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Magnetic-thermal-fluidic analysis were conducted to assess the cooling performance of magnetic nanofluids by
comparing the per- formance with that of transformer oil and air using the fully coupled finite element method
(FEM) considering the magnetoconvection phenomena. Magnetic nanofluids (MNFs) have been studied extensively
for bio- and nanotechnology applications. In particular, some studies reported that the MNF has good characteristics
for thermal management and electric insulation in experiments. With this motiva- tion, this study focused on the cooling
performance of MNFs including the experimental and numerical approaches. Until now, research on the cooling
effect of MNF has focused mainly on heat propagation without any real magnetic system, in which the magnetic force
plays a key role in driving fluidic flow. This flow driven by the magnetic force density was related to the
magnetoconvection effect. To analyze this effect quantitatively, a coupled analysis technique should be developed using
the magnetic-thermal-fluidic equations. To validate the cooling performance of MNFs numerically, the numerical results
were verified by a comparison with those from the experimental tests inthe air, transformer oil, and MNF. After
confirming the numerical setup, some experiments were conducted with a vertical solenoid coil immersed in a MNF
with different volume fractions of magnetic nanoparticles. The temperature at the inside part of the coil decreased
dramatically by approximately 5 C in the 7 vol. % MNF compared to the transformer oil. These temperatures were
also predicted wellusing the proposed numerical setup.

Index Terms—Cooling performance, Kelvin force density, magnetic nanofluids, magnetoconvection, multiphysics
analysis, transienthot wire system.

l. INTRODUCTION

RECENTLY, magnetic nanofluids (MNF) has been studied extensively for bio- and nanotechnology
applications with numerical and experimental approaches [1]-[6]. In partic- ular, some studies have reported
enhanced cooling performance and dielectric breakdown strength in electromagnetic systems, such as power
transformer [7], [8]. As a coolant material, MNFs can enhance the convection phenomena with an applied
magnetic field, called magnetoconvection [9]. Because mag- netization is inversely proportional to
temperature, the cooler magnetic fluid is pushed toward the direction of the gradientof the magnetic field
intensity and replaces the hotter magneticfluid.

In previous studies, a coupled magnetic-thermal-fluidic anal- ysis technique was constructed to analyze the
cooling effect of MNF [10]. In that case, however, the simulation was limited toan artificial numerical model
because there was no precise mea- suring system for evaluating the thermal conductivity of MNF.In addition, in
that method, the numerical results were not con- firmed with the experimental data and only the
magnetoconvection effect depending on temperature in a magnetic system wasproposed.

To analyze this effect quantitatively, the coupled analysis technique should be developed by combining the
mag- netic-thermal-fluidic equations and precise material property values. Measuring the thermal conductivity
is quite difficult because nanofluids contain nanoparticles in their fluids. To resolve this difficulty, this study
adopted the transient hot wire system, which has been used widely to measure the thermal conductivity of
nanofluids [11]. From this experiment, thethermal conductivity was approximately 0.154 W/mK under42 C.
In the current experimental setup, the temperature rise was in this range. Hence, this study could be conducted
using this value. In addition, the proposed numerical setup uses the conjugate heat transfer (CHT) technique,
which is an advancedalgorithm for interpolating the temperature at the interface between the solid conductor
and MNF. This model was solved using the COMSOL Multiphysics software applications and finite element
method (FEM) to determine if the cooling per- formance of MNF is better than that of transformer oil or air
due to the magnetoconvection effect driven by the additional magnetic force density.

Finally, to confirm the numerical setup, a straight wire

immersed in the MNF was constructed and the temperature rise was compared. Subsequently, the
temperature rise was predicted for a solenoid coil and the results were compared with the experimental data.
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Fig. 1. Schematic diagram of a transient hot wire apparatus. Note that the fer- rofluid denotes the MNF. (a) Wheatstone bridge. (b)
Cylinder.

Il. THERMAL CONDUCTIVITY OF MAGNETIC NANOFLUID BY
USING THE TRANSIENT HOT WIRE SYSTEM

The transient hot wire system is used widely for determiningthe thermal conductivity of the fluids accurately
[11]. Fig. 1 shows the transient hot wire system used in this study. As shown in Fig. 1(a), the Wheatstone bridge
consists of two fixed resis- tances, It; and IR, a variable resistor, I», and IR, a resistance of hot Pt wire
included in the transient hot wire system. In par-ticular, the Pt wire was insulated electrically by a Teflon coating
and had resistance of 8.9 at 0 C measured in-house. The tem-perature coefficient resistivity of the wire was
0.00392 (1/ C). The wire was immerged into a cylinder filled with the MNF,as shown in Fig. 1(b), to
measure the thermal conductivity of MNF.

The transient hot wire $ystem explains how to measure the thermal conductivity as follows: a long and thin wire
suspended vertically in a liquid with thermal conduttivity was heated at time, > , with a constant heat flux
per unit time per unit length. The wire loses heat radially into the liquid through con-duction alone. More heat
is conducted if the thermal conduc- tivity of the liquid is larger. Therefore, the slope of the temper-ature of the
wire as a function of time was relatively small. Onthe other hand, if the thermal conductivity is smaller, the
slopeof the wire is relatively larger. These phenomena have been well modeled theoretically with the assumption
that the heat is trans- ferred from the center of the wire to infinite circumstances withthe radial directions as

follows:

- q ta
k= Ty — T) In (ﬁ) Q)

kwhereg and are the thermal conductivity and applied power per unit length of the wire, respectively, and is
thetemperature rise of the wire betweenfimesT, and .
To confirm the accuracy and reliability of ithis experimental system, the thermal conductivity of distilled water
was mea- sured before obtaining that of MNF, and the uncertainty of thethermal conductivity measurements
was within 1.5%.
The thermal conductivity of MNF was measured at 22 C, 32C and 42 C, respectively, as shown in Fig. 2. The
therimal conductivity of MNF showed no temperature dependence from
22 C fo 42 C and the thermal conductivity of MNF had a constant value of approximately 0.154 W/mK.

Fig. 2. Thermal conductivity of MNF. Note that the ferrofluid denotes the MNF.
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1. GOVERNING EQUATIONS FOR
MAGNETIC-THERMAL-FLUIDIC ANALYSIS

The governing equations for magnetic-thermal-fluidic anal- ysis were composed of the Ampere’s law, the
energy balance equation, and Navier—Stoke’s equation as follows:

VxH=1J 2
T 1 .
L v VI = — (V2T +E-J) ©)
ot PiCs
) )
p;% -V (Vv + (Vv)T)] +p(v-V)v+Vp=F
ot
(4)
T—(p;v) =10 (5)
where is the magnetic field intensity, isthe current density,ld the fluidic velocity, —and  Jare the mass
density and spe- cific heat capacity, respectively, is the thermal conductivity;is the dynamic viscosity, is
the pressure, and:r is the body
force density. n P F
V. BUOYANCY AND MAGNETIC BoDY FORCE DENSITIES To consider the body force effects, the Kelvin

force for the
magnetic field gradient and the Boussinesq buoyant force for temperature gradient were included as follows
[12]:

F=pM - VHA+ (—p (1 — 1ier)g) (6)

where denotes the magnetization, /7 is the thermal expansidvi coefficient, 7}.r is the buoyancy reference
temperature, and isthe acceleration due to gravity. The Kelvin force density as a function of temperature,
volume fraction and nanoparticle sizewas used as the driving source for the magnetoconvection phe-nomena in
the MINF.

V. EXPERIMENTAL AND NUMERICAL RESULTS

A.  Verification Model With Experiments

o]

To confirm the numerical technique, first, a simple experi- mental setup was constructed to measure the
temperature, as shown in Fig. 3. This system was composed of a DC power supply, test set with a straight
wire of 1 m, NI 9213 for data

Thermocouple

Test Set

Power Supply LabVIEW System =5
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Fig. 3. Schematic diagram of a straight wire system with a data acquisition setup to measure the temperatures. The data acquisition setup
was composed ofthe LabVVIEW and NI 9213 from National Instruments Inc.

TABLE |
HIGHEST TEMPERATURES AT THE CONDUCTOR

Material Type Temperature Rise, T (°C)
Input Current: 6 A Numerical Analysis Experiments
Air 36.95 35.16
Transformer Oil 28.77 28.61
Magnetic Nanofluid (7%) 28.14 28.17

*) Highest temperatures were obtained at the center of conductor and these
data corresponded to the temperature distribution as shown in Fig. 6.
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Fig. 4. Numerical analysis model in 2-D XY geometry and boundary setup for a straight wire system. (a) Numerical analysis model
setting. (b) Boundary setting.

acquisition from National Instruments Inc., and the LabVIEW software for recording the temperature.

The temperatures at a steady state of 6 A with air, transformer oil, and MNF of 7 vol. % were 35.16 C, 28.61 C and
28.17 C, respectively, as listéd in Tablel. A large difference was observed between air and the fluidic media, but
the temperature of air and MNF was similar. Because the gradient of the magnetic field was too small, the
magnetoconvection effect was also too weak to generate fluidic flow. Therefore, this model is good for
validating the numerical setup.

B. \Verification of Numerical Results

Fig. 4 shows the numerical analysis model and boundary setup for a straight wire system, as shown in Fig. 3.
The CHT solver was used for a more accurate simulation at the interface between the solid and fluidic
region, and the effective heat

Fig. 5. Effective heat transfer coefficient as a function of temperature when the emissivity is 0.94 [12].
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Fig. 6. Numerical results of the temperature distributions in each medium. Theconjugate heat transfer solver was used to interpolate the

temperature distribu-tion at the interface of the solid and fluid region. (a) Air. (b) Transformer oil.
(c) Magnetic nanofluid.

(a) (b) ()

Fig. 7. Numerical results of velocity field in each medium. (a) Air. (b) Trans- former oil. (c) Magnetic nanofluid.

transfer coefficient used to exclude the outside air region for saving computing time, as shown in Fig. 5 [12].
Figs. 6 and 7 show the distributions of temperature and ve- locity fields with each medium, such as air,
transformer oil, and MNF. As shown in Table I, the temperatures from the numerical simulation were in good
agreement with those from the exper- iments. Therefore, the numerical setup is sufficiently reliable for this
problem. Although the Kelvin force was small, the net force pushes the fluid upward and accelerates the
fluidic flow, resulting in enhanced cooling performance, as shown in Fig. 8.

C. Application to Solenoid Coil and Magnetic-Thermal-Fluidic Analysis

To show the magnetoconvection effect actively, the solenoidcoil with a radius of 8.75 mm and 40 turns was
fabricated,as shown in Fig. 9. In this model, the Kelvin force densitywas much stronger than the straight
wire model, and a mag- netoconvection effect will occur actively inside the solenoid. Figs. 10 and 11 show the
temperature distributions from the experimental results. The temperature of the MNF was much lower than
that of the transformer oil, and the temperature

(a) (b) (©

Fig. 8. Force density distributions. The total force represents the summing force of buoyant and Kelvin forces. The maximum vectors were
different fromone another and the vectors were magnified in each case. (a) Buoyant force. (b)Kelvin force. (c) Total force.
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Fig. 12. Numerical results for inductor model. The temperatures were almost the same as those from the experiments as shown in Fig. 10.
(a) Flow vectors and streamline. (b) Temperature distribution.
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VI. CONCLUSION

A fully-coupled magnetic-thermal-fluidic analysis techniquewas developed successfully and verified using the
experimental setup. The magnetoconvection effect was the dominant mecha- nism for cooling in magnetic
systems with MNF. The cooling characteristics and the proposed numerical setup will be used for the thermal
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Fig. 10. Experimentally determined temperature rise at conductor with dif- ferent media, conventional transformer oil and MNF of 7% in
volume fraction.
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Fig. 11. Experimentally determined temperature rise as a function of the volume fraction from O to 7%. Note that the temperature
increased slightly with 1% MNF.

decreased with increasing volume fraction. Fig. 12 shows the numerical results for flow and temperature. The
temperature ofthe hot spot was predicted well using the proposed numerical setup.
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