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Abstract

With the growing need to meet aggressive emissions targets in the aerospace industry

in the coming decades, the electrification of propulsion systems has become an area

of great research and commercial interest. In order to achieve full electrification of

larger commercial aircraft, it is critical to improve power and energy densities of

components within the propulsion system. The power densities of electric motors are

steadily rising to meet this requirement. Among the various motor designs available,

the high-speed radial flux permanent magnet motor is presented as an architecture

capable of achieving high efficiencies and power densities. Increasing power densities,

however, poses challenges for the thermal management system as higher losses need

to be dissipated from a relatively small machine package. One of the failure modes

specific to permanent magnet motors is the demagnetization of the magnets in the

rotor at higher temperatures which leads to a loss in performance. Therefore it is

critical that the thermal management system of the rotor must effectively dissipate

the losses generated in the magnets and other components within the rotor.

This thesis discusses the mechanical and thermal design of a 150 kW high-speed radial
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flux surface mounted permanent magnet motor for aerospace propulsion applications.

The thesis first introduces the current landscape of aerospace electrification, focusing

specifically on electric and hybrid propulsion architectures, currently available electric

motors for aerospace propulsion, and ongoing aircraft electrification projects. A review

is then provided of the current state-of-the-art in rotor cooling designs for high-speed

speed radial flux motors for traction applications before introducing the design of

the motor proposed in this thesis. The discussion of the mechanical design provides

a high level overview of the design, manufacturing, and assembly of the stator and

rotating assemblies while the thermal design provides a brief overview of the stator

cooling design and a deep dive on the rotor cooling design. Computational Fluid

Dynamics (CFD) is used along with the Taguchi method for robust design to optimize

the rotor cooling design for minimizing the magnet temperatures. Analysis for the

optimized rotor cooling discussed is provided before providing recommendations for

future work.
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Chapter 1

Introduction

1.1 Background and Motivations

The transportation sector has recently seen a significant shift towards electrification

to counteract pollution from fossil fuel dominated technologies. The aviation sector is

among the largest polluters today, accounting for 11.6% of total emissions [1] and is

expected to increase to 20% of emissions by 2050 [2]. The International Civil Aviation

Organization (ICAO) predicts that air traffic will double by 2035 [3]. Large aircraft

account for approximately 75% of total emissions output by the aviation sector,

which is further increased if military, space, and scientific related aviation activities

are included [4]. The goal in the coming decades is to reduce NOX, CO and CO2

emissions with governing bodies such as the International Air Transport Association

committing to reduce emissions by 50%, and the European Commission setting an

1
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aggressive target to cut CO2 and NOX emissions by 50% and 90% respectively by

2050 [2].

Current initiatives to help reduce emissions in the aviation industry include exploring

cleaner alternative fuels, lighter structural materials, and electrification of major

systems [1]. Sustainable Aviation Fuels (SAFs) have been recently proposed as an

alternative fuel derived from biomass such as plants, animals, and other natural

wastes. The first flight using a blend of jet fuel and SAFs took place in 2008. Since

then, 150,000 flights have used SAFs. The largest barrier to its widespread adoption

is the additional costs over conventional jet fuel, which is problematic given that

that fuel costs are the single largest overhead for airlines. Over time, increasing

investments in SAF technologies will help reduce costs and improve its feasibility for

widespread use [5].

Lightweight structural materials are continually being developed and improved,

especially in the aerospace industry where higher costs of new, high performance tech-

nologies are an acceptable tradeoff. An example of recent innovations in lightweight

aircraft materials is the extensive use of composites in the wings and fuselage of

newer aircraft, most notably in the Boeing 787 and Airbus A350, and in the fan

blades of next generation turbofan engines, such as GE’s GE90 and GENx engines [6].

Additive manufacturing has also taken off in the past decade as a viable technology

for production in the aerospace industry, favouring higher performance and lower

weight due to more design freedom. This allows for reduced part count and more

complex geometries that cannot be machined through conventional processes. A large

2
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variety of metals can now be additively manufactured, including aluminum alloys,

case hardening steels, pure copper, nickel alloys, titanium, and more [7], which further

the expands the range of components that can be made for aerospace via additive

manufacturing.

More Electric Aircraft (MEA) is a recent initiative introduced in the past 20 years

which has driven aircraft manufacturers to replace conventionally powered systems

for auxiliary components, such as cabin pressurization, hydraulic pump actuation,

etc. with electric motor alternatives to help reduce aircraft emissions. Most recently,

this has been implemented in the Boeing 787 and Airbus A350 [8]. However, the

shift to MEA, along with the other initiatives and technological advantages, are not

nearly sufficient to meet the aggressive emissions targets set by the aforementioned

governing bodies. Therefore, more substantial electrification solutions need to be

explored to reduce overall emissions.

The next step is to electrify the propulsion systems of aircraft. Aircraft propulsion

electrification is a very recent undertaking. From 2006 to 2009, only one paper

concerning electric and hybrid aircraft appeared per year, with the amount of research

only increasing since then [9]. The research is still in its infancy as most electrification

projects have not moved past the experimentation phase.

The main goal with aircraft electrification is to move towards hybridization and even-

tually full electrification of the propulsion systems. To achieve this goal, propulsion

units and energy storage systems must target higher power and energy densities,

respectively.
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High-speed Permanent Magnet Synchronous Motors (PMSMs) are notable for their

ability to achieve high efficiencies and power densities. The main disadvantage of

high-speed machines for aircraft propulsion is the requirement of a gearbox to reduce

the output speed to drive a fan or propeller at their optimal operating speeds. This

reduces the efficiency of the system due to transmission losses from the gearbox.

Increasing the power density inherently increases the load on the thermal management

system of a motor. In most cases, the thermal management system is the limiting

factor for motor performance. In an inner rotor radial flux motor, active cooling

of the stator can be implemented relatively easily as a primary means to cool the

machine. In some applications, this can be supplemented by passive heat dissipation

through forced or natural convection on the outer surface of the motor housing.

Examples of active stator cooling techniques include flood cooling, spray cooling,

and cooling through channels with the stator slots and backiron. Rotor cooling can

be more challenging in high-speed machines due to additional losses generated by

the interaction between the cooling fluid (air or liquid) and the rotor. Depending

on the rotor cooling design, mechanical complexity and losses from seals or other

mechanical components may also be disadvantages. In Permanent Magnet (PM)

motors, the PMs are the main loss generating components in the rotor. There is a

risk of demagnetization at high temperatures as a result of the rotor losses.

This thesis explores the current landscape for aerospace electrification, specific chal-

lenges related to power dense radial flux machines, and the mechanical and thermal

design of a power dense high-speed radial flux surface mounted PM motor proposed
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for this thesis. The main focus of the thermal design of the proposed motor is on

the rotating assembly whereas the mechanical design discussion provides a high level

overview on the cooling design for the stator assembly, and the manufacturing, tooling,

and assembly of the stator and rotating assemblies. The proposed machine is an initial

design meant to undergo further analysis, specifically mechanical and electromagnetic

analysis, to further improve the power density and ensure that the components within

the motor can ensure the high stresses from vibrations and centrifugal loading.

1.2 Research Contributions

The aim of this research is to design a power dense high-speed power dense radial

flux surface mounted PM motor for aerospace applications. The motor proposed in

this thesis has a maximum continuous power of 150 kW and a maximum speed of

20 kRPM. To safely operate at this peak operating condition for a power dense PM

machine, the weight of the components within the motor should be minimized in the

stator and rotating assemblies, while providing adequate cooling for the stator and

rotor. The thesis attempts to tackle the following objectives:

• Present the current landscape of electric motors for aerospace propulsion appli-

cations along with current and near-future aircraft electrification projects. The

motors and projects presented provide useful context and points of comparison

between the current state-of-the-art for aerospace propulsion and the motor

proposed within this thesis. Hybrid electric propulsion architectures are also

discussed to show the first steps that aircraft electrification propulsion must
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take before achieving fully electric propulsion.

• Discuss the design, manufacturing, and assembly of the stator and rotating

assemblies of the proposed motor to provide a high level overview of the

mechanical design without delving into structural analysis. Initial designs

proposed in this thesis are Design For Manufacturing (DFM) and Design For

Assembly (DFA) studies from a mechanical perspective that require further

structural analysis to finalize the designs. Contributions from fellow researchers

on components within the proposed motor are further covered in Chapter 4.

• Provide an in-depth study on the rotor cooling design optimization using

Computational Fluid Dynamics (CFD) to minimize magnet temperatures within

the proposed motor. The optimization of the rotor cooling design provides a

view of the capabilities of the rotor cooling system to dissipate higher losses in

future revisions of the design that increase the power output.

1.3 Thesis Outline

Chapter 1: Introduction

A brief discussion on the motivation for power dense electric motors for aerospace

propulsion applications.

Chapter 2: Electric Machines for Aerospace Propulsion Applications

A survey on electric motors currently available for aerospace propulsion applications

along with current promising electrified aircraft projects. Challenges in aircraft
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electrification are discussed and hybrid electric propulsion architectures are presented

as alternatives to fully electric propulsion systems that may be more feasible in the

near future for larger commercial aircraft.

Chapter 3: Rotor Design in High-Speed Radial Flux PM Machines

An exploration into the thermal and mechanical design of high-speed rotors in electric

motors for traction applications in the literature. This section aims to provide insight

into the current state-of-the-art in high-speed rotor cooling along with benefits and

challenges faced by these designs.

Chapter 4: Proposed High-Speed Power Dense Radial Flux Surface-

Mounted PM Motor Design

An introduction to the motor proposed for this thesis. A view of the stator assembly’s

design and manufacturing process is provided from the design and manufacturing of

the structural components to the potting of the stator windings with the associated

tooling. The rotor mechanical design is presented with an overview of the bearing

selection, bearing lubrication and cooling, rotor cooling loop with provisions for

integration with the stator cooling, and rotor hub and shaft design. Justifications

are provided for the overarching layout and design choices for the rotor and stator

assemblies.

Chapter 5: Rotor Thermal Modeling, Analysis, and Optimization

A deep dive into the thermal analysis and optimization of the rotor cooling design

using the Taguchi method to minimize the maximum magnet temperatures. The

rotor losses, simplified geometry, simulation setup, and meshing are discussed before
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using the Taguchi method for robust design to optimize the rotor cooling design.

Analysis for the optimized design is discussed.

Chapter 6: Conclusion

A summary of the of the work done, outcomes of this research, and future work to

further improve the designs presented in this thesis.
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Chapter 2

Electric Machines for Aerospace

Propulsion Applications

This chapter begins with a discussion on the challenges in aviation electrification,

emphasizing the two biggest concerns related to larger commercial aircraft: electric

motor power densities and energy densities of current energy storage technologies.

These challenges lead to an overview of aircraft hybridization, which is a useful

stepping stone from current turbine and internal combustion engine propulsion to

fully electric aircraft. This section describes a number of hybrid architectures along

with benefits and drawbacks of each type of architecture. The chapter concludes with

a look at electric motors for aerospace propulsion applications along with current

aircraft electrification projects. Since this thesis focuses on the design of a high-speed

power dense electric motor, the motor specifications covered in this chapter offer
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points of comparison between the state-of-the-art and the motor proposed for this

thesis. As aircraft electrification is a relatively new field in the aerospace industry, the

number of motors and aircraft intended for commercial applications is slim, however

the field has seen considerable progress in power densities and number of aviation

electrification projects in recent years, most of which are still very early within their

design phases. Note that the final section only cover projects that have moved past

the very early design phase and provide some targeted or tested performance figures.

2.1 Challenges for Electrification

All Electric Aircraft (AEA) architectures have been proposed as a solution to achieve

future emissions targets. However, AEA technology is still in its infancy and cannot

be scaled to large passenger and cargo aircraft due to the high power density, and

by extension, low weight requirements for fully electric propulsion systems in such

aircraft. Fully electrified propulsion systems are feasible for Unmanned Aerial Vehicles

(UAVs) and small General Aviation (GA) aircraft because they are lightweight and

have much shorter flight ranges whereas the power and energy storage requirements

are far larger for narrowbody and widebody passenger aircraft [1]. As electrification

technologies improve and power densities increase, single aisle aircraft with fully

electrified propulsion may be realized. The ATR-72 is an example of a single aisle

regional aircraft that uses two PW127D turboprop engines each producing 2.1 MW

of power achieving a power density of 4.26 kW/kg [10]. However, the power output

and power density requirements for commercial aircraft like the Airbus A350 are far
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higher. Two Trent XWB-97 Turbofan engines are capable of outputting 93.7 MW

each and have a power density of 12.41 kW/kg [11], figures that are far more difficult

to achieve without significant advancements in electrification technologies.

There are two approaches to electric motors for aircraft electric propulsion: high-

speed, and high-torque density machines. High-speed machines can offer higher power

densities compared to lower speed machines as the motor speed is directly coupled

with the power density [1].

High speed machines require a gearbox to achieve the required power, torque, and

speed at the propeller/fan as propellers exceeding 1m in length typically require

rotation speeds of less than 3 kRPM to avoid excess losses from sonic flows at the blade

tips [12], whereas low speed machines can be directly coupled to a propeller/fan. The

addition of a gearbox is a disadvantage in AEA due to additional losses generated in

the gearbox and the addition of a failure point in the propulsion system. Magnetically

geared drivetrains have been proposed as a solution to the gearbox problem for high

speed machines [2]. Lastly, superconducting motor designs are a newer technology

being considered to achieve very high powertrain efficiencies, although most do

not account for the auxiliary cooling systems required to maintain the required

temperatures [2]. These systems significantly increase weight, subsequently decreasing

power density.

The greatest factor affecting the electrification of larger aircraft is energy storage.

While there are a number of motors that exceed the 4.26 kW/kg power density

figure from the PW127D mentioned above, energy storage technologies lag behind
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conventional aircraft fuels in use today. A conventional Lithium-Ion (Li-Ion) battery

is only capable of achieving an energy density of 200 Wh/kg whereas Jet-A1 kerosene

has an energy density of 11.95 kWh/kg, an almost 60-fold increase over the current

conventional battery technology [12]. Interest in metal-air batteries has increased

recently due to the theoretical power densities as outlined in [13], which shows that

battery technologies such as lithium-air and iron-air can meet and exceed the energy

densities of Jet-A1 with theoretical energy densities of 11.7 kWh/kg and 14.7 kWh/kg

respectively. The largest downside is the single-use nature of metal-air batteries since

they work on the principles of reduction and oxidation, therefore they cannot be

recharged with input current [13].

2.2 Hybrid Architectures

Due to the difficulty in achieving the required power densities and energy densities in

motors and batteries with current technologies, hybridization is required as a first

step towards AEA for larger aircraft applications. Aircraft electrification can be

broken down into three categories: full electric, series hybrid and parallel hybrid.

Between the hybrid architectures, there are variations that result in a number of

similar hybrid configurations. The main hybrid architectures found in the literature

are shown in Fig. 2.1. Turboshafts, which primarily are used to generate power

for motors and batteries, and turbofans, which generate thrust and can be used to

generate power, are the primary fuel consuming units shown in Fig. 2.1. However,

these components can be replaced more generally with "thermal engines" to include
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piston driven engines, which can also be used to generate power and thrust.

Series architectures use electric motors as the sole thrust generating units used to

drive the propulsors (i.e. propeller or fan) as shown in Fig. 2.1b). A thermal engine,

in conjunction with a generator, provides charge to an onboard battery or directly to

the drive motors. The main advantages with series architectures are [14]:

• Ability to operate thermal engines at the point of highest efficiency.

• Mechanical decoupling of the thermal engine and generator from the motors

which provides freedom to position the power generating unit(s) separately from

the propulsion motor(s).

• Smaller permissible thermal engines since batteries can provide the missing

power during peak power operating conditions.

The main disadvantages of a series architecture are:

• Additional weight from a generator.

• Losses from energy conversion and transmission between components.

A turbo electric architecture is similar to a series architecture in that a gas turbine and

generator supplies power to the electric drive motors, however, there is no onboard

battery and the energy used to drive the electric motors comes solely from the gas

turbine and generator units as seen in Fig. 2.1c). A partial turbo electric architecture,

shown in Fig. 2.1d), replaces the turboshaft in a turbo electric architecture with a

turbofan to provide electrical power and thrust. This makes the partial turbo electric
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Figure 2.1: Aircraft electrification architectures [1], [14]; (a) Fully electric, (b) Series
hybrid, (c) Turbo electric, (d) Partial turbo electric, (e) Parallel hybrid, (f) Partial
parallel, (g) Series/parallel partial hybrid.
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architecture resemble a parallel architecture without the presence of a battery.

Parallel architectures use the thermal engine to provide thrust along with the drive

motors as opposed to solely charging the batteries or providing electrical power to

the drive motors. The use of turbofans, or thermal engines with propulsors, and the

lack of generators, as shown in 2.1e, separates the parallel architecture from the series

architecture. The main advantages of a parallel architecture are [14]:

• Increased reliability due to the use of separate machines that provide propulsion.

• Smaller permissible electric drive motors due to the presence of the thermal

engines which can provide continuous/intermittent boosts in thrust.

• Lower weight compared to the series architecture since a dedicated generator

is eliminated for the propulsion system, electing to use the drive motor as a

generator when necessary.

The disadvantages of the parallel architecture are:

• Close proximity of the thermal engine(s) to the electric motor(s) since the

components are mechanically coupled.

• Potentially more complex mechanical connections since various clutches and

gearbox connections may be used to decouple the thermal engine and electric

motor.

One variation of the parallel architecture is the partial parallel architecture as shown

in Fig. 2.1f) [14]. This should not be confused with the series/parallel partial hybrid
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architecture shown in Fig. 2.1g) which uses the thermal engine to charge the batteries

or directly power the motors through the generator while also providing thrust. The

partial parallel architecture in Fig. 2.1f) completely segregates the thermal engine

system and the electric drive motor system. A battery directly powers the drive

motors which generates thrust using the attached propulsors while a separate turbofan

or thermal engine with an attached propulsor provides thrust without any direct

connection between the electric and fuel powered systems. It should be noted that

this architecture does not require the thermal engine and motor(s) to be in close

proximity since the components are not mechanically coupled.

Hybridization improves the feasibility of aircraft electrification over fully electric

architectures, especially for larger, long range aircraft. Energy storage and electric

motors can be downsized to improve overall power and energy densities of the entire

propulsion system to reduce the gap between conventional technologies. Out of the

presented hybrid architectures, [15] identified the turbo electric architecture to be

the most feasible hybrid architectures that is likely to enter into service within the

next three decades.

2.3 Electric Machines Today

Power densities of electric motors have been steadily increasing over time and are now

reaching levels that are adequate to be used in the hybridization and full electrification

of turboprop single-aisle aircraft. With the steady increase in power densities, more

companies have begun to develop electric motors specifically for aircraft propulsion.
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A summary of electric motors available on the market today is shown in Table

2.1. The power, torque, and power density figures listed in the table are limited to

their respective continuous operating condition. This is because the peak operating

condition of an electric motor is generally thermally limited to short durations and

is therefore reserved for takeoff and/or emergency situations. Maximum continuous

operating conditions offer a more realistic view of the performance and power density

of the machine as it serves as the performance ceiling for a majority of the flight profile.

Additionally, the continuous operating condition serves as a point of comparison

between the motors shown and the motor proposed in this thesis. It should be noted

that MagniX, Safran, Emrax, Rotax, and Helix have a relatively large range of motors,

but for brevity many models were excluded. Instead, some motors were chosen from

the available range, including motors towards the low and high ends of the power

range and power densities from the list of available motors. A number of recent and

ongoing aircraft electrification projects are summarized in Table 2.2, some of which

use the motors referenced in Table 2.1.

Most of the motors developed for aerospace propulsion applications on the market

today are motors with rotation speeds far lower than 10 kRPM indicating that they

are intended for direct drive propulsion. The Safran GENeUS300 and H3X HPDM-250

are two notable high speed motors that are intended for generator and propulsion

applications, however a gearbox is required for propulsion due to the high output

shaft speeds. Helix also offers high-speed motors, however it is not explicitly stated

whether the intended use for their motors includes propulsion applications, unlike

Safran and H3X, and generally show that their motors are also intended for a variety

17



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

of other application, such as automotive and marine [16]–[19].

The power densities of the motors displayed in Table 2.1 have a considerable range,

with a number of motors having power densities under 5.0 kW/kg, which are better

suited for GA aircraft. Emrax, YASA, Rotex, Kite Magnetics, and Evolito offer

motors that are well suited for this application. Siemens developed the SP70D, and

later the SP260D, for fully electrified 1-2 seater demonstration aircraft, however

their motors have seen minimal use outside of aircraft developed or converted by

Siemens themselves for demonstration purposes with aircraft such as the Siemens

Extra 330LE using the Siemens SP260D motor [20]. Some Emrax motors have been

used for small aerospace electrification projects such as the Pipistrel Taurus Electro

and Sunseeker duo, two electric glider projects that both used the Emrax 228 motor

[21]. YASA is a leader in axial flux motor technology in the automotive industry,

however their motors are also viable for aerospace propulsion. This was illustrated

by the use of three YASA P400 motors in the Rolls Royce Spirit of Innovation

demonstrator aircraft, achieving the fastest climb rate to 3000 meters and highest top

speed over 3 kilometers and 15 kilometers of any fully electric aircraft [22]. Evolito

was established in 2021 as a spin-off from YASA to commercialize their axial flux

motor technology for the aerospace industry. The D500 and D1500 from Evolito are

both suitable for GA aircraft, however the D500 provides an exceptional power density

of 8.2 kW/kg and the relatively small axial footprint of 123 mm allows for stacking

multiple power units without occupying a large amount of space. This offers aircraft

design flexibility and improves its viability for larger aircraft that require larger power

outputs. MAGicALL and Rotex also make electric motors for aerospace applications.
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The MAGicALL MAGiDRIVE motors were selected for the CityAirbus NextGen

eVTOL demonstrator aircraft, currently in its design phase [23], [24]; however, no

other well known applications of the MAGiDRIVE motor currently exist.

For commercial aviation, MagniX is the current leading provider of Electric Propulsion

Units (EPUs), which combines the motor and inverter into a single package, as

demonstrated by multiple commercial aircraft electrification projects utilizing MagniX

EPUs shown in Table 2.2. MagniX does not openly disclose the weights of the motors

within their EPUs so the motor power density cannot be directly compared with

other motors on the market. Their use in recent projects can be attributed to the

production of EPUs targeted towards commercial aviation projects as early as 2019

when the Magni250 was initially offered for the Eviation Alice and was later replaced

by the Magni650 [25]. In March of 2023 Safran released the ENGINeUS XL line

of motors targeted for commercial aviation [26], [27]. H3X is currently developing

the HPDM-1500 and HPDM-3000 motors which are also targeted for commercial

aviation, however motor performance metrics are largely based on simulations and

dynamometer data from the HPDM-250 [28]. The HPDM-250 is an EPU, similar to

the units offered by MagniX, but in a much more compact package where the inverter

is integrated with the motor into a single casing, whereas the motor and inverter are

separate units connected with HV cables in EPUs offered by MagniX. The HPDM-250

achieves an impressive 15.4 kW/kg with the EPU alone or 12.0 kW/kg with the

optional integrated 4:1 or 6.7:1 gearbox which is critical to reduce the output speeds

for a direct drive propulsion application from the output shaft of the EPU. One way

H3X achieves these power densities is with the use of an additively manufactured
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cooling jacket used to cool the stator and inverter [28]. As previously mentioned,

H3X is currently developing the HPDM-1500 and HPDM-3000, two megawatt level

EPUs that rely on the core technology from the HPDM-250 to drive larger aircraft.

However, unlike the HPDM-250, the output speeds of the megawatt-level motors are

less than 3000 RPM, making them suitable for direct drive propulsion. Additionally,

the small axial footprint of the machines allow for stacking of 8 and 6 units axially

for the HPDM-1500 and HPDM-3000, respectively [29], [30].

Aircraft electrification projects began with a number of small GA aircraft like the Rolls

Royce Spirit of Innovation and Siemens 330LE, which were fully electrified conversions

of piston engine aircraft. The Diamond DA-36, the predecessor to the newer eDA40

shown in Table 2.2, and eGenius HPH are two other examples of small GA aircraft

that have been successfully designed and tested from the ground up in the last 10 years.

Newer small GA aircraft are currently under development for demonstration and

commercial purposes like the Airbus Ecopulse, Diamond eDA40, NASA X-57, Volta

Volaré, and Voltaero Cassio330, however aircraft manufacturers have recently been

pushing to develop larger electrified commercial aircraft. Most electrified commercial

aircraft projects are still at an early stage in their conceptualization meaning no

reliable information is available on aircraft design and performance, and the realization

of such projects relies on advancements in battery and/or motor technology. The

Bauhaus Ce-Liner is an example of an early concept of a fully electric single row

narrowbody aircraft that relies on advancements in battery technology, requiring

a target battery energy density of 2000 Wh/kg for the design to be realized [31].

Current electrified commercial aviation projects aim to replace short-duration regional
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turboprop aircraft with alternatives such as the Maeve M80, APUS i-5, Ampaire Eco

Caravan and Eco Otter SX, Faradair BEHA-M1H, and Universal Hydrogen Dash

8. These projects can be divided into two categories: conversions and novel designs.

Conversions take existing commercial turboprop aircraft and retrofit them with a

hybrid or fully electric propulsion and energy storage system. The Ampaire Eco

Caravan, Ampaire Eco Otter SX, and Universal Hydrogen Dash 8 are all conversions of

the Cessna 208B Grand Caravan, De Havilland DHC-6 Twin Otter, and De Havilland

Dash 8 respectively. The remaining commercial aircraft mentioned, the Maeve M80,

APUS i-5, and Faradair BEHA-M1H, are novel designs that are early in their design

phases.
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2.4 Chapter Summary

This chapter provides a broad overview of the current landscape of aircraft elec-

trification for GA and commercial aviation. Current electrification efforts must be

accelerated to meet the aggressive emissions targets set by large governing bodies;

however, this is challenging due to limitations in current technologies. While electric

motors continue to steadily increase in power density, a figure critical to the scaling

of aircraft electrification, energy densities of current energy storage systems, namely

Li-Ion batteries, seem to be the primary limitation for larger commercial aviation

projects. With significant challenges in energy storage, hybrid aircraft propulsion

architectures were presented in this chapter as a stepping stone from today’s conven-

tional turboprop and turbine aircraft to full electrification. Since this thesis focuses

on the design of a power dense electric motor, a number of available motors with

their continuous power, torque, speed, and power densities were presented. Safran

and MagniX are two notable leaders currently in the space of electric powertrains

for aircraft propulsion, however newer companies like H3X have shown impressive

performance and power density figures that will help lead the future of aviation

electrification. A number of current GA and early commercial aviation electrification

projects were introduced, many of which used the motors presented in Table 2.1. A

majority of the current electrification projects, including commercial aviation, have

jumped to fully electric architectures. It is the author’s opinion that more effort

should be placed into hybridization. It is possible that manufacturers seek fully

electric architectures due to their simplicity, but hybridization may improve the

feasibility of low emission aircraft in terms of range and cargo capacity compared to
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a fully electric aircraft, allowing for scalability of the technology to larger aircraft.

With the focus on power dense machines, this thesis continues to explore the thermal

management of high speed traction motors to effectively dissipate the inherently

higher amounts heat per volume generated by these motors.
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Chapter 3

Rotor Design in High-Speed Radial

Flux PM Machines

As electric machines move to higher speeds to achieve higher power densities, the

thermal and mechanical aspects of the rotor design need to be carefully designed

to avoid demagnetization in PMSMs and mechanical failure of the rotor. This

chapter provides an overview of the thermal design and mechanical considerations

for rotors within high-speed radial flux electric motors. First, the sources of losses

within the motor are identified, separating mechanical and electromagnetic losses

and their locations within the stator and rotor. The next section presents a number

of air and liquid rotor cooling designs for high-speed radial flux EMs in literature.

Bearing lubrication and cooling, which is of especially high importance in high-speed

machines, is also discussed to identify and compare common and reliable lubrication
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and cooling solutions. Finally, general mechanical considerations are highlighted to

provide a mechanical perspective on the rotor design, which may affect the design

of the thermal management system for high-speed rotors. The rotor cooling designs

highlighted in this chapter are limited to motors used for traction applications that

exceed 10 kRPM and 10 kW to more closely resemble the proposed motor. This

is because low-speed and/or low power motors may use cooling designs that may

be unsuitable for high-speed or relatively high loss magnitudes that are generated

in larger, high-speed traction motors. Literature covering bearing lubrication and

cooling designs are not subject to the same limitations as the rotor cooling designs

since the topic is more universally applicable to applications outside of high-speed

traction motors.

3.1 Loss Distribution in Radial Flux PM Electric

Machines

Losses in an electric motor can be separated into electromagnetic losses and mechanical

losses. The subsequent sections discuss the breakdown of the electromagnetic and

mechanical losses, introducing equations to describe the losses with the understanding

supplier data and/or complex analysis is required to accurately determine most of

the presented losses. Instead, the equations provide an understanding on the factors

that affect each loss term.
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3.1.1 Electromagnetic Losses

Electromagnetic losses consist of winding resistance loss, eddy-current loss, and

hysteresis loss. Winding resistance loss occurs in the stator windings as a result of

the resistance in the wires whereas eddy-current and hysteresis losses occur in all

electrically conductive components within the motor. Winding resistance losses in

AC motors consist of AC and DC losses. DC losses are calculated using the following

equations [62]:

PDC = i2R = V 2

R
(3.1)

R = ρcop · lcop

Awire

(3.2)

where PDC is the DC resistance loss, i is the current, V is the voltage, R is the DC

resistance, ρcop is the electrical resistivity of copper, lcop is the length of wire, and

Awire is the cross-sectional area of the conductor. AC losses can be attributed to the

skin effect and proximity effect. The skin effect refers to the tendency of AC currents

to crowd towards the surface of the conductor and the proximity effect refers to eddy

currents created as a result of the electric fields generated by nearby conductors [62].

The total AC losses in the windings of PMSMs is not easily calculated and requires

electromagnetic Finite Element Analysis (FEA) to establish the total generated losses.

Wire position within the slots, machine operating frequency, airgap flux density, wire

geometry/type, and the presence of slot wedges all affect the AC losses. Eddy-current

and hysteresis losses occur in the stator and rotor. These losses are both accurately
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determined with electromagnetic FEA. Electromagnetic losses generated within the

rotor hub, shaft, housing, and end plates are generally minimal and are commonly

ignored in analysis [62].

3.1.2 Mechanical Losses

Mechanical losses are categorized as windage losses and bearing losses. Seal losses

and fluid friction losses may also be generated in the rotor depending on the sealing

requirements and rotor cooling design. Windage losses occur as a result of viscous

shear stresses that generate heat from the high surface speeds at the outer surfaces

of the rotor. The flow within the airgap is the greatest contributor to the windage

losses of the rotor. The windage loss within the airgap in cases where no axial flow is

present can be calculated using the following equation [63]:

Pw = Cfπρω3r4
1lgap (3.3)

where Pw is the windage loss, Cf is the skin friction coefficient, ρ is the air density, ω

is the rotation speed, r1 is the outer radius of the rotor, and lgap is the thickness of

the airgap. At high speeds, windage losses significantly contribute to the overall rotor

losses due to the cubic relationship between the rotor speed and generated loss. The

airgap Reynolds number, Regap, can be used to describe the skin friction coefficient

to be used in the equation above and is defined as:

Regap = ρωr1lgap

µ
(3.4)
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where µ is the dynamic viscosity of air. The skin friction coefficient is given by the

following equations with the associated ranges for the airgap Reynolds number [63],

[64]:

Cf = 0.515(lgap/r1)0.3

Re0.5
gap

, 500 < Regap < 104 (3.5)

Cf = 0.0325(lgap/r1)0.3

Re0.2
gap

, Regap > 104 (3.6)

Bearing losses are mainly caused by oil churning and drag. These loss values are

a function of operating speed, loading conditions, lubricant type and feed method,

lubricant flow rate (in the case of recirculating lubrication), cage design, and seal

design. Palmgren [65], [66] developed empirical formulae for determining bearing

losses using friction torque and bearing speed. The total friction torque, M , generated

in a bearing is as follows:

M = M1 + M2 (3.7)

where M1 and M2 are friction torques due to applied load and viscous effects, respec-

tively. The following equations describe the torque due to the applied load:

M1 = f1Fβdm (3.8)

f1 = z
(

Fs

Cs

)y

(3.9)

Fβ = 0.9Facotα − 0.1Fr or Fβ = Fr (3.10)
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where dm is the mean diameter, Fs and Cs are the static equivalent load and basic

static load rating, respectively, y and z are values that depend on bearing type, α is

the contact angle, and Fa and Fr are the applied axial and radial loads. The larger

of the two values is chosen for Fβ. The torque due to viscous effects is as follows:

M2 = 10−7fo(νlubn)2/3d3
m, νon ≥ 2000 (3.11)

M2 = 160 × 10−7fod
3
m, νon < 2000 (3.12)

where νlub is the lubricant viscosity in centistokes, n is the speed in RPM, and fo is a

factor that depends on the type of bearing and method of lubrication. It is clear from

the equations that M1 is mainly dependent on the axial and radial loading, which

includes bearing preload, and M2 depends mainly on the lubricant viscosity and speed

while the bearing size, represented by dm contributes to both torque components.

Bearing size has a much larger effect on M2 due to the cubic relationship between

the mean diameter and torque.

The overall heat generation of the bearing, G, is given by the following equation [67]:

G = πMn · 30 × 103 (3.13)

Palmgren’s empirical formulae are valid for low to medium-speed machines [65],

[68]. High speed operation requires more complex analysis as centrifugal forces and

gyroscopic moments become significant [65]. Wang et al. [68] empirically developed a
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correction factor ng for high-speed, high-loaded Deep Groove Ball Bearings (DGBB):

ng = − 1.65 × 10−12n3 + 2.65 + 2.65 × 10−8n2 − 1.49 × 10−4n + 0.3695 (3.14)

The corrected total loss generation then becomes:

Gnew = ng × πMn · 30 × 103 (3.15)

Another model developed by SKF considers factors not accounted for by Palmgren’s

model, resulting in better accuracy at higher speeds for a wide array of bearing types

and lower calculated bearing temperatures [68]. A detailed description of this model

is outside the scope of this thesis. For more information see [69], [70].

Churning losses generated by lubricants are also affected by cage geometry. Yan et

al. [71] studied the interaction of different cage designs with oil-air flow within the

bearing cavity of an angular contact bearing at speeds up to 60 kRPM. Different

cage pocket designs, pocket clearances, guiding surfaces, and guiding clearances were

tested to determine the effects of these parameters on the thermal performance of the

oil-air lubricated bearings. It was found that each of the named factors of the cage

pocket design had various effects on the oil-air flow structures within the bearing

cavity, affecting the generated losses and effectiveness of the lubrication system.
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Fluid friction losses from liquid cooled rotors and contact shaft seal losses are the

final losses generated within electric motors. Fluid friction losses apply to both air

and liquid rotor cooling designs. These losses are highly dependent on the geometries

within the cooling design, therefore they generally requiring CFD to accurately

determine the losses. Depending on the sealing requirements, electric motors may not

require contact seals and will opt for non-contact seals or labyrinth seals, resulting in

no seal losses. For the best sealing performance, contact seals are required. Contact

shaft seals come in many different materials, shapes, and sizes depending on the

sealing fluid pressure, operating speed, contamination level, etc. Due to the number

of factors present in contact seal design, the generated losses are provided by the

seal supplier over a range of surface speeds at the sealing surface. High rotation

speeds result in high surface speeds, which can result in excess loss generation, high

temperatures, and shaft wear over time leading to increased leakage through the seal

and eventual failure.

3.2 Rotor Cooling of High-Speed Radial Flux Ro-

tors

Rotor cooling of high-speed power dense PMSMs is becoming increasingly challenging

with the need to dissipate higher specific losses with inherently smaller packages.

Passive cooling is therefore not a common option for these machines as demagnetiza-

tion would occur, resulting in performance loss. High speeds introduce challenges for

thermal management due to higher windage losses and bearing losses. A series of air
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and liquid rotor cooling designs for high-speed (≥10 kRPM) radial flux motors for

traction applications (≥10 kW) found in the literature are shown in this section. A

summary of these rotor cooling strategies can be seen in Table 3.1.

34



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

Ta
bl

e
3.

1:
Su

m
m

ar
y

of
re

ce
nt

hi
gh

-sp
ee

d
ra

di
al

flu
x

m
ot

or
si

n
th

e
lit

er
at

ur
e

wi
th

th
eir

as
so

cia
te

d
ro

to
rc

oo
lin

g
de

sig
n. A

ut
ho

r/
Ye

ar
Po

w
er

(k
W

)

Sp
ee

d

(k
R

P
M

)
R

ot
or

C
oo

lin
g

M
et

ho
d

La
R

oc
ca

et
al

.
20

14
[7

2]
-

-
Pa

ss
iv

e
in

di
re

ct
co

ol
in

g
th

ro
ug

h
st

at
or

C
on

no
r

et
al

.
20

19
[7

3]
-

-
Pa

ra
lle

la
ir

co
ol

in
g

pa
th

s
th

ro
ug

h
th

e
ho

llo
w

sh
af

t
an

d
ai

rg
ap

Jo
se

fs
so

n
et

al
.

20
22

[7
4]

38
5

14
H

yb
ri

d
co

ol
in

g
us

in
g

ro
to

r
fa

n
an

d
ho

llo
w

sh
af

t
oi

lc
oo

lin
g

Y
ie

t
al

.
20

18
[7

5]
-

15
A

ir
se

lf
pu

m
pe

d
by

ro
to

r
m

ou
nt

ed
ce

nt
ri

fu
ga

lf
an

th
ro

ug
h

in
te

rn
al

he
at

si
nk

D
on

g
et

al
.

20
14

[7
6]

14
0

24
A

ir
co

ol
ed

by
sh

af
t

m
ou

nt
ed

ax
ia

lf
an

K
im

,L
ee

,a
nd

Yo
ok

20
16

[7
7]

10
0

27
A

ir
co

ol
ed

m
ot

or
w

ith
ex

te
rn

al
ai

r
su

pp
ly

an
d

su
pp

le
m

en
ta

ry

sh
af

t-
m

ou
nt

ed
ai

rg
ap

fa
n

B
ox

be
rg

et
al

.
20

18
[7

8]
10

0
29

C
om

bi
ne

d
ro

to
r

an
d

st
at

or
co

ol
ed

by
pa

ss
in

g
co

m
pr

es
se

d
ai

r
th

ro
ug

h

ra
di

al
an

d
ax

ia
lc

oo
lin

g
du

ct
s

co
nn

ec
te

d
to

th
e

ai
rg

ap

Zh
u

et
al

.
20

19
[7

9]
15

30
H

yb
ri

d
ve

nt
ila

tio
n

st
ru

ct
ur

e
w

ith
bo

th
ra

di
al

an
d

ax
ia

lv
en

ts

in
st

at
or

an
d

ro
to

r

H
ua

ng
,a

nd
Fa

ng
20

16
[8

0]
10

0
32

P
re

ss
ur

iz
ed

ai
r

th
ro

ug
h

th
e

ai
rg

ap

A
nd

er
so

n
et

al
.

20
15

[8
1]

-
10

0
C

ol
d

th
ro

ug
h-

flo
w

ai
r

fe
ed

th
ro

ug
h

an
an

nu
la

r
op

en
in

g
to

th
e

ro
to

r

M
cC

lu
sk

ey
et

al
.

20
19

[8
2]

-
-

C
oo

lin
g

ch
an

ne
ls

in
ro

to
r

la
m

in
at

io
n

st
ac

k

Lu
do

is
et

al
.

20
17

[8
3]

55
12

Sp
ra

y
co

ol
in

g
on

ax
ia

lf
ac

es
of

th
e

ro
to

r

A
ud

iA
G

20
18

[8
4]

90
/1

25
/1

40
15

H
ol

lo
w

sh
af

t
co

ol
in

g
in

te
gr

at
ed

w
ith

w
at

er
ja

ck
et

co
ol

in
g

Le
e

et
al

.
20

16
[8

5]
16

.7
11

H
ol

lo
w

sh
af

t
co

ol
in

g
in

te
gr

at
ed

w
ith

w
at

er
ja

ck
et

co
ol

in
g

G
ai

et
al

.
20

17
,2

02
0

[6
4]

,[
86

],
[8

7]
1,

10
0

30
H

ol
lo

w
sh

af
t

co
ol

in
g

W
an

g
et

al
.

20
21

[8
8]

40
14

C
oo

lin
g

ch
an

ne
ls

in
te

gr
at

ed
in

ro
to

r
hu

b,
sp

ra
yi

ng
on

to
en

d
w

in
di

ng
s

B
ou

rh
is

et
al

.
20

22
[8

9]
13

0
15

Sp
ra

y
co

ol
in

g
on

ax
ia

lf
ac

es
of

th
e

ro
to

r

E
l-R

ef
ai

e
et

al
.

20
13

[9
0]

55
14

R
ec

ir
cu

la
tin

g
ho

llo
w

sh
af

t
co

ol
in

g,
in

le
t

an
d

ou
tle

t
on

th
e

sa
m

e
si

de

A
ss

aa
d

et
al

.
20

18
[9

1]
43

10
H

ol
lo

w
sh

af
t,

sp
ra

yi
ng

en
d

w
in

di
ng

s
th

ro
ug

h
ra

di
al

ho
le

s
in

th
e

sh
af

t

Pa
rk

an
d

K
im

20
19

[9
2]

,

Li
m

an
d

K
im

20
14

[9
3]

,

Sa
le

em
et

al
.

20
22

[9
4]

14
0

24
C

oo
lin

g
ch

an
ne

ls
in

te
gr

at
ed

in
ro

to
r

sh
af

t
an

d
hu

b,
sp

ra
yi

ng
on

to

th
e

en
d

w
in

di
ng

s

35



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

3.2.1 Air Cooling

(a) (b)

(c)

(d)

`

(e)

Figure 3.1: Rotor air cooling methods seen in the literature; (a) Internal circulating air
through radial and axial channels in the rotor and stator [79], (b) Forced ventilation
through stator slots and into the airgap [78], (c) Airgap fan [63], [74], [77], [95], (d)
Self ventilated rotor hub fan [63], [75], [79], [96], (e) Air hollow shaft cooling [96].
Blue arrows indicate the path of the air in each cooling design. Blue arrows indicate
the path of cooling air flow through the motor.
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Air cooling is a popular method seen in the literature and in industry for rotor cooling

in high-speed machines. It is classified into three categories: self ventilated, forced

ventilated, and enclosed systems. Self ventilated designs utilize a shaft-mounted

fan to pump external air through the airgap or through holes within the rotor hub.

Forced ventilated systems use external pump to force air through the motor cavity to

cool the rotor. Finally, enclosed systems fully seal off the motor cavity to external

air, electing to dissipate heat from the rotor to the air within the motor cavity and

through the housing using convection. The fully enclosed system is the most passive

cooling type out of the three categories.

To maximize the effectiveness of the fully enclosed system, motors may use an

integrated fan, also known as a wafter, on each side of the rotor to agitate the

surrounding air and improve the forced convective heat transfer on the rotor surfaces

exposed to the air within the motor cavity. This heat is evacuated to the ambient air

outside the motor through the housing which may use external fins to further improve

the heat transfer. Mizuno et al. [63], [97] showed a fully enclosed induction motor for

traction applications that used wafter fans for a motor with a maximum rotating speed

of 6 kRPM. The benefit of such a design is the lack of disassembly and maintenance

required for an equivalent self ventilated design. This design is not common for

high-speed power dense machines due to the high windage losses generated from

the wafter and limited cooling capacity of the internal air. Additionally, the design

seen in [63], [97] shows that the power densities of similar fully enclosed designs is

limited due to the additional equipment required to release heat to the surrounding

air through a heat exchanger mounted to the housing.
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Airgap fans like the one shown in Fig 3.1a) have been used in high-speed machines to

provide air flow through the airgap and cool the rotor [63], [74], [77], [95]. Introducing

axial air flow within the airgap must be controlled such that the additional windage

losses generated from the higher relative flow velocity does not outweigh the cooling

effect generated by the air gap fan. Nusselt number correlations for airgap flows with

axial flow have been covered by the Gronwald and Kern [98]. Kim et al. [77] analyzed

the improvement in thermal performance of a 100 kW 30 kRPM motor from the use

of two airgap fans to cool the rotor while using external air to cool the rotor and

stator. The analysis showed a significant increase in the total heat transferred from

the rotor and stator from 2095 W to 3013 W with the inclusion of the airgap fans.

Additionally, the heat transfer rate within the airgap alone saw a significant jump

from 782 W to 1,675 W, resulting in an reduction of approximately 100°C in the

maximum rotor temperature. Airgap fan designs were presented in [74], [95], however

the thermal performance of the motor was not compared with one that did not use

an airgap fan.

Another self driven air cooling strategy uses integrated fans or other component

geometries to pump air through holes in the rotor hub as shown in Fig. 3.1d) [63],

[75], [79], [96]. Yi et al. [75] developed a 15 kRPM outer rotor radial flux motor for

aerospace propulsion with a power density target of 13.6 kW/kg. The integrated

centrifugal fan primarily pulls air through a heat sink attached to the stator inside

the motor cavity, however the air pulled through the motor provided some cooling to

the rotor along with the heat transferred directly from the rotor to the ambient air

due to the outer rotor configuration. High-speed outer rotor motors are not common
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in the literature for traction applications. Jaeger et al. [96] used a hollow shaft

cooling approach to cool a 30 kW, 10 kRPM motor. An integrated fan on the inner

diameter of the rotor shaft pumped external air from a stationary feed tube through

an annular gap formed by the rotor inner diameter and stationary feed tube as seen

in Fig. 3.1e). The cooling air does not contact the air within the motor cavity. The

effect of the rotor cooling was determined by comparing the temperature field of the

motor with and without the hollow shaft cooling. It was found that rotor cooling

solution resulted in a maximum of 40°C drop in the magnet temperature at the peak

operating condition, improving the time spent at the peak operating point by 50%.

Zhu et al. [79] presented a unique solution to the self driven air cooling approach

for a 15 kW, 30 kRPM motor. A number of axial and radial vents in the rotor and

stator created a ventilation system for both components with clapboards within the

radial vents of the rotor driving the flow through the channels as shown in Fig. 3.1b).

The highest temperature rise figure was reduced by 26.5°C and the PM temperature

rise was reduced by 6.1°C.

Boxberg et al. [78] studied air cooling of a 100 kW, 29 kRPM surface mounted

PM motor using compressed air injected at the middle of the airgap through radial

ducts in the stator, which is shown in Fig. 3.1c). The study showed that the cooling

system was robust and reliable to keep the magnet temperatures well within their

temperature limits. Anderson et al. [81] studied forced convection through the rotor

cavity with external air pumped in to cool a 30 kRPM motor. Taylor-Couette flow

structures with axial flow were numerically analyzed and novel correlations were

provided for the motor’s geometry and speeds. Connor et al. [73] conducted CFD
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analysis on a forced air cooled design similar to [81] by pumping air through the

airgap with additional rotor cooling provided through a liquid-cooled hollow shaft.

The results showed a limit to the provided axial flow through the airgap at which

point higher axial flow rates led to much higher windage losses resulting in a net

heating effect.

3.2.2 Liquid Cooling

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

Figure 3.2: Rotor cooling methods seen in literature: (a) & (b) Simple hollow shaft
cooling design variations [64], [68], [84], [87], [90], [99], [100], (c) hollow shaft cooling
with coolant pumped through the rotor hub [82], (d) spray cooling onto the ends of
the rotor hub and windings [83], [101], (e) hybrid cooling through the rotor hub with
spray cooling to the end windings [85], [92]–[94], [102], (f) hybrid cooling through a
simple hollow shaft spraying onto the end windings [89], [92]–[94], [102], and (g) &
(h) combined stator-rotor cooling variations [84], [85]. Red arrows indicate the path
of the coolant within the motor.

Most liquid rotor cooling designs introduce coolant to the rotating assembly through

the hollow rotor shaft which can be challenging due to the mechanical provisions

required to achieve this task. High surface speeds also limit the types of contact

seals that can be used to isolate the liquid cooling channel inside the rotor from the

motor cavity in cases where sealing is required. Liquid cooling can be separated into
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a few categories: hollow shaft cooling, spray cooling, hybrid cooling methods, and

combined rotor-stator cooling systems. Flood cooling is also a liquid cooling method

that is commonly used to cool the stator and can also be used to cool the rotor by

increasing the fluid so that it enters the air gap. This is generally not favourable for

high-speed machines due to the sharp increase in viscous losses within the airgap [91].

3.2.3 Hollow Shaft Cooling

Hollow shaft cooling is a common method used to cool components within the rotating

assembly without introducing fluid to the air gap or motor cavity. Hollow shaft cooling

systems in high-speed machines are arranged in one of two configurations, as shown

in Fig. 3.2. The inlet and outlet of the hollow shaft may be placed on opposite ends of

the rotor shaft [63], [64], [87], [99], [100] as seen in Fig. 3.2a) and Fig. 3.2c) or on the

same side of the rotor shaft [68], [84], [90]as shown in Fig. 3.2b). In the recirculating

hollow shaft design, where the inlet and outlet are on the same side of the motor, a

stationary inlet tube attached to the motor casing is placed within the hollow shaft

to redirect coolant from the stationary tube and through the hollow shaft in the

direction of the inlet. The outlet of the hollow shaft is the annular gap formed by the

stationary inlet tube and the shaft inner diameter.

The heat transfer characteristics inside a rotating hollow shaft are complex. A

secondary flow occurs due to the rotation, which causes the fluid to be pushed against

the inner walls of the shaft from centrifugal effects [99]. Gai et al. [63], [64], [87],

[99], [100] developed heat transfer correlations for hollow shaft cooling flow using the

following dimensionless parameters:
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Nu = h · Dh

λ
(3.16)

Rea = ρ · Dh · Va

µ
(3.17)

Rer = ρ · Dh · Vr

µ
(3.18)

Pr = µ · cP

λ
(3.19)

where Nu is the Nusselt number, Rea is the axial Reynolds number, Rer is the radial

Reynolds number, Pr is the Prandtl number, h is the heat transfer coefficient, Dh is

the hydraulic diameter, λ is the thermal conductivity, cP is the specific heat capacity,

Va is the average axial velocity, and Vr is the tangential speed at the surface of the

channel.

Hollow shaft cooling is more beneficial at higher rotational speeds due to the significant

increase in the heat transfer coefficient[87], [100]. The rate of change of the heat

transfer coefficient reduces as the rotational speed increases past 10 kRPM in the

hollow shaft geometry shown by Gai et al. [87]. The heat transfer coefficient in the

shaft is largely independent of the flow rate through the hollow shaft as indicated by

experimental data and the exclusion of the axial Reynolds number in the resulting
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empirical Nusselt number correlation proposed by Gai et al. [87]:

Nu = 3.811 × 10−3
( 1

Rer · Pr

)−0.641
(3.20)

3.2.4 Spray Cooling

Spray cooling is common when it comes to cooling the end windings of a motor

using manifolds and nozzles that work together to evenly distribute coolant [101],

however spray cooling may also be used to cool the rotor. Unlike hollow shaft cooling,

spray cooling exposes the coolant directly to the electromagnetic components which

limits the coolants to ones with high dielectric strengths only such as Automatic

Transmission Fluid (ATF). Radial flux motor topologies restrict coolant from being

sprayed anywhere but each end of the rotor. The thermal path from the rotor’s

center to the rotor hub’s ends will cause a sizeable axial temperature gradient within

the hub. This may lead to demagnetization occurring near the middle of the rotor.

Radial flux machines with a shorter rotor length may benefit from this cooling design.

Proper coolant selection is critical when considering an active cooling method that

exposes internal electromagnetic components to the coolant. Properties required for

coolant in addition to high dielectric strength are high chemical stability, low toxicity,

and good material compatibility [101], [103]. Limited coolant selection, increased

risk of short circuits and corrosion, and additional requirements to mitigate frictional

losses limit the practicality of an active cooling solution [99]. Ludois and Brown [83]

and Bourhis et al. [89] presented designs that incorporated spray cooling for the axial
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faces of the rotor and the end windings, as shown in Fig. 3.2d), although the thermal

aspects of the motor were not discussed in detail.

3.2.5 Hybrid Cooling Methods

Hybrid rotor cooling systems seen in the literature combine hollow shaft cooling and

spray cooling to cool the rotor and end windings, respectively [92]–[94], [102]. This

cooling strategy is shown in Fig. 3.2g). Coolant enters the rotor through a hollow

shaft, which uses a series of radial channels drilled into the shaft to carry coolant

towards corresponding axial channels adjacent to the magnets. These axial cooling

channels within the hub distribute coolant along the length of the rotor, providing

cooling for the magnets and rotor hub. The fluid exits the hub through nozzles at

one end, as in the case of Park et al. [92], [94] and Lim et al. [93], or both ends,

as in the case of Wang et al. [102], to cool the end windings. This approach has

the additional benefit of minimizing the thermal resistance between the magnets

and coolant. Fig. 3.2f) shows a similar hybrid cooling method in which fluid enters

through the hollow shaft and sprays onto the end windings through radial holes in

the shaft. The cooling benefits to the magnets and rotor hub are reduced since the

coolant is not passed through the rotor hub as with the design shown in Fig. 3.2e).

3.2.6 Combined Rotor-Stator Cooling Systems

From a practical perspective, it may be beneficial to combine the stator and rotor

cooling circuits into a single cooling circuit where possible. This limits the number

of components required to complete the cooling system for the motor. The most
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Figure 3.3: Fluid domain representation developed by Lee et al. [85]. Arrows indicate
the path of the coolant from the inlet (blue) to the outlet (red).

commonly combined stator and rotor cooling systems are the liquid outer jacket

and hollow shaft cooling. Audi utilizes a hollow shaft solution for the APA250 and

AKA320 drive units and an outer cooling jacket for the stator [84]. The inlet and

outlet of the hollow shaft system are placed on the same side of the motor like the

one shown in Fig. 3.2b). Using an integrated cooling solution with this layout leads

to increased bulk in the motor due to necessary mechanical provisions to direct fluid

from the cooling jacket to the hollow shaft.

Lee et al. [85] developed an integrated hollow shaft cooling solution in which radial

ports drilled through the shaft directed coolant from the motor housing into the center

of the shaft as shown in Fig. 3.3. Additional radial ports were drilled at the opposite

end of the shaft to evacuate the coolant from the center of the shaft and into the

housing once again towards the outlet of the cooling loop. The combined rotor-stator

cooling system saw a 50% and 38% temperature decrease in the coils compared to

equivalent air cooled and jacket cooled motors, respectively. Although the studied
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motor was a PMSM, the effects of the designs on the magnet temperatures were not

discussed in detail.

The cooling requirements of the motor also limit integrated solutions. As seen in the

APA250 and AKA320 motors developed by Audi [84], hollow shaft cooling of the rotor

may occur before or after cooling of the stator. Depending on the cooling requirements

of the rotor and stator, the fluid passing through the components later in the loop

will be at a higher temperature, which leads to higher component temperatures. It

should also be noted that the losses generated in the rotor in both motors from Audi

are also relatively high since they are induction motors.

3.3 Mechanical Considerations

The main mechanical consideration of high-speed radial flux motors are covered in this

section. Bearing lubrication is first introduced, comparing the effectiveness of different

lubrication methods for heat dissipation and lubricant distribution in high-speed

motors. General design principles of the rotor and hub design are then discussed,

highlighting the general construction, stresses, and dynamics of the rotating assembly.

3.3.1 Bearing Lubrication

Bearings in electric motors may be cooled by active or passive means. The most

common method for bearing cooling and lubrication is using oil. Oil may be injected

into the bearing cavity as a jet or oil-air mist, which atomizes the incoming oil before

being injected into the bearing cavity. Passive cooling methods can provide cooling
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to the inner and outer rings of the bearings without any contact between the coolant

and the rolling elements or cage. It is typically paired with grease lubrication for the

bearings. The main disadvantages of grease lubrication are higher churning losses

due to higher viscosities compared to oils, and the requirement to use a more passive

cooling solution at the outer or inner raceway, which both lead to higher temperatures.

The speed factor DN is a useful term to relate the rotational speed and size of

bearings and is given by:

DN = D + d

2 · nmax (3.21)

where D and d are the outer and inner diameters in millimeters, respectively, and

nmax is the maximum speed in RPM. According to Pinel et al. [104], grease and

splash lubrication are preferable for low-speed applications with speed factors less

than 200,000 mm min-1. However, speed limits for grease lubrication vary depending

on many factors, including whether passive cooling methods are used to cool the

bearing.

An oil bath is another lubrication method that may cool the bearing when using a

re-circulation system to flow relatively low-temperature oil through the bearing. This

method is mainly suitable for low-speed applications up to 300,000 mm min-1 without

frequent oil changes [105]. Higher churning losses lead to significant reductions in

speed rating for bearings using oil bath cooling. SKF [69] suggests the a maximum

speed of a bearing using oil bath lubrication should not exceed 0.3 to 0.4 times that
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of oil jet lubrication. It is also important that the oil level does not exceed half the

diameter of the lowest rolling element. Exceeding this level leads to foaming and

higher churning losses.

(a) (b)

(c) (d)

Figure 3.4: Common bearing cooling strategies (a) passive cooling channel in the
housing [84], [106], (b) outer raceway spiral channel with inner raceway oil jet [107],
[108], (c) oil jet/oil air mist [69], [104], [109]–[112], and (d) outer race jet [113].

Oil jet lubrication is commonly used to lubricate bearings in high-speed electric
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motors. The system mainly contains an external sump, pump, heat exchanger, and

filter [69]. One or more cooling jets are placed adjacent to one of the ends of the

bearing, as seen in Fig. 3.4a). Oil injected into bearings is quickly flung outwards

within the bearing cavity, especially at high speeds. Therefore, jets should be pointed

towards the inner raceway to maximize the cooling and lubrication effects of the

incoming oil. However, inner ring-guided cages may partially obstruct the oil jet

which may increase churning losses [69]. Jet lubrication of bearings is highly complex

due to the two-phase flow present within the bearing cavity and its interaction with

the races and rotating elements. Factors that significantly affect oil jet lubrication,

other than the bearing geometry and operating condition, include oil flow rate, nozzle

angle, nozzle location, and the number of jets. Centrifugal forces that push the oil-air

flow towards the outer ring reduce the cooling effect of the oil on the inner ring,

creating a non-uniform radial temperature distribution with higher temperatures seen

at the inner ring. Additionally, the oil-air volume fraction within the bearing cavity

varies in the circumferential direction, decreasing in the direction of rotation from

the peak oil-air fraction at the jet’s injection point. High speeds reduce the variation

in the circumferential direction because of the greater ability of the rolling elements

to carry the lubricant along the direction of rotation. The maximum temperature

variation shown in simulations of a bearing at 10 kRPM with 5.0 kN of axial load in

[109] is 7°C on the inner ring. Similar simulations of a 10 kRPM bearing at 5.0 kN of

axial load in [111] showed a maximum temperature variation of 7°C on the outer ring,

while inner ring temperatures were not shown. The effect of additional jet nozzles in

high-speed bearings has been evaluated by multiple authors [110]–[112]. At the same
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net flow rate, multiple jet nozzles show a more uniform oil-air distribution in the

circumferential direction than single jet nozzles. Wu et al. [112] simulated bearings

at speeds of up to 40 kRPM using between 1 to 6 jets. The effect of the number of

nozzles on the oil-air volume fraction was greatest at lower speeds and negligible at

40 kRPM due to the effect of even lubrication and cooling at higher speeds.

Oil-air mist cooling is similar to jet cooling in that oil enters the bearing cavity

using a similarly shaped nozzle, as shown in Fig. 3.4a), yet oil flow rates in oil-

air mist applications are significantly lower than in jet cooling. An advantage of

oil-air mist lubrication in high-speed applications is reduced churning losses [104].

However, oil-air mist has a significantly lower cooling capacity when compared to oil

jet cooling because bearing temperatures are primarily a function of flow rates. Pinel

et al. [104] compared oil jet to oil-air mist cooling in angular contact bearings for

turbomachine applications in the speed range of 30 kRPM to 65 kRPM. Because of

the reduced oil flow rates in oil-air mist cooling, the bearing experienced higher ring

temperatures at all tested speeds even though the oil temperature used for the oil-air

mist was 72 °C lower than that of the oil jet. Due to higher temperatures in oil-air

mist-lubricated bearings, an oil jet is the preferred cooling method for high-speed

bearing applications. Oil-air mist cooling should still be considered for high-speed

traction applications where bearing losses are not excessive. A full system thermal

analysis should determine the efficacy of oil-air mist cooling for each high-speed

bearing application.

Similar jet lubrication methods exist that necessitate modifications to the bearing
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raceways to accommodate the oil jet lubrication. Less commonly seen than conven-

tional jet cooling, which uses an external jet to direct fluid to one of the races, the

under-race lubrication method introduces fluid through radially drilled holes in the

inner raceway as seen as a part of Fig. 3.4b). Under-race lubrication is often used in

dual-rotor systems of aero-engine bearings. Jiang et al. [114] and Bao et al. [115]

studied under-race lubrication for high-speed applications. Although the oil injection

method slightly differs from conventional jet cooling methods, the trends seen in

the oil-air volume fraction with varying ring speeds, oil flow rates, and number of

nozzles are consistent with those seen in conventional oil jet cooling. Since these

authors do not directly compare this lubrication method to oil jet lubrication under

the same operating conditions, the differences between these methods cannot be

directly compared.

Yan et al. [113] compared oil-air flow in outer-race cooled bearings as shown in

Fig. 3.4c), which injects fluid into the bearing cavity from the outer ring, to the oil-air

flow seen in conventional oil jet lubricated bearings between 10 kRPM and 50 kRPM.

The nozzle position greatly affected the flow and heat transportation inside the

bearing cavity. In the conventional oil jet lubricated bearing, flow blockages created

by the bearing components are smaller than that of the outer-race cooled bearing,

resulting in better heat dissipation. However, lubricating oil supplied from the outer

ring was shown to be concentrated in the raceways and cage pocket, which provided

a higher utilization rate for the lubricating oil. Practical temperature differences

between the two lubrication methods were minimal, with a maximum temperature

difference of 2.5°C at 10 kRPM [113].
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Outer-race passive cooling methods have been used for high-speed bearings, as seen

in Audi’s APA250 and AKA320 drive units [84], as well as in the literature on

applications extending beyond traction motors [106]–[108]. Outer-race passive cooling

may be sufficient in low-load applications (i.e., relatively low speeds and/or bearing

axial and radial loads). Coolant is passed through a channel within the housing

surrounding the bearing, as shown in Fig. 3.4d). These applications typically use

grease lubrication, which increases churning losses at high speeds. Another limitation

of outer-ring passive cooling is that the temperature of the inner ring is relatively high

due to the lack of cooling supplied to the inner raceway. The main benefit of passive

cooling methods is that they can easily be integrated with other cooling systems in

the motor, such as the water jacket used to cool the stator [84], [106].

Gloeckner et al. [107], [108] improved the outer-ring passive cooling method by cutting

channels into the bearing outer raceway in a tight helical shape, with an inlet and

outlet at each end of the helix as shown in Fig. 3.4b). A combination of jet cooling

and outer race cooling was used and compared to determine the overall flow rate

requirements of the bearing for the given loading conditions. It was found that the

overall oil consumption could be reduced by significantly reducing the jet lubrication

flowrate and introducing a lower amount of flow to the outer ring, resulting in a net

lower flowrate.

3.3.2 Rotor Shaft and Hub Design

Many factors must be considered in the design of the rotating assembly for high-speed

PMSMs. As with any rotating machine, a detailed study of the stresses must be
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conducted to avoid exceeding the maximum allowable stresses on any component

within the assembly. In addition to the component stresses, critical speeds and

vibration modes with their associated natural frequencies must be predicted to avoid

accelerated wear of the bearings and catastrophic failure of the rotor as the speeds

in high-speed machines can approach, and sometimes exceed, the critical frequency.

Manufacturability and design complexity must also be considered to avoid impractical

designs. High-speed surface mounted PM motors, which mount the magnets to the

outer diameter of the hub, also require additional retention of the magnets in the

rotating assembly due to the high centrifugal forces that may cause the adhesive

bonding of the magnets to the hub to catastrophically fail. Lastly, unbalanced

electromagnetic forces as a result of manufacturing tolerances must be analyzed to

assess the impact on the critical speed of the machine.

There are two common layouts for the rotor hub in radial flux machines: laminated

steel hubs and integrated shafts. Laminated steel rotor hubs are made from stacked

electric steel laminations that are welded, bolted, or bonded together. Laminated

hubs reduce losses, leading to improved efficiency. Laminations may also be made

from the same steel sheet as the stator core, meaning that the rotor laminations

can help reduce waste material by using the inner portion of the steel sheet in the

cutting operation for the stator core. Cooling channels may be integrated and weight

can be optimized by creating cutouts in each sheet. However, this is not viable for

hubs that have a variable cross-section along the axis of the motor since it leads to

increased costs from additional tooling required for each cross-section design, which

is especially important when considering mass production. A design with integrated
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cooling channels within the laminated rotor hub of an interior PM motor can be

seen in [102]. Part count also increases when laminated steel hubs are used since

additional components are required to retain the rotor hub to the shaft and balancing

provisions need to be incorporated, for example, by using shaft-mounted balancing

plates. This increases the complexity of mechanical simulations. The overall mass

also increases due to strength differences in the components [116].

Integrated shafts combine the shaft and hub into a single component which improves

the structural properties of the rotating assembly [117]. It offers more design freedom

as the feasibility of the design features are only limited by the machinability of

the hub, easily allowing for cooling channels within the hub as well as offering

opportunities for topology optimization with fewer restrictions compared to laminated

hubs. Additionally, laminated hub assembled onto steel shafts can lead to an increase

in rotating assembly weights due to the strength differences of the shaft material and

laminated steel material. Manikandan et al. [116] compared the strength difference of

4340HT used for an integrated shaft to the electrical steel used to make a laminated

steel hub. The 4340HT steel had a yield stress of 780 MPa whereas the laminated steel

stack made from 0.2 mm thick silicon steel had a maximum yield stress of 370 MPa.

The rotor design used a Halbach array of magnets which negates the requirements of

having a magnetic backiron, since in this type of array the magnetic field is augmented

on one side and is near zero on the opposite side of the array. Electromagnetic analysis

showed a minor increase in torque ripple and a minor decrease in magnet losses.

Rotor vibrations can be a significant issue in high-speed electric motors since the
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operating speed can approach or exceed the first natural frequency. Two types of

vibrations limit the operating speed of high-speed machines: resonant vibration and

self-excited vibration [117], [118]. Resonant vibration occurs when the rotation speed

approaches one of the rotor’s natural frequencies while self-excited vibration is a

phenomenon that occurs above a certain threshold speed after which point rotation

is unstable regardless of whether the rotational speed coincides with one of the

rotor’s natural frequencies. Internal rotor damping caused by material damping and

component interfaces, such as bolting, shrink fitting, riveting, etc., contribute to the

destabilizing effects that lead to self-excited vibration. Furthermore, two types of

vibration modes are excited from radial loading: rigid body modes in which rotor

deformation is negligible and internal damping plays no role, and flexural modes

in which deformation occurs in the rotating assembly and internal damping plays

a role in the dynamics. The rigid body modes are typically ignored as the natural

frequencies of the rigid body modes are equal to zero and only occur if the bearing

stiffness is exceedingly small [119]. The threshold limit for self-excited vibrations is

defined by Borisavljevic et al. [120] to be:

ω < ωcr

(
1 + cn

cr

)
(3.22)

where ωcr is the critical speed, and cn and cr are viscous equivalents of external and

internal damping respectively.

The natural frequency of the rotor can be approximated using the following equation
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[117], [121]:

ωn = an

√
EI

ll4 (3.23)

where E is the Young’s modulus, I is the rotor inertia, ml is the mass per unit length,

l is the rotor length, and an is dependent on the boundary conditions and is calculated

using the Rayleigh method. Tenconi et al. [122] used a similar formula to calculate

the first critical speed of a rotor shaft by considering the shaft as a supported beam:

ncr = 60
2π

·
√

48EπD4

64l3m
(3.24)

where ncr is the critical speed in RPM, D is the shaft diameter in millimeters, and

m is the rotor mass. If the shaft is approximated as a clamped beam, the resulting

critical speed is double the speed found using Eq. 3.24. It is suggested that an

initial approximation for the critical speed should be the average of the clamped and

supported critical speed values. This approximation also does not account for the rotor

hub which increases the stiffness and mass of the rotating assembly, however Ede et al.

[121] suggested that the actual natural frequencies will be lower than that calculated

in Eq. 3.23 in rotating systems that use laminated steel hubs since the laminations

add little axial stiffness while significantly contributing to the mass of the rotating

assembly. Mechanical FEA should be conducted with careful consideration for the

boundary conditions of the simulation to accurately determine modal frequencies and

stresses in the rotating assembly.

In cases where the modal frequencies are too low, the following methods may be used

to increase the natural frequencies of the rotating assembly [117]:
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1. Reducing the rotor length.

2. Increasing the rotor diameter.

3. Reducing the bearing span.

4. Increasing the shaft wall thickness.

5. Adding a third center-bearing.

If the rotor hub length is reduced, the hub diameter must be increased to maintain

the torque output of the machine. This can negatively affect the stresses within the

shaft and hub since the centrifugal forces increase as a result [122]. High-speed surface

mounted PM rotors will especially be negatively affected since the requirements of a

retaining sleeve must be increased to retain the magnets at peak operating speeds

with higher centrifugal forces. Additionally, increasing the diameter can bring the

peripheral speeds close to supersonic speeds, which dramatically increases windage

losses. Even without approaching supersonic peripheral speeds, the windage losses

can increase significantly as a result of the quartic relationship between the rotor

outer radius and the windage losses as shown in Eq. 3.3. It should also be noted that

rotating systems are able to operate above the critical speeds. Such machines should

pass through the critical speeds as quickly as possible to avoid excessive prolonged

vibrations that could lead to damage or failure of the motor [122].

Retaining sleeve materials for high-speed surface mounted PM motors must be

nonmagnetic and may produce eddy-current losses if the material is conductive [122].
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Some materials studied in literature include copper, copper iron alloy, carbon fiber,

stainless steel, glass fiber, inconel, and nickel cobalt alloy [117], [123], [124]. Mass,

stiffness, yield stress, and conductivity are the main considerations when choosing

a sleeve material. Sintered PM material has a much higher compressive stress than

tensile stress [124] and can therefore withstand high compressive loading from the

retaining sleeve. Li et al. [125] analyzed losses generated in different sleeve materials

for a 117 kW 60 kRPM surface mounted PM motor. The sleeve materials were found

to affect the permanent magnet losses as well. Out of the four sleeve materials tested

- stainless steel, carbon fiber, copper, and copper iron alloy - the carbon fiber resulted

in the lowest total losses generated in the sleeve and magnets at 119.2 W whereas

copper generated almost no losses in the magnets and exhibited slightly higher sleeve

losses than the total loss of the carbon sleeve rotor at 168.5 W. The stainless steel

and copper iron alloy generated significantly higher total losses. Considering the

difficulty in dissipating the heat within the airgap, this is highly undesirable. Carbon

fiber is a common sleeve material found in high-speed surface mounted PM motors

in the literature [116], [121], [123] due to its low density, high yield strength, high

tangential stiffness, and high electrical resistivity. The suggested speed ranges for

different sleeve materials is shown in [124]. Carbon fiber has the highest peak linear

speeds of up to 500 m/s, whereas the metal sleeves only had a suggested peak linear

speed of up to 250 m/s. Unlike metal sleeves, which can be shrink fitted to the rotor,

carbon sleeves must be wound directly onto the rotor, which introduces complications

and higher costs as a result of inevitable scrap parts, or wound on a mandrel and

pressed onto the rotor. Pressed sleeves require very tight tolerances to ensure that
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the sleeve is not overstressed during operation or during the fitting process.

Shaft seals are the final mechanical rotor components required to prevent contami-

nation, mixing of different fluids within the motor, or leakage of fluid between two

regions of the motor depending on the rotor cooling, bearing lubrication strategies,

and level of contamination. Grease lubricated bearings may come with elastomer-type

lip seals, which produce friction losses as a result of contact between the seal and

inner raceway, or metal non-contact shields, which produce no losses and are required

for high-speed sealed bearings. Oil lubricated bearings and grease lubricated bearings

without integrated seals require external seals to contain grease in the case of grease

lubricated bearings, and to prevent oil leakage or external contaminants from entering

the bearing cavity in the case of oil lubricated bearings. Non contact seals, such

as labyrinth seals, baffle seals, and gap seals, are able to protect the bearing cavity

from light contamination and low amounts of splashing liquids which makes them

suitable for oil-air mist and grease lubricated bearings. For oil jet lubrication and

heavy contamination, a contact seal is required to seal the bearing cavity. Contact

seals are also required with many liquid rotor cooling solutions that do not expose

the motor cavity to the coolant, such as variations of hollow shaft cooling which were

discussed earlier in the chapter.

3.4 Chapter Summary

This chapter presents a high level overview of mechanical and thermal aspects of

rotor designs in high-speed radial flux motors. Main sources of losses are first
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highlighted within the stator and rotor. Basic equations are provided to estimate

electromagnetic and mechanical losses for each loss generating component; however,

it is important to note that these equations generally cannot accurately determine

the loss distribution, but they rather help identify and asses the effects of factors that

affect the losses through the proportionalities in the equations. For electromagnetic

losses, electromagnetic FEA is required whereas windage losses can be determined

using correlations within the airgap. CFD is usually required for the remaining rotor

surfaces depending on the rotor geometry if such a figure is desired. Bearing losses

and contact seal losses must be provided by suppliers due to the number of factors

present in the generation of losses in these components. The loss distribution is crucial

to the design of rotor thermal management solutions, a number of which are described

in this chapter. The main trend that emerges from the literature review of liquid

rotor cooling designs is the prevalent use of hollow shaft cooling and hybrid cooling

variations compared to spray cooling. Bearing lubrication is discussed, highlighting

oil-air mist and jet lubrication which are the most common lubrication and cooling

methods for high-speed bearings. Other passive methodologies are presented, but oil

jet lubrication is found to be the simplest, most practical, and most reliable lubrication

and cooling solution for high-speed bearings. Due to the complexity of multiphase

simulation to analyze the oil-air flow within the bearing cavity, it is best to determine

thermal and lubrication performance experimentally. Lastly, a high level overview of

the rotor mechanical design is provided, with critical speeds and stresses identified

as the two main concerns for rotating assemblies. Two hub and shaft layouts are

introduced along with additional guidelines to maximize the stiffness of the rotating
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assembly, thereby increasing the critical speeds to prevent these speeds from falling

within the operating speed range of the rotor. Retaining sleeve materials for surface

mounted PMs were presented with the conclusion that carbon fiber sleeves are most

appropriate for high-speed machines in cases where higher costs and tight tolerances

are not an issue due to its high tangential stiffness, high strength, high maximum

operating speed, and low losses. The information presented in this chapter provides

useful context for the design of the rotor within the proposed motor presented in the

next chapter.
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Chapter 4

Proposed High-Speed Power Dense

Radial Flux Surface-Mounted PM

Motor Design

This chapter presents a design overview of the electric motor proposed for this thesis.

While the author did not contribute to the electromagnetic design of the motor, a

high-level overview is discussed to provide a basis for the mechanical design of the

stator and rotating assemblies while providing context for the thermal analysis of the

rotor described in the following chapter. Following the electromagnetic design, the

mechanical design of the stator assembly is discussed with emphasis on the author’s

contributions to the components within the stator assembly. This section explores

the use of additive manufacturing for the motor housing and end plate to reduce
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weight while reducing part count, which in turn improves the reliability due to the

reduction in points of failure within the design. Furthermore, the discussion covers the

shrink fitting process of the stator within the housing along with the stator potting

process and tooling design. The thermal management strategy for the rotor is first

introduced in the rotating assembly section as a precursor to the thermal analysis of

the rotor covered in the following chapter. Due to the complexities of the internal

shaft design, billet machining is not viable. Therefore, alternative manufacturing

methods and their respective challenges are presented. Since the design of the shaft

is relatively complex, only a preliminary design is presented with the understanding

that mechanical FEA is required to finalize the design.

The electromagnetic design is credit to Giorgio Pietrini, Mohamed Abdelmagid, and

Srikanth Pillai, and the stator thermal management design is credit to Samantha

Jones Jackson and Dikhsita Choudhary. The mechanical FEA conducted for the

housing and end plate is credited to Akshay Manikandan.

The terms "A-side" and "B-side" are used to denote each half of the motor in the axial

direction as shown in Fig. 4.1. These terms correspond to the drive end and non-drive

end, respectively. The A-side of the motor contains the spline and mounting surface

of the housing to mate with external components. The B-side of the motor contains

the end plate and fluid connections between the stator and rotor, which are described

later in the chapter.
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Figure 4.1: Proposed motor highlighting the A-side and B-side of the motor.

4.1 Electromagnetic Design

The motor proposed in this thesis is an inner rotor radial flux surface mounted PM

motor. The inner rotor configuration helps mitigate rotor eddy current losses with the

implementation of distributed windings. The size of the motor, based on the outer

diameter and stack length of the stator, was provided as a minimum requirement

for the motor design. The number of poles and slots in the stator were chosen to

minimize torque ripple and maximize the power factor while keeping the fundamental

frequency within an acceptable range. The stator backiron thickness and tooth

length, which determine the of the stator, were optimized to mitigate saturation
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of the non-oriented NO20 silicon steel laminations. While cobalt steel grades offer

higher levels of saturation compared to silicon steel, the material cost of cobalt steels

is significantly higher. The slot area, the final geometric parameter of the stator,

was designed to achieve a 50% slot fill factor, a figure considered appropriate for

hand-wound stators.

The number of turns, current, and magnet thickness have been optimized to achieve

73Nm of torque. The maximum power and operating speed of the motor are 150 kW

and 20 kRPM.

A 4-segment Halbach array configuration is adopted for each pole of the magnets due to

its ability to enhance the field distribution. Additionally, a Halbach array configuration

diminishes the necessity for a magnetic laminated steel rotor hub. Electromagnetic

FEA analysis was conducted on the rotor to compare the performance using a 6.8 mm

backiron thickness made from non-oriented silicon steel and AISI 4340 in conjunction

with a Halbach array. The comparison showed little to no difference in the power,

torque, phase voltage, magnet losses, and total machine losses, however the use of

AISI 4340 resulted in a slight increase in the torque ripple from 4.7% to 6.3%. It

should be noted that the backiron thickness may be further reduced as a result of the

Halbach array configuration.

4.2 Stator Assembly Design

The stator assembly design consists of all the non-rotating components within the

motor. The main components in the stator assembly include the housing, end plate,
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stator, windings, and potting. Fig. 4.2 shows the components within the stator

assembly with the exception of the potting around the stator windings. In this

section, the stator cooling design is introduced and the manufacturing of the housing,

end plate is discussed. The assembly of the stator assembly is also provided, focusing

on the stator shrink fitting and winding potting processes along with the associated

tooling used for the potting.

Figure 4.2: Exploded view of the stator assembly.

4.2.1 Housing and End Plate Design and Manufacturing

The motor housing uses an internal snake-line cooling jacket design for the stator

and winding thermal management as shown in Fig. 4.3. The path of the coolant

extends along the axial length of the windings, encompassing the windings along its
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Figure 4.3: Representation of the coolant jacket design within the housing.

path throughout the circumference of the motor. The coolant path for the stator

terminates on the B-side mounting flange on the housing where it is directed to the

rotating assembly. The end plate on the A-side of the motor is integrated into the

housing to improve the overall stiffness of the stator assembly. Motors using a cooling

jacket design are normally conventionally machined in two parts: an inner sleeve

and outer housing. The coolant path is machined into the outer diameter of the

sleeve along with o-ring grooves at each end. When the sleeve is fitted into the outer

housing, which is the main structural component in the stator assembly, the coolant

is fully contained between the inner and outer sleeve of the assembly.

The proposed motor uses a housing made with Additive Manufacturing (AM) with

the cooling channels integrated into the housing. AM is used to reduce the housing

structure to a single component, allowing for a lower overall weight when compared to
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a multi-part design of a similar size due to the increase in stiffness. It should be noted

that the A-side integrated end plate does not contain any features that necessitate AM

apart from two bearing lubrication channels, however the added benefit of the overall

stiffness outweighed the assumed additional manufacturing cost and material usage

in AM as opposed to machining a separate end plate. AlSi10Mg was the material

of choice for the housing as it is a common, lightweight, well understood AM alloy

similar to aluminum 6061 T6. After manufacturing parts using Laser Powder Bed

Fusion (L-PBF), there is a high degree of anisotropy in the mechanical, thermal,

and electrical properties, which is related to the build direction inside the L-PBF

printer. To address this anisotropy, the aluminum alloy is first undergoes Hot Isostatic

Pressing (HIP) before being heat treated as per the T6 heat treatment specification

outlined by EOS [126], or similar, to relieve residual stresses and improve the material

density which reduces the anisotropy in the component’s mechanical, thermal, and

electrical properties. Some of the mechanical properties of HIP and heat treated

AlSi10Mg, and aluminum 6061-T6 can be compared using Table 4.1.

Table 4.1: Material properties of HIP and heat treated AlSi10Mg and Aluminum
6061-T6. Note that the AlSi10Mg exhibits some level of anisotropy after HIP and
heat treating, hence the display of properties in the horizontal and vertical directions
relative to the build direction of the part.

AlSi10Mg Al6061-T6
Vertical (Z) Horizontal (X/Y) -

Yield Strength (MPa) 250 260 276
Elongation at Break (%) 11 11 17
Thermal Conductivity (W/mK) 165 155 167
Coefficient of Thermal Expansion (10-6 · 1/K) 22 23.6

Design considerations for L-PBF AM are similar to many other AM methods in that
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(a) (b)

Figure 4.4: As-printed housing viewed from the (a) A-side and (b) B-side highlighting
overhanging surfaces that require support material in red and surfaces that do not
require support material in yellow.

overhanging surfaces require support structures up to a prescribed angle relative

to the build plate of the printer since the aluminum powder, also known as the

feedstock material, underneath overhanging surfaces is typically unable to support

large areas of newly sintered metal on top of nothing but underlying unsintered

feedstock material. To prevent the use of support material, which utilizes more

feedstock material, requires additional post processing, and leaves a lower-quality

surface finish, overhanging surfaces must be made at an angle larger than roughly

35° to the build plate with larger angles providing better surface finishes on the

overhanging surfaces. This angle largely depends on the printing parameters and

feedstock material. Support material is used within the pockets between the ribs

of the integrated end plate when printing the housing due to the build orientation

shown in Fig. 4.4. In addition to the pocket surfaces, tabs on the side of the housing

also use support material as indicated by the red surfaces in Fig. 4.4a). These tabs
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are present for clamping during machining operations completed after the printing

process and are removed in a separate machining process after potting, therefore the

presence of support material is not a concern. Support material removal is limited to

these areas with all other overhanging surfaces modelled at a minimum of 35° to the

build plate, which are indicated in yellow in Fig. 4.4a), to prevent the unnecessary

use of support material elsewhere on the external surfaces of the housing.

There are two concerns with printing the cooling channels within the housing: support

material and powder removal. Since the L-PBF process sinters the cross section of

the part from a thin layer of deposited powder, the final component leaves unsintered

powder within the channel. A small hole is placed at the location of the inlet port on

the housing for powder removal. The outlet of the housing on the B-side flange is

also used to evacuate trapped powder within the channel. Powder evacuation was

also successfully tested on a preliminary simplified 1:2 scale model of the housing

printed using L-PBF. Support material is easily avoided within the cooling circuit

of the housing by using a 45° angle between the overhanging surfaces and the build

plate. Since the housing requires machining after printing, excess material was added

in the locations that were to be machined.

The B-side end plate contains an integrated channel that directs the coolant from

the housing to the rotor which necessitates AM. This significantly reduces part count

since the number of parts, including seals and bolts, which are necessary to connect

the stator coolant channel to the rotor, are reduced to a single AM part. The same

design principles for AM described above were used for the design of the B-side end
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plate. In a production setting, the end plate design can be slightly modified to use

casting instead of AM to reduce part costs under higher production volumes. The

print orientation for the end plate is shown in Fig. 4.6. It should be noted that the

geometry surrounding the integrated channel is hidden.

The printed housing resembles a cast component and hence is treated in a similar

manner with regards to post-machining of the critical features. These features are

indicated by the gray surfaces in Fig. 4.5. The main critical features are the stator

bore, bearing bore, motor mounting flange on the A-side of the housing, and B-side

end plate mounting flange. Features to locate the resolver stator and contact seal

are machined along with the bolt holes, coolant inlet port, bearing oil drain, and

bearing oil channel inlet and outlet holes. Similarly, the B-side end plate has features

machined for the bolting holes, bearing bore, contact seal diameter, inlet tube mating

diameter, the mating surface to the housing and potting, bearing lubrication inlet

and outlet ports, bearing oil drain, and the coolant outlet port as shown in Fig. 4.6.

(a) (b)

Figure 4.5: As-machined housing viewed from the (a) A-side and (b) B-side
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(a) (b)

Figure 4.6: As-machined end plate viewed from the (a) inside facing surfaces and (b)
outside facing surfaces.

4.2.2 Stator Shrink Fitting

The stator is connected to the housing using a shrink fit. The housing is heated up to

create a clearance fit between the housing and stator before quickly inserting the stator

and allowing the housing to cool and create an interference fit. The minimum shrink

fit specified must prevent the stator from slipping under the maximum rated torque of

the motor. Therefore tolerances need to be determined to maintain a minimum press

fit and avoid excessive stresses under minimum and maximum material conditions

throughout the operating temperature range. Conventional press fit equations are

used to calculate the stresses, required interferences, etc. for the shrink fit. A number

of geometric and material input parameters required for the calculations are shown

in Table 4.2.
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Table 4.2: Input parameters for the calculation of the stator-housing shrink fit.

Material Properties

Stator Elastic Modulus (MPa) Ei 190,000
Housing Elastic Modulus (MPa) Eo 70,000
Stator Poisson Ratio (-) νi 0.28
Housing Poisson Radio (-) νo 0.30
Stator CTE (1/°C) αi 1.2 x 10-5

Housing CTE (1/°C) αo 2.2 x 10-5

Physical Conditions

Applied Torque (Nm) Tapp 74
Max. Operating Temperature (°C) Tmax 93
Min. Operating Temperature (°C) Tmin 25
Interface Coefficient of Friction (-) µf 0.15

Figure 4.7: Cross section of the stator assembly highlighting the radii used in the
shrink fit calculations.
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The minimum required interface contact pressure is calculated using the applied

torque Tapp in the following equation:

Tapp = 2πµfpintLintRint (4.1)

where µf is the friction coefficient at the interface, Lint is the interface length, which

is the stator length in this instance, Rint is the interface radius, which is the stator

outer radius and housing inner radius shown in Fig. 4.7, and pint is the interface

pressure. The minimum radial interference between the two components can be found

using the equation below:

pint = δint

Rint

[
1

Eo

(
r2

o+R2
int

r2
o−R2

int
+ νo

)
+ 1

Ei

(
R2

int+r2
i

R2
int−r2

i
− νi

)] (4.2)

where ri and ro are the inner cylinder inner radius and outer cylinder outer radius

shown in Fig. 4.7, and δint is the radial interference. The interference required from

the stator and housing, respectively, are given by the following equations:

δint,o = pintRint
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int
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(4.3)
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int − r2
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)
(4.4)

Due to the larger Coefficient of Thermal Expansion (CTE) of the aluminum housing
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compared to the steel stator, the minimum interface pressure and radial interference

must be maintained at the maximum operating temperature. Since the maximum

temperature is the limiting condition, thermal expansion is considered to determine

the stresses in the stator and housing at the minimum operating temperature. The

following equation is used to determine the unpressed radii of both components:

Rint,i/o = (Rint ± δi/o) + (Rint ± δi/o)(αi/o(Tmin − Tmax)) (4.5)

where where i/o in Rint,i/o, δi/o, and αi/o denote the inner cylinder and outer cylinder,

which are the stator and housing in this case. The radial interference at the minimum

temperature, given by the difference Rint,o − Rint,i, is used to calculate the interface

pressure using Eq. 4.2, which is then used to calculate the stresses within the

components. The tangential stresses on both components and Von Mises stress

(denoted as "effective stress") on the housing are calculated using the following

equations:

σt,i = −pint

(
R2

int + r2
i

R2
int − r2

i

)
(4.6)

σt,o = pint

(
R2

int + r2
o

R2
int − r2

o

)
(4.7)

σo = 1√
2

((σt,o + pint)2 + p2
int + σ2

t,o)0.5 (4.8)

where σt,i is the tangential stress on the inner cylinder, σt,o is the tangential stress on
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the outer cylinder, and σo is the effective stress on the outer cylinder.

Using Eq. 4.2 to Eq. 4.8, the calculated minimum radial interference, stator tangential

stress, and housing effective stress are shown in Table 4.3.

Table 4.3: Minimum stator-housing shrink fit interference and stresses at minimum
and maximum temperatures.

Minimum Required Radial Interference (mm) δint 0.00339
Stator Tangential Stress @ Max. Temperature (MPa) σt,i,min -1.13
Stator Tangential Stress @ Min. Temperature (MPa) σt,i,max -21.97
Housing Effective Stress @ Max. Temperature (MPa) σo,min 2.20
Housing Effective Stress @ Min. Temperature (MPa) σo,max 42.80

The minimum required radial interference is used as a reference value when iterating

through tolerances for the stator Outer Diameter (OD) and housing Inner Diameter

(ID). Radial interferences, stator tangential stresses, and housing effective stresses

were calculated under the four following conditions:

• Maximum material condition (MMC) & minimum operating temperature (LOT)

• MMC & maximum operating temperature (MOT)

• Minimum material condition (LMC) & LOT

• LMC & MOT

The two limiting conditions are MMC & LOT, and LMC & MOT which result in the

highest and lowest radial interference, respectively. Component stresses should be

well within the yield strength at the highest radial interference while maintaining the

minimum fit requirements at the lowest radial interference considering the tolerances
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and thermal expansion. A minimum tolerance range of 0.001" (or 0,025 mm) and

0.002" (or 0,051 mm) are implied for the housing bore diameter and stator OD

respectively for manufacturability. The tolerances, resulting radial interferences, and

component stresses are shown in Table 4.4 and Table 4.5.

Table 4.4: Stator OD and housing stator bore diameter tolerances applied to the
nominal interface diameter 2Rint.

Inches Millimeters

Stator Outer Diameter +0.001
−0.001

+0,025
−0,025

Housing Bore Diameter −0.008
−0.009

−0,203
−0,229

Table 4.5: Stator-housing interferences and stresses under the limiting conditions.

MMC & LOT LMC & MOT

Radial Interference (mm) δint 0.127 0.027
Interface Contact Pressure (MPa) pint 4.26 0.89
Stator Tangential Stress (MPa) σt,i -42.41 -8.89
Housing Tangential Stress (MPa) σt,o 80.38 16.85
Housing Effective Stress (MPa) σo 82.59 17.31

Note that some of the input parameters from Table 4.2 may vary from the tabulated

values. The interface coefficient of friction depends heavily on the surface finish of

the two mating components and can be hard to quantify. Additionally, the interface

length may be shorter in reality due to the presence of glue between the laminations

to bond the steel sheets, which does not contribute to the strength of the joint.

Lastly, the outer radius of the housing is not accurate to the true geometry due to

the presence of the cooling channels within the cross section, as shown in Fig. 4.7,

which reduces the cross sectional area of the housing. The interface coefficient of

friction only affects the minimum fit requirements in Table 4.3 whereas the interface
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length and housing outer radius affect the values in the aforementioned table as well

as the calculation of the stresses when considering the tolerance of the components in

Table 4.4 and Table 4.5. The friction coefficient was varied and it was determined

that a value of 0.02 for the friction coefficient resulted in a near identical minimum

required radial interference to the LMC & MOT condition, the loosest possible fit

considering tolerances. This value is extremely low and unrealistic, therefore resolving

the issue in the variation of the friction coefficient. Changing the interface length and

housing outer radius to account for the fill factor in the lamination stack and variation

in the housing cross section, respectively, did not result in significant variations in

the values shown in Table 4.5.

Using Eq. 4.1 and the interface pressure from the LMC & MOT condition, the

minimum holding torque was calculated to be 581 Nm. The resulting safety factors

of the press-fit are 7.85 for the holding torque and 3.05 for the maximum possible

housing effective stress.

4.2.3 Stator Potting

The stator and windings are potted in a two-component epoxy resin to provide a

thermal connection between the windings and the coolant flowing through the housing

by filling any pores between the wires and stator. Stator potting is a superior stator

impregnation process when compared to other processes like roll dipping and trickle

impregnation for motors using a cooling jacket design since the potting epoxy provides

a direct thermal connection between the end windings and the coolant rather than

dissipating the heat through the stator and to the air within the motor cavity. If a
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more direct stator cooling method was used, such as spray cooling or flood cooling,

then varnishing, roll dipping, and other similar processes are superior from a thermal

point of view since the amount of material covering the end winding is minimized,

reducing the thermal resistance between the windings and the coolant.

The stator potting for the proposed motor is designed in collaboration with Demak

S.r.l. The two-component epoxy resin used for the potting process provides high

operating temperatures, high flowability, low temperature curing, relatively high

thermal conductivity (compared to other potting epoxies with similar properties),

and excellent crack resistance. The properties of the potting material provided by

Demak are shown in Table 4.6.

Table 4.6: Properties of the potting epoxy resin provided by Demak S.r.l. [127].

Curing Room Temperature
Density 2.60 g/cc
Epoxy + Hardener Viscosity 2200 cps
Thermal Conductivity 1.6 W/mK
Glass Transition Temperature 90-100°C
Max Operating Temperature 200°C

Potting materials with thermal conductivities more than 2 times higher than the

one used in the proposed motor are available on the market, however the viscosities

of these potting epoxies are far higher, significantly increasing the potential for

voids forming in the potting, reducing its ability to dissipate heat. These higher

conductivity potting epoxies should be explored in the future to further improve the

stator thermal management.

80



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

(a)

(b)

Figure 4.8: Stator assembly cross-section (a) before potting, highlighting the potting
tooling, and (b) after potting. The tooling design is patented by Demak S.r.l [128].
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The potting tooling, shown in Fig. 4.8a) and Fig. 4.8b), mainly consists of a silicone

mandrel and a stand-in end plate on the B-side of the housing. The potting epoxy is

filled from a port on the A-side of the housing. A meniscus forms at the top of the

epoxy once it has reached the desired level. To maximize the heat dissipation of the

end windings, the epoxy should maintain a good thermal connection with the end

plates on both sides of the stator assembly. Since the A-side end plate is integrated

into the housing, the best possible thermal contact is achieved, however, filling the

stator with epoxy below the level of the B-side end plate mounting flange results in a

poor or non-existent thermal connection due to the meniscus. Therefore, the stator is

overfilled with epoxy and machined down in a later machining process. The stand-in

end plate mounted to the B-side of the housing during the potting process ensures

that the epoxy can be filled past the flange on the housing. It also serves a secondary

purpose of locating the termination wires which is important for final assembly.

The filling process and tooling design, with the exception of the stand-in end plate, is

patented by Demak S.r.l [128]. The silicone mandrel is a hollow molded part which

connects to a sealing plate containing an air-supply fitting used to pressurize the

mandrel before beginning the filling process. Pressurizing the mandrel ensures that

the OD of the mandrel presses against the ID of the stator, preventing any epoxy

from leaking into the air gap and curing afterwards. The inner face of the potting

within the end winding regions is angled outwards towards the ends of the motor to

allow bearing oil to drain towards the end plates. On the B-side of the motor, this

shape is achieved by drafting the corresponding face on the mandrel. However, on the

A-side of the housing, the mandrel cannot be drafted otherwise it will not be possible
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to insert it through the ID of the stator. Three silicone pieces are inserted into the

A-side of the housing, filling the drafted volume to create the corresponding angled

surface in the potting on the A-side. These inserts are highlighted in Fig. 4.8a).

During the initial machining of the housing, the B-side mounting flange is not

machined to the final dimension. Instead, some extra material is left to be machined

after the potting process which is shown in Fig. 4.9a). To maintain the best possible

thermal contact between the epoxy and end plate, the flange and epoxy are machined

together to the final housing height as shown in Fig. 4.9b). During final assembly,

boron nitride thermal paste is used to fill any small air gaps between the B-side end

plate and the epoxy.

(a) (b)

Figure 4.9: Potted stator and housing (a) before machining the epoxy and housing
and (b) after machining the potting and housing.
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4.3 Rotating Assembly Design

The main components in the rotating assembly are the integrated shaft, magnets

arranged in a Halbach configuration glued to the surface of the rotor, carbon fiber

retaining sleeve, and bearings. These main components, along with the bearing

oil baffle, wave spring, and inlet tube, are shown in Fig 4.10. It should be noted

that the inlet tube is part of the stator assembly as it is pressed into the end plate,

however since it is an integral component in the rotor cooling design, the inlet tube

is introduced and discussed in this section. Since the magnets are configured in a

Halbach array, the motor can use an integrated shaft design without seeing an increase

in losses. As mentioned in section 3.3.2, combining the hub and shaft improves the

axial stiffness, allowing for a lower overall shaft and hub weight when compared to a

traditional structure which uses a laminated steel hub on a solid steel shaft. Since the

integrated shaft design is relatively complex, FEA analysis is required to accurately

determine the mechanical performance of the design. The discussions surrounding the

rotor design revolve around manufacturability, and general mechanical and thermal

considerations.

Figure 4.10: Exploded view of the rotating assembly.

84



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

4.3.1 Rotor Cooling Design

The rotor cooling uses a recirculating hollow shaft cooling design as described by

[68], [129] and is integrated with the stator cooling loop as shown in Fig. 3.2b). The

coolant path in the proposed motor is shown in Fig. 4.11. It should be noted that

the channels within the housing and end plate are hidden. The coolant specified for

the stator cooling is a 50/50 mixture of Water and Ethylene Glycol (WEG 50/50)

by volume. WEG 50/50 is a commonly used coolant for many applications and is

effective at operating at temperatures far below the freezing point of water, making it

highly versatile for traction applications. Due to the versatility of the coolant coupled

with the low viscosity, which limits pressure drop and fluid friction losses, the coolant

was unchanged from the original specification.

Coolant exits the housing from a port on the B-side end plate flange, passing through

the B-side end plate from the integrated channel. The fluid then enters the stationary

inlet tube to pass fluid to the inner rotating hollow shaft at the A-side of the shaft

cavity. The coolant flows through towards the outlet of the shaft which is the annular

gap between the shaft and inlet tube at the B-side of the motor. The fluid enters a

small chamber where it then flows through an outlet port within the end plate. The

coolant within the outlet chamber in the end plate is separated from the bearing

chamber on the inside of the end plate using a low friction, high-speed contact shaft

seal to prevent mixing the rotor coolant and bearing lubricating oil while minimizing

generated losses. The OD of the shaft at the location of the seal varies between

17 mm to 29 mm. This variation is due to the rotor cooling design optimization
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described in the following chapter. A large benefit of the recirculating hollow shaft

design is the minimal use of seals, and therefore minimum generated losses from

the seals, with only a single shaft seal required to seal the cooling loop compared

to two seals required for a conventional hollow shaft solution with one seal at each

end of the shaft. However, an additional shaft seal is used to seal the A-side bearing

from external contamination and preventing oil leakage as non-contact seals are

inadequate for preventing any leakage from an oil jet lubricated bearing. The shaft

seals used in the proposed motor utilizes a proprietary low-friction material capable

of achieving very high surface speeds up to 60 m/s with low generated losses [130].

The maximum surface speeds at both sealing surfaces is only 30.3 m/s, well under

the maximum rated surface speed, however these speeds still exceed the capabilities

of most off-the-shelf shaft seals.

It should be noted that a hybrid cooling solution, as seen in [85], [92]–[94], [102] and in

Fig. 3.2e), was considered. In this design, fluid axially flows into the hollow shaft and

through a series of radial channels at the axial midplane of the rotor that would carry

the fluid to a set of axial channels adjacent to the magnets. The fluid would then

move towards nozzles at the ends of the rotor hub where it exits the hub and sprays

onto the end windings. This cooling solution has better potential to provide effective

cooling for the magnets and end windings, however the cooling design requires a

significant redesign of the stator to use a different impregnation process, such as roll

dipping, to minimize the thickness of material between the windings and coolant,

therefore minimizing the thermal resistance. Ideally, coolant should also spray onto

the OD of the end windings from the housing to avoid hotspots in the locations that
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Figure 4.11: Cross section of the full motor highlighting the rotor cooling loop. Arrows
indicate the coolant path from the inlet in the cooling jacket to the outlet in the
B-side end plate. Coolant channels within the housing and end plate are hidden.

are not exposed to the rotor coolant spray. Analysis of this motor cooling strategy

requires highly complex, time consuming, and troublesome multiphase simulations.

The inclusion of the stator and motor cavity along with the rotor in the domain

leads to a very large simulation, leading to long run times. Initial simulations were

attempted, however the design was abandoned due to time limitations. Such a design

is worth exploring in the future to help increase the power density of the motor by

allowing for more thermal headroom in the stator, winding, and magnet temperatures.
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Experimental validation is critical to ensure that the multiphase simulations were

carried out correctly.

4.3.2 Integrated Hub Manufacturing and Rotor Assembly

The significant undercut created by the large ID and small inlet/outlet hole in the

B-side of the rotor shaft makes it difficult or impossible to manufacture the shaft from

a single piece of raw material. Three methods are proposed as potential options for

manufacturing the integrated shaft which need to be validated using FEA simulations

since all three proposed methods require manufacturing the shaft as two separate

components before joining. The joint should be placed between the bearing seat and

hub on the B-side of the shaft to minimize the torque loads transferring through the

joint. This minimizes the effects of any stress risers and compromised joint strength as

a result of the manufacturing methods. The first method is friction welding. Akiyama

et al. [131] evaluated the runout accuracy and weld quality of lightweight friction

welded hollow shafts using an ultraprecision friction welding system. Welding two

pieces with the same cross-section at the weld location resulted in a weld free of

cracks and voids which can be attributed to the welding parameters and symmetrical

heat distributions in both parts local to the welding location. The welding process

was able to achieve impressive runouts less than 0,10 mm (0.004") over a total shaft

length of 325,5 mm in 6 welding trials. For high-speed applications, maximum

shaft runouts of 0,04 mm to 0,07 mm (0.001" to 0.003") are recommended between

bearing seats [132]. The shaft runout variation seen in [131] may be minimized

through process refinement, welding machine design, or post-machining of critical
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surfaces to the required specification. The resulting weld leaves excess material in the

shape of a curved lip on each side of the weld which may affect the flow within the

hollow shaft. Additionally, post-weld heat treatment must be completed to maintain

the required material properties. The second manufacturing method is conventional

welding. Conventional welding is simple, well understood, and can be easily controlled,

especially in terms of accuracy. The runout accuracy can be increased by designing

more accurate jigs to hold each part of the shaft during welding. Just as with the

friction welding solution, the part will require post-weld heat treatment to restore

the mechanical properties of the part surrounding the weld. The third manufacturing

option is using a simple press fit or shrink fit. A press fit is simple, low-cost, and

consistent, however the largest drawback is the reduced part stiffness which reduces

the critical speed and modal frequencies of the rotating assembly. Conventional

welding would be the primary choice of manufacturing method for the shaft due to its

simplicity and accuracy, avoiding the need to post-machine the shaft to the required

tolerance.

Glue is used to initially retain the magnets before a carbon sleeve is wrapped onto a

mandrel and press fit on the OD of the magnet array. As discussed in section 3.3.2,

the use of a carbon retaining sleeve results in a high strength and high stiffness sleeve

with low generated losses and low weight. Due to the unpredictability of composite

components, the sleeve is built well past the minimum required thickness to ensure

that the sleeve does not fail.
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4.3.3 Bearing Selection, Lubrication, and Integration

The bearings used in the rotating assembly are 15° angular contact high precision

hybrid bearings. DGBBs are typically used for standard radial flux motors, especially

when axial and radial loading is relatively low, however the thermal and mechanical

speed ratings of off-the-shelf DGBB options are lower than that of the available high

precision angular contact hybrid bearings. This is attributed to the higher levels of

precision, the use of silicon nitride rolling elements, and the use of better cage materials,

such as phenolic or Polyether Ether Ketone (PEEK) cages compared to standard

stamped sheet steel cages. The increased limiting speeds of the angular contact

bearings relative to the DGBB results in a larger selection of bearing sizes, with larger

bearings providing higher stiffness at the cost of higher generated losses. A 35 mm

bearing is chosen as a compromise between generated losses and bearing stiffness.

Bearing spacing is determined based on the largest shaft ID for the optimization study

of the rotor cooling solution, which is shown in Fig. 4.11 and is further described in

the following chapter. FEA analysis of the rotating assembly should be carried out to

determine whether the bearing spacing is sufficient and whether smaller bearings may

be used. It should be noted that the higher limiting speeds and lower losses of the

high precision angular contact bearings results in higher costs. Since the proposed

motor is intended for aerospace applications, this may be feasible since higher cost

components can be justified for better performance compared to other industries like

the automotive industry. A 250 N preload is applied to the outer race of the B-side

bearing using a wave spring. The preload is chosen to maximize bearing life without

allowing for excess skidding of the rolling elements in the bearing races. Wave spring

90



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

preloading minimizes the variation in the bearing preload due to the CTE differences

between the stator assembly, which is primarily the aluminum housing, and the rotor

assembly, which is primarily the steel shaft. A hard preload method, using shims for

example, results in a much larger variation in preload over the temperature range

due to CTE differences since the effective spring rate depends on the stiffness of the

assemblies, which is much higher than the spring rate of a wave spring.

To use a wave spring to preload the bearing, a tight slip fit must be used and

maintained between the outer race and the end plate throughout the operating

temperature range to allow for relative movement while a slight press fit, or line

fit, is used between the inner race and shaft. Maintaining a tight slip fit is not

possible between a steel outer race and aluminum end plate due to the significant

CTE differences. To address this, a steel sleeve is shrink fitted into the end plates

on both sides of the motor. The variation in the fit between the sleeve and end

plates results in a much smaller relative deflection between the sleeve and the outer

raceway, resulting in a more consistent fit for the outer race. Shrink fit calculations

were performed using the same equations and methods used for the stator to housing

fit. Minimum required radial interference calculations were not performed since the

torque applied to the sleeve by the outer race of the bearing is negligible, therefore

the minimum radial interference required is any amount larger than no interference.

At low interferences, vibration may be an issue that could cause relative movement

between the sleeve and end plate, although this can be addressed by knurling one of

the parts or opting for a tighter fit. The input parameters, LMC & MOT, and MMC

& LOT are shown in Table 4.7 to Table 4.9. The bearing assemblies on the A-side
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and B-side of the motor along with the dimensions used for the shrink fit calculations

are shown in Fig. 4.12.

Figure 4.12: Cross-section of the bearing assemblies on the B-side (left) and A-
side (right). Blue arrows indicate the radii used for the bearing sleeve shrink fit
calculations.

The bearings are cooled and lubricated using oil jet lubrication, which is the best

performing cooling and lubrication method for high-speed bearings. Although the

operating speed is well within the limits of the bearing using grease lubrication,

adequate cooling of greased bearings is much harder, especially for larger bearing

sizes. As a result, more complex and expensive cooling systems would have to be used

to adequately cool the bearings, such as customizing the outer race of the bearing

with a helical cooling channel or using a cooling jacket within the end plate to cool

the bearings, methods covered in section 3.3.1, both of which increase the complexity
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Table 4.7: Input parameters for the calculation of the sleeve-end plate shrink fit.

Geometric Parameters

Sleeve Inner Radius (mm) ri 27.5
End plate Outer Radius (mm) ro 41.7
Transition Radius (mm) Rint 32.4
Interface Length (mm) Lint 14.7
Interface Coefficient of Friction (-) µf 0.15

Material Properties

Sleeve Elastic Modulus (MPa) Ei 190,000
End plate Elastic Modulus (MPa) Eo 70,000
Sleeve Poisson Ratio (-) νi 0.28
End plate Poisson Radio (-) νo 0.30
Sleeve CTE (1/°C) αi 1.2 x 10-5

End plate CTE (1/°C) αo 2.2 x 10-5

Physical Conditions

Max. Operating Temperature (°C) Tmax 130
Min. Operating Temperature (°C) Tmin 25

Table 4.8: Sleeve outer diameter and end plate bore diameter tolerances.

Inches Millimeters

Sleeve Outer Diameter 2.550+0.001
+0.000 64.770+0,025

+0,000

End plate Bore Diameter 2.550−0.0040
−0.0050 64.770−0,102

−0,127

Table 4.9: Stator-housing interferences and stresses under the limiting conditions.

MMC & LOT LMC & MOT

Sleeve Radius (mm) - 32.413 32.441
End plate Radius (mm) - 32.337 32.424
Radial Interference (mm) δint 0.076 0.017
Interface Contact Pressure (MPa) pint 25.26 32.42
Sleeve Tangential Stress (MPa) σt,i -155.42 -34.36
End plate Tangential Stress (MPa) σt,o 102.40 22.71
End plate Effective Stress (MPa) σo 117.09 25.96
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of the cooling system. Two lubrication points are present for each bearing which are

located at 180° with respect to each other to ensure the bearings are adequately cooled

and lubricated, however utilizing one of the two supplied jets should be adequate.

Low viscosity VG32 hydraulic oil, a common bearing lubricating oil suitable for

high-speed applications, is sent through channels integrated into the end plates of

the motor as shown in Fig. 4.12. Accurately simulating bearing thermal performance

is highly complex and time consuming as it depends on many factors in the geometry

and operating conditions. Therefore, thermal performance should be determined

experimentally by varying the flow rate through the oil jets and monitoring the

losses and bearing temperatures, ensuring the bearing is well within it’s operating

temperature limits without generating excessive churning losses. The oil drains into

the motor cavity towards the end plates after hitting a baffle placed in front of the

bearings shown in Fig. 4.10 and Fig. 4.12. to ensure that the lubricating oil is flung

radially, preventing the oil from moving towards the air gap where the presence excess

oil ingress could lead to elevated windage losses. The baffle is only a precautionary

measure since the flow structures within the airgap likely provide a strong blocking

effect to any incoming oil, however the effectiveness of the drainage path and effects

of oil within the airgap should be determined experimentally. The drainage system

avoids the primary issue of oil pooling at the ID of the stator to partially or fully fill

the airgap, which significantly increases windage losses and potentially causes issues

like foaming as seen in [91].
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4.4 Chapter Summary

This chapter provides an overview of a power a high-speed dense radial flux surface

mounted PM motor proposed for this thesis, highlighting the electromagnetic design,

stator design and manufacturing, and rotor design and manufacturing. The housing

and end plate designs provide an opportunity for the use of AM to reduce part count,

and reduce overall weight, thereby improving the power density of the machine. AM

is especially suitable for the aerospace industry and in prototype projects where indi-

vidual part costs may be sacrificed for performance. The design of both components

are discussed accounting for the post machining required at the critical locations. The

stator shrink fitting process is presented with the relevant calculations accounting for

the tolerances and thermal expansion to ensure that the stator does not move under

load. Finally, multiple insulation processes are described and the potting process is

justified given the stator cooling design and is described using the potting tooling as

a reference.

The second half of the chapter introduces the mechanical design of the rotating

assembly, rotor cooling loop, shaft mechanical design and manufacturing, sleeve

material, and bearing integration. The initial design of the cooling loop is presented

with the largest possible shaft ID tested in the optimization study in the following

chapter, which limits to the positions of the bearings to the locations shown in this

chapter. Methods for manufacturing the integrated shaft and hub are presented since

conventional billet manufacturing was not deemed feasible with the design as shown.

The chapter concludes with the bearing selection, integration and lubrication. High
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precision hybrid angular contact bearings are chosen for this application for their

higher permissible operating speeds and lower generated losses when compared to

a DGBB of a similar size. To allow for relative movement between the outer race

of the bearings and the end plates throughout the full operating temperature range,

a sleeve shrink fitting process is presented which mirrors the stator shrink fitting

process. Finally, the bearing lubrication is simplified by opting for oil jet lubrication

with a simple drainage solution that uses angled surfaces in the potting within the

end winding regions to move the oil towards the end plates.

The final weight of the motor is 23.9kg, resulting in a power density of 6.28 kW/kg.

This power density exceeds most of the motors presented in Chapter 2 with the

exception of motors from H3X, Helix, and the Evolito D500. It is important to note

that the designs for the stator and rotating assemblies require mechanical FEA to

identify and address any significant stress concentrations and less rigid locations

leading to undesirable vibration characteristics in the stator and rotating assemblies.

Alternatively, mechanical analysis may reveal areas where material can be removed,

improving power density. The following chapter will provide a deep dive into the

thermal analysis of the rotor cooling design presented in this chapter, using CFD to

optimize the design of the rotor cooling loop.
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Chapter 5

Rotor Thermal Modeling, Analysis,

and Optimization

This chapter provides an extensive review of the analysis and optimization of the

rotor cooling design using the Taguchi method for optimization in conjunction with

ANSYS CFX. The first section begins with a discussion on the theory behind the

thermal CFD analysis presented in this chapter, mainly covering the Navier Stokes

equations, energy equations, turbulence modeling, and other relevant equations.

Before delving into the CFD analysis, the motor losses are highlighted, restricting

the values presented in this section to the relevant loss figures used in the analysis

(e.g. winding losses are excluded). Next, the geometry used in the analysis is shown

with simplifications and assumptions made to minimize the computational load of

the simulations with a minimal impact on accuracy. The boundary conditions are
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then presented, highlighting regions where the losses are applied to the model. The

meshing is discussed along with mesh independence studies that were conducted

to validate the mesh sizing used in the subsequent simulations. The background

on the Taguchi method for design optimization is then introduced before applying

the optimization method to the rotor cooling design and presenting the results of

the Taguchi Design Of Experiments (DOE). Performance metrics for the Taguchi

method, known as signal to noise ratios, are shown using the results of the DOE to

determine the effects of changes in the DOE parameters on the relevant outputs from

the simulations. Finally, the signal to noise ratios are used to determine an optimal

rotor cooling design to minimize the magnet temperatures. The simulation results

of the final design are presented and its effects on the other simulation outputs are

highlighted.

5.1 Governing Equations

In this section, the mass, momentum, and energy equations are presented. Rotational

effects are discussed for each of the applicable equations considering the rotating

reference frame approach. Since the equations depend on the physics and desired

accuracy of the model, the discussion is limited to the relevant equations for the

rotor simulations. The equations have been simplified for steady state, 3-dimensional,

incompressible flow. Therefore, any time-dependent terms ( ∂
∂t

) and density gradients

(∇ρ) have been equated to zero, and density is constant.
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5.1.1 Navier Stokes Equations

The continuity and momentum equations are defined by the following equation:

∇U = 0 (5.1)

ρ∇ · (U ⊗ U) = −∇p + ∇ · τ + SM (5.2)

where U is the velocity field, U ⊗ U is the outer product UUT , τ is the shear stress,

p is the pressure field, and SM is the source term.

5.1.2 Total Energy Equation

The total energy equation is defined by the following equation:

ρ∇ · (Uhtot) = ∇ · (λ∇T ) + ∇ · (U · τ) + U · SM + SE (5.3)

where ∇ · (U · τ) represents the work due to viscous stresses, U · SM represents the

work due to external momentum sources, and SE represents any additional energy

sources. htot is the total enthalpy, related to static enthalpy by:

htot = h + 1
2U2 (5.4)

Subtracting the mechanical energy equation from the total energy equation yields
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the following thermal energy equation after neglecting time dependent terms and

assuming constant fluid properties:

ρ∇ · (Uh) = ∇ · (λ∇T ) + τ : ∇U + SE (5.5)

5.1.3 Conjugate Heat Transfer (CHT) Equation

The CHT equation is used to solve heat transfer within solid domains within the

simulation using the following equation:

ρ∇ · (USh) = ∇ · (λ∇T ) + SE (5.6)

where US and SE are solid motion and volumetric heat source terms, respectively.

Solid motion is optional within CFX and is used when a solid and fluid rotate with

the same rotational speed among other cases irrelevant to the simulations in this

chapter. The left hand side of the equation is simply an advection term that applies

to the temperature field. In the case of the proposed motor a stationary reference

frame, and therefore zero solid motion, is also valid but confusing with regards to

model setup.
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5.2 Rotation Effects

For reference frames rotating at speed ω, additional sources of momentum must

be accounted for within the momentum equations. The forces responsible for this

additional momentum are the Coriolis force (SCor), centrifugal force (Scfg), and

angular acceleration (SM,ω):

SM,rot = SCor + Scfg + SM,ω (5.7)

SCor = −2ρω × U (5.8)

Scfg = −ρω × (ω × r) (5.9)

SM,ω = −ρ
∂ω

∂t
× r (5.10)

where SM,rot is the total source from rotational effects. Since the simulations are run

under steady state conditions, the angular acceleration source term is zero. Rotating

flows also affect the total and thermal energy equations. The advection term within

the energy equations use rothalpy, I, defined by the following equation:

I = hstat + 1
2U2 − 1

2ω2R2 (5.11)
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5.3 Turbulence Modeling

Turbulence consists of time-dependent fluctuations within the flow field resulting in

complex eddies that are hard to accurately model. This modeling difficulty stems

from the three dimensional, unsteady nature of the flow that consists of a large range

of scales. In order to resolve the smallest Kolmogorov scales in turbulent flows, Direct

Numerical Simulation (DNS) may be used with an extremely fine mesh. However,

the computational expense of DNS is orders of magnitude higher than practical

simulations which limits the control volumes in DNS to very small domains, which is

impractical for most applications. Turbulence modeling is introduced to account for

the effects of turbulence without the computational cost from the prohibitively fine

mesh used in DNS.

Apart from Large Eddy Simulation (LES) and Detached Eddy Simulation (DES),

most turbulence models use a statistical approach. The approach introduced by

Reynolds decomposes the velocity field Ui into a time averaged component Ui and

fluctuating component u′
i:

Ui = Ui + u′
i (5.12)

Substituting the equation above into the continuity and momentum equations results

in the following Reynolds Averaged Navier Stokes (RANS) equations:
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∇ · (Ui + u′
i) = 0 (5.13)

ρ
∂(UiUj)

∂xj

= − ∂p

∂xi

+ ∂

∂xj

(τij − ρuiuj) + SM (5.14)

Similarly, the Reynolds averaged energy equation is given by:

ρ
∂(Ujhtot)

∂xj

= ∂

∂xj

(
λ

∂T

∂xj

− ρujh

)
+ ∂

∂xj

[Ui(τij − ρuiuj)] + SE (5.15)

The total enthalpy is given by:

htot = h + 1
2UiUi + k (5.16)

which is similar to Eq. 5.4 except for the addition of the turbulent kinetic energy k

given by:

k = 1
2u2

i (5.17)

Turbulence modeling is classified into two main categories: eddy viscosity models,

and Reynolds Stress Models (RSMs). Eddy viscosity models rely on the Boussinesq

eddy-viscosity approximation which assumes that the Reynolds stress tensor τij is

directly proportional to the mean strain tensor Sij. These models assumes that the

turbulent flow is isotropic, which is incorrect; however, this approach still provides
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accurate solutions to many engineering problems. Among the most commonly used

eddy viscosity models are the k − ϵ and k − ω models, also known as two-equation

models, with their respective variations to improve turbulence prediction for a more

broad range of engineering applications. The k − ω SST model has been found to be

the superior turbulence model for a wide variety of engineering applications due to its

ability to use the k − ϵ and k − ω formulations where they are most accurate, which is

the free-stream and near-wall flow respectively, while avoiding the over prediction of

the eddy viscosity using a limiting function. One weakness of eddy viscosity models

is that they are insensitive to streamline curvature and system rotation, resulting in

under predicted turbulence production. A curvature correction function is available

for two-equation models to be used as a multiplier of the production term. A scaling

coefficient is available in CFX to tune the curvature correction function.

RSMs do not use the Bousinesq eddy viscosity approximation used in the two-equation

models, instead solving an equation for the transport of each component within the

Reynolds stress tensor. In 3-dimensional flows, this results in 6 equations that

need to be solved, significantly increasing the computational load when compared

to the two-equation models. With the introduction of these equations, a number

of new unknowns need to be modeled, leading to a variety of RSMs that differ in

the modeling of these unknowns. In practice, RSMs are more difficult to achieve

convergence compared to two-equation models as they are prone to numerical errors

and non-optimal meshes [133]. They are generally not found to be superior to two-

equation turbulence models, even for complex flows, therefore reserving RSMs to be

used in cases where they have been shown to be superior to two-equation models. A
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significant advantage of RSMs is the ability to simulate the anisotropy of the Reynolds

stresses due to the Coriolis forces in the rotating frames of reference, making them the

preferred option for rotating flows [134], although it is suggested that the curvature

corrected two-equation models provide similar results to RSMs [133].

Most authors in the literature default to the k − ω SST turbulence model for hollow

shaft cooling simulations since it is ubiquitous and accurate for most engineering ap-

plications. Although the recirculating hollow shaft cooling approach is not commonly

seen in the literature when compared to conventional hollow shaft cooling, two notable

papers, authored by Wang et al. [68], [129], mention the use of the k − ω SST model

in their recirculating hollow shaft simulations. The heat transfer measurements were

compared between simulations and experimental results. The minimum, maximum,

and average discrepancies in the Heat Transfer Coefficients (HTCs) were 13%, 30%,

and 20%, respectively, at rotational speeds below 5000 RPM. Meanwhile, Gai et

al. [63], [87] compared HTCs between experiments and simulations using different

turbulence models for a conventional hollow shaft cooling design operating at speeds

up to 30 kRPM. The k − ω SST simulations had minimum and maximum relative

errors of 24% and 38% and the RSM simulation had minimum and maximum relative

errors of 17% and 27% at speeds above 10 kRPM. The relative error between the

k − ω SST and RSM simulations across the full speed range was smaller than the

relative error between the simulations and the experimental results.

The turbulence model chosen for the simulations in this chapter is the k − ω SST

model without curvature correction. Compared to the RSMs, the k − ω SST model
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is a more robust turbulence model that requires four fewer equations to be solved

in each iteration, however the model comes at a cost of accuracy for rotating hollow

shaft flows. Curvature correction was mentioned as a method to account for the

under prediction of turbulence in rotating flows in the k − ω SST model, however

simulations conducted by the author attempting to replicate the results from Gai et

al. [63], [87] with the curvature corrected k − ω SST model yielded HTC values that

did not correlate with HTC values from the RSM and experimental results for the

geometry presented in the aforementioned papers. The curvature correction in CFX

must be tuned for specific flows and geometries, meaning that experimental results

would be required for the proposed rotor cooling design to validate the results of

the simulations and provide reference data for the tuning of the curvature correction

factor for future design iterations.

5.4 Simulation Setup

5.4.1 Motor Losses

A list of losses applied in rotor simulations are shown in Table 5.1. The airgap windage

losses were calculated using Eq. 3.3 to Eq. 3.6 at 20 kRPM and at a 100°C assumed

air temperature for the density and dynamic viscosity. The airgap is accountable for

a majority of the windage losses in the proposed motor, therefore the windage losses

generated by the other surfaces of the rotor are ignored. Generated loss values were

not available for the bearings chosen for the proposed motor at the given operating

operating condition, therefore conservative bearing loss values were generated using
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SKF SimPro Quick. Conventional 35 mm angular contact bearings lubricated by

VG32 oil were tested with the given shaft geometry, bearing preload, and operating

speed. Losses for the low-friction shaft seals were estimated using the available loss

data from the seal supplier [130].

Table 5.1: Losses considered in the rotor CFD simulations.

Loss Parameter Total Loss (W)

Magnets 172
Airgap Windage 62
Bearing (Each) 1220
Seal (Each) 180

5.4.2 Geometry Simplification

The geometry of the rotor hub is simplified to reduce the computational load of

the simulation without significantly affecting the accuracy. Most of the analysis

presented in this chapter is performed on a 60° sectional model of the rotor geometry

as shown in Fig. 5.1. The computation time is minimized by limiting the simulation

domain to the fluid domain, integrated shaft, magnets, and carbon fiber sleeve. The

fluid domain can be further broken down into the rotating domain, inlet tube flow,

inlet extension, and outlet extension. The inlet tube itself is excluded as it does not

provide any useful information in the simulations. The inlet and outlet extensions

are present to avoid reverse flow effects at the boundaries. The air within the motor

cavity is excluded from all simulations since the airgap loss account for a majority of

the windage loss.
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Figure 5.1: 60° model with the solid and fluid domains used in the CFD analaysis.

Two versions of the geometry were initially used for the mesh independence studies

discussed in section 5.5: a full rotor model and the previously mentioned sectional

rotor model. Results between the two models were compared to ensure minimal

variance between the two geometries, validating the use of the sectional geometry

in subsequent simulations to reduce computation time. The true outlet geometry

as shown in the CAD model in the previous chapter (Fig. 4.11) is not included in

the simulation as the location of the outlet port is offset from the axis of the motor,

making it impossible to accurately model in the sectional model. Instead the region

where the fluid exits the rotor shaft is considered the outlet in the full rotor and

sectional simulations. The magnet array in the proposed motor is simplified to a

single body with a simple contact resistance included between the magnet array and

rotor hub to account for the adhesive used to glue the magnets to the hub. Finally, the

carbon sleeve is a simplified body with anisotropic thermal conductivity. While the
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thermal conductivities are not completely accurate in the axial and circumferential

direction due to the layering of the carbon fiber, the variation in the axial and

circumferential direction are minimal and not important.

5.4.3 Rotation Modeling

Rotation is modeled using the Multiple Reference Frame (MRF) approach. This

modeling approach is used in simulations with domains rotating relative to one

another. The stationary part of the fluid domain contains the inlet tube flow, inlet

extension, and outlet extension regions. The rotating part consists of the fluid from

the exit of the inlet tube region to the entry of the outlet extension. Centrifugal and

Coriolis forces are considered within the rotating domain.

5.4.4 Boundary Conditions

Figure 5.2: 60° model highlighting the boundary conditions of the simulation.

The sectional model is shown in Fig. 5.2, highlighting the locations of the boundary

conditions presented in this section. Normal velocity and static pressure outlet
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Table 5.2: Material properties of WEG 50/50 at 80°C.

Property Value

Density (kg/m3) 1081.3
Specific Heat Capacity (J/kgK) 3273
Freezing Point (°C) -38
Boiling Point (°C) 107
Dynamic Viscosity (cP) 3.23
Thermal Conductivity (W/mK) 0.233

boundary conditions are applied to the inlet and outlet, respectively. The inlet

velocity varies based on different inlet flowrates and inlet tube geometries, which are

discussed in section 5.6.2. The inlet flow temperature is 80°C, which is a prescribed

value provided for the motor design. Material properties for the WEG 50/50 are

shown in Table 5.2. The inlet and outlet extension regions contain free-slip walls to

prevent the walls within these regions from contributing to the overall pressure drop

and affecting the upstream flow. The OD of the inlet tube wall, which is also the ID

of the rotating domain, is given a counter-rotating wall velocity in the rotating frame

of reference which equates to a stationary wall in the stationary frame of reference.

A periodic interface is set at each set of periodic faces in the sectional geometry. The

windage losses, shaft seal losses, and magnet losses shown in Table 5.1 are applied as

a heat flux on the OD of the carbon sleeve, a heat flux on the contact patch of the

contact seal at each end of the shaft, and a volumetric heat generation within the

magnet body respectively. The bearing losses are also considered in the simulation,

however the exact distribution of the bearing losses into the rotor is difficult to

quantify since the effectiveness of the oil-jet lubrication plays a significant role in
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determining the losses dissipated into the rotor and end plates. Therefore, half of the

individual bearing losses shown in Table 5.1 are applied as a heat flux on each bearing

seat as a highly conservative estimation. The remaining surfaces of the integrated

shaft are given an adiabatic boundary condition. The heat transfer from the rotor to

the air within the motor cavity is minimal when compared to the heat transferred to

the forced liquid cooling, therefore this assumption can be justified.

5.5 Meshing

The final mesh of the solid and fluid domains for the sectional model is shown in

Fig. 5.3. Hexahedral meshing is used where possible within the fluid domain to

minimize numerical diffusion. Inflation layers are applied near the walls to fully

capture the flow physics within the boundary layer. A first layer thickness is chosen to

provide a y+ < 1 value at the wall, as recommended for the k − ω SST model, and a

smooth transition between the final elements of the inflation layer and the free stream

mesh elements is ensured to avoid numerical errors. A 2 mm mesh is used for the

solid domain since a high resolution in the axial and radial temperature distributions

is not required. Meshing quality differed between the full rotor and sectional rotor

simulations. The mesh within the full rotor geometry contained uneven inflation

layers in some regions of the rotating fluid domain and the mesh within the outlet

regions of the fluid domain contained only a single element in the radial direction

outside of the inflation layers which likely resulted in inaccuracies within this region

of the fluid domain. Meshing of the sectional rotor geometry was much more uniform
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(a)

(b)

Figure 5.3: Sectional model mesh of a) A-side of the simulation domain, and b) B-side
of the simulation domain.

and acceptable, especially in the outlet region where a fine mesh was maintained with

a smooth transition between the last elements within the inflation layer and the free

stream mesh to properly resolve the flow field.
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5.5.1 Mesh Independence Study

To achieve accurate results, mesh independence studies were conducted. This involved

refining the mesh (i.e., increasing the element count) until the simulation results

showed minimal changes. The final results of the mesh independence studies are

shown in Table 5.3. The maximum magnet temperature, HTC, pressure drop, and

fluid friction loss were monitored as these are the desired outputs from the analysis

later used in the Taguchi method in section 5.6.2. Mesh 1 to 4 simulations used full

rotor and fluid geometry whereas mesh 5 to 7 used the 60° sectional model due to the

high computational load of the full model simulations with increasingly refined meshes.

It should be noted that the element count for the sectional models in Table 5.3 reflects

the equivalent number of elements for a full model; i.e., the element count should be

divided by 6 to acquire the true element counts of the sectional simulations.

There are three notable deviations in the mesh independence study simulations that

result in differences in the ouput parameters when compared to simulations presented

later in this chapter: seal losses were excluded, bearing losses were lower than the

final value presented in Table 5.1, and the geometry differed slightly from the final

simulations. The reason behind these deviations is that the mesh independence

studies were carried out before finalizing the loss values and geometry. Note that the

changes in the geometry between the mesh independence studies and the final models

are minor did not impact the meshing strategy used in subsequent simulations.

Note that only the relative errors of the HTC and fluid friction loss are listed in

Table 5.3 because these outputs see a consistent convergence with increasing element
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Table 5.3: Results of the mesh independence study.

Mesh # Full/Section
Geometry

Magnet Max
Temp. (°C)

HTC
(W/m2K)

Pressure Drop
(Pa)

Fluid Friction
Loss (W)

Element
Count (x106)

HTC Rel.
Error (%)

Friction Loss
Rel. Error (%)

Mesh 1 Full 95.335 14037 38017 512 2.50 - -
Mesh 2 Full 95.521 12849 38233 364 3.90 8.5 22.9
Mesh 3 Full 95.987 10097 40508 253 6.52 21.4 30.5
Mesh 4 Full 96.410 8444 32350 196 9.70 16.4 22.5
Mesh 5 Section 96.691 7700 32905 168 11.13 8.8 14.3
Mesh 6 Section 96.897 7158 36769 147 22.00 7.0 12.5
Mesh 7 Section 96.917 6960 6754 140 29.49 2.8 4.8

Relative errors were calculated using the following formula: Rel.Error = | current−old
old

| × 100%

counts. The magnet temperatures see the same convergence, although the change in

temperatures throughout the runs is very small. The pressure drop does not show a

clear trend with increasing element counts, instead remaining between 32 kPa and 40

kPa with the exception of the pressure drop from mesh 7. Since the HTC and fluid

friction loss less than a 5% relative error between mesh 6 and mesh 7, the subsequent

simulation geometries are meshed using the mesh size from mesh 6. The pressure

drop for mesh 7 is deemed an erroneous result and is therefore ignored. The validity

of the inflation layer mesh in mesh 6 is verified by observing the contour plot for the

y+ value along the walls of the fluid domain, and the velocity profile in the axial and

circumferential directions throughout the fluid domain. Fig. 5.4 shows that the y+

values are well below 1 in all but one small region which does not impact the results

of the simulation. Additionally, the boundary layer flow is shown to be fully captured

within the inflation layers in both the axial and circumferential directions as seen in

Fig. 5.5.
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Figure 5.4: y+ contour plot on the no-slip walls of the fluid domain.

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

Figure 5.5: Velocity profiles within the boundary layers at key locations shown
in a) and b) within the fluid domain in c)-f) the axial direction, and g), h) the
circumferential direction.
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5.6 Taguchi Method for Design Optimization

5.6.1 Background

The Taguchi Method is a statistical design method originally used to improve the

quality of manufactured goods, however this method has been used extensively in

many areas of interest including the optimization of rotor thermal designs [92], [93],

[102], [135]. In the case of the proposed motor, the Taguchi method was used to

determine the effect of multiple input parameters on the performance of the design.

Given a number of factors and levels for each factor, an orthogonal array can be

constructed for a DOE. Taguchi orthogonal arrays are denoted as "LN(LP)" arrays

where N is the number of runs with L and P in LP denoting the number of levels

and factors in the DOE, respectively. The arrays are constructed such that for any

level of any factor, all levels from each of the other factors are tested at least once.

Taguchi orthogonal arrays are predetermined and the required array can be chosen if

the number of factors and levels are known. For example, a 3 factor 3 level orthogonal

array requires a total of 9 runs and is denoted as an L9(33) orthogonal array. The

orthogonal array for this DOE is shown in Table 5.4. Note that a full factorial design,

where each combination of factors and levels are tested exactly once, requires a total

of LP runs, which is a total of 27 runs in this example.

The Taguchi method uses Signal to Noise (S/N) ratios to quantify the effectiveness of

a given level of a factor. The desired goals for the outputs of the experiments must be

known in order to calculate the S/N ratios. The three goals in the Taguchi method

and their associated S/N ratios formulations are shown in the Table 5.5. "Smaller
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the better" is typically the goal for temperatures of critical components within the

motor, such as the windings or magnet temperatures.

Table 5.4: Taguchi L9(33) orthogonal array example. "a", "b", and "c" denote the
factors and "1", "2", and "3" denote the levels.

Run # a b c

#1 1 1 1
#2 1 2 2
#3 1 3 3
#4 2 1 2
#5 2 2 3
#6 2 3 1
#7 3 1 3
#8 3 2 1
#9 3 3 2

Table 5.5: Signal to noise ratio formulations.

Goal Data Characteristic S/N Formula

Larger the Better Positive S/N = −10 · log(
∑

(1/Y 2)/n)
Nominal is Best Positive, zero, or negative S/N = −10 · log(σ2

d)

Smaller the Better
Non-negative with a target
value of zero

S/N = −10 · log(
∑

(Y 2)/n)

5.6.2 Taguchi DOE for the Optimization of the Rotor Cooling

Design

Four factors were chosen for the application of the Taguchi method to the rotor

design, shown in Fig. 5.6: the inlet tube ID, annular gap thickness at the outlet of
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Figure 5.6: Sectional model highlighting the factors of the Taguchi DOE.

the rotating domain, the largest ID within the integrated shaft, denoted at the hub

ID, and the inlet flowrate. These factors were chosen as they were thought to have

the most significant impact on the outputs. The relevant outputs of the experiments

previously mentioned in section 5.5 are the maximum magnet temperature, HTC,

pressure drop, and fluid friction loss. The hub ID was thought to have the largest

impact on the magnet temperatures due to the reduction in hub material in the radial

direction, resulting in a lower thermal resistance and lower magnet temperature. The

wall thickness of the stationary tube was kept at a constant 2.5 mm thickness, as

shown in Fig. 5.6, meaning that changes in the inlet tube diameter also changed the

diameter of the shaft at the annular gap.

A total of 3 levels were chosen for each factor to create an L9(34) array. The DOE

was restricted to 3 levels since an increase to 4 levels for a 4 factor design would have

resulted in a total of 16 runs (L16(44)). Similarly, the DOE was restricted to 4 factors

as an increase to 5 factors would have resulted in a total of 18 runs (L18(35)). A
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summary of the factors, levels, and orthogonal array are shown in the Table 5.6 and

Table 5.7.

Table 5.6: Parameters and levels used for the Taguchi method.

Level Tube ID (a) Annular Gap (b) Hub ID (c) Inlet Flowrate (d)

1 5 mm 1.5 mm 34 mm 5 LPM
2 10 mm 2 mm 42.5 mm 10 LPM
3 15 mm 3 mm 50 mm 15 LPM

Table 5.7: Taguchi L9(34) orthogonal array.

Run # a b c d

#1 1 1 1 1
#2 1 2 2 2
#3 1 3 3 3
#4 2 1 2 3
#5 2 2 3 1
#6 2 3 1 2
#7 3 1 3 2
#8 3 2 1 3
#9 3 3 2 1

The maximum magnet temperature is the critical output parameter of the DOE as

the rotor cooling design must, at a minimum, keep the magnets below the material’s

demagnetization temperature of 180°C with any further decrease in magnet tem-

peratures potentially enabling increased in the power output. The HTC is used to

understand the effectiveness of the rotor cooling design for future design improvements.

The fluid friction loss is required to determine the overall motor efficiency, however
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this is not critical for this initial revision of the rotor cooling design due to the high

losses generated in the bearings and seals that should first be minimized in future

revisions. Finally, the pressure drop should be known to size a coolant pump in a

cooling loop, however the design of an external cooling loop is out of the scope of this

thesis and is presented as a useful metric for the performance of the cooling design.

The results of the DOE for each run and output parameter are shown in Table 5.8.

Table 5.8: CFD results of the Taguchi L9(34) orthogonal array.

Run #
Maximum Magnet
Temperature (°C)

HTC
(W/m2K)

Pressure Drop
(kPa)

Fluid Friction Loss
(W)

#1 116.1 5635 102.1 47.3
#2 111.1 5683 189.5 82.5
#3 101.8 5021 302.5 127.8
#4 103.4 10621 45.8 149.6
#5 102.2 5203 22.6 146.6
#6 107.3 8561 32.0 112.5
#7 100.9 7201 23.9 229.2
#8 104.7 11856 23.2 216.4
#9 103.8 9198 7.6 196.0

In order to measure the impact of the levels for each factor on a particular output,

main effects plots were produced and are displayed in Fig. 5.7. The plots indicate

the effects of the levels for each parameter on the performance of the design through

the S/N ratio values. "Smaller the better" is the goal for the maximum magnet

temperature, pressure drop, and fluid friction loss, whereas "larger the better" is the

goal for the HTC. Higher values indicate a positive impact on the performance and is

the desired outcome regardless of the goal. As previously mentioned, minimizing the
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(a) (b)

(c) (d)

Figure 5.7: Main effects on S/N ratios from Taguchi DOE for: a) Maximum magnet
temperature, (b) Pressure drop, (c) Fluid friction loss, (d) Heat transfer coefficient.

maximum magnet temperature is the primary outcome of the Taguchi DOE in this

case, however the pressure drop, HTC, and fluid friction loss are important for future

design iterations. Therefore, further understanding the effects of each factor on each

of the less critical output parameters is required.
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(a) (b)

Figure 5.8: Temperature distributions in the cross section for the solid domain (rotor
hub, magnets, and carbon fiber sleeve) at the middle of the hub in (a) run 1, and (b)
run 3.

5.6.3 In-Depth Analysis of Taguchi Runs

Among the factors examined in the DOE, the hub ID was expected to have the most

significant impact in reducing magnet temperatures. Increasing the hub ID reduces

the thickness of solid material between the coolant and the magnets, which results

in a lower thermal resistance and lower magnet temperatures. The temperature

distribution of the solid domain at the cross section at the axial midplane of the hub

in run 1 and run 3 is shown in Fig. 5.8. Understanding the impact of the levels within

the other factors on each output parameter is less obvious. Since a full factorial DOE

was not conducted, it is not possible to observe differences in the flow when changing

only one of the four factors since any two experiments within a L9(34) Taguchi array

will only share the same levels for a maximum of 2 factors. It is still useful to try to

understand differences in the results by closely analyzing the runs of the DOE.
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Figure 5.9: Velocity vector plot showing the distribution of the velocity component
tangential to the section plane. Vector sizes are scaled to the magnitude of the
velocity component and exaggerated to improve visibility of the low-velocity vectors
within the domain.

Runs 1 and 3 are first compared to observe differences in the flow field mainly due

to the hub ID without changing the inlet tube ID. The annular gap and flowrate

also differ between the two runs, however trends still emerge that appear to be less

dependent on these two factors. The flow velocity was highest at the OD of the inlet

tube, or the ID of the rotating domain, as shown in the vector plot in Fig. 5.9. The

vectors within the plot are tangential to the section plane, scaled to the tangential

velocity magnitude, and exaggerated to show the relative difference between the flow

velocities around the inlet tube and within the rest of the rotating domain. The

presence of small, nearly invisible vectors within the rotating domain away from the

OD of the inlet tube indicates that the in-plane velocity component of the flow is far

lower than the region adjacent to the OD of the inlet tube. Axial components of the

velocities around the inlet tube OD exceed 1.5 m/s and depend on the levels for each

factor in the experiment. The same component of the velocity towards the hub ID

124



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

does not exceed 0.3 m/s.

In order to visualize the flow structures in the hollow shaft rotating domain between

runs 1 and 3, a similar vector plot showing velocities tangential to the slicing plane

with normalized vector sizes is shown in Fig. 5.10 and Fig. 5.11. As expected, on the

sloped surfaces within the the shaft, the centrifugal forces carry fluid towards the

larger diameter sections along the walls, which can be seen in the edges of the fluid

domain in Fig. 5.10b) to Fig. 5.11c) and Fig. 5.11e).

For heat to be effectively transferred from the hub to the coolant, the fluid must be

circulated from the OD of the inlet tube, where a majority of the fluid flows in the

rotating domain, to the surfaces of the shaft. A circulating flow structure is present

in every Taguchi run and varies slightly between runs mainly due to the hub ID and

inlet tube ID, the latter of which is shown later in this section. In the plots from

run 1 in Fig. 5.10, a band of fluid flow moving in the opposite direction to the main

flow can be seen, which is called reversed flow for brevity. This band of reversed flow

begins adjacent to the annular gap in both runs, as shown in Fig. 5.10b), circulating

coolant between the walls of the shaft and the fast moving fluid at the annular gap.

The reversed flow meets fluid from the inlet tube moving in the direction of the mean

flow in a thin region adjacent to the wall at a point along the length of hub ID which

is seen in Fig. 5.10c). The band of reversed flow continues, now detached from the

hub ID, towards the inlet side of the rotating domain where mixes with the flow from

the inlet tube in a number of vortices generated from the inlet flow impinging on the

A-side of the shaft, which can be seen in Fig. 5.10d), completing the large circulating
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(a)

(b) (c)

(d)

Figure 5.10: a) Cross section from run 1 identifying locations of velocity vector plots
in b)-d) with normalized vector sizes showing velocities tangential to the section plane.
Black arrows highlight flow structures and red dotted lines show borders between
bands of flow moving in opposing directions.
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(a)

(b) (c)

(d) (e)
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(f)

Figure 5.11: a) Cross section from run 3 identifying locations of velocity vector plots
in b)-f) with normalized vector sizes showing velocities tangential to the section plane.
Black arrows highlight flow structures and red dotted lines show borders between
bands of flow moving in opposing directions.

flow structure throughout the rotating domain.

Similar flow structures are seen in the plots from run 3, however the presence of the

additional step in inner walls of the shaft introduces more in-plane circulating flows.

The sloped surface between the hub ID and the adjacent diameter underneath the

bearing at the B-side of the shaft is seen in Fig. 5.11c). The band of reversed flow is

in the same region, extending slightly into the larger diameter section of the rotating

domain, however 2 additional bands of fluid can be seen in Fig. 5.11c), Fig. 5.11d),

and Fig. 5.11e). Adjacent to the main reversed flow is a band of fluid flowing in the

direction of the mean flow towards the B-side of the rotating domain, followed by a

thin section of reversed flow at the hub ID wall. As with the flow field in run 1, the
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reversed flow merges with coolant moving in the direction of the mean flow at the

wall, however this merging occurs at a different location from run 1.

(a)

(b)

Figure 5.12: Contour plots of the w-component of the velocity distribution in the
fluid domain in a) run 1, and b) run 3. Positive velocities indicate flow moving from
left to right.

The regions of reversed flow can also be visualized with a contour plot showing the

w-component of the velocity, which is in the axial direction, along the same plane

which is seen in Fig. 5.12 for run 1 and run 3. Since the w component of the velocities

are relatively low, the scale of the plot was changed to show velocities between 0 m/s

and 1 m/s where positive velocities indicate flow away from the direction of the outlet

in the axial direction and negative velocities indicate flow towards the outlet in the

rotating domain. The plots show that the w component of the velocities is slightly

higher in run 3 than in run 1, however this may be due to the increase in flowrate

to 20 LPM in run 3 from 10 LPM in run 1. This is also the cause of the stronger
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vortical structures and velocity magnitudes at the inlet region of the rotating domain

seen in run 3 (Fig. 5.11f)).

Contour plots of the HTC and shear stress along the inner walls of the shaft were

also gathered to determine the differences in these parameters due to the varying

hub ID. As shown in Fig. 5.13, the HTC distribution throughout the walls of the

shaft does not vary greatly. The largest difference in the distribution is within the

sloped surfaces adjacent to the hub ID where the HTC is lower than that of the hub

ID. This results in a slightly lower area averaged HTC in run 3 when compared to

run 1, however the larger heat transfer surface area in the geometry used in run 3

accounts for the difference in HTC, helping reduce magnet temperatures. The shear

stresses at the inner surfaces of the shaft, which are responsible for the fluid friction

losses, are shown in Fig. 5.14. The shear stress distributions do not vary significantly

between run 1 and run 3, however the sloped surfaces adjacent to the hub ID in run

3 experience higher average shear stresses. These regions of slightly higher shear

stresses coupled with the increased surface area of the shaft walls in run 3 contribute

to the higher fluid friction losses.
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(a)

(b)

Figure 5.13: Contour plots of the HTC at the shaft walls in a) run 1, and b) run 3.
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(a)

(b)

Figure 5.14: Contour plots of the shear stress distribution at the shaft walls in a) run
1, and b) run 3.

Comparisons were also made between run 2 and run 9 to observe the effects of changes

in the inlet tube diameter while maintaining a constant hub ID since the inlet tube

diameter appeared to greatly affect the pressure drop, fluid friction losses, and HTC.

The S/N plots in Fig. 5.7 show that the annular gap thickness had the smallest effect

on these output parameters, therefore the observations made in the flow field, shear

132



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

(a)

(b)

Figure 5.15: Contour plots depicting the w-component of the velocity distribution in
the fluid domain in a) run 2, and b) run 9. Positive velocities indicate flow moving
from left to right.

stress, and HTC should not be significantly affected by difference in the annular

gap thickness between the two runs. The impact of the flowrate differences is more

significant, however the contour plots of the w component of the velocity in run

2 shown in Fig. 5.15a) closely resembles that of the one seen in run 3 shown in

Fig. 5.12b) in that the band of reversed flow is roughly the same shape and in the

same location with slightly lower velocities throughout the band, likely due to the

difference in the flowrate between run 2 and run 3. A similar contour plot of the w

component of the velocity in run 9, shown in Fig. 5.15b), presents a slightly different

flow structure where the band of reversed flow begins further upstream, compared

to run 1, run 2, and run 3, and stays attached to the hub ID throughout half of its
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(a) (b)

Figure 5.16: Velocity vector plots with normalized vector sizes showing velocities
tangential to the section plane at the A-side of the rotating domain in a) run 2, and
b) run 9. Black arrows highlight flow structures and red dotted lines show borders
between bands of flow moving in opposite directions.

length on the B-side of the shaft before detaching from the surface. The band of

reversed flow reattaches to the shaft surface in the adjacent surfaces on the A-side

of the domain. When compared to the plot in Fig. 5.15a), the reversed flow at the

inlet side of the rotating domain is pushed against the walls of the shaft to prevent

restricting the flow that moves at the ID of the rotating domain as shown in Fig. 5.16.

It can also be seen that the flow within the inlet region of the rotating domain in the

plot from run 9 (Fig. 5.16b)) is far less vortical when compared to run 2 (Fig. 5.16a))

even though the flowrate in run 9 is 1.5 times that of run 2. Since the inlet tube

diameter in run 9 is three times that of run 2, the fluid velocity within the inlet tube

is lower. The lower flowrate in run 9 coupled with the aforementioned dimensional

differences results in a weaker impinging effect at the A-side of the shaft, reducing

the vortical structures in this region.
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(a)

(b)

Figure 5.17: Contour plots of the HTC at the shaft walls in a) run 2, and b) run 9.
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(a)

(b)

Figure 5.18: Contour plots of the shear stress distribution at the shaft walls in a) run
2, and b) run 9.
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The HTC and shear stress contour plots on the shaft surfaces for run 2 and run 9

are shown in Fig. 5.17 and Fig. 5.18 respectively. It is clear from the plots that run

9 shows higher HTC values throughout all the surfaces of the shaft relative to run

2. Similarly, the shear stresses on the shaft surfaces are universally higher in run 9.

Similar to what is observed when comparing run 1 and run 3, the change in flowrate

from 5 LPM in run 2 to 10 LPM in run 9 has a far smaller effect on the HTC and

fluid friction losses when compared to increasing the inlet tube ID from 5 mm to 15

mm. This can be clearly seen in the main effects plots in Fig. 5.7.

5.7 Optimized Rotor Cooling Design

Using the levels with the highest S/N ratios for each factor from the main effects

plots for the maximum magnet temperature in Fig. 5.7a), an optimal rotor design can

be made to minimize the maximum magnet temperature. According to Fig. 5.7a),

such a design uses a 15 mm inlet tube ID, 2.5 mm annular gap thickness, 50 mm hub

ID, and 20 LPM flowrate. The results showing each of the output parameters of the

optimal design are shown in Table 5.9.

Table 5.9: Output parameters of the optimized rotor cooling design simulation.

Output Parameter Value

Maximum Magnet Temperature 99.5°C
Heat Transfer Coefficient 8560 W/m2K
Pressure Drop 33.2 kPa
Fluid Friction Loss 292.2 W
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The output parameters follow the trends seen in the main effects on S/N ratios plots

in Fig. 5.7. The pressure drop is greatly affected by the inlet tube diameter, as is

shown in Fig. 5.7b), which results in a relatively low pressure drop when using the

largest inlet tube ID compared to runs 1 to 3 in the Taguchi DOE each of which

experienced relatively high pressure drops. The fluid friction losses are also the

highest of any simulation since the optimal levels for minimizing magnet temperatures

were expected to yield the highest fluid friction losses according to the main effect

plot for these losses in Fig. 5.7c). The HTC is higher than four of the runs in the

DOE which coincides with the trends from the S/N ratio plots. The positive effect

on the HTC by increasing in the inlet tube diameter and flowrate outweighs the

negative effects on the HTC from the increase in hub ID and annular gap. This

results in a higher HTC than the first 3 runs, which used the smallest inlet tube

diameter, but a lower HTC than runs that used a larger inlet tube diameter with

a smaller hub ID. The optimal rotor design resulted in a final maximum magnet

temperature of 99.5°C, which is 1.4°C and 16.6°C lower than the lowest and highest

maximum magnet temperatures, respectively, in the Taguchi DOE. This minimal

reduction in magnet temperature from the lowest value seen in the DOE is somewhat

expected since the largest contributing factors to the magnet temperature are known

to be the hub ID and stationary tube diameter. Run 7 uses the optimal values for

these two factors, resulting in magnet temperatures that are close to the optimal

results. Additionally, the range of magnet temperatures in the DOE is not very large,

with a total range of 15.2°C in the DOE, therefore a significant reduction of magnet

temperatures was not expected.

138



M.A.Sc Thesis - Kenneth Noronha McMaster - Mechanical Engineering

The vector plots are not shown for the optimized design since they closely resemble

the general flow structures seen in run 9. A contour plot of the w component of

the velocity in the optimized design is shown in Fig. 5.19. The reversed flow seen

in this figure is significantly larger than that seen in run 9. This is likely due to

the larger hub ID which allows the band of reversed flow to extend further outward

radially while the increased flowrate further encourages in-plane circulation of the

flow between the shaft walls and inlet tube OD within the rotating domain.

Figure 5.19: Contour plot depicting the w-component of the velocity distribution in
the fluid domain of the optimized rotor cooling design. Negative velocities indicate
flow moving from left to right.

The HTC and shear stress contour plots are shown in Fig. 5.20 and Fig. 5.21 respec-

tively. The contour plots closely resemble that of run 9, shown in Fig. 5.17b) and

Fig. 5.18b). Lastly, the temperature contour plots for the solid domain and magnet

array are shown in Fig. 5.22 and Fig. 5.23, respectively. As expected, the magnet

temperature mainly varies in the radial direction with little variation in the axial

direction since adiabatic boundary conditions were applied to the the outer faces of

the rotor hub and magnets. The temperature contours of the full solid domain in

Fig. 5.22 reveal very high temperatures in the A-side of the shaft around the spline,

seal, and the bearing seat. These high temperatures can be attributed to the adiabatic
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boundary conditions on the shaft surfaces and the highly conservative estimation of

the bearing losses dissipated into the shaft. Additionally, the seal dissipates heat

into the spline end of the shaft, well away from the coolant, further contributing to

the high temperatures in this region. While the temperatures seen are unrealistic,

further investigation into the operating condition of the motor is required to apply

the proper boundary conditions in the A-side of the shaft, or the cooling channel

may need to be extended further towards the spline to dissipate the heat in future

revisions of the design.

Figure 5.20: Contour plot of the HTC at the shaft walls of the optimized rotor cooling
design.
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Figure 5.21: Contour plot of the shear stress distribution at the shaft walls of the
optimized rotor cooling design.

Figure 5.22: Temperature contour plot of the solid domain in the optimized rotor
cooling design.
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Figure 5.23: Temperature contour plot of the magnet array in the optimized rotor
cooling design.

5.8 Chapter Summary

This chapter presents the process of utilizing the Taguchi method and thermal CFD

analysis for optimizing the design of the rotor cooling system. The theory related

to the CFD analysis was first discussed, highlighting the relevant equations and

discussing the available turbulence models with justification for the k − ω SST model

chosen for the analysis. The simulation setup was shown, providing motor losses,

geometry simplifications to minimize computational load, boundary conditions, and

meshing for the final simulations. The mesh independence study presented in this

chapter validated the mesh size used for the Taguchi DOE and final design. The

Taguchi method for design optimization was then introduced before presenting the

DOE for the optimization of the proposed rotor cooling design. Analysis of the results

was conducted using the S/N ratio plots with additional in-depth analysis of the

CFD results provided to better understand the effects of different levels within each
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factor on the flow structure and output parameters of the experiments. An optimal

design to minimize the magnet temperature was presented, achieving a 1.4°C and

16.6°C drop from the lowest and highest temperatures seen in the DOE respectively,

while achieving acceptable pressure drop values and relatively high fluid friction

losses. The rotor cooling design was shown to be effective at maintaining magnet

temperatures well under the demagnetization temperature of 180°C, showing that

there is significant headroom in the electromagnetic design of the motor with the

ability to dissipate higher losses than those presented in this chapter.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

With the recent push towards aerospace propulsion electrification, electric motors

need to be designed with higher power densities and robust thermal management to

dissipate the losses in inherently smaller packages. This thesis presented the design

of a high-speed power dense radial flux PM motor for aerospace applications.

The thesis first introduces the challenges for aerospace propulsion electrification,

hybridization architectures to bridge the gap between conventionally powered and fully

electric aircraft, and the current landscape of aerospace electrification with particular

interest in motors developed for aerospace propulsion and aircraft electrification

projects. From the review, it is clear that a large focus is placed on fully electric

propulsion for very small turboprop, GA, and business jet aircraft. While it may be
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viable to achieve full electrification for such aircraft, it is currently difficult to scale

the technology for larger single-aisle narrowbody aircraft and larger. This is due, in

large part, to inadequate power density and energy density from current electrical

propulsion systems and energy storage systems, respectively. That said, there is

a push for next generation electric motors for aerospace to take advantage of new

design and manufacturing technologies to help increase power density and close the

gap to conventional propulsion systems. Companies like H3X, Helix, and Evolito Ltd.

are among the leaders in power density for aerospace propulsion motors available

today. The motors presented in this thesis serve as a useful comparison to the motor

proposed in this thesis.

The discussion of the proposed motor focuses on the author’s contributions to the

motor design, more specifically the mechanical integration of the stator lamination

stack and windings, and the mechanical and thermal design of the rotating assembly.

The use of additive manufacturing for the housing and end plate in the stator assembly

helped to reduce part count and weight, leading to a higher power density. However,

since an equivalent conventionally manufactured design was not made, the weight

savings through the use of additive manufacturing cannot be quantified. The stator

potting process discussed in this thesis significantly aids in dissipating heat from the

slots and end windings to the stator cooling jacket design within the housing. One

downside from this process is the additional weight of the epoxy when compared to

other impregnation processes.

The literature review exploring the design of rotors in high speed radial flux motors for
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traction applications provided a number of thermal management solutions and design

principles used to design the rotating assembly of the proposed motor. Although

various air and liquid cooling designs are discussed, an integrated stator and rotor

liquid cooling design was ultimately chosen for the proposed motor. This is because

the stator cooling jacket design was predetermined and the choice was made to

integrate the stator and rotor cooling into a single loop rather than using additional

external components to cool the rotor in a separate cooling loop or accepting the

high possibility of high noises from a self ventilated air cooled rotor.

The integrated shaft, which is only possible because of the Halbach array, introduced

complications when it comes to manufacturing as a result of the recirculating hollow

shaft cooling design. The design shown in this thesis must be split and machined

as two separate parts before welding, with the split being placed on the B-side of

the shaft to minimize the torque at the weld joint. The critical speed is minimized

by reducing the weight in the hub through the use of through-holes and by moving

the bearings in as far as possible given the largest hub ID size available in the rotor

cooling optimization study. The use of 35 mm bearings also helps to increase the

critical speed at the cost of higher generated losses at 20 kRPM. This compromise was

accepted for this initial revision of the motor as it is subject to mechanical analysis,

which will help determine whether smaller bearings may be used, further improving

the design. Oil jet lubrication is chosen to lubricate and cool the bearings due to its

reliability and the ability to dissipate heat, adjust flowrate, and number of nozzles

for each bearing.
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Thermal analysis of the rotor cooling design shows that the design is able to effectively

cool the magnets well within the 180°C demagnetization temperature specified for

the magnet material. The Taguchi method is used to create a DOE to optimize

the rotor cooling design with the main goal of minimizing magnet temperatures.

The optimization study successfully minimized the maximum magnet temperature

given the factors and levels studied in the DOE, resulting in a maximum magnet

temperature of 99.5°C in the optimized rotor design. The analysis also observed the

pressure drop, churning loss, and HTC. The trends in these values are presented in

this thesis to provide useful data for future revisions of the motor and for a full system

design. The resulting magnet temperatures also show that the rotor cooling systems

is capable of dissipating higher losses from the magnets which can be generated from

increasing the power output of the motor.

6.2 Future Work

The motor proposed in this thesis can be further improved with additional analysis

and experimentation. Recommendations for future work to revise the motor design

and validate the results are as follows:

1. Experiments should be carried out to validate the results from the CFD analysis

of the recirculating hollow shaft cooling design.

2. Experiments should be done to determine the optimal oil flowrate and generated

losses for the given preload in the bearing assemblies. Measurements of the

losses dissipated through the inner raceway, outer raceway, and oil should be
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taken to accurately determine the bearing losses to be considered in the rotor

simulations.

3. Mechanical FEA analysis should be carried out on the rotating assembly to

ensure that the integrated shaft is capable of handling the stresses from cen-

trifugal forces and vibrations. Vibration analysis should also be conducted to

ensure that the critical speeds of the machine are well above the operating

speed range of the machine. Smaller bearing sizes should also be investigated

to reduce the overall losses in the motor, improving the efficiency.

4. The electromagnetic design may be revised to increase the power output of the

motor. While the rotor cooling design may be adequate to handle the higher

losses from the magnets, the same cannot be assumed about the stator cooling

design. The stator cooling may need to be revised to account for the higher

stator and winding losses.

5. Additional factors can be investigated in the rotor cooling design. One example

is modification of the shape of the shaft wall on which the inlet tube flow

impinges. Wang et. al [129] showed that variations in the shape of the shaft

wall at the inlet side of the rotating domain had an effect on the flow structures

within the rotating shaft.

6. High temperatures within the A-side of the shaft need to be further investigated

and the rotor cooling design may need to be modified to dissipate some of the

heat within this region. Due to the conservative approach to the boundary
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conditions of the simulations, the temperatures at the A-side of the shaft are

higher than what experiments would otherwise show. Although the temperatures

may be lower in reality, they still may be high enough to approach or exceed

the operating temperature limits of the contact seal on the A-side of the shaft.

7. An alternative rotor cooling design where the coolant moves from the hollow

shaft into the hub before spraying onto the end windings from each end of the

hub (Fig. 3.2e) is of interest. In this design, the coolant is closer to the magnets

and provides additional cooling to the end windings, which may lead to better

thermal performance. Such a design would require a significant redesign to the

rotor and stator assemblies. Active stator cooling solutions may be explored

since the coolant is exposed to the motor cavity, leading to an increase in the

thermal headroom for the stator cooling design.
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