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Abstract
The energy efficient electric motors save energy thus reduce operating costs. Since there are several losses affecting the
motor efficiency, fan design plays an important role to minimize these losses. This study examines the effects of the design
parameters of a radial bladed fan on the motor efficiency in a 132 frame with a power of 7.5 kW. The parametric analysis was
carried out with the computational fluid dynamics method, and the results were used for the multiobjective genetic algorithm
(MOGA) optimization study with the highest efficiency and the lowest motor body temperature objectives. The hub height,
hub radius, distance to body cover, blade rising angle, fan cover entrance distance, blade edge angle, blade center radius,
blade edge radius, blade end radius, and center edge distance were selected as optimization parameters. 151 simulations
were performed. The results showed that the most important parameter for fan efficiency is the hub height which is the
parameter that determines the height of the fan impeller diameter. According to the results, the optimum fan design increased
the efficiency by 8% compared to the original fan and reduced the winding temperature by 8 °C. The optimized fan design
was manufactured and tested against imulation data. This study contributes to sustainable development goals by improving
motor efficiency that reduces the cost, designing of new components, and cooling the fan effectively that reduces the amount
of copper used.

Keywords Enclosed induction motor · Fan design optimization · Efficiency · Computational fluid dynamics · MOGA

Abbreviations

CFD Computational fluid dynamics
CV Control volume
DOE Design of experiments
GA Genetic algorithm
MOGA Multiobjective generic algorithm
RSM Reynolds stress model
SST Shear stress transport
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D Diameter of the impeller
Dω Cross-diffusion term
E Energy
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�F Body force
�g Gravitational acceleration
Gk Production of turbulence kinetic energy
Gω Generation of specific dissipation rate
h j Specific enthalpy of species j
J j Mass flux of species j
k Turbulence kinetic energy
N Rotational speed
P Pressure difference
p Static pressure
Phydraulic Hydraulic power
Psha f t Shaft power
Q Volumetric flow rate
Re Reynolds number
Sh Volumetric heat source
⇀
v Velocity vector
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η Fan efficiency
� Effective diffusivity
μ Viscosity
ω Angular velocity, Specific dissipation rate
τ Stress tensor
τ Torque

1 Introduction

Themotor-driven systems consume 40% of global electricity
per year, and 70% of this consumption is used by the indus-
try [1]. Thus, to reduce carbon footprint and help sustainable
development goals, European Commission published a new
regulation about the efficiency limits in 2019 [2]. The idea
was to save 10 TWh energy until 2030 with the increase in
efficiency level of electric motors. There are 17 sustainable
development goals which are an urgent call for action by
all countries—developed and developing—in a global part-
nership [3]. Especially the goals 7, 9, 11, and 12 which are
affordable and clean energy, industry, innovation and infras-
tructure, sustainable cities and communities, and responsible
consumption and production, respectively, can be correlated
with the increase of efficiency of electricity motors. Spe-
cial types of motors differ according to the purpose of use
and include synchronous reluctance [4], stepper motor [5],
brushless motor [6], hysteresis [7], and universal [8] types.
Today, asynchronous [9] motors are widely used due to their
low production cost, simple structure, and reliability in harsh
operating conditions. Totally enclosed type induction motors
can be used for heating, ventilation, air conditioning, cooling,
and smoke extraction. During operation, they face challenges
either due to excess production of heat or due to insufficient
airflow because of being in an enclosed space.

In the literature, analytical methods or numerical methods
are implemented for thermal analysis of induction motors.
The analytical method is simple and rapid but limited in
terms of a temperature distribution while computational fluid
dynamics (CFD) is more accurate especially for complex
geometries but rather time consuming [10]. Several proper-
ties affecting the efficiency of electric motors such as the
number of fins on the electric motor, the fan blade form, and
the air gapbetween the stator and rotor have been studied. The
axial fan performance and noise for heavy electric vehicles
were investigated, and the results were compared with two
commercial fans of SCANIA [11]. The Taylor Coutte dimen-
sionless numbers were investigated in order to understand
heat transfer rate in high round per minute (rpm) traction
motor by applying, k −ω shear stress transport (SST) turbu-
lence method for boundary layer solutions and by using y+

between 0 and 100 [12]. The axial and radial fans were exam-
ined both experimentally and numerically to show that one of
the axial fan designs improved motor efficiency while keep-
ing the temperature constant [13]. The performance studies
conducted on two separate fans to examine the cooling per-
formance with Autodesk CFD 2013 software showed that
the cooling with the axial fan was slightly lower than the
radial fan [14]. The study on air gap between the stator and
rotor in rotating electrical machines successfully verified the
simulation outputs of six correlation equations given in the
literature [15]. A motor cooling system examination with
a focus on fins showed that increasing the number of fins
did not adversely affect the cooling performance because it
increased the surface area, although it decreased the flow
[16]. An investigation on the heat transfer parameters of
induction motor and the importance of the convection coef-
ficient and mass flow rate concluded that increasing of mass
flow rate twice reduces the winding temperatures around
10 °C [17]. The optimization study about the fins on the
400-frame motor was done with 2600 2D simulations. It was
determined that the 9-fin variant was the best for 400 frames
and it was stated that the maximum temperature difference
in all results was 19 °C and increasing the blade thickness
after a certain value was not beneficial as it blocked the flow
[18]. The parametric analysis of impeller shape and the num-
ber of blades was performed to determine the mathematical
relationship useful for the sizing of a fan. The results showed
that for a given blade number, the dimensionless flow capac-
ity depends on the aspect ratio of the impeller and for a given
geometry, there is an optimal number of blades that maxi-
mizes the flow rate processed by the fan [19].

This study aims to contribute global sustainable devel-
opment goals while investigating the effects of design
parameters of a 3-phase totally enclosed fan for 7.5 kW
asynchronous induction motor to provide cost and efficiency
advantage by increasing the cooling performance on the
body. The study includes parametric design of fan, preparing
the geometry for simulation, deciding solution methodol-
ogy, experimentation, and optimization studies performed
with CFD code ANSYS Fluent [20]. The optimization prob-
lems usually are carried out with analytical models to speed
out the decision making despite there is a loss of accuracy
[21, 22]. On the other hand, this study uses more accurate
CFDmethodology.ANSYSDesignModelerwas used for the
parametric design, ANSYS Mesh for the mesh generation,
ANSYS FLUENT for solver, and ANSYS Design Explo-
ration for optimization study. The design optimization of the
radial fan geometry was aimed with multiobjective genetic
algorithm (MOGA).
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2 Mathematical Modeling

There are several losses that affect the efficiency of an electric
motor such as joule loss, eddy current loss, hysteresis loss,
bearing loss, and windage loss which are correlated with cur-
rent, resistance rotational speed of shaft, diameter of rotor,
rotor length, averagemagnetic field density, and fluid density
[23]. The cooling improvement work for the fan component
in the motor has a positive effect on the efficiency and oper-
ating performance. Along with fan theory [24], conductive,
convective, and radiative heat transfer [25] must be consid-
ered for cooling calculations.

Within the electric motor, there is a conduction between
the stator and the body due to their press fit connection and
between the stator grooves and the insulation materials and
the copper windings. In totally enclosed type electric motor,
the fan working with motor rounds per minute (rpm) pro-
vides flow between the fins by the direction of the fan cover
and therefore sustainsmajor convective heat transfer. For this
reason, besides the well-designed fan, the geometric details
of the fin structure in the motor are important in terms of
the cooling performance. The radiation heat transfer was
neglected in this study since temperature difference is not
very high.

The problem covered in this study was simulated by using
steady state; therefore, conservation equations were given
in steady state. The conservation of mass can be used to
calculate displacements in a given control volume (Eq. 1
[26]).

∇ · (ρ�v) � 0 (1)

where ρ is the density and
⇀
v is the velocity vector.

The conservation of momentum (Eq. 2 [26]) states that
particle system in a control volume is the sum of the external
force acting on it.

∇ · (ρ�v�v) � −∇ p + ∇ · (
τ
)
+ ρ �g + �F (2)

where p is the static pressure, τ is the stress tensor, and ρ �g
and �F are the gravitational body force and external body
forces.

The energy equationmathematically explains the addition
or subtractionof the energyof the control volume (Eq. 3 [26]).

∇ · (�v(ρE + p)) � −∇ ·
⎛

⎝
∑

j

h j J j

⎞

⎠ + Sh (3)

where E is the energy, h j is specific enthalpy of species j ,
J j is the mass flux of species j , and Sh is the volumetric heat
source.

The correlation of target data such as volume flow rate and
power with the change of the geometric properties of the fan
has been examined and led to the fan laws, which are widely
used in the industry, since they provide average results. The
first of correlation is volume flow capacity (Eq. 4 [27]).

Q1

Q2
�

(
N1

N2

)(
D1

D2

)3

(4)

where Q is the volumetric flow rate, N is the rotational speed
of the impeller, and D is the diameter of the impeller.

The second of the correlations is head or pressure (Eq. 5
[27]).

dP1
dP2

�
(
N1

N2

)2(D1

D2

)2

(5)

where P is the pressure difference created by the fan.
Equation 5 is used frequently to create quick predictions,
especially in the studies carried out to find the best efficient
point in fan design.

The third correlation (Eq. 6 [27]) implies that the power
that the fan expends by being driven is proportional to cube of
the rate of rotation and fifth power of the impeller diameter.

P1
P2

�
(
N1

N2

)3(D1

D2

)5

(6)

Although the fan theory equations are sufficient to get fast
results in air conditioning studies, these equations lose their
validity for electric motors where the effect of the velocity
profile on a body cover is examined. In order to examine
the cooling effect of the velocity profile on the body, the
effect of all design parameters besides the impeller diameter
should be investigated. It will be a very long and costly pro-
cess to produce and test different geometries one by one for
the geometry improvement. For this reason, computational
methods are of a critical importance in research and devel-
opment activities.

Since ANSYS Fluent CFD code uses a control volume-
based (CV) technique, it converts a general transport equation
into an algebraic equationwhich is numerically solvable. The
CV technique integrates the transport equation about each
control volume and therefore yields a discrete equation that
expresses the conservation law on a control volume basis.

3 Preparation of CFDModel

Computational fluid dynamics studies, especially optimiza-
tion studies, have become indispensable for research and

123



15600 Arabian Journal for Science and Engineering (2024) 49:15597–15610

Fig. 1 The methodology of the
study

development to save time and money. However, certain pro-
cedures must be done before the optimization study. The
methodology followed in this study is summarized in Fig. 1.

First of all, the output requirements must be determined
and the geometry and the mesh must be robust. Since many
parameter combinations will be tried automatically during
the optimization, it is necessary to ensure that unexpected
volumes will not occur due to change in parameters. In addi-
tion, the properties of the mesh such as mesh quality and
y+ values should be the same for all parameter solutions.
Furthermore, sufficient trials should be performed within the
optimization study.

Before moving on to the calculation methodology, solid
surface cleaning work that is removing the details on the
body that will not affect the phenomenon and removing the
edges and surfaces that will cause a decrease in mesh qual-
ity values were performed. The radiuses on the geometry,
especially on the fin edges and facilitating the mold output,
bolt details in the terminal box, and foot windows and details
with the prediction of no interference with the flow profile
driven from fan were removed to prevent possible problems
during meshing and the surfaces were repaired. The original
(unclean) and clean motor geometries are shown in Fig. 2.

After the solid model surface cleaning process, the para-
metric fan design and the flow volume were created. For the
parametric fan design, since the motor is a totally enclosed
type induction motor, the parameter limits of the fan design
are on the fan cover and the body. This information is crit-
ical in terms of determining the lower and upper limits to
which the design parameters will be tested. The parametric

design started with fan hub by determining five parameters;
the impeller length of the fan, the axial length of the upper
and lower points of the fan to the cover, and the radius and
thickness of the geometry drawn as arc. Afterwards, blade
designs were formed by determining four parameters: angle
between the shaft connecting edge and the upper blade edge,
the distance of the upper edge of the fan blade to the fan
cover, the blade elevation angle of the edge between the fan
shaft edge, and the top edge, and the length of the shaft edge.

After the blade geometric form was connected to the
parameter, blend parameters were also included in order to
optimize the velocity profile for target outputs.

The number of blades was not included in the parame-
ter list for optimization since inclusion, most definitely, will
increase the computational load. However, the number was
set to 7 before optimization study according to requirements
of the manufacturer that this study was performed. Paramet-
rically completed fan geometry is shown in Fig. 3. As the
last step before the optimization study, the fluid flow vol-
ume was created and the product tree in the design models
was followed automatically in the parameter changes made
afterward.

Before starting the optimization analysis, the position of
the target outputs should be determined and names should
be given to these surfaces or volumes. Since flow rate and
fan design parameters are the outputs for evaluation, the vol-
ume inside the fan cover was treated separately. After the fan
cover flow volume was separated, the resulting flow volume
for simulation work is shown in Fig. 4. However, it should
be noted that a share topology must be made between the
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Fig. 2 The geometry of motor
a original (unclean), b clean

Fig. 3 The parametric fan generated for optimization study

flow volumes. Otherwise, incorrect results will be obtained
because the mesh connection between the geometries cannot
be provided in the mesh work.

The determination of the boundary conditions on the
motor and selection of the discretization methods and tur-
bulence method were performed. According to the data
obtained from the experiments, the total heat flux is 8192
W/m2 in the steady condition between the stator and the
body. While the rotational speed of the motor is 1500 rpm, it
is expected that the amount of loss experienced by the motor
during rotation is the sum of the fan and bearing loss. The

Table 1 Mesh independency test results

k − ω simulation flow rate results (L/s)

8 54.9

12 56.4

18 55.5

ambient operating temperature of the motor was taken as
27 °C as in experimental studies.

The preparation of geometry and mesh studies are itera-
tive processes within themselves due to mesh quality issue.
The mesh quality values followed in this study are skewness,
aspect ratio, and orthogonal quality. In parametric analysis,
the quality values should not reach to a critical point with the
change of the parameters; therefore, maximum quality value
of 0.85 formaximumskewness, 30 formaximumaspect ratio,
and 0.7 for minimum orthogonal quality were selected.

Three different meshes with 8 million, 12 million, and 18
million elements were studied in order to prove mesh inde-
pendency. By considering the flow rate results of the mesh
independency study given in Table 1, 12 million mesh was
selected to reduce the computational load. The final compu-
tational mesh is shown in Fig. 5.

In order to filter and compare the fluid properties that
change with the change of fan parameters, measurements
must be taken from predetermined locations on the geome-
try. These locations are shown in Fig. 6. In order to calculate
the fan power, the torque value on the blades, the pressure
and flow values on the fan cover inlet grille and outlet grille,
and the temperature values on the body were taken.

Although plots included in the evaluation give the defined
outputs at a certain location, it is necessary to write the fan
efficiency equation for optimization study. The fan efficiency
(η) can be written as the ratio of hydraulic power (Phydraulic)
and the shaft power (Pshaft) as seen in Eq. (7) [28].
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Fig. 4 The geometry view a enclosure, b section

Fig. 5 The mesh enclosure view
a and section view b

Fig. 6 Result collection locations
a total view, b cut view

η � Phydraulic
Pshaft

(7)

The hydraulic power is the multiplication of the volume
flow rate (Q) and the total pressure difference (P) at the fan
cover inlet and outlet (Eq. 8). The shaft power can be written
as the multiplication of the torque (τ ) and angular velocity
(ω) as seen in Eq. (9).

Phydraulic � Q × (Ptotal, in − Ptotal, out) (8)

Pshaft � τ × ω (9)
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Fig. 7 Test environment of the
motor with commercial fan

Table 2 Characteristics values of the motor with commercial fan

Parameter Value

Experiment end winding temperature (◯C) 88.0 ± 0.2

Motor efficiency (%) 89.21

Fan volumetric flow rate (L/s) 57.2 ± 0.5

Fan efficiency (%) 40

Simulation average temperature distribution on body
(◯C)

50.1

In addition to the parameters such as fan efficiency and
fan power, the temperature values from the body and the effi-
ciency test on the dynamometer were also used to optimize
the fan design.

3.1 Validation of the CFDModel

In order to validate the CFD model, two experiments of
30 min were performed. The first 20 min of the experiments
were for making the motor to reach operating regime. The
data were acquired in the last 10 min of the experiments.
The average of two tests were used for validation study. A
test environment is shown in Fig. 7. The flow rate data and
temperature data from the simulations were compared with 3
anemometer flow rate tests and 3 thermocouple tests, respec-
tively. The test results are given in Table 2.

Firstly, k − ω SST, k − ε realizable, and RSM enhanced
wall treatment turbulence method simulation results were
compared with each other and with the experimental data.
Table 3 shows that flow rate results are in good agreement
with the experimental results. However, k − ω SST model
makes better prediction; therefore, the simulationswere com-
pleted with k − ω SST model.

The k − ω model is an empirical model based on model
transport equations for the turbulence kinetic energy (k) and

Table 3 Validation of turbulence model with anemometer experiment

Model Simulation flow
rate result (L/s)

Experiment
flow rate
result (L/s)

Relative error
(%)

k − ω 56.4 57.2 ± 0.5 1.39

k − ε 61.0 57.2 ± 0.5 6.64

RSM 59.0 57.2 ± 0.5 3.14

the specific dissipation rate (ω). In the k − ω SST model,
there is a gradual change from the standard k−ωmodel in the
inner region of the boundary layer to a highReynolds number
version of the k−ε—model in the outer part of the boundary
layer and there is a modified turbulent viscosity formulation
to account for the transport effects of the principal turbulent
shear stress. The k − ω model transport equations are given
in Eqs. (10) and (11) [26].

∂

∂t
(ρk) +

∂

∂xi
(ρkui ) � ∂

∂xi

[
�k

∂k

∂xi

]
+ Gk − Yk + Sk + Gb

(10)

(11)

∂

∂t
(ρω) +

∂

∂xi
(ρωui ) � ∂

∂x j

[
�ω

∂ω

∂x j

]
+ Gω

− Yω + Dω + Sω + Gωb

where Gk represents the production of turbulence kinetic
energy, Gω represents the generation of ω, �k and �ω repre-
sent the effective diffusivity of k and ω, Yk and Yω represent
the dissipation of k and ω due to turbulence, Dω represents
the cross-diffusion term, Sk and Sω are user-defined source
terms, and Gωb accounts for buoyancy terms.
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Fig. 8 The thermocouple locations used during experiments

Table 4 Validation of the models and geometry with thermocouple
experiment

Points Simulation
temperature
result (°C)

Experimental
temperature
result (°C)

Relative error
(%)

1 44 47.3 ± 0.2 6.97

2 52.2 55.7 ± 0.2 6.28

3 41 39.9 ± 0.2 2.8

4 – 88.0 ± 0.2 –

The turbulent viscosity is calculated by using Eq. (12)
[26].

μt � ρk

ω

1

max
[

1
α∗ ,

SF2
a1ω

] (12)

where S is the strain rate magnitude and α∗ is defined in
Eq. (13) and F2 is given by Eq. (14) [26].

α∗ � α∗∞
(

α∗
0 + Ret/Rk

1 + Ret/Rk

)
(13)

where Ret � ρk
μω

Rk � 6 α∗
0 � βi

3 βi � 0.072

F2 � tanh
(
∅22

)
(14)

where ∅2 � max
[
2

√
k

0.09ωy ,
500μ
ρy2ω

]
and y is the distance to the

next surface.
The temperature measurements were taken from the four

locations marked as 1, 2, 3 (on the body), and 4 (on the
winding inside the body) as shown in Fig. 8 when the motor
entered the working regime.

The results of thermocouple experiment shown in Table 4

Table 5 Boundaries of design parameters

Parameter Value

Hub height (mm) 55–78

Hub radius (mm) 200–791

Distance to body cover (mm) 5–15

Blade rising angle (◯) 20–70

Fan cover entrance distance (mm) 5–8.5

Blade edge angle (◯) 1–7.5

Blade center radius (mm) 3–10

Blade edge radius (mm) 3–15

Blade end radius (mm) 3–15

Center edge distance (mm) 3–15

indicate that simulation results agree well with the experi-
mental data. Therefore, the prepared CFDmodel can be used
for the optimization study.

4 Fan Design Optimization Results

The design of experiment (DOE) studies basically deter-
mines the weight coefficient on the parameters based on the
results of the combinations of the determined input parame-
ters. This weight is determined from a generic algorithm of
ANSYS MOGA. Genetic algorithm (GA) is a population-
based algorithm which imitates the natural reproduction
system based on Darvin’s principle of survival of the fittest
[29]. It starts from the generation of the initial population
of alternatives called chromosomes. The randomly selected
chromosomes from the population are then subjected to
mutation, i.e., fitness function evaluation, crossover, i.e.,
cross-replacements, and selection repeatedly until termina-
tion criteria are reached. It works on the local search of
the best solution considering fitness evaluation. There are
many different applications of GA in engineering problems
[30–32].

A set of coefficients was assigned to the target output over
the factors determined. Each of the parameters to be evalu-
ated during the parametric drawing should be given a limit
range in which the optimization work will be done. However,
it should be noted that the given limit range should not be
caught by real geometric obstacles. In such a case, incorrect
geometries will occur. All of the determined parameters and
ranges used in this study are given in Table 5. A total of
151 combinations were extracted with the central compos-
ite design method. The MOGA simulations were arranged
to have 10,000 samples initially, 2200 samples per iteration,
and to find 3 candidates in a maximum of 20 iterations. The
simulation was converged after 35,921 evaluations as shown
in Fig. 9
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Fig. 9 MOGA simulation settings

Figure 10 shows the effect of each individual parameter
given in Table 5 on the fan efficiency.

Since the hub height is the parameter that determines the
height of the fan design impeller diameter and indirectly
determines the blade length and the hub radius is the param-
eter that determines the radius of this disk, their increase in
value increases the fan efficiency as shown in Fig. 10. How-
ever, the hub radius seems to have reached the optimum point
before reaching its maximum limit.

Figure 10 shows that the effect of the distance from fan-to-
fan cover and fan to body cover on fan efficiency is negative
with similar slopes. Since it is a bidirectional blade, the blade
rising angle is one of the main factors forming the velocity
profile. This is highly important in efficiency calculations
where there is a thermal response. In addition to geometric
properties of the fan, rotational velocity decides the scale of
profile. However, it should not be forgotten that the reactions
created also depend on the fan cover form. Increasing the
blade surface area has a positive effect on fan efficiency.

Although blade surface area has positive effect on fan effi-
ciency, the blade edge angle shows opposite effect (Fig. 10).
Since the edge radius removes the inefficient surface area
of the radius at the blade, it causes decreasing of the torque
and therefore increases the efficiency of fan. The center edge
distance defines the point where the blade rising angle starts.
Therefore, it is trivial that the greater the distance, the smaller
the blade surface area. At the beginning, the distance to the
blade lift angle affects the efficiency positively but it has a

negative effect on the efficiency toward the upper limit dis-
tance. As a result, it can be said that the surface area at the
lower limit distance does not have the same effect on the flow
increase while increasing the torque.

The error analysis of plotted parameters is given inTable 7,
and it shows that the results have high accuracy. The sensi-
tivity pie chart in Fig. 11 shows the effect of parameters
considered for optimization in Table 5 on output parameters
defined inTable 6. Figure 11 indicates that themost important
parameter effecting the efficiency is the hub height.

The MOGA analysis with the highest efficiency and the
lowest body average temperature objectives resulted in the
optimum fan design with values given in Table 7.

The visual comparison of the optimized fan and the com-
mercial fan is shown in Fig. 12. When visually compared,
especially the blade rising angle, end blade radius, and cen-
ter edge distance are among the factors that make an impact
on the results.

The temperature distribution of the motor with commer-
cial fan and optimized fan in Fig. 13 indicates the effective
cooling of the motor with the optimized fan.

The increase in efficiency and decrease in end winding
temperature shown in Table 8 present the success of the opti-
mization study. The results showed that arc line parameter of
the hub and the blend parameters increased the fan efficiency
significantly.
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Fig. 10 The effect of design parameters on fan efficiency
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Fig. 11 The sensitivity chart

Table 6 Plotted output values
from simulations Variable Calculated

minimum
Calculated
maximum

Maximum prediction
error

Relative error
(%)

Total inlet pressure
(Pa)

5.94 131.36 15.46 0.112

Total outlet pressure
(Pa)

49.17 471.65 9.94 0.019

Fluid power (W) 9.09 38.98 2.46 0.051

Real power (W) 18.07 101.05 26.05 0.218

Fan efficiency (%) 20.74 49.99 0.006 0.022

Body back cover
average temperature
(°C)

319.8 351.6 3.86 0.121

Body front cover
average temperature
(°C)

303.4 313.1 1.11 0.115

Blade torque (Nm) 0.02 0.34 0.024 0.065

Volumetric flow rate
(m3/s)

0.025 0.129 0.006 0.061

Table 7 Optimum design values
of parameters from MOGA
analysis

Parameter Value

Hub height (mm) 75.64

Hub radius (mm) 713.24

Distance to body cover (mm) 7.99

Blade rising angle (°) 62.99

Fan cover entrance distance (mm) 5.00

Blade edge angle (°) 1.55

Blade center radius (mm) 4.786

Blade edge radius (mm) 7.58

Blade end radius (mm) 3.27

Center edge distance (mm) 2.39
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Fig. 12 The commercial fan a and the optimized fan b

5 Conclusions

The fan optimization was studied for the totally enclosed
type induction motor with multiobjective genetic algorithm
(MOGA). The inclusion of both the fan cover which brings
limitations on the fan and the impact of the fin geometry
which increases the flow friction coefficient in the parametric
studies added a value to this study.

The results showed that the parameter which contributes
the most to the motor efficiency and flow rate is hub height
which is the parameter that determines the height of the
fan design impeller diameter. Although impeller diameter
increases the fan power, blade lift angle, impeller arc, and
blade lift blends have relatively less contribution to fan power
consumption. On the other hand, their contribution to effi-
ciency is high. At the end of the optimization study, the
optimized fan was produced and tested and passed the eval-
uation tests successfully.

Table 8 Comparison of commercial and optimized fan

Commercial Optimized

Experiment end winding
temperature (°C)

88 80

Motor efficiency (%) 89.21 89.21

Fan volumetric flow rate (L/s) 57.2 68

Fan efficiency (%) 40 48

Simulation average temperature on
body (°C)

50.1 43.4

This study contributes to multiple sustainable develop-
ment goals. The improvement of product efficiency reduces
the cost and therefore helps Goal 7 which is affordable and
clean energy and Goal 12 which is responsible consumption
and production. In addition, a new design of components
contributes to Goal 9 which is industry, innovation, and
infrastructure. Furthermore, reducing the amount of copper
used through effective cooling achieved by new fan design
helps Goal 11 which is related to sustainability in cities and
communities.

In conclusion, this study provided 8% fan efficiency,
18% volumetric flow rate, and 8 ◯C winding temperature
improvement while keeping the motor efficiency the same.
By reducing the winding temperature, approximately 1 kg
of copper can be reduced from the coils in the motor core.
Therefore, contribution to both sustainability targets and pro-
duction efficiency are realized.

A future extensionwork on inclusion of the core geometry
into the simulations can provide great benefits in detect-
ing magnet temperatures in permanent magnet synchronous
motors and canminimize the safety coefficients left in current
designs.

Fig. 13 The temperature
distribution of the motor with
a commercial fan and
b optimized fan
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