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Relation Between Critical Current Density and Flux
Flow Resistivity in Bi2223 Bulk Element for Fault

Current Limiter
T. Aritake, T. Noda, H. Shimizu, Y. Yokomizu, T. Matsumura, and N. Murayama

Abstract—The relation between the critical current density and
flux flow resistivity in a Bi2223 bulk for fault current limiter was
experimentally investigated. The distributions of c and voltage
along the longitudinal direction were measured as well as trans-
port current. As a result, it is found that the flux flow resistivity is
the higher of at the position with lower critical current. Measured
results was numerically analyzed to obtain the empirical expres-
sion for the flux flow resistivity as a function of the critical current
density, accumulated Joule heat and transport current.

Index Terms—Bi2223 bulk, critical current density, fault current
limiter, flux flow resistance.

I. INTRODUCTION

A S A PROMISING candidate for current limiting tech-
nology in electric power system, the introduction of

fault current limiter (FCL) is expected [1]. FCL is classified
into various types. There is a superconducting FCL as one
of them. A typical superconducting FCL is a resistive type
which reduces the fault current by the resistance generated by
overcurrent flowing in the superconducting element. The FCL
may have the problem it requires somewhat time to recover to
normal operating state after the fault clearing.

In order to solve the problem of recovery time in the super-
conducting FCL, we have proposed to use the flux flow resis-
tance of high temperature superconductor (HTS) [2]. Under the
state that the temperature of the HTS is below the critical tem-
perature, the flux flow resistance appears in HTS when the trans-
port current exceeds the critical current and disappears at the
moment that the current is less than the critical current. It means
that the FCL using the flux flow resistance of HTS (a flux flow
resistance type of FCL) possibly recovers to normal operating
state after the fault clearing, immediately.

In this paper, the generating process of the flux flow resis-
tance is experimentally investigated to obtain fundamental data
for the discussion on the feasibility of the flux flow resistance
type of FCL using a Bi2223 bulk as the superconducting mate-
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Fig. 1. Sample of Bi2223 bulk adopted.

TABLE I
INTERVALS BETWEEN VOLTAGE TAPS

rial [2]. We supplied a sinusoidal overcurrent to the sample of
the bulk to measure the distribution of the critical current den-
sity and – characteristics. Then, the flux flow resistance was
expressed as a function of critical current density, accumulated
Joule heat and transport current. As a result, it is found that there
is a significant correlation between the generated flux flow re-
sistance and the critical current density.

II. Bi2223 BULK SAMPLE

We adopted a Bi2223 bulk made by sintering [3] as the sample
conductor. We took the measurement for two samples (sample 1
and sample 2). Fig. 1 illustrates the shape of the samples. The
length and cross-sectional areaof both samples are 140 mm
and 4.47 mm, respectively. As shown in Fig. 1, copper plates
were soldered at both ends of the sample as the electrodes. The
voltage taps 1 to 7 were connected along the longitudinal direc-
tion to measure the distributions of the critical current density
and flux flow resistivity. The intervals between taps are listed in
Table I.

Fig. 2 shows the critical current density measured
under the conditions of 77 K and 0 T at each section in the
samples. The somewhat dispersion of exists. The averages
of in sample 1 and sample 2 are 2.4810 A/m and
1.62 10 A/m , respectively. The ranges of the dispersion
of for sample 1 and sample 2 are 0.4610 A/m and
0.80 10 A/m , respectively.

1051-8223/03$17.00 © 2003 IEEE



ARITAKE et al.: RELATION BETWEEN CRITICAL CURRENT DENSITY AND FLUX FLOW RESISTIVITY IN Bi2223 BULK ELEMENT FOR FCL 2085

Fig. 2. Distribution of critical current density.

(a)

(b)

Fig. 3. Waveforms of current, voltage per unit length and accumulated Joule
heat (sample 1). (a) Current and voltage per unit length. (b) Accumulated Joule
heat.

III. OVERCURRENTCARRYING TEST

A.C. (60 Hz) overcurrent was suddenly supplied to the sample
for three cycles. For the various peak values of the overcurrent,
the transport current and voltage across each section were mea-
sured and then the accumulated Joule heat generated in each
section was estimated.

Fig. 3 shows the example of measured waveforms of the cur-
rent , voltage generated per unit length and accumulated Joule
heat per unit volume at each section in sample 1. The max-
imum values of current is 365 A in this example. We ob-
tained by integrating the product of instantaneous value of
current density ( ) and .

When exceeds the critical current level of the section,ap-
pears because the sample begins to exhibit the flux flow resis-
tance. The voltage disappears at the moment thatbecomes

Fig. 4. Critical current density as a function of accumulated Joule heat.

Fig. 5. Voltage-current density characteristics at Sections II and III in sample
2 (J = 1:10 � 10 A/m ).

lower level than critical current. The accumulated Joule heat
increases as the time proceeds. The temperature of the bulk must
rise with . Since the flux flow resistance increases by the tem-
perature rise, the peak value ofgrows with the elapse of time.
As shown in Fig. 3(a), the magnitude ofdepends on the section
in the sample. From Fig. 2 and Fig. 3(a), it is found that large
voltage trends to be generated in the section which has low.
This tendency is also observed in sample 2.

IV. RELATION BETWEEN CRITICAL CURRENT DENSITY

AND JOULE HEAT

We can obtain the critical current density by reading the
current level at the moment whenbecomes zero in Fig. 3(a).
In Fig. 4, the measured values of are plotted against the ac-
cumulated Joule heat at that time, which can be gotten from
Fig. 3(b). The value of of a vertical axis in Fig. 4 is normal-
ized by . From Fig. 4, linearly decreases with an increase
in at every section. It is found that the results for all sec-
tions do not differ much. By the method of least squares, we ob-
tained the equation of the relation between and (unit:
MJ/m ) approximated as the linear function as follows:

(1)

V. VOLTAGE-CURRENTDENSITY CHARACTERISTICS

The relation between the voltageper unit length and the
current density ( – characteristics) may also depend on.
We can also derive the dependence of– characteristics on
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Fig. 6. Voltage-current density characteristics (W = 10 MJ/m ).

Fig. 7. Voltage-current density characteristics at Sections II and III in sample 2
estimated from (2)�(9) (J = 1:10� 10 A/m ).

Fig. 8. Voltage-current density characteristics estimated from (2)�(9) (W =

10 MJ/m ).

from Fig. 3(a) and (b) [2]. Fig. 5 shows the example of results
obtained for the Sections II and III in sample 2 with some kinds
of dots. This figure indicates the– characteristics for ,
10, 15, and 20 MJ/m. The dots on a transverse axis are equiva-
lent to for each , and determined by (1). The broken lines
in Fig. 5 correspond to the curves approximated as quadratic ex-
pression by the method of least squares. From Fig. 5,increases
with as well as . We have confirmed that the other sections
and another sample also have the same tendency.

The – characteristics under MJ/m obtained for
some sections are indicated together in Fig. 6. The broken lines
are the approximated ones. From Figs. 2 and 6, the magnitude
of and slope of – characteristics in the section which has
lower are larger than that in the section with higher .
This tendency is also found for other .

(a)

(b)

(c)

Fig. 9. Resistivity-current density characteristics. (a)J = 1:17� 10 A/m
(b) J = 1:97� 10 A/m (c) J = 2:61� 10 A/m .

VI. NUMERICAL FORMULATION OF – CHARACTERISTICS

We assumed that was expressed as a quadratic function of
as next equation

(2)

where , and are supposed to be presented as functions of
and . We obtain the value of , , and for different

and sections by approximating– characteristics to quadratic
expression with method of least squares. It is assumed that,

, and are written as linear function of as follows:

(3)
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where and are supposed to be expressed with a function
of only . By the method of least squares, the relation between

and all was approximated with linear function and then
we obtained the coefficients and . Furthermore, we as-
sumed that and could be expressed by a linear function
of . Then, we can obtain the dependence of alland on

as follows:

(4)

(5)

(6)

(7)

(8)

(9)

As a result, (2)–(9) enable us to quantitively estimate the–
characteristics of our Bi2223 bulk for any and . In Fig. 7,
the – characteristics for A/m are illus-
trated for some kinds of , whose calculation conditions cor-
respond to the experimental ones of Fig. 5. Fig. 8 shows the
– characteristics for MJ/m for different s. This

figure corresponds to Fig. 6 because was measured for each
section as shown in Fig. 2. It is confirmed that the calculated
curves almost agree with the measured results by the compar-
ison between Figs. 7 and 5 and between Figs. 8 and 6.

VII. RESISTIVITY-CURRENTDENSITY CHARACTERISTICS

General expressions on the flux flow resistance must be
useful for computing the current limiting performance of the
flux flow resistive type of FCL. The resistivity is obtained by
division of by

corresponding as follows:

(10)
Fig. 9 represents calculated from (3)–(10) as functions

of and in cases of , 1.97 10 and
2.61 10 A/m as an example. It is found thatchanges with
, and . As far as our Bi2223 bulk made by sintering is

concerned, the lower bulk has the higher resistivity in the
flux flow resistance state as seen from Fig. 9.

VIII. C ONCLUSION

We investigated the dependence of the flux flow resistance
on the instantaneous value of the transport current, the gener-
ated Joule heat and critical current density for the Bi2223 bulk
made by sintering. As a result, we were able to express the re-
lation between the normalized critical current density and Joule
heat. Furthermore, we were also able to formulate the value of
the flux flow resistance using the current density, the Joule heat
and the critical current density. As far as our Bi2223 bulk is con-
cerned, the magnitude of the flux flow resistivity for the section
which has the lower critical current density are larger than that
for the section with the higher critical current density. The nu-
merical expression on the flux flow resistivity, which were for-
mulated from the experimental– characteristics, will enable
us to evaluate the current limiting performance of the flux flow
type FCL with Bi2223 bulk.
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