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Abstract Superconducting fault current limiters (SCFCL)
offer an attractive way to limit short-circuit currents in
power systems. Analysis into electromagnetic and thermal
behaviors of superconductor material is crucial in order to
develop a novel design concept of a fault current limiter. A
new scheme, which can treat electromagnetic field of the
type-II superconductor under transient temperature field, is
proposed. In this analysis, one of the critical state models,
the Bean model was employed to determine the current
distribution in the superconductors and effect of magnetic
flux flow was also taken into account. Numerical results
indicate that the flux flow strongly affects the stability
against the quench in Bi-2212 material. High-Tc supercon-
ductor material (Bi-2212) was chosen for the current
limiting application. In order to investigate characteristics
of the current-quenched Bi-2212 bulk, a 2-dimensional heat
transfer equation was numerically solved using the finite
element simulation. Heat distributions among the super-
conductor bars were also simulated and by comparing both
the experimental and simulated results, it was found that
non-uniformities in a current density or a temperature may
exist in the quenching of bulk Bi-2212 superconductor.
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1 Introduction

One of promising applications of superconductor in the
power system is a fault current limiting device. Since high-
Tc superconductor has a large resistance in the normal state
compared with ordinary metallic compound superconduc-
tors, its quenching due to current can be used as a current
limiter by itself. However an operation of a superconductor,
especially a thin bulk, under a current-quenching condition
gives a large thermal stress to it and may breakdown the
bulk due to a local current concentration. From a view point
to realize a current limiter which is reliable, self-recovery
characteristic and large capacity, it is important to investi-
gate current-quenching characteristics of a thin bulk
superconductor.

In this paper, we performed numerical analysis of
quench propagation in order to see thermal stability in high
Tc bulk superconductor against thermal disturbance by
dealing with electromagnetic field of the type-II supercon-
ductor, including the flux flow effect under transient
temperature field and their current-resistance characteristics
under a current-quenching which was investigated by both
experimental and numerical simulation.

2 Experimental

In this studies, a highly textured bar-shaped bulk Bi-2212
superconductor elements prepared using a process known
as composite reaction texturing (CRT) [1] were used. This
technique depends on high aspect ratio magnesium oxide
fibers (MgO-f) specifically aligned during the fabrication
process. The elements has average critical current of 27 A
with transition temperature of around 90 K. The thermal
conductivity of the elements at 77 K is 2 Wm−1 K−1, with
density closely to 95% of the theoretical density.
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Critical current measurements were made in liquid
nitrogen (77 K). Current was driven through the supercon-
ductor element and the electric field across the supercon-
ductor is measured using two electrodes painted onto the
surface of the ceramic. The critical current is determined as
the current which gives rise to a field of 1 μVcm−1 (the
1 μV criterion).

The experimental setup is shown in Fig. 1. The element
was soaked in liquid nitrogen and fed with current using a
variable AC source / DC source which operates in both
current and voltage source mode. Awave form of current or
voltage applied to the element was sine of 50 Hz for one
cycle (20 ms). The temporal resistance was calculated from
the current (I) and voltage (V) waveforms using the relation
R = V/I.

The current-resistance characteristic was measured by
applying DC current to the element. The variation in
applied current (I) and the voltage (V) that appeared due to
quenching were observed. Figure 2 shows the current-
resistance characteristic of the element. Resistance of the
element first appeared at a current of 27 A and increased
exponentially until 0.7 Ω, and eventually showed saturation
characteristic at over 32 A. This temporal behavior of the
resistance is due to the flux flow resistivity at above critical
current that heated the superconductor element over a
critical temperature. The transition from superconducting
state to normal state occurs instantly at around the critical
temperature, but the dynamic resistance of the element
increased gradually with time.

One cycle of 50 Hz sine waveform voltage was applied
to the element using the variable AC source to measure the
current limiting characteristic. The current was observed to
be heavily distorted and limited to about 16 A after 5 ms. A
resistance arise and reached its saturated value, and further
increased when the current changes its direction.

3 Formulation

3.1 Constitutive equation

The macroscopic current distribution in the type-II super-
conductor is usually described based on the critical state
model, where the magnitude of current density is restricted
to become ± Jc (critical current density) or 0. Constitutive
equations to treat the critical state models such as the Bean
model have already been proposed [2] as follows;

J
!¼ ss E

!¼ Jc

E
!��� ��� E
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E
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In case under transient temperature field such as quench
propagation, however, the effects of temperature change
and flux flow on the constitutive equation have to be
considered. In order to take the flux flow into account,
equation (1) is modified as follows;

J
!¼ ss E

!¼ Jc

E
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where σs is the equivalent conductivity in the flux flow
state, in which;

sf ¼ sn
Bc2

B
!��� ��� ð4Þ

where σn and Bc2 are electrical conductivity at normal state
and upper critical magnetic field, respectively. Equation (3)
means that the flux flow occurs whenever the electrical
field exists.
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Fig. 1 The experimental setup
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When the Jc varies due to the change of temperature,
Eqs. (3) and (4) are not available anymore. It is obtained by
numerical analysis of fluxoid dynamics that the current
density does not change in case of temperature decreasing in
spite of the increase of the critical current density. This result
means that the magnitude of superconducting current density
can vary continuously from −Jc to +Jc. When the tempera-
ture changes, therefore, the following equations are used.

if J
!��� ��� > Jc J

!¼ ss E
!¼ Jc

E
!��� ��� E

!þ sf E
! ð5Þ

if J
!��� ��� � Jc

@ J
!
@t

¼ 0 ð6Þ

When the electrical field becomes 0, the absolute value
of current density equals the critical current density as
derived from (5). Then Eq. (6) will be satisfied so that the
procedure to check the magnitude of electrical field
appearing in (1) and (2) could be omitted.

3.2 Governing equation for electromagnetic field

In introducing the current vector potential T, the following
equation can be derived based on the Maxwell equations [3,
4], in which;
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where Bo is the applied field and Be is the induced field, and;

B
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where C(P)is shape function, and n is normal unit vector.

3.3 Governing equation for temperature field

Since the critical current strongly depends on temperature,
the temperature distribution in the superconductor has to be
evaluated. The equation of heat conduction [5, 6] is
expressed by;

rCp
@q
@t

¼ r � krq þ Q0 þ Qj ð9Þ

where ρ, Cp and k are mass density, specific heat and
thermal conductivity, respectively. Q0 is an artificial heat
source to induce the quench, while Qj is the joule heating
source calculated from the electromagnetic analysis.

4 Numerical analysis

The temperature dependence of the Jc and Bc2 are usually
expressed by the following functions [7, 8];

Jc ¼ Jc0 1� q
qc

� �
ð10Þ

Bc2 ¼ Bc20 1� q
qc

� �2
 !

ð11Þ

where the subscript 0 indicate 0 K.
In the present analysis, the temperature dependence of

normal electrical conductivity and mass density is ignored.
Since the Bean model is used, the critical current density
does not depend on the magnitude of magnetic field [9].

Fig. 3 Finite element meshes of superconductor elements and
stainless steel

Fig. 2 A current versus resistance characteristic
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Numerical analysis is performed based on the finite element
method with eight node isoparametric elements.

As shown in Fig. 3, the current and temperature
distributions are two-dimensionally evaluated on the broad
face of the cross-section of superconductor elements soaked
in liquid nitrogen. Stainless steel bar is mounted beneath
the elements with almost the same dimension. A thermal
disturbance is produced by giving an artificial pulse heat
generation at the center of superconductor element.

In this study, the artificial heat generation of 10,000 GW/
m3×5.4 μsec was applied. Figure 4(a)–(c) show the typical
dynamic transitions of the current and temperature distri-
butions. Figure 4(a) shows the initiation of current quench-
ing and its development. Transitions of supercurrent and
generation of bypass current according to the temperature
rise followed by spread of the quenched region are
simulated in detail. Figure 4(b),(c) shows the current dis-
tribution begins to recover from current quenching be-

Fig. 4 (a) Initiation of current
quenching and its development.
(b) Current distribution after
pulse heating is terminated (t=
5×10−6 sec.). (c) Final current
distribution after thermal
disturbance

368 J Electroceram (2008) 21:365–369



cause the joule heating in the stainless steel regions is
negligibly small due to large conductivity and as such, the
quenched region in the superconductor is cooled effective-
ly. In Fig. 4(b), the supercurrent diffuses from the boundary
zones to the center zone of the superconductor in front of
the quenched region. The current amplitude is reduced
when approaching the quenched region, and mostly flows
into the center region of the superconductor while the rest
of the current flows into the stainless steel region. This is
due to the difference of electrical conductivities between
the superconductor and the stainless steel. Moreover, the
magnetic field produced by the bypass current reduces the
magnitude of the field on the interface of the superconduc-
tor element. This change induces the current flowing in the
negative x-direction as is predicted by the critical state
model. Thus, due to this reversal current, the amplitude of
the supercurrent is decreased and, in some case, eddy
current is induced in the interface zone [10].

In Fig. 4(c), it is interesting to see some traces of the
contracting current even after recovery from current
quenching. It indicates that the thermal disturbance induced
hysteresis of current distribution in the superconductor.
This hysteresis can be explained as follows. Firstly, current
distribution is not only distributed in the quenched region
but also in the region around the initial temperature.
Secondly, due to effective cooling by stainless steel
conductors with less joule heating and large diffusivity for
heat compared with magnetic flux, temperature distribu-
tions both in the superconductor and stainless steel become
uniform for a short time. On the contrary the influenced of
supercurrent distribution in the region around the initial
temperature is unchanged due to small diffusivity of
magnetic flux.

5 Conclusions

The conclusions from the present study are summarized as
follows:

1) Spread of current quenching and its recovery after
thermal disturbance in type-II superconductor are
simulated by the code on the basis of the Bean model.

2) The current distribution in the superconductor shows
hysteresis against thermal disturbance,

3) Electrical conductivity in the flow state strongly affects
the quench propagation.
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