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ABSTRACT 
 

The present study reports a numerical heat transfer approach, an effort devoted 

to defining a cooling concept for a high performance synchronous motor that has a High 

Temperature Superconductor (HTS) field winding. A lumped-circuit approach and a 

numerical, FEM analysis of a 500 kW HTS motor with an axial cooling channel is 

demonstrated in the report presented here. The thermal analysis performed using 

equivalent, lumped thermal network shows a simplified circuit which is aimed at 

delivering fast, design class results that can be solved analytically and also more 

complex schemes which are aimed at assessing variable regimes are solved numerically 

by a circuit simulator (QUCS). Both approaches are valuable, and complement each 

other in the quest for a meaningful preliminary design. 

There are several difficulties related to standard lumped thermal circuit models 

such as concentrated heat sources, lack of detailed thermal load information, etc., and 

all these drawbacks can be overcome by a more detailed convection and conduction 

heat transfer model which are conveniently solved by numerical analysis, e.g. by FEM 

technique using FLUENT package. Various models that were implemented using the 

FEM technique include different coolants and a fin model. The coolants that were used 

in the present study are air and water. The maximum temperature attained in the stator 

for air and water is 382 K and 345 K respectively for limiting Reynolds number for 

laminar flow. Another approach to cool the motor is by attaching a fin of copper material 

in the cooling channel. This fin can be used as an alternative for water as it also bring 

down the maximum temperature in the motor to 350 K. 

 x



1. INTRODUCTION 

Motors are machines that convert electrical energy into mechanical energy using 

magnetic forces. When current is passed through a wire loop that lies in a magnetic field, 

a turning force, or torque, is created that causes the loop to rotate. In motors, this 

rotating motion is transmitted to a shaft. This rotational energy is then utilized for useful 

work in the form of mechanical power. Industrial motors are used for running pumps, 

fans, and compressors as well as in equipment involved in the handling and processing 

of manufactured materials. Marine propulsion motors are used to propel commercial 

vessels and warships. 

The basic features of modern conventional AC (alternating current) and DC 

(direct current) electric motors were first designed in the 1890s, and the underlying 

technology has not changed significantly in the past fifty years. Despite the lengthy 

period of time in which motors have been in development, motors are still far from being 

perfectly efficient converters of electrical to mechanical energy. The principal causes of 

lost power in motors come from the electrical resistance of the wire and from mechanical 

friction. 

1.1 Energy Consumption by Electric Motors 

According to the U.S. Department of Energy [amsuper, 2005], motors account for 

70% of all energy consumed by the domestic manufacturing sector and use over 55% of 

the total electric energy generated in United States of America. Large electric motors, 

those greater than 1000 horsepower, consume over 25% of the total generated electric 

energy. With some minor exceptions, nearly all cruise ships today are being built with 

electrical propulsion, and many other types of commercial vessels and warships are now 

also adopting marine motors as their primary source of motive power. 

1.2 Superconducting Motors  

Superconducting motors are new types of AC synchronous motors that employ 

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

[Masson, 2005]. Because HTS wire can carry significantly larger currents than can 
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copper wire, these windings are capable of generating much powerful magnetic fields in 

a given volume of space. 

1.2.1 Design and Principle of operation 

 Motors consist of two main parts, a rotor and a stator. The interaction between 

the magnetic field provided by the rotor and the alternating currents (AC) flowing in the 

windings result in electromagnetic torque. Conventional motors use copper windings and 

an iron core to increase the magnitude of the air gap flux density created by copper 

windings. Iron has a nonlinear magnetic behavior and saturates at a flux density of 2 

tesla, thus limiting the electromagnetic torque. In HTS motors, the copper rotor windings 

can be replaced with superconducting windings with a resulting current density 10 times 

greater without any resistive losses. The superconducting motor is virtually an “air core” 

where the stator is constructed without the iron teeth of a conventional motor. This type 

of construction eliminates core saturation and iron losses. 

 

Figure 1.1: Comparison between a conventional synchronous motor and an HTS 
Synchronous motor [Masson, 2005]. 
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Figure 1.1 shows a comparison between the construction of a conventional motor 

and an HTS motor. In the HTS motor, the rotor consists of field coils made with HTS 

wires fed with direct current (DC). The dc inductor windings typically operate at a 

temperature of 25–40 K (−415 to −388oF), with a dc flux density of up to 4 tesla. 

Although high temperature superconducting wires can carry direct current with almost no 

losses, transient loads on the motor can lead to variations of magnetic field on the coils. 

HTS wires are sensitive to such field variations, and the resulting losses can lead to a 

decrease in current density and a loss of the superconducting state. In order to prevent 

this, an electromagnetic shield is placed in the air gap, usually as part of the rotor 

assembly. This shield can be a bulk metallic hollowed cylinder or a squirrel cage.  

 

Figure 1.2: Cutaway view of 5-MW HTS motor [Masson, 2005] 
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Figure 1.3: AMSC/ONR 5-MW HTS motor [Masson, 2005] 

Figures 1.2 and 1.3 show an actual 5-MW HTS motor designed and built by 

American Superconductor (AMSC) and ALSTOM for the U.S. Navy’s Office of Naval 

Research. This 230-rpm HTS ship propulsion motor is a model for larger motors to be 

used in ship propulsion. The motor has completed factory acceptance tests and has 

undergone extensive testing at the Center for Advanced Power Systems at Florida State 

University, Tallahassee. The tests include full power test at 5MW and dynamic long-term 

testing emulating ship propeller action to determine how an HTS motor performs under 

realistic service conditions onboard a ship. AMSC is presently designing a 36.5-MW 

(50,000- hp) HTS motor, also for the U.S. Navy, as a full-scale propulsion motor for use 

on surface ships [26]. 

Superconducting wires currently available are too sensitive to flux variation to be 

used in the armature. Flux variation results in ac losses raising the temperature in the 

superconductor and thereby limiting the operating current. Therefore, conventional 

copper wires are used in the armature. The synchronous motor configuration represents 

the most feasible topology for superconducting motors; however, many unconventional 

HTS motor configurations based on the unique properties of superconductors have been 

developed in laboratories worldwide. 
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1.2.2 What are the Benefits? 

• Less vibration and noise - Elimination of iron teeth in the stator results in a 

lightweight motor that boasts quiet and smooth operation. 

• Smaller size and weight - The compact design of HTS motors will facilitate 

placement in transportation applications where space and/or weight is at a 

premium, as well as in upgrades of industrial facilities where increased power 

requirements conflict with limited space availability. Figure 1.2 and 1.3 shows a 

comparison between a conventional motors used for marine purpose and the 

HTS motors. 

 

Figure 1.4: Comparison of HTS Motors with Conventional motors in terms of 
Volume [MSCL, 2001] 

 

Figure 1.5: Comparison of HTS Motors with Conventional motors in terms of 
Weight [MSCL, 2001] 
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• Increased stability - Superconducting motors are inherently more electrically 

stable during transient operation. 

Superconducting technology will be employed in a variety of motor designs. 

Industrial HTS motors are designed for constant speed application. They will be 

operated at 1800 or 3600 rpm. For marine propulsion, a high-torque, low-speed design 

is favored. These motors will be designed to operate at variable speeds below 200 rpm. 

1.3 Thermal Modeling of HTS Motors 

Electric machinery has been used in industrial applications since the end of the 

19th century, this means that the design procedure has matured. Despite this fact, 

electrical machines overheat, due to Joule losses, improper handling or unforeseen 

faults. Development of a machine type that differs from well-known standard machines 

requires attention to the thermal aspects since, in the end; it is always the thermal 

constraints that will determine the power rating of the machine. No matter how 

sophisticated the tools for designing the electric and magnetic circuits are, ending up 

with a non-feasible machine is a waste of time and other resources. 

Unlike classical machines, the AC armature winding of an HTS motor is not 

contained in the yoke. In fact, there is no yoke, and the magnetic field (DC excitation and 

AC magnetic field) is contained in the case frame. This leaves the AC armature winding 

“in the air” and leads to a different thermal structure. Another particular feature is that 

while the HTS motor is very compact its stator ensemble dissipates the same level of 

losses but through a smaller outer surface than the equivalent classical motor, which 

poses difficulties to the thermal packaging solutions. 

The heat sources in the stator are the Joule losses in the armature winding and 

the ac losses in the iron case. The heat generated within them flow through conduction, 

convection and radiation paths that may be conveniently cast into an equivalent lumped 

parameters scheme, made of series and parallel thermal impedances. Finally, heat 

transfer from the stator to the ambient occurs through natural and forced convection, and 

radiation. 

The thermal analysis reported here relies on a lumped thermal circuit formulation 

[Morega, 2005], commonly utilized in the electric machines design, and FEM analysis. 

The lumped parameters (thermal impedances and heat sources) are evaluated based on 
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analytical and empirical derivations, and the thermal network is drawn accordingly to 

heat current paths within the machine. Lumped thermal circuit models deliver design, 

industrial class results, but there are several difficulties related to this approach 

consistent with the specific assumptions (e.g., concentrated heat sources, lack of 

detailed thermal load information, etc.) when more detailed information is needed. For 

instance, heat sources are assumed concentrated, and the temperatures are computed 

only in several nodes that are not precisely localized. 

On the other hand, FEM analysis – due to its flexibility and versatility – has 

become a major design tool that complements the lumped-circuit approach. The fine 

resolution of FEM results allows for assessing the quality of the design, and for fine-

tuning the thermal structure of the air winding and case. 

The present work reports a numerical heat transfer study devoted to defining a 

cooling concept for a high performance synchronous motor that has an HTS field 

winding. The machine has a high current AC copper “air winding”, that is siege of intense 

power dissipation by Joule and variable magnetic field effects. Therefore, the thermal 

management of the AC winding is a key factor in prototyping a low weight/volume motor. 

In our approach, we define a sequence of models of different resolution levels that go 

from the global design (lumped circuit analysis) to finer and finer levels of detail (FEM 

analysis), for in-depth knowledge of the thermal field. 

1.4 Summary 

Today’s motors are fundamentally similar to the electric motors designed over a 

century ago, and the motor manufacturing industry has seen only incremental 

improvement in product design over the past fifty years. The advent of high temperature 

superconductivity has created the opportunity for a quantum leap in the technology of 

large motors. The tremendous size, weight and efficiency benefits of superconducting 

machines will significantly change the dynamics of the motor manufacturing industry and 

the motor end user market. The requirement for proper thermal modeling is obvious; to 

prevent overheating and eventually damage inflicted on the system. Knowledge of 

thermal behavior in different situations can prevent overheating, but can also improve 

the utilization of the system at normal operation. 
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2. REVIEW OF LITERATURE 

Since the discovery of superconductors, the application of superconductivity has 

found its way into many areas. Besides the most popular applications in medical devices 

and instruments, such as magnetic resonance imaging (MRI) and superconducting 

quantum interference device (SQUID), superconductivity has led to demonstrations of 

several electrical power devices including motors, generators, transformers, fault current 

limiters, power transmission cables, and superconducting magnetic energy storage 

systems (SMES). HTS motors are expected to be less expensive, lighter, more compact, 

and more efficient than similarly rated conventional machines [Kalsi, 2002]. The motors 

will also be more power dense than conventional motors because of the increased 

current carrying capacity in the HTS stator wires. When fully developed and employed, 

these motors will drastically reduce the amount of ship volume consumed by propulsion 

motors. High temperature superconductivity extends the potential range of application to 

electric motors because of less, weight and more efficiency. 

Edick et al. [Edick, 1992] describe the principles behind the application of 

superconductors to electric motors. The unique features of their study were 

 DC superconducting field windings to produce large magnetic field 

 Air core construction to eliminate the problems of iron core saturation and core 

loss at the high magnetic field levels. 

 Copper AC windings in the armature to provide linear current density similar to a 

conventional motor. 

They studied the design of a 10,000 horsepower, 3600 rpm and 13.8 kV 

synchronous motor with an HTSC field winding using the geometry as shown in figure 

2.1 and predicted that a roughly 50 % reduction in motor losses and motor size 

compared to a conventional motor of the same rating. 
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Figure 2.1: Cross sectional view of a synchronous motor with an HTSC field 
winding [Edick, 2002]. 

With increasing material costs there has been a tendency to reduce the frame 

size of motors for a given output at the expense of both poorer efficiency and a lower 

tolerance to thermal overload. In addition, motors are now being designed with materials 

that are highly temperature sensitive, for example the neodymium-iron-boron magnets 

used in high-field synchronous machines. Because of these and other constraints, the 

margin for error in the thermal design of motors is often small, and there is an increased 

need for accurate analytical thermal models. A lumped-parameter thermal model is 

shown to be a highly effective method of estimating both steady-state and transient 

temperatures in motors. The model is formulated from purely dimensional data, physical 

constants and published heat-transfer characteristics and is thus readily adapted to a 

wide range of motor sizes and ratings. 
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Thermal networks are used frequently for modeling electrical machines and 

many different solutions of various complexities have been presented in the literature, 

[Mellor, 1991], [Boglietti, 2003], [Staton, 2005], [Morega, 2005], [Mellor, 1988], [Saari, 

1992]. The thermal model proposed by Mellor and Turner [Mellor, 1991], [Mellor, 1988] 

has been a reference model for the researchers working on motor thermal problems. 

The Mellor and Turner [Mellor, 1991], [Mellor, 1988] model is based on a subdivision of 

the motor in several parts that are assumed to have the same thermal behavior. In 

particular, the motor is divided in concentric hollow cylinders concentric with the rotor 

axis. The Mellor and Turner [Mellor, 1991], [Mellor, 1988] thermal network is very 

accurate; because it takes into account both axial and radial heat fluxes and several 

complex convective heat transfers involving the air inside the motor endcaps. The Mellor 

and Turner [Mellor, 1991], [Mellor, 1988] model is able to analyze in detail the following 

heat transfer: 

 heat transfer between stator and rotor through the air gap; 

 heat transfer between stator endwindings and the air enclosed in the endcaps; 

 heat transfer between rotor short circuit rings and the air enclosed in the 

endcaps;  

 heat transfer between the air enclosed in the endcaps and the endcaps. 

Boglietti et al. [Boglietti, 2003] presented a simplified thermal model for self-

cooled induction motor. The thermal model was based on thermal conduction 

resistances computed using simple equations valid for hollow cylinders. The most critical 

resistances required parameter value set up by means of a simple thermal test 

performed on DC supply. A methodology for taking into account the non-uniform 

distribution of the air speed on the surface external frame was also proposed. The 

comparison between the predicted and the measured temperature were in good 

agreement with a maximum discrepancy lower than ± 5 °C, confirming the validity of the 

proposed simplified thermal model.  

Thermal management, a key issue in prototyping electrical machines, poses non-

trivial problems in the design of HTS synchronous machines for both the rotor (the HTS 

armature) and the stator (the AC, air-winding armature). Specifically for the stator much 

larger than usual current loads are packed in the stator AC air winding. Consequently, 

the heat to be dissipated per unit of stator external surface is much larger than for 
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conventional machines. Therefore unconventional design solutions are required to keep 

the thermal load in safe limits. The axial channel proposed by Morega et al. [Morega, 

2005] provides for the supplementary enthalpy path that reduces the maximum 

temperature below the acceptable threshold. Morega et al. [Morega, 2005] presented 

two, FEM approaches to the numerical evaluation of this design receipt. The first model, 

2D axial model gives satisfactorily accurate results, but does not evidence the fine 

details of the thermal picture. The second model, full 3D, is superior in this sense – e.g., 

the forced convection heat transfer in the passages between the epoxy spacers. 

However, the extension of the 3D to the entire stator ensemble is too demanding for the 

usual, available computing resources. The numerical, FEM analysis complements the 

lumped-circuit approach presented by them. It gives valuable information on the paths 

that channel the heat from its source to the environment, and helps improving the 

thermal design of the HTS motor. 
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3. LUMPED THERMAL CIRCUIT ANALYSIS 

3.1 Theoretical Background 

Power dissipation in an electrical component will lead to a complex process of 

combined heat conduction, convection and radiation. Heat conduction takes place only 

through molecular communication, while the convective heat transfer takes place in 

moving liquid or gas. Thermal radiation is electromagnetic radiation that the body emits 

based only on its temperature. However, in practice a simplified thermal conduction and 

convection model is often sufficient in the thermal design of electrical devices. In this 

chapter we start by describing basic heat transfer concepts that are used later to 

developed a lumped model for the thermal behavior of the motor armature (Fig. 3.2). 

3.1.1 Heat conduction 

During conduction heat flows within a medium or between media that are in 

direct thermal contact. Heat conduction is analogous to electrical conduction and thus 

similar terms and methods can be applied. The thermal conductivity k  is defined by the 

Fourier law 

x

T
k

A

Q

∂
∂

−=         (1) 

where is the heat flux through an area  and Q A x  is the distance. The temperature 

distribution T  due to heat conduction can be modeled using the following differential 

equation : 

q
t

T
CTk p

′−
∂
∂

=∇∇ ρ).(       (2) 

where  is the heat generated per unit volume, q′ ρ  is the density of the material, and 

 is the specific heat. pC T ,  and k  are functions of position (q′ zyx ,, ) and time . t

Conduction heat transfer properties are usually described using a thermal 

resistance , which specifies the conjunction between the heat flow per unit time Q  

and the temperature difference   

θR

21 TT −=θ : 
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θθ
RQ

1
=         (3) 

 

Figure 3.1: Heat conduction through an infinite plane wall. 

The thermal resistance is a function of the thermal conductivity k  of the material 

and the shape of the body. For example, in conduction across a plane wall of thickness 

and area  (Figure 3.1), the thermal resistance is x∆ A

kA

x
R

∆
=θ          (4) 

The thermal capacitance C  gives the model the dynamic properties of heat 

transfer. In the same simple case above, the thermal capacitance is 

θ

xACC p∆= ρθ :        (5) 

An analogous presentation for Eq. (2) can be derived using electrical quantities 

instead of thermal ones. The relations between the quantities are given in Table 3.1. 
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Table 3.1: The relations between thermal and electrical quantities 

Thermal Quantity Electrical Quantity 

Heat Flux                                  Q  Current Source                            i  

Temperature Difference           θ  Voltage                                        u  

Thermal Resistance                 θR Resistance                                  R

Thermal Capacitance              C  θ Capacitance                                C

In the present study, we define the thermal equivalent voltage u  that is 

proportional to the difference between the absolute temperature 

θ

T and the reference 

temperature T  0

α
θ

αθ =
−

= 0TT
u         (6) 

where the scaling factor α  is used to control the thermal voltage levels. Usually T  is 

selected to be the ambient temperature, T , and the scaling factor 

0

A 1=α  by default. The 

scaling factor is useful in situations where the electrical voltage levels are either very 

high or extremely low. For fast convergence and good accuracy the thermal voltage 

levels should be of the same order of magnitude as the electrical voltage levels. 

3.1.2 Convective heat transfer 

Heat energy transfers between a solid and a fluid when there is a temperature 

difference between the fluid and the solid. This is known as "convection heat transfer". 

Generally, convection heat transfer can not be ignored when there is a significant fluid 

motion around the solid. The fluid acts as a temporary heat sink. The physical body 

shapes of the components or devices as well as the surrounding fluid characteristics 

define the heat convection properties. The analytical solutions of convective heat 

transfer problems are restricted only to simple cases and thus approximation techniques 

are applied in practical thermal design. Heat convection is of interest when designing the 

cooling of electrical devices. 

The relationship for the energy flow rate due to convective heat transfer at the 

interface between a solid object and a fluid environment is referred to as Newton's Law 
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of Cooling. If we denote the surface temperature of the solid as T and the bulk fluid 

temperature as T , then the energy transfer rate between the solid and fluid is 

proportional to the surface area for heat transfer, A , and the temperature difference 

between the solid surface and the bulk fluid temperature. The proportionality constant is 

often given the symbol h , known as the heat transfer coefficient. 

S

∞

)( ∞−= TThAQ s        (7) 

Two distinct cases are considered in the approximate solutions: free convection 

where fluid motion is caused only by density gradients, and forced convection where 

fluid motion is forced by mechanical means (fan or pump). We first introduce several 

useful dimensionless numbers: 

k

hL
Nu =  Nusselt Number     (8) 

α
υ

=Pr  Prandtl Number     (9) 

υ
VL

=Re  Reynolds Number     (10) 

2

3

υ
βθLg

Gr =  Grashof Number     (11) 

where  is the characteristic length of the body,  is the acceleration due to 

gravity, 

L 2/81.9 smg =

β  is the volumetric coefficient of expansion, and υ  is the kinematic viscosity. 

3.1.2.1 Model for free convection 

Nusselt number in free convection can be expressed using the following 

approximate equation: 

nGrCNu Pr).(=         (12) 

where  and  are constants depending on the physical body shapes and flow 

parameters. The total heat flux Q  through area  is defined by 

n C

A
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θNu
L

Ak
Q =          (13) 

Because the Grashof number is proportional to the temperature difference θ  between 

the heat sink and the surrounding fluid, an electrical equivalent equation for Eq. (12) can 

be written by inserting Eqs. (8) - (11) to Eq. (12). 

1

3

+











= n

n

p

k

LCg

L

CAk
Q θ

υ
βρ

      (14) 

3.1.2.2 Model for forced convection 

The Nusselt number in forced convection can be approximated by   

k

hL
CNu nm == PrRe       (15) 

Therefore, 
L

Ck
h

nm PrRe
=           (16) 

where and  are constants [16] and h is convective heat transfer coefficient. The 

Reynolds number is proportional to an externally forced fluid velocity u . If the velocity u  

can be considered to be constant, the model for forced convection reduces to a linear 

thermal resistance 

mC, n

nm

conv
CAk

L

hA
R −−== PrRe

1
       (17) 

3.2 Present Work 

The present work describes a preliminary study on a cooling concept for a high 

performance synchronous motor that has an HTS field winding. Our group started with 

cooling of 200kW HTS motor [Masson, 2005], [Morega, 2005]. Then from 200 kW motor, 

we moved to 500 kW motor [Mathur, 2006] keeping the design and thermal modeling 

same. The heat sources in the stator are the Joule losses in the armature winding and 

the ac losses in the iron case. The heat currents generated within them flow through 

conduction, convection and radiation paths that may be conveniently cast into an 

equivalent lumped parameters scheme, made of series and parallel thermal impedances. 

Finally, heat transfer from the stator to the ambient occurs through natural and forced 

convection, and radiation. Unlike classical machines, the AC armature winding of an 

HTS motor is not contained in the yoke. In fact, there is no yoke, and the magnetic field 
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(DC excitation and AC magnetic field) is contained in the case frame. This leaves the AC 

armature winding “in the air” and leads to a different thermal structure. 

Another particular feature is that while the HTS motor is compact its stator 

ensemble dissipates the same level of losses but through a smaller outer surface then 

the equivalent classical motor, which poses difficulties to the thermal packaging 

solutions. 

The thermal analysis reported here relies on a lumped thermal circuit formulation, 

commonly utilized in the electric machines design. The lumped parameters (thermal 

impedances and heat sources) are evaluated based on analytical and empirical 

derivations, and the thermal network is drawn accordingly to heat current paths within 

the machine. 

3.2.1 HTS Motor Specifications 

 

La

eg 

Case backiron AC armature 

winding 

es 

ec 

Axial cooling channel 

(forced convection)

U 

Air-gap 

case -winding

Copper, insulation 

and air 

ro 

Shaft axis 
 

ro +es 2 

 

ro −es 2 

Copper, insulation 

and air 

 

Figure 3.2: Armature winding and the axial internal cooling channel 
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Figure 3.3: Cross sectional view of the HTS motor 

Table 3.2: Dimensions of 500 kW motor used in the present analysis 

Power (kW) 500 

RPM 2100 

Armature Copper Losses (W) 2820 

Iron Losses (W) 1115 

Shield radius, rsh (m) 0.11 

Armature to case gap, eg (m) 0.005 

Mean Armature Radius, r0 (m) 0.13 

r1 (m) 0.0712 

r2 (m) 0.105 

re (m) 0.16 

armature cooling channel, ec (m) 0.008 

Total Length, Ltot (m) 0.622 

Active Length, La (m) 0.52 

case thickness, re-rs (m) 0.016 
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3.2.2 The Lumped Thermal Circuit Analysis 

In order to model the steady and transient response in the armature winding, the 

dominant heat transfer mechanism must be identified. In characterizing the thermal 

response of a solid experiencing heat transfer to a fluid, the Biot number, Bi, can be 

used to identify the principal resistance. The ratio of internal conduction resistance to 

external convection resistance is 

s

cwc

k

Lh
Bi

,=         (18) 

where  is the convective heat transfer coefficient of the liquid,  is the characteristic 

length, and k  is the thermal conductivity of solid. In the case of copper and iron, 

undergoing convection heat transfer from water and air, their high thermal conductivity 

makes their thermal resistance negligible. The situation is suitable for the lumped 

thermal circuit analysis, which assumes the spatially uniform temperature throughout the 

solid. 

wch . cL

s

 The motor is divided geometrically into a number of lumped components, each 

component having a bulk thermal storage and heat generation and interconnections to 

neighboring components through a linear mesh of thermal impedances. The lumped 

parameters are derived from entirely dimensional information, the thermal properties of 

the materials used in the design, and constant heat transfer coefficients. Although the 

calculation of the parameter values can be complex, the resulting set of thermal 

equations, which fully describe the machine, are relatively easy to compute.  

The following assumptions are adopted: 

 The motor is totally closed, forced convection cooled (TEFC). 

 The heat sources are uniformly distributed within the active parts of the stator. 

 Radiation is not accounted for. Its contribution is assumed small as compared to 

convection and conduction processes, whereas its strong non-linear nature 

would introduce computational difficulties. 

 The stator part of the motor is thermally coupled to the HTS rotor, whose outer 

surface (the electromagnetic shield) is assumed to be at the inside temperature 

of the machine, by a convection thermal resistance that conveys the heat current 

originating form the stator to the axial end parts of the machine. 

 The stator is axially symmetric: each cylindrical layer (winding, case, etc.) is 

geometrically and thermally symmetric in azimuthal direction, and the axial 
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temperature variation is small as compared to the radial one. Therefore the 

thermal resistances may be computed using the hollow cylinder model with radial 

heat transfer [Mellor, 1991], [Bejan, 2003]. 

 Although the stator case may be laminated (steel sheets), with axial and radial 

anisotropic heat transfer properties, we assume, at this stage, that this part is, 

thermally, a homogeneous, isotropic and linear cylindrical shell block. 

 The surface of the armature winding facing the rotor, and the outer surface of the 

rotor facing the armature are cylindrical, concentric, smooth surfaces. 

Consequently, no saliency or surface roughness-related effects that may 

influence the airflow within the air-gap are present. 

 The axial heat transfer and temperature drop occur mainly in the axial channel 

provided inside the armature winding, and it is accounted for in this analysis. 

The stator–rotor ensemble is a cylindrical structure made of coaxial layers with 

anisotropic heat transfer properties for the armature winding: heat is well transferred in 

axial direction and constrained in the radial direction. Therefore higher temperature 

drops are likely to exist in radial direction, across the layers thicknesses (a series of 

thermal impedances).  

The equivalent steady-state lumped thermal circuit is presented in Figure 3.4. 

The heat current sources are applied to the average radii of the case and armature 

winding, a customary procedure in this kind of analysis [Boglietti, 2003], [Bejan, 1993], 

[Bejan, 2003], [MotorCAD, 2005], [SPEED]. 

A thermal circuit is, in general, strongly dependent on the material data input to it. 

In this respect, our sizing model, which is an idealized model, aimed at evaluating a 

working principle – relies on standard correlations and empirical data, and its results 

(temperatures and heat currents) should be as accurate as the input data. Regarding the 

thermal properties, all parts are considered homogeneous, linear and isotropic media. 

As mentioned earlier, even though the stator case may be laminated (sheets) with 

anisotropic radial and axial heat transfer properties, we assume that this part is one 

homogeneous cylindrical shell block. The armature winding is a complex structure made 

of Litz wire, insulation, impregnation, air interstices, etc. In this study it is decomposed in 

linear, homogeneous, isotropic sub-regions. 

Among the elemental network blocks that make the lumped thermal circuit, which 

are reported in the literature, the scheme proposed by [Mellor, 1991], based on the 

cylindrical shell model, is apparently widely recognized and used. However, in view of 
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the assumptions made in this study (the axial variation of the temperature distribution is 

small compared to the radial variation), we adopt the simplified version proposed by 

[Boglietti, 2003], [Bejan, 2003], who discard the axial heat transfer path. 

 

Figure 3.4: Lumped thermal circuit for the HTS motor stator 

3.2.2.1 Identification and computation of the lumped thermal circuit 
parameters 

Analytic equations may be used to compute with satisfactory accuracy part of the 

thermal resistances detailed next. 

3.2.2.1.1 The convection resistance between the stator and the rotor, Rs,ag 

may be defined as 

( 1

,

−= agstags hAR ) ,        (19) 
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where agairag ekh Nu=  is the forced convection heat transfer coefficient between the 

stator and the air-gap. Nusselt number may obtained by the 

correlation
27.00.5 Pr0.386TaNu = , recommended for Ta > 100 [Staton, 2005], i.e. for an 

assumed fully turbulent Taylor-Couette airflow in the gap between the stator and rotor. 

Here Ta is Taylor number,
sh

ag

r

e
Re =Ta , Re is Reynolds number, and Pr is Prandlt 

number for air. 

For  ,        (20) 41≤Ta 2.2=Nu

  ,     (21) 10041 ≤< Ta 27.063.0 Pr23.0 TaNu =

3.2.2.1.2 The armature winding thermal resistances, R1, R2 

Since the heat generated within the armature winding is evacuated after crossing 

through different parts of the machine and since the thermal load is high, our model 

considers an armature winding packaging that is provided with a supplementary, coaxial 

annular channel within it, centered about r (Figure 3.2). This channel, axially cooled by 

laminar forced convection, divides the winding into two cylindrical concentric parts, 

providing for a direct axial path. For a closed machine, this path channels the heat 

drained out the winding to the end part of the machine and discarded at the inside air 

temperature. 

0

The armature winding is made of impregnated, insulated Litz copper wires. This 

structure is thermally anisotropic and may be characterized by different radial and axial 

thermal conductivities: in axial direction the copper wires, insulation and impregnation 

conduct the heat current in parallel, whereas in radial direction they conduct heat mainly 

in series [Staton, 2005]. 

The radial conduction heat transfer in the two parts of the armature winding 

occurs through a composite medium, made of insulated copper and air, through the 

layers thicknesses – a series of thermal resistances. The temperature drop on the 

copper regions is negligible as compared to the temperature drop on insulation, 

impregnation and air layers, which are accounted for by a global, composite thermal 

conductance, based on the cylindrical shell models [Siemens, 2005], [Staton, 2005]. 

Although the armature winding may be different from the regular in-slot contained 

armature windings, the coils should be similar to those used in classical machines. 

Therefore the composite thermal conductance insulation/impregnation/air is found using 
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the linear regression outlined in [Boglietti, 2003], [Staton, 2005] and used by [MotorCAD, 

2005], [SPEED], which was produced out of tests performed on motors, and reported as 

function of the stator filling factor, kf 

airfirCu kkk +⋅= 1076.0, .      (22) 

A value of kCu,ir equal to the air thermal conductivity for air for a filling factor equal 

to zero was imposed. As the filling factor used in TEFC motors is in the range 0.35-0.45, 

the equivalent thermal conductivity is about 0.06-0.09. Here we set kf = 0.4. 

By using the series-parallel equivalence theorems for resistances [Mocanu, 1979], and 

assuming a filling factor, kf,Cu, for bare copper cross-sectional area to total cross-

sectional (we used 0.7), the thermal radial and axial conductivities may be approximated 

through, respectively 
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As kCu,rd << kCu,ax, the radial heat transfer is, as assumed, accompanied by the 

largest temperature drops. The heat flow in axial direction occurs through moderate axial 

temperature gradients in the active part, core and winding even when the axial cooling 

channel (here, inside the armature winding) is present. 

In view of these arguments, and using the cylindrical shell model, the conduction thermal 

resistances in the lower and upper parts of the armature are, respectively 
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3.2.2.1.3 The axial cooling channel within the armature winding (Rcv) 

To compute the convection thermal resistance of the axial cooling channel within the 

armature winding, we use the correlation as proposed by Taylor for different Taylor 

numbers [Staton, 2005]. 

For  ,  41≤Ta 2.2=Nu

  ,  10041 ≤< Ta 27.063.0 Pr23.0 TaNu =

  , 100>Ta
27.05.0 PrTa386.0Nu =      (25) 
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Using these relations we can find the thermal resistance . cvR

3.2.2.1.4 The conduction thermal resistance of the air-gap between the armature 
winding and case, Rg 

This quantity is computed using the same cylindrical shell model 
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3.2.2.1.5 The case thermal resistances, Rc,1, Rc,2 

We assume a simplified form of the T-model [Mellor, 1991], which considers that 

the heat produced within the case,  is supplied uniformly through a cylindrical surface 

centered at the average radius of the case shell. The two regions, above and below this 

surface, contribute with two conduction thermal resistances that may be conveniently 

computed by using the cylindrical shell model (Figure 3.3) 
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Here  and  are the outer and inner radii of the case shell. er sr

3.2.2.1.6 The convection thermal resistance from the armature winding end parts 

to the inside air, Rew,ia 

The total heat transfer area, both ends of the machine, involved in this process is 

customarily computed as 

 
( )( atotsoew LLerA −+= 22 )π

,     (29) 

where Ltot is the total length of the case and La is its active length. Then, for the 

convection thermal resistance, defined as 

 ( 1

,

−= ewewiaew AhR ) ,       (30) 

the convection heat transfer is approximately [Staton, 2005] 

 ( ) 





=+⋅⋅= shew r

n
vvh

60

2
     ,129.05.15

πη .    (31) 

In the equation above, v  is the (radial) air speed, taken as a fraction of the 

electromagnetic shield rotational velocity (fan efficiency) – recommended as η =0.5. 
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3.2.2.1.7 The convection thermal resistance between the inner air and the end 

parts of the case, Ria,ec, 

is defined as  

 ( 1

,

−= ecececia AhR ) .       (32) 

By common practice, it is reasonable to take the convection heat transfer coefficient 

equal to the hew coefficient [Boglietti, 2003]. 

3.2.2.1.8 The forced convection thermal resistance from the case to the ambient 

environment, Reca 

As for all convection resistances 

 ( ) toteecaecaecaeca LrAAhR π2     ,
1 == −

,     (34) 

where the convection heat transfer coefficient is obtained from a Nusselt number ecah

 totaireca Lkh Nu= ,       (35) 

recommended by [Boglietti, 2003] as
33.075.0 PrRe066.0Nu = , for 

410Re >=
air

totairair Lv

µ
ρ

. 

Finally, once all the thermal resistances and heat sources are known, the thermal circuit 

of Figure 3.4 can be solved. 

3.2.3 Solving for the Lumped Parameter Thermal Circuit 

3.2.3.1 Steady State Regime 

The solution to the thermal circuit may be obtained by standard electrical circuit methods, 

based on Kirchhoff’s theorems [Mocanu, 1979]. However, for this particular case, the 

solution is significantly simplified if we reduce its complexity by applying series and 

parallel transformations that lead to the equivalent, simplified circuit in Figure 3.5.  
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Figure 3.5 Simplified lumped thermal circuit 

Table 3.3: Equivalent thermal resistances (see Figures.3.4, 3.5) 

Resistance Definition 

Rb R2+Rg+Rc1 

Rc||a 
ac

ac

RR

RR

+  

Ra 
( )

agsc

agscv

RRR

RRR

,1

,1

++

+

Rc 
eciaiaew RR ,, +

Rd Rc,2+Reca 

 

Table 3.3 defines the equivalent resistances in Figure 3.5. The temperature 

drops are denoted byU . As there are two current sources, two of the loop currents 

have to pass through them (  and ), and they are algebraically equal to the 

corresponding short-circuit currents (i.e., they are readily known). Consequently, the 

single unknown is the loop current that does not pass through a current source ( ). 

The systems then becomes 

s'

1,0I 2,0I

3,0I
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 FeoCuo PIPI == 2,1, , , 

 ( 2,321,31

33

3,

1
ooo IRIR

R
I +−= ) ,     (36) 

where 

 dbacdac RRRRRRRR ++==−= ||3332||31     ,   , .   (37) 

The actual heat currents in the branches result by the superposition of the loop currents, 

. For instance 3,02,01.0 ,, III

 3,1,3,23,    ,   , oocaobood IIIIIIII −==+= .    (38) 

Finally, going through the circuit simplification procedure in reverse order, all the 

currents, temperature drops across the different thermal resistances and nodes 

temperatures (with respect to the ambient, reference temperature) may be computed by 

using Kirchhoff’s theorems. 

The results presented here are related to the design data of sizing model for the 

airborne 500kW / 2100 rpm HTS motor [Morega, 2005] that lead to the following 

numerical values for the lumped parameters that appear in the circuit of Figure 3.2: = 

2820 W, = 1115 W. 

CuP

FeP

First, we investigate the situation when the HTS motor is operated at the nominal 

(design) steady state load by following the analytical path detailed in the preceding 

section and then by utilizing an electrical circuit simulator. While the analytic approach is 

valuable to the design phase, the numerical solver proves itself useful for investigating 

transient regimes – such as overcharge during take-off. 

The hot spots are located within the armature winding ( T ) the air trapped 

between the armature and case, and inside the iron case ( ) depending upon how 

much coolant takes away the heat from the armature and case 

Cu

FeT

An important goal of the analysis was the evaluation of the role played by the 

axial cooling channel within the armature winding. The maximum temperature in the 

armature winding without the axial cooling channel is 490 K. Figure 3.6 shows the effect 

of introduction of cooling channel, when the coolant is air, at V = 5 m/s and T = 303 K, 

the max temperature in the armature reaches 385 K. For N, H or F- class insulation 

these values are acceptable [DuPont]. At very low velocities there is not much heat 

in in
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removal, as can be seen in the figure 3.6, but as we increase the velocity, the armature 

winding temperature decreases.  

Max Temperature vs Velocity of coolant (AIR)
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Figure 3.6: Hot spot temperature computed for different inlet velocities of air. 

3.2.3.2 The Dynamic Regime 

A difficult regime for the motor occurs during dynamic procedures (e.g., take-off) 

and a comprehensive analysis has to account for both, electrical and thermal schemes 

since they are coupled. Here we report the thermal behavior as revealed by the analysis 

of the equivalent lumped thermal circuit carried out by the circuit simulator [QUCS, 2005]. 

Heat transfer dynamics is accounted for by thermal capacitances computed with 

formulae of the type 

 VCC pth ρ= ,       (39) 

where ρ  is the density, C is the specific heat at constant pressure for the specific 

volume, and V  is its size.  

p
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Table 3.4: Thermal properties of air copper and iron 

material ρ [kg/m3] pC  [J/kg K] pCρ  [J/ m3 K] 

copper 8500 385 3.272×106 

Iron 7272 420 3.054×106 

Air 1.225 1006 1.232×103 

 

The thermal capacitances of the air volumes are neglected as they are smaller 

and their pCρ  values are three orders of magnitude smaller: during transients the air 

volumes reach their equilibrium temperatures much faster then the copper and iron parts 

of the machine. The thermal resistances, including the correlation-based ones, are 

assumed constant and equal to their nominal values. 

A parametric study based on the motor sizing model [Masson, 2005] showed that the 

iron losses, P , are less sensitive to the current density than the armature losses, . 

Consequently, to model overcharges (e.g., take-off) we kept constant  (nominal) and 

used pulse-type sources for . 
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Figure 3.7: Detail of the equivalent lumped thermal 
circuit of the armature winding 
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Figure 3.7 shows a refined description of the armature winding: the two parts 

separated by the cooling channel are, in turn, subdivided each into two parts, and the 

heat sources (power losses) and the thermal capacitances are introduced.  

 

Figure 3.8: The dynamic lumped thermal circuit input to the simulator 

We assumed pulsed power losses, P  and , consisting of 50% increase in the 

nominal value for 30 minutes duration. The initial nodal temperatures were set at their 

nominal values, as produced by the steady state analysis (nominal point). Figure 3.8 

shows the input to the circuit simulator. As Figure 3.9 indicates, the simulation suggests 

that high temperature values are likely to occur therefore superior-class insulation has to 

be used (e.g., Dupont’s KAPTON FCR class insulation [DuPont]). 

1,Cu 2,CuP
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Fig 3.9: Transient behavior for pulse-type power losses, . CuP
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4. NUMERICAL ANALYSIS USING FLUENT 6.0 
 

The armature of a High Temperature Superconductor (HTS) motor is usually an 

AC copper air winding mounted in an iron-less stator. This unconventional winding is the 

siege of intense power dissipation by Joule and variable magnetic field effects, and has 

to be thoroughly designed to provide for the thermal stability of the HTS motor [Mathur, 

2006]. For a more detailed knowledge of the thermal field beyond the standard lumped 

circuit model, and to evaluate the design, we investigated numerically the steady state 

heat transfer problem (energy equation, momentum and mass conservation laws) with 

Fluent 6.2.16 (2005) package. First, a simplified axial-symmetric model that accounts for 

the steady state forced convection heat transfer within the motor is presented. Next, by 

gaining information from the previous model and within acceptable assumption limits, we 

developed another model aimed at improving the cooling system. The fine resolution of 

these results allow for assessing the quality of the thermal design, and for fine-tuning the 

thermal structure of the air winding and case. The numerical analysis complements the 

lumped-circuit approach and it gives valuable information on the paths that channel the 

heat from its source to the environment, and also helps in improving the thermal design 

of the HTS Motor. 

4.1 Physical Model 

The stator–rotor ensemble is a cylindrical structure made of coaxial layers with 

anisotropic heat transfer properties (Figure 4.1). While heat is well transferred in the 

axial direction, it is less so in the radial direction, where higher temperature gradients are 

likely to exist. For instance, in the axial direction the copper wires, insulation and 

impregnation layers conduct the heat current in parallel, whereas in radial direction they 

conduct heat mainly in series [Mellor, 1991]. 
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Figure 4.1: The HTS motor structure – the axial channel within the armature 
winding provided for enhanced cooling 

The electromagnetic shield (damper) that encases the rotor is acting as a 

thermostat, which receives heat by forced convection, turbulent Taylor-Couette flow 

through the rotor-stator air gap. The amount of heat generated within the AC air-winding 

is actually too large for its size, which results into too high temperatures that exceed the 

safe limit. To circumvent this difficulty we propose an armature winding packaging that is 

provided with a supplementary, coaxial annular inner channel (Figure 4.1). This channel 

is cooled by forced convection and provides for a direct heat path. For a closed machine, 

it delivers the heat drained out from the winding to the end parts of the machine, to be 

discarded at the inside air temperature. 

4.1.1 The 2D Axial Model 

The axial symmetry of this totally closed, forced convection cooled (TEFC) 

rotating machine suggests that a 2D axial model may satisfactorily represent the global 

picture of the real case airflow and temperature fields. The following simplifying 

assumptions are made: 

 The rotating machine has geometric and thermal axial symmetry, and the heat 

sources (Joule effect by conduction and eddy currents, hysteretic losses) are 

uniformly distributed in the active parts of the stator (winding and case); 
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 Radiation heat transfer to outside is negligibly small as compared to convection 

and conduction; 

 The facing faces the stator armature and rotor damper are cylindrical, concentric, 

smooth: no saliency or surface roughness-related effects that may influence the 

airflow within the air-gap are present; the rotor surface (electromagnetic shield) is 

isothermal, at the average inside temperature; 

 The iron case (stator), the coolant in the cooling channel and within the case-

winding air gap are thermally isotropic, homogeneous, linear media. 

 The composite armature winding (insulated, impregnated Litz copper wire and air 

trapped in-between) is homogeneous and anisotropic, with different thermal 

conductivities in axial and radial directions. 

Heat transfer within the stator is by conduction, and it is governed by the energy 

equation 

( ) 0=+∇⋅∇ oqTk        (40) 

where is the heat source (W/m0q 3) by Joule losses in the armature winding and AC 

losses in the iron case – and k  is thermal conductivity tensor [Bejan, 1993], [Bejan, 

2003]. 

The incompressible, laminar forced airflow is governed by momentum and mass 

conservation laws [Bejan, 1993], [Bejan, 2003] in the steady state form 

( ) uuu
2∇+−∇=⋅∇⋅ µρ p       (41) 

0=⋅∇ u         (42) 

The properties (mass density, ρ  dynamic viscosity of the coolant, µ  thermal 

conductivity, k

i

 specific heat, ) are evaluated at the average working temperature. The 

internal convection heat transfer (e.g., end winding to inside air) is with respect to the 

inside temperature, T  = 303 K, the inlet temperature of the cooling air in the axial 

channel is T = 303 K, and the ambient (exterior) temperature is T = 303 K. The 

computational domain and the boundary conditions are shown in Figure 4.2. 

pC

inside

a

The inlet velocity profile is uniform. The convection heat transfer coefficients are: h = 

40 W/m2K, = 70W/m2K, = 64 W/m2K. The axial length is 622 mm, the active length 

(equal to the case axial length) is 520 mm, the armature winding is a cylindrical shell 

eca

ih gh
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20.9 mm thick, the axial cooling channel inside the winding is a cylindrical shell 8 mm 

wide (in radial direction), the case is a cylindrical shell 16 mm thick. 

 

Figure 4.2 (a): 2D axial model of the AC stator. 

 

Figure 4.2 (b): Boundary conditions for the heat transfer problem. 

4.2 Computational Methodology 

For the CFD calculation the commercial software package Fluent 6.2.16 (2005) is 

used. The solver is based on the finite-volume discretization scheme and uses control-

volume based techniques to solve the governing integral equations for mass, momentum, 

and energy. For the solver, the segregated, steady, implicit solution method is chosen. A 
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flowchart showing the procedure from defining the geometry to the final solution is 

shown below. 

Model the Geometry

Choose Boundary Conditions and Continuum

Mesh the Geometry

Generate Mesh file and export 

it

Open Meshed file in FLUENT

Calculate a solution

Yes

Check for Grid Independence

No

No

Set the solution parameters

Initialize the solution

Enable the solution monitors of 

interest

Check for Convergence

Stop
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Change 

solution 

Parameters

Refine Mesh
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Mesh the Geometry

Generate Mesh file and export 
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Check for Grid Independence
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Set the solution parameters

Initialize the solution

Enable the solution monitors of 

interest

Check for Convergence

StopStop

YesYes

Change 

solution 

Parameters

Refine Mesh

 

Figure 4.3: Flowchart showing Solution Procedure 

4.2.1 Geometry Definition 

When using FLUENT to model a heat transfer problem, we used a separate 

mesh generation package, or pre-processor, in order to set up the proper geometry.  For 

this study, Gambit 2.2.30 was used to create the mesh.  Given the dimensions of the 

motor from the Microsoft excel sheet that we used in the lumped thermal circuit analysis 
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[Masson, 2005], the geometry was entered as vertices into Gambit.  From here, the 

vertices were connected to create the edges of the model.  The next step in Gambit is to 

take the edges and create faces and from faces we created volume.  Once the vertices, 

edges, faces and volumes are created, actual meshing process can begin.   

4.2.2 Mesh Generation 

We used two different types of meshes for two different types of models: a 

uniform mesh for the axially cooling channel without a fin model and a tetrahedral mesh 

for the fin model. To set up a uniform mesh, the first step is to place nodes (points where 

the grid lines of the mesh connect) on the edges.  This process is done by specifying 

constant interval spacing between the nodes, which provides a uniform mesh. When the 

nodes are created, one can then generate the actual mesh along the faces.  We meshed 

one volume at a time for the fin model with the following parameters selected in Volume 

Mesh option of the Gambit software package: 

Mesh Volume - The Mesh Volumes command allows us to create a mesh for 

one or more volumes in the model. When we mesh a volume, GAMBIT creates mesh 

nodes throughout the volume according to the currently specified meshing parameters.  

Elements - The Elements parameter defines the shape(s) of the elements that 

are used to mesh the volume, for example hexahedral, wedge, or tetrahedral. We used 

tetrahedral elements. 

Type - The Type parameter defines the meshing algorithm and, therefore, the 

overall pattern of mesh elements in the volume. We used Tgrid type which specifies that 

the mesh is composed primarily of tetrahedral mesh elements but may include 

hexahedral, pyramidal, and wedge elements where appropriate. 

Spacing – In the spacing section we used Interval Size as the parameter.  

Meshed Geometry is shown in Figure 4.4 
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Figure 4.4: Meshed Geometry 

4.2.3 Zone/Boundary Sets 

After meshing, zone types are specified. Zone-type specifications define the 

physical and operational characteristics of the model at its boundaries and within specific 

regions of its domain. There are two classes of zone-type specifications: 

 Boundary Types 

 Continuum Types 

Boundary-type specifications define the physical and operational characteristics of 

the model at those topological entities that represent model boundaries. For example, 

we assign a VELOCITY INLET boundary type specification to a face entity that is part of 

three-dimensional model, the model is defined such that material flows into the model 

domain through the specified face. Likewise, if you specify a SYMMETRY boundary type 

to an edge entity, the model is defined such that flow, temperature, and pressure 

gradients are identically zero along the specified edge. As a result, physical conditions in 

the regions immediately adjacent to either side of the edge are identical to each other. It 

is also noted that the zone types (wall, velocity inlet, etc.) can be changed within 

FLUENT as well, as long as zones are defined. 

 Continuum-type specifications define the physical characteristics of the model 

within specified regions of its domain. For example, if we assign a FLUID continuum-

type specification to a volume entity, the model is defined such that equations of 

momentum, continuity, and species transport apply at mesh nodes or cells that exist 

within the volume. Conversely, if we assign a SOLID continuum-type specification to a 
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volume entity, only the energy and species transport equations (without convection) 

apply at the mesh nodes or cells that exist within the volume. 

Once the mesh and zones are created, the meshed geometry is exported and 

written as meshed file (.msh). 

4.2.4 FLUENT Setup 

The first steps taken after importing the mesh geometry into FLUENT involve 

checking the mesh/grid for errors. Checking the grid assures that all zones are present 

and all dimensions are correct. It is also important to check the volume and make sure 

that it is not negative. If the volume is shown as negative, there is a problem with the grid, 

since volume cannot be negative. The grid can also be displayed to ensure that the 

mesh generation is qualitatively reasonable. When the grid is checked completely and 

free of errors, a scale and units can be assigned. Since Gambit inputs the coordinates 

as non-dimensional numbers, the grid can be scaled however one chooses. For this 

study, the grid was created in inches, and then scaled to centimeters.  The maximum 

and minimum values for the x and y directions are given in the scaling window. Once the 

grid was set, the solver and boundary conditions of the system were then set and cases 

were run and analyzed. 

4.2.4.1 Defining the Models 

To run the cases, the model properties must be set.  Model properties include the 

internal FLUENT solver type, number and types of species to be used in the model, the 

species/material fluid and thermal properties, as well as model operating conditions and 

grid boundary conditions.  The following settings were used to create the model in 

FLUENT. 

4.2.4.1.1 Solver 

Solver options include Segregated and Coupled, along with sub-options under 

each solver such as steady/unsteady and implicit/explicit.  The Segregated solver is 

recommended for slow, laminar flows, while the coupled solver is recommended for 

turbulent flow.  For this study, the options chosen were: 

Segregated – solves the momentum, continuity and other transport equations 

sequentially. 

Steady - Steady solver is designed to get a steady or time averaged flow solution. 
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Implicit - Implicit means that for a given variable the unknown value in each cell 

is calculated using a relation that includes both existing and unknown values from the 

neighboring cells. 

4.2.4.1.2 Energy  

Enabling energy in the solver is needed for the incompressible ideal gas 

assumption.  Accordingly, the option chosen here was: enable energy. 

4.2.4.1.3 Viscous 

The viscous model option gives the user the choice between different turbulence 

models such as k-epsilon, Spalart-Reynolds, and Eddy Dissipation, as well as a laminar 

model and inviscid model.  For the model and experiment, the goal was to keep the flow 

laminar.  Accordingly, for the viscous model option, a laminar flow model was employed.  

4.2.4.2 Defining the Material Properties 

An important step in the setup of the model is to define the materials and their 

physical properties. Material properties are defined in the Materials panel, where we can 

enter values for the properties that are relevant to the problem scope we have defined in 

the Models panel. For the present study we use copper, iron and the coolant fluid (Air 

and Water).  Properties that can be specified in this section are density, specific heat, 

and thermal conductivity.  

Copper  

 Density -  8700 [kg/m3] 

 Specific heat -  385 [J/kg-K] (default value) 

 Thermal conductivity 

o Anisotropic  

 Radial -  0.25 [w/m-K] 

 Axial - 280 [w/m-K] 

o Constant – 400 [w/m-K] 

Iron 

 Density -  7272 [kg/m3] 

 Specific heat -  420 [J/kg-K] (default value) 

 Thermal conductivity – 52 [w/m-K] 

Air  

 Density -  1.168 [kg/m3] 

 Specific heat -  1005.6 [J/kg-K] (default value) 
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 Thermal conductivity – 0.0264 [w/m-K] 

 Viscosity (air) – constant: 1.834 e-05 [kg/m-s] 

Water 

 Density -  998.2 [kg/m3] 

 Specific heat -  4182 [J/kg-K] (default value) 

 Thermal conductivity – 0.6 [w/m-K] 

 Viscosity (air) – constant: 1.003 e-03 [kg/m-s] 

4.2.4.3 Defining the Operating Conditions 

The operating conditions include gravity and pressure.  Gravity can be entered in 

values of m/s2 in x and y components.  Operating pressure is also set in this section. We 

are not considering the effect of gravity in the present study, and the operating pressure 

was taken as 101325 Pa. 

4.2.4.4 Defining the Boundary Conditions 

Proper specification of the boundary conditions is a vital step in accurately 

modeling a fluid flow system such as the experimental system under consideration in 

this thesis. In FLUENT, boundary conditions must be specified at each surface defined 

in the mesh generation process described in Section 4.2.3. For surfaces that have been 

defined as “walls,” properties can be set to include thermal conditions by specifying 

temperature, heat flux, radiation, or convection, or a combination. For surfaces that have 

been defined as “velocity inlets.” input specifications include fluid velocity magnitude and 

component flow direction. For an OUTFLOW boundary condition, no pressure or velocity 

information is required. Data at the exit plane is extrapolated from the interior, and mass 

balance correction is applied at boundary. For the modeling performed in this study, the 

boundary conditions are summarized in Table 4.1 with the zones as showed in figure 4.5. 

Once all the models, operating conditions, and boundary conditions are specified, the 

FLUENT code can be executed. 
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Figure 4.5: Specifying Zones for Boundary Conditions 

Table 4.1: Boundary condition specification for FLUENT modeling  

Zone Type Boundary Conditions 

1 Wall 

Thermal Boundary condition 
Convection 

Heat transfer coefficient – heca 
Free Stream Temperature – 303 K 

2,4,5,6,7,9,10,11,13 Wall 

Thermal Boundary condition 
Convection 

Heat transfer coefficient – hi 
Free Stream Temperature – 303 K 

3,12 Wall Insulated 

8 Wall 

Thermal Boundary condition 
Convection 

Heat transfer coefficient – hg 
Free Stream Temperature – 303 K 

Inlet Velocity inlet

Velocity 
magnitude and direction is normal to boundary 

Velocity profile is Uniform by default 
Inlet Temperature - 303 K 

Outlet Outflow  

Cu 1 and Cu 2 Solid Source Term – Energy -285000 w/m3  (Constant)

Iron Solid Source Term – Energy -124000 w/m3  (Constant)

Air 1 and Air 2 Fluid No Source term 

 

4.2.4.5 Executing the FLUENT Code  

Each case must be initialized before the FLUENT code begins iterating toward a 

converged solution.  Initializing the case essentially provides an initial guess for the first 

iteration of the solution.  In the initialization process, the user must specify which zones 

will be provided with initial conditions. For the modeling performed in this study the 
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option chosen was to initialize the velocity inlet. The final initialization step is for the user 

to enter the maximum number of iterations, after which the simulation begins. For the 

modeling performed in this study, the number of iterations ranged between 100 and 

1000 depending on the case being run and how long it took to converge. 

Five different model properties were monitored by FLUENT’s solver and checked 

for convergence. This criterion requires that the scaled residuals decrease to 10 
-6

 for all 

equations. At the end of each solver iteration, the residual sum for each of the conserved 

variables is computed and stored, thus recording the convergence history. Table 4.2 is a 

list of variables and their respective convergence criteria. 

Table 4.2: Variables and convergence criteria for FLUENT simulation 

Variable Convergence Criterion

Continuity 10 
-6

 

X-velocity 10 
-6

 

Y-velocity 10 
-6

 

Z-velocity 10 
-6

 

Energy 10 
-6

 

 

If the solution converges, the results can be analyzed.  If the solution does not 

converge within the given number of iterations, one can request additional iterations or 

check the results given at that point to determine whether additional iterations will 

converge toward a physical solution. If the solution doesn’t converge after increasing the 

number of iterations then the solution parameters or the Boundary Conditions entered 

are wrong somewhere. Figure 4.6 (a) and 4.6 (b) shows the convergence of a particular 

solution. 
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Figure 4.6 (a): Console window showing converged solution 

The abscissa of the Residual plot corresponds to the number of iterations and 

the ordinate corresponds to the log-scaled residual values. 
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Solution is 
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Figure 4.6 (b): Plot showing Residuals of all 6 properties. 
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5. RESULTS 

5.1 Test Matrix 

 Using the FLUENT 6.2.16 CFD model as described in chapter 5, a series of 

simulations were executed to solve this hybrid problem of forced convection within the 

axial-cooling channel, and conduction within the copper and iron regions and the 

stagnant air gap spacing between iron and copper. For the first model, i.e. with axial 

channel, the test matrix contains the axial velocity ranging from 0.1 m/s to 5 m/s for the 

coolant as air, for water as coolant the velocity range is 0.0005 m/s to 0.3 m/s. The 

maximum velocity is chosen by keeping in account the limiting case for laminar flow i.e., 

Re<2300. After the limiting velocities i.e. 5 m/s for air and 0.3 m/s for water, the flow no 

longer remains laminar; it changes into transition state and finally turbulent. Table 5.1 

and 5.2 below shows the cases that were executed for the first model. 

Table 5.1: Simulation matrix for FLUENT modeling for air cooling 

Run 
Number 

Geometry 

Axial 
velocity 

inlet 
(m/s) 

Inlet 
Temperature

Tin (K) 

Ambient 
Temperature

Tamb 

Coolant 

Fluid 
Convergence

01 
Without 

Axial 
Channel 

- - 303 K - Yes 

02 
With Axial 
Channel 

0.1 303 K 303 K Air Yes 

03 
With Axial 
Channel 

0.5 303 K 303 K Air Yes 

04 
With Axial 
Channel 

1 303 K 303 K Air Yes 

05 
With Axial 
Channel 

1.5 303 K 303 K Air Yes 

06 
With Axial 
Channel 

2 303 K 303 K Air Yes 

07 
With Axial 
Channel 

2.5 303 K 303 K Air Yes 
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Table 5.1 continued 

08 
With Axial 
Channel 

3 303 K 303 K Air Yes 

09 
With Axial 
Channel 

3.5 303 K 303 K Air Yes 

10 
With Axial 
Channel 

4 303 K 303 K Air Yes 

11 
With Axial 

Channel 
5 303 K 303 K Air Yes 

Table 5.2: Simulation matrix for FLUENT modeling for water cooling 

Run 
Number 

Geometry 

Axial 
velocity 

inlet 
(m/s) 

Inlet 
Temperature

Tin (K) 

Ambient 
Temperature

Tamb 

Coolant 

Fluid 
Convergence

12 
With Axial 
Channel 

0.0005 290 K 303 K Water Yes 

13 
With Axial 
Channel 

0.001 290 K 303 K Water Yes 

14 
With Axial 
Channel 

0.005 290 K 303 K Water Yes 

15 
With Axial 
Channel 

0.01 290 K 303 K Water Yes 

16 
With Axial 
Channel 

0.05 290 K 303 K Water Yes 

17 
With Axial 
Channel 

0.1 290 K 303 K Water Yes 

18 
With Axial 
Channel 

0.3 290 K 303 K Water Yes 

 

After iterations converge (and even before so), it is possible to analyze many of 

the results calculated by FLUENT (although the reported results of cases that have not 

converged do not represent a physical solution).  The results that are reported by 

FLUENT include velocity vectors, surface integrals (areas, integrals, mass flow rates, 

 47



and weighted flow rates), volume integrals, flux reports, force reports, path lines, particle 

tracks, and contour and x-y plots of various system variables.  System variables include 

many values such as pressure, density, velocity, species, properties, wall fluxes, and 

residuals.  Within these plotting parameters are subcategories of each variable (i.e. 

static pressure, total pressure, absolute pressure, velocity magnitude, stream function, 

radial velocity, etc.). The results that were used extensively for design and analysis of 

the experiment include contour plots of Temperature (Static Temperature), velocity 

contours and velocity vectors. 

5.2 Grid Independence Study  

For every CFD calculation a grid independence study has to be done to 

demonstrate that the calculated solution of the flow field is not dependent of the chosen 

mesh and that the resolution of the mesh for the flow field is fine enough. Normally the 

calculations start with a coarse mesh. Then the mesh is refined in several steps until the 

calculated solution no longer depends on the resolution of the mesh. In the present 

study we check the velocity flow profile at 1 m/s to reach on the conclusion whether the 

solution depends on the mesh or not. First we used a coarse mesh and later we refined 

the mesh further and further until we get the mesh independent profile. Number of cells 

and the mesh type is shown in Table 5.4. The velocity profiles are checked at three 

different locations. 

Table 5.4: Mesh type and number of cells. 

Mesh Number of Cells 

Coarse Mesh 135000 

Fine Mesh 1 360000 

Fine Mesh 2 1046250 
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(b) Location 2     (c) Location 3 

Figure 5.1: Velocity Profiles at three different locations showing Grid 
independence 
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As we can see from Figure 5.1, Fine Mesh 1 and 2 velocity profiles overlap. So 

we can conclude that even after refining the mesh more the velocity profile is not going 

to change, hence we attained a mesh independent solution. 

5.3 Results 

5.3.1 Air as Coolant 

 The properties of air that are used in the present study are described in section 4.2.4.2. 

5.3.1.1 Velocity Profiles 

 Velocity profiles are obtained from the FLUENT using the X-Y plot option at four 

different locations shown in the Figure 5.2. 

Inlet Location 1 Location 2 Location 3Inlet Location 1 Location 2 Location 3Inlet Location 1 Location 2 Location 3
 

Figure 5.2: Velocity Profiles Locations 

Table 5.5: Axial position of locations from Inlet 

Inlet X = 0 m 

Location 1 X = 0.051 m 

Location 2 X = 0.311 m 

Location 3 X = 0.571 m 

Figure 5.3 shows the velocity profiles obtained for inlet velocity 5 m/s developing 

along the length of the motor. The velocity profile is not fully developed at location 1, but 

it becomes fully developed between location 1 and 2 and it remains same through out 

the length of the channel. Figure 5.4 (a) shows the flow is fully developed before location 

1 for inlet velocity 0.1 m/s. 

 50



Velocity Profile (5 m/s)

0.126

0.13

0.134

0 1 2 3 4 5 6 7

Velocity (m/s)

R
a

d
iu

s
 (

m
)

Inlet

Location 1

Location 2

Location 3

 

Figure 5.3: Velocity Profile at 5 m/s showing fully developed nature 
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            Figure 5.4 (a)-(f): Velocity profiles at different Inlet velocities
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                         Figure 5.4: Continued 
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5.3.1.2 Temperature Contours 

Figure 5.5 shows the temperature contours for the no axial channel model. The 

maximum and minimum temperatures occurring in the stator are 489 K and 352 K 

respectively. It is evident from the figure 5.5 that high temperature gradients are likely to 

occur at the channel level and in the copper above the channel and also at the trapped 

air between iron case and armature winding. Looking at these high gradients, the 

present study designed a cooling channel half way between the armature winding. This 

section describes cooling of armature winding using air as coolant. The iron case is 

isothermal at low temperatures.  

 

Figure 5.5: Without Channel 

 Figure 5.6 (a)-(j) shows the temperature contours for the inlet velocities varying 

from 0.1 m/s to 5 m/s. Heat transfer is always higher in developing flows, since the 

thermal resistance of the boundary layer is lower. In the thermal entrance region, heat is 

being transferred from a warmer wall temperature to the lowest temperature which is the 

inlet fluid temperature. However, when the thermal boundary layers merge, there ceases 

to be a constant sink temperature and the bulk fluid temperature rises quickly.  

 
(a) Vin = 0.1 m/s 

 
(b) Vin = 0.5 m/s 

 
(c) Vin = 1 m/s 
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   Figure 5.6 (a)-(j): Temperature Contours for inlet velocities 0.1 m/s to 5 m/s



 
(d) Vin = 1.5 m/s 

 
(e) Vin = 2 m/s 

 
(f) Vin = 2.5 m/s 

 
(g) Vin = 3 m/s 

 
(h) Vin = 3.5 m/s 

 
(i) Vin = 4 m/s 

 
(j) Vin = 5 m/s 

                                    Figure 5.6: Continued 

 As the flow velocity is increased, the maximum temperature in the armature 

winding and the stagnant air drops to 382 K for inlet velocity of 5 m/s. For N, H or F-

 54



class insulations these values are acceptable [DuPont]. Figure 5.7 (a) shows the plot 

between maximum temperatures occurring in the stator versus the inlet velocities. Figure 

5.7 (b) shows the plot for temperature difference from the no axial channel model and 

the axial channel case with different inlet velocities. At 5 m/s (Re = 2500) temperature in 

the stator was reduced by 105 K.  
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Figure 5.7 (a): Maximum temperature versus inlet velocities 
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Figure 5.7 (b): Temperature reduction in stator using air as coolant 
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5.3.1.3 Comparison of FLUENT and Lumped Circuit analysis 

An advantage of FLUENT in comparison to lumped circuit analysis (using QUCS 

package) is that by using FLUENT a local temperature, velocity, etc. distribution in the 

model can be obtained. Figure 5.8 shows the comparison between the maximum 

temperature as shown by FLUENT for different inlet velocities and from the lumped 

circuit analysis using QUCS package. The maximum temperature values only differ by 4 

to 5 K from both the packages.  
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Figure 5.8:  Comparison between Fluent solution and Lumped circuit analysis. 

5.3.2 Water as Coolant 

 Water is much used as a heat transfer fluid because of its availability and good 

thermal properties. It has good thermal conductivity, a large thermal capacity and low 

viscosity. Unfortunately, its operating range poses some restrictions at high 

temperatures as it can only work up to 100 ºC at normal pressure, and up to 370 ºC at 

22 MPa, and severe restrictions at low temperatures, where it can only work down to 0 

ºC, with negligible pressure-influence. Besides, natural solutes like dissolved gases and 

salts may have detrimental effects (e.g. corrosion and depositions). To palliate these 

problems, distilled water can be used. The properties of water that are used in the 

present study are described in section 4.2.4.2. Figure 5.9 (a) to (e) shows the 

temperature contours for inlet velocities ranging from 0.0005 m/s to 0.3 m/s, keeping in 
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mind that the flow is always laminar and the maximum temperature in the cooling 

channel is below 373 K. 

 
(a) Vin = 0.0005 m/s 

 
(b) Vin = 0.001 m/s 

 
(c) Vin = 0.005 m/s 

 
(d) Vin = 0.01 m/s 

 
(e) Vin = 0.3 m/s 

Figure 5.9 (a)-(e): Temperature Contours for inlet velocities 0.0005 m/s to 0.3 
m/s 

Water has high specific heat capacity (4182 J/kg-K) and thermal conductivity (0.6 

w/m-K). It can transmit heat over greater distances with very less volumetric flow rate. 

Even at very low velocity, 0.0005 m/s, the maximum temperature in the stator reaches 

361 K as shown in Figure 5.10 (a) Maximum temperatures for water cooling are 

occurring in the iron case, as it cools down the armature winding but the air trapped 

between winding and case restricts the heat removal from case as air is a bad conductor 

of heat. Figure 5.10 (b) shows the plot for temperature reduction from the no channel 

model. Temperature ceases to reduce after inlet velocity 0.1 m/s because the maximum 

temperature is occurring in iron case. 
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Figure 5.10 (a): Maximum temperature versus inlet velocities 
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Figure 5.10 (b): Temperature reduction in stator using water as coolant 

5.3.4 The 3-D Fin Model 

This 3-D model is designed to investigate the effect of introducing a fin in the 

axial channel. Figure 5.13 (a) and (b) shows the drawing of a quarter geometry of the 

motor with only one fin, whereas in actual motor there are 4 fins equally spaced. This 

simplification reduces the complexity of the model. The dimensions of the fin are chosen 
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such that the fin’s mass is less than 1% of the total motor’s active mass. The material of 

the fin and armature winding is copper with constant thermal conductivity (400 w/m-K) 

and the case is of iron. The mass of four fins is 0.8 kg and the active weight of motor is 

208 kg, so it is well within the limit. Heat is generated in the copper and iron case and 

not in the fin.  

FinFinFin

 

Figure 5.11 (a): Gambit drawing of the axial channel with fin, side view 

FinFinFin

 

Figure 5.11 (b): Gambit drawing of the axial channel with fin, axonometric view 
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Boundary conditions, continuum, solver properties, material properties and operating 

conditions are exactly same as the previous model. Air is used as coolant because water 

is giving low maximum temperature at velocities lower than air velocity, so fin model is 

used only for air cooling.  

5.3.4.1 Temperature Contours 

 Figure 5.14 (a) and (b) shows the temperature contours for inlet velocities 1 m/s 

and 2 m/s. The maximum temperature is still occurring near the stagnant air trapped 

between iron case and armature winding. The iron case is almost isothermal. 

Max. Temp

Inlet

Max. TempMax. Temp

InletInlet

 

(a) Vin = 1 m/s 

Max. Temp

Outlett

Max. TempMax. Temp

OutlettOutlett

 
(b) Vin = 2 m/s 

Figure 5.12 (a), (b): Temperature Contours for inlet velocities 1 m/s and 2 m/s 
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Figure 5.13 shows the comparison between the no-fin model and the fin-model. 

For comparison, the no-fin model was implemented at the same armature winding 

properties, i.e. copper thermal conductivity was taken as constant. The fin-model has 

reduced the maximum temperature by 15-17 K at velocities greater than 1 m/s.  
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Figure 5.13: Comparison between no-fin and fin-model 
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6. CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

Thermal management is an important design stage in prototyping electrical 

machines. In HTS synchronous machines it may pose non-trivial problems not only for 

the rotor but also for the stator. The armature of a High Temperature Superconductor 

(HTS) motor is usually an AC copper air winding mounted in an iron-less stator. This 

unconventional winding is the siege of intense power dissipation by Joule and variable 

magnetic field effects, and has to be thoroughly designed to provide for the thermal 

stability of the HTS motor. Hence, unconventional design solutions are needed to keep 

the thermal load within design limits, and the axial channel proposed here provides the 

means to reach this goal. 

In the present study we demonstrated a lumped-circuit approach and the numerical FEM 

analysis for cooling the stator of a 500 kW HTS motor. The numerical FEM analysis for 

the steady state case complements the lumped-circuit approach, as is evident from the 

section 6.3.1.3 and the figure 6.1 shown below. 

Maximum Temperature vs Inlet Velocity 
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Figure 6.1: Comparison between Fluent solution and lumped circuit analysis. 
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The coolants that were used in the present study are air and water. Figure 6.2 

shows the comparison between the coolants with the inlet Reynolds number. As we can 

see, water gives better results.  

Maximum Temperature Vs Reynolds NUmber

320

340

360

380

400

420

440

1 10 100 1000 10000

Inlet Reynols number

M
a
x

. 
T

e
m

p
e

ra
tu

re
 (

K
)

Air

Water

 

Figure 6.2: Maximum temperature for air, and water for different Reynolds 
number. 

The second approach to cool the stator of HTS motor is by attaching a fin in the 

cooling channel. Heat transfer can be increased by increasing the surface area by 

attaching fins of highly conductive materials. This approach is demonstrated by attaching 

a fin of copper and using air as coolant. In the analysis of the fin model we consider 

steady operation with no heat generation in the fin, and we assume the thermal 

conductivity of copper to be constant. Figure 6.3 shows the comparison between the no-

fin model and the fin-model. As we can see, at higher Reynolds number we get 15-17 K 

reduction in maximum temperature, bringing down the maximum temperature in the 

stator close to 350 K. Using fins is an alternative for water as it bring the maximum 

temperature in the stator to a level which is acceptable for N, H, or F class insulation. 
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Comparison between No fin and 1 Fin case
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Figure 6.3: Comparison between No Fin and Fin model 

6.2 Future Scope 

 HTS motors are in the developing stage. Only 5 MW motor has been tried and 

tested. As the power goes up, losses in armature and case are bound to increase. More 

sophisticated and advanced cooling methods should be used for these high power 

motors. Here are some of the suggestions: 

 The air gap between case and armature can be used as a secondary cooling 

channel. 

 We considered only the laminar flow in the cooling channel. The next step would 

be to implement transient and turbulent flow in the channel, as turbulent flow 

enhances the heat transfer. 

 Different types and number of fin should be tried and optimized 

 Different cryocoolers should be tried for high power motors. 
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