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ABSTRACT 
 

 

 

 

A new concept of thermal design to optimize the operating temperature of HTS magnets is 

developed, aiming simultaneously for compactness and efficiency. The optimization procedure 

seeks the operating temperature to minimize the power consumption in steady state. This 

procedure includes the modeling of the critical properties of HTS conductors, the dimensions of 

HTS windings, the heat transfer analysis for cooling load estimate, the thermal interface between 

the HTS windings and cryocooler, and the thermodynamic evaluation of the required 

refrigeration. Finally, this method is applied to two specific cooling systems for HTS 

transformers: a liquid-cooled system with pancake windings and a conduction-cooled system 

with solenoid windings. The optimum temperature turns out to be slightly above 77 K, the 

normal boiling temperature of nitrogen, for both the liquid-cooled system and the conduction-

cooled system, but could vary considerably by the magnitude of AC loss in the HTS conductors. 

Operation at a temperature below 77 K can be justified, if the amount of AC loss is substantially 

reduced or the savings in capital investment by the compactness is significant in comparison with 

the operational cost. 

A new cryogenic design for cooling HTS transformers, the so called natural convection 

system, is proposed in accordance with the results of an optimization study and the 

considerations of liquid nitrogen as cooling media. In the natural convection system, HTS 

windings are immersed in a liquid nitrogen bath where the liquid is cooled simply by copper 

sheets vertically extended from the coldhead of a GM cryocooler above the windings. Liquid 

nitrogen in the gap between the windings and the copper sheets develops a circulating flow by 

the buoyancy force in the subcooled state. A comprehensive heat transfer analysis is performed 

to evaluate the proposed cooling system. The heat transfer coefficient for natural convection is 

predicted from the existing engineering correlations in which the temperatures of two surfaces 

are uniform, and then the axial temperature distributions of HTS windings, copper sheets, and 

 xiii



liquid-vessel wall are calculated analytically and numerically, taking into account the distributed 

AC loss and the thermal radiation on the walls. The warm-end of the HTS windings is 

maintained at only 2∼3 K above the freezing temperature of nitrogen (63 K) at atmospheric 

pressure with acceptable values for the height of HTS windings and the thickness of copper 

sheets. Such a system based on cooling by natural convection with subcooled liquid nitrogen 

could be an excellent option for HTS transformers, when considering all aspects of compactness, 

efficiency, and reliability. 

In order to confirm the feasibility of the new design for cooling HTS transformers, a 

natural convection cooling experiment was designed and constructed. The primary purpose of 

the experiment, therefore, is to simulate the thermal environment as closely as possible to the 

proposed cooling system. The experimental apparatus is approximately 1:5 scale and has the 

same configuration as the cooling system for Korean HTS transformer, except that an electrical 

heater is used for simulate the AC loss and the vertical cavity between parallel plates replicates 

the narrow annular gap between HTS windings and the vertical copper sheets in the cooling 

system for an HTS transformer. A liquid nitrogen bath is cooled down to nearly the freezing 

temperature at atmospheric pressure by a vertical copper heat transfer plate thermally anchored 

to the coldhead of a single-stage GM cryocooler. A parallel copper plate generating a uniform 

heat flux is placed at a distance so that liquid between the two plates may develop a circulating 

flow by natural convection. The cold surfaces are continuously maintained below 66 K in 

subcooled liquid nitrogen for heat fluxes up to 100 W/m
2
. The vertical temperature distribution 

on both surfaces is measured in steady state, from which the heat transfer coefficient is 

calculated and compared with the existing correlations for a rectangular cavity where each 

vertical surface has a uniform temperature. When the heat flux is smaller than 40 W/m
2
 or the 

corresponding Rayleigh number is smaller than 1.6 × 10
8
, good agreement is observed between 

the experiment and correlation because the plate temperatures are relatively uniform in the 

vertical direction. As the heat flux increases over 40 W/m
2
 or Rayleigh number exceeds 1.6 × 10

8
, 

however, the heat transfer coefficients are approximately 20∼30 % greater than the existing 

correlations. The thermal boundary conditions in the present experiment with surface 

temperature decreasing upwards may cause vertically segregated cellular flows in the cavity. 

These multi-cellular flow patterns can lead to the augmentation of wall-to-wall heat transfer by 

reducing the effective height of the cavity.         

 xiv



 

 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

 

 

 

This chapter reviews the research on natural convection cooling of subcooled liquid 

nitrogen for HTS transformers. Basic cryogenic cooling technologies are reviewed and the 

natural convection cooling approach that is used for the present research is briefly introduced. 

Practical cryogenic cooling designs for HTS transformers are summarized and the advantages of 

subcooling are discussed.  An overview and scope of this dissertation is introduced towards the 

end of the chapter.        

 

1.1. Background on this Research Program 

 

An international collaborative research program involving the cryogenics for HTS 

transformers has been performed at the National High Magnetic Field Laboratory. The objective 

of this project was the design of compact and efficient cryogenic cooling systems for both the 

Korean power industry and shipboard applications for the US Navy. When this international 

collaborative research started, some programs on HTS transformer were already developed or 

developing by research institutes and major power companies worldwide [1-10]. Toward 

commercialization, these efforts have designed and constructed prototype HTS transformers for 

field test. However, for the most part they have neglected the basic thermal characteristics of 

HTS magnet and the associated cryogenic refrigeration. 

The author was involved in this international collaborative program as a graduate research 

assistant. As described above, since no basic thermal studies were done, a program goal was to 

develop the thermal design technology for cooling HTS transformer as a first step. Utilizing this 

 1



design technique, we have proposed a new cooling concept for HTS transformers and have 

confirmed the feasibility by experiment. The present dissertation is based upon the results of the 

international collaborative research program and the associated analysis and experimental 

developments.  

 

1.2. Cryogenic Cooling Technology 

 

One of the most critical factors for successful development of any superconducting device 

is the cryogenic cooling technology. Since the first liquefaction of helium and the discovery of 

the phenomenon of superconductivity in mercury by H. Kamerlingh Onnes in the early 1900s 

[11], a variety of practical cooling systems for superconducting devices have been developed. 

For the most part, these systems have utilized the niobium titanium (NbTi) and niobium tin 
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Figure 1.1. Critical current ratio as a function of temperature when the magnetic flux density 

parallels to the Bi-2223 tape surface [14] 
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(Nb3Sn), the so called the low temperature superconductors (LTS), which require a helium 

temperature environment to achieve their specific properties. In the standard cooling of the LTS 

systems, the low temperature helium is effectively used to maintain the systems at around 4 K 

[12]. 

The discovery of the high temperature superconductor (HTS) in 1986 by Muller and 

Bednorz [13] opened new opportunities in the design of several power utility applications, 

mainly because of the easy and economical cooling with liquid nitrogen at considerably higher 

temperature around 77 K. The high temperature superconductor was initially described as liquid 

nitrogen superconductor, because liquid nitrogen seemed to be a technically suitable and 
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inexpensive heat transfer fluid. The commercial applications of many HTS magnets, however, 

requires refrigeration at temperature below 77 K in order to take advantage of a greater critical 

current density of HTS and reduce considerably the size and weight of the system. Figure 1.1 

shows the critical current ratio as a function of the temperature when the magnetic flux density 

parallels to the Bi-2223 tape surface [14]. It is obvious that the critical current depends upon the 

temperature, and the critical current ratio (IC(T)/IC(77 K)) increases with decreasing temperature  

for a given magnetic field [15]. For example, the critical current at 64 K is approximately three 
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times greater than that at 77 K in a magnetic field of one tesla. 

A wide range of cryogenic cooling technologies is available to HTS magnet applications. 

The cooling using a cryocooler is an attractive option, allowing lower operating temperature 

thereby providing improved current capacity in any type of conductor. There are many types of 

cryocoolers, which are classified according to cycle and component as shown in Figure 1.2, the 

Gifford-McMahon (GM) cryocooler being the most common in use today [16]. The pulse tube 

cryocooler is a promising candidate for HTS cooling in terms of reliability and efficiency since 

there are no moving parts in the cold section. However, pulse tube cryocoolers are still under 

development to increase the cooling capacity [17].     

Based upon the availability of cooling media, system configurations and existing cooling 

technologies, the approach to HTS cooling can be categorized into three large classes: batch 

cooling, liquid cooling, and conduction cooling. Figure 1.3 shows the classification of the HTS 

cooling system. There are two approaches to liquid cooling, natural convection and pump 

circulation, depending upon whether the circulation pump is employed or not. 

 

 

 

 

 
 
 

                                                   Figure 1.4. Batch cooling system
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                                Figure 1.5. Liquid cooling system by natural convection 

 

 

 

 

 

 
 

Figure 1.6. Liquid cooling system by pump circulation 
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In a batch cooling system as shown in Figure 1.4, the HTS magnet is immersed in a boiling 

cryogen such as liquid nitrogen where the heat is extracted by the evaporation of the liquid [18]. 

This cooling system can offer very high availability, however it requires considerable storage 

capacity of liquid for refill since the liquid is evaporated. Both the restriction of operating 

temperature and the space requirements may not be acceptable for many of the potential 

applications. 

An attractive system design approach is to look at a combination of liquid cryogens with 

emerging cryocooler technology, which is called liquid cooling in the present study. The HTS 

magnet is cooled by the liquid bath, which is subcooled either by thermal conductive sheet 

connected to a cryocooler through natural convection mechanism as shown in Figure 1.5, or by 

forced flow liquid, which is subcooled in a secondary cryostat and circulated by cryogenic pump 

as shown in Figure 1.6. Since no pump or transfer line is necessary, the natural convection 

 

 

 

 

 

 
 

                                                Figure 1.7. Conduction cooling system 
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system can be more compact and efficient than the pump circulation system. However, heat 

transfer by natural convection is generally much less efficient than in forced convection, which 

may cause an excessively high temperature of HTS magnets or diminish the essential merits of 

the low temperature operation.  

Since cryocoolers are available for a wide range of operating temperatures, they can lead to 

innovative HTS cooling systems, in which HTS magnets are cooled only by direct contact with 

cryocooler as shown in Figure 1.7. While liquid nitrogen cooling mentioned above can only 

operates above 64 K in order to avoid freezing, conduction cooling system can be operated over 

a wider temperature range from 4 to 80 K, which is especially effective for HTS magnets whose 

optimum operating temperature is typically 30∼50 K [19]. However, the stability of the magnet 

against a thermal disturbance is an important issue in superconducting magnets system [20] and 

the heat removal in the conduction cooling system is generally less efficient. Therefore, 

conduction cooling has several disadvantages compared to liquid cooling. First of all, there is no 

back-up cooling in a conduction cooling system if a cryocooler stops suddenly, on the other hand, 

liquid cryogen can be used for back-up cooling in a liquid cooling system. Secondly, the heat 

transfer is poor in conduction cooling system because of the difficulty in thermal contact 

between the magnets and a cryocooler.              

 

1.3. HTS Transformer and Cryogenic System  

 

A transformer is an electrical device used to convert generation-level voltage to 

transmission-level voltage, and is usually composed of two conductor coils or windings wound 

around a magnetic core [21,22]. A current flows into the primary windings and out of the 

secondary windings by means of electromagnetic induction. In the ideal case, the input power is 

the same as the output, which is lossless voltage transformation. Since the windings in 

conventional transformer, however, are made of copper or aluminum wire, the resistance in the 

windings causes approximately 1 ∼ 2 % loss of power.  

HTS transformers have a variety of potential advantages over conventional units of similar 

capacity. First of all, they have an improved efficiency and are expected to be lighter. HTS 

transformer windings, made of high temperature superconductor such as BSCCO or YBCO, have 

substantially less resistance loss, which can bring the efficiency rate of the transformer closer to 
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the ideal. Also, the higher current density of high temperature superconductor results in reducing 

weight. Secondary, HTS transformers do not suffer from the insulation degradation when run at 

full capacity and can even tolerate being operated at up to twice rated capacity without reducing 

lifetime. Finally, oil and its potential hazard are eliminated in the HTS transformers since they 

are cooled by an environmentally friendly medium such as liquid nitrogen or helium gas [23,24].   

One of the key techniques to realize these advantages in practice is the cryogenic design, as 

the cooling system of HTS windings determines to a large extent the size, weight, power 

consumption, and even the reliability of the entire transformer unit. Once the initial efforts have 

successfully demonstrated the feasibility of HTS transformers [25], a few different 

configurations of cryogenic system have been designed and tested. 

Zueger [1] reported the first prototype of HTS transformer with batch cooling. The HTS 

windings were immersed in boiling liquid nitrogen at 77 K under atmospheric pressure contained 

in a vacuum insulated epoxy cryostat. The open cooling cycle was supplied by a 4500 l external 

liquid nitrogen container, which compensated for the evaporated nitrogen. The overall liquid 

 

 

 

 

 

 
 

                                                     

Figure 1.8. Schematic configuration of HTS cooling system by LN2 subcooling with room 

temperature bore [Funaki et al.] 
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nitrogen consumption was higher than expected, mainly due to refilling losses. 

Funaki et al. [2-5] presented forced circulation liquid cooling system for a HTS single-

phase transformer. The HTS windings were contained in a main GFRP cryostat filled with 

subcooled liquid nitrogen at around 65 K, with an iron core located through room temperature 

bore of the cryostat. As shown in Figure 1.8, the subcooled liquid was continuously chilled by 

two sets of GM cryocoolers in a secondary cryostat and circulated through transfer lines to the 

main cryostat by a pump. Recently, they redesigned the secondary cryostat with the cryocooler 

located at the bottom of cryostat and the inner vessel suspended by narrow supports in order to 

reduce heat leak through the neck tube [26].    

Schwenterly et al. [7-9] pursued a completely different approach to transformer cooling. In 

order to avoid the expensive composite cryostat, they placed both the windings and the iron core 

in vacuum tank. The HTS windings were maintained at around 30 K by circulation of helium gas 

 

 

 

 

 

 

 
 

 

Figure 1.9. Schematic configuration of HTS cooling system by helium gas with core in vacuum 

[Schwenterly et al.]  
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chilled by a GM cryocooler. The radiation shields on the cold mass and the current lead heat 

sinks were separately cooled by liquid nitrogen and another cryocooler. Figure 1.9 illustrates a 

simplified schematic of their cooling module. Recently, they proposed a new cryocooler module, 

which provides 25∼45 K refrigeration to HTS windings by means of a helium-filled 

thermosiphon loop [27]. 

Schlosser et al. [10] have developed a single phase HTS transformer for railway 

applications. As geometric constraints and compactness are more significant than efficiency in 

the on-board transformers, the whole core-and-coil assembly was cooled at around 67 K with 

subcooled liquid nitrogen. A huge capacity Stirling cooler with a refrigeration capacity of 4 kW 

at 77 K was employed for a laboratory test to supply the subcooled liquid though transfer tubes, 

as shown in Figure 1.10. The core-and-coil assembly, cryostat, and cooling module were 

developed independently of each other to a large extent. 

 

 

 

 

 

 

 
                                                     

 

Figure 1.10. Schematic configuration of HTS cooling system by LN2 subcooling for core-and-coil 

assembly [Schlosser et al.] 
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1.4. Subcooled Liquid Nitrogen  

 

Materials exist in three phases, solid, liquid, and vapor. Shown in Figure 1.11 is a phase 

diagram for low temperature nitrogen [28]. Subcooled liquid refers to liquid that is below its 

saturation temperature for a given pressure or above its saturation pressure for a given 

temperature. In other words, subcooled liquid is a liquid that is not in equilibrium its saturated 

vapor, as indicated in Figure 1.11. Any liquid at constant temperature is subcooled somewhat by 

the hydrostatic head, so that the only liquid is truly saturated is at the liquid surface. Subcooling 

moves the thermodynamic state off the saturation line into the pure liquid region [29]. For 

pressure above the critical pressure, the fluid is in the supercritical region. 

The common method to make subcooled liquid is evacuation by a vacuum pump and then 
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Figure 1.11. Phase diagram for low temperature nitrogen  
 



pressurization [26,30]. A temperature of liquid nitrogen around 65 K can be achieved by 

controlling the vacuum pump at a level of 17.4 kPa. Another approach to subcooling is achieved 

by employing a cryocooler and heat exchanger. Since the coldhead of a cryocooler has a limited 

surface area, the thermal conductive metal such as copper plate is attached to the coldhead in 

order to extend the heat transfer area. 

In cooling for HTS magnet application, subcooled liquid nitrogen has several advantages 

over saturated liquid [26,31,32]. First of all, the temperature of subcooled liquid is lower than 

that of saturated liquid for a given pressure, which results in increased critical current of HTS 

tape as described in Figure 1.1. Another advantage of subcooling is augmentation of the electric 

insulation characteristics. The main reason for the augmentation is that the probability of bubble 

generation on the heated surface decreases when the liquid is cooled well below its saturation 

temperature.   

        

1.5. Overview and Scope 

 

It was the aim of the work described in this dissertation to develop the general cryogenic 

design technology for cooling HTS magnet applications. Since the author was involved in 

working on an international collaborative research program directed toward cryogenic cooling 

systems for HTS transformers, this dissertation focuses on that topic. The design technology, 

however, is general enough that it can be applied to other HTS power devices, such as fault 

current limiters, motors, or transmission cables.  

The dissertation is composed of three major parts. The first part describes the 

thermodynamic design concept to optimize the operating temperature of cryocooled HTS 

magnets. This concept is applied to the two different cooling methods (single-stage or two-stage) 

and two different magnets (DC or AC magnet) assuming ideal refrigeration. Based upon this 

design concept, a practical versatile optimization technique for HTS transformers with emphasis 

on the thermal interface between the HTS windings and the cryocooler is developed. This 

procedure includes modeling of the critical properties of HTS conductors, the dimensions of 

HTS windings, the heat transfer analysis for cooling load estimate, and actual refrigeration 

performance of cryocooler. Finally this method is applied to two specific cooling systems for 

HTS transformers: liquid cooling system and conduction cooling system. 

 13



The second part of this dissertation describes the natural convection system proposed for 

cooling HTS transformers. In the natural convection system, the HTS windings are immersed in 

a liquid nitrogen bath where the liquid is cooled simply by copper sheets vertically extended 

from the coldhead of a GM cryocooler located at the top. Liquid nitrogen in the gap between the 

HTS windings and the copper sheets develops a circulating flow due to the buoyancy force on 

the subcooled liquid. The axial temperature distributions of HTS windings, copper sheets, and 

the liquid-vessel wall are calculated by analytical and numerical methods in order to evaluate the 

possibility of natural convection system. The effects of copper sheets thickness on temperature 

distributions between HTS windings and coldhead are investigated and the dimensions of copper 

sheet satisfying cooling requirement are determined. In addition, thermal analysis above the 

liquid nitrogen surface is performed in order to estimate the cooling load from the top plate to the 

liquid surface. As the results of this part, the configuration and design parameters of natural 

convection system are summarized. 

The third part of this dissertation describes the natural convection cooling experiment. The 

main purpose of the experiment is to confirm the feasibility of the new cryogenic design for 

cooling HTS transformer. The experiment is designed and constructed to simulate the proposed 

cooling system with approximately 1:5 scale. The details of experiment and the results of cool-

down are presented. In this experiment, as the cryocooler is located at the top, the temperatures 

of solid bodies including copper plate and HTS magnet decrease upwards which are obviously a 

different thermal boundary conditions from the most previous studies on natural convection heat 

transfer in a cavity. The heat transfer characteristics of natural convection in a vertical cavity are 

investigated and the multi-cellular flow patterns with augmentation of wall-to-wall heat transfer 

are discussed. 

Finally, the results of this research are summarized and the future works are suggested. The 

contributions of this research are referred towards the end of this dissertation. 
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CHAPTER 2 

 

THERMODYNAMIC OPTIMIZATION OF OPERATING 

TEMPERATURE 

 
 
 
 

The operating temperature, which is typically in the range of 20∼80 K, determines the 

cooling options for various HTS power applications. It should be determined by considering the 

critical properties of HTS, the size and weight of magnet, the thermal stability of the conductor, 

and the power consumption. In this chapter, an optimization method to determine the operating 

temperature of the HTS transformers is introduced, simultaneously aiming at compactness and 

efficiency. At first a general and systematic model to quantify the effects of the temperature on 

compactness and efficiency is developed. The procedure includes modeling of the critical 

properties of the HTS material and the size of HTS magnets, heat transfer analysis for the 

cooling load estimate, and a thermodynamic evaluation for cryogenic refrigeration. The method 

is then applied to two specific systems: a liquid-cooled system with pancake windings and a 

conduction-cooled system with solenoid windings. In addition, the effect of the AC loss and the 

impact of heat interception on the optimal temperature are investigated. Overall, this 

optimization method contributes to establishing the concept at the initial design phase of the 

cooling system for HTS power transformers. 

 

2.1. Concept of Optimization 

 

Compared to boiling liquid nitrogen, operation of an HTS magnet at a temperature below 

77 K enhances critical current density, which results in reducing the size and weight, and 

requiring less cooling load by conduction and radiation. However, as the operating temperature 
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Figure 2.1. Schematic configuration of typical HTS magnet systems refrigerated by a cryocooler:     
(a) liquid-cooling, (b) conduction-cooling   
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of the HTS magnet decreases, the required power per unit refrigeration for cooling increases 

dramatically. The excessive energy consumption or the degraded overall efficiency caused by a 

low temperature operation can seriously affect its competitiveness with existing technologies. 

Thus, the optimization of the cooling temperature aiming simultaneously at compactness and 

efficiency is one of the most critical issues in the commercialization of the HTS magnet 

applications. 

The cryogenic cooling at temperatures below 77 K can be conveniently achieved by 

employing a closed-cycle cryocooler. Two typical configurations of the cryocooled HTS magnet 

system are schematically shown in Figure 2.1. The HTS magnet may be immersed in a bath of 
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Figure 2.2. Procedure to optimize the operating temperature for compactness and efficiency               
(solid lines indicate the present investigation) 

 

 17



subcooed liquid nitrogen (or neon) continuously refrigerated by a cryocooler (Figure 2.1(a)) or it 

may be directly conduction-cooled without any liquid (Figure 2.1(b)). 

Shown in Figure 2.2 is the concept of the proposed optimization. Since this study is 

focused on the thermodynamic aspects of cryogenic refrigeration, it is assumed that the 

temperature of the HTS magnet windings is spatially uniform, as being simply called the 

operating temperature, TL. As mentioned above the critical current density varies with 

temperature and the magnet size including mass, surface area, and volume is affected by 

operating temperature and can be expressed as a function of operating temperature. Both the 

operating temperature and magnet size now determine thermal and thermo-electric loads: support 

conduction, thermal radiation, current lead heat load, and AC loss. The power consumption is 

determined by the magnitude of cooling load and performance of cryocooler that is influenced 

also by temperature. Finally, the optimal temperature can be found by minimizing the power 

consumption in steady operation, which is the main objective of this concept. At first, this 

procedure is applied to a general HTS magnet system with ideal or Carnot efficiency of the 

cryocooler to focus on thermodynamics [33]. This methodology is then expanded into practical 

HTS transformer design considering actual cryocooler performance [34].    

Although the cost of operation and investment should be included for practical and 

economic optimization [35], only the thermodynamic analysis is considered in this dissertation 

as indicated by the solid line in Figure 2.2. Economic optimization (indicated by dotted lines) 

including capital cost, value of compactness and energy cost is dependent on individual 

applications.  

 

2.2. Cryogenic Cooling Loads with HTS Magnet Size 

 

In the HTS magnet systems shown in Figure 2.1, the cryogenic cooling requirements are 

continuously generated by four different physical mechanisms; thermal conduction through 

mechanical supports, thermal radiation, heat through current leads, and AC loss in the magnet. 

This section describes the models for the cooling load calculation that includes the quantitative 

effect of the operating temperature on the magnet size. 

In practical design, it is not easy to determine the reduction in the size of an HTS magnet 

when the operating temperature is lowered. It is generally true, however, that the amount of 
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required HTS windings for a specified magnetic field is inversely proportional to the critical 

current density at the operating temperature, JC(T), if the operating current density is designed at 

a certain fraction (e.g. 50%) of  JC at the temperature and other variables are kept constant. A 

simple model that the magnet size is inversely proportional to JC(T) of HTS is taken in the 

following cooling load calculations 

 

2.2.1. Support Conduction 

 

Cryogenic systems typically contain components such as cryostat or liquid-vessel, which 

operates at temperature far below room (or ambient) temperature. When the HTS magnets 

operate at cryogenic temperatures, large forces known as fault loads come into play during the 

operation. These forces, as well as the static weight of the HTS magnets, must be safely 

transmitted to the ground or to other load-bearing platforms. The HTS magnets, therefore, are 

supported by sturdy mechanical supports [36]. 

While one end of the support, which is in contact with the HTS magnets, is at a very low 

temperature, the other end of the support contacting with the load-bearing platform is usually at 

room temperature. The temperature difference between the HTS magnets and the load-bearing 

platforms imposes a steep temperature gradient along the supports. This physical mechanism 

results in some quantity of heat being conducted from the load-bearing platform to the HTS 

magnets through the mechanical supports [37]. In some special cryogenic system as shown in 

Figure 2.1(a), the HTS magnets rest on the bottom of liquid-vessel, so heat is conducted through 

the wall of liquid-vessel, which becomes the mechanical support. 

The heat conduction through a mechanical support (or liquid-vessel wall) with constant 

cross-sectional area, AS, is determined as 

( ) ( ) ( )
H

L

T
s L

k L s
s T

A T
Q T k T dT

L
= ∫  (2.1) 

where kS(T) is the temperature-dependent thermal conductivity and LS is the length of the 

mechanical support. It should be noted in Eq.(2.1) that the operating temperature, TL, appears not 

only at the lower limit of integration but also in the cross-sectional area, because a lighter weight 

magnet would require supporting of smaller cross-sectional area. 
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It follows that the cross-sectional area of the support (or the wall) can be proportional to the 

winding mass, M, as 

( ) ( )L
s L

y

M T g
A T S

σ
⋅

=  (2.2)  

if the mechanical safety factor, S, is given as a constant and the yield strength of the support 

material, σy, does not vary significantly over the temperature range. Since the mass of the HTS 

magnet is inversely proportional to JC(TL) as assumed above, the temperature-dependence of the 

magnet mass can be expressed in terms of the reference values at liquid nitrogen temperature or 

77 K. 

 ( ) ( ) ( )
( )
77

77
C

L
C L

J K
M T M K

J T
=  (2.3)  

A careful comparison is advised here between the mathematical involvement of the operating 

temperature in Eq.(2.1) through (2.3) and the graphical illustration in Figure 2.2. We expect 

clearly that as TL decreases, the temperature span in the integration in Eq.(2.1) increases, but the 

required cross-sectional area decreases because JC(T) increases. 

 

2.2.2. Thermal Radiation 

 

Thermal radiation is heat exchange between two surfaces from a distance without direct 

contact. This mechanism occurs independent of mechanical supports and is often of primary 

concern for HTS cryogenic systems in which heat is being transfer from wall of vessel to HTS 

windings. In some special cryogenic systems as shown in Figure 2.1(a), HTS magnets and 

liquid-vessel are assembled, so heat is transferred from outer-vessel wall to liquid-vessel wall. 

The usual method of reducing radiation heat leaks is to use of multilayer shields of highly 

reflective material between the warm and cold surface [12,38].  

The radiation heat transfer to a body at operating temperature, TL, from the enclosed 

surfaces at room temperature, TH, can be approximately given by  
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−
 (2.4)  

since the view (or shape) factor from the cold to the warm surfaces, FLH, is very close to unity 

[39]. AL and AH denote the external surface area of the cold body and the internal area of the 

room-temperature surface, respectively, and ε‘s are the emissivity of the surfaces. In Eq.(2.4), 

the operating temperature, TL, is involved explicitly in the numerator and implicitly in AL of the 

denominator. The temperature-dependence of the external surface area of the cold body, AL(TL), 

will be even more complicated in practice, because it is associated with the detailed design of the 

HTS magnets and the cooling options. It is assumed in this load calculation model that the 

volume of a cold body is proportional to the magnet size and the external surface area of the cold 

body has the two-third power of its volume from a dimensional consideration for similar shapes. 

Therefore, the temperature-dependence of AL is expressed also in terms of the reference values at 

liquid nitrogen temperature. 

 ( ) ( ) ( )
( )

2

377
77

C
L L L

C L

J K
A T A K

J T


= 

  


  (2.5)  

The mathematical involvement of TL in Eq.(2.4) and (2.5) should be noted again with the 

graphical illustration in Figure 2.2. As TL decreases, both the numerator and the denominator of 

Eq.(2.4) increases, which means that the radiation per unit area increases but the external surface 

area of the magnet should decrease. 

 

2.2.3. Heat Load due to Current Leads 

 

Current leads are used to supply current to superconducting magnets from an electrical 

power source. While one end of current lead is in contact with the power source at room 

temperature, the other end of current lead is in contact with the magnets at cryogenic temperature. 

Therefore, the imposed temperature difference can result in a large amount of heat being 

conducted into the superconducting magnet. In addition, Ohmic heat is generated within current-

carrying lead and can be conducted into the cryogenic system. As the refrigeration system is 
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required to extract this amount of heat from cryogenic system, in order to minimize this heat 

many researchers have been tried to optimize current leads taking into account both the heat 

conduction and Ohmic heat generation [40-49].  

 The load may vary depending on lead materials and cooling methods. However, when the 

conductivity of material obeys the Wiedemann-Franz Law and no boil-off gas is used for cooling 

as shown in Figure 2.1, the size of the leads can be optimized such that the minimum cooling 

load per lead may be a function of the operating current, I, and the two end temperatures only 

[50,51]. 

( ) ( )2 2
0l L H LQ T I L T T= ⋅ −  (2.6)  

where L0 is the Lorentz number, 2.45×10-8 (W-Ω)/K2 [51]. An average experimental value for L0 

of 2.41×10-8 (W-Ω)/K2 was proposed by Jones et al. [52]. The load due to current leads is 

directly dependent on the operating temperature of the HTS magnet, TL, but independent of the 

magnet size itself as indicated in Figure 2.2. 

 

2.2.4. AC Loss 

 

Alternating magnetic fields and transport currents cause dissipation of energy in type II 

superconductors and this energy dissipation is called AC loss [53]. Since the energy is converted 

into heat that must be removed by the cooling system, AC loss is therefore an undesirable 

phenomenon. AC loss in a superconductor is usually much lower than the resistive loss in a 

normal conductor under same operating current. Nevertheless, minimization of the AC loss is 

technically important because the energy is dissipated as heat in a low-temperature environment. 

The critical-state model [53] predicts that the AC loss per unit volume of conductor 

depends on the applied magnetic field (B), the frequency of magnetic field change (f), and the 

thickness of the HTS tape (d). Since the AC loss per unit volume is proportional to the critical 

current density in the model when the magnetic field is greater than the penetration field, the 

amount of total AC loss is expected to be principally temperature-independent [35]. Therefore, 

the AC loss can be expressed as 
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( ) ( ) ( )ac L L C L
C

I
Q T B f d V T J T B f d L I

I
= ⋅ ⋅ ⋅ ⋅ ⋅ = ⋅ ⋅ ⋅ ⋅  (2.7)  

where L is the length of conductor. Figure 2.2 also indicates that the AC loss is determined in 

general by the critical current density and the conductor volume, being influenced by the 

operating temperature. From the thermodynamic point of view, the AC loss should be 

distinguished from the other three loads because it is heat dissipation at TL and has nothing to do 

with the temperature difference between TH and TL. 

 

2.3. Power Consumption at Cryocooler 

 

All the cryogenic cooling loads described in the previous section need to be removed by a 

cryocooler in order to maintain a steady state at the operating temperature. Figure 2.3 shows 

schematically the energy balance at the HTS magnet for single-stage or two-stage cooling. The 

power consumed at the cryocooler is the object function to be minimized in this optimization. 

The power requirement is now estimated from the cryogenic loads, QL, and the cryocooler 

performance, which should be characterized by the power input per unit refrigeration, W/QL, as 

indicated in Figure 2.2. 

 

2.3.1. Single-stage Cooling 

 

In general, the power per unit refrigeration of a single-stage cryocooler that absorbs heat at 

TL and rejects heat at room temperature, TH, can be expressed as 

1
1H

L L L

W T

Q FOM T


= 

 


−   (2.8)  

where FOML is the figure of merit [54,55] or Carnot efficiency of the cryocooler and will be 

described in detail in section 2.5.3. The term, 1H LT T − , in Eq.(2.8) is the minimum power per 

unit refrigeration that can be obtained when FOML = 1 or every process is ideal and reversible. 

The power required for single-stage cooling can be generally expressed as a complicated 

function of TL. 
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W T  (2.9)  

),

where Q ‘s are determined by Eq.(2.1), (2.4), (2.6), and (2.7).  

 

2.3.2. Two-stage Cooling 

 

An effective method to save the input power for the refrigeration is by using a heat 

intercept. In order to reduce the heat leak to the magnet at TL, heat can be partly removed at an 

intermediate temperature, TI, from the mechanical supports and the current leads, and a radiation 

shield cooled at the same temperature, TI, can be placed in vacuum. In the energy balance shown 

in Figure 2.3(b), the subscripts 1 and 2 of Q’s denote the heat leaks from TI to TL and from TH to 

TI, respectively. As a result of the heat intercept, two cryogenic cooling loads are assigned at two 

different temperatures; QI at TI and QL at TL. The two-stage refrigeration may be performed with 

two different units of single-stage cryocooler or a two-stage cryocooler. When a two-stage cooler 

is used, the estimates of the actual power input could be rather complicated, because the 

refrigeration at the two stages are coupled each other. For the purpose of thermodynamic design, 

it is assumed here that the total power is simply the sum of power for the heat intercept, WI, and 

the power for the refrigeration of magnet, WL. 

( ) ( ) (, ,I L L I L I IW T T W T T W T T= + L
 (2.10)  

The cryogenic cooling load at the magnet temperature, TL, due to support conduction, 

radiation, and current leads, can be simply determined with replacing TH by TI in Eq.(2.1), (2.4), 

and (2.6), respectively. The power required for the load at TL is expressed as 

( ) ( ) ( ) ( ) ( ), 1 , 1 , 1 ,

1
1H

L I L k I L r I L l I L ac L

L L

T
W T T Q T T Q T T Q T T Q T

FOM T

   = − + + +    
 (2.11)  

The first three cryogenic cooling loads in Eq.(2.11) are less than those in single-stage cooling, 

since TI is smaller than TH, but the AC loss is the same, since it is independent of the heat 

intercept. Similarly, the heat leaks from room-temperature to the intercept stage due to support 

conduction, radiation, and current leads, are determined by replacing TH by TI in Eq. (2.1), (2.4), 
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Figure 2.3. Energy balance of HTS magnet system: (a) single-stage cooling, (b) two-stage cooling 
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and (2.6), respectively. The heat intercept at TI should be the difference between Q2’s and Q1’s. 

( ) ( ) ( ) ( ) ( ) ( ){ }, 2 1 , 2 1 ,

1
1H

I I L k I k I L r I r I L l I

I I

T
W T T Q T Q T T Q T Q T T Q T

FOM T

     = − − + − +      
2

 (2.12)  

The last term in Eq.(2.12) does not include the heat through the leads from TI to TL, because the 

axial temperature gradient at the warm end should be zero for all optimized metallic leads 

[50,51].  

 

2.4. Optimization Results of HTS Magnet with Ideal Refrigeration 

 

The objective of this optimization is to determine the operating temperature of an HTS 

magnet that requires the minimum power consumption for cryogenic refrigeration. While the 

modeling and analysis procedure presented in previous sections may be applicable to any 

cryocooled HTS magnets, a specific situation is considered here for the purpose of quantitative 

discussion. Table 2.1 is an example of selected specifications for a 1 MVA single-phase HTS 

transformer magnet [5]. The temperature-dependent variables given in Table 2.1 are the 

reference values at liquid nitrogen temperature, 77 K. 

The most common HTS conductor in power applications is Bi-2223/Ag tape. The critical 

current density, JC(T), of Bi-2223 is represented within acceptable accuracy as a function of 

temperature [25] 

( )
1.4

0 1
104

L
C L C

T
J T J

= −
 


  (2.13)  

where JC0 is the critical current density at 0 K. The ratio of JC(T) to its value at 77 K is expressed 

as 

( )
( )

1.4

1.4

1.4

1
104

6.61 1
77 10477

1
104
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C L L
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T

J T T

J K

 −   = = ⋅ − 
  − 

 

  (2.14)  
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Table 2.1 Specifications of HTS magnet system at 77 K for sample calculation 
 

    
HTS windings 
(Bi-2223/Ag) 

Current (Primary/Secondary) 
Mass at 77 K 
External surface area at 77 K 
Emissivity (polished Ag) 

I 

M(77 K) 
AL(77 K) 

εL 

45.5A/145A 
282 kg 
4.2 m2 

0.02 

 
Mechanical support 
(Stainless steel) 

 
Length 
Yield strength 
Safety factor 

 

LS 

σy 

S 

 
0.3 m 
207 10× 6 Pa 
20 

 
Radiation shield* 
(Aluminum) 

 
Surface area at 77 K 
Emissivity 

 

AR(77K) 

εR 

 
5.5 m2 
0.1 

 
Cryostat 
(GFRP) 

 
Internal surface area 
Emissivity 
Room temperature 

 

AH 

εH 

TH 

 
6.9 m2 
0.88 
300 K 

    

* Only for two-stage cooling 

   

The functional relation of Eq.(2.13) is now used to calculate the cryogenic cooling load including 

the HTS magnet size in Eq.(2.3) and (2.5). Wolsky [25] predicts the superconducting tape whose 

AC loss is 0.25 W/(kA-m) will be developed. Therefore, the AC loss in this analysis is simply 

taken as 

( ) ( )30.25 x 10ac LQ T L I−= ⋅ ⋅  (2.15)  

This value is simply an optimistic expectation for typical power applications, but could be 

approximately true from Eq.(2.7) when B (parallel field) = 0.05 T, f = 50 Hz, d (effective 

thickness) = 0.1 mm, as in typical case of HTS transformer windings. 

Figure 2.4 shows the power consumption calculated with Eq.(2.9) as a function of 

operating temperature for single-stage cooling. The sum of the power consumption is subdivided 

into the four portions, indicating the contributions of individual cooling load. Over a wide 

temperature range, the AC loss and the radiation are dominant in the contributions. In the 

calculation, the FOM of cryocooler has been 1 or the so-called Carnot limit has been assumed, to 
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Figure 2.4. Sum of power consumptions contributed by each cooling load as a function of operating  
temperature for single-stage cooling 

demonstrate the thermodynamic nature of the optimization. The effect of actual cryocooler 

performance will be briefly discussed later.  

As T  decreases to below 30 K, the power consumption increases dramatically, since both 

the cooling load and the power per unit refrigeration increase. On the other hand, as T

L

L increases 

toward 104 K (the critical temperature of HTS), JC(T) of the HTS conductor decreases and a 

larger size of magnet is needed for the specified application goal. A greater cooling load due to 

conduction and radiation would result in the growth of total power at higher temperatures near 

104 K. Therefore, there exists a unique optimum for the operating temperature to minimize the 

power consumption. Since the optimization of the operating temperature has quite different 

features depending upon the existence of the AC loss, DC and AC magnets are discussed 

separately. 
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Figure 2.5. Power consumptions as a function of intercept temperature when TL = 20 K 

In case of the heat intercept or the two-stage cooling, the total input power is a function of 

not only the magnet temperature, TL, but also the intercept temperature, TI, as indicated in 

Eq.(2.10). Figure 2.5 shows the power calculated with Eq.(2.11) as a function of TI for the DC 

magnet, when TL is fixed at 20 K. There exists an obvious minimum power of 135 W around at 

TI = 170 K. It should be observed carefully that WI vanishes as TI approaches asymptotically to 

TH, and WL vanishes as TI approaches asymptotically to TL. Since the two-stage-cooling turns out 

to be a single-stage in both extreme cases, the total power must have a minimum between the 

two end temperatures. Once the intercept temperature is designed at the optimum, the total power 

for two-stage cooling can be considered as a function of TL only as discussed below. 

 

2.4.1. DC Magnets 
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Figure 2.6. Power consumptions for DC magnet (Intercept temperature optimized for two-stage cooling)

In DC magnets where the AC loss does not exist in the cooling load, the required power 

has a local minimum of 151 W approximately at TL = 69 K as indicated by single-stage in Figure 

2.6. One of the most significant facts in a DC magnet is that the curve for the power consumption 

is very flat over a wide temperature range between 50 K and 80 K around the optimum. This 

implies that an operating temperature well below the optimum would result in only a small 

increase in the cost of steady operation but a great reduction in size and cost of magnet. In other 

words, the optimum of TL will shift further down if the capital investment and the economic 

merits of compactness are involved as indicated in Figure 2.2. 

In practice, the FOM of a cryocooler varies with TL to a certain extent, but depends more 

significantly upon the thermodynamic cycle and the refrigeration capacity. Most of the 

contemporary cryocoolers have the values between 0.1 and 0.3 in the interested temperature 
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Figure 2.7. Power consumptions for AC magnet (Intercept temperature optimized for two-stage cooling)

range [56], thus the actual power for the cryocooler is expected to vary from 500 W up to 1.5 kW 

at the optimal condition. 

The two-stage cooling with the optimized heat intercept is also compared in Figure 2.6 with 

the single-stage cooling. The optimum of TL with two-stage cooling is around 62 K (nearly the 

freezing temperature of nitrogen) and the minimum power can be decreased to 85 W. An obvious 

advantage of the two-stage cooling is, however, justified only at temperatures lower than 30 K, 

since the power saving is substantial. 

 

2.4.2. AC Magnets 

 

Most of the magnets in power application are AC magnets and have significant amount of 

AC loss. Figure 2.7 shows the required power for the cooling load including the AC loss in the 
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same situation as above. Because of the additional load, the minimum required power is raised to 

229 W and the corresponding optimal TL is as high as 77 K (nearly the normal boiling 

temperature of nitrogen). The reason for the higher value of optimal TL is that the refrigeration of 

the AC loss has a greater impact at lower temperatures. In the optimum temperature, the actual 

power consumption would be 760 W to 2.3 kW with commercially available cryocoolers, FOM 

of which has a value between 0.1 and 0.3. 

It is still true for AC magnets that the optimal operating temperature in practice becomes 

lower than the calculated value, if the capital investments and the economic merits of 

compactness are considered in addition to the operational costs at steady state. However, the 

curve shape around the local minimum for AC magnets is not so flat as that of DC magnets, 

which means that the operating temperature of AC magnets should not be so low as that of DC 

magnets with the same economic factors. 

Another remarkable feature in Figure 2.7 is that the power saving by two-stage cooling is 

only a small amount even for very low temperature operation of HTS magnets. It should be 

emphasized again that the AC loss is the dissipation at cryogenic temperatures which must accept 

a heavy penalty of thermodynamic irreversibility, while the other cooling load is a heat leak from 

the room temperature that can be intercepted before reaching the cryogenic temperatures. 

Therefore, no heat intercept or the two-stage cooling is recommended even when the HTS 

magnet is operated at temperatures below 30 K, if the AC loss is dominant in the cooling load. 

 

2.5. Thermal Interface and Versatile Optimization 

 

A general design concept to optimize the operating temperature of cryocooled HTS 

magnets was introduced in previous sections. This section presents the very next step toward the 

practical optimization of operating temperature for HTS power transformer with emphasis on the 

thermal interface between the HTS windings and the cryocooler. In general, the thermal interface 

between the HTS windings and the cryocooler may be through a few different heat transfer 

media, such as liquid cryogen, gas cryogen, or conductive metal.  

Two configurations of the HTS transformer system to be considered here are schematically 

shown in Figure 2.8. The HTS windings may be (a) immersed in a bath of subcooled (or 

compressed) liquid nitrogen (or neon) continuously refrigerated by a closed-cycle cryocooler or 
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Figure 2.8. Schematic configurations of cryocooled HTS transformers: (a) liquid-cooled               
double-pancake (b) conduction-cooled solenoid 

 

 33



(b) directly conduction-cooled without any liquid. In both cases, thermal conductive sheets 

(made of copper) or so-called thermal buses are placed in order to augment the axial heat 

conduction of the windings. In the liquid-cooled system as shown in Figure 2.8(a), heat from the 

HTS windings is removed primarily to the metal sheets by natural convection of liquid, and then 

transferred to the coldhead of cryocooler by conduction. Thus, the liquid works only as a heat 

transfer medium, like the conductive metal. In the conduction-cooled system as shown in Figure 

2.8(b), heat from the HTS windings is removed to the metal sheets by conduction of the bobbin 

or insulating material (e.g. GFRP) and mechanical contact between the insulating material and 

the metal sheet, and then transferred to the coldhead of cryocooler by conduction. 

A versatile optimization scheme covering possible thermal interface between the 
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Figure 2.9. Flowchart to estimate the power consumption from a given HTS operating temperature          
(Solid lines indicate the present investigation) 
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cryocooler and the HTS windings is now described. A flowchart given in Figure 2.9 depicts how 

the operating temperature of an HTS transformer affects the winding size, the cooling load, and 

finally the power consumption in the proposed scheme. As identified in the left side, the four 

design factors - the HTS materials, the winding types, the cooling media, and the cryocoolers - 

should be provided at the corresponding steps of the procedure. The entire process can be 

repeated with various input values of the operating temperature, to find its optimum for the least 

power consumption.  

On the contrary to the general optimization described previous sections, even in steady 

state, the temperature may not be spatially uniform over the HTS windings in case of practical 

optimization because of the dissipated heat (AC loss) and the thermal radiation on the surface. 

Since the highest temperature of the windings is important for a conservative HTS design, the 

temperature at the farthest point from the coldhead of cryocooler could be defined as the 

operating temperature (TL). The left top of Figure 2.9 indicates the critical current density (JC) of 

Bi-2223/Ag tape as a function of TL. 

In practice, it is not easy to determine how much we can reduce the size of HTS windings 

if the operating temperature is lowered to a particular level. It is reasonable, however, to assume 

that the amount of required HTS conductor for a specified transformer rating is inversely 

proportional to the critical current density at the operating temperature, if the operating current 

density is designed at a certain fraction (e.g. 50%) of JC at the temperature and other variables 

are kept constant as mentioned in section 2.1. Therefore, we may well take a simple model that 

the winding size (i.e. mass M or volume V) is inversely proportional to JC of HTS, as shown in 

Figure 2.9. From a dimensional consideration for similar shapes, we further assume that the 

external surface area (A) and the axial length (L) of the HTS windings have the two-third and the 

one-third power of the volume, respectively. 

  

2.5.1. Cooling Media and Temperature Distribution 

 

In order to maintain the operating temperature at the designed level, the coldhead 

temperature of cryocooler (TC) must be lower so that heat may be removed from the HTS 

windings. Since TC is significant in determining the power consumption at the cryocooler, the 

difference between TL and TC should be carefully estimated by taking into account the effects of 
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the cooling media, the HTS winding size, the magnitude of AC loss and thermal radiation as 

indicated in Figure 2.9. 

The temperatures of the HTS winding (subscript HTS) and the thermal conductive sheet 

(subscript Cu) can be determined by the one-dimensional heat conduction equations, because 

heat is transported principally in the axial direction. 

( ) ( )
2

2
0HTS

c HTS Cu aHTS

d T
kA PU T T Q Q

dz
′ ′− − + +c r =  (2.16) 

( ) ( )
2

2
0Cu

c HTS CuCu

d T
kA PU T T Q

dz
′+ − + r =  (2.17) 

where the axial coordinate, z, is defined as the distance from the cold end of windings (see 

Figure 2.8), and k, Ac, and P denote the thermal conductivity (averaged for composite conductor 

[57]), the axial cross-sectional area, and the perimeter between HTS and Cu, respectively. The 

overall heat transfer coefficient, U, is determined by the natural convection of the gap liquid in 

the liquid-cooled system and the following correlation [58,59] is used here to evaluate the heat 

transfer coefficient.  

( )
0.3

0.250.0120.42 Pr Pr
U L H

Nu Gr
k L

−
 = = ⋅ ⋅  
 

i  (2.17) 

where L is the distance between HTS and Cu, and k is the thermal conductivity of liquid. Gr and 

Pr denote Grashof and Prandtl number, respectively. The aspect ratio, H/L (H: height of HTS), is 

in the range of 10 < H/L < 40. In the conduction-cooled system, the overall heat transfer 

coefficient is determined by both the conduction and the mechanical contact, and is expressed as, 

1

c

L

U k h
= +

1  (2.18) 

where hc [W/m2K] is a contact heat transfer coefficient, depending on the pressure with which 

contact is maintained [60,61].   

In Eq.(2.16) and (2.17), Q and Qac′ r′  are the AC loss and the thermal radiation per unit axial 

length, respectively. In the liquid-cooled systems as Figure 2.8(a), the radiation from room-

temperature surfaces is received first by the walls of the liquid container, and then transferred to 

the metallic sheets. The boundary conditions and the energy balance at the two ends are given by 

 36



( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

,  0,   0

0 0
 

HTS Cu
HTS L Cu C

HTS Cu
ac r HTS Cu

dT L dT L
T L T T T

dz dz

dT dT
Q Q kA kA

dz dz

= = =

+ = +

=
 (2.19) 

TL is the temperature at the warm end of the HTS windings and the radiation on the top or 

bottom of HTS windings can be neglected. The coldhead temperature, TC, is now determined 

from the solution. 

( )0C CuT T=  or ( ) ( )0L C HTS CuT T T T L T∆ = − = −  (2.20) 

 

2.5.2. Actual Power Consumption 

 

There are four different sources of cryogenic cooling load in the HTS transformers - AC 

loss, thermal radiation, conduction through supports or walls, and current leads - as indicated in 

Figure 2.9. 

C ac r kQ Q Q Q Q= + + + l  (2.21) 

The details of cooling loads are already described in section 2.2. The magnitude of AC loss can 

be roughly estimated according to the so-called critical state model [53]. Since the model 

predicts that AC loss per unit volume of conductor is proportional to the critical current density if 

the magnetic field is greater than the penetration field, we assume that the total AC loss is 

independent of temperature. The thermal radiation is proportional to the external surface area and 

the difference of the fourth-powers of temperature. The heat conduction is proportional to the 

cross-sectional area of the wall or the mechanical supports and the temperature-integration of 

thermal conductivity. We assume here that the cross-sectional area is proportional to the mass of 

HTS windings from the viewpoint of safe design in mechanical components. The cooling load 

due to a current lead is proportional to the operating current and 2 2300 LT− , assuming a 

Wiedemann-Franz material and no boil- off gas. The amount of this load is independent of the 

winding size. 

The actual power consumption of a cryocooler that absorbs total cooling load, QC, at 

coldhead temperature, TC, and rejects the heat at room temperature, TH, can be generally 

expressed as 
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where FOM is the figure of merit [54,55] or Carnot efficiency of the cryocooler and will be 

described detail in next section. In Eq.(2.22) the coldhead temperature, TC, considering thermal 

interface between HTS windings and cryocooler, is used to determine actual power consumption, 

while operating temperature, TL, is used in general optimization study in Eq.(2.8) 

 

2.5.3. Actual Performance of Cryocooler 

 

A convenient measure showing the effectiveness of a refrigerator involves the heat 

removed at the lower temperature and the work required to remove that heat. The ratio of these 

two energy quantities is defined as the coefficient of performance (COP) of a refrigerator [54,55]. 

Refrigeration
COP

Input Power
=  (2.23) 

A Carnot refrigeration cycle is an ideal refrigeration cycle, consisting of two reversible 

adiabatic (or isentropic) processes and two reversible isothermal processes. A refrigerator 

operating on the Carnot cycle is more efficient than any other refrigerator and consequently has 

the highest COP of all refrigerators. Since the effects of irreversible mechanism [61], such as 

enthalpy dump, shuttle heat transfer, pumping loss, and reheat loss, an actual refrigerator has 

always COP less than that of Carnot refrigerator. 

To compare the performance of actual refrigerators to the ideal (or Carnot) refrigerator we 

employ a performance criterion known as the figure of merit (FOM) [54,55]. 

i

COP
FOM

COP
=  (2.24) 

where COP is the coefficient of performance of the actual refrigerator and COPi is the 

coefficient of performance of the thermodynamically ideal (or Carnot) refrigerator. For a Carnot 

refrigerator extracting heat from a source at low temperature, TL, and rejecting heat to sink at 

room temperature, TH, the COPi is simply given by  
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Figure 2.10. Coefficient of performance for a Carnot refrigerator as a function of refrigerator             
temperature for a fixed heat rejection temperature 
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Shown in Figure 2.10 is the change in coefficient of performance for a Carnot refrigerator as a 

function of refrigerator temperature for a fixed heat rejection temperature. The value of COP 

extends over a wide range and exceeds unity, and declines sharply with decreasing refrigerator 

temperature. The great amount of refrigeration power, therefore, is required at lower temperature 

in order to remove a given quantity of heat.  

Even though the COPi depends only upon the temperatures, the COP and FOM also 

depend upon the size of the cryogenic machine as well as the type of cryocoolers. In Figure 2.11, 

the COP and FOM are plotted as a function of refrigeration temperature for typical single-stage  
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Figure 2.11. (a) COP and (b) FOM for typical single-stage GM cryocooler [16,56,63-65] 
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GM cryocoolers whose capacity of 10’s or 100’s watts in the temperature range at 77 K 

[16,56,63-65]. The FOM of a specific cryocooler varies with TC to a certain extent, but depends 

more significantly upon the thermodynamic cycle and the refrigeration capacity. The FOM has a 

value of between 0.035 and 0.071 for 10’s of watts range cryocooler and a value of between 

0.052 and 0.15 for 100’s of watts range cryocooler in the temperature range of 30 to 80 K.  

 

2.6. Optimization Results of HTS Transformer with Actual Refrigeration 

 

A versatile optimization scheme in order to seek the operating temperature with minimized 

power consumption for HTS transformer is introduced in previous sections. In this section, the 

presented optimization method is now applied to the two practical HTS transformers for 

 

 

Table 2.2 Design parameters of liquid-cooled and conduction-cooled HTS transformers 
 

 Liquid-cooled System  Conduction-cooled System 

Coil Rating 
1 MVA / 60Hz 

22.9 kV / 6.6 kV 
44 A / 152 A 

1.17 MVA a / 60Hz 
2400 V / 450 V 
486 A / 2593 A 

HTS Material Bi-2223 / Ag Tape 

Winding Type 
Turns b 

Parallel Tapes b 
Tape Length b 

Inner Diameter b 
Outer Diameter b 

Height b 

Double Pancake 
888 / 256 

1 / 4 
1212 m / 333 m 

378 mm 
450 mm 

182 mm / 182 mm 

Solenoid 
96 / 18 
12 / 64 

135 m / 34 m 
448 mm / 580 mm 
452 mm / 584 mm 

1250 mm 

Cooling Medium Liquid Nitrogen Conductive Metal 

Cryocooler Single-Stage GM Cooler 

a Transformer rating is 3.5 MVA with 3 phase. 
b Based on the operation at 77 K. 
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Figure 2.12. Calculated axial temperature distributions along HTS windings and metal sheets for the 
liquid-cooled and conduction-cooled HTS transformers 
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quantitative discussion. Table 2.2 is the selected design parameters of liquid-cooled and 

conduction-cooled HTS transformers [66,67] described in section 2.5. The same HTS material 

and the same type of cryocooler are employed, but the HTS winding type and cooling medium 

are different as shown in Figure 2.9. The given parameters about the windings are based upon the 

operation at 77 K and may vary at different temperatures.  

Figure 2.12 shows the calculated axial temperature distributions along the HTS winding 

and the Cu sheet for the two systems, when TL = 77 K. The curves are convex upward because of 

the heat input by the AC loss and the thermal radiation. In spite of the short axial length (height) 

in the liquid-cooled transformer, there is a significant temperature difference (3.6 K) between the 

two axial ends of winding, because the average thermal conductivity of the pancake is relatively 

small due to the insulating material (such as GFRP). The end-to-end temperature difference is 
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Figure 2.13. Power consumption as a function of operating temperature for liquid-cooled transformer 

even larger in the conduction-cooled transformer, since it has a greater surface area exposed to 

thermal radiation. The winding-to-sheet temperature difference is estimated around 1.5 K with 

the natural convection of liquid nitrogen and less than 1 K for the mechanical contact and 

conduction. The key point of these results is that the coldhead temperature of the cryocooler 

must be lower than the operating temperature by 3.6 K for the liquid-cooled system and by 11.8 

K for the conduction-cooled system. This coldhead temperature is especially important in liquid-

cooled system, because the failure to maintain the low temperature may cause the generation of 

bubbles in the liquid, deteriorating the electrical insulation. 

The estimated power consumption as a function of operating temperature is shown in 

Figure 2.13 and 2.14, for the liquid-cooled and the conduction-cooled transformers, respectively. 

The sum of the power consumption is subdivided into the four portions, indicating the 

contributions of individual load. Since the most uncertain quantity in the estimate is the AC loss, 
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Figure 2.14. Power consumption as a function of operating temperature for conduction-cooled 
transformer 

the total power is presented as a range (shaded area). We take the minimum AC loss as 0.25 

W/(kA-m) in both cases [25], but the maximum of 0.75 W/(kA-m) for the liquid-cooled 

transformer and 0.5 W/(kA-m) for the conduction-cooled transformer, because the former may 

be more affected by the perpendicular magnetic field than the latter [34]. 

In Figure 2.13, only the solid curve at temperatures above 63 K or below 44 K represents 

the viable liquid cooling, as nitrogen or neon can exist as liquid in those temperature ranges. In 

the liquid-cooled transformer, the minimum power consumption is predicted at 1.2~2.2 kW 

when the operating temperature is around 79~87 K, depending on the magnitude of AC loss. We 

can notice that the optimal operating temperature shifts down as the AC loss decreases. At any 

higher temperatures, more power would be required due to oversized HTS winding for the same 

rating. At any lower temperatures, on the other hand, more power would be required too, mainly 
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by the excessive penalty of the AC loss. 

Figure 2.14 predicts that the minimum power consumption for the conduction-cooled 

transformer could be as large as 5.6~6.6 kW when the operating temperature is 84~86 K. The 

main reason for the increased power is the current leads with higher operating currents. In 

addition, the extended surface area makes the radiation load higher and the required coldhead 

temperature lower. In spite of various differences between the two transformers, a very similar 

behavior on the optimal operating temperature is predicted, because there is a trade-off of the 

load from AC loss and conduction with the load from leads and radiation. 

Finally, the economic aspects in optimizing the operating temperature should be 

mentioned. The present study is primarily focused on the power consumption in steady state, 

which will essentially determine the operational cost and the transformer efficiency. The small 

size of HTS windings can provide additional economic merits, such as the saving in HTS 

conductor costs and the easiness in transportation or installation. As indicated by dotted lines in 

Figure 2.9, a complete economic analysis including the capital investment and the operational 

cost should be performed, in order to justify the operation of HTS transformers at temperatures 

well below 77 K. 
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CHAPTER 3 

 

DESIGN OF THE NATURAL CONVECTION SYSTEM FOR HTS 

TRANSFORMERS 

 

 

 

 

In this chapter a new cryogenic design for HTS transformers, the so called natural 

convection system, is introduced. In the natural convection system, HTS windings are immersed 

in a liquid nitrogen bath where the liquid is cooled by a GM cryocooler at the top of the cryostat 

with copper sheets extended from the coldhead into the liquid nitrogen bath. It is assured that the 

liquid nitrogen in the gap between the HTS windings and the copper sheets develops a 

circulating flow by the buoyancy force in the subcooled liquid. Design calculations to accurately 

predict the temperature distributions in various components of the cooling system are performed 

analytically and numerically taking into account the distributed AC loss and thermal radiation. 

Based upon the results of these calculations, the dimension of copper sheets satisfying cooling 

requirements are determined.  In addition, thermal analysis in the region above liquid nitrogen 

surface is performed to estimate the cooling load from the top plate to liquid surface.  

 

3.1. Cooling System by Natural Convection 

 

In the previous chapter, thermodynamic optimization of operating temperature showed that 

the power or energy consumption for an HTS transformer was a minimum at slightly above 77 K. 

The practical optimum to minimize the overall cost including the capital investment, however, 

could be as low as 60 K since the saving in conductor cost is large compared to the increase in 

operating cost at lower temperature. Liquid nitrogen is an excellent cooling medium for HTS 

power applications because of its thermodynamic and dielectric properties as well as low price. 
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Figure 3.1. Proposed design of natural convection system with subcooled liquid nitrogen [68] 

Subcooling of liquid nitrogen augments the electric insulation characteristics because the 

probability of bubble generation on the heated surface decreases when liquid nitrogen is cooled 

well below its saturation temperature. Based upon these considerations, the cooling system with 

subcooled liquid nitrogen is a good candidate for HTS transformers.  

Shown in Figure 3.1 is a schematic representation of the natural convection cooling system 

for the Korean HTS transformer [68]. The HTS pancake windings are immersed in a liquid 

nitrogen bath where the liquid is cooled simply by cold copper sheets vertically extended from 

the coldhead of a closed-cycle GM cryocooler located above the windings. In terms of heat 

transfer mechanisms, the liquid nitrogen in the gap between the HTS windings and the copper 

sheets will develop a recirculating or cellular flow due to the buoyancy force since the HTS 
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Figure 3.2. Designed range of subcooled liquid on phase diagram of nitrogen 

windings and copper sheets can be represented by a heated wall and cooled wall, respectively. 

The details of this natural convection cooling system are described in next section.   

In the natural convection cooling system, liquid nitrogen is in the subcooled state close to 

the freezing point at approximately atmospheric pressure, as indicated on a phase diagram of 

nitrogen in Figure 3.2. The liquid nitrogen functions both as a heat transfer medium and an 

electrical insulating fluid. Since no circulating pump or transfer line is necessary, the proposed 

cooling by natural convection has significant advantages in compactness, efficiency, and 

reliability, over the forced-flow cooling of the previous researchers [1-10].  

On the other hand, the heat transfer coefficient in natural convection is generally much 

smaller than in forced convection or nucleate boiling, which may cause an excessively high 

temperature of the HTS windings or diminish the essential merits of operation below 77 K. Thus, 

 48



the heat transfer analysis to accurately predict the temperature distribution in this cooling system 

is crucial in confirming the feasibility of new proposed cryogenic design. 

 

3.2. Natural Convection in a Cavity 

 

In the natural convection cooling system shown in Figure 3.1, since the radial gap between 

HTS windings and copper sheets is much smaller than the radius of the HTS windings one may 

approximate this system as a two dimensional rectangular cavity. The phenomenon of natural 

convection in a cavity varies with the wall temperature, geometry, and orientation of the cavity. 

Judging from the number of potential engineering applications, the phenomena can loosely be 

categorized into two large classes: cavities heated from the side and cavities heated from the 

below [69,70]. As the HTS windings are immersed in a liquid nitrogen vessel where the liquid is 

cooled by colder copper sheets, the problem is best categorized as natural convection in a vertical 

cavity heated from the side.  

In a vertical cavity, where one wall is heated and the other wall is cooled, a recirculating or 

cellular flow is developed by the buoyancy force under which fluid ascends along the heated 

wall and descends along the cooled wall, as shown in Figure 3.3(a). This buoyancy force is due 

to the combined presence of a fluid density gradient in a gravitational field. In practice, the 

density gradient arises in a fluid due to the presence of a temperature gradient, as the density of 

gases and liquids generally decreases with increasing temperature. 

Natural convection in a rectangular cavity has been studied extensively and comprehensive 

reviews of both experimental and theoretical results suggest useful correlations in a standard 

form [58,59,71], 

, Pr,
h L H

Nu f Ra
k L

⋅ = = 
 


  (3.1) 

where Nu is the Nusselt number composed of the heat transfer coefficient, h, the thermal 

conductivity of fluid, k, and the horizontal distance between the vertical surfaces, L. In Eq.(3.1), 

Pr is the Prandtl number which is the ratio of kinematic viscosity to thermal diffusivity (ν/α) of 

fluid, and H/L is the aspect (height-to-gap) ratio of the rectangular cavity. The Rayleigh number 

is defined as 
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                                    (b) Surface temperatures decreasing upwards on vertical walls 

 

Figure 3.3. Illustration of temperature along streamlines of natural convection 
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3g T L
Ra

β
ν α
⋅ ∆ ⋅

=
⋅

 (3.2)  

where β is the thermal expansion coefficient and ∆T is the temperature difference between two 

walls in a cavity.  

For small Rayleigh number, Ra ≤ 10
3
, the buoyancy-driven flow is weak and heat transfer 

is primarily by conduction across the fluid between two walls. As the Rayleigh number increases 

the cellular flow intensifies and becomes concentrated in thin boundary layers adjoining the 

vertical walls. The core becomes nearly stagnant, although additional cells can develop in the 

corners and the vertical wall boundary layers eventually undergo the transition to turbulence [59].  

For aspect ratios in the range of 1 < H/L < 2, and Ra ≥ 10
3
, the following correlation has 

been suggested [58,59] 

0.29
Pr

0.18
0.2 Pr

Nu Ra
=  + 


  (3.3) 

Also, for aspect ratios in the range of 2 < H/L < 10, and 10
3
 < Ra < 10

10
, 

0.28 1/ 4
Pr

0.22
0.2 Pr

H
Nu Ra

L

−
  =   +  





 (3.4) 

While for larger aspect ratios, the following correlation has been proposed 

0.3
1/ 4 0.0120.42 Pr

H
Nu Ra

L

−
 =  
 

 (3.5) 

which is valid for 10 < H/L < 40, and 10
4
 < Ra < 10

7
. 

Based upon Eq.(3.3), (3.4), and (3.5), Nu was plotted as a function of Ra with various 

values of H/L in Figure 3.4, for liquid nitrogen at around 65 K. The thermophysical properties of 

liquid nitrogen in the temperature range of 65 K ≤ T ≤ 77 K are summarized in Table 3.1. The 

Nusselt number increases as the Rayleigh number increases, because Ra is proportional to the 

ratio of the buoyancy to the viscous force, and the cellular flow near the walls becomes 

intensified (or even turbulent) at large values of Ra. On the other hand, the Nusselt number 

decreases as the aspect ratio increases, because the heat transfer on the heated wall is active at 

the bottom part and becomes less active along the ascending flow as the boundary layer grows, 
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Figure 3.4. Nusselt number for natural convection in a vertical cavity 

and the opposite is true on the cooled wall. For an infinitely large aspect ratio, the velocity and 

temperature profiles are fully developed and the Nusselt number has its lower limit of Nu = 1. 

The description in the previous paragraph is adequate for the case where the surface 

temperature of each vertical wall is uniform. As the cryocooler is located above the HTS 

windings in the proposed design, the main direction of heat flow is upward and the temperature 

should be lower at the top than at the bottom for all solid bodies including the HTS windings, the 

copper sheets, and the lower part of liquid-vessel walls. This is a different thermal condition for 

heat transfer than created by published correlations. The natural convection between the vertical 

walls whose surface temperature decreases upwards could show a different behavior, as 

illustrated in Figure 3.3. In case where the vertical wall temperatures are uniform, as shown in 

Figure 3.3(a), a single cellular flow would be formed in the cavity as the ascending fluid is 

heated and the descending fluid is cooled along the streamline of flow. However, in case that the 
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Table 3.1 Thermophysical properties of liquid nitrogen [54,58] 

 

 T = 65 K T = 70 K T = 77 K 

 Saturation pressure [kPa] 

 Density, ρ [kg/m3]  

 Specific heat, Cp [J/kg K] 

 Viscosity, µ [Pa s] 

 Kinematic viscosity, ν [m2/s] 

 Thermal conductivity, k [W/m K] 

 Thermal diffusivity, α [m2/s] 

 Prandtl number, Pr 

 Thermal expansion coefficient, β [1/K] 

17.4 

861 

2008 

2.78 × 10-4 

3.23 × 10-7 

0.159 

9.18 × 10-8 

3.52 

0.00470 

38.5 

840 

2024 

2.20 × 10-4 

2.62 × 10-7 

0.150 

8.82 × 10-8 

2.97 

0.00504 

101.3 

807 

2051 

1.58 × 10-4 

1.96 × 10-7 

0.140 

8.45 × 10-8 

2.32 

0.00566 

   

vertical wall temperatures decrease upwards as shown in Figure 3.3(b), the ascending fluid near 

the heating wall could become warmer than the surface and the descending fluid near the cooling 

wall could become cooler than the surface temperature, which may make the cellular flow 

vertically segregated. The number of cells should vary depending on the temperature difference 

between the two surfaces and the vertical temperature gradient, but in any case the flow must be 

multi-cellular if the bottom temperature of the cooled wall is higher than the top temperature of 

the heated temperature. The possibility of various flow patterns depending upon the thermal 

boundary conditions has been reported earlier [72-75]. 

An exact prediction of the heat transfer coefficient, therefore, does not seem to be easy in 

this specific situation. However, one of the simplest empirical correlations is taken here [58,59] 

1/30.046Nu R= ⋅ a  (3.6)  

which is valid for 10
6
 ≤ Ra ≤ 10

9
 and 1 < H/L < 40. As plotted in Figure 3.4, the Nusselt number 

from Eq.(3.6) may yield a slightly larger value than the other correlation data, when H/L > 25 
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and Ra ≥ 10
6
. Eq.(3.6) should provide a good estimate in the present problem (even for H/L > 

40), because at least two segregated cells must be generated and the effective aspect ratio is 

smaller than the actual H/L so that heat transfer is enhanced as discussed later. It may be noted in 

Eq.(3.6) that the heat transfer coefficient, h, is independent of the horizontal distance between the 

walls, L, since Ra is proportional to L
3
. In the design described below, the typical value of Ra is 

approximately 1.5 × 10
6
 or Nu ≈ 5.3. 

 

3.3. Heat Transfer Analysis below the LN2 Surface 

 

There are two major sources of distributed thermal load that affect the temperature 

distribution of HTS windings; the AC loss and thermal radiation. The AC loss is a dissipated 

heat in the HTS tapes of the windings and thermal radiation is imposed from the room 

temperature surface to the liquid-vessel wall. By taking into account the two distributed loads 

and the convection of liquid nitrogen, the steady-state temperature distribution in the HTS 

windings can be determined. The heat transfer problem is formulated into a set of differential 

equations, and then solved with both analytic and numerical methods to ensure correctness. 

A few simplifying assumptions are made in the heat transfer analysis. First, the heat 

conduction in the solid bodies including the HTS windings, the copper sheets, and the liquid-

vessel walls is one-dimensional in the vertical or axial direction. This assumption can be easily 

justified in the present problem, because the thermal resistance for natural convection is 

dominant over the resistance for conduction in radial direction. Second, the AC loss and the heat 

transfer coefficient are uniform over the axial length. Even though the AC loss in HTS tape may 

be seriously affected by the perpendicular component of magnetic field [25,76,77], a spatially 

averaged value is used in this analysis. The temperature dependence of thermal conductivity is 

also neglected for a small temperature range. Third, the temperatures of inner and outer copper 

sheets are identical at the same axial position. This assumption on symmetry is valid, if the radial 

thickness of the pancake is much smaller than the diameter. 

 Based on these assumptions, the temperatures of the HTS windings (subscript H), the 

copper sheets (subscript C), and the liquid-vessel walls made of GFRP (subscript G) are 

determined by the three one-dimensional energy balance equations. 
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( )
2

2
0acH

H H HC HC H C

Qd T
k A h P T T

Hdz
− − + =  (3.7) 

( ) ( )
2

2
0C

C C HC HC H C GC GC G C

d T
k A h P T T h P T T

dz
+ − + − =  (3.8) 

( )
2

2
0G

G G GC GC G C r

d T
k A h P T T Q

dz
′− − + =  (3.9) 

In Eq.(3.7), the axial thermal conductivity of HTS pancakes, kH, is estimated with the thermal 

resistance model for a composite conductor [57] and Qac/H  is the average AC loss per unit axial 

length. Throughout this analysis, A, h and P denote the axial cross-sectional area, the heat 

transfer coefficient, and the perimeter of convection at an axial location, respectively. In Eq.(3.9), 

 is the radiation per unit axial length of wall, calculated by 
rQ′

( ) ( )4 4 4 4300 300

1 11 1
1

G G G

r
G GR

G RG GR R R

P T P
Q

P

F P

σ σ

ε ε
ε εε ε

−
′ ≈ ≈

− −
+ −+ +

1

GT−  (3.10) 

since both the radiation shape factor, FGR, and the perimeter ratio, PG/PR, are nearly unity, so far 

as the gap (vacuum space) of the double-walled GFRP cryostat is much smaller than its diameter.  

As the axial position, z, is measured from the bottom of the windings, the boundary 

conditions are given by 

( ) ( ) ( )0 0 0
0

H C GdT dT dT

dz dz dz
= = =  (3.11) 

( ) ( ) ( )H
H c H C

dT H
k h T H T

dz
= − H   (3.12) 

( ) 63.2 KCT H =  (3.13) 

( )
0

GdT H

dz
=  (3.14) 

In Eq.(3.11), the radiation on the bottom plate of liquid-vessel is neglected, and Eq.(3.12) 

accounts for the mechanical contact at the top of the HTS windings with the top copper plate 

which is maintained at the freezing temperature of nitrogen as given by Eq.(3.13). Eq.(3.14) 

means that the GFRP wall has a minimum temperature approximately at z = H, because the wall 

temperature should decrease upwards from the bottom to around z = H, but increase again above 

the that point due to the heat conduction from the top plate at room temperature. 

 55



 

3.3.1. Approximation Solution by Integral Method 

 

The set of differential equations derived in the previous section is solved first by an integral 

method [78]. This analytical method is a well-known engineering technique to lead to an 

approximate solution that satisfies the global balance, as used in boundary layer problems. We 

start with integrating the governing equations, Eq.(3.7), (3,8), and (3.9), from z = 0 to H. 

( ) ( )
0

0

H
H

H H HC HC H C ac

dT H
k A h P T T dz Q

dz
− − +∫ =  (3.15) 

( ) ( ) ( )
0 0

0

H H
C

C C HC HC H C GC GC G C

dT H
k A h P T T dz h P T T dz

dz
+ − + −∫ ∫ =

=

 (3.16) 

( )
0

0

H

GC GC G C rh P T T dz Q H′− − +∫  (3.17) 

where the homogeneous boundary conditions, Eq.(3.11) and (3.14), have been substituted. 

Eq.(3.17) means that all the radiation load should be transferred to the copper sheets by 

convection. Then Eq.(3.16) and (3.17) are added to eliminate TG. 

( ) ( )
0

0
H

C
C C HC HC H C r

dT
k A h P T T dz Q H

dz
′− −∫ =  (3.18) 

At this point, we assume a simple functional form for TH(z) and TC(z) that can satisfy the 

boundary conditions. If parabolic functions  

( ) ( )
( ) ( )

2

1
0

H H

H H

T z T H z

T T H H

−  = −  −  
 (3.19) 

( ) ( )
( ) ( )

2

1
0

C C

C C

T z T H z

T T H H

−  = −  −  
 (3.20) 

are taken for both temperature profiles, then 

( ) ( ) ( )2 0H HH T T HdT H

dz H

 −= −
  (3.21) 

( ) ( ) ( )2 0C CC T T HdT H

dz H

 −= −
  (3.22) 
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( ) ( ) ( ) ( ) ( )
0

2 1
0 0

3 3

H

H C H C H CT T dz H T T T H T H
   − = − + −    ∫


 (3.23) 

By substituting Eq.(3.21), (3.22), and (3.23) into the derivatives and the integrals of Eq.(3.12), 

(3.15) and (3.18), we have a set of three linear algebraic equations for TH(0), TC(0), and TH(H), 

because TC(H) is given by Eq.(3.13). 

The most significant factor in designing the cryogenic cooling system is the temperature at 

the warm-end of the HTS windings. The temperature difference between TH(0) and TC(H) can be 

expressed in a closed form 

( ) ( )

2 3
1 1

0
3 3

2 1 1

ac r

H C

H H C C

H Q
B M

T T H

k A k A

Q H

M B

     ′+ + +      − =
   + + +      







 (3.24) 

where two dimensionless parameters defined by  

2

      c HC H

H C

h H h P H
B M

k k
= = C

CA
 (3.25) 

are concerned with the relative significance of thermal contact and the effectiveness of extended 

surface [59], respectively. 

 

3.3.2. Numerical Solution 

 

In order to confirm the accuracy of the approximate solution by integral method, the same 

differential equations are solved by a numerical method. Since each differential equation is 

second-order and the two boundary conditions are imposed at two different ends, the numerical 

solution should be an iterative one. Shown in Figure 3.5 is the flowchart of numerical solution to 

determine the axial temperature distributions. The calculation starts by assuming three values of 

TH(0), TC(0) and TG(0). As the axial temperature gradient at z = 0 is given by Eq.(3.11), we 

numerically integrate Eq.(3.7), (3.8), and (3.9) from z = 0 to H. At z = H, the calculated 

temperatures are checked for the three conditions, Eq.(3.12), (3.13), and (3.14). If these 

conditions are not satisfied, we take new values again for TH(0), TC(0), and TG(0), and the same 

procedure is repeated until the agreement is attained. Fourth-order Runge-Kutta method is 

 57



 

 
 

 START

Initial condition (z = 0)

0C GH dT dTdT

dz dz dz
= = =  

Assume 

( ) ( ) ( )0 , 0 , 0H C GT T T  

Integrate from z = 0 to H 

4th order Runge-Kutta 

Shooting method 

( ) ( )0 0H H new
T T ←    

( ) ( )0 0C C new
T T ←    

( ) ( )0 0G G new
T T ←    

END

End condition (z = H) 

( )H
H c H C

dT
k h T T

dz
= −  

63.2CT = , 0GdT

dz
=  

Results 

( ) ( ) ( ), ,H C GT z T z T z  

NO

YES

 
 

 

 

Figure 3.5. Flowchart of numerical solutions for axial temperature distributions 
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employed for numerical integration, and the shooting method by linear interpolation is used for 

improving the initial assumption [79]. 

 

3.4. Effect of Sheet Thickness and AC Loss 

 

The temperature distributions calculated with the analytical and the numerical methods are 

compared in Figure 3.6. The parameters in this specific calculation were taken from Table 3.2 

[66]. The analytical solution for liquid-vessel wall temperature is not plotted, as it is not uniquely 

determined by the integral method. The temperature of the HTS windings shows a noticeable 

amount of discrepancy in the middle of axial location, but an excellent agreement at the ends. 

The reason for these results is clearly that the analytical solution does not satisfy the local 

balance of energy, but does satisfy the global balance. 

Since our major concern in cryogenic design is the warm end temperature of HTS windings, 
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Figure 3.6. Calculated temperature distributions from integral and numerical methods 
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Table 3.2 Given parameters of liquid-cooled system for 1 MVA transformer 

 

Rating 

Capacity, phase, frequency 

Voltage [kV] 

Current [A] 

1 MVA, 1φ , 60 Hz 

22.9 / 6.6 

44 / 152 

HTS Windings 

Conductor 

Winding type 

Number of turns 

Tape length [m] 

Number of pancakes 

Outer/inner diameter [mm] 

Height [mm] 

Bi-2223/Ag (4.1×0.3 mm2) 

Double pancake (GFRP bobbin) 

888 / 256 

1248 / 1454 

8 / 4 

520 / 440 

450 

Core 

Material 

Diameter [mm] 

Maximum field [T] 

Silicon steel 

270 

1.7 

Cryostat 

Material/insulation 

Room temperature bore [mm] 

Outer diameter [mm] 

Height [mm] 

GFRP/Vacuum and MLI 

300 

660 

950 

   

Eq.(3.24) can be evaluated as an accurate expression for the temperature with an accuracy of 

99 % or better in relevant conditions. It is also noted in Figure 3.6 that the warm end temperature 

of copper sheets, TC(0),  is higher than the cold end temperature of the HTS windings, TH(H), 

which constitutes the condition for the multi-cellular flow in the cavity, as illustrated in Figure 

3.3(b). 

Two main variables of the proposed design are the height of the HTS windings, H, and the 

thickness of copper sheets, δC, as the parameter, M, in Eq.(3.24) is given by 

2
HC

C C

h H
M

k δ
≈  (3.26) 
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The calculated warm-end temperature of HTS windings is plotted in Figure 3.7, as a function of 

H and, δC when the other variables are the same as in Figure 3.6. It is immediately obvious that 

as the thickness increases, the warm end temperature decreases at any height of the windings. On 

the other hand, the effect of height on the temperature is more complicated. For a given thickness 

of copper sheets, there exists an optimum for the height to minimize the warm end temperature, 

as indicated by dots in Figure 3.7.  This behavior can be clearly explained with a simplified form 

of Eq.(3.24),  

( ) ( ) 231
0

2

C C
H C a

C C HC

k
T T H H Q H Q

k A h H

δ 
c r


′− ≈ + + 

  
  (3.27) 

which is valid in this situation, since B ≈ 500  1  and kHAH / kCAC ≈ 0.01  1. Among the 

three terms in the bracket of Eq.(3.27), the first and the third terms increase as H increases, 
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Figure 3.7. Warm-end temperature of HTS windings as a function of winding height for various   

values of Cu sheet thickness 
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Figure 3.8. Warm-end temperature of HTS windings as a function of winding height for various 

amount of AC loss 

because the AC loss becomes more widely distributed and more surface is exposed to the 

radiation. The second term, however, decreases, as H increases, which accounts for the effect of 

more surface area on the copper sheets. The optimal conditions are dependent upon the relative 

amount of AC loss compared to the thermal radiation. If the AC loss is dominant, the conditions 

are considerably reduced to M = 3 or hHCH
2
 = 3kCδC. 

So far as these optimal conditions are satisfied and the design criterion is that the HTS 

temperature should not exceed 66 K (2.8 K above the freezing temperature of nitrogen), the 

proposed cooling by the natural convection may be feasible with the copper sheets whose 

thickness is approximately 9 mm or more, as shown in Figure 3.7. The copper plates with this 

thickness should be acceptable for fabrication and joints. With a small safety factor, we take H = 

450 mm and δC = 10 mm for the liquid-cooled system described in Table 3.2. It is also noted in 

 62



Figure 3.7 that the temperature criterion will be met for 300 mm ≤ H ≤ 600 mm at δC = 10 mm. 

If the height of HTS windings should be taller, the thickness of copper sheets may have to be 

greater, depending upon the design criterion for temperature. In order to avoid eddy current 

heating in the cooling system, the copper sheets are split into many segments along the 

peripheral direction and are described in detail in the next section.  

The most uncertain quantity in this analysis and design is the amount of AC loss in the 

HTS windings. The above calculations are based on 0.75 W/(kA-m), in reference to the previous 

reports [5,25,35,76,77]. Since the dissipation is seriously affected by the direction of magnetic 

field, the actual AC loss may vary to a large extent depending on winding design. There is also a 

good chance of additional dissipation in the joints between the pancakes. Figure 3.8 shows the 

effect of the AC loss on the warm end temperature for a fixed value at δC = 10 mm. As the AC 

loss increases, the warm end temperature increases, but the optimal condition for the height of 

HTS windings does not vary significantly, because the AC loss is dominant in magnitude over 

the radiation. Even though the AC loss in a real system may be different from the predicted value, 

the suggested cryogenic design for the physical dimensions does not need to be changed, which 

may be another nice feature of this cooling system. It is obvious, on the other hand, that the 

required thickness of copper sheets must be bigger if the AC loss is greater but the same 

temperature criterion is still applied. 

 

3.5. Copper Sheets to Subcool Liquid Nitrogen 

 

The copper sheets that extend from coldhead of cryocooler subcool the liquid nitrogen in 

the natural convection cooling system. Since the shape of the HTS windings and electrical 

restriction has determined the shape of copper sheets, the thickness of copper sheets is the main 

parameter that establishes the operating temperature of the HTS windings. Based on the heat 

transfer analysis, the temperature distributions between HTS winding and coldhead are 

calculated, from which the size of each component is determined to satisfy the given cooling 

requirements [80].  

The configuration of the copper extended surface is shown in Figure 3.9. The cooling 

power of the coldhead transfers first through flexible tinned copper braids to an annular shape of 

horizontal copper sheet. The mechanical flexibility is important to protect the coldhead from 
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thermal contraction during cool down. The annular horizontal sheet is split with a GFRP insert at 

the opposite side of coldhead in order to prevent the current in circumferential direction. As 

shown in Figure 3.9, the vertical sheets are composed of a number of narrow bars to reduce the 

eddy currents generated by the alternating magnetic field. 

The main parameter in the vertical sheets is the thickness of the bars, since the vertical 

height and the sum of perimeters in the circumferential direction are limited by geometrical 

constraints. The temperature difference between the bottom of HTS winding and top of vertical 

sheet is estimated by natural convection of liquid nitrogen and conduction of copper sheet as 

described in section 3.3. Eq.(3.27) can then be used to investigate the temperature of both HTS 

windings and vertical copper sheets. The total axial cross-sectional area of the vertical sheets is 

the product of the number of sheets (Nv), the width (wv) and the thickness (δv) of a single sheet, 

so Eq.(3.27) can be expressed as  

2
1 2

31

2

Cu v
ac r

Cu v v v

k
T T H Q H Q

k N w h H

δ
δ

   ′− ≈ + +  ⋅  
 (3.28) 

where T1 and T2 are the temperatures at the bottom of HTS windings and the top of the vertical 

sheet, respectively. Eq.(3.28) is the temperature difference in case of no electrical insulation for 

the copper sheets; the thermal effect of the electrical insulation is discussed later.  

The detailed circumferential temperature distribution along the top horizontal sheet is 

difficult to predict with an acceptable accuracy. However, the temperature difference between 

the farthest point and the closest point from coldhead, T2 - T3, may be approximated as 

( )
( )

2

2 3
8

H

Cu H H Ag Ag

q D
T T

k w k A

π
δ

′
− ≈

+
  (3.29) 

assuming that the total heat load is uniformly distributed along the periphery and the 

circumferential heat conduction occurs through the cross-sectional area of the horizontal sheet 

(wHδH) and the silver section of HTS composite conductors (AAg). In Eq.(3.29), the average heat 

per unit length is 

ac r k l

H

Q Q Q Q
q

Dπ
+ + +′ ≈  (3.30) 
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The temperature difference between the coldhead and the nearest point of horizontal sheet 

is the total heat divided by the thermal resistance of the flexible braids and the mechanical 

contact at both side of flexible braids.  

 
3 4

H

Cu b
c c

b

q D

k A
h A

L

T T
π′

− ≈
+

 (3.31) 

where hc [W/m
2
K] is a contact heat transfer coefficient, depending on the pressure with which 

contact is maintained [60,61].   

Among the temperature differences estimated by Eq.(3.28), (3.29), and (3.31), the largest 

value is found at the horizontal sheet (T2 - T3) with any reasonable dimensions. In other words, 

the horizontal sheet should have a much lower temperature at the location just below the 

coldhead than at the opposite side from the coldhead. It also follows that the warm-end (bottom) 

of the HTS windings under the coldhead would have a much lower temperature than at the 

opposite side, if the same thickness of horizontal sheets were used. 

In order to reduce the weight of the cooling system (yet have the same highest temperature), 

vertical sheets of different thickness could be suggested so that the thinner sheets are placed near 

the coldhead. As shown in Figure 3.9, the design divides the vertical sheets into 48 pieces, each 

of which has a width of 40 mm. The thickness is 10 mm for 16 pieces farthest from the coldhead, 

8 mm for the next 16 pieces, and 5 mm for 16 pieces nearest to the coldhead. This design is 

based on assumed AC loss of 110 W or 1.0 W/kA-m. 

The estimated temperature distribution in the copper sheets and the HTS windings is shown 

in Figure 3.10. The dimensions of the horizontal sheet are 630 mm ID × 790 mm OD × 30 mm 

thick and the total weight of the copper sheets is 140 kg. When the coldhead temperature is 48.5 

K, the temperature of the horizontal sheet varies at 52 ~ 62 K as indicated by the lowest curve. 

The bottom temperatures of the vertical sheets and the HTS windings are also plotted along the 

peripheral distance. Due to the different thickness of vertical sheets, the bottom temperatures are 

saw-shaped and leveled up. The warm-end temperature of the HTS windings is calculated at 66 

K as intended. Since the freezing point of nitrogen is 63.2 K, solid nitrogen may cover some 

upper surface of the copper sheets near the coldhead, but most of the windings should be in 

contact with liquid.  
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Figure 3.9. Configuration of copper sheets, insulation, and coldhead assembly 
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Figure 3.10. Temperature distribution of copper sheets and HTS windings 

 

Figure 3.11 shows the effect of AC loss on the temperature distributions between coldhead 

and HTS windings (T1 ∼ T4) for fixed thickness of copper sheets. The temperatures at each 

location increase with increasing AC loss. The bottom temperature of HTS windings is 

approximately 72 K when the AC loss is 120 W and vapor bubbles might occur as the 

temperature of HTS windings is close to normal boiling point of liquid nitrogen (77 K). Thicker 

copper sheets, therefore, are needed to satisfy the design criterion.   

The dimensions of copper sheets for natural convection system are summarized in Table 

3.3. The thickness of copper sheets could be finalized only after the quantitative measurement of 

the AC loss in the HTS windings because they are strongly dependent on the amount of AC loss 

as discussed earlier. Three cases based upon 55 W (0.5 W/kA-m), 110 W (1.0 W/kA-m), and 165 

W (1.5 W/kA-m) of AC loss are presented here. A single-stage GM cryocooler, Cryomech 
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Figure 3.11. Effect of AC loss on temperature distributions 

AL300 whose capacity is 300 W at 77 K, and 250 W at 60 K [63], could be employed in this 

cooling system until the AC loss is not greater than 165 W. If the actual AC loss exceeds the 

presented limit, an additional unit of GM cryocooler and the follow-up modification of the 

copper sheet design would be needed. 

Electrical insulation is another important issue in the design of the copper sheets. Even 

though the subcooled liquid nitrogen has excellent dielectric properties, the bar surface of the 

vertical copper sheets that face the HTS windings may not be safe, especially for higher voltage 

applications. An additional insulation material between HTS windings and the copper sheets 

could be inserted. As the electrical insulation always adds a thermal resistance to cooling the 

system, the temperature of the windings would be increased by the presence of this insulation. In 
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Table 3.3 Summary of copper sheets design for natural convection system 

   

Conduction 

Radiation 

Current Lead 

19 W 

42 W 

18 W 

AC Loss 
55 W 

(0.5 W/kA-m) 

110 W 

(1.0 W/kA-m) 

165 W 

(1.5 W/kA-m) 

Cooling Load 

Total 134 W 189 W 244 W 

Outer Diameter 790 mm 

Inner Diameter 630 mm 
Horizontal 

Copper Sheets 

Thickness 25 mm 30 mm 40 mm 

Width 40 mm 

16 ea × 8 mm 16 ea × 10 mm 16 ea × 12 mm 

16 ea × 6 mm 16 ea × 8 mm 16 ea × 10 mm 

Vertical 

Copper Sheets 
Thickness 

16 ea × 3 mm 16 ea × 5 mm 16 ea × 8 mm 

Coldhead 45 K 50 K 60 K 

Temperature 

HTS Windings 66 K 67 K 68 K 

 

other words, this is a trade-off between the electric safety and the thermal effectiveness of the 

system. 

A suggested design to minimize the thermal resistance of the additional insulation is to 

cover the inside surface of the entire copper sheets with the insulation material (e.g. GFRP 

cylinder) and to make the best contact (e.g. stycast epoxy) between the copper and the insulation. 

If the outer surface of GRRP cylinder is machined for narrow axial slots that fit the vertical 

copper sheets as shown in Figure 3.9, the insulation can be used as a mechanical part to help the 

assembly and support of the many copper sheets at the same time. 
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The effect of the insulation on heat transfer can be simply estimated from the thickness of 

the insulation and the heat flux in the radial direction. When the AC loss is in the range of 55 ∼ 

165 W, the temperature of the windings will be increased approximately only by 0.6 ∼ 1.8 K per 

cm of thickness. Thus, a GFRP cylinder with thickness of 1 cm or less should be acceptable so 

far as the AC loss is within the expected range.  

 

3.6. Heat Transfer Analysis above the LN2 Surface 

 

The cooling load from the top plate to liquid nitrogen surface, including wall conduction, 

gas conduction, radiation and current lead, is investigated in this section. In the general method 

of heat load calculation, individual load is estimated separately, however they are actually 

coupled each other because of natural convection of nitrogen vapor in a closed cooling system 

[81] as shown in Figure 3.1. 

Figure 3.12 is the schematic model of energy flow between top plate and liquid nitrogen 

surface. Since the surface area of wall and leads in contact with nitrogen vapor is small the 

convection by the buoyancy force is active only within boundary layer around the wall and leads. 

Heat transfer through outside of the boundary layers is essentially by conduction only, because 

the top is warmer than the bottom. The energy balance equations can be written in terms of the 

wall, vapor and lead temperature. 

( ) 0w
w w wg wg w g

dTd
k A h P T T

dz dz

  − − 
 

=  (3.32) 

( ) ( ) 0
g

g g wg wg w g lg lg l g

dTd
k A h P T T h P T T

dz dz

 
+ − + − 

 
=  (3.33) 

( )
2

0l l
l l lg lg l g

l

dT Id
k A h P T T

dz dz A

ρ  − − + 
 

=  (3.34) 

where the vertical distance, z, is measured from the nitrogen liquid surface and the subscripts w, 

g, and l denote the wall, vapor, and lead, respectively. Electrical resistivity, ρ, can be reasonably 

expressed as simple function of temperature that obey Wiedemann-Franz law such as copper 

[51]. A and P are the cross-sectional area and the axial perimeter, respectively. 
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Figure 3.12. Energy flow between top plate and LN2 surface  

 The temperature of liquid nitrogen surface (z = 0) is saturated temperature of liquid 

nitrogen, and that of top plate (z = L) is room temperature, therefore the boundary conditions can 

be written as 

( ) ( ) ( )0 0 0 77w g lT T T= = = K  (3.35) 

( ) ( ) ( ) 300w g lT L T L T L K= = =  (3.36) 

 In energy balance equations, the heat transfer coefficients for natural convection on the 

wall and lead are very difficult to evaluate with accuracy, mainly because the surface 

temperature is not axially uniform. We predict, however, with a reasonable existing correlation 

for vertical wall that is expressed as follows [71].  
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Figure 3.13. Flowchart of numerical solutions by perturbation series 
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The value of heat transfer coefficient is in the range of 4 ∼ 5 W/m
2
K for our system, which 

is considered so small that the conduction along the vertical direction is dominant over the 

convection of vapor. In other words, the second term in Eq.(3.32), (3.34), and the second and 

third term in Eq.(3.33) play only a minor role in energy balance, which implies that the problem 

may well be solved analytically by the method of perturbation series [82]. The zeroth-order 

solutions or the leading terms in the series can be simply obtained by setting the convection 

terms to zero. The first-order solutions now can be obtained using zeroth-order solutions and 

heat transfer coefficient given by Eq.(3.37). Even though the number of perturbation terms for a 
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Figure 3.14. Vertical temperature distributions for lead, vapor, and wall without (unperturbed) and 

with (perturbed) natural convection of vapor  
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given accuracy may depend on the magnitude of hP / k in energy balance Eq.(3.32) ∼ (3.34), 

only a few terms are sufficient in most converging problems [82]. Figure 3.13 shows the 

flowchart of numerical method to determine the axial temperature distribution by perturbation 

series up to first-order solutions. 

Shown in Figure 3.14 is the axial temperature distribution for lead, vapor, and wall, with 

and without perturbation terms. In the case without perturbation that is zeroth-order solution, the 

temperatures of vapor and wall are the same and linear, and that of the lead is convex upward 

because of Ohmic heat generation. By adding the effect of the convection as perturbation terms, 

the heat transfers from the lead to vapor and wall, therefore the temperature difference between 

lead and vapor (or wall) is reduced and temperature gradient occurs at top plate (z = 400 mm), 

which means the heat leak occurs at the top plate.  

 Table 3.4 shows the cooling load from top plate to liquid nitrogen surface without 

radiation shield. The amount of total cooling load with perturbed terms is approximately 2 % 

(0.9 W) greater than that without perturbed terms. In other words, the cooling load from the top 

plate to liquid surface is under-estimated by approximately 2 % when the natural convection of 

 

 

Table 3.4 Cooling loads from top plate to liquid nitrogen surface without radiation shield 

 

 
Without convection (unperturbed) With convection (perturbed) 

Wall conduction 11.7 W 12.2 W 

Gas conduction 4.0 W 5.3 W 

Radiation 16.6 W 16.6 W 

Current lead 18.0 W 17.1 W 

Total 50.3 W 51.2 W 
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Figure 3.15. Effect of number of radiation shield on cooling loads  

vapor is ignored. Thus, if the operating current is high, there will be a larger difference between 

the actual cooling load and the cooling load estimate based assuming the individual components. 

In order to reduce the thermal radiation from the top plate, radiation shields could be 

installed between the top plate and liquid nitrogen surface. The amount of radiation load 

decreases with increasing number of radiation shields. The temperature of each radiation shield 

can be simply obtained by energy balance, which is expressed as following.    

( ) ( )4 4 4 4
1 11, , 1

1 1

1 1 1 1
1 1

rs i i rs i ii i i i
g g g g

i i i i

A T T A T TdT dT
k A k A

dz dz

σ σ

ε ε ε ε

− +− +

− +

−
+ = +

+ − + −

−   (3.38) 

In Eq.(3.38) thermal radiation from the sidewall is neglected and view factor is unity. Based 

upon the temperature at each radiation shield, cooling loads can be estimated. 
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Figure 3.15 shows the effect of number of radiation shields on cooling load. The total 

amount of cooling load decreases with increasing number of radiation shields, mainly because of 

the reduction of the thermal radiation load. The load by gas conduction depends on the 

temperature difference and distance between radiation shield and liquid surface. In the present 

system, the effect of decreased distance is greater than that of decreased temperature difference 

by inserting one radiation shield. Thus, when one radiation shield is installed, the load by gas 

conduction is greater than that without radiation shield as shown in Figure 3.15. However, the 

gas conduction decreases with increasing the number of radiation shields since the first radiation 

shield from the liquid surface is located at the same vertical position when more than one 

radiation shield are installed. The effect of radiation shield is small when the number of radiation 

shield is more than three in the present system. Thus, three radiation shields are recommended in 

the cooling system for Korean HTS transformer with taking into account production, 

construction, and cooling requirement.  
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CHAPTER 4 

 

SUBCOOLED LIQUID NITROGEN NATURAL CONVECTION 

EXPERIMENT 

 

 

 

 

In order to confirm the feasibility of natural convection cooling for HTS transformers using 

subcooled liquid nitrogen, an experiment was designed, constructed and operated. The primary 

purpose of the experiment is simulation of the thermal environment as closely as possible to that 

of the Korean HTS transformer. In this chapter, the natural convection cooling experiment is 

described in detail and the results of modeling the heat transfer phenomena are presented. In this 

experiment, as a cryocooler located at the top of the cryostat, the temperatures of solid bodies 

including copper plate and HTS magnet decrease upwards, which are different thermal boundary 

conditions from the most previous studies on heat transfer in a cavity [83-100]. The heat transfer 

characteristics of natural convection in subcooled liquid nitrogen are studied. The effects of 

height-to-gap ratio of the vertical cavity and magnitude of heat flux on the heat transfer 

characteristics of natural convection are investigated. The multi-cellular flow patterns and the 

augmentation of wall-to-wall heat transfer are quantitatively discussed in terms of a 

dimensionless parameter. The experimental data should contribute to the basic understanding the 

natural convection phenomena between two vertical plates whose surface temperatures decrease 

upwards.  

 

4.1. Cryocooler Performance Test 

 

The actual refrigeration performance of cryocooler (Cryomech Model AL63) was tested 

before installing it in the natural convection cooling experiment. The set-up employed in the 
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Figure 4.1. Schematic of cryocooler performance test set-up 
 

   

performance test of cryocooler is depicted schematically in Figure 4.1. It consists of cryocooler, 

heater, and temperature sensor. The cryocooler was mounted directly at the top plate of the 

cryostat and a square shape heater was positioned at the bottom of coldhead, which is made of 

oxygen free high conductivity copper. A flat Thermofoil
TM

 heater was sandwiched between the 

two identical copper plates and cryogenic epoxy was applied to ensure good contact between the 

heater and the plates. The heater-sandwiched plate was attached to the coldhead with brass 

screws and cryogenic thermal grease was applied between coldhead and plate as a thermal 

contact medium, ensuring maximum thermal conductance. The heating power was regulated 

with a DC power supply. A silicon diode (Lakeshore DT-470-SD), measuring the temperature of 

coldhead, was attached to the side of coldhead by cryogenic epoxy as shown in Figure 4.1. The 
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Figure 4.2. Listed and measured refrigeration capacity of Cryomech AL63 

 

   

entire cold part of the cryocooler is wrapped by multilayer insulations (MLI) to minimize the 

thermal radiation load.  

The inner space of the cryostat containing the coldhead of cryocooler was maintained with 

a vacuum in the range of 5 × 10
-5

 torr, which satisfies the requirement of production manual [63]. 

Starting from room temperature, it took approximately 2 hours for the coldhead to reach at the 

lowest temperature, 18.5 K, which was then maintained for 24 hours within 0.1 K temperature 

variations. Heater power was then supplied from 0 to 60 W with 10 W increments, and the 

coldhead temperature was measured. Temperature at each power level was recorded once the 

system reached steady state, which usually took approximately one-half hour. The same 

procedure was then repeated with decreasing heating power from 60 to 0 W.  The heater power 

was continuously monitored using a digital multimeter (Keithley Model 2001). 
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Figure 4.3. Schematic of experimental apparatus 

Shown in Figure 4.2 is the measured refrigeration power as a function of coldhead 

temperature, in comparison with the capacity provided by the manufacture. The temperatures of 

coldhead are average values of six measurements. Good agreement is observed, even though 

there is a slight shortfall in actual performance. The reason for the small discrepancy may be the 

effect of the thermal radiation on the heater surface and coldhead, as these parts were not 

 80



shielded with multilayer insulation and therefore probably received considerable thermal 

radiation. 

 

4.2. Experimental Apparatus 

 

Figure 4.3 shows the schematic overview of the natural convection cooling experiment 

[101,102], which consists of cryocooler, and heating and cooling plates immersed in liquid 

nitrogen. The cryocooler is mounted directly at the top plate of cryostat and a rectangular shape 

of heating plate is vertically located at the center of the cryostat. Two parallel cooling plates are 

 

 

 

 

 

Table 4.1. Physical dimensions of 1 MVA HTS transformer and NHMFL experiment 

 
  

HTS Transformer NHMFL Experiment 

Cryostat 

Material 

Diameter 

Height 

GFRP 

948(OD)/334(ID) mm 

1200 mm 

Stainless Steel 

305 mm 

1040 mm 

Cryocooler 

Model 

Capacity @ 77 K 

Capacity @ 50 K 

Input Power 

Cryomech AL300 

320 W 

220 W 

7.2 kW 

Cryomech AL63 

60 W 

38 W 

2.0 kW 

Main Heating Source 

Type 

Heat Flux 

Height 

Gap Distance 

AC Loss 

110 W/m2 * 

480 mm 

50 mm 

DC Heater 

100 (80∼120) W/m2 

500 mm 

40 (20∼60) mm 

Horizontal Copper 

Sheet 

Width 

Length 

Thickness (Vertical) 

Weight 

80 mm 

2200 mm 

30 mm 

47 kg 

180 mm 

255 mm 

10 mm 

4 kg 

Vertical Copper 

Sheets 

Total Width 

Length (Vertical) 

Thickness 

Weight 

1920 mm 

700 mm 

10/8/5 mm 

93 kg 

510 mm 

610 mm 

10 mm 

28 kg 

* Based on AC loss of 1.0 W/kA-m 
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positioned at a given distance symmetrically on both sides of the heating plate and thermally 

anchored to the coldhead of cryocooler through a horizontal plate. The experimental apparatus 

has a similar configuration to the recently designed Korean 1 MVA HTS transformer [66], 

except that the electrical heater is used to simulate the AC loss in the HTS windings and the 

vertical cavity between parallel plates replicates the narrow annular gap between HTS windings 

and vertical sheets of the HTS transformer. 

The single-stage GM cryocooler (Cryomech Model AL63) described in the previous 

section provides the cooling to the experiment. The refrigeration capacity is 38 W at 50 K, which 

is approximately 1/5th that of the cryocooler selected for 1 MVA HTS transformer (Cryomech 

Model AL300). In general, natural convection correlations are expressed in terms of 
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(a) Coldhead connection with flexible copper braids                   (b) Coldhead and plates assembly 

 

Figure 4.4. Photograph of experiment 
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dimensionless parameters. However, physical similarity in our situation is rather complicated, 

because the surface temperatures are not vertically uniform and the flow pattern is influenced by 

the temperature gradient along the vertical surfaces. Therefore, the same dimensions as the HTS 

transformer, including vertical length, thickness of cooling plate, and gap distance between 

cooling and heating plate, were chosen. Even though the heat transfer area is different because of 

the geometrical constraints, the heat flux is the same since we chose the heat transfer area as 

approximately 1/5th as of HTS transformer to match the refrigeration capacity. Table 4.1 lists the 

physical dimensions of the experimental apparatus in comparison with Korean 1 MVA HTS 

transformer. 

The two vertical cooling plates are bolt joined at the top with the horizontal plate so that the 

horizontal gap distance of the test space can be adjusted. As shown in Figure 4.4(a), flexible 

tinned copper braids are used for connection between the coldhead and the horizontal plate as 

well as protection of the coldhead from thermal contraction. A Thermofoil
TM

 heater is 

 

 

 

 

Table 4.2. Dimensions and material of heating and cooling plates 

 

 Experiment 1 Experiment 2 

Heating 

Plate 

Material 

Height 

Width 

Thickness 

Copper 

500 mm 

255 mm 

10 mm 

Stainless Steel 

500 mm 

255 mm 

2 mm 

Cooling 

Plate 

Material 

Height 

Width 

Thickness 

Copper 

610 mm 

255 mm 

10 mm 

Copper 

610 mm 

255 mm 

10/5 mm 

Vertical 

Cavity 
Height 

Gap distance 

500 mm 

20/40/60 mm 

500 mm 

60 mm 

Heat Flux [W/m2] 80/100/120 8∼160 
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sandwiched between two identical plates and cryogenic epoxy is applied to ensure good contact 

between the heater and the plates. The heater covers the entire surface and supplies a constant 

heat flux per unit area to the plates. The heating power is regulated with a DC power supply. The 

cooling plates are suspended at the top plate of cryostat, and the heating plate is suspended at the 

cooling plates with gravitational and lateral supports made of threaded GFRP rod as shown in 

Figure 4.4(b). The dimensions and material of heating and cooling plates are summarized in 

Table 4.2. 

The coldhead temperature of GM cryocooler and the lower end of the cooling and heating 

plates are measured with silicon diodes (Lakeshore DT-470-SD). The surface temperatures of 

cooling and heating plates are measured with E-type (chromel vs. constantan) thermocouples at a 

number of vertical locations as shown in Figure 4.3 and Figure 4.5, while platinum resistance 

thermometers (Lakeshore PT103) are used for determining the absolute temperature at the top of 

cooling and heating plates. As shown in Figure 4.5, the lead wires of temperature sensors are 

connected through the holes from the opposites sides of the test section to minimize the 

disturbance of liquid flow. The liquid level is measured with a capacitance level gauge and the 

temperature distribution near the free surface is also measured with E-type thermocouples. A 

relief valve set at 105 kPa is installed to maintain the inside pressure constant. Figure 4.6 is the 

complete experimental set-up. 

A number of thermocouples (E-type) are used to determine the spatial variation of the plate 

temperatures. The locations of all thermocouple on the cooling and heating plates are shown in 

Figure 4.7. One thermocouple is placed 5 mm above the bottom edge and the others are not 

equally spaced, but the interval between adjacent thermocouples decreases upwards because the 

temperatures are expected to have a steep gradient near the top of each plate, as shown in Figure 

3.6. For convenience, the thermocouples are named from top to bottom on heating plate and 

cooling plate as sensor #1 ∼ #12 and sensor #13 ∼ #24, respectively. Holes housing for the 

thermocouple beads are located on the vertical centerline on each plate. The sensing bead of each 

thermocouple is dipped in cryogenic thermal grease in order to prevent direct thermal contact 

with the fluid. 

At the initial phase of the experiment, the cryostat is filled with liquid nitrogen and it is 

cooled down to near its freezing temperature (63 K) using the cryocooler with the extended heat 

exchange surfaces. Once the cryostat is cooled down, a uniform heat flux is supplied so that  
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Figure 4.5. Photograph of heating and cooling plates 
 

 

 
 

Figure 4.6. Photograph of complete experiment 
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Figure 4.7. The locations of E-type thermocouples 

liquid nitrogen between the heating and cooling plates experiences natural convection. The 

vertical temperature distribution on both plates is measured in steady state, from which the local 

and averaged heat transfer coefficients are calculated. Variables in this experiment are the 

magnitude of heat flux, the thickness of cooling plate and the gap distance between the heating 

and cooling plates. 

The time to reach steady state was determined by monitoring the plate temperatures until 

the time rate of change was less than 0.06 K/h. Temperatures were recorded every 10 minutes 

with an automated data acquisition system, operated through LabView
TM

 software. The heat flux 

supplied to the plate was measured by the electrical current and supplied voltage to the heater, 

which were continuously monitored and checked from the multimeter (Keithley Model 2700). 
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The fluid properties, thermal expansion coefficient (β), thermal conductivity (k), kinematic 

viscosity (υ), and density (ρ), were evaluated at the average temperature between the heating and 

cooling plate. 

 

4.3. Cool-down and Pressurization with Helium Gas 

 

Figure 4.8 shows the temperature history of the coldhead, top and bottom of cooling plate, 

and bottom of heating plate after turning on the cryocooler. During the initial cool-down, the 

temperature decreased almost at a constant rate requiring approximately 9 hours for the coldhead 

to reach 63 K, the freezing temperature of nitrogen. After this point, the temperature of coldhead 

dropped quickly to 51 K, while the copper plates in liquid nitrogen remained nearly constant at 
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Figure 4.8. Temperature history of coldhead, cooling and heating plates when gap distance is 40 mm 

 87



63 K, as the liquid begins to freeze on the plate surface. Helium gas was then supplied to 

maintain atmospheric pressure so that the liquid is in the subcooled state. When the heater was 

on, the temperature of coldhead increased gradually and the temperature difference between two 

plates became measurable. 

During preheating period, the heat flux was varied up to 80 W/m
2
 (20 W), and then set at 

80 W/m
2
 for 10 hours until the cooling system achieved steady state. At this point, the coldhead 

temperature was 52.2 K. As can be seen in Figure 4.2, the refrigeration capacity of GM 

cryocooler is approximately 42 W at 52.2 K. Therefore the total heat loss to the experimental 

cryostat is about 22 W. The steady temperatures at the top and bottom of the cooling plate, and 

the bottom of heating plate were 63.3 K, 64.6 K, and 65.2 K, respectively. The heat flux was 

then set at 100 W/m
2
 (25 W) for the next 10 hours until the system reached steady state. The 
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Figure 4.9. Vertical temperature distribution near liquid surface when gap distance is 40 mm 
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temperature of the plates increased approximately 1 K due to the 20 W/m
2
 of the additional heat 

flux and the steady temperatures of plates were 64.2 K, 65.4 K, and 66.1 K. The same procedure 

was repeated with an increased heat flux of 120 W/m
2
 (30 W), where the steady temperatures 

were 65.6 K, 67.1 K, and 68.2 K, respectively.  

The cool-down started at atmospheric pressure but as the temperature decreased to 63 K the 

pressure gradually dropped to approximately 12 kPa since the volume was closed and vapor 

continued to condense along the saturation line. It was extremely difficult to reach a stable 

equilibrium at the free surface when pressurized with nitrogen gas only, since the heat of vapor 

condensation must be balanced by thermal conduction in the liquid. To maintain the subcooled 

state of liquid nitrogen at an atmospheric pressure (101 kPa) a very small quantity of helium gas 

was supplied into the closed volume. Since helium is non-condensable in the gas mixture, the 

pressure in closed volume was easily maintained in the range of 101 ∼ 102 kPa through the 

experiment. Based on vapor pressure calculations, the mole fraction of nitrogen gas in the closed 

volume above the liquid nitrogen was calculated to be 12 %.  

The liquid level and pressure inside cryostat were controlled easily by the pressurization 

with helium gas. The vertical temperature distribution below the liquid surface is uniform as 

shown in Figure 4.9. Previous researchers [26,103] reported around 40 mm of thermal gradient 

layer beneath the liquid surface of 77 K, which corresponds to a heat leak through this layer of 

approximately 10 W. In the present experiment, the subcooled liquid is in equilibrium with the 

gas mixture at the free surface. Thus, the temperatures are uniform and there is no conduction 

loss due to the steep temperature gradient. The temperature below the free surface increases as 

heat flux increases, with steady temperatures of 64.8 K, 65.9 K, and 67.3 K when the heat fluxes 

set at 80, 100, and 120 W/m
2
, respectively. These values are used as bath temperatures for 

calculations of the vertical temperature distribution along the cooling and heating plates in 

analytical solutions. 

 

4.4. Sensitivity and Stability 

 

The accuracy of the temperature measurement strongly depends on the sensitivity of 

temperature sensors [104]. The temperature sensors used in the present experiment are platinum 

resistance thermometers, silicon diodes, and E-type thermocouples. The calibrated platinum 
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Figure 4.10. Temperature variation of thermocouple when heat flux is 16 W/m2 

 

thermometers and silicon diodes [105] are used for determining the absolute temperature of the 

experiment. The thermocouples are used in many temperature measurements due to their 

advantages of short time constant and no self-heating due to bias electric current [106].  

Figure 4.10 shows the temperature variation of randomly selected thermocouples against 

the elapsed time when the heating power is 4 W or 16 W/m
2
. Sensor #5 and #17 are on the 

heating and cooling plate, respectively, and they are located at the same position vertically as 

shown in Figure 4.7. These temperatures along with others on the heating and cooling plates are 

collected through Differential Multiplexer Module  (Keithley Model 7708). The scanning time 

was set at one second, therefore it takes 24 seconds to measure all channels. Channel 1 is paired 

to sensor #1, channel 2 is paired to sensor #2, and so on. It can be seen that the temperature 
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Figure 4.11. Temperature variation of thermocouple when heat flux is 80 W/m2 

 

output of the thermocouples fluctuates within a small temperature range, approximately ± 0.025 

K, which agrees with the results of previous research [106]. The averaged value of 12 

measurements is the representative temperature at a given position and the highest and lowest 

values are expressed in terms of error bar as in Figure 4.12 and 4.13.  

In order to confirm the stability of the present experiment, the temperature variation of 

cooling and heating plates was measured for one hour once the experiment became steady state. 

Shown in Figure 4.11 is the temperature variation of randomly selected thermocouples against 

the elapsed time when the heating power is 20 W or 80 W/m
2
. The temperature as measured by 

these thermocouples varies within ± 0.030 K over one hour, which indicates that the experiment 
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Figure 4.12. Temperature distribution of heating and cooling plate using error bar when heat flux is 

8 W/m2 

 

is well stabilized. The temperature measurement was then repeated several times at various heat 

fluxes, 104, 128, and 160 W/m
2
, to guarantee the stability of our experiment. The variation of 

temperature for one hour was less than ± 0.030 K in all cases.  

The temperature distributions along the vertical surface of heating and cooling plate are 

presented by error bar in Figure 4.12 and Figure 4.13. As explained above, these error bars 

represent the highest and lowest values out of twelve measurements. When the heat flux is small, 

8 W/m
2
, the largest value of temperature error is ± 0.025 K at z = 320 mm on heating plate, 

which is one-order of magnitude smaller than the wall-to-wall temperature difference, 

approximately 0.2 K. When the heat flux is large, 160 W/m
2
, the value of temperature error is 

within ± 0.025 K, which is considerably small quantity comparing the averaged wall-to-wall 
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Figure 4.13. Temperature distribution of heating and cooling plate using error bar when heat flux is 

160 W/m2 

 

temperature difference, approximately 1.5 K. Therefore, the sensitivity of thermocouples is quite 

sufficient for the present experimental purpose. 

 

4.5. Heat Transfer in a Vertical Cavity 

 

Temperature profiles of the heating and cooling plate surface were obtained for various 

values of heat flux. Shown in Figure 4.14 is the measured vertical temperature distribution of the 

heating and cooling plates at steady state in comparison with the analysis [68] for the gap 

distance of 40 mm when heat flux is 80 W/m
2
 to 120 W/m

2
. Points are the result of averaging 

twelve individual data mentioned in Section 4.4. The top (z = 500 mm) temperature of cooling 
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plate was matched with the measured value as one of the boundary conditions in analytical 

solutions. A convective condition was used as the boundary condition at top of the heating plate, 

and natural convection on the outside surface of the cooling plates was considered. The heat 

transfer coefficient in the analysis was evaluated from the existing engineering correlations for 

rectangular cavities where each vertical surface has a constant temperature [58,59]. 

Even though the temperatures of cooling plate were higher and those of heating plate were 

slightly lower in the experiment than in the analysis, a fair agreement is observed. The smaller 

temperature difference between two plates means that the natural convection in the experiment 

has a higher value of heat transfer coefficient than predicted by the existing correlation. Further, 

as the heat flux increases the temperature of the plates rises, and the discrepancy between 

experiment and analysis becomes larger because the vertical temperature gradient along the plate 

is greater. 
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Figure 4.14. Vertical temperature distribution of cooling and heating plate when gap distance is 40 mm 

(Heating plate made of copper) 
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Though there is a noticeable temperature gradient for z > 400 mm, the vertical temperature 

distribution of heating plate is almost flat, because the heating plate has high thermal 

conductivity. As mentioned earlier, the heating plate is composed of a thin film heater and two 

identical copper plates. Therefore, although the heat flux is increased up to 120 W/m
2
 and there 

is a greater vertical temperature gradient at cooling plate, the top (z = 500 mm) temperature of 

heating plate is still higher than the bottom (z = 0) temperature of cooling plate. Thus, a cellular 

flow may have been formed in this rectangular cavity. The possibility of various flow patterns 

depend upon the thermal boundary conditions [72-75] and the flow must be multi-cellular if the 

bottom temperature of cooled plate is higher than the top temperature of the heated plate [68]. In 

the present experiment, it would be easier to observe the multi-cellular flow by replacing the 

copper heating plate by one made with low thermal conductive material, such as stainless steel, 

and applying a higher heat flux. This would prevent the high thermal conductivity copper from 
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Figure 4.15. Average Nusselt number versus Rayleigh number (Heating plate made of copper) 
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flattening the temperature profile on the heating plate. In Figure 4.14, the temperature difference 

between the analysis and experiment above z = 400 mm suggests that multi-cellular flow could 

be occurring. 

The averaged Nusselt numbers (Nu) were calculated from the measured temperatures 

between heating and cooling plates for different gap distance and heat flux. Figure 4.15 shows 

the averaged Nu as a function of averaged Rayleigh number (Ra) and compared with the existing 

correlations [58,59]. As the height-to-gap (H/L) ratio decreases, Nu as well as Ra increases 

because Nu and Ra are defined based on the gap distance, and are proportional to gap distance 

and cube of gap distance, respectively. 

As the height-to-gap ratio of test section is in the range of 8.3 ∼ 25, the measured values of 

Nu are greater than the existing correlation by approximately 20 ∼ 40 %. This is because the 

surface temperature in the experiment decreases upward, while the existing correlations are 

developed for surfaces of constant temperature. This experimental condition could generate a 

more active natural convection. Also, there is an additional cooling effect at the top in the 

experiment. Since the coldhead of cryocooler is located at the top, the liquid above the test 

section is maintained at a lower temperature than the heating plate. Therefore, the ascending 

liquid near the top of the heating plate must have returned toward the cold plate at a lower 

temperature. The existing correlations for the rectangular cavity are based on the adiabatic 

conditions for the horizontal walls. 

For the same height-to-gap ratio, the Ra increases with increasing heat flux because it is 

proportional to the temperature difference between the two plates. As shown in Figure 4.14, the 

temperature difference is larger for the higher heat flux. The amount of temperature difference in 

case of higher heat flux, however, is not so much larger than that for the lower heat flux. 

Therefore, the Nu increases with increasing heat flux in spite of increasing temperature 

difference. 

 

4.6. Multi-cellular Flow 

 

The flow pattern in a vertical cavity should depend upon the thermal boundary conditions 

[72-75] and the flow pattern should be multi-cellular flow if the bottom temperature of the 

cooled plate is higher than the top temperature of the heated plate. In order to confirm the multi-
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Figure 4.16. Vertical temperature distribution of cooling and stainless steel heating plate when heat flux 

is 8 W/m2 

 

cellular flow pattern in a vertical cavity whose surface temperature decrease upwards, the copper 

heating plate was replaced by one made with low thermal conductivity stainless steel. The 

supplied heat flux were varied from 2 W (8 W/m
2
) up to 40 W (160 W/m

2
) for a fixed gap 

distance of L = 60 mm.  

Figure 4.16 shows the measured vertical temperature distributions of the heating and 

cooling plate at steady state in comparison with the analysis for a heat flux of 8 W/m
2
. As before, 

the top temperature of cooling plate was matched with the measured value as one of the 

boundary conditions in analytic solutions. The heat transfer coefficient in the analytic solution 

was evaluated from the existing engineering correlations [58,59] for rectangular cavity where 

each vertical surface has a uniform temperature. Good agreement is observed between two data 

sets, because the temperatures of cooling and heating plates are relatively uniform when the heat 

flux is small. 
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Figure 4.17. Vertical temperature distribution of cooling and stainless steel heating plate when heat flux 

is 80 W/m2 

 

Shown in Figure 4.17 is the measured vertical temperature distribution of each plate at 

steady state in comparison with the analysis when the heat flux is 80 W/m
2
. In this case, some 

discrepancy was observed between two data sets, because the heat transfer coefficient evaluated 

from existing correlation was assumed constant vertically in the analytic solution. In the 

experiment, on the other hand, the heat transfer coefficient was not uniform vertically as 

evidenced by the wavy temperature distribution, which may be derived from multi-cellular flow. 

Also, the heat transfer is more active under the thermal boundary condition where the surface 

temperature decreases upwards so the heat transfer coefficient is greater than that of existing 

correlation. The discrepancy is larger with increasing heat flux since the natural convection in a 

vertical cavity is accelerated and wall-to-wall heat transfer is augmented.  
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The definition of average heat transfer coefficient depends on the surface thermal 

conditions on each plate in a vertical cavity [69,107,108]. When the boundary conditions are 

given by the uniform plates temperature the average coefficient of heat transfer (h) is generally 

represented by correlations for average Nusselt number (Nu) that is based on the difference 

between two temperatures, namely TH - TL. In the present experiment when heat flux is small, the 

temperatures along the vertical surface are relatively uniform so the temperature difference 

between two plates is merely difference between two temperatures. However, when heat flux is 

large the temperature distributions along the vertical surface are convex upward with a certain 

amount of top-to-bottom temperature gradient as shown in Figure 4.17. Therefore, the definition 

of temperature difference between the two plates affects the value of average Nusselt number in 

the experiment. Different methods were used to get the temperature difference between two 

plates, such as averaging local temperature difference, H LTT − , z-averaged temperature 

difference, H LT−T , and log mean temperature difference. Even though different methods were 

used to get the temperature difference between two plates, the average Nusselt numbers showed 

less than 5 % variation in the range of heat flux between 8 to 160 W/m
2
. References [69,107] 

suggest that the correlation for average Nusselt number can be defined based upon the z-

averaged temperature difference, namely H LTT − , for applications involving uniform heat flux 

surface.  Since the present experimental conditions are rather close to the case of uniform heat 

flux surface, the z-averaged temperature difference was used for evaluation of the average 

Nusselt number.  

In Figure 4.18, the averaged Nusselt numbers against Rayleigh numbers for all heat fluxes 

(8 ∼ 160 W/m
2
) are plotted and compared with the existing engineering correlations [58,59] for a 

rectangular cavity where each vertical surface has a uniform temperature. The height-to-gap ratio 

for the experimental conditions (H/L) is 8.3. The Nu and Ra increase with heat flux because 

these parameters are defined based on a wall-to-wall temperature difference that increases with 

heat flux. When the heat flux is smaller than 40 W/m
2
 or the corresponding Ra is less than 1.6 × 

10
8
, good agreement is observed between the experiment and correlations because the plate 

temperatures are relatively uniform in vertical direction. As the heat flux increases over 40 W/m
2
 

or Ra exceeds 1.6 × 10
8
, however, the measured heat transfer becomes considerably greater than 

the existing engineering correlations. This discrepancy can be explained by the thermal boundary 
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Figure 4.18. Average Nusselt number versus Rayleigh number for fixed gap distance, L = 60 mm 

(Heating plate made of stainless steel) 

conditions in the experiment where the surface temperatures decrease upwards. Such boundary 

conditions can cause vertically segregated cellular flows and enhanced heat transfer in a vertical 

cavity. Once multi-cellular flow occurs the effective height-to-gap (H/L) ratio becomes smaller 

than the actual H/L ratio. Plotted in Figure 4.18 are correlations for H/L ratio approximately 5 

and 3 with the corresponding flow patterns of two and three cellular flow, respectively. These 

correlations compare more favorably with the experimental data for the higher Ra number flows. 

The temperature along the streamlines of natural convection is approximately sketched in 

Figure 4.19 for the heat fluxes at 8 W/m
2
 and 160 W/m

2
. When the heat flux is small as shown in 

Figure 4.19(a), the surface temperature of each vertical plate is relatively uniform and a single 

cellular flow is formed in a cavity, as the fluid simply ascends along the heating plate and 

descends along the cooling plate. The heat transfer on the heating plate is active at the bottom  
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(a)  

                      (b)  

 

Figure 4.19. Temperature along streamlines of natural convection when heat flux is (a) 8 W/m2, (b) 

160 W/m2  
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and becomes less active along the ascending flow, and the temperature of fluid is getting close to 

that of heating plate along the vertical direction. The opposites are true on the cooling plate. The 

heat transfer on the cooling plate is active at the top and becomes less active along the 

descending flow.  

When the heat flux is large as shown in Figure 4.19(b), however, the temperatures of 

vertical plates decrease upwards since the cryocooler is located above the vertical plates as 

shown in Figure 4.3. The ascending fluid near the heating plate becomes warmer than the surface 

near z = 250 mm, and the heat is now transferred from the fluid to the surface so the density of 

fluid increases, which makes the cellular flow vertically segregated and the fluid moves 

downward. The descending fluid near the cooling plate becomes cooler than the surface near z = 

100 mm, and heat is now transferred from the surface to fluid so the density of fluid decreases, 

which make the cellular flow vertically segregated and the flow moves upward.  
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Figure 4.20. Temperature difference between top to bottom and wall to wall 
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Figure 4.21. Temperature difference ratio of top-to-bottom and wall-to-wall 

The number of cells in the multi-cellular flow should be related to the vertical temperature 

gradient and the wall-to-wall temperature difference. A necessary condition for the cellular flow 

to be vertically segregated is that the minimum temperature on heating plate must be lower than 

the maximum temperature on cooling plate. As a result, the segregated positions of fluid are near 

the local minimum temperature on heating plate or the local maximum temperature on cooling 

plate. In Figure 4.19(b) the second cellular flow is segregated near z = 420 mm and the third 

cellular flow did near z = 500 mm on the heating plate. Since the cellular flows are overlapping 

each other as shown in Figure 4.19(b), it is hard to define the exact height of each cell. However, 

as discussed earlier, three cellular flow occurs and the effective height-to-gap ratio is 

approximately 3 when heat flux is 160 W/m
2
.  

The multi-cellular flow pattern leads to a wavy temperature distribution [74] along the 

vertical surface and enhanced heat transfer between top to bottom and plate to plate. As 
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described above, the heat transfer is active at the bottom and top when a single cell is formed in 

vertical cavity as Figure 4.19(a). In the multi-cellular flows as Figure 4.19(b), the heat transfer is 

active not only at the top and bottom but also near at z = 250 and 420 mm, which results in 

smaller temperature difference between top to bottom and plate to plate.  

The temperature differences from top-to-bottom of the heating plate and wall-to-wall 

between heating and cooling plate versus heat flux are plotted in Figure 4.20. When heat flux is 

small, the temperature difference from top-to-bottom is close to zero because the plate 

temperatures along the vertical direction are relatively uniform. The temperature difference from 

top-to-bottom and wall-to-wall increase as heat flux increases. The temperature difference of 

top-to-bottom is smaller than that of wall-to-wall up to heat flux of 40 W/m
2
. When the heat flux 

is over 40 W/m
2
, the temperature difference from top-to-bottom is greater than that of wall-to-
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Figure 4.22. Vertical temperature distribution of cooling and heating plate with different thickness 

of cooling plate when heat flux is 8 W/m2 
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wall and increases monotonically. 

Shown in Figure 4.21 is the temperature difference ratio of top-to-bottom and wall-to-wall. 

When the heat flux is small, the temperature difference ratio is relatively small because 

temperature difference of top-to-bottom is close to zero. The temperature difference ratio 

increases with increasing heat flux, but it maintains the same value once it reached 

approximately 1.1. When the temperature difference ratio is greater than unity, in other words 

the bottom temperature of cooling plate is greater than the top temperature of heating plate, 

multi-cellular flow starts to occur as mentioned earlier. Once multi-cellular flow occurs the 

temperature differences from top-to-bottom and wall-to-wall decrease because of enhanced heat 

transfer in a vertical cavity. Therefore, the temperature difference ratio is maintained 

approximately unity even though the heat flux is increased. 
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Figure 4.23. Vertical temperature distribution of cooling and heating plate with different thickness 

of cooling plate when heat flux is 40 W/m2 
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In the standard correlation, the Nusselt number is composed of the heat transfer coefficient, 

h, the thermal conductivity of fluid, k, and the characteristic length, L, and can be expressed as 

dimensionless parameters and physical properties of the fluid, as described in Eq.(3.1). Even 

though the thickness of cooling plate affects the temperature distribution of vertical plates in the 

experiment, it does not enter into the standard correlation for Nusselt number. In order to 

determine the effect of the thickness of cooling plate, the temperature distribution is calculated 

using analytic method for two thicknesses of cooling plate, δc = 5 mm and δc = 10 mm for small 

amount of heat flux. Shown in Figure 4.22 is the temperature distribution of heating and cooling 

plate when the heat flux is 8 W/m
2
. It is assumed that the top temperatures of cooling plate and 

the other conditions except the thickness of cooling plate were same to compare the two data sets. 

The higher temperature profiles are observed when δc = 5 mm, with the temperature difference 

ratios (∆T1/∆T2) being 0.2958 and 0.2716 for δc = 5 mm and δc = 10 mm, respectively. The 

same temperature profiles are observed when the heat flux is 40 W/m
2
 as shown in Figure 4.23. 

In this case, the temperature difference ratios are 0.9895 and 0.9401 when δc = 5 mm and δc = 10 

mm, respectively. Therefore, it appears that the temperature difference ratio is greater when the 

thickness of cooling plate is less. A decrease from 10 mm to 5 mm results in approximately 5 ∼ 

8 % increase in the temperature difference ratio as heat flux is in the range of 8 ∼ 40 W/m
2
. The 

temperature difference ratio, however, should be maintained approximately 1.1 once multi-

cellular occurs even though the thickness of cooling plate is 5 mm.  
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CHAPTER 5 

 

CONCLUSIONS 

 

 

 

 

The results presented in this dissertation have some important applications to the cryogenic 

design for HTS power devices and to the basic understandings of natural convection phenomena 

in a vertical cavity. After summarizing the research results, suggestions for future work including 

numerical analysis and experiments are given. The overall contributions of this research are 

summarized at the end of the chapter.    

 

5.1. Summary of Research Efforts  

 

A new concept of thermal design to optimize the operating temperature of HTS magnets 

was successfully developed, aiming simultaneously at compactness and efficiency. The 

optimization procedure seeks the operating temperature to minimize the power consumption in 

steady operation, by taking into account the HTS magnet size, cooling load estimate, and the 

ideal refrigeration characteristics of cryocooler. For a specified HTS magnet, it was 

demonstrated that there exists an optimum for the operating temperature between 62 K and 77 K, 

which minimizes the required power, depending upon the magnitude of AC loss and whether an 

intermediate temperature heat intercept is used.     

Based upon the general design concept to optimize the operating temperature of cryocooled 

HTS magnets, a practical versatile optimization technique for HTS transformers with emphasis 

on the thermal interface between the HTS windings and the cryocooler was also developed. This 

procedure includes modeling the critical properties of HTS conductors, the dimensions of HTS 

windings, the heat transfer analysis for cooling load estimate, and the actual refrigeration 
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performance of employed cryocooler. Finally this method was applied to two specific cooling 

systems for HTS transformer: a liquid-cooled system with pancake windings and a conduction-

cooled system with solenoid windings. 

 In practical HTS transformers, the optimum temperature is strongly dependent upon the 

amount of AC loss or heat dissipation in the windings. Since the actual AC loss is sensitive to the 

magnitude and direction of magnetic field, it is very difficult to predict the AC loss with much 

accuracy for the specific windings type. Using a simple but reasonable estimate of the dissipation 

per unit current and length of conductor at 0.5∼1 W/kA-m, the practical optimum temperature to 

minimize the power consumption turns out to be slightly above 77 K, the normal boiling 

temperature of nitrogen, for both the liquid-cooled system and the conduction-cooled system. 

However, the operation at temperature below 77 K is recommended, particularly if the amount of 

AC loss can be substantially reduced or the saving in capital cost earned by the compactness is 

significant in comparison with the operation cost.    

A new cryogenic design for an HTS transformer, the so called natural convection system, 

was proposed in accordance with the results of optimization study and the considerations of 

liquid nitrogen as cooling media. In the natural convection system, the HTS windings were 

immersed in a liquid nitrogen bath where the liquid is cooled simply by copper sheets vertically 

extended from the coldhead of a GM cryocooler located above the windings. Liquid nitrogen in 

the gap between the windings and the copper sheets develops a circulating flow by buoyancy 

force in the subcooled state.  

The heat transfer coefficient for natural convection was estimated from the existing 

correlations in which the temperatures of two surfaces are uniform. The axial temperature 

distributions of HTS windings, copper sheets, and liquid-vessel wall were then calculated 

analytically and numerically taking into account the distributed AC loss and the thermal 

radiation on the walls. The warm end of the HTS windings was maintained at only 2 ∼ 3 K above 

the normal freezing temperature of nitrogen (63 K) with acceptable values for the height of HTS 

windings and the thickness of copper sheets. The partial freezing of liquid nitrogen on the copper 

surface near coldhead of cryocooler should augment the thermal stability of this cooling system. 

Thus, cooling by natural convection of subcooled liquid nitrogen could be an excellent option for 

compactness, efficiency, and reliability.  
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The effects of copper sheet thickness on temperature distributions between the HTS 

windings and coldhead were investigated and dimensions of copper sheets satisfying the cooling 

requirement were determined. In addition, thermal analysis above the liquid nitrogen surface in 

order to estimate cooling load from the top plate to liquid surface was performed through 

perturbation series and the results showed that the individual calculation of cooling load is under-

estimated by approximately 2 % in the closed cooling system where the individual cooling loads 

were coupled because of natural convection of nitrogen vapor as the proposed cooling system. 

 A natural convection cooling experiment was designed, constructed and successfully 

executed in order to confirm the feasibility of the new design for HTS transformer cooling. A 

liquid nitrogen bath was cooled to nearly the freezing temperature (63 K) at atmospheric pressure 

by a vertical copper heat transfer plate thermally anchored to the coldhead of a single-stage GM 

cryocooler. The cold surfaces were continuously maintained below 66 K in the subcooled liquid 

nitrogen for heat flux up to 100 W/m
2
. The heat transfer coefficient of natural convection in the 

proposed cooling system turned out to be greater than the existing engineering data, mainly 

because the temperatures of plates decreased upwards as the cryocooler was located at the top. 

The experiment was maintained in the subcooled state by pressurization with helium gas, which 

proved to be a suitable technique to control the liquid level and eliminate the steep temperature 

gradient of liquid below the free surface. 

In order to investigate the detailed heat transfer characteristic in a vertical cavity whose 

temperature decreases upwards, the copper heating plate was replaced by stainless steel and a 

heat flux was supplied up to 160 W/m
2
 for a fixed horizontal gap distance. Replacing by the low 

thermal conductivity stainless steel resulted in a considerable vertical temperature gradient along 

the heating plate.  

The heat transfer coefficients between two vertical plates were measured again in steady 

state and compared with the existing engineering correlation. When the heat flux is smaller than 

40 W/m
2
 or the corresponding Rayleigh number is smaller than 1.6 × 10

8
, good agreement was 

observed between the experiment and correlation because the plate temperatures were relatively 

uniform in vertical direction. For heat flux greater than 40 W/m
2
 or Rayleigh number exceeding 

1.6 × 10
8
, however, the heat transfer coefficients increased 20∼30 % relative to the existing 

correlations. The thermal boundary conditions in the present experiment with surface 

temperature decreasing upwards may cause vertically segregated cellular flows in the cavity. 
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These multi-cellular flow patterns can lead to the augmentation of wall-to-wall heat transfer by 

reducing the effective height of the cavity.         

The multi-cellular flow pattern leaded to a wavy temperature distribution along the vertical 

surface. When the temperature difference ratio of top-to-bottom and wall-to-wall was greater 

than unity, in other words the bottom temperature of cooling plate was greater than the top 

temperature of heating plate, the multi-cellular flow pattern started to occur. Once multi-cellular 

flow occurred the effective height-to-gap ratio was smaller than the actual height-to-gap ratio 

and temperature differences of top-to-bottom and wall-to-wall were small because of enhanced 

heat transfer in the vertical cavity. The temperature difference ratio was maintained 

approximately unity even though the heat flux was increased. 

 

5.2. Suggestions for Future Work 

 

During this research program, especially during the experimental investigation of heat 

transfer phenomena in a vertical cavity, numerous ideas for future work presented themselves. It 

has already been mentioned that the natural convection heat transfer coefficient in present 

experiment is greater than the existing engineering data, mainly because of the thermal boundary 

conditions. Specifically, the temperature of vertical plates decreases upward as the cryocooler is 

located at the top in the present experiment, while existing correlations were developed for 

rectangular cavity where each vertical surface is at constant temperature. These results make one 

wonder about the heat transfer in a vertical cavity where temperature of each vertical surface 

increases upward or cryocooler is located at the bottom. Since the coldhead of cryocooler can be 

operated in any orientation, cryocoolers are installed at the bottom or sidewall of cryostat in 

many practical superconducting magnet systems [19,26,32]. Thus, it would be interesting to 

study this boundary condition heat transfer problem. 

In the present experiment, it is not possible to install the cryocooler at the bottom of 

cryostat. However, a vertical cavity can be simply made in which each surface temperature 

increase upwards by making “U” type cooling plate. In order to minimize unexpected convection 

heat transfer near upper part of cooling plate, the liquid level should be lower than the horizontal 

plate and thermal insulation should be added at the outside of cooling plate of the vertical cavity. 

Given temperature sensors and data acquisitions, one should be able to observe the temperature 
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distributions along the vertical surface of two plates and investigate heat transfer characteristic in 

a vertical cavity whose temperature increase upwards. These next experiments should provide 

the opportunity to see how the heat transfer in a vertical cavity depends upon the thermal 

boundary conditions and how superior the present cooling design is from a thermal engineering 

standpoint.  

In addition to experiments, more numerical analysis should be performed to verify 

experimental results. The numerical program to calculate the temperature distributions along the 

vertical surfaces in a cavity has already developed through this research. As the cryocooler is 

assumed to be located at the bottom in the next experiment, in other words the bottom is colder 

than the top, new boundary conditions should be applied to solve energy balance equations 

described in the Section 3.3. Utilizing the numerical program and also analytical method, the 

temperature distributions along the vertical surfaces could be computed. 

The effect of cooling plate thickness on the heat transfer characteristic should be examined 

experimentally. As mentioned above, the thickness of cooling plate is not considered in the 

standard heat transfer correlation. Using the numerical program, the effect of cooling plate 

thickness on the heat transfer was already discussed at the ends of Chapter 4. However, 

additional experiments could be performed for different plate thickness to increase the 

confidence with the model. 

Finally, a particularly exciting experiment could be constructed for PIV (Particle Image 

Velocimetry) to visualize the multi-cellular flow. As mentioned above, the multi-cellular flow 

pattern depends on the vertical temperature gradient as well as the temperature difference 

between two walls in a vertical cavity. Therefore, the dimensions of PIV experiment should be 

determined by dimensional analysis in order to make the same thermal boundary conditions as 

the present experiment. Through the PIV experiment the characteristic velocity of multi-cellular 

flow could be also investigated.  

 

5.3. Contributions of Dissertation 

 

The present research effort directed to the cryogenic cooling design for HTS transformer 

was successfully performed. At first the operating temperature of HTS transformer to minimize 

power consumption was determined by optimization methodology. Based upon the results of 
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optimization, a cooling system by natural convection of subcooled liquid nitrogen was proposed 

for prototype 1 MVA transformer. In order to confirm the feasibility of proposed cooling design, 

an experiment was designed, constructed, and successfully executed. 

Through the research efforts the cryogenic design technology for cooling HTS transformer 

was developed. In designing an HTS transformer, two primary aspects should be carefully 

examined: the operating temperature and the thermal interface between the HTS windings and 

the cryocooler. The optimization methodology considering thermal interface determines the 

operating temperature to minimize power consumption and this methodology could contribute to 

establishing the basic design concept at initial phase in designing the cooling system for HTS 

transformer. This design technology, however, is general enough that it can be applied to other 

HTS power devices, such as fault current limiters, motors, and the terminals of power 

transmission cables.  

A new concept of cooling design called the natural convection cooling system is proposed 

for HTS transformers. This cooling design is excellent in compactness, efficiency, and reliability, 

and will be applied to prototype HTS transformer (1 MVA, single-phase, 22.9kV/6.6kV) [109]. 

The subcooling technology investigated by the present experiment helped to design the cooling 

system for HTS fault current limiter [110]. The results from the present experiment could 

constitute base data to understand subcooling of liquid nitrogen for HTS power applications. 

Natural convection in a cavity where each vertical surface has a uniform temperature has 

been studied extensively. However, natural convection in a cavity whose surface temperature 

decreases upwards was an unexplored problem. Through the present experimental investigation, 

the heat transfer between two vertical plates whose surface temperature decrease upwards turned 

out to have quite different behavior resulting from the onset of multi-cellular flow. Thus, the 

present experimental data contributes to understanding the natural convection phenomena 

between two plates whose surface temperature decrease upwards. 
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