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Abstract— The reliability of high-power-density power
converters is a growing concern. Thermal cycling, a major cause
of semiconductor failure, necessitates advanced thermal
management. Conventional mechanical cooling systems may
reduce system lifetime due to mechanical wear. A mechanical-
free Temperature-Sensitive Magnetic Fluid (TSMF) cooling
system offers a highly reliable alternative. TSMF utilizes
temperature-dependent magnetic properties to autonomously
transport heat. However, its fundamental characteristics—
specifically the driving force and actual cooling capability under
an external magnetic field, have not been sufficiently clarified.
In this study, an electromagnet-based measurement system was
developed to quantitatively evaluate these characteristics for
practical TSMF system design. Experimental results revealed
that the driving force increases monotonically with increasing
magnetic flux density. Furthermore, the system exhibited a
load-responsive cooling characteristic, in which the thermal
resistance was actively modulated from approximately 11 K/W
to 4.5 K/'W.

Keywords—Magnetic fluid, Heat transfer, Passive drive,
Power devices cooling.

I. INTRODUCTION

Power converters are widely used in industrial equipment
for efficient electrical energy conversion. The reliability of
these power converters is a key concern [1-3], especially in
industrial applications requiring long-term operation, such as
photovoltaic systems [4] and electric vehicles (EVs) [5]. In
recent years, there has been a shift in the semiconductor
devices used in power conversion circuits from traditional
Silicon (Si) semiconductors to wide-bandgap (WBGQG)
semiconductors like SiC and GaN, to achieve higher
efficiency.

As mentioned, WBG semiconductors exhibit lower losses
and can operate at higher temperatures than Si semiconductors
[6-8]. Conversely, the chip areca of WBG semiconductors
tends to decrease, leading to increased thermal density due to
power losses generated within the device [9]. The lifespan of
a semiconductor device is highly dependent on thermal
cycling [9-11]. As a result, a cooling apparatus capable of
effectively dissipating heat from the semiconductor device is
required to improve the lifespan and reliability of the power
conversion circuit. Such effective cooling is often realized
through forced-air cooling utilizing mechanical components.

However, cooling devices equipped with mechanical
components are susceptible to mechanical wear and physical
degradation [12]. This wear inevitably leads to unexpected
cooling failures, thereby decreasing the overall system
reliability. Furthermore, the continuous acoustic noise
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generated by mechanical cooling is often undesirable. For this
reason, for power converters operated over long periods,
highly reliable and noise-free thermal management using non-
mechanical cooling devices is increasingly required. To fulfill
this requirement, phase-change cooling technologies have
been widely investigated as promising non-mechanical
solutions [13]. Notable examples include vapor chambers [14]
and immersion cooling, which dissipates heat by submerging
devices in dielectric fluids [15]. While these methods achieve
high cooling efficiency and silent operation, they face inherent
practical limitations. The thermal performance of phase-
change cooling is heavily dependent on gravity, resulting in
strict constraints on the installation orientation. Additionally,
immersion cooling systems introduce significant challenges
regarding installation complexities and maintainability [13].
To resolve these issues, a non-mechanical, orientation-
independent thermal transport device utilizing the
thermomagnetic properties and magnetic force of a magnetic
fluid has been proposed [16—18].

Operating without mechanical components, TSMF
cooling systems inherently offer a long lifespan and silent
operation. However, methods to quantitatively measure the
driving force and cooling performance under an external
magnetic field have not yet been established. Consequently, a
comprehensive design methodology for thermal management
systems utilizing TSMF remains unrealized.

This paper proposes the application of a magnetic fluid
heat transport system for power device cooling. To
characterize the TSMF and collect data for designing the heat
transport system, a measurement apparatus utilizing a variable
flux electromagnet was developed. Through experimental
validation, this study revealed that an increase in the applied
magnetic field enhances the driving force, leading to a
monotonic decrease in thermal resistance. These findings
demonstrate the feasibility of implementing an active thermal
management system for cooling power semiconductors.

II. TSMF DRIVING PRINCIPLE

A. Temperature-Sensitive Magnetic Fluid (TSMF)

This study employs a temperature-sensitive magnetic fluid
(TSMF) as the working medium. A magnetic fluid consists of
nanoscale magnetic particles stably dispersed in a base fluid,
possessing both hydrodynamic and magnetic properties.
While possessing the fundamental properties of conventional
magnetic fluids, TSMF is characterized by a significant
decrease in magnetization as the temperature rises near room
temperature [16—18]. The fluid utilized in this study is
TC3030S (Ferrotec Co.), and its primary physical properties



are summarized in Table 1. Fig. 1 displays the normalized
magnetization (M/Ms) of the TSMF as a function of
temperature, using 25°C as the baseline. The graph clearly
demonstrates that an increase in temperature leads to a
reduction in magnetization. Consequently, when the TSMF is
heated within an external magnetic field, it experiences a
correspondingly weaker magnetic attractive force.

B. Driving principle

Fig. 2 shows the operating principle for the TSMF heat
transportation system. Heating and cooling regions are
established within the TSMF-filled flow path. An
electromagnet is positioned across the flow path to apply a
magnetic field to the temperature boundary region. With this
arrangement, the TSMF is drawn toward the magnetic field
application region from both sides of the temperature
boundary. This force is called magnetic volume force Fm
[N/m3] [16-18]. The magnitude of the magnetic volume force
depends on the product between the magnetization M [A/m]
and the magnetic field gradient H [A/m].

F, = p4,(M -VH) 0

In the TSMF flow path, the reduction of magnetization as
temperature rises on the high-temperature side induces a
magnetic imbalance between the cold and hot regions. This
thermally induced shift in magnetization further creates a non-
uniform state in the magnetic volume force. As a result, a
pressure difference AP [Pa] is generated in the direction from
the low-temperature region to the high-temperature region.
When the system is configured in a closed loop, this driving
force acts as a circulating force, enabling the TSMF to
effectively transport heat without any mechanical driving
parts.

AP =Fy,, — FThigh ()

III. DRIVING FORCE MEASUREMENT

A driving force is generated by the temperature difference
and the applied external magnetic field in the magnetic fluid.
To quantitatively assess this phenomenon, a driving force
measurement device using an electromagnet was developed.
Under various magnetic field strengths and temperature
differences, the apparatus clarifies the fundamental driving
characteristics of the TSMF.

A. Driving Force Measuring Instrument

To systematically control the external magnetic field, a
custom C-shaped electromagnet was developed using
assembled electromagnetic steel sheets (35H440, Nippon
Steel Co.). The core features an 8 mm gap and a 30 mm width
along the flow path to concentrate the magnetic field at the
temperature boundary. The applied DC magnetic flux density
was estimated by fitting a curve to the pre-measured
relationship under 50 Hz AC excitation. Specifically, the
electromagnet generates approximately 0.41 T at a DC current
0f 4.0 A. A stabilized DC power supply was used to provide a
constant excitation current to the electromagnet, ensuring a
stable magnetic field.

While the fundamental structure of the driving-force
measurement apparatus is based on our previous work [19],
the current setup introduces precise magnetic-field control via
an electromagnet and an active temperature-difference control
mechanism. A measurement device capable of evaluating the
driving force of TSMF as pressure was developed. Fig. 3

Table 1. Physical properties of TC3030S.

Properties Symbol Value
. . . Synthetic
Dispersion medium hydrocarbons
Saturation magnetic flux density
@25°C B 30.0 mT
Density @25°C P 1.17x10° kg/m?
Thermal conductivity @22°C A 0.143W/(m*K)
Specific heat G 1420 J/(kg*K)
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Fig. 1. Normalized magnetization versus temperature for
TC30308S.
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Fig. 2. Magnetic fluid driving principle.

shows a schematic diagram of the measuring instrument.
Measurement of the liquid column height enables evaluation
of the driving force produced in the TSMF. T The device is
arranged as a U-shaped tube filled with TSMF and leveled
parallel to the ground, ensuring that both liquid column
heights are identical in the initial state. By creating a
temperature difference across the magnetic field application
region, a driving force is generated from the cooling side
toward the heating side.

Consequently, the liquid column on the heating side rises
while the cooling side descends. By measuring the difference
in liquid column heights, the driving force within the TSMF
can be quantitatively evaluated.

The driving pressure difference AP [Pa] generated by the
magnetic volume force is calculated based on three
parameters: the fluid density p [kg/m’], the gravitational



acceleration g [m/s?], and difference in liquid column
height Ak [m] [20]. Here, the influence of thermal expansion
is experimentally compensated to isolate the magnetic
response. The driving force F [N] is obtained by multiplying
AP by the cross-sectional area 4 [m?] of the tube.
F=AP-A=pgAhd 3)

Fig. 4 shows the experimental setup used for measuring
the driving force of the TSMF. As shown in Figs. 3 and 4, the

experimental apparatus comprises a U-shaped tube
constructed from copper and glass tubing, a central magnetic
field supply unit, heating and cooling modules on opposite
sides, a liquid level measurement section, and thermocouples
for thermal monitoring.

The U-shaped configuration is constructed by connecting
a copper pipe (7 mm inner diameter) and a glass tube (6 mm
inner diameter) using tube fittings. Additionally, the central
40 mm section of the copper pipe has a flattened internal
cross-section measuring 7 mm in width and 1 mm in height.
The cooling section consists of an aluminum plate through
which temperature-controlled cooling water from a chiller
circulates, clamping the copper pipe from both sides. The
heating section is constructed by winding a spiral heater
around the copper pipe. During the measurement, the power
supplied to the spiral heater is controlled based on the
temperature readings from these thermocouples to maintain a
constant temperature difference at the magnetic field
application region. The liquid column height is measured
using graduated scales attached to both the left and right glass
tubes.

B. Driving Force Characteristics

As described previously, the mechanism that drives TSMF
depends on both the applied magnetic field and the
temperature gradient. For a precise evaluation of how the
magnetic field alone affects this force, the temperature
difference must be kept uniform throughout the measurement.

In this experiment, the temperature of the cooling water
supplied to the cooling plate was fixed at 20°C, and
temperature differences of 2°C, 6°C, and 10°C were applied
across the electromagnet. The influence of thermal expansion
of the TSMF liquid was minimized in the measurements.
Under these conditions, the magnetic flux density produced by
the electromagnet was gradually increased in steps of
approximately 0.1 T. The corresponding driving force
response is shown in Fig. 5.

All measurements were conducted under steady-state
conditions. After setting the temperature difference, the
system was allowed to stabilize for 30 min before
measurements were taken. In addition, after each change in
the applied magnetic field, a 15min stabilization period was
observed before recording the driving force. During the
steady-state measurement intervals, the temperature
difference was maintained within +0.5°C of the target value.

To reduce the influence of thermal expansion, the liquid
column height was first confirmed under the applied
temperature difference without applying the magnetic field.
The magnetic field was then gradually applied from this
reference condition to measure the driving force.

From the experimental results, the driving force increases
with increasing temperature difference regardless of the
applied magnetic field. This tendency is consistent with the
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Fig. 3 Schematic diagram of the driving force
measurement apparatus.
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Fig. 5 Driving force characteristics.

results reported in our previous study [19]. Furthermore, for
each temperature difference, the driving force increases
monotonically with increasing magnetic flux density. This
phenomenon likely stems from the intensification of the
magnetic field gradient as magnetic flux density rises. These
results demonstrate that the driving force of TSMF strongly
depends on the applied magnetic field.

In contrast, this dependence exhibits a quadratic-like
trend rather than the theoretical linear increase expected for
the TSMF, which magnetically saturates at approximately 30
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Fig. 6 Schematic diagram of the heat transport measurement apparatus.

mT. This discrepancy may be attributed to factors such as
magnetic circuit nonlinearity and fringing magnetic flux in the
gap region. As the external magnetic field intensity rises, the
fringing magnetic flux proliferates, extending the magnetic
influence into the adjacent space. This results in an increase in
the volume of magnetized TSMF within the region
experiencing the temperature difference. Consequently, this
increase in the amount of magnetized fluid non-linearly
enhances the integrated driving force. This interpretation is
consistent with the expansion of the effective magnetic field
region.

IV. HEAT TRANSPORT

In the previous section, it was confirmed that the driving
force in TSMF depends on both the applied magnetic field and
the temperature difference. In this section, the heat transport
performance of a closed-loop TSMF system utilizing this
driving force is experimentally evaluated.

A. Heat Transport Measuring Instrument

The heat transport measurement apparatus is an improved
version of our previous device, featuring a heat flux sensor for
accurate heat input measurement and an electromagnet for
external magnetic field supply. In the present setup, the
magnetic field supply unit was replaced with an electromagnet
in order to control the applied magnetic field. As shown in Fig.
6, the apparatus comprises a closed-loop channel containing
TSMEF, along with a heating section, a cooling section, and an
electromagnet. The total length of this flow path is
approximately 1.2 m.

In the heating section, an aluminum nitride (AIN) heater
(Sakaguchi Electric Heater, WALN-6, 12 mm x 12 mm) was
used to simulate the heat load generated by semiconductor
devices. The heater was sandwiched between brass heat
equalization plates to ensure temperature uniformity. The
electrical power supplied to the heater was controlled using a
DC stabilized power supply so that a constant heat input was
applied to the system. To monitor the thermal input into the
heat transport system, a heat flux sensor (DENSO D0004TC)
was positioned between the heater and the pipe. Based on the
findings of our previous study, the heating and cooling

sections were positioned approximately 20 mm from the
electromagnet.

The cooling section employs the same structure as the
driving force measurement apparatus, where cooling water
circulates through aluminum plates that clamp the copper pipe.
The flow path consists of two types of conduits: copper pipes
(7 mm inner diameter) and PTFE tubes (6 mm inner diameter).
The loop was vacuum-filled with TSMF to eliminate air
bubbles and ensure complete filling of the flow path. During
the measurements, the entire flow path was covered with glass
wool to suppress heat loss to the surrounding air. In addition,
thermal insulation (Styrofoam manufactured by DuPont Styro
Co.) was placed between the apparatus and the desk to further
reduce heat loss to the desk. Thermocouples were installed at
several locations along the flow path to monitor the
temperature distribution in the loop.

B. Measuring methods

In this study, the thermal resistance is used as an index to
evaluate the heat transport capability of the TSMF system.
The thermal resistance Ry, [K/W] is calculated as the
temperature difference between the heating section and the
cooling section divided by the supplied heat input [21].

Heating and cooling section temperatures were acquired
via thermocouples installed at the inlet and outlet of the heat
equalization plate (TC5 and TC6) and the cooling plate (TC1
and TC2), respectively. The average temperatures of these
thermocouples were defined as the heating-side temperature
T and the cooling-side temperature 7. and the supplied heat
input is denoted as Q.

T, -1,
h =
Q

The supplied heat input Q [W] was determined from the
heat flux measured by the heat flux sensor installed in the
heating section. The measured heat flux is denoted as g
[W/m?], and the heater surface area of the AIN heater is
denoted as A;, [m?].
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Although the sensing area of the heat flux sensor is slightly
smaller than the heater area, thermal interface sheets were
used to cover the heater surface so that the heat flux was
uniformly transferred to the sensor. Furthermore, the entire
measurement apparatus was thermally insulated to minimize
heat loss to the surroundings. Also, to the thermal resistance,
the flow velocity of the TSMF was estimated. Because the
TSMF used in this study is black and slightly viscous, direct
visual observation of the flow is difficult. Thus, the flow
velocity U [m/s] was estimated using a calorimetric method
based on the temperature rise across the heating section. The
density of the fluid is denoted as p [kg/m?], the specific heat
as ¢, [J/(kg-K)], the cross-sectional area of the flow path as 4
[m?], and the temperature difference across the heating section
AT [°C] was calculated from the temperatures measured by
thermocouples TC6 and TCS.

AT =T,

TC6 TTCS (6)
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C. Operation test of the heat transport system

To confirm the operation of the proposed TSMF heat
transport system, a time-dependent experiment was conducted
with a heater input power of 5 W. During the experiment, the
temperature of the cooling water supplied to the cooling plate
was maintained at 20°C.

Fig. 8 shows the variation of the heater temperature when
a magnetic field is applied. First, the system was operated
without applying a magnetic field until the heater temperature
reached a steady state. After approximately 90 min., a
magnetic field corresponding to a magnetic flux density of
0.31 T was applied using the electromagnet. As a result, the
heater temperature decreased from 91.7°C to 64.9°C, a
reduction of 26.8°C. This temperature reduction suggests that
the application of the magnetic field initiates circulation of the
TSMF in the closed loop, thereby enhancing heat transport
from the heating section to the cooling section. Since the
heater input power and cooling conditions were held constant
during the experiment, the observed temperature reduction is
primarily attributed to heat transport induced by the applied
magnetic field.

D. Heat transport performance

The heat transport performance of the proposed TSMF
system was evaluated using the thermal resistance defined in
the previous section. Fig. 9 shows the relationship between
thermal resistance and magnetic flux density under different
heater input power conditions (2.5 W, 5.0 W, and 7.5 W). For
all heater input power conditions, the thermal resistance
decreases as the magnetic flux density increases. This
tendency indicates that the heat transport capability of the
system improves with increasing applied magnetic field. The
improvement is attributed to the increase in the driving force
of the TSMF, which enhances the fluid circulation and
promotes heat transport.

However, the reduction in thermal resistance becomes less
significant above approximately 0.2 T. This observation
suggests that the heat transport performance is closely related
to the flow velocity of the TSMF. The total thermal resistance
in the system is governed by both the sensible heat transport
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Fig. 9 Thermal resistance as a function of magnetic flux
density for different heater input powers.

and the convective heat transfer at the boundary. Since the
convective thermal resistance scales with the flow velocity to
a fractional power rather than a strict inverse proportion, the
overall thermal resistance decreases with velocity, but its rate
of decrease diminishes at higher flow velocities [22].
Accordingly, the relationship between flow velocity and
thermal resistance is shown in Fig. 10.

As shown in Fig. 10, although some variations exist with
heater input power, the overall trend indicates that the thermal
resistance decreases with increasing flow velocity, with a
diminishing rate of decrease at higher velocities. This result is
consistent with the general characteristics of convective heat
transfer.

Another important feature observed in Fig. 9 is the
dependence of thermal resistance on heater input power. For
all magnetic field conditions, the thermal resistance decreases



as the heater input power increases. This result indicates that
the heat transport performance of the TSMF system improves
under larger heat loads. In the present system, the thermal
resistance varies from approximately 11 K/W to 4.5 K/W
depending on the applied magnetic field and heater input
power. This result suggests that the thermal resistance of the
TSMEF system can be adjusted by controlling both the applied
magnetic field and the heat load. Also, under the maximum
heater input condition of 7.5 W, a transported heat load of
approximately 5.8 W was measured by the heat flux sensor.

This behavior can be explained by the driving force
characteristics of the TSMF. As confirmed in the previous
section, the driving force of the TSMF depends on both the
temperature difference and the applied magnetic field. An
increase in heat load widens the temperature difference in the
magnetic field region, thereby increasing the driving force of
the TSMF. Also, increasing the magnetic field strength further
enhances the driving force, resulting in improved heat
transport performance.

CONCLUSION

In this study, an -electromagnet-based measurement
apparatus was developed to clarify the fundamental driving
characteristics and cooling performance of a TSMF cooling
system. Experimental results demonstrated that both the
driving force and the cooling performance depend on the
applied magnetic field and the temperature difference.
Specifically, the thermal resistance exhibited a monotonic
decrease from approximately 11 K/W to 4.5 K/W as flow
velocity increased. Furthermore, the proposed system
achieved a maximum heat transport capacity of 5.8 W,
demonstrating load-responsive cooling, in which the thermal
resistance decreases as the heat load increases.
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