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Abstract. Heat generated on an electric motor can increase the working temperature.
Excessive working temperature will reduce its performance and shorten the life. Therefore,
an appropriate thermal management system is required in order to reduce the working
temperature. The purpose of this study is to know the thermal performance of pulsating
heat pipe which applied in electric motor as a thermal management system. A prototype
of thermal management on an electric motor with a cartridge heater is constructed instead
of a heat-generating rotor and stator. Six pieces of pulsating heat pipe are mounted, each
mounted on the side mounting hexagonal mounted inside the electric motor. Pulsating
heat pipe is made of a capillary tube with copper material using acetone as working fluid
with a filling ratio of 0.5, with variation of power input. The surface temperature of the
electric motor is reduced by 55.348 °C, with minimum thermal resistance of 0.151 °C/W.

1. Introduction

In general, the electric motor is divided into
two main component parts; stator and rotor, which
can be flowed electric current to produce output in
the form of motion or rotation on the rotor. Electric
current flowing (and resistance) in the process of
energy conversion that occurs in an electric motor
will increase the its working temperature. Electric
motors will work optimally at a certain working
temperature. If the operation of the electric motor
has exceeded its working temperature, will reduce
the performance of the electric motor. This
corresponds to one of the electric motor power
losses; Joule losses, in which losses caused by
electric current, I, and electrical resistance of the
conductor, R, expressed as I°R [1].

The conventional electric motors cooling
method typically used fins mounted on the outer
surface of the electric motor housing. The fins are
used to extend the surface area of the electric motor
housing to increase heat transfer rate from the
electric motor to the ambient air by convection. The
fin installation is usually accompanied by an axial
fan installation at one end of the motor shaft. The fan
serves as a tool for generating forced convection by

passing air through the fins, thereby increasing the
rate of convection heat transfer. Several studies have
been conducted to improve the cooling performance
of conventional electric motors.

Farsane et al. [2] conducted experimental
research on cooling closed-circuit electric motors,
experiments were performed by measuring cooling
temperatures by fans and fins. Li [3] proposed
design modifications for improved performance of
cooling of permanent magnetic electric motors with
centrifugal impeller. Davin [4] conducted an
experimental study on the use of lubricating oil as a
coolant for electric motors. For electric motors with
high heat, some other techniques can be applied to
release heat to ambient air. One example is an
electric motor cooling method using a cooling liquid
flowing through a jacket placed between the stator
and the use of motor housing. The use of liquid
cooling aims to improve the effectiveness of electric
motor cooling. Lee [5] undertook research on the
development of a motor cooling system through
forced cooling methods by providing channels for
cooling the motor shell and hollow shaft on rotor
cooling.
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The heat pipe is a thermal device that has a high
heat transfer capacity with a compact size and light
weight and does not require additional external
energy [6]. Putra et al. [7-9], Weng et al. [10], and
Wang [11] have conducted studies on the use of heat
pipe in thermal management of electronic devices.
Studies on the use of heat pipe on the thermal
management of electric vehicle batteries have also
been carried out [12]. Putra et al. also undertook
research on heat development of capillary axis
combined with nanofluid as working fluid [13-15].
The results show that the combination of working
fluid axis and nanofluid biomaterials improves
thermal pipe heat performance.

Putra et al. [16] conducting experimental
research on the thermal motor management system
of electric motors using heat pipe that is attached to
the electric motor housing. The heat pipe used is L-
type compressed flat, attached to the motor housing
between the fins. The results show a significant
decrease in temperature on the electric motor casing.
The type of heat pipe used is a commercial heat pipe
with a relatively expensive price.

Pulsating heat pipe (PHP), or oscillating heat
pipe, was first proposed by Akachi [17] in 1990.
Since then he is considered to have excellent
application prospects in the field of solar energy
utilization, wasted heat recovery, aerospace thermal
management and refrigeration electron. Pulsating
heat pipe has many advantages [18-20]: (1) simple
structure and low cost: PHP is made of capillary
pipe, which can then be bent as needed. The
characteristic absence of a capillary axis structure in
the pipeline is very supportive in manufacturing.
Small PHP diameter is also useful for savings; (2)
excellent heat transfer capabilities: according to
Shang et al. [21], PHP's thermal conductivity can
reach tens of times of copper; (3) easy to
miniaturization: the size of the PHP heat transfer
device can be very small because the inside diameter
of PHP is very small, which is one of the most
interesting characteristics of PHP; and (4) high
flexibility: PHP channels can be configured for
various configurations according to the situation of
the application. In general, PHP proved to be a
simple, reliable, noiseless tool and an economical
choice for heat transfer.

This study discusses the phenomena of heat
transfer in electric motors using prototype electric
motors by modifying where rotor and coil are
replaced by cartridge heater to generate the desired
heat to facilitate research in heat transfer settings.

Motion and work system on electrical motor
components is not the main focus in this research.
The simulation is done assuming the electric motor
is working at a maximum state, with standard
environmental conditions. The purpose of this study
is to determine the value of electric motor
performance using pulsating heat pipe as a thermal
management system by reducing the working
temperature of the electric motor in experimental.

2. Methodology

2.1 Pulsating Heat Pipe

The pulsating heat pipe studied was
constructed from copper tubing (alloy 122), having
an outer diameter of 3.1 mm and inner diameter of
1.6 mm. The material was chosen because of its
thermal conductance, as well as malleability for
constructing the serpentine design. The tube
diameter was chosen based on the limited sizes
available and meets the dimension constraint of Eq.
(1) suggested by Akachi et al. [23] for critical

diameter.
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Based on gravitational acceleration (g),
surface tension (o), liquid and vapor densities (p;
and p,), Bond number (Bo) relates surface tension
force to gravitational force, which has been used for
numerous studies, but variation exists with relation
to what Bond number should be used for PHP
calculations. Khandekar et al. [24] acknowledged
the issue and mentioned relevant parameters from
other studies such as the Laplace constant and
Confinement number for defining channel size since
Eq. (1) is not an accepted universal’s criteria. They
also noted that each classification accounts for
channel size, surface tension and fluid density
effects on flow within these devices. Some studies
have referenced a Bo number of 1.84 [25,26], others
have used a value of 2 for diameter calculations
[23,27-29] while others examined a range of Bo
numbers [30]. For this study a Bo of 2 was used, as
Akachi et al. [23] originally suggested. The critical
diameter was calculated for each of the three fluids
tested. Calculations were also made for various
temperatures since the PHP was exposed to a range
from ambient to 120°C. The smallest critical
diameter calculated for all conditions was found to
be 2.592 mm, which is still larger than the 1.6 mm
inner diameter of the copper tube used.



Working fluid D, mm D, ..mm D, pug mm

Water 1.90 498 28.77
Acetone 1.21 3.17 11.66
Ammonia 1.28 3.36 12.98
R-134a 0.56 1.52 2.61
HFO-1234yf 0.53 1.40 2.18

Table 1 PHP minimum and maximum
diameters.

The working fluid used is acetone. In Table 1,
it appears that acetone meets the capillary pipe
diameter criteria used. Acetone has a low boiling
point, which is 56.53°C at atmospheric pressure. The
lower the boiling point of a working fluid, the
resulting latent heat is also lower. Lower latent heat
will be useful for forming and breaking bubbles
faster, as well as shortening the starts up time in
PHP. When the latent heat of the working fluid is
low, the lower superheat in the pipe wall can be
started in PHP [31]. Figure 1 shows that acetone has
a low superheat temperature compared to other
working fluids.
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Figure 1 Superheat required for PHP start
up as a function of bulk fluid temperature (¢ =
2.5 pm) {reference}

Charge ratio is defined as the ratio of working
fluid volume to the total volume of the PHP. Due to
fact that the relative amounts of liquid plugs and
vapor slugs depends on the charge ratio, the charge
ratio has a significant influence on the performance
of PHP. Experimental studies have shown that when
the charge ratio is between 0.2 and 0.8, the PHP can
operate normally [32,33]. Some researchers have
reported the existence of the optimal charge ratio.
Yang et al. [34] indicated that the charge ratio of
0.50 was optimal charge ratio to obtain the best
performance. Yang et al. [35] investigated the heat
transfer performance of PHP with ethanol and it was
pointed out that the optimal range of charge ratio
was 0.50—0.65 when the inclination angle of the PHP
was 0° and -90°. While for the PHP with the

inclination angle of 90°, the optimal charge ratio was
about 0.15 when the heat flux was very low and was
0.40-0.70 when the heat flux was higher. In order to
better identify the range of optimal charge ratio, the
experimental data in the above literatures were
collected and presented in Figure 2. It could be seen
that the optimal charge ratio almost fell in the range
of 0.35-0.65, so this range was generally
recommended as the “optimal range” for PHPs. The
working fluid ratio determined in this research is 0.5,
according to the optimal range.
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Figure 2 The recommended charge ratio of the
PHP{reference}

2.2 Electric Motor Prototype

The study was conducted using a conventional
electric motor simulator, modified in such a way as
to simulate the heat transfer in an electric motor. The
rotor components are replaced with cartridge heater
with a diameter of 12.5 mm and a length of 8 mm to
stimulate heat and simplify installation, while the
stator or magnetic winding components are replaced
by a component designed with a prism-6 shape,
named hexagonal mounting, a pulsating heat pipe
mounting component with each the side of the prism
is closed by the side of the arch in such a way as to
form a cylinder. So that the design can resemble the
shape and size of the components in an electric
motor, the stator. The ready-to-use pulsating heat
pipe is then mounted on each side of the 6-sided
prism, as shown in Figure 3.

The pulsating heat pipe is then placed on each
side of the hexagonal mounting, with the evaporator
side positioned near the cartridge heater, which acts
as a heat absorber side which is stimulated by the
cartridge heater. While on the side of the condenser
is added an axial fan that serves to accelerate the heat
dissipation with the phenomenon of forced
convection. The axial fan is mounted in such a way
with a DC motor drive source connected to the fan.
To prevent heat transfer from cartridge heater to
excessive pulsating heat pipe, a polyurethane
isolator is used. In general, the design of electric
motor prototype and its components can be seen in
Figure 4.



Figure 3. Hexagonal mounting with pulsating
heat pipe.
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Figure 4. Electric motor prototype with
pulsating heat pipe.

The temperature measuring instrument used in
this research is K-type thermocouple Thermocouple
is installed at several points on the electric motor
simulator. Installation of thermocouple is to know
the distribution of temperature on electric motor on
the inside and outside of electric motor. The inner
thermocouples are placed on a twelve-point
mounting cartridge heater, six points on one side,
and six on the other. While the outer thermocouples
placed on the electric motor casing that amounted to
twelve points. The installation of each thermocouple
on the motor housing is aligned with the inside
thermocouple point. This is done to determine the

radial temperature distribution from the cartridge
heater to the motor shroud. The thermocouple
installation illustration for the temperature
distribution can be seen in Figure S.

2o
s
R OTKA TR
/5,'5' 'a”'?ﬁé'

LR
o

EG s CO %N,
e\
o
PR
49
gy
G
R )
ROSROLRS
A

Figure 5. Thermocouple placement.

Thermocouple installation is also performed on
each pulsating heat pipe. The thermocouple point is
attached to each pulsating heat pipe, one on the
evaporator side and one on the condenser side. Each
of the thermocouples paired to the same one
pulsating heat pipe should be aligned. This is done
to know the temperature distribution at pulsating
heat pipe, then based on the temperature data can be
obtained the thermal resistance value of each
pulsating heat pipe.

If total calculation of thermocouple is applied,
then total thermocouple mounted on motor is 39
thermocouples. To obtain the temperature
measurement data, the thermocouple is attached to
the NI DAQ thermocouple terminal (National
Instrument Data Acquisition). The terminal is then
connected to a NI DAQ adapter.

2.3 Eksperimental Schematic

The required device in the study as shown in
Figure 6. The electric motor simulator as the main
tool to be measured, the AC voltage regulator as a
tool that will provide power input on the cartridge
heater, digital power meter as a tool to see the input
power provided from the AC voltage regulator, NI
DAQ device as a tool to connect thermocouple with
computer, and a computer as a medium for
connecting NI DAQ with LabView program so that
temperature measurements can be measured in real
time.
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Figure 6. Schematic of experimental setup.

For every single variation of working fluid and
orientation, temperature data with 30, 60, 90, 120
and 150Watt heat loads was performed. Each heat
load is measured from a transient condition to a
steady state. After reaching steady condition, heat
transfer can be done. The same is done for the next
variation or without using pulsating heat pipe. The
measured data is then stored in the .lvm file.

3. Result and Discussion

3.1.Temperature and Heat Load
Measurement

Experiments were carried out in the laboratory
at ambient temperatures of 26-30°C. The experiment
started on a 30Watt heat load. The heating is done
until the steady state is reached. Once the steady
state is reached, twenty minutes later, the heat load
is increased to 60Watt. This procedure is repeated at
90Watt, 120Watt and 150Watt heat loads. The
experiments were done twice, the first by using PHP
and the second by using PHP. Figure 7 shows the
results of the temperature measurement and the heat
load. The heat load fluctuation is increased rapidly
with the voltage because the heater is a quadratic
function of the voltage [16]. The inner surface
temperature on the cylinder shows little differences,
this is due to the non-uniform heat propagation due
to the difference in length, x, from the cartridge
heater to the cylinder. While the external surface
temperature shows a significant difference due to the
placement of one thermocouple adjacent to the axial
fan, resulting in lower temperature.

Temperature measurements on an electric
motor without PHP are done by measuring the
temperature on a PHP’s mounting. This is to
facilitate the retrieval of data. Then to know the
external surface temperature of electric motor, used
theoretical approach, as follows.

a. Calculation of the rate of conduction of
electric motor heat transfer from cartridge
heater to hexagonal mounting

Using heat rate equation,

dT
Q= kAE (1

with kg = 250 W/m.K; A =0.0054m;
and x = 0.0475m

then the heat rate from cartridge heater to
hexagonal mounting,

(119.103 — 112.199)

Q = 250 x 0.0054 x e

Q =196.219 Watt.

b. Calculation of outer surface temperature of
electric motor
Using heat rate equation for cylinder,

2nLkAT

~In (12/m) @

with L =0.1m; r, =0.0475m; and 1, =
0.0548 m

then the difference temperature between inner
and outer surface,

_ 2mwLkAT
“In (ry/71)

2w X 0.1 X 250 X AT
In(0.0548/0.0475)

AT = 0.178°C

196.219 =

So, the outer surface temperature,
AT = TO,l - TO,Z (3)
T,, = (112.199 — 0.178)°C

T,; = 112.02°C
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Figure 7. Temperature and heat load
measurement; (a) With PHP and (b) Without
PHP.

3.2. Steady state temperature versus heat
load
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Figure 8. Steady state temperature vs. heat load.

Outer Temp. (C)

Inner Temp. (C) -

0 50 100 150 200 250

Without PHP mWith PHP

Figure 9. Temperature comparison.

The steady state temperatures are determined by
averaging temperature value over the last twenty
minutes during the steady state period. Figure 8
shows the steady temperature results on the inside
and outside surfaces of the electric motor at each
heat load. Steady temperatures on the prototype, as
shown in the internal and external temperatures of
the electric motor, increase with increasing heat
load. This is consistent with the theory that the
greater the heat load the greater the temperature
difference shown in the equation of the heating rate.

The average temperature of the surface without
PHP is compared to the surface with PHP. Figure 9
shows the effect of PHP implementation in the
electric motor thermal management system. The
temperature of the inner and outer surface of the
cylinder increases with the heat load. At the heat
load of 60W without PHP, the temperature of the
inner and outer surface of the cylinder reach
119.10°C and 112.20°C, respectively. The use of the
PHP reduces the inner and outer surface of the
cylinder to 63.75°C and 55.07°C, or a reduction by
55.35°C and 57.13°C, respectively.

Lee et al. [37] used water jacket and hollow shaft
with a 170 mm stator diameter motor run at a speed
of 2300 rpm and torque of 7.38 Nm, i.e. about 1.78
kW. Assuming the motor has an efficiency of 90%,
then the heat load is about 180 W. The use of heat
pipes was capable to reduce the motor housing
temperature to 68°C at heat load 150W with a stator
diameter of 100 mm. Meanwhile, a water jacket-
cooled and a hollow shaft-cooled motor were able to
reduce the motor housing temperature to 43°C and
40°C respectively at a heat load about 180W with a
stator diameter of 170 mm.

Putra et al. [16] using the similar method in
electric motor thermal management system using L-
shaped flat heat pipes showed the motor surface
temperature was reduced from 102.2°C to 68.4°C or
a reduction by 33.8°C.



3.3.Thermal Resistance
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Figure 10. Thermal resistance of PHP

The thermal performance of a PHP is calculated
based on the time-averaged evaporator and
condenser temperature as per Egs. (4) and (5). Total
heat supplied is calculated through Eq. (6) and
thermal resistance is calculated through Eq. (7).
Negligible heat is observed to dissipate to surround
based on the measured temperatures of the
insulation box and surrounding. Hence, heat loss
(Qloss) is neglected.

1
Average evaporator temperature, T, = S 2T (4)

1
Average condenser temperature, Tc = 2T, (5

Total heat supply, Q = VI (6)

Te—T¢
— 7
Q—Qioss ( )

Thermal resistance, R =

Based on Figure 10 thermal resistance increases
with increasing heat loads. This is in accordance
with the theory of heat transfer rate where the value
of the heat rate, Q, is inversely proportional to the
thermal resistance, R.

4. Conclusions

The experiment to determine the performance of
the electric motor thermal management system using
pulsating heat pipes with acetone as working fluid
has been conducted successfully. At the heat load of
60W, the outer surface temperature of the motor can
be decreased from 112.20°C to 55.07°C, or a
decrease by 57.13°C, with thermal resistance of
0.26°C/W. The use of pulsating heat pipes can
significantly reduce the temperature of the motor.
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