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one-dimensional heat conduction
model is employed to predict burnout of a
Bi;Sr;CaCuy;04 current lead. The upper end of the
lead is assumed to be at 77 K and the lower end is at
4 K. The results show that burnout always occurs at
the warmer end of the lead. The lead reaches its
burnout temperature in two distinct stages.
Initially, the temperature rises slowly when part of
the lead is in flux-flow state. As the local
temperature reaches the critical temperature, it
begins to increase sharply. Burnout time depends
strongly on flux-flow resistivity.

Abstract—A

. INTRODUCTION

High-temperature superconductor (HTS) current leads are
advantageous because they have the potential to reduce
refrigeration requirements to significantly below the best
values achievable with conventional leads [1]. Various HTS
materials were considered as candidates for certain
applications [1]-{7]. Because of the relatively high current in
the leads, any small resistance in the lead may lead to
burnout by Joule heating.

Burnout of current leads has been studied for conventional
[8], [91 and superconducting [51-[7] current leads. In [7], it
was assumed that the entire HTS lead suddenly becomes
normal, and the results represent the most conservative
estimate of burnout time. However, HTSs are known to
have a much wider transition region between superconducting
and normal states than conventional low-temperature
superconductors. In this transition (flux-flow) state,
resistivity is much lower than that in the normal state.
Burnout predictions in this study were carried out by
including the flux-flow {transition) state. A one-dimensional
heat conduction model is employed and the temperatures at
upper and lower ends of the lead are assumed to be fixed. The
HTS lead is BizSraCaCuz0g (BSCCO-2212) and is made by
a melt-casting process.
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II. ANALYSIS

The model employed for the conduction-cooled current lead
is shown in Fig. 1. The BSCCO-2212 rod is a solid cylinder
with diameter d and length L. The cold end (lower end) is
kept at T7 (= 4 K), and the warm end (upper end) is at Tp.
The warm-end temperature can be controlled by an
intermediate heat intercept and the cold end is usually
maintained at a temperature close to the saturation
temperature of the cryogenic coolant. It is assumed that heat
is transferred by conduction only in the axial direction of the
BSCCO rod. This is a conservative assumption because no
credit is taken for any heat transfer in the radial direction.

The calculation of burnout time of BSCCO-2212 current
Iead is based on the Fourier heat conduction equation:

T _ 2y pr?
3, ‘ax["max]wj ’ M

where vy is density, C is specific heat, k is thermal
conductivity, p is electrical resistivity, and J is current
density. The boundary conditions are
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Fig. 1. Schematic diagram of current lead geometry.
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Fig. 2. Variation of thermal conductivity with temperature for BSCCO-
2212 lead.

T=T; atx=0

@
’T= Ty atx=L.

In this paper, we assume that the lower end of the lead is
very close to a pool of liquid helium and Tz = 4 K. The
upper end of the superconductor lead is assumed to be
intercepted by liquid nitrogen and Ty = 77 K.

The thermal conductivity for the BSCCO-2212 lead is
shown in Fig. 2, which comes from [4]. The thermal
diffusivity of BSCCO-2212 can be obtained from [10]. The
specific heat of BSCCQO-2212 is calculated from the data of
thermal conductivity and thermal diffusivity and is
approximated by

C=158T, &)

where C is in J/(kg-K) and T is absolute temperature in
Kelvins. .

The objective of the burmout analysis is to estimate the
time required for the maximum temperature of the lead to
reach a specified value called burnout temperature. In this
paper, burnout temperature is arbitrarily defined to be Tp =
300 K.

The finite-volume method is used to solve the partial
differential equation (1) with boundary condition given by
(2). A central difference scheme is employed for space
coordinates. and a fully implicit scheme is employed for

time.
A. Superconducting State

If the HTS lead is in the superconducting state, the
resistance is zero and no Joule heat is gencrated. Temperature
distribution along the lead can be obtained by solving (1)
without the heat generation term,

d dr
(—ix-[k(r)-&;] =0. @

The temperature distribution can be obtained by integrating
)

T(x)
ok

A v ®
Ty

By using the temperature dependent thermal conductivity
data, we can calculate the temperature distribution in the
superconducting steady state (Fig. 3). Two upper-end
temperatures, Ty = 77 and 60 K, are considered. The upper
curve of Fig. 3 is for Ty = 77 K, and the lower curve is for
Ty =60K. Ty = 4 K in both cases. To calculate the
burnout time, the temperature profile in the steady
(superconducting) state is used as an initial condition for the
lead.

The helium boiloff rate in the superconducting state can be
calculated by [5]:

Ty _(m _mLC
I, k(T)dT—("I')(JL)CL ==+ ©

where m is the helium boiloff rate (kg/s), and Cy, is the
latent heat of vaporization for liquid helium (2.36 x 104
J/kg). If the BSCCO-2212 rod is 15 cm long and has a
diameter of 5 mm, the calculated helium boiloff rate is
0.269 mg/s for Ty = 77 K, and 0.178 mg/s for Ty = 60 K.

B. Critical Current Density

The critical current density is primarily a function of
temperature. The following equation for critical current
density is a linear fit of a small number of values provided by
the manufacturer of the BSCCO-2212 rod:
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Fig. 3. Steady-state temperature profile of conduction-cooled BSCCO-2212
current lead.
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Although (7) gives critical temperature T, = 91.9 K, T, is
assumed to be 90 K in this paper for conservative results,

Although the temperature of the superconductor is lower
than the critical temperature, the conductor becomes resistive
if the operating current density J becomes higher than the
critical current density J(7). Consider an HTS current lead
with a temperature distribution like that shown in Fig. 3. If
the operating current is greater than the critical current at Ty,
part of the lead near the upper end becomes resistive. The
temperature in the resistive region will increase and heat will
be conducted toward the lower end of the lead where the
temperature is lower. This increase in temperature will
further lower the critical current density, and the resistive
region will propagate toward the lower end of the lead. In
this paper, the resistive regime is also referred to as the flux-
flow regime, which is a transition regime between the
superconducting and normal regimes. To calculate the
temperature response, we must know the flux-flow resistivity
of the BSCCO rod.

C. Flux-Flow Resistivity

In general, flux-flow resistivity psr is a function of
temperature, and only limited data [11] indicate that flux-flow
resistivity increases with temperature. However, there are
little or no data on flux-flow resistivity of a BSCC0-2212
superconductor. We have conducted experiments to measure
the flux-flow resistivity of the BSCCO-2212 rod at 77 K
(liquid nitrogen) and 87 K (liquid argon), and the results are
shown in Fig. 4. The slope of the E-J curve gives the flux-
flow resistivity (pg = dE/dJ). From the data shown in
Fig. 4, the flux-flow resistivity of the BSCCO-2212 rod is
estimated to be =10-% Q-cm and appears to be fairly
insensitive to temperatures between 77 and 87 K. Because
there is a lack of data, the uncertainty in the flux-flow
resistivity is relatively large. Therefore, in this paper,
calculations are carried out by parametrically varying the
flux-flow resistivity from 10-3 to 10-7 Q-cm.

In the numerical calculation, it is assumed that the lead is
in the superconducting state if T < T and J < J(T), and the
resistivity is zero. The lead is assumed to be in the resistive
(tlux-flow) state if T < T, and J > J(7) and the resistivity is
equal to pgr. The lead is in normal state if T < T, and the
resistivity is equal to the normal state resistivity p,.
Resistivity of the BSCCO rod under normal state is 2.5 x
10-3 Q-cm at 300 K and 0.8 x 103 Q-cm at 92 K. Between
92 and 300 K, normal state resistivity is calculated by linear
interpolation.
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Fig. 4. E-J characteristics of melt-cast BSCCO-2212 rod.
III. RESULTS AND DISCUSSION

Fig. 5 shows change of temperature with time by using a
flux-flow resistivity of 106 Q-cm and an operating current
of 400 A. Because heat generation is concentrated near the
warmer end, temperature rise is also concentrated there.
Initially, the rise in temperature is very slow due to the
relatively low resistivity of flux flow state. When the
temperature reaches the critical point, (90 K), it rises rapidly
because there is a sudden increase in resistivity. Once the
warmer end becomes normal, the lead reaches its bumout
temperature (300 K) in a very short time, as shown in
Fig. 5. While 2.8 s are needed for the temperature to rise
from 77 K to 90 K, only 0.1 s is needed for the temperature
to rise from 90 K to 300 K. At 77 K, critical current density
is 1747 A/cm?2; this corresponds to a critical current of
343 A. For an operating current of 400 A, the current
density is 2037 A/cm?. Therefore, the warmer end of the
lead is in the resistive regime and begins to heat up. An
operating current of 350 A corresponds to a current density of
1783 A/cm?2. This is slightly higher than the critical current
density at 77 K and the lead will heat up also but at a slower
rate. The calculated bumout time is 5.8 s, twice that for the
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Fig. 5. Temperature distributions of BSCCO-2212 lead at different times
for pgr= 10" W-cm and operating current of 400 A.




case with an operating current of 400 A. If the operating
current is below 343 A, the lead will be superconducting
everywhere and there is no temperature rise, so the
temperature distribution is like that shown in Fig, 3.

Fig. 6 shows the variation of maximum temperature with
time for various flux flow resistivities and operating current
I'=400 A. Bumnout time varies strongly with flux-flow
resistivity. The flux-flow resistivity must be measured more
accurately in order to predict correctly the burnout time.

Fig. 7 shows the variation of maximum temperature with
time for various flux-flow resistivities and an operating
current of I = 350 A. The results are similar to that shown
in Fig. 6 for I = 400 A, except the burnout time is longer for
I=350A.

IV. CONCLUSIONS

Transient behavior and burnout time of a conduction-
cooled BSCCO-2212 current lead are predicted by numerically
solving a one-dimensional heat conduction equation. The
results show that the temperature rise of the superconductor
lead exhibited two distinct stages when the operating current
density is greater than the critical current density. The
temperature at the warmer end of the lead begins to rise
slowly because the superconductor is in the dissipative (flux-
flow) state. As soon as the local temperature reaches the
critical temperature, the temperature begins to increase
sharply and approaches the burnout temperature in a
relatively short period of time because the normal state
resistivity is much higher than the flux-flow resistivity of
the superconductor. The time to reach burnout temperature
depends strongly on the flux-flow resistivity, and there is a
general lack of available data on the flux-flow resistivity of
high-temperature superconductors.
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