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Abstract

A Totally Enclosed Fan-Cooled (TEFC) low voltage induction motor has been
extensively investigated by means of Computational Fluid Dynamics (CFD) in

order to look at detailed airflow and heat transfer modelling of such machines.

The typical structure of this machine design, where the heat removal is
dependent on both the internal and external features, provides a significant
modelling challenge as the internal and external flows and heat transfer must
be analysed jointly, creating a complex scenario with multiple dependencies.
Local fluid flow and thermal investigations of the most critical regions of the
internal and external domains respectively allowed the identification of the
best modelling approach and optimal mesh settings in terms of solution

accuracy and computational cost.

A new modelling approach for more realistic end windings representation,
which potentially can be applied to different kinds of machines, was developed
in order to achieve more accurate predictions of complex fluid flow and heat
transfer phenomena compared to a simplified representation commonly used.
The developed methodology allowed different levels of end windings porosity
to be investigated with results showing a significant impact on overall fluid

flow and thermal predictions.

A full thermal CFD 3D model of the selected TEFC motor which includes all
internal/external fluid and solid domains, in conjunction with electrical/thermal
losses distributed across the whole machine, was then developed. The thermal
and airflow analysis performed with the CFD conjugate model allowed an
accurate understanding and prediction of the overall machine temperature

distribution.

Experimental tests were carried out to validate the CFD model developed:
temperatures, heat fluxes and torque were measured throughout the tests and
data collected were compared to quantities predicted analytically and

numerically showing a good agreement with predictions.



The wvalidation of the developed CFD model allowed also to identify
opportunities to improve the machine performance; enhanced cooling can lead
to significant improvements in terms of reduction of temperature dependent
losses and materials lifetime. Alternative design improvements were therefore
proposed to enhance the overall TEFC machine performance and they were

investigated with the numerical model developed.

Geometrical modifications of the internal original cooling design, consisting of
shaft mounted stirrers in the machine’s end region, were considered. The more
realistic and detailed end windings representation developed in this work
allowed to investigate the impact of higher level of porosity/cavities of the end
windings on the overall machine thermal perfomance; results showed how a
more accurate and detailed control of the porosity of the end windings can lead

to sensible cooling improvements.

An alternative external cooling design consisting of a new fan and fan cover
was also considered and the impact on the overall machine efficiency was
numerically investigated; a 3D printed version of the proposed cooling fan was

also manufactured and used for further experimental investigation.

The methodology presented in this thesis highlights the capability of CFD to
model and simulate very complex geometries and fluid flows, with a high
degree of detail and flexibility, allowing accurate predictions of temperature

distribution within the electrical machine to be achieved.
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1 Introduction

The world industry is facing a significant energy challenge: industrial
processes are highly energy intensive and currently account for one-third of
global energy use and the demand for energy is still rising steadily. The
increase in energy consumption is associated with increase in CO; industry
emissions which nowadays make up to 40% of the total CO> emissions
worldwide [1]. It has been estimated that electrical motors account for about
65% of the electricity consumed in industrial applications and therefore the
energy saving potential in this sector is huge; high-efficiency motors can play a

significant part in reducing CO; emissions [2].

For electrical machines along with the electromagnetic design, in the last
decade thermal design has begun to attract serious attention of design
engineers. This can be explained by the fact that high temperature gradients
can significantly limit the overall machine efficiency; high copper
temperatures reduce the efficiency by increasing winding-copper losses. In
addition temperature impacts the lifetime of the materials, in particular of the
insulating materials; for instance, above the maximum temperature allowed for
the given insulation class, a rise of 10 K can reduce the lifetime of the

insulation by as much as 50% [3].

In the past, motor designers have dealt with the thermal design aspect mostly
based on prior knowledge of parameters related to the operating conditions
such as winding to ambient thermal resistance or housing heat transfer
coefficient [4]. In reality very complex thermal phenomena involving
conduction, convection and radiation take place in electrical machines and
detailed thermal modelling is required to investigate the machine’s thermal
behaviour. Effective thermal management leads to a reduction in winding
temperature dependent losses and improved airflow can additionally reduce
windage losses and thus increases the performance of the machine; with

consequential, economic advantages.



Totally Enclosed, Fan-Cooled (TEFC) induction motors are the most
commonly used in ordinary industrial enviroments due to their robustness and
capability to work in dirty, moist or mildly corrosive operating conditions [2].
The design of this type of machine has been unchanged for decades, being a
low cost high volume design where the benefits around improvement have
been regarded as marginal. However, with the increasing emphasis on
efficiency and sustainability there is now a growing awareness within industry

of the need to address the thermal management of this machine type.



1.1 Aim and objectives

The aim of the work presented in this thesis is to develop a full thermal CFD
3D model of a TEFC induction machine and look at detailed airflow and heat
transfer modelling of such machines. The model developed is used to
investigate optimising the balance between reduction of machine temperature
and reduction of losses associated with driving ventilation through the

machine.

The main objectives of the present work are stated as follows:

e Establish the best modelling approach for the most critical areas of the

selected TEFC machine by developing CFD techniques.

e C(Creation of a CFD methodology for conjugate heat transfer analysis of
full 3D TEFC machine including internal/external fluid and solid
domains for accurate understanding and prediction of machine thermal

and fluid flow behaviour.

e Experimental validation of the numerical models by carrying out

experimental investigations under full and no load conditions.

e Identification of most promising areas of improvement and

optimisation of the cooling machine performance.



1.2 Totally Enclosed, Fan—Cooled (TEFC) induction

motor

The TEFC machine topology investigated in this work was identified as a low
voltage induction motor with an output power (P) of 11kW at a rated rotational
speed of 1500 rpm. The manufacturer provided information necessary for

defining simulation models as well as a machine for experimental testing.

These motors are probably the most commonly used motors in industrial
environments. A TEFC induction motor is a type of industrial motor with an
enclosure that does not permit outside air to freely circulate through the
interior of the motor: the internal parts are totally isolated from the surrounding

air.

The TEFC motor is cooled by blowing air over the motor frame with an
external fan mounted on the rear shaft of the motor; a fan cover or shroud
covers the fan to direct the airflow over the external fins. In the TEFC motor,
radial fins running in the axial direction are usually included on the frame
surface in order to increase its surface area and therefore reduce the convective
thermal resistance between frame and surrounding environment [5, 6].
Furthermore, internal features for enhancing the removal of the heat generated
may include rotor bar extensions and wafters fixed to the rotor end ring which
provide an internal mixing effect and improve the convective heat transfer in
the end region area [7]. Figure 1.1 below shows a typical structure of a TEFC

motor and its main elements.



Cooling Fan

Bearing

Fan cover

Rotor core

Housing

End Windings

!

Bearing

Stator core

End Ring

Wafters

Figure 1.1: Cutaway view of a generic TEFC induction motor [8]




1.3 Thesis structure

Chapter 2 provides a literature review of the heat transfer problem in
electrical machines and the modelling techniques used for thermal
analysis.

Chapter 3 provides a description of the rig used for experimental
testing and collection of data.

Chapter 4 describes the CFD thermal modelling approach of the
internal domain of the machine and its most critical areas: end region
and airgap.

Chapter 5 describes the CFD modelling of the machine external fluid
domain.

Chapter 6 reports a comparison between CFD predictions and
experimental results and provides experimental validation of the
numerical models developed.

Chapter 7 describes alternative cooling arrangements considered and
numerically investigated to improve the overall TEFC machine
performance.

Chapter 8 summarises the main achievements of this work and provides

final conclusions and future recommendations.
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2 Literature review

2.1 Introduction

This chapter provides a review of power losses and heat transfer methods and
how these are related to electrical machines. Several modelling techniques can
be used to perform thermal analysis of electrical machines and these are

discussed and presented.

2.2 Heat transfer in electrical machines

Heat transfer always occurs when there is a temperature gradient in a system.
In the case of electrical machines thermal management is a fundamental area
of analysis; the specific power density in electrical machines has continuously
risen over recent years and, due to industry demands and material costs,
machines are becoming always more compact. This has resulted in higher
temperature gradients which can significantly reduce the overall efficiency and
determine the capacity for increased power density; high temperatures could
particularly lead to a rapid deterioration of windings insulation, giving rise to

serious failure or reduced lifetime.

Regarding the study of thermal performances of electrical machines, the three
existing heat transfer modalities are considered: conduction, convection and
radiation. Due to complex geometries typical of electrical machines, thermal
analysis is not an easy task as several complex variables need to be considered

such as anisotropic material properties and turbulent fluid flow phenomena.

Figure 2.1 [9] below provides a schematic view of the major heat transfer paths
occurring in a typical induction motor due to electrical losses occurring in
rotor, stator and windings. Typically the main sources of losses are the copper
windings and rotor bars with about 45% and 30% of total losses occurring
respectively; the remaining 25% are roughly the iron losses generated in the

stator (10%) and rotor core (10%) and the mechanical losses (bearings — 5%).
8
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Figure 2.1: Thermal flow paths — typical TEFC induction motor [9]

As shown in Figure 2.1 part of the heat generated in the rotor core and rotor
bars flows by conduction through the motor shaft; the rest is dissipated by
convection to the air surrounding the rotor core in the end regions and in the
stator-rotor airgap. The heat generated in the stator core and windings is
mainly dissipated by conduction through the external housing and the end
windings; in the end regions convection is the predominant heat transfer
method as the heat generated in the end windings is dissipated to the
surrounding air and then passes to the housing and end caps. The heat passed
to the external frame is then dissipated to the surrounding ambient
environment by forced convection provided by the external cooling fan. The
dissipation rate though the different paths shown in Figure 2.1 is strongly
dependent by the cooling system; in the machine under investigation, most of
the losses are dissipated radially through the housing in proximity of the

external fan.



2.2.1 Conduction
Thermal conduction is the transfer of internal energy by microscopic diffusion
and collisions of particles within a body: it is the main heat transfer modality
between solids when a temperature difference exists. Fourier’s law gives the
heat flow rate transferred by conduction: for many simple applications it is
used in its one-dimensional form as reported in Equation 2.1 for the x-direction
[10].

oT 2.1
qx = — k(T)Aa

Where g, [W] is the heat flow rate, k(7) [W/mK] is the thermal conductivity of
the material, 4 [m?] is the heat transfer area normal to the direction of heat
transfer, 67 [K] is the temperature gradient between the surfaces considered
and Jox [m] is the material thickness. Thermal conductivity is the property of
the material to conduct heat and depends on the temperature: materials which
are good electrical conductors are, usually, also good thermal conductors,
while insulators used in the electrical machines are poor thermal conductors.
Typical values of thermal conductivity of the materials used in an electrical

machine are listed below in Table 2.1 [3].

10



Material k [W/mK]
Aluminium 209 - 231
Copper 394
Slot insulation 02-1.2
Cast Iron 27-52
Steel 22 -45
Resin 0.08 - 0.21

Table 2.1: Typical thermal conductivity of electrical machine materials

The stator and rotor are usually of a laminated construction (a stack of
electrical steel laminations) therefore thermal conductivity is not an isotropic
property, leading to different values along axial and radial directions of the
electrical machine [3]: typical ratios of radial-to-axial thermal conductivity are
20 to 40 [4]. In the case of laminated materials, a thermal conductivity analysis
strongly depends also on other variables, such as lamination thickness,
clamping pressure, lamination surface finish, interlamination insulation
material [11]; moreover, other variables to consider are the winding insulation
and impregnation and the interface gaps between components (e.g., stator
lamination to housing, slot-liner to stator lamination) which eventually
introduce additional thermal contact resistances [11]. Further thermal
resistances can be also found at the interface between stator lamination and
external frame where small airgaps, due to imperfections in the touching
surfaces, are located; this is a complex function of material hardness, interface
pressure and surface roughness. In the case of a TEFC machine, where most of
the heat dissipation takes place through the external frame, the existence of

these interface gaps lead to an overall increase of thermal resistance [11].

11



2.2.2 Convection
Convective heat transfer occurs between a solid surface and a fluid in motion
when there is a temperature difference between them. According to the nature

of the fluid motion, convection can be classified as:

e Natural convection: fluid motion is not driven by any external source
(pump, fan), but only by density differences in the fluid due to
temperature gradients.

e Forced convection: fluid motion is generated by external mechanisms

(pump, fan).

Newton’s law (Equation 2.2) gives the heat flow rate transferred by convection

[10].

Gx = RA(Ts — Tf) 2.2

h [W/m?K] is the convective heat transfer coefficient, 4 [m?] is the contact
surface between the solid surface and the fluid flow, Ts and Ty [K] are the solid
surface and fluid temperature respectively. The determination of 4 is a
challenging task since it is a function of many factors: geometry and roughness
of the surface, flow velocity and regime of the medium and its properties such
as viscosity, thermal conductivity, specific heat capacity etc [10]. Typical
values of the heat transfer coefficient for natural convection are in the range
between 5 and 25 W/m?K, whilst for forced convection the range is between

10 and 300 W/m?K and between 50-20k W/m?K if the coolant is liquid [12].

In order to calculate the heat transfer coefficient, empirical correlations based
on dimensionless numbers (Reynolds Re, Grashof Gr, Nusselt Nu and Prandtl

Pr— Appendices A) are usually used:

12



e Reynolds number (Re): it is defined as the ratio of inertial forces
to viscous forces. The magnitude of Re provides information about the
flow regime which could be laminar or turbulent.

o Grashof number (Gr): it is the ratio of the buoyancy to viscous force
acting on a fluid.

e Nusselt number (Nu): it is the ratio of convective to conductive heat
transfer across (normal to) the boundary and it provides indications
about the relevance of convection with respect to conduction processes.

o Prandtl number (Pr): it is the ratio of momentum diffusivity (kinematic
viscosity) to thermal diffusivity. In heat transfer problems, the Prandtl
number controls the relative thickness of the momentum and

thermal boundary layers.

The application of empirical correlations based on dimensionless number
analysis allows the same formulation to be used for similar shaped geometries

with different size and/or different fluid from the original experiments [13].

In electrical machines, due to complex geometries and fluid flow regimes, the
prediction and calculation of the convective heat transfer coefficient is very
challenging. Many studies have been conducted and published in order to
investigate the convective phenomena in the most critical areas of a TEFC
machine: end space region [4, 14-16], housing [6, 17-19], airgap between rotor

and stator [4, 20-22].

For instance, analytical studies on the end region lead to the following
correlation for the calculation of the heat transfer coefficient h [4] as reported
in Equation 2.3: ki, ko, k3 are curve fit coefficients and v is the velocity of the

fluid.

h = ky[1 + k,v*s] 2.3
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Regarding the airgap between the rotor and stator in electrical machines, many
studies demonstrated the importance of convective heat transfer within the
cylindrical gap [16, 21]; moreover, it is particularly important to have accurate
estimations of windage losses since they strongly affect the machine efficiency
[23]. The determination of the flow field is therefore essential because without
the knowledge of the predominant flow regime, a thermal analysis in this

region is a very difficult task [24, 25].

Flow and heat transfer between two smooth concentric rotating cylinders,
known as Taylor — Couette flow, has been extensively investigated over recent
years; these studies show the existence of different flow regimes dependent on
rotational speed and on the Taylor number (7a) [26] as reported in Equation

24.

_ w’ng® 24

The Taylor number is a dimensionless quantity that characterizes the
importance of centrifugal or inertial forces due to rotation of a fluid about an
axis, relative to viscous forces; w [rad/s] is the rotor speed, »- [m] the rotor

radius, g [m] the airgap width and v [m%/s] the kinematic viscosity.

Assuming the annular gap length is small compared to the mean radius (known
as small gap approximation [26]) and that there is no axial flow (as typically

occurs in a TEFC machine), three main flow regimes can be identified:
e Laminar shear flow.
e Laminar flow plus vortices.

e Turbulent flow plus vortices.

14



For low Taylor number the flow is considered steady and laminar and the heat
transfer in the airgap region is mostly dominated by conduction [27]. Above a
critical value of speed and Taylor number (Tacit = 1700 for this geometric
configuration [26, 28]) the laminar flow becomes unstable and results in a
secondary flow structure of regularly spaced vortices, known as Taylor
vortices [26], which occurs along the axial length of the annulus. These
vortices occur in pairs and are counter rotating with the plane of rotation
normal to the axis of the cylinders as schematically shown in Figure 2.2 [21];
Taylor vortices cause a rapid transport of fluid and this leads to a rise of the
heat transfer [27, 29, 30]. With increasing rotational speed, the flow becomes

more and more complex and finally turns into turbulent flow.

EEEEEE]

O]

b# . = - = _ v v

Figure 2.2: Schematic representation of Taylor vortices in an annulus with

rotation [21]

Table 2.2 below reports the threshold values of Taylor number and the
correlations for the Nusselt number proposed by Becker and Kaye [27, 31] for
each flow regime; Fg is a geometry correction factor [31] which takes into
account the aspect ratio of the smooth annular gap and it is close to 1 for a

narrow airgap.
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Ta/Fg < 1700 2.9

.
In(1+%)
rr

< < 4 Ta
1700 < Ta/ Fg < 10 Nu = 0.128 - (F_)0.367

g

Ta
10* < Ta/ Fg < 107 Nu = 0.409 - (F)0.241
g

Table 2.2: Flow regime thresholds and Nusselt correlations [27, 31]

2.2.3 Radiation

Heat transfer through radiation takes place in the form of electromagnetic
waves, mainly in the infrared region, from all material that has
a temperature greater than absolute zero. Thermal radiation can propagate
without the presence of matter through the vacuum of space; it depends on the
type of material and surface of the body and its temperature. The Stefan-
Boltzmann equation provides radiative heat flux between two objects [10] as

reported in equation 2.5 below.

q =eo(TE —Ty) 2.5

o [W/m?K*] is the Stefan-Boltzmann constant (5.6703-10® W/m?K*), ¢ is the
relative emissivity between the two surfaces, 7; and 7> [K] are their

temperatures respectively.

In most applications of electrical machines, heat transfer by radiation does not
have a significant role in comparison with the total heat transfer of the machine
and thus it often can be neglected. Nevertheless, thermal radiation must be
taken into account in the total heat transfer calculations of an electrical
machine if, besides radiation, there is only natural convection without any fan

in the system or if the machine operates at very low speeds [4, 11].
16



The rate of heat transfer by radiation depends on the emissivity ¢, which is a
property of the material; Table 2.3 below reports the emissivity of some

materials in typical electrical machines [3].

Material Emissivity
Polished aluminium 0.04
Polished copper 0.025
Mild steel 0.2-0.3
Cast iron 0.3
Stainless steel 0.5-0.6
Black paint 0.9-0.95
Aluminium paint 0.5

Table 2.3: Typical Emissivity of electrical machines materials [3]
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2.3 Losses in electrical machines

The difference between the mechanical output power and the electrical input
power are the losses which reduce the machine efficiency. Typically, 10% of
the electrical energy input is converted into heat [3]: these power losses lead to

a decrease of the overall efficiency of the machine.

According to their nature, the main losses in an electrical machine can be

classified as listed below:

e FElectrical: resistive losses generated in the copper windings.

e Electro - Magnetic: generated in the stator and rotor due to variation of
magnetic fields.

e Mechanical: generated due to friction between rotating parts. These are
mostly located in the bearings, in the airgap between stator and rotor

and in the external cooling fan.

2.3.1 Winding-Copper losses (Electrical loss)
The winding or copper losses in an electrical machine are losses created by the
current flow in the windings of the machine. These losses can be calculated by

Equation 2.6.

Pey = MI?Rypase 2.6

Where Rpnase [€2] 1s the resistance of one phase winding, 7 [A] the value of the
current flowing into the winding, m the number of phases of the machine.
Rphase depends on the geometry of the winding, the material and the number of
turns N as in Equation 2.7:

Neo(T)L
Ryhase = — < 2.7
C

18



Where L. [m] and A. [m?] are the length and cross sectional area of the
conductor, ¢(7) [Q-m] is the electrical resistivity which is a function of the

conductor’s temperature.

The resistivity of copper as a function of the temperature can be calculated

using Equation 2.8.

@(T) = @o[1 + apg(T —Tp)] 2.8

Where Ty is a fixed reference temperature, oy is the linear temperature
coefficient of resistivity of the material in use and ¢y is the resistivity. Both ay
and ¢y are calculated at the temperature To: typical values of copper at 273K
are 4.2:10 °C™! for o and 1.68:10® Q'm for ¢o.A temperature rise of S0K
above ambient (323 K) increases the resistance by 20% and a temperature rise
of 135K by 53% [3]. Therefore it can be seen that copper losses are strongly
affected by the temperature; thermal cooling of the windings is therefore

essential in order to keep this type of loss as low as possible.

2.3.2 Iron losses (Electro-magnetic loss)
The losses in the magnetic parts of the machine are also referred to as core
losses or magnetic losses. They are created by the changing magnetic field in
the stator and rotor machine cores respectively. For conducting ferromagnetic
materials, the iron losses are often separated into hysteresis losses and eddy
current losses as in Equation 2.9 below.

2.9
Pp = Py + Pegay

The hysteresis loss is caused by variations of the magnetic field; they are
related to the energy required in moving domain walls from a naturally
occurring state of orientation of the applied external field. The eddy current
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loss is associated to the variation of the magnetic field applied. As ideally the
rotor does not see a changing magnetic field, this loss can be considered
mainly occurring in the stator iron [32-34] and it can also be affected by the

lamination cutting process [35].

The impact of these losses can be reduced by using alternative materials and by

an accurate design of slots (removal of sharp corners, teeth sizing) [36, 37].

2.3.3 Windage losses (Mechanical loss)

Windage losses are a consequence of the viscous friction between rotating
surfaces and the surrounding fluid; in the case of electrical machines, they are
mostly generated in the airgap between the rotor surface and the air. According
to Saari [23, 38], these losses can be calculated as reported in Equation 2.10
below. This power loss is strongly dependent on the geometry considered, the

shaft rotating speed and the nature of the fluid flow.

2.10
Pw,analytical = ﬁkCMT[paﬁD#Lr

k is a roughness coefficient of the rotating surface (k = 1 for a smooth surface),
p [kg/m?] is the density of the fluid, w [rad/s] the rotational speed, D, [m] the
rotor diameter and L, [m] the rotor length, Ci [39] is the torque coefficient
which is determined by measurements and depends on the Taylor-Couette

Reynolds number (Equation 2.11).

_ pwD,g 2.11
Al

er

g [m] and u [kg/ms] are the airgap width and the fluid dynamic viscosity

respectively.
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The torque coefficient is calculated as in Equation 2.12 below: 4, o and

depend on the flow regime as shown in Table 2.4.

Cy = A <2D_;g>“ Re’ 2.12
Flow Regime A o B
Laminar: Re; < 64 10 0.3 -1
Transition: 64 < Re; < 500 2 0.3 -0.6
Turbulent I: 500< Re; < 10* 1.03 0.3 -0.5
Turbulent I: Re, > 10* 0.065 0.3 -0.2

Table 2.4: 4, a and P coefficients for different flow regimes [38]

2.3.4 Bearing losses (Mechanical loss)
Bearing losses are mechanical losses due to the friction between bearing balls
and inner and outer races; they are a function of shaft speed, bearing type,
properties of the lubricant and the load applied. These kinds of losses are
usually calculated by using empirical correlations or by following the bearing
manufacturer guidelines: according to SKF [40], a general correlation which

can be used to estimate bearing losses is reported in Equation 2.13 below:

Pz = 0.5wpFD, 2.13

Where @ [rad/s] is shaft rotating speed, p the friction coefficient which
depends from the type of bearing (deep groove ball bearings, roller bearings

etc), F/[N] is the bearing load and D [m] the inner diameter of the bearing.
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2.4 Thermal analysis techniques

Several modelling techniques can be used for thermal analysis of electrical
machines. Depending on the approach, these techniques can be classified into

two categories:

e Analytical: lumped parameters thermal network (LPTN).
e Numerical: finite element analysis (FEA) and computational fluid

dynamics (CFD).

Each modelling approach has its own benefits and drawbacks; for this reason
an optimal strategy could consist of the utilization of both modelling
techniques [21, 41, 42]. Boglietti et al. [41] suggest the combination of
analytical models with CFD simulations for future thermal analysis in order to
reduce the computational cost: specifically, it is recommended to use CFD
simulations to predict fluid flow and estimate the heat transfer coefficients h
[W/m?K], then implement the numerical results in the thermal network in order
to calibrate the model and examine in detail the thermal behaviour of the
machine. However this approach may change in the future due to the higher
computational resources now available which significantly reduce the CFD
simulation cost and time and also allow fluid flow and thermal problems to be

investigated with a high degree of detail.

The following sections (2.4.1, 2.4.2, 2.4.3) briefly describe and discuss both

thermal analysis techniques used for electrical machines.
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2.4.1 Lumped parameter thermal network (LPTN)
The lumped parameter thermal network (LPTN) method has been successfully
used for thermal analysis of electrical machines [4, 30, 43-45]. The heat
transfer network is analogous to an electrical network, and the analysis consists
of the calculation of conductive, convective and radiative resistances for all
machine components. One of the most common commercially available
lumped circuit analysis packages is Motor-CAD [9]; Figure 2.3 below shows a
typical thermal resistance network of an induction motor calculated by the

software.

Steady-State
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Heat source
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360 g e sy

Shaft Rotor bars | Rotor core

Figure 2.3: Typical induction motor thermal network generated with

Motor-CAD [9]

The circuit consists of a network of heat sources nodes representing each
individual motor component connected by thermal resistances and thermal
capacitors (for transient analysis, not shown in Figure 2.3). Thermal

resistances model the heat transfer paths in the machine and they can be
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quickly derived from dimensions and material data; the heat sources represent
the mechanical and electromagnetic power losses which are usually defined as

input data by the user.

The main benefits of Motor-CAD are the quick set up and fast calculations
speed due to the limited number of nodes; the network is automatically
generated based on the machine design. The near instantaneous calculation
capabilities of the analysis technique make it possible to run “what-if”
scenarios in real time and provide a quick prediction of heat flow and
temperature distribution of the electrical machine under investigation. On the
other hand, this software is not capable of computing fluid flow simulations
over complex geometries and this leads to uncertainties in the prediction of
convective heat transfer coefficients of the electrical machines [12]; complex
fluid flow and thermal phenomena occurring in the end regions, airgap and

external frame cannot be accurately modelled.

For instance, in the case of a finned housing typical of a TEFC machine, the
external cooling air speed is not constant along the axial direction due to air
leakages in the open fin channels [6, 11]; in addition some of them could also
be blocked by bolt lugs and this causes an uneven air speed distribution over
the frame depending on the location. The prediction of these phenomena is a
complex function of many factors, such as fan type, fin design, airflow regime
and rotational speed [44]. This means that the heat transfer coefficient used by
LPTN will not capture the correct behaviour and it will not allow local
temperatures to be computed; a single frame/casing temperature is predicted

instead.

In conclusion, whilst LPTN provides a very quick answer it is reliant on
accurate estimates of heat transfer coefficients, meaning that its accuracy is
limited to known designs [41]. The analytical approach is a useful tool for
having a rough and quick estimation of thermal behaviours of electrical

machines.
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2.4.2 Finite element analysis (FEA)

The Finite element analysis (FEA) method has been successfully used for
combined electromagnetic-thermal analyses of electrical machines [46-48].
This modelling technique is based on the sub-division of the domain under
investigation into small elements; the conduction heat flow equation are then

solved for each individual element.

FEA provides a potential route for an accurate calculation of conduction heat
transfer in complex geometric shapes; however this also usually leads to a high
discretisation and computational cost. Another important limitation of FEA is
the use of analytical/empirical based algorithms for convection boundaries
since most FEA software packages do not model fluid flow. Therefore the
estimation of the convective heat transfer is based on assumptions made by the
user; the accuracy of this method is strongly dependent on accurate estimates
of heat transfer coefficients like the LPTN approach [41]. For this reason, the
best use of the FEA method can be achieved in combination with other

analysis methods.

2.4.3 Computational fluid dynamics (CFD)

Computational Fluid Dynamics is a finite volume technique allowing
governing equations of fluid flow and heat transfer to be solved; it is one of the
most accurate and versatile techniques used to investigate in detail coolant
flow rate, velocities, turbulent flows, pressure distributions and surface heat
transfer coefficients in electrical machines and it allows modelling and
simulation of very complex geometries and fluid flows with a high degree of
detail and flexibility [41]. Nonetheless, CFD has a high computational cost and
requires highly-skilled users familiar with fluid mechanics since a full

understanding of fluid flow and thermal phenomena is required.
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The main steps of CFD software implementation are listed below:

e Pre-processor: creation of the geometry representative of the regions
under examination, fluid, solid or both; this will be the domain of the
CFD study. The domain is then discretized using a suitable mesh (or
grid).

e Solver: set up of thermal properties of the domain and specification of
boundary conditions, then run the simulation and the solution is
computed.

e Post-processor: numerical results obtained from the solver are reviewed

and analysed.

CFD is a very promising technique for thermal analysis of electrical machines,
thanks to its capability to provide a very detailed view of complex thermal and
flow aspects of the machine and trend predictions; experimental validation of
numerical results is usually required for good accuracy [15]. However, a lot of
attention must be paid to the mesh generation process (elements type, elements
size) and to the boundary conditions setup of the domain under investigation

which could strongly affect numerical results [41].

In the past analysis concentrated on sub-systems or components as modelling
capabilities were limited by computational considerations; several
investigations of the end region of electrical machines were carried out as it is
well recognised to be one of the most difficult to thermally investigate due to

the complex airflow patterns. [49-51].

A numerical and experimental investigation was conducted in [52] aimed to
describe the nature of the flow field and the influence of the end winding’s
porosity within the end region of a high voltage TEFC induction machine. The
end windings were replaced by a series of rectangular columns of various
widths in order to vary the porosity: although a simplified end winding
geometry was used, results showed how the flow field in the end region can
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largely be affected by the openness of the end windings. This could have an
impact on the thermal performance which was not investigated. The porosity
was varied from 0% (impermeable geometry) to 100% (geometry fully open).
With low percentage of porosity, most of the flow was confined in the inner
area of the end region above the wafters/end rings; as the porosity was
increased up to 65%, the recirculating flow above the end ring was also going
through the end windings and combining with the recirculating flow behind

them.

A similar CFD investigation for local heat transfer coefficients by changing the
wafter design in the end region of permanent magnet synchronous motor
(PMSM) was carried out in [53]. A simplified end windings geometry was
implemented, but an initial attempt to consider a more realistic representation
was performed in order to investigate the impact on the end region flow
distribution. Channels/duct underneath the end windings (space between the
stator teeth) were considered and results showed improvements in terms of end

windings cooling and heat transfer rate through the external housing.

A fluid flow and heat transfer analysis on the complex stator end winding
regions of a TEFC motor was performed in [7]. This work was used as a
starting point for the investigations considered in [50, 54], where both
experimental and numerical fluid flow and thermal analyses of the end region
were carried out. Only a sector of the fluid end region domain was periodically
modelled to reduce the computational cost; CFD results were successfully
validated and then alternative cooling arrangements options were proposed to
improve the thermal performance. In comparison with a conventional wafter
configuration, a shaft mounted stirrer design [54] was considered which, at a
rotational speed of 1500 rpm, led to a significant rise of the heat transfer
coefficient at the tip of the end windings (+60%) and at the end shield
(+265%). However the proposed design would also affect and increase the

windage loss which is a function of the wafter/stirrer diameter and this aspect
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was not fully investigated; this can affect the overall efficiency and therefore it

should not be neglected when designing an electrical machine.

Due to the complexity of the end winding geometries, often consisting of
several insulated copper strands bound together, approximated and simplified
geometries were employed to model the end windings in order to reduce the
complexity of the model and the computational cost [55-59]; however the
impact that these simplifications can have on fluid flow and thermal

predictions, and therefore on the fidelity of the answer, was not investigated.

Since in a TEFC machine the losses are dissipated through the finned external
housing, several CFD local investigations of the fluid flow and heat transfer
over the frame were performed. CFD was used to conduct a parameter
sensitivity analysis of the cooling fin design and significant differences
between their performance were found [60]; the number of cases considered
were limited by high computational costs and therefore a simplified model was
used. A similar investigation was carried out in [61] where a design
optimisation of a single fin was conducted to reduce the computational cost;
the impact of different fin height and thickness were considered. Valenzuela et
al. [6] carried out an investigation where measurements of the heat transfer
coefficient between finned housing and air was measured for different numbers
and dimensions of the fins were taken; differences of the results were up to

20% which highlights the importance of a good housing design.

The published literature of CFD works on electrical machines shows that the
numerical approach is capable of providing very detailed predictions of
complex thermal and flow aspects throughout the machine making it a very
useful tool for the designing process of electrical machines. However most of
the fluid flow and thermal investigations of electrical machines found in
literature considered only limited sectors and specific critical areas of the
machine. Particularly for TEFC machines, where heat removal is dependent on

both the internal and external features, it is the opinion of the author that
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internal and external flows and heat transfer must be analysed jointly in order
to gain a fuller understanding of thermal performance. This would lead to a
complex scenario with multiple dependencies but would also provide a very

detailed view of the fluid flow and thermal behaviour of a TEFC machine.

From this point of view, there is now the potential to create a full system
model as in [62, 63], where a combined airflow and conjugate heat transfer
CFD investigations were carried out to provide a full thermal model of

electrical machines.

2.5 Summary

Due to the increasing emphasis on efficiency and sustainability there is now a
growing awareness within industry of the need to address the thermal
management of electrical machines; this is a crucial step since the rise of

temperature can significantly reduce the overal machine efficiency.

Several modelling techniques, both numerical and analytical, can be used to
perform thermal investigation of electrical machines. The LPTN approach
provides a very quick answer but it is not capable of computing fluid flow
simulations over complex geometries and this leads to uncertainties in the
prediction of convective heat transfer coefficients of electrical machines. FEA
techniques allow accurate calculation of conduction heat transfer in complex
geometric shapes; however, like the LPTN approach, it is reliant on accurate

estimates of heat transfer coefficients.

Numerous CFD investigations on simplified or sub-models were carried out
showing how CFD is a very flexible and accurate technique thanks to its
capability to provide a very detailed view of complex thermal and flow aspects
of electrical machines and trend predictions. In the numerical investigations of

the end regions, simplified geometries were usually used to model end
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windings in order to reduce the complexity of the model and the computational
cost. The impact that simplifications can have on the fidelity of the answer
needs to be further investigated. With the improvements and increase of
computational resources available, it is now possible to verify those
simplifications by considering far more detailed geometries and performing

full conjugate heat transfer analysis of entire electrical machines.

This is particularly relevant for TEFC machines where, due to their structure,
the heat removal is dependent on both the internal and external features; a full
conjugate heat transfer investigation is therefore required which consists of a
simultaneous internal and external flows and heat transfer analysis of the entire

TEFC machine.
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3 Experimental Test Facility

3.1 Introduction

Experimental tests were carried out to provide validation of the CFD models
described in Chapters 6 and 7; the comparisons between CFD and
experimental results are presented and discussed in Chapter 6. A test rig was
commissioned to validate thermal aspects of the machine; the rig consisted of a
160kW drive machine connected to the TEFC motor under investigation
(output power of 11kW) through a torque meter (Datum Electronics M425,

Section 3.3) using coupling connection with key hubs. The layout of the test

rig is described below (Figure 3.1).

— y

_ ,1 Torque meter - M425
e i o S R i

Figure 3.1: Schematic of Test Rig

The TEFC motor was placed on two 280 mm high steel platforms (Figure 3.2)
which were designed to achieve a perfect shaft alignment with the drive
machine and torque meter in order to avoid any misalignment which could lead

to excessive vibrations and hence inaccuracies on torque measurements.
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Figure 3.2: TEFC motor platforms support

The selected TEFC motor and the drive machine were coupled through the
torque meter using two single-jointed coupling connections with key hubs as

schematically shown in Figure 3.3.
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Figure 3.3: Schematic of test rig and coupling

The hubs of the selected coupling (except the one for the 70 mm drive machine
shaft) were provided with tapered bores in order to use taper lock bushes; in
this way the same coupling set could be easily adapted to different shaft

diameters.

Temperatures and torque were the quantities acquired throughout the tests and
used for validating the CFD models. Two different testing programmes were

planned and performed: no-load and full load test.

A No-Load (electrical) Test was carried out for a speed range from 400 to
1500 rpm in order to validate the analytical and numerical predictions of the
mechanical losses: bearing frictions and windage. During this test, the
electromagnetic torque was absent since the induction motor terminals were

left in an open circuit condition; the motor was then driven at different
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operating speeds by using the drive machine and the measured torque provided

an estimation of the total mechanical power loss.

The second planned test was a Load Test: the induction motor drove the drive
machine at rated full load condition (n = 1466 rpm, T = 71.6 Nm). Thermal
steady-state tests were carried out and the motor was found to reach steady
state condition over a period of approximately 4 hours; the measured
temperatures and torque at steady-state were then used to validate the CFD

models of the whole machine.

A more detailed description of the instrumentations employed will be provided

in sections 3.2 and 3.3.
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3.2 Thermal Measurements

Temperature measurements were required to ensure that the heat distribution
throughout the solid regions of the machine was being modelled correctly by

the CFD thermal models.

Thermocouples and heat flux sensors were placed in different areas of the
motor in order to provide experimental thermal data to validate the CFD
models; Table 3.1 below lists the thermal equipment used for experimental

measurements and their location.

Measurement Instrumentation Location Quantity
Stator teeth 8
Welded tip T- type Stator back iron 4
thermocouples

Temperature [K] End Windings 6
Mineral insulated T- End Regions 4

type thermocouples : :
Back iron/Housing 12
Temperature [K] Heat flux sensors End Caps 6

- Heat Flux
External Fins 6
[W/m?]

Table 3.1: Experimental thermal instrumentation

Since the machine provided had no in-built thermal sensors, they were all
added post manufacture.

As reported in Table 3.1, a total of 34 T-type thermocouples (I mm diameter),
class 1 (temperature range of -75°C < T <250°C) with an accuracy of +0.5 °C
(according to IEC-584-2 standard) were used in this project. The mineral

insulated thermocouples had the sensing junction covered with a stainless steel
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sheath 150 mm long. This sheath is malleable so it can be easily bent and
formed into a variety of shapes; this feature made these thermocouples suitable
for temperature measurements of end region and external housing as discussed

in section 3.2.1.

RdF Corporation Micro-Foil Heat Flux Sensors (P/N 27036-2) were used to
measure the heat flux (Q”) and wall surface temperature at various locations on
the end caps and on the external frame. As reported in Figure 3.4, these sensors
consist of a thermopile and a T-type thermocouple mounted on either side of a
thin polymer film to measure the temperature across the film due to the heat

flux.

Thermocouple Thermopile

6 mm

18 mm

Specialists in
Temperature
Measurement

Figure 3.4: Micro-foil heat flux sensor
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Thermocouples and heat flux sensors were connected to a “dataTaker DT80
data logger and to two “CEM20” 20-channel multiplexers to increase the
number of connections to the data logger. A serial port was used to interface
the data logger to a PC where thermal measurements could be monitored and
stored; the DT80 provides an embedded web interface “dEX”. Thermal
measurements were sampled and saved every 10 seconds and taken over a
period of 4 hours, when the machine was found to reach the thermal steady
state condition; measurements were then averaged over a time period of 5

minutes.

A more detailed description of the location and placement of the thermal

sensors is provided in the following sections 3.2.1 and 3.2.2.
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3.2.1 Temperature Measurements
A total of 12 welded tip thermocouples, both on Drive End (DE) and Non
Drive End (NDE) side of the motor, were employed to provide temperature
measurements of the stator. Figure 3.5 below shows an axial view of the stator

where the DE and NDE sides are highlighted.

Figure 3.5: Stator — DE and NDE side

Figure 3.6 below, reports a schematic view of the thermocouples location on

the DE side of the stator; the same layout was used on the NDE side.
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Figure 3.6: Thermocouples location - Stator teeth and back iron

T1-pE, T2-pE, T4-pE and Ts.pe were located on the stator teeth laminations at 90°
circumferential intervals; these four thermocouples provided a measure of the
stator laminations teeth temperature where major losses were expected. T3.pe
and Te.pe were radially aligned with T>.pg and Ts.pe in outer stator region in
order to provide a measurement of the stator back iron temperature.

To guarantee a good contact with the surfaces and avoid any damage a suitable
thermal paste (epoxy resin with an operating temperature range of -60°C to
200°C) was used to hold the thermocouples in place.

A total of 10 thermocouples were located in both end regions of the machine
aimed to measure the end windings surface temperature and the air temperature
in this region for use on the calculation of the heat transfer coefficients in this

area. Figure 3.7 below reports a schematic view (end winding and end ring
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geometries from the CFD model) of the thermocouples location in one of the

end regions.

Figure 3.7: Thermocouples location: End Region

Three welded tip thermocouples were located in three different locations over
the end windings surface (Trront, TTOP and Tsack); the PFA insulated wires
were mounted over the end windings surface while the epoxy resin was used to
guarantee a good thermal contact between the thermocouples tips and the

planned location for temperature measurements.

Two mineral insulated thermocouples were used to measure the air
temperature in the areas between the end windings and the end ring (Tgr-v)
and between end windings and the external housing (Tgr-out). The
thermocouples PFA wires were made to pass through the end windings cavities
and were attached to the cavity surface with an insulating tape leaving 5 mm of
the steel sheath tip exposed; the rest of the sheath was bent accordingly in
order to minimise, as much as possible, the interference to the internal swirling

airflow.
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Another twelve mineral insulated T-type thermocouples were placed in holes
drilled over the external housing placed at 90° circumferential intervals and in
two different planes in the axial direction; the steel sheath of these type of
thermocouples made them particularly suitable to be placed in drilled holes.
Figure 3.8 and Figure 3.9 below show the angular and axial locations

respectively.

End Windings Finned housing

Figure 3.8: Thermocouples location: external housing, angular locations
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DE side

NDE side

-1

Figure 3.9: Thermocouples location: external housing, axial locations

L; and Lo (Figure 3.9) were chosen in order to get temperature measurements
of both frame and back iron at 25% and 75% of the stator axial length

respectively.

Considering that the housing had a 8 mm radial thickness (fins excluded),
twelve holes were externally drilled on the angular and axial locations as
shown in Figure 3.8 and Figure 3.9. Six thermocouples were used to measure
the frame temperature by placing them halfway through the frame thickness (4
mm depth); the remaining six were placed in 8 mm deep holes with the
housing pierced through in order to reach the back iron outer surface and
measure its temperature. All these temperature measurements provided a
measure of the thermal resistance between frame and back iron and therefore

the heat transfer coefficient in this region.
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Table 3.2 and Table 3.3 below explain how the twelve mineral insulated
thermocouples were labelled as a function of the hole depth, the angular and

axial location.

Thermocouple label: T xy-z

x = angular location 1 2 3
y = depth 1 = back iron (8§ mm) 2 = housing (4 mm)
z = axial location Li=NDE L,=DE

Table 3.2: Thermocouple labels — external housing
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Thermocouple label | Angular Hole depth Axial
location location
1 T11-NDE 1 8 mm Li— NDE
2 T12-NDE 1 4 mm Li — NDE
3 T21-NDE 2 8 mm Li — NDE
4 T22-NDE 2 4 mm Li — NDE
5 T31-NDE 3 8 mm Li— NDE
6 T32-NDE 3 4 mm Li— NDE
7 Ti1-pE 1 8 mm L, - DE
8 Ti2-pE 1 4 mm L, - DE
9 T21pE 2 8 mm L, - DE
10 T22-pE 2 4 mm L, - DE
11 T31-bE 3 8 mm L, - DE
12 T32-pE 3 4 mm L, - DE

Table 3.3: Thermocouple labels — external housing overview
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3.2.2 Heat Flux Measurements
In this project a total of 12 sensors (both on DE and NDE side of the motor)
were applied on the inside of the end caps and on the external housing fins
channels, as shown in Figure 3.10 and Figure 3.11, where the surfaces were

flat enough to achieve the best possible thermal contact using the epoxy resin.

End Cap

Heat flux sensors

Figure 3.10: Heat flux sensors location — end caps
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Figure 3.11: Heat flux sensors location - fins channels

These sensors placed in the end caps and on the external fins channels
provided measurements of temperature and heat flux on these surfaces to be
used as further thermal points of the housing for validation of the CFD thermal
models.

The manufacturer, RdF, supplies calibration factors per each sensor which
were used to calculate the heat flux; the voltage output from the sensors were
converted into a heat flux at a constant temperature at 70°F (21.1°C). A
calibration curve, provided by the manufacturer, was then used to adjust the
output in accordance to the temperature measured by the in-built T-type

thermocouple.
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3.3 Torque and Speed Measurement

A torque transducer, Datum Electronics M425 (Figure 3.12 and Figure 3.13),
was used for torque measurements in order to identify the mechanical losses at
different operating speeds (from 400 to 1500 rpm): these data can then be
compared to the windage and bearing losses estimated numerically and
analytically. The torque meter has a range of 0-100 Nm with an accuracy of
0.1% of FSD (0.1 Nm); it was axially connected between the motor and the
drive machine using a single-jointed coupling with key hubs as previously

discussed in section 3.1.

Figure 3.12: Torque transducer Datum Electronics M425

184 mm

66 mm Torque meter - M425 15 mm

- ala

i7 m;li 130 mm

A\ 4

Figure 3.13: M425 Torque transducer dimensions
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Throughout testing torque measurements were taken when mechanical and
thermal steady state conditions were achieved. The transducer was connected
to a PC using a direct USB interface; the supplied software “TorqueLog” was
used for simple on-screen reading of shaft torque, speed and power values

which were exported to Microsoft Excel for further analysis.

3.4 Uncertainty Analysis

Every equipment and instrumentation used for the experimental measurements
has their own level of accuracy which is usually stated by the manufacturers as
an uncertainty range; therefore, the experimental data are affected by errors

introduced by the equipment used and this must be taken into account.

Moreover, if some quantities are obtained as function of several variables all or
partially experimentally determined an uncertainty analysis must be carried out
as well; this is performed in Chapter 6 where a comparison between CFD
predictions and experimental results is presented in order to validate the

numerical models developed in this work.

3.5 Summary

An experimental test facility was developed to investigate the thermal
behaviour of the motor; several tests were carried out in order to provide
enough experimental data in order to validate the analytical and CFD models

of the selected machine.

An analysis and comparison of numerical and experimental results are

presented in the Chapters 6 and 7.
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4 Machine thermal modelling: internal domain
methodology

4.1 Introduction

The aim of the work presented in this chapter is to identify the best modelling
approach for the internal domain and to gain a fuller understanding of the

internal fluid flow and thermal behaviour of the selected TEFC machine.

The numerical modelling of an entire electrical machine can be very
demanding from a computational point of view. In order to reduce the cost of
the simulations the approach adopted in this work is based on initially separate
modelling and performance of local investigations of limited sectors of the
most critical areas. This approach is aimed to identify the best modelling

approach both in terms of numerical accuracy and computational cost.

This chapter explains the modelling approaches adopted in this work, the
assumptions utilised and their impact on the fidelity of the results. A detailed
description of the numerical thermal modelling of the most critical internal
fluid domain regions, such as airgap, end regions and end windings is
presented; this includes the description of the domain analysed, meshing

approach and solver set-up.

A new modelling approach for the end windings, to allow a more realistic
representation which potentially can be applied to different kinds of electrical

machines, has been developed and is presented.

Furthermore, in order to improve the performance of the internal cooling
system of the machine, two alternative internal cooling arrangements were

considered and discussed.
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4.2 Overview of CFD Theory

CFD is a finite volume technique allowing the study of fluid dynamics by
numerically solving the governing equations of fluid flow and heat transfer
when the complexity of the problems analysed no longer allows an analytical

approach.

The governing equations of fluid flow are commonly known as the Navier-
Stokes equations and they consist of coupled non-linear second order partial

differential equations [64] (Appendices B).

With the Finite Volume Method (FVM) the domains under investigation are
discretised into sub-domains (knows as elements or cells) and all the governing
equations of fluid flow and heat transfer are solved simultaneously for each of
them. CFD is one of the most accurate and versatile technique used to
investigate in detail coolant flow rate, velocities, turbulent flows, pressure
distributions and surface heat transfer coefficients in electrical machines and it
allows the modelling and simulation of very complex geometries and fluid
flows with an high degree of detail and flexibility [50]. Nonetheless, CFD has
a high computational cost and requires highly-skilled users familiar with fluid
mechanics since a full understanding of fluid flow and thermal phenomena is
required; moreover, the processes of simulations set up and run time can
require more time than is typically acceptable in an industrial environment
[50]. However, CFD has become more widely used recently as high power

computing became more affordable.
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4.3 Domains analysed

A TEFC induction motor is a type of industrial motor with an enclosure that
does not permit outside air to freely circulate through the interior of the motor:
the internal parts are totally isolated from the surrounding air. Internal features
(end ring wafters) for enhancing the removal of the heat generated due to
electrical losses are included in the end region design in order to provide an
internal mixing effect and improve the convective heat transfer in this area [7].
Figure 4.1 below shows the structure of the TEFC machine under

investigation.

Terminal box

Shaft
Bearing NDE

Fan cover

End windings

Figure 4.1: TEFC machine structure
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The development of a full 3D thermal model of the TEFC machine, where the
heat removal is dependent on both the internal and external features, provides a
significant challenge as the internal and external flows and heat transfer must

be analysed jointly, creating a complex scenario with multiple dependencies.

The flowchart below (Figure 4.2) schematically summarises and shows the
modelling approach adopted in this work: this was based on the separate
modelling of internal (Chapter 4) and external domain (Chapter 5) in order to
identify the best modelling approach for the most critical areas of the machine.
These modelling methodologies were then combined and used to develop a full
3D thermal model of the selected TEFC machine which was experimentally
validated (Chapter 6). The developed CFD conjugate model was then used to
investigate and identify opportunities aimed to improve the machine

performance: this is presented and discussed on Chapter 7.

[ 3D CFD modelling of TEFC machine |

}

| Internal domain: most critical areas | | External domain |
1

F !
End Region | Fan — external airflow |
}

1 1
L{ Internal and external domain conjugate analysis }-J

| Experimental validation of CFD |

!

— : | Identification of areas of | Improved external
I End windings porosity improvements | cooling design

Figure 4.2: 3D CFD modelling approach of TEFC machine
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Because of the losses generated within the core rotor and stator windings, it
was necessary to carry out a fluid flow and thermal analysis of the internal

domain and its most relevant and critical areas:

e End regions, defined as the area within the end caps that contains the
end winding and the rotor’s end ring.

e Airgap region between rotor and stator lamination.

All domains considered were generated using Ansys Design Modeller and
more details will be provided in the following sections; the developed
methodology and mesh configurations for the internal domain were used in the

full 3D conjugate thermal model presented in Chapter 6 and 7.

The complexity of the end winding geometries, consisting of several individual
insulated copper strands bound together into coils, provides a challenge in the
modelling and analysis of heat transfer and fluid flow phenomena occurring in
the end region. This complexity results in approximated and simplified
geometries usually being employed to model the end windings in order to

reduce the complexity of the model and the computational cost [55-59].

Moreover, since in TEFC machines the internal parts are totally isolated from
the surrounding external air, all the heat generated due to rotor core and stator
windings losses is dissipated through the machine’s outer housing. Therefore it
is very important to have, as much as possible, an accurate end winding
geometry which would allow a better and accurate prediction of the complex

fluid flow and thermal phenomena occurring in the end regions.

For these reasons in the present work a new modelling approach for a more
realistic end windings representation has been developed and is presented in

the following sections.

When modelling electrical machines two different approaches are available to

take rotation into account:
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e Multiple Reference Frame (MRF): this approach is usually used for
steady-state analysis. The fluid domain is required to be split into
stationary and rotating domains; the flow is steady relative to the
rotating frame and consequently a steady state analysis is performed.
This technique is less expensive from a computational point of view
and is equivalent to fixing the rotating fluid in a particular position to
evaluate the flow field developing only for that position.

e Sliding Mesh (SM): this approach is suitable for transient analysis and
takes into account the large scale transient effects which might develop
inside the domain. The flow time is discretised into time steps and the
governing equations describing the air flow and heat transfer are solved
as a function of time: the SM model moves the rotor mesh
incrementally before starting each new time step and this leads to a

much higher computational cost.

Despite the MRF technique being an approximation, it provides reasonably
accurate results particularly when the interaction between stationary and
rotating domains is not significant. In the work presented in this thesis a
steady-state fluid flow and thermal analysis was required and the MRF
approach was therefore preferred over the SM model as in previous works [7,

55, 65].

The PC running the simulations was a 3.70 GHz Intel Xeon Quad core CPU
with 64GB RAM running Windows 7 64-bit operating system.
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4.3.1 End Windings

The motor under investigation had a distributed end winding configuration
with variable pitch factor; initially a simplified geometry, similar to those
typically used in previous works, was considered. Figure 4.3 below shows a
simplified winding geometry and the real geometry of the machine under

investigation.

Simplified EWs

Figure 4.3: Simplified (left) and real (right) end windings geometry

As can be seen from the comparison in Figure 4.3, some specific features from

the real end windings geometry were not considered on the simplified model:

e (avities between windings leaving the stator slots were neglected.
e (avities in-between the conductors were neglected.
e (Conductors were not individually modelled.

e Surface roughness given by the insulated copper strands bound together

was neglected: the simplified model had a totally smooth surface.
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Figure 4.4 below provides a better view of the mentioned cavities around the

end windings geometry of the induction motor.

.
_

_ N
N EWs cavities|

Q

Figure 4.4: Cavities around the end windings geometry

The cavities around the end winding geometry would introduce additional fluid
flow paths which would affect the predictions of fluid flow and heat transfer

coefficient in this region.

Taking into account these features of the end windings would lead to a more
complex geometry and to an additional modelling effort; however, this would
also provide a far more accurate representation of the whole end region of the

machine.
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In the case under investigation, a new methodology was developed to create a
more realistic 3D end winding representation using Ansys Design Modeler,
based on the individual modelling of each coil with thickness and height
comparable to the real geometry. Each machine’s phase was extruded from the
stator slots and its cross section was turned to elliptical in order to model the

roundish shape of the conductors as shown in Figure 4.5.

Stator back iron

Elliptical cross section

Stator slot

Figure 4.5: Phase 1 extrusion from stator slot and change of cross section

to elliptical

In accordance to the pitch factor and topology of the real end windings
geometry, a 2D sketch was created in order to provide a sweep path for the

conductor’s curvature as shown in Figure 4.6.
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Sweep path

Figure 4.6: Phase 1 curvature and closure

The same approach was used to create the remaining two phases with two main

differences:

e Phase 2 and 3 extrusion from the stator slot were slightly bent backwards
in the radial direction in order to obtain a more roundish surface in the back
of the end winding geometry.

e Phase 2 and 3 were shorter in the axial direction than phase 1 in order to

model the several cavities between the conductors.

Figure 4.7 below depicts the generated three phases; the partial collision
between the phases was considered in order to better represent the shape of the
bundles of conductors typical of this end windings geometry. A repeating
pattern was then performed for all the other stator slots in accordance to the

topology of the real end winding geometry.
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E EW_Phase 1
E EW_Phase 2
B EW_Phase 3

Figure 4.7: Motor’s three phases

As a final step a cylindrical and conical filler were introduced around the new
geometry in order to model the different conductor layers in the radial
direction. The radial thickness of the conductors can be noted in Figure 4.8
where a generic end winding configuration, similar to the one under

investigation, is shown.

Radial conductors layers

Figure 4.8: Generic end winding configuration — radial thickness view
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In order to create, as much as possible, a more realistic representation of the
end windings and to investigate how different levels of porosity can affect the
predictions of heat dissipation rate in the end region, different thicknesses of

the cylindrical/conical filler were used.

Porosity or void fraction (¢) is a measure of the void spaces in a material: as
shown in Equation 4.1, it is a fraction of the volume of voids over the total
volume and its range is between 0 and 1 (or, as percentage, between 0% and

100%).

®=2-100 4.1

Where V, (m?) is the void’s volume and V; (m?) is the total volume which in
this case was equal to the volume of the new end windings geometry but

without any cavities as shown in Figure 4.9.

Cylindrical-conical filler

Figure 4.9: EWs geometry — 0% porosity model (no cavities)
Two new end winding models with higher porosity level were then generated
as shown in Figure 4.10 (EWs model 1) and Figure 4.11 (EWs model 2)

below.
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Cylindrical-conical filler

Figure 4.10: EWs geometry — model 1

Cylindrical-conical filler

Figure 4.11: EWs geometry — model 2
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Table 4.1 below reports the level of porosity @ for the two developed

geometries:

Porosity @ percentage [%]
EWs model 1 3.7%
EWs model 2 15.2 %

Table 4.1: EWs models porosity

The proposed methodology for a more realistic end windings representation

led to a 90° repeating pattern model with the following characteristics:

¢ End windings height and width comparable with the real geometry.
e Cavities created between windings leaving the stator slots and conductors.
e Conductors modelled as a bundle of wires in order to better represent the

irregular surface as a result of the winding process.

The geometry of EWs model 1was judged to be the most physically realistic
representation of the end windings of the machine under investigation, EWs
model 2 was considered in order to assess the impact of different level of end
windings porosity on the thermal performance of the TEFC machine. The
computational cost associated with the two more realistic end windings models
was investigated, as well as their impact on the fluid flow and thermal
behaviour of the end regions of the machine as presented and discussed in

section 4.3.2.2.
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4.3.2 End Region
A 3D model of the fluid end region was created using Ansys Design Modeler

in order to carry out a thermal and fluid flow investigation of this region.
Considering the symmetry of the machine, a 90° sector was periodically
modelled using the simplified EWs form (Figure 4.3) and the more realistic
geometries EWs model 1 (Figure 4.10) and 2 (Figure 4.11). Figure 4.12 and
Figure 4.13 below report the fluid end region created using the EWs model 2:
Figure 4.13 shows the negative of the end region where only fluid zones were

considered and used for numerical analysis.

| Fluid end region |

End windings

Figure 4.12: Fluid end region, EWs model 2, 90° sector (solid included
only for clarity)
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Stationary fluid zone

| End windings | | Rotational fluid zone |

Figure 4.13: Fluid end region, EWs model 2, 90° sector, reference frames

Computational Fluid Dynamics (CFD) was then utilised to investigate the flow
fields present in the end region area for the cases under investigation. The CFD
code used in this project was Ansys Fluent, version 17.2 [66]; this solves the
governing conservation equations of mass, momentum and energy using the

finite volume method.

The Multiple Reference Frame (MRF) or frozen rotor approach was used in
order to simulate the rotation of the rotor around the z-axis [66]. As shown in
Figure 4.13, the fluid region was split into two reference frames: one
containing all rotating parts, such as the shaft, end ring and wafters, and
another stationary reference frame which contains the motor housing and the
end windings; in the case under investigation, the rotational speed was set at

1500 rpm.

The realizable k-¢ turbulence model was implemented since it is more suitable
for rotation and high shear stresses problems and it can generally provide

better performance than the standard k — € model [56].
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A thermal sensitivity analysis, focused on convection was performed; radiation
was assumed to be negligible for this application. As part of the methodology
development process, an investigation of the convective heat transfer and heat
flux dissipated through the external frame was carried out. In order to
investigate the impact of different levels of geometrical simplification of the
end region, same thermal boundary conditions for the end windings and the
housing were used for all the cases under investigation: the end windings and
end ring walls were set at a constant temperature of 150°C while the housing
temperature was set at 100°C. The enclosed fluid was air which was assumed
to be incompressible with thermal properties, such as thermal conductivity k
(W/mK) and specific heat c, (J/kgK), set from the internal database within

Ansys Fluent as reported in Table 4.2.

Density p Specific heat cp Thermal conductivity Viscosity p
[kg/m?] [J/kgK] k [W/mK] [kg/ms]
0.9 1010.4 0.0303 2.25e-05
Table 4.2: Air properties from Ansys Fluent at 120°C [66]

In order to investigate the geometrical simplifications of the end region and
their impact on the fidelity of the airflow and thermal predictions and on the
computational cost, two areas were investigated as schematically depicted
from Figure 4.14 below; these were the end cap/casing (section 4.3.2.1) and
the end windings (section 4.3.2.2). The simplifications were assessed to
understand the relative computational cost bearing in mind the final aim of

creating a model to link the internal and external domains for design analysis.
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| End Region CFD modelling |

| Thermal and fluid flow investigation f~©—| End Windings

Simplified End Cap |
Housing
| Real End Cap |

Simplified EWs |

EWs model 1 |

| EWs model 2 |

Stirrers model 1 |

Improvements

Stirrers model 2 |

Figure 4.14: End Region — thermal and fluid flow investigation

For the housing/end cap analysis case the simplified form of end windings

(Figure 4.3) was utilised. An alternative internal cooling design consisting of a

shaft mounted stirrers was also considered and investigated as discussed in

section 4.4.

For all the cases under investigation, the rotor tangential velocity (Viotor tip) Was

used to normalise the numerical results of the internal airflow velocity v’

(Equation 4.2) presented in the following sections.

*

v

int =
Vrotor tip

v
4.2
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4.3.2.1 Simplified and real housing geometry

The aim of the investigation was to verify the validity of the proposed
simplification for the housing wall in the end region: an investigation of the
fluid flow distribution and the heat transfer rate from the end windings to the

external housing was performed.

The simplified model had a flat and smooth internal surface where the cavities
from the real geometry are not considered; the modelling of these features
leads to a higher number of cells for the discretization process of the end

region and hence, a higher computational cost and time.

As stated in section 4.3.1, a 90° sector of the fluid end region was periodically
modelled for the case with the simplified and real housing wall shape; for both
cases, the approximated end windings geometry (Figure 4.3) was initially used

in order to reduce the computational cost and time.

For the discretization process unstructured meshes, with an average cell size of
2 mm, were generated within Ansys Mesher for the cases under investigation.
According to the published literature [67, 68], a strong recirculating toroidal
vortex flow, superimposed on the main swirling flow, was expected over the
wafters and end windings area; therefore in order to correctly model and
capture these phenomena, local mesh refinements of 1 mm were performed in
proximity of wafters and end windings surfaces. Figure 4.15 and Figure 4.16
show the discretized 3D geometry for the fluid end region with the simplified

(Case A) and real housing (Case B) wall shape respectively.
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Simplified housing wall

Simplified EWs

Figure 4.15: Case A - Fluid end region, simplified housing and EWs

Real housing wall

Simplified EWs

Figure 4.16: Case B - Fluid end region, simplified EWs and real housing
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Table 4.3 below reports the mesh details and the computational cost of the two
cases under investigation. The generated meshes have a maximum skewness of
0.95 which is considered acceptable [66]; this parameter provides an indication
about the quality of the mesh generated. Another parameter which is usually
considered to evaluate the quality of the mesh is the aspect ratio: this is defined
as the ratio between the long and the short edges of the single cell and

generally this value should not exceed 100.

Case A — simplified housing | Case B — real housing
Cell count 2,075,000 3,200,000
Skewness 0.94 0.95
Aspect Ratio 14.2 24
Simulation time 6 hours 9 hours

Table 4.3: Mesh details and computational cost — Case A and B

The majority of the post-processing was carried out using Ansys CFD-Post
which allows detailed 3D contour and vector plots of velocity, temperature and
heat flux to be generated. Figure 4.17 below shows the location of the axial
and radial planes used to investigate both the secondary and primary swirling
flow respectively: the axial plane was created at an angular location of 45°

over the wafters while the radial plane was located 25 mm above the end ring.
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Primary flow — Radial plane

End Windings

Periodic Boundary |

I End Ring - wafters

Figure 4.17: Case A and B — axial and radial plane

Results of airflow and heat transfer were computed and compared in both Case
A and B. Figure 4.18 and Figure 4.19 below show the non-dimensional vector
velocity plot of the primary swirling flow for both the cases under
investigation; as can be noticed from the comparison, the cavities of the real
housing wall do not affect or change the distribution and magnitude of the

primary swirling flow.
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Vector v,

1.00

0.75

0.50

0.25

0.00

Simpl. Housing |

Simpl. EWs

| Periodic Boundary | | End ring wafter |

Figure 4.18 Case A - End region primary swirling flow — v¥int = v/Vrotor tip

Vector vy,

1.00

0.75

0.50

0.25

0.00

Real Housing

| Periodic Boundary | | End ring wafter I

Figure 4.19 Case B - End region primary swirling flow — v¥int = V/Vrotor tip
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A slight change of the airflow distribution due to the features of the real
housing wall can be seen from the investigation of the secondary flow as

reported in Figure 4.20 and Figure 4.21 below.

Vector v’
1.00

Simpl.Housing

0.75

0.50

Strong toroidal vortex

0.25

0.00

Weak toroidal vortex |

Figure 4.20: Case A - End region secondary flow — v¥int = V/Vrotor tip

Vector v’y ‘_| Stagnant enclosed airflow I

1.00

0.75

0.50

0.25

0.00

I Weak toroidal vortex |

Figure 4.21: Case B - End region secondary flow — v¥int = v/Vrotor tip

72



In both cases in accordance to the literature, there is a strong recirculating
toroidal vortex flow located in the area between the end winding and the end
ring; another recirculating flow, which is much weaker in magnitude, is located

in the area behind the end windings.

This airflow distribution has a strong impact on the thermal behaviour of this
region: stronger convective phenomena over the end winding surface are
expected where the secondary flow is stronger in magnitude. In order to
proceed to a local thermal investigation of the end winding surface, a
subdivision of 15 sub-surfaces was created (Figure 4.22) and for each of them

the heat flow (W) was computed for both Case A and B.

Housing

SbG SfG

Sb5 Sf5

Sba Sta

Sb3 sf3
End ring

Sp2 St2

Sbl Sfl

Figure 4.22: EWs sub-surfaces division — Case A and B
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Table 4.4 reports results and the percentage difference of heat flow for each
sub-surface for the simplified and real housing shape cases calculated as shown
in Equation 4.4. The heat flow dissipated through the external housing wall
(red boundary in Figure 4.22) was computed as well; Table 4.5 reports the
comparison between the CFD results of heat flow for the cases under
investigation. The housing value of heat flow computed from Case B
(qHousing,Case B) Was used to normalise the results presented below as in Equation

4.3.

Case A - Simplified | Case B - Real | % difference
housing housing

Sb1 3.41-107 3.11-107 -8.8
Sh2 0.017 0.018 +6.6
EWs - Sb3 0.023 0.022 -4.9
back Sb4 0.032 0.029 -7.1
Sbs 0.026 0.024 -7.1
Shé 0.031 0.029 -6.2
Total Heat flow 0.132 0.127 -4.7
S 1.55-107 1.66-107 +7.3
St 0.028 0.027 -2.6
EWs - St 0.095 0.102 +7.1
front St4 0.078 0.083 +5.8
Sts 0.045 0.048 +7.5
Ste 0.043 0.046 +6.9
Total Heat flow 0.292 0.309 +5.7
St 0.083 0.08 -3.6
EWs -top | Se 0.027 0.026 -5.4
St 0.063 0.065 +3.5
Total Heat flow 0.175 0.172 -1.3

Table 4.4: Heat flow comparison: EWs sub-surfaces, Case A and Case B

74



Case A - Simplified | Case B- Real | % difference
housing housing

Total Heat flow 0.96 1 +4.4

Table 4.5: Heat flow comparison — Housing, Case A and B

. q
G =———"_ 4.3
QHousing,Case B

- |q(Case A) — Y(case B)l 100 4.4

2 ' (Q(Case A) + q(case B))

% dif ference =

The two models show comparable nature and magnitude of the secondary flow
with differences within 8% of the computed heat flow from the end windings
sub-surfaces and housing walls. Results also show that the heat transfer rate in
the end region is not significantly affected by the cavities from the real housing
shape. The flow is completely stagnant with a recirculation enclosed within it
and this has only a marginal impact on the heat transfer rate of the end region.
Therefore the simplified model was used for fluid and thermal characterisation
of full 3D model of the TEFC machine as the percentage difference of the
computed heat transfer rate was 3-8% whilst a computational cost reduction of

40% was achieved.

A fluid flow and thermal transient investigation of the end region of the
machine was also performed to compare the performances of the SM and MRF
models. The high computational cost associated with the SM approach made it not
suitable for the modelling of the whole TEFC machine; in addition, the simulation
time needed for the whole machine model to reach a thermal steady state
condition was prohibitive with the computational resources available. The MRF
approach was then preferred for rotation modelling; future studies using SM
simulations and higher computational resources for comparison with MRF would
be recommended.
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4.3.2.2 Simplified and improved EWs geometry

The aim of this analysis was to investigate the impact of a more accurate
representation of the end windings geometry on the airflow distribution and on

the rate of heat transfer from the end windings to the external housing.

As discussed in section 4.3.1, a 3D model of the fluid end region using both
the simplified (Figure 4.3) and more realistic end winding geometry (EWs
model 1 and 2, Figure 4.10 and Figure 4.11) were created using Ansys Design
Modeller.

The same considerations stated in section 4.3.1 and 4.3.2.1 for the meshing
process and solver setup were used for this investigation; Figure 4.23, Figure
4.24 and Figure 4.25 show the generated meshes for the 90° sectors of the fluid
end regions using both the simplified and more realistic (EWs model 1 and 2)

end winding geometries.

Figure 4.23: Fluid end region mesh, simplified EWs model
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Figure 4.24: Fluid end region mesh, EWs model 1

Figure 4.25: Fluid end region mesh, EWs model 2
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Table 4.6 below reports the cell count for the 90° sector of the fluid end region
for the case with the simplified and more realistic end winding geometries
respectively; due to the higher porosity of the new geometries, the cell count of
the fluid end region increased by up to 12% and 20% for the EWs model 1 and
2 respectively compared to the case with the simplified geometry. A converged
steady-state solution is run in around 6 hours for the simplified geometry case

and around 9 hours for the cases with the new geometry.

Simplified EWs | EWs model 1 | EWs model 2
Cell count 2,075,000 2,330,550 2,490,670
Skewness 0.95 0.93 0.942
Aspect Ratio 14.2 15.8 14.4
Simulation time 6 hours 9 hours 9 hours

Table 4.6: Mesh details and computational cost — Simplified and improved

EWs

Results compare the airflow and heat transfer in both the simplified and new
end winding geometries; the impact of the developed new models on both the
primary swirling flow and on the secondary flow was considered. Figure 4.26
below shows the location of the axial and radial planes used to investigate the
velocity airflow distribution and magnitude in the end region for the cases
under investigation. The axial plane was created at an angular location of 30°
in order to better show the impact of the new end winding model cavities on
the secondary airflow of the end region; the radial plane was located 25 mm

above the end ring.
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Secondary flow — Axial plane

EWs model 2 I

Primary flow — Radial plane

End Ring

Periodic Boundary

Figure 4.26: Simplified and improved EWs — axial and radial plane

Figure 4.27, Figure 4.28 and Figure 4.29 show the non-dimensional vector
velocity plot of the primary swirling flow on the radial plane of the end region
for the case with the simplified end windings model, EWs model 1 and 2

respectively.
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Vector v’ S
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Figure 4.27: End region primary swirling flow, simplified EWs — v¥int =

V/Vrotor tip

Vector v’y
1.00

0.75

0.50

0.25

0.00

I Periodic Boundary End ring wafter

Figure 4.28: End region primary swirling flow, EWs model 1 — v¥int =

V/Vrotor tip
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Vector vy,
1.00

0.75

0.50

0.25

0.00

| Periodic Boundary | End ring wafter I

Figure 4.29: End region primary swirling flow, EWs model 2 — v¥int =

V/Vrotor tip

As can be seen from results, the more irregular surface of both EWs model 1
(Figure 4.28) and 2 (Figure 4.29) gives a more turbulent airflow and higher
velocities in proximity of the end ring and wafters. While the simplified end
windings geometry almost entirely blocks the airflow to flow along the radial
direction (Figure 4.27), the introduction of a more porous end windings model
significantly affects the airflow distribution. The cavities created between the
stator slots and the conductors provides multiple flow patterns which overall
lead to a more uniform airflow distribution in the end region; this can be better
seen from the analysis of the secondary flow as reported in Figure 4.30 , Figure

4.31 and Figure 4.32 below.
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Figure 4.30: End region secondary flow, simplified EWSs — v¥int = V/Vrotor tip
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1.00
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0.00

End ring

Cavity between stator slots

Figure 4.31: End region secondary flow, EWs model 1 — v¥int = V/Vrotor tip
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Cavity between stator slots

Figure 4.32: End region secondary flow, EWs model 2 — v¥int = V/Vrotor tip

Similarly to the results from section 4.3.2.1, there is a strong toroidal vortex
flow located in the region between the end windings and the end ring while a
recirculating flow, weaker in magnitude, is located in the area between the end
windings and the outer housing. However, as reported in Figure 4.31 and
Figure 4.32, both EWs model 1 and 2 provide a more realistic representation of
the fluid flow distribution in the end region due to the higher porosity of the
new geometries. In addition to the strong recirculating toroidal vortex over the
end ring, the weaker recirculating flow penetrates through the cavities between
the stator slots near the end windings base (Figure 4.31 and Figure 4.32) and
through the conductors layers (Figure 4.32); the airflow then flows upwards
behind the end windings and passes over the tip to combine with the other

main recirculating flow.

The thermal behaviour of the end region is affected by the new fluid flow
distribution reported in Figure 4.31 and Figure 4.32: a stronger convective

phenomena over the end windings surface is expected where the secondary
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flow is stronger in magnitude and the more uniform flow distribution through
the conductors cavities would also strongly affect the heat dissipation through
the external housing. In order to investigate the thermal impact of the new end
winding geometry in the end region, the heat flux dissipated through the
external housing was computed as reported in Figure 4.33, Figure 4.34 and
Figure 4.35; the highest value of heat flux computed with the EWs model 2
(Q”max, Ews 2) was used to normalise the numerical results of Q” (Equation 4.5)

presented below.

4.5

Contour Q™

0.00

-0.07
-0.14
-0.21
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-0.43
F -0.50
r-0.57

- -0.64
r-0.71
-0.79

-0.86
l -0.93
-1.00

A

| Housing outer wall |

Figure 4.33: Housing wall heat flux (negative as it is leaving the domain),

simplified EWs model
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| Housing outer wall |

Figure 4.34: Housing wall heat flux (negative as it is leaving the domain),

EWs model 1
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Figure 4.35: Housing wall heat flux (negative as it is leaving the domain),

EWs model 2
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From the comparison with the model with the simplified end winding
geometry (Figure 4.33), results show how a more realistic and detailed end
windings geometry can significantly affect the predictions of the complex
thermal phenomena occurring in the end region (Figure 4.34 and Figure 4.35);

the heat dissipation rate through the outer housing increases by up to 45%.

Table 4.7 below reports the comparison between the CFD results of rate of
heat flow (expressed in W) dissipated from outer housing and end windings
surfaces for the cases under investigation; the percentage difference was
calculated as shown in Equation 4.7. The housing value of heat flow computed
with the simplified EWs model (quousingsimpl.Ews) Was used to normalise the

results presented below as in Equation 4.6.

Simpl. EWs model EWs model 1 EWs model 2
Housing 1 1.18 (+16.6 %) 1.59 (+45.6 %)
EWs 0.57 0.73 (+24.4 %) 1.08 (+62.2 %)

Table 4.7: Rate of heat flow comparison, simplified and new EWs models

. q
a; = 4.6
QHousing,simpl.EWs

- |CI(EWS model x) — q(simpl.EWs model)l 100 4.7

2 (Q(EWS model x) T d(simplLEWs model))

% dif ference =
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CFD results show how a more realistic representation of the end windings can
help to capture those complex fluid flow and heat transfer phenomena which
would be neglected if a simplified representation would be used instead. This
aspect results to be very important as it enhance the accuracy and reliability of
the numerical model developed; indeed the experimental validation carried out
has shown a good agreement between measurements and numerical prediction,
this is broadly presented and described in Chapter 6. It can be also seen that by
modelling end windings geometries with different level of porosity the heat
dissipation rates through the external housing changes; for instance a higher
level of porosity leads to a higher heat dissipation rate, this is caused by the
more uniform distribution of the airflow. A more controlled winding process
can therefore lead to an improved cooling effect of the end regions without

altering the geometry and design of the whole machine.

The impact of different levels of porosity of the developed end windings
geometries (section 4.3.1) on the overall thermal predictions of the whole
TEFC machine is discussed in Chapter 7, where a CFD conjugate analysis of
the full TEFC machine (modelling both external, internal flows and solid parts)

is presented and discussed.
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4.3.3 Airgap

In the electrical machines, the airgap between stator and rotor lamination is a
key region within the model for its important impact on the heat transfer and it
requires an adequate fine mesh in order to correctly model and capture the
local fluid flow and thermal phenomena; appropriate modelling of this region
is crucial for the quality of CFD airflow predictions and any associated

conjugate heat transfer modelling.

For the TEFC motor under investigation, the geometry of the annular gap is
challenging to model due to its very narrow structure and the presence of stator
slot openings: this can be seen in Figure 4.36 below where a sector of the fluid

domain of the airgap is shown.

Stationary zone

Periodic Boundary

I Rotor wall ” Rotational zoneI P
m./‘/
s
-

Figure 4.36: Airgap fluid domain 20° sector
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As shown in Figure 4.36, given the geometry periodicity, a 20° sector was
considered by using periodic boundary conditions on the lateral surfaces of the
domain in order to reduce the computational cost required and consequently
the calculation time. The rotation was modelled using the MRF approach, this
required the domain division in a rotational and stationary zone. Since in
TEFC machines external air cannot circulate in the internal parts, there is no
axial imposed airflow in the airgap and therefore, in this case, the front and

rear sides of the domain were considered as symmetry planes.

The discretisation process was conducted using Ansys Mesher; since the airgap
domain has a regular cross-section geometry, the sweep meshing method and
hexahedral cells were adopted for the mesh generation process in order to

achieve a high numerical accuracy and to reduce the number of elements.

The sweep method begins by meshing a particular “source” surface using
either the automatic global settings, or any local sizing controls/inflation layers
that have been applied by the user; the source mesh is then swept through the
body, spacing it by a certain incremental dimension or by splitting the swept
side faces into a desired number of divisions. This method allows to have a
regular and uniform mesh for the entire domain. In order to get an accurate
prediction of windage losses and heat transfer coefficient, it is recommended
for this kind of geometries to set 10 divisions at least in the radial direction

[55].

Because of the narrow airgap in the case under investigation, in order to
correctly model the critical near wall phenomena a total of 30 divisions were
assigned in the radial direction with 15 further divisions for the stator slot
opening and 150 divisions along the axial direction; Figure 4.37 shows the

mesh generated which counted 1,237,500 elements for the 20° sector.
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Stator wall

Rotor wall

Figure 4.37: Airgap mesh
In this work several cases with different rotational speed (from 400 rpm to
1500 rpm) were considered in order to investigate the accuracy of the CFD
model. The determination of the flow regime was based on the definition of the
Taylor number (Equation 2.4, section 2.2.2) and to the thresholds values
reported in Table 2.2 in section 2.2.2; the expected flow regimes for the case

under investigation (laminar shear flow) are shown in Table 4.8 below.

Rotational | Rotational Reynolds number | Taylor number Ta/Fg

speed [rpm]
129.25 112.12
193.87 252.26
258.50 448.47
323.12 700.73
355.44 847.88
387.75 1009.05
420.06 1184.24
452.37 1373.43
484.69 1576.65

Table 4.8: Airgap flow regimes (laminar shear flow)
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In order to validate the CFD model for the domain under investigation, the
tangential velocity profile obtained from the different operating speeds was
plotted along a line created in the middle of the airgap. As reported in Figure
4.38, the trend of the obtained normalised velocity vini' (Equation 4.2 — section
4.3.2) at rotational speed of 1500 rpm is in good agreement with a typical case

of laminar tangential flow.
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Normalised radial distance

Figure 4.38: Normalised velocity profile across the slotted airgap at 1500

rpm

Also the windage loss, due to the relative motion between rotor and stator, was
investigated and compared with analytical results calculated as discussed in
section 2.3.3 (Equation 2.10). The aim of the investigation was to determine
whether the surface roughness caused by the stator slot openings (Figure 4.39)

affects the friction losses predictions in the airgap.
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Stator slot winding |8 Stator teeth || Stator slot winding

Slotted airgap

Smooth airgap |

Figure 4.39: Open (left) and closed (right) stator slots

For this reason, CFD simulations of smooth and slotted airgaps were
performed and the results of friction losses were computed and compared with
analytical results (Pw.analytical) Which were used to normalise the data P’y
(Equation 4.8) presented below. The generated mesh in conjuction with the
Enhanced Wall Treatment function adopted (y" value of about 1 — see
Appendices, section B.2) allowed to achieve a good agreement between the

two CFD models with analytical predicitons as shown in Figure 4.40.

‘ e CFD - smooth Airgap e CFD - Slotted AirGap * Analytical ‘

1.2
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Rotational speed [rpm]

Figure 4.40: Non-dimensional windage power loss comparison: analytical

and CFD (slotted and smooth airgap)
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As expected the stator slot opening seems to slightly increase the friction
losses in the airgap with increasing speed; the difference, however, is only

marginal and, for the range of speeds under investigation, is below 10%

P
P; 4

Pw,analytical

compared with analytical results.

Figure 4.41 below reports the normalised velocity across the slotted airgap for
the maximum and minimum speeds investigated; it can be seen how the stator

slot openings have a marginal impact on the flow regime predictions in this

4.8

region.
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Figure 4.41: Normalised velocity profile across the slotted airgap at 1500

Normalised radial distance

rpm and 400 rpm
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The obtained results show that the model developed leads to a good level of
accuracy, being capable of accurately resolving the fluid flow. The mesh
developed for the airgap model was later used for the full 3D machine model

which is described in Chapter 6.

Another important parameter to take into account and evaluate for the airgap
domain is the heat transfer coefficient on the rotor surface. Constant
temperatures were set at the rotor and stator side as boundary conditions: Trotor
and Tsawor were set at 150°C and 100°C respectively, giving a reasonable

gradient of 50°C between the two surfaces.

The heat transfer coefficient is calculated in Fluent by using Equation 4.9. Q
and Ty are the heat flux and the wall temperature respectively and they are
computed or assigned as boundary condition; the reference temperature Trer

instead is set manually by the user.

Q 4.9

h=—"—
Tw_Tref

The selection of the reference temperature is a critical step, in [62] the airgap
midstream temperature is taken whilst in [27] the stator bore temperature is
used. Figure 4.42 shows the comparison between the heat transfer coefficients
computed numerically and analytically. Analytical results were calculated with
the correlation previously presented in Table 2.2 and reported below in

Equation 4.10 and Equation 4.11 (Nusselt number definition).

T, 4.10
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kNu

hanalytical = z_g 4.11

The calculated analytical results (hanaiytical) Were then used to normalise the heat
transfer coefficient results hsowor presented below (Equation 4.12); as can be
seen, a very good agreement is achieved when the stator bore temperature [27]

is used as reference for the heat transfer coefficient.

* hTOtOT 4'12

rotor —
hanalytical

’ @ Analytical B CFD - Tref = Tstator @ CFD - Tref = Tmidstream

rotor

1
0 ‘\ ||
400 600 800

Figure 4.42: Heat transfer coefficient
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4.4 Optimisation and improvements

One of the main targets of the present work was the identification of areas of
improvement of the selected machine in terms of maximising the overall

efficiency and minimising costs.

Temperature is a key factor which dictates the machine’s efficiency: thermal
management is crucial since the rise of temperature can significantly reduce
the overall machine efficiency. Moreover, the temperature impacts the lifetime

of the materials and in particular the insulation materials.

The main target in designing the end region of TEFC induction motors is to
limit the end winding temperature and this is achieved by maximising heat
transfer. The end region basically consists of two thermal resistances in series
from the end windings to the external frame: these are the convective thermal
resistance from the end windings to the enclosed air and the convective
thermal resistance from the enclosed air to the external frame surface. In order
to maximise the heat transfer it is therefore important to minimise, as much as
possible, the thermal resistance offered by both the end windings and external

frame.

After the fluid flow and thermal investigation of the end region carried out and
discussed in section 4.3.1, two alternative cooling arrangements were

considered and investigated.

The proposed internal cooling design consists of a shaft mounted fan at two
different axial positions in the end region as shown in Figure 4.43 and Figure
4.44; considering that the TEFC machine under investigation can rotate in
clockwise and anti-clockwise direction, the stirrers were designed in order to

work the same in both directions.
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Figure 4.43: Stirrers model 1

EWs model 2
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Figure 4.44: Stirrers model 2
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The stirrers shown in Figure 4.43 were axially aligned with the end ring’s
wafters while in the second cooling arrangement in Figure 4.44 they were
located 10 mm above the wafters; both cooling arrangements were created
using Ansys Design Modeller and Figure 4.45 below reports the geometrical

dimensions of the shaft mounted stirrers.

Shaft-Ds 5'0'18'Ds

W, - 0.0026-D,

Figure 4.45: Stirrers geometrical details

The proposed internal cooling design was based on previous works carried out
by Micallef and Saliba [15, 50, 54] where similar cooling arrangements were
employed in the end region of TEFC induction machines and CFD was
successfully used to locally investigate whether improvements in end windings
cooling could be achieved. Their results show how the overall heat transfer
coefficient in the end region was increased compared with the conventional
wafter configuration as well as the windage losses which is function of the
wafter/stirrers diameter. Windage losses can affect the overall efficiency and

therefore they should not be neglected when designing an electrical machine.

However, the impact of locally improved thermal performance and increased
windage losses on the machine as a whole was not considered in those

previous works.
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A local CFD investigation, similar to the one described in section 4.3.1, was
then carried out in order to investigate the impact of the proposed internal
cooling designs on the fluid flow and thermal behaviour of the end region of

the machine under investigation.

The simplified housing geometry and the EWs model 2 presented in the
previous sections were used to generate the 3D model of the fluid end region;
results of airflow velocity and heat transfer were computed and compared with
the case with conventional wafters. Similarly to section 4.3.2.1 and 4.3.2.2, the
primary swirling flow and the secondary flow were investigated; Figure 4.46
and Figure 4.47 below show the location of the axial and radial planes used to
plot the velocity airflow distribution and magnitude in the end region for the
cases under investigation. The axial plane was created at an angular location of
25° in order to better show the impact of the stirrers on the secondary airflow

of the end region; the radial plane was located 25 mm above the end ring.
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Figure 4.46: Stirrers model 1 - axial and radial plane
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Figure 4.47: Stirrers model 2 - axial and radial plane
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4.4.1 Stirrers model 1

CFD results of airflow velocity and heat transfer allowed the impact of the

proposed cooling design on the end region thermal performance to be assessed.

Figure 4.48 and Figure 4.49 show the non-dimensional vector velocity plot of
the primary swirling flow on the radial plane of the end region for the case
with the original and proposed cooling design respectively As can be seen
from results, the mounted shaft stirrers have a sensible impact on the airflow
velocity magnitude in the end region; in particular, higher velocities in

proximity of the wafters and end windings surfaces are achieved.

The impact of the Stirrers model 1 can also be seen from the comparison
between Figure 4.50 and Figure 4.51; a non-dimensional vector velocity plot
of the secondary airflow for the original and proposed cooling design models is
reported respectively. The presence of shaft mounted stirrers aligned with the
conventional wafters causes an overall stronger fluid flow recirculation in the
end region. This factor has a beneficial impact on the thermal behaviour of the
end region; a rise of the heat transfer coefficient on the end windings and

external frame surfaces is achieved.

101



Vector v;,*
1.00

0.75

0.50

0.25

0.00

| Periodic Boundary I—t | End ring wafter I

Figure 4.48: End region primary swirling flow,EWs 2, original cooling
design — v¥int = V/Vrotor tip
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Figure 4.49: End region primary swirling flow,EWs 2, Stirrers Model 1 —
V¥int = V/Vrotor tip
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Figure 4.50: End region secondary flow, original cooling design — v¥int =

V/Vrotor tip
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Figure 4.51: End region secondary flow, Stirrers Model 1 — v¥int = V/Vrotor

tip
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Table 4.9 below shows the average heat transfer coefficient computed on the
end windings and external frame surfaces for the two cases considered; in both
models the reference temperature used was the average air temperature inside
the end region. The value of heat transfer coefficient computed on the end
windings surface with the original cooling design (hews,original design)Was used to
normalise the results (Equation 4.13) presented below and the percentage

differences are calculated as in Equation 4.14.

Original design | Stirrers Model 1 | % difference

hews 1 1.06 +6.1

h" frame 0.76 0.87 +13.3

Table 4.9: Heat transfer coefficient, End region comparison, Stirrers

Model 1
h 4.13
h* =
hEWs,original design
Rocrs — R .
% difference _ - | (Stirrers 1) (original destgn)l 100 4.14

2 ) (h(Stirrers 1) + h(original design))

Results show how the introduction of the stirrers as depicted in Figure 4.43
affects positively the thermal performance of the end region: in accordance
with Micallef and Saliba investigation, an increase of the heat transfer
coefficient of end windings and frame surfaces is achieved. This latter result
leads to a reduction of the convective internal thermal resistance between end

windings and external frame of about 12%.

As expected though, the proposed cooling design introduced also a rise of

windage losses by up to 20% compared to the case with conventional wafters.
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4.4.2 Stirrers model 2

The second proposed cooling design (Stirrers Model 2, Figure 4.44), consisting
of shaft mounted stirrers located 10 mm above the end ring’s wafters was

numerically investigated as described in section 4.4.1 with Stirrers Model 1.

Figure 4.52 reports the non-dimensional vector velocity plot of the primary
swirling flow on the radial plane (depicted in Figure 4.47) for the proposed
cooling design case. In comparison with Figure 4.48 (original cooling design)
the primary flow is only marginally affected by the shaft mounted stirrers
placed above the considered plane. Slightly lower velocities in proximity of
wafters and end windings surfaces can be seen with the proposed cooling

design.

The negative impact of Stirrers Model 2 arrangement can be better seen in
Figure 4.53 where the non-dimensional vector velocity plot of the secondary
flow in the end region is reported. In comparison with the original cooling
design (Figure 4.50) and the Stirrers Model 1 (Figure 4.51), it can be seen how
the stirrers in this case are interfering with the recirculating toroidal vortex
flow located in the area between the end winding and the end ring. The overall
velocity magnitude of the toroidal vortex is reduced and this affects the airflow

velocity distribution around the end windings and external frame walls.
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Figure 4.52: End region primary swirling flow,EWs 2, Stirrers Model 2 —

V¥int = V/Vrotor tip
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Figure 4.53: End region secondary flow, Stirrers Model 2 — v¥int = V/Vrotor

tip
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The impact on the thermal behaviour of the end region can be seen on Table
4.10 below, where a comparison of the computed average heat transfer
coefficients for end windings and external frame surfaces is reported; the
reference temperature used was again the average air temperature inside the
end region. The value of heat transfer coefficient computed on the end
windings surface with the original cooling design was used to normalise the
results (Equation 4.13) presented below and the percentage differences are

calculated as in Equation 4.14.

Original design | Stirrers model 2 | % difference

h"ews 1 0.84 -17.2

h" frame 0.76 0.72 -5.1

Table 4.10: Heat transfer coefficient, End region comparison, Stirrers

Model 2

In comparison with the results from section 4.4.1, the same designed stirrers
shifted 10 mm in the axial direction do not lead to thermal improvements of
the end region; due to the weaker airflow recirculation, there is a decrease of
the overall heat transfer coefficient in the end region which lead to an overall
rise of the convective thermal resistance from the end windings to the enclosed
air and the convective thermal resistance from the enclosed air to the external

frame surface of about 10%.

Similarly to the Stirrers Model 1 case, the windage losses increase by up to
20% compared to the case with conventional wafters. To conclude, results
presented in this section shows how the Stirrers Model 2 arrangement leads to
several drawbacks both from the fluid flow and thermal point of views;
therefore this model was not considered for further investigation using the full

3D conjugate model of the TEFC machine presented in Chapter 6.
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4.5 Summary

Computational Fluid Dynamics is one of the most versatile technique used to
investigate fluid flow and thermal problems on very complex geometries with
a high degree of details and flexibility. However, the processes of domain
creation, simulation set up and running time can be very expensive from the

computational point of view.

In order to reduce the computational cost of the numerical modelling of the
electrical machine under investigation, the approach adopted in this work was
based on the separate modelling, and local fluid flow and thermal
investigations, of limited sectors of the most critical regions of the internal

domain: end region and airgap.

A new modelling approach for a more realistic end windings representation,
which potentially can be applied also to different type of machines, was
developed and presented; the new geometry has comparable topology and
dimensions with the real end winding geometry of the motor under

investigation.

Results from the comparison with a simplified end winding geometry show
how a more geometrically accurate and detailed representation can
significantly affect the prediction of the local complex thermal phenomena
occurring in the end region; in particular, the heat dissipation rate from the end
windings and through the outer housing increase up to 62.26% and 45.6%
respectively with EWs model 2.

In addition, in order to reduce the end winding temperature and maximise heat
transfer in the end region, a cooling design based on previous works on TEFC
machines was proposed and investigated. CFD results are in agreement with
literature and they show how the introduction of shaft mounted stirrers axially
aligned to the end ring wafters (Stirrers Model 1) can lead to a rise of the heat

transfer coefficients of end windings and frame surfaces and therefore to an
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overall 12% reduction of the thermal resistance between the two surfaces, on

the other hand a 20% rise of the windage losses was also computed.

The modelling approach and mesh configurations for the internal domain were
used in the full 3D conjugate model of the TEFC machine as described and
discussed in Chapter 6; the simplified housing wall was used to reduce the
computational cost and EWs Model 1 was implemented within the full CFD
conjugate model instead of the simplified geometry provided by the

manufacturer.

The impact of the different end windings porosity (EWs model 1 and 2) on the
overall thermal predictions of the machine is investigated and presented in

Chapter 7.

The full 3D conjugate model was used also to evaluate the impact on the
overall thermal performance of the selected TEFC machine due to the
proposed Stirrers Model 1 arrangement of the end region: this is presented and

discussed in Chapter 7.
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S Machine thermal modelling: external domain
methodology

5.1 Introduction

The aim of this chapter was to identify the best modelling approach for the
external domain, identifying critical areas and optimising the computational
cost. The lessons learnt from the internal domain (Chapter 4) were built upon

in this chapter.

This chapter provides a detailed description of the numerical modelling of the
machine external fluid domain; this was mainly focused on an accurate
modelling of the external cooling fan and the airflow distribution around the
external housing. A description of the domain analysed, meshing approach and

solver set-up is provided in the following sections.

In addition, alternative geometries for the external fan and fan cover were

considered to improve the thermal performance of the external cooling.

The modelling approaches and the developed methodology presented in
Chapter 4 and 5 were then combined to generate a full 3D conjugate thermal
model of the selected TEFC machine to accurately predict the thermal

performance as shown in Chapter 6.
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5.2 Complexity of the model and geometrical

simplifications

Several geometrical simplifications of the external housing were made in order
to obtain a suitable geometry for the CFD model by reducing the complexity of
the geometry features; those simplifications allowed the reduction of the cell

count and the associated computational cost.

Simplifications were made where a geometry feature does not affect the
airflow or thermal behaviour of the machine significantly to justify an
increased cell count. Figure 5.1 below shows a comparison between the

original and simplified geometry of the external housing.

Figure 5.1: Geometrical simplifications, external housing
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All the nuts and bolts were removed and their holes filled; the electrical

connections coming from the terminal box were neglected.

The TEFC motor is cooled by blowing air over the finned frame with an
external fan mounted on the rear shaft; Figure 5.2 and Figure 5.3 show a
schematic representation of the external air cooling and the model of the radial
fan employed on the motor under investigation; the rotor diameter is used to

normalise the fan diameter.

Airflow direction

a

Cooling Fan

Airflow direction

Figure 5.2: TEFC motor external air cooling (fan cover removed)
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Figure 5.3: External radial cooling fan

As the heat removal is strongly dependent on the external cooling, an accurate
modelling of the external fan and the forced airflow around the housing was
essential in order to investigate the thermal performance of the selected TEFC
machine. In order to reduce the computational cost associated with the fan
modelling without excessively altering its original design, geometrical features
of the back plate of the fan were neglected as their impact on windage losses
and mass flow rate predictions were not significant. A comparison between the
original and simplified geometry is reported in Figure 5.4; the internal surface

of the back plate was smoothed using Ansys Design Modeller.
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Figure 5.4: External radial fan, backplate simplification

In order to model an external domain with conditions similar to the real
laboratory environment as possible the steel platforms, where the motor was
located as reported in section 3.1, were created and included in the external

housing domain as shown in Figure 5.5.
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280 mm

Test rig floor

Figure 5.5: External solid domain, housing and platforms

The solid domain reported in Figure 5.5, which also includes the cooling fan
shown in Figure 5.2, was used to model the external fluid domain. The
machine geometry was used as the solid surface from which the external fluid
domain grew; this is discussed and described in more details in following

section 5.3.
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5.3 Domain analysed

The development of a full 3D thermal model of the selected TEFC machine
required an accurate investigation of the external forced airflow. A
hemispherical fluid domain was created using Ansys Design Modeller in order
to model the laboratory space around the machine as shown in Figure 5.6 and
Figure 5.7; the external fluid domain walls had to be located sufficiently far
away from the motor external housing walls to avoid interfering with the
motor’s air cooling from the fan. An initial external fluid domain (highlighted
in green in Figure 5.6) was considered; however the domain walls were still
too close to the TEFC motor walls and this did not allow the airflow to
circulate freely in the external environment which could lead to unaccurate
predictions of the mass flow rate at the fan inlet. Therefore, in order to avoid
any kind of interference to the external airflow, a double sized external

hemispherical fluid domain was modelled.

Final external room walls

Initial external fluid domain |

TEFC Motor

Final external room walls

Figure 5.6: External hemispherical fluid domain
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Figure 5.7: External hemispherical fluid domain dimensions
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CFD was then utilised to investigate the external airflow fields present around
the housing; the Multiple Reference Frame (MRF) approach was used in order
to simulate the rotation of the external cooling fan around the z-axis at the
rotational speed of 1500 rpm. The hemispherical fluid region shown in Figure
5.7 was split into 8 sub-regions or reference frames: one containing the
rotating fan (Ext Fan) with the others set as stationary reference frames as
depicted in Figure 5.8 and Figure 5.9, where the negative of the motor solid
domain can be better visualised. The hemispherical domain consisted of 1 fluid
regions around the fan (Ext Fan) and the finned frame (Ext Frame)
respectively, 2 fluid regions on the Drive End (Ext DE 1 and Ext DE 2) and
Non Drive End (Ext NDE 1 and Ext NDE 2) sides respectively and 2 top fluid

regions above the machine’s terminal box (Ext Top 1 and Ext Top 2).
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Figure 5.8: External fluid domain sub-regions — Ext Fan set as rotating

frame
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Ext NDE 1

Rotational fluid zone — Ext Fan
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Ext DE 1

Figure 5.9: External fluid domain, MRF approach

In order to reduce the cell count and its associated computational cost and

time, a 180° model of the hemispherical external domain was initially

considered to model the external airflow distribution; this was possible due to

the geometrical symmetry of the machine and cooling fan as shown in Figure

5.10.
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Symmetry plane

Figure 5.10: Fan symmetry

The validity of this assumption was then investigated by also modelling a full
360° geometry of the external domain: results of airflow velocity distribution
and magnitude from both cases were then computed and compared as reported

in section 5.3.1.

Tetrahedral elements were used to generate a suitable mesh for the external
domain due to their capabilities to deal with complex surfaces and efficient
growth into open spaces; local mesh refinements of 1.5 mm and 0.5 mm were
adopted on the housing and fan blades walls respectively in order to capture
the near-wall phenomena where higher velocity and pressure gradients were

expected.
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In order to let sub-regions communicate to each other, the walls at the interface
should be manually paired if a non-conformal mesh is created between them:
non-conformal interfaces require interpolation of data between different cell

zones which increase the computational cost.

In this case, for a higher numerical accuracy, a conformal mesh was used due
to its efficient passing of data across the interfaces thanks to the boundary
nodes aligned at the same point on either side of the cell zone interfaces; when
a conformal mesh was created the sub-regions were automatically paired with

an interior interface.

The generated mesh is shown in Figure 5.11; it can be noted how the mesh was
kept coarser in the regions far from the motor walls as no high velocity and
pressure gradients were expected in those areas. On the other hand, local mesh
refinements on the mid-air interfaces where performed in order to better
capture the air flow velocity and distribution in proximing of the housing

walls.

...

Figure 5.11: External fluid domain mesh
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Table 5.1 below lists the cell count of the generated meshes per sub-region of

the external fluid domain.

Cell count
Zone name 180° model 360° model
Ext Fan 2,410,408 5,483,735
Ext Frame 4,581,344 7,905,054
Ext DE 1 1,133,854 2,347,854
Ext DE 2 84,558 169,364
Ext NDE 1 1,509,053 3,134,795
Ext NDE 2 84,058 167,610
Ext Top 1 184,325 328,145
Ext Top 2 284,200 568,445
TOTAL 10,271,800 20,105,002

Table 5.1: External fluid domain cell count, refer to Figure 5.8 for naming

of zones

As for the fluid flow investigation of the internal domain reported in section
4.3, the realizable k-¢ turbulence model was implemented since it can
generally provide better performance than the standard k — & model [56];
standard residual plots of mass, velocities, turbulence quantities, monitors of

local velocity and torque were used to assess convergence.
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The PC running the simulations was a 3.70 GHz Intel Xeon Quad core CPU
with 64GB RAM running the Windows 7 64-bit operating system; the
numerical solution was computed in 1 day for the 180° external fluid domain

case while 2 days were necessary for the 360° case.

5.3.1 180° and 360° external model - CFD results

A CFD investigation of the external fluid domain was carried out both for the
180° and 360° model. Results of airflow velocity and its distribution around
the housing were computed and compared to identify the best modelling
approach and to verify that the cooling fan was correctly being modelled.
Numerical results of velocity are presented in a non-dimensional format: the
tangential velocity of the cooling fan (Voriginal fan tip) Was used to normalise the

results of V'ext as in Equation 5.1.

. v
Vext = 5.1
voriginal fan tip

The post-processing of results was carried out using Ansys CFD-Post; contour
plots of velocity and results of mass flow rate were used to investigate and
compare the airflow behaviour around the machine. Two main radial planes
along the axial direction were created in order to plot the airflow velocity as
shown in Figure 5.12; another plane was also created over the fan cover grid

holes to compute the mass flow rate at the fan inlet.
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Housing plane Fan outlet plane

Terminal box

‘ '///
/
Lifting bracket l. Fan inlet plane (fan cover grid holes)

Figure 5.12: Radial planes along axial direction

The contour plot of velocity on the fan outlet plane was computed to verify if
the cooling fan could be correctly modelled using the 180° model and therefore
reduce the computational cost of the CFD model. Figure 5.13 and Figure 5.14
report the non-dimensional airflow velocity results plotted on the fan outlet

plane for the 180° and 360° model respectively.

Considering the rotational speed of 1500 rpm and the fan diameter, both CFD
models correctly predict the magnitude of the tangential velocity at the blade
tips; however the 180° model shows a different airflow distribution at the fan
outlet which is not matching each fan blade tips location (Figure 5.13) as it
would be expected. This also affects the mass flow rate predictions computed
at the fan inlet plane: the result from the 180° model is 60% lower than the one

predicted from the 360° model.
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Figure 5.13: Fan outlet radial plane, non-dimensional velocity, 180° model
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Figure 5.14: Fan outlet radial plane, non-dimensional velocity, 360° model

*
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The different results between the two cases under investigation can be
explained by the fact that a Symmetry Boundary Condition was employed in
the 180° model to reduce the extent of the computational model. However,
despite the physical symmetry of the domain, Ansys Fluent assumes a zero
flux of all quantities across a symmetry boundary and therefore a zero normal

velocity component at the symmetry plane [66].

Airflow velocity results from the 360° model (Figure 5.14) confirm that the
external fluid domain, and therefore the full 3D thermal model of the selected
TEFC machine, cannot be model using a 180° with symmetry boundary
conditions; periodic boundary conditions cannot be employ as well due to the

non-periodic geometry of the cooling fan.

The fan modelling approach of the 180° model has a significant impact on the
airflow velocity distribution and magnitude around the external housing; this
can be seen in Figure 5.15 and Figure 5.16 where the contour plots of non-
dimensional velocity on the radial housing plane were computed for the 180°

and 360° models respectively.
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Figure 5.15: Housing radial plane, non-dimensional velocity, 180° model —
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Figure 5.16: Housing radial plane, non-dimensional velocity, 360° model —

*
V ext = V/Voriginal fan tip
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Results clearly show the importance of modelling the full geometry of the
cooling fan as it significantly affects the external airflow and therefore the

thermal predictions of the machine under investigation.

Figure 5.16 also shows how the CFD 360° model manages to predict and
capture the typical uneven airflow distribution and behaviour of TEFC
machines [4]; lower velocities are correctly predicted in the fins channels
blocked by bolt lugs, lifting brackets and terminal box. The blockage effect to
the external airflow can be better seen in Figure 5.17 below, where the airflow

velocity streamlines around the housing are plotted.

Streamlines v’

0.60
0.56
0.51
- 0.47
-0.43
- 0.39

- 0.34
i 0.30
0.26

- 0.21
-0.17
0.13
0.09
0.04
0.00

i
Al

Figure 5.17: External airflow non-dimensional velocity streamlines — v"ext

=v/ Voriginal fan tip

129



Another deficiency of TEFC machines, which is well captured by the 360°
model, is the air leakage from the open channels causing the local air velocity
to be lower at the DE than at the NDE; this can be seen from the velocity
results shown in Figure 5.14 (Fan outlet plane on NDE side of the machine)

and Figure 5.16 (Housing plane on the DE side of the machine).

With the MRF approach used to model the fan rotation, only one steady-state
solution is obtained for a fixed position of the fan relative to the stationary
zones; the periodic fluctuations in the flow are not accounted for as it would
happen with a SM transient approach. In order to verify if the MRF approach
gave sensible results and to further investigate the impact on the airflow due to
different angular fan positions, two other MRF cases of the fluid external
domain were considered with the fan rotated of 90° (position “1”’) and 180°
(position “2”) respect to the original position considered in Figure 5.14
(position “0”). Figure 5.18 below schematically summaries the several fan
angular positions investigated with the MRF approach; results of air velocity
and mass flow rate were then computed and compared to assess the validity of

the models developed.
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| External MRF fan modelling |
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| Fan — position “0” | | Fan — position “1”, 90° | | Fan — position “2”, 180° |

4 A

Figure 5.18: Fan angular position — MRF approach

Figure 5.19 and Figure 5.20 report the contours of non-dimensional airflow
velocity results plotted on the fan outlet plane with the fan in position “1” and
“2” respectively. In comparison with the results shown in Figure 5.14 (Fan —
position 0) the airflow distribution changes accordingly with the position of the
cooling fan; however this does not affect the velocity magnitude of the airflow.
It was found that the different fan position does not significantly affect the
airflow distribution and magnitude around the external housing; this can be
seen in Figure 5.21 and Figure 5.22 where the contour plots of velocity on the

radial housing plane were computed for the cases under investigation.
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Figure 5.19: Fan outlet radial plane, non-dimensional velocity, Fan
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Figure 5.20: Fan outlet radial plane, non-dimensional velocity, Fan

pOSitiOll “2” — V*ext = V/Voriginal fan tip
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Figure 5.21: Housing radial plane, non-dimensional velocity, Fan position
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Figure 5.22: Housing radial plane, non-dimensional velocity, Fan position
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The external mass flow rate was also numerically computed on the fan inlet
plane (Figure 5.12) and results were compared as reported in Figure 5.23
below; the mass flow rate computed for the case with the fan in position “0”

(thmrr.0) was used to normalise the results of " as in Equation 5.2.

m* = 5.2

1.20

1.00 -

0.80 -

‘£0.60 -

0.40 -

0.20 -

0.00 -

Position "0" Position "1" Position "2"

Figure 5.23: Mass flow rate comparison — Fan angular position

The computed results show how the airflow velocity distribution and
magnitude were not significantly affected by the different fan position and
therefore the MRF approach with the cooling fan in position “0” was used to

model its rotation as presented and discussed in Chapter 6.
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5.4 Optimisation and improvements

The external cooling system of TEFC machines is typically based on the
forced convection with the external airflow driven by the fan mounted on the
NDE side of the machine. In order to maximise the convective heat transfer
coefficient, radial fins along the axial direction are usually included on the

external housing in order to increase the contact surface with the airflow.

However not all the fin channels work at the same conditions as some of them
are blocked by bolt lugs, lifting brackets and terminal box; another weakness
of the TEFC cooling system is the air leakage from the fin open channels
which causes the local air velocity to be lower at the DE than at the NDE side
resulting in reductions of heat transfer rate. Both factors lead to an uneven

airflow distribution as shown from results in previous section 5.3.1.
The optimisation process proposed in this work had two main targets:

e Reduction of the air leakage from the open fin channels.

e Increase of the external airflow velocity and the mass flow rate.

Both factors were aimed at improving airflow distribution around the external
housing thus improving external cooling and therefore the thermal

performance of the selected TEFC machine.
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In order to reduce the air leakage from the fin open channels and physically
provide a constraint to the airflow in the radial direction, a new fan cover

geometry based on the original design was modelled as shown in Figure 5.24.

Figure 5.24: Proposed new Fan cover geometry

The new geometry of the fan cover was created by extruding the original
design from the NDE to the DE side along the axial direction; this initial
design approach was aimed to verify if a reduction of the air leakage from the

fin channel could be achieved.

In addition, to increase the mass flow rate of the cooling air, an alternative fan
geometry, based on the design of the 7-blades fan design supplied with the
motor by the manufacturer, was considered; Figure 5.25 below shows a

comparison between the two geometries.
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Figure 5.25: Fan — original (left) and proposed new design (right)

Within the provided fan cover, a larger fan could be accommodated; therefore,

the diameter and the height of the fan blades could be increased by up to 72%

and 10.4% respectively. Moreover, shrouded truncated blade tips were

modelled in order to better direct the airflow around the external housing.

The original fan also had a large backplate which was removed in order to

achieve greater airflow [69]; Table 5.2 below recaps the geometrical details of

the proposed new fan.

Original design

New design

Fan diameter Dfan [mm] 0.99Drotor

1.72- Drotor

Table 5.2: New external cooling fan details

The impact of the proposed new cooling design, consisting of both the new fan

cover and fan geometry reported in Figure 5.24 and Figure 5.25, was then

investigated and results are reported in section 5.4.1 below.
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5.4.1 CFD results
Similarly to section 5.3 and 5.3.1, a CFD fluid flow investigation of the 360°

model of the external domain was carried out to verify if an improved airflow
could be achieved without an excessive increase in the power requirement

needed to drive the new fan.

Several cases (Figure 5.26) were considered in order to better relate and
understand the improvements gained with each component of the proposed
cooling design (new fan and fan cover); results of external airflow velocity
and mass flow rate were used to investigate and compare the airflow behaviour

around the TEFC machine housing for each case.

—|  Originalfan |
—>| Original fan cover |
—s| Original fan |
—'l New fan cover |
—>| New fan I

—>| Original fan cover |

—>| New fan I
—>| New fan cover |

| External cooling |——

Figure 5.26: Proposed cooling design investigation
As depicted in Figure 5.27 and Figure 5.28 two lines (L and L) were created
along the axial direction in one of the housing fin channels at a different radial
distance (inner line L; at xi, outer line L> at x2); the plotting of normalised
external airflow velocity (v ext as defined in Equation 5.1) for the several cases
under investigation are reported in Figure 5.29 and Figure 5.30 for L; and Lo

respectively.
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New fan cover

Figure 5.27: Fin channel, L1 and L2 x-radial location

2,=2- 2, z;

Airflow direction

<
«

]

Figure 5.28: Fin channel, Airflow z-direction
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Both results computed along Li (inner line in the fin channel) and L, (outer
line in the fin channel) show how the air leakage from the open channel is
causing the local air velocity to be lower at the DE than at the NDE. Inside the
fin channel (L; - Figure 5.29) the airflow velocity is mostly and significantly
affected by the new cooling fan (Case 3 and 4) whilst the implementation of
the new fan cover does not lead to significant changes of airflow velocity and

its distribution.

However, the impact of the proposed fan cover on the external airflow can be
seen in Figure 5.30 where results of velocity are plotted along the outer line L»;
the comparison between Case 1 (original cooling design) and 2 (new fan cover
only) already highlights the improvements on the airflow distribution due to
the physical constraint provided by the new fan cover. The optimal condition
for the external airflow is achieved by considering Case 4: the combination of
the new fan and new fan cover allows to obtain higher velocities around the
external housing and also a reduction of air leakage from the open fins

channel.

The impact of the proposed cooling design on the airflow velocity and
distribution around the housing can be better visualised in Figure 5.31 and
Figure 5.32. Contour plots of non-dimensional velocity on the radial housing
plane (as previously depicted in Figure 5.12) are reported for Case 1 (original
cooling design) and 4 (New fan and new fan cover) respectively; as previously
discussed, it can be seen how higher velocities and an improved airflow

distribution can be achieved.
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Figure 5.31: Housing radial plane, non-dimensional velocity, Case 1— vext
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The mass flow rate was also computed at the fan inlet plane (as previously
depicted in Figure 5.12) and results from all cases were compared as shown in
Figure 5.33 below; with the proposed new cooling design (Case 4) an 84.3%
increase of the mass flow rate can be achieved. As stated in section 5.3.1, the
mass flow rate computed for the case with the original cooling design (Case 1)
with the fan in position “0” was used to normalise the results of " (as in

Equation 5.2).

2.00

1.80
1.60
1.40
1.20
‘g 1.00
0.80
0.60
0.40
0.20
0.00

Case 1l Case 2 Case 3 Case 4

Figure 5.33: Non-dimensional mass flow rate comparison, Fan inlet plane,

Case 1-2-3-4

It can be noted how the new fan (Case 3 and 4) is responsible for the increased
mass flow rate and airflow velocity around the housing; as expected the case
with the new fan cover only (Case 2) does not affect the mass flow rate as no
design modifications were applied to the inlet. However the new fan cover
manages to physically constrain the airflow coming from the fan into the fin
channels all the way from the NDE to DE side of the machine (as can be seen
in FigureFigure 5.30 and Figure 5.32) with consequent more uniform airflow

distribution around the housing.
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Results from Figure 5.29, Figure 5.30, Figure 5.32 and Figure 5.33 show how
the proposed cooling design, as a combination of new fan and fan cover
geometries, can potentially lead to sensible higher mass flow rate and to a
reduction of the airflow leakage from the fins channels and to a more uniform

airflow distribution around the machine.

The improved external cooling can also potentially have a strong impact on the
thermal performance of the TEFC machine under investigation. A thermal
analysis was therefore carried out in order to investigate how the improved
external airflow can affect the predictions of the external heat transfer
coefficients; the housing walls were set at a constant temperature of 50°C
while the external walls of the fluid domain were set at 20°C which was used
as reference temperature. The heat transfer coefficients were then computed (as
in Equation 4.9) for different areas of the housing (Figure 5.34) and non-
dimensional average results are presented in Figure 5.35 and Table 5.3, with
percentage differences calculated as in Equation 5.4; the heat transfer
coefficient calculated at the End Cap NDE surface (hgndcap NDE, Case 1) from the
original cooling design case was used to normalise the computed results as in

Equation 5.3.

Terminal box

End Cap DE

Figure 5.34: External heat transfer coefficient wall zones
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Figure 5.35: Non-dimensional CFD heat transfer coefficients—Case 1-2-3-4

Non-dimensional external heat transfer coefficient (hext)
CFD-Casel | CFD-Case?2 | CFD -Case 3 | CFD - Case 4
End Cap - 0.16 0.20 0.29 0.30
DE (+20.5%) (+57.5%)
(+61.4%)
Terminal 0.30 0.18 0.45 0.32
box
(-51.3%) (+40.8%) (+8.5%)
Housing 0.51 0.65 0.86 0.90
(+24%) (+51.3%) (+55.7%)
End Cap - 1 1 L.5 1.5
NDE
(+40.4%) (+40.4%)

Table 5.3: Non-dimensional CFD heat transfer coefficients — Case 1-2-3-4,

percentage differences
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CFD results show how significant improvements of thermal predictions of the
external heat transfer coefficient can be achieved with the proposed cooling
design. It can be noted that the use of the extended fan cover (Case 2 and 4)
leads to a reduction of the heat transfer coefficient on the terminal box surface.
This can be explained by the fact that the new fan cover is forcing most of the
cooling airflow over the housing surface with consequent rise of the local heat
transfer coefficient; this is however beneficial since the main housing is a more
critical area from the thermal point of view compared to the terminal box. As
expected from previous fluid flow predictions, more significant thermal
improvements are achieved with the use of the new fan (Case 3 and 4) which is
responsible for the higher mass flow rate around the machine; however results
of the heat transfer coefficient computed over the housing surfaces also
highlight thermal improvements gained with the use of the extended fan cover

(Case 2 and 4).

Numerical results show how the cooling arrangement of Case 4 (new fan and
extended fan cover) can be considered the most promising cooling option:
significant improvements, up to 60%, of the predictions of the external heat

transfer coefficient can be achieved.

On the other hand, driving a bigger fan brings also a rise of the windage losses:
this factor needs to be taken into account in the electrical machine designing

process as it can affect the overall efficiency.

146



5.5 Summary

A CFD modelling of the external fluid domain was carried out; this analysis
allowed the identification of the best modelling approach of the forced cooling
airflow generated by the external fan mounted on the NDE side of the

machine.

In order to reduce the computational cost of the CFD model, a 180° model
with symmetry boundary conditions was initially considered; however, results
show the requirement to use a full 360° case in order to correctly model the

external fluid domain.

An alternative external cooling design, consisting of a new fan and an extended
fan cover geometry, was considered and modelled in this work. Numerical
results show how a sensible rise of the mass flow rate and an improved airflow
distribution around the external housing can potentially be achieved. These
factors have a significant impact on the predictions of the external heat transfer
coefficients of the housing surfaces with an increase up to 50% compared to

the original cooling design.

The strategy adopted within this work was based on the initial separate
modelling of internal and external domains of the machine to gain a fuller
understanding of the fluid flow and thermal behaviour of the most critical parts
of the machine. The developed methodology presented in Chapters 4 and 5
was then combined to generate a full 360° conjugate thermal model of the
selected TEFC machine to accurately predict and validate the thermal

performance as shown in Chapter 6.

The impact of the proposed external cooling design on the overall thermal

performances of the whole machine is presented and discussed in Chapter 7.
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6 Validation of CFD conjugate model

6.1 Introduction

The modelling approaches presented and discussed in Chapter 4 and 5, for the
internal and external fluid domain respectively, were combined and used to
generate a 360° fluid model of the selected TEFC machine. Then, with the
modelling addition of solid components and electrical/thermal losses
distributed across the machine, a full conjugate heat transfer model was
developed in order to investigate in detail the airflow and thermal behaviour of

the TEFC machine.

This chapter presents a description of the 360° CFD conjugate model where all
the fluid and solid zones of the machine are included in the meshing process
and solver setup. The new end winding models developed and presented in
section 4.3.1 (EWs model 1 and 2) were successfully discretised and

implemented within the 360° CFD conjugate model.

The numerical results obtained from the CFD conjugate case using EWs model
1 were then validated experimentally to investigate the accuracy of the thermal
model developed; the thermal validation testing was carried out at rated load
condition (n = 1466 rpm, T = 71.6 Nm) as previously discussed in Chapter 3.
A No-Load Test was also carried out for a speed range from 400 to 1500 rpm
in order to validate the numerical predictions of the mechanical power losses:

bearing friction and windage.
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The flow chart reported below (Figure 6.1) schematically summarises the

modelling process adopted in this work.

[ 3D CFD modellin% of TEFC machine |

Internal and external fluid domain modelling | | Solid components and electrical losses |

!

{ 360° CFD conjugate models Jo—

| Experimental validation of CFD models |

- - I Identification of areas of Improved external
l End windings porosity improvements cooling design

Figure 6.1: TEFC full thermal model, modelling approach

The development and experimental validation of the 360° CFD conjugate
model is presented and discussed in this chapter. Once the CFD model was
experimentally validated, further investigations of the impact of the potential
geometry improvements discussed in section 4.4 and 5.4 were carried out; this

is presented and discussed in Chapter 7.
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6.2 Domain analysed

The 3D solid geometry of the TEFC machine components, including the
simplified end windings geometry, was provided by the manufacturer as

previously reported in section 4.3 and 5.2 (Figure 4.1 and Figure 5.1).

Several geometrical simplifications were considered as discussed in section
5.2. Features of the original design such as small grooves, chamfered corners
and external bolts were removed being judged not relevant for simulation
purposes; this had a direct impact on the mesh quality, mesh density and

computational cost.

The more realistic end windings representations developed in this project
(EWs model 1 and 2, Figure 4.10 and Figure 4.11), presented and described in
section 4.3.1, were substituted into the simplified geometry initially provided

as shown in Figure 6.2 below where the EWs model 1 is implemented.

Cooling fan [

1
Bearing NDE =

Fan cover

2"
|
Figure 6.2: TEFC machine solid components — EWs model 1 implemented
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The internal (airgap, end regions at DE an NDE) and external (laboratory
environment) fluid domains, described in Chapter 4 and 5, were included with
the solid components of the machine; bearings and stator windings were
modelled as bulk solids and overall thermal properties were assigned as
discussed later in section 6.2.2. The fluid domains were split into stationary
and moving domain, in order to implement the rotation with the MRF
approach as previously described in section 4.3.2 and 5.3. As shown in Figure
6.3 and Figure 6.4 below, the rotating fluid zones included the reference
frames containing all rotating parts such as shaft, end rings, rotor and the

external cooling fan.

=

Rotating Fluid zones

Figure 6.3: Fluid and solid domains, symmetry plane view
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Stationary Fluid End Region

Stationary Airgap Rotating fluid zones — Airgap and End Region

Figure 6.4: Rotating fluid zones — Airgap and End Region

Other bodies, such as stator and rotor lamination were split in more parts
(Figure 6.5) to allow increased local meshing control and also to assign more
realistic losses distribution to the solid components such as stator back iron and
stator teeth; more details of the domain subdivision of stator and rotor
lamination are provided in Table 6.1 below. More detailed information
regarding the electrical losses distribution across the TEFC machine is

provided in section 6.2.2.
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Stator back iron

Stator teeth

Rotor core — inner ring

Rotor core — middle ring

Rotor core — outer ring

Figure 6.5: Rotor and Stator domain sub-division

Cell zone Radius
Stator back iron 1.56" Trotor
Stator teeth 1.27" Trotor
Rotor core — outer ring 1
Rotor core — middle ring 0.97" Trotor
Rotor core — inner ring 0.52" rrotor

Table 6.1: Rotor and Stator domain sub-division

Following section 6.2.1 describes and presents more details of the several
meshing techniques used to achieve an optimal mesh of the multi-body domain
under investigation; section 6.2.2 instead discusses the boundary conditions
and material properties assigned to develop a 360° CFD conjugate model of
the selected TEFC machine.
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6.2.1 Discretization process
The development and discretization of a full 360° model of an electrical
machine, including both fluid flow and heat transfer analysis, required a
significant modelling effort. Considering the complex structure of the domain
under investigation, several meshing techniques available within Ansys
Mesher were used simultaneously to achieve high quality and computationally

efficient meshes.

The complexity of the multi-body geometries, their dimensions and cell zone
type (solid or fluid regions) strongly affect both mesh density and element type
which can vary within the domain. Hexahedral cells were adopted for simple
geometry solid regions in order to achieve a high numerical accuracy and to
reduce the number of elements. Complex fluid domains (such as the end
regions) were discretised using tetrahedral elements due to their capability to

fit complex and highly curved geometries.

The sweep meshing method and hexahedral cells were adopted for regular
cross sections bodies such as airgap (section 4.3.3) stator core and windings,
rotor core and rotor bars: 150 divisions along the axial direction were assigned.
Conformal interfaces were created between the main components in the stator
and in the rotor regions and an average cell size of 1.5 mm was adopted for a
higher mesh quality. The result can be seen in Figure 6.6 below where an axial
view of the generated mesh of stator and rotor is reported; the airgap domain is
not included in order to better highlight the stator and rotor grid. The same
meshing approach and cell size was used to discretise the shaft and the two

bearings at the DE and NDE side respectively.
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Stator back iron I | Stator teeth

Rotor core —inner ring

I Rotor core — middle ring_] I Rotor core — outer ring_l

Figure 6.6: Stator and rotor mesh, axial view (airgap domain excluded)

Due to the complex geometry, the rest of the machine components were
discretised using tetrahedral elements; non-conformal interfaces were
generated to allow increased local meshing control. Despite the additional
meshing complexity introduced using the new end windings geometries (EWs
model 1 and 2), both models were successfully implemented and discretised as
can be seen below in Figure 6.7 for EWs 1 case. Table 6.2 lists the cell count

of the generated meshes of both EWs models.
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EWs model 1

| End ring and wafters |

Figure 6.7: EWs model 1 mesh

Cell zone Element number
DE 8,456,005
EWs model 1
NDE 7,992,520
TOTAL 16,448,525
DE 8,023,570
EWs model 2
NDE 7,565,148
TOTAL 15,588,718

Table 6.2: EWs model 1 and 2 — mesh cell count of EWSs solid domain
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The discretisation of the EWs model 1 and 2 provided a significant challenge:
their complex geometry could be a source of high skewness cells at the solid-
fluid interfaces between end windings and fluid end regions due to the high
curved surfaces and sharp angles. Therefore local mesh refinements of 0.75
mm at the solid-fluid interface (Figure 6.8) were applied in order to achieve a
high quality mesh and a suitable value of y'; this allowed to better capture and

model the near-wall phenomena and the heat transfer rate in this region.

Fluid End Region

50 mm End ring and wafters

Figure 6.8: EWs model 1, solid-fluid interface refinement
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As depicted in Figure 6.8, the new EWs geometry was axially sliced 50 mm
above the stator slots. This geometry subdivision was performed in order to
assign more realistic values of thermal conductivity along radial, axial and
tangential directions; this aspect is discussed in more detail in the following

section 6.2.2.

A specific mesh order was used to discretise the components of the domain in
order to achieve a high quality grid; this was based on the user’s experience
and several attempts. Figure 6.9 below shows the final mesh for the 360° CFD
model employing the EWs geometry 1; the grid counts about 108,057,081 and
110,150,313 for the model employing EWs geometry 1 and 2 respectively.
More detailed information about the generated mesh for each cell zone is

provided in Table 6.3.
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Figure 6.9: 360° CFD model, EWs model 1, symmetry plane view showing

internal and external domain
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Cell zone Element number Elements type
Rotor 2,055,600 Hexa
Rotor bars 1,254,500 Hexa
End Ring DE 375,567 Tetra
End Ring NDE 375,567 Tetra
Stator teeth 3,484,350 Hexa
Stator back iron 816,375 Hexa
Windings 1,480,800 Hexa
Shaft 117,444 Hexa
Bearing DE 14,476 Hexa
Bearing NDE 14,476 Hexa
Fan 1,914,456 Tetra
EWs 1 DE 8,456,005 Tetra
EWs 1 NDE 7,992,520 Tetra
AirGap 20,958,574 Hexa
End Region DE 13,271,997 Tetra
End Region NDE 12,849,081 Tetra
Housing 12,520,291 Tetra
External Fluid zone - total 20,105,002 Tetra

TOTAL 108,057,081

Table 6.3: Mesh details of 360° CFD conjugate model — EWs model 1

The definition of the boundary conditions and the computational cost
associated with the developed model is presented and discussed in section
6.2.2.
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6.2.2 Boundary conditions and material properties
Once the geometry was defined and a suitable mesh generated, boundary
conditions and material properties could be assigned to each machine

component.

The definition of the boundary conditions was an essential and significant step
in the setting up of the CFD model in the solver; these provided physical
parameters and allowed the creation of interface boundary conditions within
the multi-body domain and different cell zones for the heat transfer calculation.
The interface boundary conditions required a manual merge operation using
Fluent’s mesh interface panel and in this work both coupled wall (solid-fluid
zone interfaces) and interior boundaries (fluid-fluid or solid-solid zone
interfaces) were created: a total of 75 interfaces were generated within the 360°
conjugate models. A temperature boundary condition of 20°C was assigned to

the external room walls (Section 5.3, Figure 5.7).

Thermal boundary conditions allowed the modelling of heat generation due to
electromagnetic and mechanical losses occurring within the TEFC machine;
these were implemented within the CFD model as energy source in the solid
cell zones (W/m?) with a uniform volumetric heat generation rate. The
electrical losses were provided and experimentally validated by a team of
electrical engineers and they were estimated by using Infolytica MagNet [70];
bearing friction losses at the rated speed and load were provided by the
manufacturer. The chart below (Table 6.4) shows the estimated percentage
distribution of the losses at rated load condition among the machine solid

components.

161



Bearings Stator back iron
3% 11%

Stator teeth
8%

EWs
23%

Rotor core
1%

Windings
22%

End Rings
2" o

Table 6.4: TEFC machine losses distribution at 1,500 rpm

Once the interface and thermal boundary conditions were defined, material
properties such as density, thermal conductivity and specific heat needed to be
assigned to each machine component. The determination of thermal properties
was a difficult task as they could be affected by several external factors such as
manufacturing/assembly methods, operating conditions and incomplete
material data [71]. The enclosed and external fluid was air which was assumed
to be incompressible with thermal properties set from the internal database
within Ansys Fluent as reported in Table 4.2 in section 4.3.2. Typical values,
derived from machines of type and size comparable with the one under

investigation, were used and implemented within the CFD model.
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One of the most critical materials to thermally define and model in an electrical
machine are the stator slot windings and end windings in the end region. These
components are made of heterogeneous material consisting of conductors,
electrical insulation, impregnation insulation and air; therefore thermal
properties of the electrical windings can be highly dependent on the
impregnation technique employed and manufacturing process. Overall values
of thermal conductivity were analytically estimated [71] and assigned to
windings and end windings. In the case under investigation, due to the non-
isotropic nature of the windings thermal properties, the orthotropic function
was used in order to implement different values of thermal conductivity along
radial, axial and tangential directions of windings, EWs model 1 (Figure 6.10)

and 2.

l\l ANGENTIAL

)

Kyiveevria = 245 WmK

Krapiar = Kyxar, =4 W/mK

Kyxiar = 245 W/mK

Krapiar, = Krovgevia, =4 WimK

Figure 6.10: EWs sub-division for anisotropic thermal conductivity

The sub-division of the end winding geometry allowed the assignment of a
more realistic thermal conductivity distribution for the machine conductors.
For stator slots windings and ‘low’ end windings the highest value of thermal
conductivity was assumed along the axial direction; for ‘high’ end windings
the thermal conductivity along the tangential direction was assumed to be the
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highest due to the alignment of the copper wires. Furthermore, in order to
avoid divergent behaviour of the conjugate heat transfer solution due to the
definition of an anisotropic thermal conductivity for windings and end
windings, the following codes (recommended by Ansys technical support)

were implemented into the Text User Interface (TUI) in Fluent [62]:

e (rpsetvar ‘temperature/explicit-relax? #t)

e (rpsetvar ‘temperature/secondary-gradient? #f)

The first code uses an explicit relaxation of temperature whilst the second

disables the secondary gradient of temperature.

Table 6.5 below lists the materials and their properties used within the CFD

conjugate model.
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Component Material Density, p | Heat capacity, | Conductivity,
(kg/m?3) ¢p (J/kg K) k (W/mK)
4(axial),
. Copper and 4(radial),
EWs high 1
Ws hig Insulation 5000 300 245
(tangential)
245(axial),
Ewslow | Copperand 5000 1300 A(radial),
Insulation .
4(tangential)
245(axial),
C d .
Windings OPper ai 5000 1300 A(radial),
Insulation .
4(tangential)
Rotor bars Aluminium 2950 963 180
Rotor core Iron 7800 450 25
Stator core Iron 7800 450 25
Shaft Steel 8030 502.48 16.27
Bearings Steel 8030 502.48 16.27
Housing Cast iron 7272 420 52
Fan Polypropylene 1014 1260 0.25

The developed 360°

Table 6.5: Employed materials

CFD conjugate model introduced a very high

computational cost which could not be handled by the PC used for previous

CFD analysis presented in Chapter 4 and 5. The full conjugate models

presented in this Chapter and in Chapter 7 were therefore running on a high-

spec computer facility during a visit by the author within ABB CRC located in

Visteras (Sweden). The simulation time of the developed models was 5 days

running on a 56 core CPU with 256GB RAM.
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6.3 Experimental testing and validation

The objective of this work was to develop a full conjugate heat transfer model
aimed to investigate in detail the airflow and thermal behaviour of the selected
TEFC machine. As described in section 3.1, several experimental tests were
carried out to provide validation of the 360° CFD conjugate model developed

as described in section 6.2.

Experimental data and their comparison with numerical results are presented
and discussed in the following sections. The end windings temperature rise
(above ambient temperature measured at the fan inlet) experimentally
measured on the DE side (ATexp, Ews DE) and the tangential velocity of the
cooling fan (Ve 1ip) Were used to normalise the results of AT" (Equation 6.1)
and Vv exx (Equation 5.1 — section 5.3.1) respectively; similarly, mechanical
losses were normalised (P*n) by means of the measured data at the rated speed

(Pm.exp,1500mpm) @s shown in Equation 6.2.

AT = AT 6.1
ATexp,EWs DE )
P
pp=—"1 6.2

Pm,exp,lSOOrpm
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6.3.1 Validation and results of thermal performance
Thermal performance of the TEFC motor was investigated by carrying out a
load test where the induction motor was operating at rated full load condition
(n = 1466 rpm, T = 71.6 Nm). The thermal steady-state condition was reached
in approximately 4 hours and it was assumed to be achieved once the thermal
measurements variation was within the tolerance range of the thermocouples
employed in this work (£0.5 °C). Thermal measurements were then taken from
the sensors placed in different areas of the machine (as described in detail in

section 3.2) and used to validate the developed CFD model.

Accurate modelling of the temperature distribution is very important as it can
provide an insight into the maximum operating temperature and the location of
hot spots within the TEFC machine. In order to provide a general
understanding of the temperature distributions within the machine, a mid-plane
in the axial-z direction (Figure 6.11, x = 0 and y = 0) was created in the CFD
model to plot contours of non-dimensional temperature rise through both fluid

and solid domains as shown in Figure 6.12.
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Figure 6.11: Axial mid-plane location (x = 0 and y=0)

Contour AT*

Figure 6.12: Non-dimensional TEFC machine temperature rise, axial mid-

plane — AT"= AT/ ATexp,EWs DE
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As can be seen from Figure 6.12 the rotor is clearly the hottest region and, as
expected due to the cooling fan located at NDE side of the machine, the overall
temperature profile of the whole domain is rising along the axial direction from
NDE to DE. This can be better visualised in Figure 6.13 below where the
contour of non-dimensional temperature rise along the axial direction of rotor
and shaft is reported; conduction paths into the shaft from the rotor can also be

secn.

Contour AT*

Figure 6.13: Non-dimensional rotor and shaft temperature rise, axial mid-plane

— AT*= AT/ ATexp,EWs DE

As described in section 5.3.1, external housing blockages (bolt lugs, terminal
box) had a significant impact on the external cooling airflow distribution
around the machine and this was expected to affect thermal predictions since
the two phenomena were linked. Figure 6.14 below shows contour of non-
dimensional temperature rise of the stator and external air velocity (Equation
5.1)plotted on an axial plane in correspondence of the NDE side of the stator:
it can be noted how the CFD model correctly predicts higher temperatures on
the top part of the machine where the terminal box provides the most
significant blockage to the external cooling airflow. The effect of temperature
gradient between DE and NDE and terminal box blockage on the stator

temperature distribution can be better seen in Figure 6.15 below, where a
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contour of the axial and radial (DE and NDE side) view of the stator

temperature rise is reported.

Contour AT" Terminal box Contour v*

1.00 0.50
0.46
0.42
0.38
0.33
0.29
0.25
0.21
0.17
0.13
0.08
0.04
0.00

0.97
0.94
Figure 6.14: Non-dimensional velocity and stator temperature rise, NDE

0.91
0.88
0.86

stator plane side

Contour AT*

1.00
0.97
0.94
0.91
0.88
0.86
0.83
0.80
0.77
0.74
0.71
0.68
0.66
0.63
0.60
0.57
0.54

Figure 6.15: Non-dimensional stator temperature rise, axial gradient and

DE-NDE side radial view — AT*= AT/ ATexp,EWs DE
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As previously described in section 3.2.1, temperature measurements were
taken from stator teeth and back iron on both NDE and DE side (Figure 3.6): a
comparison between non-dimensional temperature rise results measured
experimentally and those obtained numerically are shown in Figure 6.16
Figure 6.17 for DE and NDE stator side respectively. Table 6.6 below

summarises in more detail the obtained results.
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@ Experimental @CFD - EWs Model 1

1.20

Teeth Backiron
| |

1.00

0.80

= 0.60
5o
0.40

0.20

0.00
T*1-DE T*2-DE T*4-DE T*5-DE T*3-DE T*6-DE

Figure 6.16: Stator teeth and back iron non-dimensional temperature rise,

DE side

| @ Experimental B CFD - EWs Model 1 |

1.20

Teeth Backiron
1 |

1.00

0.80

= 0.60
Eo.
0.40

0.20

0.00
T*1-NDE T*2-NDE T*4-NDE T*5-NDE T*3-NDE T*6-NDE

Figure 6.17: Stator teeth and back iron non-dimensional temperature rise,

NDE side
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Non-dimensional Temperature rise (AT*)

Experimental CFD % difference with EXP
T 1oE 0.97 1.02 +4.70
Teeth T*z.DE 0.87 0.97 +10.46
+
Stator DE T*4.DE 0.88 0.95 8.13
T soE 0.90 0.98 +8.17
T s 0.77 0.81 +5.61
Back iron *3 DE
T 6k 0.76 0.80 +5.27
T 1xpE 0.85 0.95 +11.74
T, 0.79 0.90 +13.10
Teeth T*2 - 0.79 0.89 11.85
+
Stator NDE ANDE : : L
T sxpE 0.78 0.90 +14.67
) T sxpE 0.49 0.66 +29.89
Back iron -
T ¢xpE 0.53 0.66 +22.39

Table 6.6: Stator teeth and back iron non-dimensional temperature

rise, % difference with experimental data

% dif ference =

The percentange differences reported in Table 6.6 were calculated as in
Equation 6.3. As can be seen, temperatures obtained numerically are
consistently over predicting the experimental values: on the DE differences are
within 10% while on the NDE are within 29.8%. However a good agreement is
achieved and the trend is correctly captured by the CFD model. The CFD
model also correctly captures the expected temperature distribution of the
stator core: higher temperatures are computed on the stator teeth rather than the
back iron due to higher losses and poorer external cooling effect. Furthermore,
experimental results also confirm the impact of the external terminal box on
the actual temperature distribution of the TEFC machine as predicted from the
CFD model: this can be noted from Figure 6.16, Figure 6.17 and Table 6.6,

where T"| (temperature from the stator tooth on the top part of the machine,

|ATCFD - ATexp I

1
2
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just below the terminal box) is higher than the results from the other locations

investigated in the stator region.

The experimentally measured and numerical results for the end winding and
end region air show a similar trend as depicted in Figure 6.18 and Figure 6.19;
Table 6.7 below summarises and shows the obtained results and the percentage
difference between numerical and experimental data (calculated as in Equation
6.3). Higher temperatures are located on the DE side and overall on the top
part of the machine; experimental data of T Ews-DE back iS not reported since the

allocated thermocouple failed during the experimental test.

@ Experimental B CFD - EWs Model 1

1.20 ——— EWsDE EWs NDE
A 1
[ LI | |
1.00
0.80
= 0.60
5o
0.40
0.20
0.00
T*front T*top T*back T*front T*top T*back

Figure 6.18: EWs non-dimensional temperature rise, DE and NDE side
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1.20

@ Experimental

B CFD - EWs Model 1

ER DE

ER NDE
A

1.00
0.80

= 0.60

5o
0.40

0.20

0.00

T*in

T*out

T*out

Figure 6.19: End region non-dimensional temperature rise, DE and NDE

side

Non-dimensional Temperature rise (AT*)

Experimental CFD % difference with EXP
T EWs front 1.03 1.05 +1.26
EWs DE |T by wp 0.97 1.07 +9.87
Toowe | 025 |
T EWs front 0.94 0.98 +3.91
EWs NDE | T iy top 0.97 0.99 +237
T Ews_back 0.94 0.97 +3.53
ER DE T:m in 0.9 1.03 +14.16
T iR out 0.86 0.92 +6.67
ER NDE T:m n 0.76 0.91 +18.98
T iR out 0.67 0.8 +17.07

Table 6.7: EWs and ER non-dimensional temperature rise, % difference

with experimental data

As can be seen in Figure 6.18, Figure 6.19 and Table 6.7 the more realistic end

windings representation (EWs model 1), the implemented thermal conductivity

and electrical losses lead to accurate predictions of the complex fluid flow and
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thermal phenomena occurring in the end regions; a good consistency between
numerical and experimental results was found with maximum percentage

difference of about 9.8% for the EWs on the DE side and about 15%-19% for

the end region air temperature.

As described in section 3.2, temperature measurements of the external housing
were also taken considering two different planes in the axial direction (Figure
3.9 — Section 3.2.1 and Figure 6.20) and three different angular locations per
each plane (Figure 3.8 — Section 3.2.1).

DE plane NDE plane

e

Figure 6.20: External housing planes, DE and NDE

BERIEL

In a TEFC machine the heat coming from the internal solid components, due to

electrical losses in rotor and stator, is dissipated through the external housing
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and therefore particular attention must be paid to the interface between the
stator lamination and the frame. The CFD conjugate model was still over
predicting experimental results but in this case major differences within 40%
were found between numerical and experimental results of the housing. This
discrepancy can be explained by the stator modelling approach used in this
work: the stator was assumed to have a smooth external surface which was in

perfect contact with the external housing.

In reality tiny airgaps exist due to surface roughness at the interface between
the stator and the housing. In order to assess the impact of this on interface
resistance regions of the stator-housing, interfaces were defined to experience
increased thermal resistance; the contact surface between stator and external
housing was reduced by 55% which led to an overall reduction of the heat
transfer from stator to housing. A schematic representation and comparison
between the Ideal Contact (I.C.) Stator and Interface Resistance (I.R.) Stator is
presented in Figure 6.21; the location of stator-housing gaps is highlighted

even though they are not fully shown due to confidentiality agreement.

Heat flow Heat flow

*| Stator — Housing airgaps location

Stator back iron I

Figure 6.21: Stator-housing interface — Interface Resistance Stator (L.R. -

left) and Ideal Contact Stator (I.C. - right)
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In order to investigate the impact on the temperature distribution of the
external housing, a CFD conjugate model using the I.R. stator geometry with
airgaps (3 mm average thickness) as depicted in Figure 6.21 was considered.
Figure 6.22 and Table 6.8 below shows a comparison between experimental
and numerical results of the CFD models developed (employing I.C. and L.R.
stator respectively) of the housing non-dimensional temperature rises on the
DE plane. Percentage differences reported in Table 6.8 were calculated as in

Equation 6.3.

| @ Experimental B CFD - EWs Model 1 -1.C. ECFD - EWs Model 1 -1.R.

1.20

1.00

0.80

*
= 0.60
<

0.40

0.20

0.00

T11-DE T12-DE T21-DE T22-DE T31-DE T32-DE

Figure 6.22: Housing non-dimensional temperature rises, DE plane

Non-dimensional Temperature rise (AT*)
Experimental CFD-1.C. CFD -1.R.
T 11.pE 0.56 0.81 (+35.8%) 0.77 (+30%)

T 1208 0.53 0.79 (+39.78%) |  0.75 (+34.5%)
Housing | T ,ipe 0.54 0.81 (+41.4%) 0.73 (+31.4%)
DEplane | 1", p 0.53 0.79 (+39.9%) 0.72 (+31.2%)
T 31-pE 0.6 0.76 (+25.9%) 0.77 (+21.8%)
T 3208 0.58 0.75 (+25.9%) |  0.75 (+23.05%)

Table 6.8: Housing DE plane non-dimensional temperature rise, %

difference with experimental data
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As can be seen in Table 6.8, results show how the introduction and modelling
of small airgaps (CFD — L.LR. model) at the stator-housing interface can affect
the thermal predictions of the TEFC machine leading to a reduction of the
percentage differences with experimental results; a maximum decrease of
about 10% was computed. In this case the reduction of the thermal contact
between stator and housing leads to lower temperatures predicted for the
external frame but also to an overall temperature rise of machine internal
components. However, in comparison with experimental data, the predicted
temperature rise of stator and end windings is not significant and differences

are still in the same range as previously shown in Table 6.6 and Table 6.7.

Another factor which can explain the temperature differences between
numerical and experimental results regards the external cooling fan. Due to
technical issues during the project, it was found out that the provided CAD of
the fan geometry used in the 360° CFD conjugate models and the real one of
the TEFC machine used for experimental tests, had the same design but
different size as shown in Figure 6.23. The smaller fan diameter leads to a
reduction of the tangential fan velocity v/ sip (Equation 6.4) of about 37.6% at

the rotational speed of 1500 rpm.

D
fan
Ufan tip = w- T 6.4
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Figure 6.23: Fan geometry comparison, real sized fan on the right
The CFD modelling of a smaller fan would provide lower velocities of the
cooling airflow around the external housing giving an overall reduction of the
heat transfer rate (and therefore prediction of higher temperatures) compared to

experimental measurements.

Although it was not possible to implement the geometry of the real fan within
the 360° CFD conjugate model due to the unavailability of the high-spec
computer facility in the final stage of this work, the smaller CAD geometry
was edited according to real dimension (Figure 6.23); the real sized fan
geometry was then implemented within the CFD external fluid domain
presented in Chapter 5 which was used to investigate the impact on the
external airflow and the heat transfer coefficient around the housing. The CFD
model of the external fluid domain with the real sized fan had a cell count of

20,800,500 elements.

Results of external airflow velocity with the real sized fan were computed and
compared with those calculated with the smaller fan presented in section 5.3.1.
Figure 6.24 and Figure 6.25 reports the contour plots of non-dimensional
velocity (Equation 5.1) on the radial housing plane (as defined in Figure 5.12 —
Section 5.3.1) for the two cases under investigation; as expected results clearly
show how higher external airflow velocities around the housing are achieved

with the real sized fan due to the increased diameter.
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Contour v*,
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0.33
0.28
0.22
0.16
0.11
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0.00

Figure 6.24: Housing radial plane, non-dimensional velocity, small fan —

*
V ext = V/Voriginal fan tip

*
Contour v*

0.77
0.71
0.66
0.61
0.55
0.50
0.44
0.38
0.33
0.28
0.22
0.16
0.1

0.05
0.00

Figure 6.25: Housing radial plane, non-dimensional velocity, real sized

fan— V*ext =v/ Voriginal fan tip
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Similarly to the analysis described in section 5.4.1, the heat transfer coefficient
around the external housing (Figure 5.34) was computed in order to investigate
how this was affected by the different external airflow; the housing walls were
set at a constant temperature of 50°C while the external walls of the fluid
domain were set at 20°C. The non-dimensional external heat transfer
coefficients (h'ex as defined in Equation 5.3) were then calculated for both
cases and results are presented in Table 6.9; as expected it can be seen how the
real sized fan has a significant impact on the prediction of the heat transfer
coefficients around the external housing with differences up to 57%

(percentage differences calculated as in Equation 6.5).

Non-dimensional external heat transfer coefficient (h*ext)

CFD - small fan | CFD - real sized fan |% difference with CFD - small fan
End Cap - DE 0.16 0.29 +57.02
End Cap - NDE 1.00 1.25 +22.26
Housing 0.51 0.83 +47.46
Terminal box 0.30 0.41 +32.01

Table 6.9: non-dimensional CFD heat transfer coefficients — small and

real sized fan percentage differences

|hext,CFD real fan ~— hext,CFD small fanl . 6.5

1 100
? ' (hext,CFD real fan + hext,CFD small fan)

% dif ference =
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6.3.2 Validation and results of mechanical performance
Mechanical power losses such as bearing frictions and windage (fan and
airgap) were also estimated and compared with experimental results. While the
windage losses occurring in the airgap were computed as described in Chapter
4 (section 4.3.3), some modifications of the fan geometry (Figure 6.23) were

necessary in order to accurately predict the associated windage losses.

As discussed in section 6.3.1, a CAD fan geometry smaller than the real one
was used in the 360° CFD conjugate models due to technical issues during the
project and the setting up of the experimental rig; the fan windage losses
computed numerally with those models were therefore lower than experimental
results due to the different size. The modelling of the real sized fan would
provide higher windage losses due to the increased radius; the CFD 360°
external fluid domain presented in Chapter 5 was used to compute the windage
losses associated to the experimental real sized fan for a speed range from 400

to 1500 rpm.

Bearing frictions at the rated speed were provided by the manufacturer; by
knowing the bearing models employed in the TEFC machine under
investigation, the associated losses at lower speeds were analytically estimated

using the model provided by the bearings manufacturer (SKF) [40].

As described in section 3.1 a No-Load Test was carried out for a speed range
from 400 to 1500 rpm in order to validate the numerical predictions of the
mechanical power losses: bearing frictions and windage. The TEFC machine
terminals were left in an open circuit condition and the system was driven at
different speeds by using the drive machine; the measured torque provided an
estimation of the total mechanical power loss. Each operating point was run
until no variations were identified in the torque readings. Torque
measurements of each operating point were taken when variations in the torque
readings were within the tolerance range of the torque meter used (0.1% of

FSD - 0.1 Nm).
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Figure 6.26 shows a comparison of the trend of the total non-dimensional
mechanical power losses P’ (Equation 6.2) predicted with both fan models
(Figure 6.23) and those experimentally measured; as can be seen a good
agreement between the total estimated loss with the real sized fan model and
the experimental measurements is achieved with a maximum difference of 9%
(Equation 6.6). Due to the different size, the predictions given by the smaller
CAD fan model are lower than experimental results with maximum difference

0f 20%.
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Figure 6.26: Mechanical power losses CFD (bearings + windage) and

experimental trend
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6.4 Summary

A 360° CFD conjugate heat transfer model was developed and the airflow and
thermal behaviour of the TEFC machine presented; the end windings models
discussed in Chapter 4 were successfully implemented and used within the full
conjugate model. The joint CFD conjugate analysis of internal and external
domains provides a significant modelling challenge but, considering the
structure of a TEFC machine, it is also an important tool in order to investigate
the complex fluid flow and thermal phenomena occurring in both domains

simultaneously.

Experimental tests were carried out and results were used to validate the model
built. The developed CFD conjugate model is capable of predicting and
capturing the complex internal and external fluid flow and thermal phenomena;
a good agreement was found between experimental data and numerical
predictions with the CFD model consistently over predicting experimental
values with the trend correctly captured by the developed CFD model; higher

difference were found on the thermal predictions of the external housing.

However there were two main factors which can justify those discrepancies.
Numerical results showed the impact of tiny airgaps at the stator-housing
interface on the overall thermal predictions of the machine; a more accurate
modelling of the stator back iron outer surface, taking into account possible
existing airgaps and surface roughness, would provide more accurate results of
the thermal interface resistance and a better agreement with experimental
results. In addition the cooling fan geometry, used in the 360° CFD conjugate
model, had a radius smaller than the real one employed during experimental

tests.

The CFD modelling of the real sized fan, due to computational limitations, was
considered for a fluid flow and thermal investigation of the external fluid
domain only; results show how the lower velocities predicted by the 360° CFD

conjugate model (using the smaller fan) would explain the poorer cooling
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effect and the overall temperatures over prediction compared to experimental

results.

The impact of the real sized fan on the numerical estimation of the associate
windage losses was also considered. This, in addition with bearing losses
estimated analytically, provided a trend of the mechanical power losses which
was in good agreement with experimental results with a maximum difference

of 9%.
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7 Machine optimisation and improvements

7.1 Introduction

Once the 360° CFD conjugate model was experimentally validated as
presented and described in Chapter 6, further investigations of alternative
cooling arrangements to improve the cooling capability and performance of the
TEFC machine were carried out. The proposed configurations are summarised

in Figure 7.1 below.

I 3D CFD modelling of TEFC machine |

| Internal and external domain CFD conjugate analysis |

I Experimental validation of CFD ]

Identification of areas of improvements

| End windings porosity | I Improved external/internal cooling design I
| |

IZV_VQIIIETE

Figure 7.1: CFD modelling approach of alternative cooling configurations

The areas of improvements of the selected machine identified in this work
were locally investigated in Chapters 4 (end region - end windings porosity
and stirrers) and 5 (external domain - fan and fan cover) where potential
benefits and drawbacks were discussed. The aim of the work presented in this
chapter is to evaluate the impact of the proposed alternative cooling
configurations on the overall thermal predictions and performance of the whole
TEFC machine by means of the 360° CFD conjugate model described in

Chapter 6; the same boundary conditions, material properties and electrical
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losses described in section 6.2.2, were assumed for all configurations under

investigation.

EWs model 1 and 2, presented and described in section 4.3.1 and 4.3.2.2, were
both used to investigate the impact on the machine thermal predictions due to
different levels of end windings porosity which led to a more uniform internal

airflow distribution in the end regions: this is described in section 7.2.

Regarding the alternative internal cooling arrangement, two configurations of
shaft mounted stirrers were investigated as described in section 4.4.1 (Stirrers
model 1) and 4.4.2 (Stirrers model 2). Previous results from the local fluid
flow and thermal investigation (internal domain only in Chapter 4 — Section
4.4) showed that Stirrers model 1 could lead to a rise of the heat transfer
coefficient in the end region and therefore this was implemented within the

360° CFD conjugate model as described in section 7.3.

As described in section 5.4, the combination of a new fan and fan cover was
considered and a fluid flow and thermal investigation of the external domain
showed how a sensible rise of the mass flow rate of the air cooling and a more
uniform distribution around the housing could be achieved; this led to
significant improvements of the heat transfer coefficient. A CFD investigation
with the developed full conjugate model, using the proposed fan and fan cover
geometries, was carried out to evaluate the impact on the thermal performance
of the TEFC machine: this is described in section 7.4 where experimental

results from the proposed new fan are also presented.

For all the cases under investigation which are presented in the following
sections, results of temperature rise AT", internal velocity v'inx and mechanical
power loss P were normalised as previously described in section 6.3 (AT" -

Equation 6.1, P*, - Equation 6.2) and 4.3.2 (v'int — Equation 4.2).
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7.2 End Windings porosity: EWs model 1 and 2

As described in section 4.3.1, a new modelling approach for a more realistic
end windings representation was considered in order to achieve more accurate
and detailed predictions of the airflow distribution and of heat transfer rate
from the end windings to the external housing of the TEFC machine. Previous
CFD results from the local fluid flow and thermal investigation of the end
region using the two new end windings geometries developed in this work
(EWs model 1 and 2, section 4.3.2.2) show how a small change of porosity
(from 3.7% to 15.2% for EWs model 1 and 2 respectively) can significantly
affect the predictions of the complex thermal phenomena and the heat

dissipation rate through the outer housing.

The impact of a more realistic end winding geometry on the overall thermal
predictions of the whole TEFC machine was described in section 6.3.1 where
EWs model 1 was implemented within the 360° CFD conjugate model; this
geometry was judged to be the most physically realistic representation of the
end windings. Results showed a good agreement between experimental and
numerical predictions proving the accuracy and reliability of the CFD model
developed. Following this, further investigations using both EWs model 1 and
2 allowed the impact of different levels of end windings porosity on the

thermal performance of the TEFC machine to be assessed.

In the electrical machines the temperature of windings is a critical parameter as
insulation lifetime is inversely related with rising temperature. The evaluation
of the porosity impact of the two cases investigated was based therefore on the
maximum and average winding temperatures seen. Figure 7.2 and Figure 7.3
show contours of non-dimensional temperature rise (AT" as in Equation 6.1) of
end windings and stator slots windings on the DE side as it was found out to be

the hottest and therefore most critical part of the TEFC machine.
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Figure 7.2: Non-dimensional EWs temperature rise, DE
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Figure 7.3: Non-dimensional windings temperature rise, DE

190



The joint conjugate analysis of internal and external domains of the selected
TEFC machine allows the impact of the proposed internal cooling arrangement
on the thermal performance to be assessed. Results computed from the
comparison of both cases show how a higher level of porosity of the end
windings geometry (EWs model 2 in this case) has impacts on the thermal
predictions; the more uniform internal airflow distribution through the
conductor cavities (as described in section 4.3.2.2), in conjunction with the
external cooling typical of a TEFC machine, improves the heat dissipation rate
through the external housing and an average reduction of the working
temperature of about 7% is achieved. The same trend was found for the other
machine components, such as rotor and stator core; an overview of the overall
temperature drop of the machine can be seen in Figure 7.4 and Figure 7.5
where the maximum and average non-dimensional temperature rises are
reported respectively. The normalised results presented in Figure 7.4 are
reported in more detail in Table 7.1 where the percentage difference between
the two cases under investigation, calculated as in Equation 7.1, is also

presented.

@ECFD - EWs Model 1 @ CFD - EWs Model 2
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Figure 7.4: Machine components maximum non-dimensional temperature

rise - EWs model 1 and 2
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Non-dimensional Max Temperature rise (AT * ,,;)

CFD-EWs 1|CFD - EWs 2| % difference with EWs 1 model
EWs DE 1.08 1.01 -6.82
EWs NDE 1.01 0.93 -8.15
Rotor 1.49 1.38 -7.34
Windings 1.04 0.98 -6.82
Stator teeth 1.05 0.98 -6.78
Stator back iron 0.97 0.90 -6.81
Housing 0.85 0.80 -6.17

Table 7.1: Machine components maximum non-dimensional temperature

rise -EWs model 1 and 2, % difference

: |ATcrp ews 2 — ATcrp Ews 1] 100 7.1

5 (ATcrpEws2 + ATcrpEws 1)

% dif ference =

OCFD-EWs Model1 DOCFD - EWs Model 2

0.00 e L] L e e e —

EWs DE EWs NDE Rotor Windings  Stator teeth Stator back Housing
iron

Figure 7.5: Machine components average non-dimensional temperature

rise - EWs model 1 and 2
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A more controlled and accurate winding process, capable of maximising the
level of openness, as assumed for EWs 2, through the bundle of conductors in
the end regions, can be considered a promising cooling option for a TEFC
machine. Significant temperature drops can be achieved without altering the
original machine geometry/design and without introducing additional
mechanical losses; moreover, lower working temperatures would also lead to
improvements in terms of increasing insulation lifetime and reducing copper

losses which are strongly dependent upon the temperature.
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7.3 Improved internal cooling design

As described in section 4.4.1, in accordance with literature on similar works in
this area, the introduction of shaft mounted stirrers in the end region can have a
beneficial effect on thermal performance. However, the local investigation
presented in section 4.4 and in previous works by Micallef et al. [54], were not
considering the machine as a whole and therefore the impact of the external

cooling of the TEFC machine on the computed results was not considered.

In the present work, the stirrers configuration (Stirrers model 1, section 4.4.1)
which provided better local results in terms of heat transfer coefficient
computed on the end windings and external frame surfaces was investigated
and compared with the original machine design case. The new geometry was
implemented within the 360° CFD conjugate model described in section 6.2
(EWs model 1 implemented) in both end regions of the TEFC machine (DE
and NDE).

Results of temperature and velocity were computed in order to assess the
effectiveness of the proposed cooling design. Similarly to the results presented
in section 4.4.1, the internal airflow is significantly affected by the stirrers with
overall higher velocity achieved in the end region compared to the original
design case. As expected the internal airflow distribution and magnitude is not
influenced by the external cooling due to the structure of the TEFC machine
whose enclosure does not allow the external air to circulate internally. Figure
7.6 shows a comparison of contours of non-dimensional velocity of the
primary swirling flow in the end region between the original and proposed

cooling design.
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Figure 7.6: Non-dimensional end region airflow velocity magnitude

However, as can be seen from Figure 7.7, the impact of the stirrers on the
temperature of the end windings is only marginal. The same trend was found
also for the other machine components; in addition an increase of the overall
windage losses by up to 10% was computed. In the TEFC machine under
investigation the dominant cooling effect is therefore due to the external

airflow; small geometrical internal changes do not significantly affect the heat

flow dissipation rate.
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Figure 7.7: Non-dimensional EWs temperature rise, DE

Results clearly show that the introduction of stirrers in the end regions does not
lead to significant improvements of the machine thermal performance;
moreover, as expected there is a drawback due to additional windage losses

which are introduced by the proposed internal cooling design.

However it is the opinion of the author that a combination of shaft mounted
stirrers with a direct control of the end winding porosity (as discussed in
section 7.2) could be considered to reduce the internal convective thermal
resistance between end winding and frame and therefore increase the overall
heat transfer coefficient in the end region (as discussed in section 4.4.1). The
proposed design modification would lead to higher internal airflow velocities
while a controlled winding process would provide a more uniform airflow
distribution in the end region of the TEFC machine with consequent rise of the

heat dissipation rate through the external housing.
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7.4 Improved external cooling design

As discussed in section 5.4, an alternative external cooling arrangement was
considered in this work to improve the TEFC machine performance: the
proposed design consisted of a new fan and fan cover both aimed to create an
enhanced and more uniform airflow distribution around the external housing.
The CFD study of the external fluid domain presented in section 5.4.1 shows
how the proposed cooling design can provide a significant rise of the cooling
mass flow rate and a reduction of the airflow leakage from the fins channels;
both these factors led to sensible improvements of the external heat transfer

coefficient predictions by up to 50%.

The new fan and fan cover geometries were therefore implemented within the
360° CFD conjugate model presented in section 6.2 which was used to
numerically assess the effectiveness of the proposed cooling design and its
impact on the thermal predictions of the TEFC machine at rated load

condition.

The maximum windings temperatures were computed and results were
compared with those from the original cooling design case; this is shown in
Figure 7.8 and Figure 7.9 below where contours of non-dimensional
temperature rises of end windings and stator slots windings on the DE side are
reported. It can be noted how the new external cooling design significantly
affects the thermal predictions of the TEFC machine; due to the increased mass
flow rate and more uniform airflow distribution around the external housing a
considerable windings temperature rise reduction of about 30% can be

achieved.
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The new external cooling arrangement has a significant impact on the thermal
CFD predictions of the other machine components as well; an overview of the
overall temperature drop of the machine can be seen in Figure 7.10 and Figure
7.11 below where the maximum and average non-dimensional temperature
rises are reported respectively. The normalised results presented in Figure 7.10
are reported in more detail in Table 7.2 where the percentage differences
between the two CFD cases under investigation, calculated as in Equation 7.2,

are presented; an average temperature rise reduction of about 30% is achieved.
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Figure 7.10: Machine components maximum non-dimensional

temperature rise — original and proposed external cooling design

Non-dimensional max Temperature rise (AT*,,,)

CFD - Original desion | CFD - New design | % difference with EWs 1 model
EWs DE 1.08 0.84 -26.85
EWs NDE 1.01 0.79 -26.71
Rotor 1.49 1.24 -18.95
Windings 1.04 0.81 -27.23
Stator teeth 1.05 0.81 -27.07
Stator back iron 0.97 0.73 -29.36
Housing 0.85 0.62 -33.03

Table 7.2: Machine components maximum non-dimensional temperature

rise — original and proposed external cooling design
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Figure 7.11: Machine components average non-dimensional temperature

rise — original and proposed external cooling design

The impact of the proposed external cooling design on the overall machine
efficiency was considered; the achieved temperature drop could lead to a

reduction of approximately 25.7 W of the machine copper losses.

On the other hand, the use of a bigger fan introduces an additional 20 W of
windage losses at 1500 rpm which almost negates any improvements of the
overall machine efficiency. The mechanical power losses associated with the
proposed external cooling arrangement were numerically estimated as
described in section 6.3.2 for a speed range from 400 to 1500 rpm. Figure 7.12
below reports the trend of mechanical power losses of the two cases under

investigation and their rise due to the proposed fan design.

200



e CFD + Bearings: original design e CFD + Bearings: new design

1.40
1.20

1.00 . .
0.80 _A |

0.60 $

0.40
0.20 o

0.00
0 200 400 600 800 1000 1200 1400 1600

Rotational speed [rpm]

Figure 7.12: Non-dimensional mechanical power losses — original and new

design

Although the proposed cooling arrangement only marginally affects the
performance, it is worth highlighting that the significant reduction achieved in
the operating temperature can have an important impact on the lifetime of the
materials and insulation without any drastic changes of the machine design and

its efficiency.

CFD results show that the proposed external cooling design can be considered
the most promising option in terms of reduction of the machine working
temperature simply using a different fan and fan cover design model; for this
reason, the new arrangement was also experimentally tested and results

investigated.
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The experimental investigations utilised a 3D printed version of the new fan
described in section 5.4 which was manufactured in ABS material; a suitable
CAD model, taking into account the keyway feature to fit on the machine
shaft, was created by the author. Figure 7.13 below shows a comparison
between the original and the proposed fan design; in Figure 7.14 the latter is
shown successfully mounted on the NDE side of the TEFC machine shaft.

The extended fan cover required further mechanical design investigation and
therefore it was not included in the experimental investigation; however this

will be object of future works.

Figure 7.13: Original (left) and proposed new fan (right) design
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Figure 7.14: 3D printed new fan mounted on the TEFC machine, tests

included the original fan cover design

As described in section 6.3, a load test at rated full load condition (n = 1466
rpm, T = 71.6 Nm) was conducted to investigate the impact of the new fan on
the thermal performance of the TEFC machine; temperature measurements
were taken as described in previous sections and results were compared with

experimental data from the original cooling design case.

A comparison of the stator teeth and back iron non-dimensional temperature
rises on DE and NDE side of the machine is reported in Figure 7.15 and Figure
7.16 below respectively; more details of the normalised temperature rise results
and percentage differences between the two cooling designs, calculated as in

Equation 7.3, are presented in Table 7.3.
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Similarly, results of non-dimensional temperature rises of the end windings

and end region air are reported in Figure 7.17, Figure 7.18 and Table 7.4.
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Figure 7.15: Stator teeth and back iron non-dimensional temperature rise,

DE side
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Figure 7.16: Stator teeth and back iron non-dimensional temperature rise,

NDE side
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Non-dimensional Temperature rise (AT*)
Original design | New design (Fan only) | % difference with original design
T 1oe 0.97 0.94 3.35
Teeth T.“)E 0.87 0.83 -4.74
Stator DE T’“)E 0.88 0.85 -3.79
T sp 0.90 0.88 -2.51
Back iron T*s-m-", 0.77 0.72 -6.59
T s 0.76 0.74 -3.47
T 1.noe 0.85 0.80 6.41
T, ) ] 5.
Teeth T,z NDE 0.79 0.75 5.89
Stator NDE ,4-NDE 0.79 0.74 -6.63
T s~NpE 0.78 0.72 -7.31
Back iron *3 NDE 0.49 0.43 12.54
T 6~pE 0.53 0.46 -12.93

Table 7.3: Stator non-dimensional experimental temperature rise, original

and new cooling design % difference
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Figure 7.17: EWs experimental non-dimensional temperature rise,

original and new cooling design
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Figure 7.18: End region experimental non-dimensional temperature rise,

original and new cooling design

Non-dimensional Temperature rise (AT*)
Original design | New design (Fan only) | % difference with original design

T Ews_tront 1.03 1.02 142

EWs DE |T b, 10p 0.97 0.95 -1.50
T*LWs_back

T Ews_front 0.94 0.88 6.15

EWs NDE| T iy, 0p 0.97 0.91 -6.04

T Ews_back 0.94 0.88 -6.10

ER DE T:m n 0.9 0.87 -3.29

T R out 0.86 0.83 -4.02

ER NDE T:m " 0.76 0.68 -9.81

T &R out 0.67 0.6 -11.07

Table 7.4: EWs and ER experimental non-dimensional temperature rise,

original and new cooling design % difference

|ATexp,new design — ATexp,original designl 100 7.3

% dif ference =

Uy

7 ) (ATexp,new design + ATexp,original design)
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The proposed cooling design improvement consisting of the fan only led to an
overall temperature reduction of about 13%; in comparison with CFD
predictions (Table 7.2), the achieved temperature reduction is lower than

expected (30% predicted against 13% measured).

However, there are two main reasons which can be addressed which can justify

the differences between experimental results and CFD predictions:

e The extended fan cover, which was implemented with the new fan in
the 360° CFD conjugate model, was not used during the experimental
test. The thermal impact of the improved airflow distribution around
the housing and the reduced air leakage from the fin channels (as
described in section 5.4.1) was therefore not taken into account.

e As described in section 6.3.1, in the 360° CFD conjugate model with
the original cooling design the fan geometry used was smaller than the
real one provided for the experimental tests (Figure 6.23). Therefore
the improvements seen from the CFD models, as reported in Figure
7.10 and Table 7.2, were expected to have a minor impact on the

experimental thermal performance of the TEFC machine.

As described in section 6.3.2, a No-Load Test was carried out for a speed range
from 400 to 1500 rpm in order to investigate the mechanical power losses
associated with the proposed cooling arrangement. The CFD 360° external
fluid domain presented in Chapter 5 was used to compute the windage losses

associated with the new fan design for the speed range under investigation.

Figure 7.19 below shows a comparison of the trend of the total non-
dimensional mechanical power losses P (Equation 6.2) predicted
numerically and those experimentally measured; as can be seen a good

agreement was achieved.
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Figure 7.19: Non-dimensional mechanical power losses CFD (bearings +

windage) and experimental trends
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7.5 Summary

The 360° CFD conjugate model of the whole TEFC machine, validated in
Chapter 6, was used to numerically assess the effectiveness of the proposed
alternative cooling arrangements on the cooling capability and the overall

performance of the selected machine.

The use of a more porous end windings configuration provided a more uniform
internal airflow distribution in the end regions and improved the thermal
performance of the machine. Numerical results showed how a small change of
porosity of the end windings geometry of about 11% can affect and reduce the
overall machine working temperature at rated full load condition: a
temperature reduction of about 7% can be achieved. The introduction of a
more accurate control of the machine winding process, in order to maximise
the level of porosity through the bundle of conductors in the end regions,
improves the performance of the TEFC machine under investigation. Sensible
cooling improvements can be achieved without altering the original design of
the machine and without the addition of further losses which could negatively

affect the overall machine efficiency.

Several other changes of the existing original machine cooling design were
also considered. Although the internal alternative cooling arrangement
consisting of shaft mounted stirrers only had a negligible effect on the machine
thermal performance, the proposed external design showed considerable

positive impact on thermal predictions of the TEFC machine.

The numerical analysis of the machine performance with the proposed external
cooling design showed that a significant overall reduction of the working
temperature of about 30% can be achieved, with consequent benefits of the
machine materials lifetime. Experimental tests were carried out to investigate
the impact of the fan only (fan cover required further mechanical analyses) on
the thermal performance of the TEFC machine; thermal measurement showed

that an overall temperature reduction of about 13% was achieved.
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8 Conclusions and Recommendations

TEFC machines are the most commonly used in ordinary industrial
enviroments due to their robustness and capability to work in dirty, moist or
mildly corrosive operating conditions. The design of this type of machine has
been unchanged for decades, being a low cost high volume design where the
benefits around improvement have been regarded as marginal. However, with
the increasing emphasis on efficiency and sustainability there is now a growing
awareness within industry of the need to address the thermal management of
this machine type; this is a crucial step since any rise in temperature can

significantly reduce the overall machine efficiency.

The work described in this thesis develops a full thermal CFD 3D model of a
typical low voltage TEFC induction motor and look at detailed airflow and
heat transfer modelling of such a machine in order to identify the most
promising areas of improvement. The main steps of this work can be

summarised as follows:

1. Investigation of the nature of the complex flow field in the end region.

2. Development of a new modelling approach for a more realistic end
windings representation to achieve more accurate thermal predictions.

3. Performance of a joint internal and external fluid flow and heat transfer
conjugate analysis of the whole selected TEFC machine.

4. Experimental validation of the CFD thermal models developed.

5. Use of the validated model to develop a full understanding of the
thermal behaviour of the TEFC machine and to identify opportunities
to improve performance.

6. Investigation of alternative cooling arrangements and their impact on

the TEFC machine performance.
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8.1 CFD thermal modelling conclusions

CFD allows the modelling and simulation of very complex geometries and
fluid flows, with a high degree of detail and flexibility, allowing accurate
predictions of temperature distribution within the electrical machine to be

achieved.

Despite the geometrical symmetry of the TEFC machine under investigation, a
full 360° CFD model was necessary to correctly model the external airflow and
to have sensible predictions of the thermal performance of the machine. In the
present work it was observed that periodic boundary conditions could not be
employed due to non-periodic geometry of the cooling fan. CFD results also
showed that a 180° model with symmetry boundary conditions could not be
used due to under predictions of external airflow velocity and mass flow rate of
about 60% compared to the 360° model; this was due to the fact that Ansys

Fluent assumed a zero normal velocity component at the symmetry plane.

Due to the structure of the machine under investigation (totally enclosed), the
development of a full 3D thermal model required the joint simultaneous

analysis of internal and external fluid and solid domains.

The CFD conjugate model developed was then experimentally validated; tests
at rated full load condition were performed and measured results were
compared with numerical predictions with maximum percentage differences of
about 30% achieved. No-Load tests were also carried out which allowed to

validate the numerical predictions of mechanical losses.

A new methodology based on the modelling of more realistic end windings
representation, which potentially can be applied to different kinds of machines,
was developed in this work. This novel approach provides an improved and
accurate prediction of complex fluid flow and heat transfer phenomena
compared to a simplified representation commonly used. This aspect is

confirmed and validated by experimental thermal results measured in the
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machine end regions; a good agreement with numerical predictions is achieved

with maximum differences of about 9.8%.

As one of the objectives of this work, most promising areas of improvements
were identified and the impact of alternative cooling designs on the overall
machine efficiency were investigated with the numerical model developed and

experimentally validated as stated above.

This part of the study highlights important features worth considering when
designing end regions of TEFC induction motors; a more accurate and detailed
control of the porosity of the end windings geometry can lead to sensible
cooling improvements without altering the original design of the whole
machine. This was confirmed by numerical predictions of the CFD conjugate
model developed; two different level of end windings porosity (3.7% and
15.2% for EWs model 1 and 2 respectively) were considered and their impact
on the overall machine thermal performance was investigated. CFD results
showed how the small change of porosity considered led to an overall machine

temperature reduction of about 7% (EWs model 2).

An alternative external cooling design consisting of a new fan and fan cover
was considered and the impact on the overall machine efficiency was
considered; a significant temperature reduction of about 30% was achieved.
The achieved temperature drop could lead to a reduction of copper winding
losses of about 25.7 W but also to a 20 W increase of the windage losses.
However the achieved temperature drop of critical components, such as
windings, which lead to significant improvements in terms of materials

lifetime can thus be achieved without any net reduction in efficiency.

Experimental tests were carried out to investigate the impact of the proposed
fan design only (fan cover required further mechanical analyses) on the
thermal performance of the TEFC machine; thermal measurement showed that

an overall temperature reduction of about 13% was achieved.
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Geometrical modifications of the internal original cooling design, consisting of

shaft mounted stirrers, were considered too. Numerical results showed that

their impact on the machine thermal performance was only marginal against a

rise of the overall windage losses by up to 10%. Results showed that more

significant thermal improvements can be achieved combining the stirrers

configuration with other cooling optimisations as previously discussed.

8.2 Novelty in this Thesis

Development of a more realistic and detailed end windings geometric
representation in order to more accurately capture complex fluid flow
and thermal phenomena occurring the end region.

CFD investigation of different levels of end windings porosity and their
impact on local fluid flow and thermal predictions in the end region.
Creation of CFD methodology for conjugate heat transfer analysis of
full 3D TEFC machine including internal/external fluid and solid
domains for accurate understanding and prediction of machine thermal
behaviour.

Experimental validation of developed CFD methodology.

Use of 360° CFD conjugate model developed to assess alternative

cooling designs.
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8.3 Future works

Experimental investigation of a more accurate and controlled winding
process to improve the internal airflow distribution in the end regions
aimed to reduce the thermal resistance between EWs and the external
frame.

Experimental investigation of the proposed external cooling design (fan
and fan cover) and its impact on the external airflow cooling.

Use of infrared fibre-optic sensors for measuring temperature of rotor
core.

Further CFD and experimental investigation of stator-housing airgaps:
a round stator geometry or thermal silicone to fill the void spaces could

be both considered to reduce the overall thermal resistance.
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Appendices

A. Dimensionless numbers

Equations below report the dimensionless numbers discussed in Chapter 2.

e Reynolds number:

vl
Re = p_ A.l
u

Where p is the fluid density [kg/m?], v is the fluid velocity [m/s], L is the
surface length [m] and u the fluid dynamic viscosity [kg/sm]

e QGrashof number:

_BgATp* I

Gr e

A2

Where f is the coefficient of cubical expansion of the fluid [K''], g the

gravitational acceleration [m/s?] and AT the temperature gradient [°C].

e Nusselt number:

hL
- A3
Nu X

Where k is the fluid thermal conductivity [W/mK], # [W/m?K] is the

convective heat transfer coefficient and L is the characteristic length [m].

In the case of natural and forced convection, the following correlations, as

combination of dimensionless numbers, can be employed.
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Natural convection Nu = a (Gr Pr)? A4

Forced convection Nu = a (Re)? (Pr)° A5

Where a, b, ¢ are constants depending from the correlation used.

e Prandtl number;
Cp 1
pr =202 A.6
"Ik

where ¢, is the fluid specific heat capacity [kJ/kgK].
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B. Theory behind CFD

This section provides a brief description of the theory associated with CFD

regarding the governing equations of fluid flow and heat transfer.

The governing equations of fluid flow are known as the Navier-Stokes
equations and of coupled non-linear second order partial differential equations.
There are three distinct momentum equations along all three dimensional
directions which are solved with the continuity and energy equation [64]: these

are reported below.

Du dap )
X-momentum Por= "¢ + div(u grad u) + Sy 1
t Dv _ 9P | div(ugradv) +5 B.2
y-momentum PDe= 3 iv(u grad v My .
Dw dp
-momentum _ = 1 B.3
z u P D¢ py + div(u grad w) + Sy,
. ap )
continuity P div(pu) =0 B.4
Di
energy P =P divu + div(k gradT) + ® + S; B.S
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By using the variable ® the Navier-Stokes equations can be represented by the

transport equation as in Equation B.6:

Jt

9 qude +]7_i(pd)1_i)dA = f ﬁ(Fgrad¢)dA+fS¢,dV B.6
v a A v

Rate of Net rate of decrease Rate of increase of Net rate of
. of (D.due to _ o due to diffusion +  creation of
Imcrease convection across across the ® due t
of the boundaries boundaries ue to
sources

Replacing the property @ by for velocities along x, y and z-directions, the
momentum equations are formed; if the internal energy i is used instead the

energy equation is formed [64].

B.1 Turbulence Modelling

In case of turbulent flow the Direct Numerical Solution (DNS) approach can
be used to solve the Navier-Stokes equations; as requirement of this method,
the cells size has to be smaller than the Kolmogorov length scale [64] and
therefore extremely fine meshes are required. The computational cost of this
approach is not manageable with ordinary PCs and for this reason several

turbulence models based on time averaged velocities were developed.

Equation B.7 below shows the velocity components considered: an average (i)

and a fluctuating (u ;) term.
U =u; +u B.7

By substituting this velocity into the Navier-Stoke equations a new set of
equations known as Reynolds Averaged Navier-Stokes (RANS) are obtained.
Six additional terms are introduced (Reynolds Stresses) leaving open equations

which are closed by using the turbulence models.
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One of the most widely used models, robust and suitable for most of
engineering problems is the two-equation Standard k-g, an Eddy Viscosity
Model (EVM) based on the Boussinesq approximation; this approximation
treats density as a constant value in all solved equations, except for the
buoyancy term in the momentum equation. k and ¢ are the turbulent kinetic
energy and the dissipation rate respectively, defined as in Equation B.§8 and

Equation B.9.

1
k= > W?+v'%+w'?) B.8
dk
= — B.9
T

Other variants of the two-equation k-€ models are available:

e RNG k-¢, suitable for complex shear flows involving rapid strain,
moderate swirl, vortices, and locally transitional flows; it can cause
convergence issues and unstable solutions.

e Realizable k-¢, can provide superior performance compared with the

Standard k- model for flows involving rotation.

Other turbulence models are also available and their use is strongly dependent
from the problem analysed and the flow nature expected. For problems
involving external flows where viscous forces are significant the Shear Stress
Transport (SST) k-w can be more appropriate. This is a Reynolds Stress Model
(RSM).

The RSM models, generally do not assume the turbulence to be isotropic as in
the EVM models. They use six different transport equations to model each of
the six distinct Reynolds stresses; this aspect leads to higher computational

costs which outweigh their benefits [7].

Due to its stability and suitability for modelling electrical machines [65] the

Realizable k-¢ turbulence model was used in this work.
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B.2 Wall Treatment

An accurate modelling of the complex turbulent phenomena occurring in
proximity of walls is important for successful predictions of frictional drag,
and thermal boundary layer. Vorticity effects in the near-walls regions can
increase the turbulent momentum and thermal boundary layers where

significant gradients occur.

Figure 0.1 below reports the dimensionless velocity U/Ur , where Uz is the
friction velocity, against the dimensionless wall distance y*; the obtained
profile is very common to many flows in the proximity of the walls.
Depending on the order of the viscous effects, in the boundary layer three
regions can be identified; the viscous sublayer where the viscous effects are
dominant, a buffer layer where both contributes are comparable, and the fully

turbulent region where turbulence plays a major role.

u+ - U/U
T

© Upper limit of log
Buffer law region depends
layer or on Reynolds number
iscous | blending Fully turbulent region
sublayer region (log law region)
|
y'=5 y*=60 In(y*)

Figure 0.1: Near-Wall Regions [66]
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Ur and y" are defined in Equation B.10 and Equation B.11 below: zyaz is the
shear stress, p the fluid density, y the wall distance and v the fluid kinematic

viscosity.

U= [ B.10
e B.11
yt== :

Figure 0.2 below reports the two wall modelling strategies commonly available
in CFD: the Wall Function Approach and the Near-Wall Model Approach. The
latter is capable of resolving the viscous sublayer but requires a y" value of
about 1, implying a very fine mesh in proximity of walls and therefore a
sensible increase of cell count; the Wall Function instead does not resolve the
viscous sublayer and requires significantly lighter meshes the y" needed being

between 30 and 300.

turbulent core

buffer &
sublayer
l Wall Function Approach | | Near-Wall Model Approach
* The viscosity-affected region is * The near-wall region is resolved
not resolved, instead is bridged all the way down to the wall.

by the wall function.
* The turbulence models ought to
* High-Re turbulence models can be valid throughout the near-wall
be used. region.

Figure 0.2: Wall Modelling Approaches [66]
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In this work, the Enhanced Wall Treatment function available in Ansys Fluent
is used; this allows to switch between near wall resolving and wall function
modelling dependent on the commonly used y* value. This is used to interpret

which flow regime is being experienced by the first cell in the mesh.

C. CFD General Algorithm

The CFD codes available for numerical analyses have all similar approach and
algorithms which is schematically depicted in Figure 0.3 below. The definition
of the problem is an extremely important step; quantities looked for, degree of
accuracy required and domain needed should be clearly known before using

any software.
The main steps of CFD software are as follows:

e Pre-processor: creation of the geometry representative of the regions in
examination, fluid, solid or both; this will be the domain of the CFD
study. The domain is then discretised using a suitable mesh (or grid).

e Solver: set up of thermal properties of the domain and specification of
boundary conditions. The discretised conservation equations are solved
iteratively for each element until convergence.

e Post-processor: numerical results obtained are processed and their

accuracy analysed.
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Problem identification

I. Define objectives

II. Identify domain

v
Pre-Processing

II1. Geometry

IV. Discretisation «
V. Physics and Boundary conditions

VI. Solver setting

|

Numerical solving

VII.Compute numerical solution

IX. Update Model

¥
Post-Processing

VIII. Analysis of results

Figure 0.3: CFD process

C.1 Domain Identification

The identification of the domain is generally strictly linked to the objectives of
the analysis; however the choice can also be based on the user’s experience.
Dependently from the kind of analysis required, only fluid domain or both
fluid and solids domains (conjugate heat transfer analyses) can be modelled. In
the case axisymmetric domains, as in the case of electrical machines, it can be
chosen whether modelling the full 3D domain [62], a limited sector as done in

[7, 21] or, if geometries are particularly simple, a 2D section only.

C.2 Geometry of Domain

The geometry created for CFD analysis needs to be capable of capturing the
most crucial fluid flow and heat transfer phenomena; however, simplifications
of the original domain are often required when they have a negligible impact

on the heat or fluid flow.
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C.3 Domain Discretisation

The discretisation process consists of sub-dividing the whole fluid or solid
domain into a large number of small volumes or cells; the properties of each
cell are then computed with respect to each other to solve the flow and thermal
physics required. In the case of 3D models, CFD codes usually employ
tetrahedral (tetra), hexahedral (hexa), prismoidal (prism) or pyramidal volumes
shown in Figure 0.4. In this work tetrahedral and hexahedral elements are

mostly used.

.............................

Figure 0.4: Typical mesh elements

The user’s experience also plays an important role on the generation of a good
mesh. In the case of multi-body domains the selection of the cell type is
strongly linked to the complexity of the geometries, dimensions and zone type

(fluid or solid regions).

For solid regions having simple geometries hexa elements are commonly used
as this tends to reduce the mesh count and hence the computational cost.
Complex fluid domains, such as in the end region of electrical machines, are

usually discretised using tetra elements as it was done in this work.

Generally speaking, hexa elements lead to quicker solution convergence and,
in case of mesh adaption, cell quality remains unchanged; using tetra elements
instead angles might deteriorate leading to high skewed cells which can be
source of numerical inaccuracies. The skewness (Equation C.1) is one of the
main parameter which is usually used to check the quality of the generated
mesh. The optimal cell size refers to an equilateral cell; skewness above 0.97 is

considered unacceptable.
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All meshes generated in this work have a maximum skewness of 0.95 which is
considered acceptable [66]. This parameter generally provides an indication

about the quality of the mesh generated.

optimal cell size — cell size
Skewness = - - C.1
optimal cell size

Another important parameter used to judge the quality of the mesh is the
aspect ratio: this is defined as the ratio between the long and the short edges of

the element and generally this value should not exceed 100.

The mesh count can strongly affect the computational cost and running time of
the simulation. The number of grid cells depends on how detailed the
information about the flow is required and by the accuracy of the solution. The
size of the cell should be small enough to capture the local flow behavior
adequately and to ensure that the changes in properties from cell to cell are not
too large. Since a too coarse or too fine meshes can lead to low quality of
solution, it is recommended to start computing the case using a coarse mesh,
then gradually refining the mesh until the same solution is obtained; this
process is called Mesh Independency Analysis. Finer meshes are then only
recommended for limited regions where higher gradients are expected, this

aims to resolve the most relevant flow details.

C.4 Solver Settings

Once the geometries and domains are defined and the turbulence model is
selected, it is necessary to specify in which order the Reynolds Averaged
Navier-Stokes (RANS) equations are solved and the degree of accuracy the
field variables should be interpolated within each cell/element. Two solvers

options are available in Fluent:
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e Pressure Based: mass and momentum equations are solved at the same
time, followed by the energy equation and the turbulence equations.
e Density Based: mass, momentum and energy at the same time followed

by the turbulence equations last.

Density Based solver is usually recommended for high speed compressible
flows involving combustion or hypersonic flows. The Pressure Based solver
provides good performance for a wide range of compressible flows and also
requires lower memory; for these reasons the Pressure Based solver is adopted

in this work.

During the computation variables are stored at the centre of the grid cell, o,

these must be interpolated to the faces of the control volumes, @r (Figure 0.5).

o

o

Figure 0.5: Control volume

Four interpolation schemes are available in Fluent [66]:

e First-Order Upwind — this is a 1% order accuracy scheme and therefore
it 1s the easiest to converge; the face values is set equal to the cell-
centre value of ¢ in the upstream cell.

e Power Law — This scheme interpolates the face value of a variable,
using the exact solution to a one-dimensional convection-diffusion

equation. It is recommended for flows with very low Reynolds number.
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e Second-Order Upwind — this is a 2™ order accuracy scheme and it is
more accurate compared to the previous schemes described. In this case
or depends on cell-centred values, its gradient V¢ and the vector 7
directed from the cell centroid toward the face centroid upstream cell
gradient (Equation C.2). This scheme is suitable when mostly
tetrahedral elements are used; for this reason it was employed in this

work.
o=@ +Vor C.2

e Quadratic Upwind Interpolation (QUICK) — this is a 3™ order accuracy
scheme and therefore it is more accurate of the schemes described

above; however it can only be used with hexa dominant meshes.

When the Pressure Based solver is selected as in this work, numerical
algorithms for the pressure-velocity coupling must be implemented; these
derive an equation for pressure by using a combination of continuity and
momentum equations. Within Fluent the most robust and suitable for steady-
state simulation is the Semi-Implicit Method for Pressure-Linked Equations

algorithm, known as SIMPLE.

C.5 Convergence

The number of iterations to a converged solution is linked to the domain

extensions, mesh count and physics involved.

The following conditions are considered to assess the convergence of the

solution:

e The solution is steady and it does not change with subsequent
iterations.
e Overall momentum, mass and energy are balanced.

e All equations are obeyed in all control volumes to a specified tolerance.
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In Fluent the solution accuracy and whether the solution has convergence
issues or not can be judged from the plotting of residuals; these consist of the
difference between the previous and current result of an equation and they can
be plotted for all equations considered. Additional monitors can be also created
and plotted for quantities which can be particularly important for the type of
problem considered. In the case of electrical machines a parameter to be
monitored is the moment given by the viscous force generated on the rotor
surface due to the rotation; this is particularly important for achieving an

accurate prediction of the windage generated.

General Fluent guidelines suggest that good convergence can be assumed
when continuity and momentum equations converge with an order of 10~ and
107 for the energy equation. For particularly complex domains 10~ might not
be achieved but if residuals no longer change an order of 107 can still be

considered converged.

C.6 Post-Processing

Post-Processing groups all operations aimed to analyse the numerical data
computed. A converged solution does not necessarily mean reliable results; it
is essential that the user checks the obtained data to assess their consistency.
Once that is done, the solution can be post-processed and data of interest can

be plotted using graphs, contours, streamlines or vectors.
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