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Optimization of Current Leads for HTS Elements
Immersed in Liquid Nitrogen

Ho-Myung Chang and Seung Ill Lee

Abstract—The dimension of metallic current leads is optimized
for minimizing the cooling load, taking into account the Ohmic
heat generation of conductor part immersed in liquid nitrogen.
Since HTS elements in liquid nitrogen are located well below the
liquid level for thermal and electrical safety, considerable length of
leads is in contact with liquid at constant temperature. In theory,
the conductor size needs to be optimized for the upper part above
the liquid surface, but a large cross-sectional area is favored for
the lower part immersed in liquid in order to reduce the cooling
load. On the other hand, this current-lead design aims at a simple
metallic conductor with uniform cross-section for the entire length.
It is rigorously shown that there exists a unique optimum for the
total length-to-area ratio to minimize the overall cooling load, if
the length fraction of liquid part is given. A new and useful design
formula is derived upon the Wiedemann-Franz law for the tem-
perature-dependent properties of conductor.

Index Terms—Cryogenic cooling, current lead, liquid nitrogen,
optimization.

I. INTRODUCTION

C URRENT leads are the major source of cryogenic cooling
load in many superconducting systems. In order to reduce

the thermal load, a number of standard optimization methods
[1]–[7] have been developed for vapor-cooled or conduction-
cooled leads. It is now a common practice to determine the con-
ductor dimension so that the cooling load can be minimized
when the current level and two end temperatures are given.
In high-temperature superconductor (HTS) power systems

including the fault current limiters [8]–[11], the HTS elements
are immersed in liquid nitrogen and continuously refrigerated
by a closed-cycle cryocooler. Two examples of such cryogenic
systems recently developed in Korea are schematically shown
in Fig. 1. Fig. 1(a) shows a suspended liquid-vessel type of
cryostat [8], [9], where a cryocooler is thermally anchored to
a cooling plate at the top of liquid vessel to generate an ac-
tive circulation of liquid by natural convection [12]. The cur-
rent leads pass through the vacuum space, and are connected
with the HTS windings immersed in liquid nitrogen. Fig. 1(b)
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Fig. 1. Two examples of cryogenic cooling system with conduction-cooled
or cryo-cooled current leads for HTS elements immersed in liquid nitrogen.
(a) Suspended liquid-vessel type and (b) side-wall cooling type.

shows a side-wall cooling type of cryostat [10], [11], which was
designed for high-voltage applications. A circular copper band
is brazed around the liquid cylinder for a uniform cooling in pe-
ripheral direction. The vapor space above liquid provides a fully
open room for current leads. The current leads in this system are
also partly immersed in liquid.
It was reported that the current leads in these closed systems

should be designed in a similar way to conduction-cooled leads
[6], as there is no exiting flow of boil-off gas. When the two end
temperatures are given, there exists a unique optimum for the
ratio of length to cross-sectional area of conductor to minimize
the cooling load. The optimization is to keep the balance of the
thermal conduction due to axial temperature gradient and the
Joule heating due to electrical resistance.
In practical system, the HTS elements in liquid nitrogen are

located well below the liquid level for thermal and electrical
safety [11]. As a result, some length of conductors is immersed
in liquid pool at constant temperature. From thermal point of
view, a large cross-sectional area is favored for the conductor
immersed in liquid (or HTS conductors may be used) to re-
duce the heat generation. On the other hand, it is not easy to
accurately fabricate and operate the leads as series-combination
of conductors with different cross-sections, especially when the
liquid level may vary over a period of operation [11].
This study pursues a simple current-lead design for metallic

conductor with a uniform cross-section over the entire length.
Specifically, it is intended to minimize the overall cooling load,
including the Ohmic heat generation in liquid nitrogen. This
optimization starts with a general formulation of conduction-
cooled or cryo-cooled leads, and then proceeds to derive a
simple and useful design formula based on Wiedemann-Franz
law for temperature-dependent properties of conductor.
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Fig. 2. Notation and schematic temperature profiles of metallic conductor
whose lower part is immersed in liquid nitrogen at constant temperature.

II. FORMULATION

A. System Description

The current lead under investigation is a simple metallic con-
ductor that has a uniform cross-sectional area over the entire
length , as shown in Fig. 2. The axial coordinate is mea-
sured from the cold-end connection with HTS element in liquid
nitrogen at . It is assumed that the warm end is at room tem-
perature , and the lower part is immersed in liquid so that

(1)

as the convective cooling is active in liquid pool [12]. The heat
generation by electrical current I in the lower part is

(2)

where is the temperature-dependent electrical resistivity
of conductor.
For the upper part above liquid level, the energy balance in

an infinitesimal control volume in Fig. 2 is

(3)

for conduction-cooled (or uncooled) leads. In (3), is the heat
flow towards the cold end (in negative direction). With the
Fourier’s conduction law, (3) can be rearranged to

(4)

where is the temperature-dependent thermal conductivity
of conductor. It can be immediately shown that the minimum
heat per unit current at liquid level is

(5)

This minimum can be achieved when at the warm end,
or the lead parameter satisfies the condition

(6)

This is the optimal condition for the upper part “by itself” [1],
[5], [7], as indicated by the dashed curve in Fig. 2.
If the cooling load of the lower part is included, however, the

dimensional condition to minimize the overall load should be
different from (6). Under arbitrary condition, the cooling load
for the upper part is calculated with one of two expressions,
depending upon the magnitude of lead parameter [7]. The first
case is the so-called “fat design” (or under-current operation),
where is less than (6). In this case, as shown in
Fig. 2, and the heat flow at liquid level is determined by

(7)

The second case is the so-called “slim design” (or over-current
operation), where is larger than (6). In this case,
, and is determined by

(8)

where is the “peak” temperature of conductor, given by

(9)

B. Wiedemann-Franz Approximation

The properties of common conductors including copper obey
reasonably well the Wiedemann-Franz law [3],

(10)

where is the Lorenz number. In addition, it is a fairly good
approximation to take the temperature dependency in simple
functional forms as

(11)

where the subscript denotes its value at the warm end (or
room) temperature, and the value is close to unity in the range
of 77–300 K [7]. If is taken to be 1, the cooling load per unit
current can be expressed as

(12)



CHANG AND LEE: OPTIMIZATION OF CURRENT LEADS FOR HTS ELEMENTS IMMERSED IN LIQUID NITROGEN 4800904

from (2) for the lower part, and

(13)
from (7) or (8)(9) for the upper part [7]. It is noted that (13)
is valid in either case of fat or slim design, as proven with the
trigonometric relations [7]. The overall cooling load per unit
current is the sum of (12) and (13).

(14)

C. Optimization

The optimization of current leads is to determine the optimal
lead parameter that minimizes the overall load (14).
Two dimensionless parameters are defined as (liquid
length fraction) and (temperature ratio), and then,
(14) can be expressed as

(15)
where . By taking , the
optimal condition is found.

(16)

Solving (16) for , we derive a new and explicit formula to de-
termine the optimal lead parameter.

(17)

III. RESULTS AND DISCUSSION

The exactness and usefulness of new formulas (15) and (17)
can be demonstrated in several ways. First, it is noted that when

or no length is in liquid, (15) is simply reduced to (13)
with , and (17) is asymptotically reduced to the well-
known optimal condition of conduction-cooled leads [7].

(18)

To examine the accuracy of Wiedemann-Franz model in this
optimization, (15) is plotted as a function of in Fig. 3 and
comparedwith the numerical integration by (7), (8), and (9). The
conductor is copper with
[3], [13], and and are 300 K and 77 K, respectively.

As indicated by dots, there exists a unique optimum for the lead
parameter to minimize the total load per unit current. The left
side of the optimum is the region of fat design (under-current
operation), and the right side is the region of slim design (over-
current operation). In both cases of and 0.25, the optimal
points of two graphs are in a good agreement (with over 99%
accuracy) for the lead parameter, though the minimum cooling
load is slightly overestimated (by 6% or less).
The effect of liquid length on the current-lead optimization

is highlighted with a contour map of cooling load per unit cur-
rent on diagram, as shown in Fig. 4. The absolute min-

Fig. 3. Cooling load per unit current as a function of lead parameter to compare
Wiedemann-Franz approximation (15) (Cu with ).

Fig. 4. Contour map of cooling load per unit current on diagram of dimensional
lead parameter vs. liquid length fraction (Cu with ).

imum of cooling load is clearly 45.3 W/kA at and
, indicated by point A. The dashed curve is the

trace of “valley” or the lowest point of the cooling load surface,
when a value of liquid length fraction is given. For example, if

, the minimum load is 50.4 W/kA at ,
indicated by point B. The minimum load at is heavier
than at , obviously because of the additional heat genera-
tion in liquid part. The key point is that the cooling load would
be 52.2 W/kA, as indicated by C, if and the lead were
designed at , neglecting the liquid part. There-
fore, in this case, the penalty of cooling load due to the liquid
part may be reduced from 15.2% to 11.1% through this opti-
mization.
The new design formula (17) can be further simplified, when

. Since in (17), from
for , (17) is simplified to

(19)

It is noted that (17) is a slight overestimate due to Wiedemann-
Franz approximation as shown in Fig. 3, whereas (19) is a slight
underestimate by neglecting the higher order terms.
The thermal conductivity of copper at room temperature in

(17) is dependent on its RRR value. Similar calculations are
repeated to generate a useful data set for different values,
and plotted in Figs. 5 and 6. If the value is known and the
liquid length fraction is given, the optimum lead parameter is
determined by (17) or Fig. 5, and the corresponding minimum
cooling load is determined by (15) or Fig. 6. The optimal lead
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Fig. 5. Optimized dimensional lead parameter as a function of liquid length
fraction for conductor with various values ( , ).

Fig. 6. Minimum cooling load per unit current as a function of liquid length
fraction for conductor ( , , independent of value).

parameter is dependent on its value to an extent, but the
corresponding minimum load is independent of the value,
as far as the conductor dimension is optimized.
An example is presented to demonstrate the optimization pro-

cedure for the prototype of 22.9 kV–630 A hybrid SFCL re-
cently developed and tested in Korea [11]. The cryostat is the
side-cooling type shown in Fig. 1(b). The inner vessel is 90 cm
deep, and liquid nitrogen is filled up to the level at 32 cm from
the bottom. The HTS trigger element is located at 17 cm below
the liquid level. The conductor is copper with . The
given conditions are therefore;

The optimal cross-sectional area of conductor and the cooling
load is calculated by the following steps;

This cooling load can be compared with the absolute minimum
of 28.9 W, which can be achieved when . On the other
hand, a standard design neglecting the liquid length fraction or
(18) would result in 33.1 W.

IV. CONCLUSIONS

The standard optimization method of conduction-cooled or
cryo-cooled current leads is generalized by taking into account
the Joule heating at conductor part immersed in liquid. It is rig-
orously shown that there exists a unique optimum for the total
length-to-area ratio to minimize the overall cooling load, if the
length fraction of liquid part is given. A new and explicit for-
mula to determine the optimal dimension of conductor is de-
rived based on the Wiedemann-Franz model for temperature-
dependent properties. The formula is reasonably accurate and
directly applicable to any closed cryogenic system with HTS
elements immersed in liquid nitrogen pool.
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