature are 

changed accordingly. The SMES are operated at the temperature of 4.5 K, even the critical 

temperatures of different superconductors are higher than 20 K (See Table 1.1). 

In 1933, Meissner and Ochsenfeld began an investigation on Type I superconductors. They 

discovered that on cooling a superconductor below its superconducting transition 

temperature, placed in an applied steady-state magnet field, the magnetic field lines were 

completely expelled from the interior of the superconductor. This phenomenon is called 

Meissner effect. Such behavior is possible under magnetization in the opposite sense (M = 

−H); a perfect diamagnetism is exhibited. Such type of magnetization measurement is 

sometimes referred to as the field-cooled (FC) experiment and is schematically shown in 

Figure 1.3 (left). However, this characteristic is far different from a zero-field-cooled 

(ZFC) experiment and cannot be simply explained by assuming that a superconductor is a 
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perfect conductor (infinite mean free path). Instead, the Meissner effect implies that the 

flux density inside the material is zero (B = 0) for temperature below its critical transition 

temperature (Tc). If the superconductor would simply be a perfect conductor with infinite 

conductivity (σ = ∞) and was cooled below Tc in the presence of a steady-state magnetic 

field (H), there would be no magnet flux expulsion (B = 0) at Tc. Such a perfect conductor 

cooled in the background steady-state magnet field would simply pass through it. If the 

perfect conductor was cooled in a zero magnetic field, upon subsequently applying the 

magnetic field, the perfect conductor would repel flux. The whole process is illustrated in 

Figure 1.3. Hence, perfect diamagnetism under FC magnetization is the true signature of 

superconductivity.  

 

Figure 1.4 (a-c) Types of superconducting wires and tapes 

Similarly in HTS cable applications, higher current densities are required. Consequently 

the critical magnetic field and the critical temperature are changed accordingly. The HTS 

cables are operated at operating range of 65-77K depends on the type of superconducting 

material used. The cryogenic coolants to be used for cooling the superconductors are made 

up of different materials with respect to critical temperature range is given in Table 1.1. 

The superconductors are classified into two categories depends on the behavior of 

superconductor in the magnetic field at critical temperature and the critical temperature of 

the superconducting material. Based on the magnetic field, superconductors are either 

Type I or Type II. In Type I, superconductors acts as a perfect diamagnetic and repels the 
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magnetic field when it maintained below critical temperature and unable to sustain higher 

magnetic fields. In Type II, superconductors exhibit a mixed state around the critical 

temperature and can sustain higher magnetic fields without exhibiting the quench behavior. 

The superconducting materials used in different projects based on the operating 

temperature are shown in Figure 1.4.  

Table 1.1 Classification of superconductors depends on critical temperatures [1] 

Superconducting 
material 

Superconductors 
(Critical 

temperature (K)) 

Cryogenic 
coolant (Boiling 
temperature (K) 

@ 1 atm) 

Critical 
temperature 

of coolant (K) 
 

Critical 
Pressure 
of coolant 

(K) 

Latent heat of 
vaporization 

(kJ/kg) 

LTS 

NbTi (9.8) 

Nb3Al (18) 

Nb3Sn (18.1) 

Helium (4.2) 5.2 2.3 21 

Hydrogen (20.3) 32.9 12.8 445 

MTS MgB2 (39) 

Hydrogen (20.3) 32.9 12.8 445 

Neon (27.1) 44.4 26.5 86 

HTS 

BSCCO-2212 (85) 

BSCCO-2223 (110) 

YBCO (93) 

Nitrogen (77.3) 126.3 34 199 

Argon (87.302) 150.69 48.630 163 

Oxygen (90.2) 154.6 50.4 213 

1.2 Cryogenics 

The word cryogenics is defined as the study of low-temperature phenomena. However, 

the temperature level at which refrigeration in the conventional sense ends and cryogenics 

begins is somewhat arbitrary. The temperature separating cryogenics from conventional 

refrigeration that is suggested by the workers at the National Institute for Standards and 

Technology in Boulder, Colorado, is -150°C (123 K). The significance of heat transfer in 

cryogenic systems is illustrated by a variety of its applications. Some applications are 

discussed as follows 

1) For land-based service design of Cryogenic fluid storage vessels (Dewars), the rate 

of heat transfer through the insulation must be as low as practical. In order to 

minimize the gaseous conduction, cryogenic insulations are generally evacuated. 

Moreover, multi-layer insulation (MLI) is used to minimize radiation heat transfer, 

and low thermal conductivity spacers are used to minimize conduction through 

solids. In addition, the suspension system utilized for providing support to the inner 

vessel within the outer vessel must minimize the heat conducted through support. 
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Hence, for vessel suspension purpose, high-strength stainless steel rods are often 

used due to its low thermal conductivity. 

2) In Superconducting Magnetic Energy Storage Systems (SMES), conduction heat 

transfer along the current leads into the superconducting magnetic energy systems 

may be detrimental for the operation of magnet refrigeration system due to the 

associated thermal load. 

3) In the late 1960's marked the commercial development of superconducting 

electrical cables, which was made possible after the Nb-Ti and Nb3Sn alloys 

became available in large-scale lengths. Cables that are constructed from LTS were 

cooled to a temperature on the order of 4 K using LHe. However, the accompanied 

heat transfer caused extensive evaporation of LHe. Such a problem is solved by 

shielding helium circuits with LN2-cooled thermal shields. 

4) In an air separation system involving the production of LN2, liquid oxygen (LOX), 

and liquid argon (LAr), high-performance heat exchangers are required. For the 

economical operation of these heat exchangers, the effectiveness must be 

approximately 95% or higher. Moreover, recuperative heat exchangers allow the 

incoming warm air stream to be cooled by the outgoing cold gas stream, thereby 

reducing the need for external refrigeration. 

5) The duration of aerospace missions may be as long as five years. Therefore, 

thermal protection for cooling instrumentation carrying any refrigerant liquid, such 

as LHe, must be provided. Such protection can be achieved by thermal shields, 

which are actively cooled by Stirling cycle refrigerators or thermoelectric coolers 

for maintaining an extremely low heat transfer rate to the coolant, thereby ensuring 

adequate mission duration. 

6) Cryosurgery systems: All practical surgical specialties, such as gynecological 

surgery, ophthalmological surgery, and neurosurgery, involve freezing a small 

region of the defective tissue for destroying the offending material. For such 

devices that involve the cooling process by either cryogens or small cryocoolers, 

thermal analysis of the tissue is of critical importance in order to predict the extent 

of the frozen lesion.  

In Superconductivity applications, Cryogenics plays a vital role in order to retain the 

superconductivity by cooling the superconductors below to its critical temperatures based 

on the superconducting material. Table 1.2 provides the data of critical pressure and 
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critical temperatures of various cryogenic coolants that are used in Superconductivity 

applications. Although conduction cooling had been attempted in the past, the recent 

developments are focused on the circulation of LN2. The usage of other cryogens, such as 

helium, hydrogen, neon, and oxygen, is ruled out due to considerations of cost, safety, and 

temperature range. A circulated LN2 provides consistent temperature distribution, along 

with rapid recovery from fault and the benefit of liquid dielectric.  

Table 1.2 Cryogenic coolants used in Superconductivity applications and their Critical Temperatures and 
Critical Pressures 

Cryogens Critical Temperature (K) Critical Pressure (bar) 

Helium (He) 5.1953 2.2746 

Hydrogen (H) 33.190 30.118 

Nitrogen (N) 126.19 33.958 

Argon (Ar) 150.69 48.630 

Oxygen (O2) 154.58 50.430 

 

Figure 1.5 Operating temperature and pressure range of Nitrogen to be utilized as liquid cryogen for cooling 
superconducting cables 

Various conceptual designs, such as configurations involving pumping mechanism or 

circulation using thermo-syphon as well as bath cooling, have been demonstrated. 

Moreover, LN2 offers dielectric performance compared to that of oil in a conventional 

transformer. However, at atmospheric pressure, the operating temperature margin of LN2 is 
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narrow (63–77 K). Hence, to prevent the formation of gaseous phase, thereby preserving 

the dielectric properties, it is desirable to maintain liquid nitrogen in a sub cooled state in 

high-voltage regions. Further, the cryogen must be pressurized to further increase the 

boiling point. Furthermore, the preferable cryogen utilized for cooling superconductors to 

be utilized for power transmission is Liquid Nitrogen and its operating pressure and 

temperature range is depicted in Figure 1.5. 

1.3 Application 

In this section, various applications employing High Temperature Superconductors (HTS) 

are summarized. These applications include cables, motors, generators, SMES, 

Transformers and SFCL.   

1.3.1 Superconducting Cables 

The HTS cables are classified into four different categories and a brief description on HTS 

cables is discussed in this section 

a) Based on electrical insulation – warm and cold dielectric cables 

b) Based on HTS conductors used – First generation (BSCCO) and Second generation 

(YBCO) cables 

c) Based on the design – Co-axial, tri-axial and concentric cables 

d) Based on power transmission – AC and DC HTS cables 

Presently, in various worldwide projects the commercial HTS cables are constructed by 

using rare earth materials such as YBCO and BSCCO for efficient power transmission. The 

current carrying capacities of such conductors are high when compared with the 

conventional conductors. However, these conductors should be cooled at cryogenic 

temperatures for retaining the superconductivity. At present, there are two principal types 

of HTS cables. In the first design, the single superconducting layer consisting of HTS tapes 

is wrapped around a flexible core. This cable design employs an outer dielectric layer 

(electric insulation) which restricts the flow of current in radial direction. This insulation 

layer is present at room temperature and is called “warm dielectric” design as shown in 

Figure 1.6 (a). The cable assembly is contained within a thermal insulation for preventing 

any heat leakage into the HTS core. The whole HTS core is inserted into a cryostat. Such 

configuration offers high power density and minimum amount of superconducting 

material. However, drawbacks are associated with such configuration, such as high 

electrical losses (increasing refrigeration cost) and higher impedance. 
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Figure 1.6 Schematic representation of the configurations of HTS cable: (a) warm dielectric and (b) cold 
dielectric cables 

Warm dielectric (WD) design of the HTS cable is most suitable for retrofitting in existing 

pipe or duct systems. A WD HTS cable has the potential to transport twice the power of a 

conventional cable with approximately similar losses. The design of the WD HTS cable 

has many characteristics, which make it attractive for the near future. The absence of a 

superconducting shield layer results in a lower initial cost. Moreover, the accessories could 

be derived from conventional designs and has similar handling procedures as a 

conventional cable. In the cryostat, a vacuum region with radiative multi-layer insulation is 

provided in order to prevent heat-in-leak from the surrounding. Another configuration is a 

cold dielectric cable, which as HTS tapes spirally wrapped around a flexible corrugated 

pipe. A dielectric layer in applied over the HTS tapes and a second layer of HTS tape is 

applied over the insulation. LN2 flows over and between the layers, thereby providing 

dielectric characteristics; such configuration is commonly referred to as the “cold 

dielectric” design Figure 1.6 (b). Such design utilizes maximum amount of HTS tapes but 

it offers several advantages, such as reduced AC losses, higher current carrying capacity 

and complete suppression of stray electromagnetic field outside the cable assembly. The 

reduction of AC losses further aids in the extension of HTS cables and wider spacing of the 

cooling stations. Moreover, the inductance of the cold dielectric HTS cable is significantly 
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lower than a conventional cable. A cold dielectric HTS cable has the greatest level of 

transmission of transmission capacity and efficiency. 

1.3.2 Superconducting Motors and Superconducting Generators 

Electrical motors and generators are the most explored topics in electrical engineering. In 

this section, the principles and characteristics pertaining to superconducting machines will 

be discussed. Moreover, this chapter is restricted to electromagnetic (EM) motors and 

generators, due to their relevance to superconducting materials. 

 

Figure 1.7 Configuration of a typical synchronous machine employing superconducting field 
winding on the rotor 

There are two popular types of electric rotating machines, namely, synchronous and 

induction. A synchronous rotating machine has two windings: DC winding located on the 

rotor and AC winding located in the stator. Such a configuration is most commonly 

available, and the locations of the two windings are interchangeable. An induction motor 

consists of a squirrel cage or a three-phase wound winding in the rotor. The rotor winding 

carries AC current at slip frequency, and the rotor frequency is equal to the line frequency 

when the slip is 1 (rotor stationary) and the slip frequency when the motor is operated at its 

nominal speed. For low ratings (<500 horsepower), induction motors are very popular; 

however, for large-scale applications in industries or ships, synchronous motors are 

preferred.  

Moreover, for induction motors, windings (both stator and rotor) experience AC current 

and are therefore not good candidates for superconducting windings. It should be kept in 
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mind that superconductor losses are negligible under DC operating conditions. However, 

losses in the AC environment are large and economically difficult to remove. The 

involvement of high cost of superconductors and cooling systems limits the primary 

applications of motors to large sizes (>1000 horsepower) for fan drives and pumps in 

industrial and utility markets. Figure 1.7 shows the schematic representation of a typical 

AC synchronous machine. A magnetic field is created due to the rotating HTS field in the 

copper armature winding. Compared to a conventional motor, the magnitude of this field is 

typically twice.  

1.3.3 Superconducting Magnetic Energy Storage (SMES) 

A short circuited superconducting coil of SMES system stores the magnetic field due to 

DC electrical current as shown in Figure 1.8. These systems works efficiently, when the 

temperature of the superconductor used in superconducting coil of SMES is maintained 

below to the critical temperature (Tc) at the high magnetic fields. Hence, cryogenic 

coolants such as Helium and Nitrogen are employed in the operation of SMES to retain the 

superconductivity of the superconductor. At cryogenic temperatures (approximately 4.5 

K), Ohmic losses are not existing in the coil because the electrical resistance offered by the 

coil is 0Ω (except at joints). Hence, higher efficiency (>95%) can be achieved. 

 

Figure 1.8 Superconducting Magnetic Energy Storage (SMES) 

There are four major components in SMES 

 Superconducting coil made by superconductors such as YBCO, BSCCO, MgB2 

etc. These coils are placed in the vacuum sealed thermally insulated cryogenic 

environment using a cryostat.  
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 Cryogenic system to maintain the temperature of the superconductor below to its 

critical temperature. These systems are equipped with cryostat, cryocooler, 

compressors, vacuum pumps etc.  

 Power conditioning system (PCS) consists of power electronic devices such as 

capacitors, transistors and inductors, that provide the interface between the 

superconducting coil (direct current) and the external grid or load (alternating 

current). The rated power of the SMES is determined by the power capacity of 

PCS. 

 Control System continuously monitor the magnetic protection, cryogenics, power 

electronics etc. with crucial parameters such as cryogenic coolant operation, coil 

strain, temperature, pressure. It is vital in the SMES because, it establishes a link 

between the rated power demands from the external load or grid as well as power 

flow from and to the superconducting coil. 

1.3.4 Superconducting Transformers 

A practical cryogenic system for superconducting transformer must be quite, reliable, and 

efficient in operation. The required cooling power for such a transformer will be of several 

kilowatts of order at 70 K. Although conduction cooling had been attempted in the past, 

the recent developments are focused on the circulation of LN2. The usage of other 

cryogens, such as helium, hydrogen, neon, and oxygen, is ruled out due to considerations 

of cost, safety, and temperature range.  

 

Figure 1.9. Liquid cooling system by natural convection for a superconducting transformer 
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A circulated LN2 provides consistent temperature distribution, along with rapid recovery 

from fault and the benefit of liquid dielectric. Various conceptual designs, such as 

configurations involving pumping mechanism or circulation using thermo-syphon, as well 

as bath cooling (Figure 1.9), have been demonstrated. Moreover, LN2 offers dielectric 

performance compared to that of oil in a conventional transformer. However, at 

atmospheric pressure, the operating temperature margin of LN2 is narrow (63–77 K). 

Hence, to prevent the formation of gaseous phase, thereby preserving the dielectric 

properties, it is desirable to maintain liquid nitrogen in a sub cooled state in high-voltage 

regions. Further, the cryogen must be pressurized to further increase the boiling point. 

1.3.5 Superconducting Fault Current Limiters (SFCL) 

The conventional fault current limiters such as circuit breakers, switch gears, 

electromagnetic relays and fuses are not sensitive to detect the short circuit, external 

triggering is required and expensive in electrical component replacement after fault and are 

not capable to compensate the fault current without power interruption. Superconducting 

Fault Current Limiter (SFCL) is an innovative electrical power device which is capable 

of handling the fault current within the half cycle with improved transient stability as well 

as reduced current stresses and voltage sags efficiently. 

 

Figure 1.10 Design of SFCL 

Figure 1.10 shows the design of the SFCL. The superconducting tapes are wound over a 

former to replicate a non-inductive coil mandrel. This mandrel is immersed in the Liquid 

Nitrogen (LN2) bath to cool the superconducting tapes to retain the superconductivity of 

the superconductor after fault compensation. SFCL uses the non-linear characteristic and 

diamagnetism of the superconductor when cooled below to its critical temperature depends 
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on the type of SFCL for compensating the fault current. The V-I characteristic of normal 

conductor and the superconductor is shown in Figure 1.11. The superconductor follows the 

power law during the short circuit and compensates the fault within milli-seconds. When 

the fault occurs, if the transport current increases than the critical current of the 

superconductor, the transition from the superconducting state to normal state takes place 

due to quenching of the superconductor. At this state, the impedance in the line increases 

and the fault will be limited within the milli-seconds. 

 

Figure 1.11 V-I characteristics of a normal conductor and a superconductor 

For instance, the electrical networks in India operate at 50 Hz and the time taken for a 

single cycle is 0.02 seconds. The selection of SFCL depends on the fault compensation 

time and it should be less than 0.02 seconds. The SFCL works on the non-linear V-I 

characteristics of the superconductor  
n

cV I I ,where, cI is critical current cI = 1µV/cm 

and n is power law index, for superconductor n ranges from 5-30 [2]. 

The brief introduction to high temperature superconductivity, cryogenics and their 

applications are discussed in this chapter. An exhaustive survey of available literature on 

losses encountered by the HTS cables during normal operation and the cooling strategies 

implemented to accommodate the heat loads due to the losses are discussed. Further, a 

typical review on entropy generation rate in various engineering applications is presented 

in next chapter. 

  



15 
 

CHAPTER II 

2 LITERATURE REVIEW 

2.1 Introduction 

The conventional power cables are about to upgrade to high temperature superconducting 

(HTS) cables due to their efficient power transmission with fewer losses and high current 

carrying capacity. However, the designs of HTS cable is complex and are need to be 

cooled internally to retain the superconductivity of HTS tapes. This chapter presents the 

available literature on the development of HTS cables and the implemented cooling 

strategies. Further, a typical review on entropy generation rate in various engineering 

applications is presented.  

2.2 Literature review on HTS Cables 

From the literature, it is evident that Superconductors are employed for efficient power 

transmission, storage and distribution to meet the power demand with fewer losses. In the 

past numerous applications were stated by researchers for Low Temperature 

Superconductors (LTS) [3]–[8] operated at 4K such as Superconducting generators [9]–

[12], Superconducting motors [13]–[15], Superconducting Magnetic Energy Storage [16], 

[17] and High Temperature Superconductors (HTS) operated at 77K such as 

Superconducting cables [18]–[23] for power transmission and distribution and 

Superconducting Fault Current limiters [24]–[26] limiting current during fault. In this 

chapter, a comprehensive review on losses encountered due to various heat loads and 

thermohydraulic characteristics to be employed for cooling HTS cables are discussed. In 

this context, the losses encountered by HTS cables from various sources are discussed 

(mechanical, structural and electrical losses) during installation, transmission and 

distribution losses during power transmission through HTS tapes. Further, HTS tapes 

comprises various layers such as Superconductor, stabilizer, intermediate layer and 

textured metal substrate majorly contribute to total losses in HTS cables [27]. 

a) AC losses [28]–[36] in the HTS cables are due to the flow of transport current 

through the HTS tapes or wires. These losses are categorized as Hysteresis losses 

(self and external field), eddy current losses in the sheath material edge losses [37] 

due to gap between the tapes and Coupling losses due to twisting of the HTS tapes 

wound on the corrugated former. 
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b) Dielectric or tanδ losses are accounted in HTS cables due to the elevated 

temperature in dielectric materials such as XLPE, PVC, Polyamides, Polyethylene, 

PPLP etc [38]–[42]. 

c) Thermal losses [43]–[47] in HTS cables are due to convective losses between 

corrugated steel former and LN2 flow. In addition, heat-in-leaks from ambient, axial 

heat leaks from the termination and heat fluxes due to transport current in HTS 

tapes contributes to thermal losses.  

d) Mechanical losses such as torsion strain [48], twist pitch of HTS tapes wound on 

corrugated former, fracture toughness [49], [50] and bending radius while 

installation of HTS cables. 

2.2.1 Losses encountered by HTS cables 

The efficiency of the HTS cables will be degraded due to AC losses [51], [52] and heat-in-

leaks. Further, the electro-thermal behavior of superconducting tapes during transportation 

of rated current also affects the efficiency of HTS cables. Recently, the electro-thermo 

mechanical behavior of multilayered superconducting tapes was investigated by using 

electromagnetic-thermo and mechanical coupling [53]. The major requirements for 

designing HTS cable depends on application of utility and the factors influence are rated 

voltage, power, over-current [54] (Short-Circuit Current), Load Factor (LF) of utility, 

maximum possible outer diameter of the cable and length of the cable to be installed. 

Further, the maximum electrical field that is possible within the HTS cable can be 

estimated by calculating the  transportation of rated current in HTS tapes (BSCCO[55], 

[56], YBCO[57], [58]),  losses in the HTS cable such as AC losses[59], dielectric losses 

and cryogenic losses [60]. In the past, the construction and testing of Superconducting 

cables with BSCCO tapes was discussed in EPRI technical report [61]. The HTS cables 

developed in different countries and their specifications with manufacturers are shown in 

Table 2.1 .  

Table 2.1 HTS cable projects and their specifications in different countries 

Project / Country HTS cable manufacturer Specifications 

AEP, 

Coloumbs(2006)[62] 
Ultera 

13.2 kV, 3 kA, 200m, Tri-axial design, 

BSSCO 2223 tapes used 

LIPA (2007)[63]–[65] Nexas 
138 kV, 574MVA, 2.4kA, 600m, fault 

current 51kArms, Single coaxial design 
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and  BSSCO 2223 tapes used 

KEPCO, Gochang, 

Korea[66]–[68] 
LS cable 

22.9 kV, 1250 Arms, 50 MVA, 100 m, 

BSCCO 2223 tapes used (2007) , 500 m 

field test with YBCO tapes (2011) 

AMPACITY project 

(2014) , Germany[69] 
NEXAS 

40 MVA, 10 kV, 1 km with SFCL 

combination 

YOKOHAMA, Japan 

(2007-2011)[70]–[72] 
Sumitomo electrical industries 

30 m length, 66 kV, 200MVA, 1kA, 

BSCCO 

China (2004)[73] 
Innopower Superconductor cable 

Co. Ltd 

35 kV, 2kA, 33 m, Warm dielectric, 

BSCCO tapes 

Shingal,KEPCO, Korea, 

(2016)[74] 
LS cable 

AC 154kV, 600MVA, DC 80kV, 

500MW, 1 km 

SC power cable project 

ALBANY, USA(2004) 

[75], [76] 

Super Power 
34.5 kV, 0.8 kA, 350 m, YBCO tapes, 

3-in-1 HTS cable, 

Super-ACE, 

Japan,(2004)[77] 
Furukawa Electric 500m, 77kV, 1kA, Ag/Bi-2223 tapes 

TEPCO, Tokyo (2001-

2002) [78] 
SEI 

66kV, 114 MVA (1kArms), 0.1km, three 

phase cold dielectric, sub cooled LN2 

2.2.1.1 AC Losses  

It is a common belief that superconductors conduct electricity with zero energy loss. In fact 

superconductors experience losses when transmitting an alternating current. However, 

direct current (DC) can be transmitted without any losses during normal operation. In 

power applications, AC and DC [79] transmission requires costly converters at ends of 

transmission line. Hence, most of the transmission lines are of constructed for AC power 

transmission. Figure 2.1 shows the geometrical arrangement of the HTS tapes wound 

around the corrugated former of HTS cable.  

The application of AC HTS cables in the applications of power grid was discussed by 

Malozemoff et al., [80]. An AC HTS power cable can transmit electrical power with fewer 

loss when compared to conventional power cables. The most important aspect while 

operating HTS power cable was economical performance of refrigeration system employed 

for efficient cooling to retain superconductivity of HTS tape which depends on heat loads 

such as AC losses. These losses [80], [81] are classified as Hysteresis (Self and External 

field), Eddy current and Coupling losses. 
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Non-uniform current distribution in the HTS cables due to total AC losses was reported  by 

Zhenget al., 2014 [82]. Later, Ozcivan et al., [83] discussed about the balance current 

distribution in tri-axial HTS cables and uniform current between the layers of HTS 

conductor using inter-phase transformers (IPTs) [84].  

 

 

Figure 2.1 Geometrical arrangement of twisted HTS tapes in HTS cable 

The AC losses in the HTS cables are given by following equations [6] 

AC self Ba BcQ Q Q Q        (2.1) 

Where, selfQ = self field loss, BaQ = axial field loss, BcQ = circumferential field loss 

According to Furukawa’s cable[28] 

AC Bc Ba self eddyQ Q Q Q Q       
 (2.2)

 

AC losses mainly depends on shape of the conductor. For tapes, the loss per AC cycle per 

unit length due to self field is predicted by Norris equations. This equation is applicable for 

elliptical, thin strip cross sections and multi filamentary tapes. Self field AC losses can be 

calculated by using Norris Equation [7, 23] as follows 

For an ellipse  

   
2 2

0
Γ

1 Γ ln 1 Γ Γ
2

AC

c
I

Q
f


    

 
  

 (2.3) 



19 
 

For  thin strips [85] 
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           (2.4) 

AC losses using mono block model can be calculated as [86] 
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P V I Cos  (2.9)

 

where,  is normalized current, FR is retention fraction, N is the number of tapes in the 

cable, Vrms is RMS voltage (V), Irms is Transport current (A), cos is power factor, �� is 

permeability in free space, Ipk is peak current ,Ic is critical current and � is AC frequency.  

Voccio et al., [87] reported about the losses in 2G HTS tapes using different models 

a) In Isolated Bean model, losses are measured by treating individual tapes with 

sufficient space between them. 

  4

3
AC cable swisolated

Q fI I




    
   (2.10)

 

b) In Mono-block model, losses are measured by maintaining no gaps between the 

tapes and assuming uniform HTS layer in HTS tape 

  2 3

3
AC cablemonoblock

t
Q fI
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    (2.11)

 

c) In Gap model, losses are measured by considering the gaps between the tapes and 

width of the individual tape 
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where, swI  is the sheet current (A/cm-width), t  is thickness of the HTS layer and R is 

radius of the former, w  is half width of HTS tape and g  is gap between the adjacent tapes. 

AC losses are measured by using various methods such as electrical circuit method [88], 

Calorimetric method [89]–[92] and contactless electrical method [93], [94] . Further, Zhu 

et al., [95] presented about HTS cable AC loss measurement for the large current capacity 

experimentally by using a lock-in amplifier and compensation coil. In recent past, 

Mukoyamaet al., reported about the AC loss measurement in the conductor with and 

without shield of HTS cable filled with LN2 [96]. AC losses without shield can be 

calculated by using lock-in-amplifier. 

1

0

( ) ( ) ( ) ( ) cos
T

AC e eQ T I t V t dt I t V t I V    
     (2.13)

 

where,  I t ,  V t  are current in the conductor and voltage difference voltage taps, eI , eV  

are the effective values of current and voltage and   is phase difference between the  I t , 

 V t  

AC loss measurement with shield can be calculated by using three different methods 

a) Each layer individual measurement method  

In this method AC losses in each layer was derived by using the relationship 

between the current and voltage including the shield [96] 

0 0

cos cos
T T

AC C S C C S SQ V I dt V I dt IV IV      
    (2.14)

 

where, CV , SV  are the voltages in the conductor and shield between the ends 

b) Joint part subtraction method 

In this method voltage taps between the jointed ends of each conductor with shield 

in the total system are considered. AC losses are calculated by subtracting the 

system losses with jointed part AC losses [96] 

1 2 1 1 2 2

0 0

cos cos
T T

ACQ V I dt V I dt IV IV      
    (2.15)
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c) Joint part differential method 

In this method the voltage between the voltage taps of one side of conductor, shield 

and other side joint part are considered. AC losses are calculated by using phase 

difference and differential voltage signal [96] 

 1 2 cosACQ I V V   
        (2.16)

 

where, 1V  and 2V  voltage between voltage taps of side 1 and side 2 

Table 2.2 Summary of various investigations on different components of AC losses in HTS cables 

A
na

ly
si

s Hysteresis Losses Eddy Current 
Losses 

Coupling 
Losses 

Magnetization 
Losses 

Self field External 
field 

Total 
Hysteresis 
losses 

E
xp

er
im

en
ta

l 

Hu [97] 

Kim [98] 

Elschner 

[99] 

Joo[100] 

Daibo [101] 

Ma [102] 

Kim [103] 

Tanaka [104] 

Magnusson  

[105] 

Yamasaki [106] 

Siahrang[107] 

Gouge [108] 

Šouc [109] 

Frank 

[110] 

Miyoshi 

[111] 

Zannella[112] 

Kovác[113] 

Lakshmi  [114] 

S
im

ul
at

io
n 

Famakinwa[

115] 

Hong [116] 

Grilli[117] 

Hong [116] 

Famakinwa 

[118] 

Shen [119]–

[121] 

Zubko[122] 

Ainslie [123] 

Shen[119] 

Song [124] 

Demencik 

[125] 

Majoros[126] 

Zermeno[127] 

Sheng [128] 

Wang [129] 

N
um

er
ic

al
 Noji [130]–

[132] 

Grilli[133] 

Sato [134] 

Dresner[135] 

Malozemoff 

[136] 

Noji[137] 

Siahrang[107] 
N/A 

Bykovsky [138] 

Ogawa [139] 

AC losses in different HTS cables such as Warm Dielectric, Cold Dielectric, Co-Axial, 

Tri-Axial and Triad with type of analysis used is presented in Table 2.3. Grilli et al.,[27] 

discussed about computational analysis on AC losses in HTS tapes, wires and devices. AC 

losses in superconductors with complex geometries such as wires [140], twisted 

filaments[141], twisted multi filamentary [142], twisted stacked tapes [143], [144], stacks 

[123], helical counter wound [145], polygonal [146], [147], Roebel [148]–[150] cables etc 

with Hysteresis losses, eddy current losses, Coupling losses and Ferromagnetic losses in 

the HTS tapes was discussed. Further, Zermeno et al.,[127] reported about calculation of 

AC losses in the coils and stacks using homogenization method for simulating 

electromagnetic behavior of HTS tapes using E-J power law. 2D simulations was 
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performed on the stacks of HTS tapes for evaluating the computational speed and to 

identify the anisotropic bulk model for large scale applications.  

Table 2.3 Summary of various investigations on AC losses in different HTS cables 

Superconductor Author Analysis HTS cable Specifications 
B

S
C

C
O

 

Vyas [151] Numerical 
Warm 

Dielectric 

500 MVA / 1.1 kArms, 

50Hz 

Wang [152] Numerical Co-axial 
Bi2223/Ag tape , 125 A 

self field 

Young [153] Simulation Tri-Axial 
13.2 kV, 3kArms and 69 

MVA 

Fisher [154] Simulation Tri-Axial 
1300 Arms, 15 kV, BSCCO 

2223 

Gelabert [155] Simulation Triad 1175 A, 13.8kV 

Kelley [156] Experimental 
Warm 

Dielectric 

24-kV, 100 

MVA,2400Arms 

Nassi [157] Experimental 
Warm 

Dielectric 

115 kV, 400 MVA, 3300 

A 

Dai [158] Experimental 
Three single 

phases (WD) 

75-m long, 10.5 kV/1.5 

kA 

Shimoyama [159] Experimental Tri-Axial 
Bi-2223 tapes, 50 Hz to 

500 Hz, 10 A to 25 A 

Gouge [108] Experimental Tri-Axial 1.3 and 3 kArms , 15 kV 

Y
B

C
O

 

Zhu [160] Numerical Cold Dielectric 110 kV/3 kA, 1km 

Zhu [161] Simulation Cold Dielectric 110 kV/3 kA 

Zhou [20] Simulation Cold Dielectric 
3 kA, 25kA@3s fault 

current 

Sim [162] Simulation 
Cold Dielectric 

DC 

80kV, 3125 A,  65 K, 5 

bar 

Del-Rosario-Calaf 

[163] 
Simulation Co-axial 

138 kV, s 2500 A, Ic= 300 

A/cm @ 77K 

Rostila [164] Simulation Co-axial 1-10kArms, YBCO 

Miyagi [165] Simulation Tri-Axial 

I layer (763A), II layer 

(791A), III layer (805A), 

Ic=2359 A 

Chevtchenko 

[166] 
Simulation Tri-Axial 

6 km, 3kArms, 50 Hz, 

0.1W/m AC losses 

Ha [167] Simulation Tri-Axial 
22.9 kV, 50 MVA, 

1,260Arms 
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Wang [54] Simulation Triad 
31.8 kArms @2.02 s fault 

current 

Maruyama [168] Experimental Co-axial 66 kV/5 kA, 275 kV/3 kA 

Sudheer [169] Experimental Co-axial YBCO, Ic= 120A 

Kitamura [170] Experimental Tri-Axial 200 MVA, 22 kV, 3 kA 

Masuda [171] Experimental Triad 34.5 kV, 800 Arms, 350m 

Yumura [172] Experimental Triad 
66 kV, 200 MVA, 10 kA 

@ 2 sec fault current 

Mukoyama [173] Experimental Triad 400 MVA, 66/77 kV class 

Yagi [174] Experimental Triad 
0.048 W/m AC loss at 1 

kA and 50 Hz , 1m 

Yagi [175] Experimental Triad 
1 kA 66/77 kV, 10 m, 

YBCO, 50Hz 

AC losses in Warm and Cold dielectric HTS cables for DC and AC cable systems was 

discussed by Jin et al., [176]. Recently, Prestigiacomo et al.,[177] presented about 

fabrication of scalable progress in 2G HTS tapes (YBCO) with an emulated Rutherford 

twisted conductor topology for lower AC loss. Yagiet al., [178] discussed about the recent 

development on AC losses reduction in three layer HTS power cable made of YBCO tapes. 

The thermal stability of HTS cable depends up on the precise estimation of AC losses and 

over current. The magneto-thermo coupled analysis was used to investigate the thermal 

stability in the BSCCO based Co-Axial HTS power cable by Miyagi et al., [179]. 

Kim et al., [180] reported about performance of HTS AC cable using PSCAD/EMTDC as 

a simulation tool. Further, author extended his work [181] on AC losses using 

PSCAD/EMTDC and compared the results with the experimental results under fault 

condition. Bae et al., [182] performed experiment on stability analysis and estimated AC 

losses in HTS cables. Electromagnetic analysis on KERI HTS power cable was performed 

and the procedure for stability at the rated operation was discussed.  

2.2.1.2 Eddy Current losses 

Eddy current losses are accounted in the metal parts of the superconducting tape due to 

currents which are induced by magnetic field and circulation. From the literature, it was 

observed that Grilli et al.,[183] discussed about reduction of AC losses due to eddy 

currents by electromagnetically uncoupled time varying magnetic fields in the filaments of 

coated conductor (CC) which are twisted and stratified. The power loss per unit volume 

due to eddy current was given by 
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2 2 2

06AC aeddy
wQ H f 

        (2.17) 

Wang et al., [184] simulated the Soldered-stacked-square (SSS) wire structure with second 

generation (2G) HTS tapes for reducing AC losses and observed that 80% more losses are 

reduced. The AC losses and the eddy current losses are calculated from simulation as 

follows 
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Q r E J drdz dt 


 
    

 
         (2.18)  
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twf
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          (2.19) 

where, I is the cycle of the transport current,  N is number of turns of the HTS coil, J and

E are current density and electrical field and in   direction. , andw t are the resistivity, 

width and thickness of the stabilizer respectively, 0  is the permeability of vacuum, CI  

and ( )h i are critical current and complex function of normalized peak transport current 

respectively. 

2.2.1.3 Hysteresis losses  

Hysteresis losses[185] are accounted in the superconducting material due to movement and 

penetration of magnetic flux. Power law was used to calculate the hysteresis losses in the 

HTS cables [4]. 

  nkJ   (2.20) 

where, J is current density and ‘n’ is index 

Dresner [186] reported AC losses and peak transport current density in slab conductors. 

Further, by assuming the aspect ratio of HTS tapes approximately as 20 [187], 

1 ( 1)( 2) 1/( 2)
0( , ). ( . / ) . ( . )n n n k

AC c c pQ G n b v J E J b       (2.21) 

Where, /p cJ J  , (3 4) / ( 2)k n n   , b = tape thickness, v  = frequency, µ0 = magnetic 

permeability of free space = 4π x 10-7 H/m, Ec = criteria for critical current, Ec can be 

1µV/cm or any other reasonable value 

If β<1, 
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(2.22) 

Here, ACQ α Jp to the (3n+4)/ (n+2)-power 

If β>>1, 
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where,  

0.5( ) [( 3) / 2] / [( 4) / 2]D n n n     , τ is gamma function,  
( 2)n

AC PQ J
 

 . 

From the analysis, the relationship given for AC loss rate from 1 to 3 W/m at 1kArms was 

.( / )k
cable C p cP I I I  (2.24) 

Where, α= (2n+3)/ (n+2) 

Wang et al., [184] simulated the Soldered-stacked-square (SSS) wire structure with second 

generation (2G) HTS tapes for reducing AC losses and the expression for solving the 

hysteresis losses was given by 

   0AC f C aQ w I H f   (2.25) 

Zhang et al., [188] discussed about the hysteresis losses in the corrugated steel former of 

HTS cable. An experimental investigation was done to examine the hysteresis loop in the 

low-magnetic 304 stainless steel and it is identified magnetization of former due flow of 

transport current. Hysteresis losses estimated are given as follows 

2 max
AC
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Hloss
Q f HdB CfH f

frequency Alternatemagnetic field
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where, ‘C’ is the constant base, f is frequency, maxI  is maximum alternating current 
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2.2.1.4 Coupling losses  

Coupling losses are accounted between two or more layers of superconducting filament 

regions due to flow of current. The coupling losses in the HTS cables occur between the 

two parallel superconducting wires  

iB B B             (2.28) 
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           (2.29) 
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For flat wire, 
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Where, 0 *
2
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Wang et al., [184] simulated the Soldered-stacked-square (SSS) wire structure with second 

generation (2G) HTS tapes for reducing AC losses and the expression for solving the 

coupling losses per unit volume was given by 
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           (2.32) 

where, L is the length of the tape,   is the effective transverse resistivity 

2.2.1.5 Magnetization effect on AC losses 

Ferromagnetic losses are accounted in the magnetic materials due to hysteresis cycles. The 

voltage loops are generated in the ferromagnetic material of HTS tapes due to hysteresis 

losses accounts for voltage loss [34].  

   ,AC rms H rmsH
wQ H V

l
 

        (2.33)
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where, ,H rmsV is loss voltage in voltage loop in phase with ‘H’, l  and w  are length and 

width of measurement loop. 

Table 2.4 Different geometries and expressions for perpendicular magnetic field 

Geometry Expression 

Strip (width ‘2a’ and thickness 

‘2b’) 
 

2

2
ln 1 2P cstrip

b a a b
H J arctg

b b a

  
    

  
 

Thin strip (b<<a)  
2

ln 1P cstrip

b a
H J

b

  
   

  
 

Slab (in parallel field b=∞)  P cstrip
H aJ  

Hollow Cylinder    0 0

2
p c ihollowcylinder

H J R R


   

Many researchers focused on the reduction of magnetic AC losses by demagnetization. 

Majoros et al., [126] discussed about the magnetization losses in the YBCO conductor-on-

round-core (CORC) cables where the magnetic fields are applied perpendicular to the cable 

axis. The AC losses due to magnetization was calculated for full penetration field in a 

perpendicular magnetic field for different geometries 

AC losses are calculated by using FEM method and compared with the critical state model 

for full penetration of magnetic fields in a cylinder 
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where, 0.5m pB B  and 0

2
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Magnetization AC losses on stakes of YBCO coated conductors for reduction of the total 

losses was investigated by Grilli [32]. Further, different arrangements of multi stacking 

with BSCCO tapes are considered for describing the effects of magnetization loss and 

shield effects [189]. Furthermore, Roebel [190] shaped strands of 2G HTS YBCO tapes are 
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used for characterizing the magnetic AC losses in the absence of coupling currents as a 

function of field amplitude [191] and it was observed that hysteresis losses dominate the 

total loss in the superconductor in parallel field. Demencik et al., [125] investigated on 

striated YBCO tapes with different stabilizer thickness and number of filaments to evaluate 

AC magnetization losses and  transverse resistivity profile. From the study, it was 

identified that, with reduced stabilizer thickness total losses are reduced significantly and 

coupling losses are considerably suppressed. Further, Grilli et al., [183] discussed about 

reduction of AC losses due to electromagnetically uncoupled time varying magnetic fields 

in the filaments of coated conductor (CC) which are twisted striated. AC losses per unit 

length was given by 

  2
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         (2.37)
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AC losses per unit volume was given by 

  02AC c astrip
Q a J H 

         (2.39)
 

AC losses per unit volume of twisted striated HTS tapes of CC was given by 
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where, csJ is the HTS thin sheet critical current density, cs
c

J
H


 , Critical current density 

  2 2
c

c

I
J

a b
 , w  is the half width of the filament and t  is thickness, xL  is array 

periodic unit cell. 

Tsukamoto et al., 2005 [192] discussed experimentally about a mechanism to decay the 

trapped magnetic field using AC magnetic field in the HTS bulk (YBCO) 
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where, m

mp

B

B
  , mpB is full penetration magnetic field, mB  is magnitude of trapped 

magnetic field. 

Table 2.5 Recent studies on AC losses by various researchers 

Mode of analysis Author, year 
Superconductor 

/ cable used 
Configuration 

used 
Remarks 

Experimental 

Elschneret al., 

2015 [99] 

Concentric HTS 

power cables 

with BSCCO 

2223 

Helical, Axial, 

S-shaped for 

one and two 

phases 

AmpaCity (1 km / 

20 kV/2 kA), 77K 

Ogawa et al., 

2018 [193] 
Bi2223/Ag 

two layer 

twisted HTS 

cable 

2 mm- thick 

polystyrene thermal 

insulators, 

S
im

ul
at

io
n

 

H-

Formulation 

Petrov et al., 

2019 [194] 
Bi-2223 (1G) N/A 

COMSOL and 

MATLAB 

Equivalent circuit 

Escamezet al., 

2015 [195] 
HTS tube N/A 

Hysteresis losses 

calculations for self 

field, external field 

and combination of 

both fields 

Shenet al., 2017 

[119] 

SuperPower 

tapes(SF12100 

and SCS12050) 

N/A 

COMSOL 

Multiphysics, 

Hysteresis losses and 

eddy-current losses 

Shenet al., 2019 

[121] 
CroCo cables 

Cross- 

Conductor 

COMSOL 

Multiphysics, 

Norris’s solutions 

ellipse 

Shenet al., 2017 

[120] 

Superpower 

(SF12100 tape) 

Parallel HTS 

tapes 

COMSOL 

Multiphysics, 20 Hz, 

150 A, Gap of tapes 

2, 4, 6, 8, 10, 12, 14, 

16, 18, 20mm 

Yildizet al., 

2017 [196] 
YBCO 

two layers of 

HTS tapes with 

COMSOL 

Multiphysics, 2400 
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a ferromagnetic 

substrate 

A, 50 Hz 

T-A 

Formulation 

Wu et al., 2019 

[197] 

Shanghai, 

AMSC, 

SuperPower  

tapes 

twisted stacked 

tape and stacked 

conductor 

COMSOL 

Multiphysics 

Wang et al., 

2019 [198] 
CORC 

multiple-layer 

structure 

(striated tapes) 

COMSOL 

Multiphysics 

Other 

Formulations 

Duan et al., 

2018 [199] 

Cold Dielectric 

HTS cable with 

Bi-2223 tapes 

cylindrical HTS 

cable 

XFEM method, 

Magnetic Hysteresis 

for quasi 3-D 

transient eddy 

current field 

Gouge et al., 

2005 [55] 

Tri-axial HTS 

cable / BSCCO-

2223 

N/A 

ANSYS  is used for 

analysis using 

McFee assumption 

Zubkoet al., 

2016 [122] 
2G wires N/A 

FEM , APDL and 

resistivity- adaption 

algorithm” (RAA) 

Analytical 
Samoilenkovet 

al., 2018 [200] 

HTS three phase 

cable 

(SuperPower, 

SuperOx tapes) 

coaxial 

(Polygonal cross 

section and 

extended 

rectangular 

cross sections) 

Medium voltage (10-

60kV) 

2.2.1.6 Dielectric Losses 

The dielectric losses are also called as “tanδ” losses. It occurs when the cryogenic fluid 

supplied cannot able to cool the dielectric material due to the loads such as heat leak from 

the earth crust through the insulation and protective shield to the dielectric and also from 

the HTS cable when operated with transport current. This heat will increase the resistivity 

in the HTS cable and losses are increased these losses are called as dielectric losses. 

Recently, the fundamental and insulating characteristics of PPLP for HTS cables using 

LN2 as a coolant for DC [201]and cold dielectric [202] cables was studied 

The dielectric losses per unit length [203] was calculated by  
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2 2 00.5 tan tan
ln( / )

d P P

od id

P CU U
r r


     

     (2.43)

 

Dielectric losses due to non-ideal electrical insulation [204] was calculated by  

2
0 tandW CU 

         (2.44)
 

Where, C is the capacity of cylindrical capacitor and is given by 02 / ln( / )od idC r r  per 

unit length, ω is the angular power frequency given by 2 f  , ε is the dielectric 

constant of the insulation, ε0 is the permittivity of free space, UP is phase to ground peak 

voltage, δ is the angle loss, rod is outer diameter, rid is inner diameter. The dielectric losses 

are also calculated by [39] 

2
0. taninsP

S f E
L

   
        (2.45)

 

where, S is technical Carnot factor. 

When AC voltage is applied within a dielectric material the dielectric loss occurred by a 

leakage current was calculated by [41] 

tandl R CW EI EI  
         (2.46) 

where, dlW  is dielectric loss, E is voltage, IR is leakage current, IC is charging current, δ is 

loss angle. LN2 have good dielectric properties and also used as cryogenic coolant, PPLP 

[205], [206] have high dielectric strength and low dielectric loss compared with other 

dielectric material. 

The thickness of insulation layer depends on maximum electrical stress in HTS cable was 

calculated by Kwag et al., [207] 

0

max 0

exp 1
.

V
t r

E r

  
   

           (2.47)

 

where, 0r  is the outer radius of the conductor, maxE is the maximum design stress 

(kVrms/mm) and V  is the testing voltage 

Kikuchi et al., 2015 [208] discussed about the partial discharge characteristics for PPLP 

material in composite insulation of HTS cables. Gaseous Nitrogen at higher pressure was 



32 
 

used for identifying the PD characteristics in variable size of butt gaps. In recent past, 

Šoucet al., 2017 [209] reported aero gel and polyurethane was applied in the Conductor on 

Round Core (CORC) to provide vacuum less insulation with LN2  as a cryogenic coolant in 

cable tube. Zhang et al., [210] discussed about the production and performance of 2G HTS 

wires in practical applications.  

Soika et al., [211]  discussed about the mechanical requirements during manufacturing of 

HTS power cable. The influence of dielectric material on HTS tapes was discussed in the 

mechanical design of HTS cable. Various forces exerted by the dielectric layer on HTS 

tapes are given below. 

The pressure exerted by the lapped dielectric on HTS tape in phase layer can be calculated 

by 

2 t sP
D




          (2.48)
 

The force exerted on HTS tape by the dielectric material 

 2 2 20.25dF P w L D 
        (2.49)

 

The force exerted in the HTS tape to overcome the static friction between the two surfaces 

to avoid the degradation by slide. 

 2 2 20.5t sF P w L D  
        (2.50)

 

The tensile stress was given by 

 2 2 20.5sP L D
t


  

        (2.51)
 

where, s  is coefficient of static friction, P  is pressure, t  is tape thickness, D  is average 

diameter, w  is tape width,  t  is hoop stress in the HTS cable and s  is dielectric thickness 

Demko et al., [212] discussed about the effect of thermal insulation on single phase Cold 

and Warm dielectric HTS cables. Analysis was carried at 65 K, 200 g/s and 10 bar with 

LN2 inlet on above specified cables and cable with cryostat damaged section. It was 
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observed that thermal insulating system not significantly degraded and cryostat damaged 

section need large back of refrigeration capacity. 

Kottonau et al., [213] reported about the losses in HTS cables due to AC losses, current 

lead losses and cryostat thermal losses for cold dielectric. The energy losses per year for 

HTS cables was compared with the conventional overhead line cables. 

2.2.2 Thermohydraulic characteristics 

HTS cables are renowned for high power density and low transmission losses compared 

with conventional cables. However, these cables are cooled internally with cryogenic 

coolants in order to protect to HTS tapes from run-off. From the literature, it is identified 

that many researchers worked on Liquid Nitrogen (LN2) [209], [214]–[218] as a cryogenic 

coolant due to its large latent heat of vaporization, superior economic benefits, low 

saturation temperature and high safety. In the recent past, various other cryogenic coolants 

are proposed by researchers for cooling the futuristic HTS cable such as gaseous Helium 

[219]–[221], Supercritical Nitrogen (SCN) [222], Supercritical Argon (SCAR) [223] and 

Nano cryogenic coolants [224], [225] These coolant will flows in the corrugated former of 

HTS cable and maintains the temperature below to the critical temperature of HTS 

superconductors. 

 

Figure 2.2 Operating range of HTS cable with boiling curve of Liquid Nitrogen (LN2)  

The safe operation of HTS cable depends on the operating pressure and temperature of the 

cryogenic coolant and high pressure is better in order to avoid the boiling of coolant as 
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shown in Figure 2.2. Further, under operating environments these HTS cables encounters 

heat fluxes from various sources such as AC losses and dielectric losses which are 

discussed in the previous section, heat-in-leaks from the ambient and leads at the 

termination and boiling of coolant takes place. Due to these losses, one or more cryogenic 

coolant stations should be installed for cooling HTS cables. Hence, there is a necessity to 

estimate the thermohydraulic characteristics of cryo-coolant used in the HTS cable 

between the terminations. The thermal characteristics associate with the temperature drop 

and the cooling capacity required, the hydraulic characteristics associated with pressure 

drop, mass flow rate and pumping power required to pump the cryogenic coolant.  

The hydraulic characteristics in HTS cables are concerned with estimation of pressure drop 

and cooling capacity required for cooling HTS tapes. The former and cryostat in HTS 

cable are corrugated steel pipes with a low bending radius provide an advantage of higher 

flexibility. Define the operating range of Pressure and Temperature for better design of 

HTS cable. Figure 2.2 shows the operating range of HTS cable with boiling curve of LN2 

dependent on pressure (bar) and Temperature (K). 

In this section various cooling strategy [226] employed for cooling HTS cables was 

discussed. Further, cooling of HTS cables from the joule heating losses, heat in leaks and  

dielectric losses are reported with different flows such as Parallel flow, counter flow, force 

flow, inline flow, conduction cooling, distributed cooling and natural flow (Thermo siphon 

effect).  

Kottonau et al., 2019 [227] discussed about the different cooling strategies to investigate 

the maximum cable length, cable dimensions, pressure and temperature profiles in three 

phase concentric HTS cables with LN2 as a cryogenic coolant. Further, for variable former 

diameter,  cryostat diameter and mass flow rates the maximum possible cable lengths for 

different strategies was presented. 

The Joule heating due to flow of transport current in each phase of three phase HTS cable 

leads to rise in the temperature corresponds to increased power dissipation. These heat due 

to electrical dissipation can be analyzed as radial heat conduction and signifies as internal 

heat source [228]. 

 
 , . .AC tape tape

g

cs

Q T f N
Q T
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        (2.52)
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where,  ,AC tapeQ T  is AC losses in HTS tape, f  is frequency in Hz , tapeN is number of 

tapes, csA  is cross sectional area of HTS phase 

The transient three dimensional heat conduction equation of three phase HTS cable in 

cylindrical coordinates with constant thermal conductivity 

2 2 2

2 2 2 2

1 1 gQd T dT d T d T C dT

dr r dr r d dz k k dt




    



      (2.53) 

Table 2.6 Thermohydraulic analysis summaries on HTS cables 

Author Analysis 
Cable 

Cooling 
Cable type HTS type Data 

Losses 
considered 

Furuse [46] Numerical 
Counter 

flow 

Three-core 

CD, three-

core WD and 

concentric 

Bi-2223 

100MVA 

class, 66 

kVrms 

AC losses, 

Shield 

current 

losses and 

heat in leaks 

Fuchino [229] Numerical 
Counter 

flow 
Three phase N/A 

500 MVA, 

1.38 W/m 

losses 

Heat in leaks 

Demko [47] Experimental 
Counter 

flow 
Tri-Axial YBCO 

1.5 W/m 

loss, heat 

load 1000 W 

each, 1750 

g/s 

Cryostat  

loss and 

termination 

heat loads 

Miyagi [230] Numerical 
Counter 

flow 
Tri-axial BSCCO 

66kV, 2.32 

W/m in 

leaks, 200A 

AC losses 

and heat in 

leaks 

Fuchino [231] Experimental 
Counter 

flow 
Three in one N/A 

160 kPa, 

77K 

Not 

considered 

Zajaczkowski  

[43] 
Numerical 

Inline 

counter 

cooling 

Three in one 
BSCCO, 

YBCO 

65-77K, 1, 

1kW cooler 

AC losses 

and thermal 

loads 

Hu [232] Simulation Forced flow Tria-Axial N/A 

66 kV, 

dielectric 

loss 0.1 

W/(m K) 

31.5 kA rms 

SLG fault 

current, 2sec 

Yasui [233] Numerical Forced flow Three in one N/A 

1.5 W/m 

heat load, 

66kV 

fault current 

of 31.5 kA 

for 2.0 sec 
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Maguire  

[234] 
Experimental Parallel flow 

Three phase 

Cold 

Dielectric 

BSCCO 

574 MVA, 

138kV, 

600m, 

2.4kArms, 

51 KArms 

fault 

@200ms 

Maruyama 

[235] 
Numerical 

natural 

convection, 

forced flow 

or static 

High voltage 

(HV) 
YBCO 

20 liter/min, 

PPLP, heat 

inflow 

1W/m 

AC losses 

Many researchers carried out analysis on various HTS cables such as warm dielectric, cold 

dielectric, Coaxial, Tri axial and Triad. Various flow patterns were used for cooling HTS 

cables such as counter flow, parallel flow, conduction cooling, distribution, forced flow 

and natural flow (thermosyphon effect) from the losses that are encountered during 

operation. Ivanov et al., [236] conducted experiment on natural circulation (thermosyphon 

effect) and local heating of LN2 for 200 m DC SC PT line. The dependence of pressure 

drop on effective temperature and circulation rate of LN2 was calculated.  

In the recent past, Ivanov et al., [237] discussed about the gravity fed of sub-cooled LN2 

using counter flow cooling system. The temperature and pressure profiles are drawn 

without considering the mechanical stability of HTS cable.  

Recently, Chang et al.,[217] discussed about the variation of altitude on the cryogenic 

cooling system design with LN2 for cooling the HTS cable. The variations in temperature 

and pressure are determined by using geographical variations and gravitational effects.   

Posada et al., [44] discussed numerically about the axial conduction cooling by considering 

MgB2 and BSCCO-2223 superconducting materials. An insulating layer with pure Copper 

at cryogenic temperature was proposed for designing a HTS cable. Further, the 

minimization of cable cost for a particular length to radius is discussed through 

modification of copper layer thickness. 

Table 2.7 Summary of studies on thermohydraulic characteristics of HTS cables  

Authors, 

Year 
Analysis Cable / Geometry Remarks 

Thadela et al.,  

[238] 
Computational 

Warm dielectric 

cable 

Corrugation pitch was varied with constant 

diameter and length AC losses and heat in 

leaks are considered 

Kottonau Computational Concentric Three Four different cooling strategies were 
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[227] Phase followed for cooling with variable annulus 

diameters 

Ratings are 150A, 12kV, HTS tape of 4 mm 

tape width and 3.4 mm thick PPLP insulation 

Sudheer [169] Experimental 
Single phase cold 

dielectric 

2G YBCO HTS tapes are used for 1kA 

current and low voltage (10V)  transmission 

Miyagi [230] Numerical Tri-axial Cable 

For HTS cable operated at 77K, optimum 

mass flow rate is estimated for lower pressure 

drop with maximum possible cable length 

Maruyama 

[239] 

Experimental 

and Simulation 
Not specified 

Eccentric and center positions are used for 

analysis. Pressure drop in spiral corrugated 

pipe is 17 times larger than smooth pipe 

Shabagin 

[228] 
Numerical 

Concentric three 

phase cable 

AC losses, external heat loads and pressure 

losses are considered. Supply and return flow 

of LN2 and electrical dissipation power under 

AC currents are considered 

Yasui [233] 

Numerical 

(Computer 

programs) 

Three in one 

FDM method is used for solving heat transfer 

and heat conduction equations. Fanning’s 

equation is used for pressure profiles and 

GASPACK software used to estimate fluid 

properties 

Sato [240] Computational 

Kumatori 

experiment, Asahi 

substation models 

Cryodata® GASPACK software was used for 

fluid properties. Induction refrigeration 

system was used for reduction in pressure 

fluctuations 

Li [241] Computational Not specified 

Variable pitches and depths are used for 

analyzing the temperature difference for 

different mass flow rates, heat leaks and AC 

losses. 

Li [23] 

Experimental 

and 

Computational 

Not Specified 
Smooth and corrugated pipes are used using 

Sub-cooled LN2. 

Dondapati 

[242] 
Computational 

Warm Dielectric 

Coaxial cable 

YBCO and BSSCO tapes are used for 

analysis. 

AC and Dielectric losses, Heat in leaks are 

considered 

Maruyama 

[58] 
Numerical 

Three core and 

Single core in one 

pipe cables 

Parallel flow of LN2 was considered in the 

analysis. 

AC losses, dielectric losses and heat in flow 
Ivanov [243] Experimental Not specified 

Mass flow rate 4-17 lit/min was used. 

Pressure drop is cubic function and specific 
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heat is quadratic function of length 

Maruyama 

[168] 
Experimental 

Three core and 

Single core in one 

pipe cables 

66 kV/5 kA (570 MVA) LC cable and 275 

kV/3 kA (1420 MVA) HV cable are 

developed 

Koh [244] Experimental 
Single large 

flexible cryostat 

Sub cooled LN2 operating temperature 65 to 

80K using Shell and tube heat exchanger. AC 

losses and heat leaks are considered 

Lee  [245] Computational 

2D Axi-

symmetrical 

corrugated pipe 

SIMPLE algorithm with QUICK and K-

Epsilon models are used. 

Reynolds number varied from 10,000 to 

80,000 for variable P/e ratio 

Fuchino [231] Experimental 

Three single phase 

Coaxially shielded 

cables 

Counter flow sub-cooled liquid nitrogen was 

used for cooling 10m length. 

Results are compared for smooth and 

corrugated pipes 

For estimating the thermohydraulic characteristics, the electrical, mechanical and thermal 

issues are considered for better design and operation of HTS cable. The energy balance of 

the HTS power transmission cable can be used for determining the temperature distribution 

due to thermal and AC losses. 

 
 

, 2 ,

( ) ( )

( )

HTS

HTS

HTS HTS

p HTS

HTS AC Conv LN i
i

HTS

HTS

TT
K T A K T A

T x x y y
C

t T
K T A Q Q

z z



  
 

    


 
  

 

  
    

 
      

     (2.54)
 

For constant thermal conductivity and 1-D energy balance for HTS cable during cryogenic 

liquid flow can be written as follows[86], [212] 

  2,

2
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      (2.55) 

The energy balance equation for the liquid streams (former, return and annulus flow) in 

HTS cable can be determined by 

2,, , 0
i

i i
i p i Conv LN

i

T h
C m Q

t z
  

  
 

        (2.56) 
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The convective heat transfer coefficient of the inner LN2 flow solely depends on the inner 

corrugated former heat transfer while the outer LN2 flow depends on the outer HTS cable 

and heat in leaks from the cryostat. The convective heat transfer coefficient can be 

expressed as 

   
2

0.8 0.3
0.023 Reh

LN

hD
Nu Pr

K
         (2.57) 

The pressure drop with respect to the LN2 flow along the HTS cable length can be 

approximated as 

2

0
2 h

fV z
VdV dp

D





           (2.58)  

The rate of heat transfer per unit length of HTS cable cryostat can be determined as [86], 

[203] 
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       (2.59)  

2.3 Literature review on Entropy generation rate 

Entropy generation analysis is globally acknowledged as the most efficient approach for 

energy balance method in designing and optimizing the process and devices. It is a 

thermodynamic optimal method that provides convenience to the researchers as direct 

evaluation parameter for narrowing down the irreversibility in the system by evaluating the 

entropy generation. In this section, a critical review on entropy generation analysis for 

various applications in engineering system and fluid flows. The main focus of this work is 

to contribute the use of entropy generation minimization (EGM) techniques for designing 

and optimizing the engineering system and fluid flow problems in various geometries. 

Further, the mathematical formulations on entropy generation using governing equations, 

type of the analysis carried was presented for different applications and the expressions for 

Newtonian and Non-Newtonian fluid flows with different models and analysis are briefed. 

This chapter furthermore provides the importance of entropy generation on 

thermodynamic, fluid mechanics and heat transfer areas for future research in order to 

enhance the efficiency and effectiveness of engineering application process and devices. 
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Figure 2.3 Entropy generation analysis as an optimum tool used in various applications of engineering 
systems 

The technological developments in designing and operating the efficient systems are 

growing interest among the researchers because they are proven to be the most powerful 

drivers in every field of engineering. The study on available energy, effectiveness, 

efficiency and conservation of resources became more crucial currently due to 

unavailability of resources in such systems. In the past, the methods based on second law 

of thermodynamics set the guidelines to improve and analyze the systems of engineering. 

This law characterizes the loss of available energy due to irreversibility such as mechanical 

(vibrations and friction) and thermodynamic (non- equilibrium phenomenon) effects while 

operating the real system[246]. Further, the proper mathematical formulations on concepts 

entropy and its production with new breakouts [247] are studied. The generalized 

thermodynamic formulation of total entropy generation was given by 
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The thermodynamic irreversibility from various sources in the system leads to generation 

of entropy [248]. The analysis used for determining and minimizing this irreversibility can 

be stated as entropy generation Analysis (EGA). Entropy Generation Minimization (EGM) 

is a thermodynamic optimization technique which plays a major role in problem 

formulation, modeling, designing and optimization using a set of constrains subjected in 
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operation of specific engineering system [249]. The major objective of the EGM method is 

to identify the design or configuration with minimal entropy generation rate (EGR) for 

variable design variables such as operating conditions, dimensions, type of geometries, 

flow patterns etc. EGR is a function of overall physical characteristics of the subsystems 

where the entropy is generated at the boundaries due to the heat, mass transfer and fluid 

flow currents[250]. 

The focus of this section is only on contributions oriented toward the use of entropy 

generation analysis as a tool for enhancing the thermodynamic design and optimization of 

engineering systems by minimizing the entropy generation rate. 

In this section a brief literature of EGM in various applications is presented. From the 

literature it is observed that the role of EGM in optimizing the parameters for increasing 

the efficiency of system is critical.  

2.3.1 Fusion grade magnets 

EGM method was used to optimize the mass flow rate of Supercritical Helium (SHe) in 

fusion grade magnet applications with cable in conduit conductors (CCIC) by Dondapati et 

al., 2014 [5]. Computational method was used for optimizing mass flow rate of turbulent 

forced convection using EGM. 

2 22 2
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(2.61) 

2.3.2 Micro channels 

Eyuphan Manay et al., 2018 [251], investigated on heat sinks with micro channels using 

nano fluids (TiO2+pure water). Entropy generation was calculated experimentally for 

variable heights of channels and observed that addition of nano particles decrease the rate 

of entropy generation. 
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Entropy generation in micro channels with steady 3D laminar incompressible nano fluid 

flow was discussed in the past [252] and the dimensionless numbers are used for 

presenting the results. 
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where, Pe is Peclet  number, r0 is tube radius, R is non dimensionless radius
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2.3.3 Heat Exchangers 

Sahiti et al., 2008 [253] discussed the technique of EGM for the heat exchanger with pin 

fins. Experimental analysis was carried out to determine the pressure drop and heat transfer 

rate characteristics. Optimization was carried out by considering the flow length of heat 

exchanger and fin lengths.  
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Arivazhagan et al., 2013 [254] investigated on the EGM of tubes filled with porous media  

in a Shell and Tube heat exchanger. Experimental investigation was carried out with chips 

from machining operations to find the irreversibility considering the Reynolds number. 
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The combined economic and entropy generation for parallel and counter flow heat 

exchanger was investigated by Genić et al., 2018 [255]. Numerical investigation was 

carried by considering the NEGU function and compared the results with experimental 

data using case study. 

2.3.4 Refrigeration 

EGM was used for assessing the performance of active magnetic regenerator using coupled 

energy and flow field of liquid and solid phases by Trevizoli et al., 2017 [256]. The 

working fluid used was water and solid particles are a bed of spherical gadolinium. 

Variable geometry and Face area are optimized for specified temperature range and 

cooling capacity. 

Vapor Compression Refrigeration System (VCRS) with micro channel condenser and fins 

of R-134a as refrigerant was studied by Türkakar et al., 2016[257], dimensional 

optimization of an evaporator in a Micro scale refrigeration cycle using entropy generation 

was discussed by Göker et al., 2015 [258], thermodynamic analysis of ejector refrigeration 

cycle with combined kalian cycle was discussed by Seckin 2018 [259] to improve the 

efficiency. Thu et al.,2013 [260], investigated entropy generation on adsorption cooling 

cycle of a chiller for different processes such as de-superheating, flushing, heat and mass 

transfer of liquid refrigerant. 

Exergy and energy analysis of Entropy diagram of Absorption refrigeration system with 

ammonia water mixtures was investigated by Aparecida et al., 2017 [261]. Non-linear 

regression program was used to calculate the enthalpy of mixtures and the relation between 

the enthalpy and concentration diagram in liquid phase at 80 °C to −40 °C.  

2.3.5 Storage applications 

The entropy generation method was used to analyze and optimize the cost factors included 

in thermal packed bed reservoir for electrical storage applications by White et al., 2016 

[262]. The analysis on Latent heat storage systems on molten salt storage Thermo cline 

[263] and storage tank [264], gas hydrated cool storage [265] and Shell and tube heat 
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exchanger using phase change material was studied by Guelpa et al., 2013 [266] using the 

enthalpy method.  

2.3.6  Power plants 

Laskowski et al., 2016 [267] reported utilization of EGM method to optimize the mass 

flow rate of cooling water under variable loads in a power plant. Various components such 

as condenser, cooling water pump and turbine.  

For cooling tower 
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Turbine,  , 1t gen or bS m S S  

        (2.73)
 

Pump,  , 2p gen po piS m S S  

        (2.74)
 

Total entropy generation 

2, 1, , ,gen gen gen t gen p genS S S S S       

       (2.75)
 

A critical review on energy and exergy analysis of thermal power plant was done by 

Kaushik et al., 2011 [268] and efficiency improvement was discussed by Haseli 2018 [269] 

using specific entropy generation. 

2.3.7 Solar and nano fluid applications 

The entropy generation rate and Thermohydraulic performance of solar collectors [270] 

was investigated computationally for two different geometries. Further, entropy generation, 

fluid flow and heat transfer rate with water alumina nano fluid in solar collector  

configured with tube on sheet flat plate [271] was investigated. Further, to improve the 

efficiency of the designed FPSC [272], SiO2 nano particles with water based fluids are 
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used and entropy generation method was investigated. Pressure drop and entropy 

generation are used in plate solar collector [273] to improve the performance using 

different metal oxide nano fluids.  

From the literature, it is observed that various cooling strategies are proposed in the past 

using liquid nitrogen (LN2) as a cryogenic coolant. In the working conditions, the HTS 

cables are encountered with internal heat generation due to the flow of current in the HTS 

cables, heat in leaks and losses in the various layers of the cable. Due to this, boiling of 

LN2 takes place and causes the multiphase flow which adversely creates the challenges in 

heat transfer rate and thereby the current carrying capacity of HTS cable will be degraded. 

Hence, there is a huge thrust in designing the HTS cable by considering the 

thermohydraulic performance and entropy generation rate for better and efficient cooling 

from the head loads. 

2.4 Recent studies on HTS cables and Entropy generation rate 

A critical literature was done on the recent studies that discussed about the 

thermohydraulic issues of different HTS cables at various heat loads, different inlet 

temperatures and flow rates. Further, issues encountered by the HTS cables during 

operation such as AC losses, dielectric losses, heat-in-leaks etc was presented. 

Furthermore, the studies on entropy generation rate in the superconducting applications 

was discussed. These literature is used for identifying the research gaps for the present 

work and research objectives are framed. In Table 2.8, recent studies on thermohydraulic 

characteristics and entropy generation rate in the superconducting applications was 

presented. 

Table 2.8 Recent studies on thermohydraulic characteristics, issues encountered by HTS cable during 
operation and entropy generation rate in superconducting applications 

Authors, 
Year 

Analysis Study Remarks Reference 

Dondapati 

2020 Computational 

Thermohydraulic analysis 

on futuristic HTS cables 

with Super Critical Nitrogen 

(SCN) as cryogenic coolant 

was presented. For the 

analysis mass flow rates 

ranging from 16 L/min to 20 

L/min and heat loads due to 

SCN can be used as a coolant 

for cooling the HTS cables at 

higher critical temperatures 

because of lower pumping 

power required for circulation 

and better cooling capacity 

due to higher thermal 

conductivity and specific heat. 

[274] 
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AC losses and heat 

intrusions ranging from 1 

W/m to 3 W/m are 

considered. 

Further SCN can be used for 

cooling Hg based 

superconducting tapes.  

Li et al., 

2020 Experimental 

 Design of three phase cold 

dielectric HTS cable for 35 

kV and 1 kA  with YBCO 

tapes and coolant 

temperature range of  72 to 

77 K. at a pressure of  0.5 

MPa was reported.  

 The AC voltage test and 

lightening impulse voltage 

test was conducted and  

demonstration project was 

operated stably and 

successfully for more than 20 

months  with 20 to 200 A .  

[275] 

Pi et al., 

2020 

Experimental 

and 

computational 

A dielectric insulation 

design of three phase 

concentric HTS cable 

strength of PPLP for a 10 

kV with LN2 as cryogenic 

coolant was studied.  

AC voltage endurance test 

and the lightning impulse test 

are done to investigate the 

stress cone and main 

insulation using PPLP at the 

frequency of 50 Hz. Under the 

voltage of 30 kV , the design 

of HTS cable meet the 

requirements.  

[276] 

Dondapati 

et al., 

2019 

Computational 

Entropy generation 

minimization technique was 

used to optimize the mass 

flow rate of Supercritical 

Helium (She) in CICC at 

different inlet temperatures 

and porosities.  

For safe and economic 

operation of CICC, flow rate 

of 13 g/sec at operating 

temperature of 4.5 K and 

porosity of 0.37 to achieve 

higher heat transfer and lower 

pumping power. 

[277] 

Kottonau 

et al., 

2019 

Analytical 

Thermohydraulic analysis 

was carried to design the 

HTS cable for long length 

with minimal diameter and 

four different cooling 

strategies  are considered.  

The higher cooling capacities 

can be achieved with the 

single sided annuls cooling 

with external return line. 

Further, the compact cable 

can be observed with the 

single sided cooling without 

annulus side which can reduce 

the annulus gap by 30 %.  

[227] 

Lee et al., 

2019 

Experimental 

and simulation 

The thermal characteristics 

are studied in HTS cable 

From the axial temperature 

distribution, the maximum 
[278] 



47 
 

with Go- return and external 

return cooling methods 

using LN2.  

temperature obtained by the 

HTS cable for 1 km  is 73.6 

K. Further, it is reported that 

HTS cable with return line is 

better option for circulating 

the LN2.  

Lee et al., 

2019 Simulation 

Thermohydraulic analysis of 

HTS cable with sub-cooled 

LN2 using inlet temperature 

of 70K and flow rate of 0.51 

kg/sec was studied using 1D 

node network analysis and 

CFD in South Korea.  The 

influence of AC losses and 

heat penetrations on the 

HTS cables are considered 

for the analysis.  

The 1D network model 

analysis  shows that  the 

temperature rise and the 

pressure drop across the cable 

are 6.98 K and 5.78 bar.  

Further, it was confirmed that 

the flow rate of  0.51 kg/sec  

and inlet temperature of  

66.5K  meets  the demand of  

HTS cable for the entire route.  

[279] 

Kalsia et 

al., 2019 Computational 

Thermohydraulic analysis  

with counter flow cooling  

in different corrugation 

topologies  such as circular, 

triangular and rectangular 

was reported. 

Pressure drop in the triangular 

corrugations are higher than 

the rectangular and circular 

corrugations.  Higher heat 

transfer rate was identified 

with the rectangular 

corrugations compared to the 

other corrugations. The 

influence of heat fluxes on the 

hydraulic characteristics are 

not significant for different 

corrugations.  

[280] 

Peng et 

al., 2019 Experimental 

The dielectric strength of 

Kraft paper  and   PPLP  

was carried at 0.1MPa  with 

LN2  as cryogenic coolant  

using  three parameter 

Weibull distribution based 

on grey model GM(1,1) .  

The cryogenic dielectric 

strength of  PPLP is higher 

than the  Kraft paper. Hence, 

PPLP was more suitable 

according to Breakdown  

strength under the conditions 

of DC, AC and impulse 

lighting.  

[281] 

Kalsia et Computational Thermohydraulic analysis  Hydraulic characteristics are [282] 
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al., 2019 with counter flow cooling  

in  circular corrugation 

geometry under the 

influence of different heat 

fluxes and  heat generations 

was studied.  

not affected  by the influence 

of heat fluxes and heat 

generations. Higher pressure 

drops are observed due to the 

corrugations at the inner and 

outer former. However, 

efficient cooling was possible 

with the counter flow cooling 

than parallel flow cooling.   

Thadela et 

al., 2019 Computational 

The influence of 

Corrugation pitch, AC 

losses and heat in leaks on 

thermohydraulic 

characteristics of HTS was 

studied to predict the 

pumping power and cooling 

capacity at inlet 

temperatures  of 65 K and 

77K.  

The increase in corrugation 

pitch of corrugated former 

increases the pressure drop 

and decreases the cooling 

capacity. Higher the bulk 

temperature of  cryogenic 

coolant higher heat transfer 

rate and lower pressure drop.  

[283] 

Kalsia et 

al., 2019 
Analytical 

The maximum possible 

cable length of HTS cable 

for different heat fluxes 

ranging from 2.3-2.6 W/m 

are considered for a flow 

rate of 20-35 L/min. The 

analysis was carried to 

identify the temperature 

distribution in the cold 

dielectric HTS cable using 

1-D analysis.  

Lower heat flux and higher 

flow rates are required to 

maintain the LN2 without 

boiling. The maximum 

temperature attained at the 

end of the HTS cable is 79.63 

K at lower flow rate. The 

maximum length that HTS 

can be installed for 2.5 km 

within the operating ranges. 

[284] 

Sudheer et 

al., 2018 
Experimental 

The voltage – current(V-I) 

characteristics of Single 

phase cold dielectric HTS 

cables at 77K cooled with 

LN2 was discussed  

2G YBCO HTS tapes are 

used for 1kA current and low 

voltage (10V)  transmission. [169] 
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Maruyama 

et al., 

2018 

Experimental 

and Simulation 

Pressure drop analysis was 

carried with spiral 

corrugated cryostat pipe and 

compared with the smooth 

pipe. 

Eccentric and center positions 

are used for analysis. Pressure 

drop in spiral corrugated pipe 

was 17 times larger than 

smooth pipe. 

[239] 

Suttell et 

al., 2018 

Experimental 

and Simulation 

HTS DC cables was 

operated with Gaseous 

Helium (GHe) and the 

performance is optimized to 

utilize the minimum 

pumping power with 

minimum heat loads.   

The operating temperature 

maintained in the cryocooler 

signifies the thermal 

efficiency of cryocooler. The 

optimum flow rate of GHe is 

observed to be 3.8 g/s with 

20.5 % lesser power 

consumption compared with 

the original cryostat.  

[220] 

Anand et 

al., 2018 
Analytical 

Thermophysical properties 

of nano particle based LN2 

was used in the HTS cables 

to enhance the 

thermohydraulic 

characteristics. Different 

diameters of CuO, Al2O3 

and Fe2O3 are dispersed with 

the volume concentration of 

1-5 % at operating ranges of 

33.9 bar and 65-75 K 

temperature. 

At the volume concentration 

of 5 %, dispersion of Fe2O3 in 

LN2 shows better 

thermophysical properties at  

an diameter of 13nm.  

Density, Viscosity and 

thermal conductivity are 

increasing with the increase in 

the volume concentration and 

decreases with increase in 

temperature and opposite 

trends was observed for 

specific heat . 

[285] 

Sousa et 

al., 2018 
Simulation 

Transient analysis on 

installation of SFCL in 

series with the three phase 

HTS cable utilizing single 

direction flow of 

cryocoolant  for protecting 

the power network with 

different copper stabilizer 

thickness was reported. 

During fault conditions, the 

thin layer copper stabilizer 

reduces the higher faults. 

However, large increase in the 

outlet temperature of the 

coolant was observed. Hence, 

installation of SFCL will safe 

guard the HTS tapes from 

quench by avoiding the 

[286] 
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boiling of coolant.  

Gadekula 

et al., 

2017 

Numerical 

Feasibility studies on 

dispersion of CuO nano 

particles with volume 

concentration (1-5%) in LN2 

for efficient cooling the 

HTS cable operating at a 

temperature range of 65-75 

K was presented.   

Dispersion of 5 %  CuO nano 

particles in the LN2 enhances 

the heat transfer rate 

compared to LN2. Higher 

cooling capacities are possible 

with dispersion of TiO2 nano 

particles in LN2.  

[224] 

Motivated by the challenges involved in the design of high-temperature superconducting 

cables and the involved thermohydraulic issues, the present investigation focused on 

estimation of the entropy generation rate in HTS cables and identified the lowest entropy 

generation rate at which lower pumping power and higher cooling capacity is possible. 

 

Figure 2.4 (a) Schematic of HTS cooling system with LN2 as cryogenic coolant (b) HTS cable configuration 
employed for estimating entropy generation rate and thermohydraulic performance 

HTS cables cooled with liquid nitrogen (LN2) are used for efficient power transmission. A 

corrugated steel pipe is used as former, around which HTS tapes are wound. These HTS 

tapes carry large current densities which encounter AC losses[28]–[32], [34]–[36], [287] 

and dielectric losses [38]–[42]. In addition, losses such as heat-in-leaks [43]–[47] hinders 
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the thermal performance of HTS cables. Hence, to accommodate such losses higher flow 

rates of LN2 is required to cool the HTS cables which require higher pumping power for the 

circulation of LN2 between the end terminations.  

In this context, the cooling requirement in HTS cables is associated with the estimation of 

pressure drop and heat transfer rate for predicting the pumping power and cooling capacity. 

However, the measurement of pumping power and cooling capacity through experimental 

techniques are expensive and involve complicated instrumentation. Hence, Computational 

Fluid Dynamics (CFD) is one such alternate approach for predicting the thermohydraulic 

performance in HTS cables [242]. During the flow of LN2 through corrugated pipe various 

dissipative mechanisms are involved, such as the formation of eddies, which results in the 

development of velocity and temperature gradients leading to entropy generation. Hence, 

to obtain higher cooling capacity along with minimum pumping power, the estimation of 

entropy generation is an essential procedure. To author's knowledge, EGM technique has 

not been performed for HTS cables. Hence, the present work deals with the development 

of a computational model of HTS cable. Various flow rates of LN2 under different heat 

loads are analyzed in order to obtain the optimum performance of HTS cable. 

2.5 Research gaps 

From the critical review of literature, it is observed that the demand for development of 

power efficient transmission and distribution of HTS cables in smart power grids is 

essential.  

 The power demand of Indian power system is expanding exponentially and 

expected to reach 400GW by 2022. The efficient internally cooled long length HTS 

cables to handle higher currents instead of large transmission networks with over-

head transmission line are under development in India. 

 The various cooling strategies and the optimized operating parameters used in HTS 

cable are not available under working environment to safeguard the HTS tapes 

from run-off. 

 Thermo-hydraulic analysis with flow of temperature dependent LN2 in HTS cable 

and inherent heat loads due to AC losses and heat-in-leaks with different cable 

geometries was not done.  

 Entropy generation rate analysis for efficient power transmission to compensate the 

loss is not available. Optimization of mass flow rate to meet environmental, 
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technical and socio-economic challenges at cryogenic temperatures in HTS cables 

is not done. 

 Influence of thermohydraulic performance with return line of cryogenic coolant is 

not done. 

 Thermohydraulic investigation with SCN in the futuristic HTS cables is not 

studied. 

 Thermohydraulic investigations on dispersion of nano particles at different heat 

loads and inlet temperatures are not done.  

2.6 Objectives of the present work 

The aim of this work is to investigate the entropy generation rate with flow of LN2 in the 

HTS cables. Further, the mass flow rate is optimized on the basis of entropy generation 

rate in HTS cable. The variables considered to achieve the objectives are heat loads on 

HTS cables, flow rate and inlet temperature of LN2. 

The vital objectives are enlisted as follows 

 To estimate Hydraulic characteristics such as velocity, pressure drop, friction factor 

and pumping power due to flow of temperature dependent LN2 in HTS cables. 

 To estimate Thermal characteristics such as Temperature, heat transfer, Nusselt 

Number and Cooling capacity due to flow of temperature dependent LN2 in HTS 

cables. 

 To estimate the Volumetric Entropy Generation Rate (EGR) due to the velocity and 

temperature gradients in HTS cables.  

 Optimization on Pumping Power and Cooling Capacity using Entropy Generation 

Minimization (EGM) approach. 

From the extensive literature review, research gaps are identified and objectives are 

framed. In order to achieve the objectives of the present work, mathematical formulation 

for entropy generation through the HTS cable, conservation equations and turbulence 

equations to study the fluid behavior in the corrugated former of HTS cable are discussed 

as a closure problem in the next chapter. Further, the boundary conditions considered for 

the analysis and the temperature dependent thermophysical properties of LN2 are also 

discussed. 
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CHAPTER III 

3 MATHEMATICAL FORMULATION 

3.1 Introduction 

The research gaps identified from the literature are utilized to frame the research objectives 

of the present study. Computational Fluid Dynamics is used for achieving the objectives 

defined in the previous chapter. The mathematical formulation of the governing equations 

such as conservation of mass, momentum and energy that are required for solving the 

closure problems are presented in this chapter. The flow of LN2 through HTS cables 

encounters turbulences due to corrugations and forced flow through the corrugated former. 

The thermohydraulic characteristics and entropy generation rate for internally forced 

cooled HTS cables are computationally investigated using the time averaged Reynolds 

Averaged Navier-Stokes (RANS) equations. The Finite Volume Method of discretization 

with   turbulence equations are used as closure to the RANS equations is discussed in 

this chapter. Further, boundary conditions imposed on the HTS cable for analyzing 

thermohydraulic characteristics and entropy generation rate are discussed. Furthermore, the 

solution procedure employed for achieving the objectives of the present work is discussed. 

 

Figure 3.1 Control volume considered in the flow field  

3.2 General conservation equations 

The general conservation equations applicable for three dimensional flow fields in the 

control volume are discussed in this section. In a three dimensional flow field the control 

volume (CV) would be ∆x∆y∆z as shown in the Figure 3.1. Considering that u, v and w are 

velocity components in the x, y and z-directions respectively. 
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3.2.1 Conservation of mass 

The rate of change of mass that is trapped within the control volume is equal to the mass 

flux crossing the surface 

CV
in out

M
m m

t

 
  

         (3.1) 

where, CVM is the mass trapped within the control volume, inm


 and outm


 are the mass flow 

rate in and out of the control volume. 

Solving the above equation 

   

   

x y z u y z v x z w x y u u x y z
t x

v v y x z w w z x y
y z

     

   

  
                   

   
               

 (3.2) 

Dividing equation (3.2) with the control volume ∆x∆y∆z, 

     u v w

t x y z

     
   

   
       (3.3) 

Rewriting the above equation 

     
0

u v w

t x y z

     
   

   
       (3.4) 

Solving equation(3.4), 

 0
u v w

u v w
t x y z x y z

   

       

       
       

     (3.5) 

Equation (3.5) can also be written as 

0
D

Dt


  V          (3.6) 

where, V is velocity vector (u, v, w) and 
D

Dt
 is substantial derivative 

         D
u v w

Dt t x y z
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For steady flow, equation (3.4) can be written as 

     
0

u v w

x y z

    
  

  
        (3.7) 

For incompressible (ρ=c) and steady flow, equation (3.4) can be written as 

0
u v w

x y z

  
  

  
         (3.8) 

Vector notation of conservation of mass 

  0
t





 


V          (3.9) 

For steady flow, 

  0 V           (3.10) 

For incompressible (ρ=c) and steady flow, 

0 V           (3.11) 

3.2.2 Conservation of momentum 

The conservation of momentum can be derived from Newton's Second Law of motion. 

These can be solved from the force balance on a control volume. 

  in outn n n nCV
Mv F m v m v

t

 
  


         (3.12) 

where, n is direction considered for analysis, vn is fluid velocity in n direction, Fn is forces 

in n direction. 

The forces acting on a control volume are volumetric forces and surface forces 

1) Volumetric forces are characterized into 

a) Gravitational forces due to self weight acting on the fluid, g bF F dv  

b) Electro and Magnetic forces 

In electric field, electromotive force is defined as ratio of electric force to 

charge in Coulomb 

F
E

q
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Force on a current carrying wire 

F Il B   

where, I is current flow in a conductor and l is length of wire 

From Lorentz force law, 


Electrical force Magnetic force

F qE q v B  
   


  

2) Surface forces are characterized into Pressure forces and Viscous or frictional 

forces (Normal and shear forces). 

Considering the forces along the x-direction yields 

       

     

2 2 2

xy

x x xy xy xz

xz
xz BX

u x y z u y z u u x y z uv x z
t x

uv uv y x z uw x y uw uw z x y
y z

y z x y z x z y x z x y
x y

z x y F x y
z

    

    


    




  
                

   
                  

  
                   

    

 
         

 

0

z

 
 
 
 
 
 

 
 
 
 
 
 
 

 (3.13) 

Dividing equation (3.13) with ∆x∆y∆z in the limit (∆x, ∆y, ∆z)→0 

xyx xz
BX

Du D u v w
u F

Dt Dt x y z x y z

 
 

      
          

       
   (3.14) 

From conservation of mass equation (3.6) 

0
D u v w

Dt x y z



   

    
   

 

Hence, equation (3.14) can be simplified as 

xyx xz
BX

Du
F

Dt x y z

 


 
    

  
       (3.15) 

Relating the surface forces to the local flow field 



57 
 

2
2

3
x

xy

xz

u u v w
P

x x y z

u v

y x

u w

z x

  

 

 

    
     

    

  
  

  

  
  

  

      (3.16) 

Substituting equation (3.16) in equation (3.15) yields 

2
2

3

BX

Du P u u v w u v

Dt x x x x y z y y x

u w
F

z z x


  



              
             

              

     
        

  (3.17) 

Considering the fluid flow as compressible and viscosity as constant, equation (3.17) can 

be written as 

2 2 2

2 2 2 BX

u u u u P u u u
u v w F

t x y z x x y z
 

         
          

          
   (3.18) 

Similarly, conservation of momentum in y-direction and z-direction can be written as 

 

2 2 2

2 2 2

2 2 2

2 2 2

BY

BZ

v v v v P v v v
u v w F

t x y z y x y z

w w w w P w w w
u v w F

t x y z z x y z

 

 

         
          

          

         
          

          

   (3.19) 

where, FBX, FBY, FBZ are the body forces in x, y and z-directions. 

Vector notation of conservation of momentum 

2D
P

Dt
     

V
V F         (3.20) 

The body force terms such as gravitational forces and electromagnetic forces are neglected 

while estimating the thermohydraulic characteristics and entropy generation rate in HTS 

cables. 

3.2.3 Conservation of energy 

The physical principle of first law of thermodynamics is used for accomplishing the 

conservation of energy equation. From first law of thermodynamics 
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( ) ( )

( )

(

int

b c

a

Rateof energy
Net energy transferred Net energy transferred

accumulated in
by fluid flow by conduction

control volume

Rateof ernal

heat generation

 
    

     
    

 

 
 
 

 


) ( )d e

Net work transfer fromthe

control volumeto its environment

 
  
  

 (3.21) 

(a) Rate of energy accumulated in control volume = 
 e

x y z
t


  


  (3.22) 

(b) Net energy transferred by fluid flow = 
     ue ve we

x y z
x y z

     
      

    (3.23)

 

(c) Net energy transferred by conduction = 
yx z

qq q
x y z

x y z

   
      

   
  (3.24) 

(d) Rate of internal heat generation = genq x y z         (3.25) 

(e) Net work transfer from the control volume to its environment =  

x xy xz y xy yz z xz yz

xy y xy yz yzx xz xzz

u u u v v v w w w
x y z

x y z y x z z x y

u u u v v v w w w x y z
x y z y x z z x y

        

      

          
            

          
 

                                 (3.26)

 

where, e is specific internal energy, xq , yq  and zq  are heat flux in x, y and z-direction 

respectively, genq  is internal heat generation or heat dissipation rate. 

Substituting equation (3.22) to equation (3.26) in equation (3.21) and using (3.16) yields 

De D
e q P

Dt Dt


  

 
          

 
V q V        (3.27) 

where,   is viscous dissipation function 

Using equation(3.6), equation (3.27) can be rewritten as 

De
q P

Dt
       q V         (3.28) 
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Energy in terms of enthalpy can be termed as 

1
h e P



 
   

 
          (3.29) 

Applying the substantial derivative to the above equation 

2

1Dh De DP P D

Dt Dt Dt Dt



 
           (3.30) 

From Fourier law of heat conduction, heat fluxes xq , yq  and zq  in terms of temperature 

gradients are 

k T   q           (3.31) 

Combining equations (3.27), (3.30) and (3.31) 

  .
Dh DP P D

k T q
Dt Dt Dt


  



          
 

V     (3.32) 

From conservation of mass equation (3.6), equation (3.32) can be written as 

 


compressibilityeffect

Dh DP
k T q

Dt Dt
             (3.33) 

For a single phase fluid enthalpy can be expressed as  

1
dh Tds dP


           (3.34) 

where, T is absolute temperature and ds is change in the specific entropy 

P T

s s
ds dT dP

T P

    
    

    
        (3.35) 

For incompressible liquid [288] 

P

dT
ds C

T
           (3.36) 

where, CP is specific heat 
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P

P

Cs

T T

 
 

 
          (3.37) 

Hence, the temperature formulation of conservation of energy equation using first law of 

thermodynamics for incompressible fluid flow is given by 

 P

DT
C k T q

Dt
             (3.38) 

The above equation can be written as 

2 2 2

2 2 2P

T T T T T T T
C u v w k q

t x y z x y z
 

        
         

         
   (3.39) 

3.2.4 Generalized entropy generation equation for fluid flow 

The discussion of second law of thermodynamics in any engineering systems is important 

because it is necessary for determining the temperature as well as flow field for 

formulating the objective and purpose for solving the convection problems. For instance in 

any engineering systems, the enhanced heat transfer rate and reduced pumping power are 

necessary to improve the efficiency. Better engineering system design corresponds to 

efficient thermohydraulic performance, which is possible with minimum entropy 

generation rate or minimum exergy destruction in the system. Hence, second law of 

thermodynamics is necessary for evaluating the thermohydraulic performance of 

engineering system. 

The generalized second law of thermodynamics 

 
gen out in

refEntropy generation rate Net entropy flow rateout
Rate of entropy accumulated in of control volumeby mass flowEntropytransfer ratethecontrol volume

by heat transfer

ds q
S m s m s

dt T


       




  (3.40) 

The entropy balance for a system with contribution of mass fluxes and energy transfer 

across the control surface in tensor form can be written as [289]  

 
0

yx z
gen

Fs F F
S

t x y z

   
    

   
       (3.41) 
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where, genS   is entropy generation rate per unit volume, xF , yF  and zF  are entropy flux 

components in x, y and z-directions expressed in terms of velocity components and heat 

flux component 

x
x

y

y

z
z

q
F us

T

q
F vs

T

q
F ws

T







 
  


 

  



  


         (3.42) 

Solving equation (3.41) by using equation (3.42) yields 

 
 

2
v T

gen

Frictional entropy Thermal entropy
generation rate generation rate

s s s s q
S u v w div

t x y z T T T

 


                
      

  (3.43) 

Simplifying the above equation [288], 

 
2gen

k T T
S

T T

 
  


        (3.44) 

The first term in the right hand side represents, entropy generation rate due to finite 

temperature difference in the fluid subjected to thermal gradients and the second term in 

the right hand side represents, entropy generation rate due to viscous dissipation in the 

fluid subjected to velocity gradients. 

The above equation can be written as 

, ,gen gen Thermal gen frictionalS S S   
        (3.45) 
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                                                                 (3.46)

  

3.3 Flow through HTS cables 

The conservation of mass and conservation of momentum derived in the previous section 

are sufficient for solving the flow component in convection cooling of LN2 through HTS 
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cable. The conservation of mass along with force balance is utilized for solving the 

velocity components and pressure components in x, y and z-directions. However, for 

solving the temperature distribution for the flow of LN2 through HTS cable can be 

evaluated using conservation of energy equation. 

The flow of LN2 through HTS cable encounters turbulences due to corrugated former and 

forced convection cooling. Hence, the conservation equations derived in the previous 

section are further solved to obtain the Reynolds Averaged Navier Stokes (RANS) and 

time averaged equations. 

The transformation of conservation equations for time averaged flow through HTS cable 

can be derived as follows 

u u u P P P

v v v T T T

w w w

    

    

 

       (3.47) 

where u , v , w , P  and T  represents the mean components over the entire length of HTS 

cable, u , v , w , P  and T   are the fluctuating components over the entire length of HTS 

cable. 

The time averaging of mean component can be written as 

0

1
t

u udt
t

            (3.48) 

The time averaging of fluctuating component can be written as 

0

0
t

u dt             (3.49) 

 From the basics of algebra and writing the conservation equations using(3.47), (3.48) and 

(3.49) 

u v w u v w              (3.50) 

0, 0, 0uu vv ww             (3.51) 
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x x y y z z

     
  

     
      (3.54) 

0, 0, 0, 0, 0, 0
u v w u v w

t t t t t t

     
     

     
     (3.55) 

For steady and incompressible flow of LN2 through the HTS cable, the RANS conservation 

of mass equation using equation (3.8) can be written as 

0
u v w

x y z

  
  

  
         (3.56) 

solving the above equation yields, 

0
u u v v w w

x x y y z z

       
     

     
       (3.57) 

Time averaging the above equation can be written as 

 0
u v w

x y z

  
  

  
         (3.58) 

For steady and incompressible flow of LN2 through the HTS cable, the RANS of 

conservation of momentum equation using equation (3.18) in x-direction can be written as 

     
2 2 2

2

2 2 2

1 P u u u
u uv uw

x y z x x y z



 

       
       

        
   (3.59) 

Solving the above equation yields, 
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  (3.60) 

Time average the above equation and using equation (3.58), the left hand side of equation 

(3.60) can be simplified as 
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   (3.61) 

Similarly, the time averaged Reynolds averaged conservation of momentum equations in y 

and z-directions can be written as 
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   (3.63) 

For steady and incompressible flow of LN2 through the HTS cable, the RANS and time 

averaged conservation of energy equation neglecting the internal heat generation using 

equation (3.39) can be written as 

2 2 2

2 2 2
P

T T T k T T T
u v w

x y z C x y z

      
     

       
     (3.64) 

Solving the above equation yields, 

 

   

2 2 2

2 2 2
P

T T T k T T T
u v w u T
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   (3.65) 
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The time averaged entropy generation rate in the HTS cables, from equation (3.43) can be 

written as 

2
v Ts s s s q u s v s w s

u v w div
t x y z T x y z T T

 
 
                 

             
           

 (3.66) 

Simplifying the above equation 

, ,gen gen Thermal gen frictionalS S S   
        (3.67) 
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                                                                (3.68) 

Solving the above equation yields, 

2 22 2 2 2
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                                                                      (3.69)

 

Neglecting the higher order fluctuating terms, the entropy generation rate in the HTS 

cables can be calculated by [5] 
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                                                                (3.70) 

3.4 Boundary conditions 

The forced convective cooling of the HTS cable with central flow of LN2 through the 

corrugated former at an inlet temperatures ranging from 65 K to 77 K and operating 
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pressure of 2.7 bar  is utilized to accommodate the heat loads due to heat intrusions and AC 

losses. The freezing point of LN2 at 2.7 bar is 62.1 K. Hence inlet temperature of LN2 

nearer to freezing point i.e., 65 K is utilized for estimating the thermohydraulic 

characteristics and entropy generation rate in HTS cables. Figure 3.2 shows the boundary 

conditions imposed on the computational domain similar to the practical conditions 

encountered by the HTS cable under operation. At the inlet of the HTS cable, mass flow 

inlet boundary conditions with different inlet temperatures as shown in Table 3.1. The flow 

rates considered for the analysis are similar to the experiment performed on HTS cables at 

Chubu university by Ivanov et al.[290].   

 

Figure 3.2 HTS cable geometry with imposed boundary conditions 

At the outlet, outflow boundary condition is employed that imply the conservation of mass 

in the computational domain. The heat loads due to transport current in the HTS tapes 

dissipates the electrical power as AC losses and the heat intrusions from the HTS cable 

shield are distributed uniformly on the wall of the computational domain. The details of the 

boundary conditions applied in different cases are shown in Table 3.1. Further, stationary 

and no slip boundary conditions are imposed on the wall of HTS cable.  

Table 3.1 Boundary conditions imposed on the computational domain for analyzing different cases 

S.No Cases analyzed Heat load 
(W/m) 

Inlet temperature 
(K) 

Flow Rate 
(L/min) 

1 Influence of flow rate 2.1 77 1-20 

2 Influence of heat load 1-3 77 11-20 

3 Influence of inlet 

temperature 

1-3 65-77 11-20 
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3.4.1 Temperature dependent thermophysical properties 

The temperature dependent thermophysical properties of LN2 such as density, viscosity, 

thermal conductivity and specific heat are extracted from the NIST database [291]. Figure 

3.3 shows the temperature dependent thermophysical properties of LN2 at a 77 K and 2.7 

bar. Efforts are made to calculate the fitted coefficients for 50 data points of 

thermophysical properties in the temperature range of 77-86 K. Second order polynomial 

fitting is performed to calculate the coefficients of thermophysical properties. Similarly, 

thermophysical properties of LN2 are extracted for inlet temperatures ranging from 65 K to 

77 K and second order polynomial fitting is done. These coefficients are used as inputs in 

defining the LN2 properties in ANSYS-FLUENT [292] during the simulation. 

 

Figure 3.3 Temperature dependent thermophysical properties of LN2 at 77K and 2.7 bar 

1) Density 

The analytical functions and their coefficients have been developed for density of LN2 for 

different operating temperature ranging from 65 K to 77 K with an increment of 4 K as 

shown in Table 3.2.  

Table 3.2 Analytical functions and their coefficients for density of LN2 at different operating temperature 
used in analysis 

Property Operating 
temperature (K) 

Analytical function Coefficients of analytical 
function 

Density (kg/m3) 

65 
2

1 1 2a T T    
 

1a = 1001.73488, 1 = -

0.50588, 2 = -0.02609
 

69 

2
2 1 2a T T      2a = 1001.73488, 1 = -

0.50588, 2 = -0.02609
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73 

2
3 1 2a T T      3a = 1001.73488, 1 = -

0.50588, 2 = -0.02609
 

77  

2
4 1 2a T T      4a = 1001.73488, 1 = -

0.50588, 2 = -0.02609
 

Second order polynomial fitting is performed to calculate the coefficients of temperature 

dependent density of LN2. The developed coefficients of analytical functions used as 

inputs in defining the density of LN2 in ANSYS-FLUENT during the simulation for 

different cases specified in Table 3.2. 

2) Specific heat 

The analytical functions and their coefficients have been developed for specific heat of 

LN2 for different operating temperature ranging from 65 K to 77 K with an increment of 4 

K as shown in Table 3.3. Second order polynomial fitting is performed to calculate the 

coefficients of temperature dependent specific heat of LN2. The developed coefficients of 

analytical functions used as inputs in defining the specific heat of LN2 in ANSYS-

FLUENT during the simulation for different cases specified in Table 3.3. 

Table 3.3 Analytical functions and their coefficients for specific heat of LN2 at different operating 
temperature used in analysis  

Property Operating 
temperature (K) 

Analytical function Coefficients of analytical function 

Specific heat 

(J/kg-K) 

65 
2

1 1 2p p pC b C x C x  
 

1b = 3219.43549, 1pC = -35.10567, 

2pC = 0.25667 

69 
2

2 1 2p p pC b C x C x  
 

2b = 3219.43549, 1pC = -35.10567, 

2pC = 0.25667 

73 
2

3 1 2p p pC b C x C x  
 

3b = 3219.43549, 1pC = -35.10567, 

2pC = 0.25667 

77  
2

4 1 2p p pC b C x C x  
 

4b = 3219.43549, 1pC = -35.10567, 

2pC = 0.25667 

 

3) Thermal Conductivity 

The analytical functions and their coefficients have been developed for thermal 

conductivity of LN2 for different operating temperature ranging from 65 K to 77 K with an 
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increment of 4 K as shown in Table 3.2. Second order polynomial fitting is performed to 

calculate the coefficients of temperature dependent thermal conductivity of LN2. The 

developed coefficients of analytical functions used as inputs in defining the thermal 

conductivity of LN2 in ANSYS-FLUENT during the simulation for different cases 

specified in Table 3.4. 

Table 3.4 Analytical functions and their coefficients for thermal conductivity of LN2 at different operating 
temperature used in analysis 

Property Operating 
temperature (K) 

Analytical function Coefficients of analytical 
function 

Thermal 
conductivity 
(W/mK) 

65 
2

1 1 2K c K x K x  
 

1c =  0.34223, 1K = -0.00294, 

2K = 5.2237 x 10-06

 

69 
2

2 1 2K c K x K x  
 

2c =  0.34223, 1K = -0.00294, 

2K = 5.2237 x 10-06

 

73 
2

3 1 2K c K x K x  
 

3c =  0.34223, 1K = -0.00294, 

2K = 5.2237 x 10-06

 

77  
2

4 1 2K c K x K x  
 

4c =  0.34223, 1K = -0.00294, 

2K = 5.2237 x 10-06

 

4) Viscosity 

The analytical functions and their coefficients have been developed for viscosity of LN2 

for different operating temperature ranging from 65 K to 77 K with an increment of 4 K as 

shown in Table 3.5. 

Table 3.5 Analytical functions and their coefficients for viscosity of LN2 at different operating temperature 
used in analysis 

Property Operating 

temperature (K) 

Analytical function Coefficients of analytical 

function 

Viscosity (Pa-s) 

65 
2

1 1 2d x x    
 

1d =  0.00147, 1 = -2.75384 x 

10-05, 2 = 1.3752 x 10-07

 

69 
2

2 1 2d x x    
 

2d =  0.00147, 1 = -2.75384 x 

10-05, 2 = 1.3752 x 10-07

 

73 
2

3 1 2d x x    
 

3d =  0.00147, 1 = -2.75384 x 

10-05, 2 = 1.3752 x 10-07

 

77  
2

4 1 2d x x    
 

4d =  0.00147, 1 = -2.75384 x 

10-05, 2 = 1.3752 x 10-07
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Second order polynomial fitting is performed to calculate the coefficients of temperature 

dependent viscosity of LN2. The developed coefficients of analytical functions used as 

inputs in defining the viscosity of LN2 in ANSYS-FLUENT during the simulation for 

different cases specified in Table 3.5. 

3.5 Closure problem 

From the mathematical formulation, the time average conservation equations for flow of 

LN2 through the HTS cable are represented by equations (3.58), (3.61) to (3.63), (3.65). In 

these five equations, there are 17 unknowns (the unknowns are velocity, pressure, 

temperature components and 12 gradient terms) that forms the closure problem. 

The mathematical formulation of the governing equations such as conservation of mass, 

momentum, energy and turbulent transport which are applicable for single phase, under 

steady and incompressible flow of LN2 through HTS cable that are required for solving the 

closure problem are presented in this section. The analysis is carried out by considering the 

following assumptions 

1) In HTS cable, the flow of LN2 is considered as incompressible and steady.  

2) The flow of LN2 is in single phase. Hence the mass transfer due to mass diffusion is 

neglected (mass transfer is neglected). 

3) The effect of body forces due to gravitational effects, centrifugal forces and 

electromagnetic forces are neglected.  

4) The heat transfer rate due to radiation is considered to be negligible. 

The governing equations with the above assumptions are discussed below. 

The steady, incompressible time averaged Reynolds Average Navier Stokes (RANS) 

equations applicable to flow through HTS cable former are as follows.  

The continuity equation for flow of LN2 through HTS cable can be represented as [5], 

[293], [294] 

   0T u
         (3.71)

 

where, u  is the time averaged velocity vector and  T is temperature dependent density 

of LN2 as shown in Table 3.2. 

The conservation of momentum equation applicable to flow through HTS cable with is 

given by [5], [293], [294] 
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         2T P T T          uu u u u 
    (3.72)

 

P is time averaged pressure, u  is fluctuating component of velocity vector,  T is 

temperature dependent viscosity of LN2 as shown in Table 3.5. In equation(3.72), the first 

term on the right hand side is pressure gradient, second term is viscous stress and the last 

term in represents Reynolds stress tensor. 

The conservation of energy equation for flow through HTS cable for determining the rate 

of heat transfer between the forced flow of LN2 and the corrugated former surrounded by 

superconducting HTS tapes is given by [5], [293], [294] 

       T T k T T T T         u u  
     (3.73)

 

where, T is the time averaged component of temperature, T   is fluctuation in temperature 

and  k T is temperature dependent thermal conductivity of LN2 as shown in Table 3.4. 

The standard   model is used in the applications of internal flows due to the high 

accuracy in results. The standard   model for estimating the thermohydraulic 

characteristics of HTS cable can be written as [292] 

Turbulence kinetic energy (TKE) 

    
 

   2t
t ij ij

k

T
T T T e e T


      



  
        

   
u 

   (3.74)

 

where,  is Turbulent kinetic energy (m2/s2), 2 / 2u  ,  t T  is turbulent viscosity, 

     2
t T T C   

, k  is turbulent kinetic energy (TKE) Prandtl number, ije  is 

steady mean rate of deformation, ije  is fluctuating component of rate of deformation and   

is dissipation rate per unit mass, 2 .ij ijve e    

Turbulence dissipation rate (TDR) 
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 (3.75)

 

where,   is turbulent dissipation rate (TDR) Prandtl number, the standard wall function 

constants used for the analysis are 0.09C  , 1 1.44C   , 2 1.92C   , k =1 and  =1.3. 
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3.6 Solution procedure 

The solution of closure problem is analyzed using computational fluid dynamics (CFD) in 

commercial code software ANSYS-FLUENT [292]. The solution methodology comprise 

of converting the governing equations stated in section 3.3 into algebraic equations using 

FVM and are solved using commercial code FLUENT. The results obtained from the 

FLUENT are used for evaluating the volumetric entropy generation rate and exergy 

destruction rate for efficient operation of HTS cable. 

The solution method includes 3D double precision solver with pressure based, absolute 

velocity formulation and steady state is used for solving the RANS equation. The viscous 

turbulence model ( k  ) associated with standard wall function is used for accurate results 

[5], [283]. FVM is used for converting the governing equations into algebraic equations 

and solved numerically using FLUENT. The details of discretization schemes used for the 

analysis of HTS cables are as follows. The least square cell based gradients of 

discretization is solved because this method of solution compute employ least square 

assuming the linear variation with the gradients at the cell center. Further, it is less 

expensive to compute and provides higher order of accuracy. The energy and momentum 

are discritized with second order upwind in order to predict the solution at higher accuracy. 

The entropy generation rate accounts due to velocity and temperature gradients are solved 

in these equations with higher accuracy. Turbulent kinetic energy and turbulent dissipation 

rate with first order upwind is used because it is less expensive to compute. Further, 

pressure with second order is used for higher accuracy because the momentum equation 

constitutes a pressure gradient term which accounts for the flow of LN2 in the HTS cable 

and the velocity gradients are varied. The pressure-velocity coupling with Semi Implicit 

method for pressure linked equation (SIMPLE) algorithm is used because the numerical 

ability to solve the Navier Stokes equation is superior and it is less expensive to compute.  

The procedure for estimating the thermohydraulic characteristics and volumetric entropy 

generation rate in HTS cable is shown from Figure 3.4 to Figure 3.42. The results retrieved 

from the FLUENT are used for calculating friction factor, pressure drop, pumping power, 

temperature difference, cooling capacity, entropy generation rate due to velocity and 

thermal gradients and volumetric entropy generation rate. 
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Figure 3.4 Selection of modules in the ANSYS workbench 

The thermohydraulic characteristics and entropy generation rate in the HTS cables are 

analyzed by selecting the Design module for developing the geometry, Mesh module for 

generating the mesh used for discretization of the developed geometry and Fluent module 

for analyzing the geometry using Finite Volume Method (FVM) as shown in the Figure 

3.4.  

 

Figure 3.5 Selection of geometric entities and dimensioning the computational domain 

The corrugated former in the HTS cable is designed by using rectangle and circle 

geometric entities. From the draw command, a rectangle with length of 6 mm and breadth 

of 20 mm was drawn on y-z axis. Later a circle of 2 mm radius was drawn at a distance of 

20 mm from the y-axis and at a distance of 3 mm from the z-axis. These geometric entities 
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are modified into single sketch by using trim and Boolean operation as shown in Figure 

3.5. Further, click on generate option in the custom tool bar for generating the final sketch.  

 

Figure 3.6 Selection of pattern command for modeling the computational domain 

The 2-D sketch drawn in the y-z axis is revolved about z-axis to create a 3-D sketch. Select 

create option and click on revolve. Select the 2-D sketch in the y-z plane and revolve 

around z-axis with 3600 as shown in Figure 3.6. Therefore, a 3-D model of computational 

domain is generated. The linear pattern command is used for copying the 3-D model of the 

computational domain. Select pattern option and click on linear pattern in the pattern type. 

For modeling a 1m cable 83 linear patterns are utilized. The final solid geometry of the 

computational domain is generated after clicking the generate option as shown in the 

Figure 3.7.  

 

Figure 3.7 Selection of linear pattern for modeling the geometry of computational domain 
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After creation of the geometry, it is exported to the mesh module. Meshing is termed as 

discretization of the complex geometry into a simple modules for analyzing. Initially click 

on sizing option and select element size. Different element sizes are used for studying the 

grid independency and the element sizes are ranging from 1.1 mm to 0.8 mm are used as 

shown in Figure 3.8. Then click on generate mesh and update the mesh of the 

computational domain.    

 

Figure 3.8 Selection of mesh with sizing option for generating the mesh 

 

Figure 3.9 Final meshed geometry and its statistics for grid independence study 

The final mesh generated in the geometry of the computational domain is shown in Figure 

3.9. The statistics of the final mesh are noted for grid independence study. Then from the 

named selections, select the face at z=0 and create the face as inlet. Further select named 

selections and select the face at z=1 and create the face name as outlet. Select the 
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corrugations and the remaining faces of the computational domain and create the faces 

name as wall. 

The final mesh of the computational domain is exported to fluent module. Click on read 

option in the file and import the mesh from the design module to Fluent module for 

analysis as shown in Figure 3.10.   

 

Figure 3.10 Reading case and data of the final meshed geometry from design modular to Fluent 

 

Figure 3.11 Activating the energy equation in models to solve conservation of energy equation 

In models select the energy option and activate the energy equation as shown in Figure 

3.11. In section 3.2.3 the energy equation derived is utilized in the backend of the fluent 

module. The energy equation is used for estimating the gradients that are required for 

calculating the entropy generation rate and thermohydraulic characteristics.  
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Figure 3.12 shows the selection of the viscous model for solving the turbulent flow in the 

computational domain. In models activate the viscous model with   standard and the 

standard wall function. Click on OK option using the defined model constrains and user-

defined functions. The mathematical equations of   turbulence model is discussed in 

the closure problem in section 3.5. This mathematical model is used because it provides the 

accurate results with reference to experimental results.  

 

Figure 3.12 Selection of viscous model for solving the turbulence flow in the computational domain 

 

Figure 3.13 Defining temperature dependent thermophysical properties of LN2  

The temperature dependent thermophysical properties at different temperatures discussed 

in section 3.4.1 are utilized for estimating the thermohydraulic characteristics. In materials 

create the fluid material as Liquid Nitrogen (LN2) and click on change or create as shown 

in Figure 3.13. In properties select each fluid property and click on edit option. Select the 

polynomial and use the constants that are calculated from the curve fitting as shown in 
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section 3.4.1. Second order polynomial fitting is performed to calculate the coefficients of 

thermophysical properties for predicting the thermohydraulic characteristics. The 

corrugated former of the HTS cable is manufactured with stainless steel. Hence the solid 

material is selected as steel from the fluent data base instead of Aluminum as shown in 

Figure 3.14. 

 

Figure 3.14 Selection of Stainless steel material for corrugated former 

 

Figure 3.15 Defining the cell zone condition to fluid with operating pressure of 2.7 bar 

The temperature thermophysical properties of LN2 are calculated at an operating of 2.7 bar. 

In cell zone conditions the zone name is modified from solid to fluid for reference as 

shown in Figure 3.15. In material name the named selection is Since the fluid is changed 

from air to named as LN2. Further in rotation axis direction the z-axis is specified from z=0 

to z=1, because the computational domain axis is in the z-direction. Furthermore the 

operating pressure of the fluid is specified as 2.7 bar. 
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For solving the thermohydraulic characteristics three boundary conditions are used. At 

inlet mass flow, at the outlet outflow and on the wall heat fluxes are employed in 

computational domain for solving the thermohydraulic characteristics. In Figure 3.16, the 

procedure for specifying the inlet boundary conditions is shown. Click on boundary 

conditions and select inlet zone. In type select mass flow inlet for defining it.   

 

Figure 3.16 Defining the inlet boundary condition 

Select the edit option in inlet zone and click on momentum to define the required mass 

flow rate. The mass flow rate ranging from 1-20 L/min is utilized for solving the 

thermohydraulic characteristics. The density of the LN2 is used for converting the mass 

flow rate from L/min to kg/sec as shown in Figure 3.17. 

 

Figure 3.17 Specifying the inlet boundary condition with flow rate of LN2 in momentum 
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Further the direction of flow in the computational domain is specified normal to the 

boundary as shown in Figure 3.18. It specifies that the flow of fluid through the 

computational domain in the z-direction along the axis from z=0 to z=1. 

 

Figure 3.18 Defining the flow direction with normal to boundary 

In turbulence, intensity and hydraulic diameter method is specified as shown in Figure 

3.19. The turbulence intensity is specified as 5% and the hydraulic diameter of the 

computational domain is specified as 0.04 m and click on OK. Further, at the inlet the inlet 

temperature of the LN2 is specified.  

 

Figure 3.19 Specifying the turbulence specification method with intensity and hydraulic diameter 

Since at cryogenic temperature, behavior of the fluid vary with minor change in 

temperature and pressure.  Hence it is necessary to provide the inlet temperature of the 

LN2. The inlet temperature of the LN2 ranges from 65-77K and it is defined in the inlet 
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boundary condition by clicking on thermal. The inlet temperature is specified as constant at 

the inlet. At the inlet the required boundary conditions are specified and in the 

computational domain the fluid follows the polynomial behavior as defined in the material 

properties.    

 

Figure 3.20 Defining the inlet boundary condition with inlet temperature (reference temperature) of 77 K 

 

Figure 3.21 Defining the outlet boundary condition 

In FLUENT, pre-defined boundary conditions are available such as mass flow inlet 

boundary at the inlet and outflow at the outlet, velocity inlet at the inlet and pressure outlet 

at the outlet etc. For solving the thermohydraulic characteristics in the computational 

domain, outlet pressure and velocities are unknown. Hence, mass flow inlet boundary 

condition and outflow conditions are used for evaluating the thermohydraulic 

characteristics. Figure 3.21 shows in boundary condition, at outlet zone outflow boundary 

condition is selected.   
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Figure 3.22 Defining the wall with wall boundary condition 

In practical conditions HTS cables undergo different heat load conditions such as AC 

losses from the HTS tapes, dielectric losses from dielectric materials, heat in leaks from 

ambient and few other minor losses. Hence HTS cables are cooled internally forced cooled 

from the ambient cryogenic cooling station. Since, the HTS cables are laid under the earth 

there is no chance for external cooling from the ambient. Hence, the heat loads 

accommodated in the corrugated former  for LN2 flow through HTS cable should be 

calculated accurately. In Figure 3.22 the heat loads encountered by the HTS cables are 

distributed uniformly on the wall by selecting the wall type in the boundary conditions.   

 

Figure 3.23 Specifying the wall zone with stationary wall and no slip boundary condition 

In the wall boundary condition, the adjacent zone is selected as fluid. The stationary all 

motion and no slip shear condition are applied at the wall in momentum option as shown in 

Figure 3.23. Mathematically in no slip condition the heat transfer due to conduction should 
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be equal to the heat transfer due to convection.  The wall roughness constant is maintained 

as 0.5 which is pre-defined in the ANSYS. 

 

Figure 3.24 Defining the wall boundary condition with uniform heat flux 

The heat fluxes related to AC losses and heat in leaks corresponds to power ratings of 0.5 

kA to 1.2 kA and voltage rating of 66 kV are estimated approximately 1-3 W/m. In thermal 

option thermal condition is selected as heat flux and the heat flux equivalent to heat load 1-

3 W/m is specified as shown in Figure 3.24. Further at the wall zone condition the material 

is selected as Steel and its material properties are defined in the material properties section. 

 

Figure 3.25 Specifying the Pressure-Velocity coupling with SIMPLE scheme 

In solution methods, Semi Implicit method for pressure linked equation (SIMPLE) 

algorithm is employed in solving the pressure-velocity coupling of computational fluid 
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domain as shown in Figure 3.25. This is due to the superior numerical ability for solving 

the Reynolds Averaged Navier Stokes (RANS) equation with less compute expenses.  

 

Figure 3.26 Selection of least square cell based gradients in solution discretization 

In solution discretization, for solving the gradients least square cell based are selected as 

shown in Figure 3.26. This discretization method utilizes the concept of least square 

considering the linear variation between the gradients available at the cell centers. Further, 

this method presents accuracy with higher order and less computation time for calculating 

the results. 

The necessity of finite difference schemes used in the discretization is to replace the partial 

derivative equations (PDE's) into algebraic equations using Taylor's Series expansions. For 

instance, if Taylor's Series expansion is utilized for solving the velocity in a grid, ,i jv is the 

velocity of along the y-direction at any point ( ,i j ) then the velocity at a point ( 1,i j ) is 

expressed as 
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The finite difference representation of the derivatives in equation (3.76) 
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If equation (3.77) is approximated, the PDE in algebraic form can be written as 
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In the equation (3.79) the information in the left cell of the ( ,i j ) is not used. Therefore, the 

finite difference is termed as forward difference. Further, the first order accurate difference 

representation is defined in the derivative  
,i j

v
y




. Hence, it is termed as first order 

forward difference.  

Similarly writing the Taylor's expression for 1,i jv   with respect to the adjacent cell ,i jv is 
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For solving the algebraic equation, the finite difference is evaluated with reference to the 

left cell of ( ,i j ) and no information is utilized from the right side. Therefore, the finite 

difference is termed as backward difference. Further, the first order accurate difference 

representation is defined in the derivative  
,i j

v
y




. Hence, it is termed as first order 

backward difference. 

In CFD applications for predicting the results accurately, it is observed that first order is 

not sufficient for solving accurately. Second order can be obtained by subtracting equation 

(3.76)from equation (3.80) 
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Simplifying the above equation 
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Figure 3.27 Selection of second order pressure discretization 

For solving the equation, the information is utilized from right and left side cells of the grid 

with reference to ( ,i j ). Further the truncation error is considered in second order in 

equation (3.83). Hence, it is termed as second order central difference . 

For instance, if momentum and energy equation discussed in section 3.2 are assumed, 

2v x y   , 2 2v y  , 2 2T y  are derived. Consequently, for solving such PDE's, second 

order derivatives are required for discretization and such finite difference expressions can 

be solved using Taylor's series expansions. 

 

Figure 3.28 Selection of second order upwind for momentum discretization 

The pressure gradients in axial and radial direction are required for estimating the flow 

direction. The negative direction in the axial pressure gradients show forward flow and the 

negative direction in radial pressure gradients show the radial outward flow of LN2 in the 
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computational domain. Hence, for solving pressure second order gradients are selected as 

shown in Figure 3.27.    

 

Figure 3.29 Selection of first order upwind for turbulent kinetic energy in solution discretization 

 

Figure 3.30 Selection of first order upwind for turbulent dissipation rate in solution discretization 

Momentum equation is derived in section 3.2.2. In the expression, both first order and 

second order velocity gradients, first order pressure gradients are available. Second order 

derivatives is more accurate than first order derivatives. Hence, second order upwind 

derivative is employed for solving the solution higher order of accuracy as shown in Figure 

3.28. The rate of change of velocity gradients and average shear stresses in the fluid flow 

are responsible for the turbulent viscosity in any turbulent fluid flows. The Turbulent 

kinetic energy (TKE) is defined as the mean kinetic energy per unit mass in association 
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with the eddies that are developed in the turbulent flow of computational domain. It is the 

root mean square of the velocity fluctuations due to eddies in the turbulent flow. The first 

order upwind is selected for estimating the TKE in the computational domain as shown in 

the Figure 3.29.       

 

Figure 3.31 Selection of second order upwind for energy  in solution discretization 

 

Figure 3.32 Initializing the solution with standard initialization and computing from the inlet 

The turbulent dissipation rate is defined as the rate at which the turbulent energy in the 

computational domain is absorbed by breaking down the large eddies generated into 

smaller eddies. These smaller eddies are converted into heat energy by viscous forces that 
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are generated in the LN2. The turbulent dissipation rate in the computational domain is 

estimated by selecting the first order upwind derivatives as shown in Figure 3.30. 

Energy equation is derived in section 3.2.3. In the expression, first order velocity gradients, 

second order temperature gradients are available. Second order derivatives is more 

accurate than first order derivatives. Hence, second order upwind derivative is employed 

for solving the solution higher order of accuracy as shown in Figure 3.31. 

 

Figure 3.33 Selecting the custom field functions 

 

Figure 3.34 Defining the custom field functions for volumetric entropy generation rate 

In solution initialization, standard initialization is selected and the solution is computed 

from inlet of the computational domain. Here the value related to z-direction velocity is 

noted as shown in Figure 3.32. This value is utilized for calculating the friction factor, 
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Reynolds number, pressure drop and pumping power as discussed in section 3.6.1. Further, 

for calculating the cooling capacity of LN2 flow through HTS cable as discussed in section 

3.6.1. In run iteration, iterations are set to 10000 and the solution is initialized.    

 

Figure 3.35 Retrieving the surface heat transfer coefficient contours to observe the heat load distribution in 
the computational domain 

 

Figure 3.36 Retrieving the total temperature contours to observe temperature distribution in the 
computational domain 

The entropy generation rate in the computational domain is estimated by defining the 

custom field functions. The averaged volumetric entropy generation rate genS   (W/m3K) for 

steady state operation in HTS cables is discussed in section 6.1. Custom field functions are 

specified for volumetric entropy generation rate due to velocity gradient and thermal 

gradients. Initially select define option and click on custom field functions as shown in 

Figure 3.33. Then load the custom field functions of volumetric entropy generation rate 
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and click on manage as shown in Figure 3.34. The required custom field functions are 

loaded in to the ANSYS-FLUENT. 

 

Figure 3.37 Retrieving the heat transfer rate from the wall of the computational domain 

Click on graphics and animations, select contours and click on wall fluxes and surface heat 

transfer coefficient as shown in Figure 3.35. Select the wall option and click on display to 

visualize the heat load distribution on the wall of computational domain. Note down the 

maximum and minimum values of the contour for further calculations to verify the Nusselt 

number. The temperature distribution in the computational domain is retrieved by selecting 

the temperature and total temperature in contours as shown in Figure 3.36. Select inlet and 

outlet surfaces and note the value for further reference to calculate cooling capacity. 

 

Figure 3.38 Retrieving the shear stresses in the computational domain 
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The heat transfer rate in the computational domain is retrieved from reports as shown in 

Figure 3.37. Select fluxes in report and click on total heat transfer rate. Select all in 

boundaries and click on compute. The net result displayed provides the heat transfer rate 

with reference to the wall heat loads provided in the wall boundary conditions. Further, in 

reports select average weighted average in report type and activate wall fluxes and wall 

shear stress in field variables as shown in Figure 3.38. Select wall in the surfaces and click 

on compute. The retrieved wall shear stress is used for calculating friction factor of LN2 in 

computational domain. 

 

Figure 3.39 Retrieving the surface Nusselt number in the computational domain 

 

Figure 3.40 Retrieving the total temperature at the inlet and outlet of the computational domain 
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In reports select average weighted average in report type and activate wall fluxes and 

surface Nusselt number  in field variables as shown in Figure 3.39. Select wall in the 

surfaces and click on compute. The retrieved surface Nusselt number is used for 

calculating convective heat transfer rate. 

In reports select facet average in report type and activate temperature and total temperature 

in field variables as shown in Figure 3.40. Select inlet and outlet in the surfaces and click 

on compute. The retrieved temperature is used for calculating cooling capacity of LN2 in 

computational domain.  

 

Figure 3.41 Retrieving the volumetric entropy generation rate in the computational domain 

 

Figure 3.42 Retrieving the bulk temperature of LN2 in the computational domain 



94 
 

Select volume integrals, activate volume average and select custom field functions. 

Activate volumetric entropy generation rate to calculate the total entropy generation rate as 

shown in Figure 3.41. Similarly select temperature and total temperature to retrieve the 

total temperature in entire volume of the computational domain as shown in Figure 3.42.   

3.6.1 Thermohydraulic characteristics 

The former and cryostat in HTS cables are corrugated due to these large frictional factors 

are observed. The shear stresses and drag forces on the corrugated walls of the HTS cable 

increases the pressure drop. Friction inside the computational domains is due to the shear 

forces between the cryogenic fluid molecules and between the wall and the cryogenic 

coolant. The friction factor for different mass flow rates at given heat flux is given in 

eqn(3.84). 

2
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          (3.84) 

In the past, Pisareco [295] investigated and reported, the numerical analysis on friction 

factor considering various turbulence models and corrugation depths in corrugated pipes. 

Herwig [296] discussed about pressure drop and friction factor for corrugated geometry, 

considered turbulent flow of an incompressible fluid.  

The Reynolds number can be estimated by eqn(3.85).  
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Pressure drop in the HTS cable former can be calculated by using
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The amount of the power needed for transporting cryogenic coolant from refrigeration 

system is given by [204] 

2

2

LN

LN

m
W pV p


   

 
         (3.87) 



95 
 

 

Figure 3.43 Flow chart of the methodology used for the analysis 

where, cspf  is frictional faction in corrugated steel pipe, 
2LN = density ( 3/kg m ) of LN2, 

avgv = average velocity inside the pipe (m/s), hD = hydraulic diameter, p = pressure drop 

(Pa/m), volume flow rate (L/sec), V


= avgv *A, A= area of cross section (m2). 

Heat transfer can be increased effectively by using corrugated geometry due to the 

turbulence of cryocoolant in fluid domain larger cooling capacity can be attained. The heat 

transfer rate at the surface is calculated from the dimensionless number called Nusselt 

number by following equation (3.88) 
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          (3.88)
 

Where, hc denotes the convective heat transfer coefficient (W/m2K) and k refers to thermal 

conductivity (W/m-K) 

The heat transfer rate is estimated by using 

c
q h T             (3.89) 

Cooling capacity of the cryogenic coolant is given by 

( )P outlet inletQ v C T T


          (3.90) 

Where, hc=convective heat transfer rate, ''q = heat flux (W/m2), wall bulkT T T   , 

temperature difference from inlet to outlet in K, pC = specific heat , Toutlet, Tinlet are 

temperatures of LN2 in K and extracted from ANSYS-FLUENT. 

3.6.2 Volumetric entropy generation rate 

The conservation of energy contributes to thermal gradients that are to be discritized using 

Finite Volume Method (FVM) in FLUENT. The temperature gradients developed at each 

node in computational domain are extracted from the FLUENT and the volumetric average 

of entropy generation rate due to thermal gradients is calculated using equation (3.91). The 

momentum equation constitutes contribution of pressure gradients that are to be discritized 

using Finite Volume Method (FVM) in FLUENT. Further it is reported that, transportation 

of eddies during turbulent flow results in pressure gradients and temperature rise [297]. 

Hence, the estimation of pressure gradients is necessary to calculate the entropy generation 

rate due to velocity gradients. The pressure drop in the corrugated former, results in 

velocity gradients in the computational domain. The velocity gradients developed at each 

node in computational domain are extracted from the FLUENT and the volumetric average 

of entropy generation rate due to velocity gradients is calculated using equation (3.91).   
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The volumetric entropy generation rate in the HTS cable is calculated by using the entropy 

generation rate due to the thermal and velocity gradients. Further, minimum entropy 

generation is evaluated at different flow rates of LN2, different inlet temperature of LN2 

and different heat loads encountered by the HTS cable during operation. 

3.7 Grid independence study 

The necessity of grid independence study is to predict the appropriate element size for 

meshing the computational domain used for the analysis which is independent of node 

position. This study is carried with the different element sizes ranging from 1.1 mm to 0.8 

mm using ANSYS. 

 

Figure 3.44 Velocity profiles at the outlet of the corrugated pipe in HTS cables for different mesh sizes 

Figure 3.44 shows the results obtained from the grid independence study on velocity 

distribution at the outlet of the HTS cable along radial direction. From the figure it is 

observed that, varying the element size from 0.9 mm to 0.8 mm there is no significant 

variation in the velocity magnitude at the outlet. Hence, 0.9 mm mesh is chosen for the 

further analysis because it is independent of the node position. In the computational 

domain, the developed grid constitutes 13723002 nodes and 3358383 elements. 

In addition to the velocity distribution, entropy generation rate is calculated with different 

mesh topologies for studying the grid independency of HTS cable modeled for the present 

analysis with different element sizes shown in Table 3.6. From the study, it is observed that 

the relative difference in the total entropy generation rate is 0.8% for the element size of 1 
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mm and 0.9 mm. Hence, the mesh topology with 0.9 mm element size is selected for the 

analysis to avoid solution instability in HTS cables at different heat loads, inlet temperature 

and flow rate. 

Table 3.6 Different mesh topologies used for grid independent study 

Element 

Size (mm) 

Mesh Topology Number of 

nodes 

Entropy Generation 

Rate (W/m3K) 

Difference in Entropy 

Generation Rate (%) 

1.1 

 

2408005 0.008023 29.31 

1 

 

3044076 0.0113 0.8 

0.9 

 

3816244 0.0114 - 

The mathematical formulation for solving the closure problem of the present is discussed. 

The grid independence study is done and the computational domain with selected mesh 

topology is used for calculating the results. Further, the practical boundary conditions are 

imposed on the computational domain for analyzing thermohydraulic characteristics, 

entropy generation rate and exergy destruction rate. The results pertained to the different 

cases such as influence of mass flow rate, influence of heat loads and influence of inlet 

temperature are discussed in the further chapters. 
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CHAPTER IV 

4 HYDRAULIC CHARACTERISTICS OF HTS CABLES 

4.1 Introduction 

The capacity of power handled by the compact HTS cable is very higher compared to the 

conventional cable. Hence, critical study on HTS cables is necessary to meet the rated 

power demand. In order to meet the demand, HTS cable encounters heat loads which are 

imposed on cryogenic coolants. These cables are force convection cooled internally to 

accommodate the inevitable heat loads from heat-in-leaks, AC losses, dielectric losses etc 

using LN2.  The critical temperatures in the HTS cable should be maintained in order to 

transmit the power efficiently. Hence, a critical investigation is required while designing 

the HTS cable. The estimation of pressure drop and cooling capacity of HTS cable depends 

on the inlet temperature and rate of cryocoolant supplied from the terminal of refrigeration 

system. 

 

Figure 4.1 Geometry of HTS cable and schematic of corrugated former used for computational analysis with 
boundary conditions 

The estimation of Thermohydraulic performance in HTS cables is required for efficient 

operation under heat loads. The HTS cable (see Figure 4.1) comprises of HTS tapes wound 

around spirally on inner corrugated steel former. LN2 flows internally through the 

corrugated former and thermal insulation is used to restrict heat infiltrations from the 

ambient to retain the superconductivity of HTS tapes under operation. Further, to protect 

the HTS cable from short circuit dielectric layer is used and the cable shield is used as an 

outer layer for protecting the HTS cable from surrounding. Due to the complexity in the 
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geometry of HTS cable, in the past, researchers carried computational analysis on 

estimation of  thermal and hydraulic characteristics [242], [283]. In this section, a detailed 

description on computational domain used for the analysis for estimating the hydraulic 

characteristics such as friction factor, pressure drop and pumping power is discussed. 

Further, the thermophysical properties of LN2 are extracted and the coefficients of fitted 

data are calculated. These coefficients are used in the material properties of LN2 during the 

simulation (discussed in section 3.4.1). Later, the governing equations are solved by 

imposing the boundary conditions similar to the practical conditions. The results obtained 

in the post processing are used in the estimation of pumping power and cooling capacity 

for LN2 flow in HTS cable former. Flow rates ranging from 1-20 L/min, heat loads ranging 

from 1-3 W/m and inlet temperature of LN2 ranging from 65-77 K (shown in Table 3.1) 

are utilized for estimating the hydraulic characteristics in HTS cables. 

4.2 Validation 

To validate the thermohydraulic performance of present results obtained from CFD at 

different heat load is presented in this section. The calculated results obtained from CFD 

are validated with the existing literature shown in Figure 4.2. From the Figure 4.2 (a) it is 

observed that, with the increase in the Reynolds number, friction factor decreases at 

different heat loads. Further, the influence of the heat loads on the friction factor remains 

unaltered. From equation (3.84) it is observed that the friction factor is in proportion to the 

wall shear stresses and inversely proportion to the square of the velocity. The variation of 

the wall shear stress and velocity distribution in the corrugated former (see Figure 4.5) are 

unaltered. Hence, the friction factor may unaltered under the influence of heat load. 

From Figure 4.2(b), it is observed that with the increase in flow rate, temperature 

difference between the outlet and the inlet of the HTS cable is decreasing. Further, with the 

increase in the heat load the temperature at the outlet of the HTS cable increased. 

Furthermore, the results of friction factor are showing good agreement with the simulation 

results of Gadekula et al. [298] and experiemental results of Ivanov et al. [290] and the 

thermal results are showing good agreement with the simulation results of Gadekula et al. 

[298] and Kalsia et al. [280]. 

The pressure drop at different flow rates at a heat load of 2.1 W/m is is shown in Figure 

4.3. From the figure, it is observed that the pressure drop is increasing with the increase in 

the flow rate at a particular heat load. The computational results of the present work is 
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validated with the experimental results of Ivanov et al. [290]. Further, the simulation 

results are less than 5% of the experimental results of Ivanov et al. 

 

Figure 4.2 Validation of present CFD study at different heat loads (a) friction factor versus Reynolds number 
with simulation results of Gadekula et al. [298] and experiemental results of Ivanov et al. [290] (b) 

Temperature difference versus flow rate with the simulation results of Gadekula et al. [298] and Kalsia et al. 
[280] 

 

Figure 4.3 Validation of Computational results with the experimental results of Ivanov et al. [290] 
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4.3 Velocity profiles 

The velocity profiles that are developed at different flow rates with a heat load of 2.1 W/m 

is at two different locations one at the center and other at the outlet are shown in Figure 

4.4. From the figure it is evident with the increase in flow rate velocity magnitudes are 

increasing. Further, fully developed velocity profiles are not attained at the captured 

locations. Hence, these fluctuations leads to turbulence flow of LN2 in HTS cables and 

thereby contributes to higher wall shear stresses [242].   

 

Figure 4.4 Velocity profiles at various flow rates in HTS cable with a heat load of 2.1 W/m (a) center (b) 
outlet 

The effect of heat loads and the temperature dependent thermophysical properties on the 

hydraulic performance such as friction factor, pressure drop and pumping power in HTS 

cable with internal forced convective cooling of LN2 is presented. Figure 4.5 shows that 

the velocity profiles at the center and at the outlet of the HTS cable.  From the figure, it can 

be seen that at the center of the HTS cable the variation of the velocity at different heat 

loads remain unaltered.  

Further, the profiles are seems to be fully developed at the outlet of HTS cable for different 

heat loads at a flow rate of 19 L/min. The fluctuations in the velocity result in the 

turbulence of LN2 and thereby contributing to the shear stresses at the wall of HTS cable. 

Hence, it contributes to entropy generation due to frictional flow of LN2 which affects the 

performance of HTS cable. 
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Figure 4.5 Velocity profiles at various heat loads in corrugated steel former with a flow rate of 19 LPM (a) 
center (b) outlet 

 

Figure 4.6 Radial velocity distribution at a distance of z = 0.5 m in the HTS cable (a) for different heat loads 
at a flow rate of 14 L/min (b) for different flow rates at a heat load of 2 W/m 

The radial velocity distribution for temperature dependent LN2 flow through HTS 

corrugated former at different heat loads is presented in this section. In order to capture the 

results in the computational domain two locations are selected one is at a distance of 0.5 m 

where a corrugation exist and other location is at a distance of 1 m from the inlet. 
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Figure 4.7 Radial velocity distribution at a distance of z = 1 m in the HTS cable (a) for different heat loads at 
a flow rate of 14 L/min (b) for different flow rates at a heat load of 2 W/m 

The radial velocity distribution at a distance of 0.5 m from the inlet of the computational 

domain at a flow rate of 14 L/min is shown in Figure 4.6 (a) and at a heat load of 2 W/m is 

shown in Figure 4.6 (b).It is observed that the effect of heat loads on the radial velocity 

distribution at a particular flow rate is negligible and with the increase in the flow rate at a 

particular heat load the radial velocity increases at a distance of 0.5m. Further, the radial 

velocity distribution at a distance of 1 m from the inlet of the computational domain at a 

flow rate of 14 L/min is shown in Figure 4.7 (a) and at a heat load of 2 W/m is shown in 

Figure 4.7 (b). The radial velocity distribution follows similar trend as observed at 0.5m.  

4.4 Velocity gradients 

The average velocity gradients in axial direction and radial direction together contribute to 

the development of entropy generation rate due to velocity gradients as discussed in 

chapter 3. In this section, the average axial and radial velocity gradients are presented at 

different flow rates and at different locations in the HTS cable. 

4.4.1 Axial Velocity gradients  

The average axial velocity gradients for different flow rates at a heat load of 2.1 W/m in x, 

y and z-direction is shown in Figure 4.8. From the figure it is evident that the contribution 

of average axial velocity gradients for entropy generation rate due to velocity gradients is 

higher at higher flow rates in x, y and z-directions. 

The average transverse axial velocity gradients for different flow rates at a heat load of 2.1 

W/m in x, y and z-direction is shown in Figure 4.9. From the figure it is evident that the 
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contribution of average transverse axial velocity gradients for entropy generation rate due 

to velocity gradients is higher at higher flow rates in x, y and z-directions. Further, no 

variations in the velocity gradients are observed till the center of HTS cable. The average 

transverse velocity gradients in the z- direction at higher flow rates are compensating the 

entropy generation rate as shown in Figure 4.9 (e-f). 

 

Figure 4.8 Axial velocity gradients for different flow rates at heat load of 2.1 W/m in (a) x-direction (b) y-
direction (c) z-direction 
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Figure 4.9 Transverse axial velocity gradients at different mass flow rates at a heat flux of 2.1 W/m (a-b) x-
direction (c-d) y-direction (e-f) z-direction 
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4.4.2 Radial velocity gradients 

The average radial velocity gradients at a flow rate of 14 L/min and a heat load of 2.1 W/m 

is shown in Figure 4.10. From the figure, it is observed that velocity gradients in y-

direction are contributing higher to entropy generation rate. Further, at the corrugations the 

velocity gradients are higher than the locations without corrugations. 

The average transverse radial velocity gradients at a flow rate of 14 L/min and a heat load 

of 2.1 W/m is shown in Figure 4.11. From the figure, it is observed that z-direction 

velocity gradients are contributing higher for the entropy generation rate. Further, at the 

corrugations the velocity gradients are higher than the locations without corrugations. 

 

Figure 4.10 Radial Velocity gradients at the flow rate of 14 L/min in (a) x-direction (b) y-direction (c) z-
direction 
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Figure 4.11 Transverse radial velocity gradients at a flow rate of 14 L/min and a heat load of 2.1 W/m (a-b) 
x-direction (c-d) y-direction (e-f) z-direction 

4.5 Pressure gradients 

The momentum equation constitutes contribution of pressure gradients that are to be 

discritized using Finite Volume Method (FVM). Further it is reported that, transportation 

of eddies during turbulent flow results in pressure gradients and temperature rise [297]. 

Hence, the estimation of pressure gradients are necessary to calculate the entropy 

generation rate. In this section, the axial and radial pressure gradients are presented at 

different flow rates and at different locations in the HTS cable.  
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4.5.1 Axial Pressure gradients 

Figure 4.12 shows the axial pressure gradients in the x-direction for different flow rate. 

From the figure it is observed that the pressure gradients along the x-direction encounters 

the reversed flow at the flow rate of 20 L/min along the length of the HTS cable compared 

to the lower flow rates.  

 

Figure 4.12 Axial pressure gradient in x-direction for different flow rates at heat load of 2.1 W/m 

 

Figure 4.13 Axial pressure gradient in y-direction for different flow rates at heat load of 2.1 W/m 

Figure 4.13 shows the axial pressure gradients in the y-direction for different flow rate. 

From the figure it is observed that the pressure gradients along the y-direction encounters 
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the reversed flow at the flow rate of 20 L/min along the length of the HTS cable compared 

to the lower flow rates. Further at 20 L/min higher pressure gradients are observed. 

Figure 4.14 shows the axial pressure gradients in the z-direction for different flow rate. 

From the figure it is observed that the pressure gradients along the z-direction flow in the 

forward direction at different flow rates along the length of the HTS cable. The pressure 

gradients in the z-direction are higher compared to x and y-directions.  

 

Figure 4.14 Axial pressure gradient in z-direction for different flow rates at heat load of 2.1 W/m 

4.5.2 Radial Pressure gradients 

The radial pressure gradients along the x-direction along the different locations in the HTS 

cable is shown in Figure 4.15. From the figure it is observed that, at the inlet radial inward 

flow is observed due to this the transportation of LN2 takes place. Further, at the 

corrugations higher pressure gradients are observed compared at locations without 

corrugations (inlet and outlet). 

The radial pressure gradients along the y-direction along the different locations in the HTS 

cable is shown in Figure 4.16. From the figure it is observed that, radial inward flow is 

observed at the center with corrugation and at the inlet due to this the transportation of LN2 

takes place. Further, at the corrugations higher pressure gradients are observed compared at 

locations without corrugations (inlet and outlet). The pressure gradients in the y-direction 

are higher compared to the x and z-directions. 
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Figure 4.15 Radial pressure gradient in x-direction for different flow rates at heat load of 2.1 W/m 

 

Figure 4.16 Radial pressure gradient in y-direction for different flow rates at heat load of 2.1 W/m 

The radial pressure gradients along the z-direction along the different locations in the HTS 

cable is shown in Figure 4.17. From the figure it is observed that, radial inward flow is 

observed at the outlet and radial outward flow is observed at the inlet and center. Further, 

at the corrugations higher pressure gradients are observed compared at locations without 

corrugations (inlet and outlet) and in the corrugation radial inward flow is observed. 
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Figure 4.17 Radial pressure gradient in z-direction for different flow rates at heat load of 2.1 W/m 

4.6 Friction factor 

The friction factor at different flow rates and heat loads for different Reynolds numbers at 

an inlet temperature of 77 K is calculated using equation (3.84) and shown in Figure 4.18. 

From the figure, it is observed that with the increase in Reynolds number at a particular 

heat load, friction decreases slowly.  

 

Figure 4.18 Friction factor versus Reynolds number at different heat loads 
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Further, with the increase in the heat load the friction factor at different Reynolds number 

is varying slightly. This may due to insignificancy in velocity distribution at different heat 

loads. Since the friction factor is square the velocity of the LN2 in the corrugated former. 

Hence, the influence of the heat loads in the friction factor is insignificant. At the lower 

flow rates higher friction factor is observed and decreasing slowly with increase in 

Reynolds number (similar trends can be seen in the Moody diagram). 

The friction factor at different flow rates and inlet temperatures for various heat loads is 

calculated using equation (3.84) and shown in Figure 4.19. From the figure, it is observed 

that with the increase in flow rate at a particular inlet temperature, friction decreases 

slowly. Further, at higher inlet temperature, lower friction factor of LN2 in the corrugated 

former of the HTS cable is observed. Since, the Reynolds number increases with increase 

in flow rate, the friction factor decreases slowly. 

 

Figure 4.19 Friction Factor versus Reynolds Number at various inlet temperatures 

4.7 Pressure drop 

The pressure drop at various flow rates and inlet temperatures for different heat loads is 

calculated using equation (3.86) and shown in Figure 4.20. From the figure, it is observed 

that with increase in flow rate pressure drop increases at constant heat load. However, the 

variation in pressure drop is unaltered with the increase in heat load at constant flow rate. 
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This may be due to insignificancy in velocity distribution and friction factor under the 

influence of heat loads (see Figure 4.2(a), Figure 4.5). 

 

Figure 4.20 Variation of pressure drop with respect to flow rate for different heat loads 

The pressure drop at various flow rates and inlet temperatures for different heat loads is 

calculated using equation (3.86) and shown in Figure 4.21. It can be observed that as 

Reynolds numbers increase with the increased flow rates, the friction factors decrease 

slowly (see Figure 4.19). This is due to the overcoming of inertial forces over the viscous 

forces in the range of considered flow rates.  

 

Figure 4.21 Pressure drop along the HTS cable at various flow rates and inlet temperatures 

From equation (3.86), it is observed that pressure drop increases in proportion to the 

friction factor times the squared velocity. From the figure, it is observed that at a particular 
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flow rate, higher the inlet temperature, lower the pressure drop along the length of the HTS 

cable. This is due to lower frictional forces developed in the HTS cables at higher inlet 

temperatures (see Figure 4.19). Further, at a particular inlet temperature with the increase 

in flow rate pressure drop increases along the length of the HTS cable. 

4.8 Pumping power 

The pumping power at different flow rates for various heat loads is calculated using 

equation (156) and shown in Figure 4.22. Since, the Reynolds number increases with 

increase in flow rate, the friction factor decreases slowly. From equation (156) it is 

observed that pressure drop increases in proportion to the friction factor times the squared 

velocity. The squared velocity is responsible for the increase in pumping power. Further, 

the results indicate that at a particular flow rate, the pumping power remains unaltered for 

increase in the heat load. This may be due to, velocity distribution at different locations in 

HTS cable are similar at different heat loads as shown in Figure 4.5.  

` 

Figure 4.22 Pumping power versus flow rate for various Heat loads 

The pumping power at different flow rates for various heat loads is calculated using 

equation (3.87) and shown in Figure 4.23. As the Reynolds number increases with increase 

in flow rate, the friction factor decreases slowly (see Figure 4.19). From equation (156), it 

is observed that pressure drop increases in proportion to the friction factor times the 

squared velocity. The squared velocity is responsible for the increase in pumping power. 

Further, the results indicate that at a particular flow rate, the pumping power increases with 

increase in inlet temperatures. Further at a particular inlet temperature with the increase in 
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flow rate pumping power increases. Hence, HTS cable need to be operated at higher 

temperatures of LN2 compared to lower inlet temperatures of LN2 for better performance. 

` 

Figure 4.23 Pumping power versus flow rate for various inlet temperatures 

The velocity gradients and pressure gradients in axial as well as radial directions in this 

chapter are to be utilized for predicting the volumetric entropy generation rate due to 

velocity gradients in HTS cables (Chapter 6). Further, the hydraulic characteristics 

estimated at different flow rates, heat loads and inlet temperatures in this chapter are to be 

utilized in the estimating the performance of HTS cable using entropy generation 

minimization approach (Chapter 7). The performance of the HTS cable not only depends 

on hydraulic characteristics, it also depends on the thermal characteristics of LN2 that are 

discussed in the next chapter.  
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CHAPTER V 

5 THERMAL CHARACTERISTICS OF HTS CABLES 

5.1 Introduction 

High Temperature Superconducting (HTS) cables have potential merits of large current 

carrying capacity and compactness with reduced transmission losses and Right-of-Way 

(RoW) compared to conventional transmission power cables. However, internal forced 

convective cooling is necessary to cool HTS cables using cryogenic coolant such as liquid 

nitrogen (LN2) to retain the superconductivity for efficient power transmission. A 

corrugated steel pipe is used as former, around which HTS tapes are wound as shown in 

Figure 5.1. These HTS tapes carry large current densities which encounter AC losses [28]–

[32], [34]–[36], [287] and dielectric losses [38]–[42]. In addition, losses such as heat-in-

leaks[43]–[47] hinders the thermal performance of HTS cables. Hence, to accommodate 

such losses higher mass flow of LN2 is required to cool the HTS cables which require 

higher pumping power for the circulation of LN2 between the end terminations. 

 

Figure 5.1 High Temperature Superconducting (HTS) cable configuration with heat loads employed for 
thermal characteristic analysis  
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In this context, the cooling requirement in HTS cables is associated with the estimation of 

pressure drop and heat transfer rate for predicting the pumping power and cooling capacity. 

The AC losses and heat-in-leaks encountered by the HTS cables are estimated (discussed 

in chapter 2). The heat loads are applied uniformly on the computational domain similar to 

the practical conditions of LN2 flow through the corrugated former of HTS cables. Figure 

5.1 shows the schematic of HTS cable and the computational domain used for analyzing 

the thermal characteristics of HTS cable. Flow rates ranging from 1-20 L/min, heat loads 

ranging from 1-3 W/m and inlet temperature of LN2 ranging from 65-77 K (shown in 

Table 3.1) are utilized for estimating the thermal characteristics in HTS cables. In this 

chapter the temperature gradients, temperature profiles that are developed in the 

computational domain are discussed. Further, Nusselt number is estimated for analyzing 

the heat transfer rate and cooling capacity for the specified boundary in the HTS cables is 

discussed.  

5.2 Temperature profile 

The radial temperature distribution in HTS cables are investigated to observe the behavior 

of temperature dependent thermophysical properties of LN2 for various heat loads. Figure 

5.2 (a) shows the radial temperature distribution at a location of z = 0.5 m for different heat 

loads at flow rate of 14 L/min.  

 

Figure 5.2Radial temperature distribution at a distance of z = 0.5 m in the HTS cable (a) for different heat 
loads at a flow rate of 14 L/min (b) for different flow rates at a heat load of 2 W/m 
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From the figure, it is observed that the influence of heat loads is higher at the wall of the 

HTS cable. Further, at a flow rate of 14 L/min, higher the heat loads higher the temperature 

rise is observed. Figure 5.2 (b) shows the radial temperature distribution at a location of z = 

0.5 m for different flow rates at a heat load of 2 W/m. From the figure, it is evident that 

with the increase in the flow rate the temperature at the wall decreases. Further, it is 

observed that the influence of temperature distribution can affect the entropy generation 

rate significantly.  

 

Figure 5.3Radial temperature distribution at a distance of z = 1m in the HTS cable (a) for different heat loads 
at a flow rate of 14 L/min (b) for different flow rates at a heat load of 2 W/m 

Figure 5.3 (a) shows the radial temperature distribution of LN2 flow through the HTS cable 

at an axial distance of z = 1 m. From the figure, it is observed that there is a temperature 

rise at the axis of the HTS cable compared to z = 0.5 m at a flow rate of 14 L/min for 

higher heat loads. Further, higher temperatures are observed at the wall of the HTS cable 

signifies that the thermal gradients are higher at the wall at higher heat loads. 

Figure 5.3 (b) shows the temperature distribution of LN2 flow through HTS cables in radial 

direction at a heat load of 2 W/m for various flow rates. From the figure, it is evident that 

with the increase in flow rate the temperature decreases. The temperature distribution 

follows the similar trend as observed at z = 0.5 m. Furthermore, the temperature rise at z = 

0.5 m is higher compared to the z = 1 m, due to availability of corrugation at that section. 

Hence, the corrugations can also affect the temperature distribution that contributes to the 

entropy generation rate. The total temperature distribution in the HTS cable is less than the 
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critical temperature of HTS tapes at different heat loads. Hence, HTS tapes are safe from 

quenching. Further, the temperature at the outlet of the HTS cable is less than the boiling 

temperature of the LN2. Hence, central flow cooling with specified geometry and boundary 

conditions can be used for long length cable applications. 

5.3 Temperature gradients 

The average temperature gradients in axial direction and radial direction together 

contribute to the development of entropy generation rate due to temperature gradients as 

discussed in Chapter 3. In this section, the average axial and radial temperature gradients 

are presented at different flow rates and at different locations in the HTS cable.  

5.3.1 Axial temperature gradients 

The average axial temperature gradients in the x-direction for different flow rates at a heat 

load of 2.1 W/m is shown in Figure 5.4. From the figure, it is observed that at different 

flow rate the temperature gradients are not showing significant effect till the center of the 

HTS cable. Later, there is a significant variation in the temperature gradients at the higher 

flow rates. Further, higher the flow rate, higher the contribution of temperature gradients.  

 

Figure 5.4 Axial temperature gradient in x-direction for different flow rates at heat load of 2.1 W/m 

Figure 5.5 shows the average axial temperature gradients in the y-direction for different 

flow rates at a heat load of 2.1 W/m. From the figure, it is evident that for various flow 

rates the temperature gradients are not varying till the center of the HTS cable. Later, there 
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is a significant variation in the temperature gradients at the higher flow rates. Further, 

higher the flow rate higher the contribution of temperature gradients. 

 

Figure 5.5 Axial temperature gradient in y-direction for different flow rates at heat load of 2.1 W/m  

 

Figure 5.6 Axial temperature gradient in z-direction for different flow rates at heat load of 2.1 W/m 

The average axial temperature gradients in the z-direction for different flow rates at a heat 

load of 2.1 W/m is shown in Figure 5.6. From the figure, it is observed that at different 

flow rate the temperature gradients are not showing significant effect till the center of the 
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HTS cable. Later, there is a significant variation in the average temperature gradients at the 

higher flow rates. Further, higher the flow rate higher the contribution of temperature 

gradients due to frictional heat losses and heat loads due to losses from HTS cable. 

Furthermore, it is observed that 14 L/min is having the higher contribution on entropy 

generation rate compared to 20 L/min. 

5.3.2 Radial temperature gradients 

The average radial temperature gradients at three different locations are captured one at the 

inlet, second at the center and third at the outlet of the HTS cable. Figure 5.7 shows the 

temperature gradients in the radial x-direction. From the figure it is observed that, higher 

average temperature gradients are observed at the corrugations than the locations without 

corrugations. Further, the contribution of temperature gradients is observed to be minimum 

than the temperature gradients in y and z-direction. 

 

Figure 5.7 Radial temperature gradient in x-direction for different flow rates at heat load of 2.1 W/m 

The average radial temperature gradients at three different locations are captured one at the 

inlet, second at the center and third at the outlet of the HTS cable. Figure 5.8 shows the 

temperature gradients in the radial y-direction. From the figure it is observed that, higher 

temperature gradients are observed at the center and outlet. The variation of the 

temperature gradients from the axis of the HTS cable is lower and the temperature 
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gradients are higher at the wall. Further, the contribution of temperature gradients is 

observed to be maximum than the temperature gradients in x and z-direction.  

 

Figure 5.8 Radial temperature gradient in y-direction for different flow rates at heat load of 2.1 W/m 

 

Figure 5.9 Radial temperature gradient in z-direction for different flow rates at heat load of 2.1 W/m 

The average radial temperature gradients at three different locations are captured one at the 

inlet, second at the center and third at the outlet of the HTS cable. Figure 5.9 shows the 

temperature gradients in the radial z-direction. From the figure it is observed that, higher 

temperature gradients are observed at the corrugations than the locations without 
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corrugations. Further, the contribution of average temperature gradients is observed to be 

minimum at all the locations in the HTS cable. The contribution of the temperature 

gradients in the z-direction is not significant. 

5.4 Temperature difference 

The temperature difference between the outlet and inlet temperature of the HTS cable is 

shown in Figure 5.10. From the figure, it is observed that at a constant heat load with the 

increase in flow rate temperature difference is decreased. The lower temperature difference 

signifies that the distance between the terminations of HTS cable can be increased and the 

installation cost of cryogenic cooling station can be reduced. 

The temperature difference between the outlet and inlet temperature of the HTS cable for 

different inlet temperatures is shown in Figure 5.11. From the figure, it is observed that at a 

constant inlet temperature with the increase in flow rate temperature difference is 

decreased. Further, at constant flow rate with increase in inlet temperature the temperature 

difference decreases between the inlet and outlet of the HTS cable. The lower temperature 

difference at higher inlet temperature signifies that the distance between the terminations 

of HTS cable can be increased and the installation cost of cryogenic cooling station can be 

reduced. 

 

Figure 5.10 Temperature difference between the outlet and inlet of HTS cable for different Heat loads and 
mass flow rates at inlet temperature of 77 K 
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Figure 5.11 Temperature difference between the outlet and inlet of HTS cable for different inlet temperatures 
and mass flow rates at heat load of 2.5 W/m 

5.5 Nusselt number 

Nusselt number at different heat loads is calculated by solving the equation (3.88) and the 

results are shown in Figure 5.12. From the figure, it is evident that at a particular heat load, 

with the increase in Reynolds number, Nusselt number increases due to increase in the 

convective heat transfer rate in HTS cables.  

 

Figure 5.12 Nusselt Number versus Reynolds Number at different heat loads 
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However, at different heat loads, the variation in the Nusselt number is small. This may be 

due to the small change in the temperature drop at a given heat flux. However, the small 

change in the temperature drop alters the entropy generation due to thermal gradients (see 

Figure 6.9) and thereby total entropy generation rate increases.   

 

Figure 5.13 Nusselt Number versus Reynolds Number at different inlet temperatures 

Nusselt numbers for different flow rates and inlet temperatures at various heat loads is 

calculated by solving the equation (3.88) and the results are shown in Figure 5.13. From 

the figure, it is evident that at a particular flow rate, with the increase in Reynolds number, 

Nusselt number increases due to increase in the convective heat transfer rate in HTS 

cables. Further, at a particular Reynolds number, Nusselt number is higher at higher inlet 

temperature of LN2. Hence, HTS cable need to be operated at higher temperatures of LN2 

compared to lower inlet temperatures of LN2 for better performance.   

5.6 Cooling capacity 

The temperature difference calculated in section 5.4 and equation (3.90) are used for 

calculating cooling capacity of HTS cable with forced convection cooling. Figure 5.14 

shows the variation of the cooling capacity for different flow rates at various heat loads. It 

can be seen that, at a constant heat load with the increase in the flow rate cooling capacity 
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increases. Furthermore, at constant flow rate with the decrease in heat load may be cooling 

capacity deceases due to increase in the outlet temperature of LN2. 

 

Figure 5.14 Cooling capacities versus flow rate for different Heat loads 

 

Figure 5.15 Cooling capacities versus flow rate for different inlet temperatures 
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The temperature difference estimated in section 5.4 and equation (3.90) are used for 

calculating cooling capacity of HTS cable with forced convection cooling. Figure 5.15 

shows the variation of cooling capacity for different flow rates at various inlet 

temperatures. It can be seen that, at a particular inlet temperature, with the increase in the 

flow rate cooling capacity increases. Furthermore, at a particular flow rate with the 

increase in inlet temperature, cooling capacity of the HTS cable increases. Hence, HTS 

cable need to be operated at higher temperatures of LN2 compared to lower inlet 

temperatures of LN2 for better performance. 

The thermal gradients in axial and radial directions in this chapter are to be utilized for 

predicting the volumetric entropy generation rate due to thermal gradients in HTS cables 

(Chapter 6). Further, the thermal characteristics estimated at different flow rates, heat loads 

and inlet temperatures in this chapter are to be utilized in the estimating the performance of 

HTS cable using entropy generation minimization approach(Chapter 7).  
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CHAPTER VI 

6 ENTROPY GENERATION RATE IN HTS CABLES 

6.1 Introduction 

In engineering systems, estimation of entropy generation rate is vital for evaluating the 

performance of the systems. Entropy is generated in such systems due to finite temperature 

difference, frictional fluid flow and mass diffusion in the fluid. The entropy generated in 

the system hinders the performance thereby the efficiency of the system reduces. In HTS 

cables, during the flow of LN2 through corrugated pipe various dissipative mechanisms 

such as the formation of eddies causes in the development of velocity and temperature 

gradients leading to entropy generation. Entropy generation rate is combination of entropy 

generation rate due to velocity gradients and entropy generation rate due to thermal 

gradients. Hence, to obtain higher cooling capacity along with minimum pumping power, 

the estimation of entropy generation is an essential procedure. 

 

Figure 6.1 Schematic of HTS cable and computational domain used for estimating the entropy generation rate 

The volumetric entropy generation rate is presented in this section and the results are 

obtained from the CFD analysis of corrugated former in HTS cable using FLUENT. 

Efforts are made to calculate the volumetric average of entropy generation rate on the 

entire computational domain. Further Bejan number is also estimated to evaluate the 

significance of volumetric entropy generation rate due to thermal gradients and velocity 

gradients on total volumetric entropy generation rate. Figure 6.1 shows the schematic of 

HTS cable and computational domain employed for estimating the entropy generation rate. 
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Flow rates ranging from 1-20 L/min, heat loads ranging from 1-3 W/m and inlet 

temperature of LN2 ranging from 65-77 K (shown in Table 3.1) are utilized for estimating 

the entropy generation rate in HTS cables.   

The volumetric entropy generation rate genS   (W/m3K) for steady state operation in HTS 

cables can be calculated as [5] 

gen Thermal source frictional sourceS S S   
        (6.1)

 

22 2

2Thermal source

ref

K T T T
S

T x y z

       
        

               (6.2)

 

2 2 22 2 2

2frictional source

ref

u v w u v u w w v
S

T x y z y x z x y z

                                                                   (6.3) 

where, refT is reference temperature in Kelvin. 

The thermal source is due to the thermal gradients and the frictional source is due to 

velocity gradients. The thermal gradients and velocity gradients obtained from CFD 

analysis at all locations in computational domain and averaged over the volume for the 

calculation of genS  . Further various flow rates are used to estimate the minimum entropy 

generation rate for identifying the lower pumping power and higher cooling capacity. 

The ratio of entropy generation rate due to the thermal gradients to the total entropy 

generation rate in the corrugated former of HTS cable is defined as Bejan number. 
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6.2 Volumetric entropy generation rate due to velocity gradients 

Volumetric entropy generation rate due to velocity gradients are shown in Figure 6.2 for 

different mass flow rates at the center and outlet of corrugated former with LN2 flow. From 

the figure, it is observed that at the center there is a drastic variation in the entropy 

generation rate due to velocity gradients because of corrugations. Further, the entropy 
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generation is observed to be negligible at the peak of corrugation eddies are formed and the 

retarding of transporting fluid (LN2) occurs.  

 

Figure 6.2 Entropy generation due to velocity gradients for different flow rates (a) at the center and (b) at the 
outlet at a heat load of 2.1 W/m 

In the radial direction the velocity gradients along the x, y and z-direction shows negative 

magnitudes which indicates the fluid flow retards at the corrugation and eddies are formed. 

Due to this, wall shear stresses are increased. Further, eddies that are formed dissipates the 

turbulent kinetic energy (TKE) during transportation results in the pressure gradients and 

temperature raise. The entropy generation rates at the center of corrugated former is higher 

compared at outlet of the corrugated former due to the presence of corrugation and increase 

in flow rate increase the viscous forces.  
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Figure 6.3 Entropy generation due to velocity gradients for different heat loads at a flow rate of 19 L/min (a) 
at the center and (b) at the outlet 

The pressure gradients that are developed due to velocity gradients are higher in y and z- 

directions and also negative. These pressure gradients enable the fluid flow by 

counteracting the retarding effects of shear stresses at the wall. In axial direction the 

velocity gradients are lower for smaller mass flow rate and the magnitude of these 

gradients changes drastically at the length of 0.6m. The contribution of velocity gradients 

to total entropy generation rate is lesser compared to the temperature gradients. 

The contribution of velocity gradients to the volumetric entropy generation rate with 

different mass flow rates and at various heat loads is shown in Figure 6.3. The results are 

presented at two different locations, one at the center of HTS cable where corrugation is 
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available and second at the outlet of HTS cable without corrugation for a flow rate of 19 

L/min. From the Figure 6.3.a, it is identified that the entropy generation rate at the 

corrugation is higher because the velocity gradients are maximum reflecting to the wall 

condition where the gradients are maximum and similar results are observed at the outlet of 

the HTS cable at the wall in Figure 6.3.b. Furthermore, with the increase in the heat load at 

constant flow rate volumetric entropy generation rate due to velocity gradients remains 

unaffected. 

 

Figure 6.4 Entropy generation rate due to velocity gradients for different flow rates and heat loads 

The volume average of entropy generation rate due to the velocity gradients over the entire 

volume of HTS cable for different mass flow rates and heat loads are shown in Figure 6.7. 

From the figure, it is observed that at constant heat load with the increase in the flow rate 

volumetric entropy generation rate due to the velocity gradients increases. Further, at 

constant flow rate with the increase in the heat load, volumetric entropy generation rate 

due to the velocity gradients are not significantly increased.  

The frictional entropy generation rate is due to the velocity gradients that are developed in 

the computational domain. These are may be due to the turbulent frictional flow in the 

corrugated former. The radial distribution of entropy generation rate due to velocity 

gradients are at a flow rate of 14 L/min for different heat loads at z = 1 m are shown in 

Figure 6.5 (a). The entropy generation rate due to velocity gradients are higher at a heat 

load of 3 W/m and lower at the heat load of 2 W/m at a flow rate of 14 L/min. Hence, the 

contribution of velocity gradients to the entropy generation rate is lower at the 2 W/m at a 
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constant flow rate of 14 L/min. Figure 6.5 (b) shows the entropy generation rate due to 

velocity gradients at z = 1 m in the radial direction for various flow rates at a heat load of 2 

W/m. From the figure, it is observed that with the increase in the flow rate the velocity 

gradients are increased at constant heat load. Further, the intensity of velocity gradients at 

the wall of HTS cable is higher for different heat loads and flow rates. 

 

Figure 6.5 Entropy generation rate due to velocity gradients at a distance of z = 1m in the HTS cable (a) for 
different heat loads at a flow rate of 14 L/min (b) for different flow rates at a heat load of 2 W/m 

 

Figure 6.6 Volumetric entropy generation rate due to velocity gradients for various heat loads and different 
flow rates in HTS cable 

The volumetric entropy generation rate due to velocity gradients at different heat loads and 

flow rates are shown in Figure 6.6. It is observed that at a particular heat load, higher the 
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flow rate higher the contributing to the volumetric entropy generation rate due to velocity 

gradients. Further, at a particular flow rate, with the increase in heat load slight increase in 

the volumetric entropy generation due to thermal gradients are observed. Hence, the 

influence of the heat loads on the volumetric entropy generation rate due to velocity 

gradients is lower compared than that of different flow rates. 

 

Figure 6.7 Entropy generation rate due to velocity gradients for different flow rates and inlet temperature 

The volume average of entropy generation rate due to the velocity gradients over the entire 

volume of HTS cable for different mass flow rates and inlet temperature are shown in 

Figure 6.7. From the figure, it is observed that at particular inlet temperature with the 

increase in the flow rate at a range of 11 L/min to 20 L/min, volumetric entropy generation 

rate due to the velocity gradients increases at inlet temperatures of 73 K and 77 K. Further, 

at the inlet temperatures of 65 K and 69 K, the average volumetric entropy generation rate 

due to velocity gradients decreases till 15 L/min and 14 L/min respectively and later 

increases. The increase in the average volumetric entropy generation rate due to velocity 

gradients may be due to increase in the frictional forces that lead to higher velocity 

gradients at that particular inlet temperature. From the figure it is observed that, the 

volumetric entropy generation rate due to velocity gradients is lower at higher inlet 

temperature (77 K) compared to lower inlet temperature (65 K). Hence, HTS cable need to 

be operated at higher temperatures of LN2 compared to lower inlet temperatures of LN2 for 

better performance. 
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6.3 Volumetric entropy generation rate due to thermal gradients 

The thermal gradients that are obtained from the ANSYS-FLUENT presented in the 

section 5.3 is used to calculate the entropy generation rate due thermal gradients. The 

results are shown at two different locations one at the center where there exist a 

corrugation (see Figure 6.8(a)) and other location is at outlet where no corrugation exists 

(see Figure 6.8 (b)).  

 

Figure 6.8 Entropy generation due to thermal gradients for different flow rates at a heat load of 2.1 W/m (a) 
at the center and (b) at the outlet 

Volumetric entropy generation rate due to thermal gradients are shown in Figure 6.8 for 

different mass flow rates at the center and outlet of corrugated former with LN2 flow. From 

the figure, it is observed that, higher the mass flow rate lower the entropy generation due to 

thermal gradients. Further, at the corrugations entropy generation rate is the maximum at 
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the center due to higher thermal gradients. The radial temperature gradients along the x, y 

and z- directions are positive which indicates that the heat is transferred from the wall of 

corrugated former to the bulk fluid. However, in axial thermal gradients are remains 

constant till the center of the corrugated former and then increases with the increase in 

flow rate. Negative temperature gradients are observed in the y-direction due to the 

formation of eddies the temperature at the wall of corrugated former increases and the fluid 

flowing at the axis acts as a heat sink. Hence the temperature gradients are negative for 

lower mass flow rates. The temperature gradients in z-direction are comparatively lower 

than x and y-direction gradients. 

 

Figure 6.9 Entropy generation due to thermal gradients for different heat loads at a flow rate of 19 LPM (a) at 
the center and (b) at the outlet 
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The contribution of temperature gradients to the volumetric entropy generation rate with 

different mass flow rates and at various heat loads is shown in Figure 6.9. The results are 

presented at two different locations, one at the center of HTS cable where corrugation is 

available and second at the outlet of HTS cable without corrugation for a flow rate of 19 

L/min. From the Figure 6.9a, it is identified that the entropy generation rate at the 

corrugation is higher because the temperature gradients are maximum reflecting to the wall 

condition where the gradients are maximum and similar results are observed at the outlet of 

the HTS cable at the wall in Figure 6.9b. Furthermore, with the increase in the heat load at 

constant flow rate higher entropy generation rate due to thermal gradients is observed. 

 

Figure 6.10 Entropy generation rate due to thermal gradients for different flow rates and heat loads 

The volume average of entropy generation rate due to the thermal gradients over the entire 

volume of HTS cable for different mass flow rates and heat loads are shown in Figure 6.10. 

From the figure, it is observed that at constant heat load with the increase in the flow rate 

volumetric entropy generation rate due to the thermal gradients decrease. Further, at 

constant flow rate with the increase in the heat load, higher the heat load higher the 

volumetric entropy generation rate due to the thermal gradients. 

The thermal entropy generation rate is due to the thermal gradients that are developed in 

the computational domain. These are may be due to the heat loads and the frictional losses 

for the flow of LN2 in the HTS cable. The radial entropy generation rate due to thermal 

gradients for different heat loads at a flow rate of 14 L/min at z = 1m is shown in Figure 

6.11 (a). From the figure, it is observed that the entropy generation rate due to thermal 

gradients is higher at the higher heat loads. Figure 6.11 (b) shows the radial entropy 
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generation rate due to thermal gradients at z = 1 m for various flow rates at a heat load of 2 

W/m. The entropy generation rate due to thermal gradients is lower at the higher flow rates 

for a constant heat load. Further, the thermal gradients at the wall are higher than that at the 

axis for different heat loads and flow rates. Furthermore, the contribution of entropy 

generation rate due to thermal gradients to the total entropy generation rate is lower than 

the entropy generation rate due to velocity gradients at higher flow rates.  

 

Figure 6.11 Entropy generation rate due to thermal gradients at a distance of z = 1m in the HTS cable (a) for 
different heat loads at a flow rate of 14 L/min (b) for different flow rates at a heat load of 2 W/m 

 

Figure 6.12 Entropy generation rate due to thermal gradients for various heat loads and different flow rates 

The volumetric entropy generation rate due to the thermal gradients for different heat loads 

and flow rates are shown in Figure 6.12. From the figure, it is evident that at a particular 

heat load with the decrease in the flow rate the volumetric entropy generation rate due to 

thermal gradients increases. Further, at a particular flow rate, with the increase in heat 
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loads, the volumetric entropy generation rate due to thermal gradients increases. 

Furthermore, it is observed that the volumetric entropy generation rate due to thermal 

gradients is lower at the higher flow rate this may be due to slower thermal boundary layer 

development in higher flow rates [299]. 

 

Figure 6.13 Entropy generation rate due to thermal gradients for different flow rates and inlet temperatures 

The volume average of entropy generation rate due to the thermal gradients over the entire 

volume of HTS cable for different mass flow rates and inlet temperature are shown in 

Figure 6.13. From the figure, it is observed that at particular inlet temperature with the 

increase in the flow rate volumetric entropy generation rate due to the thermal gradients 

decreases. Further, at a particular flow rate, increase in the inlet temperature of the LN2, 

the average volumetric entropy generation rate due to thermal gradients decreases. From 

the figure it is observed that, the volumetric entropy generation rate due to thermal 

gradients is lower at higher inlet temperature (77 K) compared to lower inlet temperature 

(65 K). Hence, HTS cable need to be operated at higher temperatures of LN2 compared to 

lower inlet temperatures of LN2 for better performance. 

6.4  Bejan Number 

When the thermal gradients are dominating Be > 0.5 and if velocity gradients are 

dominating Be < 0.5. The Bejan number is calculated across the entire computational 

domain and the maximum global Bejan number is 0.89 at 1L/min. Figure 6.14 shows the 

Bejan number contours at the inlet, center and outlet for a flow rate of 14 L/min. From the 
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analysis, it is identified that Be > 0.5 till the flow rate is 7L/min, confirm that entropy 

generation rate due to thermal gradients are dominating than velocity gradients.  

 

Figure 6.14 Bejan number contours at the inlet, center and outlet for flow rate of 14 L/min and heat load of 
2.1W/m 

 

Figure 6.15 Bejan number for different flow rates (a) at the center and (b) at the outlet at a heat load of 2.1 
W/m 
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Figure 6.16 Bejan number for different heat loads at a flow rate of 19 L/min at center 

Furthermore, Be < 0.5 with the increase in flow rate higher than 7L/min, signifies that 

entropy generation rate due to velocity gradients are dominating than temperature 

gradients. However, the magnitude of temperature gradients is higher than velocity 

gradients at higher flow rates also (see Figure 6.2 and Figure 6.8). This shows that the 

volumetric entropy generation rate is dominated by temperature gradients than velocity 

gradients. 

 

Figure 6.17 Bejan number for different heat loads and flow rates at an inlet temperature of 77K 

Bejan number is a dimensionless number that used to predict the influence of temperature 

gradients and velocity gradients on the entropy generation rate due to flow of LN2 in HTS 
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cable. A location in the HTS cable is considered at the center where corrugation is 

available to observe the Bejan number. 

Figure 6.16 shows the variation of Bejan number at center location for a flow rate of 19 

L/min and different heat loads ranging from 1 W/m to 3 W/m. From the figure, it is 

observed that higher the heat load higher the Bejan number. Further, at the corrugations 

domination of temperature gradients is higher than the velocity gradients. Hence, higher 

Bejan number is observed at the corrugations than that at the axis of the HTS cable. 

The variation of Bejan number for different heat loads and flow rates at an inlet 

temperature of 77K is shown in Figure 6.17. From the figure, it is observed that higher the 

heat loads, higher the Bejan number at constant flow rate. Further, at the constant heat 

load, with increase in the flow rate, Bejan number is decreasing due to the contribution of 

velocity gradients in total entropy generation rate which signifies that temperature 

gradients are reduced significantly. 

 

Figure 6.18 Bejan number versus Reynolds number at different heat loads 

The variation of Bejan number as a function of Reynolds number at different heat loads is 

shown in Figure 6.18. From the figure, it is observed that higher the heat loads, higher the 

Bejan number at constant flow rate. Further, at the constant heat load, with increase in the 

Reynolds number, Bejan number is decreasing due to the contribution of velocity gradients 

in total entropy generation rate which signifies that temperature gradients are reduced 

significantly. 
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Figure 6.19 Bejan number for different flow rates and inlet temperatures at a heat load of 2.5 W/m 

From the figure it is observed that, at a particular inlet temperature with the increase in 

flow rate the Bejan number decreases which indicate the entropy generation rate due to 

thermal gradients are lower compared to entropy generation rate due to velocity gradients. 

At a flow rate of 11 L/min, Bejan number is higher at inlet temperature of 77 K. Further 

increase in flow rate till 14 L/min at different inlet temperature, the Bejan number is 

gradually decreases and higher Bejan number is observed fro inlet temperature of 65K. 

Later the trend of higher Bejan number at lower inlet temperature is observed. 

The entropy generation rate is estimated using pressure gradients, velocity gradients and 

thermal gradients for different heat loads, flow rates and inlet temperatures. The estimated 

entropy generation rate is utilized in optimizing the thermohydraulic performance of HTS 

cable and discussed in the Chapter 7. 
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CHAPTER VII 

7 ENTROPY GENERATION MINIMIZATION IN HTS CABLES 

7.1 Introduction 

Optimization studies pertaining to engineering systems have been gaining prominence 

around the world to develop energy efficient devices. Entropy Generation Minimization 

(EGM) studies is one such popular method employed to interpret the thermohydraulic 

losses thereby recommending the necessary modifications in the design and operating 

conditions to enhance the efficiency of engineering systems and flow processes.  

Entropy Generation Minimization (EGM) technique is most predominantly used for 

analyzing the exergy of the system for increasing the effectiveness and efficiency of a 

system. Optimization is defined as the technique that determines the optimized value for 

the desired design variables which maximize or minimize the objective by satisfying all 

constrains.  

Optimization is majorly classified into types 

1) Static optimization 
This process refers to maximization of benefits or minimization of cost, for the 

design variables which are fixed with respect to time. 

 Examples are Linear and Non-linear programming, Transportation, 

Portfolio selection etc 

 Examples of optimization techniques are Direct Search Technique, 

Downhill Simplex and Gradient Search 

A static optimization problem uses various methods for solving they are 

a) Search methods 
In this method the objective function is determined by using number of 

combination values of independent variables for optimum solution. Derivatives are 

not used in this method for optimizing the solution. 

b) Calculus or Gradient Methods 
In this method the first and second derivatives are used for optimizing the solution. 

c) Stochastic or Evolutionary methods 
In this method different optimal methods and algorithms are used such as Genetic 

Algorithms (GA), Particle Swarm Optimization (PSO), Simulating Annealing (SA) 

and Neural Networks etc. The combination of Stochastic algorithms with 
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deterministic algorithms such as Generalized Reduced Gradient (GRG) and 

Sequential Quadratic Programming (SQP) are used. 

2) Dynamic optimization 
This process refers to maximization of benefits or minimization of cost, for the 

design variables which are function of time 

Examples are Cost functions, Euler-Lagrange equation etc 

 

Figure 7.1 Entropy generation analysis (EGA) interdisciplinary fields 

Entropy Generation Minimization (EGM) is a thermodynamic optimization technique 

which plays a major role in problem formulation, modeling, designing and optimization in 

research and engineering. This technique is used majorly due to its interdisciplinary fields 

which owe thermodynamic irreversibility in fluid mechanics, heat and mass transfer, 

thermodynamics and other transport processes[300] as shown in Figure 7.1. 

The major objective of the EGM method is to identify the design or configuration in which 

the entropy generation rate (EGR) is minimal. This technique is used in this present 

research because it owes thermodynamic irreversibility in fluid mechanics, heat and mass 

transfer, thermodynamics and other transport processes. EGR is a function of overall 

physical characteristics of the subsystems where the entropy is generated at the boundaries 

due to the heat, mass transfer and fluid flow currents. In this project the interactions of the 

heat transfer and fluid flow are considered while mass transfer is neglected (no mixing of 

fluids or concentration differences are considered). In order to calculate the EGR the 

variation in the temperature drop (from relations of heat fluxes) and pressure drop (from 

relations of mass flow rate) are need to be calculated. For example, if mass flow rate of 

LN2 is increased, pressure loss and heat transfer coefficients are increased at the same 

instance. Hence, the combined effect of pressure drop and heat transfer influences the 
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thermohydraulic characteristics of HTS cable for minimizing the EGR. The three 

dimensional EGR per unit volume is summarized as continuous fluid flow of LN2 with 

flow velocity and temperature in space [5]. Entropy generation analysis (EGA) is a 

Heuristic approach and entropy generation minimization (EGM) is a deterministic 

approach of optimization [301]. 

7.2 Entropy Generation Minimization 

Optimization studies pertaining to engineering systems have been gaining prominence 

around the world to develop energy efficient devices. Entropy Generation Minimization 

(EGM) studies is one such popular method employed to interpret the thermohydraulic 

losses thereby recommending the necessary modifications in the design and operating 

conditions to enhance the efficiency of engineering systems and flow processes [300], 

[302]–[305]. Various researchers have implemented the EGM technique to enhance the 

thermohydraulic performance of solar collectors [270] for different volume flow rates and 

reported that total entropy generation is higher in flat plate collectors as compared to that 

in evacuated tube collectors. Further, EGM algorithm in heat exchangers is implemented 

[255] in the past to reduce the annual cost of  operation. In addition, entropy generation in 

micro channels [306] due to the flow of nano fluids was estimated and found that the 

increase in concentration of nano particles would reduce thermal entropy generation 

thereby aiding effective heat transfer. Moreover, fin arrangement is modified in shell and 

tube heat exchanger employed for thermal energy storage using phase change material with 

the help of entropy generation studies [266]. Recently, such studies were also used in 

developing superconducting magnets used for nuclear fusion reactors [5], [307]. Hence, 

such studies may be used in power transmission applications, where superconducting tapes 

are employed in the transmission of larger current densities. 

The objective of the present work is to estimate the volumetric entropy generation rate for 

optimizing the thermohydraulic performance of HTS cable with higher heat transfer rate 

and lower pumping power. This analysis is carried for various mass flow rates until the 

minimum entropy generation rate is achieved. The volumetric entropy generation rate 

obtained due to velocity and thermal gradients at each location of the corrugated domain 

from the post processor of ANSYS-FLUENT is used to estimate the minimum entropy 

generated in the HTS cable using Entropy Generation Minimization (EGM) technique. 

Critical estimations are made by calculating the volume average of entropy generation at 

the entire length of HTS cable. Flow rates ranging from 1-20 L/min, heat loads ranging 
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from 1-3 W/m and inlet temperature of LN2 ranging from 65-77 K (shown in Table 3.1) 

are utilized for optimizing the entropy generation rate in HTS cables. 

The entropy generation rate was initially estimated from 5 L/min to 8 L/min and from the 

analysis it is identified that total volumetric entropy generation rate is decreasing with the 

increase in mass flow rate. Further, the efforts are made to extend the analysis till 20 L/min 

to identify the lower entropy generation rate. Figure 7.3 shows the cooling capacity and 

pumping power corresponding to minimum entropy generation rate in HTS cable. It is 

found that the total volumetric entropy generation rate is minimal at a flow rate of 14 

L/min and further increase in the flow rate sharply increases the entropy generation rate. At 

a heat load of 2.1 W/m and LN2 flow rate of 14 L/min, the corresponding performance of 

HTS cable constitute higher cooling capacity and lower pumping power. In order to avoid 

the quench of HTS tape at heat load of 2.1 W/m, the HTS cable is recommended to be 

operated at a flow rate of 14 L/min 

 

Figure 7.2 Entropy generation due to velocity gradients, Entropy generation due to thermal gradients and 
Total Entropy Generation, for different flow rates at a heat load of 2.1 W/m  

The total volumetric entropy generation rate is the combination of volume average of 

volumetric entropy generation rate due to velocity gradients and volumetric entropy 

generation rate due to thermal gradients developed in the corrugated former of HTS cable. 

In this section the influence of inlet temperature on the total volumetric entropy generation 

rate in HTS cable is discussed. 
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Figure 7.3 Total Entropy Generation, pumping power and cooling capacity for different flow rates at a heat 
load of 2.1 W/m 

 

Figure 7.4 Total entropy generation rate for various heat loads and flow rates 

The volumetric entropy generation rate in the HTS cable at a flow rate of 16 L/min for 

inlet temperature of LN2 ranging from 65 K to 77 K and heat loads ranging from 1 W/m to 

3 W/m is shown in Figure 7.5. From the figure, it is observed that at a particular inlet 

temperature, the total volumetric entropy generation rate increases with increase in heat 

load. Further, at a particular heat load, the total volumetric entropy generation rate 

decreases with increase in inlet temperature of LN2. Hence, HTS cable need to be operated 
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at higher temperatures of LN2 compared to lower inlet temperatures of LN2 for better 

performance because the total volumetric entropy generation rate is noticeably lower.  

 

Figure 7.5 Total entropy generation rate at a flow rate of 16 L/min for different inlet temperatures and heat 
loads 

The volumetric entropy generation rate in the HTS cable at a heat load of 2.5 W/m for inlet 

temperature of LN2 ranging from 65 K to 77 K and flow rate ranging from 12 L/min to 16 

L/min is shown in Figure 7.6.  

 

Figure 7.6 Total entropy generation rate at a heat load of 2.5 W/m for different inlet temperatures and flow 
rates 

From the figure, it is observed that at a particular inlet temperature, the total volumetric 

entropy generation rate decreases with increase in flow rate. Further, at a particular flow 

rate, the total volumetric entropy generation rate decreases with increase in inlet 
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temperature of LN2. Furthermore, at inlet temperature of 77 K, the difference in the total 

volumetric entropy generation rate is less for different flow rates. Hence, HTS cable need 

to be operated at higher temperatures of LN2 compared to lower inlet temperatures of LN2 

for better performance because the total volumetric entropy generation rate is noticeably 

lower.  

The total entropy generation rate is due to the combine contribution of entropy generation 

rate due to the thermal gradients (Thermal entropy generation rate) and entropy generation 

rate due to velocity gradients (frictional entropy generation rate) for the flow of LN2 

through the HTS cable. The total entropy generation rate for different heat loads at 

different flow rates is shown in Figure 7.7.  

 

Figure 7.7 Total entropy generation rate for various heat loads and different flow rates in HTS cable. 

From the figure, it is observed that at different flow rates, the lowest entropy generation 

rate at a particular heat load corresponds to minimum possible total entropy generation 

rate. Further, the minimum total entropy generation rate corresponds to optimum flow rate 

at which the HTS cable can be operated at a particular flow rate. The global minimum of 

total entropy generation rate is possible at 12 L/min for a heat load of 1 W/m for particular 

flow rates and heat loads. Furthermore, the intersection points in total entropy generation 

rate at different heat loads for various flow rates have been observed. From the Entropy 

Generation Minimization (EGM) point of view, for an instance, a flow rate of 13 L/min 

may be used for approximately from 1.5 W/m to 1.86 W/m heat load for efficient operation 

of the HTS cable with lower pumping power and higher cooling capacity. 
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Figure 7.8 Total entropy generation rate for various inlet temperatures and flow rates 

The present work focused on the effect of temperature dependent thermophysical 

properties of LN2, inlet temperature and the heat loads on the entropy generation rate in 

HTS cables. The analysis is carried out to predict the optimum thermohydraulic 

performance of HTS cable for efficient operation under various heat loads. Efforts are 

made to calculate the volumetric average of entropy generation rate in HTS cables using 

the computational fluid dynamics with the imposed boundary conditions and the minimum 

entropy generation rate for different mass flow rates at various heat loads is presented. 

The volumetric entropy generation rate due to thermal and velocity gradients are calculated 

in chapter are used to calculate the volume average of total entropy generation rate in HTS 

cable. The volumetric average of total entropy generation rate in HTS cable for various 

flow rates at different inlet temperatures and heat loads is presented in Figure 7.8. From the 

figure, it is observed that with the increase in flow rate of LN2 at a particular inlet 

temperature, total entropy generation rate is decreased and then it increases sharply. 

Further, at a particular flow rate, higher the inlet temperature lower total entropy 

generation rate is observed. 

The entropy generation rate was initially estimated at inlet temperature of 77 K for flow 

rates ranging from 1 L/min to 20 L/min and heat loads ranging from 1 W/m to 3 W/m. 

Further, the efforts are made to extend the analysis for different inlet temperatures to 

identify the lower entropy generation rate. Figure 7.9 shows the volume average of entropy 

generation rate due to thermal gradients and velocity gradients and total entropy generation 

rate in HTS cables at an inlet temperature of 65 K. From the figure, it is observed that 
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increase in flow rate the contribution of thermal gradients in entropy generation rate 

decreased. Further with the increase in flow rate contribution of velocity gradients in 

entropy generation rate increased first till 13 L/min and decreases till 15 L/min. Later, it 

increases steeply with the increase in flow rate. The minimum entropy generation rate is 

observed at flow rate of 19 L/min at an inlet temperature of 65 K. 

 

Figure 7.9 Entropy generation rate due to velocity gradients, Entropy generation rate due to thermal gradients 
and Total Entropy Generation rate, for different flow rates at an inlet temperature of 65 K 

 

Figure 7.10 Entropy generation rate due to velocity gradients, Entropy generation rate due to thermal 
gradients and Total Entropy Generation rate, for different flow rates at an inlet temperature of 69 K  
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Figure 7.10 shows the volume average of entropy generation rate due to thermal gradients 

and velocity gradients and total entropy generation rate in HTS cables at an inlet 

temperature of 69 K. From the figure, it is observed that increase in flow rate the 

contribution of thermal gradients in entropy generation rate decreased. Further with the 

increase in flow rate contribution of velocity gradients in entropy generation rate increased 

first till 13 L/min and decreased at 14 L/min. Later, it increases steeply with the increase in 

flow rate. The minimum entropy generation rate is observed at flow rate of 16 L/min at an 

inlet temperature of 69 K. 

 

Figure 7.11 Entropy generation rate due to velocity gradients, Entropy generation rate due to thermal 
gradients and Total Entropy Generation rate, for different flow rates at an inlet temperature of 73 K  

Figure 7.11 shows the volume average of entropy generation rate due to thermal gradients 

and velocity gradients and total entropy generation rate in HTS cables at an inlet 

temperature of 73 K. From the figure, it is observed that increase in flow rate the 

contribution of thermal gradients in entropy generation rate decreased. Further with the 

increase in flow rate contribution of velocity gradients in entropy generation rate decreased 

till 12 L/min and increases steeply with the increase in flow rate. The minimum entropy 

generation rate is observed at flow rate of 16 L/min at an inlet temperature of 73 K. 

Figure 7.12 shows the volume average of entropy generation rate due to thermal gradients 

and velocity gradients and total entropy generation rate in HTS cables. From the figure, it 

is observed that increase in flow rate the contribution of thermal gradients in entropy 
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generation rate decreased. Further with the increase in flow rate contribution of velocity 

gradients in entropy generation rate increased. The minimum entropy generation rate is 

observed at flow rate of 15 L/min at an inlet temperature of 77 K. 

 

Figure 7.12 Entropy generation rate due to velocity gradients, Entropy generation rate due to thermal 
gradients and Total Entropy Generation rate, for different flow rates at an inlet temperature of 77 K 

 

Figure 7.13 Total Entropy Generation, pumping power and cooling capacity for different flow rates at a heat 
load of 2.5 W/m and inlet temperature of 65 K 
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Figure 7.13 shows the cooling capacity and pumping power corresponding to minimum 

entropy generation rate in HTS cable. It is found that the total volumetric entropy 

generation rate is minimal at a flow rate of 19 L/min and further increase in the flow rate 

sharply increases the entropy generation rate. At a heat load of 2.5 W/m and 65 K inlet 

temperature LN2 flow rate of 19 L/min, the corresponding performance of HTS cable 

constitute higher cooling capacity and lower pumping power. 

 

Figure 7.14 Total Entropy Generation, pumping power and cooling capacity for different flow rates at a heat 
load of 2.5 W/m and inlet temperature of 69 K 

 

Figure 7.15 Total Entropy Generation, pumping power and cooling capacity for different flow rates at a heat 
load of 2.5 W/m and inlet temperature of 73 K 
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Figure 7.14 shows the cooling capacity and pumping power corresponding to minimum 

entropy generation rate in HTS cable. It is found that the total volumetric entropy 

generation rate is minimal at a flow rate of 16 L/min and further increase in the flow rate 

sharply increases the entropy generation rate. At a heat load of 2.5 W/m and 69 K inlet 

temperature of  LN2 flow rate of 16 L/min, the corresponding performance of HTS cable 

constitute higher cooling capacity and lower pumping power. 

Figure 7.15 shows the cooling capacity and pumping power corresponding to minimum 

entropy generation rate in HTS cable. It is found that the total volumetric entropy 

generation rate is minimal at a flow rate of 16 L/min and further increase in the flow rate 

sharply increases the 

Table 7.1 Optimum flow rate at different inlet temperatures and heat loads with minimum entropy generation 
rate of the HTS cables 

Inlet 
Temperature 
(K) 

Heat 
Loads 
(W/m) 

Minimum Entropy 
Generation Rate 
(W/m3K) 

Optimum 
flow Rate 
(L/min) 

65 

1 0.00363 16 

1.5 0.00695 17 

2 0.00771 17 

2.5 0.00846 19 

3 0.00938 19 

69 

1 0.00369 14 

1.5 0.00418 15 

2 0.00481 16 

2.5 0.00548 16 

3 0.00625 17 

73 

1 0.00239 13 

1.5 0.00285 13 

2 0.00342 15 

2.5 0.00397 16 

3 0.00451 16 

77 

1 0.00163 12 

1.5 0.00205 13 

2 0.00249 14 

2.5 0.00298 15 

3 0.00347 16 

entropy generation rate. At a heat load of 2.5 W/m and 69 K inlet temperature of LN2 flow 

rate of 16 L/min, the corresponding performance of HTS cable constitute higher cooling 
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capacity and lower pumping power. Figure 7.16 shows the cooling capacity and pumping 

power corresponding to minimum entropy generation rate in HTS cable. It is found that the 

total volumetric entropy generation rate is minimal at a flow rate of 15 L/min and further 

increase in the flow rate sharply increases the entropy generation rate. At a heat load of 2.5 

W/m and 77 K inlet temperature of LN2 flow rate of 15 L/min, the corresponding 

performance of HTS cable constitute higher cooling capacity and lower pumping power. 

 

Figure 7.16 Total Entropy Generation, pumping power and cooling capacity for different flow rates at a heat 
load of 2.5 W/m and inlet temperature of 77 K 

The optimum flow rate at different inlet temperatures and heat loads with minimum 

entropy generation rate of the HTS cables is shown in the Table 7.1. From the table, for 

different operating conditions such as heat loads, inlet temperature the optimum flow rate 

for efficient operation of HTS cables can be identified with minimum entropy generation 

rate. The optimum thermohydraulic characteristics for efficient operation the HTS cable 

with lower pumping power and higher cooling capacity with optimized flow rates can be 

seen at minimum entropy generation rate for different inlet temperatures ranging from 11 

L/min to 20 L/min and heat loads ranging from 1 W/m to 3 W/m. 
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CHAPTER VIII 

8 SUMMARY AND CONCLUSIONS 

The present work focused on the influence of temperature dependent thermophysical 

properties of LN2 at various heat loads ranging from 1 W/m to 3 W/m, inlet temperature 

ranging from 65 K to 77 K and flow rates ranging from 11 L/min to 20 L/min in HTS 

cables. The analysis is carried out to predict the optimum thermohydraulic performance of 

HTS cable for efficient operation. Efforts are made to calculate the volumetric average of 

entropy generation rate in HTS cables using the computational fluid dynamics with the 

imposed boundary conditions and the minimum entropy generation rate for different mass 

flow rates, inlet temperatures and heat loads is presented. Entropy generation minimization 

is the approach that signifies the optimum thermohydraulic performance of HTS cable for 

efficient operation under normal operation. From the present work, the following 

conclusions are drawn  

 It can be concluded that, at a heat load of 2.1 W/m, inlet temperature of 77 K and 

flow rates ranging from 1 L/min to 20 L/min, the optimum thermohydraulic 

characteristics are observed at minimum entropy generation rate of 14 L/min. 

 The temperature gradients are contributing higher rate of entropy generation as 

compared to that due to velocity gradients. 

 The hydraulic performance and the entropy generation rate due to velocity 

gradients at different heat loads are not significantly increased for various mass 

flow rates. 

 The temperature rise of LN2 flow through HTS cable is below to the critical 

temperature at an operating pressure of 2.7 bar at different heat loads. Hence, HTS 

tapes are safe from quenching. The central flow cooling can be used for long length 

cable applications. 

 For heat loads ranging from 1-3 W/m and flow rates ranging from 11-20 L/min, the 

global minimum total entropy generation rate is observed at a flow rate of 12 L/min 

and at a heat load of 1 W/m. 

 The entropy generation rate due to velocity gradients are decreasing initially at 

lower flow rate and increasing with further increase in the flow rate. However, the 
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entropy generation rate due to thermal gradients is decreasing for the flow rates 

ranging from 11 L/min to 20 L/min. 

 From the analysis, it is observed that for efficient operation of HTS cables, the inlet 

temperature of LN2 is to be maintained at 77 K that pertains to better 

thermohydraulic performance and minimum entropy generation rate. 

 The temperature rise of LN2 flow through HTS cable is below to the critical 

temperature at an operating pressure of 2.7 bar at different heat loads and inlet 

temperatures. Hence, HTS tapes are safe from quenching. The central flow cooling 

can be used for long length cable applications. 

 For heat loads ranging from 1-3 W/m, inlet temperatures ranging from 65 K to 77 

K and flow rates ranging from 11-20 L/min, the global minimum total entropy 

generation rate is observed at a flow rate of 12 L/min and at a heat load of 1 W/m 

and an inlet temperature of 77 K. 

 The minimum entropy generation rate for heat loads ranging from 1-3 W/m, inlet 

temperatures ranging from 65 K to 77 K and flow rates ranging from 11-20 L/min,   

is possible at the optimum flow rates ranging from 12-19 L/min. 

 Higher the inlet operating temperature of LN2 higher the efficiency of HTS cable at 

an operating pressure of 2.7 bar and the inlet temperature ranging from 65 K to 77 

K. 

 HTS cables should be operated at the higher inlet temperature of 77 K and lower 

heat load of 1 W/m for efficient operation with lower entropy generation rate and 

better thermohydraulic characteristics. 
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FUTURE SCOPE 

 

 In future, the effect of corrugation pitch and depth on thermohydraulic 

characteristics, for different corrugation domains needs further to be studied for 

developing an efficient cooling system for HTS cables. 

 The entropy generation rate in different HTS cable configurations are to be studied 

for estimating the optimum thermohydraulic characteristics. 

 A novel cryogenic coolant can be prepared by dispersion of nano particles in the 

LN2 for enhancing the thermal characteristics. Thereby, minimum entropy 

generation rate in HTS cables can be achieved.  

 

 The transient analysis of HTS cables in operation must be studied in detail for 

understanding the challenges in real time operation 

 

 Superconducting Fault Current Limiters (SFCL) must be integrated to HTS power 

cables so that the stability of HTS cables may be enhanced. Thereby, the extra 

cooling required incorporation of HTS-SFCL may be estimated. 

 

 Superconducting Magnetic Energy Storage (SMES) system attached to HTS power 

cables would impose fluctuation in current carrying capacity of HTS cables. Hence, 

the coolant which has to be circulated must be sufficient enough to take care of 

these fluctuations. Such studies help the users in designing reliable transmission 

systems. 
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