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ABSTRACT 
 

Great interest has been shown for the development of an All Electric Aircraft. 

There are many possible benefits and applications for the development of an All Electric 

Aircraft, such as monitoring severe weather or exploring the surface of other planets, and 

ultimately in civil aviation, a zero-emission aircraft. Design of the size and weight of the 

electrical systems for airplane use is important and a critical factor in this development is 

the propulsion of the aero-vehicle. One method to increase power density of a motor is to 

use superconducting components. The development of a superconducting motor that 

provides enough power for an airplane is discussed. 

 A Cessna-type aircraft is to be powered by a motor that utilizes high temperature 

superconducting (HTS) components in the inductor. This motor is a novel design that 

uses both BSCCO (bismuth strontium calcium copper oxide) tape wound in pancake 

shapes and single domain, bulk YBCO (yttrium barium copper oxide) plates to create 

powerful magnetic fields capable of meeting requirements for an aircraft. The HTS 

inductor design generates a magnetic field outward to a rotating, non-superconducting 

armature. The BSSCO pancakes generate a magnetic field to trap magnetic flux in the 

YBCO plates via the Field Cooling method (FC). The use of FC creates very powerful 

magnetic fields but requires a multi-step cooling schedule for the inductor design. To 

properly trap flux using FC, the BSCCO pancakes must first be cooled to the operating 

temperature and generate an applied magnetic field while the bulk YBCO plates remain 

above the critical temperature. The YBCO plates are then cooled near the operating 

temperature, thus trapping flux in the plates. The current in the pancakes is then reversed 

and the magnetic fields are generated, then the YBCO plates are further cooled to the 

steady state temperature. This process of cooling the BSCCO pancakes and then cooling 

the YBCO plates is called the 3-stage cooling. 

The cooling of the motor is by conduction due to the mobile application of aero-

propulsion. The conduction-cooled inductor is constructed along with a cooling apparatus 

that includes an aluminum central cylinder attached to a cryocooler, G10 rings, and 

heaters that aid in the 3-stage cooling process. Simulations were performed that model 

the heat loads, cooling schedule from room temperature to operational temperature, and 

the 3-stage cooling to aid in the design. These modeling results show the temperature 

 xvii



gradients in the inductor and HTS components and are verified experimentally. A full-

scale, mockup inductor has been constructed and is cooled with a cryocooler in a 

cryostat. The cooling inductor final design is shown with modeling results and the proof-

of-principle or a motor utilizing HTS materials in the inductor has been provided. A 

prototype of the motor should be built and tested based on these electromagnetic and 

cooling designs. 

The use of heaters near the YBCO plates is required in the 3-stage cooling design. 

The YBCO has trapped-flux that is dependent on the operating temperature and the 

stability of the trapped-flux is critical to the motor design. Work has been done that 

experimentally tests the stability of trapped flux in YBCO plates. A heat impulse is 

inputted into a YBCO sample that is fully penetrated in current via FC. The experiments 

were performed in a sample chamber that has temperature and applied magnetic field 

controllability. The change in the magnetic field and temperature of the sample is 

measured and analyzed before and after the heat pulse using Hall probes. The 

experimental data suggests that there is no thermal runaway loss in the trapped-magnetic 

flux for a small heat input and an operating temperature for which the sample has 

maximum stability. To explain the physics of the trends exhibited in the data, two models 

were developed.  

The first model uses an analytical approach to capture the overall trends exhibited 

by the data. The analytical model uses an energy balance based on the stored magnetic 

energy loss and change in thermal energy before and after the heat pulse is input into the 

sample. The second model is a finite element analysis approach using commercial 

software (Comsol) to gain a more in-depth analysis of the internal changes in the sample 

during the heat pulse. The Comsol model provides a tool to study the effect of the heat 

pulse on the current density and the effect of the cooling environment surrounding the 

sample. The models are able to capture the trends suggested by the experiment and 

provide insight into the fundamental phenomena that happen during the heat pulse. The 

sample studied in the experiment does indeed have a maximum stability point and it is 

explained by the modeling work.   

A cooling apparatus was designed to cool the inductor of a HTS motor. The 

electro-magnetic design utilizes field cooling to trap flux and this was accomplished with 

 xviii



a 3-stage cooling process. The cooling design was validated using simulations and 

experimental data. The cooling apparatus showed the feasibility of the inductor to trap 

flux in the plates. The stability of the trapped flux was also studied. Experimental data 

shows that there is no thermal runaway when heat is inputted into a sample and an 

operating temperature exists that suggests a maximum stability. The physics of the 

stability experiment was uncovered using an analytical model and a FEA model. Also 

shown was the effect of the cooling environment on the sample during the heat impulse.  

The stability models showed that the data are the results of the cooling environment and 

the competing effects of current density and specific heat, both functions of temperature.  

 

 xix



CHAPTER 1 INTRODUCTION 
 

1.1 Motivation 
 

Improving aviation safety, efficiency, reliability, environmental friendliness, and 

cost has sparked great interest in the More Electric Aircraft and All Electric Aircraft [1-

13]. Electric Unmanned Aero Vehicles (UAV) have shown success, such as the High 

Altitude, Long Endurance (HALE) Helios developed by NASA [3,14]. The development 

of these electric vehicles has a wide range of applicability, from monitoring severe 

weather [15,16] to unmanned planetary exploration [17]. Further research in developing 

electric aero-propulsion is being realized to provide manned-flight with the intent of 

propulsion for commercial airlines with reduced or even zero-emissions. 

Aircraft-oriented electrical propulsion systems must be designed to maximize 

power density. Overall system weight and size are critical in optimizing the design. A 

High Temperature Superconducting (HTS) motor has been designed to provide the 

propulsion of a small, Cessna type airplane requiring 160 HP [18]. Use of 

superconducting coils and trapped-flux magnets (TFM) increases the power density in 

electro-magnetic machinery. The disadvantage of increasing the power density by use of 

an HTS motor is the refrigeration needed to keep the superconducting components at the 

operating temperature. The refrigeration power is increasingly inefficient as the required 

operational temperature is lowered. Typical refrigerators at cryogenic operating 

temperatures are approximately 10% of the Carnot efficiency [19]. Thus, cooling and 

thermal analysis are critical to the motor feasibility and operation. This study investigates 

the cooling aspects of a superconducting inductor from initial cool down to steady state 

operation and investigates the stability of the HTS components under steady state 

operation. The cooling schedule for the inductor will be discussed and illustrated with 3-

D modeling results, and the modeling results verified with experimental analysis. The 

stability of the TFM will also be investigated as it pertains to the motor design. 

 

1.2 Superconducting Machinery 
 

The discovery of ceramic superconductors in 1986 provided superconductors with 

higher critical temperatures than ever before. Superconductivity allows for a large 
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amount of electrical current flow with no losses in DC operation and is a valuable design 

option. Low Temperature Superconductors (LTS) have critical temperatures below 20K 

and were previously used with large power requirements for cooling since more cooling 

power is required at lower temperatures. HTS have critical temperatures above the 

boiling point of liquid nitrogen or 77K. Higher operating temperatures correspond to an 

increase in the thermal specific heat and conductivity, creating better thermal stability of 

the materials [20]. The increase in critical temperature of superconductors therefore 

corresponds to an increase in the number of possible applications. 

The development of HTS materials improved many technologies, such as 

magnetic separators [21,22], transformers [23-26], generators [27,28], magnetic energy 

storage [29-31], and motors [32-36]. Power machinery is improved by decreasing 

volume, improving the efficiency, creating stronger magnetic fields, and combinations of 

the above. Rotating machinery benefits from superconducting materials by increasing the 

magnetic field strength, thus reducing the volume and increasing the power density of the 

motor [37]. Many motors have been designed and implemented using superconducting 

components. Some of these motors will be examined below following a brief discussion 

of cooling options. 

 

1.3 Cryogenic Cooling Options 

 
The use of superconductivity requires operating at cryogenic temperatures. There 

are three general methods of refrigeration at cryogenic temperatures of machinery; bath 

cooling, closed cycle cooling, and conduction cooling [38]. These methods have been 

successfully used in many various applications of HTS components. Understanding the 

positive and negative uses of the cooling methods is necessary for design. The different 

methods have aspects that can be exploited favorably in design when used appropriately. 

The cooling methods will be explored below.   

Bath cooling is the immersion of the HTS components directly in a cryogenic 

fluid. This method provides a large amount of cooling power as the liquid boils off and 

cools the immersed sample by evaporation cooling. This cooling power is beneficial 

when the specific heat of materials is low and the sample is at risk of electro-thermal 

instabilities since the liquid will remove the heat. Design shape is not accounted for since 
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the sample is completely immersed in the liquid, cooling the entire surface of the sample. 

Use of cryogenic baths requires some skill and maintenance due to the handling of 

cryogenic liquids and the possibility of leaks [39]. Additionally, the operating 

temperature of the sample is limited near the range of the boiling point of the liquid. 

While some techniques involving altering the operating pressure can change the 

operating temperature, often times this is not feasible for sample operation [38].  

The closed cycle refrigeration method uses a cryogen fluid through the sample 

chamber to cool the sample and then cools the cryogen fluid from a source located 

outside the sample chamber. One approach to the closed cycle refrigeration method is to 

have a liquid cryogen flow through a chamber cooling the sample, seen in Figure 1.1 

[40]. The flow can exist either entirely as liquid or gas, or change phase depending upon 

the design. The flow removes the heat as it passes the system via a heat exchanger or an 

evaporator. The exit flow from the chamber is collected and if a gas, liquefied by a 

recuperative cycle, such as a Collins refrigeration cycle [38] or a thermo-siphon cooling 

system [40]. The cooling is very robust as the specific heat and phase change of the 

cryogen fluid can provide large heat removal. The exiting liquid is then collected and 

prepared to be input to the system again. This simplified description of the cycle 

illustrates that the method still requires the handling of cryogens to cool the sample, 

whether the cryogen is gas or liquid. The amount of cooling from this method could be 

very high (kilowatt range) and has a much more diverse operating temperature range, as 

well as a very good operating efficiency (~30%). The cooling power of the system also 

depends greatly on the cryogen fluid used and if a phase change exists [40]. The amount 

of support needed for this system is quite high due to the equipment needed and constant 

maintenance [38].  
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Figure 1.1 A thermo-siphon system for cooling, an example of a closed cooling system [40]. 

 

Conduction cooling is the method of refrigeration at cryogenic temperature that 

involves direct contact between the sample and a cryocooler cold head. This method 

provides a wide range of operating temperatures and cooling powers available for the 

design. Powerful cryocoolers, such as a Gifford-McMahon type (GM), are available for 

removing heat loads on the order of tens of watts near liquid helium temperatures. Some 

applications call for micro-coolers, such as pulse tubes (PT) coolers, and can be used in 

space applications and remove microwatts. Reducing or eliminating the use and handling 

of liquid cryogens eases design criteria and experimental or operational procedures. Care 

must be taken in mounting the sample to ensure good thermal contact and adequate heat 

transfer to the cold head [39]. An example of a HTS pancake for use in a SMES and 

cooled via conduction can be seen in Figure 1.2. The windings are lined with copper to 

increase the cooling to the HTS material. Connected to the copper lining are flexible 

copper bars, which help relieve the vibration. The copper bars are connected to a copper 

heat distribution piece, which is bolted to a GM cryocooler, which is a common cause of 

vibration in cryogenic cooling systems. Additional components are required for 

cryocoolers, such as a compressor, that can increase complexity, volume, and weight to 

the overall system. 
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Figure 1.2 Cooling of HTS windings via direct conduction for use in a SMES [30]. 

 

Choosing the correct cooling method is paramount in choosing the design criteria 

and must be part of the overall system optimization. Using one method of cooling may 

meet the cooling needs, but may have deleterious effects to the overall system. Thus the 

cryogenic cooling of HTS machinery is very important to the overall system design and 

optimization. Now these methods will be examined in the area of HTS motor design.  

 

1.4 Cooling of Superconducting Motors 
 

There are numerous investigations of design and implementation of HTS motors. 

These designs call for different motor types and cryogenic cooling methods. Since the 

focus of this study is cooling, the motor descriptions will place an emphasis on the 

cooling system, not the electro-magnetic designs of the motor. The superconducting 

components and how operational temperatures are achieved will be examined and 

presented.  

A design for an axial-type motor that utilizes HTS bulk material for the rotor was 

investigated [36]. The HTS bulk material Samariam-123 disk (critical temperature of 

92K) has inner and outer diameters of 26mm and 120mm respectively with a thickness of 

10mm and is sandwiched between two stators, seen in Figure 1.3a. The stator consists of 

3-phase current in copper windings and uses a 4-pole configuration and the entire system 

schematic can be seen in Figure 1.3b. The experiment successfully tested the amount of 

torque generated at steady state from the rotor as a function of stator current and 
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rotational speed. The cooling method used for the HTS components was a bath of liquid 

nitrogen. The entire motor was placed in a cryostat containing the liquid nitrogen bath 

surrounded by a vacuum jacket, keeping the motor at an operating temperature of 77.3K. 

The tests were performed only when the cooling of the motor was complete and the 

motor was considered to be entirely isothermal.  

 

             Samarium disc

 

4-pole rotors 

 

Figure 1.3 The cooling of a motor using bulk Samarium-123 discs via liquid nitrogen bath [36]. 

 

Another design that used liquid nitrogen for cooling utilized pulsed-field 

magnetization of two bulk HTS plates [35]. The Gd-Ba-Cu-O bulk plates have a diameter 

of 60mm and a thickness of 19mm. The bulk plates are sandwiched between three copper 

wire coils that generate the pulse for magnetization of the bulk plates, seen in Figure 1.4. 

The HTS and copper components are immersed in a liquid nitrogen bath that keeps the 

operating temperature ~77K and the HTS materials were able to sustain ~0.85 T. The 

cooling was successful in maintaining the operating temperature for both bulk plates.  
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Figure 1.4 The motor design for a pulsed-field magnetization motor cooled by liquid nitrogen bath. 

 

The two studies mentioned above both successfully demonstrated the ability of 

bath cooling in HTS motors. Bath cooling is the simplest (if the storage of liquid 

cryogens is acceptable) and most robust cooling method and therefore commonly used. 

However, use of liquid cryogens is not always ideal and below is another method for 

cooling HTS motors. 

HTS Bi-2223 (bismuth strontium calcium copper oxide) windings were used in 

the design of a 380 kW motor [41]. The racetrack shape windings are reinforced with 

steel and comprise the rotor, seen in Figure1.5. The motor successfully provides 380 kW 

of power at 1500 rpm. The operating temperature for the coils is 27-30K and the HTS 

rotor was successfully cooled during operation by a closed system of Neon liquid/gas. 

The first cooling system attempted by the researchers was a cold helium vapor system 

that came from a liquid helium tank. This first attempt to cool the motor was not able to 

maintain the operating temperature of the rotor as helium gas was pumped and throttled 

over the interior of the rotor (through the bore). The second cooling system involved 

neon gas that flowed through a heat-pipe to a heat exchanger in the bore. The neon gas 

was then cooled by a GM cryocooler upon return from the rotor. Due to the neon having 

a larger heat capacity than the helium and the use of the robust GM cryocooler, the 

second cooling system was able to maintain the operating temperature of the HTS 

materials within a few Kelvin. The neon was a liquid/gas system and the researchers state 

that care was taken to ensure the liquid did not freeze. This could have been problematic 

since the melting point of neon is near the range of the boiling point temperature. The 

windings were successfully cooled with the second cooling system. 
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 windings          cryocooler  HTS rotor 

Figure 1.5 A closed system cooled motor capable of 380kW operation. The picture on the left is the 

racetrack windings and the right is the HTS rotor comprised of the windings and filler pieces [41]. 

 

The closed system cooling mentioned above is not as common as bath cooling. 

The closed system approach to cooling used a gas cryogen system that does not have the 

robustness of cooling from a liquid bath. Additionally, the use of helium gas was first 

used in the previous study but was problematic due to the cooling capacity of the gas. 

Neon gas was then exchanged for the helium and the larger cooling capacity was 

successful. The use of closed system cooling is beneficial when difficult geometries can 

only be cooled by gas, but requires great care in designing the system. The use of the GM 

cryocooler to cool the neon gas leads to the next cooling method, which is becoming 

more popular, conduction cooling.  

At the Center for Advanced Power System at Florida State University, a 5 MW 

motor was tested [42]. This motor was designed for naval propulsion and utilized Bi-

2223 coils that are cooled by a closed system. The cooling fluid is helium gas and the gas 

flows by the HTS components and the cold heads of single-stage GM cryocoolers. The 

operational temperature of 32 K is maintained and long-life seals reduce the helium gas 

lost. 

Central Japan Railway Company developed a superconducting motor using bulk 

YBCO (yttrium barium copper oxide) plates designed to operate at 1.5 kW at 600 rpm 

[43]. The YBCO bulk plates are 60 mm in diameter and 15 mm in thickness operating at 

27K, and arranged radially about the motor axis, seen in Figure 1.6. The YBCO is 

magnetized using the pulsed-field magnetization from copper windings in the armature 

operating at room temperature. The YBCO was cooled by direct conduction from a 
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cryocooler, connected by copper mesh bands. The cooldown time for the YBCO to 

achieve the operational temperature is approximately 3.5 hours and can be seen in Figure 

1.7. The use of the cryocooler and direct conduction cooling was successful as the motor 

successfully trapped flux in the YBCO by pulsed-field magnetization. 

 

 

Figure 1.6 The schematic of a HTS motor conductively cooled by a GM cryocooler [43]. 

 

 

Figure 1.7 The cooldown time for the HTS bulk and the cold head [43]. 
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A demonstration that made use of conduction cooling on HTS motor coils was 

performed on two designs, a 200HP motor and a 1000HP motor [44]. The study 

determined the quench characteristics for the HTS coils in the motor. The coils are 

comprised of 6 BSCCO wire pancakes wound in series and operating at 30K, seen in 

Figure 1.8a. The coils are tested for runaway current to determine the critical or 

characteristic current for the coils. Tests were run for operating temperatures of 77K and 

30K for both the 200 and 1000HP motor cases. The coils are mounted directly to the 

cryocooler cold head and connected via aluminum plates, seen in Figure 1.8b. The 

aluminum plates provided the cooling path from the cryocooler to the coils. The coils 

were successfully cooled from the cryocooler via conduction and the quench experiments 

were performed. The use of conduction cooling, even for large designs seen in the 1000 

HP motor case, is possible for the cooling of HTS motor designs, however the motor 

design is limited to having a non-rotating rotor.  

 

 
Top plate coils   current leads 

(a)           (b) 
 

Figure 1.8 The cross-section of the coil design (a) for the motor that is cooled directly by a cryocooler 

(b) [44]. 

 

It is important to note that the above investigations and demonstrations are all 

motors that are cooled by conduction. Conduction cooling is used in many HTS 

applications and is increasingly popular with more powerful and efficient cryocoolers. 

 10



Such applications have successfully been cooled via conduction such as the 

demonstrations on superconducting magnetic energy storage [30,31] discussed above. 

Other studies have also utilized conduction cooling for SMES research, such as [45]. The 

magnet in this SMES study was a solenoid comprised of Bi-2212/Ag tape and cooled 

from fixed aluminum plates to the outer layer of the coil. The experiment investigates the 

stability of the SMES (the thermal runaway) as the temperature and current increases. 

The coil was cooled from a GM cryocooler, and the system is shown in Figure 1.9. The 

coil was placed in a vacuum chamber and the operating temperature range was ~5K - 

~18K and the operating current was 178 A. The temperature and current were monitored 

and varied to maintain the SMES operation during thermal runaway. The cooling power 

of the cryocooler was enough that the SMES was able to maintain operation to some 

success as the thermal runaway instability occurred. 

 

 

Figure 1.9 The SMES system was successfully cooled by conduction from a GM cryocooler. The 

experiment was successful in measuring the thermal runaway [45]. 
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Another investigation of conduction cooled SMES studied the electrical insulation 

for various sections in the system [46]. The SMES studied was 600 kJ of energy and was 

placed in a stainless steel vacuum cryostat, seen in Figure 1.10. The experiment measured 

the flashover point of various sections to determine if certain insulations at cryogenic 

temperatures were adequate. The cooling source for the SMES was a AL300 Cryomech, 

GM-type cryocooler and the operating temperature was 45K. The magnet was connected 

to the cryocooler with three different types of materials with different thermal and 

electrical conductivities: sapphire, Al2O3, and aluminum-nitrogen (AlN). The magnet was 

successfully cooled via conduction from the GM cryocooler and the experiment 

measured the flashpoints across the various distances. 

 

 

Figure 1.10 The SMES system conduction cooled from a GM cryocooler where A-F measure the 

flashpoint of the system [46]. 

 

Superconducting fault current limiters (SFCL) have been mentioned above [47] 

but have also been successfully cooled via direct conduction cooling. One study that 

 12



utilizes a 2-stage GM cryocooler for conduction cooling was a test on a 120V SFCL. The 

operating temperature of the cold end of the reactor was ~20K, and the system can be 

seen in Figure 1.11a. The operating current was ~113A and the peak current was ~200A. 

The cooldown time for the SFCL to become operational was ~20 hours, and the 

cooldown of the system can be seen in Figure 1.11b. The system was successfully cooled 

during the operation and the use of conduction cooling was validated. 

 a b

Figure 1.11 (a) the system of  a SFCL conduction cooled from a GM cryocooler and (b) is the 

cooldown time of the system, which is ~60 hours [48]. 

    

Another SFCL system that utilizes conduction cooling makes use of a sterling 

cycle cryocooler [49]. This investigation wound a Bi2223 coil around an iron core and 

connected the cryocooler cold head to the iron ring with an aluminum plate. Use of silver 

powder and grease was used to increase the thermal contact between the aluminum plate 

and the coil, and the system can be seen in Figure 1.12. The SFCL operating temperature 

was measured to be 43K, which validated the calculated results discussed in the 

investigation. 
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Figure 1.12 The cooling of a SFCL by direct conduction from a sterling cryocooler [49]. 

 

In addition to SMES and SFCL conduction cooled devices, there are also 

magnetic separation devices constructed that utilize conduction cooled superconducting 

components. One magnetic separation device was constructed with Bi2223 tape for the 

magnet and cooled with a GM cryocooler and can be seen in Figure 1.13a [50]. The 

magnet is cooled by the second stage of the cryocooler and is connected via copper 

braids. The first stage of the cryocooler is connected to the current leads and a radiation 

shield to ameliorate the heat load on the magnet. The operating temperature of the 

magnet is ~20K and the cooldown time is ~24 hours, seen in Figure 1.13b. The system 

successfully works to remove waste from water and illustrates the successful nature of 

conduction cooling in magnetic separators. 
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 a b

Figure 1.13 (a) Magnetic separator and (b) cooldown time of the system [50]. 

 

Another demonstration in magnetic separators that utilized conduction cooling 

built a 3T magnet [51]. This magnet used a single-stage GM cryocooler to cool Bi-2223 

coils to an operational temperature of 30K and is placed in a vacuum cryostat, seen in 

Figure 1.14. The magnet is designed to remove kaolin from a water solution and was 

successfully built. The top and bottom of each of the 30 double pancakes was connected 

to the cold head by copper and achieved a hotspot of ~30K.  
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Figure 1.14 The HTS magnet in the magnetic separator with the copper, which connects to the cold 

head [51]. 

 

Further use for conduction cooling of HTS devices is a HTS transformer [24].  An 

experiment was performed to examine the efficiency and design of a transformer with 

liquid nitrogen bath cooling and direct conduction cooling from a cryocooler, seen in 

Figure 1.15. The experiment provides two designs specifically for the cooling method 

and compares the two on various factors of merit, such as power consumption in the 

transformer. The conduction-cooled design uses copper sheets to the windings. The use 

of conduction cooling was again shown to be feasible in HTS device design and also 

compares well to the use of liquid bath of nitrogen for this case of HTS transformer.  
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Figure 1.15 The two designs of the HTS transformer system, liquid nitrogen on the left and 

conduction cooled on the right [24]. 

 

Another use for conduction cooling in HTS applications is the development of 

magnetic levitation trains in Japan, shown in Figure 1.16a [52]. Capable of reaching 

speeds of over 500km/h, reducing the environmental detriment of equivalent transport, 

and increasing the overall capacity of passengers are three benefits to the development of 

this train. Previous trains used bath cooling to maintain the operating temperature of the 

HTS materials but recent research has proven that conduction cooling is a viable method 

to cool the magnets, shown in Figure 1.16b. These magnets are cooled to <20K by a GM 

cryocooler and also have detachable leads to decrease the heat load on the system. This 

illustrates that the use of conduction cooling is also viable for transportation purposes. 
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a 

 

 
b 

Figure 1.16 (a) The levitation train and (b) the conduction cooling of the HTS magnets [52]. 

 

Research has also been performed on the possibility of airborne mine sweeping 

with the use of a HTS magnet [53]. The magnet was tested in a vacuum cryostat and 

cooled by a 2-stage GM cryocooler. The cold head was connected to the top end of the 

inner diameter of the magnet. Copper braids were used to connect the magnet to the 

second stage of the cryocooler and also the current leads from the first stage of the 
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cryocooler. The operating temperature of the magnet was 35K and was achieved by the 

system, seen in Figure 1.17. The magnet was a coil of Bi-2223 wire and was ramped up 

to 400A. The cooldown time for the system to achieve the operational temperature of 

35K was 80 hours. The magnet achieved the proper field and the use of conduction 

cooling was successful. 

 

 

Figure 1.17 The system for the magnet design of mine detection [53]. 

 

The above-mentioned experiments and demonstrations are all superconducting 

devices that utilize HTS components in the electro-magnetic design. The use of 

superconducting components requires cooling at cryogenic temperatures and is the focus 

of the discussion. The different cooling methods (bath, closed-cycle, and conduction) 

have been discussed previously in detail. Each method has advantages and disadvantages 

and each method of cooling has examples of use in various studies, which are explored 

above. Cooling in the design of HTS machinery is integral to the operation. 

Conduction cooling has been chosen for this study of a novel motor design for 

aero-propulsion. The use of conduction cooling provides the simplicity of limiting direct 

contact of fluids at cryogenic temperatures with the motor. The purpose of the motor to 
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provide transportation is critical in the decision to use conduction cooling opposed to 

other methods. The ability and ease of plug-and-play capability is highly favored in this 

situation. From previous studies mentioned above, the capability of cooling HTS motors 

via conduction cooling has been proven.  

 

1.5 Goals of the Investigation 
 

Electrical power machinery has many uses including aero-propulsion in an effort 

to increase reliability, efficiency, and environmental friendliness. The use of HTS 

components in motor design is increasing due to the advantageous power density and 

better material characteristics. The above-mentioned studies are all superconducting 

devices that utilize HTS components and are discussed with an emphasis on the cooling 

method. A HTS motor has been designed that requires a multi-step cooling system for 

operation. The motor design in this investigation will be discussed and analyzed and the 

cooling system will be shown. The feasibility of the cooling system will be tested with 

both simulation and experimental results. The simulations aided in the design of the 

cooling system as an iterative process. To verify the simulation results a full-scale 

mockup of the motor is constructed and fitted with sensors. The mockup inductor will 

undergo the required cooling processes and meet all electro-magnetic requirements and 

provide proof that the operation of the motor is feasible. 

In addition to the cooling of the HTS motor, a study was performed on the 

stability of the HTS components. The steady state operation of the magnetic field in the 

HTS components of the motor is investigated with respect to the operating temperature 

and heat loads. Understanding and managing the heat transfer loads on the HTS 

components is required due to the importance of maintaining the operating temperature of 

HTS motor. Experiments are performed on the HTS components to investigate the effect 

that a change in the operation temperature has on the magnetic field. These experiments 

suggest interesting trends that are analyzed and modeled in an attempt to understand the 

physics of the phenomena. This data helps to validate the motor design and increase the 

understanding of the HTS components. The thermal aspects of the motor design are then 

demonstrated from the 3-D modeling analysis and the experimental verification and the 
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superconducting stability is explored with the stability experiments on the HTS 

components. 
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CHAPTER 2 SUPERCONDUCTING MOTOR 
 
 

2.1 Electro-Magnetic Design of HTS Motor 
 

The motor design under investigation is a novel way to utilize superconducting 

components for propulsion. The motor is designed for aero-propulsion and is a 

synchronous machine that has a superconducting inductor and a non-superconducting, 

alternating current armature comprised of copper windings. The motor design calls to 

power a 4-seat Cessna-type airplane and requires 160 HP at 2700 RPM, seen in Figure 

2.1 [16,18]. The use of HTS components allows for reduction in size and weight while 

still meeting the necessary power requirements. The motor inductor uses the HTS 

materials BSCCO tape and bulk YBCO plates as the motor core and an “inverse motor 

design” to generate a large magnetic field [18]. In typical motor, the center inductor is the 

rotating portion of the machine, or the rotor. The typical motor design therefore calls for 

the exterior armature to be the stator. The inverse motor design calls for a non-rotating 

inductor (superconducting portion of motor) and a rotating armature, which is illustrated 

by a propeller attached to the inductor in Figure 2.2. A cross section of the motor is 

shown in Figure 2.3 with the inductor in the center and the armature surrounding the 

cryostat. The inductor operating temperature is ~35K and will generate approximately 

±2T in the air gap. The motor armature is non-superconducting and creates a variable 

magnetic field from alternating current in the copper windings, which are considered to 

be, conservatively, operating at approximately 400 Kelvin. This motor design provides a 

very power-dense machine (~2 HP/lb) that is highly favorable to the weight ratio for a 

typical aircraft motor (on the order of 0.4 HP/lb). The use of HTS materials increases the 

power density and the power created by the motor can achieve 200HP at 2700 RPM, 

enough to power the Cessna type aircraft, seen in Figure 2.1 [7,8,16,18]. 
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Figure 2.1 Cessna-type aircraft to be powered by the motor design. 

 

 

Figure 2.2 The cross-section view of the HTS motor. 
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Figure 2.3 The cross-section view of the motor. 

 

The motor inductor generates a magnetic field that creates torque through its 

interaction with the AC currents on the rotating armature. The HTS components in the 

inductor are three BSCCO pancakes and eight YBCO bulk plates, seen in Figure 2.4. The 

pancake dimensions are 80mm inner diameter, 145mm outer diameter, and 25.4mm in 

height. The YBCO plate dimensions are 30 x 54 x 5mm [7,8,16,18,34]. There is a 2mm 

gap between the BSCCO pancakes and the YBCO plates. The total height of the inductor 

is ~ 145mm. The HTS components in the inductor are configured to focus the magnetic 

field radially outward. The inductor calls for the use of flux trapping, which creates 

trapped-flux magnets (TFM) from the HTS materials. Once flux has been trapped in the 

TFM they can be considered to be “permanent magnets” since there is no forced current 

or current leads [7,8]. Current is forced through the BSCCO tape, wound into pancakes, 

and they provide the flux which is trapped in the bulk YBCO plates. During normal 

operation the BSCCO pancakes are energized with a current flowing in the opposite 

direction as that during flux trapping, the intent being to increase the overall flux density 

in the air gap. Due to the motor utilization of flux trapping via the Field Cooling 

technique (FC), discussed in depth below, certain procedures must be followed for 

operation involving electromagnetic and cooling at cryogenic temperatures 
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[7,8,16,18,34]. The cooling requirements for the motor are investigated and a design is 

presented.  

 

80mm

140mm

144.2mm

Figure 2.4 The superconducting components of the motor inductor. 

 

2.2 Trapped-Flux Magnets 
 

The use of YBCO bulk material can be a powerful option in motor design. The 

superconducting ability to trap flux in YBCO plates has undergone considerable study. 

Flux trapping can transform a superconducting material into a strong “permanent” 

magnet or TFM. One experimental study gave an approximation for two methods of flux 

trapping in a superconductor, Zero Field Cooling (ZFC) and Field Cooling (FC). The 

approximations given by Wen et al. in 2000 estimate the trapped magnetic flux in a 

sample as a function of the applied magnetic field, seen in Equation 2.1 [54]. 
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FC:    Trappedapplied BB =

ZFC:         (2.1) Trappedapplied BB =2

These approximations in Equation 2.1 assume that the applied field is lower than the 

maximum-trapped flux in the sample. The approximations also illustrate that FC is a 

more effective method of trapping flux in terms of applied field. These two methods are 

explored here as they both exhibit properties useful to the motor design.  

Flux trapping can be found from Lenz’s law, seen in Equation 2.2, where e is the 

electromotive force, φ is the magnetic flux.  

e
t
=

∂
∂

−
φ

        (2.2) 

Lenz’s law states that a conductive loop under an applied magnetic flux variation reacts 

by generating currents that oppose the flux variation. Consider now a superconducting 

sample, which has no electrical resistance and therefore the electro-motive force must be 

zero. The superconducting sample theoretically cannot undergo any change in the flux 

once the flux has penetrated the sample. Therefore, the magnetic flux in the 

superconducting material can be trapped. Since the currents flowing in the sample 

experience no electrical resistance, these are considered to be permanent currents and the 

current distribution can be explained in Bean’s model. Bean’s model states that the local 

current density, JC, in a trapped flux magnet will either be positive JC, negative JC, or 

zero. Thus the current density in the superconducting sample is either the maximum value 

or zero. The maximum current density is a function of the superconducting material and 

the operating temperature. Bean’s model simplifies the physics by assuming that JC is 

independent of the magnetic field.  Other factors exist and are outside the scope of this 

study. The current flows in a circular pattern in the plate and can be assumed to be 

“permanent” if nothing disturbs the sample. 

The FC method requires a certain procedure to accomplish the trapped flux 

properly. First a magnetic field is applied to the sample from an outside source, with the 

sample above the critical temperature and therefore not superconducting. The applied 

field fully penetrates the plate so the magnetic field in the plate is the same as the applied 

magnetic field, shown in Figure 2.5. The sample is then cooled to the operational 

temperature, which is below the critical temperature. The applied field is then reduced to 
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zero. The field remaining in the plated is the trapped magnetic field due to the trapped 

flux. The maximum flux trapped in a plate varies with the operating temperature. When 

the maximum flux trapped occurs at the operating temperature, the plate is fully saturated 

in current. By applying a magnetic field greater than the maximum at a specific operating 

temperature, the sample is fully saturated. The trapped flux in a fully saturated sample 

has a magnetic profile shown in Figure 2.6, calculable by the Biot-Savart law. The linear 

profile along the radius follows Bean’s model of predicting the magnetic field.  

 

 

Figure 2.5 The applied magnetic field is normal to the sample plane. 
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Magnetic Flux 

Figure 2.6 The magnetic field profile in the sample after fully saturated FC technique of flux 

trapping. 

 

The ZFC method follows a slightly different schedule to trap flux. The sample is 

first cooled to the operational temperature and then the magnetic field is applied to the 

sample. The superconducting sample resists this change in field and this is called 

magnetic shielding, as derived from Lenz’s law. The magnetic profile in the plate for 

ZFC method is seen in Figure 2.7, which assumes the same applied magnetic field as the 

FC method. As the flux penetrates the sample, the magnetic field in the plate takes a 

different profile compared to the FC profile seen in Figure 2.6. The shielding the sample 

undergoes contributes to decreased field in ZFC compared to FC, which is seen in 

Equation 2.2. If the applied magnetic field is doubled in the ZFC method, then the 

magnetic profile for ZFC would be the same as in Figure 2.6.  
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Magnetic Flux 

Figure 2.7 The magnetic field profile in the sample after ZFC technique of flux trapping. 

 

Using the ZFC method, Wen et al. broke the YBCO sample in an attempt to use a 

14 T applied field, citing very high Lorentz forces for the failure. Lorentz forces are the 

response of the interior magnetic field in superconducting material and can cause internal 

stress, which can break a sample if large enough. Using the FC method, the 

experimenters successfully trapped a field in YBCO plates of 7 T at 29 K. The same 

study also attempted to trap 10 Tesla unsuccessfully using FC, with the samples breaking 

again due to the Lorentz forces. Studies have found many smaller trapped fields, >1 T, 

using the ZFC method [35,36]. In 2003, a YBCO plate trapped a magnetic field over 17 T 

at 29 K using FC method [55]. The study used an applied field of 18 T and sweeping rate 

of 0.15 T/min, but the YBCO plates broke due to the high Lorentz force. Tomita was 

successful in trapping 17.9 Tesla using a sweeping rate of 0.1 T/min. These studies 

illustrate the potential of trapped flux in YBCO plates.  

These methods of flux trapping discussed above are not intended to be a complete 

list. Other methods of flux trapping, such as field pulse, do not fit the scope of discussion 

presented here. The methods discussed above are the applicable motor design methods 
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that fit the overall feasibility requirements, and examples of these methods have been 

shown in numerous experiments. The motor design in this study utilizes FC method 

because of the power density FC provides despite the complexity of cooling the YBCO 

plates after a magnetic field is applied. The FC and ZFC methods provide interesting 

comparable qualities and in particular with cooling. The ZFC method does not requires 

the sample to be cooled after a field is applied but reaches only a percentage of the 

magnitude of the FC method. FC and ZFC both illustrate the capabilities of flux trapping 

for power dense magnetic design. Now an in-depth examination of how the inductor uses 

the HTS components to trap flux is presented.  

 

2.3 Field Cooling Method in the Inductor 
 

The motor design in this study traps flux in bulk YBCO plates from a magnetic 

field generated by the HTS BSCCO pancakes. The trapped flux enables strong magnetic 

fields to be generated outward radially toward the armature, using the FC method 

described above. First, examine the HTS components in the inductor before any field is 

generated in Figure 2.8 [7,8,18]. 

 

YBCO plates 

T > 92K 

 

 

 

 

BSCCO pancake 

T = ~35K 

 

No field

Figure 2.8 The HTS materials in the motor inductor. 
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 For the motor to become operational, the first step is to charge the pancakes, operating at 

~35K, with current until Je is 400 A/mm
2
. This current in the BSCCO coils creates the 

applied field for the flux trapped in the YBCO plates, seen in Figure 2.9. The applied 

field on the YBCO plates is outward radially from the axis of the inductor and illustrated 

by the arrows. 

 

Applied magnetic field 

 

YBCO plates 

T > 92K 

 

BSCCO pancake 

T = ~35K 

Je = 400 A/mm
2
 

 

 

Figure 2.9 The current ramped up in the BSCCO pancakes to apply magnetic field on the YBCO 

plates. 

 

The temperature of the YBCO plates is then decreased from ~95K to ~45K, trapping the 

flux via the FC method, seen in Figure 2.10. The YBCO plates are now TFM and the 

trapped flux is illustrated by the block arrows [7, 8, 18]. 
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Applied magnetic field 

 

Trapped flux 

 

YBCO plates 

T = ~45K 

 

BSCCO pancake 

T = ~35K 

Je = 400 A/mm
2
 

 

 

Figure 2.10 The trapped flux in the YBCO plates via FC. 

 

After the temperature of the YBCO reaches ~45K, the current in the BSCCO is ramped 

down and then reversed until Je reaches 310 A/mm
2
. This process traps a flux density in 

the YBCO plates (~ 2 T in the air gap) and then creates an excitation field by the 

interaction of the magnetic field of the BSCCO coils and YBCO plates that create a 

torque on the inductor. The plates are then allowed to cool until the steady state 

temperature is achieved (between 36-40K), seen in Figure 2.11 [18].  
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Reversed magnetic field

 

Trapped flux 

 

 

 

 

YBCO plates 

T = ~40K 

 

BSCCO pancake 

T = ~35K 

Je = 310 A/mm
2
 

Figure 2.11 The inductor at steady state operation. 

 

The current in the BSCCO pancakes is fed in the opposite direction to achieve magnetic 

poles opposite those of the TFM. The design generates eight magnetic poles for the 

motor: four poles come from the trapped flux magnets and four poles come from the flux 

of the pancake coils concentrated between the YBCO plates leading to an increased 

torque density.  

 The above explanation is for four YBCO plates that are between two BSCCO 

pancakes. The electro-magnetic design is repeatable by adding a third BSSCO pancake 

and another four YBCO plates (eight YBCO plates total). This is the electro-magnetic 

design for the aero-propulsion application that requires cooling. Increasing the amount of 

HTS materials the inductor increases the potential torque density of the system. The 

geometry necessitates that the next set of YBCO plates be offset by 45
◦
 (π/4 radians) in 

order to have a coherent field and match the opposite of magnetic poles created by the 
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previous TFM. The field on the inductor, seen in Figure 2.12, is the electro-magnetic 

simulation data performed for the design [16, 18].  

 

Figure 2.12 Magnetic field interaction with the BSCCO coils and YBCO plates. 

 

 The use of the FC method requires that the YBCO plates be cooled to a 

temperature below the critical temperature after the BSCCO pancakes apply a magnetic 

field. This requires that the BSCCO pancakes be cooled to the operational temperature 

while the YBCO plates remain at a considerably higher temperature. The YBCO plates 

are then cooled after the magnetic field is applied. This process of cooling the plates is 

called 3-stage cooling. This is difficult for this inductor because the temperature gradients 

are large between the YBCO plates and BSCCO pancakes. Additionally, the use of 

conduction cooling provides an added challenge to the 3-stage cooling process since 

cooling power is limited (as opposed to bath cooling which provides more cooling power 

by better heat transfer). The 3-stage cooling process is discussed below in detail as the 

cooling design for the HTS motor is discussed. 

 

2.4 Inductor Design Summary and Conclusions 
 

The motor design utilizes HTS components in the inductor that trap flux via FC. 

The inductor specifications are listed below in Table 2.1. The use of FC requires the 

YBCO plates be held above the critical temperature (~95K) while the BSCCO pancakes 

are at the operating temperature (~35K). To properly trap flux there is need for a 3-stage 

cooling process for the inductor. Large magnetic fields are created from the flux trapped 
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in the YBCO plates. The interaction between the plates and the BSCCO pancakes creates 

a magnetic field outward radially. This radial magnetic field interacts with a non-

superconducting armature that is made from copper windings. The armature is connected 

to a propeller to provide the airplane with propulsion power.  The inductor size is 

minimized to increase the electro-magnetic forces created from the HTS components. 

The use of FC and a 3-stage cooling process leads to large temperature gradients in the 

inductor.  

 

Table 2-1 The inductor electro-magnetic design specifications. 

Inductor Component Requirement 

Inductor Height 170 mm 

Inductor Diameter 140 mm 

Power 200 hp 

Rotation Speed 2700 RPM 

BSCCO Operating Temperature ~35 K 

BSCCO current density 310 A/mm
2 

YBCO Operating Temperature ~37 K 

Number of poles 8 

Mass 14 kg 

 

While the electro-magnetic inductor design utilizes HTS materials and provides 

large power density, the cooling the HTS components must adhere to a proper schedule 

for proper operation.  The cooling design of the inductor from startup to operation is 

presented below. 
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CHAPTER 3 COOLING OF THE INDUCTOR 
 

 

3.1 Cooling Requirements  
 

The electro-magnetic design of the motor has been shown to provide good power 

density, enough to power a Cessna-type aircraft. The design calls for specific cooling 

requirements during the cooldown that must be adhered to for proper operation. The 

cooling analysis begins with the inductor at room temperature and finishes when the 

motor is operating in steady state. The cooling process is not simply a cooldown of the 

inductor due to the use of FC to trap flux in the HTS bulk plates. To achieve proper 

operation a schedule was devised for the inductor that will be explained in detail below.  

To achieve the motor operation a cooling apparatus was designed. This apparatus 

design must not interfere with the motor operations and fit within the design. The cooling 

apparatus is also restricted by the parameters of the overall aero-propulsion design of 

power dense machinery, or more specifically size and weight. In addition to the cooling 

schedule and apparatus, it is important to account for all heat loads on the system. The 

heat loads on cryogenic systems must be accounted for since cooling power is so critical 

to operation. The heat loads must be accounted for properly in design and minimized 

where possible. 

 

3.2 Inductor Cooling Schedule 
 

Using the field cooling method requires maintaining the pancake coils at the 

operating temperature while the YBCO plates are above the critical temperature. 

Reexamine the BSCCO pancakes and YBCO plates under discussion in Figure 3.1. A 3-

stage cooling process is needed since the BSCCO is first cooled to ~ 35K and operational 

while the YBCO plates have to remain above ~90 K during FC, then the YBCO plates 

are cooled to the operational temperature. A large thermal gradient is created in the 

system during the flux trapping stage of the 3-stage cooling which is difficult to handle 

due to the minimization of space in the HTS motor inductor. The cooling system was 

devised with this 3-stage cooling method in mind.  
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Figure 3.1 The inductor of the motor, BSCCO pancakes in blue and YBCO plates in red. 

 

Beginning at room temperature the cooling source is activated and the inductor 

temperature begins to decrease, illustrated in Figure 3.2, an inductor cooldown timeline. 

The entire inductor is cooled down to ~35K, and the YBCO heaters are activated to heat 

the YBCO plates above the critical temperature. When the YBCO plates achieve a 

temperature of ~100K, the plates must maintain this temperature while the BSCCO 

pancakes ramp up the electrical current, activating the electro-magnetic field. When the 

current reaches the operation target, the heaters adjacent to the YBCO plates are 

deactivated and the YBCO plates are cooled. As the plates are cooled, the magnetic flux 

is trapped in the YBCO plates and directed outward radially. When the plates reach 

~45K, the current in the BSCCO pancakes is ramped down and reversed and an outward 

flux is now generated by the BSCCO coils as well. The YBCO plates are then cooled to 

the steady state temperature of <40K. The inductor is then ready for steady state 

operation and the 3-stage cooling is complete. 
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Figure 3.2 Inductor cooldown timeline and illustration of the 3-stage cooling. 

 

3.3 Cooling Apparatus and Inductor Construction 
 

The cooling apparatus is designed and built within the constraints of the electro-

magnetic motor design and with an emphasis on the aero-propulsion application; 3-stage 

cooling, steady state heat loads, and weight minimization. A central cylinder of 6061-

Aluminum has a diameter of 80mm and a height of ~160mm, seen in Figure 3.3. G10 

rings are attached to the central cylinder and the YBCO plates are fixed in the G10. The 

two G10 pieces are rings with holes to affix the YBCO plates in, seen in Figure 3.4. The 

inner and outer diameters of the rings are 80mm and 140mm, respectively and have a 

height of 34mm. The BSCCO pancake coils are wound directly to the central cylinder 

with epoxy used to ameliorate the contact resistance, seen in Figure 3.5. There are 2mm 

gaps between the G10 rings and the BSSCO pancake coils to eliminate the possibility of 

contact area in an effort to reduce the heat transfer between the G10 and BSCCO in 

support of the 3-stage cooling. In addition to the screws the G10 is connected to the 

cylinder by epoxy. The G10 rings permit the YBCO plates to remain above the critical 

temperature while the rest of the inductor is cooled due to the lower thermal conductivity 

than aluminum. This layer will then be wrapped in multi-layer insulation (MLI). 
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Figure 3.3 The central cylinder of the cooling apparatus. 

 

 

Figure 3.4 The cylinder with the G10 rings (in green) and YBCO plates (in red). 
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Figure 3.5 The pancakes are then wound directly to the cylinder. 

 

 The G10 rings help support the YBCO plates and keep each plate aligned. The 

YBCO plates have an outward radially force applied and the plates are held in place by 

fiberglass cloth impregnated with epoxy. Top and bottom 6061-aluminum plates adjacent 

the BSCCO pancake coils support the forces in the axial directions. The circular, 

aluminum top and bottom plates are 160mm in diameter and 5mm thick. The plates are 

bolted together by 20 aluminum rods to support the axial forces, seen in Figure 3.6. The 

aluminum rods, 5mm in diameter, also act as a “squirrel cage.” The squirrel cage acts as 

an electro-magnetic shield that protects the inductor during electro-mechanical transient 

stages of the machine.  

 

 

 

 40



 

Figure 3.6 The top and bottom plates are added and held together by rods that support longitudinal 

forces and act as a “squirrel cage” to eliminate transient magnetic flux. 

 

The HTS components are built simultaneously and collectively with the 

construction of the cooling apparatus. Additionally, the cooling schedule has also been 

described in detail. The heat loads on the inductor can now be analyzed. 

 

3.4 Steady State Inductor Heat Loads 
 

The heat loads on the inductor must be minimized to help alleviate the cost of 

maintaining the operational temperatures of the motor. Convection, conduction, radiation, 

and heat generated are all examined to reduce the heat loads to the system and will be 

discussed below. Seen in Figure 3.7, the system analyzed utilizes a cryostat surrounding 

an inductor. For consideration here, consider the inductor and cryostat to be concentric 

cylinders seen in Figure 3.7. Minimizing the heat loads and enhancing the cooling of the 

system optimize the motor. 
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Inductor coated with MLI

Cryostat 

Figure 3.7 A cutaway of the inductor and cryostat shown as concentric cylinders. 

 

3.4.1 Convective Heat Loads 

 

In cryogenic applications, it is necessary to maintain an excellent vacuum to 

remove the convective heat load on the system from the environment. In the development 

of the model and experimental validation a vacuum is used. This vacuum has a pressure 

of 1.3x10
-5

 Pa and allows for a low enough heat transfer rate to assume that the 

convective heat transfer is zero. 

   

3.4.2 Conductive Heat Loads 

 

The conductive heat loads on the inductor system are from the current leads. The 

superconducting components of the system require current to be fed from ambient 

temperature to operating temperature to create the electro-magnetic field. The current 

leads to the system are assumed to be at 300K at one end and thermally anchored to the 

cooling source at the other end. The heat added to the inductor can be removed by 

thermally anchoring the leads to the cooling source [57]. However, the heat load must 

still be removed and acts as a significant heat load to the system. Since conduction 

cooling is assumed for the current motor design the use of helium gas to cool the leads is 
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not considered. Uncooled leads are designed following the standard Wilson model [37] 

and the following equation calculates the minimized heat from the temperature gradient 

in the current lead: 
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Equation 3.1 shows the total amount of heat as a function of the heat conducted by the 

leads from the ambient temperature to the cryogenic temperature and the ohmic heat 

generated in the lead. The boundary conditions, as stated above, are T(x=0) = THot and 

T(x=L) = TCool. Solving Equation 3.1 for the current and material of the leads gives a 

relationship for the ratio of the length over the area.  Using the geometric ratio, the 

relationship between the total heat load on the system can be optimized. In some cases 

where the strength of the material is important in addition to being a current lead, the 

choice of the material is also important. The use of pure metals is not ideal because of the 

lower thermal heat capacity and greater possibility of runaway current. Less pure copper 

based metals offer stability and greater mechanical strength. [57]. Finally, attaching the 

leads to the cold head thermally anchors the heat load directly to the cooling source. Thus 

the inductor can be removed from all conduction heat loads while the cooling source is 

burdened with the heat load from the current leads.  

 

3.4.3 Radiation Heat Loads 

 

The radiation loads on the system are calculated to be from a worst-case 

standpoint of the inductor cryostat operating at a uniform 400K. The inductor cryostat is 

assumed to be at this temperature because it is the armature operational temperature. A 

simplified system is to consider the inductor and cryostat as concentric cylinders, seen in 

Figure 3.7. Since the inductor is entirely inside the cryostat, the inductor sees all radiation 

energy from the cryostat. One method of reducing the radiation heat load on the system is 

to use passive radiation shields, calculating the heat load on the system by the following 

equation: 
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where q is the heat load on the system in W/m
2
, n is the number of shields used, and ε is 

the thermal emissivity of the material. The use of passive radiation shields is an effective 

way to reduce radiation resistance but at the cost of volume. Another useful method to 

reduce the radiation load is using an actively cooled radiation shield. In cryogenics, many 

times active cooling shields are used due to the high cost of refrigeration at low 

temperatures.  By cooling a shield to an intermediate temperature directly from some 

cooling source, the cost is much lower and the heat load on the HTS materials is reduced 

greatly [56, 57]. However, use of passively or actively cooled shields is not possible due 

to the size constraints of the system. Therefore the radiation heat load must be 

ameliorated by the use of multi-layer insulation (MLI). 

Superinsulation, a form of MLI, is a thin layer of aluminum mylar that has very 

poor heat conduction through the thickness. MLI is typically considered to have an 

emissivity of ~ 0.05 while aluminized mylar properties are ε = 0.011 at 4.2 K and ε = 

0.03 at 77 K. By wrapping the inductor with multiple layers of MLI, a significant 

decrease in the radiation load can be achieved. However the packing density becomes 

important as the more layers per millimeter the MLI is packed, the more heat is 

conducted through the layers. There is an optimization when using MLI (~0.5 

layers/mm), due to the densities of wrapping a surface and the thermal conductivity [56]. 

By using one layer of MLI on the inductor and one layer on the cryostat, the radiation 

load can be significantly decreased. 

 

3.4.4 Internal Heat Generation Loads 

 

There are two internal heat generation loads on the inductor; both are the result of 

non-ideal electrical resistances. First, superconductor electrical joints are a necessity in 

construction of coils and pancakes, but create losses that result in heat added to the 

system. Soldering conductors to the connections helps reduce the resistance in the splices. 

These soldered connections are highly variable to the construction process and care must 

be taken in the process. These junctions create heat that is estimated by ohmic losses and 

experimentally the resistance is conservatively found to be 20µΩ [58]. The second 

internal heat generation load is the result of the critical current “index heating” load. The 

superconductor does not operate at maximum current density, but at some percentage of 
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the maximum. The operation of the superconductor does not generate heat as a normal 

wire with current given by Equation 3.3.  

dVJivqgen ∫∫∫== ρ2       (3.3) 

The “equivalent resistance’ or power-law resistivity of a superconducting coil exists due 

to the electric field generated from the current through the conductor. The electric field is 

calculated in Equation 3.4, seen below.  

JE ρ=         (3.4)  

To ensure a significant safety margin, the superconducting pancakes operate below JC to 

ensure electrical stability. Experimentally found data suggest the relation that the electric 

field and the equivalent resistance are related in the following equation: 
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The current density, J, and critical current density, JC, vary from the equivalent resistance, 

ρ, given in the following equation: 
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where  
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and therefore, 
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Thus the heat generated can be calculated from Equation 3.3 using the equivalent 

resistance found from Equation 3.8. 

 

3.4.5 Summary of Heat Loads 

  

The loads calculated from the equations are given in Table 3.1. The total heat 

loads that must be removed from the cooling source is ~7.4 Watts. The convective heat 

load is negligible due to the vacuum cryostat. A 5.4W load comes from the heat 

conducted and generated through the leads and is removed from the cooling source. The 
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total heat load transferred to the inductor is ~2W, mostly from internal heat generation 

sources of the spliced connections and the equivalent resistance of the wire. There is a 

0.6W heat generation load on each pancake in the system. The radiation load is a surface 

heat load distributed on the entire surface of the inductor and is a 0.2W load. These loads 

are taken into account in the steady state calculation. 

 

Table 3-1 The steady state heat loads on the system. 

  Source Load Type ~Load (W) 

Vacuum Cryostat Convective 0.0 

Current Leads to BSCCO Conductive 5.4 

Super-insulation Radiation 0.2 

Spliced connections and 

equivalent resistance 

Internal Generation 1.8 

 Total 7.4 

 

3.5 Contact Resistances 
 

Thermal conductivity across a solid-solid boundary interface can be greatly 

reduced by the contact area of the surfaces. The heat transfer is further reduced at 

cryogenic temperatures due to thermal contraction of materials and is especially 

problematic when using different materials due to different thermal contraction 

coefficients. Contact resistances form because the surfaces at the contact interface are not 

microscopically smooth. Ridges and valleys can reduce the heat transfer of the interface 

by orders of magnitudes from the ideal due to the actual contact area being only a fraction 

of the total surface area, as seen if Figure 3.8. Additionally, the use of a vacuum can 

further reduce the heat transfer by removing convective heat transfer and reducing the 

interface heat transfer to conduction and radiation. Polishing surfaces and extensive 

cleaning of the surfaces can decrease the contact resistance but other methods are 

required [39]. 
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Figure 3.8 The contact area in a solid-solid interface can be much less than appears from visual 

inspection. 

 

One way to decrease the contact resistance across a solid-solid interface is to 

apply pressure, such as bolting two surfaces together, to increase the contact area. The 

pressure causes the materials to deform and the ridges are flattened. Often it is not 

possible or advantageous to deform materials, so softer materials, such as indium foil or 

wire, can be used as a medium to increase the contact area of the interface. By applying 

pressure and heat by friction to the indium foil, the contact area at the interface is 

enhanced. Another way to decrease the contact resistance across a solid-solid interface is 

to use thermal grease, such as Apiezon N. This method is similar to the indium foil in that 

the grease adapts to the surfaces and increases the contact area at the interface. Thermal 

grease can be used for lower applied pressures since the materials need not be deformed 

[39]. Finally, decreasing contact resistance is possible with the use varnish or epoxy. This 

method permanently affixes the two surfaces together but can provide extra strength 

when thermal contraction is an issue. .  

Tabulated data exist that can allow for the estimation of common solid-solid 

interfaces for varying applied pressures and temperatures [59-63]. However, the only way 

to accurately find the contact resistances is by experiment. Therefore, the experimental 

data will determine the contact resistances in the mockup inductor. The simulations will 
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assume perfect heat transfer and will then be modeled again once the experimental data 

allows for the estimation of the contact resistances. 

The HTS motor requires a specific cooling process to become operational. A 

cooling system has been designed that includes the construction of the inductor as well as 

the cooling apparatus. The schedule has been explained in detail, including the 3-stage 

cooling process required for the flux trapping in the YBCO plates. The design has been 

shown in detail and construction of the inductor taken as a step-by-step process. The heat 

loads on the inductor have been discussed, calculated, and will be implemented in the 

simulation. The simulation will be discussed below that incorporates the cooling 

apparatus and inductor. The simulation will use the steady state heat loads to determine 

the location and hot spot on the inductor during normal motor operation and ensure the 

hot spot is under the operational temperature of the HTS components. This data will then 

determine that the inductor and cooling apparatus are viable for the design.  
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CHAPTER 4 COOLING SIMULATIONS AND RESULTS 
 

 

4.1 Modeling the Cooling Apparatus 
 

The motor inductor must be cooled to the operating temperature of the HTS 

components from room temperature. The cooldown includes the 3-stage cooling process 

due to the flux trapping required by the YBCO plates in the electro-magnetic design. This 

calls for a cooling schedule, as previously discussed, which is first examined through 

modeling. The heat loads vary as the instantaneous temperature of the inductor changes. 

The modeling procedure and results are presented below.  

The cooling apparatus was modeled using Comsol Multiphysics software 

packages [64]. The steady-state analysis was performed utilizing 3-D simulations of the 

design and temperature gradients were found. After the steady-state analysis, the cooling 

apparatus is cooled following the schedule described Section 3.2. Therefore, the 

simulations performed during the cooldown schedule use a 3-D transient approach. The 

heating loads were implemented in the analysis that was discussed above. The 

temperature gradients were found in the inductor and the hot spots were determined. 

After examining the inductor once more the material characteristics of the inductor and 

the boundary and initial conditions of the problem are discussed. 

A cross section slice of the middle of the inductor can be seen in Figure 4.1. The 

3-dimensional modeling results shown below are temperature plots of this slice. Figure 

4.1 shows the central cylinder in gray, G10 rings in green, YBCO plates in red, and 

BSCCO pancakes in blue. The numbers are the locations of the simulation probe 

temperatures where temperatures are recorded. Additionally the temperature of the 

coldhead is also recorded. The top of the central cylinder is connected directly to a 

cryocooler. The heaters for the YBCO plates, not pictured, are located on the exterior 

surface of the YBCO plates. Figure 4.1 shows the geometry for the simulation results, 

which is presented after an examination of the boundary conditions and material 

properties. 
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Figure 4.1 The cross-section for the 3-dimensional modeling results is shown. The locations of the 

temperatures are given with an additional temperature measurement made on the coldhead. 

 

4.2 Simulation Conditions and Properties 
 

The conduction-cooling source for the simulation is a cryocooler and the cooling 

power is a function of the temperature. The cryocooler used in the simulations 

corresponds to the same used in the experimental verification, an AL330 G-M type from 

Cryomech [65]. The cryocooler cooling power is based on data from the cryocooler 

manufacturer to be used in the experimental validation of the motor results, seen in 

Figure 4.2. The simulation power curve is extrapolated from the data and the full 

temperature range can be seen in Appendix A. The use of this power curve for the fitted 

data is important since setting the boundary condition differently would inaccurately 

simulate the cooling conditions and greatly affect the cooldown time. This cryocooler is 

oversized for the experiment and is bigger than the cooling needs for the actual aero-

propulsion motor.  
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Figure 4.2 The cooling power of the in-house cryocooler, shown as a function of temperature. 

 

The use of BSCCO coils can provide large current density, but the winding 

insulation can greatly affect the heat transfer. Bi-2223 tape windings have anisotropic 

heat transfer characteristics. Wound with turn-to-turn electrical insulation, the electrical 

insulation also acts as a thermal resistance. The thermal conductivity along the windings 

of the Bi-2223 cross-section is several orders of magnitude greater than the thermal 

conductivity in the radial direction. Furthermore, the mechanical loading of pancakes can 

have a deleterious effect on the current density. Pancakes are strengthened by adding 

epoxy, which further increases the complexity of the thermal network. This added 

insulation has generated many studies, both numerical [28,66-68] and experimental 

[21,22,28,66,68,69] in an effort to find the thermal conductivity of the pancake coil. The 

numerical studies examined the use of a piecewise resistance and an overall resistance 

using the electrical resistance analogy for thermal resistances [70]. Simply applying a 

resistive network for the tape and insulation may not be accurate due to the unknown 

contact resistance that can form during winding. Results show that for pancakes with 

radii greater than 25 millimeters [66] one can use an overall resistance reliably. The 

thermal conductivity of the winding is temperature dependent and shown in Figure 4.3 

below. By adding additional thermal conductors to the pancake windings, called drains, 
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Mazola et al. found a much higher conductivity of ~ 15 W/m-K for Bi-2223/Ag epoxy 

impregnated coils [69]. 

 

Figure 4.3 Temperature dependent thermal conductivity of BSCCO pancake windings found 

experimentally and numerically [66]. 

 

 Other physical properties of BSSCO pancake winding have been studied as well. 

The specific heat, thermal contraction, and current loss under mechanical loading are well 

documented [28,56,57,66]. These values are dependent on temperature and have been 

shown, as in Figure 4.4 below for specific heat. Values used for the thermal contraction 

are on the order of 0.3 % for 293 – 4.2 Kelvin. 
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Figure 4.4 Temperature dependent specific heat of BSCCO pancake windings found experimentally 

and numerically [66]. 

 

 The YBCO plates used in the motor design are single domain bulk material. The 

physical properties of YBCO are known, and specific values at temperatures can be 

found through various sources [33,71,72]. Functional equations dependent on 

temperature have been developed to calculate the physical properties such as conductivity 

and specific heat. 

These properties and boundary conditions are used in the simulations to 

accurately portray the inductor during the cooldown and steady state operation of the 

motor. The boundary condition (found experimentally using an in-house cryocooler) and 

the HTS properties (found from the literature) are used to find the temperature gradients 

in the inductor and are critical to the study. Other properties are used, such as the thermal 

conductivity of aluminum 6061, are used but are fairly common. These are the critical 

properties that have variance in the reported experimental values. All these properties are 

temperature dependent and are shown in Appendix A. A comparison of the properties 

used in the simulations to the mockup material properties is also given in Appendix A. 

 53



 

4.3 Heat Load Calculations 

 

The method of calculating the steady state heat loads was discussed in Section 

3.4. The loads calculated from the equations are given in Table 3.1 and reproduced again 

in Table 4.1. The total heat load that must be removed from the cooling source is 7.4 

Watts. The total heat load transferred to the inductor is ~2W, mostly from internal heat 

generation sources. The internal heat generation sources are simulated as volumetric heat 

sources. For example, there is a 0.6W heat generation load on each pancake in the 

system. The 0.6W load is evenly distributed to the entire pancake. The radiation load is a 

surface heat load distributed on the entire surface of the inductor. These loads are taken 

into account in the steady state calculation. 

Table 4-1 The steady state heat loads on the system. 

Load Type Conduction Radiation Generation 

~Load (W) 5.4 0.2 1.8 

 

The transient heat loads are slightly different as heat is directly inputted in the 

system to maintain the YBCO plate temperatures during the 3-stage cooling. The heaters 

are required to generate ~1W each to maintain the temperature of the plates at ~100K 

during the 3-stage cooling. This load is only active during the period of the pancake 

cooldown and ramping up of the electrical current. There is still a radiation load but it is a 

function of the instantaneous temperature at the given location. The heat generation load 

is only active during the ramping up of the current during the 3-stage cooling and after. 

 

4.4 Simulation Results 

 

The results presented below are the transient temperatures of the YBCO and 

BSCCO materials in the inductor and the given temperature distributions over time, taken 

from the onset of the cooldown process until the inductor achieves steady state operation. 

The first timeline is of the cooldown of the motor and can be seen in Figure 4.5. This 

timeline shows the temperature of the hotspots on the bottom YBCO plate and the bottom 

BSCCO coil as it undergoes the cooling schedule. The locations correspond to the 

temperature probes 6 and 7, shown in Figure 4.1.  The timeline illustrates the simulation 
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predicts the total cooldown from 300K to steady state operation to take approximately 6 

hours.  After ~5 hours (17000 seconds), the inductor achieves the lowest temperature 

before the YBCO plates are heated above the critical temperature to initiate the 3-stage 

cooling process. The temperatures are examined in detail in Figure 4.6. 

 

Figure 4.5 The temperature of the YBCO and BSCCO materials in the inductor from initial 

cooldown to ~6 hours, when the inductor reaches steady state operation. 

 

 Figure 4.6 shown below is the simulation results of the 3-stage cooling. The 

YBCO plates are heated above the critical temperature by activating the heaters. The 

BSCCO pancakes are then charged with current to apply the magnetic field to trap the 

flux in the YBCO plates, a temperature profile of the inductor at this stage can be seen in 

Figure 4.7. The YBCO plate heaters are then deactivated and the YBCO plates cool to 

achieve a temperature near 40K. The current in the BSCCO pancakes is then ramped 

down and reversed. The YBCO plate heaters are then completely deactivated and reach 

the steady state temperature. The temperature distribution of the inductor after the 3-stage 

cooling can be seen in Figure 4.8. The exact temperatures of the probes are given in 

Table 4.2. In addition to the temperatures, it is important to gain an understanding of the 

temperature difference from the cooling apparatus to the HTS materials that must be 
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cooled. The thermal profile shown in Figure 4.8 illustrates this and these temperature 

differences are quantified in Table 4.3. 

 

3 

1 

2 

Figure 4.6 The simulation timeline of the 3-stage cooling process: 1. Activate YBCO heaters, 2. Ramp 

up current in the BSCCO pancakes, 3. Maintain YBCO temperature while BSCCO pancakes ramp 

down and reverse current. 
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Figure 4.7 The thermal profile of the inductor during the 3-stage cooling before the pancake heaters 

are activated. 
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Figure 0.8 Temperature distribution of the inductor at steady state operation after the 3-stage 

cooling. 

 

Table 4-2. The temperatures of the simulation thermal probes. 

Location of 

Temperature 

Simulated 

Temperature (K) 

1. Top cylinder 19.75 

2. Bottom cylinder 20.5 

3. Top pancake 21 

4. Top YBCO plate 23.75 

5. Middle pancake 21.25 

6. Bottom YBCO plate 24 

7. Bottom pancake 22 

8. Coldhead 10 
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Table 4-3 The temperature gradients found from the simulations. 

Location of  

Temperature Difference 

Simulation 

∆T (K) 

8. Coldhead to 1. Top cylinder 10 

1. Top cylinder to 3. Top Pancake 1.25 

1. Top cylinder to 4. Top YBCO 4 

2. Bottom cylinder to 6. Bottom YBCO 3.5 

2. Bottom cylinder to 7. Bottom Pancake 1.5 

 

 

 The YBCO plate heaters successfully increased the temperature of the YBCO 

plates above the critical temperature while the BSCCO pancakes remained 

superconducting below 40K. The 3-stage cooling design was further proved successful by 

the simulation as the YBCO plates were maintained above 40K while the BSCCO 

pancakes were allowed adequate time to ramp down and reverse the current in the 

pancake. The final steady state temperatures are well below the design criteria of 35K for 

steady state operation of the BSCCO pancakes. The simulated temperature probes of the 

BSCCO pancakes recorded temperatures between 21K and 22K. The temperature profile 

shows that the hotspots on the HTS materials to be adequately cooled. The design was 

successful and the construction of the mockup inductor will be discussed below. 

 

4.5 Concluding Remarks 

 

The results from the simulations show the viability of conduction cooling to 

provide the refrigeration needed for the HTS motor. The simulations show the 3-stage 

cooling is possible via conduction cooling. The simulations also calculate the time to start 

the motor from room temperature to steady state operation with the cooldown time, ~6 

hours. A temperature profile of the inductor is given at the steady state operation and the 

values of the temperatures from the simulation are given. These results will be validated 

experimentally and compared by the temperature distributions found and the hot spots on 

the HTS components. 
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CHAPTER 5 EXPERIMENTAL VALIDATION OF 

COOLING PROCEDURE 
 

5.1 Objectives 
 

The modeling results show that the conduction apparatus design can cool the HTS 

motor from room temperature to operational temperature, including the 3-stage cooling 

needed to trap flux in the YBCO bulk plates. These results are verified experimentally. 

The purpose of the experiment is to prove the validity of the simulations, proving that 

conduction cooling is a viable means of cooling the proposed HTS motor. The raw data 

given is in the form of temperatures from thermal sensors attached at specified locations. 

The data provides the temperature gradient of the apparatus, and allows for an estimate of 

the contact resistance across the joined materials, the transient thermal cooling power 

needed, the heat input needed to maintain flux trapping gradients, and the steady state 

temperature profile.  

 

5.2 Experimental Setup 
 

The fully constructed mock-up inductor is placed in a cryostat. The experimental 

design of the cryostat interior is seen in Figure 5.1. The cold head of the cryocooler is 

connected to the inductor mock-up by a copper plate. The experiment sits atop a platform 

supported by rods from the top plate of the cryostat. The top plate is vacuum-tight and 

provides feed-through ports for the instrumentation wires. 
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Figure 5.1 The experimental interior setup of the cryostat. 

 

The overall cryostat preparation included testing the vacuum performance, LN2 

jacket, and cold head. In the preliminary tests, the cold head achieved a temperature of ~8 

Kelvin with no heat load except for radiation. This test was performed with a filled LN2 

jacket. The cryostat vacuum shield was also pumped down to a vacuum near 10
-6

 Torr. 

The cryostat and cold head proved to be in working order and acceptable for testing the 

apparatus. 

The top plate was constructed and tested. A pump can be attached to the side port 

of the cryostat to create a vacuum for the experiment and a vacuum of 10
-6

 Torr existed in 

the jacket of the cryostat during experimentation. There are seven feed-through ports in 

the top plate to provide access to the experiment, seen in Figure 5.2.  The large port in the 

center is for the cryocooler, a 2-stage GM type made by Cryomech. One port is used for a 
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pressure sensor. Two feed-through ports will be used for the required thermal sensors. 

Heaters used to simulate heat loads and are required for transient effects need 

input/output wires, which require the use of a feed through. The final feed through ports 

are capped and unused.   

 

 

Feed-through ports 

 

 

 

Cryocooler cold head port 

Figure 5.2 Top plate shown. 3 ports needed for temperature sensors, 1 port needed for pressure 

sensor, and 1 port for heater power supply. 

 

Feed-through ports are easily exchangeable in the top plate but when wires are 

involved, care must be taken into the construction of the feed through to ensure the 

vacuum in the cryostat. Creating a proper feed through is done by cutting a hole in a 

blank flange and welding a tube with holes for wires to the blank flange. The wires (for 

heaters or thermocouples) are fed through the holes and filled with epoxy. The entire feed 

through flange, with wires, is then placed into a vacuum chamber to remove possible 

trapped air from the curing epoxy and when removed, provides an adequate vacuum to 

the cryostat. The feed-through wires were tested and the cryostat was able to achieve a 

vacuum of 10
-7

 Torr.  

The LN2 cryostat jacket does not completely envelope the experiment due to the 

top plate. The exterior temperature of the top plate is at room temperature and this can 

create a large radiation load on the experiment. To limit this heat load, a passive heat 

shield was placed below the top plate. The shield was composed of MLI glued on two 

sides of a metallic sheet. The sheet was cut to fit the inside diameter of the cryostat to 

eliminate any direct view factor from the top plate to the experiment.  Additionally, care 

was taken when the wires are fed through the sheet to eliminate any radiation load 
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through the shield feed throughs. The shield is suspended by rods hanging from the 

bottom of the top plate.           

 

5.3 Test Sample 
 

A full-scale, thermal mock-up inductor is built and outfitted with sensors. The 

inductor mock-up is thermally tested from room temperature to the operating temperature 

and includes the 3-stage cooling. The motor cylinder, G10 rings, and mock-up materials 

are built, as would the prototype motor. Due to the high cost of HTS materials, thermally 

equivalent materials are used.   

Construction of the mockup inductor began by machining out the simple cylinder, 

the top and bottom plate, the copper connector to the cold head, and G10 rings. The 

simple cylinder and the top and bottom plates are made of 6061-aluminum and are milled 

to the design specifications with an extra fine surface. The roughness was considered 

very important during the machining and fabrication process to ameliorate any contact 

resistances. The G10 rings are machined as cylindrical pieces but then bifurcated to ease 

in the construction and enable better contact conduction, seen in Figure 5.3. The G10 

rings are placed first, then the mockup bulk material plates and the heaters.  

 

 

Figure 5.3 The G10 ring will be machined as a single piece, then split along line shown to enable 

better contact conductance with the cylinder. 

  

The G10 rings, due to the cylindrical shape, need to have a thermally enhancing 

bond to the simple cylinder. Epoxy was placed at the joint of the simple cylinder to the 

G10 ring. The ring was then screwed to the cylinder and tightened to increase the contact 

pressure as high as possible. The excess epoxy was then cleaned from the cylinder to 
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maintain a smooth and clean cylinder surface. The hole created for screw clearance was 

then filled in with epoxy and leveled before the heater is placed. The next step is to place 

the heater and bulk material plate in the ring, also using epoxy at the joints to cut down 

on the contact resistance between the two and the G10 ring. Pressure was added and the 

epoxy allowed to cure. The inductor was placed in a vacuum chamber to remove air 

during curing and allow the best possible contact to form between the contact surfaces. 

One plate was added at a time so there was no runoff of the epoxy during the curing. This 

process will then be repeated for all the heaters and plates. 

The mock-up BSCCO pancakes are wet wound copper foil and Kapton tape. The 

windings are made by wrapping the copper foil with the Kapton tape to ensure the 

conductor is covered and decrease the possibility of a theoretical short. The coated 

conductor is then wet wound using GE varnish directly to the central aluminum cylinder, 

seen in Figure 5.4.  The machine shown is a winding machine used at the National High 

Magnetic Field Laboratory in Tallahassee. As the pancakes are wound, there was 

nichrome tape inserted in the winding to act as a heater.  This heater was added for each 

pancake in the mockup motor, and is discussed in further detail in a later section. The 

total number of turns per pancake was ~140. Additional strength was added to the coils 

by the use of Stycast epoxy.  
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Figure 5.4 The winding of the coils directly to the central cylinder. 

 

 

The completed winding process with the G10 rings can be seen in Figure 5.5. The 

next step in the construction process was to attach the remaining G10 rings and attach the 

mockup YBCO plate to the rings. Use of epoxy was to thermally and physically attach 

the plates to the rings. The heaters were then attached to the outside of the plates. For the 

experiment, two heaters were attached to the mockup plates in case of a failure. The 

completed mockup inductor can be seen in Figure 5.6. 

 

 65



 

Pancake Coil 
 

 

G10 Rings 
 

 

Aluminum 

Cylinder 

Figure 5.5 The wound coils with the G10 ring and aluminum cylinder shown, side-by-side 

comparison with the 3-D drawing and picture of the inductor. 

 

 

Figure 5.6 The mockup inductor shown complete after the construction. 
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5.4 Instrumentation  
 

Thermal sensor (RTD) placement for the steady and transient experiments must 

reveal all temperature gradients and hot spots during cool down, flux trapping, and steady 

state operation. For steady state, the placement was chosen to find the temperature 

gradient in the cylinder, the hotspots on the pancakes, and the temperature of the bulk 

plates. The transient experiment requires additional temperature effects on the bulk plates 

from the conduction of the G10 rings, the effects from radiation on the pancakes, the 

gradient across the bulk plates, the temperature of the plate heaters, as well as the 

temperature of the cylinder and pancakes. Using 5 RTD thermal sensors placed in the 

locations seen in Figure 5.7 and two RTDs on the central cylinder, the temperature 

gradients and transient information are found. One final RTD is placed on the cold head 

of the cryocooler. The placement of the sensors matches the placement of the thermal 

probes from the simulations with the exception that a thermal sensor is also placed on the 

cryocooler coldhead during the experiment. 

 

BSSCO 

 

YBCO 

 

 

Location of the thermal 

sensors to determine 

temperature gradients 

and hotspots 

Figure 5.7 The simple schematic of the mockup motor with the five thermal sensor locations shown in 

black.  One RTD is placed on the cold head and two more on the central cylinder. 

 

RTDs are placed at the surface of the various locations in the mock up motor.  

However, to ensure that the RTDs are reading accurate temperatures, shallow holes will 

be drilled into the mockup and the thermal sensors placed inside. In addition, thermal 

paste is used to enhance the temperature reading of the thermocouple. 
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Two separate heat sources are needed, one set is the “pancake heaters” needed for 

the steady state, and the second set for the “bulk plate heaters” needed for the 3-stage 

cooling. Figures 5.8 and 5.9 show how the heaters are installed. Heaters for the steady 

state pancakes are in series and connected to a power source to supply the adequate heat 

load (~0.6 watts per pancake). As stated previously, these heaters are nichrome tape 

wound directly into the pancakes to simulate internally generated heat. Heaters for the 

transient experiment are next to the bulk material plates. These heaters will be connected 

in series and constructed by heating wires encased in Kapton tape and indium foil made 

to fit on the exterior of the YBCO plates. The bulk heaters are made of nichrome wire 

and wound to fit the dimensions of the mockup plates, with as small a thickness as 

possible.  These heaters are called to produce ~ 1 watt of heat but will be made to 

produce 5 watts.  The nichrome wire has a resistance of approximately 34 Ω/m so 

approximately one foot will be needed.   

 

 

Copper and 

Kapton 

windings 

 

 

Nichrome tape 

heater 

Figure 5.8 An illustration of the pancake heater being wound into the pancake to mimic internal 

heat.  The actual heater is longer and has more turns. 
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Bulk Plate 

Heater 

G10 Ring Bulk Plate  

Figure 5.9 The bulk heaters are fixed to the outside of the YBCO plates with use of epoxy. 

 

To reduce the heat leak from the heater wires to the apparatus, the wires are 

anchored to the coldhead. The sensor wires require very low current and have small 

diameters. The wires for the heaters are required to carry much greater current in 

comparison (on the order of 1 amp), and 14 gauge wires are used. To remove the heat 

leak from the heater wires copper foil is wrapped around the coldhead and thermally 

anchors the wires.  This process successfully removes the heat leak from the wires. 

The apparatus is first connected to the cryocooler cold head via a copper 

connector piece, seen in Figure 5.10. These connections were enhanced using Apiezon 

grease. The apparatus is placed on a G10 block on the support plate to remove excess 

heat leak to the apparatus, seen in Figure 5.11. The thermal sensors were then attached to 

the mockup inductor in the assigned holes with the thermal paste. The heaters were then 

soldered to the feed through wires of the top plate. MLI was then wrapped around the 

mockup inductor, cold head, and the joining copper connector. The mock up inductor will 

then be lowered into the cryostat. The entire apparatus is shown in Figure 5.12 (a) and (b) 

above the cryostat before it is lowered in for the testing without MLI and with MLI, 

respectively. 

 

 69



 

Coldhead  

 

 

Copper connecting piece 

 

 

Mockup inductor 

 

Figure 5.10 Copper connection to the cryocooler cold head and the mockup inductor. 

 

 

Bottom 

pancake 

 

Bottom 

plate 

 

 

G10 block 

 

 

Support 

plate 

Figure 5.11 A G10 block is used to reduce the heat leak from the inductor to the support plate. 
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 a      b 

Figure 5.12 (a) The inductor without and (b) with MLI before being lowered into the cryostat. 

  

The thermal sensors were connected to a data acquisition card and the heaters 

were connected to two power supplies. The cryostat was vacuum pumped and the jacket 

was filled with liquid nitrogen. The cryocooler was then switched on. The thermocouple 

data was read by DAQ card with a computer to record the data.  

 

5.5 Test Procedure 
 

Starting at room temperature, the mockup inductor is cooled until the inductor 

reaches a steady state temperature. When the inductor achieves steady state temperature, 

the YBCO heaters are activated to increase the temperature of the mockup plates. After 

the plates reach ~100 K, the pancake heaters is activated. The YBCO plates maintain 

~100K. After 10 minutes the power to the bulk heaters is discontinued while the power to 
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the pancake heaters remains activated. The bulk plates are cooled by conduction until the 

temperature is approximately 45 Kelvin. Steady state cooling is achieved some time after 

this. The temperatures are given by voltages from the RTD probes and are recorded in a 

computer via a DAQ card. The entire process is listed here. 

In a step by step procedure: 

1. Turn pressure gauge on. 

2. Turn vacuum pump on until a good vacuum is achieved (10
-7

 Torr). 

3. Fill cryostat jacket with LN2.  The jacket is filled to the maximum 

with LN2 periodically (~ 30 minutes) until the experiment is complete. 

4. Turn DAQ card on. 

5. Start recording temperature data with Labview. 

6. Turn on cryocooler helium pump. 

7. Turn on cryocooler cold head. 

8. When the inductor achieves steady state operation, turn on bulk plate 

heaters. 

9. Monitor bulk plate temperatures, must remain at ~100 K, control the 

temperature with the power source. 

10. Activate the pancake heaters and operate for 10 minutes. 

11. Turn off the bulk plate heaters. 

12. Monitor temperatures until steady state is achieved. 

 

5.6 Construction Summary 

 

A full-scale thermal mockup was constructed to validate the model of the motor 

design. The entire cooldown schedule will be tested. The construction of the mockup 

motor has been given in detail. The mockup will be fitted with sensors in the locations 

given to determine the temperature gradients in the transient and steady state cooling 

experiments. The heat loads will be applied according to the cooling schedule to simulate 

the electro-magnetic inductor startup. The experiment will be run utilizing the facilities 

discussed above. The thermal sensors on the HTS components will give the temperatures 

of the transient cooldown and will verify that the simulations are correct. The 

experimental results will then be compared to the simulation results to validate the 
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simulations and provide a proof-of-principle that the motor can power an aero-vehicle. 

This experimental data will prove the viability of the motor, the cooling apparatus, the 

use of conduction cooling to trap flux in the motor, and the 3-stage cooling process. 
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CHAPTER 6 RESULTS OF CONDUCTION-COOLING 

EXPERIMENT 
 

6.1 Introduction 

 

Presented above is a full-scale thermal mockup, constructed to validate the 

simulation results of the motor design. The motor was constructed with an emphasis on 

reducing the deleterious contact resistances that can form. The simulation results shown 

above in Section 4.4 were calculated with no contact resistances and these resistances 

must be found experimentally. The experiment was run in the manner illustrated in the 

step-by-step process given in Section 5.5. The results of the transient cooldown of the 

mockup inductor are shown below. 

 

6.2 Results 
 

The inductor begins at room temperature and is cooled until the steady state temperature 

is achieved. The data from the cooldown simulation timeline is shown in Figure 6.1.  

 

 

Figure 6.1 The simulated results of the inductor cooldown. 
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The transient timeline of the experimental data is shown in Figure 6.2. The timeline 

contains the temperatures from eight thermal sensors located on the inductor to provide 

the thermal distribution and temperature gradients. The locations of the thermal sensors 

can be seen in Figure 6.3 and these sensor locations in the experiment match the locations 

of the simulations with the addition of a sensor on the coldhead. The data in Figure 6.2 

does not include temperatures outside of the range of the calibrated RTD curves (~160K). 

After the initial steady state temperature is achieved, the YBCO plates are heated until a 

temperature of ~100K is reached. The pancake heaters are then activated. The YBCO 

plates remain heated for 10 minutes and then are allowed to cool. The entire inductor then 

achieves the final steady state temperature.  

 

 

Figure 6.2 The experimental cooldown of the inductor from room temperature to final steady state 

operation. 
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Figure 6.3 The experimental thermal sensor locations on the mockup inductor. 

 

The initial cooldown to steady state temperature took ~ 7 hours, while the 

expected cooldown from the simulation was 5 hours. After the initial cooldown is the 3-

stage cooling process in which the YBCO plates must be heated. A closer examination of 

the timeline is shown in Figure 6.4 to study more closely the thermal profile and 

temperature gradients in the inductor during this process. At 7 hours the YBCO heaters 

were activated and the YBCO plates achieved a temperature above the critical 

temperature at ~7.2 hours. The pancake heaters were then activated and the YBCO 

heaters were deactivated at ~7.5 hours. The final steady state temperature of the inductor 

was achieved at ~ 9.25 hours. The final steady state temperatures are given in Table 6.1. 

The temperature of the cold head 13K, the temperature of the bottom cylinder was 35K, 

and the temperature of the bottom pancake was 47K. 
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Figure 6.4 The experimental temperatures during the 3-stage cooling. 

 

Table 6-1 The final steady state temperatures of the inductor. 

Location of 

Temperature 

Experimental 

Temperature (K) 

1. Top cylinder 32 

2. Bottom cylinder 35 

3. Top pancake 50 

4. Top YBCO plate 44.5 

5. Middle pancake 51 

6. Bottom YBCO plate 45 

7. Bottom pancake 47 

8. Cold head 13 
 

 In addition to the temperature at the locations in the inductor, it is also important 

to examine the temperature gradients in the inductor. The temperature difference from 

location 2. Bottom cylinder to location 7. Bottom pancake was 12K. The temperature 

difference from location 2. Bottom Cylinder to location 6. Bottom YBCO was 10K. The 

values of the critical temperature gradients in the inductor can be seen in Table 6.2.   
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Table 6-2 The temperature gradients from the center cylinder to the HTS materials. 

Location of  

Temperature Difference 

Experimental 

∆T (K) 

8. Coldhead to 1. Top Cylinder 19 

1. Top cylinder to 2. Bottom cylinder 3 

1. Top cylinder to 3. Top pancake 18 

1. Top cylinder to 4. Top YBCO 12.5 

2. Bottom cylinder to 6. Bottom YBCO 10 

2. Bottom cylinder to 7. Bottom pancake 12 
 

 

6.3 Examination of Experimental Results 
 

The experimental data presented above used Cernox RTD sensors to determine 

the temperatures at the mockup inductor locations shown in Figure 6.3. These sensors are 

very accurate (±0.1K) but can give inaccurate readings due to the difficulty in attaching 

the sensors to the apparatus. In particular, the locations 1. Top cylinder, 4. Top YBCO 

plate, and 6. Bottom YBCO plate were difficult to keep in contact to the apparatus during 

experimentation. Thermal paste and Kapton tape were used to enhance and hold the 

sensors in place at these locations but the thermal paste decreases the effectiveness of the 

tape adhesive. The inconsistency of the tape to hold the sensors in the prescribed 

locations plagued the experiment. Fortunately, when the sensors became detached during 

experimentation there was an obvious increase in the temperature reading. The remaining 

five sensors were attached to the inductor with more confidence due to the ability to 

apply a consistent outer layer to the RTD (such as the most outer layer of the pancake 

winding). The error of these three sensors could therefore be greater than the expected 

accuracy and on the order of ±0.5K, but the sensors did remain attached during 

experimentation.  

The support plate used to hold the mockup inductor during experiments was also 

considered for possible discrepancies to the expected values. The support plate, seen in 

Figure 6.5, is an aluminum plate that was required to remove the weight of the mockup 

inductor from the coldhead. The support plate hangs from the cryostat top plate by rods 

that used G10 intercepts to remove the conduction heat load. Furthermore, the use of a 

G10 block as a medium between the support plate and the thermal mockup was also used 
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to reduce the heat load on the mockup. Also on the support plate were junctions for the 

wires entering the cryostat to measure the voltage output of the RTDs and apply the 

current to the heaters. Two junctions were used to ease the outfitting of the mockup 

inductor. The wires used for the thermal sensors were very small diameter 

(monofilament) but the four heater wires used were larger in diameter (16 gauge) in an 

effort to not have a burnout during experimentation. Despite these efforts to reduce the 

conduction heat transfer from the support plate to the mockup inductor the data suggests 

that there is a significant heat load.  

 

 

Mockup 

inductor 

 

Hanging rod to 

cryostat top 

plate 

 

G10 support 

 

Support plate 

 

Wire junction 

Figure 6.5 The support plate and bottom of the inductor shown to illustrate the conductive heat load. 

 

The amount of heat transferred from the support plate to the mockup inductor 

must be determined. The locations of sensors 1. and 2. on the inductor aluminum cylinder 

can provide insight into the experiment. These two sensors are critical because the 

sensors are attached to a single object and are not subject to any construction formed 

contact resistances. The experimental data show that the final steady state gradient down 

the length of the inductor was 3K given by temperature sensors at locations 1. and 2. The 

heating power to cause this temperature gradient in the Al-6061 cylinder is ~7.3 W. The 

steady state heat load from the pancake heaters is known to be 1.8 W. There is therefore a 

heat load of ~5.5 W unaccounted for.  
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To verify that the conduction heat load from the support plate to the inductor is 

~5.5 W, another calculation is needed. The conduction heat load from the support plate to 

the inductor is calculable by the temperature gradients in the experiment before the 3-

stage cooling. At this time, seen in Figure 6.4 at ~6.4 hours, the only heat load on the 

system is the conduction heat load from the support plate. However, using the 5.5 W heat 

load would cause a temperature gradient from location 1. to 2. of 2.25 K. The 

experimental data suggests this temperature gradient is accurate but is not reliable since 

the difference falls within the inaccuracy of the temperature measurements. Further data 

analysis is needed with a greater heat load.  

The support plate did not use any radiation shielding on the bottom (opposite side 

of the mockup) or sides of the plate. While the mockup inductor was shielded with MLI, 

the radiation heat load on the support plate was ignored. The support plate could 

therefore be assumed to be ~77 K since the surround environment (liquid nitrogen cooled 

walls of the cryostat) was kept at 77 K. Using this constant temperature assumption for 

the support plate, additional heat loads on the mockup inductor can be calculated.  

Using the assumption that the support plate is at 77 K and knowing the 

temperature at location 2. Bottom cylinder, the heat load can be determined. The 

conduction load from the support plate to the mockup inductor through the G10 block is 

calculated to be 1.2 W. Again if the wire junctions that sit on top of the support plate are 

assumed to be 77 K, the calculated conduction load through the four heater wires is 1.05 

W each. The total heat load calculated from the G10 block and the heater wires is 5.4 

Watts, closely matching the 5.5 W measured in the experiment. 

This total heat load of 5.4 W on the inductor from the support plate was not 

considered in the original calculations and uses the assumption that the support plate is a 

constant temperature of 77 K. To verify that the heat load is accurate, consider the 

cooling power of the cryocooler. The cryocooler cooling curve from the manufacturer 

shown in Figure 4.2 shows that at 20K the cooling power is 40 W and at 10 K the cooling 

power is 0 W. The heat load on the inductor is the greatest when the YBCO heaters and 

pancake heaters are activated. The total load on the inductor, with the addition of the 

conduction heat load from the support plate is ~ 15 W. The total heat load on the inductor 

can be seen at hour 7 in Figure 6.4, the 3-stage cooling timeline. At this time, the 
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cryocooler reaches a temperature of ~ 16 K. The cooling power curve of the cryocooler is 

in agreement with the 15 W total heat load on the inductor. 

The temperature gradient in the aluminum cylinder from location 1. to 2. is 3 K 

and is caused by the heat load from the support plate. The support plate is required to 

reduce the weight on the coldhead but causes a heat load of ~5.5 W. This heat load is 

shown in the temperature data given in Table 6.2, is calculable if the support plate is 

assumed to be 77 K, and can be seen with the greatest heat load on the cryocooler cooling 

power. The heat load from the support plate greatly influenced the experiment.  

 

6.4 Discussion of Experimental Data vs. Simulation Data 
 

The experimental data shown above did not meet the requirements for the steady 

state inductor design. The final steady state temperatures of the HTS components were 

higher than expected from the simulation data. The comparison of the experimental and 

simulation temperatures can be seen in Table 6.3. Table 6.4 compares the experimental 

and simulation temperature gradients found. The temperature of the BSCCO pancakes 

were ~15K greater than the requirement for the inductor design and 30K greater than 

predicted by the simulations. The temperature of the YBCO plates from the experiment 

was 5K greater than the design specifications and ~20K greater than the simulation 

predicted. Finally, comparing the cylinder temperatures show that the aluminum is ~ 14K 

more than the simulation predicted. Important to note is that the cold head temperature in 

the experiment is shown to be 13K, nearly as expected from the calibration curve 

supplied by the manufacturer and the simulated data that predicted 10K.  

 

 

 

 

 

 

 

 

 

 81



Table 6-3 Comparison of the steady state temperature data from the experiment and the simulation 

results. 

Location of 

Temperature 

Experimental 

Temperature (K) 

Simulation 

Temperature (K) 

Texp - Tsim 

(K) 

1. Top cylinder 32 19.75 12.25 

2. Bottom cylinder 35 20.5 14.5 

3. Top pancake 50 21 29 

4. Top YBCO plate 44.5 23.75 20.75 

5. Middle pancake 51 21.25 29.75 

6. Bottom YBCO plate 45 24 21 

7. Bottom pancake 47 22 25 

8. Coldhead 13 10 3 
 

Table 6-4 Comparison of the steady state temperature differences in the experimental and simulation 

results. 

Location of  

Temperature Difference 

Experimental 

∆T (K) 

Simulation 

∆T (K) 

8. Coldhead to 1. Top cylinder 19 9.75 

1. Top cylinder to 3. Top pancake 18 1.25 

1. Top cylinder to 4. Top YBCO 12.5 4 

2. Bottom cylinder to 6. Bottom YBCO 10 3.5 

2. Bottom cylinder to 7. Bottom pancake 12 1.5 
 

 The contact resistance formed with the copper connection piece and the contact 

resistances formed in the inductor can explain the differences in the experiment and 

simulation results. The cryocooler cold head should connect directly to the conduction 

device designed to cool the HTS materials, however the experimental facilities require 

the use of a connection piece. This connection piece is a copper slab that induced a 

greater temperature gradient than simulation data, which assumed a direct connection to 

the apparatus. The losses come from the 2 required connections (1 to the cold head and 1 

to the mockup inductor) and the required offset distance of the mockup inductor 

compared to the coldhead. These contact resistances from the cold head explains the 

overall increased experimental temperature of the mockup inductor compared to the 

simulation data and is shown by the increase in temperature of the cylinder temperatures 

(locations 1 and 2). 

 The second source of the disparity between the experimental and simulation 

results is the contact resistances formed in the mockup inductor during construction. The 

contact resistances were considered a priority when constructing the mockup, however 
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lack of skill and experience caused the overall temperature gradients from the cylinder to 

the mockup HTS components to be greater than expected from the simulations. The 

disparity can be seen in Table 6.4, which compares the temperature differences of the 

experiment and the simulations. The temperature differences across the cylinder to the 

outside windings of the pancakes were much greater than expected. This is caused by the 

method of wet winding (epoxy should be used instead of the thermal varnish) and also 

the actual winding procedure. The construction performance can be quantified as the first 

coil wound was the top pancake and the final coil wound was the bottom pancake. There 

is a vast difference in the contact resistance seen in the top coil compared to the bottom 

coil that results in a temperature difference of 18K and 12K, respectively. An 

experienced technician could improve upon these contact resistances that were formed in 

the mockup HTS components. The actual contact resistances found in the experiment are 

quantified below. 

 Before quantifying the failures of the mockup inductor, examine the temperature 

gradient that was successfully achieved during the 3-stage cooling. Despite the contact 

resistances, a temperature gradient of >40K from the mockup YBCO plates to the 

mockup pancakes was achieved. In Figure 6.3, the temperature of the mockup YBCO 

plates were increased over 100K while the mockup BSCCO pancakes were held to near 

50K. The viability of the 3-stage cooling remains feasible despite the deleterious aspects 

formed during construction and experimentation. In principle, the 3-stage cooling is 

successful.  

 

6.5 Quantifying Contact Resistances 
 

   To quantify the contact resistances in the inductor and from the connecting plate 

from the cryocooler to the inductor a 2-dimensional, rotational model was created, seen 

in Figure 6.6. The use of the 3-dimensional analysis that included contact resistances 

proved difficult due to the complexity of the simulation. Modeling the contact resistances 

as thin shells of materials also proved unsuccessful. The change from a 3-D model to 2-

D, rotational does little to affect the outcome of the final steady state performance since 

the only geometry changed is the YBCO plates (becoming rings). The cooling power of 
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the cryocooler is slightly modified in scale since the surface area of the cooling is altered 

by the change in model from 3-dimensions to 2-dimensional, rotational. This model will 

be used to determine the contact resistances by analyzing the final steady state 

temperatures at the locations previously measured.  The model uses rough estimates of 

the contact resistance calculated from a resistive network to determine the temperatures 

of the HTS components. By iteration, the model is run to determine the temperatures of 

the HTS components and compare to the experimental values. Important to note, this 

model is only used to determine the contact resistances from the cryocooler to the 

inductor and the contact resistances formed during construction. 

 

 

Figure 6.6 The 2-D rotational model developed to determine the contact resistances. 

 

 The results from the simulations can be seen in Figure 6.7, the thermal profile of 

the inductor with the contact resistances added. The temperatures of the HTS components 

in the profile match the experimental temperatures found. The contact resistance from the 
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coldhead was estimated from the experimental data to be 7K/W. This contact resistance 

was added in the simulation to capture an accurate temperature profile of the inductor. 

The contact resistances formed in the construction of the inductor are listed in Table 6.5. 

Notable is the contact resistance from the top cylinder to the top pancake of 12 K/W and 

the bottom cylinder to the bottom pancake of 9 K/W.  With the experimental contact 

resistances found, a modification of the design can be shown that will increase the 

cooling to the HTS pancakes and a final design can be presented.   

 

 

Figure 6.7 The 2-D, rotational inductor model with contact resistances and reduced cooling matching 

the experiment. Temperature profile in Kelvin shown by the color density. 
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Table 6-5 The contact resistances in the inductor found through the 2-D simulation. 

Location of Contact Resistance Estimated Contact 

Resistances to Match 

Experimental Results 

8. Coldhead to 1. Top cylinder  7 K/W 

1. Top cylinder to 3. Top pancake 12 K/W 

1. Top cylinder to 4. Top YBCO plate 4 K/W 

2. Bottom cylinder to 6. Bottom YBCO plate 4 K/W 

2. Bottom cylinder to 7. Bottom pancake 9 K/W 

 

6.6 Improved Design of Inductor 
 

The final steady state temperature achieved in the inductor was greater than 

expected and was caused by contact resistances formed during construction, the contact 

resistances using a copper plate connection piece, and a conduction heat load from the 

support plate. While better construction techniques could greatly enhance the heat 

transfer by limiting the contact resistances, the conduction apparatus requires some 

design modifications. The overall performance during the 3-stage cooling procedure 

proved successful by maintaining the required temperature gradients to trap flux in 

YBCO plates. However, the lowest temperatures achieved did not meet the design 

specifications.  

The redesigned cooling apparatus is shown in Figure 6.8 (a) alone and with the 

HTS components (b). The redesign removes portions of the G10 rings not required in 

supporting the YBCO plates. The removed G10 sections are replaced with screws that 

attach metal surfaces or flanges to the outer radius of the BSCCO pancakes. The use of 

metal screws is beneficial because good thermal contact is made with the central cylinder 

and provides a viable source of cooling power to the outer radius of the pancakes. 

Additionally, the screws may be tightened to provide greater pressure on the flange 

surface that connects to the outer radius of the pancake, enhancing the thermal contact to 

the HTS materials. Using indium wire, indium foil, or epoxy to enhance the thermal 

contacts to the outer radius will increase the heat transfer.   
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a      b 

Figure 6.8 The redesign of the inductor illustrated without the HTS components (a) and with the 

HTS components (b). 

 

 Simulations were then performed on the new inductor design that implemented 

the contact resistances and cooling performance seen in the experimental results. The 

simulations were performed in the 3-dimensional analysis as necessitated by the complex 

design. The contact resistances from the cylinder to the pancakes were taken into account 

into the thermal conductivity of the pancakes. In similar fashion, the contact resistances 

from the cylinder to the YBCO plates were taken into account in the G10 thermal 

conductivity. Using the thermal conductivity of the pancakes to replace the resistance 

network is problematic since the local cooling on the exterior radius of the pancakes is 

not on the entire radius, but limited to the point of contact by the flange. An extra thermal 

resistance in the conductivity that does not exist hinders the heat transferred radially to 

the entire pancake. However, this provides a benchmark as a conservative approach to the 

amount of cooling provided to the pancake in that the contact resistance occurs 

everywhere, including the local cooling on the exterior of the pancake. Also, this model 

uses the contact resistances found experimentally and does not assume any improvement 

in the winding of the coils.  

 The simulation results of the redesigned inductor can be seen in Figure 6.9. The 

temperature profile was generated using the contact resistances in the inductor and the 
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contact resistances from the copper connection piece from the coldhead to the mockup. 

There is great improvement of the pancake temperature locally where the flange meets 

the exterior radius. On the top and middle pancakes, the temperature was significantly 

reduced (>40K) and an improvement of 10K was achieved. Due to geometry, there is a 

great difference in the top and middle pancakes compared to the bottom pancake. The 

flange locally cools the pancakes where it is in contact. However the average temperature 

profile seen in this cross-sectional slice of the bottom pancake and the temperature is 

much higher. The temperature profile of the entire bottom pancake can be seen in Figure 

6.10. This profile shows that the amount of heat transfer in the radial direction of the 

pancake is quite good where the flange cools the pancake locally. However, there is very 

poor heat transfer in the theta direction. This is caused by the reduced conduction 

coefficient for the pancake. Finally, there was improvement in the YBCO temperatures, 

but not enough to meet the specifications. The contact resistances from use of a copper 

connector and heat load from the support plate needs to be improved for the design 

requirements to be met.  
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Figure 6.9 The temperature profile of the redesigned inductor with the experimental contact 

resistances from the coldhead to the inductor. 
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Figure 6.10 The temperature profile of the bottom pancake with the experimental contact resistances 

from the coldhead to the inductor. 

 

 The simulation was repeated with 4K/W instead of the 7 K/W found in the 

experiment to determine if acceptable temperatures of the HTS components were 

achieved. The thermal profile of the inductor can be seen in Figure 6.11. With the 

increased cooling power, the hot spot of the inductor again occurs on the bottom pancake. 

The temperature is ~42K, still greater than the motor specifications. The temperature of 

the YBCO plates is 37K. The reduced contact resistances allowed the inductor to meet 
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the specifications of the motor design with the exception of the gradient in the pancake. 

Figure 6.12, shown below, is the temperature profile of the bottom pancake.  

 

 

Figure 6.11 The temperature profile of the redesigned inductor with 4K/W contact resistance from 

the coldhead to the inductor. 
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Figure 6.12 The temperature profile of the bottom pancake with 4K/W contact resistance from the 

coldhead to the inductor. 

 

 Seen in Figure 6.12, the temperature gradient in the pancake is not accurately 

modeled since contact resistances were added to the thermal conductivity of the pancake. 

To accurately model the pancake, a 3-dimensional model is built of just the bottom 

pancake to determine the temperature gradients. The design is the redesigned inductor 

with flanges that locally cool the exterior radius of the pancakes. The model used a 

temperature boundary condition on the aluminum center and local cooling flanges and 

has accurately modeled the contact resistances and thermal conductivities. The 

temperature boundary condition comes from the modeling results that used 4 K/W 
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contact resistances from the copper connection piece. The contact resistances were 

determined from the experiment. The temperature profile of the pancake at the final 

steady state conditions can be seen in Figure 6.13. 

 

 

 

Figure 6.13 The bottom pancake with contact resistances and accurately modeled thermal 

conductivity. 

  

 From Figure 6.13 shows an evenly distributed thermal profile in the pancake that 

accurately describes the physics of the temperature distribution. Instead of a thermal 
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network, the thermal conductivity and contact resistances are accurately modeled. The 

contact resistances are shown by the drastic gradient from the cooling sources (the central 

cylinder and the outside cooling flanges) to the pancake windings. The highest 

temperature on the pancake is <40K instead of the previously modeled 42K. This 

temperature is acceptable for the design requirement of the HTS motor.  

 

6.7 Sizing the Cryocooler 

 
The cryocooler used in the experiment is a 2-stage G-M type and was produced 

by Cryomech. The cryocooler used was available in-house and not specifically sized for 

the experiment. The size of the cryocooler system is critical for this study due to the 

motivation and application of this research and the weight must be minimized in aero-

propulsion. The sizing of the cryocooler is based on the inductor heat loads measured in 

the experiment. These heat loads, at the greatest during the 3-stage cooling, were 

measured to be ~15W and is required at 35K. This heat load assumes the heat load from 

the support plate holding the experiment, which provides a conservative estimate. The 

cold head is assumed to be connected directly to the to the inductor so that the contact 

losses are minimized.  

A survey produced in 2002 examined 235 cryocoolers on a basis of mass, volume, 

cooling power, and temperature [19]. The survey provided estimations of the cryocooler 

system mass and volume based on the operating temperature and cooling power. The 

relationship for mass can be seen in Equation 6.1. 

1275.0*009.0*0533.0 **157
+−= T

C

T Qem      (6.1) 

In Equation 6.1, m is the mass in kg, T is the temperature in K, and QC is the cooling 

power of the cryocooler. The volume of the cryocooler can be found in Equation 6.2 

where volume V is given in liters. 

  V         (6.2) m*25.1=

Using Equations 6.1 and 6.2 to size the cryocooler for the cooling requirements gives a 

mass of 80 kg and a volume of 100 liters. This cryocooler mass and volume are 

calculated from the survey data and allow for the estimation in the overall aero 

design[19]. 
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6.8 Cooling Experiment Discussion and Conclusions 
 

An experiment was performed to validate the simulation data that aided in the 

design of the conduction cooling apparatus. The experiment exposed the contact 

resistances that occurred during the construction of the inductor and the mockup HTS 

materials. Additional heat loads were determined from the experiment caused by the 

aluminum support plate. The experimental steady state temperatures were found to be 

greater than the original simulations predicted. The increased steady state temperatures 

are due to the contact resistance from the cylinder to the HTS materials (both pancakes 

and YBCO plates) and from the copper connection piece joining the coldhead and 

mockup.  

The conduction cooling apparatus was redesigned with an emphasis on cooling 

the exterior radius of the pancakes by using an extended surface from the central 

cylinder. Flanges, connected to the central cylinder via screws, locally cool the outer 

radius of the pancakes. First, the new design was simulated by using the thermal 

conductivity of the pancakes to model the thermal resistive network. Later, by use of a 

simpler model, the thermal resistive network was analyzed separately and the redesigned 

inductor was proven successful.   

The experiments proved that the inductor could support the necessary temperature 

gradients required for the 3-stage cooling. The mockup YBCO plates were successfully 

kept above the critical temperature while the BSCCO pancakes remained at a relatively 

much lower temperature. The temperature gradient achieved, while not as large as 

expected, allows for flux trapping in the YBCO plates from an applied field from the 

BSCCO pancakes. The 3-stage cooling was proven successful by the experiment and the 

proof-of-principle of the motor design is valid. With the addition of the conservatively 

redesigned inductor, the motor inductor could support the necessary transient temperature 

gradients and adequately cool the heat loads during steady state operation.   
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CHAPTER 7 YBCO TRAPPED FLUX STABILITY 
 

 

7.1 Motivation and Background 

 

The use of trapped-flux in single domain, bulk YBCO plates is an integral design 

characteristic of the HTS motor, seen in Figure 7.1. The YBCO plates undergo the field 

cooling technique to trap the flux from an applied magnetic field from BSCCO. Trapped-

flux in YBCO via FC requires a magnetic field be applied to a sample as it is cooled 

through the transitional critical temperature. Then the applied magnetic field is decreased 

and the YBCO sample becomes a trapper flux magnet (TFM). The motor inductor 

focuses the magnetic field radially outward from the YBCO plates to generate the torque 

on the armature. The FC method provides powerful magnetic fields while requiring 

smaller applied magnetic fields compared to other flux trapping methods, such as pulse 

magnetization. The magnitude of the magnetic field in the YBCO plate is a function of 

the applied magnetic field and the operating temperature. The FC technique requires that 

the YBCO plates remain above the critical temperature (92K) while the applied magnetic 

field is activated. Since the applied magnetic field in the inductor is generated by the 

BSCCO pancakes working at their operating temperature (~35K), this creates a large 

temperature gradient in the inductor. FC in the inductor requires the 3-stage cooling 

process. The cooling of the YBCO plates, temperature gradients, and 3-stage cooling 

have been described in Section 3.2 but an investigation of the thermo-magnetic stability 

of the plates is needed. The stability of a TFM depends greatly on maintaining the 

operating temperature and therefore this investigation focuses on the effect heat input into 

YBCO. 
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Trapped flux in YBCO 

plates will be tested 

for stability 

Figure 7.1 The motor inductor uses trapped flux in YBCO plates. 

 

The possibility of instability in YBCO plates has been shown in previous studies, 

such as [55]. Onset of instability in the plate can cause a decreased system performance 

or even catastrophic failure. A common instability in trapped flux HTS bulk material is 

“flux jumping,” or a sudden complete or partial loss in magnetic field. The aero-

propulsion intention of the motor is compelling reason for some investigation of the 

possible catastrophic failure of the YBCO trapped flux.   

To experimentally investigate the thermal instabilities of trapped flux in bulk 

YBCO plates, heat is transferred into a sample plate that has a trapped magnetic field by 

the FC method. The change in temperature and magnetic flux is measured for various 

operating temperatures. A map will be created in which the limits of stability will be 

determined in the YBCO sample plate as a function of trapped magnetic flux, operational 

temperature, and energy input via heat transfer. The change in magnetic stored energy 

and energy input are found and plotted on the stability map. A model is then created to 

illustrate the physics of the phenomena seen in the data. The experimental results are then 

compared to the modeled results and future experimental data can be predicted and lead 

to more effective designs. The details of the YBCO trapped flux instability experiments 

are given below. 
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7.2 Experimental Setup and Facilities 
 

The YBCO sample is a single domain disc with a diameter of 21 millimeters and 

a thickness of 8 millimeters, seen in Figure 7.2. The sample is placed inside a Quantum 

Design PPMS vacuum chamber with a helium gas flow temperature controllability range 

of 300 to 4.2 Kelvin, seen in Figure 7.3. The sample has two Hall probes and one RTD 

attached to the top and a heater attached to the bottom. The Hall probes measure the 

localized magnetic flux trapped in the plate. The RTD outputs a voltage that has been 

previously calibrated to a temperature curve.  

 

 

Figure 7.2 The bulk YBCO experimental sample to test the stability of trapped flux via FC. 

 

 

Figure 7.3 Sample test chamber and diagram of inner cooling apparatus [73]. 

 

 98



Additionally, the RTD is attached to the plate with thermal grease to increase the thermal 

contact to the sample and accurately record the temperature. The schematic for the 

sample can be seen in Figure 7.4. The heater is a wound nichrome wire that acts as a heat 

pulse, and is discussed in depth below. The sample is supported on an acrylic base that is 

attached to the top of the chamber by a G10 rod. The G10 rod therefore has one end at 

~300K (room temperature) and the other end at cryogenic temperatures. The G10 rod has 

a low thermal conductivity and reduces the conduction load on the sample. The vacuum 

chamber is 2.7cm in diameter and 88cm in length. The helium gas flows from the bottom 

of the chamber upwards and cools the sample by convective heat transfer. The applied 

magnetic field is a superconducting coil surrounding the vacuum chamber and has an 

operational range of 0 to 7 Tesla. 

 

 

Figure 7.4 The sample with the sensors attached at the top and heater at the bottom. 

 

The heater transferring energy into the sample is composed of wound nichrome 

wire insulated by Kapton tape. The heater is located in-between the sample and the 

support structure. The use of nichrome wire as a heater is problematic because of the wire 

locally heating to a high temperature and breaking, so leads were used in the sample 

support. The nichrome wire is not cooled enough by the convective heat transfer from the 

helium gas flow. Leads do not generate heat as the nichrome wire does and therefore do 

not break if only cooled by convective helium gas. The local over-heating of the 

nichrome wire occurs because the wire area is too small to remove the heat convectively. 

Therefore the leads were connected directly adjacent to the sample plate. However, 

nichrome wire must be used due to limited size and operating space. Additionally, the 

wire is not perfectly contacting the sample or sample support, so hot spots will form and 
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the wire will break. Even with the heater leads and enhancing the thermal contact to the 

sample, the heater will still break after multiple heat inputs, and this is unavoidable. 

When the wire breaks, a new heater must be used and the sample must be taken out of the 

chamber and sensors must be reattached. 

During a pulse, the heat transferred to the sample is not complete. Conductive 

losses in the heater leads and the heat transferred to the sample support can represent a 

very significant amount of energy. The minimum energy to raise the sample temperature 

on the RTD, which is located across the sample thickness from the heater, is about 10 

Joules. However, the exact amount of energy to the sample support is unknown so all 

energy values given are calculated directly from the voltage capacitor bank. The pulse 

energy to the heater from the capacitor bank is given by the following equation: 

2

2

1
cVEin =         (7.1) 

where c is the capacitance and V is the voltage across the bank. The time for the capacitor 

bank to discharge was 0.1 seconds. The voltage across the capacitor bank allowed control 

of the energy into the heater. Due to the large amount of energy, an electronic gate was 

used to ease the heat impulse into the heater. 

The sample chamber is convectively cooled by a controllable helium flow. This 

helium mass flow is automatically controlled by the systems controls and cannot be 

altered. Due to the conduction through the sample support and the wires for the 

measurement devices, the steady state sample temperature is higher than the chamber’s 

temperature. At low temperatures the temperature difference can be as much as 8K 

(chamber temperature 6K and the sample temperature 14K). This is important to note 

because the heat transfer from the helium gas to the sample can be significantly different. 

Additionally, the helium gas is always flowing and cooling the sample, even during the 

heat input. However, the heat transfer from the gas was not large enough to disturb the 

energy impulse from the heater during the experiments. 

The experimental procedure begins by trapping flux in the plate. The flux is 

trapped in the sample by field cooling; 7T is applied while the sample temperature is at 

95K; temperature is then ramped down to the desired level for the experiment. The 

applied magnetic field is then ramped down to zero and the flux remaining trapped in the 
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plate is measured. Hall probes output voltages are recorded along with the sample 

temperature coming from an RTD. The trapped flux at this point represents flux that has 

fully penetrated the sample. The first experiment consists of determining the variation of 

the trapped flux magnitude versus temperature so a proper range is known for the next 

experiment. The curve is important because slight variations in the manufacturing process 

of the sample can cause strong variations of performance. 

After the flux is trapped at the desired temperature, an electric pulse is inputted to 

a heater attached to the bottom of the sample. The transient voltage from the two Hall 

probes and the temperature are recorded immediately after the heat pulse. The current 

redistribution, the flux loss, and possible quench will be investigated for different 

temperatures. The sample is then heated above the critical temperature and the process 

begins for the next datum point. The procedure is given below assuming the temperature 

of the chamber is above the critical temperature. 

1. The applied magnetic field is ramped up. 

2. The temperature of the chamber is decreased to the operating temperature. 

3. The applied magnetic field is then ramped down to zero. 

4. The heat impulse is applied to the sample. 

5. The change in magnetic flux is measured. 

6. The temperature is raised above the critical temperature. 

The magnetic field in a plate that has trapped flux from FC has a profile that 

varies with the radius, previously discussed in Section 2.2. If the plate is fully current 

saturated, the greatest magnetic field occurs in the center of the plate and the minimum 

occurs at the edge. The magnetic flux versus the radius can be approximated from Bean’s 

model, seen in Figure 7.5. 
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Figure 7.5 The theoretical magnetic field profile in a TFM with full current penetration. 

 

The instabilities of the sample were quantified by the change of trapped flux after 

the heat was inputted into the system. Various radii were studied with the majority near 

the edge and the center. This provides good results, however the specific instabilities of 

quench or flux jumping were not studied. The instabilities were also only examined from 

the surface of the sample, thus finding only local data and not averaged for the sample. 

Since the largest field is in the center, unless noted otherwise, magnetic field data is from 

the center, or as near the center as possible, of the sample. 

 

7.3 Stability Experimental Results 
 

The trapped flux in the YBCO sample recorded from the Hall probes is shown in 

Figure 7.6. The sample exhibits a maximum of ~2.8T at 32K with a close to linear 

decrease along the radius. At 58K, ~1.2T is trapped as critical current density decreases 

with temperature. The data points represent the locations at r/R = 0, or near the center 

(the maximum), to r/R =1 near the edge of the sample.  These curves match the 

theoretical FC profile of the magnetic field versus the radius shown in Figure 7.5. These 
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data are recorded without any heat impulse to the sample and only for the two 

temperatures: 32K and 58K. 

 

 

Figure 7.6 The trapped flux in the YBCO plate, fully saturated current. 

 

The data in Figure 7.7 show the trapped flux density for different radii of the 

sample versus the operating temperature. The maximum-trapped flux curve for the 

sample is given in Figure 7.7, at the center (r/R = 0). The evolution of the maximum-

trapped flux magnitude versus temperature is not linear due to the non- linear variation of 

the critical current density of YBCO with temperature. The curves in Figure 7.7 are fit to 

the data to illustrate the non-linearity of the trends. Again no heat was added to the 

sample for this data. 
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Figure 7.7 The flux density in the sample as a function of operating temperature. 

 

Since the maximum-trapped flux occurs at the center, it is useful to see the 

comparison of the experimental data and the published Can Superconductor (the 

manufacturer) expected values. Figure 7.8 shows the data of the maximum-trapped flux 

for both the experiment and the manufacturer’s expected values. It should be noted that 

the expected values are not from a calibration curve but an expected data set from a 

typical plate. At lower temperatures, the experimental values are slightly less than 

expected from the manufacturer. Additionally, error bars are added to the data and the 

error analysis can be seen in Appendix B. Data from Can Superconductor illustrates that 

the trapped flux does not vary linearly with the operational temperature.   
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Figure 7.8. The maximum trapped flux versus the temperature for the experiment and 

manufacturers published data. 

 

Now consider the effect of the heat impulse when the YBCO plate is fully 

saturated in current. The current density decreases locally leading to energy dissipation 

and hence a decrease of the stored electromagnetic energy. Figure 7.9 shows the change 

in trapped magnetic flux versus the amount of energy inputted into the heater, or energy 

deposition.  The change in magnetic flux was measured for three temperatures: 80 K, 60 

K, and 30 K for various energy depositions. Figure 7.9 shows that the decrease of the 

trapped flux is proportional to the energy of the disturbance. The linear curve fit 

equations for 80 K, 60 K, and 30 K are as follows: 

80 K: 0031.0*0015.0 −=∆ INPUTTrapped EnergyB     (7.2) 

60 K: 208.0*0136.0 −=∆ INPUTTrapped EnergyB    (7.3) 

30K: 264.0*0349.0 −=∆ INPUTTrapped EnergyB    (7.4) 
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Figure 7.9 The change in magnetic field for 80K, 60K, and 30K versus the heat energy input. 

 

As temperature changes, trapped flux magnitude changes and hence the 

electromagnetic stored energy changes. Figure 7.10 shows the change in magnetic field 

for a constant amount of energy deposition. 100 volts were applied across the capacitor 

bank representing 22 Joules of stored energy. The YBCO plate was, for each experiment, 

fully saturated and very different flux variations were measured. Greater variation 

occurred when the stored energy was larger. The flux variation decreased continuously as 

temperature increases. Consider now the ratio of the change in trapped flux over the 

maximum or original trapped flux. The sensitivity, S, is given in Equation 7.5 and can be 

seen in Figure 7.11. Since the data is normalized, the sensitivity gives a comparison tool 

for different operating temperatures of a TFM. Figure 7.11 is a plot of the sensitivity of 

the TFM versus the operating temperature for a constant heat input of 22J.  

iB

B
S

∆
=         (7.5) 

The data suggest a minimum for the sensitivity versus the operating temperature as 

shown in Figure 7.11. For a given energy deposition, the trapped flux variation is 

minimum in the temperature range 55-60 K, showing a better behavior in reaction to heat 
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disturbances. This is explained by the fact that as temperature increases so does the heat 

capacity of the sample. So, for a constant heat input, the temperature increase due to the 

heat pulse is decreasing as the experiment is performed at higher temperature. On the 

other hand, the JC is not decreasing as rapidly as the temperature increases, so in relative 

terms, there is a region of maximum stability as shown in Figure 7.11. At 60 K, a flux 

density of more than 5 T can be trapped in large YBCO plates and benefit power 

applications with a limited cooling system and higher stability. 

 

 

Constant energy in = 22J

Figure 7.10 The decrease in magnetic field versus the operating temperature for constant energy 

deposition. 
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Constant energy in = 22J 

Figure 7.11 The sensitivity or normalized change of the stored magnetic flux versus the operating 

temperature. 

 

7.4 Stability Experiment Discussion and Conclusions 

 

The experiments presented here are for fully-saturated current, HTS bulk samples 

that have flux trapped via the FC method. The results have shown that at a given 

temperature, the decrease of the trapped flux is directly proportional to the energy 

deposition. Therefore the minimum energy to move the plate from superconducting to 

non-superconducting can be found from the curves of Figure 7.9. The sample does not 

undergo a “runaway quench” once the magnetic flux has been disturbed. The linear 

relationships given for the change in trapped magnetic flux versus the energy deposition 

have negative intercepts because the heat transfer to the sample is not ideal.  

Heat input to the sample had a much larger effect on lower temperatures because 

of the greater trapped flux and more magnetic energy being converted into thermal 

energy, as well as higher temperature increase due to lower sample heat capacity as seen 

in Figure 7.10. At low temperatures, greater flux was trapped but the trapped flux 

decrease still follows the linear curve. The trapped flux shows less sensitivity to a given 

heat disturbance around 57K corresponding to the minimum of the curve of Figure 7.11. 

Less sensitivity, perhaps, represents a maximum in stability and an optimal design point 
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for applications using flux trapping in bulk HTS. Therefore power applications using 

TFM should operate at a temperature at which trapped flux stability is maximized.  

The data represented above is purely experimental and some analysis of the 

physics is needed to fully understand the phenomena. In particular, the data illustrating 

the occurrence of a minimum when comparing the operating temperature versus the 

sensitivity in magnetic field must be further examined for validity, seen in Figure 7.11. 

Modeling the experiment allows the thermal and electro-magnetic physics to be 

uncovered and the most critical mechanisms to be fully understood. The development of 

the modeling work, discussed in detail below, will be compared to the experimental 

trapped-flux data. The models will attempt to fully explain the experiment and provide 

better results for future design work with TFM.  
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CHAPTER 8 MODELING THE STABILITY OF BULK 

YBCO 
 

 

8.1 Introduction to Stability Models 

 

The use of a bulk HTS plate with trapped-flux, or TFM, has many possible 

applications in and out of the field of power machinery. The ability of the TFM to 

maintain the magnetic field is critical to the performance. In the experimental data shown 

above, the sensitivity S of a TFM was plotted versus the operating temperature for a 

given heat input. The sensitivity, or change in trapped-flux divided by the initial trapped-

flux, was at a minimum near 57K and this represents a maximum in the stability of the 

TFM. This maximum stability point is possibly due to the competing effects of the 

specific heat and current density. The product of the specific heat and current density can 

be seen in Figure 8.1, which shows that a maximum occurs near 50K. To prove that these 

competing effects explain the experimentally found minimum S in the data and that the 

minimum is meaningful, two models have been developed. First, an analytical model 

uses an energy balance based on the heat generated from the loss in trapped flux. The 

second model uses a 3-dimensional simulation approach of the experiment utilizing 

commercial software. These two models will explain the physics of the experimental data 

from the fundamental phenomena. 
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Figure 8.1 The sensitivity minimum is a maximum stability point illustrated by the product of the 

thermal specific heat and the electro-magnetic current density. 

 

 Figure 8.1 illustrates the interaction of the two competing effects as an 

explanation of the minimum in sensitivity. The specific heat of the YBCO sample is 

directly dependent on the temperature. However, current density is a function of the 

temperature and magnetic field. From Bean’s model the local JC must be either zero or ± 

JC. The current density and trapped magnetic field lines in the sample are illustrated in 

Figure 8.2, which is the profile of a HTS bulk after the FC process has been applied. The 

current density is bound toward the edge of the sample due to the magnetic flux trapped 

in the center of the sample. The magnetic flux is greater in the center of the plate and this 

is supported by previous work. Figure 8.3 shows the trapped-flux via FC in a sample 

fully saturated in current [74]. The data in Figure 8.3 was obtained with a surface 

scanning Hall probe and the operating temperature was 77K. The sample was a YBCO 

disc with a diameter of 25mm and 13mm thickness. Therefore, the current density in the 

sample, before a heat pulse is inputted and at complete current saturation has the profile 

as seen in Figure 8.2. As stated previously, Bean’s model does not consider JC as a 
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function of magnetic field B. The actual current density in the plate deviates from Bean’s 

model. The models will help explain the effect of the heat pulse on the current density in 

the sample and determine the effect that the current density and specific heat have on the 

YBCO stability.   

 

Figure 8.2 The current density and trapped magnetic flux lines in the YBCO sample after 

undergoing the FC process. 

 

 

Figure 8.3 The trapped-flux in a fully saturated current, YBCO sample operating at 77K [74]. 
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8.2 Analytical Model Approach and Implementation 

 

An analytical model was developed to determine if the dependence on 

temperature of the specific heat and current density explains the overall trends found in 

the experimental data. The experiment is modeled by applying an energy balance to the 

YBCO plate as the heat pulse is added to the current saturated sample. The energy 

balance accounts for the heat impulse, the change in stored energy from the magnetic 

field, and the change in stored thermal energy, seen in Equation 8.1.  

ThermalMagneticin EEE ∆=∆+       (8.1)  

The energy balance has two states of the sample, the initial state before the heat input and 

the final state after the sample has achieved the maximum temperature from the energy 

input and magnetic-thermal energy dissipation. In the initial state, the magnetic flux has 

fully penetrated the sample. The current has fully saturated the plate, which mimics the 

experiment. The heat pulse is added and raises the temperature of the plate. As the 

temperature of the plate increase there is a decrease in JC of the plate and the stored 

magnetic energy. The decrease in the magnetic stored energy changes trapped flux to 

thermal energy and increases the temperature of the plate further. The final temperature 

of the plate is solved for using the energy balance. The plate is assumed to be in the 

critical state in the final state when the plate has achieved a maximum temperature, when 

the final temperature is achieved. The critical state assumption is a very generalized 

assumption and the validity of this assumption is discussed in detail below. This simple 

energy balance does not take into account any cooling on the plate: the process is 

assumed to be adiabatic. Thus, the model is a one-dimensional (radius) analysis of the 

energy balance that occurs before and after the heat impulse on a trapped flux, bulk 

YBCO plate. 

The ∆EMagnetic is the change in the stored magnetic energy in the sample from the 

initial state to the final state. JC can be calculated from the temperature with the 

assumption that the sample is always in the critical state, that is JC = JC(T). At a given 

temperature, JC is constant (or zero) and follows Bean’s model. However, the change in 

temperature allows for different values of JC and thus different values of stored magnetic 
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energy. The stored magnetic energy at a given temperature is calculated in the following 

equations [75]. Beginning with the stored magnetic energy, W, Equation 8.2: 

∫∫∫ •=
V

dVAJJW
vv

2

1
)(       (8.2) 

where J is the vector current density in A/m
2
, V is the volume, and A is the magnetic 

vector potential and is found in equation 8.3  

  ∫∫∫=
V
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s

J
A v

v

π
µ
4

0        (8.3) 

In Equation 8.3, µ0 is the permeability and is 4π x 10^-7 H/m and s is the unit direction 

vector of integration. For the sample, s is the radius and Equation 8.3 becomes  

  
2

0 RHJ
A

µ
=         (8.4) 

where R and H are the radius and height of the sample. Now using Equations 8.4 and 8.2, 

one can find: 

  
3220

4
RHJW

πµ
=       (8.5) 

Using Equation 8.5, one can calculate the stored magnetic energy of the plate by knowing 

J, which is equal to JC by way of the critical state assumption and is a function of the 

temperature. 

The third energy term in Equation 8.1 is ∆EStored and is the change in the stored 

thermal energy. This term, since the system can be assumed to be incompressible is found 

from the following: 

         (8.6) dTTcmEStored ∫=∆ )(

where m is the mass in kg, c(T) is the specific heat in J/kg-K and must be integrated with 

respect to the temperature T, in Kelvin. The specific heat is a function of the temperature 

and is critical to determine accurate data at cryogenic temperatures. The specific heat in 

the initial state is calculated from the following Equation 8.7 and is valid from 20-100K: 

902.19*2819.2 −= TcP       (8.7) 

The specific heat for the final temperature is integrated from the initial to final 

temperature to accurately portray the temperature change in the material for the energy 
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balance. The specific heat is dependent on the YBCO material and can vary greatly from 

sample to sample. 

 Inserting Equations 8.5 and 8.6 into Equation 8.1 one finds Equation 8.8 to 

calculate the temperature at the final state, f, from the initial state, i.  

  ∫=−+ cdTmRHJRHJQ CfCiin

220220

44

πµπµ
   (8.8) 

In Equation 8.8, the term on the right hand side of the equation is integrated from Ti to Tf. 

So by inputting a heat impulse at a given initial temperature, using equation 8.8 allows 

for a calculation of the final temperature of the sample. 

 Correlations for JC have been found in many different studies [76-78] since JC can 

vary greatly from one sample to the next. Kim’s model [77] and the Linear model [78] 

are widely used and are the basis for other models of JC. The Linear model is used in this 

study and JC can be found from Equation 8.9: 
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In Equation 8.9, JCO is the current density at the temperature TO, typically 77K, and is 

characteristic of the sample, and TC is the critical temperature. The characteristic JCO is 

found from the Biot-Savart law, discussed below. From Equation 8.9, the current density 

is found from the operational temperature, the characteristic temperature, and 

characteristic current density. 

To determine the current density from the magnetic field and vice versa, one must 

utilize the Biot-Savart law. The Biot-Savart law is seen in Equation 8.10 and allows for 

the calculation of magnetic field B, at any point in space utilizing the full displacement 

vector s. 
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As in the case for the experiment, calculating the magnetic field at the top center of the 

plate can be achieved. It is important to note at this point that the vector B is entirely in 

the axial direction since the vector J is the current density and is completely in the theta 

direction. Equation 8.10 is the generalized Biot-Savart law and a solution to calculate the 
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magnetic field on top of a plate can be found in the literature [75]. The calculation is 

performed from Figure 8.4 and Equation 8.10. The Biot-Savart law then takes the form 

seen in Equation 8.11 

  ( )
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where β1 and β2 are the angles from point z to the points B1 and B2 respectively, z is the 

distance from the sample center to the point z (some small distance above the plate) in m, 

and c is half the height in m. From Equation 8.11, one can calculate the magnetic field 

found on the top, center of the YBCO sample knowing only the operational temperature 

by assuming the fully saturated current and the critical state. This allows for the 

calculations of the magnetic field as the Hall probe sensor data was acquired from the 

current density. 

 

Figure 8.4 The calculation variables of the Biot-Savart law at the top, center of the plate. 

 

 This model uses an energy balance on the sample based on the stability 

experiment described above. The flow chart of the model can be seen in Figure 8.5 and 

illustrates the method to solving the equations. The first step is to calculate the properties 

based on the initial temperature. The current density is given by the Linear model seen in 

Equation 8.9 and the specific heat is found in Equation 8.7. The current density is used to 

calculate the change in stored magnetic energy in the plate after the heat impulse was 

inputted into the sample. The final temperature is then iterated until the energy equation 

balances. The iterated final temperature provides all information to calculate the current 

density and specific heat. When the iterations are complete, the final temperature Tf can 
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provide the final magnetic flux and the change in the magnetic flux from the heat pulse. 

This model is used to explain the physics of the phenomenon of the stability experiment 

on the YBCO sample. 

 

 

Figure 8.5 The flow chart of the analytical model to solve the energy balance. 

 

The energy from the heater and the initial temperature are input into the balance 

and the final temperature of the sample is calculated. When the final temperature is 

found, the initial and final magnetic fields are calculated. These data then give the change 

in magnetic field as a function of the initial temperature and heater energy input. Table 

8.1 lists the parameters used in the simulation to calculate the energy balance in the 

analytical model. 
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Table 8-1 Parameters used in the analytical model calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol Quantity Value 

R Sample radius 0.0105 m 

H Sample height 0.008 m 

m Sample mass 0.01762 kg 

µ0 Magnetic permeability 4πE-7 H/m 

β1 Angle to B1 0.9137 radians 

β2 Angle to B2 1.5803 radians 

z Distance to point Z 0.0041 m 

T0 Characteristic temperature 77K 

TC Critical temperature 92K 

JC0 Current density at T0 150 A/mm
2
 

 

The analytical model is intended to explore the competing effects of the current 

density and specific heat of the sample. The model uses an energy balance to determine 

the increase in temperature of the sample as a heat pulse is applied. The initial and final 

temperatures are then used to calculate the change in magnetic flux. The model is a 1-D, 

non-transient approach to simplify the experimental results and determine the validity of 

the minimum discovered of the sensitivity S. 

 

8.3 Analytical Modeling Results and Discussion 
 

The data from the model, shown below, will correspond to the experimental data 

presented above. First examine the maximum-trapped flux curve versus the operating 

temperature, seen in Figure 8.6. The trapped flux is entirely dependent upon the operating 

temperature so the curve is linear. The nominal value of JC0 is calculated from the 

experimental data at T0, 77K. At higher operating temperatures the trapped-flux data for 

the analytical model is similar to the experiment but at lower temperatures there is a large 

difference, since the curve is linear. At 30K the trapped flux in the analytical model is 

1.4T, about half of the experimental trapped flux at the same temperature. Also note that 
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the data is before any heat impulse is added to the sample and taken at the top center of 

the sample. 

 

 

Figure 8.6 The maximum-trapped flux in the analytical model shown with the experimental data for 

comparison. 

 

Shown in Figure 8.7 is the change in magnetic field for various energy 

depositions at initial temperatures of 30K, 60K, and 80K. The change in magnetic field 

has a linear relationship with the input deposition for an initial temperature. The change 

in magnetic field did not show any catastrophic loss that would reduce the trapped-flux to 

zero unless an adequate amount of energy was inputted into the heater. Additionally, the 

linear trends illustrated in Figure 8.7 from the analytical model mimic the linear trends 

suggested in the experimental data, seen in Figure 7.9. Important to note is that the values 

of the analytical model does not match the values of the experiment for the temperature 

curves since the maximum trapped-flux is smaller than in the analytical model. However 

the model data illustrates that the relationship for the initial temperatures mimics the 

experimental data and provides some proof of the model validity.  
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Figure 8.7 Analytical model data of the change in magnetic flux for 3 operational temperatures. 

 

 In Figures 8.6 and 8.7 is the model data for the change in magnetic field for 

various initial, or operating temperatures. Seen in Figure 8.8 is the change in magnetic 

field with constant energy depositions of 5J and 7J for various initial temperatures and is 

shown with the experimental data for comparison. The change in magnetic field decrease 

as the initial temperature is increased due to the smaller initial trapped field. The 

paramount value to these data is the similar trend illustrated between the model and 

experimental data. 
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Note: Constant energy input 

Figure 8.8 Model data of change in magnetic field vs. operating temperatures and constant heat input 

shown with experimental data for comparison. 

 

Seen in Figure 8.9 is the sensitivity or the ratio of the change in magnetic flux 

over the maximum flux verses the operating temperature for constant energy deposition. 

There are two constant energy depositions to the model, 5J and 7J. Included in Figure 8.9 

is the experimental data. The data shown in Figure 8.9 illustrates that there is a minimum 

for the analytical model data at 57K. The minimum of the model data matches the 

minimum of the experimental data occurrence at 57K. The model data not only verifies 

that the normalized data shows a minimum, but that the minimum occurs at the same 

temperature for the experimental data. Additionally, altering the value of the constant 

energy deposition does not alter the normalized minimum occurrence of temperature at 

57K. While the minimum for the analytical model is not as pronounced as the 

experimental data, the model data is again shown to be of similar trends to the 

experimental data. 
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Note: Constant energy input 

Figure 8.9 Analytical model data of sensitivity in magnetic flux vs. operating temperature and 

constant energy deposition. 

 

The data shown above is from an analytical model where the values of the current 

density are based on the Linear Model, Equation 8.9, from the literature. By fitting the 

analytical model trapped-flux curve to the experimental data, different results occur. This 

procedure removes some generality of the model but is important to see the effect of the 

current density on the sensitivity curve. Shown below in Figure 8.10 is the analytical 

model maximum trapped-flux curve versus the operating temperature that matches the 

experimental data. This curve still applies the same temperature dependence on JC, only 

the JC has been derived from the experimental data. Since the trapped flux is dependent 

on the JC the analytical data fits the experimental trapped flux. 
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Figure 8.10 The analytical trapped flux fit to the experimental data. 

  

 Finally examine the analytical data of the sensitivity versus the operating 

temperature where the analytical data is fit to the experimental curve, seen in Figure 8.11. 

Here there is again a minimum in the sensitivity that matches the trend shown previously. 

The minimum occurs at a different temperature (70K) than previous data has shown, 

noted by the experimental data shown for comparison. While the exact minimum does 

not match, there is a definitive trend illustrated by the minimum. The analytical model, 

using basic principles and fundamental relationships, was able to mimic the trends 

illustrated in the experiment. The dependence of the minimum on JC(T) and cP(T) has 

been shown, however there are still some physics to uncover. 
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Note: Constant energy input 

Figure 8.11 Analytical model data of sensitivity in magnetic flux with trapped-flux data fit to the 

experiment. 

 

 The model discussed above is an analytical model to understand and explain the 

data found from the stability experiment on the bulk YBCO disc. The model does not 

take into account sample temperature gradients, cooling, or instantaneous transient 

effects. The analytical model simplified the physics of the experiment by use of 

assumptions and a dependence on temperature but was able to capture the physics of the 

experimental data.  

Some examination of the validity of the model is needed to ensure that the 

calculation of the energy balance represents the phenomenon. There are two major 

discrepancies between the experiment and the analytical model presented above. The first 

discrepancy is the assumption that the trapped flux is in the critical state at all times. The 

critical state requires that the sample to have full current saturation and this would be 

illustrated by the magnetic flux profile seen in Figure 8.12. In the initial state of the 

analytical model and the experiment the sample is in critical state. However after the 

energy deposition the sample undergoes current redistribution. The analytical model does 

not allow this. In effect, the model decreases JC as the temperature increases but 

maintains the same profile. The experiment locally heats the sample from the bottom of 
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the plate causing a loss in the superconductivity first in the lower section of the plate and 

then proceeding up in the axially portion of the plate. The experiment therefore has JC 

vary transiently during the heat pulse in the axial direction. The model is only 1-D and 

does not allow for variation in the axial direction. This discrepancy can be seen below in 

Figure 8.12 a, b, and c. Thus a decrease in the analytical model value of JC exists in 

magnitude only and not in the profile. However, the critical state assumption was needed 

to allow the calculation of JC and trapped flux in the final state. The critical state 

assumption allows for the use of Equations 8.5 and 8.9.  

 

Figure 8.12 A comparison of the current density profile in the experiment and analytical model: a) 

the current density of in the initial state of both the experiment and analytical model, b) the current 

density profile in the experiment after the heat pulse input, c) the current density profile in the 

analytical model after the heat pulse input. 

 

The second major discrepancy between the experiment and the analytical model is 

the thermal conditions: 1. The analytical model has no cooling and 2. The heat input is 

volumetric. The analytical model is a 1-D approximation of the competing effects of the 
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current density and the specific heat. The analysis does not allow for thermal gradients to 

be considered in the axial direction. Additionally, the model does not consider transient 

effects as the temperature of the sample is only considered in two states, the initial and 

final state. If the final state is considered to be steady state, then there is no temperature 

gradient in the radial direction. Therefore the adiabatic boundary conditions for the model 

only affects the final steady state temperature. In the experiment, the cooling helium gas 

flow is set at the initial temperature. Thus as the sample temperature increases, the 

convective heat transfer increases with the increasing temperature gradient. The model 

was intended to be a simple case and modeling the convective heat transfer goes beyond 

this scope. The final temperature results from the model should be noted as higher than 

the expected values from the experiment.  

Illustrated by the similar trends in the change in trapped flux for different 

temperatures and sensitivity minimum shown in Figures 8.8, 8.9, and 8.11, the model was 

able to accurately mimic the instability behavior. The use of an energy balance is indeed 

a valid method of determining the competing thermal and electro-magnetic effects in a 

bulk HTS sample. However, the current density was inaccurately modeled and is critical 

to the trapped flux in a HTS bulk sample. To uncover the effect that the forced instability 

has on the current density profile of the bulk sample, a different model is needed. A finite 

element analysis (FEA) model is developed and discussed below. 

 

8.4 Finite Element Model Description 
 

The analytical model discussed above was able to capture the overall trends of the 

experimental data. However a more in-depth model is needed to capture the physics in 

the sample during the experiment. The current density and cooling must also be studied 

and is outside the scope of the analytical model. 

A 3-D transient model was developed using the commercial program Comsol 

Multiphysics to study the effect of the heat pulse on the current density profile and better 

match the cooling environment. The use of Multi-physics provides the opportunity to 

couple a thermal and an electro-magnetic solver module. Multi-physics also allows for 

the use of variable dependence upon other variables. Property dependent equations can be 

entered into variable fields, allowing for temperature, magnetic fields, and electric fields 
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among others, as dependent variables. The FEA model simulates flux trapping via field 

cooling and mimics the experimental procedure. The model is explained below and the 

results will be compared to the experiment. The physics of the experimental data will 

then be examined with the scope of the experimental data, the FEA model, and the 

analytical model.  

The FEA model can be seen in Figure 8.13 and the model is symmetric around the 

center axis. The outer boundaries are magnetically insulated conditions for the simulation 

and are not included in the thermal simulation.  A closer examination of the model setup 

can be seen in Figure 8.14. The model simulates the stability experiment by creating an 

instability in a YBCO sample that has trapped-flux via FC. First a magnetic field is 

applied to the sample that is above the critical temperature. The sample is then cooled to 

the operating temperature by the cooling sources. The cooling sources are controlled by 

the time-dependent temperature conditions on the edges. After the sample has achieved 

the homogeneous operating temperature the applied field is decreased to zero. The heater 

then applies a heat pulse and the magnetic flux is measured by the probes located above, 

below, and in the center of the sample. The FEA model results are given below in the 

same manner as presented in the experimental data and analytical model. 
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Figure 8.13 The overview of the FEA model designed to mimic the experiment. 
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Figure 8.14 A close-up examination of the FEA model. 

 

The electro-magnetic module in the FEA model must utilize the correct equations 

to simulate the superconducting properties. The electrical conductivity equations of the 

YBCO sample are critical to evaluate the correct physics of the experiment. The 

conductivity of the superconducting material can take the form seen in Equation 8.12,  

EJ σ=         (8.12) 

where σ is the electrical conductivity in A, and E is the electric field in V/m. The current 

density is from Kim’s model, defined in Equation 8.13 and is a function of the 

temperature and magnetic field [77]. 
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The electrical model utilizes the n power law, as in Equation 8.14. 
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Therefore from Equations 8.12 and 8.14 the electrical conductivity is seen in Equation 

8.15. The electrical conductivity used in the simulation is therefore superconducting 

when the temperature is below the critical temperature TC. 
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The thermal module in the FEA model uses the same temperature dependence of the 

specific heat previously given in Equation 8.7. The thermal conductivity of the 

superconducting sample was found to vary less than 20% in the entire temperature range 

of simulation and was kept constant. The values of the FEA model can be seen in Table 

8.2.  

 

Table 8-2 The parameters used in the FEA model. 

 

 

 

 

 

 

 

 

 

 

Symbol Quantity Value 

R Sample radius 0.0105 m 

H Sample height 0.008 m 

m Sample mass 0.01762 kg 

n E-J power law constant 20 

k Thermal Conductivity 0.7 W/m-K 

To Characteristic Temperature 77K 

TC Critical Temperature 92K 

Bo Magnetic Flux at To 0.5 T 

JC0 Current density at To 850 A/mm
2
 

 

The cooling environment to the sample is changed during the simulation to 

accelerate the cooldown process. Controlling the temperature of the cooling environment 

is how the sample temperature is reduced. The conductivity is initially very high to 

decrease the total simulation time. Once the entire sample has achieved the operating 

temperature the cooling environment conductivity is reduced to match the convective 
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cooling of the helium gas. This process has no effect on the validity of the results since 

the conductivity of the cooling environment was reduced before the applied field is 

reduced.  

After the sample is superconducting and has trapped-flux, the heat pulse or energy 

deposition is applied to the bottom of the plate. The heat is volumetric on the heater and 

conducted to the bottom of the sample. The FEA model heat pulse is ~ 2.5s instead the 

experimental 0.1s and can be seen in Figure 8.15. The pulse is scaled in magnitude to 

vary the amount of energy inputted into the heater and the entire curve is integrated to 

find the total amount of energy in. The time constant for the FEA analysis is lengthened 

to smooth the convergence of the model. Since the total amount of the energy is 

measured, this difference is important to note but does not diminish the results of the 

simulations.  

 

 

Figure 8.15 The heat pulse applied to the sample in the FEA simulations and scaled to change the 

amount of energy deposition to the sample. 

 

 Some consideration must be given to the parameters of the model. These 

parameters are used in the FEA solvers (thermal and electro-magnetic) and are critical in 
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allowing convergence. The solver used was a linear system solver (SPOOLES) that was 

used due to memory limitations (only saves the upper triangular matrix.) The time step 

was chosen by the solver, which is more efficient, again to memory limitations. The mesh 

size for the simulations was typically on the order of 1 mm maximum element size except 

for the YBCO sample, which had a precondition of 0.1 mm maximum element size.  The 

maximum error allowed in the solution was 2%. 

The model setup is complete and has a typical curve during testing. While the 

model setup above simulates the FC method of trapping flux, a demonstration of the FEA 

model undergoing flux shielding can be seen in Appendix C. This is presented to 

illustrate the validity of the model in terms of the current density. The sample undergoes 

a transient magnetic flux profile that is illustrated in Figure 8.16. The applied field is 

ramped up, the sample is cooled, the applied field is ramped down, the heat pulse is 

applied and the flux difference is measured. The total simulation time is approximately 

22 seconds. The flux data was recorded when the sample reached steady state. The 

various stages are explained on Figure 8.16. The FEA model simulates different 

operating temperatures and energy input pulses. The results and discussion of the FEA 

model are presented below.  

 

 

Figure 8.16 Different phases of the simulation: 1-Ramp up current in coil to apply magnetic field, 2-

Cool sample to target operational temperature, 3-Ramp down current in coil to zero, 4-Reduce the 

heat transfer from the cooling environment, 5-Apply heat pulse, 6-Measure change in magnetic field, 

7-Investigate the transient current density profile. 
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8.5 Finite Element Model Results and Discussion 

 

First examine the maximum trapped-flux curve versus the operating temperature 

of the FEA model, shown in Figure 8.17. The model was simulated at operating 

temperatures of 92K, 77K, 68K, 57K, and 47K. The maximum trapped-flux for the FEA 

model was greater than the experimental data. The effect of the current density 

dependence on temperature and magnetic field or JC=JC(T,B) can be seen by the non-

linear nature of the curve. However, the model data does not fit the experimental data due 

to the simplicity in the nature of Kim’s model of JC. The use of Kim’s approximation is 

still warranted in an effort to maintain some generality to the FEA model.  

 

 

Figure 8.17 The FEA model results of the maximum trapped-flux with the experimental data shown 

for comparison. 

 

The change in the magnetic flux for 77K, 68K, and 47K versus various energy 

depositions can be seen in Figure 8.18. The simulation data follows a similar trend to the 

experimental data, but is not linear. The lower temperature data for the FEA model and 
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the experimental data illustrate more linearity than the higher temperature data. The FEA 

data is also more closely grouped together; there is a smaller difference between the 

changes in trapped-flux for the different operating temperatures compared to the 

experimental data. The difference between the FEA model and experimental data may be 

explained by the simplicity in the modeled current density, shown also by the trapped 

flux in Figure 8.17. The value of the maximum trapped-flux for the FEA model at 77K is 

1.4T. The value of the maximum trapped-flux for the experimental data at 70K is 0.63T.  

The modeled and experimental difference in the maximum trapped-flux curve shown in 

Figure 8.17 is the leading cause of the disparity between the differences in curves in 

Figure 8.18. The cooling environment could also lead to some of the error in the 

simulation data seen in Figure 8.18. The cooling power of the simulated environment 

could provide a slightly different cooling power than the convective helium gas in the 

experimental apparatus. By cooling the FEA model YBCO sample at a diminished heat 

transfer rate than the experimental counterpart, the loss in trapped-flux would be greater. 

While the cooling does affect the results in Figure 8.18, the dominating effect is the 

trapped-flux curve. The trapped-flux curve, seen in Figure 8.17 explains the difference 

from the model data and the experimental data. However, the most illustrative element 

about the FEA model data in Figure 8.18 is the suggestive trends.  The trends illustrated 

in the modeling data curves mimic the experimental data.  

 

 134



 

Figure 8.18 Change in trapped flux versus energy input for the FEA model shown with the 

experimental data for comparison. 

 

The examination of the change in trapped flux for constant energy deposition can 

be seen in Figure 8.19 and 8.20. Figure 8.19 is the change in the trapped flux versus the 

operating temperature with a constant heat input. The FEA model curve mimics the trend 

illustrated by the experimental data. The model data of change in trapped flux is greater 

compared to the experimental data due to the increase in the maximum trapped-flux seen 

in Figure 8.17. The sensitivity data of the FEA model in Figure 8.20 has constant energy 

depositions of 25J and 50J. The sensitivity of the modeled data shows that the 25J input, 

while having a greater change in trapped-flux, closely mimics the values in the sensitivity 

of the experimental data. The values of the modeled sensitivity are similar to the 

experimental data due to the inherent normalized values. Since S=∆B/BMax, the data from 

the model compares well to the experimental data. Additionally, the sensitivity curve is 

repeatable as seen in the values for 50J. Finally, the sensitivity minimum at 57K seen in 

the experimental data has been reproduced by the modeled data curves. The FEA 

modeled sensitivity data is minimized at 57K for 25J and 50J.  
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Note: Constant energy input 

Figure 8.19 The change in FEA model trapped-flux versus the operating temperature with a constant 

heat input shown with the experimental data for comparison. 
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Note: Constant energy input 

Figure 8.20 The sensitivity versus the operating temperature for the FEA model shown with the 

experimental data for comparison. 

 

The FEA model results shown above successfully mimic the experimental results. 

The differences in the resultant modeling curves compared to the experimental results can 

be attributed to the maximum trapped-flux curve, seen in Figure 8.17. The modeled 

trapped-flux is not perfectly simulated due to the current density. However, the current 

density variation on temperature is still evident. The variation of the current density and 

specific heat on temperature creates the minimum in sensitivity, seen in Figure 8.20. Now 

examine the current density profile in the sample bulk during the simulation.  

The current density is critical in trapped-flux experiments and modeling. The 

current density is impossible to directly measure experimentally in a HTS bulk sample. 

The FEA modeled current density profile in the critical state can be seen in Figure 8.21. 

The profile is after the applied field is reduced and before the energy deposition has 

occurred. The current density with units of A/m
2
 is illustrated in the color density plot 

and the contour lines with units of T-m illustrate the magnetic field lines. This profile was 

taken at an operating temperature of 57K and has a maximum JC = 1.7kA/mm
2
. From 
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Figure 8.21 the current density is concentrated toward the outer radius as expected. 

However, the FEA simulation does not follow Bean’s model of predicting the current 

density. There is current throughout the entire cross-section of the sample instead of the 

predicted values from Bean’s model of ±JC or zero. The model provides interesting data 

in that the current density is accurate in the concentration of the current, but not in the 

whole cross-section. This current density profile has been shown previously in the 

literature. In a study by Nagashima et al, the current density profile can be seen to be 

different values throughout the sample [79]. The study used FC to trap flux in a 

rectangular YBCO sample and the magnetic field and current density are shown in Figure 

8.22 (a) and (b). The current density takes the same profile illustrated in the results of 

Figure 8.21. 
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Figure 8.21 The FEA simulated current density profile in color density map and the magnetic flux in 

contour lines. 
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Figure 8.22 Reported data from the literature of the (a) trapped-flux and (b) current density in a FC 

YBCO sample [79]. 

  

   The current density in the plate has been examined without any energy 

deposition. The effects on the current density after the heat pulse has been applied to the 

sample can be seen in Figure 8.23. The energy deposition is applied to the bottom of the 

sample and the current density recedes to the top of the plate. The local temperature at the 

bottom of the sample is raised above the critical temperature, so there is no local current. 

The top corner of the sample is still below the critical temperature and has JC = 

1.1kA/mm
2
. JC has been reduced as well as forced toward the top of the plate. Physically 

this is logical since there is cooling on the top and outer radius of the plate. 
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Figure 8.23 The FEA simulated current density in color map after a heat pulse is applied. The 

contour lines illustrate the magnetic flux. 

  

The FEA model has successfully shown that the instability trapped-flux data from 

the experiment can be simulated. The trends of the experimental data were mimicked 

while the values of the trapped flux were not accurate. The FEA simulated maximum 

trapped-flux curve was greater than the experimental data. This inaccuracy led to 

differences in the change in trapped-flux values. However, the model successfully 

captured the sensitivity curve and minimum. The FEA simulated current density profile 

was shown to deviate from the expected Bean’s model prediction, although physically the 
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results are expected. The current density receded from the heat pulse and locally JC was 

removed near the energy deposition.  

 

8.6 Modeling Summary and Conclusions 

 

The models discussed above investigated the effect that heat input or energy 

deposition has on the magnetic field in a trapped flux bulk YBCO sample. The models 

were developed to explain the physics and understand the results from the experimental 

data presented. The first model was created using fundamental equations and 

relationships to examine the increase in temperature and loss in magnetic flux. The model 

uses initial state properties and an energy balance to determine the final state properties. 

The model uses a critical state assumption for the final state as a necessity to calculate the 

final temperature. The model also uses typical curves from the literature for the current 

density and specific heat to maintain generality of the approach. The model captures the 

trends that are found in the experimental data, such as the linear change in trapped-flux 

versus the heat input for an operating temperature. Additionally, the model suggests the 

same temperature of the sensitivity minimum, 57K, that is found from the experimental 

data. Therefore the model is an excellent approach to capturing the physics of the data. 

The second model was developed using the commercial software of Comsol 

Multiphysics. This FEA software allows for a 3-D transient analysis of the current 

density and trapped-flux. The model simulates the YBCO sample as FC is used to trap 

flux and then a heat pulse is used to create an instability in the material. The results show 

that the simulated trends were again successful in mimicking the experimental data. 

While the maximum trapped-flux curve was greater than expected, the sensitivity curve 

was minimized at the same temperature of the experiment, 57K. The current density 

profile in the sample showed some of the expected results. The majority of the current is 

located near the edge of the plate and was locally removed near the heater after the pulse.  

The models have successfully shown that the sensitivity of trapped-flux in a 

YBCO sample is directly dependent upon the current density and specific heat. These 

competing thermal and electro-magnetic effects provide the minimum seen at 57K. The 

minimum found is a maximum stability point of the bulk YBCO sample disc. This 
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stability point is found in the model and therefore could be used to determine the stability 

points of other bulk HTS materials. The stability point found at 57K is a function of the 

competing property dependence on temperature and also the cooling environment. The 

minimum could vary greatly depending on these parameters. Indeed, the existence of 

thermal runaway could be found with a greater stored-magnetic energy, lower specific 

heat, a lack of cooling, or any combination of these factors. The models could be very 

useful in design of the operating temperature of many materials that use trapped flux in 

bulk materials. 
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CHAPTER 9 HTS MOTOR CONCLUSIONS AND FUTURE 

WORK 
 

9.1 Motor Cooling 

 

A motor has been designed that utilizes a superconducting inductor for the 

propulsion of a Cessna-type aircraft. The design calls for an inductor comprised of 

BSCCO pancakes and bulk YBCO plates and generates a magnetic field outward to a 

rotating, non-superconducting armature. The BSCCO pancakes generate a magnetic field 

to trap magnetic flux in the YBCO plates via the Field Cooling method. The use of FC 

creates very powerful magnetic fields but requires a 3-stage cooling schedule. The 

BSCCO pancakes must first be cooled to the operating temperature and generate an 

applied magnetic field while the bulk YBCO plates remain above the critical temperature. 

The YBCO plates are then cooled to the operating temperature, thus trapping flux in the 

plates. This process is called the 3-stage cooling. 

The cooling of the motor is by conduction due to the mobile application of aero-

propulsion and the necessary temperature gradients in the inductor. The conduction-

cooled inductor is constructed along with a cooling apparatus that includes an aluminum 

central cylinder, G10 rings, and heaters that aid in the 3-stage cooling process. 

Simulations were performed that model the heat loads, cooling schedule from room 

temperature to operational temperature, and the 3-stage cooling to aid in the design. 

These modeling results show the temperature gradients in the inductor and HTS 

components and were verified experimentally. 

A full-scale, thermal mockup of the inductor has been constructed. The mockup 

inductor was connected directly to a cryocooler head and put under a vacuum in a 

cryostat. The cryostat utilized a liquid nitrogen jacket that ameliorated the radiation load 

during the experiment. Data was recorded from RTD thermal sensors strategically located 

in the mockup. The data from the experiment found mixed results. During the 

construction of the mockup, contact resistances formed that were discovered 

experimentally. The contact resistances were calculated and a redesigned cooling 

apparatus was presented. 
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The final cooling apparatus design was modeled with the contact resistances using 

multiple simulations. The new design uses extended surfaces from the central cylinder to 

cool the hot spots on the HTS materials. Reconstructing the original mockup inductor 

would possibly have generated better, less deleterious contact resistances. However, the 

simulations of the redesign incorporated the contact resistances found during 

experimentation in an effort to study the most conservative case. The redesign was 

successful in the simulations and was able to meet the thermal requirements of the motor 

design.  

The original mockup inductor was also successful in the temperature gradients 

achieved. The experiments showed that the inductor was capable of meeting the 3-stage 

cooling requirements during the cooldown of the inductor. The transient heat loads were 

managed and the requirements for the FC method of trapping flux in the YBCO plates 

were achieved. This achievement was shown in the experimental results. 

 

9.2 Trapped-Flux Stability 
 

In addition to the motor design, experiments have been performed to analyze the 

stability of bulk YBCO plates. These experiments used a full current-saturated YBCO 

sample that has trapped-flux via FC. The temperature and magnetic field of the sample 

were measured from a thermal sensor and Hall probes attached to the top surface. A 

heater was attached at the bottom of the sample that input a heat pulse to the plate. The 

change in temperature and magnetic fields were measured for various energy depositions 

and the data is presented.  

The loss in trapped-flux was linear with respect to the heat pulse energy into the 

YBCO plate. There was no quench or sudden loss in the magnetic flux.  Additionally, 

there was a suggested minimum found in the sensitivity, or normalized change in 

trapped-flux versus the initial plate temperature. The minimum was found to be at 57K 

and represents a maximum in the stability of the material. The minimum in sensitivity is 

from the competing effects of current density and specific heat, both dependent on the 

temperature. These competing effects were then proven with two models. 
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The data was first modeled using an analytical approach based on an energy 

balance on the sample utilizing basic equations and the critical state. This analytical 

model uses the energy balance from the thermal stored energy, trapped magnetic energy, 

and the heat pulse to the sample. The energy balance was taken from the initial state to 

the final state and no instantaneous transient effects were considered. The second model 

was a transient 3-D model implemented in the commercial software Comsol 

Multiphysics. This FEA model simulated the experimental procedure of trapping flux via 

FC. The FEA model examined and simulated the experimental results. In addition, this 

model also investigated the current density profile in the modeled sample and the effect 

of the cooling environment.  

Both models were successful in capturing the trends of the experimental curves. 

There was some difference in the values of the change in trapped-flux, which is due to 

the differences in current density from the experiment to the models. The linear trends 

suggested by the experimental change in magnetic flux data were seen in the modeling 

work. Both models duplicated the minimum at 57K illustrated in the sensitivity curve of 

the experiment. The competing effects of current density and specific heat were 

reinforced as the cause of the minimum. This minimum should be considered when future 

design work calls for the use of trapped-flux in bulk HTS materials. The minimum found 

is also a result of the cooling environment and more data is needed to ensure that the 

minimum exists for other samples in different cooling environments. 

The work in stability of trapped-flux in HTS bulk material presented above has 

possible avenues for future work. First, the trapped-flux instability experiment was 

performed without any relaxation of the temperature. The HTS motor design presented 

utilizes a 3-stage cooling process that includes lowering the temperature of the YBCO 

plates after flux-trapping has occurred. The stability of the trapped-flux should be 

investigated utilizing this relaxation technique. The experiments would be performed 

with the same procedure except an added step of cooling. This investigation would 

provide insight into the competing effects of the loss in trapped-flux and the specific heat. 

Theoretically, the stored magnetic energy would remain constant as the temperature is 

decreased, however the specific heat would also decrease with temperature. The decrease 

in specific heat and the redistribution of the current density may provide interesting 
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results and insight into better designs. This examination would determine if the loss in 

trapped-flux is increased with a lower operating temperature.  

Another extension of this work is possible in the examination of different 

manufacturing techniques for YBCO samples. An increase in the quality of the YBCO is 

possible by holes made in the axial direction throughout the cross-section, seen in Figure 

9.1 [80]. In the creation of YBCO samples with holes, this method increases the quality 

of the oxidation during crystal growth. These holes provide more surface area during the 

oxidation phase of the sample procurement. These holes could also be filled with a 

thermal enhancement, such as cryogenic grease. The thermal enhancement could increase 

the cooling of the sample depending upon the cooling environment. The effect of the 

change in cross-sectional area could also affect the current density profile, and therefore 

the trapped-flux. Another important phenomenon to study would be the effect on the 

specific heat and thermal gradients in the sample. The experiments could be performed 

for the direct FC method and with the temperature relaxation technique.  

 

 

Figure 9.1 YBCO samples with holes created during manufacturing [80]. 
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 APPENDIX A - PROPTERTIES USED IN MODELING THE 

IINDUCTOR THERMAL MOCK-UP 
 

A transient, 3-D model of the cooling apparatus and HTS components in the 

inductor thermal mockup was presented in Section 4.2. The inductor simulations were 

performed from the starting temperature near 300K to the operating temperature ~30K. 

The necessity of applying temperature dependence to the material properties used in the 

simulations was critical to accurately model the inductor. The simulations extrapolated 

the data from a chart input into the model. The model then used the following values for 

the material properties. The figures presented below show the material properties versus 

the operating temperature. Figure A.1 is the thermal conductivity of the materials in units 

of W/m-K, note the log scale used on the ordinate axis. Aluminum-6061 and copper have 

considerably higher thermal conductivities than the other materials. Figure A.2 is the 

conductivity of the materials without aluminum and copper using normal scaled axes.  

 

Figure A.1 The thermal conductivity (log-scale) used in and comparing to simulation values versus 

the temperature. 
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Figure A.2 The thermal conductivity of the properties used in the simulations versus the temperature 

without Aluminum-6061 and Copper. 

 

 The specific heat of the materials can be seen in Figure A.3. The specific heat is 

plotted against the operating temperature and is given in units of J/kg-K. The specific 

heat of YBCO has already been given in the Equation 8.7 and was not extrapolated 

during the simulation. The YBCO specific heat was calculated using Equation 8.7. 

Finally, the manufacturer provided the cooling power data of the cold head at low 

temperatures, but not above 100K. The cooling power was therefore estimated above this 

temperature and can be seen in Figure A.4.  
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Figure A.3 The specific heat of the materials used in the simulations versus the operating 

temperature. 

    

 

Figure A.4 The simulated cooling power of the coldhead versus the temperature. 
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The thermal conductivity coefficients used in the simulations are presented in 

Figure A.2. The use of these values was found from tabulated data in the literature for the 

material properties [66,70-72]. The experimental mockup inductor uses different 

materials than the actual HTS components and a comparison of these conduction 

coefficients is necessary. 

The HTS motor design calls for BSCCO coils and the mockup inductor uses 

copper insulated with Kapton tape.  The copper foil tape has a thickness of ~5x10
-5

 m. 

The Kapton tape thickness is also ~5x10
-5

 m. The Kapton tape was wrapped around the 

foil to mimic the superconducting coating used in coils. Therefore, each layer in the 

winding is comprised of 1 layer of copper conductor and 2 layers of insulation with a 

total thickness of ~1.5x10
-4

 m. The conductivity through the thickness of the layers must 

be calculated using a thermal resistance network. Kapton thermal conductivity was found 

reported by Benford ET Al and is shown in Figure A.5 [81]. Using Equation A.1 below 

to calculate the thermal resistance for conduction network gives the total resistance of the 

network, RTot.  

Ak

L

Ak

L
RR

Copper

Copper

Kapton

Kapton

Tot +==∑      A.1 

Using the resistance found for the thermal conductivity of Kapton and Copper at 30K 

gives a total resistance of 0.1 K/W, assuming 1mm
2
 unit area. The thermal conductivity 

of copper was shown above in Figure A.1. Using the values from the literature for the 

conductivity of the coil windings of 1.4 W/m-K at 30 K gives a value of 0.107 K/W, or a 

difference of 6.6%. At 120K the resistance values for the coil windings and copper 

resistance are 0.075 K/W and 0.111 K/W, respectively, which gives and error of 33%. 

While the conductivity changes with temperature, the values near 30-120 K are the most 

critical and most important. Considering that the literature conductivity is cited as 

varying from 0.3-80 W/m-K for the windings, these values are very comparable. 
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Figure A.5 Thermal conductivity of Kapton tape versus the temperature [81]. 
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APPENDIX B – ERROR ANALYSIS OF STABILITY 

EXPERIMENT 
 

 The experiment begins by trapping flux via field cooling in the bulk YBCO 

sample.  Using the FC method, a magnetic field is applied to the sample while T > TC. 

The temperature is decreased in the PPMS chamber by the helium gas flow until the 

sample temperature from the RTD reaches a steady state temperature, or T = Top.  At this 

point the applied field is ramped down to zero and the magnetic flux is measured from 

the Hall probes voltage.  There is an energy input in the form of a heat pulse at the 

bottom of the sample and the Hall probes voltage again is read to determine the loss in 

magnetic flux. The energy input comes from a capacitor bank where the voltage is read 

across the bank to determine the amount of energy to the heat pulse.  The capacitor bank 

voltage is read just prior to releasing the energy.  The temperature of the plate is 

increased above the critical temperature to start a new experiment. 

Thus, the initial magnetic flux is measured, the final magnetic flux is measured, 

and the energy input is known from the voltage across the capacitor bank prior to energy 

being released. 

The Hall probes were placed on the sample using thermal paste (Apiezon grease) 

and string (dental floss) and were firmly and flatly attached to the top surface of the 

sample. The location of the Hall probe that measurements were taken for the sake of 

change in magnetic flux was in the top center of the plate. The absolute center was 

impossible to discern in the actual placement of the Hall probe. It is possible that the Hall 

probe was as much as 0.5 mm from the actual center (a conservative estimate). This 

would affect the overall magnitude of the measurement in the magnetic flux by 

comparison from test to test. However, the change in the magnetic field is not altered 

because the Hall probe does not move during the experiment. The change in magnetic 

flux after the heat impulse occurs causes this possible error to not have an effect on the 

final data.  Similarly, the data that was taken from the second Hall probe (data not used 

for change in magnetic flux) showed the same loss in magnetic flux as the center Hall 

probe for a given heat input and Top (for data not near the total loss in magnetic flux). 

Additionally, the normalized data is again not affected because the data points all come 

from the same location during one experiment. This error would possibly affect data 
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when comparing one YBCO sample to another and trying to match the maximum-trapped 

flux at an operational temperature.  

Consider the curve given of the trapped flux vs. the radius. A linear trend exists 

with the maximum of the trapped flux existing in the center of the plate and the minimum 

at the edge. If the Hall probe is a small distance from the center of the sample, then the 

magnetic flux measurement from the Hall probe will be slightly decreased. After an 

energy increase from the heat pulse, the same location is measured on the Hall probe and 

therefore the same small decrease from the maximum at the center is accounted for.  This 

error has no effect for the data of change in magnetic field. 

The error involved with the maximum trapped-flux vs. Top is given as follows. 

The trapped flux has a dependence on the radius of the sample, seen in Figure B.1. The 

change in the trapped flux along the radius at a given Top is therefore important when 

attempting to compare the maximum trapped-flux of the sample. The Hall probe active 

area has dimensions of 1.25 x 0.5 mm. The largest error in the placement of the Hall 

probe is considered to be half the largest distance. Therefore the total error in the 

placement is 0.625 mm, or 5.95% of the overall radius.  From Figure 1, the change in the 

trapped flux over the radius is 1.8 T and 0.45 T for 32 and 58K, respectively. The error 

from the Hall probe placement is therefore 0.107 T and .0268 T for 32K and 58K, 

respectively. The error for 32K and 58K is then calculated to be 3.8% and 2.1%, 

respectively. 

 

Figure B.1 The Trapped flux versus the radius of the sample for 32K and 58K. 

 

 The readings of the Hall probes voltages differed from the Hall probe voltages 

read during the calibration.  The Hall probe voltages measured when the magnetic field 

 154



was applied and the sample temperature was above the critical temperature were 

consistently 80% of the voltage measured from the calibration curves.  For example, 

during the calibration curve, a Hall probe would give 2 volts for an applied field of 1.5 

Tesla.  During the experiment, the Hall probe would give 1.6 volts for an applied field of 

1.5 Tesla.  There are two possible explanations for this theory: 1. There was a different 

PPMS used from the calibration curve experiments than the one used for the stability 

experiments. There could be an error in the calibrated field in one of the PPMS coils 

when the applied field is set. However, this is unlikely due to the high quality coil in the 

PPMS. 2. The sample is placed in a holder and supported by a threaded, G10 rod. The 

threads on the rod could cause the sample to be at a slight angle to the field and therefore 

the attached Hall probe is at a slight angle. If the angle was large enough, this could lead 

to a loss in the measured field when the rod is used during experiments. However, the 

voltage readings from the Hall probe were consistently different by 20%. This theory is 

further supported by the lower values found in the experimental sample than from the 

manufacturer-supplied expected values, seen if Figure B.2. Since the angle is consistent 

for all the experimental data, the results are consistent. The trapped-flux in the plate was 

consistent and the change in magnetic field for the measurements was not affected.  

 

 

Figure B.2 The experimental trapped-flux and the manufacturer-supplied data [82]. 
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The heater used to input heat into the sample was a wound nichrome wire 

attached to the bottom of the sample by thermal paste. The heater was consistently made 

with a 2-ohm resistance across the length. The leads of the heater were attached directly 

by the sample. Occasionally, the heater would break from the thermal stress and have to 

be replaced. When this occurred, the new heater would be tested at low energy inputs 

(based on the capacitor bank voltages of 60-85 volts) to ensure that similar responses to 

the sample occurred. Thus the heaters were made and attached consistently to the sample. 

Temperature measurements were made during the transient response of the 

YBCO sample from the voltage readings of the RTD. However, these reading are not 

reported and the data is not used for any experimental values. There was a difference in 

the temperature from the RTD sensor and the He gas flow from the controller of ~4 K 

(warmer data from the RTD). This is due to the heat leak from the rod and the support 

sample. 

Using the standard Kline and McClintock [83] method of error propagation leads 

to the following equation for the uncertainty of the measurements in the YBCO stability 

experiment: 
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where B is the measured magnetic field, B0 is the linear deviation from B from the 

calibration curve, V is the voltage, i is the current, and w is the uncertainty of the 

variable. The following table lists the uncertainty of each measurement: 

 

Table B.1 The uncertainty quantities used in the error propagation. 

Uncertainty Value Units 

i 5 mA 

V .001 mV 

B0 >0.1 % 

 

The uncertainty of V and i were found from the smallest measured unit on the 

multi-meter and current source, which can be seen in the Figure B.1. The deviation of the 

linear curve is found on the Arepoc (maker of the Hall probes) website [84] and is 

standard for LHU-NP Hall probe.  
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Figure B.2 The multi-meter (left) and current source (right) used in the YBCO stability experiment. 

 

 The largest uncertainty found in the experimental data for the measured magnetic 

field is 2%. The uncertainty for most of the data is >1%. The raw data is given below 

with the last column in bold, as it is the total uncertainty for that specific experiment. The 

fact that the data gives a very small uncertainty for the magnetic field is typical for 

measurements that use Hall probes. 

For the change in magnetic flux measurements, the error must be accounted for at 

the initial and final values of the Hall probe readings. The total error for these 

measurements is then the summation of the initial and final propagation error.  The total 

error for the normalized data is the summation of twice the initial reading summed with 

the error for the final reading. The raw data is given in Table B.2. 

 

 

 

 

 

 

 

 

 

 157



Table B.2 The error propagation raw data for the YBCO stability experiment. 

V(mV) amps Mag Field (T) before Db/di*wi Db/dv*wV Db/db0*wB0 

Total 
error for 
H.P. 
reading 

0.325 0.5 0.089902467 0.00065 0.002766 0.007074 0.007624 

0.636 0.5 0.179116466 0.001272 0.002816 0.003551 0.004707 

1.056 0.5 0.299598394 0.002112 0.002837 0.002123 0.004125 

1.58 0.5 0.449913941 0.00316 0.002848 0.001414 0.004482 

2.307 0.5 0.658462421 0.004614 0.002854 0.000966 0.005511 

2.993 0.5 0.85524957 0.005986 0.002857 0.000744 0.006675 

4.26 0.5 1.218703385 0.00852 0.002861 0.000522 0.009003 

0.365 0.5 0.101376936 0.00073 0.002777 0.006274 0.0069 

0.372 0.5 0.103384968 0.000744 0.002779 0.006152 0.006791 

0.353 0.5 0.097934596 0.000706 0.002774 0.006494 0.007097 

0.372 0.5 0.103384968 0.000744 0.002779 0.006152 0.006791 

0.32 0.5 0.088468158 0.00064 0.002765 0.007189 0.007729 

0.35 0.5 0.09707401 0.0007 0.002774 0.006552 0.007149 

1.069 0.5 0.303327596 0.002138 0.002837 0.002097 0.004125 

1.077 0.5 0.30562249 0.002154 0.002838 0.002081 0.004126 

1.059 0.5 0.300458979 0.002118 0.002837 0.002117 0.004125 

3.03 0.5 0.865863454 0.00606 0.002858 0.000735 0.00674 

3.23 0.5 0.9232358 0.00646 0.002858 0.000689 0.007098 

7.78 0.5 2.228456684 0.01556 0.002864 0.000285 0.015824 

7.807 0.5 2.236201951 0.015614 0.002864 0.000284 0.015877 

7.822 0.5 2.240504877 0.015644 0.002864 0.000284 0.015907 

9.57 0.5 2.741939185 0.01914 0.002865 0.000232 0.019355 

9.966 0.5 2.855536431 0.019932 0.002865 0.000223 0.020138 

4.333 0.5 1.239644291 0.008666 0.002861 0.000513 0.00914 

 

 

The errors for the stability experiment have been analyzed and are summarized in 

Table B.3. These errors are given for multiple temperatures where applicable. The largest 

errors in the change in magnetic field are found at lower temperatures where the largest 

magnetic flux is trapped in the YBCO plates and are due to the propagation of error from 

the experimental equipment. The largest error in the measurement of a magnetic field was 

the error found from the sample being held at an angle in the magnetic field and is due to 

the support not being held perfectly down the sample chamber. This error was consistent 

throughout all the experiments and does not effect the change in magnetic field. 
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Table B.3 The summary of the errors found in the stability experiment. 

Error Value in Field Value in change in 

magnetic field 

Placement error 

from sample center 

58K – 2.1% 

32K – 3.8% 

0 

Angle of sample in 

magnetic field 

Up to 20% 0 

Propagation error in 

equipment  

80K – 0.7% 

32K – 2% 

80K - 0.7% 

32K – 2% 
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APPENDIX C – MODELING FLUX SHIELDING 
 

 A transient, 3-D model of the stability experiment was created using the 

commercial software Comsol Multiphysics. This FEA analysis presented interesting 

results of trapped-flux via the FC method that matched trends from the experimental data. 

In an effort to prove the validity of the modeling results, the model was simulated under 

flux-shielding conditions. The changes to the model and results are presented below. 

 The FC method of trapping flux cools a sample while a magnetic field is applied. 

In flux shielding, the sample is at the operating temperature and the magnetic field is 

applied. The applied magnetic field must penetrate the YBCO sample that resists the 

change in current. The current density profile of a sample with flux shielding, seen in 

Figure C.1, is well established and provides a good benchmark for the simulation. 

Matching the results to the expected current density profile validates the simulation.  

 

Figure C.1 The current density profile of flux shielding in a bulk sample. 

 

 To simulate the flux shielding, the model was not changed except for the initial 

conditions. The initial temperature of the sample is 57K. The timescale was not changed 

for the sweeping rate of the applied field. The applied field is initially 0T, the same as the 

FC model conditions. Additionally, the sweeping rate of the applied field, 0 to 9 Tesla in 

1s, is also not altered. The results of the current density profile can be seen at several 

time-steps below, in Figures C.2, C.3, and C.4. Figure C.2 shows the current density at 

0.25 seconds after the simulation has begun and JC is given in the color map in units of 

A/m
2
. The maximum current density in Figure C.2 is 4A/mm

2
. Figures C.3 and C.4 

 160



similarly plot JC for times of 0.4s and 0.5s, respectively. The maximum values for JC for 

Figures C.3 and C.4 are 84A/mm
2
 and 204A/mm

2
.  

 

 

Figure C.2 The current density profile at 0.25s. 
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Figure C.3 The current density profile at 0.4s. 
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Figure C.4 The current density profile at 0.5s. 

 

 The current density profiles illustrated in the pictures above show the expected 

trends. The current density increases first at the edge of the sample and advances toward 

the center. The simulation results are poor in quality, but the model was not intended for 

such simulations. The high sweeping rate and transient nature of the data presented above 

could be improved upon, but that is not the purpose of the modeling results. The trends 

illustrate that the model correctly simulates the current density in the sample. By proving 

the flux shielding is accurately modeled, the FC method is also validated. The FEA 

model results presented in Chapter 8 are therefore valid. 
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