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Abstract

The fluid flow field and temperature distributiontian the end region of a Totally
Enclosed Fan Cooled (TEFC) induction motor havenleeestigated both
experimentally and using Computational Fluid Dynesr(iCFD) techniques, in

order to improve the thermal performance.

The flow field and the distribution of heat transteefficients over the end
windings and internal surfaces (mainly frame andl gmeld) are characterised for
a typical end region configuration. This is theedias a base case in order to
investigate the impact configuration changes hawvthe fluid flow field and heat
transfer characteristics in the end region of THfdtiction motors. Common
parameters governing the flow field inside the eeglon are varied, allowing
recommendations for improved design and furthezae$ recommendations to

be made.

CFD techniques are successfully applied to moaektid region, including the
copper where the heat generated is a functiomgbéeature. Through these
numerical techniques a good understanding of the fileld was made possible
which enabled the author to propose and test caraigpn changes which improve
the heat transfer characteristics in the regioes€rchanges were validated

experimentally.
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Nomenclature

Area (m?)

Convective heat transfer coefficieW/ , )
m°K

Turbulent kinetic energy per unit ma(é’@%z)

Unit vector perpendicular to a surface
Pressure (Pa)

Heat flow @)

Heat flux MZ)

Thermal resistancé,KAV)

Time )

TemperatureK)

Shear velocit){%)

Dimensionless velocity parallel to wall

Velocity (f%)

Length (M)
Length (M)

Dimensionless distance from wall

Thermal conductivit)é/\%nK)

Turbulent dissipation rat(E”Zs)

Dynamic viscosity{kg ms)



. . . . 2
Turbulent kinematic wscosﬂ{f"‘%}

Absolute uncertainty in ‘i’

Density(k%rﬁ)
Shear stress at wall (Pa)

Specific turbulent dissipation ra(% )



1 Introduction
Electric motors and generators in general and ialuenachines in particular are
becoming more compact due to competitive pressilitesssmaller these machines
get the greater the heat densities they will gegaeNowadays, with the
advancement of power electronics, induction machare being driven by means
of variable speed drive units and this presentsdalitional heat source due to the
harmonics supplied by the inverter. When such nmashare operated at low
speed the cooling performance is further jeopaddssece the effectiveness of any
internal fans is highly decreased. All of thesddeslead to a temperature rise in

the machine which will greatly effect its perforncarand life expectancy.

1.1 Problem Identification

As electrical motors and generators become smtieheat densities increase
leading to higher temperature gradients. In indurcthachines, insulation
breakdown is likely to be the problem associatetth Wigh temperatures. This
problem may be tackled by either improving the lasan material and allowing
the temperatures to rise or by improving the capperformance of the windings
and limiting the maximum temperature. In recentrgehe insulation materials
have been improved considerably, and a point hass teached where no
additional feasible gain can be achieved by furifmarovement of the insulation
material. Consequently, this work will investigatethods to limit the temperature

by improving the cooling performance of the winding



1.2 Construction of Induction Motors

The major components of a typical induction moteriflustrated in Figure 1.1.
The configuration shown in this figure is refertedas aotally enclosed fan

cooled (TEFC) induction motor since the internal pares ttally isolated from the
air surrounding the motor. This is done in ordeavoid foreign object damage
and contamination of the internal parts. The m@aooled down by blowing air

over the external surfaces of the frame using &ereal cooling fan arrangement.

F

an Cowl

External
Cooling Fan

Driving Shaft Rotor Core
End Windings
End Ring Stator Core Stator Windings

Figure 1.1 — Components of a typical induction mototaken from [1]

The other standard induction motor configuratiofthsough ventilated” and in

this case air is forced to flow through the el@etrimotor in order to enhance
cooling. Generally the only significant differenaaghe construction of these two
machine configurations are inlet and outlet partthe end shields and ducts in the

rotor and the stator to allow air to flow throughtihe through-ventilated case.



1.3 Losses in Electrical Machines

The heat generated inside the motor originates freonmain sources; mechanical
and electrical losses. The mechanical losses iadhictional losses generated by
the bearings as well as windage losses. The alaktlosses include the copper
losses in the windings (heating effect due to copgsistance) and magnetic
losses in the cores, also referred to as coreddssagnetic hysteresis and eddy

currents in iron cores).

There are three ways in which heat is transfemaah fone body to another. These
are conduction, convection and radiation. In electrotors the former two
dominate over the latter one and therefore the fleeaing through radiation is

usually neglected.
In one dimension, conduction is governed by thatiah,

dT
q= —O’Aa (1.1)

and convection in fluids is governed by the relatio
q = hA(AT) (1.2)

Figure 1.2 illustrates the major thermal flow pgpinssent in a typical induction
motor where the major heat flow routes are illustlaSome of the heat generated
by the rotor core and rotor bars flows throughghaft by conduction. The rest of
the heat generated by the rotor core and rotoribalissipated by convection to

the air surrounding the end region and to the statough the rotor-stator air gap.



The heat generated by the stator core and statalings flows to the frame. The
heat generated by the end windings has two flouesouDne route travels along
the winding copper to the stator while the otheteaissipates the heat generated
by the end windings to the air surrounding the igion. All the heat flowing to
the air surrounding the end region is dissipateolith the frame and end shields.
The air flowing to the frame and end shields isitbissipated to the ambient
generally via forced convection by means of anrextéan arrangement. Bearing

and windage power loss have been omitted from Ei@L2.

Frae Stator Core  End Windings

End Ring Rotor Core Wafters

ﬂ Convective path ﬂ Conductive path

Figure 1.2 — Major thermal flow paths

Usually conduction paths offer less resistanceett How than convection paths
and so heat transfer by conduction dominates. Aufditly, in the case of

induction motors, the thermal conductance of thtstcore (being made out of
insulated laminations) is much higher in the radietction than it is in the axial

direction. For these reasons, the bulk of the geaerated by the electric motor



flows in the radial direction through the statorecdrhe limiting resistance in the
conduction paths is usually the contact thermastasce between different
components (e.g. windings to stator core and statie to frame), but this is still

much lower than the thermal resistance offerechbycbnvective paths.

In motors having long end windings (such as 2-jpadeiction motors where the
amount of copper in the end winding may be half gnasent in the whole stator
winding), the heat generated in the end windingsbmsubstantial. This heat
flows to the surrounding end region fluid via coctven and to the stator core via
conduction. However due to the increased lengthe@tnd windings, the
temperature difference along the end windings @latge. Hot spots in the end
windings may result which if not addressed may keaidsulation breakdown in
the end windings. Therefore the convective patigpéamajor role in such motors

and this is the subject of this thesis.

1.4 Objectives of this investigation

The aim of this work is to investigate end windoapling with a view to identify
design changes to the end region that have potémiizad to reduced

temperatures and the elimination of hot spots.

This study follows on from an earlier study by Miggione[2] in which the basic
flow patterns in the end region of a TEFC inductiotor were identified.
Computational and experimental approaches wereeaplut a limitation of that
work was that the driving factors for the basialpatterns were not clearly

identified. Consequently the study did not provide necessary level of



understanding required if heat transfer from theé wmdings to the end region is

to be enhanced.

There are two objectives of this work:

1. To carry out a CFD and experimental study to irngest the air flow
patterns in the end region of a large TEFC inductimtor in order to
further basic understanding of the fluid’s behaviby identifying the

driving factors.

2. Using CFD, to model a number of modified end regionfigurations and
assess which give improved heat transfer performanthe end region.
CFD was chosen for this part of the work as a suttisti number of
different end region configurations were investgband neither the time

nor the budget were available for a full experinaéstudy.

1.5 Structure of thesis

The work described in this thesis is put into cahwth the work of others via a
literature survey presented in Chapter 2. The éxaartal test rig used for
validation is described in Chapter 3 and in Chagptre basic theory behind
computational fluid dynamics is presented togethi#r special techniques used in

modelling electric motors.



The main study consists of three parts:

1.

In the first part, a CFD model of the non-connet&md of a 2-pole high
voltage induction motor was validated by experim@iis is described in

Chapter 5.

The second part of this work, which is detaile€imapter 6, was an
investigation of how changes in simple CFD modefgesenting the end
region of TEFC induction motors affected the flaeld and heat transfer
characteristics in the region. This was done usimyg CFD modelling
techniques since enough confidence had been gtirmagh the validation
exercise performed earlier to make further expemalevork unnecessary.
This part of the study highlighted important feasuworth considering

when designing end regions of TEFC induction motors

In Chapter 7, the final part of this work is preseh The effects on flow
behavior and heat transfer of configuration changeke existing 2-pole
end region model utilized previously were invediggia Additionally
comments and suggestions are presented for fuesigrdconsiderations.
The final CFD results were also verified by expent) and details are

included in Chapter 7.

General conclusions and recommendations for fustlogk are finally given in

Chapter 8.



2 Literature Review
The published literature on thermal analysis et&lcal machines is reviewed in
this chapter. The review concentrates on literatorering fluid flow and heat

transfer in the end region of electrical machines.

2.1 Thermal design of electric motors.

The design process for electric motors and genesratgolves a series of both
electrical and mechanical analyses, such as mage&tctrical, stress and thermal

analysis.

Thermal analysis is usually performed using eitherresistance network method
or the finite element method. Both of these metheitide described in some
detail later in this chapter. Thermal analysis mrsdemperatures the individual
motor components will attain under maximum opepower (steady state
analysis). If an unsteady state thermal analygieiformed (such as overloading
the motor for a specific period of time), it cas@predict the temperature
transients. This is very useful especially whengiesg a process requiring cyclic
loading of the motor where an under-rated motorhiniige a cheaper option. As
highlighted in Section 1.3, temperature is a vergortant variable in motor
design which needs to be limited to a certain vdiotated by the insulation

material in order to guarantee the life expectasfdjpe motor or generator.



2.1.1 Resistance networks

The majority of papers on thermal aspects of amdtmachines use resistance
network methods [1, 3, 4, 5, 6, 7]. This techniqugloys a network of nodes
representing each individual motor component cotaakloy thermal resistances
and thermal capacitors (for unsteady state analysthie component the node
represents generates heat (such as windings,atoye heat sources is applied to
that node. This thermal network is able to prethietheat flow and temperature
distribution in the electrical motor under investign. An example is shown in
Figure 2.1 in which a number of nodes are depimpdesenting the various parts
of an induction motor taken from the commercialitable software

MotorCAD™.
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Figure 2.1 - Typical resistance network of an indudon motor using Motor-CAD™



Material properties and dimensional characteristresused to arrive at the
conductive resistances and capacitances. Contrchahresistances (the
resistance to heat flow due to the interface betvie® solids) depend to a great
extent on the contact pressure and are therefore prone to errors. The thermal
conductivity of the cores is highly anisotropic dodheir laminated nature and the
thermal conductivity of the cores in the axial dtren is usually calculated by
multiplying the thermal conductivity of the coresthe radial direction by a

stacking factor (constant less than unity).

The heat transfer coefficients of the convectivgstances are either assumed or
estimated using published correlations which wallHaghlighted later on in this
chapter. The errors involved here can be quitetanbal. However it has been
shown through various sensitivity analyses [4h@} the influence of these errors
on the final results is negligible. Consequentlyeg that all the information is
readily available, a thermal circuit may be solMéthe estimated thermal
resistances are accurate enough, the results ettaiom this kind of thermal

analysis are sufficiently accurate.

The resistance network method is very simple tdement. It requires very little
computer resources and any personal computer cdregob. The drawback this
method has is that the individual components (e&cie) are treated as
homogenous, and so their temperature is constiaowel. In order to arrive at a
more detailed analysis, components are usuallysaded into smaller sections in

order to be able to resolve to some detail the &xatpre distribution in the

10



component itself. Additional nodes in the networ&jide greater detail. However

the complexity of the model increases rapidly vifttreasing number of nodes.

2.1.2 Finite Element Methods (FEM)

More recently, with the advancement of computeirsid-Element Methods
(FEM) have also been employed [3, 8]. FEM divide®kd model into small
elements and solves the conduction heat flow eguati each individual element.

This usually requires a dedicated software andlyigained users.

FEMs give a more detailed thermal solution, sintfer@nt parts of the electrical
machine are not considered to be homogenous.utresgmore computing power
and time. Finite Element Analysis (FEA) of elecifimachines still requires the
user to input values for the convective and condederms. Since the error
involved in these constants can be consideral@dijrike details obtained from
such models are correspondingly uncertain. Thamesof the reasons why electric
motor manufacturers still prefer the resistancevoet method rather than finite

element methods.

2.1.3 CFD Techniques

To date, the only computational method availabladourately predict the
convective heat transfer coefficients over surfas€3-D. This usually employs a
finite volume method. CFD techniques solve theo$eton linear partial
differential equations governing the fluid and hiéatv (commonly known as the

complete Navier-Stokes equations, refer to chapter order to arrive at a flow

11



field. Like FEM, CFD techniques usually require qoex software and highly
trained users. Such software is even more computdty demanding than FEM
and is therefore usually employed to investigatalsoomponents of the motor

such as the end region or stator/rotor channdigraihan the whole motor.

The available literature relevant to the appliaatid CFD to electrical motors
addresses only small regions of the electric miotparticular the heat transfer in
the end region [9, 10, 11]. This is due to the clexipy of the region which makes
accurate information regarding associated therimagtants difficult to determine.
More recently papers detailing the whole motor hstegted to appear [12, 13, 14]
although such papers still use crude modeling aggans (such as impermeable

material representing the end windings).

2.2 Experimental measurements of heat transfer and aiflow in

the end region of electrical machines.

Generally thermal models of electrical machinesvatiglated through

experiments [4, 1, 6, 7, 8, 9, 10, 11, 13, 14]. Mtwouas papers have been published
detailing experimental work on the thermal aspet&lectrical machines. All
individual components of the electrical machineénbegen thermally investigated

in some detail. A lot of effort was put on the hitatv on the outside surface of

the frame since this is thermally the most critjgait [15, 16, 17]. It is recognized,
however, that the heat transfer in the end regidhe most difficult to predict and
understand. The rest of this section will only esvipapers related to fluid flow

and heat transfer in the end region of inductionarso

12



In the late 1960s, Roberts [18], measured thermadlgctivities of laminations
and electrical insulation. Heat transfer coeffitseim air ducts were also measured.
A very brief paragraph was dedicated to the heaster coefficient over the end
windings. A value of 38.8W/fK for the mean overall heat transfer coefficient of
the end winding was reported. This value was coetptr the value of the heat
transfer coefficient by natural convection fromlane wall (43W/rfK). Thus it
was concluded that the heat transfer over the ending was largely controlled
by natural convection. These values were validated thermal model of the
stator of large electrical machines and were replaid yield reasonably reliable
results. The motors under test are described ag taige high voltage electrical
machines, the type and size of motors these te=ts performed on are not

detailed.

Zautner et al. [19] investigated the optimum lengftthe cooling wafters in the
squirrel cage rotor of an explosion proof inductinator (200kW; 6000V; 23.8A,
3000 rpm). It was suggested that in high speedadtnolu motors, since the end
windings are generally very long, around sixty nieecent of the copper losses
are concentrated on the end windings. The maxineunpérature rise in the
windings was always located in the middle sectibtihe stator winding just below
the wedge (refer to Figure 2.2 below). The quoktedrhal conductance of the end
sections was in the range of 40W/K to 85W/K depegain the length of the
wafters. The windage losses (and thus additiorat in@ut) increased very rapidly
for wafter lengths in the range 10mm to 30mm. Onda® main conclusions was

that the internal ventilation losses exceeds akolosses in this particular motor

13



and thus plays a major role in the temperatureafigbe machine. These windage
losses have to be taken into account in the themmodle! of the machine.
Additionally it was found that there exists a psecoptimum length of wafters
providing minimum temperature rise on the machimnahmgs. A very interesting
point from this work is the effect that wafter I¢hdnas on the temperature
distribution across the stator winding. There iptimum wafter length
corresponding to minimum temperature gradients theedepth of the slot (refer

to Figure 2.2 below).

clr

A
=
=

g0

Figure 2.2 - Temperature rise distribution over deph of slot in continuous duty for various
wafter lengths | [19]

Schubert [20] investigated the heat transfer coeefiits at the end windings and
the bearing cover of enclosed machines. The coioataresulting from these

experiments were:

Nengwingng =15+ 6v > (3.2)

h = 20+ 85v"” (3.2)

BearingCover

14



wherev refers to the peripheral velocity of the rotor @anit was proposed that
eighty percent of the heat losses flow radiallyhi® housing. The rest flows
axially to the bearing covers. It was reported thathumber of wafters had no
effect on the heat transfer coefficients despitegased air recirculation in the end
region. The corresponding heat transfer coeffisievére highly dependent on the
length of the wafters. When the wafters were ex¢dntose to the bearing cover,
the heat transfer coefficient on the bearing cavereased considerably, but the
heat transfer coefficients on the end winding wirereased. In concluding the
author proposed that heat transfer coefficientedeémn the motor construction
and thus may differ from one machine to the otaed that thermal analysis of
electrical machines is much more sensitive to tadiafficients than axial

coefficients.

Pickering et al.[21, 22, 23] published a seriepayers investigating the heat

transfer in different end winding configurations.

Pickering et al. [21] investigated the heat trangf a C280M through ventilated
4-pole strip wound induction motor. The main finglwas that the overall end
winding heat transfer coefficients on the fan ertenmuch higher than those at
the inlet end (326W/AK and 210W/rfK respectively based on winding envelope
area). A substantial temperature variation on titevéindings was identified.

With an inlet air temperature of 253 the inlet end end winding surface
temperature varied from 28®to 36.2C. At the fan end the corresponding range
was 32.4C to 42.2C. The circumferential temperature variation wathaorder

of 2°C which is quite significant compared to surfacaitdemperature
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differences. The local heat transfer coefficier#gad along the end winding (refer
to Figure 2.3). The highest heat transfer coefficigas recorded at the side of the
straight part of the end winding (the part coming af the stator core) next to the
rotor bar extensions (386W7H). The local heat transfer coefficients experiehce
a gradual decline along the end winding surfaamn{ffront lower part to back
lower part of the end windings) with the minimurmah&ansfer recorded being
around 58W/rfK. The heat transfer coefficients varied with te&tionship

(motor speed)”>. Removal of the wafters resulted in a thirty patdacrease in

the overall heat transfer coefficient at the fad and a corresponding thirty
percent decrease in the heat transfer coefficigthieainlet end. Therefore it was

argued that the wafters are beneficial at the irhet

£l zle
.

base case

wafters removed

Figure 2.3 - Effect of wafter removal on local enavinding heat transfer coefficients (W/niK)
[21]

Another paper by the same authors [22] investigdtedeat transfer from the
stator end windings of a low voltage lap-wound &leanotor, at different speeds,
using different wafter lengths and including airdgs near the end windings. The

motor used in the tests was a C280M with a C280&. ddve overall heat transfer
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coefficient on the inlet end was around 250\fKniThe fan end end winding heat
transfer coefficient was about half the inlet eatlres. The variation in the local
heat transfer coefficient was very large, from lass 50W/mK on the outer
surfaces of the end windings to over 450\4ron the inner surfaces of the inlet
end end windings. The overall end winding heatsf@ncoefficient on both ends
was found to vary with the relationship (motor sf)&&. As the air flow
increased, the exponent increased slightly foiritet end and it reduced slightly

for the fan end.

Watfters had great influence on the end windingdicgaharacteristics at the inlet
end and almost no influence at the fan end. Thaseam optimum wafter length
for the inlet end. Reversing the direction of rmtathad no effect on the air flow,
but the heat transfer coefficient showed a redoaticten percent. Reduction of
the distance between the end shield and the endirvgs at the fan end enhanced
the heat transfer at that end. Consequently tdisced the temperature difference
between the two end windings. An air guide overitiret end end windings
enhanced the heat flow by about thirty percent itesiecreased air through flow
by around thirty percent. Flow patterns revealeecirculation above the wafters

at the inlet end which enhanced the heat transfdra region (refer to Figure 2.4).

17



i

Motor
Rotation
PR~

Hy

0

TANGE

NTIAL  VELOCITY
COMPONENTS

Figure 2.4 - Velocity distributions and flow pattems near the end windings [22]
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The last in this series of papers, Pickering §23).investigated the heat transfer

from the stator end windings of a low voltage carige wound induction motor.

The motor used in the tests was again a C280M avii280S core. Compared to

the results obtained previously using a low voltigewound end winding [22],

the temperature distribution over the end windwgs more uniform; the

difference between the average temperature of eadhvindings was lower (only

5°C compared to the 2G on low voltage lap wound induction motors) anel th

end windings were running at a lower temperatuhe dverall heat transfer

coefficients on the concentric wound end windingawauch higher than those on

the lap wound end windings. The authors attriblgereported high heat transfer

coefficient to the way the envelope area of thewimdlings was defined.

The overall heat transfer coefficient of the enddimgs at the inlet end was

seventy percent larger than that on the fan end.aliflow inside the induction

motor was also investigated using pitot probesikédrthe lap wound end winding
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case, no recirculations were detected in the egiomgcompare Figure 2.4 with

Figure 2.5).
Motor inlet Outlet Mot
Rotation Duct Smis Snvs | R:tac;iron
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lap-wound motor (b) The fan end

(a) The inlet end

Figure 2.5 - Velocity distributions and flow pattems near the end windings [23]

For the fan end, the end winding heat transferfmoeft varied with the
relationship (motor speetfy’, while for the inlet end, the end winding heangfer
coefficient varied as (motor speéd) As the flow rate of cooling air was reduced
a decrease in the heat transfer coefficient oktitewindings at the inlet end was
registered while an increase in heat transfer mefit of the end windings was
experienced on the fan end. Increasing the wadtegth reduced the total cooling
air flow. Increasing the wafter length did not irape the heat transfer at the fan

end but a progressive improvement in heat trangésrregistered at the inlet end.

Takahashi et al. [24] investigated the interndl@ir and the thermal contact
conductance between the stator core and framd& BfF& induction motor. The

variation of the heat transfer coefficient of theer fins of the frame was also
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investigated. It was observed that the heat tramsfeéhe frame fins decreased
gradually along the frame by as much as fifty petc€he flow field in the end
region of a TEFC induction motor was also invesgdaThe main results showed
that behind the end windings the air velocity wasnslow. Above the end
windings the velocity increased rapidly just abtive end winding tips to a
maximum value above the wafter. This study didineéstigate the air flow
patterns inside the end region, and so the velpbitts presented in the paper are
difficult to interpret. Finally the authors suggedta method of circulating the air
inside the motor via a series of ventilation passadg the rotor and stator (refer to

Figure 2.6).

inner heat radiation ribs

.~ inside ventilation passage
interior portion fan
exterior portion fan

| -rotor axial duct

fan cover

Figure 2.6 — Suggested method of circulating intewad air[24].

Hay et al. [25] summarised the correlations whiayre employed in thermal
models of electrical machines. The part of the paglevant to the end windings
suggested that the use of correlations for stvessels can be applied to the end

region. In addition, it was suggested that in highage machines with formed
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end windings correlations for heat transfer frotmetbbanks in a heat exchanger

may be used.

Hay et al. found that under comparable conditisisgithe correlation of a stirred
vessel produced results that compared well witlctreelation suggested earlier

by Oslejsek [26].

Oslejsek [26] suggested that in enclosed induatiotors without axial internal
ventilation, up to 80% of the heat loss of the esdings is transferred through
the swirling air on to the shields and edge offtaene. The flow field reported
consisted of two main recirculating flows superire@d on the main swirling flow.
Referring to Figure 2.7, a strong recirculatingMlevas present over the wafters. A
weaker recirculating flow passed over the end wigsj flowed downwards

behind the end windings and through the lower pfitthe end windings to
combine with the other main recirculating flowwlas suggested that the heat

transfer coefficient varied as (motor sp&&a)

g 10

Tangential velocity profiles

Figure 2.7 — Flow field around end windings as repted by Oslejsek[26].
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Oslejsek suggested improvements which may be imgiéed in the design of end

regions of TEFC induction motors:

1. In order to enhance radial flow, the inner surfatthe end windings
should be sufficiently far away from the wafterslamould be inclined to

the axes of rotation as much as possible.

2. Itis advantageous to place a surface between dftens and any radial

fins on the end shield.

3. The clearance between the end shield and the erdings should not be

made too small, in order to prevent blockage ofrétern flow.

Mugglestone et al. [9] investigated the effectsehd winding porosity has upon
the flow field and windage losses. A simulated sgglon of a high voltage
induction motor was used where the end windingeweplaced by a series of
rectangular columns of various widths in order aoywthe porosity. Both
experimental and CFD techniques were used throughmuinvestigation. For the
CFD investigations the standard karbulence model and the unsteady sliding
mesh technique were used. The porosity was vared &n impermeable end
winding (0% open) to an absent end winding (100%nypWith an impermeable
end winding, the flow was restricted by the endding and development of a
radial flow was inhibited. The majority of the flowok place above the wafters
leaving the rotor bar extension fan to starve afliog air. This configuration
generates a reduction in heat transfer at botbdke of the end windings and the

rotor end.
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With 30% porosity an additional recirculation rotiieough the end windings was
created. The flow induced by the rotor bar extemsioas increased substantially.
The predominant velocities were still tangentiad as a result the porous end
windings still produced a high resistance to fl@aunter swirl vortices were

generated behind each of the end windings.
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Figure 2.8 — Flow field around simulated end windigs as reported by Mugglestone et al.[9].

As the porosity was increased to 65%, the flowugtothe end winding was
further increased. The main flows present weredhbiculating flow above the
wafters and the recirculating flow from the waftérsough the end windings.
These combined behind the end windings with a ti@oirculating flow emerging

from the rotor bar extensions and through the Igueet of the end windings.
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These three flows combined in the area above tdevamdings. The fully open

case behaved like a stirred vessel.

The windage losses increased with increasing piyrescept for the 100%
porosity case which gave a windage loss a litiigaér than the 30% open case.
The 65% open model gave the biggest windage lo$besauthors agree with

Zautner’s[19] work relating to the balance betwheat transfer and windage loss.

Another paper by Mugglestone et al. [27] invesggdahe flow field and heat
transfer in the end region of a TEFC induction meiging experimental and CFD
techniques. The flow field identified two circulagi flows. One above the wafters
and another driven by the rotor bar extension tiindhe end windings, upwards
behind the end windings and then combining withatier recirculating flow
above the watfter (refer to Figure 2.9). AlthoughDOstedicted the flow field well,
the accuracy of the local heat transfer coeffigetitl not correspond well with
experiment. The CFD techniques underestimatedahethansfer coefficients by
as much as 30% in some areas. However, the CFlicfgedhe spatial

distribution of the local heat transfer coefficiemtell.
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Figure 2.9 - Flow circulation in the end region aseported by Mugglestone et al. [27]

Further investigations by Mugglestone et al.[11dredsed the effect of geometric
changes on the flow field and heat transfer ineth@ region of the TEFC
induction motor. These include varying the numiderafters, the wafters’ length
and width together with the effect of changing pineximity of the wafters to the
end windings. Both experimental and CFD techniguexe utilised for this work.
The local heat transfer coefficients were predig¢tedithin 30% error compared
with experiment. Trends of heat transfer coeffitsemere accurately forecasted.
Some CFD models having wafter lengths between 6@minl20mm failed to
converge. This was attributed to the gradual chamgjge secondary flow field
behind the end windings. With short wafters theflaived upwards behind the
end windings while with long watfters it flowed inet opposite direction (refer to

Figure 2.10). Thus an unstable flow might have q@esent when using medium
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sized wafters making the CFD models impossibleotoverge. Generally, longer

wafters did not give better heat transfer on theéwimdings.

i

(b) Eight 150 mm wafters

Figure 2.10 - Flow circulation in the end region uisig different wafter lengths[11]

As the number of wafters was progressively reddicad eight to two, a reduction
in the overall end winding heat transfer coeffitietas observed when using the
standard 50mm long wafters. The number of waftatsrio effect on the heat
transfer from the end windings when the longer eraftvere used. Another
finding was that as the width of the wafter wasrdased, the heat transfer from
the end winding deteriorated. As the wafters weosed away from the end
winding proximity, the heat transfer from the enthavngs deteriorated further. A
concluding remark was made on how the CFD accyrateldicted trends in local
heat transfer coefficients and CFD techniques ga&veinsights into the fluid flow

behaviour in end regions of electrical machines.
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Pickering et al. [10] described how CFD technigunesy be used in the design of
electric motors and generators by collecting resoflfprevious papers by the

group identifying how CFD techniques may be empibye

A more recent paper by Schleussinger et al. [28}stigated the heat transfer on
orthogonal banks of non-circular bars in cross flos¥er to Figure 2.11). The
authors suggested that these results may be usebonindings of electrical
machines. The bars were exposed to a constanfitveaind thermocouples and
thermometers measured the temperature at the swfdle bars and the inlet
temperature respectively. Thus the heat transfefficaent was defined with
respect to the incoming air temperature. It wasidbtinat for a single bar that the
local heat transfer coefficient varied consideratith the flow angle. The overall
heat transfer coefficient was only slightly chang€dis also applied to the bars

within the crossing bank.

The distribution of the local heat transfer coeéfit is very important in today’s
applications, where often designs are pushed tbrttis, as these identify hot
spots which may lead to failure. The authors atpaeit is difficult to accurately
predict the local and overall heat transfer cogdfits as these are influenced by
several parameters. Further more, CFD is not caepatgredicting heat transfer to

high levels of certainty without proper validatioy comparable geometries.
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Figure 2.11 - Experimental setup used by Schleussgjer et al.[28]

2.3 Discussion on published literature

A substantial amount of information has been priegskthrough this literature
review. The data collected did not provide enougbrimation for a designer to

design effectively a better end region.

Correlations which may be used to calculate thealMeeat transfer coefficient of
the end windings were suggested. These were #ikdbasic ‘power law’ form,
however the constant within the correlation produadarge range of predicted
heat transfer coefficients especially at high spe@tiese differences are mainly
due to fundamental differences with the investmai(such as different machine
types and sizes). Thus with the correlations predid is difficult to draw any
specific conclusions regarding the overall heatdfer coefficients especially at
high speeds. In fact all this data may sometimad te confusion and
correspondingly unrealistic assumptions of the breaisfer coefficients. Even
though these correlations have been used sucdgssiill established end region
designs (that is the ones using wafters positiaved the end rings), they do not

necessarily apply to other configurations.
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The cause of the fluid’s behaviour has not beearljiedentified. Flow fields in
alternative novel configurations, which may causeftuid to behave differently,
are very difficult to predict. The majority of thigerature reviewed did not provide
tested alternative cooling arrangements. Therefdo¢ of guess work is still
unavoidable in end region designs and there isfgignt scope for further CFD
and experimental work to improve the design pracéss is the aim of this

thesis.
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3 Experimental Test Facility
Experimental methods were used to validate thdteegaenerated using CFD
techniques, which are outlined in Chapter 4. Tliisenct validation exercises

were performed to validate the data and theselsmensirised below.
1. Nature of flow field in the end region
2. Heat transfer from the end windings to the frame
3. Windage loss.

An existing experimental facility that was ableré@ord velocity measurements in
key locations in the end region under test, heausfier coefficients over the
surface of a heated end winding as well as otletions on the frame and

windage loss was configured and re-commissioned.
3.1 The Experimental Rig

An experimental facility used previously for anathesearch program was used to
conduct the validation tests. This consisted adtao§end windings from the non
connecting end of a 2-pole TEFC induction motor@sexd in a Perspex ‘frame’.

A Perspex frame was used rather than a metalledra order to visualise the
flow and help positioning of the instrumentatiomeXof the end windings was
supplied with an electric current (approximatelApQo generate heat through
Ohmic heating. The current was delivered via a dtepn transformer, which was
in turn supplied using a variable voltage supplye Turrent was monitored using

a digital clamp power analyser.
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A model steel rotor (simulating a shaft), rotor batensions and an end ring were
driven by means of a variable speed drive. Theabéispeed drive consisted of a
separate floating frame induction motor , which wastrolled by a pulse width

modulation transistor inverter. Wafters and otlaer ¢onfigurations were bolted to

the rotor accordingly.

Figure 3.1 - Photo of the experimental rig

Figure 3.1 shows a photo of the rig with the enddings, shaft and perspex
casing clearly visible. Figure 3.2 shows a schentalf section of the rig
illustrating the location of other key componenistsas wafters, end ring and

rotor bar extensions.
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Figure 3.2 — Schematic view illustrating main compents of the end region under
investigation.

3.2 Instrumentation

3.2.1 Velocity Measurements / Flow Visualisation

Measurements of mean velocities were taken in @egtions using a 5 hole
pressure probe (Schiltknecht Messtechnik Ag spakpimbe type 601). This
recorded a mean speed as well as a mean diredtiba tlow. The probe
consisted of an 8mm spherical head, with a totedgure tapping situated on the
front of the sphere (port 2 in Figure 3.3) and fstatic pressure tappings equally

spaced along the side of the sphere (ports 1&5, ih Figure 3.3).
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Reference
Plane

Figure 3.3 - Five hole probe used for velocity measements

Differential pressure readings from the probe pastse recorded by means of an
electronic micromanometer (Furness micromanometeteinFC0O510). The probe
was connected to the micromanometer through alswgdox. Both the
micromanometer and the switching box (built in-rejusere interfaced to a PC

using serial ports. The switching sequence wagclbed by a program written in
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Visual Basic for Applications (VBA), within MicrogpExcel™. Values of

differential pressures were recorded on a spreatishe

The 5-hole probe was calibrated in a wind tunneiaious angles of attack and
speeds. The method used to obtain velocity andtdreis given in Appendix A

together with the calibration curves.

In addition to the velocity measurements, simpdavfl/isualisation was performed
using wool tufts attached to the end of a rod avgitpned in appropriate places.

This gave an insight to the overall flow field diten.
3.2.2 Heat Transfer Measurements

Micro-foil heat flux sensors (Rdf Corporation type036-2), consisting of a

thermopile and a T-type thermocouple, were useddasure the heat quﬁQ")
and wall temperatur€T ) at various locations on the heated end winding and

frame. Figure 3.4 shows a photo of a heat flux @eokthe type used.

Thermocouple

—Thermopile

Specialists in
Temperature
Measurement

Figure 3.4 - Photograph of heat flux sensors consisg of a thermopile and a thermocouple
used to measure heat fluxes and wall temperaturegspectively.

34



A data logger (Campbell Scientific CR10X) recordeddings from these heat

flux sensors every 5 seconds. Values of heat flavelstemperatures were then

averaged over periods of five minutes. The averagites were used for analysis.

Figure 3.5 shows the locations of the heat fluxseemon the casing (26-30) and

end winding (1-25).
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Figure 3.5 - Reference locations of heat flux sensoon end winding and frame

Since a total of 30 heat flux sensors were useetheg with additional sensors,

three multiplexers (Campbell Scientific AM32 and ADLB) were required to

connect all these sensors to the data logger. Arsatyf the data was then done

using Microsoft Excel. A representative bulk tengtere was measured using a

thermocouple that was fixed in space just abovedtsting wafters.
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A local convective heat transfer coefficient wafirtesl as:

— (anuge - Qr"adiation)
(Tgauge - Tbulk air )

(3.1)

hI ocal

As shown in the above equation, to compensatéofact that all CFD analysis
in this work did not involve radiation modellindnet heat flux recorded by the
sensor was corrected to account for the heat gabgfradiation when comparing
experimental and CFD data. The heat transfer biptiad from the sensor was

calculated using the equation:
Qradiation = 50(T49auge =T *oukir ) (3.2)

A value of emissivity for the sensor of 0.7 is gesid. This is in accordance with
the manufacturer’s data and treats the sensogeesyaody in infinite

surroundings.

The heat flux due to radiation was negligible {ha order of 4%) compared to the

heat flux due to convection and was only taken atoount for completeness.

With the setup described earlier, that is only atée winding as a heat source, the
heat flux through the frame is too small (largface area). This will result in a
temperature difference between the internal frarakk and the enclosed air that is
also very small, resulting in large experimentatentainties. In order to overcome
this problem, heater pads were fixed on the extasurdace of the frame in order

to supply the frame with a bigger heat flux in tbeation of the heat flux gauges

and therefore the temperature difference betweefrdme internal surface and
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the enclosed air is large enough so as to miniomsertainties in the calculated
heat transfer coefficients of the frame surfacesoAhe end windings were not

heated when doing heat transfer experiments ofrahree.

The results obtained using this method should balggvalid even though the
direction of heat flow through the frame is revelsEhis is because high Reynolds
forced convection was the main mode of heat trarfthe frame surface which is

dependent on the fluid flow field rather than thection of heat flow.

3.2.3 Windage loss measurements

The windage power loss to the system can be olatdopeneasuring the torque on

the driving motor frame. This can be achieved #ews:

The frame of the driving motor was free to rotatié the movement of the frame
was restricted by a calibrated beam giving measengésrof force proportional to
its deflection. Figure 3.6 illustrates the beameat#ion method used to obtain
torque exerted by the driving motor frame. The b&ams calibrated separately
using a dead weight technique. The calibrationtdeahown in Section 9.1.2 of

Appendix A.

The deflection experienced by the beam, due téatoe transmitted by the frame,
was recorded using a linear position sensor (RS32/N780). Position data was
recorded by the same data logger used to colldéeesa@f heat fluxes and

temperatures.
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Figure 3.6 — Windage loss measurement arrangement

The force exerted by the frame on the beam wasiledézl by interpolating the
recoded deflections into the calibration data. poeer output of the drive was
established by multiplying this force by the momamh and the speed of rotation
of the rotor. The latter was simply measured usinligital tachometer (Compact

CT6).

The value of the power output by the drive incluttesswindage loss by the
model, frictional losses by bearings and windagséds by the drive unit. Hence in
order to eliminate the latter two losses, the ragwun without any wafters
installed so that the windage loss due to the wa#bne could be estimated by
subtracting the power output of the test withouttera from the power output

recorded when the wafters where present.
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3.3 Uncertainty Analysis

Results from experiments need to be assesseddioattturacy. The method used
in this work is that proposed by Kline and McClick§29], describing

uncertainties in single sample experiments, i.e.

o0 Y (oo Y o V]
= + + o] — 3.3).
o Kaw] [avz wzj [avn wn] } 33)

where ] is a function dependent on variables @ is the uncertainty irJ and

w; is the uncertainty i, .

Then next section describing uncertainties in ttleaity measurements is a clear

example of how this equation is used in practice.
3.3.1 Velocity measurements

With reference to Appendix A, probe factdfs,,,and K,, were used to calculate

local velocity using the 5 hole pressure probertter to estimate the uncertainty

in K,,,,, equation 3.3 is applied to relation (9.1) so that

w 2 w ’ w. \
( K1234 ) - P31 + ( P24 j (3.4).
K1234 P31 P24

Therefore the uncertainty in factét,,,,may easily be estimated using the

uncertainties in the pressure readings (which dasigh each sample).
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The uncertainties in the differential pressure raeasents are obtained using
sampling theory, where the total error is equaWice the standard error of the

mean of the sample (for 95.5 percent confidencel)ev

Factor K,, and its uncertainty limits were then read off tihee calibration curve
(refer to Figure 9.2). The velocity and its uncettg is estimated using the
uncertainty of factoK,,, the uncertainty of the differential pressBygand

applying equation (3.3) to relation (9.2) so that

2 @ 2 bol 2
[ﬂj = E& + 1 Ko (3.5).
v 2 Py, 2 Ky,

In order to improve this aspect of the work hotexanemometry would have been

used for velocity measurements. However the tirmsemed in taking such
measurement would have been considerably longerithae method undertaken

here and would therefore have allowed less timetloer areas of the research.

3.3.2 Heat Transfer measurements

Factors influencing the accuracy in the heat temsfeasurements are:

1. Uncertainty in temperature measurements using thesaples

(+1°C according to standard IEC 584-2:1982),

2. Uncertainty in heat flux measurements (+10% acogyth

manufacturer)

Other sources of uncertainties which were not ac@mlUfor include:
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1. Disturbance of the fluid flow by the heat flux senand connecting

wires which would affect the local heat transfeeftigient.

2. Contact resistance between sensor and end windirghwould

affect the surface temperature.

In order to limit the unaccounted errors, the lkext sensors were fixed to the
surfaces in such a way that their connecting wiree behind the sensor relative
to the fluid flow. This was done in order to redifbat not eliminate) interference

of the flow by the sensor wiring.

Although there is no feasible means of evaluativeggé uncertainties, the errors
involved due to the above factors should be smaditd the highly turbulent

nature of the flow field and can therefore be wdais negligible.

3.3.3 Windage Loss measurements

The uncertainties involved in evaluating the winelégss are:

1. Inaccuracy in the moment arm (estimated as £5 mm).

2. Errors arising from the interpolation in the cadibon curve.

Additional uncertainties which were not accountedifclude:

1. Fluctuations of the motor speed due to invertemuanics.

2. Varying friction in the bearings due to temperatuse in the rig.
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Even though the frictional losses were eliminatednfthe windage calculation by
running the rig without wafters as described intlBec3.2.3, these losses most
probably vary with temperature and load and thesséll an uncertainty. Losses
were kept to a minimum by making sure that frictveas minimised, that no
oscillations were present and that the drive wasagpmately at a constant

temperature.
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4 CFD Modeling of End Regions
Although CFD is nowadays widely used in researslhitutes and industry, a good
understanding of the theory associated with itilsessential. Additionally CFD
techniques are evolving so quickly that it is diffit for users to keep up to date
with current innovative methods. Although it is le¢ intention of this work to
explain methodologies used in CFD, a brief desiompof CFD is given below.
All the theory presented in this chapter is avddab standard CFD textbooks
such as [30]. In this chapter the fundamental jgules of fluid and heat dynamics

will be presented together with techniques CFD ueesblve these flows.

4.1 Theory behind CFD

Fluid flow is governed by the well known set of atjans often referred to as the

complete Navier-Stokes equations. This set of égustonsists of:
» three distinct momentum equations in three dimeradispace
e continuity equation
* energy equation.

These are coupled non-linear second order partfalehtial equations and there
is no general analytical closed form solution test equations, which leaves no
option but to solve them numerically. CFD is a talereby the complete Navier-
Stokes equations together with other equations {@lgulence equations) are

solved numerically.
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There are various numerical methods which may Ipéeapto discretize these
equations (e.g. finite difference, finite elemdimite volume, boundary element,
etc); most of the commercially available CFD softevases the Finite Volume
Method (FVM). Fluent™, the software which was enygld in this work uses

FVM. Further information on FVM is provided in Sixt 4.1.3.
4.1.1 Complete Navier-Stokes equations

The complete Navier-Stokes equations in integnahfoay be represented by the

transport equation for property:

%( j pqajV] + j A.(ogti )JdA = j A" grad g)dA + j S,dv (4.1).

A
In words this equations states that

Net rate of decrease Rate of Increase of due

Rate of N of ¢ due to = 1o diffusi h Net rate of
increase of¢  convection across theboou'n;;r'i%g actoss e ™ creation ofg
boundaries

If the propertyg¢ is replaced by the constant unity, the continaguation will be
formed. Likewise if the property is replaced by velocitias, u;, ug in turn, the

momentum equations in the x-direction, y-directama z-direction will be formed

respectively. Also ifg is replaced by the internal eneligyhe energy equation is

formed.
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4.1.2 Turbulence Modelling

In order to be able to solve fluid flow problemsngsonly the complete Navier-
Stokes equations, a grid able to resolve all temillength scales needs to be set
up. The grid length scale must be smaller tharKiienogorov length scale

3

%
(defined a{v?j ). This means that a huge grid is required whiamettainable

with current technology. Turbulence models arelatée which assume
simplifying rules to effect a numerical solutiohetmore common models are

discussed in the following section.

Reynolds Averaged Navier Stokes (RANS) Turbulence Models

In turbulent flows, velocities may be modelled assisting of a fluctuating part,
having a zero mean value, superimposed on a méaa obthe
property(thatisu, (t) =T, +u/(t)) . If all velocities in the Navier-Stokes edaas
are replaced by this model and the equations e dveraged, a new set of

equations often referred to as the Reynolds Averdiperier-Stokes (RANS) are

obtained. These equations are identical to theélgdtiokes equations except that
nowu, is replaced by, and additional terms involving products of flucingt
velocities appear. These six extra terms are c&kgolds stresses. A new

problem now arises, this being the closure prolilemmber of unknowns exceed

the number of equations).
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The majority of turbulence models assume that tfeeteof turbulence can be
represented as an increase in viscosity. This leatte term turbulent kinematic

viscosity which is defined by the Boussinesq relahip:
S o ou
-uu’ :Vt[au' +—J]—2k0ij 4.2)

whered; is the is the Kronecker delta function such that=1if i = j otherwise

0; =0 andk :%(u?) termed the turbulent kinetic energy per unit mass.

There are a great number of turbulence models &kailblowever the most robust

one is undoubtedly the standard two equaktieriurbulence model.

k-¢ turbulence model

In thek-¢ turbulence modek is the turbulent kinetic energy ands the rate of

change ok(thatiss = %) . The turbulent kinematic viscosity in this model i

defined by the equation:

V, = C (43)

k2
"

whereC , is a dimensionless empirical constant (= 0.09).
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In words, thek-¢ turbulence model uses the following transport &qoa fork and
&

Transport of Rate of Rate of
Rate of chanc, Transport ok or _ . .
+ . = koreby  +productior- destructiol
ofkore ¢ by convection

diffusion ofkore of kore

There are various other turbulence models availablstandard in commercial
CFD software, however generally, tke model is the most reliable since it has

been validated thoroughly, and robust since salusayenerally very stable.

Several variants of thee model exist (e.g. the RNke¢ turbulence model which
uses the statistical technique known as the reri@atian-group theory). These

may exhibit better performance for special appiores.

k-wturbulence model

Another turbulence model commonly available in QFdgkages is thie w

turbulence model. Agaik stands for the turbulent kinetic energy ani the
specific dissipation rate which can also be thowglas the ratio of tok. The
turbulent kinematic viscosity in thewturbulence model is defined by the

equation:

v, =a (4.4)

-k
w

wherea’ is a damping factor causing a low Reynolds nurcberection.
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Both thek-¢ and thek-wturbulence models however are isotropic since they

assume the three normal Reynolds stresses to laé equ

RSM turbulence model.

The Reynolds Stress Model (RSM) on the other hares chot assume the
turbulence to be isotropic. It models each of ikalstinct Reynolds stresses
using six different transport equations. Genertdycomputational costs involved
to solve these equations outweigh their benefitsyil be shown in the chapter on

the CFD results.

More advanced turbulence models

In recent years, with the development of more péweomputers, researchers
have started to investigate how to overcome thedtrans of RANS by
dispensing the time averaging. Large Eddy SimutafidcS) and Detached Eddy

Simulation (DES) were formulated.

By using spatial filtering techniques to filter addies which are smaller than the
grid scale, these turbulence models resolve largke ®ddies. Smaller scale eddies
are then modelled. Therefore both of these teclsigequire a denser grid with
respect to the ordinary RANS models. Clearly LES BES are the stepping

stones from RANS to DNS (Direct Numerical Solution)
4.1.3 Discretization and grid alternatives
Spatial discretization is the process of dividihg tomain into small elements

connected to one another. The collection of elemisndften referred to as the
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grid. The equations are then solved for each idd&i element. Most of the
commercial CFD software available use the finiteigee method (FVM). In the
FVM individual elements in the grid are referrecatcells. Cells are constructed

out of faces, edges and nodes (refer to Figure 4.1)

Vertex

%

Edge

Face/

Figure 4.1 — Terminology for describing the featurs of cells used in FVM

Grids may generally be either structured (consystihhexahedral cells) or
unstructured (consisting of tetrahedral cells)eRlw6 is an unstructured solver
which means that it can handle both structuredusrstiuctured grids. The

advantages of one over the other are;
» Structured grids require much less cells than ungtred grids.
* Unstructured grids can be applied also to compénatetry.

» Structured grids are easier to solve.
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Due to the complexity of the geometry present éehd region of induction
motors particularly the end windings, the only fbkesoption in this work was the

use of an unstructured grid.
4.1.4 Wall functions

Strictly speaking, these turbulence models are\atly in free stream flow (that
is far away from the influence of walls). In themiity of the wall a boundary
layer exists where the fluid’'s velocity gradualhgieases from zero at the wall
(non slip condition) to the mean stream velocitguBdary layer theory is a

complex subject however the basic principles emgdap CFD code may be

explained using Figure 4.2, wheué = v ,(u, being the shear velocity and is
u

T

wherey is

equal to /T—W , Wherer is the shear stress at the wall) ayd= ALY
P H

the distance from the wall.

Turbulent boundary layers consist of a laminar pary close to the wall (usually
referred to as the laminar sub layer) where (mddgtwuiscosity plays a major role
in momentum and mass or heat transfer. At the outst layer turbulence plays a
major role and thus is generally referred to aduhg turbulent layer. In between

both turbulence and viscosity are equally important
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Figure 4.2 - Sub divisions in near wall region of bundary layer adapted from [31]

viscous sublayer

¥

In CFD there are two approaches which may be tessedlve fluid flow in the
vicinity of walls. The near wall modelling approaasolves the flow all the way
down to the laminar sub layer. In Fluent this apgtois referred to as the
enhanced wall treatment. This approach requirasge Inumber of cells in the
vicinity of the wall and consequently is very demeg in terms of computer

power and memory.

The second alternative approach is the use offwaditions. This approach is
widely used in CFD applications and instead of Isesg the boundary layer, a
wall function is applied in the vicinity of the walnd therefore needs much less

computer resources (refer to Figure 4.3).

The most widely used wall function is the standaedl function which employs a
two layer concept. If the* value for the cells in the vicinity of the wallsless

than 11.225 the linear relationship stated in Fegu® is applied (since the cell lies
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in the laminar sub layer). Otherwise the log laatext in Figure 4.2 is applied.
Strictly speaking the log law applies only in cellsere y* value lies in the region
between30> y* > 30(cell lies in the outer turbulent layer of the bdary layer)
and consequently it is highly advisable to haveralues between 30 and 300.
Consequently the cell size is very critical for thall function to be successful.
Additionally sincey™ is dependent on the flow, its value will changéhas

solution progresses. This makes the wall functtenhnically demanding to use

and a great deal of care and attention is requaese wall functions properly.

3
buffer &
sublayer
Wall Function Approach Near-Wall Model Approach
@ The viscositv-atfacted region 1s not @ The near-wall regon 15 resalved
resolved, mstead 15 bridzed by the all the way down to the wall.
wall finctions.
® Hizh-Fe twbualsnce models can be & The nwrbulence models ought to be valid
— throughout the near-wall region

Figure 4.3 - Wall function and near wall modeling @proaches [31]

Apart from the standard wall function, other mooenplicated wall functions are
also available (for example the non equilibrium vihction used in Fluent).
However these require much more computer resoargshe solution process is

generally more difficult since the log law is séiz&d to pressure gradient effects
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and the two layer based concept is also appliedtopute the budget of

turbulence kinetic energy in the wall-neighbouraais.
4.1.5 Solution techniques

The solution process employs an iterative techniquarive at a solution. At each
iteration step a solution is obtained. Residualsi¢tvare a measure of error in the
solution) are used to assess convergence. For éxadngpresidual for the

continuity equation is defined as

R= ) |Rateof massreationin cell P (4.5)

cellsP

Residuals are generally monitored during the smhugirocess to assess the

stability of the solution apart from its convergenc

Relaxation factors control the amount of chang&/beh successive iterations in
order to prevent the solution from becoming unggldading to divergence).

Thus a relaxation facton), for a variable , is defined as
a=2"% (4.6)

Gor — G

Where ¢'is the adjusted value af to be used in the n+1 iteration.
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4.2 CFD analysis of Electric Motors

Sections of electrical motors, in which fluid flasvimportant such as the end
region, may benefit from CFD techniques. Howevensspecial techniques must

be employed. These special modelling techniqudseitiscussed next.

4.2.1 Modelling technique

Due to the rotating nature of electric motors sgletiodelling techniques must be
employed. There are two ways in which rotating nraehimay be modelled. If a

steady state (time averaged) solution is requinedMultiple (Rotating) Reference
Frame (MRF) technique is used otherwise if a timpesthdent analysis is required,

the Sliding Mesh (SM) technique is used.

The rotating reference frame technique includestioeleration of the coordinate
system in the flow equations so that the fluidteady with respect to the rotating

(non-inertial) reference frame. Therefore a stestdte analysis may be performed.

The Multiple Reference Frame technique dividestihimain into sub domains
(refer to Figure 4.4). In each of these sub domgiasotating reference frame
technique is employed. Each sub domain may rotededdferent speed. Thus a
typical end region configuration will consist ofdvframes of reference, a
stationary reference frame for the stator domatharotating reference frame for
the rotor domain. Despite this technique being@pr@imation, it gives
reasonably accurate results especially when tleeaction between the domains is

minimal (such as the case in induction machinesevtiee end windings are
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circumferentially evenly distributed and the gapween the wafters and the end
windings is considerable). It is suggested howdvat the boundary is positioned
in such a way that all rotating walls are contaiirethe rotating domain while all
stationary walls are contained in the stationanypdim. The boundary separating
the two domains is made as an interior zone comimdime two domains so that

continuity is automatically preserved through tloedary.

__ Stationary
. Domain
Rotating
Domain
Boundary

Figure 4.4 — Domain subdivision used in MRF technige in Fluent™ [31]

If a time dependent model is required the slidirggm(SM) technique must be
employed. Here the rotating reference frame is ighitg rotating. This is done by
rotating the rotor domain in small increments atheaime step. Thus the two
domain interfaces slide relative to one anotherc&this technique requires a lot
more resources than the MRF technique, it is ugusked as a last resort when
steady state analysis does not converge (indic#tiagmost probably an unstable

flow exists).
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If the interaction between the rotor and the stetdrigh (such as salient pole
machines) then the SM technique will give bettsules compared to the MRF
technique. However the domains in the models inyatstd in this work did not
exhibit strong interaction and so the MRF technigaee sufficiently accurate

results.

4.2.2 Features worth modelling

As highlighted in Section 4.1.4, cells near wallsstnmeet they™ criteria imposed

by the wall functions. Additionally since the guttimately consists of straight
edges, curved edges must be approximated by & sdrstraight lines. Clearly
there is a contradiction between the two requirdmsimce on one hand the wall
functions require a course grid in the vicinitytbé wall and on the other hand the
complex geometry requires a fine grid to presetyvéeiatures. Consequently a
balance has to be found. Small details which havefiuence on the fluid flow
should be avoided. It is advisable to model ong/rigjor features and disregard
features such as bolts and nuts. Features inflogrbe fluid flow, such as spacers

between the end windings, are significant and shbalincluded.

4.2.3 Meshing and grid independence

Due to the complex geometry present in the endregi induction motors
(particularly the end windings), the grid is coasted to contain only tetrahedral
cells. The initial grids of the models describedhiis work use a grid size of the
order of 3mm. The model is then solved to arrivarainitial solution. Monitors of

total heat flow, windage loss and bulk fluid tergiare together with the standard
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residual plots of mass, velocities, turbulence tjtias and energy were used to

assess convergence (refer to Figure 4.5).

Residuals
—continuity
—x-velocity 1e+00 3
y-velocity 2
—z-velocity
ﬁnergy 1e-01
psil
epsilon 16:02 -
1603 |\
1e-04 o
1e-05
18-06 -
18-07 o
1e-08 T T T T T 1
0 200 400 600 800 1000 1200

lterations

Figure 4.5 — Typical residual monitors

Next the grid is adapted on volume of cells ande®y gradients to generate an
even finer mesh. The model is again solved usiisgndw generated mesh using
the same monitors used previously. If the resditaioed by the two meshes are
comparable (to within 10%), then the solution isussed to be grid independent.
Otherwise the adaption process is again repeateakr@lly, the final grids in this

work contain around 800,000 cells.

4.2.4 Validation of the CFD model

Although commercial CFD techniques do not alwaydmt heat transfer very

accurately [28], trends predicted by CFD can beg useful. Therefore in order to
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guarantee good CFD predictions, the model mustabdated. Validation is
generally done by experiment where key featurabeflow field and heat
transfer are measured and compared with the expetahresults. Values of heat
transfer coefficients (on both the end windings #reframe) and velocities
around the end region, obtained by CFD and expat@héchniques, were

compared in this work to validate the CFD models.
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5 Experimental Validation of CFD Models
In this chapter experimental results are presefiteese are used to validate the
CFD model, by comparing them with the CFD data.o¢#y profiles, local and

overall heat transfer coefficients and windagedesae used for the validation.

Through this validation exercise the best methodsafig CFD to model the end
regions of TEFC induction motors is selected. Tinengths and weaknesses of the
modeling techniques are highlighted. Thus CFD nmdaiploying different
turbulence models, solution methodologies, boundangitions, etc are compared
against experimental data and the most practicdietimag technique chosen for

the rest of the CFD modeling in this thesis.

For this validation phase an experimental rig hg\eight 50mm long square
wafters is used as the basic ‘validation’ modele Tieated end winding dissipates
50W of heat. The model runs at a constant spe&d@d rpm. Another two
models, one having no wafters and another havigigt 00mm long by 50mm

wide wafters are also used to complement this atbd phase.

Additionally a section is dedicated to analyzihg flow field present in a typical

end region of a TEFC induction motor.
5.1 Experimental results

Experiments were conducted as outlined in Chapt&h8 five hole probe was

traversed axially at two locations:
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1. Between the rotor end and the end windings atiasaxf 160mm (referred

to as reference plane 1 in Figure 5.1)

2. Behind the end windings at a radius of 305mm (reféto as reference

plane 2 in Figure 5.1).

Results of velocity magnitudes from this experimea presented below.

Reference
Reference Plane 2
Plane 1
Binding Ring
Watfter
End Windings

Figure 5.1 - CFD model used for validation exercisshowing the two referenced planes where
velocity magnitudes were measured using a 5 holeaidre.

5.1.1 Velocity profile between rotor end and end windings

Since this study did not investigate turbulencenstties, the code controlling the
time interval between readings taken from the & lppbbe was designed with the
intension to lower the uncertainty levels of theam&elocities by taking time
averaged samples. Although this method increaseddburacy of the velocity

magnitudes, the accuracy of the direction of tHeary was considerably
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negatively affected especially in areas where laggde eddies were present (such
as the area behind the end windings). This wasgialde because the 5 hole
probe’s frequency response is not fast enoughpgtuoasuch unsteadiness.

Therefore speed rather than velocity was usedltdata the CFD model.

Results of velocity magnitudes measured on refergptane 1 are plotted against
axial position in Figure 5.2. The locations of mdatures of the end region are
also shown. There are two drivers forcing theairecirculate around the end
region and these are the wafters and the rotoeXtansions. The wafters exert the

major influence, while the rotor bar extensionsarainor driver.
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Figure 5.2 — Experimental velocity plots taken midway between the wafters and the end
windings along reference plane 1

The graphs shows that the highest velocity is mtestea point level with the base
of the wafters. The velocity magnitude decays rigmtbng the wafter length from

around 29 m/s down to 10 m/s at the wafter tip.o¢itles continue reducing, but
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at a much slower rate, above the wafters in thenanding region. Midway along

the end windings, the velocities experience a smatkase in their magnitude.

Uncertainty bars have been added to each of tlzepaatts on the graph. These
values were obtained as discussed in Section 3i&erthinty analysis shows that
velocities are quite stable everywhere except tha puist below the end winding
tips where, at these locations, the uncertaintieseasonably large. This coincides
with the region where velocity magnitudes increaseghtly. This increased
uncertainty may be attributed to the mixing of@ming from behind the end
windings with the wake above the wafters. Thisossidered in greater detail in

Section 5.1.6.

5.1.2 Velocity profile behind the end windings

Results of velocity magnitudes measured on referptene 2 (see Figure 5.1) are

plotted against axial position in Figure 5.3

Velocities behind the end windings are substantethaller than those present on
the other side of the end windings in the areaased by them with a maximum
value of 4.7m/s compared to 29m/s in the corehAtldase of the end windings the
velocity is higher than further away towards thed sehield and this is due to the jet
of air that emerges from the base of the end wasliithis jet is driven mainly by
the rotor bar extensions. Velocities decrease giadalong the end winding and
then they start to increase again. This seemsgpdmadue to the blockage effect
the binding ring presents (see Figure 5.1 for igding location), forcing the air

to accelerate as it flows past. In fact the higlesicity is present in the vicinity
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of the binding ring. The velocity magnitude deceggidly in the area above the

end windings.
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Figure 5.3 -Experimental velocity plots taken behid end windings along reference plane 2

Uncertainty analysis shows that velocities areequitsteady in the lower area
behind the end windings (relatively large uncetias). This is due to the jet of air
emerging from the base of the end windings beiripcked by the frame along the
end windings towards the end shield. In doing swaates an area rich in large

eddies.

5.1.3 Local Heat Transfer Coefficients

The distribution of the heat transfer coefficieot®r the whole surface of the end
windings exposes the deficiencies of the flow fi@ldienty five heat flux sensors
were glued to the heated end winding at locatitwasve in Figure 3.5. Another 5

heat flux sensors were glued to the frame. Figutesbows the distribution of the

63



heat transfer coefficients on the heated end wmditeat transfer coefficient was
defined as shown in Section3.2. It is worth nogcdihe very high heat transfer
coefficients on the surfaces where the air jet gmgrfrom the rotating wafters,

impinges on the surface of the end winding (loc#it, 3, 4 & 7).

It is also worth noticing the areas where the l@aisfer coefficients are very low.
In these areas the fluid velocity is also low as loa seen in Figure 5.2 and Figure

5.3 (top part of the end windings, locations 8-18).
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Figure 5.4 — Experimental values of local heat trasfer coefficients on end windings

Figure 5.5 shows the heat transfer coefficients dwe frame and endshield. The
heat transfer coefficient is high where the jeaibfpenetrating the end windings

impinges on the lower part of the frame (locati®). 2
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In both of these figures, the heat transfer coieffits include the heat transfer by

radiation Q. included). However when heat transfer coefficierts

radiation
compared with CFD results, the heat transfer biatah is removed from the
measured heat transfer value in order to complaeenlith like (since radiation is

not modelled in CFD).
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Figure 5.5 — Experimental values of local heat trasfer coefficients on frame and end shield

As explained in Section 3.2.2, in order to reddeeuncertainty levels in the
readings of the heat transfer coefficients overftAme and endshield, heater pads
were used. These heater pads were glued to the'Bamtside surface so as to
provide a substantial heat flux and temperaturedihce between the frame
surface and the bulk air. In order to further imohe uncertainty levels, the end

winding was not heated at all during this experitremnas to keep the temperature
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difference between the air surrounding the endoregnd the frame wall as high
as possible. The impact this change brings abostimeestigated in detail using

CFD modelling and is detailed in Section 5.2.3.
5.1.4 Overall Heat Transfer Coefficients

Although local heat transfer coefficient values beaeficial from a research point
of view, an overall heat transfer coefficient maytbhe best guide to overall

performance.

Overall heat transfer coefficients may be estimaedpplying an area weighted
averaging scheme but there are potentially sedffalent approaches to this. A

direct approach could be an area weighted averkile docal heat transfer

> (Ah)

coefficients (i.eh===——).

> A

Another approach is to calculate the overall hesatsfer coefficient using area

weighted averages of heat flux and surface temperdie.

he o 2AQ)
(Z(ATW.)_TbquZA)

The overall heat transfer coefficient may also steneated by using the measured
power input to the end windings and an area wethhterage of surface

P v)
ATW, )_TbulkZA) .

temperature of the end winding (ile= (Z(
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It was established by experiment that the secortiadgthat using area weighted
averages of heat flux and surface temperaturesgn@e consistent results and

consequently this method was used throughout.

The area weighted averaging scheme is still nttagght forward exercise. Due to
the large differences in the local heat transfeffoments, an appropriate area
weighting scheme which assigned an appropriatetareach heat flux and
temperature value had to be implemented . Sincgebeetry of the computer
model was very accurately constructed, it was aeLtd use areas taken from the
computer model rather than estimating areas fraretid windings themselves.
Thus the end windings were divided into twenty faomes, each zone surrounding

each of the twenty five heat flux sensors as shioviigure 5.6 .
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Figure 5.6 - Schematic showing boundary lines used calculate areas in the area weighted
averaging scheme for calculating the overall heatansfer coefficients of the end winding and
the frame

Using the above area weighted averaging schemevéirall heat transfer

coefficient of the end windings was calculated ¢calpproximately 86+15W/TK.

The frame and endshield were equipped with a tfthve heat flux sensors. A
similar area weighted average scheme was usedite at an overall heat transfer

coefficient of 58+9W/rfK for the frame and endshield.

5.1.5 Windage Loss

The experimental rig has non-linear losses. Lossed) as frictional losses in the

bearings vary with the temperature of the bearliiis it was very important to
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measure the frictional losses in the initial stafjthe experiment when the rig
temperature was approximately equal to the amiveenperature. The other option
was to measure the frictional losses when the testyre stabilises, however the
time the rig takes to be thermally stable is veryd (after three hours running, the

rig still did not reach steady state conditiond)jala makes this option impractical.

Figure 5.7 shows a typical graph of mechanical pdess (frictional and windage
losses) recorded along time. It shows that the en@chl power loss registered
when the rig was cold was at a maximum value aackfbre leads to an

overestimate of the ‘true’ value.
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Figure 5.7 - Experimental value of mechanical poweloss variation with time.

Additionally since the rig had to be disassembled assembled again for every

configuration change, it was practically impossitole@btain identical friction in
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each experiment. Therefore a series of experinteaddo be performed in order to

arrive at the most realistic value of windage loss.

The average mechanical loss recorded for the basdation model was
approximately 405W * 39W including frictional lossd o eliminate these extra
losses and be able to assess windage losses theevtafters alone, the
experiment was re-run with the wafters removed. &chanical power loss of
190W + 22W was recorded. This means that the wiadiags due to the wafters is
215W * 32W. This is a substantial loss which shawdtibe neglected when

designing an electric motor and should be givep@rattention.

5.1.6 Overview of Flow Field in end region

Figure 5.8 shows the general flow field as viswlisising cotton tufts attached to
a stick and positioned inside the end region. Afsarh the strong circumferential
swirl, there is a strong secondary recirculatioovabthe wafters. Furthermore
there is a weaker recirculation emerging from tterrbar extensions, penetrating
the lower parts of the end windings and flowing apas behind the end windings

to combine with the main recirculating air above tafters.
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Figure 5.8 - General flow field in the End Region

5.2 Validation of CFD data

In this section, the experimental results preseimtéhe previous sections will be
compared to the data calculated from the CFD mosked for the validation phase.
Through this exercise, the capabilities and deficies of the commercially
available CFD techniques will be assessed. Additlgrvarious turbulence
models, solution methodologies and types of boyndanditions will be
evaluated. Figure 5.9 illustrates one typical solimdel which was used in the

CFD analysis.
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Figure 5.9 - Typical computer model of the end winithg used for CFD analysis

5.2.1 Building the Solid Model

As mentioned earlier in Section 4.2.2, the gridegator approximates all curved
edges of the solid geometry into a series of dttdiges. The grid scale
determines the length of these straight lines.&the wall functions impose a
minimum limit on the size of the cells in the viitinof the walls, all rounded
corners will be approximated into sharp edges.liéstrated in Figure 5.10 this

will affect the fluid flow since the radius of cuature of corners dictates the extent
of flow separation. Sharp corners tend to prodacger flow separations
compared to smooth corners and thus place thecbatent point further away

from the corner causing more blockage.
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Figure 5.10 — Effect of sharp corners on flow sepation.
(a) original smooth corners creating moderate blockag (b) modeled sharp corners creating a
larger area of flow separation where the reattachmat point extends further away from the
corner creating larger blockage effects.

Allowance has to be made in order to allow forahécipated higher blockage
effect. To compensate the extra blockage effeetetid windings need to be made

thinner so that the passage width is increased.

CFD techniques were used in order to verify thisqmmenon. Figure 5.11 shows
the cross-sections of the two end windings whichewsed in the CFD models.
The left hand side shows the cross-section of tidevéndings having the same
width as the ones on the experimental rig. Thetrgimd side shows the cross-
section of the slightly thinner end winding to canpate for the higher blockage

effect.
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Figure 5.11 - Cross-section of End Windings (a) aginal size (b) thinner to compensate for
higher blockage effect

Using CFD, an iterative process was employed tabéish an end winding width
which best represents the real end windings. Toal loeat transfer coefficients
were used to assess the most appropriate CFD egpagion. Figure 5.12 shows
the experimental results of the local heat transtefficients on the end windings
alongside the results extracted from the CFD dats.quite clear that the
modelling philosophy employed to the end windingsider to compensate for
the higher blockage effect was justified, sinceltbat transfer coefficient data
using the thinner representation of the end windnagches more closely to the

experimental results.
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The objective to increase the through flow by redg¢he end winding width was
achieved, as illustrated on the velocity vectotgpkhown in Figure 5.13. The left
hand plot shows velocity vectors taken from the edddving end winding
dimensions the same as the experimental rig, itndeight hand plot shows
velocity vectors taken from the model having thineed windings. In the left
hand plot the air is contained in the space ablogeviafters and the resistance to
flow through the end windings is considerable, lmtimg the through flow.
Velocity vectors in this area are short indicatingt their direction is
perpendicular to the plane of the paper (circunmfgaéswirl). The resistance to
flow in the right hand plot is much less, allowimpre air to penetrate the end
windings. Velocity vectors in this plot are relaly longer indicating the flow to

be now in the plane of the paper.
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5.2.2 Velocity profile

In this section the velocities predicted by the Gfelrulations will be compared
with the experimental results. Circumferential aggad velocity profiles on

reference planes 1 and 2 (Figure 5.1) will be dsethis analysis.

Velocity profile midway between wafter and end windings

Velocity magnitudes along reference plane 1 aréqidan Figure 5.14 for various
cases employing different turbulence models andpewed to experimental

results.
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Figure 5.14 - Velocity magnitudes along referencelgme 1

It is interesting to observe that, in generalf@abulence models predict the
velocities quite well. However, in the wake areaabthe wafters blades,

predictions of velocity magnitude are not satisfagtfor steady state solutions.
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When using the time dependent solver (unsteagy the predictions were far
better. Therefore one may conclude that the midmateelocity magnitudes, in
the wake area above the wafter blades, is duestarieteady nature of the flow
which the steady state solver is unable to resduane dependent solution
however takes much longer (of the order of ten sitoager) to converge than a
steady state solution. This time factor outweidteslienefits of predicting the
velocity magnitudes more accurately, by employirigree dependent solution. As
will be shown in the following sections, predict®of the heat transfer

coefficients are acceptable even when using stetdg solvers.

It is also interesting to note the level of agreetitween the ko and the RSM
models. The ks turbulence model is simpler and requires less torsolve than

the RSM turbulence model, which makes it supendhe RSM turbulence model

in this situation.

Velocity profile behind the end windings

Velocity magnitudes on reference plane 2 are platid=igure 5.15 for various

cases employing different turbulence models aloitly experimental results.

This time none of the turbulence models predictviglecities in the region behind
the end windings well, especially near the end wigdips where the secondary

recirculating flow mixes with the primary swirlirftpw.
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Figure 5.15 — Velocity magnitudes along referencdame 2

Various attempts were made to try to overcomeptoblem by constructing the
CFD model with a geometry as close as possibleabdf the experimental rig.
Unfortunately all attempts were unsuccessful. Tilg geometrical factor which
influenced the flow pattern considerably was thsifan of the lower spacers
separating the end windings from each other. Thiido& dealt in more detail in
Chapter 7. All other improvements made to the gepnod the model (such as
twist angle of end windings, profile of end windjregc) did not give rise to a

closer match between the experimental resultsiE@€ED data.

Although it is quite difficult to explain why theRD code was unable to
adequately predict velocities behind the end wigsljrit is thought that this may
be due to the inability of the RANS turbulence medemployed, to model the
highly turbulent nature of the flow present in tegion. Wang et al.[32] and Sun

et al.[33] also experienced similar problems wheingtRANS turbulence models.
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The computer resources and time available forrdgsarch did not allow for more
advanced turbulence models, such as LES turbulaoce! which was described

in Section 4.1.2, to be employed.

5.2.3 Local Heat Transfer Coefficients

In this section the local heat transfer coefficsemtedicted by the CFD
calculations are compared to the experimental teslihe next two sections will

detail this comparison for the end windings andftame respectively.

The average relative deviation from the experimeetsults is used to quantify
how good the CFD data matches the experimentaltse#s illustrated in Figure
5.16, relative deviation from the experimental tesaas defined as equal to zero if
the CFD prediction is within the experimental unagty band otherwise it is
equal to the ratio of the absolute minimum diffeebetween the CFD prediction
and the upper and lower limits of the experimeutalertainty band to the

experimental mean.
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Figure 5.16 — Definition of deviation from experimatal result
(a) Within experimental uncertainty — Relative deviaton =0
(b) Below experimental uncertainty — Relative devigon = x/z
(c) Above experimental uncertainty — Relative devidon = y/z

Local heat transfer coefficient on the end windings.

The local heat transfer coefficients on the enddivigs calculated using CFD
techniques are plotted alongside the correctedrempatal results (with heat
transfer due to radiation removed) in Figure 5Qverall the local values agree

well with the experimental results.

Final choice of turbulence model

Figure 5.18 shows that the case having the minirauenage relative deviation
was that employing the standard kdrbulence model. This strengthened the
decision taken earlier to employ the karbulence model in the rest of the CFD

work.
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The model employing the &turbulence model was the fastest to converge.
Moreover, the grid required by theskurbulence model, to obtain grid
independent solutions, was coarser than that redjly the other turbulence
models. Therefore since the majority of time wadickgted to testing
modifications to the end region in order to assegsimprovements in the heat
transfer, the time factor was important and it wasided to employ the &-

turbulence model in all further work.
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Figure 5.18 — Average relative deviation of CFD prdictions of local heat transfer coefficients
on the end winding with respect to experimental radts using various turbulence models.

Effect of boundary condition

The boundary condition that best represents tHesite@tion was also assessed.
Three different boundary conditions were compaogdife end winding surface;
one model having the end winding surface at cons¢mmperature, another
emitting a constant heat flux and a third in wheomduction in the end winding
copper was also modelled. The copper was madenergee heat in each cell that
varied linearly with its temperature. The first nebdas the most simple whilst the
last model, which modelled also conduction throtighsolid end winding, was

the most complex.

The results of this analysis are shown in Figul® and there was little difference
in the reported heat transfer coefficients. Th&ilewas as anticipated because
turbulent heat transfer at high Reynolds numberasly dependent on the fluid

flow and not the thermal conditions.
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Further analysis of Figure 5.20 reveals that the transfer coefficients are high
in areas where the velocity is high (inner surfamfesnd windings). Although this

In order to get a better picture of the local heatsfer distribution on the end
seems fairly obvious, it is a very important featwrorth noticing for end region

winding, a contour plot of the heat transfer caedint on an end winding is

depicted in Figure 5.20.

design purposes.
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Local heat transfer coefficients on the frame and end shield

The experimental local heat transfer coefficieotstiie frame and end shield are
plotted in Figure 5.21 alongside the heat transbefficients calculated from the
CFD data for cases employing different turbulencelets. The CFD predictions
have a large discrepancy when compared with therarpntal data. This may be
attributed to the flow behind the end windings being predicted correctly by the
CFD since the velocity profile behind the end winglalso showed a high level of
disagreement (refer to Section 5.2.2). It may alsalue to different heating
arrangements between the experimental model (efction 3.2.2) and the CFD

model.
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In order to assess further the latter probableecéursthis mismatch a simple study
was performed using CFD to assess the effectseddifferent heating
arrangements on the heat transfer coefficientss 3D cases were set up to
model a frame having a heat flux flowing towards &md region space. It emerged
that the heat transfer coefficients were not infled by the way the heat was

flowing.

Having eliminated one of the suspected cause$iimntismatch, it was concluded
that the CFD code was not resolving the flow fisédurately enough behind the
end windings. This deduction is strengthened bydhethat the velocity profile

behind the end windings was also not being preditiea desired level of
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accuracy. Again the kturbulence model gave the best results as shoWwigure

5.22.
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Figure 5.22 — Average relative deviation of CFD prdictions of local heat transfer coefficients
on the frame and end shield with respect to experiental results using various turbulence
models.

General Comments

As with the velocity profiles, when local heat tséer coefficients are considered,
it is found that the k-turbulence model gave results closest to the axeaital

and also achieved grid independence on a coariskftigerefore faster to
converge). Moreover this study highlighted the thett CFD employing
commonly available RANS turbulence models is unéblesolve the flow field
behind the end windings. This gives rise to larger@pancies in the heat transfer
coefficient of the frame and end shield. Althoughuanber of methods were
implemented to try to rectify this problem a sadutiwas not found. However a
decision was taken to continue the research bearimgnd the inability of the

CFD to solve the flow field in the region behine thnd windings may affect some

of the data for that region. It was decided théal validation of the results
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achieved through the CFD enhancement exercisediagl ¢mployed in order to

experimentally confirm such enhancement.

5.2.4 Trends in Overall Heat Transfer Coefficients

In order to understand how CFD predictions mightibed to assess further
developments, the study was extended to investigates in overall heat transfer
coefficients. This was done by performing experiteeand solving CFD models
with different wafter lengths (since the waftersrevéhe main driving force).
Consequently, two more models (both experimentdl@RD) were used, one
having no wafters at all and another having ei@lttimim long wafters. The area
weighted method described in Section 5.1.4 was tesedlculate values of overall

heat transfer coefficients.

Overall Heat Transfer Coefficient of the end windings

Figure 5.23 compares experimental results withltesalculated from CFD data
for heat transfer coefficients on the end windingeen different wafter lengths
were used. The results from the CFD data are #flimvthe experimental
uncertainty band. The trends in overall heat transbefficient on the end

windings are also encouraging.

As there is good agreement between CFD and expet;ieth in terms of
prediction of absolute overall heat transfer ceggfit and trends, this gives

confidence in the use of CFD to model end windings.
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Figure 5.23 - Overall Heat Transfer Coefficients oEnd Windings

These results had no influence on the choice af wetghted method, which is
simply based on areas in close proximity to eads@g as outlined in section
5.1.4. In fact they were obtained after the aremmted method was chosen. The
results therefore suggest that CFD accurately nsatiel experimental values of
overall heat transfer coefficient on the end wigdineven when major features are

altered.

Overall Heat Transfer Coefficient of the frame and end shield

Since the local heat transfer coefficients on taenke and endshield were not

predicted very well, it was expected that the oNéeat transfer coefficient would
not be predicted with high accuracy. The discrepavas quite large as shown in
Figure 5.24. Trends are also not very well prediciée only thing this data may

be used for is to predict improvements but notrthrgignitude. It is suggested that
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if this data is utilised in design, it should béidated through experiment in order

to confirm its validity.

90

80 Experimental i
70

60 @ CFD T

Heat Transfer Coefficient (W/m2K)

0 50 100
Wafter length / mm

Figure 5.24 - Overall Heat Transfer Coefficient orFrame/End Shield

5.2.5 Assessment of steady state vs time dependent solutions

Figure 5.25 shows a typical monitor of the ovehalat transfer coefficient of the
end winding reported by the time dependent CFDesokhile solving the model.
The time dependent solver was started with indtadditions taken from a steady
state solution. This plot shows that the steady ftalver’s heat transfer
coefficient predictions are in agreement with theetdependent solution.
Additionally it also shows the periodicity (wafteassing frequency) of the
unsteadiness the time dependent solver is capabésolve when the time step

resolution is sufficiently smaller than the wafparssing frequency.
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Figure 5.25 - Overall Heat Transfer Coefficient ofEnd Winding vs Solver Time

A time dependent solution takes a long time (ofdrder 20 times longer than a
steady state solution) to arrive at steady periodiaitions. As the steady state
solution is so similar to that obtained using tineetdependent solver, it was

judged that there was little benefit in the expeasime dependent solution and

steady state analysis was used for all subseguegstigation.

5.2.6 Windage Power Loss

The CFD models also predict windage power losses {d drag). Figure 5.26

shows the measured mechanical losses alongsidetecwindage losses.
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Figure 5.26 - Windage Power Loss

Figure 5.26 shows that both experimental and CRB skts show the same trend
but with an almost constant offset. This is dupant to the fact that the
experimental data includes bearing losses. Thewd#lao wafters can be used to
estimate these losses and these are estimatedl25l¢. When these estimated
bearing losses are added to the CFD data theireguatirrected CFD data falls
within the uncertainty bands for the experimenthds illustrated in Figure 5.26.
Essentially this confirms that the CFD can be uUsedvindage power loss

predictions.

5.2.7 Overview of Flow Field in end region

One of the most useful features of CFD modellinthescapabilities of the post-
processing to show features of the flow field tea very difficult to observe
experimentally. Figure 5.27 illustrates this. lbgls a meridional velocity vector
plot superimposed on path line tracks. This plotficms the main flow

characteristics which were investigated in the expental part using cotton tufts.
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Again there is a main recirculating flow over thaefters and another weaker
recirculating flow past the end windings, up behtinel end windings and then

joining the first recirculating flow above the emthding space.
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Figure 5.27 - Velocity vector plot including path ines

5.3 Conclusions

The main conclusions are:

1. End regions of TEFC induction motors can be sudaligsnodelled using

CFD by employing:

. The standard k-turbulence models

. Constant wall boundary conditions
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. Moving reference frame technique.

2. Flow field predictions are reliable and help tougbse the flow field

present in the end region of TEFC induction motors.

3. Overall heat transfer coefficients on the end wigdican be predicted

precisely (within the experimental uncertainty bsnd

4. Overall heat transfer coefficients on the frame and shield are not
predicted well and therefore results should alwayexperimentally

validated.

5. Windage loss predictions are precise (within theeedxnental uncertainty

band).

In order to compare the overall heat transfer eoiefit of the base case model
(having 50mm long wafters) with the published bteire, the end winding
envelope area needs to be defined. Thus refewirggure 5.28, the end winding

envelope area may be defined as
Aenvelope= (End winding perimenter) * @* (End winding average radius))
Then the corrected overall heat transfer coefficreay be defined as
htCcorrected= (OVerall htc) * (area of end windings) /dfdeiopd

In the end winding used in this investigation, #nea of the end windings was

estimated to be 2.133mwhile the envelope area was estimated to be 0.852m
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Therefore the corrected overall heat transfer ogefft of the base case model

equates to 215W/TK.

End windings average radius

\ 4

End windin
v g

/ perimeter

End Windings

Figure 5.28 — Definition of end winding envelope a&a.

Using Scubert’s[20] proposed correlation (refeeguation 3.1) for the end
winding heat transfer coefficient, a value of 140n¥iK is obtained. Therefore the
value obtained in this investigation does not comapeell with the value
calculated using this correlation. The main redsoithis disagreement is due to
geometric differences in the end windings. The wimdlings being investigated in
this work are of the formed type (generally usedigdium to high voltage
applications) while the end windings used by Schi®@] were of the wire wound

type (generally used in low voltage applicatiod)is emphasizes the fact that
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end windings of large machines in particular, sastigh voltage machines,
require proper CFD or experimental analysis in ptderrive at a reasonable

value for its heat transfer coefficient.

Thus as a final comment a great deal of confideveee gained in using the
commercially available CFD techniques. Strengtits\vmeaknesses have been

identified which will help assess further developrtnesing CFD.
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6 Parametric study of End Region
Configuration Changes on Simplified
Models

In this section, the end region of a TEFC inductiotor is represented by
simplified models. These models have been usewvestigate the effect of end
region configuration changes on the fluid and Hieat fields. These configuration

changes were:

Frame clearance

* Endshield clearance

* Oblique wafters

* Shrouded wafters

* End winding inclination in the radial plane

The simplifications employed in these models cdss$§two rows of columns
replacing the end windings. Figure 6.1 illustratee such model. These columns
were 260 mm long and 15 mm wide in order to reprege same dimensions as
the end windings present in the validation modike ®utermost surfaces of the
columns were at a radius of 211 mm and the gapdsstihe two columns was 5
mm. The column dimensions were kept constant imalilels. The temperature of
the columns was set at 40elsius while the frame and end shield temperature

were set at Z20Celsius. All other walls were set adiabatic.

99



<« 15mn

»
»

211mn

Reference Columns .
plane : representing
; end windings
Walfter
End ring
Rotor bar
extensions

Figure 6.1 - Typical CFD model of simplified end rgion

Although this may seem to be an oversimplificatibigjves an insight into the
general understanding of the fluid and heat fleelds in the end region of TEFC

induction motors.

The openness, defined as the ratio of the gap leetealumns to the pitch
between column centers (Figure 6.2), was fixedfty percent for all models.
This is a typical value used in induction motord @imposed by the stator core
magnetic design limitations (generally known as n&ig saturation, a point

where the core cannot absorb a stronger magnetit).fi
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Figure 6.2 - Cross-section of columns and definitioof openness

In order to simulate the end winding realisticathe cross-section of the columns
which best represented the end windings had tegesaed. This was based on the
velocity magnitude profile along a reference plandway between the wafters

and the columns representing the end windings @srsim Figure 6.1. Figure 6.2
shows the cross-sections that were assessed wdpleeF6.3 shows the velocity
magnitude profiles along the reference plane. Gleéhe square cross-section did
not represent the end windings well since the fleag contained within the end
winding space (hardly any through flow). Howevettbthe circular and the
rounded square cross-sections (referred to as exinpkre quite good
representations (some through flow was evidentesine velocity magnitude

decays rapidly through the columns). Finally it wieésided to choose the complex
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columns for the rest of the analysis since thesé fepresented the actual end

windings cross-sections.
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Figure 6.3 - Velocity magnitude profiles along refeence plane

6.1 Frame Clearance

Frame clearance is defined as the radial clearasiveeen the end windings and
the frame as illustrated in Figure 6.1. The resshisw that for small endshield
clearances (of the order of 25mm), increasing thmé clearance reduces the heat
transfer. However for large endshield clearancéth@order of 100mm), the

effect is exactly the opposite, i.e. increasingftaene clearance increases the heat
transfer. This is shown graphically in Figure 6.Henre a surface plot is presented
showing how heat flow varies with changes in frasfearance and endshield
clearance. This shows that best heat transfeesept when the endshield

clearance and the frame clearance are of the sedee @ magnitude.

The effect of the frame clearance was further ihgated. Since in high Reynolds

number forced convection, the heat transfer cdefitds independent of the
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temperatures, and is highly dependent on the flawd field, the velocity
magnitudes on a plane 5mm away from the end wirsdamgl the frame were
analysed. The results showed that frame clearadagodl affect the velocity

magnitudes near the inner surfaces of the end ngsdjFigure 6.5).

Heat Flow
(W)
100

End shield
clearance
(mm)
Frame clearance 100
(mm)

Heat Transfer (W) ~ @300-310 B 310-320 0320-330 00 330-340 W 340-350

Figure 6.4 - Heat tranfer surface graph
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Figure 6.5 - Typical velocity magnitude in a plan&mm away from the innermost column
surfaces

A significant decrease in the velocity magnitudeshie vicinity of the outer end
windings surfaces was observed as the frame cleaianreased. When the frame
clearance was further increased, its effect orvéhecity magnitudes in the

vicinity of the outer end winding surfaces was igigle. This is illustrated

graphically in Figure 6.6.

3 A W

0 100 200 300 400

Axial Position (mm)

Velocity Magnitude (m/s)
N

Frame clearance (mm) 25 50 100

Figure 6.6 - Typical velocity magnitudes on a planemm away from the outermost column
surfaces
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In the vicinity of the frame, the velocity magnitgidecreased with increasing
frame clearance as illustrated in Figure 6.7. laige rise to a decrease in the
frame heat transfer coefficient. This does not asagly mean that there is a
corresponding decrease in the heat transfer. trtli@adhermal resistance on the
frame surface sometimes experience a decreas® doe increase in the surface
area by increasing the radial clearance, thus asong the heat transfer. This will

be explained further in the general comments aetiteof this chapter.

=
o

Velocity Magnitude (m/s)
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0 50 100 150 200 250 300 350

Axial Position (mm)

Frame clearance (mm) 25 o5 em— 100

Figure 6.7 - Typical velocity magnitudes on a planBmm away from the frame surface

This demonstrates, however, that the frame heasfieacharacteristics are not
being utilised to their maximum capability since thermal resistance is being
lowered as a result of larger surface area rattar higher heat transfer

coefficient.

In the vicinity of the endshield the velocity maigiiies were more or less

unaffected by changes in the radial clearance. Kewas a result of the increase
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in the endshield surface area with increasing ratgarance, the heat transfer also

increased.

Additionally, large frame clearance gives rise totices behind the end windings
as shown in Figure 6.8. When these vortices agelanough they help in mixing
the recirculating air with the air in the viciniof the frame thus cooling it down.

This provides better cooling characteristics.

On the other hand, when these vortices are wealgitteeems to be trapped inside
these vortices which generate hot spots. Conseguéns hot vortex behaves just
like an air curtain in the vicinity of the end winds which deteriorates the

cooling performance of the area. This is illustiate Figure 6.8.

Large vortices help in mixing the
recirculating air with the air near the fame

415K
I 405K
395K
385K
I 375K
365K

) L Y ) ) | "
355K Ave f
345K .

Small vortices giving rise to an air curtain effect

Figure 6.8 — Constant temperature surfaces showirtpe effect of vortices behind the
columns.

Small frame clearances generally give rise to akage effect in front of the end
windings. Thus secondary recirculating air is @éigtiblocked from travelling

through the windings. However, small frame cleaesmalso give rise to higher
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velocities behind the end windings. Therefore tiaenke heat transfer coefficients

are higher.

6.2 Endshield clearance

Endshield clearance is defined as the axial dist&etween the top of the end
windings and the endshield. The effect the enddluleglarance has on the flow
field and heat transfer in the end region of TER@Quction motors was also
investigated. This was done by analysing the vielonagnitudes in the vicinity of
the end windings with changes in the endshieldrateze. The results show that no
significant changes in velocity magnitude in theinity of the end windings were

observed by changing the endshield clearance.i§sisown in Figure 6.9.
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End Shield clearance (mm) 25 o5 em— 100

Figure 6.9 - Typical velocity magnitudes behind theolumns (5mm away from the column)

Additionally the overall heat transfer coefficiemt the frame decreased with
increasing endshield clearance. This was attribtttede low velocity in the

vicinity of the increased frame area (above thewimdiings height), giving rise to
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a lower average velocity magnitude in the vicirofythe frame. The same
argument which was applied to the previous sectgarding frame surface area
increase due to increased endshield clearances bokh here. That is, the thermal

resistance of the frame surface did not alwayse#se accordingly.

A general feature which was observed was that wherndshield clearance is
much larger than the frame clearance, a strond demelops in the space above

the windings in a horizontal plane as shown in Fegai10.

I 415K .
405K J r 2 : >
395K X 3
Strong
circumferential

swirl above the
columns

385K
375K

365K
I 355K
345K

Figure 6.10 - Strong swirl in the space above thelimns

6.3 Oblique wafters

Investigations on models with oblique plane waf(eeser to Figure 6.11) were
also conducted. The angle of incident of the bi@&degrees) was estimated
using standard techniques in blade design comnrefgyred to as velocity vector

diagrams and is only valid for this specific cadblique wafters were chosen due
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to their improved aerodynamic efficiency. Obliquafters however are only
efficient at their designed rotational speed ansl ity be a problem in variable
speed applications. Nonetheless, since a lot akthsotors drive unidirectional
pumps this disadvantage is not an issue in suatiraotional applications
provided that the right motor is chosen for thdtigump. The results indicate that
the same heat transfer could be attained at sepentgnt of fan power (compared
to orthogonal wafters). When the length of the emsftvas doubled, the heat

transfer decreased.

Rotor bar
extensions O

2,
Oblique Q Columns

walfters
AN O

End Ring

Figure 6.11 - Diagram showing oblique wafters

Detailed analysis of the situation revealed thatdtwas a slight increase in the
heat transfer coefficient of the end windings du&atger surface area affected by
the jet emerging from the longer wafters. Howeteere is also a slight decrease
of the heat transfer coefficient on the frame dua tecrease in the recirculation
past the end windings. This resulted in a slightease in the total thermal
resistance. This was also exhibited by having adndpulk temperature, indicating

that the heat transfer to the frame was limiting dkrerall heat transfer. Figure
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6.12 (c) & (d) illustrates this graphically by piog temperature contours and

velocity vectors in the plane of the wafters.

6.4 Shrouded wafters

A model having shrouded wafters (refer to Figud2gb)) was also investigated.
In this model there was a nine percent decreakeantransfer. However there
was also a thirty five percent decrease in windagges. This modification lead to
a drop in the overall heat transfer coefficientboth the end windings and the
frame due to the weakening of the jet emerging ftoenwafters. This was due to

the shroud limiting the recirculation of the air.
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415K recirculation
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385K
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past end windings past end windings

365K
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345K

(c) (d)

Figure 6.12 - Plots of velocity vectors in the wadt plane showing temperature contours for
(a) 50 mm orthogonal (b) 50 mm shrouded (c) 50 mnbtique and (d) 100 mm oblique wafters

6.5 End winding inclination in the radial plane

The inclination of the windings in the radial planas also investigated by
varying the angle the windings make with the r@bis. The capacity of heat
transfer was reduced considerably (in the orddifteEn percent for every 5

degrees inclination). This was due to the recitealair being hotter due to the
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fact that the heat transfer coefficient on the feasitle decreased considerably.
Additionally the heat transfer coefficient of thedewindings experienced a slight
decrease. Detailed analysis of the flow fields stmthat as the inclination was
increased the flow became more localised in thimiycof the wafters and end

windings (Figure 6.13). This contributed to theklac circulation of the enclosed

Recirculation getting more localized in the vicyndf

air. e
the wafters as the column inclination increases

(@) (b) ()

Figure 6.13 - Plots of velocity vectors in the wadr plane showing temperature contours for
(a) 0 degrees (b) 5 degrees and (c) 10 degrees eitling inclination in the radial plane

6.6 Heat Flow in the End Region

From this study it has been observed that desighi@@nd region of a TEFC
induction motor is not an easy task since a lggavhmeters affect the flow fields.
Figure 6.14 shows a simple thermal resistance rm&trepresenting the end region

of a TEFC induction motor.
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Te/w Tbulk ait Tframe

O—»> Re/w —> Rframe —»O
Oe/w erame

Qwindage

Figure 6.14 — Simple thermal resistance network a#nd region

Applying Fourier’'s Law of Conduction between eadue gives;

Te w =T ulk air
Quu =~ (6.1)
/w
Tbulkair _Tframe
Qtame =— 5 (6.2)
f RfraLme

If the heat input due to windage loss is neglethed

Qend winding = erame (63)
and therefore
Q _ Te/w _Tframe (6 4)
Re/w + Rframe .
and
Rframe
Te/w — Tframe
Toukair = R = (6.5)
frame
+1

Iw

Equation 6.4 implies that in order to maximise lileat transfer, the sum of the

thermal resistances of the end windings and thedréhat is the total thermal
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resistance) has to be minimized. Also, if the fraand end winding temperatures

are fixed, then Equation 6.5 implies that the kailkemperature depends only on

frame

R
the ratio——.

/w

When designing the end region of TEFC motors, tireisito limit the end
winding temperature and at the same time maxirhisdéat transfer.
Consequently both the bulk air temperature andhéat flow rate are crucial to the

design.

If equations 6.1 and 6.2 are plotted on a Q psx 3 graph, the point of
intersection between the two lines would satisfyatipn 6.3. This is illustrated in
Figure 6.15 together with the aim being targetbdt(is to increase the heat

transfer and limit the temperature).

Q Equation 6.2
Te/\/\/ Re/w
1/Rerame
Qe = Qrame
-1/ I:\)elw

Thulk air

Equation 6.1/

'Tframe/ Rframe

Figure 6.15 — Graph showing aim targeted by the héaransfer enhancement exercise
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Using the thermal network shown above and keegiaghd winding and frame
temperatures fixed, a simple analysis may be paedras follows. If the heat
transfer at the end winding is enhanced withouireesponding improvement in
the heat transfer at the frame surface, the hewatifl increased since the total
resistance to heat flow is decreased. At the sameethe air bulk temperature is
increased which decreases its cooling capacityreftwe only a slight

improvement results since the two phenomena aceriflict. This is shown in

Figure 6.16.
Q . Equation 6.2
\\\ /
Te/v\/Re/W
Thulk air
~Ttramd Rirame Equation 6.1

Figure 6.16 — Effect of enhancing only end windingeat transfer coefficient

On the other hand, if the heat transfer at the éranternal surface is enhanced
without a corresponding improvement in the end wigdheat transfer coefficient,
the heat flow will increase once again. Howevas time the bulk temperature is

likely to decrease, thus improving its cooling aapa Therefore, since the
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changes complement each other a substantial ircire&®at transfer is likely to

occur. This is illustrated in Figure 6.17.

The main idea is that the total thermal resistdrate/een the end windings and the
frame has to be minimised. The relative magnitddeé@thermal resistances of
the end windings and frame dictates which of the tfsermal resistances needs

more attention.

Q ,I 1/Rirame

<+——— Equation 6.2

TeIV\/ Re/W
1/ Rframe

-1/ Re/w

Tbulk air

E tion 6.1
'Tframe/ Rframe quation

Figure 6.17 — Effect of enhancing only frame heatansfer coefficient

It is necessary to consider the end region as deyhather than trying to only
improve the heat transfer at the end winding dhatframe. It is the total thermal
resistance between the end winding and the framehwieeds to be minimised

for optimum heat transfer in the end region. If fi@at transfer at the end winding
is enhanced, neglecting the effect this will hawdlee frame, the overall effect can
be negative. For example, if the end region is fidiso as to increase the overall

heat transfer coefficient at the end winding, tfiange may reduce the heat
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transfer at the frame. This might lead to a dea@@ashe heat transfer from the
end windings to the frame and is therefore accomegdny an increase in the
enclosed air temperature, which means that thevemtings may increase in

temperature.

The frame of TEFC is therefore very critical andwd be given appropriate
attention. There are various ways in which the traaisfer in the end region
across the frame may be improved. One methodirgrtmduce extended surfaces
(fins) on the inside of the frame or even coolih@rnels. The rest of this study
however will not investigate such enhancementsilltconcentrate on how the
flow field may be altered to increase the heatdf@mnin the end region without
altering the frame. This applies only to TEFC dasigince in through ventilated
machines the frame in the end region is not ctibegause the air carrying the
heat away from the motor parts is exhausted tamhigient and heat transfer on

the frame is not an important heat flow.

The thermal network illustrated in Figure 6.14 idyoa simplified model. Usually
there are other heat flow paths such as the floleat through the stator.

However when the end windings are running hothtet flows from the end
windings to the stator via the copper wires and therves as an additional path for
the heat to escape. When the stator is runningt®pposite happens and heat
flows from the stator to the end winding. In th#dascenario it is the heat transfer
across the stator which needs to be enhanced @rldenend winding and as such

is out of the scope of this work.
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6.7 Conclusions and summary of results

Extensive modelling has been performed on simpliffedels representing the

end region of a large induction motor. Table 6-hmarizes the results from these

investigations. It highlights the fact that gengréthe thermal resistance of the

frame is much higher than the thermal resistan¢beo&nd windings.

Table 6-1 - Summary of Results

_ End _En_d Frame gnd

Wafter Wafter End Frame | Endshield Q |Windings Frame | Windings | End Shield
type length [Winding | Clearance | Clearance W) htc htc Th_ermal Th_ermal

(mm) | type (mm) (mm) (W/m2K) (W/m2K) | Resistance | Resistance
(K/W) (K/W)
Orthogonal| 50 | Straight 24 25 327 83 52 0.076 0.265
Orthogonal| 50 | Straight 74 25 311 79 38 0.080 0.278
Orthogonal| 50 | Straight 124 25 305 81 30 0.077 0.286
Orthogonal| 50 [ Straight 24 50 311 78 a7 0.080 0.276
Orthogonal| 50 | Straight 74 50 321 76 38 0.083 0.266
Orthogonal| 50 | Straight 124 50 309 75 29 0.084 0.276
Orthogonal| 50 | Straight 24 100 319 70 45 0.090 0.260
Orthogonal| 50 [ Straight 74 100 327 73 35 0.087 0.258
Orthogonal| 50 [ Straight 124 100 345 77 30 0.082 0.244
Orthogonal| 50 '”Cg?ed 124 100 |257| 68 22 0.094 0.330
Orthogonal| 50 '”Cllgle‘j 124 100 |221| 64 20 0.099 0.372
Oblique 50 | Straight 24 50 310 78 45 0.080 0.286
Oblique 100 | Straight 24 50 300 83 43 0.076 0.299
Shrouded 50 | Straight 24 50 284 68 42 0.092 0.307

The first 9 rows of the table relate to the analysrformed on frame and

endshield clearances (refer to Sections 6.1 arjdI6\2as found that the highest

heat transfer (equivalent to lowest overall therrealstance) was present when

both clearances were of the same order of magnsingde this provides a good

flow path for the recirculating air which passeotigh the end windings.
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This table also highlights the main outcome frois gtudy is that it is really the

overall thermal resistancer(,,, + R, ) and the relative magnitudes of

frame

R,,wandR;... which needs to be addressed.

frame

Additionally this investigation concludes that thelination between the end
windings and the rotor axes must be kept as sreglbasible, as results have
shown that for every 5 degrees of inclination, aegponding fifteen percent

reduction in heat transfer is observed when usadjtional wafters.

Vortices may be trapping air in regions which mayelop into hot spots. These
hot spot can be identified using commercially aalaié CFD software (refer to

Figures 6.8 and 6.10).

This work has already been published in [34].
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7 End region enhancements through CFD
In this chapter, the model presented in Sectioge@esenting a typical end region
of a TEFC machine will be used to investigate thpact of a series of

modifications on heat transfer performance.

As detailed in Section 6.6, in TEFC configuratiothe total thermal resistance to
heat from the end winding to the frame can be sfreglto two thermal
resistances connected in series, one between theirding and the air
surrounding them and the other between the aitl@érame internal surface. In
order to reduce the total thermal resistance, bbthe individual resistances have

to be minimized.

In through-ventilated configurations, the thernesdistance between the air and the
frame internal surface is not critical. This is &ese the air, which absorbs the heat
from the various motor parts (including the enddimgs), is rejected to
atmosphere and thus the air entering the machialevesys at ambient

temperature.

This investigation was performed using only CFD eibag techniques since
enough confidence had been gained through eartigk t@ make further
experimental work unnecessary. The same solutiaghadelogy employed in the
previous sections was adopted: the standartlkbulence model was used;
constant temperature thermal boundary conditions wmployed to both the
heated end winding and the frame; the steady sté¥er was used together with

the rotating reference frame technique.
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7.1 Configuration changes investigated.

The configuration changes that were analyzed ateighted below.

7.1.1 Location of the spacers near the base of the end wiimg).

The location of the spacers separating each endingrirom its neighbours is one
of the simplest changes which may be applied tberend region. This was
chosen as the starting point of the investigatiinglow is driven by the wafters
and to some extent the rotor bar extensions. S spacers separating the
individual end winding coils from one another ardhe vicinity of the wafters and
rotor bar extensions, they block the air from peatetg the end windings.

Therefore it is thought that their position is ical.

7.1.2 Inclusion of deflectors.

The main recirculating secondary air flow presdve the wafters (refer to
Figure 7.1) is not directly contributing to the h&ansfer from the end windings
to the frame. Deflectors were introduced to foreeftuid emerging from the
wafters to fully penetrate the end windings. Inndpso it was anticipated that the

heat transfer at the end windings would be enhanced
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End Windings

Figure 7.1 — Diagram showing proposed deflector teedirect the secondary main
recirculating flow above the wafters

7.1.3 Long narrow shrouded watfters.

The investigation detailed earlier in Section Gonplified models of a typical

end region of a TEFC configuration, showed thavgtded wafters may reduce the
windage power loss by up to 33% compared to nowadtlers. However since the
air flow in that case was also reduced, giving tesa reduction in heat transfer,
longer narrow wafters were now used instead ostardard 50mm square wafters
to compensate for the reduction in air flow. It vilasught that this will lead to a
substantial reduction in windage power loss butitect this will have on the

heat transfer was unknown.
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7.1.4 Inclined wafters.

Due to the rotating nature of electric motors,ftb& enclosed in the end region of
a TEFC motor swirls round the enclosure. Due tdrdegal forces the fluid will
tend to disperse outwards creating a radial presg@dient. Additionally, since
the end windings are generally inclined slightlyweards and they offer high
resistance to flow, the fluid will tend to followe end winding profiles. Thus the

fluid will tend to travel along the end windingsdEre 7.2).

Fluid flows along
end winding profile

End Winding

Wafter | — —

=

Figure 7.2 — Diagram showing how the air swirls oufrom the wafters and follow the end
winding profiles.

In order to increase the proximity of the waftemdss to the end winding surfaces,
the long narrow shrouded wafters were now inclimegrder to increase their

proximity to the end winding surfaces.
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7.1.5 Wafters behind end windings.

The importance of the heat transfer across thednaas already highlighted
previously in the study on simplified end regiolmsorder to improve the heat
transfer characteristics on the inside frame serfatades behind the end windings
were investigated. Such blades will enhance thetheasfer on the frame side
behind the end windings and also the outer endingnsurfaces. The only

problem this modification may have is the clearameeessary behind the end
windings to connect these blades to the rotor. Hewef this modification will
enhance the heat transfer considerable, then itaasiyy be accomplished by
slightly increasing the frame diameter. It is expddhat the windage power loss
will be increased by this change due to the largéius of rotation of the blades.

However the magnitude of the additional windage @olss is unknown.

7.1.6 Axial fan over the end windings.

The use of axial fans is also an interesting adtitve which may be used in TEFC
induction motors. An end region of a TEFC inductinator having an axial fan
just above the end windings was modelled in ordénvestigate its
characteristics. In order to eliminate recirculataver the blades, some stationary

guides and vanes were also introduced.

Figure 7.3 shows a schematic of the configurateindpinvestigated.
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120mm long
axial fan blade
having a mean
chord length of
60mm

static vanes
equally spaced
(20mm length)

280mm long flow
guides at radii
173mm and 300mm

Figure 7.3 - Model including axial fan above end widings

It is anticipated that such a configuration wikkld high velocities in the area of
the fan blades. A strong recirculation is expetteble present with fluid emerging
from the fan blades towards the base of the endings and out of both sides of
the base of the end windings. The interaction isf ticirculation with the possible
jet coming out of the rotor bar extensions is hygimpredictable. However it is
expected that the heat transfer at both the endimgs and the frame will be
elevated. As will be shown later this provides liegting insight into the effect this
configuration will have on windage loss, althouglsianticipated that there will

be high losses.

7.1.7 Rotor end design.

The rotor bar extensions act like a small centafdgn. This enhances both the
heat transfer from the rotor bars themselves, dsas¢he base of the end

windings. The end part of the rotor, although wéifficult to implement any
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modification upon, is an interesting area for inigeging heat transfer
enhancement and windage power loss reductionsr&@eanfigurations involving
different rotor end designs were investigated oeoto assess any improvement in

heat transfer these changes will bring about.

7.1.8 Fan in close proximity to the end shield.

The end windings may be seen as a series of nesestdo flow. The base and tips
of the end windings both have a low resistancerttiaav while the middle part
has a very high resistance to air flow. Therefor@rder to circulate any fluid
around the end windings (not necessarily penegrahia end windings) it is
important to utilise the base and tip parts oféhd windings as entry and exit of
the fluid flow path. Also if any rotating bladeswafters are positioned in the
vicinity of both the end winding surfaces and ttenfe surface, the heat transfer
will be enhanced at both sides, thus lowering thal resistance to heat flow. In
order to keep windage losses to a minimum, anyingtédlades must be kept as

close as possible to the shaft (minimum rotatirius).

A configuration which takes all these points intmsideration is one having
rotating blades attached to the shaft near theskraid. Such blades will be in
close proximity to the end shield and the tipshef €nd windings thus enhancing
the heat transfer in the area. Additionally theojefiuid emerging from such
blades will travel over the end windings and defdahe frame surface towards

the base of the end windings where it penetratas tlo complete the path.
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7.2 CFD Results.

CFD results for each of the configuration changscdbed above will be
presented in this section. Contour plots of heatdfer coefficients will be
illustrated on end winding surfaces taken from Q#dats, thus the end winding
will be divided as shown in Figure 7.4. Additioryalin order to present the
contour plots of heat transfer coefficient as dieas possible the scale is different

in each of the plots and this should be takenaestmunt when comparing figures.

(a) (b)

Figure 7.4 — Division of end winding (a) into segnms (b).

In order to model the experimental rig as clospassible, only one coil of the end
windings was set to emit a heat flux. The CFD cassr® made periodic with a
periodicity of 45 degrees in order to decreasearbdel size. Therefore the CFD
model actually represented an end region havingl8 (ut of 48) emitting a heat
flux. The values of the thermal resistances preseimt this section refer to this

configuration and therefore if all end winding soiVere to emit a heat flux the
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thermal resistance of the end winding will decrdaga factor of 6 due to the

increase in surface area.

All changes will be compared to a reference modelw in Figure 7.5 (b) since

this model is the most accurate representatiohg@xperimental rig.

7.2.1 Location of the spacers near the base of the end wiimg).

The experimental model being investigated hasnitsveinding spacers which are
situated opposite the end ring projecting 10mm alibe end ring (refer to Figure
7.5 (b)). This part of the work investigated thesifion of these spacers, with
respect to the end ring. In this investigation ¢hmeodels were created, one having
the spacers exactly in line with the end ring dreldther two having the spacers
offset progressively by 10mm above the end ring @itoss sections of these

models are shown in Figure 7.5.

End Windings

¥ Spacers
displaced by
10mm in this
direction

B!

(a) (b) (c)
Figure 7.5 - Positions of spacers near the basetbe end windings
(a) level with end ring (b) displaced away from théase of the end windings by 10mm
(c) displaced away from the base of the end windisgy a further 10mm

Wafters

Spacers

End Ring
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Areas of low penetration
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Figure 7.6 - Velocity plots for end windings havingpacers near the base of the end windings

(a) level with end ring (b) displaced away from thdase of the end windings by 10mm
(c) displaced away from the base of the end windisgy a further 10mm

Figure 7.6 illustrates velocity plots projected mdemally onto one radial plane.

As the spacers are moved upwards, less fluid emgfgpm the wafters penetrates
the end windings as it is partially blocked by $ipacers. As a consequence, the
end winding thermal resistance experienced a pssgre increase in magnitude as
shown in Table 7-1 below.

Table 7-1 — Summary of results of models having dérent spacer locations

Heated
Windage| Total End Frame End Frame
Loss Thermal | Winding | Thermal | Winding
Model . : htc
Resistance Thermal | Resistance htc (W /mzK)
(W) (K/W) | Resistance (K/W) | (W/m?K)
(K/W)
(@) 321 0.524 0.274 0.249 81 29.2
(b) 310 0.559 0.298 0.262 75 28.6
(c) 294 0.571 0.313 0.258 71 28.4
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Since the air flow behind the end windings waselififfected (weak velocities are
present behind the end windings), the thermal tagsie of the frame remained

practically constant.

Something worth noticing is the fact that as thaltthermal resistance decreases,
due to the increased air flow through the end wigs]j the windage losses also
increases accordingly. This was expected since warst be done to pump the

additional air flow.

Figure 7.7 illustrates the distribution of the hi#anhsfer coefficients on the end
windings and frame for the models under investayatThe same lettering
sequence as the previous Figures has been adlpsedlear that the heat transfer
is enhanced in the vicinity of the wafter base wtienspacers did not interfere

with the flow (red area on contour plot).

350
333

(b)

Figure 7.7 — Overall Heat Transfer Coefficients (Wh?K) for end regions having
spacers near the base of the end windings
(a) level with end ring (b) displaced away from thévase of the end windings by 10mm
(c) displaced away from the base of the end windisgy a further 10mm
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7.2.2 Use of deflectors

The model being investigated here includes a 100lomgninclined deflector over

the wafters is shown in Figure 7.8 below.

Deflector inclined at 70
degrees to horizontal,
5mm above wafter tib\

Figure 7.8 — lllustration of model employing a deftctor over the wafters.

The computed flow field in Figure 7.9(a) shows ttiegt aim to eliminate the
recirculation above the wafters was achieved (coepéth Figure 7.9(b)). A
decrease in the amount of fluid emerging from tlaétevs was also experienced
due to the high resistance to flow the middle pathe end windings present. This
reduced recirculation gave rise to an increasbhemtal resistance of both the end
windings and the frame as summarized in Table A+&inor reduction in

windage power loss was also experienced.
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Recirculation above wafters

20m/s
19m/s
18m/s
17m/s
18m/s
15m/s
14m/s
13m/s
12m/s
11m/s
10m/s
am/s

8m/s

7mfs

6m/s
5mfs
4m/s

3m/s
2m/s

im/s
om/s

(b)without any deflectors

Figure 7.9 — Velocity plot in a radial plane in a mdel (a)with a deflector over wafters

Table 7-2 — Comparison of results of model with dkector to base case model.

Heated
Windage Total End Frame End Frame
9| Thermal Winding | Thermal | Winding
Loss . ; htc
(W) Resistancd Thermal Resistanceg htc2 (W/mzK)
(K/IW) Resistanceg (K/W) (W/m°K)
(KIW)
With 291 0.631 0.342 0.289 65 25.3
deflector
Reference| 310 0.559 0.298 0.262 75 28.6
Case.

Figure 7.10 shows the distribution of the heatgfancoefficient on the end

windings and frame surfaces.
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2486
234
222
209
197
185
172
160
148
135
123
I 111
98
86
74
62
49
37
25
12

Figure 7.10 - Distribution of heat transfer coeffitent (W/m?K) on end windings and frame for
model with a deflector.

7.2.3 Long narrow shrouded wafters

The model used for this investigation is showniguFe 7.11 below, along with

the velocity vector plot. The model utilised eid®mm long by 10mm wide

shrouded watfters. Table 7-3 summarizes the results.

Table 7-3 - Comparison of results of model with log narrow shrouded wafters to base case

model.
Heated
Windage Total End Frame End Erame
% Thermal Winding | Thermal | Winding
Model Loss X ; htc
W) Resistanceg Tht_ermal Resistanceg htc2 (W/mzK)
(K/W) Resistanceg (K/W) (W/m°K)
(K/W)
Long
narrow 128 0.595 0.454 0.142 50 51.7
shrouded
wafters
Reference 310 0.559 0.298 0.262 75 28.6
case.
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Swirl perpendicular

20mm shroud to plane of paper

32 m/s /

30 m/s
29 m/s
27 m/s
25 m/s

195mm long

narrow (10mm)

wafter

24 m/s

22 m/s
21 m/s
19 m/s
17 m/s
16 m/s
14 m/s

No recirculation
in this area

18 m/s
11 m/s
10 m/s
8m/s
6m/s
5m/s
3m/s
2mis
0om/s

(a) (b)

Figure 7.11 - (a) model having 8 long narrow shroued watfter (b) velocity vector plot
The aim to reduce the windage loss by reducingrthass of fluid flowing through
the end windings was accomplished and the windageped by more than 50%
(from 310W down to 128W). The velocity vector piot-igure 7.11 (b) shows
that the secondary recirculations typical in the esgion of TEFC configurations
were almost eliminated and the main swirl flow whes only one present. This

swirl flow was also strong in the area behind the windings.

Analysis of the heat transfer from the end windishgsws that the thermal
resistance of the end windings experienced anasgerérom 0.298K/W to
0.454K/W (52%). On the other hand the thermal taste of the frame
experienced a decrease of 46% (from 0.262K/W tdZK1W). This means that

while the heat transfer capability on the end wiigdiside was substantially
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reduced, that on the frame’s side was substantralyoved. However the total

thermal resistance from the end winding to the &awvas increased by 6%.

Figure 7.12 shows the distribution of the heatgfancoefficient on the end
windings and frame. It is clear that the heat ti@nisas been highly intensified on
the end shield. Additionally the distribution ottheat transfer coefficient on the
end windings is also more evenly distributed widals around the nose (furthest
place from stator core). This is an additional iaygment brought about by this

modification.

153
. 145
138

23
15
8
0

Figure 7.12 - Heat transfer coefficient distribution (W/m?K) on end winding and frame for
model having long narrow shrouded wafters.

Since the total thermal resistance was increasadcassequence of this
modification, another model having 32 wafters iadtef only eight was
investigated. Figure 7.13 shows the velocity veptot along with a contour plot

of the heat transfer coefficients on the end wigdiand frame for this case. The
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flow field around the end windings is stronger,axsally above the end windings

area, but the flow through the end windings id géty weak.
Strong flow field Enhanced heat flow

1\

33 m/s
l 31 m/s
29 m/s

28 m/s
26 m/s
24 m/s
23 m/s
21 m/s
20 m/s
18 m/s
. 16 m/s
15 m/s
13 m/s
11 m/s
10 m/s
8m/s

7m/s
5m/s
3m/s
2m/s

om/s

(@) (b)

Figure 7.13 — Model using 32 long narrow shrouded afters
(a) velocity vector plot (b) contour plot of heat transfer coefficient (W/nfK)

Table 7-4 summarizes the results. The effect aemse in the number of wafters
was overall positive. Both the end windings andftheme thermal resistances
were improved compared to the model having 8 waffEnis was accompanied by
a slight increase in windage power loss (from 128WW59W) but is still

considerable lower than the reference case (refeigure 7.5 (b)).
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Table 7-4 - Comparison of results of models with fierent number of long narrow shrouded
wafters to base case model.

No. of Heated
Ioﬁ Windage| Total End Frame End Frame
g Loss Thermal | Winding | Thermal | Winding
narrow ) ; htc
shrouded Resistancsg Thgrmal Resistancd htc2 (W/mzK)
(W) (K/W) Resistance (K/W) (W/m°K)
wafters
(K/W)
32 159 0.505 0.398 0.107 68 56.6
8 128 0.595 0.454 0.142 50 51.7
Reference 310 0.559 0.298 0.262 75 28.6
case.

The 32 wafter case was again changed by incluakegl deflectors (stator vanes)

just outside the wafter envelope. This is showhRigure 7.14. The aim is to

convert the circumferential kinetic energy to assige head. A pressure

differential across the end windings will then fetbe fluid to penetrate the end

windings.

195mm X 10mm Static deflectors (20mm wide

wafters

Wafters

28\degrees

Figure 7.14 - Model including stator vanes
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The objective of the stator vanes was achieveddime flow penetrated the end
windings rather than swirled around them. Thislsarseen in the velocity vector
plot in Figure 7.15 where the vectors are represkhy lines indicating that they

are in the plane of the paper rather than dots.hEa¢ transfer fell substantially.

31 m/s 120
29 m/s 112

105
97
90
82

150
142
34 m/s 135
Iaem/s T ==FT 3\“ 127
N
. :
e 4
!

28 m/s
26 m/s
24 m/s
22m/s
21 m/s
19 m/s

17 m/s
16 m/s
14 m/s
12m/s
10 m/s
9m/s
7m/s
5m/s
3m/s

2m/s =
0m/s 0

52
45

30
22
15

(@) (b)

Figure 7.15 - (a) velocity vector plot (b) contouplot of heat transfer coefficient (W/nfK)
Referring to Table 7-5, both the thermal resistarafehe end windings and frame
increased substantially. Additionally the windagssl increased from 159W to
400W. The introduction of the stator vanes consiblgrreduced the heat transfer
performance even when compared to the referenee(eter to Figure 7.5 (b))

therefore such stator vanes are of little benefit.
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Table 7-5 - Comparison of results of model with star vanes to model without stator vanes
and base case model.

Heated
Windage| Total End Frame End Frame
Loss Thermal | Winding | Thermal | Winding
Model ; ) htc
Resistance Thermal | Resistance  htc (W/m?K)
(W) (K/W) | Resistance (K/W) | (W/m?K)
(KIW)
With stator| 400 0.733 0.447 0.287 50 25.5
vanes
Without
stator 159 0.505 0.398 0.107 68 56.6
vanes
Reference| 310 0.559 0.298 0.262 75 28.6
case.

7.2.4 Narrow shrouded inclined blades

Figure 7.16 (a) shows the model created for thisstigation. The wafters used

were 195mm long by 10mm wide and they were inclisethat their proximity to

the end winding remains constant along the whaigtle Seventy two inclined

wafter blades were utilised.
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Reduce velocity
compared to Figure 7.13

38 m/s
36 m/s
34 m/s
32 m/s
30 m/s
28 m/s
27 m/s
25 m/s
23 m/s
21 m/s

19 m/s
17 m/s
H 15 m/s
183 m/s
11 m/s

10m/s
8m/s
6m/s
4 m/s
2mis

0om/s

(@) (b)

Figure 7.16 - (a) model having long narrow shroudeéhclined wafter (b) velocity vector plot
When comparing the results with the straight waf{@able 7-6), it follows that
the windage power loss is higher in the model usiclined wafters. The total
thermal resistance from the end winding to the &asrmarginally lower due to a
slight decrease in the thermal resistance on tdevemding side and a slight
increase in the thermal resistance on the framee Side slight decrease in the
thermal resistance of the end windings is attrihuitethe close proximity of the
wafters to the end windings. The slight increasthenthermal resistance of the
frame is due to the reduced velocity magnitudesrgimg out of the wafter tops

above the end windings (Figure 7.16).
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Table 7-6 - Comparison of results of model with log narrow shrouded inclines wafters to
base case model

Heated
Windage Total End Frame End Frame
%€ Thermal Winding | Thermal | Winding
Model Loss . : htc
W) Resistance Th(_ermal Resistance ht(:2 (W/mzK)
(K/W) Resistance (K/W) (W/m°K)
(K/W)
Inclined|  2og 0.503 0.389 0.114 58 64.0
wafters
Straight| 159 0.505 0.398 0.107 68 56.6
wafters

It follows that inclined wafter blades do not caotite in enhancing the heat

transfer in the end region of TEFC induction mators

7.2.5 Blades behind end windings

Figure 7.17 (a) illustrates the model used foestigating a configuration having

wafter blades behind the end windings at a radit0mm. For simplicity the

blades behind the end windings were not connectduketrotor. However they

were rotated at the same speed of the rotor.
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58 m/s
55 m/s
52 m/s
49 m/s
46 m/s
43 m/s
39 m/s
36 m/s
33 m/s

30 m/s
I 27 m/s
24 m/s

21 m/fs
18 m/s
15 m/s
- 12m/s
9m/s
6 m/s
3m/s
om/s

Wafter blade] 61 mss

82mm

(@) (b)

Figure 7.17 - (a) model having rotating blades behil end windings (b) velocity vector plot

The fluid behind the end windings experienced argfrswirl due to the presence
of the rotating blades. This contributed to enhag¢he heat transfer
characteristics of both the frame and the end wigglin the region. Table 7-7
summarizes the results. The decrease in the theesiatance of the end windings
was 14% compared to the reference case while théteothermal resistance of the
frame was 73%. The total thermal resistance waedsed by 42% which is quite
substantial. However this improvement in heat fiemsas accompanied by a
substantial increase in windage power loss whichesed by a factor of 2.75.
This is significant compared to the end windingsksand outweighs all the

benefits this modification brings about.
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Table 7-7 - Comparison of results of model with waérs behind end windings to base case

model.
Model Windagel Total End Frame End Frame
Loss Thermal | Winding | Thermal | Winding htc
(W) Resistance Thermal | Resistance htc (W/m?K)
(K/W) | Resistance (K/W) | (W/m’K)
(K/W)
Wafters 853 0.326 0.255 0.071 87 104.1
behind end
windings
Reference| 310 0.559 0.298 0.262 75 28.6
case.

Figure 7.18 gives a clear indication of the disttibn of the heat transfer

coefficients on the end windings and the framesBhiows that the heat transfer

was substantially enhanced in the area behindritievandings.

291
277
262
247
233
218
204
189
175
160
146
131
116
102

Area of high
heat transfer

Figure 7.18 - Heat transfer coefficient distribution (W/m?K)
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The effect of reducing the number of blades fromid3& was a decrease in both

the heat transfer coefficients accompanied by arease in windage loss.

7.2.6 Axial fan over end windings

Figure 7.19 shows the configuration being inveséidaTo keep the model as
simple as possible the fan blades are not connéatiéa rotor in the CFD model

but are being rotated at the same speed as tire roto

Axial fan blade

Static vanes

Flow guides

Figure 7.19 - Model including axial fan above end imdings
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Table 7-8 - Comparison of results of model with axil fan over the end windings to base case

model.
End
Windage Total Winding Frame End Frame
Thermal Thermal | Winding
Model Loss . Thermal ; h htc
(W) Resistancs Resistance Res;stance /tcz (W/mzK)
(K/W) (KIW) (K/W) (W/m°K)
Axial fan 740 0.451 0.343 0.107 67 72.0
Reference 310 0.559 0.298 0.262 75 28.6
case.

Figure 7.20 shows the resulting velocity vectott jpliad contour plot of heat

transfer coefficients. The velocity vector plot sfsathat the fluid is flowing as

anticipated, that is recirculating through the bafséhe end windings. High

velocities (in the order of 11m/s) are presentugimut the region. The total

thermal resistance experienced a decrease of 18%bared to the reference case.

The end winding thermal resistance increased by Wh#e that of the frame

decreased by 59%. Therefore the frame was much afi@eted by the change

than was the end winding.
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Static vanes

Axial fan blade

35 m/s
l 33 m/s
32 m/s
30 m/s
28 m/s
26 m/s
25 m/s
23 m/s
21 m/s
19 m/s
18 m/s
16 m/s
14 m/s
12m/s
11 m/s
9m/s

7 mis
5m/s
4 m/s
2m/s

om/s

() (b)

Figure 7.20 - (a) velocity vector plot (b) contouof heat transfer coefficients (W/niK)

Unfortunately the windage loss calculated was Vegh (740W compared to
310W in the reference case) which makes this kfrabofiguration very

unpractical.

7.2.7 Rotor end design

Rotor bar extensions

Despite the rotor bar extensions acting like a bomadtrifugal fan they also restrict
the flow since they occupy a substantial volumeenrtde end ring. Therefore a
model having longer and thinner rotor bar extersiwas analysed to predict any
enhancements. It is important to note that thisgbawill bring about an
additional electric loss in the rotor bar extensidne to the additional Joule

losses. However, these are expected to be negligibl
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The model consisted of an exact replica of the lbase model (8wafters
measuring 50mm by 50mm) but with different rotor éatensions. The cross-
section of the new rotor bar extensions is showrigaire 7.21. These new rotor
bar extensions are 8mm wide by 30mm long whereabdke case model’s rotor
bar extensions were 10mm wide and 18mm long. Tttamgular part of the cross-
section was extended by a triangular part so dedcease the eddies developing
on the leading edges of the rotor bar extensioR® @nalysis of this model
resulted in an improvement in the heat transfeffimoents for both the end
windings and frame at an expense of 33% increasgnidage loss (refer to Table

7-9).
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End Ring

Shaft

Triangular extension

Rectangular part

Wafter

Rotor bar extension

Figure 7.21 — Cross-sections of rotor bar extensign

Table 7-9 - Comparison of results of model with log rotor bar extensions to base case model.

End
Windage Total Winding Frame End Frame
Thermal Thermal | Winding
Model Loss Resi Thermal ; h htc
(W) eS|/stance Resistance Res;stance /tc2 (W/mZK)
(K/W) (KIW) (K/IW) (W/m“K)
Longarr‘)tor 412 0.500 0.343 0.107 80 32.7
extensions
Reference 310 0.559 0.298 0.262 75 28.6
case.
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End Ring

Since the wafters are a major source of windageitothe end region, a series of
configurations with an elongated end ring replacheywafters were also
investigated. The first in this series consisted afodel having the same rotor bar
extension shown above and an elongated end risgasn in Figure 7.22 (a). In
this diagram the end ring is shown as hollow stheesolid part was not modelled

in CFD. The frame clearance and end shield clearams also kept to a minimum

in order to increase their proximity to the movjpayts as much as possible.
50mmr

Elongated end ring inclined

at 80 degress to horizor
() (b)

Figure 7.22 - (a) model with redesigned end ring
(b) contour of heat transfer coefficients (W/mK)

Referring to Table 7-10 which summarize the resultsclear that the windage
power loss was significantly reduced (over 80%)e Ttrermal resistances
especially the end winding thermal resistance hewexperienced a substantial
increase. The increase in the frame thermal remistevas due to the reduction in
the frame surface area since there was an incnedise heat transfer coefficient at

the frame surface. Such a change however has @btemtfurther improvements.
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Table 7-10 - Comparison of results of model with rdesigned end ring to base case model.
End
Windage Total Winding Frame End Frame
Thermal Thermal | Winding
Model Loss ) Thermal : htc
(W) Res;stance Resistance Res;stance ;nc2 (W /mzK)
(K/W) (KIW) (K/IW) (W/m°K)
Redesigned 55 0.906 0.612 0.294 37 37.8
end ring
Reference 310 0.559 0.298 0.262 75 28.6
case.

Multiple changes

Since the windage loss in the model just analyzasl extremely low, eight small

fins on the end ring surface opposite the end wigglwere introduced in order to

enhance the heat transfer from the end windingditisthally a screw pump

between the end ring and the shaft was introduzéttctease the air flow through

the rotor bar extensions and the base of the endimgs. Also the rotor bar

extensions were aerodynamically shaped so as tmimapgheir performance. The

spacers adjacent to the end ring were protrudéukinlirection of the end ring

serving as a static guide to the flow emerging ftberotor bar extensions. This is

shown in Figure 7.23 (a).
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70mm

10mm wide fin

38 m/s
I 36 m/s
35 m/s
33 m/s
31 m/s
29 m/s
27 m/s
25 m/s
23 m/s
21 m/s
19 m/s T
17 m/s
15 m/s
13 m/s e
12m/s
10 m/s
8 m/s

Protruding
spacers

6 m/s ‘ ( g
Screw pump I ame
. ome 50m
(1170mr|n DltChh) «—> No flow out of
190mm lengt (@) (b) rotor bar extensiol

Figure 7.23 - (a) redesigned rotor end model (b) @ity vector plot

From the velocity vector plot in Figure 7.23 (lb)isi clear that no fluid is emerging
out of the rotor bar extensions since the fluithis area is just swirling around
with the rotor. This means that the screw pumpaarddynamically designed
rotor bar extensions are not performing as inten@edfurther analysis of the
pressure field in the end region (Figure 7.24(a)y evident that a high pressure is
building up in the end windings area. The fluidhe rotor area is behaving like a

rotating solid body with a radial pressure gradoun to the swirl.

Table 7-11 summarizes the results. The windageihogss model is still low at a
value of 121W (less than half the reference casgethorl he thermal resistance on
of the end windings experienced a slight increasepared to the reference
model. However this was compensated by a slightedse in the thermal
resistance of the frame (even though the frameaserérea was substantially
smaller than the reference case). The overall effaes a slight increase in the

total thermal resistance of the end region. Figu?d (b) shows that the main
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improvement occurred in the area near the enddshileere the heat transfer was

enhanced in both the end windings and end shid¢iig. i$ a positive aspect of this

configuration since the tips of the end windings asually the hottest.

404 Pa
384 Pa
363 Pa
343 Pa

323 Pa
302 Pa
282 Pa
262 Pa
241 Pa
221 Pa

201 Pa
180 Pa
160 Pa
140 Pa

120 Pa

99 Pa
79 Pa
59 Pa
38 Pa
18 Pa
-2 Pa

@)

Figure 7.24 - (a) pressure contour plot (b) contouof heat transfer coefficients (W/niK)

(b)

Area
affected

0 most

Table 7-11 - Comparison of results of model with mitiple changes on rotor end to base case

model.
End
Windage Total Winding Frame End Frame
Thermal Thermal | Winding
Model Loss : Thermal ; h htc
(W) Resﬁ/ance Resistance Resﬁ/ance /t02 (W/m?K)
(Kw) | Sy ] KW) | (winiK)
Multiple |5, 0.568 0.380 0.188 60 55
changes tg
rotor end
Reference| 310 0.559 0.298 0.262 75 28.6
case.
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7.2.8 Fan in close proximity to the end shield.

The model created to investigate this configuraisoshown in Figure 7.25
together with the resulting velocity vector pldtid clear that the velocity
circulating around the end windings is greater agnitude compared to any of
the previous models already investigated. Alsagh Bpeed jet of fluid emerges
from the blades travelling over the end windingd eontinues behind the end
windings, penetrating the end windings from thekbside along the whole length

of the end windings. This confirms the intendedfanv pattern.

Fan blade 125mm X 25mm

40 m/s :
. 38 m/s |
3d/ms [

34 m/s
32 m/s
30 m/s
28 m/s
26 m/s
24 m/s
22 m/s
. 20 m/s
18 m/s
16 m/s
14 m/s
12 m/s
10 m/s

8 m/s
6m/s
4 m/s
2m/s

om/s

(@) (b)

Figure 7.25 - (a) model having upper fan (b) velocyector plot

The summary of results (Table 7-12) shows thattduke high velocities in the
vicinity of the end windings and frame, a heat $fanenhancement has been
achieved. The total thermal resistance decreas@&3¥ycompared to the
reference case. This was mainly due to the reduatithe thermal resistance of
the frame (65% reduction). The thermal resistant¢leaend windings experienced

only a slight decrease; however the distributiohext transfer coefficients on the
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end winding (Figure 7.26) is far better than thfemence case. This is because the

heat transfer coefficients are more evenly disteband the tips of the end

windings, which usually suffer from hot spots, beeng cooled much more

effectively. The windage loss was slightly high£#®%) than the reference case.

Table 7-12 - Comparison of results of model with fiaclose to the end shield to base case

model.
End
Windage Total Winding Frame End Frame
Thermal Thermal | Winding
Model Loss Resi Thermal . h htc
(W) eS|/stance Resistance Res;stance /tc2 (W/mZK)
(K/W) (KIW) (K/W) (W/m°K)
Fan near 368 0.376 0.283 0.093 79 108
end shield
Reference 310 0.559 0.298 0.262 75 28.6
case.

290
276
261
247
232
218
203
189
174
160
145
131
116
102

Figure 7.26 — Contour plot of heat transfer coeffients (W/m’K) on end windings and frame
of model with fan near end shield.

The only problem with such a configuration may e teduction in cooling of the

end ring due to the removal of the wafters. Apaoirf recirculating the air
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enclosed in the end region, the wafters also acbakng fins for the end ring.
This problem may be eliminated by introducing awmnferential fin on the end

ring as shown in Figure 7.27.

In order to check on cooling performance of théedént configurations presented
in this section, CFD models were generated havwiegend ring and the rotor bar
extensions at the same temperature of the endngadThe results are shown in
Table 7-13. The results clearly support the abaseudsion: the configuration
having fan blades in the vicinity of the end shiatdl no fin on the end ring is the
best option since the heat transferred from theriengds of the same order as that
obtained by the base case model and the heatdrdnsin the end windings is

more than double that in the reference case.

50mm long
circumferential
fin at a radius of
130mm

Figure 7.27 — Proposed fin on end ring to enhancesht transfer from end ring
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Table 7-13 - Comparison of results of models withah near the end shield with and without

cooling fin on end ring to base case model.

Q End Ring Q End windings| ENd Ring htc | End Winding
Model (W) (W) (W/m?K) htc (W/nK)
Reference 21 16 115 56
case.
With fin 22 37 76 62
Wi]f_hOUt 27 36 67 63
in

7.3 Experimental verification

In order to verify the CFD analysis for the new ftgurations, an experiment was

conducted with a configuration consisting of a faounted on the shaft near the

end shield (Figure 7.28). Figure 7.29 comparesesbf the heat transfer

coefficient on the end winding obtained throughexxpent and CFD. The CFD

predictions were quite close to the experimentllts implying that heat transfer

enhancement designs may be investigated with caméelusing CFD techniques.

Figure 7.28 - Picture of experimental rig with fannear end shield (not shown)
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Figure 7.30 illustrates the distributions of heanhsfer coefficients on the end
windings for the reference case and the model lgathia shaft mounted fan in the
vicinity of the end shield. The heat transfer cméghts are more evenly

distributed in the latter model. This is in agreemsith the CFD data.

The experimental area weighted average of the ending overall heat transfer
coefficient was estimated to be 103+27\imwhile that of the frame was
90+30W/nfK. This compares very well with the CFD resultsk{lEa7-12) of
108W/nfK and 79W/mK for the overall heat transfer coefficients of frame

and end winding respectively.
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Using cotton tufts to visualize the flow, it wassin that the experimental
velocity field matched the CFD predictions. Theva#rs flowing over the end
windings, behind the end windings and back to #rdre of the end region
penetrating the end windings from the back. Thé& bifithe flow was penetrating
the base of the end windings. The rotor bar ex¢enfsin was not contributing
anything in the formation of the major flow patterifhe flow present was highly

swirling in nature which was also predicted in @D results.
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7.4 Conclusions

Table 7-14 summarizes the main CFD results.

Table 7-14 — Summary of main results

. End
Windage| Total I Frame End
Model Loss Thermal Winding Thermal | Winding Frame
: Thermal ; htc
NoO. Resistance Resistance Resistance h'[C2 (W/mZK)
(W) (K/W) (KIW) | (W/m?K)
(K/W)

1 310 0.559 0.298 0.262 75 28.6
2 291 0.631 0.342 0.289 65 25.3
3 159 0.505 0.398 0.107 68 56.6
4 400 0.733 0.447 0.287 50 25.5
5 288 0.503 0.389 0.114 58 64.0
6 853 0.326 0.255 0.071 87 104.1
7 740 0.451 0.343 0.107 67 72.0
8 121 0.568 0.380 0.188 60 55
9 368 0.376 0.283 0.093 79 108

1. Reference case — standard 50mm wafters.

2. Model employing deflector over wafters.

3. Long narrow shrouded watfters.

4. Long narrow shrouded wafters including static guidevanes.

5. Inclined long narrow shrouded wafters.

6. Blades behind end windings.

7. Axial fan over end windings.

8. Rotor end design changes.

9. Shaft mounted fan near end shield.

The fact that the CFD predictions were quite rééiadven though the end region

experienced a substantial configuration changesgeven better confidence in this

159



type of virtual design. This is an important out@from this work since further
development may take place without the extended faeexperimentation, with

a substantial reduction in development costs.

The configuration employing a shaft mounted fathim vicinity of the end shield
is the best method of cooling of the end regionadwll the configurations
investigated. However there remains scope for ingareent in the end part of the

rotor.

From this work the following general design sugpest were established:

» Keep rotating parts as close as possible to thi¢ isharder to minimise

windage power loss.

» Place wafter blades near thermally critical suréa@g tips of end

windings).

* The end winding consists of three main parts; iipgednd the base offer
very low resistance to fluid flow while the middgdart offers a substantial
resistance to fluid flow. If the fluid is allowed flow around the end
windings (without penetrating the middle part of #nd windings) the
velocity of the fluid is likely to be high everywtee Therefore it is likely

that heat transfer is enhanced around all the endings.

Finally, a design compromise needs to be foundhabthe whole motor will not
heat up above its critical value, keeping in mimal tcritical temperatures for

different parts might be substantially differemt.general a full thermal analysis
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using resistance networks needs to be performen/ery motor design, in order
to predict which part needs more attention in teofnsooling performance. It
might be the case that some parts need to beisadrtb enhance heat transfer on
other parts (such as reducing the cooling perfooaaf the end ring so as to

reduce the heat input in the end region).
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8 Conclusions and Recommendations

This work contributes to the area of the thermaigle of the end regions of TEFC

induction motors. This is done by:

1. Establishing the nature of the complex flow fiaidthe end region;

2. Establishing the features governing this flow fijeld

3. Highlighting the desirable and undesirable confagion changes which

might be considered at the preliminary design stage

4. Describing how CFD techniques may be used to mihée¢nd regions;

5. Presenting a new concept for thermal management.

8.1 Use of CFD to model end regions of TEFC machines

The majority of the work presented utilizes CFDhtaques. A detailed
description of the most suitable CFD methodologyn@deling the end regions of
TEFC induction motors was presented in Chaptefrthese methods are followed
the results can be sufficiently accurate. During tesearch, as the author gained
experience, the results obtained increased in acgwand successfully modelled

the complex flows in the end regions of TEFC indutimotors.

This research study has also shown that the CHihigee employed in this thesis
is unable to resolve to an acceptable level of @oyuareas where the flow is

turbulence driven. These include areas away fra@apthmping source (wafters)
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particularly the area behind the end windings. Hevénvestigations into

enhancement in heat transfer may be still invetgayeeliably.

8.2 Flow patterns

The flow fields predicted in all the CFD models lgmad agreed well with
experimental results. This gave insight into whaghhbe expected by each
modification. It also assisted the author in dewidivhat further changes might
bring about better heat transfer in the end rediaming analysis of simplified
models, it was found that when wafters are usethemnd ring, the flow field
becomes unstable as the wafter length increaseatandertain point the
secondary recirculating flow behind the end windieganges direction. It
emerged that if the wafter length approaches thttteoend windings, the
circulating air flow behind the end winding revessirection and tends to flow

over the tips of the end windings towards the lmdigbe end windings.

8.3 New concept in thermal management

Data gathered from all the CFD models investiggk®ee a new insight into
methods to improve the heat transfer from the eimdliwgs. Previously
investigators have tried to increase the amouairgienetrating the end windings
in order to achieve better cooling performance. By, a new concept for better
thermal management of end region is now propose&dioh the velocities in the
vicinity of the end winding surfaces are maintaimschigh as possible. This is in

order to achieve increased heat transfer coeffigien the end winding surfaces
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without the need for the circulating air to pentridarough the end windings.
Since the middle part of the end winding offersghtresistance to flow while the
lower and upper parts of the end winding offer mieds resistance, the aim is to
circulate the air around the entire end windingplacing the wafters/blades
appropriately. Additionally since the major recilation in the region is the
circumferential swirl, present due to the rotativajure of the electric motors, it
plays a major role in the heat transfer charaditesi®f the region. This was
clearly illustrated by analyzing a model employaan at the upper part of the
end region. This increased the circumferential Isvéhind the end windings and
as a consequence both the end winding and framerhaafer coefficients were

improved.

8.4 Frame vs End Windings heat transfer coefficients

Both the frame and end winding heat transfer coieffits are important in TEFC
induction motors. The total thermal resistancedattilow from the end windings
to the frame consists of two resistances in sefiegse are the convective thermal
resistance from the end windings to the surroundingnd the convective thermal
resistance from the air to the frame surface. tfeoto attain high heat transfer
rates from the end windings to the frame, it is total thermal resistance which
needs to be minimized. Consequently, both convedhiermal resistances need to

be optimized.

If the end winding heat transfer coefficient is moyped without a corresponding

improvement in the frame heat transfer coefficiéme, total thermal resistance will
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decrease and therefore the heat transfer ratabadlbe increased. However, since
the frame heat transfer coefficient is unalterbd,air surrounding the end
windings will be hotter and therefore its coolirepacity is decreased. The total

effect is likely to bring about only a slight imprement.

If on the other hand the heat transfer coeffic@rthe frame internal surface is
improved, again the total thermal resistance vatiréase. Therefore the heat
transfer rate will also be increased as was expes before. However, since the
end winding heat transfer coefficient is kept tame, a decrease in the
surrounding air temperature will result, which viiltther complement heat

transfer.

Consequently, although it is important to enhaheehteat transfer at both the end
windings and frame surfaces, the latter is moreongmt than the former.
Suggestions on how the frame heat transfer cami@need are given in the
section on future work at the end of this chapdgain CFD modeling provides

the most effective approach to investigate this.

8.5 General design suggestions

The following design guidelines are establishednftbis work.

8.5.1 Rotating Surfaces

The radius of rotation of any rotating surface nmaeskept to a minimum in order

to minimize the windage loss. Additionally it istte¥ to position rotating surfaces

165



as close as possible to both the end windingstandrdshield/frame in order to

improve the local heat transfer coefficients orhtmirfaces.

8.5.2 Flow deflector / Air guides

The use of flow deflectors generally results iniaddal restrictions to the flow

and they are thus not recommended for use in TES@S.

8.5.3 Endshield / Frame clearances

Usually the power rating and frame size of the mdtotate the endshield and
frame clearances and not much can be done about Hh@wever, if a complete
design exercise is being conducted, then the fatigwuggestions are worth

considering at the design stage.

1. Small frame clearances create a blockage effdbitfiow circulating
around the end windings. However small frame cleaea also give rise to
higher velocities behind the end windings, thusaasing the heat transfer

coefficients locally.

2. Large frame clearances substantially reduce thacitiels behind the end
windings, thus reducing the heat transfer coeffitien the end winding
and frame surfaces. However large frame clearassesncrease the
cooling surface area of the frame. Therefore anealdnas to be found

between the two.
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3. The overall end shield/frame heat transfer coeffitdecreases with
increasing end shield clearance. However the cgalinface area
increases with increasing end shield clearances ahalance should be

sought between the two.

4. As a general rule, the end shield clearance anftahee clearance must

be kept at the same order of magnitude.

8.5.4 Flow field

Air flow penetrating the middle part of the end dimgs must be avoided in order
to decrease the pumping power required for cirmfaOn the other hand flow
circulating around the end winding must be encoenlag order to improve the

heat transfer characteristics of the end windimgsfeame.

Although these rules of thumb are suggested réagemmended that a full CFD
analysis is undertaken in order to ascertain apyonement in heat transfer. This
is due to the complex geometry of the end regiadilgy to a complex fluid flow
field. In addition to this, a thermal model of th#l motor needs to be analyzed in

order to verify critical thermal paths and crititedat sources.
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8.6 Future Work

Suggestions for future work include:

1. Analyzing other types of motors such as throughilaad models, which
should be much simpler to analyze using CFD thanfiimed flows present

in TEFC designs.

2. Experiment with extended surfaces on the insidiasarof the frame

particularly behind the end windings.

3. Create a full lumped thermal network model to dgkis CFD analysis.

4. Investigate the possibility to circulate the aicksed in TEFC induction
motors around the whole motor rather than keepiedlow confined to

the end regions.
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9 Appendices
9.1 Appendix A

Calibration Curves

9.1.1 Five hole probe calibration curves

Reference
Plane

Figure 9.1 — Five hole probe used to measure veltes
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The 5 hole spherical probe used to measure vadedgishown in Figure 9.1. It
consists of dynamic hole in the front of the sphgtele No. 2), and 4 static holes

equally spaced around the sphere.
The method used to measure the velocities is @albelow.

1. The probe is first aligned with the flow so thattit holes 1 and 3 are in
the plane of the flow and the differential pressareoss static holes 4 and

5 (Pss) is zero. At this stage the andlkis recorded.

1. The computer reads a sample of ten values of eadifferential pressures
across holes 2 and 4,¢gPand holes 3 and 1 {f, averaged over one
second at one second intervals. If the data exshébgtable flow field (i.e.

the scatter in the sampled data is small), theevafuR4 and RB; are stored.

2. Kiaasis then calculated by using the formula
P
Kiges = =+ (9.1)
P24

3. Kaz4and the angle of attagkare then interpolated from the calibration

curve shown in Figure 9.2.

4. The velocity y) is then evaluated using the formula

(9.2)
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Since the probe was out of calibration, it was Beagy to recalibate it. This was
done by means of a wind tunnel, where the probeswbgcted to a series of tests
so that a new calibration chart (refer to Figu@® vas produced. Each test was
run at constant air speed while the angle of atieerk varied by inclining the
probe. Several tests were performed, each hawiiffeaent speed and results

were averaged to produce the calibration chart sHzslow.
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9.1.2 Calibration curve for beam used to measure Windage

Windage power loss was measured using a calibbetach which deflects a
distance proportional to the output torque of theinlg shaft. The windage power
loss was then evaluated by multiplying this torgyehe speed of rotation of the

rig. Figure 9.3 shows the calibration curve for bieam.

4000
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G \
@ 2000 f———y=-3.0222x + 6821.9
o \k
= 1500

1000 \
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0 500 1000 1500 2000 2500
Position Sensor reading (mV)

Figure 9.3 — Calibration curve for beam used to meaure windage power loss
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9.2 Appendix B

Guidelines for using CFD in end regions of electrienotors.

In this section an overview of the methodology esgptl in all the CFD analysis
performed in this thesis is described. It also sg&s a guide to anyone wishing to
start investigating fluid flow and heat transfettie end region of electric
machines using CFD techniques. It is hoped thatwiil accelerate the learning

curve of this somewhat complex task.

9.2.1 Planning the Model.

In order to avoid disappointment, it is essentiat the model is well planned.
Things such as periodicity, boundary conditiongynistator domains
identification, steady/unsteady analysis, etc. Ehbe considered at the early

stage of the analysis.

9.2.2 Creating the Solid Model

When a plan is available, a solid model has todweldped. Although most CFD
packages have their own solid modellers, accorttirige author’s experience,
using dedicated solid modelling software will séivee by a factor of ten or more.
Solidworks™ was used to create the solid modelghvhiere then exported to the

grid generator using IGES standard.

While creating the solid model it is important el in mind that it is the air

surrounding the solid parts which needs to be niedeln special circumstances
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(for example when analysing the temperature distioin on the end winding

surfaces) the solids needs to be modelled too.

Do not include too much detail, especially detdiiatr is much smaller than the
length scale of the mesh. The reason behind thiisaexplained in the following

section.

9.2.3 Generating the Mesh

The solid model is then imported in a mesh genamagoftware. Usually the CFD
package will come with its own mesh generator. Toies not mean that other
mesh generators may not be used. However it isrit@apioto check on
compatibility. Fluent's mesh generation packagen@Gig was used to generate the

meshes described in this work.

There are various types of meshes, the most conynoseld nowadays are either
structured meshes or unstructured meshes. Froauther’s experience Fluent v6
handles unstructured meshes better than structumesl This may be due to
Fluent using an unstructured solver. Additionaliyfman unstructured mesh it is
more probable that the solution will be mesh indeleait. The disadvantage of an
unstructured mesh however is the huge number 5 tted mesh will contain

when compared to a structured mesh of the saméhlsogle. Having said this, the
topology of the complex shaped end windings mayde® choice but to use only
unstructured meshes. With the introduction of here eneshes, where the mesh
consists of hexagonal cells in the core regionstatrdhedral cells near the walls,

a mesh consisting of a structured mesh surroungeah linstructured mesh may
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also be generated. This considerably reduces tlsb siee, especially if the region

has a lot of core space.

Since the flow in the end region is generally hyghirbulent, wall functions must
be applied to near wall cells. Consequently, asmaresh near the wall and a
denser mesh elsewhere is desirable. This may bevachin different ways but the
easiest and fastest way to achieve such a meslyenerate a course mesh
everywhere and then divide each cell away fromnthkk using adaption
techniques in the CFD solver package itself. Thay ime done in Fluent using

inverse boundary adaption masks.

The next thing to look for when the mesh is gereeta the quality of the mesh. It
is important not to have too many scewed cellsewed cells can decrease the
accuracy of the solution or even worse destahitisesolution making
convergence next to impossible. The author suggésisg at a skewness factor
of less than 0.9. However, this is sometimes vdficdlt to achieve and thus a

mesh having just a few cells with a skewness ofmarte than 0.96 is acceptable.

Another point worth mentioning is that CFD usesadprge amount of memory.
As a result one should avoid generating mesheshwdrie excessively fine,
otherwise there will be no more room for adaptiad post processing. It is worth
remembering that all edges in the mesh are striigdd. Thus all curved lines in
the solid model will be approximated by a seriestedight lines having common

nodes. Consequently, a balance must be found sththanesh is not too course to
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conserve as much as possible the solid featuresratite other hand not too fine

to satisfy the requirements of wall functions.

The last step to finalise the mesh is to groupases into meaningful groups and
define the boundary type of these groups. Thuogriinlets, outlets, walls,
interface, etc. surfaces must be defined beforertixig the mesh to a format

readable by the CFD solver.

9.2.4 Solving the model

The imported grid needs to be scaled to S| unisisTif the model was created in

millimetres this needs to be scaled down by a faatone thousand.

The solution process then follows:

Specifying equations to be solved

Choosing a modelling technique

Applying Boundary Conditions

Setting up monitors

Solve

Setting up the equations to be solved

The equations to be solved need to be specifiedcé{¢he energy equation is
switched on if a heat transfer analysis is requifdsio the turbulence model being

employed is selected together with an appropriate wall treatment. The
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turbulent model and wall treatment employed arallgthe standaré-c model

and standard wall functions respectively.

Choosing a Modeling technique

There are two ways in which rotating machines maynodelled. If a steady state
(time averaged) solution is required the MultigRo{ating) Reference Frame
(MRF) technique is used otherwise if a time depahdelution is required, the
Sliding Mesh (SM) technique is used. There mayirtheg were a steady state
solution does not exist (for example when an unetiédw field is present or the
rotor stator interaction is strong), in these cdbege is no option but to employ

the sliding mesh technique.

The rotating reference frame technique includestioeleration of the coordinate
system in the flow equations so that the fluidt&ady with respect to the rotating

(non-inertial) reference frame. Therefore a stestete analysis may be performed.

The Multiple Reference Frame technique dividestibi@ain into separate rotating
reference frames so that the fluid flow is steadty wespect to its rotating frame
of reference. Thus a typical end region configoratvill consist of two frames of
reference, a stationary reference frame for therstlbbmain and a rotating
reference frame for the rotor domain. It is impottaot to include any non-
rotating walls in the rotating reference frame othise physically impossible
solutions may crop up. Despite this technique bam@pproximation, it gives

quite good results when the rotor stator interactsoveak.
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If an unsteady model is required the sliding meshmique must be employed.
Here the rotating reference frame is physicallgtiogy. This is done by rotating

the rotor mesh by a certain amount in each time Jteus the grid interfaces slide
relative to one another. Since this technique reguwa lot more computing
resources than the MRF technique, it is usuallyl @sea last resource when steady
state analysis does not converge (indicating thest qorobably an unstable flow

exists).

If using the sliding mesh technique an interfaceezmust be created within the
CFD solver. This maps the interface wall of thatiog frame with the interface
wall of the stationary zone. Otherwise an interione separates the rotating frame

from the stationary frame in the MRF technique.

Applying Boundary Conditions

Before solving the CFD model, the boundary condgi¢(BCs) need to be set up.
BC of the fluid zones need to be set up first. Tiw®Ives setting the type of fluid
being modelled (usually air) and type of referefiaee being employed (either
stationary, MRF or SM). If a MRF or SM is being dgke rotational speed and

axis of rotation need to be entered.

Following this BCs need to be set up to each imldial wall. Usually momentum
BC is stationary relative to the reference framipetforming a heat transfer
analysis the thermal BCs also need to be appliadls\wkhay be either adiabatic, at
constant temperature or constant heat flux. Sinedlow field in end region of

electric machines is generally turbulent, the teatsfer coefficients in the region
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are temperature independent. Therefore constamietetture BCs are usually the

most reasonable choice since these are the efsEgdve.

If heat transfer by conduction in the coils neaxbd investigated, then no
boundary conditions needs to be attached to thalie.WWhese walls are often
referred to as coupled walls where the fluid’'s s3flehe wall is coupled with the

solid’s side.

Setting up monitors
Monitors are set up to assess convergence whiletuel is being solved.
Residuals are monitored to assess solution staliésiduals are a measure of the

error in the solution. Residual history must shosteadily decreasing value.

Other monitors worth setting up are the windage kel heat transfer from the
end windings. The former is done by monitoring mi@ment coefficient on the
moving walls while the latter is done through aface integral monitor where an

area weighted average of the heat flow out of titeveindings is monitored.

It is worth emphasizing at this point that residuanitoring on its own is not

enough as a convergence criteria.

Solving the model

The main process is that of solving the model. Miagority of the time this is an
extensive process. To speed up convergence thatiela factors may be altered.
Relaxation factors control the amount of changa/beh successive iterations.

Thus a relaxation facton) is defined as
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a’:u (91)
D1~ G

Where ¢'is the adjusted value af to be used in the n+1 iteration.

For example if the solution exhibits instabilithetrelaxation factors may be
decreased. On the other hand if the solution Wetaut slow, the relaxation

factors may be increased.

Other methods to aid convergence exist (e.g. atgebmulti-grid), however, the

author never experienced the need to use thenisinvtrk.
9.2.5 Grid independency

The first thing to be done before starting to asalthe solution is to check
whether the solution is grid independent. This fnaylone by solving a denser
grid and comparing the two solutions. If the san$ are similar then one may

assume that the solution is grid independent.

The fastest way to create a denser grid is to atlepturrent grid. Adaption
techniques are very useful if used intelligentlglafstion masks are useful for
combining adaption registers. Thus in order to adafy the cells which are not
touching the walls (due to wall functions requirents¢, a complement boundary

adaption register may be combined with a volumenghaegister.

This process must be repeated until the solutigmidsindependent.
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9.2.6 Post Processing

Here the solution is analysed using post procegsinlg like vector plots and
contour plots. A great deal of information can k&racted if these tools are used
properly. One of the most useful tools is the &bt create iso-surfaces. An iso-
surface is an imaginary surface having a constalnievof a particular variable (for
example a surface having the same velocity maga)jtuithese iso-surfaces may in
turn be clipped to other constant values of otlaiables. Vector plots and

contour plots may then be plotted on these imagisarfaces.

Apart from graphical analysis of results, numermaalysis of the results may be
performed by using surface and volume integrataist For example to calculate
the overall heat transfer coefficient, the areagiveid average surface integral of

the heat transfer coefficient on the end winding$ages is calculated.

9.2.7 Validation

Unlike Finite Elements Analysis applied to struetrCFD techniques have not
yet obtained a high level of confidence. This igally due to the turbulent nature
of the flow. Therefore CFD models need to be vadidaagainst experimental data

before more detailed analysis may be performedemt
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