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A Compact Cryocooling System With Subcooled
Liquid Nitrogen for Small HTS Magnets

Ho-Myung Chang, Min-Jee Kim, Jung Wook Sim, Bang-Wook Lee, and Il-Sung Oh

Abstract—A compact cryogenic cooling system is developed for
small HTS magnets to be continuously refrigerated in subcooled
liquid nitrogen at temperatures below 77 K by a cryocooler. This
thermal design is particularly useful when electrical insulation and
compactness are significant at the same time. HTS elements are im-
mersed in a cylindrical liquid-nitrogen vessel, and a copper band is
brazed around the exterior sidewall of the cylinder at vertical loca-
tion just under the liquid level in order to achieve peripherally uni-
form cooling with a GM cryocooler. The vapor space above liquid
nitrogen in the vessel provides a fully open room for current leads
and mechanical supports to the magnets. Heat is removed from the
HTS magnets by natural convection of subcooled liquid nitrogen to
the cold sidewall. The key components are designed based on heat
transfer analysis. A prototype is fabricated, and it is successfully
demonstrated that the thermal load is effectively removed and tem-
perature is spatially uniform.

Index Terms—Cooling, cryogenics, HTS (high-temperature su-
perconductor) magnet, liquid nitrogen.

I. INTRODUCTION

MANY HTS magnets need cryogenic cooling in liquid ni-
trogen at temperatures below 77 K [1]–[6]. When an

HTS magnet is cooled down to 63 K in subcooled liquid ni-
trogen, the critical current density is much greater so that the
required amount of HTS elements can be considerably reduced.
Another significant benefit of using subcooled liquid nitrogen
as a cooling medium is to suppress bubbles that may be gen-
erated from an internal or external heat load [7]. Since bubbles
play a critical role in deteriorating the breaking voltage of liquid
nitrogen, the subcooled state is essential for electrical insulation
in high-voltage applications such as HTS transformers [2], [3],
HTS fault current limiters [4], [5], or HTS cables [6]. The typ-
ical subcooled-liquid region for these HTS magnets is indicated
on phase diagram of nitrogen in Fig. 1. The boiling tempera-
tures of liquid nitrogen is 77 K at atmospheric pressure, but is
increased to 87 K at 300 K.

A simple and efficient cryogenic design for the HTS systems
in subcooled liquid nitrogen is to employ a closed-cycle cry-
ocooler at the top of cryostat, as schematically illustrated in
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Fig. 1. Subcooled liquid region for HTS magnets on phase diagram of nitrogen.

Fig. 2(a). Even though the surface area of the cryocooler cold-
head may be limited, a horizontal cooling plate as extended
surface has been proven very effective in achieving a spatially
uniform temperature by natural convection of liquid [8]. How-
ever, this design is not easily applicable to small HTS systems
where the cooling plate above the magnet complicates the me-
chanical supports and the electrical insulation of current leads.
Another cooling system, in which the cryocooler absorbs heat
at the bottom as illustrated in Fig. 2(b), appears to be a solu-
tion for these problems, as the vapor space above liquid is fully
open. On the other hand, this is a poor design from the thermal
point of view, because the cooling from bottom cannot generate
the buoyancy force to drive the natural convection of liquid [9].
Since the vertical temperature gradient could be steep in this
cooling system, the top of HTS magnet tends to reach an exces-
sively high temperature.

Taking advantage of the two cooling systems, we propose
in this paper that the liquid vessel be cooled from the side by
a cryocooler as schematically shown in Fig. 2(c). Since the
cold surface of the wall is in contact with the upper part of the
liquid pool, the natural convection could be active. At the same
time, the vapor space is still open for the supports and leads. In
this system, however, a question may be raised about the axial
asymmetry of cooling, because the magnet temperature must
be higher at the opposite side of the cryocooler. In this study,
we intend to vigorously design key components, to fabricate a
prototype based on the design, and to experimentally confirm
that this proposed cooling system is effective in cooling small
HTS magnets in subcooled liquid nitrogen at 65–75 K.

II. THERMAL DESIGN OF COOLING SYSTEM

In order to achieve a uniform cooling in the proposed system,
a cylindrical copper band is brazed to the sidewall of the liquid
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Fig. 2. Schematic illustration of three different configurations of cryocooling
system in subcooled liquid nitrogen. (a) Cooling from top is good for convective
cooling, but complicated above liquid. (b) Cooling from bottom is open above
liquid, but poor for convective cooling. (c) Cooling from side is good for con-
vective cooling and open above liquid, but may be axially asymmetric.

Fig. 3. Notations for analysis and design of cylindrical copper band that will
be brazed on sidewall of liquid vessel and anchored to coldhead of cryocooler.

vessel, as shown in Fig. 3. The vertical location of the band is
just below the liquid level to maximize the buoyancy effect. The
copper band collects the distributed heat load and delivers it by
conduction to the coldhead of the cryocooler. The physical di-
mension of the band, including the height , the thickness ,
and the radius , should be carefully determined so as to sat-
isfy the temperature uniformity and the heat transfer capability
simultaneously.

Temperature of the copper band, , is principally one- di-
mensional in the circumferential direction and can be found
from the energy balance equation

(1)

where is the circumferential angle measured from the an-
choring point of cryocooler as shown in Fig. 3. In (1), is
thermal conductivity of copper, and is the convection heat
transfer coefficient, which can be estimated from the natural
convection correlation for a vertical plate with height [9]

(2)

where and denote the dimensionless Rayleigh and Prandl
numbers, respectively, defined as

and (3)

In (2) and (3), is gravitational acceleration, and , , , and
are thermal conductivity, thermal expansion coefficient, kine-

matic viscosity, and thermal diffusivity of liquid nitrogen, re-
spectively.

Equation (1) can be directly solved for the circumferential
temperature distribution

(4)

from which the temperature difference between the warmest and
coldest parts of the band is calculated as

(5)

Total heat removed to the cryocooler is calculated in terms of
the temperature gradient at .

(6)

It should be noted in (2), (3), and (5) that is strongly dependent
on , but independent of , while is mainly dependent on
, but not directly related with .

We set an upper limit of and a lower limit of as design
specifications. The limit is the requirement of peripherally
uniform cooling, while the limit specifies the cooling capa-
bility. The thickness and height of the copper band to satisfy
the two specifications is iteratively determined in the following
steps. First, we assume an initial guess for the value of to
estimate with (2) and (3). Next, we calculate with (5) to sat-
isfy the given . Then, we calculate with (6) to satisfy the
given , which is compared with the assumed value at the first
step. A few times of iteration are enough to reach an acceptable
accuracy. Some of the results for and
are listed in Table I.

III. EXPERIMENT

A. Prototype and Experimental Set-Up

A prototype of the proposed cooling system is developed and
tested. Fig. 4 is the drawing and photographs of the prototype
we have designed and fabricated. Dimensions of the prototype
and selected specifications of the experimental set-up are listed
in Table I.

The inner vessel of vacuum-insulated cryostat is 42.2 cm in
diameter and 89.5 cm in total height. Liquid is filled up to 50
55 cm from the bottom of the vessel, thus the liquid volume is
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TABLE I
DIMENSION AND SPECIFICATIONS OF PROTOTYPE AND EXPERIMENTAL SET-UP

approximately 70 77 L. A copper band with 10 cm height and
18 mm thickness is silver-brazed on the outer surface of liquid
vessel such that the band top is just below the liquid level, as
shown in Fig. 3.

A single-stage GM cryocooler is vertically mounted on a side
of the liquid vessel as shown in Fig. 4. The coldhead of the cry-
ocooler is connected with the copper band by a bundle of copper
ropes in vacuum. The ropes play a role of flexible heat conductor
to protect the cryocooler from mechanical damage caused by
thermal stress during cool-down. For repeated assembly and dis-
assembly, the small vacuum jacket for cryocooler has an access
port with vacuum seal on the right- hand side in Fig. 4.

To experimentally verify the cooling performance of the
fabricated system, a dummy magnet generating heat at a set
value is immersed in liquid nitrogen at the center of the liquid
vessel. The magnet bobbin is a stainless-steel cylinder on which
nichrome wires are uniformly wound and closely attached by
cryogenic tape. Heat generated in the dummy magnet is pre-
cisely measured and controlled by a power supply.

Temperature is measured and recorded at several locations of
the liquid-nitrogen pool, the dummy magnet, the copper band,
and the coldhead, as indicated in Fig. 4. The temperature sen-
sors are E-type thermocouples for liquid and the magnet, and
Cernox resistors for the band and coldhead. To examine the ver-
tical temperature distribution in liquid pool, the sensors are at-
tached every 10 cm on a slender G-10 rod, which is fixed at
the top plate of cryostat. Liquid level is measured with a capac-
itance gauge, and pressure in the vessel is kept constant with
a relief value. Helium is used as non-condensable gas to pres-
surize liquid nitrogen for the subcooled state shown in Fig. 1.

Fig. 4. Drawing and photographs of developed cryocooling system.

B. Results and Discussion

Fig. 5 is the temperature history after the system was filled
with liquid nitrogen and the cryocooler was turned on. It took
about 10 minutes for the coldhead temperature to drop to below
50 K and for the liquid temperature to begin to decrease from
77.4 K. During the cooldown of liquid, pressure in the closed
vessel also decreased, because liquid and vapor should be in
phase equilibrium at the saturation curve shown in Fig. 1.
Around at one and a half hours, the dummy magnet was
switched on to generate 150 W of heat. At this time, helium gas
was supplied to pressurize liquid nitrogen at 300 kPa so that
the boiling temperature was 87.7 K. After 4 hours, we clearly
observe that the system reached a steady state.

In steady state, the cooling power of cryocooler can be es-
timated as 167 W from manufacturer’s capacity data (available
at http://www.cryomech.com), as the coldhead temperature was
43.9 K. It is followed that the background thermal load of this
cryostat should be around 17 W.

The measured temperature range of copper band was
approximately 5.2 K, which is small enough in comparison with
our design specification. The magnet temperature at the top was
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Fig. 5. Temperature history to reach steady-state in subcooled liquid nitrogen
when Q = 150 W.

Fig. 6. Vertical temperature distributions in liquid nitrogen and dummy magnet
when Q = 170 W, 150 W, and 135 W.

only 3 K higher than the bottom, because there must be an ac-
tive cellular flow for which liquid nitrogen ascends along the
magnet surface and descends along the cold surface surrounded
by the copper band. The similar thermal phenomena of sub-
cooled liquid nitrogen in a vertical cavity are fully demonstrated
in [10]. It is especially remarkable that the magnet temperature
is even more uniform (less than 0.5 K) in the circumferential di-
rection. An obvious reason for this is again the effect of liquid
nitrogen under the active natural convection. We think the cel-

lular flow does not occur in a radial plane (i.e. at a constant ),
because the thermal boundary conditions are not axially sym-
metric.

The same procedure was repeated with different values of
input power to the dummy magnet. Fig. 6 shows the vertical
temperature distributions in liquid nitrogen and the magnet
when Q is 170 W, 150 W, and 135 W. The overall temperature
distribution is similar, but the temperature range shifts upwards
as the input power is increased. The reason for this is that
the GM cryocooler has a greater cooling capacity at higher
temperature. The temperature difference of liquid nitrogen in
vertical and peripheral direction is 2.3 3.1 K and 0.1 0.5 K,
respectively. In summary, the proposed cooling system is very
functional in achieving a spatially uniform temperature of HTS
magnet in subcooled liquid nitrogen.
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