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Abstract 

Because of their very high specific torque, fully superconducting rotating 

machines are considered as enabling technology for future turbo-electric propulsion for 

transportation aircraft. NASA is funding the development of a high fidelity fully 

superconducting machine sizing tool able to generate optimized designs based on power 

requirements and design constraints.  

In this thesis, a mechanical model of a rotor of fully superconducting motor with 

4MW Power and 5000 RPM speed is designed. The model developed includes a realistic 

3D geometry representation and is based on parametric design methods. COMSOL 

MultiPhysics has been used to validate the mechanical calculations including the thermal 

stress, strain, displacement and torque induced stress and deformation. This parametric 

model allows us to get the relationship between stress/strain and a series of parameters. 

This will help define the most proper materials and topology considering different 

required working conditions. The simulations allowed for a full characterization of the 

superconducting motor composite shaft and successfully validated the analytical 

estimation of the stress and deformation of the shaft and stator during cool down and 

under the effect of the applied torque.  
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Chapter 1: Introduction and Literature Review 

1.1 Background  

With the impact of global warming, emissions in the atmosphere, and the growing 

scarcity of hydrocarbons, energy based technologies are adapting to the need for 

sustainability. The research in fuel cells has increased in academia and the industry in 

order to explore the possibility to replace internal combustion motors in vehicles. 

Similarly, with fuel cells currently being categorized as heavy for commercial air flight, 

the aerospace industry has begun research in alternative fuels. However, other sustainable 

propulsion methods are being investigated in research.  

With the development of superconducting materials, superconducting technology 

has been proposed for use in a wide range of engineering applications, like flywheels, 

fault current limiters, motors and generators. The high critical current density of 

superconducting tape in superconducting motors removes the need for an iron core and 

will reduce the size and weight compared to a conventional motor. 

 

Figure 1.1 Ship Propulsion from AMSC 
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Figure 1.2 Propulsion Applications from AML-ES Aero-NASA 

 

Figure 1.3 Wind Turbine Applications from AML and AMSC 

An article written by Paul N. Barnes, introduces the need and niche for high 

power density generators. The article proposes that a variety of future military systems 

will depend on high electrical power input at the multi-megawatt level. As is typical for 

airborne, seaborne, and ground-mobile platforms, the power generation subsystems must 
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often be packaged in a limited space and within strict wright limits. Additionally, a 

cryogenic power system block diagram was introduced in that article [1]. 

 

Figure 1.4 Cryogenic Power System Block Diagram [1] 

 

1.2 The advantage of Superconducting motors over conventional motors 

Superconducting motors are new types of AC synchronous motors that employ 

HTS (High Temperature superconductor) windings in place of conventional copper coils. 

As HTS wires can carry much larger currents than copper wires without losses, the 

windings are capable of generating much more powerful magnetic fields in a given 

volume of space [2].  

The main advantages of superconducting motors over their conventional 

counterparts are: reduction in mass and volume, noise reduction, and increased efficiency. 

Numerous articles have been published about superconducting Motors showing gains in 
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efficiency and specific torque. For example, an article written by American 

Superconductor (AMSC), talks about advances in coil design which made possible for 

superconducting machines to match the power output of an equally rated conventional 

motor with as little as one-third the size and weight; this means that the smaller size and 

lower weight could potentially make the superconducting motors manufacturing cost 

lower than equivalent that of conventional motors [1]. 

Additionally, in that article the authors opine that the replacement of conventional 

copper rotor windings with non-resistant HTS coils could results in largely reduced 

electrical losses in the rotor. Besides, the increased electrical current in the motor’s rotor 

results ultimately in increased power density (and hence smaller size) for the rotating 

machine. The HTS motor’s smaller size means it is significantly lighter, and therefore 

can be utilized in new and innovative ways. In addition, the motor’s increased efficiency 

results in lower operating costs than conventional motors. 

HTS AC synchronous motors can also be made with no iron teeth in the armature 

(stator windings), not only contributing to their smaller size and lighter weight, but also 

removing a significant source of motor noise. As an example of the energy savings that 

can result from the use of large HTS electric motors, a 1% increase in the efficiency of a 

5 megawatt (approximately 6,500 horsepower) electric motor, running 7 x 24, will result 

in the saving of over 430,000 kilowatt hours of energy per year [1]. 

1.3 The present status of Superconductive motor 

In 2005 the General Atomics Company received a contract for the creation of a 

large low speed superconducting homopolar motor for ship propulsion. Superconducting 

homopolar generators have been considered as pulsed power sources for laser weapon 
4 



systems. However, homopolar machines have not been practical for most applications 

because of their low voltage and high current operation as well as the required sliding 

contacts leading to losses and maintenance needs. 

In the past, experimental AC synchronous superconducting machines were made 

with rotors using low-temperature metal superconductors that exhibit superconductivity 

when cooled with liquid helium. These worked, however the high cost of liquid helium 

cooling made them too expensive for most applications [3]. 

More recently, AC synchronous superconducting machines have been made with 

copper-oxide based rotor conductors that exhibit high-temperature superconductivity [3]. 

These have liquid nitrogen cooled ceramic superconductors in their rotors. The ceramic 

superconductors are also called high-temperature or liquid-nitrogen-temperature 

superconductors. Because liquid nitrogen is relatively inexpensive and easy to handle, 

there is a greater interest in the ceramic superconductor machines than the liquid helium 

cooled metal superconductor machines. 

Several articles written by Dr.Philippe J. Masson, introduce HTS motors in 

aircraft propulsion. Dr. Masson introduces the major motivations for electric propulsion 

study and development: reduce pollution, less oil-dependent, noise reduction, increased 

reliability, decreased maintenance needs [4]. In those articles, the design considerations 

and HTS propulsion model was introduced in detail. Also, a typical LH2 powered aircraft 

power system as well as an example of electric propulsion system configuration was 

introduced as in the following figures. 
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Figure 1.5 Typical LH2 powered aircraft power system [3] 

 

 
 

Figure 1.6 Example of electric propulsion system configuration [4] 
 

Recently, NASA has been reviewing the possibility of replacing certain 

components (that cause emissions) of a turbofan core by a superconducting apparatus in  
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order to generate the primary thrust from the fan of the motor. NASA is funding the 

development of a high fidelity fully superconducting machine sizing tool able to generate 

optimized designs based on thrust requirements and design constraints. 

The project deals with the development of the next generation of sizing model for 

superconducting machines which includes a detailed 3D representation of the windings 

allowing for accurate computation of the performance and electro-mechanical parameters 

of HTS rotating machines. The 3 major components of HTS machines including the rotor 

excitation coils, the stator winding and the back iron are represented; their contributions 

to the magnetic flux density and to the electromagnetic torque in the machine are 

calculated semi-analytically. The back iron magnetization is modeled using the magnetic 

moment method well suited for semi-analytical methods and the flux density from the 

stator and rotor are calculated using the Biot-Savart law integrated through the use of 

Monte-Carlo methods. The results obtained have a much greater accuracy than finite 

element analysis. The work performed during the past years of this project deals mostly 

with the development and optimization of the electromagnetic model and the usable 

version of the sizing tool including the following features: 

- Electromagnetic model taking into account the detailed 3D geometry of a HTS 

machine 

- Mechanical model allowing for sizing of the torque transfer components 

- Thermal model allowing for the computation of the temperature gradient along 

the torque tubes and calculation of the heat loads 

- Implement a material database for structure components and superconductors 

- Implement/use solver to perform HTS machine sizing 
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The project schedule (Temporary Released) is presented below. In addition to the 

model development, some work has been performed to design the experiments aiming at 

improving the modeling and estimation of the heat generated by AC losses in 

superconducting stator windings.  

 

Figure 1.7 Project Schedule 

 

In this project, NASA’s final deliverable is a python based program that would 

output basic weight and sizing of the motor calculations based on predefined user inputs. 

However, many design considerations such as superconductivity’s cryogenic nature raise 

concerns about the motor’s thermal stresses and material selection. Moreover, aircraft 

motors are submitted to much mechanical stress and typically the stress provides methods 

of motor sizing. Hence, a preliminary heat distribution (thermal stress) / stress analysis 

(basic sizing) of the superconductive motor needed to be investigated. A program named 

Amber V1.0 has been developed to generate the basic sizing of two components in the 

High Fidelity Sizing Model for Superconducting Rotating Machines for Turbo-Electric Propulsion Design

Sub-Task Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Task 1: 3D sizing tool development

Task 1.1: Electromagnetic model

Task 1.2: Mechanical model

Task 1.3: Thermal model

Task 1.4: Material properties

Task 1.5: Model integration

Task 2: Model constraints and machine integration

Task 3: Sizing tool implementation

Task 4: Experimental validation

Task 4.1: Design and modeling of a superconducting machine

Task 4.2: Superconducting stator fabrication

Task 4.3: AC losses

Task 4.4: Fault current limitation

Task 4.5: Rotor quench protection/detection

Task 5: Final report / Final review

Kick-off meeting Milestone 1 Milestone 2 Milestone 3 Milestone 4 Mlstn 5 Final review 
Project Y1 review Project Y2 review  Final report

Year 1 Year 2 Year 3
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superconductive motor (stator and rotor shaft). However, some parts of the mechanical 

design still need to be updated. Therefore, the aim of this thesis was to provide a general 

parametric designed mechanical design that can be used to improve the accuracy of 

Amber. This fully parametric design model would help us modify the future Amber 

version of the final deliverable to NASA. 
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Chapter 2: The general structure of superconducting motor 

Superconducting motors are widely studied those days. In 2005, the IHI Company 

released world's first liquid nitrogen-cooled full superconducting motor. Figure 2.1 shows 

the structure of a superconducting motor by Elizabeth A. Bretz.  

 

Figure 2.1 Structure of a Superconducting Motor 

 

General structure of a superconducting motor is shown in Figure 2.2. The 

superconducting motor mainly consists of rotor, stator, windings, torque transfer 

components, etc. The active parts of stator and rotor (shown in red in the following 

figure) are made of superconducting materials. The green parts are made of low thermal 

conductivity materials to resist heat transfer from outside room temperature.  
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Figure 2.2 General Structure of Superconducting Motor 

 

In order to maintain the superconducting state, temperature needs to be controlled 

and kept with a minimum gradient; this requires the heat loads and heat flux conducted 

from outside to be as small as possible. The electromagnetic torque created in the motor 

needs to be transferred to the mechanical load located at room temperature, thus leading 

to a direct mechanical connection between the cryogenic components and room 

temperature. Composite materials can be used to decrease the heat flux thanks to their 

low thermal conductivity. The rotor and stator can be divided into several parts with 

different materials, and those composite parts need to be mechanically connected by bolts 

to transfer the torque. Based on analysis of numerous materials, stainless steel-316 and 

G10 (fiber glass composite) are selected as the materials of rotor and stator parts.  
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Chapter 3: Material Properties 

3.1 Stainless Steel - 316 

As this machine is fully superconductive, magnetic leaks need to be taken into 

consideration. Torque transfer parts require the material to have high yield stress property, 

and as the motor is electromagnetic, the material also need to be non-magnetic.  To 

provide enough strength, non-magnetic metal, like Aluminum and Stainless Steel could 

be good choices. Compared with Aluminum, Stainless Steel has better mechanical 

property. In this case we just use Stainless Steel-316.  

3.1.1 Mechanical Property of Stainless Steel-316 

Stainless Steel-316 is the most versatile and most widely used stainless steel, 

available in a wider range of products, forms and finishes than any other. It has excellent 

forming and welding characteristics. 

Table 3.1 Mechanical Property of Stainless Steel 316 [5] 
 

Grade Tensile 
Strength 

(MPa) min 

Yield 
Strength 

0.2% Proof 
(MPa) min 

Elongation 
(% in 

50mm) min 

Hardness 

Rockwell B 
(HR B) max 

Brinell (HB) 
max 

316 515 205 40 95 217 
 

For ductile metals, the maximum shear stress  τmax ≈ 0.577 σyeild . Thus, the 

maximum shear stress  τmax ≈ 0.577 σyeild = 118.3 Mpa.  

3.1.2 Thermal Property of Stainless Steel-316 

Thermal conductivity data can be extracted from the Cryocomp® software, 

available in our research team. Plotting the Thermal conductivity with temperature in 
12 



Excel®; we can get the relationship between Temperature and Thermal Conductivity in 

Figure 3.1. 

 

Figure 3.1 Thermal Conductivity as function of Temperature for Stainless Steel 316 
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3.2 Glass Fiber Material G-10 

 

Figure 3.2 Structure of the Composite Rotor  

 

Shown in Figure 3.2, the center part (with coils) is the active part, and needs to 

keep in cryogenic temperature. The two blue parts are supposed to take the temperature 

gradient. The left side of the rotor is load side to output the magnetic torque, and the right 

side is free. The two ends of the rotor will be at room temperature, in order to keep the 

superconductor coils maintain superconductivity, we need to keep the temperature of the 

active parts at 20K, efficient cooling system is necessary; and low thermal resistance 

material will also help decrease the heat flux. Glass fiber material has a very low thermal 

conductivity but also good mechanical performance.  

The G-10 parts are designed to take most of the thermal gradient. Those parts will 

work under a large temperature gradient, which will induce large thermal stress. G-10 has 
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a very large thermal resistance, which can help us reduce the heat flux amount, to 

decrease the size of whole motor. 

3.2.1 Mechanical Property of G-10 

Phenolics are thermoset resins formed by the polymerization of phenol and 

formaldehyde, which can then be impregnated with cotton canvas or linen, paper, or glass 

cloth materials to form industrial laminates. Overall, industrial laminates are dense, 

strong and durable, moisture resistant, lightweight, and will not soften when heat is 

reapplied. Typically they have high mechanical and insulating properties. 

G-10 is made up of a mixture of epoxy resin and glass cloth. G-10 has extremely 

high mechanical strength and dimensional stability over temperature, low water 

absorption, and superior electrical properties when both wet and dry. These electrical 

properties make it the most widely used in the electrical field. G-10’s properties are 

exhibited over a wide range of temperatures and humidities. G-10 is stronger than the 

other glass-epoxy laminate G-11, and because of its strength, G-10 is difficult to machine 

and may require special equipment. The main mechanical properties of G-10/FR4 are 

shown in Table 3.2.  

Table 3.2 Mechanical Properties of G-10/ FR4 

Tensile Strength (PSI) 
Lengthwise, Crosswise 45,000 and 38,000 

Yield Stress(PSI) 2,2000 

Flexural Strength (PSI) 
Lengthwise, Crosswise 75,000 and 65,000 

Compressive Strength (PSI) 65,000 

 

15 



Table 3.2 Mechanical Properties of G-10/ FR4 (continued) 

Flexural Modulus (KPSI) 
Lengthwise, Crosswise 2,700 and 2,400 

Izod Impact (Notched), ft-lb/in 
Lengthwise, Crosswise 14.0 and 12.0 

Rockwell Hardness M110 

 

3.2.2 Thermal Property of G-10 

From the Cryocomp® software, we can get the thermal properties of the G-10, 

shown in Figure 3.2 is the thermal conductivity as function of temperature for G-10. 

Figure 3.3 shows the heat capacity as function of the temperature for G-10, which shows 

why G-10 could be used as thermal insulators and reduce the conducted heat. 

 

Figure 3.3 Thermal Conductivity as function of Temperature for G-10/FR4 
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Figure 3.4 Heat Capacity as function of Temperature for G-10/FR4 
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Chapter 4: Rotor Model Design  

According to the results of series of general simulations, we concluded that the 

peak stress occurs at the connection areas. In the final analysis model, we can focus on 

the thermal and torque induced stresses in the structure itself other than the connection 

areas. To study the thermal and torque induced stress not in the connection areas, we 

simplify the model by deleting the connection bolts and holes. Check the input file of 

Amber, which is  the initial sizing code, some key limitation parameters, like outer radius, 

total length, active length, and more, can be found. In the rotor case, with the given outer 

radius of the winding rotor as 0.1356m, we can start the design and define the dimensions 

of each component.  

4.1 Racetrack 

From the Amber report [3] the inputs of rotor shaft program are: 

• Shaft geometry (shaft starting/ending positions). 

• Insulator geometry (where insulators are present on the shaft).  

• Cooling geometry (where cooling occurs on the shaft).  

• Connector heights/lengths (discussed later in the report).  

• The cooling heat transfer coefficient.  

• Maximum temperature rise in the cooling fluid.  

• The bulk cooling fluid temperature.  

• Outer rotor shaft radius.  

• The Dirichlet temperatures (Tleft/ Tright).  

• The torque applied on the shaft.  

18 



Thus, based on the outer radius limitation, inner radius of the shaft could be 

calculated. The rotor winding is composed of a stack of racetrack coils. In Figure 4.1 the 

structure of a racetrack coil is shown, and Figure 4.2 shows the cross section of the shaft 

with the racetrack coils. In Figure 4.2, in order to make sure that there will be no overlap 

between the coils, the parameter 𝒙 in Figure 4.1 has to be estimated first. 

 
Figure 4.1The structure of Racetrack  

In Figure 4.2, 

① = 𝟎.𝟏𝟑𝟓𝟔 m,  ② = 𝒙 + 𝟐 ∗ 𝐰𝐢𝐝𝐭𝐡𝒎𝒂𝒙 , 

             
 

Figure 4.2 Cross Section of Rotor with Racetrack 
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To avoid the overlap, following requirement need to be met: 

tanθ =
0.5𝑥 + 0.0336

0.1356 − 4 ∗ 0.004
< tan 30 °, 

x < 0.0709022 m. 

4.2 Thickness Calculation 

Step 1: Calculate the minimum thickness of the shaft from the yield stress of 

Stainless Steel-316 

The maximum stress the shaft takes should not be larger than the yield stress of 

the materials, neither stainless steel nor G-10. 

Thus, define the inner radius and outer radius of the shaft as r and R the diameters as 𝑑 

and 𝐷. 

Polar moment of Inertia: 

𝐼𝑝 = �𝜌2𝑑𝐴
 

𝐴
=

1
32

𝜋𝐷4 �1 −
𝑑4

𝐷4�, 

Equation 4.1 Polar moment of Inertia equation 

where, ρ is the radial distance to the element dA, A is the integrate area, D is the outer 

diameters, d is the inner diameters.   

To calculate the shear stress, we need to calculate the torsional section modulus𝑊𝑝, 

𝑊𝑝 = 𝐼𝑝
𝑅

= (𝐷4−𝑑4)𝜋
16𝐷

 ,  and 

Equation 4.2 Polar modulus 

𝜏𝑚𝑎𝑥 =
𝑇𝑇𝑜𝑟𝑞𝑢𝑒
𝑊𝑝

=
16 ∙ 𝐷 ∙ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒
𝜋(𝐷4 − 𝑑4)

 , 

Equation 4.3 Maximum shear stress 

20 



where, 𝜏𝑚𝑎𝑥 <  𝜏𝑚𝑎𝑥−𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (Stainless 316/ G-10/FR4). 

Thus,  

𝜏𝑚𝑎𝑥 =
16 ∙ 𝐷 ∙ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒 ∙ 𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟

𝜋(𝐷4 − 𝑑4)
<  𝜏𝑚𝑎𝑥−𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 . 

From chapter 3:  

For ductile metals, the maximum shear stress 𝜏𝑚𝑎𝑥 ≈ 0.577 𝜎𝑦𝑒𝑖𝑙𝑑. Thus, the maximum 

shear stress of stainless steel 316 is: 𝜏𝑚𝑎𝑥 ≈ 0.577 𝜎𝑦𝑒𝑖𝑙𝑑 = 118.3 Mpa.  

Thus, for the stainless steel 316, we have: 

𝜏𝑚𝑎𝑥 =
16 ∙ 𝐷 ∙ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒
𝜋(𝐷4 − 𝑑4)

< 118.3 𝑀𝑝𝑎 , 

where D=2( 𝑅𝑜𝑢𝑡𝑤𝑖𝑛𝑑𝑖𝑛𝑔 − 𝑅𝑎𝑐𝑒𝑡𝑟𝑎𝑐𝑘𝑠(𝑖𝑛𝑐𝑙𝑢𝑢𝑑𝑖𝑛𝑔 𝑔𝑎𝑝𝑠)) = 0.1091 𝑚 , Torque = 

7639.43 N ∙ m , the Safety Factor = 4. Thus, we update the 𝜏𝑚𝑎𝑥: 

𝜏𝑚𝑎𝑥 =
16 ∗ 0.2182 ∗ 7639.43 ∗ 4

𝜋(0.21824 − 𝑑4)
< 118.3 𝑀𝑝𝑎 , 

then, 0< 𝑑 <  0.210938 m. 

Step 2: Calculate the minimum thickness of the shaft from the yield stress of G-10 

For G-10, the yield stress is 151.68 MPa, thus 

𝜏𝑚𝑎𝑥 =
16 ∙ 𝐷 ∙ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒 ∙ 𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟

𝜋(𝐷4 − 𝑑4)
< 151.68𝑀𝑝𝑎 , 

where D=2(𝑅𝑜𝑢𝑡𝑤𝑖𝑛𝑑𝑖𝑛𝑔 − 6 ∗ 0.004) = 0.2232 𝑚, Torque = 7639.43 N ∙ m , the Safety 

Factor = 4. Thus, we update the 𝜏𝑚𝑎𝑥: 
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𝜏𝑚𝑎𝑥 =
16 ∗ 0.2182 ∗ 7639.43 ∗ 4

𝜋(0.21824 − 𝑑4)
< 151.68 𝑀𝑝𝑎 , 

then, 0 < 𝑑 <  0.212601 m. 

Step 3: Define the inner radius of the shaft 

According to the 𝜏𝑚𝑎𝑥 calculation formula, the 𝜏𝑚𝑎𝑥 will decrease with the inner 

diameter d. Thus, we can adjust the maximum stress by changing the inner radius. 

According to the calculation results, define the inner radius of shaft as 0.05m. Thus, the 

thickness of shaft could be 0.1091m - 0.05m = 0.0591m.  

4.3 Length of Different Parts 

As this is a fully superconducting machine, the active rotor parts need to be kept 

superconductive, which means a cryogenic environment. Apart from providing an 

efficient cooling system, good insulators could also help reduce the heat leak from 

outside environment. Thus, the design of whole shaft would be divided into several parts 

as shown in Figure4.3. 

 

 

Figure 4.3 Brief Cross Section Structure of Rotor Shaft 
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In Figure 4.3, the function of G-10 parts is mainly to take the temperature gradient 

and the thermal stress induced by the temperature gradient. These G-10 parts will also 

help the system reduce the heat leak amount. The radii of the left side are designed larger 

than that of right side, the reasons are:  

(1) the left sides will be the load side, which means it will transfer the mechanical torque, 

while the right side will be the free end. According to shear stress calculation formula:  

𝜏𝑚𝑎𝑥 =
16 ∙ 𝐷 ∙ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒
𝜋(𝐷4 − 𝑑4)

 . 

Equation 4.4 Polar moment of Inertia equation 

When we increase the both outer diameter D and inner diameter d, and keep the thickness 

(D - d) unchanged. Then, the 𝜏𝑚𝑎𝑥 will decrease. 

Proof: 𝐷4 − 𝑑4 = (𝐷2 + 𝑑2)(𝐷2 − 𝑑2) = (𝐷2 + 𝑑2)(𝐷 + 𝑑)(𝐷 − 𝑑) , increase both D 

and d, then both (𝐷2 + 𝑑2)  and (𝐷 + 𝑑)  will increase, meanwhile, we keep (D - d) 

unchanged. Thus, the value of 𝐷4 − 𝑑4 = (𝐷2 + 𝑑2)(𝐷 + 𝑑)(𝐷 − 𝑑)  will increase. 

According to the Equation 4.3 , the value of  

𝜏𝑚𝑎𝑥 =
16 ∙ 𝐷 ∙ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒
𝜋(𝐷4 − 𝑑4)

  

will decrease.  

(2) Decreasing the outer radius and inner radius of right side will decrease the 

heat leak amount. As the right side is the free end, it does not take any torque, decrease of 

the sizes of the side will decrease the cross section area, and this will help reduce the heat 

leak amount. 
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In order to limit the total weight of the whole machine, all components need to be 

as small as possible to decrease the weight of the components. However, the length of 

shaft will also affect the heat leak amount of the system. From this point of view, an 

increase in the length of components will lead to a total heat leak decrease, which will be 

good to the cooling system. Thus, a balance point needs to be found to meet the 

requirements of both total weight and the total heat leak amount.  

To get that balance point, different lengths of those components will be simulated 

to test the stress, total weight, total heat leak amount. With the help of COMSOL 

Multiphysics and Cluster Computation, a series of simulations could be run to get the 

best values for each component. 

4.3.1 Heat Distribution Summary 

For the preliminary design, the stator and rotor shaft were both simply modeled. 

For both these components, the following heat conduction setup was implemented: 

∂
∂x
�𝑘(𝑇𝑇)

𝜕𝑇𝑇
𝜕𝑥
� +

∂
∂y
�𝑘(𝑇𝑇)

𝜕𝑇𝑇
𝜕𝑦
� +

∂
∂z
�𝑘(𝑇𝑇)

𝜕𝑇𝑇
𝜕𝑧
� +

�̇�
𝑉𝑒𝑙𝑒

= 0 [𝑊𝑚−3] , 

Equation 4.5: Steady heat conduction equation 

where �̇� : Heat transfer [W], 𝑉𝑒𝑙𝑒 = 𝐴𝑐∆𝑥 : The volume of an element [𝑚3], k is the 

Thermal conductivity coefficient.  

For one dimensional problem of Equation 5.1 simplifies to 
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d
dx
�𝑘(𝑇𝑇)

𝑑𝑇𝑇
𝑑𝑥
� +

�̇�
𝑉𝑒𝑙𝑒

= 𝑘
𝑑2𝑇𝑇
𝑑𝑥2

+
𝑑𝑘
𝑑𝑥

𝑑𝑇𝑇
𝑑𝑥

+
�̇�
𝑉𝑒𝑙𝑒

= 0 . 

Equation 4.6 One dimensional conduction equation 

A discretized version of the one dimensional conduction equation was derived as: 

𝑘𝑖 �
𝑇𝑇𝑖−1 − 2𝑇𝑇𝑖 + 𝑇𝑇𝑖+1

∆𝑥2
� +

𝑘𝑖+1 − 𝑘𝑖
∆𝑥

𝑇𝑇𝑖+1 − 𝑇𝑇𝑖
∆𝑥

+
�̇�
𝑉𝑒𝑙𝑒

= 0 . 

Equation 4.7 Discretized conduction equation 

In the Amber code, the three central differences are utilized to approximate the 

second derivate (d2T /dx2 ) and the two-point-forward difference is implemented to 

approximate the first derivatives: dk/dx and dT/dx respectively. These derivate 

estimations were used as a way to avoid divergence issues. 

Equation 4.7 then became the basis for the coefficient matrix [A] in the following form: 

𝑇𝑇𝑖+1 �
𝑘𝑖+1
∆𝑥2

� − 𝑇𝑇𝑖 �
𝑘𝑖+𝑘𝑖+1
∆𝑥2

� + 𝑇𝑇𝑖−1 �
𝑘𝑖
∆𝑥2

� = −
�̇�
𝑉𝑒𝑙𝑒

 . 

Equation 4.8 Coefficient matrix basis 

For stator and rotor shaft, the heat transfer is generally denoted as 

�̇� = �̇� − ℎ𝐴𝑐𝑜𝑜𝑙(𝑇𝑇 − 𝑇𝑇∞) [W], 

Equation 4.9 Heat transfer correlation 

where:  

�̇�: AC losses (only in the stator) [W], 

h: heat transfer coefficient attributed to cooling losses [W𝐾−1𝑚−2], 
25 



𝐴𝑐𝑜𝑜𝑙: Surface area subjected to the cooling [𝑚2], and 

𝑇𝑇∞: The bulk cooling fluid temperature [K]. 

For the rotor shaft, the total heat leak was required in order to provide an 

estimation of the amount of cooling fluid to be delivered in the rotor shaft. And the total 

heat leak of rotor shaft was computed by heat leak from both right and left sides, 

�̇�𝑙𝑒𝑓𝑡 = 𝑞𝑙𝑒𝑓𝑡𝐴𝑐_𝑙𝑒𝑓𝑡 , 

Equation 4.10 Total heat leak from the left of rotor shaft 

�̇�𝑟𝑖𝑔ℎ𝑡 = 𝑞𝑟𝑖𝑔ℎ𝑡𝐴𝑐_𝑟𝑖𝑔ℎ𝑡 . 

Equation 4.11 Total heat leak from the right of rotor shaft 

Given that there are no significant AC losses generated in the rotor, the total heat 

to be dissipated in the shaft is assumed to be 

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑙𝑒𝑓𝑡 + �̇�𝑟𝑖𝑔ℎ𝑡 . 

Equation 4.12 Total heat to be dissipated in the rotor shaft 

The Amber code calculates the temperature distribution along the torque transfer 

component through a 1D finite difference simulation. The dashed line in Figure 4.4 

shows the location of the temperature calculation. The conduction heat leak is calculated 

as well as the peak temperature in the machine. If necessary, the temperature profile in 

the rotor winding will be simulated. 

26 



 

Figure 4.4 Brief Cross Section Structure of Rotor Shaft 

4.4 Fully Parametric Model Design 

A fully parametric designed model will be very convenient to do optimizations 

with different series of parameters, especially when we use the COMSOL Multiphysics 

software to find the best values for each parameter in different cases. The model was built 

in a fully parametric design, which allows the users to easily change any parts of the 

geometry by only changing related parameters in the Parameters list, and the software 

will regenerate the model automatically.  
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Figure 4.5 Cross-sectional View of the Fully Parametric Model 

As shown in Figure 4.4, this is one fully parametric designed model. In this model, 

the blue parts are G-10 glass fiber material parts.  Table 4.1 is the Parameters List used in 

COMSOL model. 

Table 4.1 Parameters List used in COMSOL Parametric Model 

Parameters Value Note 
R 0.1091 Outer radius of SS1 
r 0.05 Inner radius of SS1 
L 0.1 Length of G-10 

t_sheet 0.02 Thickness of attached sheet between connecters 
(Optional) 

t_plate 0.04 Thickness of each flange plate 
L_shaft 0.2 Length of outer Stainless steel parts 
R1 R Outer Radius of Small G10 Flange 
r1 0.02 Inner Radius of Small G10 Flange 
a 0.05 Optional adjustment parameters #1 
R2 0.1 SS2 
r2 0 Inner Radius of Non-Torque SS shaft 
L_windingshaft 0.6 Length of winding shaft 
gap 0.001 length of the gap between flanges(Optional) 
L_nuts 0.015 Length of nuts 
R_nuts 0.03 Outer radius of nuts 
t_plate2 0.04 Thickness of Flange(G-10) 
b 0.1 Optional adjustment parameters #2 
R_nutshole 0.016 Radius of the nut holes 
c 0.02 G10 inner Radius 
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Table 4.1 Parameters List used in COMSOL Parametric Model (continued) 

T 10000 Applied Torque 
L_nutring 0.003 length of the Bolts' ring 
d 0.0005 Nut seize decrease value 
L_activewinding 0.38 Active length of winding parts 
t_racetrack 0.004 Thickness of ONE racetrack 
W_1 0.0287 Width of racetrack #1 
W_2 0.0315 Width of racetrack #2 
W_3 0.0336 Width of racetrack #3 
W_4 0.0259 Width of racetrack #4 
W_5 0.0154 Width of racetrack #5 
W_6 0.0007 Width of racetrack #6 
H_windingsupport 0.0356 Height of winding support 
W_windingsupport 0.02 Width of winding support 
R_outerwindingrotor 0.1356 Outer winding rotor radius 
W_flange R+0.08 Outer radius of Flange(big ones) 

 

For the winding support rotor shaft, shown as in Figure 4.6 

 

Figure 4.6 Structure of the Winding Support Rotor Shaft (Main shaft) 

 

For the winding support parts on the main shaft, shown as in Figure 4.7 

29 



 

Figure 4.7 Structure of the Winding Support Part 

This winding support part will take most of the magnetic force generated by the 

winding. Thus, the material strength needs to meet at least 4 times (Safety Factor) the 

theoretical maximum shear stress generated by the magnetic field. The value of 

parameter, Winding support, needs to be calculated and checked by the Third Strength 

Theory (The Maximum Shear Stress Theory). 
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In the case of interest, the number of poles is 6, then 6 winding supports are 

generated by the Rotation function with a rotation angle of 60°.  

The design of racetrack coils are shown in Figure 4.8 

 

Figure 4.8 Structure of Racetrack 

 

Figure 4.9 Racetracks 3D Structure 

 

The number of coils is 6, and their only difference is the width. The coils will 

generate the magnetic force to drive the shaft. Rotating the coils by 60°, 120°, 180°, 240°, 

and 300° gives the geometry shown in Figure 4.10. 
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Figure 4.10 Main Shaft 3D Structure 

 

The G-10 part is significant to the whole shaft, as this part will resist most to the 

conductive heat. The length of this part could be decided by the Optimization function in 

COMSOL. 
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Figure 4.11 G-10 Part (Torque output) Structure 

 

Figure 4.12 G-10 Part (Free end) Structure 
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As previously mentioned, the structures of G-10 parts are different for the torque 

output side and free side. As shown in Figure 4.11 and Figure 4.12, the outer radii of the 

components on the torque output side are larger than those of the free side. This kind of 

structure can help decrease total heat leak amount of the whole system, and also increase 

the strength of the output shaft.  

The Figure 4.13 shows the structures of the output side and the free end. The 

users can change the geometry by changing the values of the corresponding parameters or 

even changing the parameters in the Parameters List. 

      

Figure 4.13 Stainless Steel Ends Structure 
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Chapter 5: General Peak Stress Study 

Fully superconducting rotating machines for future turbo-electric propulsion 

require high torque and power to weight ratio. The weight and size of the machine need 

to be minimized during design. Superconductors can only operate at cryogenic 

temperature in the 20-40K range. The torque transfer components need to transfer 

mechanical torque between cryogenic and room temperature and, as a result, is exposed 

to high temperature gradient. Therefore, special care needs to be taken towards 

simulation of the temperature distribution, conducted heat and thermal stress distribution 

in the rotor. 

Peak stress analysis is very essential for the primary design purpose which can 

give an idea where and how the structure could be modified to meet the stress 

requirements. In this chapter, a fully parameterized 3D model was implemented in 

COMSOL MultiPhysics, which allows for parametric sweep during the analysis process. 

With the analysis of this 3D model, the temperature distribution, stress distribution, 

thermal stress and torque induced stress in steady-state nominal operation of the machine 

can be indicated. With the help of COMSOL MultiPhysics, parameters that have 

significant influence on stress distribution will also be identified. 

5.1 Model geometry 

In order to figure out the relations between thermal stress and torque induced 

stress, before the final model was built, a test model was built to help us figure out the 

factors that will mainly affect the total stress. Figure 5.2 shows the general geometry of 
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the shaft. The shaft consists of 5 separated parts connected by bolts. Poles are protruding 

to accommodate the superconducting winding (not represented in figure 5.1). 

 

 
Figure 5.1 Torque transfer components model 

 

Because the rotor houses superconducting coils, the temperature needs to be 

maintained lower than 20 K to keep the winding in the superconducting state with an 

acceptable critical current density. The two ends of the shaft are at room temperature 

(300K) and connected to the mechanical load. Thus, there will be a large temperature 

gradient between the winding parts and the two shaft end sections. In order to thermally 

insulate the section at cryogenic temperature, different materials are used for different 

parts of the shaft. As shown in Figure 5.2, the two blue parts are composed of G10 

material with low thermal conductivity to take most of the temperature gradient. G10 is a 

widely used glass fiber material in cryogenic applications because of its low thermal 

conductivity and relatively high yield stress. All other parts in gray in figure 5.2 are made 

of Stainless Steel-316. Non-magnetic metal sections are required to accommodate 

vacuum seals and bearings. 
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Figure 5.2 Materials composing the shaft 

 

Figure 5.3 shows the thermal conductivities of G10 and stainless steel 316, which 

means compared with Stainless Steel 316; the G10 part will take most of the temperature 

gradient and thermally insulate the active part of the rotor. The low operating temperature 

will also cause shrinkage of the whole shaft; each part has a different coefficient of 

thermal expansion leading to thermally induced stress. Figure 5.4 shows the thermal 

expansion coefficients of the two materials used (Tref = 293K). When temperature is 

lower than 200K, the two materials have almost the same thermal expansion coefficients, 

however, when the temperature is over 200K, the difference of thermal expansion 

coefficients is significant. Figure 5.5 shows the elongation ratio of the two materials used 

when the temperature changes (Tref = 0K). 
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Figure 5.3 Thermal Conductivity Comparisons 

 

 
Figure 5.4 Thermal Expansion Coefficients 
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Figure 5.5 Materials' ΔL with Temperature Change 

 

5.2 Numerical solution 

COMSOL MultiPhysics was used as analysis tool in this research. COMSOL 

Multiphysics is a finite element analysis, solver and Simulation software / FEA Software 

package for various physics and engineering applications, especially coupled phenomena, 

or multiphysics. COMSOL Multiphysics also offers an extensive interface to MATLAB 

and its toolboxes for a large variety of programming, preprocessing and postprocessing 

possibilities. In addition to conventional physics-based user interfaces, COMSOL 

Multiphysics also allows for entering coupled systems of partial differential equations 

(PDEs). The PDEs can be entered directly or using the so-called weak form (see finite 

element method for a description of weak formulation). An early version (before 2005) of 

COMSOL Multiphysics was called FEMLAB. 
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The case is a coupled problem of heat transfer and solid mechanics. Thus, we 

used two modules in COMSOL MultiPhysics, Heat Transfer in Solids and Solid 

Mechanics.  

We created a study with two steps: 

- Step1 uses the Heat Transfer in Solids module, calculates the temperature 

distribution in the whole shaft.  

- Step2 uses the Solid Mechanics module, particularly thermal expansion and linear 

elasticity. We coupled the Heat Transfer in Solid module with the Solid 

Mechanics module to get the thermal stress.  

We present the stationary analysis of the system, including nominal steady state 

temperature distribution, steady state stress distribution as well as the displacement. 

5.2.1 Governing equation 

The unsteady heat conduction with thermo-elasticity is described by the following 

governing equation:  

ρ𝐶𝐶𝑃𝑢𝑢 ∙ ∇𝑇𝑇2 = ∇ ∙ (k∇𝑇𝑇2) + Q , 

Equation 5.1 Thermo-elasticity governing equation 

where T2 is the temperature, Cp is the heat capacity under constant pressure; k is the 

thermal conductivity, ρ is the material density, Q is the heat source.  

Boundary conditions at both ends of the shaft are: 

T = T0, 

where T0 is the initial value of temperature set as 300K, and the initial value for 

cryogenically cooled parts is set as 20K.  
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In the Solid Mechanics module, we take two factors into consideration: Thermal Stress 

and Torque induced Stress. 

For the Thermal Stress, we use the following governing equation: 

s - S0 = C: (e- e0-einel), einel =a (T- Tref) . 

Equation 5.2 Thermal stress governing equation 

5.3 Simulation results 

5.3.1 Heat Transfer in Solids 

 

Figure 5.6 Temperature Distribution 

 

Figure 5.6 show the steady state temperature distribution in the whole shaft after 

cool-down. As predicted, most of the temperature gradient is in the G10 components. The 

two ends of the shaft are at room temperature (300K), while the central section composed 

of stainless steel is around 20K, which can ensure the superconducting properties of the 

superconductive material. 
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Figure 5.7 Temperature along Axial Direction 

 

Figure 5.7 shows the temperature distribution along the axial direction of the shaft. 

Discontinuities occur because of the desired poor thermal contact between the different 

parts. The poor thermal contact is achieve through a rough surface finish of the adjacent 

parts and is modelled through the definition of pairs in COMSOL. The poor contacts act 

as further thermal insulation.  

5.3.2 Solids Mechanics 

Stress distribution is the key point of interest. The peak value of the stress and its 

location is very important to the whole shaft design. Figure 5.8 shows the local value of 

the displacement as well as the dimension change of the shaft. The 3 meter long shaft is 

about 8 mm shorter after cool-down.  
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Figure 5.8 Deformation of the Shaft 

 

The stress comes from two different phenomena: thermal stress due to 

mismatched CTEs and mechanically induced stress due to the electromagnetic torque in 

the motor. We conducted series of simulations to find the relationship between those two 

stresses and the maximum stress value in the shaft. Several simulations were run with the 

thermal and mechanical analyses decoupled. Table 5.1 shows the thermal stress and 

torque induced stress. It is apparent that the peak value of thermal stress is almost 100 

times greater than the torque induced stress for this specific design. Thus, the first step of 

the design process should be focused on the thermal stress. 
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Table 5.1 Thermal stress and Torque induced Stress 

 

 
Figure 5.9 Thermal stress distribution along axial direction 

 

Figure 5.9 shows the thermal stress distribution in the shaft along the axial 

direction when we run the pure thermal stress simulations. In this case, we just couple the 

heat transfer with thermal expansion in linear elastic property. Figure 5.10 shows the 

boundary conditions of this simulation. One end of the shaft is fixed and the other one 

free, then the stress calculated is only caused by the heat transfer (temperature gradient) 

in the shaft. 

Torque(Nm) Max Stress(N/m^2) Thermal Stress ONLY(N/m^2) Torque induced stress ONLY(N/m^2)
3000 4.44E+10 4.44E+10 3.0200E+07
4000 4.44E+10 4.44E+10 6.6900E+07
5000 4.45E+10 4.44E+10 1.0350E+08
6000 4.45E+10 4.44E+10 1.4030E+08
7000 4.45E+10 4.44E+10 1.7700E+08
8000 4.46E+10 4.44E+10 2.1390E+08
9000 4.46E+10 4.44E+10 2.5070E+08
10000 4.46E+10 4.44E+10 2.8770E+08
11000 4.47E+10 4.44E+10 3.2460E+08
12000 4.47E+10 4.44E+10 3.6160E+08
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Figure 5.10 Boundary conditions of Simulation 

 

 

 
Figure 5.11 Stresses Distribution and Deformation 

 

45 



 
Figure 5.12 Maximum Stresses and Deformation 

Figure 5.12 shows that the maximum stress occurs in the bolts connecting the G10 

and stainless steel parts. As a result, we focused on the design of the connection bolts.  

There are several factors that will affect the thermal stress in the bolts: material, number 

of bolts, connection conditions and cross section area of the bolts. 

- Material: the application requires the use of non-magnetic materials such as 

stainless steel, titanium, etc. In this case, we decided to use stainless steel 316. 

- Number of bolts: previous research2 shows that with the increase of the number of 

bolts, the maximum thermal stress will also increase. Thus, we reduced the 

number of connection bolts from 8 to 3. 
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- Connection conditions: to represent thermal insulation of the bolts, we defined 

low thermal conductivity sheets between the connected faces. The function of 

those sheets can also be seen in Figure 5.7. 

- Cross section area of the bolts: in order to get the relationship between the cross 

section area and the thermal stress, we ran a series of simulations. We defined a 

parameter d representing the gap between the bolts and the holes. While keeping 

the size of the hole, we changed the value of parameter d to get a different cross 

section for the bolts.  

 

 

Figure5.13 Pure thermal stress change with parameter d 

Figure 5.13 shows that with the decrease of the bolt cross section area, the 

average thermal stress also decreased. The peak stress value extracted from the 

simulation shows large variations which we associated with artificial stress concentration 
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in low mesh density areas. As a result, we decided to describe the stress change more 

accurately by considering the average stress change in the bolts as a reference. We 

conducted a parametric sweep simulation including both the thermal and torque induced 

stresses for different values of d; the results are shown in Figure 5.14. 

 

 

Figure 5.14 Parametric Sweep Results 

From Figure 5.14, we can find the general trend of the stress with the change of 

cross section area of the bolts. The only singular point in maximum stress with the effect 

of temperature and torque is likely coming from numerical error and localized poor mesh 

density. As to the average stress in the bolts, it is found that the stress in the bolts 

decreases with the decrease of cross section area. 
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5.4 Short Conclusion  

From the stress analysis, we find that the stress mainly be caused by thermal 

expansion, and the peak stress will occurs at the connection areas. Besides, by changing 

the size and number of connection bolts, we can decrease the peak stress in the 

connection areas.   
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Chapter 6: Simulations and Optimization 

With the limitation of given inputs, proper parameters values could be decided by 

simulations with COMSOL Multiphysics. In this case, as the G-10 parts are mainly used 

to resist the heat transfer process and take most of the temperature gradient induced 

thermal stress, the length of G-10 parts will impact the thermal stress distribution and 

also the total heat leak amount. Thus, the length of G-10 parts is a significant parameter.  

With parameter sweep and optimization functions in COMSOL Multiphysics, it 

will be easy to compare the heat leak amounts between designs with different parameters, 

and the most proper parameter values could be found. In this chapter, we will mainly 

introduce the methods to conduct the simulations and optimizations. 

6.1 Heat Transfer Analysis  

Physic modules of Heat Transfer in Solids (ht) and Solid Mechanics are used to 

simulate the heat transfer process of the whole system. The unsteady heat conduction 

with thermo-elasticity is described by the following governing equation:  

ρ𝐶𝐶𝑃𝑢𝑢 ∙ ∇𝑇𝑇2 = ∇ ∙ (k∇𝑇𝑇2) + Q ,  

Equation 6.1 Heat Transfer Equation 

where T2 is the temperature, Cp is the heat capacity under constant pressure; k is the 

thermal conductivity, ρ is the material density, Q is the heat source.  

Boundary conditions at both ends of the shaft are: 

T = T0 , 

where T0 is the initial value of temperature set as 300K, and the initial value for 

cryogenically cooled parts is set as 20K.  
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The conductive heat flux through the cross section is shown in Figure 6.1, In 

COMSOL Multiphysics, the system variable ht.dfluxMag describes the Conductive Heat 

Flux Magnitude (𝑊/𝑚2). Heat transfer power could be calculated by integrating the 

conductive heat flux magnitude on the two ends shown on Figure 6.1. 

 

Figure 6.1 Heat Transfer Power Calculations 

Figure 6.2 - 6.4 show the relations between the length of G-10 shaft and the total 

heat transfer amount. Comparing the heat transfer amount in Figure 6.2 and Figure, both 

of those two ends have the same trends when increase the length of G-10 shaft. Also, the 

heat transfer amount of the torque output side is always larger than that of the free end 

side.  

 
Figure6.2 Heat Leak Amount from FREE Side 

51 



 

 
Figure6.3 Heat Leak Amount from FREE Side 

Figure6.4 Total Heat Leak Amount from Both Sides 

Table 6.1 Comparison of Heat Leak Power with Different G-10 Length 

L 
(Length of G-10 

shaft)  
[m] 

Free End  
(intop4(ht.dfluxMag)) 

[W] 
Torque Output end  

(intop3(ht.dfluxMag)) 
[W] 

Total Heat Transfer  
(intop3(ht.dfluxMag)+intop4(ht.dfluxMag)) 

[W] 
0.1 12.56059 20.50594 33.06652 

0.15 10.75186 16.07303 26.82489 
0.2 9.39579 13.2117 22.60749 
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Table 6.1 Comparison of Heat Leak Power with Different G-10 Length (continued) 

0.25 8.32895 11.21615 19.54509 
0.3 7.49547 9.74701 17.24248 

0.35 6.82667 8.61825 15.44492 
0.4 6.25034 7.7246 13.97494 

0.45 5.76884 6.99843 12.76727 
0.5 5.35313 6.39732 11.75045 

0.55 4.99643 5.89205 10.88848 
0.6 4.68073 5.46023 10.14096 

 

𝑄 = �𝐹𝑙𝑢𝑢𝑥𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑢𝑑𝑒 ∙ 𝑑𝐴
 

𝐴
 

Equation 6.2 Heat Transfer Calculation 

Table 6.1 shows the heat leak amount of the rotor shaft, which is also an important 

parameter of the shaft. Comparing the heat leak amount of two sides, just as 

precious described, the heat leak amount of free end is less than that of the torque 

output end.  

6.2 Deformation Analysis 

6.2.1 Total weight and Gravity Caused Deformation 

As the total weight of the machine is also a limitation, calculation of the total 

weight is required in the model. In COMSOL, as it is a 3-D model, total weight could be 

calculated by integrating the density of all parts.  First, use two Integrate operators 

(intop1 and intop2) to calculate the volume of Stainless Steel parts (intop1(1)) and the 

volume of G-10 parts (intop2(1)). Then, in a global probe, do the following calculation: 

𝑇𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 =  𝑖𝑛𝑡𝑜𝑝1(1) ∗ 8027[𝑘𝑔/𝑚^3]  +  𝑖𝑛𝑡𝑜𝑝2(1) ∗ 1948[𝑘𝑔/𝑚^3] , 

Equation 6.3 Total Weight of Rotor Shaft 

where,  

intop1(1) is an integration of the select stainless steel domains ∭ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 
𝑆𝑆 , and  
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intop2(1) is an integration of the select G-10 domains ∭ 𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 
𝐺10 . 

Because of its weight and the gravity, the rotor shaft will present a deformation 

even without any applied torque. This kind of deformation will greatly affect the 

performance and stability of the whole machine. Thus, deformations and maximum strain 

levels need to be taken into consideration; the smaller the deformation and strain, the 

better. In this model, deformation and strain could be easily obtained from the simulation 

results. For the deformation, here we take the total displacement amount to describe the 

deformation. In the model, to simulate the gravity caused deformation, we assume that 

the bottom faces of the two ends keep fixed. And apply the body load on x direction as 

 −ρ ∗ 9.8 N/m3(9.8 m/s2 is the acceleration of gravity). 

In order to see the deformation direction clearly, we use a scale factor of 2000. 

The displacement and deformation direction are shown in Figure 6.5. The maximum 

displacement in this case is about 4.5 × 10−5 m on negative x-direction, where the total 

length of the shaft is about 2.02m. The maximum deformation angle θ (shown in Figure 

6.5)caused by gravity is about 0.0025° . 
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Figure 6.5 Displacement Caused by Gravity [m] 

As for the strain, we define the x-direction as positive, and the opposite direction 

is negative. Thus, in some parts of the rotor the strain could be negative, when calculating 

the maximum strain, an absolute values need to be used, which could be obtained from a 

global probe abs(solid.evol). From Figure 6.6, we can find that, even though the length 

changes, the maximum strain stays at a low level. When L=0.1m, the maximum strain is 

about 0.000025, and when L=0.6 m, the maximum strain is about 0.00025.  
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Figure 6.6 Maximum Absolute Value of Strain with change of L 

According to the deformation analysis, both the displacement and strain caused by 

gravity are at very low levels. Thus, the gravity induced deformation of the rotor shaft 

can be neglected in this case.  

6.2.2 Thermal Expansion and Torque induced Stress and Deformation Analysis 

The deformation caused by gravity is very small, and can be neglected. Then the 

deformation should be mainly caused by the applied torque, and the thermal expansion.  

Deformation caused by the applied torque could be simulated by the solid 

mechanics module. Shown in Figure 6.7, to simulate the applied torque, we define the 

Torque output side as fixed; the other output is kept free, apply the winding support parts 

with a moment around the axial direction. The value of applied torque is orque ×

SafetyFactor . In this case, the output torque is 7639.43 N ∙ m, and the safety factor is 4. 

Thus, the applied moment around axial direction is 30557.72 N ∙ m.  
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Figure 6.7 Pure Torque Simulation Boundary Conditions 

To analyze the thermally induced deformation and stress, we could couple the 

Heat Transfer in Solids (ht) with Solid Mechanics (solid) modules. In the Solid 

Mechanics module, select the Linear Elastic Material node, and coupling the temperature 

from Heat Transfer in Solids(ht.) module by define the Temperature in Model Inputs as 

T=Temperature(ht).  

The heat transfer induced deformation was calculated by the following equations 

in COMSOL: 

𝑠 − 𝑆0 = 𝐶𝐶: (𝜖 − 𝜖0 − 𝜖𝑖𝑛𝑒𝑙) 

𝜖𝑖𝑛𝑒𝑙 = 𝛼�𝑇𝑇 − 𝑇𝑇𝑟𝑒𝑓�, 

Equation 6.4 Thermal Expansion Coupling Equations 

where, 𝜖  is the elongation; and T is local temperature; 𝑇𝑇𝑟𝑒𝑓  is the strain reference 

temperature; 𝛼 is the thermal expansion coefficient.  

Because of the size of the mesh, the results will have some numerical errors. 

Before analysis, the points presenting a large error need to be picked out. Here, we use a 

simple method to remove the error points consisting of exporting the data into an Excel 

file, and then arrange stress values from largest to smallest. Since the stress values should 
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be continuous, we select the singular points with very high values and delete them. For 

example, Figure 6.8 shows the thermal stress distribution. 

 

Figure 6.8 Stress Caused by Heat Transfer 

If we take out the largest 1000 points, and plot it in Figure 6.9. From Figure 6.9, 

we can see very clearly that the largest few hundreds points are not continuous, which 

could be caused by poor mesh quality. By deleting those numerical error points, we can 

get the peak stress as 6.45× 107 N/m2.  
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Figure 6.9 Peak Stress Caused by Pure Heat Transfer (1000 points) 

The distribution of stress is shown on Figure 6.10 and Figure 6.11. From them, we 

identify high stress concentration areas. The stress mainly occurs at the torque output side 

flanges. Also, in Figure 6.11, it is easy to find that in the torque output side flange, the 

stress distribution is not symmetric, this is mainly caused by the imperfect meshing of the 

components, if we increase the mesh, this area would be smoother and symmetric.   

 

Figure 6.10 Thermal Stress Distributions (3D) 
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Figure 6.11 Thermal Stress Distributions (2D) 

The thermal stress inside of the torque output side flange could be decreased by 

putting low thermal conductivity sheets of material to resist the heat transfer.  Also, to 

decrease the heat leak amount and thermal stress of the free end, we could increase the 

inner radius of the outside stainless steel to decrease the cross section. 

 

 

Figure 6.12 Torque Induced Stress Distributions (2D) 

Shown in Figure 6.12, when only apply torque on the winding support parts, 

without heat transfer, the peak stress mainly occurs in the torque output side G-10 shaft. 

From the simulation results, compared with the high mechanical strength of G-10, the 

peak stress is still very small. 

When applying the torque on the winding support parts, coupling with the heat 

transfer we could simulate the real working condition of the machine. The results are 
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shown in Figure 6.13; the combined stress distribution is similar to the pure thermal 

stress distribution, which also indicates the results we get in Chapter 4.   

 

Figure 6.13 Torque and Thermal Induced Stress Distributions (2D) 

We can export the stress data into Excel, rearrange those data from largest to 

smallest, and plot them in Figure 6.14. Pick out the largest 60 points, plot them in Figure 

6.15. After deleting those singular points, the peak stress is around 3× 107 N/m2. 
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Figure 6.14 Combined Stress Data Distributions  

 

 

Figure 6.15 Part of the Largest Combined Stress Data Distributions   
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Chapter 7 Conclusion and Future Works 

7.1 Conclusion 

This thesis has focused on the stress and deformation analysis of the rotor for a fully 

superconducting rotation machine. This research was studied in the following aspects:  

1. The connectors of the superconducting machine 

2. The deformation caused by gravity 

3. The thermal stress caused by heat transfer 

4. The torque induced stress 

COMSOL Multiphysics was used as FEA tools in this thesis to simulate those physic 

process. With the help of COMSOL, we have successfully figured out the locations of the 

peak stress, and also methods to decrease this kind of stress.  

A simplified fully parametric designed model was built in COMSOL. With this 

model, we studied the relations between the stresses and the parameters. Also, the 

deformation of the structure was calculated. Because of the mesh size and other 

numerical calculation errors, the simulation results have certain error values. Methods 

were used to pick out the possible error values. These kind of errors could also be 

modified by increase the mesh and add filters. According the simulation results, all of the 

physics were coupled correctly. Thus, this parametric designed model could be used to 

validate the calculation results generated by AMBER software.  
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7.2 Future Works 

The goal of this research is to build a tool to validate the results generated by 

AMBER software; this thesis has built a brief fully parametric model to validate the 

calculations. Further study could be done to improve the accuracy of the simulation 

results and shorten the calculation time. 

A 2D model could be built to replace present 3D model. In COMSOL, 2D model 

calculation could much faster than 3D calculation. Thus, for the general calculations, we 

could use 2D model instead of 3D model. Besides, shape optimization module could be 

added into the simulation. Present model is just a brief model; the shape of structures 

could also affect the stresses and deformations. Shape Optimization could help us 

optimize the shape of the whole structure to decrease stresses and deformations. 

As to the numerical errors, an efficient error correction method is strongly needed. 

When analyzing the signals, people always use filters to filter the noises. In FEA study 

results, the numerical errors are similar to the noise of signals. Thus, we could learn from 

the signal analysis filters, set up a filter to pick out those numerical errors. 
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