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Fig. 2. Temporal dependence of the tape temperature for different values of current I  indicated in 

figures. Solid lines correspond to the experimental data. Dashed lines correspond to the adiabatic case. 
 
It is of interest to compare these results with evaluations for the adiabatic case. The 

temporal dependence of the temperature in this case can be expressed as,  

,))()/(()/(= 2 dTTTC
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ργ ∫                    (3) 

where J = I/(wδ) is the current density, Ts is the saturation temperature of liquid nitrogen. 
Results of the temperature rise calculations for adiabatic case are shown by dashed lines in 
Figure 2. All experimental data are clearly seen to lie below than the adiabatic curves. Such 
a behavior shows that the heat transfer to liquid nitrogen plays an essential role even at the 
beginning of the transient process. 
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III. THEORY 
 

 

The main contribution to the heat transfer for short times is well known to give two 
mechanisms: the thermal conduction into surroundings and the natural convection. The 
former mechanism acts at early stages of a heat transfer process whereas the latter is 
effective at the subsequent stages.  The estimation of the minimum “delay time'' td, after 
which free convection is initiated around a cylindrical wire immersed into liquid nitrogen, 
gives td > 0.35 s [6]. The duration of the heating process in our experiment does not exceed 
0.05 s. Therefore, only the conduction heat transfer into liquid nitrogen is considered here. 
The problem under consideration is governed by a set of thermal balance equations which 
have the simplest form in a case of a cylindrical sample. If the current I flows through a 
cylindrical wire of radius rc immersed into a heat-absorbing medium, the following 
instantaneous heat balance equation per unit length is valid:  
 

)(2)()( 2 tqr
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cJ πϑπγ += ,                                            (4) 

 
where Sϑ  and qs are the temperature excess over the liquid nitrogen saturation temperature 
and heat flux at the surface of the conductor. The excess temperature Sϑ  is assumed to be 
the same and uniform throughout the wire length and cross section and varies only with 
time. Such an approximation is equivalent to assuming the infinite thermal conductivity of 
the conductor material. All values in Eq. (4) are given except )(tSϑ  and qs (t). To determine 
these values, an additional heat conduction equation has been used in [5] for annular 
ambient region around the conductor.  

The following 1D transient heat conduction equation, initial, and boundary 
conditions are valid for the circular region around the cylindrical wire (for ambient 
medium, specifically, for liquid nitrogen which assumed to be the solid body with thermal 
parameters of liquid nitrogen): 
 for rc < r < ∞ 0>t   
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Here, ),( trϑ  is the temperature excess function of radius and time for ambient medium 
over the saturation temperature of liquid nitrogen, lε  is the thermal diffusivity of ambient 
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medium, which is equal to )/( lll сk γ , where lk , lγ  and lс  are the thermal conductivity, 
density, and specific heat of the ambient medium (liquid nitrogen), cr  is the wire radius. 
The exact dimensionless solution [5] obtained for the cylindrical conductor heated due to 
internal heat generation by the constant Joule losses at constant physical properties of a 
conductor material and surrounding medium can be presented as,  
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where  
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The terms )(),(),( 010 uYuJuJ , and )(1 uY  in Eq. (10) are the Bessel functions of the first 
and second kind, zero- and first-order correspondingly. The parameter α  in Eqs. (9) and 
(10) is equal to a doubled ratio of volume heat capacities of the surrounding medium and 
the wire )]([/2)( TCCT ll γγα = . The temperature dependence of this parameter is 
presented in Fig. 1. 

Thus, Eqs. (9) and (10) allow one to determine in a explicit closed form the temporal 
variation of the temperature excess Sϑ  for a metal conductor immersed into liquid nitrogen 
at constant Joule losses and constant physical properties of conductor material and 
surrounding medium. 

These equations are used to interpret the results of our experiment performed for the 
Ni tape. The physical parameters of this tape depend strongly on the temperature. 
Specifically, the resistivity )(Tρ  that defines the Joule losses )/()( 22

cJ rTIQ πρ=  and heat 
capacity )(TC  are not constant. The temperature dependence α (T ) that is inversely 
proportional to )(TC  and resistivity )(Tρ  are shown in Fig. 1. The parameter α  is seen to 
decrease about twofold in the temperature range 77 K-180 K. 

If ρ  and α  are temperature dependent parameters, Eq. (9) for every given time 
instant can be considered as an implicit equation with respect to Sϑ . A solution of this 
equation allows one to obtain the temporal dependence of the temperature excess Sϑ  in a 
cylindrical wire. 

The results considered above are related to cylindrical conductors. High temperature 
superconducting materials of the second generation are produced in the tape form. 
Specifically, our experiment was performed using the Ni tape of a rectangular cross section. 
Therefore, it is desirable to develop a procedure that can enable one to make an evaluation 
of the tape temperature regime on the basis of above presented solutions for a cylindrical 
wire. To do this, the cylindrical conductor with a radius cr  and the tape with rectangular 
cross section are considered. A comparison of the instantaneous heat balance equations for 
these cases shows that to get the equal Joule losses and heat capacities for both cases, the 
cross section areas of the cylindrical wire and rectangular tape should be equal, Hence, it 
follows that the radius of an equivalent cylinder that should be substituted into Eq. (4) is 
equal to πδ /= wrc . However, the surface area of a cylinder at such transformation is 

reduced by a factor δπδ ww /)( +  as compared with the corresponding area of the 
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rectangular tape. To take into account this difference, the calculated value of Sϑ  should be 

multiplied by a form factor )/(= δδπ +wwK  to obtain the corresponding value for the 
tape with rectangular cross section. 

 

 

IV. RESULTS AND DISCUSSION 

A. Heating Process 
 
The results of the calculations presented in Figure 3 are in a good accordance with the 
experimental data. The best agreement in the whole time range exists for relatively low 
currents, see Figure 3(a) and (b). A deviation is observed for higher currents. The 
experimental data lie higher than the calculated ones as seen in Figure 3 (c). On further 
current increase the experimental curve reaches the adiabatic one and even intersects it, see 
Figure 2 (d). 
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Fig. 3. Temporal dependence of the tape temperature excess for different values of current I indicated in 
figures. Solid lines correspond to experimental data. 
 

There exist different reasons which can be responsible for the observed deviations of the 
calculated curves from experimental ones in Figures 3(c) and (d). One of the possible 
reasons consists in a formation of an additional thermal resistance between the tape surface 
and liquid nitrogen. Such a resistance may be a vapor layer on the tape surface. According 
to data presented in [3], this layer appears within several dozen milliseconds after the 
current is switched on. 

It should be pointed out that when the temperature along the tape is uniform, the slope 
of experimental curve at any point should not exceed the corresponding slope of the 
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adiabatic curve. This statement is correct for curves shown in Figures 2(a) - (c). However, 
the slope of the experimental curve in Figure 2 (d) exceeds the adiabatic one, beginning at 

30=t  ms.  This circumstance means that non-uniform temperature distribution appears in 
that case. It is well known that the process of heating by stable current can become 
unstable for metals with positive derivative Td/dρ  [7]. In this case, an overheating zone or 
hot spot can appear. The investigations of these states and their properties are beyond the 
scope of this study. 

In accordance with heat balance equation, the Joule losses effect on the temporal 
dependence of the temperature excess ϑ . Therefore, the value of )(tϑ  is defined by the 
Joule dissipation energy that is released in the conductor from the beginning of its heating, 
minus the part of the energy SE  that is transferred into liquid nitrogen. The relative value 

JS EE /=β  is shown in Figure 4. This value is seen not to depend significantly on t  and is 
about 0.4 to 0.6. Specifically, this leads to noticeable decrease of the tape temperature 
excess with respect to the adiabatic case (see Figure 2). 

 

 
Fig. 4. Temporal dependence of the parameter JS EE /=β  for different transport currents. Curves 1 to 4 

correspond to 22.3=I  A, 30.6 A, 37.6 A, and 41.6 A, respectively.. 
 

B. Cooling Process 
 
One of the most important features of the resistive FCL is the time duration before it 
automatically resets to the superconducting state after the fault. Therefore, it is of interest 
to study the cooling process of the resistive tape after its preliminary heating to the excess 
temperature ϑ . To make a measurement of the recovery time, the Ni tape was preliminary 
heated by the transport current during 50 ms. Then the current was decreased abruptly 
down to 1 A and the IV −  characteristics was measured. The temporal dependence of the 
tape temperature is shown in Figure 5. The measurements were performed after the 
preliminary heating by a current I =21 A and 28 A. 

It is possible to calculate numerically the temporal dependence of )(tϑ  after the heating 
procedure. This problem is successfully solved for a cylindrical conductor in the transient 
regime if only the heat transfer by thermal conduction is taken into account. An exact 
analytical solution for cooling in this case can be found [5]: 
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 This equation can be used to evaluate the temporal dependence of the temperature 

decrease during the cooling process for a conductor of a rectangular form (tape) if the 
equivalent radius cr  mentioned above is substituted into Eq. (2). 
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Fig 5. Temporal dependence of the tape excess temperature during the cooling process. 
 
 
Dashed lines in Figure 5 representing the calculation results agree rather well with the 
experimental curves. Thus, the heat conduction mechanism is the main one in both the 
heating and cooling processes. According to these results, the recovery time turns out to be 
less than several seconds; that is acceptable for the HTS tape of FCL. 
 
 
 

V. CONCLUSION 
 

According to obtained results, the conduction heat transfer from the heated tape into liquid 
nitrogen must be taken into account. This heat transfer mechanism is shown to play also 
the main role during the cooling process. This fact leads to a significant decrease of the 
amount of HTS material that is necessary for the FCL operation. Indeed, the expression (1) 
should be modified to take into account the heat transfer into surroundings,  

.)(1= 0lim

ϑ
τβ

C
VIVHTS

−                                     (3) 

 This means that the HTS volume can be about two times lower than it was calculated 
for the adiabatic case. Considerably more significant reduction can be obtained if it is 
possible to make τ  lower than 100 ms. This can be done if a vacuum high speed circuit 
breaker considered in [8, 9] is introduced into the fault current system. These breakers can 
currently operate at 10≤I  kA, 200 ≤V  kV, and 10<τ  ms. 
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