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Abstract: The ferrofluid is a kind of nanofluid that has magnetization properties in addition to
excellent thermophysical properties, which has resulted in an effective performance trend in cooling
applications. In the present study, experiments are conducted to investigate the heat flow character-
istics of ferrofluid based on thermomagnetic convection under the influence of different magnetic
field patterns. The temperature and heat dissipation characteristics are compared for ferrofluid under
the influence of no-magnet, I, L, and T magnetic field patterns. The results reveal that the heat gets
accumulated within ferrofluid near the heating part in the case of no magnet, whereas the heat flows
through ferrofluid under the influence of different magnetic field patterns without any external force.
Owing to the thermomagnetic convection characteristic of ferrofluid, the heat dissipates from the
heating block and reaches the cooling block by following the path of the I magnetic field pattern.
However, in the case of the L and T magnetic field patterns, the thermomagnetic convection charac-
teristic of ferrofluid drives the heat from the heating block to the endpoint location of the pattern
instead of the cooling block. The asymmetrical heat dissipation in the case of the L magnetic field
pattern and the symmetrical heat dissipation in the case of the T magnetic field pattern are observed
following the magnetization path of ferrofluid in the respective cases. The results confirm that the
direction of heat flow could be controlled based on the type of magnetic field pattern and its path by
utilizing the thermomagnetic behavior of ferrofluid. The proposed lab-scale experimental set-up and
results database could be utilized to design an automatic energy transport system for the cooling of

power conversion devices in electric vehicles.

Keywords: cooling; ferrofluid; heat flow; magnetic field patterning; electric vehicle; thermomagnetic
convection

1. Introduction

In the last few decades, the need for advanced cooling fluids which surpass the
traditional fluids is increasing to improve the efficiency and lifespan of electronic devices [1].
A nanofluid is a colloidal fluid comprised of nano-sized particles dispersed into base fluids.
Owing to the Brownian motion of nanoparticles, the thermal conductivity of nanofluids
is superior compared to base fluids [2,3]. The heat transfer performance of nanofluids
improves with the uniform distribution of nanoparticles in base fluids, hence dispersants
have been used to enhance the stability of nanofluids [4].

Patrizi et al. [5] have studied the performance of DC-DC converters under tempera-
ture variations by considering thermal cycling, temperature step, and high-temperature
tests. The input ripple increases from 80 mV to 85 mV when the temperature approaches
80 °C and the efficiency of the converter reduces by a maximum of 7% with an increase in
temperature from 20 °C to 120 °C. A significant amount of heat loss occurs in high-flux-
density power electronic devices, which results in an increase in operating temperature.
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The higher temperature of such devices degrades their efficiency and operating life. Fur-
thermore, the higher temperature of power electronics creates performance issues in the
gate threshold voltage shift, a decrease in switching speed, a decrease in mobility, and a
decrease in noise margin [6]. The thermal stresses are induced owing to the increase in
temperature, which causes the failure of power electronics devices, and hence, the effective
thermal management of these devices is requisite for cost-effective and reliable energy
conversion [7].

Garud et al. [8] have studied the heat transfer performance characteristics of single-
and hybrid-particle nanofluids and concluded that Al,O3/Cu nanofluid shows the highest
performance evaluation criteria of 1.12. Here, the performance evaluation criteria stand
for a ratio of the Nusselt number of nanofluid over the base fluid to the friction factor of
the nanofluid over the base fluid. Furthermore, Garud et al. have shown that Al,O3/Cu
nanofluid with oblate spheroid-shaped nanoparticles depict enhanced first- and second-
law characteristics compared to those with spherical-, prolate spheroid-, blade-, cylinder-,
platelet-, and brick-shaped nanoparticles [9]. Ghadiri et al. [10] have studied experimen-
tally the cooling performance of a photovoltaic thermal (PVT) system with Fe3O4—water
ferrofluid coolant under the influence of constant and alternating magnetic fields. The
enhanced exergy of 48 W is extracted from the PVT system with 3% ferrofluid under an
alternating magnetic field.

Nanofluids depict magnetic characteristics because of the dispersion of ferromagnetic
nanoparticles into the base fluid, in which case the nanofluids are named as ferrofluids.
The flow control for ferrofluids could be achieved by using its magnetism properties,
which were first discovered by NASA in a state of zero gravity [11]. The magnetization
performance of ferrofluid changes with temperature, and it is strongest in the saturation
magnetization. As the temperature of the fluid increases, it gradually weakens, and when
the intrinsic Curie temperature of the fluid is reached, a permanent loss of magnetization
performance occurs [12]. Therefore, when a temperature field is generated due to heat
transfer in the ferrofluid, the non-equilibrium of magnetization occurs inside because of the
local temperature change of the ferrofluid. When the ferrofluid is exposed to a magnetic
field environment, the fluid in a relatively low temperature area is induced to the magnetic
field, which results in fluid flow, which is called thermomagnetic convection. Thus, the
ferrofluid can flow without a special transport device, such as a coolant pump.

Ferrofluid has the property of being magnetized in response to a magnetic field in
addition to the properties of existing nanofluids, which leads to a sustainable amount of
research on heat transfer systems using the magnetization properties of ferrofluids [13].
Lian et al. [14] have conducted a study on the flow rate according to the thermal load
and magnetic field distribution of a ferrofluid. The flow rate was measured through the
visualization of the flow pattern by using micro-PIV (particle image velocimetry), and the
temperature of the ferrofluid was measured according to the output of the heat source.
Through the experiment, the correlation between the thermal load and the flow velocity
of the ferrofluid was established, and as a result, it was confirmed that the flow velocity
of the ferrofluid increases as the thermal load increases. Xuan et al. [15] have developed
a lab-scale cooling device and have tested its cooling performance using ferrofluid under
the influence of a magnetic field. The cooling capacity of 5 W is achieved by utilizing only
the magnetization characteristics of the ferrofluid. Heiazian et al. [16] have proposed a
numerical model to simulate the heat transfer performance of ferrofluid under the influence
of a magnetic field and presented a consistent validation of the numerical model with the
experimental results. Koji et al. [17] have analyzed the heat transfer performance according
to the change in flow rate and under the application of a magnetic field. The results
confirm that the slower the ferrofluid flow rate, the higher the heat transfer performance
of the ferrofluid when forced convection occurs by the magnetic field. Seo et al. [18] have
investigated the heat transfer and illuminance characteristics of a high-power LED cooling
system with ferrofluid according to magnetic field intensity and the volume fraction of
nanoparticles. Yamaguchi et al. [19] have investigated the heat transportation characteristics
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of a magnetically driven cooling device with ferrofluid as a coolant and depicted the thermal
energy transportation of 35.8 W with a heat transfer distance of 5 m. Furthermore, M.S.
Pattanaik et al. [20] have shown a similar ferrofluid-based magnetically driven cooling
device, which depicts the heat transport distance of 8 m.

Sustainable research has been conducted on ferrofluid as a cooling fluid by utiliz-
ing its thermomagnetic convection characteristics when exposed to the magnetic field
environment, along with its improved heat transfer performance. By utilizing the thermal-
magnetic convection characteristics of the ferrofluid, it is possible to control the thermal
flow direction of the ferrofluid through symmetrical and asymmetrical magnetic field
patterns, and it is determined that this can be applied to a cooling system. However, most
of the prior studies are focused on the unidirectional flow of thermomagnetic convection
through a simple arrangement of permanent magnets or a low-power of solenoid coil,
which enables the magnetization characteristics of ferrofluid. Research related to the direc-
tional control of the heat flow using the thermomagnetic convection of ferrofluid under the
application of symmetrical and asymmetrical magnetic fields has not yet been explored.
In this study, in order to achieve the effective cooling performance for a ferrofluid-based
cooling device, the heat dissipation characteristics of ferrofluid under influences of three
magnetic field patterns (with symmetrical and asymmetrical magnet arrangements) are
experimentally investigated. The database generated from the lab-scale experiments will
be applied to design a cooling system with ferrofluid coolant for the thermal management
of high-flux-density devices in electric vehicles.

2. Experimental Method
2.1. Problem Conceptualization

The ferrofluid has the ability to react with an applied magnetic field owing to the
magnetic property of dispersed nanoparticles. In order to study the behavior of ferrofluid
under the influence of a magnetic field, the ferrofluid-based heat transfer system has been
designed in the present work. In the open literature, the concept of an automatic energy
transport device has been already proposed, based on which the ferrofluid circulates in the
direction of the applied magnetic field. Using this concept, the present system is fabricated
such that ferrofluid is filled in a cavity whose one side is exposed to a heating device and
whose other side is exposed to a cooling device. The different shapes of magnetic field
patterns have been applied to this system. Thus, under the applied temperature difference
and magnetic field, the behavior of ferrofluid is observed by conducting several experi-
ments. The details of the experimental set-up, procedure, and parameters are explained in
Sections 2.2 and 2.3.

2.2. Experimental Set-Up Description

Figure 1 shows the schematic diagram of the experimental set-up and the actual im-
age. The experimental set-up comprises of two acryl plates at the top and bottom and
two aluminum blocks, one with a ceramic heater and the other with a cooling fan. The
experiments are performed in constant temperature and humidity test chambers with an
ambient temperature of 25 °C [21]. The small gap is created at the bottom acryl plate to
fill the ferrofluid such that the ferrofluid is sandwiched between two acryl plates. The top
plate is provided with small holes to insert the thermocouples inside the ferrofluid and one
big hole at corner is provided to insert the ferrofluid. To ensure the tight contact between
both acryl plates and to avoid the leakage of ferrofluid, both acryl plates are tightly sealed
using silicon. The ceramic heater and cooling fan are attached to the respective aluminum
blocks using heat-resistant silicon (LC179). The DC power supply is connected with a
heater and cooling fan. The ceramic heater for heating has a leakage current of less than
0.5 mA and the voltage is a fixed voltage of 10V through a DC power supply considering
the maximum operating temperature of the ferrofluid [22]. The heater is powered using a
DC power supply with a voltage and current of 10 V and 0.75 A, respectively, which results
in a power input of 7.5 W based on power = voltage X current for the heater at the heating
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block. The cooling block is provided with natural convection cooling and fan cooling. The
cooling fan is operated with a voltage and current of 10 V and 0.07 A, which results in
a power input of 0.7 W. The dimensions of each experimental component are depicted
in Table 1 [14]. As shown in Figure 1, 33 T-type thermocouples are used to measure the
ferrofluid temperature at different locations and two T-type thermocouples (T3 and T33)
are used to measure the heating and cooling aluminum blocks’ temperatures. All ther-
mocouples are connected to a data logger (GL840, GL820, GRAPHTEC) for continuously
monitoring the temperature data.
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Figure 1. Schematic diagram for experiment set-up.
Table 1. Dimensions of experiment parts.
Part (Length x Width x Thickness) (mm) Dimensions
Acrylic plate 200 x 200 x 10
Ferrofluid injection space inside acrylic plate 180 x 180 x 1.8
Ceramic heater 10 x 10 x 1.2
Aluminum block (outside) 20 x 20 x 3
Aluminum block (inside) 10 x 10 x 5
Cooling fan 40 x 40 x 10

To enable the various magnetic field patterns, cylindrical neodymium magnets (N35,
EMAGNET) with dimensions of 10 mm x 10 mm are used. The magnetic flux density of
each magnet is evaluated as 440 mT by using a Gauss meter (K-6333A, EXSO Co. Ltd.,
Korea) with an accuracy of £5% [23,24]. The magnets in different patterns are attached at
the lower side of the bottom acryl plate. The heat dissipation characteristics for ferrofluid
are compared in three magnet field patterns namely, [ magnet field pattern, L magnet field
pattern, and T magnet field pattern. The schematic representation of no magnet, I magnet
field pattern, L magnet field pattern, and T magnet field pattern is shown in Figure 2.
The thermal imaging camera TE-V1 (Sensitivity: <50 mk, Thermal expert) is installed
at the center-bottom side of experimental set-up to capture the heat flow distribution in
ferrofluid at regular time intervals. By comparing the experimental results of the no-magnet
pattern and the I magnet field pattern, the basic heat flow characteristics according to the
thermomagnetic convection of the ferrofluid are confirmed. Through the L magnetic field
pattern, it is observed whether the heat flow is transferred along the direction of this
pattern at the corner where the shape of the pattern is at a right angle, and finally, through
the T magnetic field pattern, it is confirmed whether heat is dispersed in the opposite
direction based on the magnetic field pattern during the heat flow. Furthermore, the L
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and T magnetic field patterns are formed to analyze the asymmetrical and symmetrical
heat distribution within ferrofluid. The experiments are conducted for a time duration of
30 min. The specifications of the measuring devices are presented in Table 2. The ferrofluid
used in the experiment is HC50 (Taiho, Tokyo, Japan), and its thermal properties are shown
in Table 3 [25]. The HC50 ferrofluid comprises of a dispersion of Fe3O4 nanoparticles in
kerosene as a base fluid. The appearance of this ferrofluid is black in liquid form and dark
brown when it is dried. When an external magnetic field is applied to HC50 ferrofluid, the
nanoparticles get attracted toward the location of the applied magnetic force.
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Figure 2. Schematic of no-magnet and various magnetic field patterns.

Table 2. Specifications of measuring devices.

Items Conditions
Cooling fan KF0410B1MS-R (JAMICON Co., New Taipei City, Taiwan)
Data logger GL840, GL820 (GRAPHTEC Co., Yokohama, Japan)
DC power supply K-6333A (EXSO Co. Ltd., Busan, Korea)
Magnetic field meter MG-3002 (LUTRON Co., Coopersburg, PA, USA)
Thermal imaging camera TE-V1 (I3-system, Inc., Daejeon, Korea)
Thermocouple T-type (Accuracy £0.1 °C)

Table 3. Thermal properties of HC50 ferrofluid.

Properties Conditions
Specific gravity (at 25 °C) 1.388
Viscosity (at 25 °C) 10 mPa-s
Surface tension (at 25 °C) 26 £ 2 dyne
Saturation magnetization 475+ 3 mT
Boiling point (at 760 mmHg) 150~250 °C

Operating temperature range —20~120 °C
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2.3. Experimental Procedure and Uncertainty Analysis

The heat is generated at the heater block by enabling the 10 V DC supply to the
heater. At the start of the experiment, the heat is generated at the heater, which is then
dissipated to the aluminum block through conduction. As the time passes, the lower
surface of the heater block gets heated, which then transfers the heat to the ferrofluid
through convection. In the case of the no-magnet experiment, the magnetic field is disabled,
hence heat dissipation through ferrofluid will occur based on asymmetrical convection.
In the case of the I magnetic field pattern, the magnets are arranged in a straight path
by connecting heating and cooling blocks. The magnets are arranged asymmetrically by
connecting the heating block and one side’s right-angle corner in the case of the L magnetic
field pattern, and those are arranged symmetrically by connecting the heating block and
both sides’ right-angle corners in the case of the T magnetic field pattern. All magnetic
field patterns enable the magnetic field, which results in the heat flow in the ferrofluid
based on thermomagnetic convection. The enabled magnetic field creates non-equilibrium
magnetization, which results in ferrofluid circulation based on temperature difference. As
the low-temperature ferrofluid responds to the magnetic field and concentrates on the
magnet, the high-temperature ferrofluid is transported along the magnet pattern provided
on the acrylic plate. The experiments are conducted in a sequence of no-magnet, I, L, and T
magnetic field patterns, respectively. The temperatures of the heating and cooling blocks,
and ambient and various locations in the ferrofluid are measured at regular time steps
using thermocouples and a data logger. Furthermore, the heat distribution in ferrofluid
for no-magnet and different magnetic field patterns are visualized by capturing thermal
images at regular time steps. The measured temperatures and captured thermal images
are compared for no-magnet and various magnetic field patterns to analyze the heat
flow characteristics of ferrofluid. The uncertainty associated with any parameter results
in the deviation between its measured value and actual value. The uncertainties in the
measuring parameters are produced due to the inaccuracies of the measuring devices
and errors in the measurements. Therefore, the uncertainty analysis has been performed
to ensure the accuracy and reliability of experimental results in the present study. The
concept of linearized fraction approximation as presented by Equation (1) is used to
calculate the uncertainty in measuring parameters [26]. The measuring parameter in the
present experiments is temperature. The accuracies of the thermocouple and data logger
are £0.1 °C and £0.25%, respectively. The uncertainty in the measured temperature is
evaluated as £0.97% for the conducted experiments.

1
OR 2 OR .. > ,9R._2%> QR 27
Ur = [(aixlul) + (TXZUZ) + (87}(3113) ot (Eu”) ] 1)
Here, X, X5, X3, ... X, present dependent quantities, R presents independent

quantity, Uy, Up, Us, ... U, present uncertainty in independent quantities, and Ug presents
uncertainty in dependent quantity.

3. Results & Discussion

Figure 3 shows a comparison of the heat dissipation characteristics of ferrofluid under
no-magnet and I magnetic field patterns at various time steps. In the case of no magnet, the
heat cannot dissipate within ferrofluid in any direction due to absence of a thermomagnetic
convection effect, which results in an increase in temperature near the heating block as
time passes, as shown in Figure 3a. The heat gets accumulated near the heating block and
the maximum temperature results around this location at the end time of the experiment.
The ferrofluid exhibits convection similar to a non-magnetic particle-based nanofluid in an
environment where no external magnetic field is applied, and the temperature distribution
of the ferrofluid in the heating part remains circular without heat transfer in a specific
direction, even after 30 minutes have elapsed from the start of the experiment [27].
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Figure 3. Heat distribution in ferrofluid with time for (a) no-magnet and (b) I magnetic field pattern.

In the case of the I magnetic field pattern, the heat dissipates in the direction of
the magnetic field generated due to the thermomagnetic convection effect, as shown in
Figure 3b. At the starting time of the experiment, the heat is generated near the heating
block and as the time passes it dissipates in a straight path to the cooling block because the
magnetic field pattern is enabled in the I path connecting the heating and cooling blocks.
After a time duration of 10 min, the heat dissipation from the heating block to the cooling
block increases in the direction of a straight path. The ferrofluid interferes with the flow of
thermomagnetic convection according to the temperature difference and the direction of
the external magnetic field to control the direction of heat transfer [28].

Figure 4 depicts the ferrofluid temperatures at different locations along the path of
the I magnetic field pattern over the experimental duration. The temperatures of heating
and cooling blocks are presented as T3 and T33 curves, whereas temperatures between
these two blocks in the straight path are presented as T8, T13, T18, T23, and T28. The
highest temperature of 65.3 °C is measured for location T3, which is the heating block
temperature. The temperature gradually decreases as the heat transfers along the path of
the magnetic field pattern. The heat moves away from the heating block and gets collected
as the cooling block, which results in the final cooling block temperature at location T33 of
30.9 °C. The final cooling block temperature is 5.9 °C higher than the ambient temperature,
which confirms that the heat is transferred due to the presence of the I magnetic field
pattern as a result of thermomagnetic convection. In the case of intermediate locations,
the temperature decreases in the order of T8, T13, T18, T23, and T28, respectively, because
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the distance of these locations increases in the same order from the heating block. The
magnetization performance of ferrofluid is strongest in the saturation magnetization and
changes with temperature. The ferrofluid losses magnetization characteristics permanently
when ferrofluid approaches the Curie temperature [12]. With the increase in temperature,
the magnetization characteristic of ferrofluid degrades; therefore, the heat dissipation along
the path of the I magnetic field pattern decreases. This results in less variation in ferrofluid
temperatures for heating and cooling blocks as well as all locations within the I magnetic
field pattern at the end of experiment, when the temperature is high.
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Figure 4. Temperature of ferrofluid with time for locations in I magnetic field pattern.

The locations T2 and T4 are near the heating block, where the maximum temperature
approaches 37.35 °C because the heat is not accumulated around the heating block, which
is similar to the no-magnet case. The heat dissipates along the path of the I magnetic field
pattern, which results in less heat accumulation around the heating block. The locations
T32 and T34 around the cooling block show the temperatures of 27.7 °C and 28.5 °C,
respectively, which is higher than the ambient temperature. This indicates that the heat
follows the magnetic field pattern path and heats up the cooling block, as well as the heat
dissipating around the cooling block. The temperature of ferrofluid does not deviate above
0.5 °C with respect to ambient temperature in all locations except the heating and cooling
blocks and locations within the I magnetic field pattern path.

The temperature variation comparison of the heating block with times for no-magnet
and I magnetic field patterns is depicted in Figure 5. At the end of the experiment, the
temperature of the heating block is measured as 87.4 °C in the case of no magnet and as
65.3 °C in the case of the I magnetic field pattern. The I magnetic field pattern shows a
22.1 °C lower temperature for the heating block compared to the no-magnet case. This
indicates that the presence of a magnetic field governs the heat flow following the path of
the magnetic field pattern due to the thermomagnetic convection characteristic of ferrofluid.
At the start of the experiment, the temperature field is not significantly formed, so the
temperature of the heating block is measured similarly in both cases of the no-magnet
and I magnetic field patterns. In the case of the no-magnet experiment, the temperature
of the heating block continues to rise until the experiment is finished. In the case of the
I magnetic field pattern experiment, as the temperature of the heating part rises and the
thermal-magnetic convection becomes active, the heating part is cooled by the convection
of the ferrofluid [12]. The heat flow occurs along the pattern path, and the rate of increase



Symmetry 2022, 14, 1063

90f13

in the temperature of the heating block decreases. Beyond 20 min, the temperature of the
heating block is maintained at a steady-state point in the case of the I magnetic field pattern.
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Figure 5. Temperature of heating block for no-magnet and I magnetic field pattern.

Figure 6 shows the comparison of heat dissipation in ferrofluid for the L and T
magnetic field patterns at various time steps over the experimental duration. As shown in
Figure 6a, the heat follows the L magnetic field pattern path and heat gets collected at the
right-angle corner instead of the cooling block. Despite temperature differences between
heating and cooling blocks, the heat is dissipated in the direction of the L magnetic field
pattern due to dominance of the thermomagnetic convection effect in ferrofluid generated
by the L magnetic field pattern. As the time passes, the dissipation of heat from the heating
block to the corner increases along the path of the L magnetic field pattern. The heat is
dissipated in both right-angle corners in the case of the T magnetic field pattern, as shown in
Figure 6b. In this case, also, the heat dissipated from the heating block gets collected at both
corners instead of the cooling block due to the thermomagnetic convection generated by
the T magnetic field pattern dominating the temperature difference. The heat distribution
increases as time passes and symmetrical heat distribution results along the T magnetic
field pattern path at each time step.

Figure 7 shows the comparison of the steady-state temperature of the heating block,
cooling block, and endpoint location of the magnetic field patterns. In the case of the I mag-
netic field pattern, the magnetic field pattern path connects the heating and cooling blocks,
which results in the transfer of heat from the heating block to cooling block. However, in the
case of the L and T magnetic field patterns, the magnetic field pattern paths connect to both
sides’ right-angle corners, which results in the transfer of heat from the heating block to
these corners instead of the cooling block. Therefore, in case of the I magnetic field pattern,
the cooling block temperature, and in the case of the L and T magnetic field patterns, the
endpoint location (both right-angle corners), are depicted in Figure 7. Furthermore, the
cooling block is provided with natural convection cooling and with a fan in the case of
the I magnetic field pattern. In the case of the no-magnet experiment, the temperature of
the heating block is 87.4 °C, which is the highest temperature compared to all magnetic
field patterns. The temperature of the cooling block in the case of no magnet is 25.6 °C,
which is the lowest temperature compared to the magnetic field patterns. This results in
larger temperature differences between the heating and cooling blocks compared to the
considered magnetic field patterns and, hence, confirms that the heat is not dissipating in
the case of the no-magnet experiment. In the case of the I magnetic field pattern without
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a fan at the cooling block, the temperatures of the heating and cooling blocks are 66.7 °C
and 35.3 °C, respectively. However, the temperatures of the heating and cooling blocks
are measured as 65.3 °C and 30.9 °C when a cooling block is provided with a fan. The
temperatures of the heating and cooling blocks are lower by 1.4 °C and 4.4 °C, respectively,
in the case of the cooling block with a fan compared to that without a fan. This indicates
that the ferrofluid has transferred heat to the cooling part, and the cooling performance can
be improved by increasing the heat transfer coefficient [14,15]. In the case of the L magnetic
field pattern, the temperature at location T16 is presented as the endpoint location of the
pattern. In the case of the T magnetic field pattern, the average temperature of locations
T16 and T20 is considered as the endpoint location of the pattern. In the case of the L
magnetic field pattern experiment, the temperatures of the heating block and the endpoint
location of the pattern are measured as 67.1 °C and 41.1 °C, respectively. Whereas, in the
case of the T magnetic field pattern, the temperatures of the heating block and the endpoint
location of the pattern are measured as 65.8 °C and 36.4 °C, which are lower by 1.3 °C and
4.7 °C, respectively, compared to those in the case of the L magnetic field pattern. Thus,
it confirms that the heat dissipation is better in the case of the T magnetic field pattern
compared to the L magnetic field pattern. All magnetic field patterns show lower heating
block temperatures and higher temperatures for the cooling block and the endpoint location
of the pattern compared to the heating and cooling blocks” temperatures in the case of the
no-magnet experiment. These results confirm that by using the thermomagnetic convection
effect of ferrofluid, the direction of heat flow could be controlled under the influence of
different magnetic field patterns [14-19].

2min 4min 6min 8min
10min 15min 20min 30min

(a)

-

2min 4min 6min 8min
10min 15min 20min 30min
(b)

Figure 6. Heat distribution in ferrofluid with time for (a) L-magnetic field pattern; (b) T-magnetic
field pattern.
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Figure 7. Temperatures of heating block, cooling block, and endpoint location for no-magnet and
various other magnetic field patterns.

The direction of heat flow could be controlled in the presence of a magnetic field
using the thermomagnetic convection characteristic of ferrofluid. There is no external work
applied to control the heat dissipation direction in ferrofluid. This concept would be used to
design a ferrofluid-based cooling system to dissipate the heat from high-flux-density power
electronics in electric vehicles. The heat from power electronics devices could be distributed
to cooling parts using these magnetic patterns by arranging the magnets in symmetrical
and asymmetrical paths. Except the magnetic force imposed by the magnetic field, there is
no external pumping power required for such a cooling system. For example, the heat from
high-power-density LEDs or inverters in electric vehicles could be absorbed by ferrofluid
as a primary coolant, and by using the effective magnetic patterns, the heat from the
ferrofluid could be dumped into the cooling part with a secondary coolant (air, water, or
any other conventional working fluid) without using any pumping source. Instead of a
convectional working fluid, ferrofluid with improved thermophysical properties could be
used to dissipate the heat from high-flux-density devices, which could result in improved
heat dissipation. Furthermore, despite the high viscosity and density of ferrofluid, this
system does not require any external force for ferrofluid circulation, which could reduce
the pumping power cost.

4. Conclusions

This experimental study is proposed to control the heat flow direction under the influ-
ence of various magnetic field patterns utilizing the thermomagnetic convection character-
istics of ferrofluid. The following key findings have been drawn from the conducted study.

1.  The temperatures of heating and cooling blocks are evaluated as 87.4 °C and 25.6 °C,
respectively, in the case of the no-magnet experiment. This indicates that the heat is
not dissipated within ferrofluid, and it gets accumulated near the heating block due
to the absence of thermomagnetic convection;

2. In the case of the I magnetic field pattern, the heat flows from the heating block to
the cooling block along the path of the magnetic field pattern. The thermomagnetic
convection of ferrofluid drives the heat in the presence of the magnetic field and the
heat dissipation rate increases as time passes;
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3. The temperatures of the heating and cooling blocks are measured as 66.7 °C and
35.3 °C for the I magnetic field pattern without a cooling fan and as 65.3 °C and
30.9 °C for the I magnetic field pattern with a cooling fan;

4. When the fan is used with cooling block in the case of the I magnetic field pattern,
the temperature of the heating block lowers by 22.1 °C compared to the heating
block temperature in the case of no magnet. Furthermore, the heating and cooling
blocks’ temperatures are lower by 1.4 °C and 4.4 °C, respectively, for the cooling block
with a fan compared to that without a fan, which indicates that the thermomagnetic
convection is sensitive to the temperature difference;

5. The heat from the heating block flows to one side’s right-angle corner in the case
of the L magnetic field pattern and flows symmetrically to both sides’ right-angle
corners in the case of the T magnetic field pattern. In both magnetic field patterns, the
heat dissipates along the respective paths of the magnetic field patterns;

6.  The temperatures of the heating block and the endpoint of the pattern are measured
as 67.1 °C and 41.1 °C, respectively, in the case of the L magnetic field pattern and
65.8 °C and 36.4 °C, respectively, in the case of the T magnetic field pattern. In the
case of the T magnetic field pattern, the temperatures of the heating block and the
endpoint of the pattern are lower by 1.3 °C and 4.7 °C, respectively, compared to the
L magnetic field pattern. This indicates a superior heat dissipation performance in
the case of the T magnetic field pattern;

7. The direction and path of heat flow could be controlled using the magnetization prop-
erties of ferrofluid by enabling thermomagnetic convection using various magnetic
field patterns. This concept and results database could be referred to as the guidelines
to design a ferrofluid-based cooling system with heat dissipation direction control
characteristics. This system could be used in electric vehicles to dissipate the heat
from high-flux-density power electronics devices.

Author Contributions: Conceptualization, S.-G.H. and M.-Y.L.; methodology, S.-G.H., K.S.G. and
M.-Y.L,; formal analysis, 5.-G.H., K.S.G. and M.-Y.L.; investigation, S.-G.H., K.S.G. and M.-Y.L.;
resources, S.-G.H. and M.-Y.L.; data curation, K.S.G. and J.-H.S ; software, S.-G.H.; writing—original
draft preparation, S.-G.H. and K.S.G.; writing—review and editing, M.-Y.L.; visualization, S.-G.H.
and M.-Y.L; supervision, M.-Y.L.; project administration, M.-Y.L.; funding acquisition, M.-Y.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF), a grant
funded by the Korean government (MSIT) (No. 2020R1A2C1011555), and the Korea Institute for Ad-
vancement of Technology (KIAT) grant funded by the Korean government (MOTIE) (No. P160500014).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study will be available on request to the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. Bahiraei, M.; Hangi, M. Flow and heat transfer characteristics of magnetic nanofluids: A review. . Magn. Magn. Mater. 2015, 374,

125-138. [CrossRef]

2. Ahmadi, M.H,; Mirlohi, A.; Nazari, M.A.; Ghasempour, R. A review of thermal conductivity of various nanofluids. J. Mol. Lig.
2018, 265, 181-188. [CrossRef]

3. Jang, S.P. Thermal conductivities of nanofluids. Trans. Korean Soc. Mech. Eng. B 2004, 28, 968-975. [CrossRef]

4. Ali, HM.; Babar, H; Shah, T.R,; Sajid, M.U.; Qasim, M. A ; Javed, S. Preparation Techniques of TiO, Nanofluids and Challenges: A
Review. Appl. Sci. 2018, 8, 587. [CrossRef]

5.  Patrizi, G.; Catelani, M.; Ciani, L.; Bartolini, A.; Corti, F.; Grasso, F.; Reatti, A. Electrical Characterization Under Harsh Environment
of DC-DC Converters Used in Diagnostic Systems. IEEE Trans. Instrum. Meas. 2021, 71, 1-11. [CrossRef]

6. Johnson, R.; Evans, ].; Jacobsen, P.; Thompson, J.; Christopher, M. The Changing Automotive Environment: High-Temperature
Electronics. IEEE Trans. Electron. Packag. Manuf. 2004, 27, 164-176. [CrossRef]


http://doi.org/10.1016/j.jmmm.2014.08.004
http://doi.org/10.1016/j.molliq.2018.05.124
http://doi.org/10.3795/KSME-B.2004.28.8.968
http://doi.org/10.3390/app8040587
http://doi.org/10.1109/TIM.2021.3129513
http://doi.org/10.1109/TEPM.2004.843109

Symmetry 2022, 14, 1063 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

23.

24.
25.

26.

27.

28.

Andresen, M.; Ma, K,; Buticchi, G.; Falck, J.; Blaabjerg, E.; Liserre, M. Junction Temperature Control for More Reliable Power
Electronics. IEEE Trans. Power Electron. 2017, 33, 765-776. [CrossRef]

Garud, K.; Lee, M.-Y. Numerical Investigations on Heat Transfer Characteristics of Single Particle and Hybrid Nanofluids in
Uniformly Heated Tube. Symmetry 2021, 13, 876. [CrossRef]

Garud, K,; Hwang, S.-G.; Lim, T.-K,; Kim, N.; Lee, M.-Y. First and Second Law Thermodynamic Analyses of Hybrid Nanofluid
with Different Particle Shapes in a Microplate Heat Exchanger. Symmetry 2021, 13, 1466. [CrossRef]

Ghadiri, M.; Sardarabadi, M.; Passandideh-Fard, M.; Moghadam, A.J. Experimental investigation of a PVT system performance
using nano ferrofluids. Energy Convers. Manag. 2015, 103, 468-476. [CrossRef]

Siddiqui, A.A.; Turkyilmazoglu, M. A New Theoretical Approach of Wall Transpiration in the Cavity Flow of the Ferrofluids.
Micromachines 2019, 10, 373. [CrossRef] [PubMed]

Aswal, VK,; Goyal, P.S. Characterization of a temperature-sensitive ferrofluid. Phys. Rev. B 1997, 55, 5585.

Raj, K.; Moskowitz, R. Commercial applications of ferrofluids. . Magn. Magn. Mater. 1990, 85, 233-245. [CrossRef]

Lian, W.; Xuan, Y.; Li, Q. Characterization of miniature automatic energy transport devices based on the thermomagnetic effect.
Energy Convers. Manag. 2009, 50, 35-42. [CrossRef]

Xuan, Y.; Lian, W. Electronic cooling using an automatic energy transport device based on thermomagnetic effect. Appl. Therm.
Eng. 2011, 31, 1487-1494. [CrossRef]

Hejazian, M.; Nguyen, N.-T. Magnetofluidics for manipulation of convective heat transfer. Int. Commun. Heat Mass Transf. 2017,
81, 149-154. [CrossRef]

Koji, F.; Hideaki, Y.; Masahiro, I. A mini heat transport device based on thermo-sensitive magnetic fluid. Nanoscale Microscale
Thermophys. Eng. 2007, 11, 201-210.

Seo, ].-H.; Lee, M.-Y. Illuminance and heat transfer characteristics of high power LED cooling system with heat sink filled with
ferrofluid. Appl. Therm. Eng. 2018, 143, 438-449. [CrossRef]

Yamaguchi, H.; Iwamoto, Y. Energy transport in cooling device by ferrofluid. . Magn. Magn. Mater. 2017, 431, 229-236. [CrossRef]
Pattanaik, M.; Cheekati, S.; Varma, V.; Ramanujan, R. A novel magnetic cooling device for long distance heat transfer. Appl. Therm.
Eng. 2022, 201, 117777. [CrossRef]

I3-System. TE-V1. Available online: http://www.i3-thermalexpert.com/ (accessed on 21 March 2022).

SCIPIA. CM9 10 x 10 mm 2~38 V Mini MCH Ceramic Heater Module Heater Plate. Available online: http://scipia.com (accessed
on 15 March 2022).

Lutron Electronic. Wide Range, General Purpose AC/DC Magnetic Meter Model: MG-3002. Available online: https://www.
lutroninstruments.eu/ (accessed on 15 March 2022).

EMAGNET. Round Neodymium Magnet. Available online: http:/ /emagnet.co.kr/ (accessed on 15 March 2022).

Kim, D.W,; Mitamura, Y. Characteristics of the Sealing Pressure of a Ferrofluid Shaft Seal for Intra-Cardiac Axial Flow Blood
Pumps. Trans. Korean Inst. Electr. Eng. D 2002, 51, 477-482.

Seo, J.-H.; Garud, K.S.; Lee, M.-Y. Grey relational based Taguchi analysis on thermal and electrical performances of thermoelectric
generator system with inclined fins hot heat exchanger. Appl. Therm. Eng. 2021, 184, 116279. [CrossRef]

Bahiraei, M.; Hangi, M.; Rahbari, A. A two-phase simulation of convective heat transfer characteristics of water-Fe3Oy ferrofluid
in a square channel under the effect of permanent magnet. Appl. Therm. Eng. 2019, 147, 991-997. [CrossRef]

Yamaguchi, H.; Kobori, I.; Uehata, Y.; Shimada, K. Natural convection of ferrofluid in a rectangular box. J. Magn. Magn. Mater.
1999, 201, 264-267. [CrossRef]


http://doi.org/10.1109/TPEL.2017.2665697
http://doi.org/10.3390/sym13050876
http://doi.org/10.3390/sym13081466
http://doi.org/10.1016/j.enconman.2015.06.077
http://doi.org/10.3390/mi10060373
http://www.ncbi.nlm.nih.gov/pubmed/31167483
http://doi.org/10.1016/0304-8853(90)90058-X
http://doi.org/10.1016/j.enconman.2008.09.005
http://doi.org/10.1016/j.applthermaleng.2011.01.033
http://doi.org/10.1016/j.icheatmasstransfer.2016.12.017
http://doi.org/10.1016/j.applthermaleng.2018.07.079
http://doi.org/10.1016/j.jmmm.2016.08.083
http://doi.org/10.1016/j.applthermaleng.2021.117777
http://www.i3-thermalexpert.com/
http://scipia.com
https://www.lutroninstruments.eu/
https://www.lutroninstruments.eu/
http://emagnet.co.kr/
http://doi.org/10.1016/j.applthermaleng.2020.116279
http://doi.org/10.1016/j.applthermaleng.2018.11.011
http://doi.org/10.1016/S0304-8853(99)00022-0

	Introduction 
	Experimental Method 
	Problem Conceptualization 
	Experimental Set-Up Description 
	Experimental Procedure and Uncertainty Analysis 

	Results & Discussion 
	Conclusions 
	References

