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1. INTRODUCTION 

 

HTS (High Temperature Superconducting) power 

application equipment is very effective for energy saving 

and expected as one of key technologies for future 

prosperous society. One of their superior properties 
comparing to Low Temperature Superconducting 

equipment can be cooled by liquid nitrogen (LN). First of 

all, LN temperature at atmospheric pressure is 77.4 K and 

Liquid helium temperature at atmospheric pressure is 4.2 K. 

Required energy of nitrogen liquefaction is about 1/9 of 

required energy of helium liquefaction. Each COP 

(coefficient of performance) of maintaining each 

temperature by ideal Carnot refrigerator is 0.345 and 

0.0142, respectively. So, usage of LN means a very 

economical decision. Furthermore, the latent heat of LN is 

about ten times larger than the latent heat of liquid helium. 

This property makes LN handling easier as a coolant. 

Nitrogen is very abundant and cheaper resource. Then, LN 

is a very suitable coolant for HTS equipment.  

In this article, sub-cooled LN cooling system is 

mentioned mainly. A couple of examples are introduced 

and the article shows how to design those systems and how 

to maintain their temperature lower than 77 K.  

Sub-cooled LN has better points as a coolant, 

comparing to saturated LN, as shown in the below; 

1. Sub-cooled LN can maintain lower temperature than 

saturated LN temperature. And critical current of HTS 

material is increased at lower temperature. 

2. Sub-cooled LN can be pressurized to higher 

atmospheric pressure. And HTS equipment can be set in 

higher pressure circumstance. It prevents from invasion of 

air component, especially, water vapor and carbon dioxide.  

3. Those components are sometimes solidified in the 

equipments and make damage into them. 

4. Nitrogen gas bubbles are eliminated immediately in 

sub-cooled LN, and dielectric strength of the coolant is 

kept a proper value.  

 

 

2. CRYOGENIC SYSTEM CATEGORIZATION 

 

Fig. 1 shows cryogenic system categorization. There 

are two large categories in cooling system for HTS 

equipment. One is immersion cooling method and the other 

is conduction cooling method.  

Each system has benefits. In the conduction cooling 

method, HTS equipment is connected with refrigerator cold 

head through good thermal conductive material like copper 

and/or aluminum. The operated temperature depends on 

cooling power of the refrigerator and usually the operate 

temperature is lower than 77 K. it is better for HTS 

material. 

 

 
Fig. 1. Cryogenic system categorization.  
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Recently, Research and development activity of HTS (High Temperature Superconducting) power application is very 

progressive worldwide. Especially, HTS cable system and HTSFCL (HTS Fault current limiter) system are proceeding to practical 

stages. In such system and equipment, cryogenic cooling system, which makes HTS equipment cooled lower than critical 

temperature, is one of crucial components. In this article, cryogenic cooling system for HTS application, mainly cable, is reviewed. 

Cryogenic cooling system can be categorized into conduction cooling system and immersion cooling system. In practical HTS 

power application area, immersion cooling system with sub-cooled liquid nitrogen is preferred. The immersion cooling system is 

besides grouped into open cycle system and closed cycle system. Turbo-Brayton refrigerator is a key component for closed cycle 

system. Those two cooling systems are focused in this article. And, each design and component of the cooling system is explained. 
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A vessel, in which HTS equipment is installed, is a 

simple vacuum chamber and makes the system compact. 

On the other hand, heat transfer through conduction 

material needs usually lager temperature difference and 

there is also a temperature distribution inside HTS material 

body. The most serious problem of this method is a large 

temperature difference at each joint of HTS material, 

conduction material and refrigerator cold head.  

In immersion cooling system, actual lowest temperature 

is limited by solidification temperature of the coolant, 

namely, LN freezing temperature, 63 K. Heat transfer mode 

is usually governed by convection and temperature 

difference is smaller than conduction heat transfer. Also, 

HTS material temperature can be almost uniform. Large 

amount of LN has enough heat capacity and latent heat 

energy. If the cryogenic system should have a trouble, LN 

can keep its cold temperature for reasonable time. In 

conduction cooling system, if once refrigerator should quit, 

immediately HTS material temperature is going up and it is 

hard to keep below its critical temperature.    

Immersion cooling system can be defined into two 

methods by coolant conditions, which are sub-cooled 

condition and saturated condition, respectively. In this 

article, immersion cooling system with sub-cooled LN is 

focused. Saturated LN at atmospheric pressure is easy to 

handle and can be reserved in open dewar. Heat leak into 

saturated LN produces nitrogen bubble, and it weakens its 

dielectric strength [1,2]. Many researchers use saturated 

LN during checking HTS material properties, but 

sub-cooled LN must be used in actual equipment operation. 

Nitrogen bubbles are disappeared immediately in 

sub-cooled LN. 

 

 

3. OPEN CYCLE CRYOGENIC SYSTEM 

 

In the previous chapter, we talked about system with 

coolant and without coolant. In this chapter, cooling system 

with coolant is discussed. In other words, open cycle and 

closed cycle are reviewed. Here, “open” means that LN is 

dissipated and “closed” means non-consuming of LN. In 

generally, immersion cooling system for HTS application is 

operated at around 70 K. So, its design temperature is 

around 70 K.  

Fig. 2 shows a historical open cycle cooling system 

made in 1996, and its cooling power is only 100 watt [3]. 

The cooling system was originally developed for THS 

transformer, but the principal idea can be used for cooling 

system of HTS cable. In Fig. 2, HTS transformer is set in 

the main cryostat and immersed in sub-cooled LN. The 

sub-cooled LN comes from the sub-cooler unit, which has a 

heat exchanger inside and is filled with saturated LN. The 

sub-cooled LN is produced in the heat exchanger in this 

unit. The saturated LN in the sub-cooler unit is evacuated 

by a vacuum pump and the LN temperature is reduced to be 

about 67 K. Pressurized LN flows inside the tube of the 

heat exchanger and its temperature becomes around 70 K. 

In this system, saturated LN in the sub-cooled unit is 

consumed continuously and LN replenishment is needed. 

 
 

Fig. 2. Open cycle cryogenic system.  

 
Design procedure of the open cycle system is described 

briefly. The most important component is the heat 
exchanger. For a small system, coil tube type heat 
exchanger is easy and simple as shown in Fig. 2. The coil 
tube heat exchanger is very useful for small experiments in 
university laboratories and research institutes. 

A basic heat exchanger design method is described 
below. Heat transfer coefficient outside a tube (o) can be 
calculated by boiling heat transfer equation, Rohsenow 
equation (1) [4].  

Heat transfer coefficient inside a tube (i) can be 
calculated by convective heat transfer equation (2) with 
Colburn J-factor equation (3) [5]. Total allowable 
temperature difference (T) between saturated LN and 
sub-cooled LN is written as (4). Required cooling power 
(Q) is the same as heat transfer amount through outer tube 
face area and inner tube face area, respectively, and this 
relation is shown as (5). Those five equations are solved 
simultaneously to get temperature difference To value, 
temperature difference Ti value and tube coil heat 
exchanger length (L) in (5), respectively.  

 

𝛼𝑜

𝜆
 

𝜎

𝑔 𝜌𝐿 − 𝜌𝑉 
=

𝑃𝑟−0.7

𝐶
 

𝛼𝑜 ∙ Δ𝑇𝑜

𝐿𝐻 ∙ 𝜌𝑉 ∙ 𝜐𝐿
 

𝜎

𝑔 𝜌𝐿 − 𝜌𝑉 
 

0.67

 
𝜌𝑉

𝜌𝐿
 

0.67

 

                     (1) 

α𝑖 =  
4𝑀∙𝑗ℎ∙𝐶𝑝

𝜋∙ 𝐷𝑖2  ∙𝑃𝑟0.67
 (2) 1 

 
 

𝑗ℎ = 0.023 ∙ 𝑅𝑒−0.2  1 + 3.5  𝐷𝑖/𝐷ℎ   (3) 1 
 

 

∆𝑇𝑜 + Δ𝑇𝑖 = ∆𝑇 (4) 1 
 

 

𝑄 = 𝛼𝑜 ∙ Δ𝑇𝑜 ∙ 𝐷𝑜 ∙ 𝐿 = 𝛼𝑖 ∙ Δ𝑇𝑖 ∙ 𝐷𝑖 ∙ 𝐿 (5) 1 
 

 
Where αo is the outside heat transfer coefficient 

(W/m2K),  αi is the inside heat transfer coefficient (W/m2K), 
ΔTo is the temperature difference between outer wall and 
saturated LN (K), ΔTi is the temperature difference 
between inner wall and sub-cooled LN (K), ΔT is the 
temperature difference between outer saturated LN and 
inner sub-cooled LN (K), LH is LN latent heat (J/kg), ρV is 
nitrogen gas density (kg/m3), ρL is LN density (kg/m3),  is 
LN thermal conductivity (W/m K）, σ is LN surface tension 
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(N/m) νL is LN coefficient of kinematic viscosity (m2/s ), 
Pr is Prandtl number, Re is Reynolds number, M is the LN 
flow rate (kg/sec), Cp is LN specific heat (J/kg K), Di is the 
tube inner diameter (m), Do is the tube outer diameter (m), 
Dh is the coil diameter (m), g is acceleration of gravity（9.8 
m/sec2） , C is the constant number (0.008 ), Q is the 
required cooling power (W) and L is the tube length (m). 

A large scale cooling system can be designed by the 
same procedure as a small scale cooling system. Fig. 3 
shows a flow diagram of a large scale open cycle cooling 
system.  Fig. 4  (a) and (b) show photo-pictures of a large 
scale open cycle system whose cooling power is 2kW at 65 
K [6]. The cooling system was installed for a HTS cable 
test facility of Furukawa Electric in China. Open cycle 
system is used worldwide, namely, China, Korea, USA and 
Europe, because its initial investment is smaller than closed 
cycle system. 

 

 
 

Fig. 3. A flow diagram of a large scale open cycle cooling 

system. 

 

 
 

a) A photo-picture of HTS cable system with a large scale 

open cycle cooling system. 

 

 
 

b) A large scale open cycle cooling system. 

 

Fig. 4. HTS cable system with a large scale open cycle 

cooling system. 

In Korea, KEPCO has operated a larger system whose 

cooling power is 6 kW at around 69 K [7]. In German 

Ampa city project, 4 kW at 67 K cooling system has been 

operated for more than one year [8]. Usually, its cooling 

power is less than 10 kW. Open cycle system consumes a 

large amount of LN and there might be LN supply difficulty 

for a larger open cycle system whose cooling power is 

larger than 10 kW. 

 

 

4. CLOSED CYCLEE CRYOGENIC SYSTEM 

 

Fig. 5 shows a schematic flow diagram of a closed cycle 

cooling system.  LN circulation loop is the same as the open 

cycle cooling system and producing sub-cooled LN method 

is only different. In order to produce and/or cool 

sub-cooled LN, refrigerator is used in this system. A 

sub-cooler is usually installed inside a refrigerator cold box, 

and the sub-cooler works for heat exchanging between 

sub-cooled LN and refrigerator working fluid.   

In closed cycle cooling system, a key component is a 

refrigerator. GM refrigerator is often used in a small system, 

whose cooling power is usually less than around 500 W. 

For a larger system whose cooling power is larger than 1 

kW, Stirling refrigerators and Turbo-Brayton refrigerators 

are adopted. Stirling refrigerator has relatively high 

efficiency, but periodic maintenance in a short term is 

required. Turbo-Bryaton refrigerator has been developed 

recently and expected a long term maintenance interval, 

which is at least three years [9-12]. This chapter describes 

Stirling cycle and Brayton cycle comparison, and 

turbo-Brayton refrigerator detail. 

 

4.1 Carnot cycle 

In refrigeration cycles, Carnot cycle is an ideal cycle 

and any refrigerator cannot overcome against Carnot 

efficiency. Stirling cycle efficiency is the same as Carnot 

cycle theoretically. Fig. 6 shows Carnot cycle 

schematically, and explains coefficient of performance 

(COP) definition. COP is defined as ratio of cooling power 

and required work energy. And COP is a very important 

value for refrigerator performance. Carnot cycle configure 

at T-S (Temperature – Entropy) diagram is depicted as a 

 

 
 

Fig. 5. A schematic flow diagram of a closed cycle cooling 

system.  
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Fig. 6. Carnot cycle flow diagram and T-S diagram. 

 

rectangular shape surrounded by isothermal lines and 

isentropic lines as shown in Fig. 6 (b). Compression heat 

(Qr) is rejected to atmosphere at isothermal condition and 

expressed as (6). Absorbed heat (Qc) flows into a cold head 

at isothermal condition and expressed as (7). And, required 

work (W) is calculated by subtracting Qc from Qr. Then, 

COP is defined as Qc divided by W, as shown in (9). It 

shows that COP of Carnot (COPcarnot) cycle is decided by 

only temperature. 

 

𝑄𝑟 = ∆𝑆 ∙ 𝑇ℎ  (6) 1 

 

𝑄𝑐 = ∆𝑆 ∙ 𝑇𝑐  (7) 1 
 

 

𝑊 = 𝑄𝑟 − 𝑄𝑐  (8) 1 
 

 

𝐶𝑂𝑃𝑐𝑎𝑟𝑛𝑜𝑡 = 𝑄𝑐/𝑊 = 𝑇𝑐/(𝑇ℎ − 𝑇𝑐)     (9) 1 
 

 

4.2. Turbo-Brayton cycle and Stirling cycle  

Fig. 7 (a) and (b) show schematic drawings of 

Turbo-Brayton refrigerator and Stirling refrigerator, 

respectively. In order to compare both of them, a kind of 

specific case is considered. In our case, two refrigerators 

are used for cooling LN at designated temperature (Tc) by 

heat exchangers. As a Brayton refrigerator’s feature, heat 

absorption process (cooling process) at cold temperature is 

not operated at constant temperature, but the process is 

going along a pressure constant line. Then, the lowest 

temperature of Brayton refrigerator is Tc . In the other hand, 

Stirling refrigerator absorbs heat at the constant 

temperature (Tc ). And T-S diagrams of both refrigerators 

are depicted in Fig. 8. In this section, compressor, expander 

and heat exchanger should be ideal to make simple. It 

means that there is no loss in any compressors, expanders 

and heat exchangers.  

In Striling cycle, working gas is compressed 

isothermally from Point 1 to Point 3. And rejected heat 

(Qr,s) into the atmosphere is the below;  

 

𝑄𝑟, 𝑠 = ∆𝑆 ∙ 𝑇ℎ  (10) 1 
 

 

Where, S is entropy difference shown in Fig. 8. 

 
 

Fig. 7. Schematic drawings of Brayton refrigerator and 

Stirling refrigerator. 

 

 
 

Fig. 8. T-S diagram of Brayton cycle and Stirling cycle.  

 

High pressure gas goes into a heat exchanger and its 

temperature goes down to be Tc, along constant volume 

line. Heat absorption (Qc,s) is occurred at the constant 

temperature. The absorbed heat is calculated as the below; 

 

 
𝑄𝑐, 𝑠 = ∆𝑆 ∙ 𝑇𝑐     (11) 1 

 
 

Now, required work (Ws) is described as (12). 

 

𝑊𝑠 = 𝑄𝑟, 𝑠 − 𝑄𝑐, 𝑠  (12) 1 
 

 

Then, Stirling cycle COP (COPs) is written as (13). 

 

𝐶𝑂𝑃𝑠 = 𝑄𝑐/𝑊 = 𝑇𝑐/(𝑇ℎ − 𝑇𝑐)     (13) 1 
 

 

Stirling cycle COP is the same as Carnot Cycle COP in 

an ideal condition and with ideal working gas. 

 

In Brayton cycle, working gas is compressed along 

adiabatic line from the Point 1 to Point 2 in Fig. 8, and 

expanded adiabatically from Point 4 to Point 5 in Fig. 8. 

Compressive work (Wcomp) and regenerative work (Wreg) 

by expander for a unit flow rate are described in the below, 

respectively. 
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𝑊𝑐𝑜𝑚𝑝 = 𝐶𝑝 ∙ ∆𝑇ℎ     (14) 1 
 

 

𝑊𝑟𝑒𝑔 = 𝐶𝑝 ∙ ∆𝑇𝑐     (15) 1 
 

 

Where, Cp is specific heat at constant pressure. 

Then, required work (Wb) for a unit flow rate is 

described as (16). 

 

𝑊𝑏 = 𝑊𝑐𝑜𝑚𝑝 − 𝑊𝑟𝑒𝑔 = 𝐶𝑝 ∙ (∆𝑇ℎ − ∆𝑇𝑐) (16) 1 
 

 

Compressed gas is cooled by air and/or water, and the 

temperature becomes ambient temperature (point 3). In order 

to cool high pressure gas, high pressure gas goes through a 

main heat exchanger, where gas temperature is reduced at 

constant pressure. Cold high pressure gas at temperature of 

Tm (point 4) is expanded adiabatically by an expander and 

the temperature goes down to the lowest temperature Tc 

(point 5), as described in the above. The coldest gas goes into 

a sub-cooler and absorbs heat from sub-cooled LN. Then, the 

temperature becomes to be Tm (point 6). The low pressure 

gas returns into the main heat exchanger and its temperature 

is resumed to be Th (point 1). 

Between Point 5 and Point 6, absorbed heat amount 

(Qc,b) for a unit flow rate is expressed as (17). 

 

𝑄𝑐, 𝑏 = 𝐶𝑝 ∙ ∆𝑇𝑐     (17) 1 
 

 

Then, COP of Brayton cycle (COPb) is expressed as 

(18) 

 

𝐶𝑂𝑃𝑏 = 𝑄𝑐, 𝑏/𝑊𝑏 = ∆𝑇𝑐/(∆𝑇ℎ − ∆𝑇𝑐)     (18) 1 
 

 

In Brayton cycle, both compression process and 

expansion process are adiabatic changes. Each process is 

expressed as (19) and (20), respectively. 

 

∆𝑇ℎ = 𝑇2 − 𝑇1 = 𝑇1 ∙   
1

𝛾
 

1−𝑘

𝜅
− 1 = 𝑇ℎ ∙   

1

𝛾
 

1−𝑘

𝜅
− 1    1 

  (19) 2 
 

 

∆𝑇𝑐 = 𝑇4 − 𝑇5 = 𝑇5 ∙   
1

𝛾
 

1−𝑘

𝜅
− 1 = 𝑇𝑐 ∙   

1

𝛾
 

1−𝑘

𝜅
− 1    1 

  (20) 2 
 

 

 Equation (18) is substituted with (19) and (20). Finally, 

COP of Brayton cycle (COPb) is expressed as (21). 

 

𝐶𝑂𝑃𝑏 = 𝑇𝑐/(𝑇ℎ − 𝑇𝑐)     (21) 1 
 

 

In the ideal refrigeration cycle condition with ideal gas, 

Stirling refrigerator COP and Brayton refrigerator COP are 

the same as Carnot COP. This section shows Brayton 

refrigerator has the same efficiency as Stirling refrigerator 

efficiency in the specific occasion like our system with 

ideal working fluid. 

 

 

5. TURBO-BRAYTON REFRIGERATOR 

DEVELOPMENT 

 
Recently, Turbo- Brayton refrigerators were developed 

in Japan and Europe [9-12]. Also, recent R&D efforts 

completed high efficient turbo-Brayton refrigerator as well 

as Stirling refrigerator [12]. It equips with magnetic 

bearings in rotational machines, namely, in 

turbo-compressor and turbo-expander. Fig. 9 shows a 

schematic drawing of a turbo-expander with magnetic 

bearings. There are two sets of magnetic radial bearings 

and one set of magnetic thrust bearings. Then, five axis- 

positions of a turbine shaft are controlled by those magnetic 

bearings. The rotational shaft can be levitated in a center of 

the radial bearings bodies and in a center of the thrust 

bearings air gap by magnetic force as shown Fig. 9. The air 

gap size between the shaft and the radial bearing body is set 

at around 0.5 mm.  Magnetic bearings have no rubbing and 

consuming parts. The rotational machines are expected 

more than three years maintenance interval. That is very 

important matter for continuous operation of all year 

without break, especially HTS power electric application. 

In Japan, neon gas is used as a working fluid. Neon gas 

has heavier molecular weight and is more effective to make 

high pressure ratio than Helium gas at the same rotational 

speed. In the other words, the compressor and expander can 

be operated at lower rotational speed by using neon gas, 

and it makes rotational machines more reliable.  

For turbo-Brayton refrigerator, its maximum COP 

value is acquired at around 2 to 2.5 of pressure ratio with 

some heat exchanger efficiencies [13]. However, there is a 

border line at about 2 of pressure ratio for number of 

compression stages. In order to get more than 2 of pressure 

ratio, three-stage compression is needed, otherwise only 

two-stage compression is enough. Number of compression 

stages affects refrigerator cost. So, refrigerator makers are 

considering a balance of its COP and its cost.    

 

 
 

Fig. 9. A schematic drawing of turbo-expander with 

magnetic bearings.  
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Fig. 10. 2kW neon turbo-Brayton refrigerator. 

 

Fig. 10 shows a neon turbo-Brayton refrigerator, whose 

cooling power is 2 kW at 70 K. A turbo-expander on the top 

flange and a turbo-compressor set at the side of the cold 

box are shown in Fig. 10. The rotational speed of the 

expander is 1200 rps and its impeller diameter is . The 

turbo-compressor is two-stage compression type, and its 

rotational speed is 575 rps. The first stage impeller 

diameter is  and the second stage impeller diameter is 



In order to design rotational machines, process pressure 

and mass flow rate should be determined by required 

cooling power at designated operation temperature as the 

first step. And process simulation is conducted to 

determine the process pressure and the mass flow rate. The 

simulator can deal with real neon gas properties and 

calculate actual pressure drops in heat-exchangers and 

pipeline with some pressure and mass flow conditions. At 

the second step, impeller configuration at an assumed 

rotational speed is designed by specific software. The final 

impeller configuration is decided after considering some 

design models with various impeller sizes and an 

acceptable rotational speed. 

Fig. 11 (a) and (b) show a schematic flow diagram and a 

photo-picture of 10 kW neon turbo-Brayton refrigerator, 

respectively. In this new model, turbine-compressor (TC) is 

adopted. The TC has a turbine impeller and a compressor 

impeller with one shaft. The turbine impeller is attached on 

one end of the shaft and the compressor impeller is attached 

on the other shaft end. Produced energy by the expander is 

transferred directly to the compressor impeller. The 10kW 

refrigerator has two sets of the same turbine-compressors 

installed in parallel and this scheme is an attractive 

structure for achieving cost down by repeatable production. 
Sub-cooler is an important component as well as 

rotational machines in a turbo-Brayton refrigerator. LN is 

frozen at 63 K. In the other hands, Turbo-Brayton 

refrigerator produces lower temperature than 63 K after a 

turbo-expander exit. Then colder neon gas comes into a 

sub-cooler and its might make LN frozen and LN flow 

might be blocked inside the heat exchanger. In order to 

prevent this undesired condition, some ideas are presented 

in literatures [14, 15]. One presented solution is a double 

loop heat exchanger and the other one is a cross flow heat 

exchanger.  

 
 

 
 

Fig. 11. 10kW Ne turbo-Brayton refrigerator. 

 
Turbo-Brayton refrigerator can adjust its cooling power 

down to about 25 % of its full power by controlling a 

compressor rotational speed. This is a very unique property 

and this feature can make cooling system operation easy 

and flexible. 

 

 

6. LARGE SCALE CLOSED CYCLE CRYOGENIC 

SYSTEM 

 

There are notable four instances of HTS cable system 

cooled by turbo-Brayton refrigerator. Two instances are 

Icheon substation and Jeju Superconducting power System 

Center in Korea, respectively [16]. The others are Asahi 

substation and Ishikari project in Japan [17]. Those details 

are shown in Table 1. 

Fig. 12 shows a bird’s eye view of Jeju 

Superconducting power System Center. The 10kW 

refrigerator shown in Fig. 11(b) was installed at this site. 

Large scale closed cycle cooling system is a competitive 

system against an open cycle cooling system. In generally, 

an efficiency of a refrigerator is higher for a larger cooling 

capacity refrigerator and operation cost per cooling power 

unit is reduced than smaller system. Large turbo-machine 

has a large diameter impeller and a leak flow rate through a 
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TABLE 1 

HTS CABLE COOLING SYSTEM COOLED BY TURBO-BRAYTON 

REFRIGERATOR. 

Site 
HTS cable 

specification 
Cooling system 

Icheon 

AC 22.9kV 

50MVA 

410m 

2kW TBR 

+ 

4kW Stiriling x 2 sets 

Jeju 

AC154kV 

600MVA 

1000m 

10kWTBR 

+ 

4kW Stirling 

Asahi 

AC66kV 

200MVA 

240m 

5kW TBR 

Ishikari 

Line1 

DC20kV 

5kA 

500m 

2kW TBR 

+ 

1kW Stiriling 

Ishikari 

Line2 

DC20kV 

2.5kA 

1000m 

2kW TBR x 2 sets 

+ 

1kW Stiriling x 2 sets 

                                           *)TBR:Turbo-Brayton Refrigerator 

 

 
 

Fig. 12. Jeju island HTS cable field test. 

 

gap between impeller and its casing is relatively small. This 

is the main reason for getting higher efficiency. 

Furthermore, a large refrigerator has a lower price for 

cooling power unit, namely, a price for 1 kW cooling power. 

First capital investment for large scale cryogenic cooling 

system is still expensive, but its moderate operation cost is 

more attractive against open cycle cryogenic cooling 

system. Its border could be at around 10 kW cooling power. 

 

 

7. REFRIGERATOR EFFICIENCY 

IMPROVEMENT 

 

It is important to know that a refrigeration process 

analysis contributes to the efficiency of the refrigeration as 

well as turbo-machine efficiency. The basic turbo Brayton 

is generating pressure by adiabatic compression and input 

power to get desired compression ratio can be reduced by 

multi-stage compression method. Multi-stage compression 

can make compression process similar to isothermal 

compression process. However, adopting a multi-stage 

process, the number of compression stages should be a 

considerable item which might be disadvantaged in terms  

 
 

 Fig. 13. Cold compression process flow diagram. 

 

of high cost and trouble prevention. For expansion process, 

multi-stage expansion can generate more energy as similar 

as a multi-stage turbo-compressor merit. Provided, that the 

efficiency improvement by multi-stage turbo-expander is 

possible, we must consider the overall cost performance as 

well as the adoption of multi-stage compressor. 

In addition, from the viewpoint of power saving, 

compression process at low temperature (cold compression 

process) should be also considered. Adiabatic compression 

work energy is theoretically proportional to its temperature. 

When cold compression process is working at 150 K, the 

required work is reduced to be half by compression work at 

300 K. Freon refrigerator can be used as a pre-cooler in 

addition to the basic Brayton cycle, and also cold LNG 

mass can be put into a cold compression process as shown 

in Fig. 13.  

In case of LNG utilization, compressor must be 

working at around 150 K. This situation is very severe 

circumstance for compressor, and there are some technical 

issues to break through. However, low temperature 

compression technique is very effective for improving 

refrigerator efficiency, and development and performance 

enhancement of turbo compressor in cold temperature is an 

attractive research and development target. 

 

 

8. CONCLUSION 

 

Brayton cycle is a historical heat engine theory but 

actual turbo-Brayton refrigerator is an unmatured 

technology. Application for HTS equipment cooling 

system is just begun recently. COP of turbo-Brayton 

refrigerator is now reaching at nearby 0.1 and it is expected 

to be more than 0.1. Turbo-Brayton refrigerator has large 

potential of developing high efficient and maintenance-free 

machine.  

As described above, turbo-Brayton refrigerator 

performance is going up day by day. However, LN 

circulation pump performance improvement is not 

sufficient. LN circulation pump is one of the most 

important machines which make up cryogenic system for 

HTS power application. Present LN pump has a short 
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maintenance interval, which is less than one year. LN pump 

is also expected as a maintenance-free machine.  

Cryogenic system is an essential element for HTS 

application system, but it is far from a leading role in this 

region. Cryogenic system is required the following 

features; easy operation, high reliability, strong durability, 

reliable safety, high efficiency, moderate cost, etc., But, as 

the first of all, cryogenic system should be invisible to 

spread superconducting power equipment. It means that the 

feeling of its presence should be disappeared. The best 

thing is that HTS power application operator doesn’t know 

the existence of cryogenic system.  

For operation of the HTS application system, cryogenic 

system should not be required expertise and should be 

needed only an easy handling. Then, it will be 

indispensable that any operation modes including cool 

down are automatically controlled. Fault diagnosis and 

emergency measures by experts are sometimes inevitable. 

Therefore, it is a matter of rapid to equip emergency 

measures using remote monitoring and remote control 

functions. 

Government regulation is also a related matter to 

spreading HTS power application. In some countries, 

cryogenic system is regulated by high pressure gas safety 

law or such kind legislation. Those regulations are 

sometimes conflictive with for desired unattended 

operation of HTS power application equipment. 

Unattended operation is very usual at electricity 

distributing substations in Korea and Japan. In Japan, 

deregulation is being promoted by academic and industrial 

societies. On promoting such deregulation, the most 

important thing is a showing evidence of systematic safety 

to authorities by accumulating safety operation data.  

In order to spread HTS power application rapidly, very 

intimate relationship with superconducting equipment 

specialists and cooling system specialists is indispensable, 

and aggressive collaboration between them from the design 

stage of new superconducting equipment is also needed. 

Furthermore, electric and mechanical system experts 

should be joined in the group. It is believed that Generous 

and ceaseless efforts by many researchers and engineers 

can realize superconducting world. 
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