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Abstract

Thermal management of electric motor is a significant criterion concerning the performance of the motor since it relies on
the working temperature. This paper presents an experimental investigation of a thermal management system with a design
based on the passive action of closed-loop pulsating heat pipes (CLPHP). The evaporator is a curved copper section termed
the cooling pad, which inculcates the pulsating fluid regime and directly contacts the motor surface. Four such sets of
CLPHPs are mounted on a test bench to study the performance characteristics of the system. Water—acetone binary mixture
is selected as the working fluid and is tested for optimum mixing ratio by varying the acetone concentration through 40%,
50% and 60%. Performance study is carried out under different current readings of 1 A, 2 A, and 3 A, resulting in respective
heat loads of 27 W, 109 W, and 240 W until the steady-state temperature is achieved. Filling ratios (FR) are taken as 40%,
50% and 60% of the total volume. The results obtained show that a 50% filling ratio with a 50% mixing ratio (MR) gives the
optimum working condition by which the cooling system can reduce the motor temperature by 33.3 °C with a 47% increase

in overall heat transfer coefficient compared to the natural convection of motor surface.

Nomenclature

1 Introduction

A Area (m?)

Bo Bond number Heat dissipation in electric motors has always been a subject
D Diameter (m) of interest for many researchers, continuously trying and
Eb Eo6tvos number = (Bo)? bringing new design developments to reduce the thermal
Q Heat input (W) loads and increase the efficiency of the motor. The main
R Thermal resistance (K/W) sources of heat generation in a motor are the I°R losses, the
T Temperature ("C) core loss, the stray load loss, and the bearing system losses.
AT T,-T,(CC) Among them the major loss is considered to be the stator
U Coefficient of overall heat transfer (W/m?-K) resistance loss. This undesirable heat generation causes a
v Voltage (V) spike in stator coil temperatures and often leads to prob-
1 Current (A) lems such as increased stator winding deterioration, reduced
U,ax  Maximum uncertainty motor performance and power limitation as well as reduces
c Surface tension (N/m) the overall life expectancy of the motor. Furthermore, a
p Density (Kg/m?) higher temperature can lead to the demagnetization of the
a Ambient permanent magnet in electric motors. Thus, it is essential to
crit  Critical incorporate a cooling system in an electric motor since low-
e Evaporator ering the excessive temperature in the stator will translate
lig Liquid to higher motor performances and efficiencies along with
vap  Vapour longer life expectancy of the motor [1-3].
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Over the years several studies on cooling systems have
been introduced to tackle this problem. However, the most
common method used for motor cooling has fins mounted
on its external surface to increase the heat dissipation which
may be aided by an external or internal fan or simply by the
free convection of air. Another alternative is a liquid cooling

@ Springer


http://orcid.org/0000-0001-9645-6747
http://crossmark.crossref.org/dialog/?doi=10.1007/s00231-021-03127-5&domain=pdf

Heat and Mass Transfer

system which can be provided in a multitude of ways. One
of them is to circulate a ‘coolant’ through pipes on the outer
body of the motor and another one is spiral flow across the
outer periphery of the motor. Mohamed Amine et al. [4]
studied thermal analysis of an electric vehicle motor based
on the heat sources and geometry of the vehicle. The tem-
perature at different parts of an electric motor is noted and
two systems of water-cooling and air-cooling were devel-
oped and analyzed. It has been shown that water cooling is
more efficient compared to air cooling since the specific heat
of water is 4217 J/Kg°C while air is 1060 J/Kg°C. Although
most of the experimental researches reviewed were about
active cooling devices, the purpose of this work is to design
and test a passive method that provides significant results.

Heat pipes are one of the emerging and promising tech-
nologies in the field of cooling applications for many elec-
trical components since it is a passive heat transfer device
having advantages over other cooling techniques such as
being low cost, energy-efficient, and reliable operation [5,
6]. Groll et al. [7] incorporated heat pipes on to the stator
and rotor for developing a more efficient cooling system than
that of a conventional one. It was found that a maximum
temperature of 150 °C is attained in the stator section. Heat
dissipated in the rotor and stator attributed to almost 75%
of the heat dissipated to the air through convection. Putra
et al. [8] developed an electric motor design for better heat
dissipation by providing L-shaped wicked flat heat pipes on
the outer surface of the motor. The result obtained shows a
significant reduction in temperature.

The pulsating heat pipe (PHP) proposed by Akachi [9] in
1990 found to be best suited for cooling purpose. The fea-
tures of pulsating heat pipe such as high heat flux transfer,
passive working, fewer mechanical parts and absence of a
wick structure make it an attractive alternative. A Pulsat-
ing Heat Pipe based cooling system, when compared with a
liquid cooling system, is less complex due to its more com-
pact nature. Khandekar et al. [10] summarized the basic
construction details, the various parameters which influ-
ence the heat transfer mechanism such as (i) Tube diameter
(i1) Applied heat flux, (iii) Working fluid ratio, (iv) Total
number of turns, and (v) Operating orientation. Yang et al.
[11] to understand the operating limit of Closed-loop Pul-
sating Heat Pipe (CLPHP) studied the effects of (i) Oper-
ating orientation (ii) Inner diameter and (iii) Filling ratio.
The effect of the three different heat modes; (a) bottom heat
mode (b) horizontal heat mode (c) top heat mode, on the
performance of heat pipes using working fluid R142b has
shown that on decreasing inner diameter from 2 to 1 mm, the
effect of orientation becomes negligible. It has been found
that CLPHPs with 1 mm or 2 mm diameter operates suc-
cessfully under three orientations with good performance.
Also, a lower thermal resistance of about 10% is shown by
2 mm ID compared with 1 mm ID. The best performance
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for all types of orientation was found to be the one with a
filling ratio of 50%.

Vipul M. Patel et al. [12] conducted experiments on dif-
ferent types of working fluids used in cooling operations
and studied the startup mechanism and thermal perfor-
mance of a closed-loop pulsating heat pipe. Based on the
results, it was found that among pure fluids, acetone shows
the best heat transfer performance and among binary flu-
ids, water—acetone gives better performance. Mozumder
et al. [13] developed and fabricated a heat pipe and tested
for performance against common working fluids including
water, methanol, and acetone. The overall heat transfer coef-
ficient for methanol and acetone filled heat-pipe shows an
increase with the increase in heat input while water-filled
heat pipe is nearly constant. Wilson et al. [14] conducted
a thermal and visual observation of oscillating heat pipes
(CLPHP) having working fluid water and acetone and
came up with some general conclusions that acetone-based
CLPHP shows a higher fluid velocity, full circulation, and
better thermal performance over water-filled CLPHP. Also,
it was observed that acetone CLPHP can produce higher
temperature uniformity at low heat input. Better thermal
performance is shown by acetone at lower temperatures and
by water at higher temperatures.

In this study, working fluid is the binary mixture of water
and acetone since it has lower specific heat and latent heat,
which helps in creating strong pressure impulses for driv-
ing the working fluid and hence facilitates more heat flux
transferred for the same thermal capacity. It is observed that
in comparison with pure water, the water—acetone mixture
exhibited better start-up performance due to its lower boiling
point and low specific heat capacity. Also, the water—acetone
mixture shows improved performance against ‘dry-out’ condi-
tion under low filling ratios of 35% and 45%. This is because
at higher temperatures acetone vapours will be more and
water will remain largely in the liquid phase which prevents
the onset of dry out [15].

For the past 10 years, many experiments and investiga-
tions were conducted on developing pulsating heat pipes
and enhancing their performance parameters. Furthermore,
several research works were carried to find out the oper-
ating characteristics of pulsating heat pipes under a wide
range of working fluids. The literature study conducted in
the fields of pulsating heat pipes reveals that so far most of
the works have been performed in the interest of analysis of
thermal performances and increasing the efficiency of the
heat pipes. Only fewer studies addressed CLPHP as a poten-
tial cooling system in electric motors. Also, the application
of binary mixtures as working fluids in heat pipes is a briefly
touched topic in regards to cooling systems. In this work, a
passive heat transfer cooling method based on the working
principle of a CLPHP is designed for electric motors and is
experimentally analysed. Water—acetone binary solution is
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taken as the working fluid and experiments were conducted
in heat inputs 27 W, 109 W and 240 W for various mixing
ratios (MR) and filling ratios (FR) to find out the optimum
combination which yields the best performance for the given
cooling system.

2 Methodology
2.1 Construction

The state of the art on the comprehensive theory of the
intricate thermo-hydrodynamic phenomenon governing the
proper functioning of a closed-loop pulsating heat pipe is
still under research and not readily available [16]. But pro-
gressive research on this topic for the past decade validated
many qualitative and quantitative parameters influencing the
thermal performance of this technology.

The foremost parameter amongst other key factors con-
sidered for the fabrication of a closed-loop pulsating heat
pipe is the inner diameter. Akachi et al. [9] primarily pro-
posed that the critical Bond number (or E6tvos) criterion
ensures the maximum tolerable inner diameter of any pulsat-
ing heat pipe based on the working fluid properties:

2 o Dgrit'g'(pliq - pvap)

LN
crit

(E®),,;; = (Bo) ~4 (D
o

In this experiment, the diameter of the capillary tube is
selected as 2 mm from the lowest critical range of diameter
according to the critical diameter for different pure fluids
under different temperatures [17], which is below the E6 = 4
range since at E6 > 4 pulsating action diminishes and sur-
face tension reduces [10]. Also based on the literature study
on working fluid used in closed-loop pulsating heat pipes
suggests that the selected inner diameter ensures the proper
pulsation phenomena without any agglomeration and strati-
fication of phases of the working fluid.

Figures 1, 2 displays the design of the closed-loop pulsat-
ing heat pipe-based cooling system used in this experiment.
Beryllium copper was used for the fabrication of the evapo-
rator section (cooling pad) and pure industrial grade copper
tubes of 2 mm inner diameter and 3 mm outer diameter was
used for the heat pipes. For the fabrication of the evaporator
section, copper blocks were CNC machined to form curved
planar sections having an inner radius of 90 mm, length of
100 mm and thickness of 8 mm. Cooling pad sections were
micro-machined with eight through-holes to contain the pul-
sating action advancing from the condenser region. Copper
tubes were cut and bent into the required length and bending
radius, then fixed each pipe section coaxial to the holes in
the cooling pads and hermetically sealed all tube sections
by brazing with copper-based solder alloy ensuring proper

Evaporator section

Fig. 1 Closed-loop pulsating heat pipe embedded with cooling pad

thermal contact. Valves were also attached for the charging
and evacuation purposes of the CLPHP.

Length of condenser section= 150 mm + 60 mm

Length of evaporator section =100 mm.

No of condenser section pipe turns (on each pad) =150 mm

length X3

210 mm valves attached turn x 1

U-turns (bending radius 15 mm) x 4pcs.

Thickness of cooling pad=8 mm

Arc radius of cooling pad =90 mm (inner), 98 mm (outer).

This procedure is repeated to fabricate four individual
CLPHPs as shown in Fig. 3 for the proposed experiment. An
aluminium block was machined into a hollow cylinder with
100 mm length and 4 mm thickness. Ni—Cr thermic wire of
diameter 12 mm is coiled in a helical fashion (180 mm dia.)
and placed in contact with the inner surface of the cylinder.
Thus by adjusting the current in the heating coil, the real-
time heat load in a motor surface can be simulated and is
used throughout this experiment.

2.2 Configuration
The literature survey conducted on various motor cool-

ing methods and motor characteristics including that of
a permanent magnet synchronous motor (PMSM) reveal

Fig.2 Cross-sectional view of cooling pad (hole configuration)
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Heating coil— 7 )
'. —Motor surface

Fig.3 Assembled model of CLPHP

that a comprehensive thermal management system of an
electric motor attempts to attain the maximum possible
torque without compromising the health of the permanent
magnet and the copper winding. The rate of heat transfer
in these motors can range between a few hundred watts to
kilowatts depending on the motor class, RPM and load-
ing [18-20]. The maximum allowable winding tempera-
ture in class F and class H motor insulations are 155 °C
and 180 °C respectively [21]. Any increase in tempera-
ture above these limits will reduce the service life of the
insulation and the overall life expectancy of the motor. A
higher motor temperature will incite demagnetization of
the permanent magnet which will then directly affect the
motor efficiency [22].

Khandekar et al. [10] summarized the influencing param-
eters on the complex thermo-hydrodynamic of pulsating
heat pipes and as per the findings, the effect of applied heat
flux at higher temperatures will lead to the onset of dry-
out induced by the thermo-hydrodynamic limitation. An
experimental investigation on the start-up heat and other
thermal attributes of CLPHP under water—acetone with dif-
ferent filling ratios was conducted by Zhu et al. [15], which
acknowledges the dry-out condition of pulsating heat pipe
at higher heat fluxes. In this work, the thermal configura-
tion is made in such a way that the proposed CLPHP sys-
tem will undergo a passive operation in still air without
any forced convective assistance at the condenser section.
The whole CLPHP arrangement is installed on a cylindri-
cal heat source which is used to simulate real motor surface
temperature variations. Taking the dry-out condition of the
water—acetone binary mixture and the maximum allowable
winding temperature of class F motors into consideration,
the maximum operating temperature is restricted to 130 °C.
Heat loads of 27 W, 109 W and 240 W were applied by
stepping up each ampere of current (1 A, 2 A and 3 A)
through the heating coil. At 240 W, the maximum permitted
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Table 1 Details of working fluid

Lo Mixing Ratio Filling
combinations (MR) (%) Ratio (FR)

%
Acetone Water (%)
50 50 40
50 50 50
50 50 60
40 60 50
60 40 50

limit of 130 °C has reached and selected as the highest heat
load to be tested.

The motor/heat-generating surface is thermo-physically
covered with the evaporator regions so that the CLPHP can
gain maximum heat flux. Sameer Khandekar et al. suggests
the increased number of turns ultimately suppress the heat
transferred by each turn [10], therefore, the turns of heat
pipes were split and accommodated into four individual
CLPHPs to allow improved heat transfer without affecting
the circulation pressure drops. Figure (3) depicts the assem-
bled configuration of closed-loop pulsating heat pipes over
the motor/heat-generating surface. A thermally conductive
paste was used to decrease the thermal resistance at the con-
tact surfaces while mounting each evaporator section (cool-
ing pad).

Ten J-type thermocouple wires of 0.3 mm diameter with
an accuracy of +0.1°C were used to measure the temperature
readings. Thermocouples were paired in two sets of five and
each set was mounted diametrically opposite to the cylinder.

2.3 Experimental procedure

Since the pulsating heat pipes constructed for this experi-
ment involves few brazed joints all around evaporator
sections and valves, a standard industrial leak test which
includes immersed gas bubble visual inspection, compressed
N, (130 psi) charged snoop test, and helium leak test were
conducted and found to be successful. The CLPHPs were
chemically cleaned to remove oxidative coatings and baked
to 130 °C to evacuate any residual vapour contents trapped
inside the copper tubes. A vacuum pressure of 0.01 mbar
is maintained inside the CLPHP by using a turbopump
(Pfeiffer-HiCube 700 Pro) working in serial action with a
vane pump. The water—acetone binary mixtures are precisely
prepared (as listed in Table 1).

The schematic of the experimental setup is shown in
Fig. 4 and it consists of a power supply unit, the CLPHP
unit and a data acquisition system to read temperature
variations. An autotransformer, ammeter and a voltmeter
connected to the heating coil execute the power supply
unit. The heating coils were connected to the autotrans-
former to supply the required power. A data acquisition
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Fig.4 Schematic of experimen-

tal Setup

Computer

system (Agilent 34970A) with 20 channel multiplexer
(Agilent 34901 A) connected to thermocouples was used to
read and record data into the computer.

The entire assembly is installed on a test bench and
maintained in a horizontal orientation. The dissipation
of heat from the condenser section takes natural con-
vection to the atmosphere (still air). Experiments were
conducted to observe the thermal characteristics of our
thermal management system from ambient temperature to
steady-state condition. For each test run, the system has
been brought back to ambient temperature to understand
the fluid performance under different combinations. As
mentioned before, the water—acetone binary mixture is
taken as the working fluid for CLPHPs and is investigated
for performance characteristics under different MR and
FR. Combinations of MR and FR of the water—acetone
mixture chosen in this experiment are listed in Table 1.
In addition to that, a test run of the heating surface with-
out employing CLPHPs was also done as reference data
to compare with other test results for the performance
evaluation. Observations are carried under different cur-
rent readings of 1 A, 2 A, and 3 A, resulting in respective
heat loads of 27 W, 109 W, and 240 W until the steady-
state temperature is achieved. To find out the optimum FR
for the thermal management system, initially, the MR is
arbitrarily kept constant as 50 and the experiments were
conducted for FR 40, 50, and 60. Similarly, to find the
best possible MR, the FR is taken as 50 and then the
experiments were conducted for MR 40, 50, and 60.

Agilent 34970A

"Ammeter

Voltmeter

Autotransformer

2.4 Uncertainty analysis

Thermal resistance plays a major role in the heat transfer per-
formance of a closed-loop pulsating heat pipe. For this experi-
ment, thermal resistance is calculated as the ratio of differences
in the evaporator and ambient temperatures (7, & T,) to the
applied heat input (Q). Heat input is found out by multiplying
voltage (V) and current (I).

0=VxI )

T,-T
Rz(ero) (3)

There exists a certain uncertainty in the measurement
of temperatures by thermocouples and the measure-
ment of voltage and current using voltmeter and amme-
ter. Therefore, to assess the confidence in the obtained
results, an uncertainty analysis is carried out.

Taking dV and dI as the uncertainties in voltage and cur-
rent readings, the standard uncertainties can be given as:

V) () “

SR _ 5T, \* 6T \° (60\°
?_\/<T9_Too> +<Te_Too> +<6> (5)

@ Springer



Heat and Mass Transfer

The data logger used (Agilent 34970A) has an accuracy
0of +0.0256 °C and the calibrated J-type thermocouples have
an accuracy of +0.1 °C. Voltage and current were measured
in the range of 0-80 V and 0-3 A respectively and have an
accuracy of 0.5%. For a heat input of 27 W (1 A and 27 V),
(T, — T,,) of water—acetone at mixing ratio 50% and filling
ratio 50% was found to be 13.74 °C. Therefore, the standard
uncertainties are:

% _ \/(0.5‘7;;(80)2+ (0.5‘%1;><3)2 19,

O6R 0.1 4+ 0.0256 2 2
- = ) (— + (0.021)° = 2.46%

Considering uncertainty of 2 standard deviations and
approximately a 95% confidence level, coverage factor (k)
is given as 2. Therefore, the expected maximum uncertainty
(U,a0) under the aforementioned conditions is:

Uy = 2R

e = o XK (©)

Uyur =2.46% X2 =4.92%

max

Similarly, uncertainties for other heat inputs (109 W and
240 W) at different working fluid ratios were calculated and
found 4.92% as the maximum uncertainty observed.

3 Results and discussions

Taking water—acetone as the working fluid, experiments
were carried out in still air at room temperature (25-30 °C)
with different filling ratios and mixing ratios for three differ-
ent heat loads of 27 W, 109 W, and 240 W. For each test run,
more than 10 min of additional heating has been provided to
ensure that the steady-state is achieved.

3.1 Temperature variation along the heating
surface

Figure 5 delineates the temperature profile along the sur-
face of the cylinder at different test runs. Since the cylin-
der surface represents the stator coil of the electric motor
and it comparatively gives the heat dissipation occurring in
the windings during the real-time operation in a motor, it is
important to check the uniformity of heat distribution over
the surface which is in contact with the four evaporator sec-
tions of CLPHPs (positioned 10° apart from the centre of the
cylinder). In the interest of clarity, a graph showing varia-
tions on surface temperature profile along axial distance was
plotted and it reveals that the average surface temperature
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Fig.5 Temperature profile along the axial distance

variation recorded during each test runs (represented in the
legends) ensure uniform heat flux to the individual CLPHP.
In addition to that, it is clear that the surface of the cylinder
predominantly shows a uniform heat distribution at lower
heat fluxes on all combinations of the working fluid, but very
little variations were exhibited at higher heat loads which
were due to the fluctuation in voltage applied since the heat
load is a quadratic function of the voltage.

3.2 Temperature variation with time for different
heat loads

This section discusses the differences in temperature vs.
time characteristics of the motor surface with and without
employing the thermal management system. Figure 6 shows
temperature vs. time curves for different test combinations
under each heat load 27 W, 109 W, and 240 W till the steady-
state is achieved. The observed steady-state temperature and
the corresponding time for each combination of working
fluids are listed in Table 2.

As expected, observations made on without providing
CLPHPs shows the highest steady-state temperature at a
faster rate for every heat load applied. From Fig. 6a it is clear
that by keeping MR constant at 50%, the lowest steady-state
temperature (36.9 °C) is achieved by the working fluid taken
at 60 FR in 82 min. But at the same time the working fluid
taken at 50 FR reached a steady state at 38.74 °C in 100 min.
The steady-state temperature difference between 60 FR and
50 FR is 1.84 °C while the time required to reach steady
state is about 100 min. This shows that 50 FR-50 MR com-
bination at lower heat input has prolonged heat management
as a result of the higher rate of heat transfer from the cooling
pads to the condenser section by initiating the liquid—vapour
slug flow. When FR was kept constant at 50%, the lowest
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Fig.6 (a) Temperature varia-
tion with time under 27 W (b)
Temperature variation with
time under 109 W (c) Tempera-
ture variation with time under
240 W. Average surface tem-
perature variation of the cooling
pad to reach the steady-state
condition under different heat
loads
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Table 2 Average Surface Temperature of cooling pad for a heat load
of 27 W

Table 4 Average Surface Temperature of cooling pad for a heat load
of 240 W

SL.No Combination Average Surface  Time to attain

SL.No Combination Average Surface  Time to attain

Temperature(°C)  Steady State Temperature (°C) Steady State
(min.) (min.)
1 40 FR - 50 MR 39.40 88 1 40 FR - 50 MR 102.70 66
2 50 FR - 50 MR 38.74 100 2 50 FR - 50 MR 97.440 62
3 60 FR - 50 MR 36.90 82 3 60 FR - 50 MR 101.86 66
4 50 FR - 40 MR 42.00 76 4 50 FR - 40 MR 104.50 54
5 50 FR - 60 MR 40.18 62 5 50 FR - 60 MR 101.12 68
6 Without Cooling 45.02 58 6 Without Cooling 130.65 60
System System

steady-state temperature is shown by the working fluid taken
at 50% MR. Meanwhile, 50 FR-40 MR mixture attains the
highest temperature. This is due to the higher fraction of
water content in this particular combination which initially
resists the pulsating action at lower heat load because water
has a higher boiling point, surface tension and overall higher
start-up heat input than that of acetone [12].

When the heat load is increased to 109 W, observations
from Fig. 6b and the corresponding readings from Table 3,
indicate similar conditions as explained in the 27 W heat
load. I.e. among the lowest consecutive steady-state tem-
peratures, 50 FR-50 MR shows better heat transfer character-
istics than 50 FR-60 MR combination. Also, Fig. 6b shows
the onset of dry-out condition at 40 FR- 50 MR, since the
temperature curve begins to rise at 38 min after starting.

On increasing the heat load to 240 W (Fig. 6¢), the rate
at which temperature increases becomes faster and reaches
steady-state within a short period compared to lower heat
loads (Table 4). At 240 W without the cooling system, the
surface temperature rises to 130.65 °C. Meanwhile, the ther-
mal management system with 50 FR-50 MR managed to cool
down the motor surface by 33.3 °C. The progressive dry-out
condition is exhibited by the curves 40 MR-50 FR and 50
MR-40 FR since the rate of change of temperature is higher.

Table 3 Average Surface Temperature of cooling pad for a heat load
of 109 W

Time to attain
Steady State

SL.No Combination Average Surface

Temperature (°C)

(min.)
1 40 FR - 50 MR 67.20 84
2 50 FR - 50 MR 64.99 112
3 60 FR - 50 MR 66.27 90
4 50 FR — 40 MR 68.50 80
5 50 FR - 60 MR 64.56 76
6 Without Cooling 80.82 74
System
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3.3 Effect on variation of overall heat transfer
coefficient with heat flux

In order to understand the thermal performance of the
CLPHP system, the overall heat transfer coefficients for
different working conditions under varying heat loads are
compared and discussed. The overall heat transfer coefficient
is calculated using the formula,

0
= AAT (7
where Q is the total heat supplied (W), A is the curved sur-
face area of the motor/heat-generating surface in direct con-
tact with cooling pads (m?) and AT (K) is the difference in
temperatures between evaporator (steady-state) and ambient
condition.

From Fig. 7, it is evident that for lower heat fluxes, 50
MR-60 FR working fluid shows the highest overall heat
transfer coefficient followed by the 50 MR-50 FR combi-
nation as 56.11 W/m?K and 49.58 W/m?K respectively.

=)
X g0 =
= 3
E - ¢
£
= e
=~ 50 -— "
E *
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3 .
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Fig.7 Overall heat transfer coefficients vs. Heat flux
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Among all the working fluid conditions tested, 40 MR-50
FR displays the lowest heat transfer coefficient because the
mixing ratio has a higher percentage of water content which
causes an increase in effective surface tension of the fluid.
This results in slower startup and pulsating impulse. Mean-
while, under the same heat fluxes both 60 MR-50 FR and 50
MR-40 FR combinations display almost similar character-
istics. Therefore it is clear from this study that variation in
MR makes a wide difference in the thermal characteristics
at lower heat fluxes than variations in FR.

As the heat flux increases to 2000 W/m? thermal charac-
teristics were observed as close to each other, also pulsating
fluid regime tends to take a fixed direction and amplitude
of slug oscillation increases with increase in heat flux and
become comparable with system length [23]. But the 50
MR-50 FR case presents the better thermal characteristics
among all other working fluid combinations. It has to be
noted that, without the cooling system, the motor surface
attains an overall heat transfer coefficient of 35.8 W/m?K.
I.e. almost 47% of the increase in overall heat transfer coef-
ficients is achieved by 50 MR-50 FR under this heat flux. On
further increasing the heat flux to 4300 W/m?, irrespective
of the mixing ratio, overall heat transfer improved to a good
extent for every combination. But, still 50 MR-50 FR shows
higher heat transfer rate with overall heat transfer coeffi-
cients of 62.1 W/m?K, indicating effective re-circulation
of liquid—vapour slugs within the four CLPHPs at higher
heat fluxes. On examining the thermal behaviour of over-
all heat transfer coefficient under each working conditions,
water—acetone mixture with 50 MR-50 FR exhibits better
heat transfer characteristics in all ranges of heat fluxes than
50 MR- 60 FR combination.

4 Effect of variation on thermal resistance
with heat flux

The thermal resistance of CLPHP system at different operat-
ing conditions is shown in Fig. 8. The thermal resistance (R)
is determined by applying the formula

R= (Te Too) (8)
0

where, (T, — T, ) is the difference between evaporator and
ambient temperatures, Q is the heat load at which the experi-
ments are carried out.

The closed-loop pulsating heat pipes were employed in
a way that the evaporator section with cooling pads almost
encases the heating surface. As a result, it reduces the overall
thermal resistance compared to natural convection. From the
graph it is clear that the behaviour of CLPHP for different
FR and MR under lowest heat flux were distinct. 40 MR-50
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Fig.8 Thermal resistance vs. Heat flux

FR shows the highest thermal resistance at lower heat flux.
This is because of the insufficient generation of impetus due
to a higher fraction of water content and makes the system
incapable of generating adequate perturbations which results
drop in bubble pumping effect at lower heat flux. However,
50 MR-60 FR exhibits the lowest thermal resistance under
this heat flux. The thermal resistance of CLPHP under all
cases drops down as the heat flux increases to 2000 W/m?
except 50 MR-60 FR, which shows an increase in thermal
resistance at lower heat flux. This is because at lower heat
inputs the phase change of working fluid with high FR
occurs relatively slower than that in higher heat input. Addi-
tionally, on increasing the filling ratio, a large percentage of
the volume of CLPHP is filled with the working fluid and as
a result formation of bubble slugs will be space-constrained.
Therefore, water—acetone fails to reach adequate flow veloc-
ity, leading to a decrease in the ability to transfer heat energy
and thus thermal resistance increases. When the heat flux is
further increased to 4300 W/m?, 50 FR-50 MR again drops
to 0.29 K/W, which is the lowest thermal resistance attained
under this condition.

On evaluating the results obtained from the graphs, we
can conclude that 50 MR-50 FR has better thermal charac-
teristics with the lowest thermal resistance as the heat flux
increases within the scope of this study.

5 Conclusions

The experimental investigation of a closed-loop pulsating
heat pipe-based cooling system for electric motor thermal
management has been conducted successfully. The cooling
system was tested for various mixing ratio and filling ratio
combinations of the water—acetone binary fluids in three
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different heat inputs (27 W, 109 W and 240 W) and the fol-
lowing major conclusions were procured from the results:

e The curved planar CLPHP used in this work was found
to be working successfully in horizontally oriented test-
ing. The maximum operating temperature of the CLPHP
arrangement was limited to 130 °C for effective heat
transfer to occur in the water—acetone binary mixture
without undergoing dry-out conditions.

e On evaluating the thermal characteristics of the system
under different working conditions, 50 MR-50 FR was
found to be the optimum working condition for this
system as it exhibits the lowest thermal resistance on
increasing the heat flux. Also, the distinct behaviour of
water—acetone in different mixing ratios and filling ratios
were studied. On lower heat loads and higher filling
ratios (FR>50%), the working fluid has relatively high
thermal resistance because the water—acetone mixture
will be occupying the majority of the CLPHP volume
and thus the formation of bubble slugs within the heat
pipes will be space-constrained, This results in a drop
in flow velocity of the binary fluid within the heat pipe
arrangement, leading to inefficient heat transfer between
evaporator and condenser sections.

e The optimum working conditions for this CLPHP cool-
ing system was found to be the water—acetone mixture at
50 MR-50 FR working at a temperature below 130 °C.
The designed cooling system working in conjunction
with the natural convection of the motor surface was
able to reduce the thermal resistance from 0.42 K/W to
0.29 K/W at a heat supply of 240 W. Le., a 31% reduction
in thermal resistance and an increase in the overall heat
transfer rate by 47% passively.
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