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Current-Lead Design for Cryocooled
HTS Fault Current Limiters

Ho-Myung Chang, Yun Sik Kim, Ho Min Kim, Haigun Lee, and Tae Kuk Ko, Member, IEEE

Abstract—A comprehensive design procedure is presented for
the current leads in HTS fault current limiters continuously re-
frigerated by a cryocooler. Two specific aspects are focused here in
addition to the standard lead-design. The first is an optimization
with taking into account the heat conduction through electrical in-
sulator needed for high-voltage applications. Through a rigorous
analysis, it is verified that the standard design should be modified
in order to minimize the overall heat leak. The second is the tran-
sient thermal behavior that may be caused by excessive current.
A numerical analysis is performed to estimate the peak tempera-
ture after a short current-limiting period, including the effect of
fins as enhanced local heat capacity. Some of the design details are
demonstrated for the specifications of FCL’s under development in
Korean R&D Programs.

Index Terms—Cryocooler, current lead, FCL, optimization.

I. INTRODUCTION

CURRENT leads are key components in HTS fault current
limiters (FCL) that electrically connect the power lines at

room temperature with the HTS elements at cryogenic tempera-
ture. Since the heat leak through current leads is a major source
of cooling load, an optimal design to minimize the cryogenic
load [1]–[7] is important in the commercialization of HTS FCL.
This study is part of our ongoing efforts in Korea toward a prac-
tical scale of the prototypes to be continuously refrigerated in
subcooled liquid nitrogen by a cryocooler [8]–[10].

Fig. 1 shows schematically two simplified configurations of
the cryocooled (zero boil-off) cryostat for our resistive FCL’s
under development and the corresponding arrangement of the
current leads. The most convenient cryostat for assembly and
repeated access to the HTS elements is the so-called re-entry
type shown in Fig. 1(a), where the cylindrical wall of the
vessel is welded directly to the top flange at room temperature.
The current leads in this cryostat pass through a vapor space
above the liquid level. As reported in [5], the optimization of
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Fig. 1. Schematic of FCL cryostats continuously refrigerated by a cryocooler.
(a) Re-entry cryostat; (b) suspended LN vessel.

these leads is basically similar to the conduction-cooled leads,
since no boil-off gas flows out of the system. Heat leak through
the wall and the wide vapor space may be considerably reduced
if the inner vessel is suspended by slender supports as
shown in Fig. 1(b). The current leads in this cryostat should be
located in vacuum, and the well-known optimization for a con-
duction-cooled lead [1], [4] is exactly applicable.

We propose in this paper that two additional factors should be
considered in current-lead design for HTS FCL’s. The first is the
effect of electrical insulation on the optimal design. For high-
voltage (up to 154 kV) applications, a proper thickness of di-
electric material is needed on the outer surface of the conductor
in vapor space or vacuum. Even though we use a cryogenic in-
sulator with low thermal conductivity [11], heat to the cold end
may not be negligible because of the large cross-sectional area.
The main idea here is that this additional heat leak may be cut
down to a certain level if we consider the thermo-electric phe-
nomena simultaneously for insulator and conductor.

The second aspect is the transient thermal behavior that may
be caused by excessive (limited or unlimited) fault current. For
steady-state operation of the leads, we can select a number of
different combinations for the length and the cross-sectional
area of conductor, because the optimal condition is defined in
terms of the length-to-area ratio and the cooling load at steady
state should be theoretically the same regardless of the selection.
On the other hand, the temperature rise from excessive current is
strongly dependent on the selection. Schemes to thermally pro-
tect the leads are addressed in the present design.
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Fig. 2. Dimensional notation for conductor and insulator of a lead.

II. DESIGN WITH ELECTRICAL INSULATION

A. Optimization

The optimization of a conduction-cooled lead is the process
of determining the physical dimensions of conductor to mini-
mize the cooling load at the cold end for a given current. When
the conductor is covered with an insulator as shown in Fig. 2,
heat may be transferred through both conductor and insulator,
while the Joule heating occurs only at the conductor. The steady
energy balance equation, with boundary conditions, is

(1)

where we assume that temperature is a function of the axial
location only, since heat in the radial direction is negligible. The
axial distance is measured from the cold end (the liquid level
for the re-entry type and the top plate of vessel for the
suspended type). , , and are the cross-sectional area, the
(temperature-dependent) thermal conductivity and electrical re-
sistivity, respectively, and the subscripts and denote con-
ductor and insulator, respectively.

We define a heat-conduction ratio as

(2)

where can be expressed as for the lead shown
in Fig. 2. Since the ’s vary along , we use temperature-aver-
aged values in calculating the ratio. In order to find the optimal
condition, we make a mathematical transformation in (1) from
the temperature as a function of axial distance, , to the heat
flow as a function of temperature, .

(3)

Integrating (3) from to , we can shortly verify that the
heat to the cold end has the minimum when , and the
minimum heat per unit current is given by

(4)

Fig. 3. Minimum heat per unit current and optimal lead parameter as a function
of liquid temperature for various values of " and RRR. (a) Minimum heat per
unit current; (b) optimal lead parameter.

The “lead parameter” is a product of current density and lead
length, whose optimal value is derived from the integration of
heat flow distribution over the length.

(5)

If , (4) and (5) are simply reduced to the standard for-
mula for conduction-cooled leads [1], [4]. It should be noted
here that is coupled with , hence the optimal condition is
determined with an iterative method as explained in next sec-
tion. Since is generally much less than unity, only a few iter-
ations are enough to obtain a practically significant value.

Fig. 3 is the plots of (4) and (5) as a function of for selected
values of and . The conductor is copper, and we
used its properties from [3] with different RRR values. Fig. 3(a)
can be used to calculate the minimum cooling load per unit cur-
rent with the insulation, and Fig. 3(b) provides the optimal di-
mensions for the conductor to minimize the cooling load. The
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TABLE I
TWO EXAMPLES OF LEAD-DESIGN FOR KOREAN FCL PROJECTS

Schematically shown in Fig. 1.

Design of conductor without taking the insulator into account.

key point here is that the thermal penalty of the insulator cannot
be avoided, but it can be minimized by this optimization.

B. Design Examples

We present two examples of the optimal design taking into
account the insulation. Table I lists the given specifications, the
design parameters, and the comparison of cooling load between
the present and the standard design in two cases. The ratings of
the two cases are selected as the goals of Phase II and Phase III
in the Korean FCL projects.

The first step to determine the optimal lead parameter is to
make an initial guess of the parameter by letting in
(5). This value depends only on the end temperatures and the
properties of the conductor. The second step is to estimate the
value of from (2), using the calculated in the previous step
and the temperature-averaged ’s. The third step is to correct the
lead parameter by (5) with obtained from the previous step.
Next, we compare the newly calculated lead parameter with the
previous one, and then repeat the second and third steps until
the required accuracy is satisfied.

The conduction ratio and the calculated optimal lead pa-
rameter are 0.013 and 28.7 kA/cm, respectively in Case
1, and 0.031 and 35.0 kA/cm, respectively in Case 2. We used
the thermal conductivity of insulator (GFRP) from [12]. In Case
1, the cooling load can be reduced with the present method only
by 0.4 W (1.5%), since the heat conduction through the insu-
lator is very small. On the other hand, in Case 2, the reduction
is 2.6 W (3.0%), as the insulator is heavier for the higher voltage,
and the lead length is shorter for the compact cryostat with sus-
pended vessel. The optimized results in the two cases are
indicated as dots in Fig. 3.

III. TEMPERATURE RISE BY EXCESSIVE CURRENT

A. Numerical Analysis

Temperature rise due to excessive current can be predicted by
solving one-dimensional transient heat equation

(6)

where and are the density and (temperature-dependent) spe-
cific heat, respectively. is the volume ratio of (if any) fins
(subscript ) to the conductor body (subscript ), defined as

(7)

The purpose of fins in these systems is not to augment the con-
vective cooling in a gas flow, but to provide an enhanced local
heat capacity. The value of is zero for the leads in a simple
shape such as rod, tube, or wire. There are a number of different
ways to fabricate the fins [2], one of which will be discussed in
the next section.

Since we are interested primarily in the peak temperature
while the FCL is working for a short fault period, this problem
is defined for about 100 ms (6 cycles at 60 Hz) and the initial
condition to (6) is the steady-state temperature at the designed
nominal current. The major variable in this analysis is the ex-
cessive current in (6), which is assumed constant during the
short period for simplicity. We do not need to include the insu-
lation, because the so-called thermal penetration depth [13] to
GFRP for 100 ms is less than 1 mm and the conductor may well
be considered adiabatic in the radial direction.

Equation (6) is solved numerically with the temperature- de-
pendent specific heat, thermal conductivity, and electrical re-
sistivity. The Crank-Nicolson method [14] is incorporated as a
numerical integration scheme. The most difficult and uncertain
part of this numerical calculation is the boundary conditions at
the two ends. We solved an equation twice with ,

and . The first
solution provides a lower limit in the temperature rise as the
“isothermal” boundary conditions are valid for the most effec-
tive cooling at temperature and room temperature. The
second solution is an upper limit, since the “adiabatic” boundary
conditions are valid for no cooling at all. In the results reported
below, the temperature profile for the short period is nearly iden-
tical for the two conditions except at locations near the end
points. In this paper, we present the second solutions only in
order to be conservative in the analysis.

Fig. 4 shows the calculated peak temperature as a function of
the excessive current for selected values of the axial length
and the volume ratio . In every case of these calculations,
the cross-sectional area has been optimized by (5) for a
normal current of 630 A, , and Cu with .
We note that the peak temperature is very sensitive to the axial
length, because the optimal is also proportional to in (5).
It is clear that as the lead length increases, the local temperature
rise decreases and the role of fins becomes less significant. On
the other hand, the fins are effective in reducing the peak tem-
perature, if the lead length is short for a compact design in the
cryostat shown in Fig. 1(b).
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Fig. 4. Estimated peak temperature after 100 ms as a function of excessive
current for optimized leads (Cu, RRR = 30, T = 65K) with selected values
of volume ratio (" ) and axial length (L).

Fig. 5. Schematic of current lead from the roll of pierced-metal sheet.

If we set 400 K, for example, as the maximum temperature
allowed in a design, any optimized lead with a length of 30 cm
or longer will be safe at a current up to 20 kA and no finned
conductor may be necessary. When , however, a
finned conductor is recommended in order to be safe at 20 kA
or higher.

B. Design Examples

One of the simple and effective ways to thermally protect
the leads from an excessive current is to use a spiral roll-up of
pierced metal sheet (called pierced “jelly-roll” or PJR) [15], as
shown in Fig. 5. A hexagonal array of square holes is produced
on a copper sheet with special tooling and the pierced sheet is
rolled on a central tube. No metal is actually removed in the
piercing process so that the 4-pointed “crowns” play the role
of enhanced local heat capacity in these cryocooled systems.
As the PJR was originally developed for a vapor-cooled lead,
the original roles of the “crowns” are the spacers to provide a
uniform flow channel and the extended surfaces to augment the
convective cooling. The PJR leads are mechanical rugged and
easy to fabricate in an intended geometric size.

Full details of the PJR design methods are published in [7].
Table II compares the optimized Cu leads made

TABLE II
COMPARISON OF PEAK TEMPERATURE FOR TWO LEAD-DESIGNS

of simple tube and PJR, for a nominal current of 630 A,
, and . Being optimized with the same ma-

terial and the same end temperatures, both must yield the same
cooling load at the nominal operation. When the current exceeds
10 kA, however, the temperature rise will be noticeably smaller
for the PJR lead. The listed peak temperatures are indicated as
dots in Fig. 4. We would suggest the usage of finned conductors
such as PJR wherever the temperature rise is a concern.
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