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Abstract—This paper presents the design and performance re-
sults of a pair of conduction-cooled brass current leads for a resis-
tive superconducting fault current limiter (SFCL) system. The 24
kV class SFCL, which has been recently developed by the KEPRI-
LSIS collaboration group in Korea, requires three pairs of con-
duction-cooled brass current leads operated continuously at 630
A. When the SFCL system is in the fault-mode, the current leads
have experienced a 60-Hz fault current of 10 kA at 24 kV for
3–5 cycles. In this paper, we present the performance results of the
conduction-cooled brass (commercial brass, 10% Zn) leads having
a rated current of 667 A operated in a bath of liquid nitrogen.

Index Terms—Brass current lead, superconducting fault current
limiter (SFCL).

I. INTRODUCTION

THE development of thermally-stable current leads for a su-
perconducting fault current limiter (SFCL) having a min-

imum heat input at the cold-end is very important because SFCL
has frequently experienced a fault current, that is 20 times
its rated current, when the SFCL system is in the fault-mode.
The 24 kV/630 A-SFCL is being developed by collaboration
between the Korea Electric Power Research Institute (KEPRI)
and LS Industrial Systems (LSIS), which is supported by a grant
from the Center for Applied Superconductivity Technology of
the 21st Century Frontier R&D Program funded by the Ministry
of Science and Technology, Korea. This resistive SFCL system
requires three pairs of conduction-cooled current leads.

Of the two main types of materials to be used for conduc-
tion-cooled current lead commonly, copper and brass, the brass
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could potentially be more effective in SFCL systems. The brass
lead heat input at the cold-end is smaller than that of the copper
lead at rated current, because of smaller product of the elec-
trical resistivity and thermal conductivity. Moreover, our recent
analysis has demonstrated that brass leads are operated stably in
over-current mode [1].

In this paper, we present the design/performance results of
the conduction-cooled type current lead using the brass (com-
mercial brass, 90% Cu 10% Zn), which is manufactured for
use in our resistive SFCL.

II. PROCEDURE FOR PAPER SUBMISSION

A. Conduction-Cooled Current Leads

Here we deal with the design of the conduction-cooled op-
timum leads. The thermal behavior of the conduction-cooled
current lead is analyzed by solving the one-dimensional steady-
state power density differential equation given by [2]

(1)

where is the current lead’s cross sectional area, is a position
along the current lead, and are, respectively, the temperature-
averaged thermal conductivity and electrical resistivity, and is
the rated transport current. Integrating (1) twice with respect to
and dividing the resulting equation by , and with appropriate
boundary conditions, and , the
solution of (1) is obtained as follow:

(2)

The heat input at the cold-end, is given by

(3)

Differentiating (3) with respect to and setting it to 0 for
shape factor, that minimizes and solving
for , we obtain:

(4)

From (3) and (4), we have an expression for the optimum heat
input to the cold-end at rated current of as follows:

(5)
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TABLE I
PROPERTY DATA AND DESIGN PARAMETERS OF AN OPTIMUM COPPER

(RRR = 30) AND BRASS (COMMERCIAL, 10% ZN) LEADS [5]:

(1) 65–298 K, (2) 77–298 K

Fig. 1. Qin(It) plot for optimum copper and brass leads (77–298 K).

Equation (5) indicates that the cold-end heat input at rated cur-
rent of is directly proportional to the square root of lead ma-
terial’s , , and the temperature range, .

B. Copper Leads vs. Brass Leads

Using (4) and (5), we obtain design parameters of an op-
timal lead including the optimal lead active length and cross-
sectional area and the cold-end heat input at rated current of .
Prior to selection of the lead material to be used for our SCFL
system, comparison study between two materials’ performances
has been fulfilled.

Table I presents the property data and design parameters of
an optimum copper and brass leads in two different temperature
ranges: (1) 65–298 K, and (2) 77–298 K. A skin effect on ,
due to AC current, is negligible in the present case. The ratios
of and of brass (commercial) and copper are

, and thus the brass lead heat input, ,
at rated current of is 67% of that of the copper lead.

Fig. 1 shows plot for optimum copper and brass
leads in temperature range of 77–298 K. The value of ,
(i.e., the slopes of the plots in Fig. 1) for brass and copper leads
is 29.72 and 42.98 W/kA, respectively. Fig. 2 shows lead radius

and cross sectional area vs. plot for optimum copper
and brass leads having 100 cm of lead active length in tem-
perature range of 77–298 K, if it is circular rod. At ,
lead radius and cross sectional area of copper lead are

Fig. 2. Lead radius (R) and cross sectional area (A) vs. It plot for optimum
copper and brass leads having 100 cm of lead active length (`) (77–298 K).

TABLE II
PARAMETERS OF CONDUCTION-COOLED BRASS (COMMERCIAL, 10% ZN)

LEADS

0.881 cm and 2.438 while 1.847 cm and 10.72 in case
of the brass lead. Considering the lead size required, contrary
to the case of , the copper has more comparative advantage
than the brass.

C. Design and Manufacture of Brass Current Leads for
Resistive SFCL

Because of the brass lead is smaller than that of the
copper lead, we decided to use brass for our 24 kV class SFCL
system, which requires three pairs of conduction-cooled brass
leads operated continuously at 630 A. Considering the current
leads experience a fault current of 10 kA at 24 kV in 0.1s
when the SFCL is in the fault-mode, we designed the brass leads
having a rather higher rated current (667 A) than the normal op-
erating current (630 A).

Table II lists the design parameters of the brass leads oper-
ating between 77 K and 298 K [5]. The cold-end heat input,

at and 667 A, respectively, should be 18.72
W and 19.82 W. Using the shape factor computed (i.e.,

, total cross-sectional area
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Fig. 3. Photograph of conduction-cooled brass leads having the rated current
of 667 A for SFCL.

and active length are deter-
mined for manufacture of the optimal brass lead.

Fig. 3 shows photograph of conduction-cooled brass leads
having the rated current of 667 A. As indicated in the top pho-
tograph, the brass lead is comprised of 7 brass circular bars

to make .
For electrical insulation, the entire lead surface is covered by
G-10 tubing (see the bottom photograph).

D. Thermal Analysis of the Brass Current Leads Under a
Fault Condition

The lead heat input includes two heat sources, Joule and con-
duction. For an ideal lead, heat transfer between the lead and
cryogen is assumed “perfect,” i.e., zero temperature difference.
However, temperature may increases in the brass leads under
a fault condition. Initially the brass lead, carrying an operating
current , is in thermal equilibrium with cold ni-
trogen gas and its surroundings. The equilibrium is broken by an
increase in the current, which is a fault current , passing
through the brass lead during 0.1 s in our SFCL system.

The energy generation due to the electric resistance
heating, is equal to , where elec-
trical resistance of brass,

and a
duration time, . If the fault current is 10 kA,

.
The change in energy storage, is due to the lead tem-

perature change and can be expressed as follow:

(6)

where , m, and is the temperature-averaged specific heat,
mass, and density of the brass (Commercial, 10% Zn) respec-
tively, and is the volume of the brass lead. Substituting values
of , , and

into (6) and assuming that the adiabatic condition in
which Joule heating is converted to raising the brass lead tem-
perature (i.e., ), we have

, which is equal to
430 Joule. Finally we have indicating that there
is no significant temperature increase in the brass lead under
such a fault condition having 10 kA fault current within only

in our SCFL system.

III. EXPERIMENTAL TECHNIQUE FOR MEASURING OF

Fig. 4 shows a photograph of a pair of brass lead attached
on the top flange of cryostat and a schematic diagram for the
experimental setup and the system’s electrical requirements for
one lead.

Fig. 4. Photograph of a pair of brass lead attached on the top flange of cryostat
(a), and schematic diagram for the experimental setup and the system’s electrical
requirements for one lead (b).

The heat input at a constant current of the brass lead
was determined in terms of the time rate of change of the
level, , measured with a level sensor [Method 1]. The
total heat input , is comprised of two components: a)

, the total heat due to the two brass leads and b) extraneous
sources of heat, . Finally the is determined from
the following equations [3], [4]:

(7)
Where , and are the latent heat of va-
porization (199.3 J/g or 161 ), the density at 77 K
and cross sectional area of the test cryostat, respectively. The

is obtained by measurement of the heat input of the test
cryostat without the brass leads. Using (7) and the mea-
sured experimentally, we obtain:

(8)

Another method to determine the is to measure the
volume of the vaporized gas using volumetric flow
meter and from the following relationship [Method 2]:

(9)
Note that the value of 690 indicates the ratio of density of
(77 K) and vaporized gas (298 K).

IV. RESULTS AND DISCUSSION

The conductive heat contribution of two current
leads with no current could be calculated as the follow:

(10)
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Fig. 5. Qin(t) plot due to test cryostat and conductive heat contribution of two
current leads with no current.

Fig. 6. Qtotal(I) plots obtained with the brass leads tested up to It of 1 kA. The
open triangles, closed circles, and closed squares correspond to Qtotal[level],
Qtotal[vap], and Qtotal obtained from the Vlead � I of the two leads, respec-
tively.

Fig. 5 shows the plot due to the test cryostat and
conductive heat contribution of two current leads with no cur-
rent. The measured value of (24 W), obviously, includes

and . Because the measured was 6.5
W, the of 17.5 W could be obtained,
which is 90% of the designed value (19.82 W) obtained from
(10). This "pleasant" discrepancy ( measured (
designed) may have occurred because of the uncertainties in the
value of or measurement error.

Fig. 6 shows the plots obtained with the brass
leads tested up to of 1 kA. The open triangles correspond
to determined from the time rate of change of the

level, , measured with a level sensor and using
(7) [i.e., Method 1]. The closed circles correspond to
determined from measure of the flow rate of the vaporized
gas and using (9) [Method 2]. Both and
are almost identical and comprised of and (6.5
W) represented as the cross-hatched area. The plots
for both experimental (17.5 W, solid line) and analytical (19.82
W, dotted line) are also shown in Fig. 6.

The dashed line, that is the designed initially, demon-
strates the measured and which agree
well with that given by the design. For example, at ,

Fig. 7. V(I) plots in the 0–1 kA range across both brass leads. Note that the
slope of the plot indicates the lead resistance R.

All of the designed of 44.0 W, of 41.2 W, and
of 43.3 W are reasonably identical. In addition, an-

other measured obtained from the curve of the
two leads (see the closed square line) is 43.4 W, which is also
almost identical to the designed .

Fig. 7 shows plots in the 0–1 kA range across both lead
and lead . Both ends of each lead were soldered together

with 10 pieces of the AMSC HTS tape. Both of the two
curves are identical. Because the plot shows an Ohmic
behavior, the slope of the plot indicates the lead’s resistance,

, which is slightly larger than the theoretical
value . It is reasonable to assume that the larger
value of measured is due to contact and/or joint resistances
of brass section for the termination of 7 brass circular bars.

The temperatures of both the bottom and top ends of each lead
were measured using E-type thermocouples for over 5 hours
continuously and were independent of current and remain, re-
spectively, at 77 K and 298 K (room temperature).

V. CONCLUSION

The experimental measurements have demonstrated that key
performance data of the conduction-cooled brass current lead
for SFCL agree reasonably well with those expected from de-
sign. We conclude that this new pair of brass current leads can
be a highly promising to be used for the 24 kV/630 A-SFCL,
which is recently being developed by the KEPRI-LSIS collabo-
ration group in Korea.
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