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Emergency Blackout Operation of Cryogenic System
for Hybrid SFCL

Min Jee Kim, Ho-Myung Chang, Jungwook Sim, Sung-Woo Yim, and Ok-Bae Hyun

Abstract—Operation scheme of cryogenic system is investigated
in preparation for temporary loss of cryocooler power in hybrid
SFCL. Under normal operation, HTS trigger elements are cooled
in liquid nitrogen pool at 77 K and 300 kPa by a GM cryocooler.
A step-by-step procedure is devised to maintain the HTS elements
at or below 78 K during blackout and recover period. On detecting
the onset of temperature rise followed by power outage, a vent valve
is opened to atmosphere so that thermal load can be covered by
evaporation of liquid nitrogen at 77.4 K. When the cooling power
is restored, liquid is pressurized by helium gas back to 300 kPa. The
instrumentation and control parts needed for unmanned operation
are designed and installed on a prototype of 22.9 kV/ 630 A SFCL.
The emergency operation is successfully rehearsed on scheduled
outage of 10 minutes, 1 hour, and 4 hours, respectively.

Index Terms—Blackout, cryogenic cooling, liquid nitrogen, su-
perconducting fault current limiters (SFCL).

I. INTRODUCTION

D EVELOPMENT of hybrid superconducting fault current
limiter (SFCL) in Korea is now at the final stage for prac-

tical use in power grid [1]–[5]. An excellent cryogenic cooling
system was designed, fabricated, and successfully tested for a
prototype of 22.9 kV/630 A SFCL [6]. Since 2009, the un-
manned system has been operated stably in a test grid over sev-
eral months with real-time remote monitoring.

Under normal operation, the HTS trigger elements are cooled
in a pool of subcooled (or compressed) liquid nitrogen at 77 K
and 300 kPa [6], where the boiling temperature is 87.7 K as in-
dicated by a circle in Fig. 1. A single-stage Gifford–McMahon
(GM) cryocooler is employed in order to remove the heat load
and keep the liquid pool at subcooled state. Helium is supplied
as non-condensable gas to pressurize liquid nitrogen. The sub-
cooling (or compression) of liquid plays a crucial role in sup-
pressing bubbles to improve electrical insulation, spatial tem-
perature uniformity, and prompt recovery [7]–[10].

Manuscript received August 02, 2010; accepted September 12, 2010. Date
of publication November 09, 2010; date of current version May 27, 2011. This
work was supported in part by the Center for Applied Superconductivity Tech-
nology (CAST) under the 21st Century Frontier R&D Program in Korea.

M. J. Kim and H.-M. Chang are with the Department of Mechanical
Engineering, Hong Ik University, Seoul 121-791, Korea (e-mail: hm-
chang@hongik.ac.kr).

J. Sim is with the Electrotechnology R&D Center of LS Industrial Systems
Inc., Cheongju 361-720, Korea.

S. Yim and O.-B. Hyun are with the Superconductivity and Applications
Group, Korea Electric Power Research Institute, Daejeon 305-380 Korea.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TASC.2010.2082483

Fig. 1. Phase diagram of nitrogen to show normal operation (circle), existing
(0� 1) and intended (0� 2) processes after the loss of cooling power.

During the long-term operation in 2009, however, we encoun-
tered a few times of unscheduled blackout. In spite of the power
outage, the instrumentation and monitoring system continued
with an immediate aid of UPS, but the temperature of HTS el-
ements increased shortly after the loss of cooling power. Since
the relief pressure was set at 350 kPa, the system temperature
reached 90 K in accordance with phase equilibrium of liquid
nitrogen, as indicated by 0 1 in Fig. 1. This shift seriously af-
fects the limiting function of SFCL not only during the blackout
period, but also after the power is restored because the recovery
takes a period of time.

Once the cryocooler power is lost, there is no way to pre-
vent the shift of liquid state towards the saturation curve. On the
other hand, it is desirable to maintain the system temperature
at or below 78 K from the viewpoint of limiting function and
prompt recover of the SFCL. This emergency operation can be
realized by reducing the system pressure to 101 kPa, as indicated
by 0 2 in Fig. 1. At atmospheric pressure, liquid nitrogen boils
at 77.4 K, covering the thermal load with the latent heat of va-
porization. When the cooling power is restored, the system can
return more efficiently to the normal operation.

In this study, we intend to design and experimentally realize
the proposed emergency operation on our prototype of cryo-
genic system for hybrid SFCL. After the instrumentation and
control parts are installed, the cryocooler is turned off for a pe-
riod of time to confirm the intended operation during blackout
and recovery. This emergency operation is also useful for any
scheduled service to replace the worn parts of GM cryocooler
on a regular basis.
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Fig. 2. Schematic overview and photograph of experimental set-up.

TABLE I
DIMENSION AND SPECIFICATIONS OF SELECTED PARTS

II. EXPERIMENTAL SET-UP

Fig. 2 shows a schematic overview and photograph of the
cryogenic system. Three HTS trigger elements are immersed
symmetrically in a liquid nitrogen pool and connected with three
pairs of current leads to the top plate. A circular copper band is
brazed around the exterior sidewall of liquid cylinder at a ver-
tical location just under liquid level for the purpose of peripher-
ally uniform cooling by the GM cooler. The cold head of cry-
ocooler is connected with the copper band by a bundle of copper
ropes in vacuum. The ropes are flexible heat conductor to pro-
tect the cryocooler from mechanical damage caused by thermal
stress during cool-down. The vapor space above liquid nitrogen
provides a fully open room for current leads. Heat is removed
by natural convection of liquid nitrogen [6] to the cold sidewall.
Dimension and specifications of selected components are listed
in Table I.

In order to control the internal pressure, the fluid devices such
as pressure regulators, relief valves, and solenoid valves are in-
stalled on the cryogenic system, as shown in Fig. 2. Two re-
lief valves set at105 kPa (P1) and 350 kPa (P2) are installed on
the top plate. Two pressure regulators set at100 kPa (P3) and
300 kPa (P4) are installed in parallel between helium tank and
liquid vessel. The solenoid valves (SV1, SV2, SV3) are elec-
tronically operated for on–off control.

Temperature is measured at liquid-nitrogen pool, copper
band, and cold head of cryocooler, as indicated in Fig. 2. The
temperature sensor is platinum resistor for liquid nitrogen, and
germanium thin film (Cernox) for cold head and copper
band ( at cryocooler side, at opposite side). Liquid
temperature is measured at 6 locations; three at top, three at
bottom (at the same vertical height as top and bottom of HTS
elements, respectively), and symmetrically spaced. A heater is
attached on the surface of cold head for temperature control.
Liquid level is measured by a capacitance gauge.

The step-by-step procedure of emergency operation is shown
as a flowchart in Fig. 3. The current level is 200 A for the en-
tire procedure. Before beginning the emergency operation, the
normal condition at 77 K and 300 kPa is set with a similar
process described in [6]. Since the cold head temperature
and copper band temperature are about 58 K and 76 K at
steady state, respectively, these two values are used as reference
to determine whether the cooling power is effective or not. The
first step is to detect the loss of cooling power with measured

. If is greater than 58 K, the emergency operation be-
gins. Next step is to determine whether the vent valve (SV3)
will be opened to atmosphere or not. Since the cold head may
be colder than liquid for a while even after the power is off, SV1
and SV3 will be opened when exceeds . The role of
vent valve is a rapid discharge of gas, because it takes an exces-
sive long time to reduce the pressure only with a relief valve.

While the vent valve is open, the thermal load is covered
with the latent heat of liquid nitrogen. It is therefore important
to monitor the liquid level. If the level drops below the center
of copper band , the cooling system will not
be able to return to normal operation, even after the cryocooler
power is restored. The system notices the operator with text
message and goes to by-pass mode of SFCL.

If the cooling power is restored with enough amount of re-
maining liquid, the next step is to return to normal operation.
However, the action starts when the cryocooler actually removes
heat from liquid (i.e. ). For recovery, the SV2
is opened so that liquid is gradually pressurized to 300 kPa by
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Fig. 3. Flowchart of automatic emergency operation.

Fig. 4. Measured temperature and pressure history of normal operation with
200 A.

compressed helium. Before completing the operation, the liquid
level is checked to determine whether the make-up of liquid is
necessary or not. If , the system continues to
work, but a replenishment of liquid nitrogen is advised to the
operator for next scheduled maintenance. It is recalled that the
entire operation is automatic, except the turning-off/on of the
cryocooler in experiment.

III. RESULTS AND DISCUSSIONS

A. Normal Operation

Fig. 4 is the temperature and pressure history at steady state in
the normal operation for a day with 200 A. The liquid nitrogen
temperature at six locations nearly overlaps each other around
76.6 K within 0.3 K, and does not vary over the time. The copper
band temperature is in the range between 75.8 K and 77.3 K.
The liquid level is 38.1 cm and the system pressure is kept at

300 kPa. The refrigeration capacity of cryocooler is estimated
approximately at 170 W from the manufacturer’s capacity data
(available at http://www.suzukishokan.co.jp), as the cold head
temperature is 58.1 K. Since the thermal load through three pairs
of current leads with 200 A are estimated at 80.0 W and the
heater power is 61.0 W., the background thermal load of this
cryostat is around 29 W.

This or similar normal operation is the starting point of every
emergency operation experiment. The cryocooler power is shut
off manually for 10 minutes, 1 hour, and 4 hours, respectively,
and the results are presented and discussed below.

B. 10 Minute Blackout

Fig. 5(a) shows the temperatures and pressure history during
and after 10 minute blackout. As soon as the cryocooler is turned
off, gradually increases, but does not rise to liquid temper-
ature when the power is restored after 10 minutes. As a result,
the vent valve is not opened, and there is no boil-off loss. The
liquid level continues to be 38.1 cm, and liquid temperature re-
mains nearly constant around 77 K. Since liquid nitrogen stays
in compressed state, its normal condition is readily recovered.
The process is plotted on phase diagram of nitrogen in Fig. 6,
but is represented nearly by a single point.

C. 1 Hour Blackout

In case of 1 hour blackout, the temperatures and pressure his-
tory of Fig. 5(b) is almost the same as Fig. 5(a) for first 10 min-
utes. At 13 minutes, the curves of and cross each
other, where the vent valve is opened and the system pressure
drops promptly to 100 kPa. After venting, liquid nitrogen stays
in saturated state around at 77.4 K covering the thermal load
by the latent heat. The thermal load increases gradually, as the
cold head of cryocooler is warmed up. After the power is re-
stored at 1 hour, drops sharply, but it takes 35 minutes for

to decrease to 76 K. During this early stage of recovery
period, helium gas at 100 kPa prevents any contamination due
to the inflow of air. At 1 hour 35 minutes, the supply of gas
helium with 300 kPa starts to pressurize liquid nitrogen and re-
turn to normal operating state. The liquid level is lowered from
38.1 cm to 36.4 cm, but the make-up of liquid is not required.
The process is almost a vertical line on phase diagram, as shown
in Fig. 6.

D. 4 Hour Blackout

In case of 4 hour blackout, the overall process is similar with
1 hour blackout. However, it is noted that after recovery
becomes slightly higher than the normal condition. The reason
is because the liquid level is reduced from 36.4 cm to 29.6 cm
so that the contact area between copper band and liquid is not
large enough for an effective cooling. This process is also close
to a vertical line on phase diagram in Fig. 6. However, the re-
covered state is shifted slightly to right. The operator receives a
text message to recommend a replenishment of liquid nitrogen.

IV. SUMMARY AND CONCLUSION

The automatic operation of cryogenic system is designed and
experimentally demonstrated for an emergency following tem-
porary loss of cooling power. The instrumentation and control
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Fig. 5. Measured temperature and pressure history of emergency operation:
(a) 10 minute blackout; (b) 1 hour blackout; (c) 4 hour blackout.

parts are installed on a recent prototype of 22.9 kV/630 A hy-
brid SFCL. Under normal operation, the HTS elements are re-
frigerated in compressed (subcooled) liquid nitrogen at 77 K and
300 kPa by a GM cryocooler. As the cryocooler is turned off for
a period of time and then turned on, the cryogenic system is au-
tomatically maintained below 78 K at all times and successfully
recovered to its normal condition. However, the emergency oper-
ation scenario is different depending upon the length of blackout

Fig. 6. Emergency operation result on phase diagram of liquid nitrogen.

time. If the outage period is relatively short (13 minutes or less
in this system), liquid nitrogen continues to stay in compressed
state, and its normal condition is readily recovered. If the outage
lasts for a longer period, however, the vent valve is opened to at-
mosphere so that liquid nitrogen can cover the thermal load with
evaporation at 77.4 K. After an hour of power loss, the normal
operation is restored with a small amount of boil-off loss that
does not require a make-up filling of liquid. Even after four hours
of power loss, the SFCL is still operational, but a replenishment
of liquid nitrogen is needed at next scheduled maintenance. The
presented cryogenic system will greatly augment the reliability
of unmanned operation of hybrid SFCL.
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