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A computational fluid dynamics (CFD) model representing the effect of wafters in a totally enclosed elec-
tric machine is presented, introducing the most relevant theoretical assumptions and simplifications. The
validation of the model is conducted through experimental measurements. From the CFD simulation
data, a second-order response surface is developed using statistical tools, from which the wafters’ influ-
ence on the convective heat transfer from the stator end windings is predicted. Wafter design criteria are
obtained from the response surface information. Finally, a specific case is analysed, showing through CFD
simulations that temperatures in the machine are reduced by including wafters in the design.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Power density and rotation speed in electric machines have
augmented significantly in recent years for many applications. This
trend is resulting in an increase in losses for small volumes, and the
cooling system is turning out to be a crucial aspect of the design.
There are many options that provide very good cooling capabili-
ties; liquid cooling through a jacket over the stator back iron is a
widespread option [1–4], and direct oil-cooled systems provide
very effective cooling throughout the machine [5,6], although it
creates extra friction losses which could be very limiting as the
rotation speed increases. Moreover, there are many combinations
of both systems in the literature. For example, Equipmake Ltd.
[7] proposed a dual cooling system that pushes oil through the
slots and air through the rotor, Porsche [8] manufactured a 95 hp
motor cooled with an oil jacket combined with an air induction
system, and Lim in [9] developed an oil spray cooling system for
in-wheel motors in electric vehicles.

This article focuses on totally enclosed cooling systems, which
are widely used for traction applications, such as electric vehicles
or trains [10]. This cooling arrangement shows significant limita-
tions when it comes to rotor cooling [11], and the design also turns
the end windings into a limiting factor, as they often become a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2017.10.011&domain=pdf
https://doi.org/10.1016/j.applthermaleng.2017.10.011
mailto:msatrustegui@ceit.es
https://doi.org/10.1016/j.applthermaleng.2017.10.011
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng


Nomenclature

Latin symbols
bwafter width of the wafter
CCD central composite design
CFD computational fluid dynamics
Cp specific heat (J/kg K).
Cu copper
DExt-Rotor rotor external diameter (mm)
DExt-Stator stator external diameter (mm)
DE drive end
DoE design of experiments
DShaft shaft diameter (mm)
f factorial in the parametric study
GCI grid convergence index
hendwinding convective heat transfer coefficient in the stator end

windings (W/m2�K)
htot mean total enthalpy
hwafter height of the wafters (mm)
lend-air distance between the end-plate and the end winding

(mm)
lendwinding axial length of the stator end winding (m)
lStack-Stator axial length of the stator stack (mm)
lwafter axial length of the wafters (mm)
N rotational speed (rpm)
NDE non-drive end
n Number of parameters in the parametric study
p pressure (Pa)
PCu,s losses in the stator windings (W)

Pventilation ventilation losses inside the machine (W).
rext external radius for the definition of the wafter height

(mm)
rint internal radius for the definition of the wafter height

(mm)
R2 coefficient of determination of the statistical model
Ruu electrical resistance of the phase u of the stator wind-

ing (X)
Rvv electrical resistance of the phase v of the stator winding

(X)
Rww electrical resistance of the phase w of the stator wind-

ing (X)
SE external energy source.
SM external momentum source
t time
T Temperature of the fluid
Uj Flow velocity in direction j (m/s)
V nominal voltage of the machine (Volts)
Xwh non-dimensional parameter that defines wafter height
Xwl non-dimensional parameter that defines wafter length
zwafters number of wafters in the design

Latin symbols
m Dynamic viscosity (Pa�s)
q Density of the fluid (kg/m3)
s Molecular stress tensor
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hotspot in the machine [12]. However, many solutions to these
problems are available in the literature: Polikarpova [13] included
potting to enhance the heat transfer from the end windings to the
water jacket; Micallef [14] proposed the attachment of some waf-
ters to the rotor in order to increase convective capacity in the end
windings; Fedoseyev [15] removed the energy from the rotor
through a heat pipe within the rotor shaft and transferred it to a
heat sink; Tighe [16] provided a comprehensive thermal analysis
of three different cooling configurations, including a heat pipe in
the shaft to enhance heat transfer in the rotor. In addition, Camil-
leri in [17] conducted a CFD (computational fluid dynamics) para-
metric study of the effects of including radial vents in the rotor.

Of all these solutions, the inclusion of wafters solves the over-
heating in the end windings and maintains the simplicity of the
cooling system. The primary purpose of including wafters is to
increase the convective heat transfer coefficient in the stator end
windings, which translates into a temperature reduction in this
zone, which is usually very critical in traction applications. How-
ever, the lack of information about their design complicates their
implementation in new designs.

Although Micallef [14,18,19] has studied accurate CFD models
that represent the effect of wafters in the end space of a specific
machine, there are still no established criteria for easily imple-
menting wafters in a cooling system. This article, therefore, focuses
on obtaining a design procedure and some design criteria for this
element in order to maximize the convective heat transfer in the
end windings and minimize the possible hotspots in this zone.

The proposed design methodology focuses on wound windings,
which are the most extended winding topology for these kinds of
applications. However, new trends in this field, such as hairpin
[20] or coil-form windings [21], are gaining ground. Therefore, an
independent study of each kind of topology should be carried out
in further research.
The entire study has been conducted via CFD simulations. The
CFD model used in this article has been previously validated with
experimental measurements, and it has been employed along with
statistical tools with the aim of generating a second-order response
surface model that is capable of predicting the influence of differ-
ent parameters that define the wafters on the convective heat
transfer in the end windings of the machine. Thus, this paper pre-
sents an innovative approach to designing wafters for totally
enclosed machines, with the aim of reducing the temperatures in
the machine and increasing the overall efficiency of the system.

The CFD model employed in this study is described in detail
first, including detailed information about its geometry and its
mathematical model. Secondly, the validation process is analysed,
including information about the experimental measurements
obtained and a comparison between the tests and the CFD results.
Then, the proposed parametric study is detailed, defining the type
of study and the parameters included in the analysis. Finally, the
results are summarized, giving the details of the second-order
models for the convective heat transfer and the ventilation losses
for both the machines with and without wafters. In addition, the
effect of including wafters in a particular machine is reported,
the result being a significant decrease in the temperatures of the
machine.
2. CFD model

As the flow pattern in the end space is not predictable, it would
be almost impossible to analytically determine the airflow in this
zone. Therefore, a reliable CFD model which could accurately rep-
resent the effect of wafters in the end space of an electric machine
is presented. The electric machine modelled is described in the
next section.
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The most relevant aspects of the geometry and the discretiza-
tion are given first, followed by information about the mathemat-
ical model, explaining the main features of the CFD model itself.
2.1. Geometry

The CFD model represents the tailor-made machine shown in
Fig. 1. It consists of a totally enclosed electric machine with an
outer stator and an inner rotor without magnets or copper bars
(rotor field generating elements are disregarded to simplify the
characterization of the losses generated).
Fig. 1. Experimentally tested machine without end-plates.

Fig. 2. Geometry of the housing (left) and th

Fig. 3. Simplifications made to the model: Circumferenti
Because a very detailed geometry could lead to very time-
consuming simulations, some simplifications have been made.
The most important simplifications are described below.
2.1.1. Housing
The housing of this machine was built with axial fins all around

the machine to enhance heat transfer to the ambient air (Fig. 1).
Modelling these fins would increase the number of elements in
the mesh, so instead an equivalent housing (Fig. 2) with a corrected
convection heat transfer coefficient was modelled using the formu-
lation from [22].
2.1.2. Stator end windings
The machine modelled was built with wound windings, which

is the most common topology for traction machines [23], although
bar windings could be analysed in the same way. In representing
the winding, modelling each of the wires in the winding would
lead to very large meshes, so the approximation proposed by Mel-
lor [24] was adopted (Fig. 2).
2.1.3. Periodicity and symmetry
In order to reduce the number of cells in the CFD model and

thus the computational time required, the following simplifica-
tions were included:

� Symmetry: Symmetry with respect to the central vertical plane
was assumed in order to model half of the machine on this axis
(Fig. 3).

� Periodicity: The least common multiple between the number of
wafters and the number of slots was modelled on the circumfer-
ential axis (Fig. 3).
e active parts (right) in the CFD model.

al periodicity (left); Central plane symmetry (right).
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2.2. Mathematical model

The temperatures and the heat transfer coefficients in this elec-
tric motor can be studied by solving the governing differential
equations that are restricted to the boundary conditions inside
the flow domain.

2.2.1. Flow domain
The computational flow domain consists mainly of the air inside

and the solids that make up the electric motor (the housing, the
end-plate, the shaft, the rotor and the stator).

As stated above, simplifications were made to the model’s
geometry in order to reduce the number of elements in the model.
First, a central vertical plane symmetry was imposed in order to
model half of the machine. Then, a periodicity of the least common
multiple between the number of wafters and the number of stator
slots was considered. The reduced model and the whole model
(without symmetry or periodicity) were compared, and the same
results were obtained. Thus, the reduced model was validated.

A high quality tetrahedral mesh was used to discretize the com-
putational domain. The number of cellswas on the order of 1.5 � 106.
The resolutionof themeshwas higher in the fluid zone, and inflation
for the surfaces of the fluid in contact with the solids was included
(consisting of a 10-layer grid where y+ < 5), which is a standard in
these kind of simulations. In this regard, the different solids were
computed using a conformal grid type. However, a non-conformal
grid was employed for the contact between the fluid and the solids.
Furthermore, skewness and orthogonal quality standards were far
below what is recommended by software developers.

2.2.2. Governing equations
Analytical estimations of the Re number were made beforehand

in order to know the most suitable flow regime. These estimations
indicate the existence of a turbulent regime of the flow in the zone
where the wafters rotate, and subsequent simulations confirmed
the validity of this supposition. Taking the above into account,
the unsteady Reynolds averaged Navier-Stokes (URANS) (Eqs. (1)
and (2)) and the Energy (Eq. (3)) equations were used to include
turbulence effects in the mean flow variables. Density and thermal
conductivity were considered constant (Table 1).
Table 2
Flow and thermal boundary conditions.

Zone Type of boundary condition

Contact Stator-winding Width of the thermal resistance
Contact Winding-air Width of the thermal resistance
Joule losses Volumetric loss (15/20 A)
Bearing losses Volumetric loss (1000/1750 rpm)
Rotational speed Air rotation
Ambient Temperature
Turbulence initialization Turbulence kinetic energy (k)
Turbulence initialization Turbulent dissipation (e)
Housing external surface Convection
End-plate external surface Convection

Table 1
Material properties in the CFD model.

Name T. conductivity (W/m K) Cp (J/kg K)

Air 0.0242 1006.43
Insulation 0.13 –
Varnish 0.4 –
GG20 46 460
F125 40.6 470
M600-50A 36/36/2.75 486
Copper 387.6 381
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where q represents the density of the fluid, t the time, xj the dis-
placement in j direction, Uj the instantaneous velocity in j direction,
p the pressure of the fluid, sij the molecular stress tensor, htot the
mean total enthalpy, T the temperature of the fluid and, SM and SE
represent source terms of the momentum (Eq. (2)) and the energy
(Eq. (3)) equations, respectively.

A great deal of research has been done in the field of CFD sim-
ulations for electrical machines, and most of it shows very good
agreement with experimental measurements when using the stan-
dard k-emodel. SanAndres [25] developed a CFD design methodol-
ogy for electric machine cooling systems, Klomberg [26] presented
different methods for analysing a large hydro generator with CFD,
Dang [27] studied the rotor–stator interaction through CFD simu-
lations, and Melka [28] introduced a validated numerical model
describing heat transfer and air flow phenomena in a permanent
magnet brushless direct current motor. For this study, the standard
k-e model was also selected for the turbulence model. In addition,
a two-layer approach and the one-equation model by Wolfstein
[29], which dealt with turbulence modelling near the walls, were
adopted.

2.2.3. Boundary conditions
The flow and thermal boundary conditions needed for the com-

plete setup of the model consist of the material database, specified
in Table 1, and a list of boundary conditions, defined in Table 2.

For the studied machine, the tip speed (also known as the
peripheral speed, which is the theoretical maximum speed of the
air due to the movement of the rotating parts of the electrical
machine) is always under 0.3 Mach. Consequently, the internal
Value Units

1.7 mm
0.1 mm
68707.0/122145.7 W/m3

1770760.2/2810996.0 W/m3

1000/1750 rpm
23.4 �C
1 m2/s2

1 m2/s3

25 W/m2 K
5 W/m2 K

Density (kg/m3) Zone

1.067 Internal air
– Contact Stator-winding
– Contact Winding-air
7200 Housing and end-plates
7810 Shaft
7750 Rotor and stator stack
8978 Windings
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air has been considered incompressible and has been modelled
with constant density (Table 1).

As Table 2 shows, the copper (Cu) winding of the machine is iso-
lated from the stator stack with insulation material, which is rep-
resented with a thermal resistance of 76.5 K/W. In addition, losses
in the copper winding are represented with Joule losses, which
vary depending on the DC current circulating in the conductors,
and mechanical losses in the bearings are taken into account. Fur-
thermore, the ambient temperature and the convective heat trans-
fer coefficient of the external surfaces of the machine are defined in
this step. In addition, the following conditions are assumed:

� A no slip condition is assumed for the surface contacts between
fluids and solids, where the fluid is supposed to have the same
speed as the wall. In addition, smooth walls for the shear stress
calculation are assumed for the turbulence model.

� For the symmetry surfaces: the expected pattern of the flow/
thermal solution has mirror symmetry.

� For the periodic surfaces: the flow entering the computational
model through one periodic surface is identical to the flow exit-
ing the domain through the opposite periodic surface.

� For the inlet: a turbulent intensity of 5% and a turbulent viscos-
ity ratio of 10 is established.

� For the outlet: a backflow turbulent intensity of 5% and a back-
flow turbulent viscosity ratio of 10 is assumed, which are
default values from the commercial software Ansys FLUENT
[30].

Finally, the rotational speed of the rotating elements is also set.

2.2.4. Discretization and resolution
The finite volume method (FVM) was applied to discretize the

differential equations of the mathematical model described above,
using a segregated implicit solver to solve the generated algebraic
equation system. Equations were linearized and then sequentially
solved using the Gauss-Seidel algorithm accelerated by an alge-
braic multigrid method [31]. The pressure-velocity coupling was
achieved through the use of the SIMPLE algorithm [32]. Diffusive
terms of the equations were discretized using a second-order
scheme, and the convective terms were discretized using a
second-order upwind scheme [33].

As the validation process was performed with transient simula-
tions, a study of the time stepping was performed, and the correct
time step was obtained for the following simulations.

The mathematical model was solved on an HP server with 4
Opteron 880 processors and with 16 GB of RAM memory. The
entire numerical procedure was implemented in the unstructured
CFD code Fluent v16.2 [30].

2.2.5. Convergence criteria
Three criteria determine whether convergence is achieved. The

first consists in a decrease of three orders of magnitude from the
values for the scaled residuals of the equations, maintaining values
below 10�3 for the mass, momentum and turbulent equations and
10�6 for the energy equation. The second that the mean air temper-
ature must be held constant through iterations. And the third cri-
terion establishes the balance between the energy losses and the
energy dissipated through the external surfaces by convection
and radiation.

2.2.6. Grid independency
The grid independency of the mathematical model results was

checked by means of the grid convergence index (GCI), based on
the Richardson Extrapolation method [34]. This value is used to
determine the discretization error by comparing the results for
three different meshes. The first mesh (N1: 5,273,745 elements)
is the finest, the second mesh (N2: 3,208,293) represents an inter-
mediate grid level and the third mesh (N3: 1,100,866) is for a
coarse mesh. The resulting refinement factors are r21 = 1.18 and
r32 = 1.428.

Four results from the model’s simulations were selected in
order to evaluate the discretization error: mean temperatures in
the rotor and the stator windings, and convection with air in the
rotor end and the stator end windings. The results of the evaluation
are presented in Table 3. These results show that the assumed dis-
cretization error is low enough if the fine or intermediate meshes,
N1 or N2, are chosen for the mathematical model. In this case, the
intermediate mesh was selected in order to minimize computa-
tional cost and reduce simulation time.

3. Experimental measurements and validation of the CFDmodel

The validation of the CFD model presented above was carried
out by taking certain experimental measurements. These tests
were performed under different working conditions, with and
without wafters and for different rotation speeds.

3.1. Tested machine

As noted above, the machine used in these tests consists of a
totally enclosed electric machine with an outer stator and an inner
rotor without magnets or copper bars. Thus, rotor field generating
elements are disregarded to simplify the characterization of the
losses generated (Fig. 4) and the only loss source is located in the
stator windings and the bearings.

The main properties of the machine are:

� Rotor external diameter is 162 mm.
� Stator external diameter is 235 mm.
� 60 stator slots.
� Stator stack length is 150 mm.
� End winding axial length is 33 mm.

3.2. Test conditions

An induction motor drove the test machine at a constant speed
for each of the experiments (Fig. 5). In addition, a torque trans-
ducer was placed between the induction motor and the test
machine in order to measure the mechanical losses produced by
the bearings.

At the same time, the stator windings were supplied with DC
current in order to avoid magnetic field variations in the stator
stack. Thus, only Joule and mechanic losses are taken into account.
The machine was supplied with DC current as shown in Fig. 6 for
all configurations.

Losses in the windings (PCuS) were obtained experimentally by
measuring the resistance of each of the three phases, using Eq. (4).

PCu:S ¼ 1
1

Ruu
þ 1

Rvv
þ 1

Rww

� I2 ð4Þ

where I is the supplied current in Amps and Rxx is the resistance in
Ohms for phase xx (representing phases uu, vv and ww) of the
machine.

The mechanical losses were obtained experimentally by testing
the machine without any loss source and making it rotate at a con-
stant speed of 1000 rpm, measuring the generated torque with the
torque transducer.

Six different configurations were analysed. Due to mechanical
limitations, only two rotation speeds were studied (1000 and
1750 rpm). For each of these rotation speeds, three different
topologies were examined: the motor without wafters, with 30



Table 3
Grid independency analysis for the three meshes.

Stator winding
temperature (K)

Rotor stack
temperature (K)

Convection with air in the
end windings (W/m2 K)

Convection with air in the
rotor end (W/m2 K)

Variable values /1 401.31 391.7 0.91717 �0.4692
/2 401.37 391.49 0.88856 �0.47972
/3 401.35 398.2 0.94638 �0.05134

Absolute differences a21 0.06 �0.21 �0.02861 �0.01052
a32 �0.02 6.71 0.05782 0.42838

Grid convergence index (%) GCI21 0.03 0.00 0.04 0.57
GCI32 0.00 0.00 0.00 2.45

Fig. 4. Rotor tested (with no magnets or bars) with wafters.

Fig. 5. Configuration of the tests performed (left) and test machine with 60 mm wafters (right).
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Fig. 6. Supplied current for the test configurations.
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mm axial length wafters and with 60 mm axial length wafters (in
the cases with wafters, 10 wafters were placed in both the rotor
drive-end (DE) and non-drive-end (NDE), with a height of 20 mm
and a width of 7 mm),

The objective of these tests was to measure temperatures in dif-
ferent parts of the machine, focusing mainly on the stator wind-
ings, which is the focus of this study. Therefore, fifteen PT-100
temperature sensors were installed in the machine, twelve of
which were placed in the stator windings (four in the DE end wind-
ings, another four in the NDE end windings and the last four in the
middle of the stator stack), two were placed in the housing of the
machine, and one was left in the ambient environment.

3.3. Results and validation

The results obtained from the temperature measurements were
compared with the CFD transient simulations under the same
working conditions.

Fig. 7 shows the mean temperature in the end windings of the
machine both for experimental tests and CFD simulations. In these
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Fig. 7. Comparison of CFD and experimental measurements: (a) 1000 rpm without wafte
with 30 mm wafters; (e) 1000 rpm with 60 mm wafters; (f) 1750 rpm with 60 mm waft
graphs, the results of the CFD are represented with the mean sur-
face temperature of the end winding (in orange). In contrast, the
experimental results are displayed with the DE and NDE end wind-
ing curves, in blue and grey, respectively, which are defined as the
mean temperature of each of the 4 sensors located in each of the
end windings.

As can be seen, CFD simulations show very good agreement
with the experimental data. However, due to some uncertainty
with mechanical losses at higher rotational speeds, some disagree-
ment is found in the b, d and f graphs from Fig. 7. Because these
mechanical losses are not the focus of study in this article, the
deviation was assumed admissible.

Looking at Fig. 7, it can be observed that the reduction in tem-
peratures for tests with 1000 rpm rotation speed is negligible.
However, there is a reduction in the maximum temperature by
more than 10 �C for the tests with wafters at 1750 rpm. Moreover,
the variation in the wafter length (graphs d and f) does not yield a
significant reduction in the temperatures of the winding. In addi-
tion, the maximum temperature obtained in the tests is shown
and compared with the CFD results in Table 4.
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Table 4
Maximum temperature (in �C) values obtained for each test and CFD simulation.

Topology CFD result Test result Difference (%)
a 124.4 123.0 1.42
b 122.9 121.7 1.23
c 118.2 119.4 �1.26
d 116.2 114.2 2.23
e 121.8 117.4 4.74
f 118.53 110.9 8.83
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4. CFD parametric study

Having validated the CFD model experimentally, we turn to the
main objective of this study, which is to identify the effect of differ-
ent variables on the convective heat transfer coefficient in the end
windings, which tend to be the hotspot in many designs. These
variables consist of different parameters defining the wafters.
Moreover, the additional mechanical losses generated by these
wafters are also examined.

4.1. Type of study

Three different parametric analyses were performed, each one
with different aims, as listed below:

� Parametric Analysis 1: End region without wafters: The model
is analysed without wafters. The main purpose of this study is
to obtain the convective heat transfer coefficients in the end
region without wafters.

� Parametric Analysis 2: End region with wafters (unshrouded):
The model with wafters is analysed. The influence of wafters
without a shroud in the convective heat transfer coefficients is
examined.
Fig. 8. Example of a CCD with two input parameters where f = 0.

Shaft

Rotor

Wafter
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lwafter
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lendwinding

rint

rext

lend-air

Fig. 9. Parameters under s
� Parametric Analysis 3: End region with wafters (shrouded): The
model with wafters is studied, but this time a shroud for the
wafters is included. The influence of the shroud is examined.

For each parametric analysis the same DoE, a central composite
design (CCD), was employed. The CCD designs are five-level frac-
tional factorial designs that are suitable for calibrating a quadratic
response model. An example of a two-parameter CCD is shown in
Fig. 8.

As can be seen in Fig. 8, a CCD consists of:

� A centre point.
� 2�n axis points located at the �a and +a positions (0 < a < 1) on
each axis of the selected input material.

� 2(n�f) factorial points located at the �1 and +1 positions along
the diagonal of the input parameter space.

f is the factorial, which is used to restrict the number of design
points to a reasonable number (some diagonal points are not
included based on factorial f).

4.2. Parameters under study

There are many parameters that could be classified as input
parameters in this study, but it would lead to too many design
points. Consequently, some parameters were discarded before
the DoE was conducted.

4.2.1. Discarded parameters
As the focus of this study is the end region of the machine,

parameters such as the number of slots, the geometry of the slot
and the airgap were left out of the study. Furthermore, the stator
external diameter and the stator stack were defined relative to
the rotor external diameter, which is one of the input parameters
defined in the nomenclature section. The relation between these
parameters was fixed with representative values for traction appli-
cations [23], which are commonly designed with 2, 3 or 4 pair
poles, and they are listed below:

� Stator stack length (lstack-Stator) and rotor external diameter
! lstack-Stator = 1.2 ⁄ DExt-Rotor

� Stator external diameter (DExt-Stator) and rotor external diameter
! DExt-Stator = 1.5 ⁄ DExt-Rotor

The wafter width (bwafter), which is described in Fig. 9, is always
limited by the manufacturing process. As this variable increases,
the hydraulic resistance of the end region will also increase,
Dshaft

Dext,r

bwafter

tudy in the machine.
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thereby reducing the air flow in this region. For this reason, this
parameter should be kept as low as possible in order to ensure that
no mechanical problems occur, such as wafter bending or rupture.

The number of wafters (zwafters) was defined with Eq. (5) from
[35], which offers a reasonable value for an early stage design.
Unfortunately, there is no mathematical method for determining
an optimum number of blades/wafters for this case. Care must
be exercised in the design of the wafter passages to ensure a
reasonable flow of the streamlines such that no separation
occurs.

zwafters ¼ 8:5
1� rint=rext

ð5Þ

where rint and rext represent the internal and external radius of the
wafters, respectively (see Fig. 9). The increase in this parameter
leads to higher hydraulic efficiency, but it also increases the amount
of mechanical losses in the machine. Although Eq. (5) brings a prac-
tical solution to this problem, a deeper study is still recommended
for final designs.

The shaft diameter (Dshaft) was defined according to its mechan-
ical loadability, which is described in [36].

In addition, the distance between the end windings and the
plate (lend-air in Fig. 9) was defined by the nominal voltage of the
machine (V), and Eq. (6) from [37,38] set this parameter in meters.

lend�air ¼ 0:005 � V ð6Þ
Finally, the temperature in the windings was set according to the
most common insulation class for traction applications in electric
motors [39,40]. Consequently, the temperature in the windings
was kept constant at 150 �C.

4.2.2. Input parameters
The following five input parameters were selected to perform

the DoE:

� Speed rotation (rpm), with an upper value of 6000 and a lower
value of 1000. These limits were defined using [41] as a refer-
ence, setting the range for traction applications from 1000 to
6000 rpm. These rotation speed limits cover a range from small
starters to train/bus electric motors.

� Rotor external diameter (m), with a maximum value of 0.35 m
and a minimum value of 0.1 m. The main restriction for this
variable consisted of limiting the tip speed [42] to under 0.3
Mach for a maximum speed of 6000 rpm. Otherwise, air would
not be considered incompressible and CFD simulations would
become much more complicated.

� End winding length (m). The length of the end windings was
fixed between 0.05 and 0.15 m. These values correspond to fea-
sible values according to the previously defined parameters and
the type of application studied. The aim of this limitation is to
embrace most of the configurations described for traction appli-
cations in the literature.

� Wafter length (m) was limited with variable Xwl from Eq. (7),
with a maximum value of 1 and a minimum value of 0.3. This
way, the optimum wafter length is related to the end winding
length.

lwafter ¼ Xwl � lendwinding ð7Þ

� Wafter height (m) was limited with variable Xwh from Eq. (8),
with a maximum value of 0.8 and a minimum value of 0.2. This
way, the optimum value of hwafter is related to the rotor’s exter-
nal diameter and shaft diameter.

hwafter ¼ Xwh � 0:5 � ðDExt�Rotor � DShaftÞ ð8Þ
4.2.3. Output parameters
Two output parameters were identified in this study:

� Convective heat transfer coefficient in the end windings (hend-

winding): This parameter is measured in W/m2 K and consists of
the heat transfer capacity from the end windings to the air
inside the machine. As this value grows, the temperatures in
the end windings are reduced and a better temperature distri-
bution in the stator winding is obtained, which is the main goal
of this study.

� Friction losses inside the machine (Pventilation): Measured in
Watts (W), ventilation losses inside the machine are obtained
with this value. As this value grows, the overall efficiency of
the machine is reduced. Consequently, care should be taken
with this parameter.

5. Results of the parametric study

The data generated from the different DoE was analysed using
the commercial software Minitab 17 [43]. The results are pre-
sented in two sections. First, the results obtained without wafters
are explained, followed by the effects of different parameters for
the wafers. These equations are statistical relations where the con-
stants obtained in each equation give the consistency between
both terms.

5.1. Without wafters

The data obtained in the previous sections was used to
develop second-order statistical models, one for each of the
variables analysed. The degree of accuracy of these models
was determined by the coefficient of determination (R2), which
ranges from 0 to 1. For these models, R2 s of 0.99 and 0.95
were obtained for the convective heat transfer coefficient and
the ventilation losses, respectively. Both models are defined in
Eqs. (9) and (10) for the convective heat transfer coefficient
(hendwinding) and the ventilation losses (Pventilation), respectively,
where Drotorext and lendwinding are given in meters and N is given
in rpm.

hendwinding ¼ 2:61þ 0:0349 � Drotorext � 0:095 � lendwinding

þ 0:0059 � Nþ 0:000021 � D2
rotorext

þ 0:000961 � l2endwinding � 0:00046 � Drotorext � lendwinding

þ 0:000019 � Drotorext � N� 0:000042 � lendwinding � N ð9Þ

Pventilation ¼ 761� 4:81 � Drotorext � 3:01 � lendwinding � 0:1939 �N
þ 0:008 � D2

rotorext þ 0:0151 � l2endwinding

þ 0:000013 �N2 � 0:00005 � Drotorext � lendwinding

þ 0:000747 � Drotorext � N� 0:000002 � lendwinding � N ð10Þ
As expected, both parameters grew as the rotational speed and the
rotor external diameter increased. The convective heat transfer
coefficient did not acquire values above 40 W/m2 K for any config-
uration. In addition, ventilation losses were always below 0.65 kW.

5.2. With wafters

As mentioned in the previous section, the results shown are
based on second-order statistical models. Each of the models
was characterized by the coefficient of determination (R2),
which were 0.97 and 0.98 for the convective heat transfer
coefficient and the ventilation losses, respectively. The
second-order models are defined in Eqs. (11) and (12) for
the unshrouded case.
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hendwinding ¼ �434þ 0:824 � Drotorext � 0:7 � lendwinding þ 609 � Xwl

þ 632 � Xwh þ 0:0611 �N� 0:001112 � D2
rotorext

� 0:0037 � l2endwinding � 363:5 � X2
wl � 430:7 � X2

wh

� 0:000001 � N2 þ 0:00096 � Drotorext � lendwinding

� 0:417 � Drotorext � Xwl � 0:196 � Drotorext � Xwh

þ 0:000038 � Drotorext �Nþ 1:12 � lendwinding � Xwl

þ 0:62 � lendwinding � Xwh þ 0:000238 � lendwinding � N
� 145 � Xwl � Xwh � 0:0586 � Xwl � N � 0:0438 � Xwh � N

ð11Þ

Pventilation ¼ 10552� 80:7 � Drotorext � 45:4 � lendwinding þ 9231 � Xwl

þ 4180 � Xwh � 3:393 � Nþ 0:1229 � D2
rotorext

� 0:0072 � l2endwinding � 1670 � X2
wl � 2884 � X2

wh

þ 0:000207 �N2 þ 0:2218 � Drotorext � lendwinding

� 27:4 � Drotorext � Xwl � 3:9 � Drotorext � Xwh

þ 0:01162 � Drotorext �N� 10:5 � lendwinding � Xwl

� 48:0 � lendwinding � Xwh þ 0:012 � lendwinding � N
þ 8462 � Xwl � Xwh � 1:567 � Xwl � N � 0:369 � Xwh � N ð12Þ

For the case with shrouded wafters, the second-order models are
defined in Eqs. (13) and (14).

hendwinding ¼ �434þ 0:824 � Drotorext � 0:7 � lendwinding þ 609 � Xwl

þ 632 � Xwh þ 0:0611 �N� 0:001112 � D2
rotorext

� 0:0037 � l2endwinding � 363:5 � X2
wl � 430:7 � X2

wh

� 0:000001 � N2 þ 0:00096 � Drotorext � lendwinding

� 0:417 � Drotorext � Xwl � 0:196 � Drotorext � Xwh

þ 0:000038 � Drotorext �Nþ 1:12 � lendwinding � Xwl

þ 0:62 � lendwinding � Xwh þ 0:000238 � lendwinding � N
� 145 � Xwl � Xwh � 0:0586 � Xwl � N � 0:0438 � Xwh � N

ð13Þ
Fig. 10. Effects of different geometric parameters that define the wafte
Pventilation ¼ 10552� 80:7 � Drotorext � 45:4 � lendwinding þ 9231 � Xwl

þ 4180 � Xwh � 3:393 �Nþ 0:1229 � D2
rotorext

� 0:0072 � l2endwinding � 1670 � X2
wl � 2884 � X2

wh

þ 0:000207 �N2 þ 0:2218 � Drotorext � lendwinding

� 27:4 � Drotorext � Xwl � 3:9 � Drotorext � Xwh

þ 0:01162 � Drotorext � N� 10:5 � lendwinding � Xwl

� 48:0 � lendwinding � Xwh þ 0:012 � lendwinding � N
þ 8462 � Xwl � Xwh � 1:567 � Xwl � N � 0:369 � Xwh � N ð14Þ

Predictably, the convective heat transfer coefficient is affected by
the rotor external diameter and the rotational speed in the same
way as in the case for no wafters.

In addition, the values of the heat transfer coefficient in the end
windings are much higher than those without wafters, and this
increase will reduce temperatures in the windings. Although there
is a reduction in temperatures, care should be taken with the ven-
tilation losses because they are also higher than the case without
wafters, where values of 5.8 kW are obtained.

Moreover, to obtain the optimum wafter configuration, the
effect of the geometric parameters on the convective heat transfer
coefficient that defines the wafters is in Fig. 10. The same informa-
tion is obtained for the ventilation losses in Fig. 11.

As can be seen in Fig. 10, the optimum configuration would be a
shrouded design with a length that is half of the length of the end
windings and half the height available between the shaft and the
rotor external diameter. However, care should be taken with the
ventilation losses because, as depicted in Fig. 11, the ventilation
losses are also strongly affected by the geometry of the wafters.

5.3. Design criteria for wafters

The main objective of this study is to obtain some criteria to
define the geometry of the wafters in order to minimize the tem-
peratures in one of the most critical parts of electrical machines,
the stator end windings. The reduction of temperatures in the
end windings is achieved by maximizing the convective heat trans-
fer in this zone. Bearing this in mind, the most relevant criteria
obtained from this study for the parameters defining the wafters
are summarized below:
rs on the convective heat transfer coefficient in the end windings.



Table 5
Main characteristics of the machine studied.

Parameter Value Units

Rotational speed 3000 rpm
Nominal power 46.44 kW
Rotor external diameter 200 mm
Stator stack length 240 mm
Stator external diameter 300 mm
Number of slots 60 –
End winding length 80 mm
Airgap 2 mm

Fig. 11. Effects of different geometric parameters that define the wafters on the ventilation losses in the machine.
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� The length of wafters (lwafter in Fig. 9): Following the results
obtained previously in Fig. 10, the optimum value of Xwl to max-
imize the convective heat transfer coefficient is 0.55. Conse-
quently, the length of the wafters should be around the value
obtained from Eq. (15).

lwafter ¼ 0:55 � lendwinding ð15Þ
� The height of wafters (hwafter in Fig. 9): Also, with the aim of
maximizing the convective heat transfer coefficient (Fig. 10),
Xwh should be about 0.5. Therefore, the height of wafters should
be defined according to Eq. (16).

hwafter ¼ 0:25 � ðDExt�Rotor � DShaftÞ ð16Þ

� The inclusion of a shroud: The inclusion of this element
increases significantly the convective heat transfer in the end
windings, as can be seen in Fig. 10. Therefore, its implementa-
tion would be beneficial for the thermal behaviour of the
machine.

� The wafter width (bwafter in Fig. 9): As commented previously,
this parameter is always limited by the manufacturing process.
As this variable increases, the hydraulic resistance of the end
region will also increase, thereby reducing the air flow in this
zone. For this reason, this parameter should be kept as low as
possible in order to ensure that no mechanical problems occur.

� The number of wafters (zwafter): This parameter has not been
analysed in detail in this study, so a deeper analysis should be
performed in order to get more insight into the influence of this
parameter. In this regard, Eq. (5) from [35] offers a reasonable
value for an early stage design.

5.4. Example

To check the accuracy of the statistical models developed, apply
the developed design criteria and observe the influence of the waf-
ters in a real case, the same machine with and without wafters was
examined using the previous CFD models.

5.4.1. Machine characteristics and working conditions
The example machine used in this section is based on a perma-

nent magnet surface mounted (PMSM) machine that can be
employed for traction applications. Common values for speed
rotation, nominal power and machine size were obtained from
Burress [23]. In addition, recommended values from [36] were
obtained to develop the rest of the geometry. The resulting
machine is described in Table 5.

In addition, the design criteria obtained in Section 5.3 was
employed in order to define the geometry of the wafters, yielding:

� 30 wafters (15 for NDE and 15 for DE).
� 44.36 mm length in the axial direction.
� 36.06 mm height in the radial direction.
� 3 mm width.
� A shrouded topology (of 2 mm width).

5.4.2. CFD model
The CFD models are not described in detail in this section

because the same CFD models used in previous sections were used
to conduct the study in this section. The properties of the CFD
models are described in Section 2.

The only difference between the current CFD model and the
above CFD models is that the temperature in the windings was
not fixed this time and losses in the stator stack and windings were
included.
5.4.3. Working conditions
To represent the thermal behaviour of the machine with and

without wafters, the results obtained in CFD represent the steady
state temperatures for nominal conditions.



Fig. 12. Steady state temperatures for the model without wafters (left) and the model with wafters (right).
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Therefore, the losses were obtained from the nominal power of
the machine, assuming 1.95% of the nominal power for the winding
losses and 1.05% for the losses in the stator stack (which are com-
mon values for PMSM for a traction application). In this regard, the
working conditions are listed below:

� A rotational speed of 3000 rpm.
� An ambient temperature of 25 �C.
� 864W of losses in the stator winding.
� 486W of losses in the stator stack.

5.4.4. Thermal behaviour without wafters
The values obtained for the convective heat transfer coefficient

in the end windings in the statistical model (18.41 W/m2 K) and in
the CFD (19.13 W/m2 K) are in acceptable agreement (difference of
3.79%), which could be very useful for analytical thermal models of
this kind of topology.

The steady state thermal behaviour of the machine is shown in
Fig. 12, where a maximum temperature of 178.1 �C was found in
the end windings of the machine.

5.4.5. Thermal behaviour with wafters
As occurred in the previous section, the values obtained for the

convective heat transfer coefficient in the end windings in the sta-
tistical model (165.69W/m2 K) and the CFD (152.25 W/m2 K)
showed good agreement (difference of 8.83%), which could be also
employed for the analytical modelling of this element.

In addition, temperatures decreased by 16.2 �C in the end wind-
ings, obtaining a hotspot of 161.9 �C, as seen in Fig. 12.

Although this is significant reduction, two phenomena that
could affect this comparison are not included in the study and
are described below:

� For the same output torque, the extra ventilation losses gener-
ated due to the wafters’ rotation will produce a slight increase
in the current of the windings for the case without wafters. Con-
sequently, the winding losses will be slightly higher in the case
with wafters, thus increasing the temperature.

� The electric resistivity of the windings is temperature-
dependent. Consequently, the case with wafters will suffer a
reduction in the winding losses since the windings are colder
than the case without wafters. Therefore, the temperatures in
the case with wafters may be even lower.
For this comparison, the effect of both phenomena is considered
to cancel each other out. However, this should be examined in final
stage designs.
6. Conclusions

The effect of including wafters in a totally enclosed machine
with wound windings was analysed using statistical tools and
CFD simulations, and the following conclusions were obtained:

� The inclusion of wafters in a specific machine is translated into
a considerable reduction in temperatures and an increase in
ventilation losses, which is essential for thermally required
designs. For the example given, a reduction of 16.2 �C was
obtained.

� Wafter design can be approached using statistical tools such as
DoE, where the optimum configuration can be obtained for a
limited region. Based on the statistical model obtained, for
the particular case of a totally enclosed machine with wound
windings, design criteria for minimizing temperatures is
obtained.

� Second-order statistical models can accurately determine the
convective heat transfer coefficient for a wide range of topolo-
gies, which can be very beneficial for modelling analytical ther-
mal models.

� The effect of the number of wafters on the convective heat
transfer was not analysed in detail, so a deeper analysis should
be performed in order to get better insight into the influence of
this parameter.

� Although this paper focuses on wound windings, the methodol-
ogy could be applied to any kind of windings, such as coil-form
windings or hairpin windings, in future research.
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