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The Investigation of Motor Cooling
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Abstract—This study experimentally and numerically investigates
motor cooling performance. The motor consists of a centrifugal fan,
two axial fans, a shaft, a stator, a rotor and a heat exchanger with 637
cooling tubes. The pressure rise-flow rate (P-Q) performance curves of
the cooling fans at 1800 rpm are tested using a test apparatus
complying with the Chinese National Standard (CNS) 2726.
Compared with the experimental measurements, the numerical
analysis results show that the P-Q performance curves of the axial fan
and centrifugal fan can be estimated within about 2% and 6%,
respectively. By using the simplified model, setting up the heat
exchanger and stator as porous media, the flow field in the motor is
calculated. By using the results of the flow field near the rotor and
stator, and subjecting the heat generation rate as a boundary condition,
the temperature distributions of the stator and rotor are also calculated.
The simulation results show that the calculated temperature of the
stator winding near the axial fans is lower by about 5% than the
measured value, and the calculated temperature of the stator core
located at the center of the stator is about 1% higher than the measured
value. Besides, discussion is made to improve the motor cooling
performance.

Keywords—Motor cooling, P-Q performance curves, CNS,
porous media.

. INTRODUCTION

OTORS are widely used in our lives, but heating

becomes a key consideration in the production of motor.
Overheating will result in decreasing motor’s lifetime. Hence,
how to reduce cost and to get optimized performance is
necessary to make efforts. Through CFD (Computational Fluid
Dynamics) codes, it will be useful to understand the heat
transfer in motors and to improve the thermal management of
motors. In order to enhance motor performance, many studies
dedicated on performance prediction and optimization of fans
[1-6]. A good fan influences the motor’s cooling capacity,
including its geometry and blade number. Besides, the noise
and vibration generated from the fans is a key point which
needs to propose methods lowering its decibels. Concerning the
motor temperature, power dissipation and motor thermal
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resistance can be considered to determine the motor
temperature [7]. Due to the convective heat transfer, which
depends on the flow structure in an enclosed motor cooling
system, the fluid flow in an enclosed electrical motor is studied
by numerical methods [8]. About the study of the motor
performance, using CFD modeling techniques investigates
thermal management of motors. [9-13].

This study investigates a 2350kW Totally Enclosed Air to Air
Cooled (TEAAC) motor which is mainly composed of a
centrifugal fan (outer fan), two axial fans (inner fan), a shaft, a
stator, a rotor and a heat exchanger with 637 cooling tubes. In
this model, the flow can be categorized into external and internal
flows. From Fig. 1, the blue arrows represent the external cold
flow. It origins from the centrifugal fan’s rotation sucking the
ambient air flows through the air shroud and then goes into 637
heat exchange’s tubes to leave outside. The red arrow’s
circulation means the internal hot flow due to the axial fans’
rotation flows through the rotor, stator. Then, it goes into the heat
exchanger proceeding heat exchange with external colder flow.
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Fig. 1 Schematic of flow fields and components in the motor

In this study, the motor performance is simulated by Fluent
[14] and Flow-3D [15], commercial codes, and Gambit is used
to generate meshes for Fluent. In order to handle complex
geometry of this motor, unstructured or hybrid meshes were
considered first. Unfortunately, a multi-block structured mesh
generation method was tried, but failed to work. Moreover, the
mesh test for the mesh confirmation without generating highly
skewed elements is also important in the simulating process.
The first part of this study is to investigate the performance of
the axial and centrifugal fans. The second is that the whole
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motor’s flow field, pressure field and temperature near the
stator and rotor is discussed. In order to demonstrate the
accuracy of the model, the calculation results of the fan
performance and stator temperature will be compared with the
experimental data.

Il. NOMENCLATURE

0, output power, W
1) rotating speed, rpm
M imposing momentum on the fan, N-m
Eff; static pressure efficiency, %
P, static pressure, Pa
0 volume flow rate, m%s

I11. FAN MODEL

Fig. 2 shows the schematics of the axial and centrifugal fans,
respectively. The axial fan is composed of 9 blades and the
centrifugal fan consists of 12 blades.

I i

(a) Axial fan (b) Centrifugal fan

Fig. 2 Schematics of axial fan and centrifugal fan

Before solving the problem by Fluent, several assumptions
of numerical analysis for Fluent are setup. It is assumed that the
working fluid is a Newtonian and incompressible one. Steady
state simulation is adopted, and the influences of gravity,
buoyancy and temperature variation are neglected. Fig. 3
exhibits the boundary condition of the fan model. Pressure inlet
and pressure outlet boundary conditions are imposed in the
model. To assure the flow that can uniformly flow into the
tunnel, the large cubic block near the model of the inlet side is
required. The fan rotates at 1800 RPM. In this work, the highly
detailed geometry makes mesh generation very difficult. The
fan model based on a hybrid mesh setting is usually
recommended. Furthermore, the mesh domain near the fan
blades will be densely generated because of the complicated
geometry. To reduce the iteration time and to make the iteration
stable, the fan motion using the moving reference frame
method rather than moving the mesh of the fan blades is
initialized.
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(a) Axial fan

(b)Centrifugal fan

Fig. 3 Boundary setup for axial fan and centrifugal fan

To examine calculated precision of the fan performance, fig.
4 illustrates the P-Q performance curves of the centrifugal fan
and axial fan, respectively. According to the variation of the
pressure drop across of the fan, the mass flow rate can be
calculated. The computed mass flow rates are almost 2% and
6% larger than the experimental values tested using a Chinese
National Standards (CNS) 2726 test apparatus. The output
power and static pressure efficiency curves of the centrifugal
fan and axial fan are shown in Fig. 5 and Fig. 6. Compared with
the experimental data, the deviation of the calculated output
power and static pressure efficiency are about 14% and 2% for
the centrifugal fan, and about 15% and 4% for the axial fan.
This discrepancy is due to measurement error and the CFD
assumptions. The output power is described as following.

Op = oM ()

Where O, is output power (W), @ is angular velocity of fan
(rpm) and M is imposing momentum on the fan (N-m). The
static pressure efficiency is defined as following.

By, =22

4

O]

Where Eff; is static pressure efficiency (%) and Q is volume
flow rate (m*/s).
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Fig. 5 Output power of fans
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Fig. 6 Static pressure efficiency of fans

Fig. 7 to 10 demonstrate both the flow field and path line of
the centrifugal fan and axial fan at different pressure drop
conditions. When the flow field is under large pressure drop,
the reversed flow occurred near the blades and collided with the
blade surface. In addition, the path lines are loose. Thus,
reversed flow reduces the flow rate of fan, resulting in a lower
cooling capacity. On the contrary, as the flow field is under
small pressure drop, the air flow between the blades flowed
parallel to the blade surface. Besides, the path lines compared
with large pressure drop condition is relatively dense. Hence, it
can be found that the flow field and path line in each case are
quite different. As mentioned above, the air flow rate depends
on the pressure drop of the cooling system. Therefore, when
predicting the flow field in the motor, it is necessary to estimate

the flow resistance through the motor compartment.

a) Lrge pressure rop (b) maII pessure drop
Fig. 7 Flow fields of the centrifugal fan

(a) Large pressure drop
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(b) Small pressure drop

Fig. 8 Path lines of the centrifugal fan

(a) Small pressure drop (b) Large pressure drop

Fig. 9 Flow fields of the axial fan

(a) Small pressure drop

(b) Large pressure drop
Fig. 10 Path lines of the axial fan

V. WHOLE MOTOR MODEL

In this study, the whole motor is simulated by Flow-3D to
calculate the 3D flow and pressure distributions at constant
temperature. Due to the entire domain of the whole model
consisting of so many complex components, it is necessary to
simplify the whole motor model. The following key
components related to complex geometry need to be
considered: two axial fans, heat exchanger, stator and rotor.
The heat exchanger with 637 cooling tubes and the stator with
complicated geometry will make the calculation hard. Hence,
the heat exchanger and stator are setup as porous media with
porosity of 0.705 and 0.21, respectively. Because Flow-3D sets
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up the component as porous medium not allowed to rotate, the
similar geometry with the same porosity is used to simplify the
rotor. For axial fans, inputting the P-Q curves of the fan in the
Flow-3D software replaces adopting real geometry components
to calculate. The above simplifying methods can not only lower
the mesh number use, but also save the calculated time.

In Fig. 11, it can be found that the pressure at bottom and
central position of the motor is higher, but the flow field at the
same position exhibits less flow rate. According to the
calculation results of the flow and pressure distributions and the
primary heat generation coming from the stator and rotor, the
highest temperature of the rotor and stator should be occurred
at the bottom and central position. In order to confirm the
assumption, using the results of flow and pressure distributions
as boundary condition, setting up the corresponding physical
parameters and subjecting heat generation rate as the initial
temperature, the rotor and stator temperature are calculated by
Fluent under 2D model and divided into four cross-sections
illustrated in the Fig. 12. The heat generation rates are shown in
Table I, and the physical parameters of the components are
presented in Table Il. Fig. 13 plots the stator core and stator
winding temperature. The angles in Fig. 13 are explained in Fig.
14, and are positioned clockwisely from the twelve o’clock
orientation. The temperature near the two hundred degrees is
the highest which verifies the prediction based on the effects of
flow and pressure distributions at the bottom and central
position in the motor. By comparing Fig. 13 with Fig. 15, rotor
temperature, because of rotation motion, are not like the stator
temperature which varies more significantly. Additionally,
compared with the cross-sections of 2 and 3, the temperatures
at the cross-sections of 1 and 4 are lower due to their positions
near the axial fans and the cooler flows coming from the heat
exchanger. In this study, the overall calculated stator core
temperature 385K higher than experimental temperature 384K
by 1K is only tested at the cross-sections 2 and 3. The overall
stator winding temperature of experimental results at the
cross-sections of 1 and 4 are 395K and 411K higher than
calculated results 393K and 404K by 2 K and 7K, respectively.
From the comparison of calculated and experimental results,
they are in good agreement. All calculated temperatures,
including the rotor and some stator temperatures that can not be
measured through the experiment are summarized in Table I11.
Therefore, using CFD modeling techniques can derive some
immeasurable values in the motor. Through Table IlI, the
temperatures of each component at cross-section 1 are lower
than cross-section 4 due to the cooler flow leaving from the
centrifugal fan, as shown in Fig. 1, and proceeding heat
exchange in the heat exchanger. To examine whether the
change of the heat generation affects the temperature greatly,
increasing and decreasing the heat generation rate by 5% are
intentionally tested in the calculation. Results show that the
overall temperature varies only about 4K.
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TABLEI
HEAT GENERATION RATES
Total loss (W) 78930
Stator winding loss(W) 23400
Rotor winding loss(W) 8200
Stator core loss(W) 21310
Rotor core loss(W) 6520
Other loss(W) 19500
TABLE II
PHYSICAL PARAMETER LIST OF EACH COMPONENT
Physical parameter
Component Densit Conductivit | Specific
(Material) 3“5' Y y heat
@) | wim-k) | (kg-K)
Stator winding 8.9 400 385
(Copper)
Stator core
(SPHC) 7.85 59.5 481.65
Rotor winding 8.9 400 385
(Copper)
Rotor core
(SPHC) 7.85 59.5 481.65
Cooling tubes
(Zinc Alloy) 7.9 411 460
Cooler
(SPHC) 7.85 59.5 481.65
TABLE Il
TEMPERATURE LIST OF EACH COMPONENT BY CFD ANALYSIS
Cross- | Cross- | Cross- | Cross-
section | section | section | section
1 2 3 4
Stator core
temperature 349 385 385 359
K)
Stator
winding 393 419 419 404
temperature
K)
Rotor core
temperature 344 380 380 355
(K)
Rotor
winding 371 403 403 381
temperature
(K)
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Fig. 11 Calculation results of the pressure and flow fields

1 23 4
(a) Stator

l 23 4
(b) Rotor
Fig. 12 Schematic of each cross section for calculating rotor and stator
temperature
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Fig. 13 Calculation results of stator temperature Fig. 15 Calculation results of rotor temperature

12
V. CONCLUSION

In this paper, a motor is completely modeled, and the heat
transfer and P-Q performance curves of cooling fans are
derived. The calculation results are in a good agreement with
the experimental data, and show that the current motor design
can meet its temperature and mass flow rate requirements. The
whole motor CFD model is found a powerful engineering
visualization tool which can predict TEAAC motor temperature
distribution accurately and show for some experimental data
that can not test in the motor. Future investigations will keep on
the optimum sizes for key motor parts to further improve the
thermal performance.

] )
N

Fig. 14 Schematic of temperature variation with different angles
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