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Abstract. The recent increase in distributed power generation is highlighting the demand to investigate and implement better and 

more efficient power distribution grids. High-temperature superconducting (HTS) DC transmission cables have the potential to 
address the need for more efficient transmission and their usage is expected to increase in the future. Thermal modeling of HTS DC 
Cables is a critical tool to have in order to better understand and characterize the operation of such transmission lines. A physical 
model, Volume Elements Methodology (VEM), is employed to obtain a system of ordinary differential equations with time as the 
independent variable which combines principles of classical thermodynamics, momentum equation and heat transfer, writing the 
properties as temperature function in all elements, dividing the problem domain in n small volumes, generated a 9 x n and 2 x n 
differentials equations to temperature and pressure solved for Runge – Kutta 4Th  order method, discretized in space. As a result, the 
dimension and dimensionless temperature and pressure profiles are determined along a superconducting HTS DC Cable, useful tool 
for simulation, design, and optimization of HTS DC transmission cables. 
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1. NOMENCLATURE 
 

Table 1 – Nomenclature. 

 

A           area [m2]  

Bi            Radiative Parameter  

cvi  specific heat,     [J / kg. K] 

D  Hydraulic Diameter [m] 

f friction coefficient 

h          heat transfer coefficient, [W/m2.K] 

k  thermal conductivity, [W/m. K] 

mi  i element mass, [kg] 

m   mass flow,  [kg /s] 

n  volume elements number 
Nu  Nusselt number 

P  pressure [N/m2 or Pa] 

P0  ambient pressure [N/m2 or Pa]
  

Pr        Prandlt Number 

Q        heat flux, [W] 

Re       Reynolds Number 

T         temperature, [K] 

V velocity [m/s] 

x        element volume length, [m] 

 t  time, [s] 

z coordinate system [m] 

Greek symbols 

ß radiative parameter 

ε emissivity 

ρ         specific mass 

Subscripts 

b            basis 

l            superficial 

i number volume element 

in inlet 

p          constant pressure 

out outlet 

v          constant volume 

 

2. INTRODUCTION 

 

High Temperature Superconducting DC Cables Transmission, are very important study, through the increase the 

demand to power generation and more efficient distribution grids. In these cities the population increase hindered the 

new construction the normal conductor system, economical and technical vantage to superconducting dc cable system.  

In a recent paper, Hammons et al (2012), described the DC Cables as an efficient solution for bulk power   

transmission especially of renewable energy; Rodrigo et al (2012) employed a 1m long model cable rated at 1 kV DC 

cable in FSU;  Souza et al (2011), proposed a mathematical model to predict the temperature profile in dc cable with 
nine volume elements; Demko et al (2011), proposed a nitrogen refrigeration stations positioned every 10 and 20 Km 

to 23kW and 30 bar pressure DC Cable; Hamabe et al (2011), constructed a 20m – class DC SC – PT with thirty nine 

layers BI 2223 HTS; Wang et al (2011), present a new approach for design of DC HTS cable for minimizing the loss 

as small as possible; Yamaguchi et al (2011), utilized a iron – steel cryogenic pipe power transmission line applied to 

200m DC Cable; kephart et al (2011), applied high temperature superconducting to degaussing system in USS 

HIGGINS ship; Golebiowski et al (2011), proposed a transient thermal field analysis in a futuristic polymeric DC 

Cable; Jonhson et al (2011),  study the impact of superconducting cables on the dynamic response of current 

transformers, further the papers the Choo, Grant, and the outhers references. 
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 In present work, thermodynamic analysis, combination first thermodynamics law and momentum equation, is 

proposed for the determination of the temperature and pressure profiles along a superconducting cable. The problem 

domain is divided in small n volume elements, (Vargas et al., 2001), each element with nine layers. Each layer is 

modeled with a different volume element, generated a 9 x n to solved temperature profile and 2 x n differential 

equations to solved pressure profile in Helium channels, by Runge – Kutta 4Th order method.  

Properties are described as temperature functions. Two Helium cooling channels are accounts in model analysis by 

convective heat transfer, (McCarty and Stewart, 1962), (Hendricks et all., 1975) and NIST home page, and in the results 

are presents temperature and pressure profiles to one cell and array dc cable length, useful tool optimization HTS DC 

transmission Cables. 

 

3. MATHEMATICAL MODEL 
 

The present formulation is based on the Volume Element Methodology, (Vargas et al., 2001). The solution domain is 

divided in small Volume Elements (VE) in both r and z direction. Each layer is modeled with a different VE. The 

energy equation (first law of thermodynamics) is applied to each VE and momentum equation in channels 1 and 4 to 

Helium gas. Figure 1 illustrates a schematic diagram of the problem geometry. In the current version of the model, nine 

layers are considered, these layers are: internal Helium channel (VE1), stainless steel structural pipe (VE2), 

superconducting cable (VE3), external annular Helium channel (VE4), stainless steel (VE5), Mylar insulation (VE6), 

vacuum (VE7), stainless steel (VE8) and Mylar (VE9). 

 

 
 

Figure 1 – Schematic diagram DC Cable. (Souza et al., 2011). 

 

As hypothesis, Helium flow channels have the same direction, or either, parallel flow. However, one of them could 

be used for coolant recirculation. The axial discretization is making divided cable length (L) for n (volume number) 

given by: 

 

n

L
z               (1) 
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3.1 Energy Equation 

 

The first law of thermodynamics or Energy Balance applied in each volume element is schematically represented in 

Fig. (2). As hypothesis, kinetic and potential energy variations are very small in comparison the internal energy 

variation, (dominant term), in energy equation.  

Properties in VE’s aren’t constants, or either, specific heat, enthalpy, convection heat transfer coefficient, 

conductivity, global heat transfer coefficient and radiative parameters are described in temperature function. 

 

  
Figure 2 – Heat fluxes in each volume element. (Souza et al., 2011). 

 

Appling the First Law applied to DC Cable model, in compact form, each volume element is given by: 

 

  



out

i

in

ii

ii

ii

QQQ

sKi
cm

Q

td

Td




]/[10,...,2,1,

.

        (2) 

 
            Where T is the temperature [K], t the time [s], m the mass [kg], c the specific heat at volume constant or at 

pressure constant [ J/kg K], Q  the heat transfer rate [W] , i the volume element number and the subscript in and out 

indicate inlet and outlet respectively, the equations details are described in Souza et al., (2011) reference .           
 

3.2 Drop Pressure in gas channels: 
 

   The first and four volume element is built to represent the internal and annular helium cooling channel. A low 

temperature helium stream flows through the channel VE1 and removes heat from VE2. Also VE4 removes heat 

straight in the superconductor VE3, generated in pressure drop in channels, given by:  

 













hD

Vf

dz

dP 22 
           (3) 

 

  Where P is the pressure [N / m
2
], ρ the density [kg / m3], V the velocity [m / s], Dh the hydraulic diameter and f  is 

fictrion factor described as Reynolds Number function in Mood diagram, Bejan, (1995). 
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3.3 Pumping power: 

 

      The parametrical analysis was performed in gas channels, using mass flow as the changing in process, obtained: 

 



i

p

pm
W




               (4) 

 

     Using the Eq. (3) and the fluid mass flow rate given by m  =  V  D2 / 4, the pumping power are described as: 

2

3VLf
Wp


            (5) 

Where p has obtained integrate the equation (3) along the length dc cable, ρ the density, f is the friction factor, 

L is the DC Cable length and V the mean velocity in channel section. 

 

4. Results. 

 

     The development of the presented model has as one of its main objectives to avoid assumptions and simplifications 

that could compromise or restrict its use both in laboratory and real design applications. In this way, as described above, 

the model accounts for the important phenomena (conduction, convection and also radiation inside the vacuum pipe) 

and the correct calculation of the physical properties of the helium and other materials. A few properties dependence on 

the temperature has been yet implementing. In this way, Tab. (2) showed constant parameters utilized to generated the 

results.  

 

Table 2 – Constant Parameters 

 

PARAMETER VALUE 

Length Cable 30 m 

Mass ratio 1 and 4 1.10-3 and 5.10-3 kg/s 

Voltage 220 V 

Initial Pressure 2,0625.105 Pa 

Initial Helium Temperature 15 K 

Ambient temperature 300 K 

Elements number 1000 

time interval 0,005 s 

Friction factor 0.046* Re-0,2 

 

The computational domain discretization was performed as 1000 elements in z direction and 9 elements in r 

direction and Helium gas cooling flows and removes heat by convection in channels 1 and 4, don’t have a constant 

properties, the properties are described as temperature function and the same procedure occur to specific heat and 

conductivity in all materials. Data basis to predict the properties are finding in McCarty and Stewart, (1962), Hendricks 

et al., (1975) and NIST home page, applied in the results by temperature and pressure profiles to one cell and array dc 

cable length in dimensional dc cable model. 

In the first solution presented in Fig. 3, showed the temperature profile in helium cooling channels inlet temperature 

( in
HeT ) was set to 15K, applied along the length dc cable, the heat generation in conductor was calculated as combination 

the first and second Ohm law, was assumed the voltage constant and equal to 220 V and the mass flows used in both 

helium channels were chosen to imply a turbulent regime.  
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Figure 3. Helium channels temperature profile. 

 

 The second solution presented in Figs. 4 and 5, showed the pressure profile in helium cooling channels inlet 

pressure was set to 2 bar, applied along the length dc cable, with linear dependence as reported in Eq. (3), applied two 

mass flow values and f is then calculated as presented in Tab.(2).    

 

 
Figure 4 – Pressure profile in gas channels to           [kg/s] 

 

 
Figure 5 – Pressure profile in gas channels to           [kg/s] 
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In the third results, Fig. (6) and Fig. (7), based to Eq. (5), showed the pumping power in VE4 and VE1. Pumping 

power has linear profile, the mean velocities in channel section are different with a cubic dependence. The stream mean 

velocity is calculated based in mass flow, density and section area and this calculus is used to obtaining Reynolds 

number and the convection heat transfer coefficient in channels gas. 

 

 
 

Figure 6 – Pumping Work in VE4 to           [kg/s] 
 

 
 

Figure 6 – Pumping Work in VE1 to           [kg/s] 
 

5. CONCLUSIONS  

 

The development of the present model has as one its main objectives this study. In this case properties aren’t 

constants, but writing in temperature function not present in other arguments, are perceptible the mass flow rate, 

velocity and pressure dependence in channels. In future analysis parametric analysis to mass flow rate, velocity, entropy 

and exergy profiles analysis are presents to optimization HTS DC Cable model. 
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