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 We report heat transfer manipulation and control in a magnetofluidic device. The device consists of a circular
chamber with a heat source on top and is positioned next to a permanent magnet that creates a non-uniform
magnetic field. Convective heat transfer was evaluated and compared for three cases: DI-water, ferrofluid, and
ferrofluid under the magnetic field. Experimental results indicate enhancement of convective heat transfer
with the use of diluted ferrofluid as the working fluid. However, we observed a reduction in outlet temperature
and Nusselt number in the presence of a non-uniform magnetic field. In addition, we report a full simulation of
transport phenomena in the system explaining the physics of this phenomenon. The simulation results agree
with the experimental data, and show the same trends.
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1. Introduction

Heat transfer enhancement is the main challenge for various appli-
cations in electronics and industrial cooling systems. Ferrofluids offer
promising advantages for heat transfer augmentation. Ferrofluids are
stable suspensions of paramagnetic nanoparticles, typically magnetite,
in non-magnetic base fluids such as water and oil. Several studies
have reported improvement of thermophysical properties of the base
fluid using nanofluids [1–21].

Utilizing paramagnetic ferrofluids in the presence of amagnetic field
for the control of heat transfer has attracted growing interest of many
researchers recently [22–27]. Using this method in systems with con-
tentious forced convection, fluid flow and thermophysical properties
of the ferrofluid can be altered due to the migration of paramagnetic
nanoparticles under an external magnetic field. As a result, temperature
distribution and convective heat transfer can be controlled locally in a
magnetofluidic based device.

Goharkhah et al. recently investigated the laminar forced convective
heat transfer of ferrofluid in a long uniformly heated parallel plate chan-
nel under an external magnetic field [28,29]. Increasing the flow rate
and concentration of the ferrofluid enhanced the convective heat trans-
fer. The authors reported an increase of 16.4% in heat transfer by the use
of ferrofluid and in the absence of a magnetic field. Exposure to a con-
stant and alternating magnetic field achieved an improvement of
24.9% and 37.3%, respectively. In the absence of the magnetic field, the
application of ferrofluid improved the average convective heat transfer
up to 13.5% compared to DI-water. Under a constant and alternating
magnetic field, this value grows up to 18.9% and 31.4%, respectively.
.-T. Nguyen).
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Xuan et al. used the Lattice-Boltzmannmethod tomodel forced con-
vection of ferrofluid flow in a microchannel [30]. The authors reported
that heat transfer might be enhanced or suppressed if the magnetic
field gradient is perpendicular to the main ferrofluid flow. Heat transfer
is improved if the magnetic field gradient is parallel to the temperature
gradient. Azizian et al. investigated the influence of magnetic field on
the convective heat transfer of the laminar ferrofluid flow [31]. The ac-
cumulation of paramagnetic nanoparticles leads to an increase in ther-
mal conductivity and consequently heat transfer improvement, but
with a penalty in pressure drop. Goharkhah and Ashjaee reported a nu-
merical study on forced convective heat transfer of ferrofluid under an
alternating non-uniform magnetic field [32]. Compared to the case
with no magnetic field, heat transfer enhancement was observed with
the presence of themagnetic field. The pressure drop was also reported
to increase with increasing magnetic field strength.

Yarahmadi et al. performed an experimental study on the effect of
ferrofluid and a magnetic field on heat transfer in a tube under a con-
stant heat flux [33]. The authors reported that compared with distilled
water convective heat transfer improves in the absence of a magnetic
field. Furthermore, an oscillatory magnetic field enhances the convec-
tive heat transfer through the circular tube, while heat transfer de-
creased with a constant magnetic field. Lajvardi et al. reported heat
transfer enhancement for forced convective ferrofluid flow in a heated
copper tube in the presence of magnetic field [34]. The effect of
ferrofluid concentrations and magnet position on heat transfer was
also examined. Change of thermophysical properties of the ferrofluid
under the influence of the applied magnetic field was mentioned as
the reason for heat transfer augmentation. Ghofrani et al. reported
heat transfer enhancement with a ferrofluid flow inside a circular cop-
per tube in the presence of an alternatingmagnetic field [35]. The inter-
action between the magnetic field and the nanoparticles created a
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complex convection regime that led to heat transfer augmentation. The
alternatingmagnetic field proved to enhance the convective heat trans-
fer rate. Heat transfer improved with increasing frequency of the alter-
nating magnetic field and increasing concentration of the ferrofluid. At
low Reynolds numbers, a maximum increase of 27.6% in the convection
heat transfer was reported. Recently, Asfer et al. experimentally exam-
ined the effect of magnetic field on ferrofluid flow in a circular stainless
steel channel [36]. The authors used infrared thermography (IRT) to in-
vestigate the temperature profile. The authors reported that the mag-
netic force could have a positive or negative effect on convective heat
transfer coefficient. The transport of heat increases with increasing
magnetic field gradient as in case of double-inline arrangement of mag-
nets compared to that of single-inline arrangement of magnets.

Our present work reports a numerical simulation and experimental
verification of convective heat transfer of ferrofluid in a microchamber
in the presence of an external magnetic field. As reviewed above, the ef-
fect of an external magnetic field on forced convective heat transfer has
been reported in the literature. Governing equations for momentum,
heat and mass transfer were solved using COMSOL to gain a better un-
derstanding of the phenomena, which is missing in the literature. In ad-
dition, we examine the effect of magnet arrangement, direction of the
magnetic field gradient, concentration of the ferrofluid, and flow rate.
2. Materials and methods

Fig. 1 shows a schematic of the geometry employed in this study. The
inlet and outlet channels have a depth of H = 500 μm and a width of
W= 2mm. The circular chamber has a depth of H = 500 μm and a di-
ameter of D = 6 mm. We used a laser engraving machine (Trotec/
Rayjet) to cut the channel through a clear 500 μmthick double-sided ad-
hesive tape (source, brand of the tape). The upper wall of the circular
chamber was closed with a thermoelectric cooler (TEC1-007031010
KJLP (SHENZHEN) CO.). The remaining area of the channel was bonded
to poly(methyl methacrylate) PMMA slides. Two thermocouples (RS
Pro K Type Thermocouple, RS Components Pty Ltd) measure the inlet
and outlet temperatures. The slots for the inlet, outlet and thermocou-
ples were cut through the upper PMMA slide before bonding to the
tape. A neodymium–iron–boron (NdFeB) permanent magnet cube
with a volume of 3.2 mm3 and grade of N42 (B222, K&J Magnetics,
Inc.) was placed next to the chamber, in order to study the effect of
the magnetic field. The magnetic field magnitude of the individual per-
manentmagnet versus distance from themagnetwasmeasured and re-
ported previously [37]. Diluted water-based ferrofluid (EMG707,
Ferrotec) was fed into the device as a paramagnetic fluid. The commer-
cial ferrofluid has an initial magnetic susceptibility of 0.12, a magnetic
particle concentration of 2% vol. and a saturation magnetization of
110 G. The ferrofluid was further diluted by deionized water (DI-
water) into 20% vol. concentration. A precision syringe pump
(SPM100, SIMTechMicrofluidics Foundry) delivers the fluid into the de-
vice. The flow rate in this experiment ranges from 50 to 400 μL/min.
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Fig. 1. The system under investigation.
3. Numerical analysis

We perform a full simulation including transport of heat, mass and
momentum. The numerical model with COMSOL (COMSOL Inc., USA)
simulated the transport phenomena in the circular chamber. The two-
dimensional model consists of one inlet, a circular chamber and one
outlet. The shallow channel approximation was applied to consider
the height of the channels. The fluid flow was considered as an incom-
pressible. Steady-state conditions were applied for the simulation.
Three separate domains were modelled: the permanent magnet, the
channel and the surrounding PMMA layer. A circular magnetic insula-
tion boundary conditions with a diameter of 100 mm were applied
around the system to bind themagnetic field and to achieve an accurate
field distribution.

The laminar flow of diluted ferrofluid inside the chamber is
governed by the continuity equation:

∇ � ρ f uf
� � ¼ 0 ð1Þ

and the Navier–Stokes equation:

∇ −pf I þ μ f ∇uf þ ∇uf
� �T� �h i

−12
μ f uf

H2 þ M � ∇ð ÞB ¼ 0 ð2Þ

where uf is the fluid velocity, pf the pressure, ∇()Tthe divergence oper-
ator,∇() the gradient operator, I the identitymatrix,μf thefluid dynam-
ic viscosity, B magnetic flux density, M magnetization vector, and H is
the height of the channel. No slip conditions were applied at the walls,
and the pressure has no viscous stress at the outlet.

Themagnetic field in the absence of electric currents is described by:

∇ � μ0μrM
xm

� �
¼ 0 ð3Þ

where μr is the relative magnetic permeability and μ0 is magnetic per-
meability constant.

The energy equation is formulated as:

ρ f cpf uf � ∇T
� � ¼ kf∇

2T−μ f T
∂M
∂T

� uf � ∇
� �

M
xm

� �
ð4Þ

where T is the temperature, cpf the heat capacity of the ferrofluid, kf
thermal conductivity of ferrofluid, and xm the total magnetic suscepti-
bility of the fluid.

The diffusive/convective transport of a solute is obtained by solving:

−∇ � −D∇c þ cuf
� � ¼ 0 ð5Þ

where c (mol/m3) is the concentration, andD(m2/s) is the diffusion co-
efficient of the solute.

Using single phase model, the density of the ferrofluid is calculated
by:

ρ f ¼ 1−φð Þρwater þφρnp ð6Þ

where ρnp and φ are the density of nanoparticles and volume fraction,
respectively. The effective dynamic viscosity of the ferrofluid is estimat-
ed as:

μ f ¼ μwater
1

1þ φð Þ0:25
 !

ð7Þ



Fig. 2. Simulation results for flow rate of 50 μL/min, and under magnetic field: (a) magnetic field distribution; (b) velocity field; (c) concentration distribution; (d) temperature profile.
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Fig. 3. Outlet temperature: (a) experimental data; (b) simulation results.
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The effective thermal conductivity of the ferrofluid was determined
by [17]:

knf

k f
¼ 1þ 64:7ϕ0:7640 df

dp

� �0:3690 kf

kp

� �0:7476

Pr0:9955T Re1:2321T ð8Þ

The Prandt number PrT and theReynolds numberReT are defined as:

PrT ¼ μ fρ fα f
ð9Þ

ReT ¼ ρ f kbT
3πμ f

2l
f

ð10Þ

where kb=1.3807×10−23 J/K is the Boltzmann constant, lf and is the
mean path of fluid particles given as 0.17 nm. This model considers ef-
fects of temperature and nanoparticle size for the temperature ranging
from 21 to 70 °C.

The heat capacity of the ferrofluid is evaluated as:

ρcp� �
ff ¼ 1−φð Þ ρcp� �

f þ φ ρcp� �
np ð11Þ

where φ is volume fraction of the solid particles, and subscripts f, ff and
np stand for base fluid, ferrofluid and magnetic nanoparticles,
respectively.

The flow and magnetic fields were coupled first to obtain the veloc-
ity field of the ferrofluid under the effect ofmagnetic field. The diffusive/
convective transport of nanoparticles and the energy transport equation
were solved using the velocity field of the ferrofluid to achieve concen-
tration and temperature field. Finite elementmethodwas employed for
the solution of the above equations. Finite element discretization was
based on the second-order functions for velocity, quadratic functions
for concentration, and linear functions for the pressure and temperature
fields. We utilized user controlled meshing in COMSOL, consisting of
98,808 domain elements and 1461 boundary elements. The numerical
simulation was carried out for seven flow rates at fixed heat flux, mag-
netic fieldmagnitude and ferrofluid concentration. Fig. 2 shows the rep-
resentative results for magnetic field, velocity field, concentration field,
and temperature distribution for the flow rate of 50 μL/min of ferrofluid
under the effect of magnetic field.

4. Results and discussion

The experiments were performed for a constant heat flux, from the
top of the chamber, and a constant magnitude of the magnetic field.
We apply different flow rates to vary the strength of hydrodynamic
flow. The experiment was carried out with DI-water, diluted ferrofluid,
and diluted ferrofluid under the effect of the magnetic field. Our aim is
to investigate the effect of the iron oxide nanoparticles to the DI-
water, and the effect of magnetic field on heat transfer performance. A
relatively high concentration of diluted ferrofluid, 20% vol., was selected
to increase the effect of magnetic field on both thermophysical proper-
ties and bulk force on convective heat transfer.

Fig. 2 Illustrates the representative simulation results,with ferrofluid
and under the effect of magnetic field. The magnitude of magnetic field
decays with increasing distance from the permanent magnet. The non-
uniformmagnetic field distribution is depicted in Fig. 2(a). The velocity
field inside the chamber is depicted in Fig. 2(b). The accumulation of
paramagnetic nanoparticles next to the permanent magnet indicated
by the higher concentration can be seen in Fig. 2(c). This phenomenon
is caused by the positive magnetophoresis of the magnetite nanoparti-
cles towards the magnet. The movement creates a secondary flow in
the direction of magnetic field maxima leading to a longer residence
time in the chamber. Fig. 2(d) shows the distribution of the temperature
inside the chamber. A higher temperature gradient exists at the centre
of the chamber due to the higher velocity, shorter resident time, and
more convective heat transfer compared with the areas away from the
centre.

Fig. 3 compares the outlet temperature obtained from the experi-
ments and the simulation. Three cases were considered: DI-water as
the operating fluid, diluted ferrofluid as the operating fluid, and
ferrofluid under the effect of magnetic field. The experimental data
demonstrate that with an increasing flow rate, the outlet temperature
decreases due to the higher convective heat transport. Comparing DI-
water and ferrofluid with no magnetic field indicate that the presence
of nanoparticles increases the outlet temperature considerably. The
main reason for convective heat transfer enhancement with ferrofluid
is the improvement of thermophysical properties of a nanofluid, accord-
ing to Eqs. (8) and (11). In addition,movement of nanoparticles can lead
to a stronger energy exchange in the fluid and agitate the thermal
boundary layer and consequently increase the temperature gradient be-
tween the operatingfluid and the heat source. However, the outlet tem-
perature drops significantly to the values even less than that of DI-water
with the presence of themagnetic field in the system. This phenomenon
is caused by the secondary flow, which is perpendicular to the direction
of main flow and increases the residence time of the ferrofluid in the
chamber.

According to the experimental data, atflow rates higher than 300 μL/
min the outlet temperature approaches that of the case with ferrofluid
and no magnetic field. However, this effect is more distinguishable in
the simulation, Fig. 3(b). The value of outlet temperature is the highest
in the case of ferrofluid and no magnetic field for the whole range of
flow rates. By adding the magnetic field to the system, the outlet tem-
perature substantially drops to values even lower than that of DI-
water. This trend continues for the flow rates as high as 350 μL/min.
For flow rates higher than 350 μL/min the hydrodynamic force of the
main flow overcomes the effect of the secondary flow and the value of
the outlet temperature come close to that of ferrofluidwith nomagnetic
field.

Fig. 4 displays the variation of the total Nusselt number Nu versus
Reynolds number Re. Convective heat transfer grows with the increase
of flow rate for all operating fluids. According to experimental data
(Fig. 4(a)), addition of nanoparticles to DI-water enhances the total con-
vective heat transfer in the device. This improvement is more pro-
nounced with higher Re numbers. The addition of magnetic field to
the system at low flow rates, where magnetoconvective secondary
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Fig. 4. Nusselt number versus Reynolds number: (a) experimental data; (b) simulation
results.
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flow is significant, has a negative effect on the total convective heat
transfer of the device. With a higher Reynolds number Re, the negative
effect of secondary flow starts to disappear due to the dominant hydro-
dynamic force of the main flow. As a result, the Nusselt number Nu for
the case with magnetic field tends to approach the values with
ferrofluid and nomagnetic field. Fig. 4(b) shows the simulations results,
which indicate the same effect as in the experiment: the magnetic field
leads to trapping of heat in the circular chamber.

5. Conclusions

Wereportmagnetic control of heat transfer in a circular chamber ex-
perimentally and numerically. We fabricated a microfluidic device for
this purpose. Three cases were examined and compared: DI-water, di-
luted ferrofluid, and diluted ferrofluid in a magnetic field. Using diluted
ferrofluid as the operating fluid results in heat transfer augmentation.
Experimental data indicate that the presence of a magnetic field causes
heat trapping at a relatively low flow rate. In the presence of a magnetic
field, paramagnetic nanoparticles move towards the magnet. Convec-
tive heat transfer reduction is a result of magnetoconvective secondary
flow of the ferrofluid towards the permanent magnet. Increasing flow
rate reduces the negative effect of the induced secondary flow. As a re-
sult, convective heat transfer and Nu number improves at higher flow
rates. A full simulation of the phenomenon was performed, considering
momentum, heat and mass transport in the system. Simulation results
clearly illustrate the observed phenomenon and agree well with exper-
imental data. Employing this simulation for different geometries and
operating conditions could assist designing heat transfer devices for
various applications such as micro-reactors and cooling devices for
electronics.
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