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Abstract

The 21st Century Frontier R&D Program was planned to develop and commercialize the inductive Superconducting Fault Cur-

rent Limiter (SFCL) in Korea until 2011. The 1.2kV/80A inductive SFCL was planned to develop at the first year in the first phase

(2001–2002) and the 6.6kV/200A inductive SFCL for short run operation test was planned to develop at the second and third year

in the first phase (2002–2004). The experimental characteristics of conduction-cooled cooling system developed in the first year was

very weak from the sudden large thermal disturbance. Therefore, the conduction-cooled cooling system was concluded not appro-

priate for the cryogenic technology of the application of superconducting fault current limiter. In the third year research, the

improved sub-cooled nitrogen cooling system was adopted and investigated.

In this paper, the characteristics of each cooling type was compared and the basic deign of ameliorated cooling system was intro-

duced and the total heat load of the cooling system was calculated and compared with the heat load of the cooling system developed

at 2nd year research.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The sudden thermal increase could be generated by

the unexpected fault current in cryogenic system of

SFCL. Therefore, the thermal stability of cryogenic sys-

tem is very important in SFCL. The more profitable

cooling method for SFCL is sub-cooled nitrogen cooling

method rather than conduction-cooled method because

the coolant could absorb the enormous heat caused by

the fault current [3–5]. The dc reactor of SFCL could
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be more stable in sub-cooled nitrogen and the cooling

system for 6.6kV/200A inductive SFCL was sub-cooled
nitrogen cooling system.

The 6.6kV/200A inductive SFCL was developed in

Yonsei University at 2nd year (2002–2003) research

and the short circuit test was performed successfully

[2]. The feasibility of inductive SFCL and cryogenic sys-

tem for SFCL was confirmed through the short run

operation test (only for the short circuit test). The cool-

ing system for 2nd year SFCL was fabricated only for
cooling down to 65K. Therefore, the cooling system of

3rd year SFCL for the long run operation test (include

the field test) was designed and fabricated. The heat load

of sub-cooled nitrogen cooling system for long run oper-

ation test should be smaller than that of 2nd year system
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because of thermal stability and equilibrium. The several

characteristics of each cooling system were described in

detail in this paper. This sub-cooled nitrogen cooling

system could be applied to not only inductive SFCL

but also several superconducting equipments.
2. Structure of cooling system

The temperature of 3rd year cooling system should be

controlled between 64 and 65K and the pressure should

be maintained about 1atm [6]. The cooling system con-

sists of liquid nitrogen and vacuum vessel to minimize

the heat load of system. The schematic draw of cooling
system was shown in Fig. 1. Two current lead columns

and one access port column are connected each other

with horizontal pipe to control the level of sub-cooled

nitrogen. The three columns of current leads and access

port are projected from the top plate of vacuum vessel

and this projected part is called stand-off. The height

of cryogenic system could be minimized by this �stand-
off� structure. But too much long stand-off will cause
the increase of external heat loss. Therefore, the length

of stand-off was selected as 12cm and the vacuum space

was selected as 28cm in this research. The radiant heat

load was minimized to make the system vacuous by

10�5Torr.

2.1. Conduction cooling plate

The GM-cryocooler was connected with the conduc-

tion cooling plate by the meshed oxygen free copper

(OFC) wire and the vertical conduction copper bar
Fig. 1. Schematic view of cryogenic cooling system.
adopted at 2nd year research was omitted from the sys-

tem. The vertical conduction copper bar was located be-

tween dc reactor and foam and was intended to make

the temperature of liquid nitrogen vessel equal at entire

point. But the effect of vertical copper bar was very inef-

fective except for the case of the big side radiant heat
loss or big heat generation like ac loss in the dc reactor.

This is proved by several experiments. Instead of omit-

ting the vertical conduction bar from the system, we im-

merse the conduction copper plate into sub-cooled

nitrogen. The level of sub-cooled nitrogen was above

the top plate of liquid nitrogen vessel about 3–4cm.

The schematic view of conduction cooling plate was

shown in Fig. 2. The conduction cooling plate was lo-
cated in the centre of the top plate of liquid nitrogen ves-

sel and jointed with the cold head of GM-cryocooler by

the meshed OFC wire. The proper diameter to cool

down the liquid nitrogen to 64K of the conduction cool-

ing plate is about 500mm.

2.2. Current lead

The conductive heat loss generated from the current

lead is mainly dependant upon the material, length

and diameter of current lead. The material for current

lead was selected as copper because of low Lorenz num-

ber in cryogenic state. The conductive heat loss is in pro-

portion to the magnitude of Lorenz number. The

current lead was exposed to the GHe to suppress the

heat generation loss. The current lead made of copper
was insulated by using GFRP tube. The GFRP tube

has auxiliary holes to activate the flow of GHe. The con-

cept of current lead was represented in Fig. 3. The spec-

ifications of current lead were shown in Table 1. The

heat loss in the current lead was calculated under the

assumption that the operating current of dc reactor is

283A. Therefore, the heat loss of two current leads is

about 25.5W in steady state.
Fig. 2. Schematic view of conduction cooling plate.



Fig. 3. Design of current lead.

Table 1

Specifications of current lead

Material Copper

Operating current 283A

Diameter 6mm

Length 40.6cm

Heat loss 12.74W Æ 2 (pair) = 25.5W

Fig. 4. The schematic view of cooling capacity test.
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2.3. Temperature control

The heat load of cryogenic system is relatively smaller

than the available cooling capacity of GM-cryocooler.

This excessive cooling capacity can cause the frost of

sub-cooled nitrogen at below the conduction cooling

plate. But this freezing wouldn�t be more expanded be-

cause of self-regulatory. Self-regulatory means that the
frozen liquid nitrogen prevents the sub-cooled nitrogen

from circulating the liquid nitrogen vessel and finally

this effect will cause the advance on temperature of liq-

uid nitrogen. But two cryogenic heaters were wound at

the cold head of cryocooler and the bottom of conduc-

tion cooling plate respectively. The location of cryogenic

heaters was shown in Fig. 1. The temperature of system

could be measured by using silicon diode sensor. More-
over, the silicon diode was also used to detect the liquid

nitrogen level instead of level meter.
2.4. Pressure control

The condition of sub-cooled nitrogen cooling system

is 1atm and 64K. The temperature of 64K was control-

led by using GM-cryocooler and conduction cooling

plate and the pressure of 1atm was controlled by
injecting the non-condensable gas, GHe. The pressure

of cryostat could be maintained as 1atm by this non-

condensable gas because the non-condensable gas would

not be liquefied.
3. Cooling capacity test of GM-cryocooler

The cooling capacity of cryocooler would be inclined

with respect to the cooling down. Therefore, accurate

cooling capacity could be measured only by the cooling

capacity test. The schematic draw of cooling test is

shown in Fig. 4 and the specifications of equipments

for cooling test are shown in Table 2. The rotary pump

was used to vacuumize the pressure of cryostat under

10�3Torr. The radiant heat loss could be minimized
by this vacuumization. The temperature of cold head

was cooled down to 15K without load and it was shown

in Fig. 5. The temperature of cold head was measured in

three points with three silicon diodes. The experimental

results were in accordance with each other. The cooling

capacity was measured as 132W at 64K, 125W at 60K,

and 113W at 55K, respectively from Fig. 6. The temper-

ature difference of 5K between cryocooler and copper
plate is mainly caused by the resistivity of OFC. Of

course, the temperature difference could be occurred

by the shortage of the surface area of cooling plate or

thickness of the plate. But the main cause is the resistiv-

ity of OFC. Moreover, the temperature difference was

shown in another experiment [3]. The available cooling



Table 2

The apparatus for testing the cooling capacity of GM-cryocooler

DC power supply HP 6253A (4ea) �20V, �4A

HP 6286A (1ea) �20V, �10A

ED Lab. 200E (1ea) �20V, �1.2A

Multimeter HP 34401A

DC amplifier Yokogawa 3131

Temperature Monitor Lakeshore 218

Sensor Silicon diode

Rotary pump Hitachi VR 16F3

Shunt resistance 50mV–50A

Fig. 5. The cooling characteristics of GM-cryocooler without load.

Fig. 6. The cooling capacity with respect to various temperature.

Table 3

Calculated heat loads of 3rd year cryogenic system

Components Heat loads (W)

Mechanical supporters 2

Current leads 25.5

Electrical leads 0.14

Radiation 16.7

Access port 2.8

Total 47.14

Table 4

The characteristics of cryogenic system and cryocooler

2nd year system 3rd year system

Calculation Experiment Calculation

Heat loss (W) 87 82.7 47.14

Available cooling

capacity (W)

38 42.3 77.86

Cooling power (W) 125 125 125
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capacity of cryocooler should be estimated as 125W

(Table 3).
4. Calculation of heat loads

The total heat load of 2nd year cryogenic system was

calculated as 87W and the heat load of 3rd year system

was calculated as 47W [1,3]. The thermal efficiency of

cryogenic system was improved mainly by the vacuum

vessel. The cooling power for the 3rd year cooling sys-

tem could be estimated as 78W. The heat loss, available
cooling capacity, and cooling power were calculated in

Table 4. The calculated heat loss of 2nd year cryogenic

system was agreed with the experimental result. There-

fore, the cooling power of cryocooler is enough to cool

down the cryogenic system to 6K.
5. Conclusions and future work

The cryogenic cooling system for 6.6kV/200A SFCL

was developed at 2nd year (2002–2003) research. It was

just for the short run operation test like short-circuit

test. The short-circuit test of inductive SFCL was per-

formed successfully and the test results were described

in other paper. The cryogenic cooling system for long

run operation test was designed and fabricated in 3rd
year research and the appearance of system was shown

in Fig. 7. The picture of cryogenic system developed at

3rd year (2003–2004) research. The cooling characteris-

tics of cryogenic system in long run operation test like

field test will be performed after several plain cooling

tests. The experimental heat loss, available cooling

capacity, and cooling power should be measured and

compared with the calculated values shown in Table 4
through the cooling test. The characteristics of electrical

insulation and critical current are improved by this sub-

cooled nitrogen cooling system. Therefore, the efficiency



Fig. 7. Picture of cryogenic cooling system for long run operation test.
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and performance of many applied superconducting

machines could be enhanced by using this sub-cooled

cryogenic cooling system.
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