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ΦAbstract -- Low manufacturing cost and high reliability 
make the induction machine suitable for different constant and 
variable speed applications. For machines operating in 
hazardous environments, the fully enclosed type is used, with 
limited access to the stator and rotor. Indirect air cooling 
method is usually employed with fins casing and an attached 
fan. Thus, the fan design is crucial as being the only resource to 
remove heat away from the machine. A poor thermal 
management of the electrical machine can lead to a machine 
failure and reduce the machine lifespan. Some machines are 
operating for bi-directional operation, which means the 
performance of the machine should be reviewed under both 
conditions. This paper focus on the impact of the fan cooling on 
the thermal profile of a 5.5 kW induction machine under bi-
directional operation. Comparative studies using CFD 
simulations have been carried out to identify the effect of 
different fan types when operating at particular conditions. The 
performed work provides an understanding of the air flow 
under bi-directional operation, which notes the importance of 
the fan design and rotational direction in induction machines. 
 

Index Terms--Computational fluid dynamics (CFD), Cooling, 
Fan design, Induction machine, Thermal management.   

I.   INTRODUCTION 

NDUCTION machines have a long history and have 
been widely used in different applications. Throughout 
the years, many research works have been accomplished 

on different aspects such as; material selection, winding 
design, stator/rotor teeth’s shape, cooling methods, etc. [1]-
[3]. However, the limitation of the computational power in 
the past, which resulted in lengthy computational time 
constraints, led to reduction of the complexity of the models 
that could be studied. As a result, several aspects of the 
induction motor operation have never been fully studied and 
analysed. 

The performance of an electrical machine greatly relies on 
the design of the magnetic circuit and the thermal 
characteristics of the machine during operation. The studies 
of electromagnetic and thermal analysis are equally important 
at the design stage of a machine [1]. Losses originating from 
the stator such as the copper and iron ones are the main 
contributors to the heat generation in the electric machine. In 
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collaboration with the rotor losses, the machine’s operating 
temperature rises. That temperature increase leads to the 
changes of the machine’s material properties such as the 
electrical resistivity of conductors, which may affect the 
magnetic field strength and consequently the magnetic flux 
density. Other material properties, such as the dielectric 
permittivity of the insulation materials are reduced while this 
degradation will accelerate when the machine is operating 
under high temperatures for long term [4]-[5]. According to 
the report from Motor Reliability Working Group, most of 
the stator failures are due to the winding insulation 
breakdown and overheating [6]. To avoid an unexpected 
machine failure before the end of its life, operation below the 
allowable maximum operating temperature is not sufficient. 
A more precise prediction of the machine performance and 
an in-depth thermal study of the machine are crucial in 
elongating the machine life.  

As mentioned before, the heat affects the machine 
performance and shortens the components lifetime. The 
thermal management is about balancing between the 
generation and removal rate of heat from the system [7]. An 
optimal thermal management of the electric machine allows 
to maintain the machine temperature below the maximum 
temperature within the rated speed and torque range. Even 
though several cooling solutions have been proposed, which 
are efficient in heat removing, however they have not been 
designed for cost efficient manufacturability [8]-[9].  Thus, 
considering the manufacturing cost, most of the conventional 
induction machines are fan cooled type machines.   

For a Totally Enclosed Fan Cooled (TEFC) induction 
machine, there is no air circulation between the inner and 
external parts of the machine while it is protected from dirt 
and moisture from the environment. Thus, this type of 
machine is suitable for industrial applications. Since the 
TEFC induction machine is sealed, the attached fan at the 
rear shaft of the machine plays the significant role of drawing 
the air surrounding the motor casing and carry the heat away 
from the machine [10]-[11]. The fan design and type can 
affect the air flow characteristics for this particular machine 
which eventually has an impact on the machine’s thermal 
profile. To improve the heat transfer rate, the motor housing 
is usually designed with fins to elongate the surface area for 
improved heat convection.  

Inside the TEFC machine, the heat is dissipated from the 
inner to the frame through conduction and convection. The 
amount of the airflow through the fins determines the 
efficiency of the external air cooling. Several studies have 
been carried out to optimize the fin design for electrical 
machines by observing the axial air velocity and heat transfer 
coefficient across the frame [12]-[14]. The cooling air speed 
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is varying with the fan, fan cowl and fin design. Apart from 
these, the rotational speed is also one of the main factors 
affecting the air velocity [15].   

There are several methods to evaluate the heat transfer of 
electrical machines such as the Lumped Parameter (LP) 
method, the Finite Element Analysis (FEA) and the 
Computational Fluid Dynamics (CFD). In the electrical 
machine design field, the LP network is a commonly used 
method preferred for its lower computational time compared 
to the FEA and CFD approaches. However, the FEA and 
CFD are more suitable for in-depth analysis [16]-[19]. 
 The purpose of this paper is to investigate the effect of the 
fan type and the rotating direction on the thermal 
characteristics of TEFC induction machines by using the 
CFD approach. 

II.   THERMAL CHARACTERISTICS OF THE INDUCTION 

MACHINE 

A 5.5 kW 3-phase TEFC induction machine, that has been 
designed to operate bi-directionally, has been used in this 
study. This machine was initially studied experimentally and 
some data were collected and used for comparing and setting 
up for the simulation analysis. The geometrical model was 
formed based on the actual machine structure and the 
manufacturer blueprints, while the flow characteristic studies 
were carried out using the Star CCM+ v12.04 software.   

A.   Stator  

The stator core with 36 slots is pressed fit into the 
machine housing. The generated heat from the conductors is 
transferred to the housing through the stator core (high 
temperature to low temperature). In [20], it was mentioned 
that the main direction of the heat flow is from the centre of 
stator slot to the stator laminate. The heat flow path is greatly 
affected by the barriers such as the air gap, the slot liner, the 
resin within the voids of the conductors and the impregnation 
goodness [20]-[21].  

However, these barriers become important when the stator 
slots are studied in detail. For a complex geometry such as 
the one presented in this paper, these barriers have less 
impact to the overall changes of the machine temperature 
profile due to the fan design and rotating direction. Thus, in 
the section of stator, the stator slot is simplified and filled 
with copper bulk.  

B.   Rotor  

The aluminium squirrel cage rotor for this machine is 
designed with 10 degrees of skew angle and an air gap of 
0.12 mm between the rotor and stator. A part of the rotor 
losses is conducted through the shaft and the interior rotating 
air flow.  

The interior air flow can be divided into three areas; air 
gap, front and end spaces. The heat transfer within the tight 
air gap is a critical aspect in an electrical machine and is 
challenging in terms of modelling and experimental 
investigation [22]-[23]. For radial flux machines, the air gap 
flow is related to the study of Taylor vortices. Recirculation 
and instability of the flows within the air gap contribute to the 
formation of the Taylor vortices that have an effect on the 

temperature [24]-[27]. However, the Taylor vortices rely on 
the rotating speed of the rotor.  

To circulate the interior airflow and create air swirling 
during rotating, wedge features are on the end rings of the 
rotor. The flow circulation is to remove heat from rotor, also 
from the end winding to the housing wall through heat 
convection [28]-[29]. However, the air conduction may 
dominate in the heat transfer rather than the convection at 
low rotating speeds. This is because the flow is more 
localized around the components without any air movement 
in the machine.   

C.   Fan Design 

The electric motor is attached with a 12 radial blades fan 
at the end of the shaft, while usually the number of blades for 
fan is between 8 and 12. The fan of TEFC induction 
machines is not designed specifically as an axial fan. It is 
derived from a centrifugal fan but with a combination of a fan 
cowl, the flow changes from radial to axial direction. It is 
common to find a radial blades fan in such motors as this 
design has the same flow performance in bi-directional 
operation. Radial blades fan option is robust as the straight 
fan feature does not collect dirt, high durability and easy to 
repair. However, this fan design is known to have low fan 
efficiency. Therefore, the study begins with assessing a radial 
fan as a reference (Fig. 1). 

 

 
Fig. 1.  Fan with radial blades: (a) front and (b) side view.  

On the other hand, a curved blades fan produces better 
flow performance compared to the radial blades one. It is 
depending on its velocity vector of the fan blade tip. For 
instance, when the curve fan in Fig. 2 is designed to rotate in 
clockwise direction, it is called ‘backward curved’ fan; while 
if the same fan design rotates in counter-clockwise direction, 
the fan now becomes ‘forward curved’ fan. Depending on the 
way the fan is driven the flow changes and as a result the two 
curved blades fan cases have different characteristics. Thus, a 
TEFC motor with curved blades fan is usually designed for 
uni-directional operation in order to keep its cooling 
performance as specified by the manufacturer. Here, for 
comparative purposes, the curved blades fan is simulated in 
clockwise and counter-clockwise directions and compared 
also with the radial blades fan case.  

  



 
Fig. 2.  Fan with curved blades: (a) front and (b) side view. 

 
Regarding the fan design, several key parameters would 

affect the performance; blade geometry, blade angle, inlet-
outlet radius ratio and number of blades [7], [30]-[31]. The 
curvature of the leading edge and blade tip is to form an 
airfoil shape that will lead the air velocity to increase from 
the edge to the tip. Other parameters are the number of blades 
and the blades’ width that define the total air volume [31]. 
For this model, the material properties of fan and other 
components are listed in Table I. 

 
TABLE I 

MATERIAL PROPERTIES OF DIFFERENT COMPONENTS 
 

PARTS MATERIAL  
THERMAL 

CONDUCTIVITY [(W / 
M K)] 

STATOR AND ROTOR CORE IRON  37 
CONDUCTORS  COPPER 398 
ROTOR CAGE 201.0-T7 ALUM 121 

FRAME AND FAN COWL GRAY CAST IRON 45 
SHAFT AISI 1045 STEEL 49.8 
FAN POLYPROPYLENE 0.17 
AIR  0.02603 

 

D.   Simulation Set-up  

For the modelling set-up, the 1/6 of the induction motor is 
being studied (Fig. 3-a) and this is sufficient to represent the 
overall machine behaviour. To avoid any reverse flow, the 
fluid domain is extended radially 2 times the motor radius 
and axially (front and end of the machine) with 1.5 of the 
electric motor length (Fig. 3-b) This enables the external air 

to move around freely The model was set with the conditions 
listed in Table II. The electrical machine runs at a constant 
rotating speed of 1440rpm under full load condition with 
initial and ambient temperature of 26°C. The total losses 
have been obtained from experimental testing. Since the 1/6 
of the machine is used, only 1/6 of the total losses will be 
applied in the studies.  

 
TABLE II 

INITIAL CONDITION FOR ALL SIMULATIONS  
Initial Condition  Value 
Rotating Speed (rpm) 1440 
Initial Temperature (°C) 26 
Ambient Temperature (°C)  26 
Total Losses (W)   
   Rotor 0.8154 
   Rotor Cage 61.7 
   Stator 55.8 
   Winding 171.1 

 
The fluid region is divided into three sub-regions; interior, 

rotating fan and exterior. All the regions include solid parts 
which were meshed with parameters shown in the first 
column of Table III apart from the air gap between stator and 
rotor. The total mesh for the model consists of 4.5 million 
cells (Fig. 4).  

The moving parts such as the rotor iron core, the rotor 
cage, the shaft and the fan were set to rotate with speed 1440 
rpm. The same rotational speed is applied to the rotating 
region of the fan and the moving reference frame of the 
interior air. All the sectioned walls were defined as symmetry 
wall while the far wall of external air was set as open 
boundary (stagnation inlet). 

 
TABLE III 

MESHING PARAMETERS 

 Major Parts Rotor-Stator Gap 

Global   
Min (mm)  1 0.05 
Max (mm) 10 0.2 
Prism   
Thickness (mm) 3 0.8 
Number 5 3 
Stretching 1.5 1.1 

 

 

 
Fig. 3.  Model set-up for the machine: (a) 1/6 of the machine and (b) the CFD model in side and top view including the fluid domain.   



 
Fig. 4.  Meshing for the CFD model in (a) whole machine and (b) detailed 
view.  

III.   RESULTS AND DISCUSSION  

The blade curvature and the direction of the fan rotation 
define the flow pattern within the rotating region. This affects 
the exiting air velocity speed from the rotating region and the 
air movement near to the frame, consequently affecting the 
heat transfer rate from the frame surface to the air.  

A.   The Radial Blades Case 

Fig. 5 shows the velocity profile of the radial blade fan at 
1440 rpm. The air is entering the rotating region through the 
opening fan cowl and the mesh design enhances the flow 
speed as in the figure.  The speed and pressure difference 
between the rotating region and inlet cause a circulation flow. 
However, an obvious air movement is observed within the 
rotating region. The end tip of the blade drives the air to the 
frame. The elongated length of fan cowl guides the cold air to 
flow over the machine. As a combination between the fan 
design and the fan cowl, the air flow exits from the rotating 
region with higher speed.  

The windage losses or power consumption for radial 
blades fan is 4.79W. 

 
 

Fig. 5.  Velocity profile of radial blade fan.  
 

B.   The Curved Blades Case  

Compared to the radial blades case, there are multiple 
small circulations existing in the rotating region with curved 
blades fan when rotate in clockwise direction. These 
circulations concentrated at the region close to the fan cowl 
wall. The sudden change of the near wall air velocity and the 
high air speed near to the rotating region creates a flow 
separation, which forms flow circulations in those regions. 

Unlike the radial blades case, most of the flow is driven near 
to root of the fan blade as shown in Fig. 6. However, similar 
to the radial blades fan, the exit air velocity is quite strong 
and approximately 12m/s.  

 

 
 

Fig. 6.  Velocity profile of curve blade fan in clockwise direction. 
 
To get a better understanding, the fan is also set to rotate in 

counter-clockwise (CCW) direction. It was found that 
multiple small circulations exist but with slightly higher 
velocity compared to the clockwise rotating curved blades 
fan (Fig. 7). Similarly to the previous study, most of the flow 
is drawn near to the root of the fan blade. However, the flow 
exits with lower velocity.  

The windage losses for curved blades fan of clockwise and 
counter-clockwise rotating direction are 4.80W and 6.19W 
respectively. 

 

 
 

Fig. 7.  Velocity profile of curve blade fan in counter-clockwise direction. 
 

C.   Temperature Profile  

The flow characteristic of the fan has an impact on the 
cooling effect of the electrical machine. This can be observed 
from the temperature changes across the length of the 
machine components. As illustrated in Fig. 8, the components 
temperature such as machine cover, stator, winding, rotor etc. 
have been captured along the length of each machine parts.  

 

 
Fig. 8.  Temperature measurement of different machine components. 
 



Regardless to the fan type and rotating direction, the 
temperature of the machine cover is consistent and increases 
drastically for the first 60 mm from the fan. However, the 
effect of the fan type and flow direction becomes significant 
at where the stator and rotor are located. This can be seen 
from the machine cover temperature between the 60 mm to 
180 mm. The temperature increase to 58°C with 
counterclockwise rotating curved blade while for radial fan, 
the frame temperature is 55 °C. With clockwise curved 
blades fan, the frame temperature is around 52 °C.  

The main heat source of this machine is the copper losses 
and this heat is conducted away by the stator and the machine 
frame. This can be seen in Fig. 9 and Fig. 10 where the 
machine frame temperature is approximately the same as the 
stator temperature. Even though, copper conductors are 
located within a small slot area, however, the temperature 
difference between the stator and winding is only about 2 °C. 
This shows that heat has transferred to the stator and the 
frame and reaches an equilibrium condition.  

 

 
Fig. 9.  Temperature profile of the machine cover.  

 

 
Fig. 10.  Temperature of stator and winding. 

 
 The results also show that the temperature increases 
slightly along the components length. However, this is not the 
same case as in the rotor (Fig. 11). This is because the 
velocity of the external cold air flow reduces axially across 
the frame and the temperature increases gradually as the flow 
is carrying more heat. In the rotor, the tight air gap reacts as a 
thin layer of air insulation between the stator and rotor during 

operation. Without any interchange of hot air with the 
exterior cold air, the temperature across seems to be more 
consistent (Fig. 11-a and b).  This also explains the reason 
why the rotor temperature is much higher than the stator.  
 

 
Fig. 11.  Location of temperature measurement of different machine 
components. 

 
As the TEFC is a sealed machine without any air 

circulation with external flow, the hot air retains in the 
machine. The limitation of the air flow path in the system 
restricts the amount of heat that can be carried away from the 
air gap and be dissipated to the housing wall. Thus, the air 
temperature within 60-180 mm has higher temperature with a 
sharp increase of 20°C (Fig. 12) and is maintained constant 
along the length. Similar trends can be found in either with 
radial or curved blades fan.  

 

 
Fig. 12.  Air temperature in the electric machine  

 
The rotating direction of the radial blades fan does not 

affect the temperature profile of the machine because the fan 
profile is the same in both directions. However, for the curve 
blades fan, the rotating direction has a direct impact to the 
machine temperature and at this particular condition, it is 
observed that the temperature difference is about 4-5 °C. 
These differences may become more noticeable with greater 
machine losses occurring at higher loads.  

This difference is also revealed in the shaft temperature 
(60 mm-300 mm) as in Fig. 13. For a bi-directional machine, 
the fan reacts as the backward-curved blades one when it 
rotates clockwise and as a forward-curved bladed one for 



counter-clockwise operation. The backward-curved blades 
case has better efficiency than the forward-curved blades 
because of the greater air flow capacity. A comparison 
between the studied cases reveals that, the radial blades case 
behaviour is between the forward and backward curved 
blades cases while its occurring temperature is the average 
temperature between the forward and backward curved 
blades cases as well (Fig. 9 – Fig. 13).  

 

 
Fig. 13.  Shaft temperature along the length. 
 

IV.   CONCLUSIONS 

The fan blade design and machine rotating direction affect 
the heat transfer rate from the machine frame. In clockwise 
direction, the curved blades case is more efficient in 
removing heat than the radial blade and vice versa when in 
counter-clockwise rotation. This is displayed in the 
temperature profile of the machine components and the inner 
air temperature.  

Since the geometry of both radial and curved blades was 
the same, the variation of the blade angle is the only factor 
that might accelerate the radial outward air velocity. The 
greater the air flow velocity the more efficient the heat 
transfer. However, this will require further investigation as 
the air changes of the blade angle also affects the air capacity 
delivery.  
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