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Abstract

Axial flux permanent magnet generators are of paldr interest for power generation
in harsh and confined conditions. Due to their caotipess and high power density,
the ventilation and cooling inside axial flux pemsat magnet generators have
becoming increasingly important for further perfamse improvement. This thesis
describes the developments of a lumped paraméemmal modelling technique for

axial flux permanent magnet generators. The mamddithis research is to develop a
fast and accurate thermal modelling tool which barused for rapid machine design
and ultimately, to replace complex and time consgn@FD analyses in the machine

design process.

The thesis illustrates the construction of a gentdrermal equivalent circuit, which
comprises of conductive and convective sub-circuiismodel the conduction and
convection heat transfers and temperature distobsitin the radial and axial
directions, within these machines. The conductieathransfer between the solid
components of these electrical machines is moddigdan annulus conductive
thermal circuit derived from previous researchesiereas, for convection heat
transfer between the working fluid (air) and salitlse author has developed two
convective thermal circuits, which are demonstratsdthe Temperature Passing
Method (TPM) and Heat Pick-up method in (HPM) ie thesis. Several case studies
were designed to investigate the validity and amcyrof these thermal sub-circuits
with both steady and transient boundary conditi@sce all the thermal impedances
and capacitances used in the thermal circuitsradeanensionless form, the developed
generic thermal equivalent circuit is capable offgrening thermal simulations for

axial flux generators of different sizes and togats. Furthermore, special correction
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factors were introduced into the developed gerteeemal equivalent circuit, to take

into account the heat transfer in the circumfesdmtirection in axial flux machines.

The thesis also demonstrates how the heat tramstbe stator windings is modelled
in the generic thermal equivalent circuit. Two atiahl models, which are the Simple
Concentric Model (SCM) and Concentric-annulus Laydodel (CLM) were

developed, for the evaluation of the thermal rasis¢s of the stator windings. The
results evaluated from these analytical models wat&lated by several numerical
models and experimental results of two-phase nasenpublished by previous

researchers.

Lastly, experimental validation of the lumped paesen thermal equivalent circuit
model and CFD simulations was conducted. Heat feac®efficient measurements
were carried out on two separate test rigs, whieheva simplified single-sided axial
flux machine test rig and a large-scale low speadlaflux machine. The
experimental results were compared with the nurakresults obtained from both the
lumped parameter and CFD models. Good agreememteéetthe experimental,
lumped parameter model and CFD results were fodrgkse indicate that the
developed generic thermal circuit is potentiallpaale of replacing CFD analyses in
the axial flux machines design process.
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Nomenclatures

Symbol Description

A Cross-sectional/ Surface ared, m

Aq Conductive surface area’mr winding packing ratio

a Temperature constant, °C

b Width, m

Bmax Peak magnetic flux density

c Air clearance, m

CLM Concentric Annular Layer Model

Co Specific heat capacity, J/kgK

CcVv Control volume

0 Angle, °
Diameter, m

dm Magnet Groove depth, m

f Rotational frequency, Hz

g Heat generated per unit volume, W/m

Gratio Gap ratio

[G] Thermal network admittance matrix

h Heat transfer coefficient, W/Ak

Peonvection Convection heat transfer coefficient, Wn

Neontact, gas Gas gap contact coefficient, Wi

Peontact, solid Solid spot contact coefficient, W

ﬁf Average heat transfer coefficient of free rotagate, W/niK

ﬁp Average peripheral edge heat transfer coefficMHim’K

< Average heat transfer coefficient of rotor surfaceotor-stator

system, W/rfK

hw-c Winding and stator core contact coefficient, Vi#m

H Fluid flow pressure, Pa

HPM Heat Pick-up Method

Hs Heat storage, J
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HSE

Kcalibration

Nsc

N

Nu

N Urorced

N Unixed-assisting
N Unmixed-opposing
N Unatural

NU;

Pos
Pq

I:)eddy
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Element heat storage, J

Axial thermal conductivity, W/mK

Cable filling thermal conductivity, W/K

Copper conductor thermal conductivity, W/K
Equivalent thermal conductivity, W/K

Equivalent thermal conductivity, W/mK

Radial thermal conductivity, W/mK

Gas thermal conductivity, W/mK

Thermal conductivity, W/mK

Calibration FactorV/W/m?

Heat fraction

Length or thickness, m

Winding length, m

Mass, kg

Mass flow rate, kg/s

Power coefficient

Number of continuous particles at the outer layehe mixture
Numbef" of annular layer

Nusselt number

Forced convection Nusselt number

Assisting flow mixed convection Nusselt number
Opposing flow mixed convection Nusselt number
Natural convection Nusselt number

Average Nusselt number of free rotating plate

Average peripheral edge Nusselt number

Average Nusselt number of rotor surface in rotatestsystem
Density, kg/m

Resistivity,Qm

Contact pressure, Pa

Resistivity at 25°C{2m

Winding packing ratio

Eddy current power loss, W
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Pr Prandtl number

Pwrec Joule loss of centre winding conductor, W

Pwrl 1% annular layer joule loss, W

q Heat flux, W/m

Oconvection Convection heat flux, W/Mm

[Q] Power source matrix

re Conductor radius, m

le Radius at transition occurs from laminar to turbtifbow, m
re Winding slot diameter, m

rq Discontinuous particle, m

leq Equivalent radius, m

leq 0 Equivalent centre circle radius, m

Feq_k Equivalent K annulus outer radius, m

Fin Inner radius, m

Fin_k k™ annulus inner radius, m

M Mixture particle, m

Fmid_k k™ annulus middle radius, m

Fout Outer radius, m

Fout k k™ annulus outer radius, m

lsc Winding radius, m

R, r Radius, m

Ra Axial conductive thermal resistance, K/W

Re, Reonv Convective thermal resistance, K/W

Re1 k k™ annulus inner cable filling thermal resistance\MKFig. 4-9
Re2 k k™ annulus outer cable filling thermal resistancaKFig. 4-9
Rec-c Centre winding filling resistance, K/W

Rec-d Centre conductor resistance, K/W

Ry, Reond Conductive thermal resistance, K/W

Ra1 k™ annulus inner conductor thermal resistance, K/\Yy, 49
Ra2 k™ annulus outer conductor thermal resistance, K/, 49
Rz k k™annulus interconnecting thermal resistances, K/, 49
Req_sc Equivalent radial thermal resistance, K/W
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Rr, Readial
Rthermal
Re

Rey
Re,

Sc
SCM
Sh

t

tn
tano@
To, Tinitial
Tw

AT
Tamb
Taw

Te
Terp
Tq

Tin

T

Tiem
Tm

Tout
TPM
Tr

Ts, Tsurf
Tiotal

v
Vx-axis

Vy-axis
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Mass flow resistance;'&s
Radial conductive thermal resistance, K/W
Thermal resistance, K/W
Reynolds number

Rotor disk Reynolds number
Rotational Reynolds number
Schmidt number

Simple Concentric Model
Sherwood number

Time, s

Thickness ah node, m
Surface profile slope

Initial temperature, K

Steady state temperature, K

Temperature difference/ Temperature increased, K

Ambient temperature, K

Adiabatic wall temperature, K
Temperature of the cable filling, K
Temperature predicted by CFD, K
Temperature of copper conductor, K
Inlet temperature, K

Axial temperature profile, K

Temperature predicted by lumped parameter model, K

Mean temperature, K

Outlet temperature, K
Temperature Passing Method
Radial temperature profile, K
Surface temperature, K

Total temperature, K

Fluid kinematic viscosity, Afs
Velocity profile on X-axis, m/s
Velocity profile on Y-axis, m/s
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Vv Volume, n?

Vs Voltage output from Heat Flux Sensok/
1) Rotational speed, rad/s

WM Convection heat flow, W

WMy Heat flow to control volume, W

[4] Temperature vector

0 Surface profile height, m

Oeff Effective mean thickness, m
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Chapter 1

Introduction

1.1. Axial Flux Permanent Magnet Generator

The axial flux permanent magnet (AFPM) generatordédined as an electrical
generator in which the magnetic fluxes are paratieihe rotating axes. In general,
AFPM generators have cylindrical rotors with perernmagnets attached to them,
and annular stators, which include the generatodings. The history of electrical
machines shows that the first electrical machine wealised in the form of an axial
flux machine, in 1831 by Faraday. Shortly aftervgafdavenport patented the design
of the radial flux permanent magnet machine in 188%ich has been widely

accepted as the mainstream configuration for eét@ttmachines since then.

Despite the success of radial flux permanent magraehines, axial flux permanent
magnet machines continue to be of interest, pdatiyu for power generation
applications in harsh and confined working envirents. Unlike the radial flux
machines, axial flux generators have high flexipiloperating at a variety of
rotational speeds. By changing the number of magoet the rotating disks and
varying its diameter, the AFPM is capable of accadating different rotational
speeds applications. The large diameter axial fhachines with a high number of
poles are ideal for low rotational speed, high wergapplications, such as,

electromechanical traction drives, hoists, and zZwooial axis wind turbines.
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1.1. Thermal Axial Flux Permanent Magnet Generator 2

Conversely, small diameter axial flux machines vigwer poles are suitable for high
speed low torque applications, such as verticat axind turbines, and Kaplan

turbines.

Another advantage of the AFPM generator is the @atmess of the machine. Since
AFPM generators are generally less bulky (it hasrteh axial length) than
convectional radial flux machines, it makes theabftux machines very attractive for
power generation applications, where space is wedfi The slim and light-weight
AFPM generators have higher power density compaiidid the conventional radial
flux generators. Therefore, AFPM generators artabld for electrical vehicles (e.g.
solar cars), wind turbines, robot arms, and othdustrial applications, which require
light weight generators for power generation.

Due to several significant improvements of the prips of the permanent magnets
themselves and of the power electronic deviceshasd past few decades, most
AFPM machines have high electrical efficiency awood) starting torque. The use of
rare earth permanent magnet material, such as &mmatobalt (SmCo5) and
recently introduced Neodymium-Iron-Boron (NdFeb)tlier improved the power
generation capability at higher ambient temperat@everal axial flux machine
configurations have been proposed, regarding #tergs) position with respect to the
rotor(s) position and also regarding the windingaagements, giving freedom to
select the most suitable machine structure foriqudar applications. From the
construction point of view, AFPM machines can bsigieed as single-sided or double
sided, with or without armature slots or armatumes, with surface mounted
permanent magnets or surface embedded permanenetsagnd as single or multi-

stage machines. Fig. 1-1 shows some of the ditemsogies of AFPM machines.

The single-rotor-single-stator structure, showrFig. 1-1(a) is the simplest AFPM
machine configuration. However, this structure exgffrom an unbalanced axial force
between the rotor and the stator as a consequdnebich more complex bearing
arrangements and a thicker rotor disk are needeel.nfachine demonstrated in Fig.
1-1(b) is the single-stator-two-rotors design, éteown as the TORUS design. The
TORUS AFPM machines can adapt to either slottetbrsi@gig. 1(b)) or coreless
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1.1. Thermal Axial Flux Permanent Magnet Generator 3

stator (Fig. 1-1(c)) configurations. The toroidabumd phase winding is the most
common and preferable AFPM machine design becdukasi short end-windings,
higher machine efficiency and power density. Figl(d) shows a more complex
arrangement of AFPM machine, in which several maehiare lined up on the same
shaft forming a multistage AFPM machine. Such digonation is designed for high

torque applications such as ship propulsion.

: Stator Core

: Stator Winding

: Rotor

: Permanent Magnet (PM)
: Frame

: Bearing

: Shaft

© (d)
Fig. 1-1. Axial flux permanent magnet generatoad:single-sided slotted machine, (b)
double-sided slotless machines with internal stgtrdouble-sided coreless machine,
(d) Multistage axial flux permanent magnet gengrato
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1.1. Thermal Axial Flux Permanent Magnet Generator 4

Recently, extensive research has been conductetieoelectromagnetic design to
obtain the optimum power yield configuration foria@xlux machines. Bobbin stator
design [1], multiple stage air gap configurations, dave pushed the AFPM design
towards a bottle neck, where the thermal propedig¢be generator components start
to play an important role in the generator designsaeration. Recently, commercial
axial flux generator configurations, which have HBnaér gap size, low rotational
speed and high power density, have lead to maclupesting at the temperatures,
which are near to the ferromagnetic material linfisr example, the remanence flux
density of Neodymium-Iron-Boron (Nd-Fe-B) permaneragnet material depends on
the operating temperature. At high temperaturemadly around 120°C, Nd-Fe-B
permanent magnets start to demagnetise and tleistaeithe amplitude of the induced
back-EMF in the stator windings.

Furthermore, mechanical hazards are possible ip&mmanent magnets are glued to
the rotor surfaces or if the stator windings areumeb with epoxy resin. When the
rotor or stator temperature exceeds the glue axyepesin critical limits, the magnets
and winding start loosening and eventually detaomfthe rotors and stators. This

can be catastrophic, especially at high speed @gifns.

1.2. Thermal Modelling

Extensive research has been devoted to thermalkestodl conventional radial flux
electrical machines, but AFPM machines have receivery little attention.
Depending on the sizes of the machine and the tgpesclosure, different cooling
mechanism arrangements have been introduced foMAmRBchines. Generally, they
can be classified into two configuration categqriedich are self-ventilated and
externally ventilated configurations. For self-vkted configurations, the disk type
AFPM generators use their inherently advantageeasuife of the rotor disks (with
attached magnets), which act like pump impellerswthg the ambient air flow
through the inlet and subsequently into the gapsd®n the stator and rotor disks, to
cool the stator core and windings. Most self-vatgil machines are air-cooled. For

medium to high power rated AFPM generators, the luess ratios are high and self
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1.2. Thermal Modelling 5

ventilated air-cooled mechanisms are not sufficiemtbring down the machine
temperature to the safe operating temperatureslimiherefore, forced cooling with
the aid of external devices, such as, water pumgxternal fans is necessary. Some
of the available commercial external ventilated hiaes embed a water-cooling
system into the stator core, to lower the tempeeaddi the stator core and windings.

These configurations are known as external veittilatooling systems.

Quantitative studies of the heat dissipation paémf AFPM machines with vastly
different topologies are clearly needed. Althougbré are several general purpose
advanced computational fluid dynamic (CFD) codeg.(ELUENT, Ansys CFX,
OpenFoam) which are commercially available thatlmansed for 2D and 3D thermal
modelling of AFPM machines, these modelling methadsially require high
performance multiprocessor computers and consitieramputing time to obtain
accurate numerical solutions. Furthermore, CFD migaleresults are significantly
influenced by the mesh/grid qualities. By refinitige mesh quality, the CFD
numerical results improve, but at the same timegquires higher computer memory
and longer computational time. This makes it difficto use advanced CFD

techniques to perform rapid-design and optimisagioalyses for APFM machines.

The feasible alternative to CFD modelling of therthal state of electrical machines
is the application of the advanced lumped parammatatel (LPM) technique. In such
an approach, firstly the electrical machines atedsided into a number of lumped
components and each lumped component is represbgtedcollection of thermal
impedances and capacitances. By knowing the theainthphysical properties of the
machine components, these thermal impedances @aditzances of each component
can be evaluated by well-known analogies. Subséiyleby connecting these
collections of thermal impedances and capacitarizesed on the heat flow paths in
the electrical machine, the thermal equivalentutires constructed. Hereby, the
temperature and surface heat flux can be predlmyesblving the thermal equivalent

circuit.

Fundamentally, the thermal equivalent circuit ialagous to an electrical circuit. The

heat flowing in each path of the thermal circuitaisalogous to the current in the
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1.2. Thermal Modelling 6

electrical circuit. The heat flow is driven and ehetined by the temperature
differences, in which it is analogous to the vodtatifference in the electrical circuit
and the thermal resistances and capacitances im#ehine thermal equivalent
circuits are analogous to the resistances and itapees in the electrical circuit.
Thermal predictions from the equivalent thermalcwitr obtained from previous
research demonstrate good agreements with bothrieygeal and CFD results. In
addition, the LPM demonstrates the advantage afgutiie corresponding thermal
resistances and capacitances in the dimensiordess fo perform thermal analysis
for a wide range of machine dimensions and topekgR-D thermal equivalent
circuits are developed and discussed in this theésisnodel the conduction and
convection heat transfers, in the radial, axial amdumferential directions, within

AFPM generators.

1.3. CFD validations

Unlike the water-cooled machines, the machine teatpees predicted by the thermal
equivalent circuit of air-cooled electrical maclgnkeave a strong influence on the
surface convection heat transfer coefficients wwat applied, especially for self-
ventilated axial flux machines, where the heat geee in the machine during the
machine operation is mainly dissipated to the @fddrawn from the surroundings.
The surface convection heat transfer coefficieaigeha direct impact on the accuracy
of the thermal equivalent circuits, yet there amdther analytical nor empirical
formulae that directly correlate the surface cotieacheat transfer coefficients with
the AFPM machines dimensions. Therefore, parametiiclies of local surface

convection heat transfer coefficients of AFPM maelsiare essential.

The surface convection heat transfer coefficiemapetric studies investigate the
effect of surface convection heat transfer coedfition different machine sizes,
topologies and operating conditions. These incktdéor disk radius, magnet groove
depth, number of magnets, rotational speed etceSins costly, time consuming and

complex to design and construct a test rig whidbwal investigations on different
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1.3. CFD Validation 7

machine parameters, the parametric investigaticere wonducted numerically using
the CFD modelling technique. However, the numergalutions predicted by the
commercially available CFD solvers are stronglyuehced by the mesh quality, the
solver equations, turbulence models and the boyndawnditions applied.

Furthermore, these influences vary with differerddelling applications. Therefore,
before applying empirical formulae derived from ffaametric studies derived from
CFD, it is paramount to validate the CFD modelshwite results obtained from the
experiments, to determine the compatibility of thesh quality, solvers equations,

turbulence models and boundary conditions of thB @fodels.

A large scale low speed AFPM test rig was desigaed constructed to perform
surface convection heat transfer coefficient mesmsents for CFD validation. The
AFPM test rig is scaled up four times from the ovay Durham 1.5kW Torus AFPM
generator, to allow higher resolution heat flux @aechperature measurements inside
the air gaps. Additionally, the test rig was madéerspex, reducing both the weight
and cost of the test rig. The experimental resuftained from the large scale, low
speed test rig were compared with the numericallteobtained from both the
lumped parameter and CFD models. The discrepangiese identified and

investigated.

1.4. Thesis Overview

The primary motivation of this research is to depeh fast and high accuracy thermal
modelling tool, specifically for axial flux permamemagnet generators. Ideally, this
thermal modelling tool would replace CFD analysis,the product rapid design
process. The developed thermal modelling tool neethge principles of the lumped
parameter model and thermal equivalent circuitdestruct a generic thermal model,
which can be used to perform thermal analysisafaride range of AFPM generator
topologies and sizes. Both CFD modelling and expents were conducted to
validate the temperatures and heat fluxes predizyatie new thermal modelling tool.
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This thesis consists of seven chapters, and a synohia@ach chapter is shown as

below:

1.4.1.Chapter 1: Introduction

The thesis begins with an introductory chapter, ciwhiprovides background
information for axial flux electrical machines, thel modelling tools and
experimental techniques for CFD validation. Firsthis chapter gives a brief history
of the developments of axial and radial flux maekirand discusses the major
distinctions and advantages of the axial flux peremt magnet generators over the
conventional radial flux machines. Several axiakfinachines designs are introduced
and the machine configurations were demonstratacts dhapter also highlights the
necessity of performing thermal modelling in theoddical machine design process.
Several numerical modelling methods are discussedtlae basic principles of the
lumped parameter thermal equivalent circuit areusifated. CFD validation
experiments are discussed at the end of the faadter and descriptions of the large

scale low speed Perspex test rig are provided.

1.4.2 Chapter 2: Literature Review

The second chapter reviews the literature whickelsvant to the numerical thermal
modelling tools, stator winding thermal resistamsedelling and the heat transfer
coefficient measuring techniques. The first sectaescribes previous research
relevant to using the CFD modelling tool to simeldhe physical and thermal
processes in the systems of interest and the Clidcaéons and validations. CFD
modelling guidelines and recommendations for turdcimmery applications are
guoted in this section. This section also illugsathe research which has been
conducted for the development of lumped paramétemial equivalent circuits for
electrical machines and highlights the necessityd@feloping convective thermal

circuits for modelling of convection heat transfeaxial flux machines.
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1.4. Thesis Overview 9

The second section illustrates the developmentheiftal resistances of two-phase
mixtures. Both experimental and analytical resesschdentifying the thermal
resistance of two-phase mixtures found are discusseletails. Subsequently, these
works are compared with the empirical equationsst#tor winding based on
experimentation and concludes that the developrokrt new analytical model of

stator winding thermal resistance modelling is ssaey.

Finally, this chapter summarises the commonly u§eopular) convection heat
transfer coefficient measurement techniques, inectudirect (steady state) measuring
methods, indirect (transient) measuring methods taedNaphthalene sublimation
mass transfer measuring method. The basic principtEuracy, experimental
uncertainty and calibration method of each meagunrethod are discussed and

consequently the most suitable heat transfer miggsorethod is suggested.
1.4.3.Chapter 3: 2D Lumped Parameter Model

This chapter begins by illustrating the basic tlyebehind the one-dimensional
lumped parameter thermal equivalent circuit forcegleal machines and stating the
definitions of the thermal resistances and capao#s used in the thermal equivalent
circuits. The chapter then describes the constmaif a two-dimensional conductive
thermal circuit of the AFPM machines, which is dalpaof modelling the conduction
heat transfer in the radial and axial directions.flrther improve the accuracy of the
lumped parameter model, the implementation of tBbecBnvective thermal circuit
into the existing 2D conduction circuit is demoagtd. Two distinctive convective

thermal circuit algorithms are developed, companed validated using CFD models.

Two case studies are designed to verify the acguea compatibility of the
proposed 2D lumped parameter thermal circuit. Tis¢ ¢ase study is conducted on a
flow in a heated pipe. It is designed to invesegtte accuracy of the 2D lumped
parameter thermal circuit at different flow conaiits and to obtain the optimal
discretisation level for the simple pipe flow systelhe second case study describes
the construction of the 2D lumped parameter theroieduit of the simplified
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1.4. Thesis Overview 10

axisymmetric AFPM machines. The primary motivatioh this case study is to
compare the temperatures predicted from the 2D éahyparameter thermal circuit
with the CFD models. Finally, the temperature dipancies between the two
modelling methods are identified and discussed.

1.4.4 Chapter 4: Stator Winding Thermal Modelling

Two stator winding radial thermal resistance anedyt modelling methods are
discussed in chapter 4, which are the simple cdricemodel (SCM) and the
concentric circle layer model (CLM). SCM simplifiise stator winding by lumping
all the copper conductors into a solid cylinder #mel remaining winding filling into

an annulus surrounding the conductor solid cylindBy applying the one-

dimensional Fouriers heat conduction different@hation in the radial direction and
taking the integral of it in the circumferentialrektion, the stator winding radial
thermal resistance is deduced.

When current passes through the stator winding,ctgper conductors inside the
stator winding are heated due to joule heatings8agbently, these copper conductors
become independent heat sources and dissipatéohatstator winding. To take into
account the distributions and positions of theskependent heat sources inside the
stator winding, the CLM is developed. CLM lumps tt@pper conductors and the
winding filling of the stator winding and dividetidm into layers of alternative
concentric annuli. Each of the concentric annulisrapresented by the annulus
conductive thermal circuit. The total equivalenerthal resistance of the stator
winding is calculated by summing the total the temagure difference across all the
annulus conductive thermal circuits in the statordwg, and dividing it with the total
heat generated from the conductors.

Both of these stator winding radial resistance yital methods (SCM and CLM) are
validated by numerical and experimental resultsliped by previous researchers.
Finally, a 2D CFD model of the stator winding isnstructed and simulated using
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FLUENT, to verify the temperature variations in tredial direction of the stator

winding predicted from the CLM analytical method.

1.4.5.Chapter 5: The Construction of a 2D Generic Lumipachmeter

model of Axial Flux Permanent Magnet Generators

This chapter begins by identifying the distinctidretween specific lumped parameter
models and generic lumped parameter models. Aadattion to the generic lumped
parameter model is given and it highlights the ingoace of developing the generic
lumped parameter in electrical machine thermal rlioge Subsequently, the
derivations of the dimensionless thermal resistancapacitances and heat sources
used in the generic lumped parameter model arstridited. The second section of
chapter 5 demonstrates the construction of a 2@rgefumped parameter model for
axial flux permanent magnet generators, by using dleveloped dimensionless
thermal impedances and capacitances. A sophidicaser interface for the 2D
generic lumped parameter model is developed byrporating two independent
pieces of software, Microsoft Excel and Portunossimplify the thermal modelling
process of the axial flux machines. A Visual Basiacro script is written to control
the information exchange between the two independesgrams. The details and
definition of the geometric parameters and modelabées used in the interface and

generic model are defined in the third sectionrapter 5.

The 2D generic lumped parameter model for AFPM gapes is validated in the
forth section. This case study validates the safid fluid temperatures predicted by
the generic lumped parameter model with the nurakresults simulated by CFD.
Furthermore, the transient boundary conditions specified for both modelling
methods and the discrepancies are identified asdusgsed. Finally, the generic
thermal model of water-cooled totally enclosed bariachines is proposed. Since the
cooling in water-cooled machines is dominated &y whater jacket inside the stator
core, the air convection heat transfer modellingaglected. The proposed model is

examined with transient boundary conditions, siekemperature dependent resistive
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heat losses, time dependent electrical loadingveatdr pump loading. No validation

is conducted for the water-cool machines genergled parameter model.

1.4.6.Chapter 6: Experimental Validation of the LumpedaPaeter
Thermal Modelling Technique: Single-sided Slottedah Flux
Permanent Magnet Generator.

This chapter illustrates the experimental validatiof the developed 2D lumped
parameter thermal equivalent circuit of a singiesislotted axial flux permanent
magnet generator. Firstly, the construction of ttiermal circuit of the single-sided
slotted AFPM generator is demonstrated, followed thg construction of 2D

axisymmetric CFD models of the corresponding maehifihe convection heat
transfer empirical models of the simple flat ratgtidisk system developed by past

researchers are used in the construction of 2D éahparameter thermal circuit.

To validate the numerical results predicted fronthblmmped parameter and CFD
models, a test rig of the simplified single-sidéatted axial flux machine is designed
and constructed. The details of the test rig deamgnillustrated in the fourth section
of Chapter 6. The experimental measuring technifprethe apparatus and its
temperature, heat flux and air mass flow rate maaguechniques are discussed,
including the equipment uncertainty, calibrationchieiques, procedures and
correction factors. The results obtained from tkpeeiments are compared with the

lumped parameter and CFD numerical solutions.

Finally, additional experimental investigations acenducted to examine the
compatibility of the 2D LPM thermal circuit for germing thermal modelling on the
3D models. Six additional Perspex sectors arelathon the rotor disk of the test rig
and heat transfer experiments are carried out.ekperimental results obtained from
the modified test rig are compared with the nunaresults obtained from the 3D
CFD model and the 2D generic LPM thermal circuMsdifications are suggested to

the original 2-D LPM thermal circuit model to simatg 3-D heat flow system.
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1.4.7 Chapter 7: Experimental Validation of the CFD Maitgl Method:
Large Scale Low Speed Test Rig

The last major chapter of the thesis describesettperimental validation of the
lumped parameter thermal model of the large saale dpeed test rig. Firstly, the
topology of the large scale low speed test rig tloe heat transfer coefficient
measurement is illustrated, followed by the dimenal analysis of the test rig
conducted prior to its construction. The rig scheenglan and corresponding

experimental equipment configurations are also show

Before conducting the heat transfer coefficient sneaments, all the measuring
equipment is examined and re-calibrated. The exygral procedures are described
in section 4 and section 5. Section 6 disclosestin@ective heat transfer coefficients
measured from the large scale low speed test iigg @xperimental results are
compared with the numerical results predicted frdtme 3D CFD model. The
discrepancies between the experimental and 3D GKercal results are identified
and discussed. Extra experiments are conductedetidy vthe effect of natural

convection on the machines cooling.

The final section describes the modification of tibkally enclosed axial flux machine,
by embracing a Perspex cylinder casing aroundhe $tator surface heat transfer
coefficients are measured and compared with thesunements taken from the open

channel axial flux machine. The differences areniified and the results are

discussed.
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Chapter 2

Literature Review

This chapter describes the literature relevanhitogtudy. This chapter consists of two
major sections. The first section discovers andcudises the various thermal
modelling methods which have been developed andlighai, including
computational fluid dynamics techniques, lumpedapeeter thermal modelling
techniques and winding bundle thermal resistancdetting. The second part of the
chapter investigates experimental measuring tecdlesidor surface temperature, heat
transfer coefficient, surface heat flux and air snhew rate. Each of the experimental
measuring techniques is discussed and evaluateddetatify the most suitable
experimental method, to give the most accurate rexpatal results, within the

provided time and research budget.

2.1. Thermal Modelling Methods

During the last three decades, computer simulat@fnphysical and thermal flow
processes have been used widely in scientific reseanalysis, and design of
engineered systems. There are several generalgaugztvanced computational fluid
dynamic (CFD) codes, e.g. ANSYS CFX and FLUENT,tthae commercially
available. These CFD packages use the most up teo stdution technology and
extremely efficient parallelization algorithms terform 2D and 3D mass transfer and

thermal modeling of internal and external flow gyss.
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2.1. Thermal Modelling Methods 15

As compared with experimental investigation, CF3duhresearch is more robust,
economical, less time consuming and safer. Thezefthis new trend towards
modelling, and simulation-based design methodofogse increasingly driven by
manufacturing industries, for example: aerospa¢g¢5[2 automobile [6]-[8], power
generation systems [9]-[11], and consumer prodswty as vacuum cleaners [12] and
baking ovens [13], which require intensive reseamct high cost testing to improve
their products competitiveness in the market. Farrtiore, CFD is a good option to
provide preliminary predictions for several higbkriand hazardous systems that
cannot ever be tested experimentally, such as dkastrophic failure of a nuclear
power [14]-[15], global weather prediction [16]-]1And explosions [18]-[19]. CFD
simulations are also used for environmental presist e.g. upland urban river
modeling [20], pollution [21] and nuclear-wasteptisal [22] for the development of

public policies, safety procedures and legal litieg.

However, the numerical results predicted by CFD highly dependent on the
mesh/grid quality, the flow and turbulence modedsd the applied boundary
conditions. Several publications [23]-[25] providaidelines for CFD modelling of
turbomachinery applications, for which a rotatingahine may be regarded as a
simple turbomachinery system. It is suggested lteathedral structure mesh, which
has superior accuracy, is the most appropriate imgsscheme for stator-rotor
internal flow systems [23]. Also, the hexahedralshieg scheme has better control
over the boundary layer mesh at the near-wall regidhe model near wall mesh
quality is justified by two governing quantitiediet dimensional wall distance™Y

value and the aspect ratio. Thé dan be defined as:

L _u*y
Y (2.2)
ur= [T 2.2
p 2.2)

where,u* is the friction velocity at the nearest wallis the distance between the wall
and first grid pointy is the local kinematic viscosity of the fluid anglis the shear
stress on the wall. Vis also used in the boundary layer theory in dedinthe law of
wall. Y is particularly crucial in modeling large gradiemion. Y of 30-200 is
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2.1. Thermal Modelling Methods 16

suitable for high Reynolds flow with standard whlhctions; where as for a low
Reynolds flow condition, enhanced wall treatmenteasommended. For enhanced
wall treatment, Y should not be more than 5 [24]. The aspect ratiefined as the
ratio of the length of the mesh element edges. Fped ratio of the mesh element is

suggested to keep below 4 by general rules of thumb

The irregular, randomly fluctuating velocity fielda the fluid flow system are
governed by time and ensemble average equationvdath are known as turbulence
models [25]. Examples are the Spalart-Allmaras rhokle models, ke» models,
Reynolds stress model (RSM) and Large eddy sinmmathodel (LES). These
turbulence models were developed individually todelodifferent kinds of flow
pattern and physics encompassed in the fluid flgatesns. The Spalart-Allmaras
model is a relatively simple one-equation turbuéemoodel, which was designed
specifically for aerospace and turbomachinery apgithbns involving wall-bounded
flows with adverse pressure gradients. However,3palart-Allmaras model is still
relatively new and no claim is made regarding usadility to all types of complex
engineering flow. For instance, it failed to predibe decay of homogeneous,

isotropic turbulence and is unable to rapidly acemdate changes in length scale.

In LES, large eddies in the turbulent flows are he=w directly with filtered Navier-
Stokes equations, while small eddies are modelledh lsubgrid-scale turbulence
model. Eddy modelling is time-dependent and resgltie large eddies requires long
flow time to obtain stable statistics of the flowherefore, the computational cost
involved with LES is normally orders of magnitudegher than that for other
turbulence models, in terms of memory (RAM) and Ci#ue. High-performance

computing is a necessity for LES and only suitabtarfdustrial applications.

The RSM resolves the turbulent effects in the flomsblving transport equations for
the Reynolds stresses, together with an equationthfe dissipation rate, which

requires seven equations for in 2D flows and nogaéons are required for 3D flows.
RSM takes into account most of the effect of défdrflow types, such as the effects
of streamline curvature, swirl, rotation and rapiidhnges in strain rate in the flows. It

is also useful for flow features of anisotropy imyRolds stresses. Examples are
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cyclone flows, highly swirling flows in combustorstating flow passages and stress-

induced secondary flows in ducts.

The standardt-¢ and ke» models are the most commonly used turbulence raahled
to their robustness, economy and reasonable agctma@ wide range of turbulent
flows. Two equations are solved in these modelslimwaturbulent velocity and
length scales to be determined independently. Taedatdk-¢ model is a semi-
empirical model based on model transport equationturbulence kinetic energk)(
and its dissipation rate)( The model transport equation feris derived from the
exact equation while the model transport equatmmefis obtained using physical
reasoning and bears little resemblance to its madhieally exact counterpart. The
standardk-¢ model is only valid only for fully turbulent flows

The standard ks model is an empirical model based on model tramsgmuations for
the turbulence kinetic energy (k) and the spediigsipation rate ). The model
incorporates for low-Reynolds number effects, campibility and shear flow
spreading in the flow modelling. As theckmodel has been modified over the years,
several production terms have been added to bettexisting k and» equations,
which have improved the accuracy of the model f@djting free shear turbulent

flows.

However, no single turbulence model is universatigepted as being the superior for
all classes of problems. The choice of turbulencelehdepends on the fluid flow
physics, established practices for specific clasédhiid flow, the level of accuracy
and available computational resources and timetnt In this research, three
turbulence models, which ates, k- and RSM models were used and compared
with the experimental results. The results show kkaturbulence model is the most
suitable one for 3-D axial flux machines modelling.

The computational simulation results are stronglluenced by the mesh sizes, the
turbulence flow models and the boundary conditiapplied. The primary means to
assess the accuracy and reliability of the comjmutak simulations is by verification

and validation against other trusted models or exmmtation. The process of
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2.1. Thermal Modelling Methods 18

assessing the magnitude of the numerical erroid,tla@ uncertainty in those error
estimations is defined as CFD verification. In CKe&rification, the accuracy of a
computational solution is primarily measured refatio two types of highly accurate
solutions: analytical solutions and highly accunatenerical solutions. It is assessed
by conducting iterative and parametric convergestadies by using multiple
solutions with systematic parameter refinemengdtimate the numerical errors and
uncertainties [26-28]. On the other hand, the fumelstal strategy of CFD validation
is to assess the accuracy of the computationalltseday using benchmark
experimental data, with quantified error and uraiaty estimates for both. A set of
guidelines was proposed by William et al. [26] fdesigning and conducting
validation experiments. New experimental proceduvesye suggested [26] for
estimating experimental uncertainty, which have nb@eoven more effective at
estimating random and correlated bias errors thadtitional experimental methods.
Extensive research on validating self-developed emwimercially available CFD
codes has been conducted, e.g. [26-32] and mosaradeers claimed that the CFD
numerical results show good agreement with expeariatelata, except for Casey [29],
who claimed that, the most recent advanced turlbelemodels were not yet
satisfactory for predicting the detail of unsteatilybulent flows that occur in

extremely complex turbomachinery flows.

The CFD modelling technique has been used extegysivgl electrical machine
manufacturers to perform the thermal analyses @ftetal machines [30], cooling
and air ventilation modelling [31], and the thernmadanagements of AC electrical
motors [32]. However, this sophisticated CFD madgllinvolves complicated and
time consuming processes, including geometricalhimgsand iterative calculation
processes. Depending on the application, someeotdmplex models may take up to
several months, to obtain accurate numerical swlatiThis makes it very difficult to
use the CFD techniques to perform machine rapidmigdtion analyses and

parametric studies.

A feasible alternative to CFD modelling of the thet state of electrical machines is
the application of the advanced lumped parametetein@PM) method. Instead of

solving the heat conduction (Fourier) and convechieat transfer (Newton) equations
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analytically to simulate the fluid temperature dimition inside the generators [33],
the LPM approach described in [34-35], splits tleeteical machines into a number
of lumped components (or control volumes), whioh @nnected to each other in the
calculation scheme through thermal impedances o thermal equivalent circuits.
The temperature distributions inside the generatansbe predicted by solving these
thermal equivalent circuits. Several researchenge heonstructed and tested the
thermal equivalent circuits of induction motors J3adial flux generators [37-38]
and stationary axial flux generators [39]. They doded that the results of lumped
parameter thermal equivalent circuit modelling dre good agreement with
experimental data. Similar researches were conduocte radial flux electrical
machines [40-43] but using a commercially availab®M thermal modelling tool,
namely Motor-CAD [44].

However, one of the shortcomings of the LPM metbaigbloyed in the previous work
[34-43] & [45] is that the variation of the fluiginperature was neglected. For axial
flux permanent magnet (AFPM) machines, which tyiychave narrow and long
flow passages and relatively high air mass flow,rtte fluid temperature variation in
the air gap has a substantial influence on tharthkestate of the solid components.
Lim et al. [46] proposed another technique of constructing theeerequivalent
thermal circuit of AFPM generators, which take®iatcount the temperature change
in the air flow. The proposed generic equivalentritad circuit is able to model the
heat flow paths in the axial and radial directiomshe electrical machines. The heat
flow path in the circumferential direction is relaly small as compared to the other
two directions, and hence it was usually negle¢dgdl Mellor [47] implemented the
cylindrical conductive thermal circuit to model tieenduction heat transfer in the

solid components of electrical machines in bothalaahd axial directions.

For convective heat transfer modelling in electriceachines, convective thermal
circuits were proposed [46]. Lim et al. [46] alsaggested that that the accurate
determination of the convective heat transfer c¢oefiits at the machine surfaces is
essential for obtaining reliable simulation resuitsm the 2D lumped parameter
thermal equivalent circuit. Convection heat trangfieseveral complex flow regimes

! Reference [45] is prepared by the thesis author
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was investigated [48-53], however no suitable datien was found for the
application of 2D LPM thermal circuits of AFPM mawks. Furthermore, all the
surface heat transfer correlations examined ing3Buse the ambient temperature as
the reference temperature. In order to be appkcabthe convective thermal circuit,
correlations of surface heat transfer coefficiehiclw are based on the local bulk air
temperature are needed. Parametric studies obthective heat transfer coefficients
for AFPM generators were conducted by Airoldi [5%he author applied a factorial
design method [55-56], by performing CFD simulasoon various sizes and
geometries of AFPM generator, to develop empirfoainulae that relate the local
convective heat transfer coefficients with the niaehgeometrical parameters. The
research presented in this thesis was performedaictively with Airoldi to obtain the
convective heat transfer empirical formulae, whioetm be applied to the developed
LPM thermal equivalent circuit. Experimental rigsreseonstructed and heat transfer
coefficient measurements were carried out to vididae developed heat transfer

coefficient empirical formulae.

2.2. Stator winding thermal resistance modelling

Hot spots in electrical machines usually take placthe stator windings, due to the
resistive joule losses generated in the copper wdnds and the low thermal
conductivity of the winding filling and insulatiomherefore, to construct a complete
2-D equivalent LPM thermal circuit for AFPM mach#eit is paramount to
understand the thermal properties of the statodwi and to represent the stator
windings with appropriate thermal resistances amghcitances. The stator winding,
which consists of a bundle of copper wire condwctnd winding filler, has similar
thermal properties to a two-phase mixture. A twasg#h mixture is defined as two
different substances, which consist of the contisuphase and discontinuous phase,
which are mixed together but are not combined cbalhyi for example. reinforced
concrete (mixture of cement and steel bars), efilxxg glass etc. Maxwell57], who
pioneered the study of material thermal condugtiuiterived an equation to predict

the thermal conductivity of two-phase mixtures be basis of potential theory. Since
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then, a number of studies, for example [58]-[67teveonducted to develop analytical
and numerical techniques for predicting the thersmiductivity of heterogeneous
systems for specific materials and products. Famgxe, Nieberlein [68] proposed a
model based on patrticle to particle heat transfesvialuate the thermal conductivity
for epoxy-aluminum powder mixture. However, no gahequation for calculating

the thermal conductivity of two-phase materials wlasived, until Tsao [69]. Tsao
implemented the mean and standard deviation to Imtbhde distributions of the

discontinuous phase in the continuous phase mixameé hence derived a semi-
empirical equation for thermal conductivity predct of two-phase mixtures. Cheng
and Vachon [70] further improved Tsaos equationagsuming parabolic distribution
correlations of the discontinuous phase in the inaous phase mixtures, to
circumvent the necessity of experimentally detemgimrmean and standard deviation

in the semi empirical equations.

Nevertheless, all of these studies [57-70] assuthatlthe two-phase mixtures are
thermally isotropic and the heat only travels ire @irection. The equivalent thermal
conductivity of the stator winding, which has sigrant different thermal
conductivities in the axial and radial directiomsn not be calculated with those
derived equations. Bousbane [71] and Mellor [4Plesated the heat flow in the stator
windings into two directions, which are the axiabdaradial directions, and modelled
them individually. In the axial direction, sinceetithermal conductivity of the
conductor is a lot higher than the thermal conditgtiof the winding filler, the
equivalent thermal conductivity in the axial diieat of the stator winding was
assumed to be equal to the thermal conductivitthefcopper conductor, where the
effect of the winding filler was neglected; In thedial direction, the stator winding
was assumed as a homogenous solid which has aaheomductivity ofFy times
that of the winding filling alond=y, is determined from experimental curves produced
by Generic Electric [72], by estimating the percgetaf conductor by volume in the

stator excluding any winding filler regions.

This study extends Mellor's model [47] and circumigenthe necessity of
experimentally determining the stator winding ra&dtaermal resistances. An

analytical equation, which is a function of the doator diameter, packing ratio,
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conductor length and thermal conductivities of ¢tbaductor and winding filling, was
derived to estimate the radial thermal resistaridbe stator windings. Furthermore,
the radial thermal resistance equation was improteethke into account the resistive
Joule loss in the stator winding conductors. Wheewtac current passes through the
conductor, the conductor transforms into an indigicheat source distributing heat in
the stator winding. Since the distribution of heatirces in the stator winding has a
significant effect on the thermal state of themtatinding, another analytical model
was developed, incorporating the radial distanceawh heat source, to evaluate the
equivalent radial thermal resistance of the statemdings. The radial thermal
resistances calculated from the improved algorithere verified with the results

obtained from CFD models.

2.3. Reviews of Convection Heat Transfer Measurements

A convection heat transfer measuring experimentetpuired to obtain the local

surface heat transfer coefficients in AFPM machines validate the numerical

solutions predicted by CFD models. However, theraa instant device that can be
used to measure energy and hence heat or heatiflestly. All of the heat flux

experiments conducted by previous researchers 1&¢.28] were measuring the
effect of heat transferred via a medium, or by spéemissions. Childs et al. [73] and
Rohsenow et al. [74] reviewed the available expental techniques for heat transfer
measurement, including: direct (or steady statepsumeng methods, indirect (or
transient) measuring methods and heat-mass analegguring methods. The authors
concluded that there is no one method is suitablalltapplications because of the
differing consideration of accuracy, sensitivityzes cost and robustness. All the
available heat transfer measuring methods werewad, and the feasibility of each
measuring method was evaluated for the AFPM madieae transfer measurements.

2.3.1.Direct Heat Transfer Measuring Method: Heat Flursse
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Direct heat transfer measuring methods involveniieasurement of the local surface
heat transfer in the steady state system. Oneeoinitst commonly used devices for
direct heat transfer measurement is the thin figatHlux sensor. Thin film heat flux
sensors measure the temperature differences betweenr several location within a
thermal insulation material with known thermal pedpes, to determine the local heat
flux via Fourier's one dimensional law of conducti@quation. The temperature
difference between the top and bottom of the inmralayer can be measured by
thermopiles formed by a number of thermocouple jons. This method was first
reported by Martinelli et al. [75] and more advahtieermopile design was presented
by Hartwig et al. [76].

The calibration of the heat flux sensor is essemtiarder to acquire accurate heat
flux measurements. When the heat flux sensor ixeaffto a solid surface, the
presence of the sensor disrupts the geometric ceurfaofile and the thermal
conditions due to the mismatch of thermal propsrtidanders [77] suggested that the
overall error due to surface profile disruptiontisee order of 10 per cent. The
modifications of thermal boundary conditions dudhte presence of heat flux sensor
were also described by Dunn et al. [78]. He hidiikgl the necessity to re-calibrate
the entire heat flux sensor with the similar bougdzonditions. The heat flux sensor
calibration can be carried out by mounting the semms a good thermal insulator
medium, with a known heat source at the other Elogvever, the calibration factor is
strongly influenced by the wind or moving fluid afeothe sensors. Danielsson [79]
found out that the influence of wind on the caltlma value is greatly reduced when
the sensor is attached to a surface with lowentaeconductivity. Alternatively, the
sensors can be calibrated against a well-definadestion correlation, such as for jet
impingement [80-81]. In this technique, the serisanounted on the surface, which
is exposed to a fluid jet of known geometry andvflconditions. Subsequently, the
electrical signal generated in the sensor is catidal by using the jet impingement

convection correlations developed.

2.3.2 Direct Heat Transfer Measuring Method: Gardon Gauge

Chin Hong LIM AR
PhD Thesis 2010 P Durham

School of Engineering and Computer Science University



2.3. A Review of Convection Heat Transfer Measurgsen 24

Another device that can be used to measure thelysteiate heat transfer is the
Gardon gauge [82-83]. The Gardon gauge comprisestbin disk, connecting to a
heat sink at its periphery edge (Fig. 2-1). As shé&face is heated (or cooled) by the
flow above it, the heat is conducted from disk adlglito the heat sink at the edge of
the disk. The Gardon gauge implements the principb, the instantaneous heat flux
is proportional to the electrical voltage betwelea tentre of the plate and the copper

heat sink, as shown in equation (2.3), to measwasurface heat fluxes.

_ ALKAT
- R (2.3)
WherelL = thickness of the thin-foil constantan disk, m,
k = Thermal conductivity, W/mK,
R = radius of the thin-foil constantan disk

D S
Thin-foil constantan disk
L v P

Air void

//g

opp ry/ Coppenheabtsink

Copper wires

Fig. 2-1. Gardon gauge geometry

However, Gardon gauges are only suitable for remfidteat transfer measurements.
Kuo et al. [84] confirmed that for systems, wherenwection heat transfer is
significant, large errors were found, due to then-naiformities in the foll
temperature. Hence, correction ratios were intreduisy Kuo et al. [84] to off-set
these experimental errors. Water-cooled Gardonegmugre introduced by the Vatell
Corporation to provide accurate heat flux readiimgEonduction and convection heat
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transfer measurements. However, the cost of thegerwooled Gardon gauges is
extremely high, and they are complex to use. Allsey are not suitable for rotating
surface measurements because of the complex watgripg and circulation systems
that are required for the water-cooled Gardon gauge

2.3.3.Direct heat transfer measuring method: Energy sugghnique

This technique measures surface convective heatféranoefficients by measuring
the temperature on one side of the solid surfat@evactively providing heat on the
other side of the solid. Heat transfer coefficientdefined by heat flux per unit
temperature increase. Hence, by controlling thetetepower supply of the heating
devices, and by measuring the surface temperatigesurface heat transfer can be
evaluated. Controlled heating of the solid surfae® be achieved by means of
electric heater strips, silicon heater mats or tpdncircuit boards [87], with the
integration of the feedback control circuits to ghewer supply. For most of the
applications, the front side of the heater dewscatiached on the solid surface by high
temperature resistance industrial glue or epoxinrashereas the back side of the
heater is thermally insulated by low thermal corihity materials, such as clear
plastic, or fibre glass.

The surface temperature on the other side of thed stin be measured by
commercially available thin film thermocouples, isé@nce temperature devices
(RTD), or thermal liquid crystal. However, due te tlow response time of the heater
and the thermal capacity of the solid subjects thethod is only suitable for steady
state heat transfer coefficient measurements [Hh errors may incur for transient

heat transfer measurements.

The energy supply heat transfer convection measuntet@ehnique has been used by
Rule et al. [85], Radhakrishnan et al. [86] and ldgwet al. [87]. Rule constructed a
microscale heater array comprising of 96 platinumayaheater elements having a
dimension of 2.7mm x 2.7mm, deposited on a quarbstsate to measure time and
space-resolved heat transfer in a boiling procEss.heaters were each controlled by
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a Wheatstone bridge circuit with op-amp feedbaakdigital potentiometer, allowing
heater temperature to be controlled. On the othedhHowey combined heat flux
measurement and temperature sensing into one stleylee, which is a printed
circuit board (PCB) with 14 concentric spiral shdm®pper heater elements. Since
the copper resistance varies with temperaturestiniace temperature was measured
directly by measuring the copper resistances onPiB. The PCB copper heater
elements were affixed to the stator surface oftar+stator disk system, to measure
the stator surface heat transfer coefficients antperature profiles.

2.3.4 Direct Heat Transfer Measuring Method: Refractiwddx Method

The local refractive index of transparent materialsch as Acrylic, varies with the
temperature gradient across the material. Henamdmsuring the refractive index of
the transparent material with the use of opticalhtéques, such as schlieren,
shadowgraph and interferometry, the heat flux acrtbee solid surface can be
evaluated. This method was reviewed by Goldsteirj [88detail. Owing to the

complexity of the optical measurement techniquiess, not applicable for measuring

surface heat transfer in narrow gaps and complemggries.

2.3.5.Transient (or indirect) heat transfer measurenestirtiques

Transient heat transfer techniques involve the nreasent of the rate of change of
temperature with time at a location near to or lwa durface of interest. The surface
heat flux is quantified by applying the appropritdgems of heat conduction and heat
balance equations with accurate knowledge of theemah properties. Several
temperature measuring devices, such as capacitahoemeters, thin film sensors,
thermal liquid crystal, and infra red camera, hbeen used to measure the transient
heat transfer coefficient based on this principle.

Capacitance calorimeters measure the instantarfemigtransfer rate into a surface,

by measuring the rate of change in thermal enefgyn@®lement embedded inside the
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solid surface. A typical capacitance calorimetenpdses of a cylindrical slab which
is thermally insulated from its surroundings (F&32). The cylindrical slab in the
middle of the capacitance calorimeter is usuallyafactured from high conductivity,
chemically stable metal, such as copper, aluminutmda or titanium insulation.
Thermocouples are attached to the bottom of thedwytal slab material and the heat
flux into the calorimeter is determined by the #decsignals obtained from the
thermocouples. When the capacitance calorimetéiréstly exposed to a convective
flow, the heat transfer coefficient can be detesdiby equation (2.4), provided the

thermal properties of the surface are known.

T-1, - (24)
T, - T, —e
WhereT,, = Cylindrical slab temperature at steady stéte,

To = Cylindrical slab temperature at initial stae,
t = Time,s
A = Surface areay’
m = Mass of the cylindrical slakg
Co = Specific heat capacity/(kg.K)
h = Heat transfer coefficienty/nfK

Cylindrical sl/ab of material

y
/x S //
R
Insulation Thermocouple

Fig. 2-2. Thermal capacitance calorimeter

Capacitance calorimeters are normally used fortanh®nergy input to the surface
and they are only applicable for short exposuresmesments: the duration is limited
by the time when the temperature of the cylindab gleaches its steady state. The
standard method for operating the capacitance insters, their design parameters
and their limitations are documented at ASTM E457&%. Owen [90] applied the
capacitance calorimeter method to determine theé tneasfer for a copper sphere
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experiencing condensation and evaporation. The mligsdvantage of this form of
device, particularly when measuring with large hibates, is the disruption to the
thermal boundary layer, due to the thermal discwrties introduced by the sensor
material boundaries. Also, it is impossible to et the heat losses through the

insulation layers.

Another transient heat transfer measurement iseaetli by measuring the one
dimensional thermal pulse penetration into the am@fof interest. Typically, the

applications of this form of heat flux measuremarg in short duration hypersonic
facilities [91] and blow down turbomachinery expeents [92]. In this transient state
experiment, only one parameter is measured, whithe surface temperature history,
to evaluate the experimental convection heat tearegfefficient, see equation (2.5)

(T(U;Tl)) =1-exp” erfd3),

(Ta ~ Tinita (2.5)
where 5 = it
e kK
Ts = Surface temperaturk,
Taw = Adiabatic wall temperatur&
p = Density of the solid surfackg/n?
k = Thermal conductivity of the solid surfadt/K

However, it is difficult to determine the wall sace heat transfer coefficient by
equation (2.5), since the local adiabatic wall terapures,T,,, in most of the

experiments are unknown. A new method of tempesatmta processing was
introduced by Wang [93] to evaluate both the tramisheat transfer coefficient and
the local adiabatic wall temperatures in the expents. In equation (2.5), the heat
transfer coefficienth, and wall adiabatic temperaturk,,, are related to the surface
temperature historyi(t). Hence, theoretically if the correct combinatsamface heat

transfer coefficient and wall adiabatic temperatanme applied into equation (2.5), the
surface temperature history predicted by equatibB)(would be the same as the
surface temperature history recorded from the eéxmats. Wang applied this
principle and introduced the minimal root mean sgquagression method to obtain
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the combination values of these two parametersrataly, by ultilising the full

surface temperature measured from the experiments.

Transient heat transfer experiments on a flat plaiag a propane air burner were
conducted by Talib [94], by using the regressionyammethod introduced by Wang
[93]. Furthermore, Talib investigated accuracy @ tbgression method with multiple
steps change in gas temperature. The experimestdtsshowed that, by increasing
the gas temperature step from one to four, the maxi experimental uncertainty has
reduced from 27% to 9%. This demonstrates that bylyeqm the multiple

temperature steps technique in the regression sisafgethod, it has potential to
reduce in the experimental uncertainties in measen¢ of surface heat transfer

coefficient and adiabatic wall temperature.

There are several techniques available to measerdethperature history on the
surface of interest. One of the most popular waysby using the thin-film
thermocouple. The thin-film thermocouple is phydicamall, of the order of one
micrometer thick, and it has minimal disruptiontb@ surface thermal boundary and
flow condition on top of the surface of interesn kddition, the thin-film
thermocouple has swift response to thermal comdititue to its low thermal
capacitance. Nevertheless, to evaluate the sunk@etransfer coefficients accurately
by the principles outlined in equation (2.5), metigproperties in terms of the product
of pcok of the solid surface and thin-film thermocouple aequired for the sensor
calibration process. Procedures for obtaining tteelpct of pck values of the thin-
film sensor were demonstrated by Doorly [95]. Thesgible experimental errors
associated with the effect of thin film thermocauph the transient heat transfer
coefficient measurement and its corresponding cbom ratios were documented by
Schultz et al. [96].

Alternatively, thermal liquid crystals (TLC) haveedbme increasingly popular for
surface temperature measuring experiments in tisé d@cade. Liquid crystal
molecular structure is intermediate between a aliys¢ solid and an isotropic liquid.
It possesses some of the mechanical propertiesigquiid and the optical properties of

crystalline solids. The cholesteric (or nematicustinre of liquid crystal is optically
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active and reacts to changes in temperature. Tla@glef the cholesteric structure of
liquid crystal can be found in [97]. Davenport [94}d Ireland et al. [99] are those
pioneers who started using thermal liquid crystar fsurface heat transfer
measurements on turbomachinery and aerodynamicapphs. The fundamentals of
liquid crystal measurements of heat transfer wekgewed by Jones et al. [97] and
Ireland et al. [100].

Transient heat transfer tests by using TLC offer dalverage data from a single test
and can produce high resolution data by using plaltharrow-band TLCs [101]. In
transient heat transfer experiments, the solidaserfcoated with TLC is typically
illuminated from a diffuse source and the reflediglt is monitored and recorded by
a colour CCD camera. It was shown by Camci etl&l2] and Akino et al. [103] that
hue component of the colour video signal from tHeC3 recorded during heat
transfer experiment can be accurately calibratedhéo surface temperature. Most
importantly, hue-temperature calibration is indegent of the strength of illumination
from the TLC. Wang [93] demonstrated a sophistitate&leo recoding system to
enable the complete continuous hue history recgrdduring heat transfer
experiments for transient surface heat transfefficamts evaluation. Later, Ling et
al. [104] claimed that hue-temperature calibratvees problematic due the camera
viewing angle, lighting and internal reflections.€eféfore, Ling concluded that the
temperature calibration by mean of colour intenstigetter for transient experiments.
Due to the robustness of TLC, it also was appliedaveral steady-state heat transfer
experiments by numerous researches, for examplerOatlal. [105], Cooper et al.
[106], Baughn et al.[107], Lucas et al.[108] anddsson et al. [109].

Harmand et al. [110] and Mori [111] introduced tiige of the infrared camera to
measure the surface temperature on a matt coatatngp disc, to evaluate the
convective heat transfer coefficients on the cqoesing surface of interest. All
materials continuously absorb and emit electromiégneaves by raising and
lowering their molecular energy levels (by heating cooling the substance).
Therefore, the infrared camera which measures ttensity and wavelengths of
emission from the surface of interest can be agpte determine the surface

temperatures. The merit of using the infrared canierigs capability to cover the
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complete surface, allowing global temperature iistrons to be found. Yet, the
optical access is essential. Special anti-reflectwated windows would be required
for taking infrared images inside the generatois Would be become an issue as the
maximum diameter of the anti-reflective coated wwwdhat can be manufactured is
limited to 300mm (quoted from Hawk IR Internatiomadl.).

Baugh et al. [112] conducted convective heat temsfoefficient measuring
experiments on a pin fin in a duct by using bothdteady and transient state methods.
They concluded that both the measuring methods cadpwell at stagnation
regimes. On the other hand, Critoph [113] useddldent heating method with liquid
crystal thermography to measure the local heastearcoefficient on the plate fins
used in the plate fin tube heat exchangers. Hemeldithat either steady state or
transient tests may be used to derive heat tramsfefficients, but they were not
comparable if the heat transfer coefficients calted were based on the inlet air
temperatures as the reference temperatures. Hatldi investigated the effect of
thermal boundary conditions on the transient hemtisfer measurements on a flat
plate. He found that the transient method produmead transfer coefficients that were
lower in uniform temperature boundary conditionsd digher in the uniform heat
flux boundary conditions then the steady state omaag methods, in the same flow
condition. These results indicated the importancéhefmal boundary conditions in

the transient heat transfer coefficient measurieghod.

2.3.6.Heat and Mass Transfers Measurements: Naphthalésigation
Methods (NSM)

In many heat transfer experiments, it is ofteniclift to measure high resolution local
heat transfer coefficients, especially when thepemature changes rapidly over small
regions resulting in large wall conduction err@asd on rotating or moving surfaces,
where bulky remote sensors are used. On the susfdaghly volatile materials, such

as Naphthalene, the surface heat transfer coeftidan be determined with good
confidence by measuring the mass transfer, vialadegeloped heat-mass analogy
[115-116]. The Naphthalene sublimation method (NSMkyks by measuring the
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naphthalene surface profile coated on the specirbgnssing a high precision linear
variation differential transformer (LVDT), before dnafter conducting the
experiments, to deduce the local heat transferficasfts. Also, the NSM has been
used, by several researchers [117-122] to measagal Isurface heat transfer
coefficients on moving parts such as rotating diskdinders, cavities and annular
fins, to circumvent the inherent problems of mamtey electrical connections

between fixed and rotating parts.

NSM is able to produce good experimental measursnenovided accurate values
of the Naphthalene properties are available to fy@ied into the heat and mass
analogy. The basic properties, such as the densitljeosolid, saturated vaporized
pressure, mass diffusion coefficient in air etcrevearefully measured and quantified
by Kudchadker et al. [123] and Dean [124]. The &acy of the heat transfer
coefficient evaluated from NSM is governed by tleathand mass transfer analogy,
and the corresponding thermal boundary conditidhs. basic heat and mass transfer
analogy is the Colburn (Sc/Prianalogy (equation (2.6)) and its fundamental
principles were described in detail by Eckert [14Bf Eckert et al. [116]. However,
Lewis [125] showed that the mass and heat trarcgfefficient can be related more
accurately using a stricter treatment rather thansimple Colburn (Sc/Prianalogy.
Lewis demonstrated a new analogy expression derfvech universal velocity
profiles in a turbulent boundary layer. For floweowa flat plate, von Karman [126]
has given the analytical correlation of equation7)2and Petukhov [127] has
presented a theoretically based correlation, egugi2.8), for a smooth tube wall.
Nevertheless, these analogies were derived for fonlisothermal and adiabatic wall

boundary conditions.
Colburn (Sc/Pf)heat and mass transfer analogy,
Nu_ (EJ
Sh \Sc (2.6)

For Flow over a flat plate by von Karman [126],
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_ 16(InRe)
1+ 1265In Re) *°[5Pr+5In(5Pr+1) - 14] 2.7)

For Flow over a smooth tube wall by Petukhov [127],

[2236In(Re) - 4639
18 > (2.8)
(11_7 + ﬁj{Pr 1]

2236In(Re) - 4639

St=

1+ 2732236In(Re)- 4639~ +

The heat transfer coefficients obtained from NSMtane-averaged values. The heat
transfer measured includes the transient effectekample, before the experiment
reaches its steady state. Therefore, NSM resultsgim experimental errors for low-
velocity flow, for which the run times exceed twouns [128]. Also, due to the
saturated naphthalene vapor pressure, the technggueghly sensitive to fluid
temperature variations and the aerodynamic andowsscheating effect in high
velocity flows. Therefore, NSM is not recommendeduee for flow velocity higher
than 30m/s [128]. NSM was reviewed in detail by d@&tein [128]. The author
claimed that the NSM experimental uncertainty withi95% confidence interval was

7% and it was mainly due to the use of inaccurapHhthalene properties.

2.3.7.Conclusions

Three distinct types of heat transfer coefficienaswging method were reviewed in
this section, which are the direct steady statehotktthe indirect transient method
and the heat-mass transfer analogy method. Duexperienental and financial
limitations, the heat transfer measurement tecleniglmich was implemented for this
research was the thin-film heat flux sensor disgetdy state method. Through-bore
slip rings were used to obtain temperature and fi@atmeasurements on rotating
surfaces. To eliminate the high frequency noise exusy the slip rings, signal
amplification circuits were implemented (see seatia3).
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Chapter 3

2-D lumped parameter model

3.1. Introduction

Extensive computational fluid dynamics (CFD) codagehbeen developed in the past
few decades to estimate velocity field, temperatur@ heat transfer in both external
and internal flows. However, those CFD codes comsargreat deal of computational
resources and time to obtain reasonably accurdigists. In this chapter, an
advanced lumped parameter model is developed fa 8ux permanent magnet
(AFPM) generators, which is capable of reducing tioenerical calculation effort
necessary for CFD in machine design from days nmitwutes. Ideally, the developed
lumped parameter model will replace the general €BBe in the AFPM machine

design process.

The lumped parameter technique models the procelsatftransfer in an electrical
machine by constructing an equivalent thermal dircilectrical machines are
subdivided into basic elements and each basic eleimedentified by a node in the
equivalent thermal circuit. By knowing the therrpabperties of the materials used in
the electrical machine, the corresponding thermmdeidances, thermal capacitances
and heat sources of each machine component caaltdated and applied into the

equivalent thermal circuit, to predict the air aswdface temperature rises in the real
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electrical machine. Additionally, those thermal edpnces are derived from entirely
dimensional information of the electrical machindence, the same thermal
equivalent thermal network can be easily adaptedh ttange of machine sizes,
boundary conditions and configurations.

3.2. Theory

The lumped parameter model works by transforminghieat flow paths in the real
electrical machine into a thermal equivalent circlihe thermal equivalent circuit is
fundamentally an analogy of an electrical circintwhich Heat,q (W) is analogous
to Current,| (Amps) Temperature difference4T (K), is analogous to voltage
difference, AV (v), and thermal resistancdy; (K/W), is analogous to electrical
resistanceR (Ohm) Those thermal resistances are defined differdatlgonduction,

convection and radiation.

For conduction, the thermal resistance dependshernthtermal conductivity of the
material k, the length|, and cross-sectional are, of the heat flow path and may be

expressed as:
Ak (3.1)

The thermal conductivity resistance calculated feaquation (3.1) is derived from the
one dimensional heat flow equation. It assumes tti@theat flow is uni-directional

and the thermal conductivity is constant all along the lendth

For convection, thermal resistances for forced ection are defined as:

_ 1
A Ah (3.2)

WhereA, is the surface area of convective heat transfevden two regions aniais
the convective heat transfer coefficient. The cetive heat transfer coefficient is a

function of the flow condition and geometries. Hend may change for different
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flow channels inside the machine. In particulag keat transfer coefficient for flow
across a flat plate can be expressed as:
_hX

f

\ (3.3)

= 0332Re!/* Pr'?

X

WhereX is the distance from the leading edge X#@ at the leading edgé; is the
fluid thermal conductivityRe is the flow Reynolds number at positidh andPr is

the flow’s Prandtl’'s number.

The thermal circuit for the steady state simulatonsists of thermal resistances and
heat sources connected between motor componens.nbde transient analysis, the
thermal capacitances are used in the thermal tirtmiaccount for the change of
internal energy in the various parts of the machwié time. The heat capacitance is
defined as:

C = pVc, =mc, (3.4)

Wherec, is the specific heat capacity of the matepiak the density, and andm are

the volume and mass of the material respectively.

Radiation heat transfer in the generator is gelyesatall and hence it is neglected in

this model.

Fig. 3-1(a) and 3-1(b) show a sectional view ofamal flux permanent magnet
generator (with slot-less stator) and its equiviale® thermal circuit, respectively. In
Fig. 3-1(a) the machine is subdivided into five ped components, which consists of
the stator, the winding, the air gap, the permangggnet and the rotor disks. These
five lumped components are interconnected withesponding thermal conductive
resistances Ry1-q4), convective resistance®.(..9 and capacitance). The heat
source termsPeddy Pwinding @NdPy, in Fig. 3-1(b), stand for eddy current losseshia t
stator, winding losses and losses in the magnspertively. By applying Kirchoff's
first law to the 5-node thermal network shown ig.R3-1(b), the steady state results

can be represented in a matrix equation form assh@low:
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[G']x[e]=[q] (35)

Where [q] is the power source vectolg] is the temperature vector and’] the

network admittance matrix which is formed by theerthal resistances and

capacitances.

Hence, the temperature at each of the node cabth@aed by inverting equation (3.5),
that is,

6l=[eT[c) @6)

Equation (3.6) is solved automatically by using anmercially available system
circuit solver, Portunus’. By constructing the thermal equivalent circuit thie
electrical machine and specifying the correspondimggnitude of each thermal
resistance inPortunus the network admittance matrix, [G’], of the mawhiis
constructed automatically and hence the temperatugach node is calculated. All of
the thermal circuits shown in this thesis were edliay usingPortunus

Coils Rotor Tamb
- . o - P N R
B /R Rl Lo M RO T,
P Py e [\ Pra[]] 6 |
core Peddy + |Rdi c6 Tpm IRc&
SEA, A A -
@ Rc2 c Rea ag r
QL]‘S [ S
P. Magnet -
g Air meTin
— - .
T T z@ """"" —  Stator CoreCoils Airgap P. MagnetRotor
(a) (b)

Fig. 3-1: Thermal resistance circuit of an AFPMhnstot-less stator.

This chapter describes and discusses the consinuctithe 2-D conductive thermal
network for the AFPM generator and how it is codp¥ath the convective thermal

circuits. The “2-D” in this study refers to the héaw in two directions, which are in

http://www.cedrat.com/en/software-solutions/portsuatm|
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the radial and axial directions. The heat flow ircemferential direction is ignored.
The effects of different levels of node discreimatare also investigated, to find the
best compromise between the simplicity of the maahel the accuracy required of the
simulations. Finally, several example cases arteededo validate the accuracy of
these lumped parameter models compared with expetahand conventional CFD

results.

3.3. 2-D Thermal Equivalent Circuit of AFPM Generator

The thermal circuit shown in Fig. 3-1 indicates-® thermal network of the AFPM
generator [35-37]. In the 1-D thermal circuit, theat fluxes in the generator are
assumed to travel in one direction only, i.e. Hfeates (in both the axial and radial
directions) generated from the stator are summedrepresented by one total heat
flux. Consequently, one mean temperature is usetepoesent the whole stator.
However, problems occur when predicting the highestface temperature for
laminated stators, which have different thermalduantivities in the axial and radial
directions. The mean temperature predicted in tBecircuit is far below the highest
temperature of the stator. Hence, it is necessalyak for a more sophisticated 2-D
thermal network to replace the existing 1-D thernetivork.

To generate a 2-D thermal equivalent circuit, tleeteécal machine is subdivided into
a number of annuli, as shown in Fig. 3-2. Bothdbaerator's windings and magnets
are simplified into annuli (instead of separatedudar arc sections). As a result, the
AFPM generators are axisymmetric and can be matielith a 2-D thermal network.
Several assumptions are made for modelling the ARiMerators with the 2-D
thermal network. These assumptions are:

» Slotted stator winding.

e The inter-magnet and inter-winding grooves aretiretly small compared

with the magnet and stator circumferential widths.

* The magnet and winding thickness are small reldt\sze of the air gap.
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For electrical machines with large inter-magnet arter-winding grooves, additional
cooling effects occur in the circumferential difent Since the 2-D thermal circuit
neglects the heat flow in circumferential directitime temperatures predicted on the
magnet and stator surfaces may have significantsrHowever, the model can be
improved by using the angle-weighted heat transtafficients on the magnet and
stator surfaces in the thermal equivalent cirdddhen the generator rotates, the heat
transfers on the magnet’s and stator’'s surfacesuiétie continuously and periodically,
like a Sinus wave. Therefore, by using the anglegiated heat transfer coefficient
average as a representation of the fluctuating tnaasfer coefficient on the magnet
and stator surfaces, the discrepancy due to thiéi@wd cooling effects on the inter-

magnet and inter-winding grooves can be minimised.

In general, the 2-D equivalent thermal circuit dfFFAM generators consists of two
sub-circuits, which are the conductive thermal wirand the convective thermal
circuit. Both sub-circuits are interconnected watlch other and work iteratively to
predict the air and solid surface temperaturebemtachines.

Stator Holder

il ' Stator — —
\\
: >
i y 'Winding
b T b
= 4
- -~ 4 ‘ ‘::’;’ Magnets —
: 7 \ , /' Axis of rotation
Rotor disk Y
e ;]_,\J _______
<
(a) (b)

Fig. 3-2. 3D (a) and 2D (b) views of an axisymme#axial flux permanent magnet
generator.

3.3.1.2-D Conductive Thermal Circuit
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In the 2-D conductive thermal network of an AFPMgetor, conductive heat in the
machine is assumed to travel in the axial and fatiiections only. The heat flow in
the circumferential direction is small and can leglacted. To obtain simple, but
physically significant expressions of the thermasdistances that describe the heat
conduction across the generator components, tlteviolg assumptions are made.

* Heat flows in the radial and axial directions aréapendent.

* A single mean temperature defines the heat flow bothe radial and axial

directions in the control volume.
* The thermal capacities and heat generations inctherol volumes are

uniformly distributed.

The 2-D conductive thermal network of the AFPM gat@r is built based on the
general annulus/ring component as shown in Figa3-For an annulus of length
with inner and outer radir; andr,, axial and radial thermal conductivities andk,
respectively and internal heat generation/lpg®r unit volume, it can be represented
by two separated, three terminal networks, whi@hthe axial terminal network (left
hand side of Fig. 3-3(b)) and the radial terminatwork (right hand side of Fig. 3-

3(b)).

T T3
Thermal
Capacitance
Ra1 . . Rr1
Axial thermal Radial thermal
) circuit circuit )
Axial central Radial
node central node
Ra2 Rr2
Internal power
generation
T2 T4
() (b)

Fig. 3-3. 2-D Thermal circuit of annulus solid.

In each network, two of the terminals represent sheface temperatures of the
annulus (for e.g. T1 is the temperature on the lasniont surfaceT2 is the annulus

back surface temperature etc), whereas the thineésents the central node (Fig. 3-3).
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The central node of each network would give thenrtemperature of the component
if there were no internal heat generation or thést@age. The superposition of the
two circuits at node J{, with the internal heat generation and thermalacapnce
requires the additional thermal resistafzggandR3. Details of the derivation dRys3
andR3 can be referred to Sectopm 5.2.1 or [35]. It cambticed that botR,3 and
R are negative resistance. Hence is shows that g rremperature of annulus is
lower than the temperature at the centre nodehefseparated radial and axial
thermal circuit alone, see equation (3.9) and (3.Ikhese values of the thermal
resistances in each network are derived directipnfthe independent solutions of the
heat conduction equation in the axial and radieddfions [35, 129]. These are given
in terms of the dimensions of the annulus and i&laand radial thermal
conductivitiesk,, k, by the following expressions:

L
Ral =
27‘ka(r12 - r22 j (37)
R = L
2=
& 27'.ka‘r12 - r22 j (38)
-L
R.~ =
2 67katl’12 - I’22 ) (39)

2r22In[r1j
S PP (3.10)
47K, L 2_r2

r (rl ry )

Ri1=

2r12In(rr1j
_ 2 3.11)
Rz = f f 1 (
47—ki’ L (I’lz - r22)
1 4|'12r22|n(:1j
_ - 2,2 2
Re=—"45> A Y (3.12)
8\ — " Ky n°-ra

By applying the annulus thermal circuit as the basicuit, with the corresponding

thermal resistances, the conductive circuit of fille generator was constructed, as
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illustrated in Fig. 3-4. Each generator componenteapresented with an annulus
conductive circuit, and is connected in such wat this physically connected in the
real machine. Thermal contact resistance, whickleBned in equation (3.13), is
introduced in between the two temperature terminélsach contact component, to
take into account the temperature drop on eaclacbimterface.

-1
AR (3.13)

WhereA: is the surface area of contact between two salithais the thermal contact

conductance coefficient.

The heat transfer between the air and the gensratonponents is usually dominated
by the convective heat transfer when the geneiatostating. To complete the 2-D

thermal circuit of the AFPM generator, a fluid flasrcuit is introduced to take into

account of the convective heat transfer betweerathand the solid components of
the generator. It is further discussed in the foillg section.

3.3.2.2-D Convective Thermal Circuit

Convective heat transfer describes the energyfeabgtween the solid surface and
the fluid moving over the surface. Normally, for kkimg fluid such as air, the
convective heat transfer dominates the heat trainstée electrical machine. Hence it
is important to develop a 2-D convective thermatwiit that works interactively with
the conductive circuit, to provide accurate tempeea prediction for rotating

electrical machines.

The 2-D convective thermal circuit works by tramgitng the energy balance
equation into the thermal network, to determine hiogvfluid temperature varies with
the distance travelled and to relate the total eotive heat transfer with the change
of fluid temperature. Two distinctive convectionahéransfer modelling methods are
discussed, which are the Temperature passing mefhiB) and Heat pick-up

method (HPM). TPM is developed by the author basedhe energy conservation
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equation whereas HPM is the convection heat tramstalelling method introduced
by previous researchers [130]. The nature and acguof these two modelling

methods are investigated and tested with caseestudi

3.3.2.1. Temperature Passing Method (TPM)

The TPM convective thermal circuit works by spfigi the air domain inside the
AFPM generator into a number of control volumes. &ynsidering the energy
balance equation, each of the air control volunees loe represented as a separate
thermal circuit. Fig. 3-4 shows an example of aenmal fluid flow in a pipe.

Assume that the air moves at constant flow rete from the inlet (at left hand side),

andis heated fronT;, to Toy: by the inner pipe wall.

rhCPTi“ meTout Radial
ﬁ —

qconvection

Tsurf AXlaI

Fig. 3-4. Control volume of an internal fluid flow a pipe.

By neglecting the heat transfer by conduction i dlxial direction, the heat transfer
from the inner pipe wall by convection, heats thadffrom T, to Toy, and can be
expressed as:

T +T _
qconvection = h'{Tsurf - (m—omjj = rnCP (Tout - Tin )

2 (3.14)

Assume that the temperature change across theflpipeils small, hence equation
(3.14) can be simplified to:
qconvection = hA(Tsurf _Tin ) = me(Tout _Tin) (315)
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Arranging equation (3.15), the fluid temperatureha outlet,Toy, can be written in

terms ofgconveciion With known boundary conditions ®f,, m andc,, at the inlet.

T

— qconvection
out — . +Tin

mC, (3.16)

From equation (3.16), in order to calculate thelatutemperatureloy, the exact
amount of convective heat transferred into thedflgionvecioniS required. Equation
(3.15) is rearranged as illustrated in equatiodqB.so that the air control volume
convection heat transfer can be represented am@esthermal circuit, as shown in
Fig. 3-5, wherel/hAis the convective thermal resistance. Hencegthgeciocan be
evaluated from the simple thermal circuit. By suitbihg thegeonvecionObtained from
the thermal circuit into equation (3.1d),,; can be predicted if both inlet temperature,

Tin and air specific heat capacityp, are known.

_ (Tsurf _Tin) (317)

qconvection - 1

Convection Resistance
Re

U= =

Inlet Temperature
Tin
Heat meter

Q) Goony

Surface
T Temperature
Tsurf

Once computed, the predictel,,; of the air control volume is passed to the

Fig. 3-5. Air control volume thermal circuit.

neighbouring air control volume. Similarly, the letittemperature in the second air
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control volume is predicted using its correspondetgiivalent convective thermal
circuit and equation (3.16). By using this procea8l, the air control volume
temperatures from the system inlet to the outletdetermined. The calculation is run

iteratively until the solution reaches convergence.

The accuracy of the convective equivalent thernralit depends on the assumption
made to derive equation (3.15), i.e. that the teatpee change between the inlet and
outlet is small. To improve the accuracy of thadlflow circuit, it is necessary to
discretise the air domain into finer control volsm® minimise the temperature
change across each one. Fig. 3-6(a) shows thelpipexample which is subdivided
into 3 control volumes and its corresponding egeiviaconvective circuit. Although
these control volumes are not physically connedtedhe equivalent convective
circuit, as illustrated in Fig. 3-6(b), they aregrammed in such way that the outlet
temperature of one control volume is carried fooviar the control volume next to it
as the inlet temperature for the next time stege Galculation is run for each time
step until the system reaches steady state.

Tin1 CVl Toun= Tinz Cv2 Toutz= Tinz CV3 Toutz
—_— — — —

Fig. 3-6. Convection thermal circuit for pipe flawth three control volumes.
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The equivalent convective circuit calculation stémsmultiple control volumes are
(See Fig. 3-7):

[. Initially the inlet temperatures of all the contxalumes are set to the ambient
temperature.

II. The convection thermal circuit is executed and th&wection and outlet
temperature of each control volume is evaluatedusing the initial inlet
temperatures as the initial condition.

lll. For the second time step, the inlet temperatu@\f is set equal to the outlet
temperature of CV1, and similarly, the inlet tengtere of CV3 is set equal to
the outlet temperature of CV2, from the first tistep.

IV. The fluid flow circuit is re-run with the new inldemperatures and new
JeonvectionOf €ach control volumes is calculated again.

V. Steps lll and IV are repeated until a steady stakbation is obtained.
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SetTing, Tinz, Ting = Tamb,at t=0

v
- Simulate the Circuit witPortunus
v
outl,t+1:r:l_ép Tinl,t’
out2,t+1 = :]_2(; + TinZ,t'
(4

Tin2:Tout1,t+1; Tin3=Tout2,t+1

v
t=t+1

Yes

t<t steady

No
Stog

Fig. 3-7. Temperature Passing method algorithm.

3.3.2.2. Heat Pick-up Method (HPM)

Similar to the Temperature passing method, the piektup method (HPM) models
the convection heat transfer by using the circodalagy. In HPM, the working fluid

in the machines is discretised into a number otrobrolumes, and represented as a
number of nodes in the thermal circuit. Fig. 3-8@)ows the corresponding
convection thermal circuit of the fluid control wohe in Fig. 3-8(a) by using HPM.
The HPM convection thermal circuit consists of twob-circuits, which are the
convection heat circuit and the flow circuit, a®sh in Fig. 3-8(b). The flow circuit,

which is situated at the top of the circuit, mod#ls energy transfer across the fluid
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flow, whereas the convection heat circuit, whichoisated at the bottom part of Fig.
3-8(b), models the convection heat transfer fromgtrface to the fluid. Both of the

circuits are connected at notlg.

By applying the conservation energy equation ihi ftuid control volume shown in
Fig. 3-8(a), the heat transfer by convectigfnvecion from the bottom surface with
constant temperatuie,s IS equal to the energy used to heat up the fhaohfthe inlet
temperatureTi, to the outlet temperatuii@:

=mC(To T) (3.18)

qconvection -

The heat transfer by convecti@envection Can also be written as:
qconvection= hA(Tsurf _Tout) (319)

Hence, by rearranging equations (3.18) and (3.19),

_ (Tout _Tin) - (Tsurf _Tout)

qconvec ion ™
t 1 1 (3.20)

mC hA

p

Equation (3.20) can be represented as the conweittevmal circuit shown in Fig. 3-

8(b), by assuming:

1 1
R, = YR Rionv = A
mt, (3.21)
Flow circuit
$ Tout
(- — -
rTCme r'T(:p-l—out L IT ___________ LS :" _____________________

— p— Convection

qconvection heat circuit Rconv

Tsurf
(a) (b) @ Tsurf

Fig. 3-8(a)&(b). Convection heat transfer modehvith Heat Pick-up method

Equation (3.19) assumes the temperature of the ifueéqual to the outlet temperature,

Tou HOwever, this is only valid if the temperaturerease across the control volume
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is small. For cases where the temperature incrémsbkig, a higher level of
discretisation is required in order to maintain #oeuracy of HPM convection heat
transfer modelling. Fig. 3-9(a) and 3-9(b) show tlid flow partitioned into three
control volumes and the corresponding HPM therrralitt, respectively.

The flow resistance derived from equation (3.21)n appropriate for a flow
configuration that consists of more than one contabume. Fig. 3-9(b) shows the
flow configuration is divided into three control lumes and represented by HPM
thermal circuit. The heat generated from the heatce Pthl, flows to the ambient,
Tamb, via three different paths, which are CV1, Carei CV3, and the three flow
resistancesRni, Rn2 andRy3 respectively. From the heat flow path shown in. Big
9(a), the total heat flows into CV3 is the heaiMtofrom the wall of CV3 (WMy);
the total heat flows into CV2 is the sum of the thidaws from the wall of CV2
(WMin) and CV3 (WMs); the heat flow into CV1 is the sum of the heat$ from
the wall of CV1 (WMn1), CV2 (WMy2) and CV3 (WM,3). This can be represented as

equations:

WM_, =WM,, (3.22)
WMcvz :WMch +WMth3 (3'23)
WMC\/l :WMch +WMth3 +WMth1 (3'24)

WhereWM,,; is the heat flow into CV1
WM.z is the heat flow into CV2
WM,sis the heat flows into CV3
WM is the convection heat flow at CV1
WM is the convection heat flow at CV2
WMy s is the convection heat flow at CV3
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Tinl Cvl Toutl Tin2 Cv2 Tout2 Tin3 CV3 Tout3
—_— > >

| T |

v
v

c]surf.l qsurf.2 c]surf.3

(@)

le WMcvl Rm2 WMcvz Rm3 WMCV3

Ambient
heat sink

Rconvz RconvS

WMinz

Pthl

(b)

Fig. 3-9 (a)&(b). HPM thermal circuit for multiplgontrol volumes modelling.

The circuit works fine in predicting the temperatwf CV3, but it over-predicts the
temperatures of CV2 and CV1. From the circuit shawfig. 3-9(b), the heat flow
(WM., across the thermal resistariRg, is the sum ofNVMy,, and WMys, however,
from the physical model, shown in equation (3.2, heat flow across the mass flow
resistancdRy is only equal to the heat flow from the wall of ZY¥WWMy,). The extra
heat flow from CV3 \WMy3) flow in the mass flow resistand&,, deviates the
temperature predicted for CV2. It is similar for CMvhere connecting CV2 and CV3
at the back of CV1 flow circuit increases the Heat in the mass flow resistané®,,,
hence over-predicts the temperature of CV1. Thesalts show that HPM thermal

circuit is not capable of predicting temperatunerfere than one control volume.

Correction factors are introduced into HPM therromtuit so that it is apply to
multiple control volume flow modeling. In the mylke control volume HPM models,
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the flow resistance®ni, Rn2 and Ry, are divided by fractionsK,, as shown in
equation (3.25) to offset the over-predicted terapges as discussed as above. The
fraction, Ky, is defined as the ratio between the heat actessdnvection and flow

circuits, equation (3.26).

1 1 1
Ru = —— Rp= ; ; = X
K,mC, K,mGC K mG (3.25)
K = WMthl . K = WMch . K = WMth3
1 ’ 2 ’ 3
WM., WM., WM (3.26)

However, these heat fractions, are unknown and they vary with different flow
conditions, for example laminar and turbulent flpwarved and parallel flows etc.
Each of these different flows incurs a different seheat transfer coefficients and
hence it changes the heat fractions across eadtotwalume. Therefore, an iterative
method is used to find the exact heat fractionglitferent flow conditions. Fig. 3-10

shows the flow chart of the HPM iterative algorithihat is used to find the heat

fractions in a multiple control volume flow system.

Initially, all the heat fractionsk,, are set to 1. The HPM thermal circuit is run in
Portunuswith the corresponding original flow resistanc&le temperature and the
corresponding heat ratio of each control volume aoained by applying equation
(3.26). On the second time step, the heat fracotgined from the first time step are
used. The thermal circuit is re-run and hence amodet of heat fraction and
temperature are evaluated. The iterative processpsated until the solutions are
converged, i.e. the temperature differences in &acttrol volume predict from the

last two iterations is less than 0.001 °C.
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K=K,=1[1,1,1,1,1],n=1

|

Run Portunus -

Tout, n Kn+1

Solution

T T >0.001
Converged

out,n - out, n-1

K=Kn+1

v

n=n+1

*Each column in the matrix represents the heat fiemcof each control volume in the
multiple control volume model.

Fig. 3-10. Heat pick-up method iterative algorithm.

Two case studies are conducted to validate theracgwof the TPM and the HPM
compared with the CFD results. However, the acquoddhe temperature prediction
of these methods is closely related to the accucdcphe convective heat transfer
coefficient used in the equivalent convective dircliherefore, in order to make a
valid comparison with the CFD results, the conwextheat transfer coefficients
applied for these two convection heat modellinghods were directly obtained from
the CFD simulations. In the future, parametricsts of the convective heat transfer
coefficient of the AFPM generator will be conducteddevelop empirical formulae
that directly relate the convective heat transfeeficient with different flow
conditions, mass flow rates and geometrical pararseWith these parametric data,
the lumped parameter model is potentially capablevarking independently from
CFD, to provide accurate temperature predictions.
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3.3.2.3. Comparisons of Temperature Passing Method (TPM) anéieat
Pick-up method (HPM)

The aim of this section is to investigate the aacyrand practicability of TPM and
HPM convection heat modeling methods compared thighexisting CFD modelling
technique. Three different test cases were desigmatbnitor the accuracies of these
two modelling methods with different boundary cdmtis, including both steady and
unsteady boundary conditions. The CFD models o$ehest cases were built to
provide benchmarks for these two modelling methddsthe same time, the heat
transfer coefficients of these three different bany conditions for these two LPM
models were extracted from the solutions of the GR@dels. A flow system in a
heated pipe of 250mm length and 50mm radius is detrated in Fig. 3-11. Fig. 3-
12(a) & (b) show the five control volume thermaicaits of the temperature passing
method (TPM) and the heat pick-up method (HPM)peesvely.

The CFD model was constructed using the Gambit mgsoftware. The model was
meshed with structural Quad mesh and very fine maeshapplied at the area near to
the wall to capture the velocity boundary layerfe@f An asymmetric boundary
condition was used to reduce the size of modelalfi nly half of the pipe was
modeled. In total, the 2-D CFD model of the flovstgm in the heated pipe consists
of 10486 cells. Uniform axial velocity, 1m/s, wasesified at the inlet of the pipe, and
the corresponding pipe flow Reynolds number wa$@8®. The realisable k
turbulence model was used to attain the turbul&attein the model. The 2-D CFD
model of flow in the heated pipe is simulated inJENT 6.3. The calculations took
an hour on a lgigabyte RAM, 1.73GHz Core DUO PCretach both residual and

absolute convergences.

The thermal circuits with both convection heat sfan modelling methods (TPM and
HPM) of the heated pipe flow system consist of foantrol volumes (CVs) (Fig.

3.12). TPM used the pipe inlet temperature to otettie outlet temperature of the
first fluid control volume. Subsequently, the outlemperature calculated from the
first CV based on the inlet temperature of theeaysand the boundary condition of

the first bottom wall surface was passed to thems@cCV as the inlet temperature.
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Similarly, the outlet temperature calculated frame second CV, was based on the
outlet temperature of the first CV1, and the boumdandition on the second wall
surface. Similarly, the outlet temperature of CV&swpassed to CV3. The temperature

information was hence propagated from the inleéh&outlet of the pipe flow system.

For HPM, the convection thermal circuits of eachtoal volume were connected to
each other with flow resistances. Heat fractidfg, were used to amplify the flow
resistances, which were used to counterbalanceh#e accumulated at each
temperature node in the multiple control volume eipth order to accurately predict
the temperature rise in each control volume. Iliytizhe heat fractions were unknown
for different flow conditions, but they can be fauby using the iterative method

mentioned in section 3.3.2.2.

250mn

A
v

Inlet Outlet
—l 50mMmM ——p

Bottom wall surface

Fig. 3-11. CFD model of the flow through the hegtgzk test case.
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Fig. 3-12(a) &(b). Temperature Passing (a) and &zkt-up (b) method thermal
circuits.

Three different boundary conditions were used testigate the accuracy of these
two modelling methods, which were constant tempeeat constant heat and
temperature dependent heat source boundary camliti®@oth the constant
temperature and heat source are steady state bguwuatalitions. They were used to
model the constant temperature or heat flux onwhad boundary of the pipe.
Alternatively, the temperature dependent heat soigan unsteady state boundary
condition. The heat flux flowing into the systenr tbe thermal circuit) with this
boundary condition varies as the temperature omtilechanges, which is similar to

the resistive heating element boundary condition.

The fluid temperatures of each control volume preedi from HPM and TPM were
compared with the results obtained from the CFD eholig. 3-13, 3-14 and 3-15

show the fluid temperature and the relative fllechperature errors of each control
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volume of HPM and TPM for constant temperature e@uconstant heat source and
temperature dependent heat source, respectivelg. r€hative fluid temperature

discrepancy is defined as in equation (3.27):

o . Toow =T )= (Tero =T,
Relative fluid temperature dlscrepanc;y(-”’M (T'“) (TCF)D '”)x100)/o 3.27)
crp ~ lin 3.27

Where, T pm andTcep are the temperatures predicted in the lumped petearmodel

and CFD model, respectivelii, is the inlet temperature.

By specifying the constant temperature boundaryitimm onto the wall of the pipe
flow model, TPM predicted higher fluid temperatutban the CFD; whereas HPM
under-predicted the fluid temperatures. Yet, ovethe results show that both the
modelling circuits work well in predicting tempenats for flow inside the heated
pipe, having a constant temperature boundary dondivhere the maximum relative
discrepancy was slightly above 1%, (see Fig. 3-13).

5 300
3 Error-HPM 3 Error-TPM CFD-Temp ——HPM-Temp +TPM—Temd

4 299

3 298
e\/ —_
g K
= 2 r297 3
w S
2 2
s 1 2% ¢
o) (&)
o [

0 295

OutiCV1 Oﬂ[CVZ Out-CVv3 Out-CVv4 Oyt-CV5
14 r 294
-2 293

Fig. 3-13. Temperature and relative temperaturer @frthe pipe flow model by
specifying the constant temperature boundary camdit

Subsequently, constant heat flux boundary conditaere applied to these models
and the results are indicated in Fig. 3-14. Thatned discrepancies are generally
higher when a constant heat flux was specifiethéngipe flow model. The maximum
relative discrepancy of the thermal circuits (bylgmg both HPM and TPM ) is
about 5% (Fig. 3-14), as compared with the thermiatuits when constant
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temperature source is applied, the maximum relatigerepancy is only 3%. The
decline in accuracy of convective circuits when @nstant heat flux boundary
condition is specified on the thermal circuits ischuse of the abrupt pipe wall
temperature changes in the flow direction. As noer@d in the previous section, the
convective resistances (or heat transfer coeffisjensed in both of the convective
circuit algorithms were obtained from the CFD madé&lor each control volume, the
heat transfer across the pipe wglland area-weighted average wall temperailyg,

can be evaluated from the CFD solution. Hence, gplyeng this information into

equation (3.28), an area-weighted average heasfenacoefficient of each control

volume can be calculated and is used in the coivecittermal circuits.

Average heat transfer coefficient:

hoo-
‘convection — T _
surf

Tin (3.28)

Whereq represents the total heat transfeiVatt, Arepresents the wall surface area

andT;, represents the fluid inlet temperature.

For constant heat flux wall boundary condition® flipe wall temperature increased
steeply in the flow direction and the local heansfer coefficient of each cell
changes accordingly. Therefore, it is not suffitienmodel the fluid temperature by
applying only the area-weighted average heat teansbefficient calculated from
equation (3.28) of each control volume in the cative thermal circuits. Further
partition was required, especially in the first tohvolume where the temperature
gradient is the steepest, to improve the resultaioéd from the convective thermal
circuits. However, it can be observed that HPM atgm provides a slightly better

accurate result than TPM algorithm, with the comisteeat flux wall boundary pipe

flow model.
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Fig. 3-14. Temperature and the relative temperadtnas for constant heat source.

Fig. 3-16 shows the fluid temperature and corredpanrelative errors of the pipe
flow model with the application of temperature degent heat sources. A reverse
trend is observed. The temperature predicted bygugie TPM algorithm is more
accurate than the HPM algorithm. This is mainly doethe fact that the TPM
algorithm iterates the fluid temperature against thme step whereas the HPM
algorithm iterates in response to the heat fracfléve TPM algorithm is more capable
of capturing the transient effect for the tempeamuependent heat sources and hence
the fluid temperatures predicted are more accurate.
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== Error-HPM =1 Error-TPM CFD-Temp —x— HPM-Temp —%— TPM-Temﬁ
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Fig. 3-15. Temperature and relative temperatur@ifor temperature dependent heat
source.
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In conclusion, both convection heat transfer maniglnethods were tested with three
different boundary conditions, which were the cansttemperature, constant heat
flux and temperature dependent heat flux. The iny&son indicates that these two
modelling methods were in good agreement with tf® Gnodel and the relative
errors were less than 5%. However, due to the fiwmed#al difference in the
calculation algorithms, the HPM algorithm gives tbetresults for steady state
boundary conditions; whereas the TPM algorithmattdy in modelling the transient
state boundary conditions. In the next section, tvawe case studies are presented, to
validate the accuracy of the lumped parameter takcircuit compared with the CFD
results. Because the TPM algorithm has been prawede the better option for
transient state modelling, all of the convectiveuits in the following sections were
built based on TPM algorithm.

3.4. Case Study I: Flow in the Heated Pipe

This case study investigates the fluid temperatiis&ibution in the heated pipe for
different flow conditions, e.g. Laminar and turtntidlows. Both CFD and lumped
parameter techniques were used to model the #umgpérature increase in the heated
pipe. The objectives of this case study are:
* To compare the accuracy of the lumped parametemtiecircuit with the
CFD model.
« To investigate the optimal discretisation level tbe construction of the

lumped parameter thermal circuit.

3.4.1 Descriptions

In this case study, air, with mass flow raterof flows through a heated steel pipe,
having an inner radius 10mm, outer radius 20mm,langth 45mm (Fig. 3-16). The
pipe is subdivided into three annuli where 5\W/aolumetric heat generation is

specified at the middle annulus. The air inlet terapure is specified as
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19.85°C/293K and it is assumed that there is na losa in the pipe outer surface.
Two different flow conditions were investigatedtims case study, which are laminar
flow with Reynolds number less than 700 and tunbuflow with Reynolds number
greater than 4000. (For pipe flow, Re<2300 is lami2300<Re<4000 is transition,
Re>4000 is turbulent).

q=5W/nt
Fig. 3-16. Case study I: Pipe flow.

3.4.2.CFD model of the Pipe Flow

The CFD modelling of the pipe flow was conductedptovide benchmarks for the
temperatures predicted from the lumped parameenmi@l circuit. The pipe flow

system was modelled with the commercially availabED code, Fluent. The pipe
flow model was built in the Fluent's pre-procesdtware, Gambit with Quad

meshing schemes. The mesh of the model is showigir8-18. Extremely fine mesh
was applied in the area near to the wall to mdaeielocity boundary layers. In this
case study, the model was tested with two diffeflemt conditions. For laminar flow

modelling (Reynolds number 700), thelaminar viscous modeJ131] was used;

while for turbulent flow modeling (Reynolds number3500), therealization k-

epsilonviscous moddgll31] with enhanced wall function was specified.

Solid pipe

Fluid

Axisymmetry plane/

Fig. 3-17. Grid of the 2D-axisymmetric model of @ifpow case study.
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3.4.3Lumped Parameter Thermal Circuit of the Pipe Flow

The pipe flow system lumped parameter thermal edent circuit shown in Fig. 3-18
consists of two major parts, which are solid conigreccircuit (above the dash line in
Fig. 3-18) and convective circuit (below the dasle in Fig. 3-18). The solid pipe and
the fluid inside the pipe were sub-divided intoethrannuli and three cylinder disks,
respectively. Each solid annulus was representettheasnnulus conductive circuit,
whereas each fluid cylinder disk was modeled asrs¢p control volume in the

equivalent thermal network.

Each annulus conductive circuit consists of foungerature terminals, two in the
axial direction, (the front and back surfaces terapge terminals) and two in the
radial direction, (the outer and inner surfacespemature terminals). Three annulus
conductive circuits were connected one after amptidhere the back surface
temperature terminal of the front annulus was cotateto the front temperature
terminal of the back annulus, shown in Fig. 3-18eTinner surface temperature
terminals of the solid pipe were connected with dmomvective circuit for fluid

temperature prediction in each control volume. Doehe fact that the pipe was

assumed to be fully insulated, the heat flow pathbe pipe surfaces were neglected.

The convective heat transfer coefficients on the pnner surface used in the lumped
parameter model are extracted from the solutionsprellated by the CFD model.
Equation (3.28) shows the pipe inner surface heaister coefficienthconvection IS
calculated based on the heat flug,and area-weighted surface temperatligy
obtained from the CFD model.
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Fig. 3-18. Thermal network for the pipe flow.

3.4.4 Results and comparisons

Fig. 3-19 shows the solid pipe volumetric averageperature and fluid mass-weight
average temperature at the exit from each contrblve, predicted from both the
lumped parameter thermal model (LPM) and the CFRIehdor laminar flow. The

results show that the temperatures predicted by BRMslightly higher than the CFD
models, whereas the maximum discrepancy of appiabeiy 1.5%, occurs in the

CV1 fluid temperature. The discrepancy is due ® @ssumption made in equation
(3.15), where the fluid average temperature wagnaed to be equal to the fluid inlet
temperature. Consequently, the convective heat Waw over-predicted, causing the
temperatures predicted to be slightly higher. Hericshows that the assumption

made in equation (3.15) is valid if the changelwoidf temperature across the control
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volume is small. By dividing the air control volunm@o smaller control volume, the

errors arisen from LPM thermal equivalent circ@ihde minimised.

160.00

B LPM Resultsd CFD Result#
140,00 -

120.00 —

100.00 ]

80.00 ]

Temperature (degC

60.00 ]

40.00 —

20.00

CV1-Fluid CV2-Fluid CV3-Fluid CV1-Solid CV2-Solid Cv3-Sd

Control Volume

Fig. 3-19. Temperatures predicted of flow in thatlkd pipe (Laminar flowRe=
700).

The accuracy of the temperature predicted by LPMedds on the fluid regime
discretisation level. The discretisation dependestagy was assessed by further sub-
dividing the pipe into 3, 9 and 18 nodes respebtivigecause the absolute errors were
small and insignificant, in order to identify theellc discretisation effect, the
discrepancies between the LPM and CFD models wemdifeed by introducing the
relative discrepancy, which is defined as:

_(.TLPM B Tin ) B (TCFD _Tin ) x100%

Relative discrepancy
(TCFD - T ) (3.29)

Where, T py andTcrp are the temperatures predicted in lumped paramatdel and

CFD model respectively, arig, is the inlet temperature.

The comparison of relative discrepancy of differeavels of discretisation for low
Reynolds flow is shown in Fig. 3-20. The first thrsets of bar charts indicate the
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relative errors for solid pipe temperature preditsi and the remaining three sets of

bar charts indicate the relative errors for thélflu

The results shown in Fig. 3-20 indicate that asdiseretisation level increases, the
relative error for fluid temperature at the firsintrol volume decreases from 3.2% to
2.85%. However, the decreases of the fluid rela@®rs of the second and third
control volumes are less significant, being 0.0&%otlhe second control volume, and
insignificant decrease of error for the third cohtvolume. The accuracy of the
convective circuit used in this case study depesmdshe magnitude of temperature
change of the fluid control volume. High temperatwhange across the inlet and
outlet temperature of the fluid control volume irgthigh discrepancy for fluid
temperature prediction in LPM. (refer to Temperatitassing Method in section
3.3.2). Therefore, the steep temperature gradietiteafirst fluid control volume of
the laminar pipe flow induces the highest fluid parature relative error. However,
when the first fluid control volume was further wigd into smaller sub-control
volumes, the change of temperature across eacleailnl volume decreases, and
hence the accuracy was improved. In contrast,eimpérature changes at second and
third fluid control volume were gradual. Therefoiteshows that further reducing the

size of the control volume doesn’t play an esséntia in improving the accuracy.

The solid pipe temperatures prediction of the tharaircuit shows a reverse trend.
When the number of cells increases, the relativererof the solid temperature

predicted by the thermal circuit increase simultarsty. This is due to the fact that
the annulus conductive circuit implemented in timaped parameter circuit presumes
the axial and radial heat flows are independemhfeach other. As the pipe is further
divided into a thinner annulus, the interferenceneat flows in the axial and radial

directions becomes significant. Hence the accurdegenerated as level of

discretisation increased.
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Fig. 3-20. LPM relative discrepancy of differensclietisation level for low Reynolds’
flow in the heated pipe.

Fig. 3-21 shows the fluid and pipe temperatureslipted from LPM and CFD for
turbulent flow in the heated pipe. Because the satpre increases in the fluid and
the pipe wall of each control volume in the turlmilpipe flow case are comparably
smaller than for laminar flow case, the temperaymedicted from LPM were closer
to the temperatures predicted from the CFD teclesgérrors between the lumped
parameter models and CFD models were insignifit@mmitigh Reynolds number flow

as compared with low Reynolds number.
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Fig. 3-21. LPM relative discrepancy of differenschietisation level for High
Reynolds’ flow in the heated pipe.

3.4.5.Conclusions

In this case study, the lumped parameter thermailvakgnt circuit of the pipe flow

was built and it was compared with the results iobth from the CFD models. The
results show a good agreement between the lumpadpter thermal network model
and CFD model for both low and high Reynolds flawe effect of the accuracy of
the lumped parameter network with different digation levels was investigated.
Higher discretisation levels show positive effemtsthe fluid temperature prediction,
but exhibit a negative influence on the solid terapege. Fig. 3-22 illustrates the
maximum discrepancy incurred for 3-, 9- and 18-sodescretisation level models,
for low and high Reynolds number flows. In conatusia 3-node discretisation level
is sufficient to obtain reasonably accurate res#itsther discretisating the model into
9- and 18-nodes is not necessary. Discretisatioel Boes not play as significant part

as heat transfer coefficient in lumped parametemtial network models.
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Fig. 3-22. Maximum discrepancy incurred for 3-a8d 18-nodes thermal network
for low and high Reynolds flows.

3.5. Case Study II: Simplified Axial Flux Permanent Magn
(AFPM) Generator

This case study describes the construction of aagBymmetric lumped parameter
thermal equivalent circuit of an AFPM generator Uging the annulus conductive
circuit and the convective thermal circuit with tHE&PM algorithm. Similarly,

convection heat transfer coefficients and mass fiolet acquired from the pre-
simulated CFD model are applied into the lumpedupeater thermal circuit to predict
the temperature increase in the generator. Findily, results calculated from the

lumped parameter thermal circuit are compared whth result predicted by CFD
models.

3.5.1.Case Descriptions
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Fig. 3-23(a) and (b) show the configuration of i axisymmetric AFPM generator
and its corresponding lumped parameter network. g2oimg with the full generator,
the stator holder and stator boss were omittedthedvindings were simplified to
surface heat generaters. To further simplify thalymis, symmetry about the axial
plane at the centre of the stator was assumedgelarig half of the generator thermal

circuit was built.
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Fig. 3-23. Simplified AFPM generator’s lumped paeder thermal network.

3.5.2.Lumped Parameter Thermal Equivalent Circuit of Aflified

Axial Flux Permanent Magnet Generator

The thermal equivalent circuit of a simplified AFRMnerator consists of three major
parts, which are the rotor conductive circuit, flnéd convective circuit and the stator
heat source circuit, see Fig. 3-23(b). The rotattivéded into seven annuli (M1 M2,

M3, R1, R2, R3 and R4), as shown in Fig. 3-23(agnehthree of the annuli on the
left hand side represent the magnets and four efatinuli on the right hand side

represent the rotor disk. Each annulus of the rpéot is represented as the annulus
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conductive circuit in the thermal circuit and thene inter-connected at the axial and
radial temperature terminals. For the stator pghd,stator winding is simplified into
four surface heat sources in the thermal networklitainate the uncertainty of the
effective thermal resistance of the stator windingach of those heat sources is
connected to the flow circuit next to it througlt@vective resistance. The working
fluid inside the generator is sub-divided into fdluid flow control volumes, CV1,
CV2, CV3 & CV4, and each control volume is reprdsdnas a fluid convective

circuit shown as below:

3.5.2.1. Control Volume 1 (CV1):
CV1 indicates the first air nodes at the entrancéhe simplified AFPM generator

(Fig. 3.24(a)). Heat is transferred into/out frorrXCfrom three surfaces, which are
the stator surfaceT{,), the magnet bottom surfac&bgsuy and the rotor surface
(Trotorsurf)- By summing all the convective heat transfershi fluid, and substituting
asq; into equation (3.30), the temperature at the @@V1 can be calculated. Hence,
the convective circuit of CV1 was constructed iolsway that they were linked up to
individual heat source from the stator, magnet aotbr surfaces to the inlet
temperature with its corresponding convective loesfficient, to evaluate the total
heat transfer,q:, (Fig. 3-24(b)). Since CV2 is connected after C\the outlet
temperature of CV1 was passed CV2, as the inlgbéeature of CV2.

_ % _
T = +T =T
cvl_out me in in_CVv2 (330)

Where, Tev1_outis the temperature at the exit of C\,is the total heat transfer, and

Tin_cv2is the inlet temperature of CV2.
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Fig. 3-24. Fluid convective circuit for control wwhe 1 (CV1).

3.5.2.2. Control Volume 2 (CV2):

CV2 indicates the air control volume directly abdhe CV1, see Fig. 3-25(a). For
CV2, convective heat transfer on two surfaces werelved, where one was from the
stator winding on the left hand side, and the otirer was from the rotating magnet
surface. Like CV1, by summing the heat transfemftbese two surfaces by using the
fluid convective circuit, as shown in Fig. 3-25(Bphd substituting the calculated total
heat transfer ag, into equation (3.31), the temperature at the ekiCV2 can be

calculated. Similarly, the CV2 outlet temperaturaswpassed to CV3 as the inlet

temperature of CV3.

T, :L'*'T' _Tin_CV3

cv2_out mC in_cv2 — (331)

p

Where, Tevs outIS the temperature at the exit of CU, is the total heat transfer in

CV2, andTi,_cv2is the inlet temperature of CV2.

Since CV3 and CV4 both shared the same boundargtitcams as CV2, the fluid
convective circuit of CV3 and CV4 were identical @Vv2's, except the inlet
temperatures of CV3 and CV4 were equal to exit wnapre of CV2, and CV3

respectively.
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Fig. 3-25. Fluid flow circuit for control volume (ZV2).

3.5.3.CFD model of A Simplified Axial Flux Permanent Magn
Generator

Similar to case study I, the CFD of a 2D axisymimcethFPM generator was
constructed and run in Fluent to provide the cotivecheat transfer coefficient and
mass flow rate that, is required for the lumpedapeeter thermal equivalent circuit.
The temperatures obtained from the thermal netwwdkiit were then compared with
the CFD results.

The 2D axisymmetric model of the simplified AFPMnhgeator, as shown in Fig. 3-26,
was constructed in Gambit and meshed with Quad imgsthemes. Details of the
model are:
l. Finer mesh was applied in the area near to the swathat Y value is lower
than 5.
II. Realizable k-epsiloturbulent model with enhanced wall function wasdito
model the turbulence in the machine.
lll. The rotor disk and magnet annuli were specifiedrdatate at 1500rpm
(157rad/s) with rotating reference plane boundanddion.
IV. Zero total pressure and zero static pressure weeeified at the inlet and

outlet of the simplified AFPM generator model.
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Temperatures obtained from both CFD and the thena@bork circuit are compared

and discussed in the following section.

: Outlet
i
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i
i

ﬂ Stator Rotor
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plane
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Grid | | ’ Inlet Jan 01, 2008
FLUENT 6.2 (axi, swirl, dp, segregated, rke)

Fig. 3-26. The meshing grid of simplified axialXlpermanent magnet generator.

3.5.4 Results and Discussions

The air temperatures predicted at the exit of eamhtrol volume of the AFPM
generator from both the CFD and the thermal netveinduit are plotted in Fig. 3-
27(a). The Y- and X- axes of Fig. 3-27(a) represkatradial coordinate of the exit of
each control volume and its corresponding air teatpee, respectively. For example,
a radial distance of 55mm represents the exit ofl;C& radial distance of 60mm
represents the exit of CV2 etc. Large discrepanuiese evident in the results
obtained between the CFD and LPM techniques, asvwrsho Fig. 3-27(a). The
temperatures predicted from the LPM technique amraximately 1 degree higher
than the CFD predicted temperatures. The two teatper curves begin to deviate at
the exit from CV1 (at radial distance 55mm), anshaen almost parallel after the first
control volume. These results reflect that the majoor was inherent in CV1 and the
error developed in CV1 was carried forward to thiéofving control volumes. This is

further illustrated in Fig. 3-28, where the relatierror of each control volume is
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plotted. The relative error of the exit of CV1 walsout 32% and it was by far the

highest compared with other control volumes.

Fig. 3-27(b) illustrates the temperature contours Kelvin) inside the AFPM
generator obtained from CFD. Because the temperatuhe bottom of the stator was
a lot higher than the temperature inside the gir gze temperature contour scale was
adjusted so that the temperature increase in thal @irection in the air gap is visible.
Consequently, the black contour located at theobotif the stator winding represents

that the air temperature was greater than 350KI€QLC).

The air temperature at the entrance of the air(igapal distance of 55mm) was lower
than the rotor disk temperature, (Fig. 3-27(b))néte the heat travelled from the
rotor disk to the air. As the air was slowly heatgdthe windings on the left hand
side, the air temperature increased graduallyarrdldial direction. Around the middle
point of the rotor disk, the air reached the saemeperature as the rotor disk. After
the middle point, the air was further heated by stetor, and its temperature was
higher than the rotor solid temperature. Hence hiat travelled from the air to the
rotor disk. Table 3-1 shows the heat transfer dated for each air control volume in
the convective circuit. It indicates that the thalraquilibrium circuit is capable of

taking account of heat flows in both directions, from air to solid and from solid to

air, to predict the thermal state of the machiraueately.

Fig. 3-27(b) shows that the highest temperatureimed at the bottom of the stator
winding, where the air velocity was the lowest. Hwer, these results may change
significantly if the generator boss is includedoithe model, where significant air

flow impinges from the holes of the boss, to coolvd the bottom of the stator

winding.
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Fig. 3-27. Air temperature inside the simplified ¥ generator predicted from CFD

models and lumped parameter thermal circuit.
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Fig. 3-28. Relative errors for components of thePAFgenerator.

Heat transfer (W)

Cv1l -1.210
Cv2 -3.156
CV3 0.800
Cv4 4.426

Table 3-1: Convective heat transfer calculated ftbenthermal network circuit for
each control volume.

The accuracy of the thermal network technique washér investigated by sub-
dividing CV1 in the simplified AFPM model into treesmaller control volumes,
which were CV1-1, CV1-2 and CV1-3, (Fig. 3-29(a)ence, the original equivalent
thermal circuit shown in Fig. 3-23(b) was modifiedrig. 3-29(b).
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Fig. 3-29. Improved simplified axial flux generatomped parameter thermal
network: Higher discretisation level.

The new thermal equivalent circuit was similarte priginal circuit except the CV1
fluid flow circuit was modified into three separatiecuits. Each of the separated fluid

control volume convective circuit is shown as falo

3.5.4.1. Control Volume 1-1 (CV1-1)

CV1-1 indicates the air node on the left hand sifleriginal CV1, (Fig. 3-30(a)). In
CV1-1, the heat generated from the stator is tearesdl by convection, to the fluid via
the inner peripheral surface of the stator. Wita tdonvective resistance calculated
from heat transfer coefficient obtained from theDCfodel and the fluid mass flow
rate, the outlet temperature of CV11yu-1, Can be calculated by equation (3.32).

The equivalent thermal circuit of CV1-1 is showrFHig. 3-30(b).
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Fig. 3-30. Fluid flow circuit of control volume 1{CV1-1).

. (3.32)

Whereq;.1 is the total transfer in CV1-I[in;.1 is CV1-1 inlet temperaturd;n;., is

CV1-2 inlet temperature andh_, is the fluid mass flow rate.

3.5.4.2. Control Volume 1-2 (CV1-2)

Control volume 1-2 (CV1-2) and its correspondingrthal circuit are shown in Fig.
3-31(a) and (b) respectively. When the machinetestaair is dragged from the
surroundings by centrifugal force into CV1-2, tmkthe magnets and rotor disk. The
temperature at the outlet of CV1-2 can be estimbiedquation (3.33), whei@ ; is
the total heat transfer to CV1-2 via the two contasfaces Tmag sur@Nd Trotor surf, and

m_, is the air mass flow rate of CV1-2.
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Fig. 3-31. Fluid flow circuit of control volume 1{ZV1-2)
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3.5.4.3. Control Volume 1-3 (CV1-3)

Unlike CV1-1 and CV1-2, CV1-3 is not directly inract with any solid surface in
the generator. Therefore, the governing thermaudiof CV1-3, as shown in Fig. 3-
32, was constructed only based on the energy oaatgan equation. No convective
heat transfer/resistance exists in the CV1-3 theamneuit model. The temperature at
the outlet of CV1-3 is calculated directly by summithe total enthalpy of CV1-1,
CV1-2 and inlet of CV1-3, see equations (3.34) &a5), m_,, m_,, m_, are the

air mass flow rate in CV1-1, CV1-2 and CV1-3 respety.

m ’-{outls
. noT
rnl—l’Toutl—l rTH—Z’ out1-2
. Ccvi-3
rn1—3'Tin
Fig. 3-32. Fluid flow circuit of control volume 1-8CV1-3)
Chin Hong LIM AR
PhD Thesis 2010 P Durham

School of Engineering and Computer Science University



3.5. Case Study Il: Simplified Axial Flux Permandfagnet Generator 79

m,_ m, M
m Tout1—1+ m Tout1—2+ m Tm (3.34)

m=m.,+m_, +m, (3.39)

Tout1—3

Similarly, by using the mass flow rate and conwectheat transfer coefficient
extracted from the new CFD model into the modiflachped parameter thermal
network circuit, new temperatures were predictedillastrated in Fig. 3-33. By
further discretising CV1 into three smaller contralumes, the accuracy of the
lumped parameter thermal circuit has improved S§icgmtly. The temperatures
predicted by the lumped parameter thermal circudtamed closely with the
temperatures obtained for the CFD models. The maxirrelative error is as low as
0.6%. This reflects that by splitting the compléxd control volume into smaller and
simpler control volumes has a very significant uefice on the discrepancy of the

lumped parameter technique and should be of gozatecn.
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Fig. 3-33. Temperatures of the simplified axiakflyenerator predicted from lumped
parameter thermal network model and CFD model.

3.5.5.Conclusions

The thermal network of the simplified AFPM generatwwas constructed and
compared with the conventional CFD modeling techeiqThe results show a
significant discrepancy at the first air controlwoe at the generator entrance. The
error may due to the hydraulic resistance at thieapoe of the narrow air gap.
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However, further partitioning of the complex air ntl volume significantly

improved the accuracy of the thermal network circui

3.6. Conclusions

A preliminary lumped parameter thermal equivalerdut of an axial flux permanent

magnet generator has been developed. The propoesedal network circuit consists
of two main circuits, which are the conductive arahvective thermal circuits, to

model both conduction and convection heat tranafede the generator, respectively.
The conductive thermal circuit was constructed Basethe annulus ring conductive
circuit; whereas, the Heat Pick-up Method (HPM) ahd Temperature Passing
Method (TPM) were investigated for the constructio& convective thermal circuit.

Two case studies were conducted to verify the aogyuand compatibility of the
proposed lumped parameter thermal equivalent tiratien compared with the
solutions obtained from CFD models. The resultsastiat by dividing the air inside
the axial flux machine into simple fluid control lumes, the proposed lumped
parameter thermal network was capable of predicicurate solutions for the 2-D
simplified axial flux permanent magnet generatortte future, the same technique
will be applied to construct the thermal equivaleintuit of 3D axial flux machines.
The results obtained from the thermal equivalentuti were compared with the

temperatures measured from the experiments todiuvirify the modelling method.
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Chapter 4

Stator Winding Thermal Modelling

4.1. Introduction

Resistive loss in the stator windings is known las major heat source in most
electrical machines. During the normal machineydageration cycle, the temperature
hot spots normally occur in the machine windinglisTis due to Joule losses in the
winding conductors and low thermal conductivity tbeé winding filling/insulation.
Under extremely high temperature conditions, treulistion on the stator winding
breaks down and the performance of the electricadhime deteriorates. Hence, it is
paramount to model the thermal properties of thetostwinding of electrical
machines accurately, to identify the temperaturgribution and to improve its
cooling.

4.2. Stator Winding Radial Thermal Resistance- Simple
Concentric Model (SCM)

Fig. 4-1 shows the cross-sectional view of a sistg¢or cable of radius The shaded
circles indicate the copper conductor (discontirmugahase) and the white area

indicates the winding filling or insulation (contious phase).
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Consider an arc sector of angl®, at an angl® from the horizontal centre line in the
stator cable, wherg, t,, t3 ..., t, are the perpendicular distances travelled by heat
through the arc sector in the radial direction. &@mall angledd, it is reasonable to
assume that the arc sector of andfe as a triangle, where the base width of the

triangle is equal to the arc lengthgd, (Fig. 4-2 (a)).

O

¥4

de

[

Discontinuous phase
thermal conductivity kg

Continuous thermal
conductivity k.

Fig. 4-1: Cross-section view of a stator winding

roé
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Fig. 4-2: Stator wiring triangle sector
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It is impossible to calculate the thermal resiséan€ the triangle section unless the
height of the triangle and trapeziuns, t;, t,..., -1, t, are known for specifi@.
These heights vary at different angular positioouad the stator wire. Hence, to
obtain a simple but physically significant analgticsolution for the radial thermal
resistance in the stator wire, the triangle sedsdamansformed into a rectangle, where
the height and width of the rectangle &randro&/2 respectively, (Fig. 4-2(b)). In
this study, only the heat flux in the radial direntis considered. It is also assumed
that the radial heat flux is independent of thetlilexes in circumferential and axial

directions.

Thermal resistance is inversely proportional todtss sectional area of the medium,
A, perpendicular to the heat flux direction. Thigs & noted from equation (4.1).
L

Ichermal = E (4 1)

For a triangle section, the cross sectional are®dee) increases as radius increases.
For example, at;, the cross sectional areaix dd x L ; at {;+t,), the cross sectional
area is(t;+ to) x df x L, etc. But for the rectangle section, the crossigeds constant

in the radial direction, which is equal tox L x dd/2. As noted from Fig. 4-2(a) and
(b), the cross sectional area of the triangle sed smaller than the rectangle section
at the upper half section; but larger at the bottoalf. Therefore, the thermal
resistances of the rectangle section are lowdrarupper half and higher in the lower
part, than the actual thermal resistances of tla@gdle section. In consequence, the
sum of thermal resistances of the upper and bottath of the triangle calculated
from the rectangle model is approximately equalthie total thermal resistance
calculated from the triangle section. However, t@pgproximation is only valid for

small radiusr.

Also, since the rectangles have uniform width atadii, it is acceptable to lump all
the discontinuous (conductor) phase portions (shaderey in Fig. 4-2(b)) and the

remaining continuous (winding filling) phase pono(indicated in white in Fig. 4-
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2(b)) together into two separated rectangles stgckine above another, see Fig. 4-
2(c).

By applying the one dimensional Fourier's law te tlectangle blocks, the heat flow
across the rectangle block is:

For heat across the continuous phase (cable filintymes,

=122, 21

2 t, (4.2)
For heat across the discontinuous phase (coppéuctors) volumes,
roé AT,
0q=—-L| k, —¢

172 ( 1, j (4.3)

And for heat across the mixture (both cable fillaogd copper conductors)
rag ke ATtotal
ag=—L| =

q 5 ( " (4.4)

Where as:
AT, =AT, +AT,.. +AT,
ATy = ATy +AT5...+AT,
ATioral = ATy +AT, + AT +AT,...+ AT 4 +AT,
tC :t2 +t4---+tn—l
td =t1 +t3 +...+tn
r= tC +td
And, sinceAT,,,, = AT, +AT,, equation (4.3) can be represented as:
r AT, — AT,
da=—L|k total c 98
72 ( Ty, j (4.5)
r AT r AT
0q=—Llk,—2 19g-—L| k,—=< |08
qZ(dtdj Z[dtdj (4.6)

By arranging equation (4.2)\T_ can be represented as:
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_ 20qt,
° " Lk o6 4.7)

Substitute (7) to (6),

dq = 12 L(kd —AI““' jae - L(k _ 20, jae

. 2 | “t Lk rog (4.8)
r AT, k,t
0q=—Ll k,—2a 19g-| -4 9
| 2 ( i ty J (tdkcj | (4.9)
1+ kdtc aq — I‘rATtotal kd 66
t,K. 2t, (4.10)
aq - LrATtotaI kd X tdkc
2, tyk. + Ky (4.11)
— I-rATtotal kckd a H
2(tdkc + tckd) (4 12)
Substituté, =r —t, to equation (4.12)
LrAT, . K.k
a - total "c"Md ag
ok + (-t )k,) (4.13)
By taking integration in equation (4.13),
J' — f ™ LrATtotaI kckd
2(t k. +(r —t, )kd) (4.14)

To simplify equation (4.14), it is reasonable tswame that there is no circumferential
heat flux in the stator cable, hent& is constant in the circumferential direction.

Hence equation (4.14) can be simplified as:

Q - kd kc Lr'A-rtotal 4 1 ag
2 (tak, +(r =ty )k,) (4.15)
And
Rt - ATtotal — 2
hermal
Q  Lkkr [ 1 Y (4.16)
(td k. + (r -, )kd )
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To obtain the total equivalent thermal resistaf@ma, Of the sector section (shown
in Fig. 4-2(a)) from equation (4.16), it is necegsw know the wiring conductor
thickness profilety, and cable filling thickness profil&, in the function o® of the
specific cable. Butty andt. vary with the composition of the conductor and dimng
filling along the radial coordinate. In additiomch information is not easily available.
Fig. 4-3 and Fig. 4-4 show examplestpfindt. at different radial coordinates of a
5mm diameter stator wire in a histogram and palagrdm respectively.

Thickness percentage

Angle (degC)

Fig. 4-3. Histogram of thickness percentage of catal and winding filling at
different angle
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td, Discontinuous Thickness
r, Stranded Winding Radius
150 — — teq, Equivalent Thickness

i \
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Fig. 4-4. Polar diagram of thickness percentag@efiscontinuous phase (copper
conductor) and the continuous phase (winding @lin

It is to be noted that the variationtgin the stator wire is small and it is acceptable t
be represented as a constant equivalent radigsf the winding packing ratiod is

known, the equivalent radius can be calculated as:

m (4.17)
Aj - 7]’2
(= A (4.18)

Where,
leq is the equivalent radius

r is the winding radius

Hence equation (4.16) can be written as:
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2((r = req Jka +regke ) (4.19)
Rthermal = /e
Lk, [ 06
1k, ~r Ak, A (4.20)
- Ttk K1
kA )+ Ak 421
- Ttk Kk,

And hence, the equivalent thermal conductivity barobtained by:
_ 1
" IR pomal- (4.22)
KK,

Keg = —
ks (L= /A )+ A, (4.23)

K

For highky , whereky >> ke,

K
“ k- /A (4.24)

-JA (4.25)

4.3. Improved model: Concentric Annular layer model (OLM

Unlike the two-phase materials, the conductorsdmghe stator winding act as the
independent heat sources when current passes kthrbhg position and composition
of these heat sources in the stator winding atfeetequivalent thermal resistance of
the stator winding significantly. In order to tak#o account the distributed heat
sources inside the stator winding, the stator wigdihermal resistance model is
improved by further dividing the winding into a ¢en circle andN layers of

concentric annuli, (Fig. 4-5(a)). Each split cohtwelume’s conductor-to-winding

area ratio is kept the same as the winding padadldtig.

Thermal resistances of the centre circle and eacdlar layer are calculated from

known theories. By adding each individual calcudateermal resistance of the centre
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circle and the concentric annuli, the equivalenliabthermal resistance of the stator
winding can be evaluated. Fig. 4-5(a) shows th®sstainding is separated into one
centre circle and two annuli control volumes. Imgl, the number of annular layers
can be predicted based on the radii of the coppedwctor,r., and the windingrs,
from equation (4.27), (Fig. 4-5(b)).

NX2r +r, =rg (4.26)

N = l(ﬁ —1)
2\ 1, (4.27)

Discontinuous phase
thermal conductivity kg

Continuous phase thermal
conductivity k.

(a) (b)

Fig. 4-5(a) and (b). Stator winding divided inte@centric circles.

4.3.1.Thermal Resistance of the Centre Circle

Fig. 4-6 shows the centre circle split from tha@tavinding model. The centre circle
consists of two components, which are the condydiscontinuous phase shaded in
grey) and the winding filling (continuous phase dddhin white).r; is the radius of
the single conductor and the radius of the centeftecreq o is determined by the

winding packing ratioAq, of the winding, see equation (4.29).

T
Ay =
My o (4.28)
r =_fo
eq 0 —
A (4.29)
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Winding
Filling

Conductor

Fig. 4-6. Thermal circuit of centre circle of thater cable

Fig. 4-6 illustrates that the thermal circuit oétbentre circle corresponds to the two
thermal resistances, which are the centre condydiscontinuous phase) resistance,
R.c.¢ and the winding filling (continuous phase) resis&® R...., respectively. The

thermal resistances are derived theoretically ftbenheat conduction equation in the
radial direction. These are given in terms of tivethsion of the centre circle and

corresponding thermal conductivities, by the equmti(4.30) to (4.32).

The radial thermal resistance of the centre crolgtrol volumeR...q is calculated by

the annulus radial thermal resistance equation showquation (4.30):

Rradia| = 477|'(r 1 (romz _ rinZ) (430)

SinceR._gis the radial thermal resistance of a solid cydmaquation (4.30) can be

used to calculatBe._qby substitutingi, = O:

4mkgy L (4.31)
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The winding filling annulus thermal resistan&g;., is obtained by applying the

standard hollow cylinder conduction equation [2&],shown in equation (4.32).

In [ fea_o j
a r. (4.32)

RCC Cc
- 2k L

The joule loss of the winding conductor is taketo iaccount aPwr.. in the centre
circle thermal circuit and it is defined as:

m.?

PwrCC:IZX[,o0 JX(1+a(T—293K))

(4.33)

Where a is the temperature constant of the conductor
Do is the resistivity of the conductor at 293K

T is the temperature of the conductor

4.3.2.Thermal Resistance of the Winding Annulus

To analyse the thermal resistance of the annulag/ishn Fig. 4-7(a), the heat flow
path through the annulus was investigated. Fig(ad-indicates a winding annulus,
where the annulus’ inner and outer radii Bfgoandreq 1 The heat generated from
the centre circle control volum@&wr., flows into the annulus through a layer of
continuous phase material (winding filling), seg.H-7(b). Subsequently, together
with the heat generated from the annular coppeductor, the heat flows to the outer
radius of the annulus via another layer of contusuophase material. The

circumferential heat transfer in the stator windimas assumed to be negligible.

The heat flow paths in the annulus were simpliBedematically and shown in Fig. 4-
7(c). It can be noted there are three main heat flaths in the system, which are the
Otop, Omiddle aNAGbottom IN general, the cross sectional areas of theatmpbottom heat
flow paths are relatively smaller than the mid fl@ath. In addition, the thermal
conductivities of the windings’ conductor are véargh as compared with the winding
filling. The heat passing through the top and buttoontinuous phases is usually
small and can be neglected. Thus, only the midelé fiow path was considered.
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The winding annulus was further simplified to faub-annuli, as shown in Fig. 4-
7(d). The total equivalent thermal resistance efwlnding annulus was calculated by
applying the standard hollow cylinder conductioruatppn (4.32) into each of the
annuli with its corresponding dimension (inner aodter radii) and thermal
conductivities. The following equations show howe ttadii of the four annuli were

derived.

Continuous

iscontinuous
Phase

Heat

;] Heat
influx-

efflux

(@) (b)

leq_1

| lcont2_1 | lcont2_1 |

Tout_1 ‘

|
Heat Heat
influx efflux

leq 0

lcont1_1

lin_1

Tmid__1

(©) (d)
Fig. 4-7. First stator winding annulus after thatee circle.
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reg oWas obtained by equation (4.29). If the statordivig is separated intd layers
of annuli,req_1can be deduced from:
r.—r (4.34)

r.—r (4.35)

The middle radius,mia_1, as indicated in Fig. 4-7(a) separates the annotagwo

equal area annuli. Thereforg,q 1 is derived as:

ﬂ(rmid_lz - req_02) _ l

T(lg * = Teqo’) 2 (4.36)
r — req_lz-l_req_o2
mid_1 2 (4.37)

rin 1 @androye 1€an be calculated from equation (4.42) and equd#ictB) respectively,

based on the winding packing rath, req oandreq 1

For the inner half annulus,

_ i 12 — 7T, 12 (4.38)
Ad - 2 2
”mid 1 - ”eql
_ 4.39
lin 1 = \/ (1_ A\j )rmid _12 + Adreq_02 ( )
For the outer half annulus,
2 2
A“ - nout_ilz. nmid _:; (440)
neqz - nmid 1
r.out_l = \/(1_ AH )rmid _12 + Adreq_12 (441)
By substituting equation (4.37) to equation (4.889 equation (4.41),
_=A) 2 [@+A) 2
Fin 174 A4 req_l t— req_O
2 2 (4.42)
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r —\/Mr 2 U-A), 2 (4.43)

out_1 — eq_1 eq_0
_ 2 q_ 2 q_

To simplify the model shown in Fig. 4.7(c) to tloaf annuli model the shown in Fig.
4.7(d), the gaps in between two discontinuous gagi(or conductors) are important,
to evaluate the inner and outer radii of the midaiatinuous phase annulioy;_1and
reontz 1 respectively.  The gap ratio, which is defined the ratio of total
circumferential angle occupied by the winding fith with the total stator winding,
vary around 10-20%, depending on the configuratiod size of the discontinuous
particles (copper conductor), i.e. closely paclsgdall discontinuous particles have a
lower the gap ratio compared with loosely packedgé discontinuous particles.
However, it is difficult to obtain the exact conimus-discontinuous phase gap ratio
due to the complexity and unpredictability in theximre. A simple way to
approximate the gap ratio using the radii of thecdntinuous particle;y, and the
mixture, rn, is illustrated in Fig. 4-8. Considering the outagdr of discontinuous
particles in the mixture, the equivalent gap rato be estimated by dividing the total
arc angle occupied by the gap, by 360 degreestiequéd.44).

_ 360 - (n,x6)

G rato

36( (4.44)

Where,
2Ar -r. ) -r?
0 = 2)( COS—l ( m d ) > d

(rm -, ) (4.45)
Nsc = number of continuous particles at the outerd@ayehe mixture
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Fig. 4-8. The outer annular layer of the mixturewdiscontinuous patrticles.

With the gap ratio approximated by equation (4.4%, middle annuli inner and outer

radii, recont_1@ndreont 2Can be evaluated as follow:

ﬂ(rin 12 - rccmt 1 12)
F L A= (1-Gp )X A
n(rmid L T _12) ( a0 )X A, (4.46)
r — rin _12 - (1 - Gratio )X (l - Ad )rmid _12
o 1- (-G )x (- A,) @47
ﬂ(rcont 2 12 - r.out 12)
= A= (1 G )X A
ﬂ(rcont 2_12 - rmid _12) ( el )x ‘ (448)
r — r.out _12 B (1 B Gratio )X (1 B Ad )rmid _12
1- (-G )x (- A) (4.49)

Fig. 4-9 shows the thermal circuit of the statomaung annulus.R.1.; and Rg-1
indicate the thermal resistances of the continytase (winding filler) layers, which
can be calculated from the standard hollow cyliraerduction equations as follows:

| n r.in 1
r.com:l._l

I:<:1—1 =
27Kk L (4.50)
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r
|n cont 2_1
) [ fow 1 (4.51)

rout _

RcZ—l 27Tk L

The two discontinuous (copper conductor) phase animulbetween the two
continuous (winding filler) layers are lumped intme annulus, and the thermal

resistancesRy;-1, Ryz2-1 anhdRy31 can be deduced from T-equivalent circuits, seen as

follows:
r
Zrm l2 |n out_1
R _ 1 l _ r.in 1 X
Ak, L (T (4.52)
r
2r_oUt l2 ln( out_l]
1 B r.in 1
Ry = f 2 -7 1
471((1 L (rout 1 Fin 1 )
r
AT o 12 Fin 12 ln[ ot (4.53)
1 2 2 - - Fin 1
Rds—l == f 2 2‘ rin 1 + rout 1 f 2 2‘_
87K 4L (rout 2 “lna ) - (rout 1 "l )
(4.54)
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Cable filling

Conductor

Fig. 4-9. Thermal circuit of the stator winding aifus

Since the copper conductors are distributed ranganside the stator winding, the
heat generated from each of the copper conductakgls to the winding outer
periphery via different paths and distances. Fangde the heat generated by the
conductors near to the outer surface of the wintliagels a shorter path as compared
with heat generated by the conductors at the staitmting centre. As a result, each
heat source has a different local thermal resistazarresponding to its travelled
distance and medium. In general, these local tHemeséstances reduce as the radius

increases in the stator winding.

In evaluating the equivalent thermal resistancettier stator winding, it is necessary
to take into account of the heat generated dueotkeJoss in the each individual
conductor in the stator cable. The conductors éndtator winding annulus shown in
Fig. 4-7(a) are transformed into an equivalent &mjushown in Fig. 4-7(d), with
inner and outer radri, 1 androy_1 respectively. Hence, the equivalent heat generated

due to joule loswr; by these conductors can be expressed by equatdn (
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2 2
Pwr, = sz(po Mou s - M 2 Jx(1+ a (T -293K)) (4.55)

4.3.3.Equivalent Radial Thermal Resistance of the Stafoiding

Fig. 4-10(a) shows the thermal circuit of the statinding by using the concentric
annular layers modelling method. The overall théranauit consists of two major

sub-circuits, which are the centre circle dnthyers of stator winding annulus sub-
circuits. The thermal resistances of these twoasiduits were derived and elucidated
in equations (4.31-4.32) for the centre circle wir@and equations (4.56-4.60) for the
winding annulus thermal circuits. A Virtual Basiode was constructed to calculate

the thermal resistances and the temperature irecrefaghe overall thermal circuit.

(Appendix A).
r.
|n in _k
R - rcont 1 k
o1k 27k, L (4.56)
|n rcont 2_k
R - IFrout _k
o2k 27k L (4.57)
_ r _
Zrm k2 In out_k
R 1 1, - Fin_« .
K Ark, L (T (4.58)
_ r _
2r_oUI k2 ln[ out_k J
1 N rin n
Raz k= TN 4.59
4nkd L (rout_k L ) ( : )
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Ao kzrin kzln(rom_k]
R - - y 1 NN 2 +r 2 _ ,_ ) rin\—k
e 877kd|-(rout_k2 - rin_kz) " i (rout_k2 - rin_k2) (4.60)
_ |@+A) L-A)
I’out_k - \/T I’eq_k+12 +T I’eq_kz (461)
_ |1-A) (L+A)
N .62
[, =
A (4.63)
_ e =1
req_k _req_k—1+ N (464)
r - rin_k2 - (1_ Gratio )x (1_ Aﬁ )rmid_k2
1-(1-G o )x (1- A (4.65)
r — I’out_kz - (1_ C;ratio )X (l_ AH )rmid_k2
1-(1-Gyo )x (1= A) (4.66)
r :\/req_kz + r.eq_k—lz
mid _k 2 (467)
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Rk k™ layers of
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RdJ_k
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Fig. 4-10. (a) The overall thermal circuit of thtater winding and (b) its
corresponding simplified one resistance thermaledent circuit.

To alleviate the complexity in calculating the tesrgture increase across the stator
wire in the radial direction by using the overdlétmal circuit shown in Fig. 4-10(a),
the overall thermal circuit was simplified and reggnted by a single resistance model
shown in Fig. 4-10(b). Furthermore, the simplifioatof the overall thermal circuit
also provides a suitable comparison with the expenial results, as well as other

computational fluid dynamic models.
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In the single resistance thermal model, the eqentaladial thermal resistand®sq_se
was calculated by considering the total temperaituceease across the stator cable
(AT +AT1+ATo+...+AT,) and the total heat generated due to joule lodkancable
conductors Pwr.+Pwri+Pwro+...+Pwry) obtained from the overall thermal circuit,
equation (4.68).

AT, + Z AT,
1

Req_SC = n
Wr o + Y Pwr, (4.68)
1
Where,
Ach = Pwrcc X ( Rcc_ d + Rcc_ c) (469)
In (req_o j
2 r
= 12x| p, Tl (140 (T - 299)) x| ———+ °
L amk L 2wk, L (4.70)
And
AT, =
k=n k=n
Z (Pwree + Pwry_y )x (Rcl_k +Ry1 k )+ Z PWr e + Pwry ) (Rd 2kt Rcz_k) (4.71)
1 1

Thus, Req_sc calculated from equation (4.68) can easily be sthmto the thermal
circuit of any of the machine designs with negligibomputational effort. However,
the drawback of this simplification is that thegan resistance model is only capable
of predicting the temperature at the centre of stegor wind. Information on the
temperature profile of the stator cable in the ahdiirection is lost in the
simplification. Hence, the equivalent radial thefrmesistance is only suitable to

identify the hot spots in the machines.
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4.4. Comparison of Analytical and Experimental Results

Several analytical equations have been developpdetiict the thermal conductivities
of different types of two-phase solid-to-solid nursg¢s. The most commonly used
analytical equations, which are Maxwell [57], Posv¢t32] and Cheng & Vachon
[70], were used to compare with the thermal reststapredicted from the simple
concentric model (SCM). Also, experimental datatteg thermal conductivities of
heterogeneous two-phase mixtures obtained by previesearchers [133-137] were
used for comparison with this analysis.

To be comparable with the analytical and experimletidta obtained from previous
researchers, the analytical thermal resistanc@éetwo-phase material derived from
SCM was converted to thermal conductivity form (segiation (4.23)). Similarly,
thermal resistances calculated from CLM were cadedeto thermal conductivity

form by equation (4.72).

rSC
In| —sc
: [ r J (4.72)
Kea_sc = 27LR

eq_sc

The equations resulting from Maxwell [57], Powet82] and Cheng & Vachon [70]
are shown in equations (4.73), (4.74), (4.75) retpely. These equations were
examined and used in comparison with the thermadlgativities obtained from SCM,
as well as from the experiments. Table 4-1 to Ta#® show the thermal
conductivities obtained from the analytical modetsnpared with the experimental
results. Five experiments of different two phasg&tures were chosen. Table 4-1 and
4-2 demonstrate the thermal conductivities of aflicubber with aluminum spheres
and cylinder particle mixtures, respectively. Thatroonductivities of the mixture,
where its substances have similar thermal proge(#enc Sulphate in Lard mixture)

are examined in Table 4-3. In Table 4-4, thermahdewtivities of an emulsion
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mixture, copper in water solution, are illustratddhstly, fibre glass two-phase

mixtures were investigated and the results are shinwable 4-5

Maxwell [57]- Thermal conductivity of two-phasextures
— kc[kd + 2kc -2 %Aﬁ (kc B kd )]
* kd + 2kc + Pd (kc - kd ) (473)

Powers [132]- Thermal conductivity of two-phase taies
— kckd
TPk, (1P )k, (4.74)

Cheng & Vachon [70]- Thermal conductivity of twogse mixtures
K, = 1 + 1-B
) ) Je+ Bba-ka+ Sel k) | < @7
VClk, —kg k. +Blky —k, )] \/[kCJr B(kd - ko] _2 JCk —k,)

Where,

0
. /3X/0A,’C:_4 2
2 3X%A,

Table 4-1: Test 1- Comparison of predicted therooalductivities of Aluminum
spheres in silicone rubber mixtutg.= 0.216 W/MK; kq = 204.2 W/nK; Aq =16%

Source of k, Keq (W/m°’K)  Deviation of experimental data (%)
Maxwell 0.3406 3.58
Powers 0.2575 -21.68
SCM 0.3602 -19.96
Cheng & Vachon 0.4207 27.95
Experiment [132-133] 0.3288 n/a

Table 4-2: Test 2- Comparison of predicted therooalductivities of Aluminum
cylinders in silicone rubber mixturk, = 0.216 W/MK; kq = 204.2 W/nK; Ag =16%
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Source of kg Keg (W/m?)  Deviation of experimental data (%)
Maxwell 0.3406 -24.31
Powers 0.2575 -42.77
SCM 0.3602 9.53
Cheng & Vachon 0.4207 -6.51
Experiment [132-133] 0.45 N/A

Table 4-3: Test 3- Comparison of predicted therooalductivities of Zinc Sulphate
(sphere) in lard mixture, = 0.1973 W/AK; kg = 0.6127 W/AK; Aq =55.5%

Source of kq Keq (W/m?)  Deviation of experimental data (%)
Maxwell 0.3730 6.1576
Powers 0.3055 -13.05
SCM 0.3986 13.45
Cheng & Vachon 0.3775 7.44
Experiment [134] 0.3513 N/A

Table 4-4: Test 4- Comparison of predicted therooalductivities of Copper (sphere)
in water liquid.k. = 0.6577 W/rK; kg =382.5 W/MK; Aq =29.5%

Source of k, Keq (W/m?)  Deviation of experimental data (%)
Maxwell 1.4773 -18.70
Powers 0.9322 -48.70
SCM 1.4364 -20.95
Cheng & Vachon 1.9280 6.10
Experiment [135] 1.8172 N/A

Table 4-5: Test 5- Comparison of predicted therooalductivities of Selenium
(sphere) in PPG glass fibiie.= 0.1402 W/rfiK; kg =5.1921 W/rAK; Aq =50%

Source of kg Keg (W/m?)  Deviation of experimental data (%)
Maxwell 0.5 2.95
Powers 0.2729 -43.88
SCM 0.4494 -7.62
Cheng & Vachon 0.7 44.06
Experiment [136] 0.4863 N/A
Chin Hong LIM %l’Durham
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4 5. Discussions

The experimental deviations of four analytical siolus for five different tests are
summarised in Fig. 4-11. Among all the five analgtimodels, Maxwell [57] shows
the most compatible solution for all ranges of fase mixtures; In contrast, Powers
[132] demonstrates the worst among the other tisdations, especially at low
packing ratio, (Test 5). In comparison with Cheny&chon [70], SCM gives slightly

more acceptable results.

60
O Maxwell
O Cheng& Vachon
40 - O Powers
O SCM
20
L
a H
: . | 1] I
()
o Test 1 3t 2 TeH est 4 TestSJ
7]
a
-20
-40 - ||
-60

Fig. 4-11. Experiment deviations of five analytisalutions for five different two-
phase mixtures.

In most of the test cases, Maxwell [56] predictgenaccurate thermal conductivities
then SCM, except for Test 2, (Table 4-2). In TestaZheterogeneous two-phase
mixture was investigated: Aluminum cylinder-silicoabber mixture (Fig. 4-12(a)).
In the derivation of SCM, the higher thermal condudty material in the two-phrase
mixture is simplified to cylindrical discontinuougarticles (which is similar to
Aluminum cylinder-silicon mixture), whereas for Magll, the thermal resistance was
derived for homogeneous two-phase mixtures witresphl discontinuous particles
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(which is shown in Fig. 4-12(b)). Therefore, theualent thermal conductivity
predicted from SCM for Aluminum cylinder-siliconbiier mixture is better than the
Maxwell method when compared with experimental ItesuThis investigation

demonstrates that the accuracies of thermal resmst@redictions for two-phrase
mixture are dependent on its structure, i.e. SChkiser for cylindrical discontinuous
particles, Maxwell predicts better thermal condutis for spherical discontinuous
particles etc. Since the stator windings in theabfux generator have a similar
particle structure to the Aluminum cylinder-silicanixture, SCM demonstrates a
better approximation for thermal resistance preaticof stator winding than the other

analytical models.

>0 © @
OA ©-0-9®
g C @ @

() (b)

Fig. 4-12. (a) Aluminum cylinder-silicon rubber nixe and (b) Aluminum sphere-
silicon rubber mixture.

CLM is derived for the two-phase mixture with cyliical discontinuous patrticles.
Nevertheless, CLM predicts higher thermal conditi¢is for all of the two-phase
mixtures measured in Test 1 to Test 5 compared 3@M (Fig. 4-13). Since thermal
resistance is the reciprocal of thermal condugtjvihis implies that the equivalent
thermal resistances predicted from CLM are loweantithe equivalent thermal
resistances predicted from SCM. These are due td 6¢ing derived to model the
thermal resistance the windings of the electricathines. On the other hand, CLM
takes into account the resistive heat generatélteicopper cylindrical particles when
the electric current passes through. The heat esuime the CLM are evenly
distributed inside the winding (Fig. 4-14(a)). Henthe resistive heat generated at the
copper conductors near to the edge of the windrmagets a shorter distance in
comparison with the heat generated from the haates at the centre of the winding.

Therefore, the local thermal resistances of thedimiop at the edge are lower and
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higher at the centre. On the other hand, SCM assuhs all the heat is generated
from the concentrated point at the centre of thedwg (Fig. 4-14 (b)). As a result,
the local thermal resistances of the winding aréum for a concentrated heat source.
Since the heat generated from the centre of theimgntravels a longer distance in
total than the heat generated from the distribtiest source, the equivalent thermal

resistance for the SCM is higher.

200
0o CLM O SCM
150 -
= 100
>
(&)
c
@
Q.
(O]
3
a 504
0 —1
Test 1 Test 2 Test 3 Test 4 Test 5
-50

Fig. 4-13. Discrepancies of CLM and SCM analyts@lutions as compared with
experimental results for five different two-phasitores.
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(@) (b)

Fig. 4-14. (a) Distributed heat sources insideviireling of the electrical machines
and (b) concentrated heat source winding model

The thermal conductivity predicted by CLM is veedi by the 2D-CFD model of the
stator winding, (Fig. 4-15(a)). The 2D model of abdiameter winding, with 5mm
epoxy-resin encapsulated copper wires, is builbhgishe Gambit meshing software
and simulated by FLUENT. The model consists of 5¢¢H8s and only energy
equations are considered. The thermal conducsvidfecopper wire and epoxy resin
are 387W/rfiK and 0.22W/rfiK respectively, and the packing ratio, %As 0.61.

Thermal conductivities predicted by CLM and the esttanalytical equations are

summarized in Fig. 4-15(b).

The results indicate that all the analytical modelgestigated under-predict the
equivalent thermal conductivity of the stator wimgliwith distributed heat sources in
these electrical machines. Nevertheless, the tHeromauctivity predicted by CLM is

closest to the result obtained from the CFD mobt#dxwell, Power and SCM all

show a huge deviation from CFD data, and this etdumainly to these models being
developed for no distributed heat source two-phasdures. Fig. 4-16 plots the
temperature across the two perpendicular axeseoivithding, which are the lines x =
0 and y = 0, predicted from the CFD model. Sineeghripheral edge of the winding
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is closest to ambient, the temperatures at theemds of the curve are the lowest.
Moving radially inward to the centre of the windjripe winding temperature rises
and reaches a maximum of 52.5 °C at the centre wihéing temperature increases
in steps in the stator winding and reaches a plad¢dhe copper phase due to high
thermal conductivity. The winding temperature imses steeply at the epoxy-resin
phase due to significantly lower thermal condutyiviThese demonstrate that the
temperature increase in the stator winding is gmeeiby the thermal conductivity of

the epoxy-resin.

It can be noted that the magnitude of the temperaduop increases when moving
radially outwards from the centre, for example td@perature drop in the first layer
winding filler is 1 deg C, but 5 °C occurs at tlezand layer (Fig. 4-16). This is due
to the effect of the individual heat generated bg topper joule losses scattered
around the winding. As the heat travels radiallyw@rd from the centre, extra heat is
accumulated from each of these individual joules|generated in the conductors.
Since the temperature drop is directly proportiotmalthe heat flow, it increases

exponentially when moving from the centre to thepsery along the radial lines.

5 226+01
o . — Source Of keq | keq (W/m?) Deviation
4.92e+01 from CFD
4 52er01 results (%)
4726401
4 B1e+01
4 2110 Maxwell [56] 1.2478 69.82
4.41e+01
4316401
4 210401 Power [131] 0.5636 -86.37
4 11e+01
4.01e+01
3.008+01 SCM 1.0026 -75.75
3.808+01
3706401
3.608+01 CLM 3.736777 -9.63
3.508+01
3.408+01
2?39*81 Cheng & 3.5152 -15.78
3 096+01 Vachon [69]
299e+01
2 896+01 2-D CFD 4.1352 N/A
2.79e+01 model
269e+01
(a) (b)

Fig. 4-15. (a)The temperature contour of the csassion of the stator winding in °C,
(b) the comparison of thermal conductivities présticby the analytical equations and
the 2D-CFD model.
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¢ Temperature at y=0
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Fig. 4-16. Temperature vs radial coordinate ofviireding.
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4.6. Conclusions

In conclusion, two techniques of predicting theiabdhermal resistance of the
electrical machine stator winding are presentedthis chapter, which are the
simplified concentric model (SCM) and the concenemnular layers model (CLM).
These two analytical models are applied into theelprilt electrical machine thermal
circuits, to provide better temperature predictions

These two analytical models circumvent the necgsditonducting experiments, to
obtain the radial thermal conductivity of statomding based on the several easily
available winding parameters, such as the thermaductivities of the conductors
and winding filler, packing ratio of the conductoc®nductor and winding radii etc.
The thermal conductivities obtained from these techniques were compared with
the thermal models published by past researcheswofphase mixtures. These
thermal conductivities were also verified by experntal results found in several past

publications.

Overall, SCM exhibits a better prediction of theertihal conductivities of stator
windings as compared to the other analytical mod8iEM was derived from
cylindrical discontinuous particle heterogeneou®-phiase mixtures whereas the
other analytical models were derived based on smiediscontinuous particle
homogeneous two-phase mixtures. However, if hea¢rggion due to joule losses in
the winding is taken into consideration in the that model, CLM is more capable of

predicting accurate thermal resistances of theistanding.
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Chapter 5

The Construction of 2-D Generic Lumped
Parameter model of Axial Flux Permanent Magnet

Generators

5.1. Introduction

The lumped parameter method has been widely use¢tdomal modelling, especially
in electrical machines, including radial machineg| 37-38] and axial flux machines
[e.g. 33, 39]. This is because LPM is relativelysté and simpler to use in
comparison with the general purpose, advanced ctatipoal fluid dynamic (CFD)

packages. In chapter 3, the author has shown itekisases, which by incorporating
the convective circuit into the thermal circuittiven appropriate discretisation level,
the results obtained from lumped parameter cireuése in good agreement with both

CFD and experimental testing.

However, constructing the lumped parameter therewivalent circuit of the
electrical machines requires a high level of thetymamic background and
knowledge. Prior to the construction of the thermativork of the electrical machine,
it is necessary to identify the (conduction andvemtion) heat flow paths, heat
sources and heat sinks in the electrical machinebs ta evaluate the thermal
resistances of each corresponding lumped comporepending on the machine
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5.1 Introduction 113

specification and machine configuration. Subsedyenthe thermal circuit is
constructed based upon all this information, andesbeither with a self-developed
circuit solver or a commercially available thermatcuit solver, for example
Portunus The results obtained from the solver are transfeto a dedicated program
for data post-processing. A sequential diagram haf tonstruction of a specific

lumped parameter thermal circuit is shown in Fid.(8).

The specific lumped parameter thermal circuit can Used to perform thermal

simulation for one specific electrical machine. Aglst change on the machine
geometry specification, for example the size of #lireclearance or the rotor disk
radius, or an alteration of the machine operatingddion, such as the generator
rotational speed and the ambient air temperatugeines a new specific lumped

parameter thermal circuit. Therefore, it is tediansl time consuming to re-construct
the specific lumped parameter thermal circuits thiferent machine designs,

especially when performing a rapid machine desigegss. Furthermore, some of the
thermal circuit model users might have very littbgperience in constructing thermal
network circuits. Hence, in this chapter, a newrnovpd generic lumped parameter

thermal modelling framework is introduced.

The new modelling framework, shown in Fig. 5-1(|s a user friendly interface that
makes for easy data input and interpretation afltesThe thermal model in the new
improved lumped parameter thermal modelling franméwe based upon a generic
analytical lumped-circuit, making it applicable & range of different sizes and
topologies of axial flux machine. This allows theeu to perform “what-if’
calculations for a rapid design process. All therial resistances and capacitances in
the new modelling framework are calculated autocadi{i based on the geometric
dimensions and material properties of the machspesified by the user. Hence, the
users are not required to be familiar with compheat transfer phenomena, such as
dimensionless analysis of conduction, convectian &he user interface is fully
automated; it is programmed to receive the maclgaemetric dimensions and
material properties from the user and to feed ie thermal resistances and
capacitances to a thermal circuit solver to perftdmmnthermal modelling. The results

obtained from the thermal modelling are exportedkbto the Excel spreadsheet

Chin Hong LIM AR
PhD Thesis 2010 QP Durham

School of Engineering and Computer Science University



5.1 Introduction 114

automatically. Therefore, the new modelling framewis designed for the non heat
transfer specialist to carry out thermal analysislectric machines during the design
process in a quicker and more straightforward wéy.specialised thermodynamic
and heat transfer background knowledge is required.

Background Generator dime_n_sions & Thermal resista_n_ces &
knowledge Boundary conditions Boundary conditions
ﬂ Generic
Excel
— User Thermal
Lumped Thermal circuit Spreadsheet o
User |:> parameter |:> solver for e.g. Circuit
thermal circuit Portunus : 7 : 7
Graphical Solid components & Fluid
i i Data post-processing representations Temperatures
for e.g. Excel
spreadsheet
() (b)

Fig. 5-1. Lumped parameter modelling schemes (&) specific thermal network and
(b) with generic thermal network.

5.2. The Construction of a 2-D generic lumped parameter
thermal circuit

The generic thermal network circuit is a standadishermal circuit for similar
architecture of electrical machines. Unlike thecHipethermal circuits that have been
developed by previous researchers, for example4f5-which are specifically
constructed for a certain type and size of elegltrirnachine, the generic thermal
network circuit is able to perform thermal modaeiliof a range of different sizes and

topologies of axial flux machines.

Like the specific thermal circuit, the generic thet circuit consists of conductive
and convective thermal resistances, thermal capammt and temperature dependant
heat sources. However, these thermal resistancgscapacitances in the generic
thermal circuit are non-dimensionalised with thechiae’s geometry and material
properties, so that the thermal circuit is applieato different sizes and types of
machines. Fig. 5-2 shows a generic thermal cimusiotted axial flux machines. The

red boxes indicate the stator conductive circuitg grey boxes indicate the rotor
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conductive circuits and the convective thermal wiec (fluid flow circuits) are

represented in the blue boxes.

0=
&
. Fluid flow thermal circuits
Stator conduction cwcwts\ =1 //
G . _fﬂ> g l
[
0=
& &
< 0 & = =
0| == ‘ =
RS é| . " /Rotor conduction circuits
Q
umv: I_'w_un_ =l = t'-.t:mi ll‘r
SR T
8= s o e 2
: 1 ]
] &
[ ﬁ‘ ‘ = = H‘-?_a
] | :
LT
' &
8
3
I
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Fig. 5-2. 2D generic thermal circuit of axial flpermanent magnet generator.

5.2.1.The Generic Conduction Thermal Circuit

To analyse the process of conductive heat transfean electrical machine, the

standard machine geometry was chosen and dividedbasic elements. Each basic
element was identified, in general, by an annutusas assumed that the heat flow in
the radial and axial directions of the annulus wadependent, allowing the use of
one-dimensional equations to model the conductieat transfer. Furthermore, the
mean temperatures in both of these directions wssamed to be the same, allowing
the networks to be developed by superimposingwlreane-dimensional conductive

heat transfer equations, resulting in the two disi@mal model shown in Fig. 5-3.
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Losses

Raxiall }—ﬂ%
Rradial2 }—'Jﬁ

Thermal
Capacitance

’—‘ Rayial2
s '—‘ Rradiall

T,
Fig. 5-3. Two dimensional thermal circuit of an alus.
The conduction thermal resistances used in thergetiermal network circuit were
represented as functions of the geometries of thehines, see equations (3.7-3.12) in

Chapter 3. These equations were derived direatiy fthe heat storage and Fourier 1-
D heat transfer equations of the annulus.

The heat storage of an annulus, shown in Fig.ca#d be expressed as:

Ho=pVIe, O, (5.1)
Where, p = material density, kg/mn
\Y = Annulus volume, fh
Co = Specific heat capacity at constant pressuargkJ/k
Tm = mean temperature of the annulus, K

Fig. 5-4. Two-dimensional annulus element
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Since,
V= 77(r22 - rlz)[l_ (5.2)

The heat storage equation (5.1) can be re-written a
H, = prr, - v te, T, (5.3)

Where, L = Length of the annulus

Defining a small elemental volume in the annulusocdinates,ve, (see Fig. 5-4,)
small enough to be considered that the volume temyre is uniform, then the
elemental heat storeHgg is given by:

v, =r [08dr [dl (5.4)

H,. = plt, (T 0 DO Br (5.5)

The volume integral of equation (5.5) can be eql#tehe total heat stored given by
equation (5.3)

pD?(rZZ —rlz)ELE:p T = j;J;fZBcp T [ (D83l [Br (56)

Therefore, by arranging equation (5.6), the ragialn temperature can be defined by,

2 r2
T =45\ [T, 000

S A (5.7)
Where, T, = radial temperature profile
Similarly, the axial mean temperature is given by,

L
T, =1 [T @
L (5.8)

Where, T = axial temperature profile

Radial thermal resistances
The one dimensional conductive heat transfer eguoatthich describes the radial

temperature distribution is given by,
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2

0T +Ea_T + g =0

o2 ror k (5.9)
Where, g = heat generated per unit volume (\fym

K = thermal conductivity in the radial direction (W)
The general solution of equation (5.9) is
2
T, :aEI]nr+gl] +b
4k (5.10)

Where, a, b = arbitrary constants

By substituting in the boundary conditiod$,= T, atr =r; andT, =T, atr =r;, into

equation (5.10) and subtracting from each othee, dhbitrary constan& can be

-3 [k =)

evaluated as:

[rzj 4K, (5.11)
In| =
r.l
Substituting equation (5.10) and equation (5.119 equation (5.7),
m™— 2| 2 2 r 1 r 2 2 8k r
= 2)n2 2In-2 2 ~h r 8k [n-2
rl r1 r r1

Presuming the internal heat generatignis zero for this case, the radial conductive
heat transfer can be modelled by a two resistavartas shown in Fig. 5-5(a). The
mean temperaturd,,, in the two-resistor network can be expressecims of the

boundary temperatures and thermal resistances, as:

Tm - T1 adial2 + T2 Rradiall
R agiair  Readiar2 R agiair  Readiar2 (5.13)

Comparing the coefficients af, and T, in equation (5.12) and equation (5.13), the

radial thermal resistancd3ggia; andRagialz are given as:
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or,2In'2
P n_q (5.14)
adiall 47Tl:kr EL r22 _ I,12
2r%In-2
R = _ n (5.15)
adial 2 4 [kr |:|_ r_22 _ r_12

For the general case where the internal heat gemerg, is not equal to zero, an
additional compensation resistané®.giais, IS added at the central node of the two
resistor network in Fig. 5-5(a), to give the thermguivalent circuit of Fig. 5-5(b). In

the thermal circuit, by assuming bdthandT, equal to zerol, can be expressed as:

Rradiall |:Rradial 2 j

Tm = g [ﬁRradiaIS +

Rradiall + Rradialz (516)
Thermal Heat
Capacitance generation

)

T 1'—{ Rradialt }—'—{ Rradial2 }—’ I
T’n

Rradial2 }—‘ T,

T, ‘—{ Rradial1
Ty

(@) (b)

Fig. 5-5. Radial conductive two resistor (a) anegéresistor (b) thermal network
circuits.

Applying the same boundary conditions into equaf{®t?),T,, can be represented as:

T = g [ﬁrlz +I’22)_ g Eﬁrzz _r12)

m
8k r )
r 8k, On 2 (5.17)
rl
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Hence, comparing and equating both equation (54 equation (5.17), the

additional compensation resistanBggiaiz, Can be expressed as:

42rIn'2
-1 Jezpe2 — 0 (5.18)

8rrtk, ILlr,” -1,

R agiaiz =

As Ragiaiz IS Negative, the new mean temperaftljzes lower than the original central

temperature in the two resistor network.

Axial thermal resistance

In the axial direction, the conductive heat flowtive annulus element is described by:

2
J 1- +g =0
ol K, (5.19)
Where, Ka = axial thermal conductivity of the annulus

Equation (5.19) is a parabolic differential equatizvhich has general solution as

shown as below:

2K, (5.20)

A andB are arbitrary constants and they can be evaliatetibstituting known

boundary conditionst; = Tz atl = 0 andT, = T4 atl = L, into (5.20). Hence,

(5.21)
B=T, (5.22)

By substituting (5.20) with the known arbitrary stents into (5.8) (which was
derived from the heat storage equation), the géegration of the axial mean
temperature is denoted as:
T =Ltl, o
T2 1, (5.23)
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Assume that the annulus is symmetric on the ceat@l plane. This implies thdi
andT, are identical for this particular case. Henceabkeat flow can be represented
by uni-resistor model shown in Fig. 5-6(a), &g, can be described as:

Rl = Ts =T
G (5.24)
Where,
G is the total heat flux in axial direction
G =gy’ -r})n (5.25)

By substituting equation (5.23) into equation (5, Rl.ar can be evaluated.
L' 2\
1207k, dr,? -r,?) (5.26)

Ra><ia|' =

However, the uni-resistor model is only applicalolesymmetrical annulus elements.

For asymmetrical annulus elements, a three-resistalel is required; see Fig. 5-6(b).

- T;
Tm.i Raxial’
T,
T3'—{ Raxiall

(@) (b)

Fig. 5-6. Axial thermal model of symmetrical (a)dsasymmetrical (b) annulus
element.

RaxialZ }—' T. 4

Since the annulus has a constant cross-sectioaa) #re axial thermal resistances,

Raxiain @and Raxiaiz are equal and can be deduced simply from the thleresistance

equation:
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_ _ L o
Raxiall - kaA - 2 [lka D7_(r22 _ r12) - RaxiaIZ

N

(5.26)

The third axial thermal resistand®,iai3z, can be derived by assuming the symmetric
boundary conditions on the asymmetrical thermalogt model shown in Fig. 5-6(b),
whereT; is assumed to be equal Tg, and hence the symmetric axial resistance can

be re-written as:

Ra><ia|' = Ra><ia|3 +M
2 (5.27)
— _'L A
axial3
6 DT[H(a (rzz - rlz) (528)

If it is assumed that the mean temperatures inrdd&al and axial direction are the
same, then these axial resistan€®gai1, Raxiaiz, @ndRaxiaiz can be added to the radial
thermal circuit (shown in Fig. 5-5(b)), to give ttveo dimensional thermal equivalent

circuit, shown in Fig. 5-3.

All these axial and radial thermal resistances vdenéved in the dimensionless form.
Hence, these can be easily adapted to any sizerofles elements based on the

electrical machine design.

5.2.2.Generic Convection Thermal Circuit

The generic convection thermal circuits are desigtee model the fluid-solid heat
transfers in the system for various types of flamditions, for example, flow over a
flat surface, or rotating surface, flow in a bergdpipe, flow impingement on a flat
plate etc. Like the convection thermal circuit whiwas discussed in the previous
chapters, the generic convection thermal circuisgsts of an inlet temperature source
and a generic convection thermal resistance. FRumibiee, to interact with the
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conduction circuit, the other end of the genemidficonvection circuit is connected to

the wall surface of the solid elements adjaceit, &ee Fig. 5-7.

The accuracy of the generic convection thermaludirdepends on the convection
thermal resistance specified in the circuit. Theegee convection thermal resistances
which are derived from the heat transfer coeffitiean be adjusted while the nature
of the flow changes. On the other hand, it indisatet the physical flow pattern in
the air control volume can be simply representedthwy convectional thermal
resistance. Therefore, by controlling the thernedistance, the generic convection
thermal circuit can be adapted to model differgpes of flow, with various boundary

conditions.

Nevertheless, the convection heat transfer coefftsi on the wall surfaces in the
electrical machine are unknown. Furthermore, thet transfer coefficients may vary
with the machine geometry and the machine operatioigditions, for example,
rotational speed, different working fluid etc. Pagdric studies of convection heat
transfer coefficient with various electrical maahirgeometric parameters were
conducted by Airoldi [54] to establish empiricakrfaulae that can be applied to the
generic convection thermal circuit. In that stuthye author used CFD packages to
model a range of machines with different featuresi(for example, radius, size of air
clearance and depth of the magnet grove) and apgrabnditions (for example,
rotational speed) to evaluate the convection heatster coefficients on the wall
surfaces in the machine. Based on all these testsca@mpirical formulae of the
convection heat transfer coefficient were deduced aa function of machine
geometries and operating conditions, equation |5R@ther details about the surface

heat transfer parametric studies can be obtaired f54].

Nu= fn(r,c,dm «) (5.29)
Where, Nu = Nusselt number
r = Radii
c = Air clearance
dm = Depth of the magnet groove
grr: iL? ?r?;s?sLéhglo &:=Durham
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[0} = Rotational speed

Inlet temperature
source

&

Generic convective
thermal resistance

Wall surface node

S S SSS S SS

Fig. 5-7. The generic convection thermal circuiswigle air control volume.

All the developed empirical formulae were pre-psogmed into the generic
convection thermal circuit. Therefore, the geneonavection thermal circuit directly
refers to the user inputs for the machine specitina and operating conditions, to
model the convection heat transfer in the machie.extra CFD simulation or
experimentation is required. The generic convedin@mmal circuit of each air control
volume in the system is interconnected by the Teatpee Passing Algorithm: The
inlet temperature in the convection thermal circaitaken from the outlet temperature
of the air control volume prior to the current oaad the process is updated for every
time step during the modelling. Further informatiammout the Temperature Passing

Algorithm can be found in Chapter 3.

5.2.3.Heat Sources: Losses

The heat generated in the windings within the ekt machines transfers to the
cooling air or the surroundings via several heatwflpaths. In the generic thermal
equivalent circuit model, the heat losses in thehmree are determined as functions of
measurable quantities, such as the generator oatprgnt, voltage, rotational speed
etc. The heat loss in electrical machines is thltoation of resistive and inductive

losses: The resistive loss consists of Joule loss#ee winding; the inductive losses
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are the eddy current and hysteresis losses. Moghefstator cores used in the
commercial electrical machines are laminated, tluce the both the eddy current and
hysteresis losses. For example if a block of stamlsteel is laminated intd
laminations, the inductive losses are reducetl/N times [138]. Therefore, in most
commercial electrical machines, the heat loss imingoverned by the Joule losses

in the stator windings.

Joule loss, also refers to as the “I squared RS, losxcreases with the square of the
current through the windings and it is directly poational to the electrical resistance.
The output currents of the generators are easdylable or can be easily measured, to
be specified in the thermal network model. As foe lectrical resistances of the
stator windings, it depends on further geometrinddrmation, such as the winding
diameter, winding number of turns, conductor restgt and length per turn. It is
defined in equation (5.30). Furthermore, the resigtof the winding conductor also
differs as the conductor temperature changes; fgven current, the total losses can
vary up to 50% between cold and hot machines [128hce, to model the machine
temperatures and heat losses in electrical machicagrately, the heat sources in the
thermal circuit are updated for every time stepeldasn the winding temperatures, by
using the equations (5.30) and (5.31).

AThIL (5.30)
i

p=pylL+a( -25) (5.31)

_12
F’JouleLoss‘I Eb

Where, | = current, A
= number of turns
= Length of winding per turn, m

= Diameter, m

A o — S

= Resistivity of the conductof2m
p2s = Resistivity of the conductor at 25°Qm
a = Conductor temperature constant,*C

T = Conductor temperature, °C
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The continuous movement of the magnetic partiaglethe ferromagnetic stator core,
as they align themselves with the change of magnfétid due to the rotating
permanent magnets on the rotor disk, produces milalefriction. The heat generated
by the molecular friction is known as the hystesdess. Based on the consideration
of a variety of iron types, and over a considerahlgge of flux density, Carter [138]
observed that the hysteresis loss in the stat@r isgoroportional to the peak magnetic

flux density power of, Bnax , and hence he suggested that:

Physteresis= f LA Brmax” (5.32)
Where, f = rotational frequency
A,y = material constants

Bnax = Peak magnetic flux density

In equation (5.32), the constaitandy vary according to the materigl;lies near to
1.6 and\ is about 3000, for cast iron.

The changing of the magnetic field direction in feeromagnetic materials induces
circulating flows of electrons, or current withihet body of the stator core. This
circulating current, also referred as the eddyentrrgenerates heat and warms the
stator core. The loss due to eddy currents in té®rscore depends on the geometry
of the stator cross-section and the amplitude aagleform of the magnetic flux
density. For a metal block of thickne®ls, width d, lengthl and resistivityp, carrying

a uniform flux density of peak valug,.x and frequency, the induced eddy current
loss is:

20 @B, f
Feaay = 3p (5.33)

e

Eddy currents can be minimized by lamination. I& thlock is divided into N
laminations, the eddy current loss is reduced to:

b _2nd b @B, °f
edavn N2 Bp (5.34)
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Equation (5.34) can be modified to model the eddyents in the annulus stator core,
by assuming the annulus as a rectangular block @&R) with thicknessr{ucrrin),
width d, and lengthe(rourtrin)/2. The new eddy current loss in the stator is ithtstd

in equation (5.35).

P - 7T2 [qrout + r.in ) |:qrout + r.in )3 []j [Bmaxz f
eddy,stator N 2 [3[0 (535)

Stator Core Rectangular block

Fig. 5-8. Annulus to rectangular block transforraatfor eddy current prediction.

5.2.4 Thermal Contact Resistance

When two materials are placed in contact with eattler, due to the apparent surface
irregularities, the contact between two materialsiade only at a few discrete points.
Hence the two materials are separated by larggagis. As a consequence, the heat
conduction through the surface joints takes plaaelyp through the actual contact
points and partly through the gas gap. The imperfature of surface contact results
in additional thermal resistance, which manifesdglf as a temperature drop at the
interface [139].

For conductance in the solid, Mikic [140] suggestédt for conforming rough

surfaces, the solid spot contact coefficient is:
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_ 2261k, [k, [tand ( P J o

h =
contactsolid (k1 + kz) ) H (536)

Where, 0 = Surface profile height, m
tand = The profile slope
ki, k. = thermal conductivity of two contact substand&ank
P = Contact pressure, Pa

H = Fluid flow pressure, Pa

On the other hand, the gas gap contact coeffitsecdlculated from, Kennard [141]:

kg
hcontactgas =<
Ot (5.37)
Where, Oeff = Effective mean thickness
Kg = Gas thermal conductivity

Both the derived equations (5.36) and (5.37), aexlun the generic thermal circuit to
model the temperature drop in between the solidtaot® in the generator.
Nevertheless, some of the parameters requirecesethontact coefficient predictions
are unknown or not easily available from the matemanufacturers. Therefore, to
simplify the contact coefficient prediction, Tabf¥l and 5-2 lists the common

contact coefficients that can be applied into teeeagic thermal circuit.

Table 5-1: Solid spot contact coefficient

Solids in contact P=0.1MPa P=1MPa
Contact (P/H) Peontact,solid (P/H) Peontact,solid
(W/m?K) (W/m?K)
Aluminum/Aluminum | 7x10° 3616 7x1d 31500
Aluminum/S.Steel 7x10 551 7x10* 4800
S.Steel/S.Steel 2.6xP0 | 117 2.6x10 | 1025

Table 5-2: Gas gap contact coefficient

Gas ly (W/m’K)
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PH=7x10° |P/H=2.6x10 | P/H=7x10" |P/H=2.6x1d
CO, 6890 6350 7970 7440
Air 9400 8690 10800 10110
Helium Gas 31900 30360 34800 33460

The total thermal contact resistance can be vieagetvo parallel resistances: that due
to the solid contact spot and that due to the @@s g@s shown in equation (5.38). The
contact area is typically small, and especially fough surfaces, hence the major

contribution to the resistance is made by the gaps.

1 1 1
= +
Romaet 2260k, [k, [ftand) (Pj o K (5.38)
(kl + kz) (o H a-eff

5.3. The User Interface of the Generic Lumped Parameter
Thermal Circuit

A sophisticated user friendly interface was desigtee simplify the manipulation of
the generic lumped parameter thermal circuit faalaftux machines. The interface
was constructed in an Excel spreadsheet and itistensf seven macro scripts and
seven forms. The details of the macro scripts amch$ can be obtained from Excel
spreadsheet attached in Appendix B. The interfaciges a platform for the
machine specifications and boundary conditionscation. From the inputs obtained
from the users, the Excel spreadsheet conver#ohine specifications into thermal
resistances and capacitances by the equations opedelin Section 5.2. An
automation macro script was developed and usedtieate Portunusand to feed the
generic thermal network circuit, with the corresgimg thermal resistances and
capacitances. After the solutions have reached exged values, the simulation
results are extracted and post-processed autorhatieéh the used of anoather post-

processing macro script.
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5.3.1.Machine List

The machine specifications of the axial flux maelsinare allotted in the Excel
spreadsheet in sets. The machine specificationasebe created and saved by users
from spreadsheets, making the thermal circuit regpttip process easier and more
effective. Each machine set created can be sav#d it8i corresponding machine
name and reloaded for simulations with differentifidary conditions. Similarly, the
specifications of the machine can be edited togoerfa rapid simulation. Fig. 5-9 (a)
shows the user interface of the generic LPM theregieduit and the machine
specification sets are governed and managed by#oeo form shown in Fig. 5-9 (b).
The machine list form is activated after the “maefiibutton is pressed on the main
interface. It allows the user to create, edit aatbt® machine specification sets. Fig.
5-10(a) and (b) show the forms for creating andimglimachine specification sets
respectively. Alternatively, the machine specifica sets created can be exported, or
imported to/from other machine specification formatsed in the machine design and

manufacture industries.

Machine Name vsiG Macke)
Boundary Conditions =
Machines List =5

Simulation Start

Part Specificat [ s .
-2 Specifications Select the machine from the list below:
Stator Iron (Cast} Materials

Outer Dia 0258 m

Inner Dia 0.142/m DAFM

Width 0.03m LDARM

Kacs 202 | wimzK VSIG

[ 202| wim2K Sotd

: Slots Add Machine

Stator Holder Iron (Cast} Waterials i

Outer Dia i3 m Slote

Inner Dia 0.284/m Siot7

icth 0.03/m o - :
- P e Slot8 Edit Machine
[ 202.4| wimzK Sote

Slot10

Rotor ron (Casi) M aterials Delete Machine
Outer Dia 0.238 'm

Inner Dia 0.105 m

icth 0.03/m

s 202 | wimzK i v Exit

[ 202 wimzK

Windings Copper (Purg) | _Materials

Thickness 0.0025 ' m

Current 125 A

Resistivity 1.68E-08 ohm*m

Temperature coefficient 0.0088 1/DegC

\Winding Diameter 0.003)m

Number of Winding 43 Windings

Number of Turns per Winding 15 Turns

s 1203 wimzk

[ 401 wim2k

i

Interface | Results / Machines Specifications  Resstances

Fig. 5-9. The interface of the 2-D generic LPM that circuit (a) and the machine list
form (b)
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.New Machine Specification Sheet lth‘ [ Edit Machine Specifications ) |
backion Hame | oK Cancel Newt Orignal
Stater | Stater Helder | Retor | Magnet | Winding | Machine Name | [siG Edit Cancel
Stator
Ouber Dlariater ) Stator | Stator Holder | Rotor | Magnet | Winding |
Inner Ciameter '7 (m) Stator e Orignal
Widh ™ Outer Diameter I 10 o6 (m)
Bzl Thermal Conductivity T wmx) orar Ditimehi [ o (m
Radisl Thermal Conductivity  wmx) Nikdh {— G0 (m)
r

20: (W/m2K)

Asial Thermal Conductivity (.
Radisl Thermsl Canductivity 200 (W/m2K)

(a) (b)

Fig. 5-10. New machine specification form (a) anachine editing form (b)

5.3.2 Part Specifications

The topology of the axial flux machine used in tt@search follows the design of the
commercial 4kW VSIG air cooled machine manufactubgdCummins Generator
TechnologiesThe model generator consists of five major partsch are the stator
holder, stator, rotor disks, magnets and coupliggsb These parts and their

corresponding parameters are summarized in Fid. &l Fig. 5-12.

Several adaptations were made to enable the duiahfachine to be modelled with
the 2-D generic LPM thermal circuit. Firstly, theater windings are simplified into
rectangular blocks attached on the peripheral sesf@f the stator core; whereas the
depth of these rectangular blocks is equal to veeaae depth of the windings (Fig. 5-
12). The thermal conductivities (in the axial aadial directions) are evaluated by the

CLM winding modelling method discussed in Chapter 4

Also, the 2-D generic LPM thermal circuit neglectse heat flow in the
circumferential direction and the convective heahsfer in the inter-magnet grooves
is omitted. Therefore, the magnets affixed on tberr discs are simplified into a

Chin Hong LIM AR
PhD Thesis 2010 P Durham

School of Engineering and Computer Science University



5.3. The User Interface of the Generic Lumped PatanThermal Circuit 132

single annulus, with inner and outer radii equatht® magnets (Fig. 5-11). However,
the simplification is only valid if the inter-magngrooves are small, in comparison
with the width of the magnets. Otherwise, the BwsE in the inter-magnet grooves
may induce high heat transfer in circumferentiakdiion, causing large discrepancy

in the simulation results.

l Air Gap
s

Stator Holder

Rotor Width
igele

= Magnet Thickness
.

Rotor Inner Diameter.
Rotor Outer Diameter

Stator Holder Outer Diameter

Stator Holder Inner Diameter
Stator Outer Diameter
Stator Inner Diameter

~

§iator Width

(-]
Stator Holder Width

Fig. 5-11. Axial flux permanent magnet generatassrsectional view.

Winding on the stator Winding Winding

Thickness Biamser Number of turns

per winding

(a) (b)
Fig. 5-12. Windings on the stator (a) and the wiigds cross-sectional view (b).
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A list of material properties is stored in the gmeheet to accommodate simulations
of various machines configurations with differentterials. The list of material
properties is shown as below:

Table 5-3: Material properties

Material Specific heat capacity Density = Thermal conductivity
(J/kgK) (kg/m®) (W/mK)
Aluminum(Alloy 195) 833 2790 168
Brass (70%Cu, 30%2Zn) 385 8522 111
Cooper (Pure) 382 8933 401
Iron (Pure) 447 7870 80
Iron (Cast) 420 7920 52
Iron (Silicon 1%) 460 7769 42
Iron (Silicon 5%) 460 7417 19
Stainless Steel 302 480 8055 15.1
Stainless Steel 304 477 7900 14.9
Stainless Steel 316 468 8238 134
Stainless Steel 347 480 7978 14.2
Stainless Steel 410 460 7770 25
Epoxy 1500 1200 0.22
Nomex 410 1300 1400 0.14
Nylon 1600 1100 0.24
Plastic-ABS 1260 1014 0.25
Polycarbonate (PC) 1250 1200 0.29
Polyethylene (PE) 2200 940 0.33
Polyethylene (PP) 1900 905 0.17
PVC 1200 1600 0.16
PTFE (Teflon) 1050 2200 0.25
Polystyrene (PS) 1350 1040 0.10
Rubber (Hard) 2010 1190 0.16
Telfon 1040 2200 0.22
SE iLr)] |TJIt?e?s%sL|2'\c/)|10 g‘g=Durham
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Table 5-4: Material thermal resistivity [142-144]

Material Resistivity/x 1 Temperature Coefficient
(@m) (KD
Silver 1.59 0.0038
Copper 1.72 0.0039
Gold 2.44 0.0034
Aluminum 2.82 0.0039
Calcium 3.30 N/A
Tungsten 5.60 0.0045
Nickel 6.99 N/A
Iron 10.0 0.005
Tin 10.9 0.0045
Platinum 11.0 0.00392
Lead 22.0 0.0039
Manganin 48.2 0.000002
Constantan 49.0 0.00001
Mercury 98.0 0.0009
Nichrome 110 0.0004
Carbon 3500 -0.0005

5.3.3.Boundary Conditions and Loading Profile

The machine operating conditions are governed agggrby the boundary condition

macro list. (Details of the boundary condition nmascript can be found in Appendix

B.) These operating conditions, including the maehrotational speed, ambient
temperature, peak magnetic flux (for eddy curremd &ysteresis losses), and the
current in the windings, operate separately froertfachine specifications set. Hence
it provides greater flexibility for users to penfiora greater range of simulations more
efficiently, i.e. the same machine configuratiom e tested with different boundary
conditions without re-allotting the machine speaxfions. Fig. 5-13(a) shows the

interface of the boundary condition macro script.
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The current drawn from the generator varies wite tbad in the network. For

example, a sudden surge of the demand (or loadjcesda drop of current in the
electrical network and machine or vice-verse. lmeotwords, the change of current in
the generator due to the varying load in the netwaiters the heat generation (or
Joule loss) in the electrical machines. Hences inécessary implement the time

dependent heat sources in the generic thermalitsircu

An electrical loading profile macro script was deghto take into account the time
dependent load in the generic thermal circuit. démjenction with the temperature
dependent Joule loss, the heat generated from itiing of the axial flux generator
can be deduced from:

4[h[L
PJouIeLoss= I 2 (t) EpZS[l"' a(T - 25)] G—z

i (5.39)

Where, (1) = current profile varies with time
n = number of turns
L = Length of winding per turn, m
d = Diameter, m
p = Resistivity of the conductofdm
p2s = Resistivity of the conductor at 25°Qm
a = Conductor temperature constant,*C

T = Conductor temperature, °C

An interface was designed to model the electrioaldl profile as shown in Fig. 5-
13(b). The interface consists of two columns, whach separated with commas: The
first column indicates the time, whereas the secamdumn indicates the
corresponding current at the specified time. F@naple, the loading profile specified
in Fig. 5-13(b) indicates the current is switchedat time 0 and is switch off from
time 100s to 200s and from 300s to 400s. The automanacro script was pre-
programmed to extract the information from thisenfdce and feed into the generic
2D LPM thermal circuit.
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Boundary Conditions =5 | LoadingProfile.xy - Notepad PR
Operating Conditions l Losses | File Edit Format View Help

[coLUMNS]
2

Ambient Temperature | {Degc)y [NAMES]
|

Mechanical Rotational [DATA]

Spead 0.0,1,

(rom) 100,0,
200,1,
300,0,
400,1,
oK Cancel

() (b)

Fig. 5-13. Machine boundary conditions (a) and inggbrofile macro script
interfaces (b).

5.4. Validation of the 2-D Generic Lumped Parameter Mode

This case study describes the use of the 2-D geh@mped parameter model to
perform thermal modelling for Cummins Generator Rredlogies VSIG axial flux
machines. Both solid and air temperatures calatl&tem both the generic lumped
parameter model thermal circuit and the CFD mod&lkevweompared. However, due to
the unavailability of experimental results of VSiBachines, the developed 2-D
generic lumped parameter model was validated by @sDIts. The validations were
carried out by investigating the solid and air temgure distributions predicted from
2-D generic LPM and CFD models for different ratatl speeds and air gap
clearances (or the axial distance between the sstdrstator surface). At the end, the
time dependent boundary conditions, such as termyerdependent Joule losses and
time dependent heat source, were specified on évelaped 2-D generic lumped
parameter model. The disparities between the epudidicted from the 2-D generic

lumped parameter model and CFD models are exanaimedliscussed.

5.4.1VSIG Axial Flux Generator Specifications.

Currently, CGT’s VSIG is commercially available amlin mass production for

industrial applications. Due to the confidentiafegment with Cummins Generator
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Technologies, to protect the competiveness of Vial@he power generation market,
the geometry of the axial flux machine used in ti@isearch was based on physical
estimation. Table 5-5 summarises the approximasesngtrical information of VSIG

used for the validation of 2-D generic lumped pagtenmodel thermal circuit.

Table 5-5: Geometry of the axial flux machine usadhe generic lumped parameter
model validation.

Dimension Stator Stator Holder Rotor Magnet
Outer Diameter (m) 0.258 0.300 0.238 0.232
Inner Diameter (m) 0.142 0.284 0.105 0.166
Width (m) 0.03 0.030 0.030 0.0035
Axial Thermal Conductivity (W/fK) 202 202 202 202
Radial Thermal Conductivity (W/fK) 202 202 202 202
Windings

Axial Thermal Conductivity (W/ifK) 120.3

Radial thermal conductivity (W/fK) 401

Winding Thickness (m) 0.0025

Winding Resistivity Qm) 1.68x10°

Current (A) 12.5

Temperature Coefficient 0.0068

(°C?

Number of Winding 48

Number of winding turns 15

Air clearance (m) 0.004

5.4.2.CFD Model of the Simplified AFPM Generator

A 2D-axisymmetric CFD model of the simplified AFPdknerator was constructed
and simulated in FLUENT. Since there is no diremtrelation or empirical equation
that can be used to evaluate the heat transfefideats and mass flow rate for the

VSIG generator, the simulated results obtained fthen CFD model were used. In
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addition, the comparison between the temperaturesgigied from both generic
lumped parameter and CFD models is more prudembtti are using the same heat

transfer coefficients and mass flow rate.

The computational mesh of the axial flux machinehswn in Fig. 5-14: Both solids
and fluid inside the generator were meshed, eXoephe stator core. In the near wall
regions, dense meshes were applied to capturehdrenal boundary layers in the
immediate vicinity of the wall boundaries. Realilmk-epsilon with enhanced wall
treatment model is used to model the turbulenddenthe generator. At both the inlet
and outlet of the generator, pressure boundary itondg were used: Zero total
pressure was specified at the inlet, and at thietpaero static pressure was specified.
This model solves the flow equations around thatiog parts, including the rotating
rotor disk and magnets. Hence, the rotating refereiname model was used. The
additional acceleration terms in the flow equatiowbich occur due to the
transformation from the stationary to the rotatpagts, were solved in the unsteady-
state manner. The temperature dependent heat sowsre used in both 2-D LPM
and CFD models to investigate the effect of temjpeeadependent Joule losses in the

generator windings.
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Fig. 5-14. Simplified AFPM generator meshing grid.

5.4.3 Results and Discussions

The AFPM generator solid surfaces and air temperatwere calculated from both
the LPM and CFD models. The temperatures preditted these two models were
plotted and compared in Fig. 5-15. Generally, asgared with the temperatures
predicted from the CFD model, LPM predicted slightigher temperatures except on
the rotor disk surfaces (RDisks). Additionally,can be noticed that the temperature
discrepancies of these two numerical models wegh lin the solid surface, as
compared with the fluid. The biggest discrepancguoied in the surface temperature

of the stator holder, where the error is around 6%.

The validation was extended by testing the 2-D genthermal circuit for two
different rotational speeds, which were 750 rpm a6d0 rpm, and an additional air
clearance size, which was 4 mm. To adapt these imadperating conditions and

geometries into the 2-D generic model, a few sligbtifications on the machine and
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boundary condition forms (Section 5.3) were reqlir®ince the heat flow paths in
the generator do not change as these variablestakesame thermal circuit was used.
However, in order to validate the temperaturesipted from the 2-D generic thermal
circuit, the CFD models with these particular maehioperating conditions and
geometry were reconstructed. Unlike the LPM modgllitechnique, these CFD
models were required to be constructed from thenloggy New mesh models of the
axial flux machines were built and simulated uritie average solutions were
converged. All the solutions evaluated from thré#edent boundary conditions by
the two different modelling techniques are showfim 5-16, Fig. 5-17 and Fig. 5-18.

The discrepancies between the temperatures prddicm the 2-D generic thermal
circuit and the CFD models were quantified by thlative errors in percentage ratio,
shown in Fig. 5-15 — 5-18, on the secondary, Y-goesthe right hand side of the
graphs). The relative error is defined as the p#ege ratio of the temperature
discrepancy between the LPM and CFD and the temperancrease from CFD
models (equation (5.40)). The relative error is edtdy measure for temperature
discrepancy, than absolute error because thevelatrors, normalise the temperature
differences (between 2-D generic thermal circuitd a@FD model) with its
corresponding inlet temperature. Therefore, thatingd error is independent from the
inlet temperature specified from the user, i.evasying the inlet temperature will not

change the relative errors obtained.

Relative error —(TLPM ! )_(TCFD _Ti”)XIOO%
(TCFD _Tin) (5.40)

Chin Hong LIM AR
PhD Thesis 2010 W Durham
School of Engineering and Computer Science University



5.4. Validation of the 2-D Generic Lumped Param&tedel 141

65 0
4 ESILPM CIVSIG CFD —+—Relative Error%i\A\A\Q
60 \ /’ ] E—— S ——— 2
LA—
- b T T N ] P T
655 \ / AT LA -4 N
= C\C’
8 %o \A/A—A//A\ / Xﬁ Bl I It A R
o
(o}
5 45 - L HTHTHT L HT T HTHL AL 8 8
A :
a 40 e e e e Lo
: TR :
F 35 I HHIHHITHHLHTE 3 E ] -2
25 I:I:I T T T T T T T T T T T T T T T T T T T T T T T T T -16
— N ™M N3 Te] © ~ Lo N (] — N (%] < Ts} - N [a2] < Te] «© ~ - ~N (22 < Te]
500000022 2 % v v v v 2222222585585 585 8 8
2 2 2 2 2 2 20O OAADOO00TT ST T 5 5 5 5 8 8 8 8 8
< ¥ ¥ ¥ T I T s s @@eax § § § é é é § n n b H »
Control Volume

Fig. 5-15. The air control volume s and solid scefsemperature calculated from
LPM and CFD model respectively B500rpmand2mmair clearance.
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Fig. 5-17. The air control volume s and solid scefsemperature calculated from
LPM and CFD model respectively 2000rpmand2mmair clearance.
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Fig. 5-18. The air control volume s and solid scefsemperature calculated from
LPM and CFD model respectively B500rpmand4mmair clearance.

From these simulations, it can be noticed thattémeperature increase of the rotor
disk, magnets and the air control volumes were gdliyesmaller when compared

with the stator and winding control volumes. Foa@ple: the temperature increase of
the rotor disk control volumes varied from 5°C t6°@, whereas for the stator

winding, the temperature increase was about 50%¥peniding on the operating

conditions and the generator geometry. Also, it bamoticed that the temperature
increases of the stator winding and the stator e@® about the same, as well as for
the rotor disk and magnet. This is because theacbmesistances between the two
solid surfaces were neglected in these simulatiSimee the aim of this research is to
verify the accuracy of the 2D generic thermal dirdtiis not necessary to include the
contact resistances into both the thermal circuit @FD models.

The stator core and stator winding temperaturedigtel by the 2D generic thermal
circuit were in good agreement, where the relagm®rs were within 15%. On the
other hand, the temperatures predicted for therrdisk and magnet were less
accurate; the relative errors varying from 2% t®:3@lepending on the machine
operating conditions and machine geometry. The meason is that the accuracy of
the rotor disk and magnet temperature is stron{figcted by the fluid convective
circuit used n the generic thermal circuit, wheraghe stator core and windings, the
accuracy of the fluid convective circuit has a lsgmificant effect, because they are
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mainly determined by the heat sources and the thlepnoperties on the windings.

Temperatures predicted for the stator core andrstahdings are more reliable.

Overall, the temperatures predicted from the 2-Bege thermal circuit show a good
agreement with the CFD model, especially for lowational speed and small air
clearance models (Fig. 5-16). When the rotatiopakd increased, the accuracy of the
generic thermal circuit deteriorated. For examtile, maximum relative error for the
750 rpm model was 8% (in air control volume 7), veas at 1500 rpm, the maximum
relative error was 15% (in the magnet disk comimume 1). However, the accuracy
of the generic thermal circuit depreciated lessidigpwhen the rotational speed
increased above 1500 rpm. At 3000 rpm, the maximelative error was about 18%
(in magnet disk control volume 1, see Fig. 5-17).

When the generator air clearance increases froom2tard mm, the temperatures of
the rotor disk and magnet decrease. On the othed,hine winding and stator
temperatures increase (Fig. 5-18). The temperahaes in the rotor disk and magnet
were due to the increase of the axial distance dx@twhe rotor disk and winding: As
the rotor disk is moved further away from the wirgh, the velocity of the local air in
the vicinity of the stator winding decreases. Thaes the local heat transfer
coefficients on the stator wall, which are diredgtifluenced by the local air velocity,
reduce. Consequently, less heat is transferred fhenwinding to the moving air, the

winding temperature increases.

Also, it can be observed that the accuracy of #eegc thermal circuit deteriorates at
higher air clearance. The highest relative disanepaevaluated from the generic
thermal circuit was about 30%, on the magnet d@krol volume 3. These illustrate
that for high air clearance electrical machine ni@deigher discretisation level for

fluid convective circuits are required.

The 2-D generic thermal circuit validation was aéounéd by examining its transient
responses to the time dependent boundary conditimsthis investigation,
temperature dependent heat sources (Joule los® spacified in both CFD and

generic thermal circuit models. In addition, thethsources were switched off after
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500 s, and switched back on at 1000 s. The aimhef houndary condition

configuration was to examine the machine’s cootegponses.

Fig. 5-19 plots the air mass-weighted average teatpee of seven air control
volumes with respect to time. The stator windinglumee-average temperature
transient responses are illustrated in Fig. 5-2@ithB-ig. 5-19 and Fig. 5-20 show the
temperature responses predicted from both CFD lam@4D generic thermal circuit.
The temperature responses of the same (air and) santrol volumes predicted by
the CFD and generic thermal circuit models areesgmted in the same graph with
similar colour band for comparison purposes. Foangple: In Fig. 5-19, the
temperature responses of air control volume\itCV1, predicted by the CFD and
generic thermal circuit were coloured in dark barel royal blue, respectively; For
the solid winding control volume 22 the temperature responses were coloured in
bright and dull pinks respectively (Fig. 5-20). Bathe CFD and thermal circuit
models were simulated for 10 hours operating ti8iace the temperature responses
reach steady states after 1 hour operating timeeteémperature responses after 1.6
hours (which is roughly equal to 5000 s) were netglé and omitted from the graphs
(Fig. 5-19 and Fig. 5-20).

The steady state results predicted from both CFDgameric thermal circuit models
did not perfectly match with each other. The maxmuelative error is 14% (Fig. 5-
15) and these errors resurface in the transienpeesture responses in Fig. 5-19 and
Fig. 5-20, in both the heating and cooling curvés a result, the transient
temperature response predicted by the generic #ierircuit model was generally
colder while the machine was heating up, and wamien the machine was cooling
down. However, the steady state temperature diftese were small: 2 °C for the

stator winding, and 0.8°C for the air control vokesnrespectively.
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Fig. 5-19. Transient temperature responses ofoaitral volume predicted by both CFD and 2-D gen#rermal circuit models.
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Except for the slight steady state errors, thesieart temperature responses predicted
by the 2-D generic thermal circuit shows a goodeagrent with the CFD models.
Further investigations in the accuracy of the ti@msresponses of both the numerical
models were conducted, to determine the accuractheftime constant (the time
required to reach 66.6% of the steady state regpasfseach control volume. The
results are shown in Fig. 5-21. The results in@éidhtat the temperature responses
predicted by the 2-D generic thermal circuit lagdpethind the CFD model, by 20-75
sec, which is about 5% as compared with the CF[e tounstant. The reason is
because the stator core was not modeled in the i86del. Therefore, an additional
mass of the stator core in the generic thermalttimodel was contributing to the 5%
time lag for both heating and cooling curves of t&chine when compared with the
CFD model.
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o CFD OLPM

1400 4 —

1350 1 [7]

1300 | L HE FRLETL R -

1250

1200 -

Time Constant (sec)

1150 +

1100 -

1050

1000 T T T T T T T T T T T T T
Airl Air2 Air3 Aird Air5 Airé Air7 W1 W2 W3 W4 W5 W6 W7

Fig. 5-21. Time constant for each solid and airtc@rvolume.

In conclusion, the temperatures predicted by LPMewr good agreement with the
temperatures simulated from the commercial CFD pgekwhere the highest relative
discrepancy is 30%, or 4 °C maximum absolute teatpes difference. The accuracy
of the 2D generic thermal circuit was improved @t Irotational speeds, and at low
air clearance. For transient simulation, the errotserited from the steady state
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simulation persisted. However, the time constaneath control volume was well

predicted by the 2D generic model.

5.5. The Construction of the Generic Lumped Parametedé¥lo
of Water-cooled, Totally Enclosed Axial Flux Macls

5.5.1.Introduction

Totally enclosed axial flux machines are designed rhachine operation in harsh
working environments, such as in underwater, andr@mments with corroding

working fluids, gases, pollutants etc. Unlike th@eo channel axial flux machines,
which use the surrounding air to cool the componérgide the generator, the totally
enclosed machines have metal casings to insolatelings and magnets from

dangerous working fluids. For cooling, totally evsxd axial flux machines embrace
water cooling systems. External water pumps arenconty used to drive and

circulate coolant inside the water jacket, to remdweat generated from the stator
winding and stator core. Since water is a thousands denser than air, most of the
heat loss is dissipated via the coolant in the mjatket, instead of via air convection

or radiation.

The stator of the totally enclosed machine consistiree major parts, which are the
iron core, the aluminum water jacket and the cewager column, see Fig. 5-22. The
stator windings that go around the top and bottdnthe water jacket, are slotted
inside the iron core grooves. The heat losses duesistive heating in the windings
and eddy current and hysteresis losses in thearereonducted by the high thermal
conductivity water jacket. While the coolant (watpasses through the water column
inside the water jacket, heat is discarded viacth@ant by convection to an external
heat exchanger or radiator. The convection heatstea coefficients on the water
column walls are high, e.g. 2000-2500 V¥¥mnDue to the high density of water and
the high fluid flow speed, the increase of the watenperature is only a fraction of

degree, during normal machine operating conditions.
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Fig. 5-22. The water-cooled stator of the totalglesed axial flux generator (a) and
cross-sectional view.

5.5.2.The Generic Lumped Parameter Thermal Circuit ofetvaboled

Totally Enclosed Axial Flux Machines

The heat losses in the totally enclosed machinesliasipated by means of two main
heat flow paths: One is via the coolant in the wgteket in the stator, and the other is
via the circulating air in the totally enclosed rmiame. Based on experiments
conducted by Cummins Generator Technologies, 95%heftotal heat losses are
transmitted through the coolant in the water jackdtereas the circulated air only
accounts for 5% of the total heat dissipation. €f@e, to simplify the thermal

equivalent circuit, the local air convection frotretstator to the generator casing is

represented as a one-off convection thermal resista

The stator is divided into thirteen annuli, whiate @ahe stator core, top, bottom and
middle water jacket, and top, bottom and side wigdj see Fig. 5-23. The stator core,
middle water jacket and side winding annuli areHer discretised into three smaller
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control volumes to improve the accuracy of tempemprediction. Each of the annuli
of the stator model is represented by the two dsiweral thermal circuit described in
section 5.2, and inter-connected to match theirsigay attachment. Between two
material contacts, e.g. side windings to side coaer bracket to core etc, thermal
contact resistances are introduced to model thepeesmture drops due to surface
asperity. Also, given that the coolant in the watelumn has high density and the
increase of temperature of the coolant is a fractiba degree, the water column is
simplified as one thermal resistance with the cablalet temperature as the
temperature source. Some totally enclosed axial §jenerators are attached to, or
adjacent to other electrical or mechanical machiknce, additional temperature
sources are added to the thermal circuit aroundcéiseng, to model the interaction
thermal effect between the totally enclosed axlak fgenerators and the other

machines.

In the previous thermal circuit models, the axlakfmachines were assumed to be
axis-symmetric. Therefore, the windings were sifigdi as annulus disks and
modelled directly by the two dimensional annuluserthal equivalent circuit.
However, the stator windings of the totally enctbsgial flux machines are different:
Stator windings are packed in bundles and slottsiié the stator core. Since the
stator winding bundles are discrete in the circusrigal direction, the thermal
equivalent circuit of the totally enclosed machisgyoverned by two separated type
of thermal circuits, which are the winding circuand the stator core circuit, see Fig.
5-23. The two circuits work interactively in eadimé step to model the thermal state
of the totally enclosed permanent magnet generators
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Fig. 5-23. Generic lumped parameter thermal cirolibtally enclose water-cooled
axial flux machines.
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The winding circuit models the thermal system o# ennding bundle. It consists of a
contact resistance, a Watt (or Amp) meter, a teaiper source and a two-
dimensional cylinder thermal circuit. The contaesistance models the gas gap
conductance between the two materials in contauthwin this case, it is between the
winding bundle and the stator core. Equation (5ed/Bluates the contact resistance of
the winding bundle-stator core interface, wheredbmetact area. can be found by
equation (5.42), Fig. 5-24.

The temperature sources of the winding circuitlisueed to the temperature obtained
from the core surface of the stator-core circuiteAch time step, the winding circuit
is run based on the core surface temperature @uatdiom the stator core circuit from
the previous time step. The resistive heat passiraugh the each control volume is

recorded and passed to the stator-core circuitamext time step.

1 (5.41)
R Py X Ac
A =271 x 360-6 xL, (5.42)
36C
Where
hwc = Winding bundle and stator core contact coeffiigwnm’K
re = Winding slot diameter, m
Lw = Winding Length, m
% = Contact Angle, °

Fig. 5-24. Schematic sketch of the totally enclosatkr-cooled slotted core section.
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The stator core and water jacket are modeled btdter core circuit, see Fig. 5-23.
In this circuit, the stator core is discretisedtinthree smaller annuli, whereas the
water jacket is split into top, bottom and threeddhe annuli. All the annuli are
modeled by the two-dimensional cylinder thermatuit. The existence of winding
bundles in the stator core circuit is representgdhle winding power sources in the
stator-core circuit. As the winding circuit only dwls the thermal path of one
winding bundle, the heat power recorded in the Wetérs of the winding circuit
represent the heat losses of one winding bundletefbre, the total power used in the
winding power sources in the stator-core circuievaluated by the multiplication of
the total heat recorded in the Wattmeters in thedimig circuit and the total number
of winding bundles, in the totally enclosed axilixfgenerator. For example, if the
total heat measured in the Wattmeters of the wondimcuit is Py, and the total
number of winding bundles N,, the winding power sources used in the core dircui

are equal tdy, x Ny.

The winding and stator core circuit works intereely during the thermal simulation
process: the winding circuit acquires the coreagftemperature from the stator core
circuit to predict the winding temperature and Heases due to resistive loss. At the
same time, it passes the corresponding total heasuared by the Wattmeters to the
stator core circuit, to evaluate the core tempeeatlihe simulation is re-iterated until

it reaches a steady state, for each time step.

5.5.3.Transient Boundary Conditions

The generic lumped parameter thermal circuit of waer-cooled totally enclosed
axial flux machine adopts the transient solver;deethis implies that the transient
temperature solutions can be obtained. Also, basethe generator application, the
thermal circuit can be fed by time dependent bogndeonditions, such as

temperature dependent heat losses, time dependetrtaal loading etc.
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The winding resistance is temperature dependenenwthe winding temperature
increases, the electrical resistances and the Jaggdancrease. Therefore, in order to
acquire better accuracy for the temperature prediaf totally enclosed axial flux
machines, the consideration of temperature depértdEat losses in the winding is
necessary. In the generic thermal circuit of watested totally enclosed axial flux
machines, the resistive heat losses in the windnegrepresented as power sources.
These power sources are pre-programmed accordittgByaluate the heat losses in
the windings by using the winding temperature predi from the previous time step.
The equations that govern the temperature dependeat losses are shown in
equation (5.30) and equation (5.31). Thus, the genkermal circuit automatically
updates the newly calculated heat resistive powssds in the windings, at every time
step, until the system reaches the steady state.

Also, the Joule loss in the axial flux generatopeleds on the magnitude of the
electrical current passing through the stator wigdi(equation (5.30)). For different
machine applications, the Joule loss varies witfeidint electrical loading profiles or
patterns. For instance, generators which are tjremtnnected to the grid, the
corresponding Joule loss in the winding is propoi to the electrical loading curve.
Thus, in order to take account the change of ctiirethe electrical machines in the
generic thermal circuit, the heat sources (in tleaegic thermal circuit) are pre-
programmed to acquire the current magnitude, adifierent time, from a look-up

table specified by the users. The look-up table mmses of two columns: The first
column states the time interval and second colummesponds to the electrical
loading.

Several water-cooled totally enclosed axial fluxnegmtors are installed on portable
vehicles, where the water pumps of the generatmescannected directly to the
vehicle engines. When the engine of a vehicle igcbed off, the sudden halt of
flowing water in the stator water jacket causestémeperature of the generator to soar,
due to sudden drop of cooling in the water jacked the latent heat stored in the
engine and the generator. In extreme situations, témperature of the generator
skyrockets above the temperature limits of the gepe insulation materials and

causes the generator to breakdown or drop in effay. Thus, the generic thermal
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circuit of the water cooled axial flux generatom®dified to take into consideration
the sudden stop of the water pump power. In thipagech, another look-up table is
used in the generic thermal circuit to model thev@oalteration of the water pump of
the generator. Users are allowed to prescribe andnthe power of the water pump
in the look-up table, by specifying “1” for wateump power on and “0” for power

off at the corresponding time.

5.5.4.Case Study: Generic Thermal Circuit of Water Codletilly

Enclosed Axial Flux Generators with Transient Cands

The generic thermal circuit constructed for thealtgtenclosed, water-cooled axial
flux machines was tested with two transient boupdanditions. Two loading curves,
which were the square wave and sinus wave loadimges (Fig. 5-25), were used.
For the square wave loading curve, the currenhénwtindings varies in steps, from 0
amp to 15 amp, with frequency of 2.77%¢t; whereas for the sinus wave loading
curve, the loading frequency is 5.56516z, and the amplitude of 7.5 amp at 7.5 amp
offset. For both cases, the inlet water temperatues set to 80°C, and the
temperature on the casing wall next to the engias fixed at 100 °C. The ambient
temperature specified in the model was 20 °C.

20
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Square wave loading curve
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Fig. 5-25. Square and sinus loading curves
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Fig. 5-26(a) and (b) show the temperature respopsedicted from two different
loadings, which are the square and sinus load sumespectively. The simulated
results show that the aluminum water jacket reat¢hedsteady state a lot faster than
the stator core and windings. This indicates thating the first two hours, the
generator was heated by water inside the wateeja@khere the water temperature
was 80°C). The winding temperature increased whenctirrent passed through the
conductors. After two hours, the winding temperatuwse above the water jacket
inlet temperature and heated up the stator core génerator system reached a steady
state after three hours. It can be noticed thatchange in the loading curve caused
large temperature fluctuations in the winding terapge. However, the mean final
steady state temperatures were not affected bip#ueng curve profiles.

The rapid temperature change of the aluminum watget at the beginning of the
operation was due to the temperature source seédifi the generic thermal circuit.
To simplify the thermal circuit, the water coolirgystem was represented by a
combination of one thermal resistance and tempeyagource. Therefore, the
temperature of the water jacket immediately respdntb the temperature of the
temperature source after the simulation was staMedertheless, the simplification
has minimal effect on the final steady state temfjoees predicted by the generic

thermal circuit.
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Fig. 5-26. Temperature responses predicted fromvtter-cooled totally enclosed
axial flux machine with square wave (a) and sinasev(b) loading curves.

Fig. 5-27(a) and (b) show the generator temperatsponses after the generator and
water pump were switched off at the fifth hour bé toperation, for both loading
curves. Once the water pump was switched off, Bmghstator core and water jacket

were heated by the latent heat stored in the wgsdand by the engine next to the
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generator. In these simulations, the generator sedsadjacent to an engine of wall

temperature equivalent to 100°C. Thus, when bogh génerator and water pump

were switched off, the whole generator reachedgaiivalent temperature of 90°C.
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Fig. 5-27. Temperature responses predicted fromveter-cooled totally enclose

axial flux machine after the generator and watenpuwvere switched off at the fifth
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5.6. Conclusions

Lumped parameter thermal circuits are capable eflipting the thermal state of

electrical machines effectively, but the constructiof the thermal circuit can be

tedious and requires high level of understandinthefmodynamics and heat transfer.
Therefore, the idea of the generic lumped paranteé&Emal circuit has been proposed.
The generic thermal circuit consists of the basiaductive and convective sub-

circuits. With the thermal resistances and capacésa derived in dimensionless form,
the generic thermal circuit can be used to modeltfiermal states of a collection of
electrical machines with wide range of machine sizghich have broadly similar

topology. With small modifications, the generic riin@l circuit can be adapted to

other types of electrical machines, such as aitetbaxial flux generators, single-

sided core-less generators and totally enclosedrveabled electrical machines.

A sophisticated spreadsheet was designed to fusingulify the use of the thermal
circuit for the simulation of electrical machinésuser friendly interface was created,
in Excel, to input the machine geometries by ther.uélso, a set of macro scripts
were written to convert the machine specificatiatoaatically into its corresponding
thermal resistances and capacitances. This infosmé fed into the generic thermal
circuit to perform the thermal analysis. On comiplet the results obtained from the
generic thermal circuit are transferred back to Bwcel spreadsheet for post-

processing.

The generic thermal circuit of water-cooled totadlyclosed axial flux machines has
been proposed. Since the water has higher demhsitythe air, 95% of the heat losses
are dissipated via the water jacket to the flowowplant in these water-cooled
machines. Thus, the heat convection to the airnveggected in the thermal circuit of
the water-cooled generators. Also, due to the edotwinding design, the generic
thermal circuit is split into two sub-circuits, vehi are the winding circuit and core
stator circuit. The two thermal circuits work irdetively to predict the temperature
responses for transient boundary conditions, suchemperature dependent heat

losses, time dependent electrical loading and watep loading.

Chin Hong LIM A
PhD Thesis 2010 \ |
School of Engineering and Computer Science

[ ]
¥ Durham

University



5.6. Conclusions 160

In conclusion, both the generic thermal circuit @hd sophisticated user interface
spreadsheet circumvent the complexity of manualdlystructing the thermal circuits
of the electrical machines. Consequently, the usbo may have little experience of
thermal network models, is able to perform rapidyiea thermal simulations

effectively with the support of these two thermalduelling tools.
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Chapter 6

Experimental Validation of the Lumped Parameter
thermal modelling technique: Single-sided Slotted

Axial Flux Permanent Magnet Generator

6.1. Introduction

The advanced lumped parameter modelling technigag lbeen introduced and
discussed. Several case studies have been condaotedfy the results predicted by
the lumped parameter thermal network circuit aga@tsD models. Strong evidence
shows that the advance lumped parameter modell@opnique is capable of
producing good results for temperature and heat ficedictions for simple heat

transfer models with sufficient levels of discratisn.

The single-sided slotted axial flux generator hasnajue pancake profile and it is
widely used for electric vehicle regenerative bngkand renewable energy power
generation. Fig. 6-1(a) shows the sectional sketch3-kW single-sided slotted axial
flux generator. Experimental verifications werergat out on this type of machine to
further examine the feasibility and accuracy of thévance lumped parameter
modelling technique. The lumped parameter therreéivork and the CFD model of
the single-sided slotted axial flux permanent mageaerator were constructed. The

single-sided slotted axial flux generator rig, whis shown in Fig. 6-1(b) was built to
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6.1 Introduction 162

perform experimental testing, to verify the resudisnulated from both of the

numerical models.

Magnet =¥ 4 J:f

Rotor Slotted Windings ; - & g /

Stator Core

Stator

== L= "~ Shaft

(@) (b)

Fig. 6-1. Single-sided slotted axial flux permaneratgnet generator.

6.2. The Construction of the Single-sided Slotted Geoer2-
D Lumped Parameter Thermal Circuit

The 2-D lumped parameter thermal circuit of the gified single-sided slotted

generator was constructed, as shown in Fig. 6-2onsisted of a rotor disk (on the
left hand side) and a stator disk (on the rightdhaide); each of them split into four

and three annular control volumes, respectivelyesehannular control volumes were
represented by the annular conductive circuit dr&y twere connected in the same
way that they are physically connected in the meathine. The thermal resistances of
the conduction thermal circuit were calculated base the geometry and material

properties of each annular control volume.
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Fig. 6-2. (a) Simplified single-sided slotted axialk generator and (b) the
corresponding 2-D lumped parameter thermal circuit

The single-sided slotted axial flux machine has thagnets protruding from the rotor
disk surface. Typically, the magnet grooves ranggvben 2 to 4mm. In this analysis,
the magnets were assumed to be flush with the st The air domain inside the
generator was split into four control volumes anache control volume was

represented with the fluid convective circuits. Ttieid convective circuit was

connected to the annular conduction circuits, kvaheat transfer from the air to the
solid or vice versa. The temperature dependeneJosk in the stator windings was

modelled by transient heat sources in the 2-D LRétrhal circuit.

6.2.1.Convection Heat Transfer Coefficient

The accuracy of the temperature prediction of tiMLthermal circuit is closely
related to the convective heat transfer coeffidamed in the model. Nevertheless,
accurately determining the convection heat transbefficients is difficult due to the
complexity of the flow regimes and it involves exteve theoretical and experimental

explorations. In this LPM model, the convective thegansfers were evaluated by a
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number of existing empirical models [145] basedtlo@ flow characteristic in the

axial flux machine.

Free rotating dics:
The average heat transfer coefficient on the lafichside of the rotor surface was
developed using the formula developed for a comilanaof laminar and turbulent

flow of free rotating plate [146], which is shows laellow:

Hf =E.NUf (61)
r
2 (6.2)
NG; = 0015me4’5—100[ﬁr7"j
1
_ 5 V12
e —(2.5)(10 Z)j 6.3)
Where,
re is the radius at the transition occurs from lamiitaw to turbulent flow, m
v is the fluid kinematic viscosity, s
W is the rotational speed, rad/s
r is the disk outer radius, m

2

Re, s the rotational Reynolds number, which is defias®Re,, = o
Vv

k is the air thermal conductivity, W/mK

By considering the single slotted axial flux generalescribed in Fig. 6-2(a), which
has outer radius,, of 0.15 m, and rotational speed, of 1495 rpm (or 156.5 rad/s),
air kinematic viscosity and thermal conductivity .97 x 16 m%s and 0.0271

W/mK respectively, the convection heat transfer ficdent on the rotor side

surfaceﬁf , calculated from equations (6.1)-(6.3) is 26.831.
Rotor peripheral edge:
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The heat transfer coefficients for the radial peeqal edge of the rotor disk are
similar to the rotating cylinder in air. Hence, theerage heat transfer coefficient is

given as [145]:

- k 6.4
NI, = 0133Red>Prt/? (6.5)
2
Rep = w[D (6-6)
V
Where,
D is the rotor disk diameter, m
Pr is the air Prandtl Number

By applyingD = 0.30 m, Pr = 0.711, and a rotational speed @&.35ad/s into

equations (6.4)-(6.6) the average convection haaster coefficient at the peripheral

edge of the rotor disﬁp, can be determined, which is 94.7VfKn

Flow passage between the rotor-stator:
Owen [147] provided an approximate solution for tlosv between a rotating and a
stationary disks, which relates the stator-sideray® Nusselt number to the

volumetric flow rate by the following equation:

_ K 6.8

hrs =?-Nars (6.8)

NI, = 0333 (6.9)
Ty [

Currently no mass flow correlation has been devaddpr the single slotted axial flux

generator. Hence, the mass flow measured fromxperinents, 3.61 g/s, was used to

calculate the average stator side heat transfeificiest, h,. 22.63 W/MK was

obtained from equations (6.8) and (6.9). Wang [Istigjgests that the convection heat
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transfer coefficient on the rotating disc can beuased to be the same as on the

stator-side.

6.2.2 Mass Flow Rate Measurement

There is neither a theoretical nor empirical massv fcorrelation that has been
developed for the single slotted axial flux generaHence, the mass flow used in the
LPM model was obtained from the experiments. lurfeitwork, more sophisticated
parametric variation studies of convective heatdfer coefficient and mass flow rate
will be performed to develop empirical formulae tthalate the heat transfer
coefficient and mass flow rate to different flow nclitions and geometrical
parameters. Therefore, the LPM will be able to mevaccurate temperature values
inside the AFPM generators independently from eitthee experiments or CFD

models.

6.3. The Single-sided Slotted Generator CFD Model

A 2-D axisymmetric CFD model of the simplified slegsided slotted generator was
constructed and simulated in the FLUENT 6.3.26 pgek Fig. 6-3 illustrates the
mesh grid of the simplified single-sided slottechg@tor CFD model which consists
of 40,000 nodes. The extra air volumes at the ialed outlet were modeled to
eliminate the boundary interference. On a modepthyvered desktop computer
(1.773GHz Core Duo Intel processor, 1 GB RAM maehithe meshing process and
iterative calculation of the CFD model took up ioenhours of computational time.
The input data and the boundary conditions thatiegppn the CFD model are as
follows:

* 0.3m outer diameter and 0.01m thick rotor disk.

* 0.3m outer diameter, 0.07m inner diameter and OrOBck stator disk.

» 3mm Rotor-stator clearance.

* 15 °C ambient temperature.

« Fine meshes are used in the near wall region totaiaiY* below 5.
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6.3. The Single-sided Slotted Generator CFD Model 67 1

Realisable k-epsilon turbulent model with Enhandéall Treatment (EWT) is
used to model the turbulence in the flow. EWT reear-wall modelling method
used in the turbulent models, to evaluate the fhaidcity field adjacent to the
wall boundaries. The details of EWT can be founflLBi].

Zero total pressure and zero static pressure gondiaire specified at the inlet
and outlet of the simplified AFPM generator respe&ty.

The rotor parts are identified to have a rotati@psed of 1495 rpm with the use
of a rotating reference plane.

553W/nf heat flux input is specified at the back of thetat to model the
winding joule losses. The heat flux specified herebtained from the

experimental results.

Extra Air volume

Outlet at the outle
Driv a |
e Extra Air volume
r at the inle
Stato Air Inlet
Rotot
\
¥
(@) (b)

Fig.

6-3. (a) The schematic plan of the simplifisidgle-sided slotted axial flux

generator and (b) corresponding CFD mesh model.

6.4. Experimental Set Up
6.4.1.Test Rig
The single-sided axial flux generator test apparatushown in Fig. 6-4(a). The

experimental rig was designed to allow thermal arabs flow measurements to be

taken with minimal experimental errors. The tespaptus consists of two major

parts, which are the rotor and stator disks. Theerodiameter of the rotor disk is
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6.4. Experimental Set Up 168

150mm and it is made of high thermal inertia 10ntmtk Perspex sheet. It is

transparent and hence it allows flow visualizatexperiments to be conducted. The
rotor disk is powered by a 3kW 2-pole-50Hz induetimotor (Fig. 6-4(b)). The speed

of the induction motor is controlled by a 4kw ACcter drive speed ABB inverter.

The stator disk of outer diameter 150mm, inner @item 70mm, is made of high
thermal conductivity 8mm thick Aluminum sheet. AnluAinum tube of inner
diameter 30mm and length 150mm is welded to thek lmdcthe stator disk. The
Aluminum tube serves two main purposes. Firstlys tised to support the stator disk
so that the Aluminum stator disk can be alignedht rotor. Secondly, it acts as a
crude converging nozzle, compressing the air atrtle¢ to allow accurate mass flow
measurements. The stator disk structure is suppdnie two adjustable stands
mounted on the floor. The adjustable stands arrgoed to allow the stator structure,
to shift in both axial and radial directions toaatt the desired air gap and height for
the different test cases. The details of the tégptgeometrical information are
illustrated in Fig. 6-4(c).

Six 8 W, 12 \{. silicon heaters were affixed at the back of tleostdisk; see Fig. 6-

4(b). These heaters were connected in paralletredalty and were powered by an 18
V4c 360 W rated adjustable DC power supply, to repidhe heat generation due to
Joule loss in the single-sided axial flux generaidre DC power supply was adjusted

below 360W so that it did not exceed the powengatf the silicon heaters.

The experimental errors can be minimised by inengathe temperature on the stator
surface. Since the power input from the DC powepsuis limited by the silicon
heaters, in order to increase the stator frontasertemperature, the back of the stator
was insulated with several fibre glass insulatitemkets (Fig. 6-1(b)), to minimise
the heat dissipated from the back of stator antengads.
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Fig. 6-4. The schematic (a), snapshot (b) and g&acal information (c) of the
simplified experimental rig.

6.4.2 Experiment Apparatus

Surface temperature measurements
The temperature of the surface inside the generassr measured using the T-type
surface thermocouple. Thermocouples are the mostnmmly used devices for

temperature measurement. However, when measurintgthperature of a substance
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6.4. Experimental Set Up 170

using the thermocouple, it can only indicate itsmaemperature and does not always
reflect the actual temperature of the substancegelmeral, the temperature of the
thermocouple is not equal to the temperature of shbstance, unless special
precautions are taken. It is also vital to identifig sources of spurious EMF in the

thermocouple before conducting experiment testing.

One common thermocouple measurement problem isedalry unintentional
thermocouple junctions, such as, using other wipeg for extending the leads of the
thermocouples, or directly connecting the thermpt®uo an existing microvolt
meter. The former error can be easily correctecsibyly using the same type of
extension leads, but for the error that occurdanlatter configuration, cold junction
compensators (CJC) are required. Fig. 6-5 illustrahe configuration used in this
work in which the thermocouples were CJC compendsafiéhis configuration
introduces an intermediate metal (usually copperp the loop and hence two
additional thermal junctions are created. Althoupk law of intermediate metals
states that a third metal, inserted between thediggimilar metals of a thermocouple
junction will have no effect provided that the twonctions are at the same
temperature, since the thermocouple measures tatoper differentially, the
temperature at the two thermal joints must be knoworder to determine the actual
temperature measured at the hot junction. The @g&itam compensates the output
voltage measured at the two copper ends to deterthenexact temperature at the hot

junction.

Reference (cold)
____dunction

Metal A @ Copper
Hot / \/T = T
) l

AN Metal B @ Copper

(@) (b)

Fig. 6-5. Thermocouple cold junction compensatpiafa twisted and screened
thermocouple (b).
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On the other hand, in order to minimize the thermlalinting effect during the
temperature measurements, thermocouples with sdiatheter wires, 32 AWG
(0.20mm diameter) were used in the experiments. d¥ew this caused the
thermocouples to have very high resistance whictentaem very sensitive to noise
and errors due to the input impedance of the meapsumstrument. For a 32 AWG
wire, at 80 °C, the electrical resistance is alddutOhms/m. However, when it was
coupled with the PICO-TCO08 data acquisition unitieh has an input resistance of 2
MOhms, the error was only 0.01%, for a 12m lendtthe 32 AWG wire.

Thermocouples generate a relatively small voltagey) and hence noise is always
an issue. The common noises are magnetic fieldarthmed surface, static electricity,
and utility AC power line (50 or 60Hz) noise. Hoveeythe PICO-TCO08 data logger,
which was used in the experiments, rejects any commode noise. The noise in the
low voltage signal can be minimised by twisting thiges together to help ensure
both wires pick up the same noise signal. Additignahe PICO TC-08 data logger
uses an integrating analogue to digital convertdiclv helps average out any
remaining noise. In extremely noisy environmentghsas near the induction motor,

screened extension cables were used (Fig. 6-5(b)).

The surface temperature was measured by OMEGA® TBAftpe surface
thermocouples. On the top side of the thermocouwpldyreglass reinforced polymer
insulation layer was affixed to minimise the effeftthe fluid temperature on the
thermocouples; on the bottom side, high temperatesestance acrylic double-sided
tape is used to attach the thermocouples on tdpeofeasured surface (Fig. 6-6). As
a result, the temperature reading obtained dirdetdyn the thermocouple was the
temperature of the top surface of the acrylic detditied tape. In addition, acrylic has
very low thermal conductivity hence the temperatdrep across the double-sided
tape is significant. To obtain the temperaturehaf $olid surface, a correction factor
was introduced, which was derived from the heatdoation equation, as shown in
equations (6.10) & (6.11):

T axt

measured =
k

T

surface

(6.10)
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Toreee= b

surface — k measured

(6.11)

WhereTsuracelS the temperature on the solid surface
TmeasuredS the temperature obtained from the thermocouple
g is the heat flux
L is the thickness of Acrylic
k is the thermal conductivity of Acrylic

Fiberglass
insulation

Double-sided tape (Acrylic)

Fig. 6-6. OMEGA®SAL-T type thin film surface theroouple attached to the solid
substance with Acrylic double-sided tape.

Thermocouples have wide temperature ranges, fompbea K-type thermocouples
have range from -200 °C to 1350 °C; T-type thernupd® measures temperature
from -270 °C to 400 °C. However, it is crucial toake sure that the surface
temperature is not only within the thermocouple gerature limits, but also that it
does not exceed the wire insulation temperaturédiiVhen the substance exceeds
the insulation temperature limits, the wire insidiat material diffuses into the
thermocouple and cause decalibration. Since theatipg surface temperature for the
experiment testing was 80 °C, the OMEGA®SA1-T tygen film surface
thermocouple with the insulation temperature linots60 °C to 175 °C was chosen

for this application.

Heat Flux Measurement

The stator surface heat flux was measured by usiagOMEGA® HFS3 heat flux
sensors (Fig. 6-7(a)). The heat flux sensors harg low thermal profile and are
designed for precise measurement of heat transfeugh any material, on flat or
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curved surfaces. The OMEGA® HFS3 is a differentiaérmocouple sensor; it
measures the heat transfer rate by measuring thpetature difference across a
thermal barrier. In the centre of the sensor, ther@ thin Kapton barrier, for which
the thermal characteristic is known. On either safethe Kapton barrier, 50
copper/constantan junction thermopiles are boundEdese copper/constantan
junctions are wired in series on the alternate siiéhe Kapton barrier, where the
copper output leads are attached, one to thegdimstion on the upper surface and one
from the last junction lower surface (Fig. 6-7(bAs a result, the sensor can be
directly interfaced to a microvolt meter with nola&gunction compensator required.
Table 6-1 lists the thermal properties of the OMEBSAFS3 heat flux sensor:

K-type _— 1
Thermoelectric . Thermoelectric Material:
Th ermocou p l e Material: Constanton Upper T/C Junctl‘ins Copper
N ¢ T—a
Copper
Output

Thermal
Barrier

Lower T/C Junctions

(a) (b)
Fig. 6-7. OMEGA® HFS3 heat flux sensors

Table 6-1: Thermal properties of OMEGA® HFS3 héat tensor:

Properties Quantity Unit

Thermal Resistance 0.002 °C/W/m
Thermal Capacitance 600 Ws/ °€ m
Response Time 0.6 S

Sensitivity 0.8-1.3 (Vary with sensors) HV/Wim
Temperature Limit 150 °C

Heat Flux Limit 100 KW/rf
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The OMEGA® HFS3heat flux sensors are self-generating devicesinaguno
external voltage or current stimulation. Before Heat flux sensors were used, they
were calibrated by a simple experimental rig asnshin Fig. 6-8. The simple rig
comprises of a 100mm diameter heater mat, an alumidisk, and glass fiber
insulation surrounding it. The heater mat was usdaeat the Aluminum disk until it
reached its thermal steady state. Firstly, the fleatsensor was attached on the top
surface of the Aluminum disk, the measured EMF be heat flux sensor was
recorded. Subsequently, the same heat flux serssrattached at the bottom surface
of the heat mat. Again, the measured EMF on thtobosurface was recorded. The
sum of the two incurred EMFs from the top and bottsurfaces obtained from the
heat flux sensor was calibrated to the total paweut from the heater power supply.
Each calibration process was repeated five timed, the calibration factor varied
from 3.5% to 8.7%, depending on the heat flux semsbhe uncertainty of each
calibrated heat flux sensor was recorded and wasntato account when they were

used to measure the heat transfer coefficientgperéaments.

Aluminium disk Heat flux sensors %{
\ | - \ )
|
«
\
Heater mat

Glass Fiber insulation

(@) (b)

Fig. 6-8.Schematic (a) and top view (b) of the simple experital apparatus for heat
flux sensor calibration.

The heat flux can be calculated from the sensdwgsgierated voltage output with the

calibration factor as follows:

Vv 6.12
Measuredeatflux = —HF3 (6.12)
calibration
WhereVygs is the voltage output generated from the sensgsVi
Kcaiibration i the calibration factor, inV/W/nf
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The OMEGA® HFS3 sensor has an additional K-typentoeouple affixed at the
bottom of thermal barrier (Fig. 6-7(a)) to provideditional local surface temperature
measurements. Therefore, in total there are fowputueads from the OMEGA®
HFS3 sensor. Two of the sensor leads are for thé fhex measurement, which are
indicated in red (v¢) and white (ve) respectively. Since both the heat flux sensor
leads are copper, OMEGA® U type connectors weral useeliminate the extra
thermocouple joints. The two ends of the U-typensmtor were slotted into the PICO
TC-08 USB data logger micro-volt channels. The ottweo end leads, which are
colour-coded in yellow and brown, were connecteth®oK-type thermocouple on the
heat flux sensor. K-type connectors were used taclatthe thermocouple into the
PICO TC-08 USB data logger K-type thermocouple cleds In total, three heat flux
sensors and four thin film surface thermocouplesewssed in the experiments. The
position of each thermocouple and heat flux semsshown in Fig. 6-9 (a) and (b).
The thin film surface thermocouple is represented @l to TC4in Fig. 6-9(a), and
HF1 and HF2indicate the positions of the heat flux sensorstloa front stator
surface. An additional heat flux sensdi3, was attached at the back of the stator, to
evaluate the heat that escapes at the back ofdtor disk (Fig. 6-9(b)).

Fig. 6-9. Thermocouples and heat flux sensors ipogiig on the stator front (a) and
back (b) surface.
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Mass flow measurements

A one-dimensional constant temperature hot wirerameeter was used to measure
the air mass flow rate at the inlet duct of theified single-sided slotted generator.
All the flow readings were taken by placing the heite perpendicular to the
rotational axis, to avoid the reading measured flmimg affected by the extra swirl
velocity component. The hot wire anemometer vejoecieasurement response time is
200ms. However, in order to obtain accurate veyogieasurements, each velocity
reading is recorded 5 seconds after the anemometdde has moved into a new
position, to eliminate the experimental errors thady occur in the measuring
processes. For a single test, the anemometer azersed to measure the air velocity
at 17 different positions at the inlet end of the&x@num cylinder, as shown in Fig. 6-
10 (a). Fig. 6-10(b) shows an example of the vékximeasured on X-axis and Y-

axis.

Measurement ) Aluminum
Points Cylinder

0.7

—e— X AXis

 »—#—8— 5 —8 —8— Y AXxis|_|

0.6
//l
d Ix oa ]

0.3

Velocity (m/s)

0.2

0.1

0

0 10 20 30 40 50 60 70 80
Y Radial Coordinate (mm)

(a) (b)

Fig. 6-10. Velocity measurement positions at thetiaf the aluminum cylinder (a)
and corresponding velocity profiles on X- and Y-sxe

Theoretically, the inlet air mass flow rate of thestem can be evaluated as equation
(6.13), if the X- and Y-axes velocity profiles daeown.
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r

m= 0 Vx —axis(r) ; VY—axis(r ) orog (6_13)

OCee—nly

Wherer = radius of the aluminum cylinder, m.
Vx-axid)= Velocity profile on X-axis
Vy-axi{f)= Velocity profile on Y-axis

p = air density, kg/mh

Since the velocity profiles were unknown, the mdlesv rate was evaluated

numerically by the trapezium rule, as shown as eguu46.14):

m= X — + +2x
P 5 2 2 kz; 2

WhereV,(rk) andV,(ry) is the velocity measured at n position on X- andxeés

r[Vi(r)+vy () Viln)+ v, (r,) '<=“-1[Vx(rk)+vy(rk)ﬂ (6.14)

respectively.

6.5. Experimental Procedure

Prior to the start of the experimentation, the ahum stator disk was preheated, with
the back of the disk insulated by the glass-filmsulation blankets. The DC power
supply to the heater pads at the back of the stesrswitched on and the variac was
adjusted so that the stator temperature was magtdaat 80°C. Simultaneously, the
thermocouples and heat flux sensors on the stetdat Surface were recalibrated to
ensure their satisfactory performance during tee he thermocouples and heat flux
sensor calibration table is shown in Table 6-2:

Table 6-2: Thermocouple and heat flux sensor catiitn table.

Data Logger Channel number Device Calibration Facto
HAT 33/417 Channel 1 TC1 T-type thermocouple
HAT 33/417 Channel 2 TC2 T-type thermocouple
HAT 33/417 Channel 3 TC3 T-type thermocouple
HAT 33/417 Channel 4 TC4 T-type thermocouple
HAT 33/417 Channel 5 HF1 0.942 puV/Wm
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HAT 33/417 Channel 6 HF2 0.901 pV/Wm
HAT 33/417 Channel 7 HF3 0.969 pV/Wm

From the CFD simulation results presented by Airfd], it can be noticed that big

separation between the stator and rotor disks eglgomplex flows into the system,

i.e. reverse and circulative flows. These possibdimay result in noisy and unsteady
signals obtained from the heat flux sensors andrtbeouples, which complicates the
experimental procedures. Hence, the air clearaptgeen the stator and rotor disks
was fixed to 3 mm in these experiments, to enduse reliable readings are obtained
for CFD validation. The rotational speed of theuotion motor was regulated to 1495
rpm by the drive inverter and the rotor disk wasrsfor 3 hours, to ensure the system
had reached thermal equilibrium. The thermocouplid heat flux sensors were

connected to a high precision 20 bit 8 channelCPTC-08 USB thermocouple data
logger. The stator surface temperature and heaédluvere monitored and recorded
continuously at 1 reading per second using RimLog commercial software. The

data collection was stopped after both the surtaceperature and heat flux had
reached the asymptotic steady state. Each testreyssated 3 times to ensure the

repeatability of the data.

The air mass flow rate in to the single-sided aftied generator test rig was evaluated
by measuring the average air flow velocity at thletiof the stator duct. The hot wire
anemometer was supported at the inlet of the sthiot, see Fig. 6-4(a) to measure
the air average inlet velocity. The anemometer aréisulated to measure air velocity
at 20 different positions at the inlet after thetsyn had reached the asymptotic steady

state. The measured air velocities were convededr tmass flow by equation (6.14).

Although the rear of the stator was thermally iased by fibre glass matting, there is
still a fraction of the heat produced by the heatet that escapes by the back of the
stator. Therefore, the total heat input to the tiafithe stator diskPson is reduced by

the heat flow from the back of the heater . as described by in equation (6.15).

Priont = Pelectrical input— Pback (6.15)
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The uniform heat fluxes specified in the two modeéye calculated by dividing the
total heat input to the front of stat®t,.n;, obtained from equation (6.15), by the total
area of the stator front surface. The uniform Hikeat boundary condition assumption
was verified by measuring the heat fluxes at twtedgnt positions on the stator front
surface. Heat flux sensors, HF1 and HF2 were usddlse position of these sensors
is shown in Fig. 6-9(a). The measured surface fleats from these two heat flux

sensors are shown and compared in the followingosec

6.6. Results and Discussions

Both CFD simulation and experimental measuremermie wonducted to verify the
temperatures predicted from the 2-D lumped parammiedel of the single-sided
slotted axial flux machine. Figs. 6-11 and 6-12vwgltbe temperature and velocity
contours, respectively, of the simplified singldesi slotted axial flux machine
obtained from the 2-D CFD model at 1495 rpm.
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Fig. 6-11. Temperature contours (a) and statorratut surface temperature plots (b)
inside the of the single-sided slotted axial maehast rig predicted by the CFD

model.
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Fig. 6-12. Velocity contours (a) and the Radiabedly plots in the air and rotor gaps
(b) of the single-sided slotted axial machine tespredicted by the CFD model.

6.6.1.Computational Fluid Dynamic Results and Discussions

As expected, the air temperature had increaset messed through the single rotor-
stator system (see Fig. 6-11 (a)). In this CFD motte inlet air temperature was
specified as 15.0 °C. When the rotor was rotatiitgdrew the air from the
surroundings by the centrifugal force. The air wasated as it passed over the warm
stator surface on the right hand side. At the outlee air temperature has increased
by 8.2 °C, from 15 °C to 23.2 °C.

Fig. 6-11(b) plots the surface temperatures ofdtaor and rotor disks which are
directly adjacent to the air clearance. It can lmiced that the stator surface
temperature did not increase but remained unchamdmuy the radial direction.
Therefore, it demonstrates that the heat generfated the stator heater mats was
slowly taken away by the moving air adjacent tonthélso, since Aluminum has
high thermal conductivity, the temperature of thet@ disk is uniform. On the other
hand, the rotor surface temperature increasedIyapith distance from the rotational

axis. This is because the moving air heated thar itk as it travelled along the air
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gap clearance. But since the rotor disk was madevwnthermal conductivity Perspex

material, a high temperature gradient was genexaidte rotor surface.

To understand the fluid flow inside the generatbe, radial velocity contours of the
generator rig are shown in Fig. 6-12(a). As illated in Fig. 6-12(a), there are two
gaps in the rig, which are rotor gap and air gagtoRgap is defined as the gap in
between the rotor disk and machine; Air gap israefias the gap in between stator
and rotor disk. In the air gap, it can be seen fthensimulated results that the radial
velocity was highest at the entrance of the st&efore entering the air gap, the air
was drawn through the inlet duct before turningtigh 90°. The abrupt shrinking of
the cross-sectional at the gap entrance causetigheair radial velocity shown in
Fig. 6-12(a). However, as the air flow path crosstional area in the air gap

increased with radius, the radial velocity reducedespondingly (Fig. 6-12(b)).

The air flow in the rotor gap demonstrates the rewdrend. Here, the air radial
velocity in the rotor gap is the smallest at theeirmost radial coordinate and is the
highest at the outer periphery. It can be noticéhm graph shown Fig. 6-12(b). At
high radius, the centrifugal force is high due ke thigh air tangential velocity
developed on the rotor disk. The centrifugal fane@ce pushes the air flows faster in
radial direction. The simulation results show timathe air gap, the centrifugal force
has lesser effect on the air radial velocity tharthe rotor gap. One of the main
reasons is that the stator plate is proximate torrplate in the air gap. Hence the
centrifugal force in the air gap is less than ie thtor gap and has less effect on the
air radial flow velocity.

6.6.2.Experimental Results and Discussions

The measured temperatures at four different raldinga the stator surface were
recorded after the rotor-stator system had reachedsteady state. The measured
temperatures are plotted in Fig. 6-13 and are coedpavith the temperatures

predicted from CFD and two 2-D lumped parameter @ledThe two 2-D lumped
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parameter models, shown in Fig. 6-13, applied #mes2-D thermal circuit described
in section 6.2, but one of the thermal circuits &Byed the convection heat transfer
coefficients evaluated from the empirical equatideseloped by [145, 147], whilst
the other thermal circuit used the convection heansfer coefficients obtained

directly from the CFD model.

Table 6-3 shows the heat fluxes measured from éla¢ fhux sensors attached on the
front and back sides of the stator disk. The ressitow that the local heat fluxes
measured on the stator surface were reasonablg.cldgerefore, the uniform heat
flux boundary conditions were applied confidently ithe stator front surface in the

CFD and lumped parameter models, for the thermalattiag of the test rig.

Table 6-3: Local heat fluxes measured on the sfedat and back surfaces

HF1 (Front) HF2 (Front) HF3 (Back)

Heat flux (W/nf)  554.56 553.23 364.04

The temperatures measured (from the experiments)peedicted (from the CFD &
LPM models) were lower as compared with the windemgperatures in commercial
electrical machinesTypically, commercial electrical machines usually operate at
stator surface temperatures of 80-120 °C, but thacse temperatures measured or
predicted from the experiments and CFD & LPM modelspectively were in the
range from 30 °C to 35 °C. This is due to the lated power of heater mat used in
the experiment. The rated power of each of the hesdis was 8 Watt and six heater
mats were used in total. The total heat input wa$\étt. In comparison the winding
losses of the commercial electrical machines, rangbetween 90-200 watt, and
consequently the temperatures measured from theriexgnts and predicted from the

CFD were low.

Fig. 6-13 shows a large disparity between the teatpees predicted from the 2D
thermal circuit which used the empirical convectiogat transfer coefficients and
temperatures measured from the experiments. Theimmax relative error was
45.8%, which was equivalent to 5.5°C in absolutengerature rise. The high
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discrepancy is mainly due to the empirical equatienggested by [145-147] which
failed to predict the corresponding heat transtegfficients on the rotor and stator

surfaces.

To further improve the 2D LPM, instead of using tbenvection heat transfer
coefficient predicted by the empirical equatiortse tocal convection heat transfer
coefficients extracted from the CFD model were usHtkse local convection heat
transfer coefficients were calculated based onlaleal working fluid (or air) bulk
temperature, the surface temperature and surfaeé fhex<. The local air bulk
temperature was calculated by taking the volumetvierage air temperature of the
fluid control volumes. With the local heat transteefficients obtained from the CFD
model, the temperatures predicted from the 2D thémincuit show a relatively good
agreement with the temperatures measured from xperienents. The maximum
relative error has improved to 25%, which corregjsoto 3°C in absolute temperature

rise. The temperatures matched with the tempemapnedicted from the CFD model.

It may be concluded that the 2D lumped parametesuiti is sensitive to the
convective resistances, as opposed to the coneéuesistances. For most of the air
cooled axial machine, the magnitude of the conveatesistance is about two orders
of magnitude greater than the conductive resistakoe example the convective
resistance at T4 is 3.35 K/W but the radial condectesistance on the rotor disk is
only 0.022 K/W. This highlights the necessity ofve®ping a more sophisticated
parametric variation study of convective heat tfansoefficients and mass flow rates
for axial flux machines to complete the LPM model.

Unlike the CFD modelling technique, to obtain tleedl heat transfer coefficients
experimentally is very difficult, because it is iogsible to determine the local air
bulk temperature accurately by using the thermolssum the narrow stator-rotor
gaps. Therefore, the global heat transfer coefftsiewere measured from the
experiments, by using the inlet air temperaturestéad of using the local air bulk
temperatures) as the reference temperature. Theumsghheat transfer coefficients
are shown in Fig. 6-14. On the other hand, a newfseeat transfer coefficients was

obtained from the CFD model, by changing the refeeetemperature from the air
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bulk temperature to the inlet air temperature. €h€8D results were compared with
the experimental global heat transfer coefficieatswell as with the empirical heat
transfer coefficients evaluated from [145-147]Fig. 6-14. It is shown that the CFD
is better in predicting the global convective heamnsfer coefficient than the empirical
heat transfer coefficients derived by [145-147].

Overall, the temperatures predicted from the 2-Brrttal circuit and CFD model
deviates slightly to the experimental ones. Thisasause both the CFD model and 2-
D thermal circuits did not take into account thé&r@keat transfer from the stator inlet
pipe. All the heat generated from the heat maty ¢ravelled through the stator
surface. No heat is travelled through the statlat ipipe. However, it is not the case
for the test rig. After the experiments, the tenapere of the stator pipe has increased
4-5 °C. These indicate that in the experiment,agtion of heat generated from the
heat mats has flowed to the stator and pre-hedtedirtlet air. Therefore, the

temperature measured on the stator surface isHasghe computation ones.

B Experimental
40 -
@ CFD

O LPMw ith HTCs derived from

CFD
O LPM w ith HTC derived fromthe
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Fig. 6-13. The temperatures measured and prediciedexperimental rig and
numerical models (CFD and 2-D LPM) respectively.
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Fig. 6-14. The global heat transfer coefficientsamged and predicted from
experimental rig and numerical models (CFD and PFM) respectively.

The surface heat transfer coefficient discreparfche between the CFD model and
the experiments was due to the inaccurate air rawssrate predicted in the CFD

model. Table 6-4 summarises the air mass flow maasured from the experiments
and evaluated from the CFD model. The surface traasfer coefficient is higher

when the air mass flow rate is higher. Hence, iit loa noticed that the mass flow rate
predicted by the CFD model was about 11% lower thermass flow rate measured
from the experiments. These results in the heattea coefficient predicted by the

CFD model being 10.5% lower than the experimentalso

Table 6-4: Mass flow rates comparison.
Experiments CFD model

Mass flow rate (g/s) 4.03 3.61

The local temperatures and heat transfer coeffisipnedicted from the 2-D LPM
thermal circuit show good agreements with the CFidlets (Fig. 6-12 and Fig. 6-13).

They demonstrate that both the annular conductregit and fluid convective circuit
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used in the 2-D LPM work well in predicting the dwction and convection heat

transfers in the stator-rotor system.

6.7. Experimentation on the Rotor Disk with Magnets.

Experiments were conducted to investigate the caibipty of the 2D LPM thermal
circuit on the 3D heat flow modelling. Six Perspac sectors were affixed to the
existing rotor disk to model the existence of magran the single-sided axial flux
generator. The existence of the Perspex arc sertorsforms the existing test rig to
the 3D heat flow model, where the heat travelhiedxial, radial and circumferential
directions. The results obtained from the experismewere compared with the
temperatures predicted from the 2-D LPM thermadwtr Based on the simulated and
experimental results, several modifications werggssted to adopt the 2-D LPM
thermal circuit into the 3-D heat flow modelling.

6.7.1 Experimental Procedures

The original Perspex rotor disk was modified arited with six 45° Perspex arc
sectors (magnet) of 12mm thick, with 15° inter-eedap (Fig 6-15(a)). The same
stator disk configuration from the previous tesswaed (Fig 6-9 (a) and (b)). The air
clearance, which is defined as distance betweesttdter and the Perspex arc sector
front surfaces, was set to 2mm in the experiméhngs.6-15(b) shows the new test rig

configuration.
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Perspe rc Section

:c>
/Q/

(a) (b)
Fig. 6-15. Rotor with six Perspex arc sectors (&) the modified single-sided axial
flux generator test rig (b).

Prior the commencement of the experiments, the peweply of the heat mats was
switched on for 2 hours to warm the stator diske Tieat flux sensors and
thermocouples were attached on the stator surfmeaggheir calibration factors were
checked to ensure the satisfactory performancehefheat flux and temperature

measurements.

The induction motor was switched on after the patde stator disk had reached the
steady state. The rotational speed was controlielt®5 rpm by the drive inverter.
Both data loggers and computer were switched omlsameously with the induction
motor, recording the signals generated from thet Haax sensors and the
thermocouple. The recording process was continae@ hours until the system had
reached its asymptotic steady state again. Thenass flow rate and ambient air
temperature were measured at the end of the expetiny using the TSI ®
anemometer. Table 6-5 shows the experimental resfugdt used for the testing. The
first column shows the temperature of the statdiase before the rotor disk was spun,
and the second column records the stator surfanpeature after the system had
reached the asymptotic steady state. The finak st&tor surface heat transfer
coefficients are recorded in the third column ofbla6-5. The experiment was

repeated three times for 2 mm air clearance, tomnse the experimental errors.
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Table 6-5: Experiment record sheet

Test 1 Temperature Reading (°C) Heat transfer moefit
Date: 17/03/09 Initial Final (W/PK)

T4 (°C) 71.26 30.92 -

T3 (°C) 72.29 31.71 -

T2 (°C) 73.00 31.16 99.87

T1 (°C) 71.43 29.78 -

Tambient (°C) 24.39 23.77 -

Heat Flux (W/nf) 413.33 768.22 -

Mass flow rate 0.0235 -

6.7.2.CFD Simulations

The 3-D CFD model of the single-sided axial flux anime with magnets was
constructed using pre-processing software, Gar(fig, 6-16 (a)). To reduce the size
of the model, only one-sixth of the machine was ated: a 60° periodic boundary
condition was applied at both of the edges, to Eteuflow and heat transfer inside
the full machine. In total, the one-sixth of thengetor model consists of 2 million
cells. Fine boundary meshes, (Fig 6-16(b)), werdieg on the fluid cells near to the
solid surfaces to capture the near wall effect® Yhwas kept below 5 in the model

to ensure good simulation results.

Air clearance

Stator disk

(@) (b)

Fig. 6-16. The 3-D CFD model of the single sidedhbftux machine with magnets (a)
and the boundary layers mesh on the fluid neasokid surfaces (b).
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Fluent modelling which involves in both stationaryd moving zones requires the use
of a moving cell zone boundary condition, which this case, is the Multiple
Reference Frames (MRF) [148] model. MRF is a stesidye approximation for
rotating and moving systems: it is capable of piimg reasonably accurate time-
averaged solutions for flows where the interactiohstationary and moving zones
are weak, which is the case for single-sided aftiat machines. The boundary
conditions specified in the CFD model are:
* 2mm Rotor-stator clearance.
» 15 °C ambient temperature.
* Realisable k-epsilon turbulent model with EWT wasdito model the
turbulence in the flow.
» Zero total pressure and zero static pressure donditvere specified at the inlet
and outlet of the simplified AFPM generator respety.
* The rotor parts were specified to 1495 rpm, with tise of multiple rotating
reference frames (MRF) model.
« 768 Wi/nf heat flux input was specified at the back of tta¢cs to model the
winding Joule loss. The heat flux used was obtafr@d the experimental

results.

6.7.3.Lumped Parameter Model of the Rotor-Stator Systéim Magnets

In the new rotor-stator system, with additional dpex arc sectors attached on the
rotor disk, the heat flows in three directions, evhiare the radial, axial and
circumferential directions. Therefore, a 3D lumpgedameter thermal circuit (which
takes into account the three-direction heat flothgpgis required to model the system.
Nevertheless, the construction of the 3D lumpeaupater thermal circuit is complex
and tedious. In this investigation, instead of depmg a new 3D lumped parameter
thermal circuit for the rotor-stator system, thensa2D lumped parameter thermal
circuit described in section 6.2 was used. For2Zhdumped parameter thermal circuit,
the six magnets on the rotor disk (Fig. 6-17(a)yen@mplified into a single annulus
(Fig. 6-17(b)).
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Consequently, the stator surface temperatures qiegldfrom the 2-D thermal circuit
were compared with the temperatures predicted filoen3D CFD model and the
temperatures measured from the experiments, tcsligete the compatibility of the
2D thermal circuit in three dimensional heat flowahelling.

Magnet
| annulus

Stator Disk

(a) (b)
Fig. 6-17. 3-D rotor-stator with magnets systemafa] its 2-D simplification (b).

The convective thermal resistances and air masg fflde used in the 2D thermal
circuit were evaluated from the 3D CFD model. Hoarvthe heat transfer
coefficients on the stator and rotor walls varyhe circumferential direction. This is
due to the effect of the magnets on the statorrsistem. In the 2D thermal
equivalent circuits, the convective thermal resisés used were circumferentially
averaged. Similarly, the temperatures evaluateoh floee 3D CFD model were also

circumferentially averaged.

6.7.4 Results and Discussions

The stator surface temperatures predicted fron8Eth€FD model and the 2D lumped
parameter models were compared with the surfac@deature measured from the
experiments (Fig. 6-18). The stator surface tentpeza at different radial coordinates,
varying from 0.035m to 0.15m are plotted. The ekpental results, shown in Fig. 6-
18, have an experimental error of £0.1°C, whichaidimitation imposed by the
selected thermocouples.
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Firstly, the temperatures predicted from the 3D GRa@del and the experiments were
compared. Fig. 6-18 shows that the temperaturedigteel by the 3D CFD model
match well with the temperatures measured from etkgeriments. The maximum
absolute discrepancy, at the innermost radial doatd, is 0.6+0.2°C, which

corresponds to 10.3% in the relative scale, airtle¢ temperature of 24°C.

33

N W
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> ¥
=)
o 29
5
©
o 28
o
1]
2 27 -
—e—3-DCFD
26 — = Experiment -
—4&—2-DLPM
25 0~ 2-D LPM-improwed |

24 T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Radial Coordinate (m)

Fig.6-18. Temperature distributions on the stafdhe single-sided axial flux
machine obtained from both the CFD and experiments.

The air flow path-lines are illustrated in Fig. 8-1In Fig. 6-19, the stator disk of the
test rig is omitted to demonstrate the complexflaiv between the stator and rotor
disks. The color contour illustrates the magnitofi¢he air radial flow velocity. The
air radial velocity increases gradually from thentee of the disk until the inner
peripheral edge of the magnets. The present ofnthgnets reduces the cross-
sectional area of the air gap, hence, the air raglacity surges in the inter-magnet
grooves. More over, the present of the magnetsditeat the most of the air to via
the inter-magnets grooves; a small fraction oflaws in the gap between the magnet
and stator surfaces, see Fig. 6-19. On the othsd,lraverse flows are also observed

at the outer peripheral edge of the rotor disk.
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Fig.6-19. Air flow path-line in the air gap. Theasir disk is hidden to illustrate the

complex flow path in the air gap.

Similarly, the convection heat transfer coefficiemt the stator surface predicted by
CFD is shown in Fig. 6-20(a). The surface convectieat transfer predicted
corresponds to the air velocity shown in Fig. 6-High surface heat transfer
coefficient is located at proximity of the magnaneér peripheral edges and inter-
magnets grooves; low surface heat transfer is sbdeon the magnet surface. Also,
the reverse flow induces high convection heat feansoefficient at the rotor disk

outer peripheral.

Fig. 6.20(b) plots the convection heat transferficments at the centre line of the

stator disk predicted by the CFD model and the ewxpntal convection heat transfer
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coefficient measured from the test rig. Due togdize of the heat flux sensors and the
limitation of the data logger, heat transfer caséint at only one radial coordinate
was measured. Both the heat transfer coefficiersse vevaluated by setting the air
inlet temperature as the reference temperaturdlidw dor direct comparison. The
heat transfer experiments were repeated five timed,the experimental error of the
measured heat transfer coefficient was 3.34%. Hselts shown in Fig. 6-20(b)
suggest that the 3D CFD model under-predicts th®istsurface convection heat
transfer coefficients, by 10.04%. But, it is bekeithat the slight difference of the 3D
CFD model in predicting the convective heat transfeefficients accounts for the

stator surface temperature discrepancies showigir6F.8.
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Fig.6-20. Stator surface heat transfer coefficedicted by CFD (a) and
temperature distributions on the stator of thelsisgded axial flux machine obtained
from both the CFD and experiments (b).

The 2D Ilumped parameter thermal circuit over-predic the stator surface
temperature by 2°C, which is equivalent to a re&grror of 42.2%, when compared
with the experimental data. Likewise, when comparthe 2D lumped parameter
thermal circuit results with the temperature presticby the 3D CFD model, the
maximum discrepancy is 1.5°C, for which the equewéalrelative error is 25.5%.

Since the 2D lumped parameter thermal circuit &opthe air mass flow rate and
convection heat transfer coefficients extractedmfrthe 3D CFD model, low

discrepancy was expected. However, high temperdigoeepancies were found. This
is mainly due to the exclusion of heat flow paththe circumferential direction in the
2D lumped parameter thermal model.

As discussed in the previous section, the 2D lummae@meter thermal circuit only
accounts for the heat flow in the radial and agliaéctions in the rotor-stator system.
When the magnets were added into the rotor-stg&ies, the air flow in the inter-
magnet grooves absorbed extra heat from the maguoainferentially. The exclusion
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of the extra heat flow in circumferential directidherefore results the higher

temperature prediction on the stator surface.

Furthermore, simplifying the magnets on the rotiskdnto a single annulus (Fig. 6-
17), reduces the total solid-to-fluid contact arkg,neglecting the side area of the
magnets. By simplifying the six Perspex sectiorsars€ 12mm thick into a single
annulus, the reduction of the solid-to-fluid cortacea on the rotor disk from
2.83x10°m? to 2.26x10° m?, which corresponds to 25.4% contact area reducfiba
reduction of the solid-to-fluid contact surface areontributed to the significant
discrepancy of temperature prediction in the 2D gaech parameter thermal circuit.
Nevertheless, the 2-D lumped thermal circuit cannfygroved by adjusting the solid-
to-fluid contact area in the convective thermalistasces, to take into account the
extra (circumferential) heat flow from the side tok magnets to the inter-magnet
grooves. By adding the extra six pairs of magnaé¢ sireas into the existing annulus
area (Fig. 6-21), the new convective resistances wealuated. In Fig. 6-18, the
stator surface temperatures predicted by the ingatdiarea-corrected) 2D lumped
parameter thermal circuit is plotted. It can be nsabat, by adjusting the
corresponding solid-to-fluid surface area, the a@cy of the 2D lumped parameter
thermal circuit has improved. The maximum absotaetaperature discrepancy when
compared with the 3D CFD model was 0.5°C, whichresponds to 6.9% relative

error.

Magnet section Unfolded magnet section

Fig. 6-21. Magnet side sections are unfolded in2dielumped parameter thermal
circuit to improve the accuracy of temperature pteoh.
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Although, by adjusting the corresponding solid-ftaef surface area has significantly
improved the accuracy of the 2D lumped parametemthl circuit, the discrepancy
when compared with the experimental data was tsglh. For example, the relative
error at the innermost stator surface was 17.2%.sAswn in Fig. 6-19, the

convection heat transfer predicted from the 3D CHibdel was 14.3% higher.

Therefore, it is concluded that the low accuracyhef 2D lumped parameter thermal
circuit (when compared with experimental data) vaage to the convection heat
transfer coefficients used in the circuit, whichrevextracted from the 3D CFD model.

6.8. Conclusions

These results have led to the conclusion thate¢haracy of the 2D lumped parameter
thermal circuit is heavily dependent on the coneecheat transfer coefficients that
are used in the circuit. In the 2D test case (stator system), the stator temperatures
predicted by the 2D lumped parameter match the ¢eatpres predicted by the CFD
model. Likewise, for the 3D model, in which extragnets were affixed on to the
rotor disk, the prediction of the 2D lumped thermiatuit was improved, when taking
into account of the extra solid-to-fluid surfaceearon the sides of the magnets for
new convective thermal resistance evaluation. & alaarly shown that the improved
2D lumped parameter model is capable of modellimgda-dimensional heat flow

systems with the two-dimensional thermal circuits.
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Chapter 7

Experimental Validation of CFD Modelling
Method: Large Scale Low Speed Test Rig

7.1. Introduction

In the development of lumped parameter thermaldifor axial flux machines, it is

important to obtain reliable local heat transfeefboients (HTC) for each component
inside the machine. This is because the accuradidse thermal equivalent circuits

are heavily dependent on these HTCs. In the cashestdiscussed in the previous
chapters, all the local HTCs in the lumped parammiedels were extracted from the
CFD solutions. Thus, in order to develop a lumpadameter thermal equivalent
circuit that is capable of working independentlgrir the CFD models, it is necessary
to develop a set of empirical relationships betwdenlocal HTC and the size and

topology of different AFPM machines through parameestudies.

HTC parametric studies can be achieved either bgucting experiments, or by CFD
modelling. However, the construction of a flexiblest rig that is capable of
evaluating a range of different sizes and topologié the axial flux machine is
uneconomical and time consuming. Thus, the CFD fhagi¢echnique was used, as
an alternative. Several commercial available CF¥ess and models are available.
Each of these CFD solvers is designed to modedreifft kinds of flow condition and
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7.1. Introduction 199

has certain computational limitations. Additionalthese CFD modelling techniques
are mostly mesh dependent. Therefore, it is nepgedsacarry out experimental
studies to validate the CFD models before they @wed to perform the HTC
parametric studies.

The design of the large scale test rig for measargraf the heat transfer coefficient
measurement is discussed in this chapter. Dimeakianalysis was performed to
ensure that the flow characteristic inside thedagale test rig would be similar to the
Durham 1.5kW 1500rpm AFPM generator. Experimentsrewelesigned and

conducted on both open channel and totally enclosadhine designs. The heat
transfer coefficients and temperatures obtainednfrthese experiments were
compared with CFD models and discussed.

7.2. Test rig Topology and Dimensional Analysis

The basic configuration of the Durham 1.5kW, 1500rAFPM generator is shown
schematically in Fig. 7-1(a). The axial flux gerteraconsists of a pair rotating disks,
a centre boss, six permanent magnet pairs, an@stdtor core, a stator holder and
an optional casing. The two rotor disks have neadgwiron-boron (NdFeB)
permanent magnets positioned circumferentially madouin an N-S-N-S-N-S
arrangement and, when assembled, the magnets bnagac disk are aligned with N
facing S, creating a strong magnetic field in tkaladirection. When the generator
rotates, the magnetic fluxes cut through the cotwtuon the stator windings, and

generates electricity.

The two rotor disks are held together by the cebntss (Fig. 7-1(b)). When the rotor
disks rotate, the centre boss acts like the impalle centrifugal pump, converting
the power from the shaft to kinetic energy in thadf Subsequently, the fluid is
accelerated radially outward from the centre bossating a low pressure at the centre
of the boss that continuously draws more coolingdflxially from the surroundings
into the generator. The design of the centre bsssritical for the cooling in the

machines.
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‘Generator Casing

Rotating Disc Ax

Stator Core + Coil

Boss

Rotaling Disc B\
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Magnet B
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‘ Rotating Disc B -l T Rotating Disc A
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Fig. 7-1. Schematic representation of the axial flarmanent magnet generator.

Increasing the running clearance between the stadmrotor disks raises the amount
of air drawn into the generator, and hence imprakesnachine cooling. However, at
the same time, when the running clearance is isemkathe electromagnetic
efficiency of the generator deteriorates. Thereftoemaximize the electrical yield
and efficiency of the generator, the running cleaeais kept to the minimum for most
commercial axial flux machines. Depending on thenofacturing tolerance and the
machine size, the running clearance of commercadhimes varies from 2mm-8mm.
Several high power, low running clearance machiesighs adopt water jacket
cooling system stator design to dissipate excedseat generated in the core and

windings.

When conducting experiments, direct heat transteffcient measurements on the
stator and rotor discs surfaces of these commeaial flux generators are difficult,
as the internal surfaces and flow paths are naaavinaccessible. Furthermore, the
presence of the thin film thermocouples and heat 8ensors (where the sensors
thickness are around 1-2mm) inside these narrogvriat gaps generate significant air
flow disturbances, affecting the flow patterns dhe local heat transfer coefficients.
Therefore, to minimise disturbances due to the om@ag equipment, it was decided
to construct a test model four times larger thandhginal Durham 1.5kW 1500rpm
axial flux permanent magnet generator. The rotaliepeed was scaled down by the

factor of sixteen, to maintain the same Reynoldisber. The large scale test rig also
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7.2. Test Rig Topology and Dimensional Analysis 201

allows higher resolution measurements to be madkitars safer to conduct the

experiments, as the generator rotational speededased.

Dimensional analysis was performed to determine &p@ropriate geometrical
parameter groups and to ensure that appropriatemgdzetween the model and the
original Durham 1.5kW 1500rpm axial flux permanemi@gnet generator. The
dimensions of the Durham AFPM generator are sunmedrin Table 7-1. These
parameters are converted into dimensionless paeasn€fable 7-2) by adopting the
axial distance between the stator and madtgt.p, (which is also known as the air
gap clearance,) as the reference (or charact¢ristigth. For example, the outer
radius, magnet inner radius, coil thickness dinmmisss forms are defined as
equation (7.1), equation (7.2) and equation (&8pectively.

== R
H airgap (7.1)
R:naginner — anaginner
H airgap (7.2)
dcoil* = h
H airgap (7.3)

Some of the geometric parameters have subtle sffectthe flow characteristics
inside the generator. Computational analyses wenelucted, using the commercial
CFD packageFluent to investigate these flow independent geometpeabmeters.

By identifying these independent parameters betméhit is possible to simplify the
rig's design and hence reduce the manufacturing. ¢as example, the rotor disk
thickness was found to have no significant effecttee air flow inside the generator.
Hence it is appropriate to use a rotor disk thathianer than the dimensionally
correct thickness. Thus, it reduces the materiat ead manufacturing and handling
cost. At the same time, it also improves the rigafety. Table 7-2 shows the
dimensionless parameters which are critical for fleav characteristic in the

generators and Table 7.3 shows the exact dimeps$ithe large scale test rig.
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Table 7-1: Original Dimensions

Table 7-2: Dimensionless Variables Table 7-3: Test Rig Dimensions

Hair gap = 0.0020 (m) Hair gap = 0.0081 (m)
R = 0.1230 (m) R* = 61.50 R = 0.5000 (m)
Rmag inner = 0.0530 (m) R*mag inner = 26.50 Rmag inner = 0.2154 (m)
Rmag outer = 0.1130 (m) R*mag outer = 56.50 Rinag outer = 0.4593 (m)
Rin = 0.0375 (m) Rin* = 18.75 Rin = 0.1524 (m)
Rout = 0.0200 (m) Rout® = 10.00 Rout = 0.0813 (m)
Rcasing = 0.1330 (m) Reasing® = 66.50 Rcasing = 0.5406 (m)
Rshinner = 0.1150 (m) Rshinner® = 57.50 Rshinner = 0.4675 (m)
Rshout = 0.1420 (m) Rshout™ = 71.00 Rshout = 0.5772 (m)
Recore inner = 0.0600 (m) Recore inner* = 30.00 | Reore nmer = 0.2439 (m)
Recore outer = 0.1050 (m) Recore outer” = 52.50 Recore outer = 0.4268 (m)
Rbh = 0.0115 (m) Rpn* = 5.75 Rbh = 0.0467 (m)
Lout = 0.0452 (m) Lout® = 22.60 Lout = 0.1837 (m)
Hcoil = 0.0370 (m) Heoir™ = 18.50 Hcoil = 0.1504 (m)
Hboss = 0.0576 (m) Hposs™ = 28.80 Hboss = 0.2341 (m)
Hsh = 0.0310 (m) [ = 15.50 Hsh = 0.1260 (m)
Hcasing = 0.1176 (m) Heasing® = 58.80 Hcasing = 0.4780 (m)
dboss = 0.0250 (m) dboss™ = 12.50 dboss = 0.1016 (m)
Omag = 0.0080 (m) Amag* = 4.00 Omag = 0.0325 (m)
deoil = 0.0030 (m) deoir™ = 1.50 deoil = 0.0122 (m)
Bmag = 60 (deq) Rey = 1263.00 Bmag = 60 (deg)
Noutlet = 8 Noutiet = 8

Nmp = 6 Nimp = 6

Rcm 3 Rcm = 3

w = 1500 (rpm) n = 93 (rpm)
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Other than the geometric parameters mentioned leT&1, the rotational Renolds
number also has strong effect on the flow. Accaydmequation (7.4), by multiplying
the axial distance between the stator and madh@g.p, by the factor of four, the
rotational speed has to scale down to the factendéen, from 1500rpm to 93 rpm.
PRHgirgap

H (7.4)

Re, =

Fig. 7-2(a) shows the configuration of the largalsdest rig. The outer diameter of
the generator is 1136mm and the maximum axial deoenis 336mm. The

configuration of the scaled-up test rig is simtlathe Durham AFPM generator, apart
from the design of the boss and the number of thgnats. In most commercial axial
flux generator designs, the connecting boss adoptght-prism supporting structure
design (see, Fig. 7-2(b)), to increase the radcdaity in the air gap clearance, and to
enhance the cooling of the generators. Also, soommantercial axial generators

operate at rotational speeds from 500 rpm to 9@ gphich are much lower than the
Durham 1500 rpm rig. For low speed axial flux mael, in order to generate 3-
phase electricity at 50 Hz, the number of magnéspgand stator windings) on the
rotor disk (and stator core respectively) has tanoeeased. As the result, to match
with the commercial axial flux generator desigrse scaled-up test rig employs an
eight-prism supporting structure connecting bosdd &asixteen magnet pairs

configuration (Fig. 7-2(b)). Details of the dimemss of each of the generator

component are shown in drawings attached in Appe@di

The large scale test rig was manufactured in Pgysipeluding the stator, stator
holder, magnets and rotor discs. The total weidghthe test rig is about 150 kg,
excluding the weight of the supporting units and power and drive equipments.
Since Perspex is seven times lighter than Steettaed times lighter than Aluminum,
the use of Perspex for the scaled-up test rig léadslighter design. Consequently,
smaller and lighter supporting units are requitbh as smaller diameter shafts for
the rotor disks and stator holder and a smalleribganit etc. It also reduces the cost
of some of the power drive and measuring equipnfemt.example, smaller slip rig
size and lower rated power induction motor can $eduOverall, the use of Perspex
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for the scaled-up test rig has reduced the ovedastruction cost by a factor of four,

as compared with aluminum, and a factor of tenoaspared with steel.

16 magnet pairs

8-prism boss

1136mm

(a) (b)
Fig. 7-2. The scaled-up test rig (a) and the nesslamd magnet pairs design (b).

Perspex has low thermal conductivity and high dmebeat capacity. Unlike the high
thermal conductivity and low specific heat capaalyernative materials, such as
Steel and Aluminum, Perspex has less boundarytaffe¢the measuring sensors and
it is less sensitive to subtle changes of the amild@undary conditions [79]. It is
thermally more stable as compared with Steel andhidium. Consequently, the
temperature and heat flux measurements taken dPetfspex surfaces have less noise
and are independent of the ambient condition [14Rjrthermore, Perspex is an
optically accessible material. This offers the ptt for flow visualization

experiments to be carried out.

The limited selection of Perspex block sizes andhufecturing processes make the
fabrication of Perspex parts which are thicker tB&mm extremely costly. Therefore,
some of the large test rig parts, such as therstat@ and the stator holder, which
have thickness larger than 30 mm, were split intmmber of thinner annuli (Fig. 7-
3(a) and (b)). In addition, the stator core andostholder assemblies were designed
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to be hollow, to further reduce their weight anahde=the cost of the material and the

test rig supporting units.

S_tator outer Stator holder outer
peripheral annuli - peripheral annuli

S_tator inner 1 ator holder inner
peripheral annuli

\ .. ‘xeripheral annuli
Stator side disk Stator holder side

disk

(a) (b)
Fig. 7-3. Stator (a) and stator holder (b) explodiesvs.

7.3. Experiment Setup

Experiments were designed to measure the surfaggetatures and convection heat
transfer coefficients of the stator and rotor disKsthe large scale test rig. A
schematic plan of the experimental setup is showiig. 7-4. The stator assembly is
supported on a metal workbench, by two 1.5 incimeizr steel shafts (Fig. 7-5(a)).
One end of the shafts is secured on the metal veordtly and the opposite ends are
welded to a crescent-shaped steel plate which psoh the stator holder. The rotor
disks are held in together by the eight-prism s$tnad boss, as shown in Fig. 7-2(b).
The front rotor disk is hollow-centred, allowing & flow from the surroundings for
machine cooling. The back rotor disk is attached 05 inch diameter steel shaft, via
an aluminum flange (Fig. 7-5(a)). The rotor shafthield by two, 1.5 inch inner
diameterNSK pillow-block bearing units on the metal workben@lhe rotor shaft is
coupled to the ABB 5.5kW induction motor directly b spider shaft coupling (Fig.
7-5(b)).
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Barrier

Drive Bearings

Variacs

Computer

Data loggers

Fig. 7-4. Schematic plan of the test rig.

For testing the totally enclosed machine desigmetachable, cylindrical Perspex
casing was manufactured (Fig. 7-5(c)). The Persmesing can be attached on the
stator supports and transforms the existing laogdestest rig in to a totally enclosed
system. Totally enclosed axial flux generators fatly concealed and the working

fluid inside the generator is isolated from the eem&l working environment.

Experiments were designed to investigate the hieat path and the change of
convection heat transfer coefficient in this coofafion as compared with open-

channel axial flux generators.

The rotor disks were driven by an ABB 5. 5 kW 50 B&0-420 V 11.5 A star-
configuration induction motor (model number 3& AA132001ADA(Fig. 7-5(d)).
The drive was modulated by an ABB 5.5kW 380-480Y,9A 3-phrase inverter,
(model number 0 ACS550-01-012A)4(Fig. 7-5(e)). The inverter was regulated to
150 rpm to prevent the test rig from over speedimgich could overstress the rotor
shaft. The stator core was heated by three paisiliobne heater mats. These heater
mats were specially tailored to fit on to the statore inner, outer and side faces (Fig.
7-5(f) & 7-5(g)). The rectangular strip inner andter peripheral heater mat pairs
were rated at 500 W and 900 W 24 Xespectively, and the annular side heater mat
pairs were rated at 2000 W 240,,VThe heat output of these heater mats was
controlled by two 10 Amp and one 20 Amp enclosediagaautotransformers (Fig. 7-
5(e)). The power input and output of the heatersnwegds monitored by two power
analysers via a 42-terminal patch box. A scheng@ta of the power circuit and the
patch box configurations is shown in Fig. 7-6 and. F-7 respectively. Safety

barriers were installed, 3m from the test rig totpct the experimenters.
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(g) Heater mats on side faces (h) Slip ring and tagger
Fig. 7-5. The scaled-up Perspex rig and the meaagarnd control equipments.
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Fig. 7-6. Schematic plan of the power circuitstfog heater mats and induction motor.
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7.3. Experimental Setup 209

The convection heat transfer coefficients on thatost and rotor surfaces were
measured by using both tiMEGA® HFS3heat flux sensor anOQMEGA®SAIT-
type thin film surface thermocouples. The technathils of the heat flux sensor and
the T-type thin film surface thermocouple can benid in section 6.4.2. On the stator
core, six heat flux sensors and eight thermocoupks® used, whereas on the rotor
disks, two heat flux sensors and five thermocouplese attached. These sensors
were affixed directly on the silicone heat mats aotbr disk surface byTESA
tackified acrylic double-sided adhesive tape. TiESAdouble-sided tape has high
adhesive strength at high temperature (The adhesigegth is 12.8 N/cm at 80 °C on
PVC surfaces). Additionally, it is extremely thiB06 um), re-useable and peelable.
Therefore, it is ideal for high temperature heansfer experimentation, especially
attaching the heat flux sensors in between theomagaps in the test rig. The position
of each heat flux sensor and thermocouple on thmrstore and rotor surfaces is
illustrated in Fig. 7-8.

Outer Inner

Back Stator Peripheral Peripheral

Front Stator

B Heat Flux sensors

O  Thermocouple

Rotor disk

Fig. 7-8. Heat flux sensors and thermocouple pmsstion the stator core and rotor
disk.
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The direct connection between the heat flux senandsthermocouples and the data
logger is impossible on the rotor surfaces. Heacg,5 inch through bore rotary slip
ring was assembled on the rotor shaft, to transhatsignals generated from the
sensors on the rotating surfaces to the persomapueter (Fig. 7-5(h)). Nevertheless,
the signal produced from the thermocouples and fheasensors are relatively weak,
having a magnitude of just a few's, as compared with the noise signal caused by the
mechanical rotary contacts of the slip ring, whiekbout 0.inV. As a result, the high
noise level of the slip ring masks the signals pozdl from the rotating sensors if
direct connections are used. Also, connectinghkeriocouples and heat flux sensors
directly on the slip rings creates extra redundhatmal joints (the junctions of two

different metals meet) which further compromisedbquired data quality.

Therefore, to eliminate these potential experiraleatrors on the rotating surfaces by
using the slip ring, tw®I1CO data loggers were attached at the back of the di&,
amplifying the generated signals, before they weensmitted to the personal
computer for data logging (Fig. 7-5(h)). So, insted transmitting the:Vs signals
across the slip ring, the signals were amplifieddnge between 5 V. This new
configuration also circumvents the extra thermahtpin the signal circuits, which
significantly improves the accuracy of the measuwets, obtained from the data

loggers.

7.4. Pre-experiment Equipment Investigation I: Silicéteater
Mats

The silicone heater mats used in the experimematicheat the stator core are made
of rapid heating etched resistance foil tracks. sEh@il tracks are laminated and
protected between thin sheets of silicone (Fig).7A@ditional fibre glass insulation
layers are laminated at the back of the heater,n@mteduce the heat dissipation from
the back surface. In the experiments, the silicoeater mats were appended to the
stator outer surfaces, where the back surfaces aféxed on the stator core surfaces
by Hi-Bond VSTacrylic foam double sided tape. This double sidggethas high
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7.4. Pre-experiment Equipment Investigation |:c®itie Heat Mats 211

temperature resistance and it can resist temperatprto 120 °C for long term
applications. The front surfaces of the siliconetamwere exposed to the air,

mimicking the stator windings of the real axiabflgenerators.

It is computationally costly to model the heatert inaer structure exactly in the CFD
models. Hence, they were represented as constahflie boundaries conditions in
the CFD models. Although the heater mats were desdidor precise even heating,
the etched resistance foil tracks, the siliconeelayon the front surface, and the
double-sided tape (which is used on the heaterbaek surface) have significant
effect on boundary conditions on the front surfatieerefore, a~LIR A20infrared
camera was used to visualise the temperaturelisitn on the front surface of the
stator-side silicone heater mat.

Since the infrared camera is not capable of petiegréhrough the Perspex rotor disk,
to measure the temperature of the heater mat orstfier core, these experiments
were conducted without the front rotor disk (Figl®). Initially, the side heater mat
was powered for 2 hours. When the heater mat fsarflace temperature reached a
steady state, the induction motor was switchedTdwe. 8-prism structure connecting
boss was spun and cooled the heater mats on tioe. #tler 3 hours, both the heater
mats and induction motor were switched off. Theardd camera was set to take
thermal images of the side heater mat just befagertduction motor was switched on

and just after the induction motor was switched dtfie temperature profiles and

Fig. 7-9. Silicone heater mats: Etchelig. 7-10. Test rig without front rotor
resistance foil tracks disk.
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Fig. 7-11. Infrared thermal image (a) and tempeeapuofiles (b) of the heater mats
before the induction motor was switched on.
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Fig. 7-12. Infrared thermal image (a) and tempeeapuofiles (b) of the heater mats 3
hours after the induction motor was switched on.

From Fig. 7-11(a), the shadow of the silicone rublmesh (vertical and horizontal
fine lines) can be observed on the heater matsiifathe thermal image. These fine
lines faded away 3 hours after the induction matas switched on, but the high
temperature area caused by the presence of thdedside tape at the back of the

heater mats appeared. This can be observed irm#mnal image shown in Fig. 7-
12(a).
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Fig. 7-11(b) and Fig. 7-12(b) show the temperatacial profiles on the lineklO1
andLIO2 of the heater mat surface before the inductionomatas switched on and
after the induction motor was switched off, respety. The results show that surface
temperature on the front heater mat varies fronr2ACC. Discrepancies between
temperature radial profiles at different positiqasLI01 and LIO2for instance) are
also found on the heater mat surface, where thamuam discrepancy is 5 °C. This
may be due to the effect of natural convectionher uneven heating surface. Also, it
can be seen that the temperature of the heaterismatvered when the induction
motor was switched on. The temperature droppedoappately by 10 °C, by forced

convection caused by the spinning 8-prism boss.

In conclusion, the silicone heater mats which Haweer thermal conductivities, result
in uneven surface temperature. The results show hb#h the silicone rubber
lamination (on the front surface) and the doubtkeditape at the back of the rubber
mat have significant effects on the thermal boupadithe heater mat. Consequently,
discrepancies between the temperatures measumadtie experiments and obtained
from the CFD model are expected, due to the insteiscy of the thermal boundary
conditions applied in the CFD model. However, simsat transfer coefficient is
independent of the surface thermal boundary canrditithe experimental rig is still
applicable to validate the heat transfer coeffitsgaredicted from the CFD models.

7.5. Pre-experiment Equipment Investigation II: Slip §3n

1.5 inch through bore slip rings were used to tmahshe signals generated from the
heat flux sensors and thermocouples on the spimoitog disks, to the stationary data
logging system. To eliminate experimental errorscivimay occur from the noise of
the slip rings, the signals generated from the@snsere amplified by thRICO data
loggers, before transmitting through the slip rilgese data loggers were positioned

at the back of the rotor, rotating together wittoralisks during the experiments.

A simple experiment was conducted to identify sigtistortion by using the slip ring
for transmitting the amplified thermocouple signfitsm thePICO data logger. Two
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identical thermocouples were attached on to Alumnplate front surface (Fig. 7-
13(a)). The first thermocouple was connected todbmmputer directly via a PICO
data logger. For the second thermocouple, the kigaa amplified by a PICO data
logger, and transmitted to the computer via a ach ithrough bore slip ring. The slip
ring was mounted on a shaft, powered by a d2o0€cillating motor (Fig. 7-13(a)).

At the bottom surface of the aluminum plate, an 82Wj. silicone heater mat was
attached (Fig. 7-13(a)), powered by an adjustaBlev120 Amp rated DC power
supply. The DC power supply was adjusted to 12 ¥ &25 Amp and connected to
power the silicone heater mat. Prior to switchimgtloe DC power supply to energise
the heater mat, the data loggers were activatedrandotor was set to oscillate the
shaft through +180° at 0.83 Hz. The surface tentpegaof the Aluminum test plate
was recorded while it was heated for a period af foinutes. Fig. 7-13(b) shows the

temperatures measured from two different thermolesupn the Aluminum test plate.

The result shows that the temperatures measuredthiey two connection
configurations (with and without slip ring) coineidexactly with each other. It
confirms that the connecting configuration, whdre tlata logger is connected to the
thermocouples prior to the slip rings, is not adeér affected by the slip rings
themselves. Hence, this configuration can be eneldréar the large scale test rig, to

measure temperature and heat flux on the rotoacesf
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Fig. 7-13. Slip ring test aluminum test plate cguafation (a) and its corresponding
surface temperature results (b).

7.6. Convection Heat Transfer Coefficient Measurements

Several experiments were designed and carriedoauetisure the surface convection
heat transfer coefficients in the large scale Rergpst rig. The results obtained were
then compared with the numerical surface heat fearcoefficients calculated from
the CFD models. Additional experiments were congldiarith different heat inputs

and rotational speeds, to investigate the dependehthe convection heat transfer
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coefficients at different heat flux levels and #féct of natural convection. Finally,
the test rig was converted into a totally enclosgstem, to determine the effect of the

enclosure on the surface heat transfer coefficients

7.6.1.Experiment Validation of CFD Modelling Technique

The stator core was initially heated by the siled®ater mats for three hours, until it
had reached its thermal steady state. The powguutsutof the heater mat were
controlled by three separate variacs, which area¢ar (10 Amp rated), Variac 2 (10
Amp rated), and Variac 3 (20 Amp rated). The mederdials of the three variacs
were pre-set to a nominal 80 Volts and remainechanged during the experiments.
Additional voltmeters and ammeters were used toitaothe precise output voltage

of the variacs.

Table 7-4 shows an example of the power input arifdut measure from the variacs.
The inconsistencies between the input and outpwepx) for example: Variac 1 input
power and output are 113.77W and 107.76 W respdygtiwere due to the
mechanical and heat losses in the variacs. Furtivesmsince the electrical resistances
of the heater mats change as the temperatureaist®ps, these voltage and current

measurements were recorded only at the end ofxiherienents.

Table 7-4: Variac power inputs and outputs

Variac 1 Variac 2 Variac 3
Measurement Input Output Input Output Input Output
Voltage (V) 239.5 78.97 239.5 53.64 239.3 67.31
Current (Amp) 0.478 1.366 0.415 1.686 1.364 4.466
Power (W) 113.77 107.76  98.78 90.28 324.7 300.62

After the stator core was pre-heated for three $ailne drive inverter and induction
motor were switched on. From the dimensional amakysnducted in section 7.2, the
required rotational speed for the large scale Rerggst rig was 93 rpm (or 9.74rad/s),
in order to maintain the same (rotational) Reynsldsimber as the small scale, high
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speed Durham 1.5 kW axial flux generator. The iiterewas set to 3.1 Hz (see

equation 7.5), to maintain 93 rpm on the 4-poleictabn motor.

60x f 7.5
0= (7.5)
§=22X93PM_ 50y,
Whereo = rotational speed in RPM
f = inverter frequency in Hz
n = Number of pole-pair

The data loggers and computer were run simultamgausen the induction motor
was switched on. The signals generated and recé&iwedthe thermocouples and heat
flux sensors were logged into the computer at @eorsd intervals, for four hours,
until the rig had reached the thermal steady stg#en.

The CFD model of the large scale test rig was conttd and tested by Airoldi [54].
The corresponding stator local surface heat transfefficients obtained from the
CFD models, by considering the air inlet temperats the reference temperature, are
plotted in Fig. 7-14 and 7-15. For the stator bacH front surfaces, the local surface
heat transfer coefficients are plotted at the tadistances from generator centre axis,
from 250 mm to 410 mm (Fig. 7-14). This correspotalthe radial coordinates from
the inner to the outer radii of the annulus heatats. In Fig. 7-15, the coordinates
represent the axial distance from the stator backase of the stator inner and outer
peripheral surfaces respectively. The local surfaeat transfer coefficients were
plotted from axial coordinate 137 mm to 237 mm, chhcorresponds to the positions

in between the front to back sides of the statoe.co

Similarly, the stator local surface heat transfeefticients measured from the
experiments are demonstrated in Fig. 7-14 and 7ebHpared with the results
obtained from the CFD models. Overall, the ressittsw that the CFD models under-
predict the local heat transfer coefficients ongteor, by 2-8 W/AK, corresponding

to relative discrepancies of 7%-61%, on the statmfaces. The highest relative
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discrepancy occurs on the stator outer peripherdhce. This is because the main air
flow in the machine does not flow through the statoter peripheral gap, where the
heat transfer is mainly dominated by natural cotivac Since the CFD model used in
this study neglected the air buoyancy modellingnigght account for the high relative

discrepancy on the stator outer peripheral surface.

The experimental uncertainties of the heat fluxseemeasurement were discussed in
section 6.4.2. The same analysis was used in ¥gerenent since the similar heat
flux sensors were used. The evaluated heat transédficient uncertainty for each of

the heat flux sensor is shown in Table 7-5, angtithted in Fig. 7-14 and Fig. 7-15.

Table 7-5: Heat transfer coefficient uncertaintyeath heat flux sensor

Back 1 Back 2 Front 1 Front 2 Inner Outer
Peripheral Peripheral
Uncertainty £3.753% +8.738% +7.891% +7.751% +5.053% +4.278%
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Fig. 7-14. Surface heat transfer coefficients mesb(from the experiments) and
evaluated (from CFD models) on stator core backfeont surfaces.
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Fig. 7-15. Surface heat transfer coefficients mesasi{from the experiments) and
evaluated (from CFD models) on stator core outdrianer peripheral surfaces.

7.6.2 Heat Transfer Coefficient Versus Rotational Spéagkestigation of

Natural Convection

Similar experiments were conducted at differenatiohal speeds, which were at 0
rom, 45 rpm and 120 rpm. The local surface heastea coefficients measured on
different stator surfaces are illustrated in Figl6/ for those rotor speeds. The
corresponding linear regression lines of each $eheat transfer coefficient are
included in the Fig. 7-16, as well as the equivalerear regression value 2Rt can
be seen that all the linearly approximated regoesbnes have high Rvalues (close
to 1.0). Therefore, it is clear that all the lobalat transfer coefficients on the stator

surfaces are linearly dependent on the rotor mtatispeed.

Also, the inlet air mass flow rates at differentatmnal speeds were measured, using
the TSI hot-wire anemometer. Fig. 7-17 shows thénéet mass flow rate at different

rotor rotational speeds. Again, the air inlet méesv rate shows a strong linear
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dependency on the rotor rotational speed, withlitrear R value of 0.9999 (Fig. 7-
17).

It is well documented that the surface convectiaathtransfer coefficient is
dependent on the fluid velocity boundary layer edfd to it [150]. Since the air mass
flow rate increases linearly with the rotor rotat speed, the local heat transfer
coefficients follow the same trend. The stator ouperiphery heat transfer
coefficients show the weakest dependency with dperotor rotational speed. The
gradient of the graph for stator outer periphedajesis 0.037 W/m2K/rpm. The stator
outer periphery lies in the gap between the staboe and stator holder (Fig. 7-8).
Since the fluid velocity here has only a weak catioa with the main air flow rate,
the surface heat transfer coefficient remains almosxhanged when the rotor

rotational speed increases.

At O rpm, the rotor disk is stationary and the lolcaat transfer coefficient on the
stator surfaces varies in the range from 8-12 W(nThis may be compared to the
heat transfer coefficients measured on the statdace at 93 rpm, which range from
14 W/nfK to 45 W/nfK at 93rpm. These highlight the importance of cdesing

natural (or free) convection cooling in the largale test rig CFD modelling.
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Fig. 7-16. Local heat transfer coefficients meaddrem the experiments, on
different stator surface at various rotational sisee
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Fig. 7-17. Inlet air mass flow rate measured froqpegiments, at various rotational
speed.

The fluid motion on the surface due to natural @mivwon is caused by the buoyancy
force within the fluid. The buoyancy force is duwethe combined presence of the
fluid density gradient and the gravitational for¢¢ot air rises and cold air sinks.
However, in the CFD models produced by Airoldi [5#e air density gradient was
neglected and the extra natural convection codfifect in the large scale test rig was
not taken into consideration. Hence, the CFD serfagat transfer coefficients shown
in Fig. 7-14 and 7-15 only account for the forcexhwection heat transfer, and they
did not agree with the experimental results, wiiamprise of both forced and natural

convection effects.

In mixed convection flows, where the natural anctéd convection effects co-exist,
it is inappropriate to neglect either process. Chilir[151] suggested that the effect
of buoyancy on heat transfer in a forced flow iBuenced by the direction of the
buoyancy force relative to that of the flow. Fosiaiing flow, where the buoyancy
force and air flow are in the same direction, thixed convection heat transfer

coefficient results for internal flows can be supgrosed from the heat transfer
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coefficients from both forced and natural convetsiowith the exponent, as shown
in equation (7.6).
Nu "= NUgeeq + NU el (7.6)

mixed-assisting natural

For opposing flows, the mixed convection heat timnsoefficient is expressed as
equation (7.7).
(7.7)

n_ n n
NUnixed-oppasing = NUforced ~ NUnatural

WhereNUnixed-assisting = Mixed Nusselt number for buoyancy-induced aodéd
motions having the same direction.
N Umixe-opposinge = Mixed Nusselt number for buoyancy-induced adéd

motions having the opposite directions.

N Urorced = Forced convection Nusselt number
NUnatural = Natural convection Nusselt number
n = Correlation parameter based on different fl@attgrns

The exponenh has been rationalised for flows around immersetldso[152] and in
channels [153] by Churchill. Churchill examined tregious sets of experimental and
theoretical values for isothermal and uniformly teela vertical plates and concluded
thatn = 3 is a good approximation. Theoretical suppornf= 3 was also provided by
Ruckenstein[154]. Nevertheless, the exponent nusntbepend on the flow patterns,
the thermal boundary conditions and the definibbthe heat transfer coefficients for
Nusselt’'s number. Most of the available literattetates to the case of a uniform flat
plate (for both vertical and horizontal plate), wisothermal or uniform heat flux
boundary conditions and the heat transfer coefitsisvere defined by taking the free
stream temperature as the reference temperatureeHeis not suitable to use the

derivedn exponent for the application of the large scadt fig).

Consequently, experiments were conducted to inyasti the effect of natural
convection in the large scale test rig. Extra lileatsensors were attached on the both
sides of the stator front surface: three heat $lesors on both the right and left sides
of the stator core (Fig. 7-18). Since the rotorkslisvere rotated in a clock-wise
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direction, on the left hand side of the stator ¢tine buoyancy force acts to enhance
the rate of heat transfer associated with the tbomnvection; on the right hand side,
the air buoyancy force acts to decrease the raterefore, by evaluating the
corresponding local heat transfer coefficients othtsides of the stator surface, the
effect of the natural convection on the surfacethe stator can be realized. The
exponentn can be evaluated, by subtracting equation (7.@qteation (7.7), which
leads to equation (7.8). Equation (7.8) can beesbhy Newton-Raphson method.
(7.8)

n n_ n
NUpixed-assisting ~ NUmixed-opposing = 2% NUnatural

Buoyancy
Force

Front Stator

Fig. 7-18. New heat flux sensor positions for nafteonvection investigation.

Since natural convection on a heated surface ipéesture dependent, i.e. the natural
convection heat transfer coefficients on the higyngerature surfaces are higher and
lower on the low temperature surfaces. Hence, tiveep inputs of the silicon heater

mats were carefully controlled and monitored tontan the surface temperature at

80 °C, which was the same temperature when the digtks were rotating at 93 rpm.

The measured heat transfer coefficients on thealedt right hand sides of the stator
are illustrated in Table 7-6. The first two rows ©&ble 7-6 show the mixed

convection heat transfer coefficients measuredhenldft and right hand sides of the
front stator, respectively. The natural (or freepeection heat transfer coefficients
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measured when the rotor disks were stationary am@rarised in the third row of
Table 7-6. By substituting the measured heat teansbefficients from the assisting
flow, opposing flow and natural convection into aetjon (7.8), then exponents can
be calculated. The fourth row of Table 7-6 illugdchthen exponents calculated at
different radial coordinates. Finally, by applyirige calculatedn exponent into

equation (7.7), with the corresponding mixed antuma convection heat transfer
coefficients, the heat transfer coefficients due féoced convection only were
evaluated and shown in the last row of Table 7-6.

Table 7-6: Heat transfer coefficients due to migedvection, natural convection and
forced convection.

Radial Coordinate (mm)

290 330 370
HTC- Right (W/nfK): Opposing flow 19.1641 16.1314 18.0431
HTC- Left (W/nfK): Assisting flow 24,5049 17.7960 21.9919
HTC- Natural Convection (W/fK) 6.4731 8.6178 13.5264
n exponent* 1.4335 2.8856 3.0531
HTC-Forced convection only 21.9084 17.0021 20.2153

* n exponents are calculated by Newton-Raphson’s rdetiih equation(7.8)

As mentioned previously, the heat transfer coedfits predicted from the CFD model
did not take into account the effect of natural awtion since the air density was
assumed to be constant. Therefore, to comparexferienental results with the CFD
model, the experimental heat transfer coefficiemése adjusted by subtracting the

natural convection effect (equation (7.9)).

NU; g = NU "~ NU, (7.9)

mixed-assisting natural

However, then exponent in equation (7.9) varies for differentflconditions. For the
stator front and back surfaces, thexponents shown in Table 7-6 were used but for
the inner and outer peripheral surface of the stadmce they have the same
configuration as the flat plate model, thexponent suggested by Churchill [152] and
Ruckenstein [154] was adopted. The experimental traasfer coefficients due to
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forced convection only are plotted and compared whe CFD results in Fig. 7-19
and Fig. 7-20. The uncertainty of the measured tiaasfer coefficient due to forced
convection at each position on the stator surfasesummerised in Table 7-7. As
compared with the uncertainty estimated in previeMperiments (Table 7-5), the
uncertainty of these experimental results is highéis is because the heat transfer
coefficients due to forced convection only wereleated from equation 7.9, which
consists of two parameter®Numixed-assising @Nd NUnawra. These parameters were
obtained experimentally, with a corresponding measent uncertainty. Therefore,
the uncertainty of the heat transfer coefficiené da forced convection only is the

sum of the measurement uncertainties of Dthixed-assistin@NAN Unatural.

Table 7-7: Experimental uncertainty of the heanhgfar coefficient due to forced
convection only at different positions.

Backl Back2 Frontl Front2 Front3 Inner Peri. Oter.

Uncertainty +7.5 +17.5 #15.8 #155 +12.4 +10.2 +8.6

70 & CFD Back Stator ]

® CFD Front Stator

60
A Experiment-Back Stator

*

*

2 4 .
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*
H
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Heat Transfer Coefficient (W/m2K)

| Front 3 Front 1
10 Front 2

0.200 0.250 0.300 0.350 0.400 0.450
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Fig. 7-19. Surface heat transfer coefficients @arconvection only) deduced (from
the experiments) and evaluated (from CFD modelgherstator core front and back
surfaces.
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Fig. 7-20. Surface heat transfer coefficients @arconvection only) measured (from
the experiments) and deduced (from CFD modelsherstator core outer and inner
peripheral surfaces.

These results illustrate that the surface heatsteancoefficients due to forced
convection only which were predicted by the CFD slpdhow a good agreement
with the experimental results. The absolute dismefes are reduced from 2.1-8.0
W/m?K, to 1.1-4.5 W/rK, which correspond to the relative discrepancieseh
improved from 6.8%-65.8% to 5.4%-41.5%. The highetdtive discrepancy occurs
on the stator outer peripheral surface. Since tdwersouter surface has relatively low
heat transfer coefficient, a small difference ie #ibsolute heat transfer coefficient,
may incur high relative discrepancy.

7.6.3.Convection Heat Transfer Coefficient-Heat Flux Degiency Study

Theoretically, the convection heat transfer coedfit on a solid surface depends on
the fluid properties (such as density, viscosityerimal conductivity, and specific
heat), the geometry of the surfaces and the flownBlels number. The functional
dependence of the average Nusselt number can inedefs [150, 155]:
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— hL
u :K = f(Re,Pr) (7.10)
Where,
h = average convection heat transfer coefficientn(ti)
ks = fluid thermal conductivity(W/mK)
Pr = Prandtl number

No evidence was shown in equation (7.10), thatstimtace convection heat transfer
coefficients are dependent of the surface heat #so, the CFD models constructed
by Airoldi [54] assumed that the surface convectiwat transfer coefficients are
independent of the surface heat flux. To validate tequation (7.10) and the
assumption made in the CFD validation experimeatseries of experiments were
conducted to investigate the heat flux dependentycamvection heat transfer

coefficients.

The same experimental setup as described in setiBowas used to conduct the heat
flux dependency study. In this case study, threbtiatal heat inputs were tested, by
altering the variac transformers from the origig@l VVolts to 40 Volts, 60 Volts and
100 Volts, respectively. The rotor disks were keypating at 93rpm throughout the
investigation. The effect of heater mat power input the surface heat transfer

coefficients is shown in Fig. 7-21.
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Fig. 7-21. Surface heat transfer coefficients andtator surface at different power
input to the heater mats.

The experimental results support the hypothesis tha surface convection heat
transfer is independent of the magnitude of haat. fWhen the heater mat power
input was increased from 40 Volt to 100 Volt, tHeacge of the convection heat
transfer coefficient on the stator core surfaces wagligible (Fig. 7-21). The
experimental results show that at higher level eathinputs on the heater mats at
similar flow condition, the solid surface temperat increase but they are
compensated by the high heat generated from thierheets, to maintain the same
surface convection heat transfer coefficient. Simirends were found on CFD
models when higher magnitudes of heat flux wereluse

7.6.4.The Totally Enclosed Permanent Magnet Generator

In this study, the large scale test rig was encldsea Perspex casing (Fig. 7-5(c)), to
evaluate the surface heat transfer coefficientsafequivalent totally enclosed
machine design, and to compare them with heat feag®efficients obtained from
the open channel machine. In totally enclosed dhkial generators, the air inside the
casing circulates inside the machines, transferttiegheat generated from the heater
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mats on the stator core to the external casing, taed across the casing to the

ambient external conditions.

The heat flux sensors and thermocouple were attiatth¢he test rig with the same
layout shown in Fig. 7-8. Additional thermocouplegere used to monitor the air
temperature inside the casing and the heat tracskfficients on the test rig were
evaluated by using the measured air temperatutbeaseference temperature. The
experimental rig was pre-heated by three pairb@fsilicon heater mats for five hours,
until it had reached its thermal steady state.rRaswitching on the inverter unit and
the induction motor, the surface temperatures andl lheat fluxes were recorded by
the PICO data loggers, into a personal computer. The roisksdwere spun for six

hours, until the test rig had reached a new thestezldy state. The power inputs into

the heater mats were kept unchanged throughowxeriment.

The stator surface heat transfer coefficients ef tttally enclosed generator design
are illustrated in Fig. 7-22. The local surfacetheansfer coefficients are lower when
the test rig is totally enclosed by the Perspexngadn this configuration, the air

passes through the heated stator, and re-circulbates to the stator-rotor gaps from
the front rotor disk. Due to the constraint of théernal casing and the air flow path,
the air velocity in the air gap is lower than th@eon-channel axial flux machines. As
the results, the surface heat transfer coefficiemasured were generally lower for

the totally enclosed generators.

However, the heat transfer coefficient on the oyteripheral surface remains the
same for both totally enclosed and open channetrggors. From the air flow paths
in the generator predicted by the CFD model, thprar flow in the stator-rotor gap

does not flow through the outer peripheral surfadesthe result, the surface heat
transfer on the stator outer peripheral is mainkg do natural convection, which is

independent on the air flow pattern in the generato
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Fig. 7-22. Comparisons of the stator surfaces tnaasfer coefficients of totally
enclosed and open channel generator design.

7.7. Conclusions

An axial flux permanent magnet generator experiaeng and instrumentation were
designed and built to validate the surface heatstea coefficients predicted by CFD
models. However, without taking into consideratafrthe extra cooling effect from
natural convection, the CFD model under-predicte tburface heat transfer
coefficients on the machine stator, compared whth éxperimental results. Further
experiments were conducted, to acquire the heaisfea coefficient relationship
between mixed convection, forced convection andrahiconvection. By modifying
the experimental data to remove the effect of mhtaonvection, the surface heat
transfer coefficients due to forced convection alg in good agreement with surface
heat transfer coefficients predicted by the CFD ehodvithin the margins of

experimental measurement error.

To investigate the surface convection heat transbefficient-heat flux dependency,
the test rig was tested with different levels oathmput from the heater mats. The

experimental results show that the surface conmedieat transfer coefficients have
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no relation to the heat flux output from the statarface. For higher levels of heat
input from the heater mats at the same flow coowljtthe increase of solid surface
temperature compensates for the extra heat gedefeden the heater mats, to

maintain the same surface convection heat traosfficients. The same results were
obtained from the CFD simulations. Therefore, #&ults consolidate the assumption
that the surface heat transfer coefficient is aldpendent on the fluid properties and

fluid flow conditions and it is independent on ti@gnitude of the surface heat fluxes.

Finally, the existing test rig was modified intaaally enclosed axial flux machine

configuration, by attaching a Perspex cylinder mgsaround it. The stator surface
heat transfer coefficients were measured and cadpaith measurements taken
from the open channel axial flux machine. The tssshow that the surface heat
transfer coefficients surge when the axial flux mae was encased in the Perspex
casing. In the future, these experimental resuatslze used, to validate other thermal
modelling methods including CFD and lumped paramet@delling for totally

enclosed axial flux machines.
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Chapter 8

Conclusions and Recommendations

A new thermal modelling tool for axial flux permartemagnet (AFPM) generators
has been developed. The new modelling techniquegrates both the lumped
parameter method and the generic thermal equivalentit, to model the conduction
and convection heat transfer in the radial andlakiactions, in both open and totally
enclosed axial flux permanent magnet generatorss Glhapter summarises all the
findings and conclusions obtained from developing aalidating the new thermal
modelling method, which have been described in phevious seven chapters.
Recommendations for future work and experimentatiices are also included.

The feasible alternative to CFD modelling of therthal state of electrical machines
is the application of the advanced lumped paramsatedelling technique. This
technique divides the electrical machine into luthpemponents and represents them
into thermal equivalent circuits by collections dhermal impedances and
capacitances. The solid components of the elettmeahines were discretised into
annular control volumes, and the heat conductidwdsen the solid components was
modeled by the annulus conductive circuit. The mgvluid inside the machines was
discretised into air control volumes and the cotivecthermal circuits were used to
model the convection heat transfer between the mgofluid and the solid surface of

the electrical machines.

Two convective thermal circuit algorithms were istrgated, which were the

Temperature Passing Method (TPM), and the Heat®ckiethod (HPM). TPM was
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8.0 Conclusions and Recomendations 234

developed by the author, based on the energy omats®sr equations, whereas HPM
was the convection heat transfer modelling methatroduced by previous
researchers by imposing the heat fractions intkenal circuit. Several case studies
were carried out to examine the accuracies of thseconvective thermal circuit
algorithms with steady and transient boundary dom, by comparing the results
obtained from CFD models. The investigations shbat the HPM algorithm gives
better results for steady state boundary conditiovigereas the TPM algorithm is
better in performing transient state thermal moag!!

During the electric machine daily operation cycksistive loss in the stator winding
is the major heat source and temperature hot spmitmally occur in the machine
windings due to the low thermal conductivity of tanding filling/insulation. Hence,
it is paramount to model the thermal propertieshef stator winding of the machines
accurately, to prevent their degradation or breakdoThe thesis describes two
techniques for predicting the radial thermal resises of the stator windings, which
correspond to the Simple Concentric Model (SCM) #reConcentric-annular Layer
Model (CLM). Both techniques circumvent the nedgssft conducting experiments,
and evaluate the radial thermal resistance basediming parameters, such as the
thermal conductivities of the conductor and windfiligng, packing ratio, conductor

and winding radii.

SCM Ilumps the conductors and winding filling in teator winding separately, and
calculates the equivalent thermal resistance bysimg simple cylinder and annulus
conductive circuits. The thermal resistances ptediddy SCM were validated by
several numerical models and by the experimentsdilt® published by previous
researchers and experimenters on five differentghase materials. Good agreement

was obtained between SCM and the other numericdkbla@nd experimental data.

During machine operation, the conductors insidestator winding act as independent
heat sources when a current passes through tloe statding. It is important to take
into account the position and composition of thiesat sources in the stator winding,
while evaluating the equivalent radial thermal semices, because the position and

magnitude of the conductors (or heat sources) taffee heat flow paths and
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temperature distributions in the winding. CLM wasgosed to model the distributed
heat sources inside the stator winding. CLM dividee stator windings into

alternative annular layers of conductor and windiligmg, and each of the conductor
and winding filling annular layers is representgdan individual annulus conductive
thermal circuit. The equivalent radial thermal sémnce of the stator winding is
calculated by summing all the annular conductiverrtral circuits of the conductor
and winding filling. The radial thermal resistanadghe stator winding predicted by
CLM were validated by pre-constructed CFD modelse Tesults conclude that CLM
is more capable of predicting accurate thermalstasces, when the electrical
machines are running, or when the current is pgssirough the stator winding, as
compared with SCM and the other numerical modelseldped by previous

researchers. The discrepancy between thermal aeses evaluated from CLM and

CFD models was less than 10%.

A 2D generic lumped parameter thermal equivalencudi of AFPM generators with a
fully automated user interface was constructed. Culsls implemented into the
thermal equivalent circuit to model the stator vimys of the electrical machines.
Since the thermal resistances and capacitances inseé@® generic thermal circuit
were programmed in their dimensionless form, theege thermal circuit can be used
to perform thermal modelling for a range of axialxfmachines which share similar
topologies. A 2D-axisymmetric, single-sided, AFPMngrator CFD model was
constructed and simulated with both steady andsieah boundary conditions in
FLUENT, to validate the results simulated from theveloped 2D generic lumped
parameter thermal equivalent circuit. The reseabbws that the temperatures
predicted from the 2D generic thermal circuit wareggood agreement with the CFD
models, especially at low rotational speeds anddowgap clearances. At 1500rpm,
with a 2 mm air gap clearance, the maximum reladigerepancy was 15%. When the
rotational speed was reduced to 750rpm, the relatigcrepancy fell to 8%. The
relative discrepancy increased to 30% when thegapr clearance was doubled (4
mm). It was suspected that the accuracy of the @fegc thermal circuit is strongly
influenced by the convection heat transfer coedfits used in the circuit. Further
discretisation of the generic thermal circuit wascammended to improve the

temperature prediction of the AFPM machine whemgidhe 2D generic thermal
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circuit. In transient thermal modelling, the errdardherited from the steady state
simulations persisted. By specifying the solid thar and mass properties accurately
to evaluate the thermal capacitances in the 2D rgernkeermal circuit, the time

constant of each solid component was well predjdtedesponse to several different

transient boundary conditions.

Subsequently, the 2D generic thermal circuit wasdus perform thermal modelling
of a single-sided axial flux generator with magnafxed on the rotor surfaces.
Unlike the previous 2D-axisymmetric AFPM generatahen the magnets were
included, the heat flow in the circumferential diien was substantial, relative to the
heat flows in the radial and axial directions. Bxpental work was carried out to
investigate the reliability of the 2D generic thaingircuit for 3D heat flow thermal
systems. The investigation illustrated that, byrtgknto account the extra solid-fluid
surface area on the sides of the magnets to rerealthe convective thermal
resistances, the temperatures predicted by theePBrg thermal circuit matched well
the temperatures obtained from the experimentsreftwe, it is concluded that, by
introducing suitable correction factors on the amwmtiwe thermal resistances, the 2D
generic thermal circuits are capable of carrying thermal modelling for three-

dimensional heat flow systems.

In general, the convection heat transfer mecharpiygs an important role in the
overall heat transfer of electrical machines, esflgcfor air-cooled axial flux

machines. Previous research showed that the agcofalce temperature predicted by
the 2D generic thermal circuit strongly influencdse convection heat transfer
coefficients between the generator solid surfaceste moving fluid. Therefore, it is
paramount to conduct sophisticated parametric traniatudies, to develop empirical
formulae that relate the convective heat transbeffecient and mass flow rate to the

electrical machine’s geometrical parameters.

The parametric studies can be achieved either tyyiog out a series of experiments,
or by using the CFD modelling technique. Sincedbestruction of a flexible test rig
that is capable of performing experiments on a easfgdifferent sizes and topologies

of the axial flux machine is very costly and timensuming, the CFD modelling
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technique was used by Airoldi [53], to carry outgraetric studies of convection heat
transfer coefficient on the axial flux generatatet surfaces. A large scale low speed
test rig was designed to validate the CFD modelieapnique used by Airoldi and to
perform convection heat transfer parametric studlesaxial flux generators. The
experimental results show that natural convecti@ygan important role, especially
for large scale low speed axial flux generatorse T@FD model, which did not take
into account the fluid buoyancy in its calculatipnsider-predicted the surface heat
transfer coefficients on the machine stator. Furtheeriments were performed, to
determine the relationship between mixed convectiorted convection and natural
convection. By subtracting the measured naturalveciion from experimental
results, the experimental surface heat transfer iwagood agreement with results
predicted by CFD model, within the experimental sugament error margins.

The modelling in CFD of the non-uniform heatingfage on the silicon heater mats
used in the experiments is complex and difficutt. Simplify CFD models, uniform
surface heat flux boundary conditions were usedcéthe silicon heat mats have a
non-uniform heating surface, the experimental \aiah of the CFD is only valid if
the convection heat transfer coefficients are iedelent of the magnitudes of surface
heat flux. Experiments were designed and conduct@avestigate the dependency of
heat transfer coefficients upon the heat flux oa skator wall. The results confirm

that the surface heat transfer coefficient has awigfluence on the heat flux.

In conclusion, a new thermal modelling tool for Akenerators was developed and
validated with both CFD and experimental resulteerfnal modelling of typical
AFPM generators is reduced from days into secobgsntroducing the 2D generic
thermal circuit. However, the new thermal modellingethod is limited by the
availability of accurate convection heat transfeefticients on the solid surfaces of
the AFPM generators. Several recommendations ggested for future development
of the 2D generic thermal circuit for AFPM generatas follows:
» Convection heat transfer coefficient parametriclgs on all the solid surfaces
in AFPM generators are required. However, the CF2lelling method may
be applied with confidence to perform the paramedtudies, to circumvent

costly and time consuming experimental methods.
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8.0 Conclusions and Recomendations 238

» It is useful to carry out the experiments on thgeascale test rig with better
calibrated heat flux sensors on the stator and sadaces, especially on the
stator side and peripheral surfaces, to supportlatadbns conducted in this
research.

» Experiments on a real AFPM generator such as thdnddo 1500rpm axial
flux machine, are required to further validate tbkability of the 2D generic
thermal circuit, especially with regard to the eddyd hysteresis losses,
surface contact resistances and stator windingrhleresistances.

* CFD modelling and experimental studies are requicedalidate the generic
thermal circuit of water-cooled totally enclosedadlux machines.

* The 2D generic thermal circuit can be improved bgsidering radiation heat
transfer thermal circuits. It is also worth exphyi the possibility of
transforming the 2D generic thermal circuit to dlyfuBD generic thermal
circuit, which can be used to model three-dimeraitveat flow systems more

accurately, without the need for correction factors
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Appendix A

Private Sub CLM_Click()
Set interface = Worksheets("Interface")
Set res = Worksheets("Resistances")
rc = interface.Cells(21, 2) / 2
rsc = interface.Cells(31, 2) / 2
rw = interface.Cells(11, 2) / 2
kc = interface.Cells(23, 2)
kcf = interface.Cells(27, 2)
kwf = interface.Cells(34, 2)
ac = interface.Cells(37, 2)
assc = interface.Cells(39, 2)

n = 5000
k=1
=1
pl=1

it=pl*3.14*rc"2
rl=rc/(ac ™ 0.5)
dtl =it* Log(rl/rc)/ (3.14 * 2 * kcf * )

rerkekkekkxkCentre Circle Thermal Equivalent condudivity calculation***
Do While k <=n

rin=rl+(k-1)*(rsc-rl)/n

rout=rin+ (rsc-rl)/n

req=(rin"2+ac* (rout™ 2 -rin * 2))00.5

rl=(2*req”2*Log(req/rin)/ (rég2 -rin~2)-1)/ (4 *3.14 * kc * )

m2=(Q1-2*rin™2*Log(req/rin) f€q " 2 -rin " 2)) / (4 * 3.14 * kc * )

n3=(req™2+rin"2-4*req™ 2" 2 *Log(req/rin)/ (req™2-rin"™2))/
8*3.14*kc*I*(req™2-rin"2))

rf = Log(rout/req) / (2 * 3.13 * kcf * )

i1=it
i2=3.14*(req™2-rin"2)*pl

deltat =il * (rrl + rr2 + rf) +i2 * (rr2 rf)
it=1i1+1i2

ttotal = ttotal + deltat
k=k+1
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Loop
keqsc =1/ (4 * 3.14 * kcf * | * (ttotal + dj¥ (3.14 *rsc * 2 * ac * pl))

interface.Cells(42, 2).Value = kegsc

‘HHH T H T ANnular layer thermal condugtivalculation#######HHHH##H

rl =rsc/ (assc " 0.5)

it=pl*3.14*ac*rsc”2

dtl =it * Log(rl/rc)/ (3.14 * 2 * kwf * |)

k=1

Do While k <=n
rn=rl+k-1)*@w-rl)/n
rout=rin+ (rw-rl)/n
req=(rin"2+assc*(rout*2-rin})2 0.5
rl=2*req”2*Log(req/rin)/ (reg2 -rin~2) - 1)/ (4 * 3.14 * kegsc * )
nm2=Q1-2*rin”2*Log(req/rin) fdq ™2 -rin"™2))/(4*3.14 * keqgsc * )
nm3=(req"2+rin"2-4*req” 2 *rin” 2og(req/rin) / (req”™ 2 - rin * 2))

/(8 *3.14 *keqgsc * | * (req ™ 2 - rin * 2))

rf = Log(rout / req) / (2 * 3.13 * kwf * I)

i1=it
i2=314*(req™2-rin"2)*pl*ac

deltat =il * (rrl + rr2 + rf) +i2 * (rr2 rf)
it=il+i2
ttotal = ttotal + deltat
k=k+1
Loop

interface.Cells(42, 2).Value =1/ (4 * 3.14&wf * | * (ttotal + dtl) / (3.14 *rw " 2
*ac *assc * pl))

End Sub
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