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Abstract This paper reports the numerical analysis of single-phase kerosene-based
ferrofluid that passes through a circular-shaped closed loop. Permanent magnet has
been employed to generate themagnetic field, and fluid flows as per thermo-magnetic
convection principle. A two-dimensional, incompressible, and laminar flow has been
consideredwhile performing the time-dependent heat transfer study for the ferrofluid.
The governing equations such as continuity, momentum, and energy equations are
solved for steady-state incompressible flow using a partial differential equation based
multiphysics finite element software, COMSOLMultiphysics 5.0. Simulation results
indicate that magnitude of Kelvin body force rises with time as fluid flows with
increased velocity resulting in successful dissipation of heat flux.

Keywords Heat transfer · Thermo-magnetic convection · Kelvin body force ·
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1 Introduction

Heat transfer augmentation is of paramount concern in electronics cooling and var-
ious other industrial cooling systems. Nanofluids, as of date, are used quite fre-
quently for various applications requiring high rate of heat dissipation, and plethora
of research work [1–9] in this field signify the interest of research community to
explore various nanofluids for such applications. Recently, ferrofluids have caught
the researchers’ eye as the fluid can be manipulated in the presence of magnetic field.
Ferrofluid is a distinct class of nanofluid whose thermo-physical properties could be
customized as per system requirements, and variation in its flow rate can also be
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made by changing the strength/frequency of magnetic field. The fluid is composed
of magnetic particles of size usually less than 10 nm, and uniform suspension in a
non-magnetic carrier fluid can be reasonably approximated [10].

The influence of asymmetrical magnetic field on heat transfer and pressure dif-
ferential of water-based ferrofluid was experimentally examined. The fluid flows
through uniformly heated parallel-plate channels, and the flow rate was varied
between Reynolds number 20–1200. An augmentation in convective heat transfer
coefficient was noticed with velocity and frequency of magnetic field while increase
in volume fraction of fluid led to rise in pressure drop [11]. The effect of two kinds
of magnetic arrangement on convective heat transfer coefficient of water-based fer-
rofluid was experimentally examined. The fluid passes through a stainless steel tube,
and magnets were arranged in two different configurations along the flow direction.
The authors observed higher augmentation of heat transfer coefficient for double
in-line magnet arrangement as compared to single in-line arrangement at fixed flow
rates. A significant enhancement in heat transfer capability of fluid was also found
in the presence of magnetic field [12]. Cooling capability of thermo-magnetically
pumped ferrofluid in vertical flow loop was studied. There was substantial decrease
up to about 75% in size of heat sink with the use of ferrofluid. Also, high heat
transfer enhancement factor was noted at higher static magnetic field strengths [13].
Flow and heat transfer characteristics of water-based ferrofluid were numerically
investigated using CVFEM method. Rayleigh number, magnetic number, and parti-
cle volume fraction have direct bearing on average heat coefficient; however, with
increase in Hartmann number, heat transfer coefficient was observed to decrease
[14]. An experimental heat transfer analysis of a copper oscillating heat pipe filled
with kerosene-based ferrofluid was performed. At a liquid filled ratio of 50%, the
effect of magnetic field on temperature distribution and alteration in thermal resis-
tance of the pipe was calculated. The authors compared the heat transfer of Fe2O3

nanofluid-charged oscillating heat pipe with kerosene-charged OHP and concluded
that in the presence ofmagnetic field, substantial improvement in the former casewas
noticed due to reduction in its overall thermal resistance [15]. The effect of Reynolds
number, location of line dipoles, and magnetic flux intensity on heat transfer char-
acteristics of water-based ferrofluid passed through a two-dimensional duct was
studied numerically using simple finite volume method. Increase in Reynolds num-
ber and magnetic field strength lead to improvement in convection heat transfer rate
[16]. Convective heat transfer characteristics ofwater-based ferrofluid under different
temperatures and magnetic field strengths varying from 100 to 200 G were analyzed
experimentally. The fluid was passed through a hollow circular pipe, and convective
heat transfer coefficient was observed to decrease under the effect of constant and
uniform magnetic field. The intensity of magnetic field also had negative correlation
with heat transfer coefficient. The authors argued that low Brownian motion along
with increased viscosity might be the possible cause for reduction in heat transfer
coefficient [17]. The impact of alternating magnetic field on convective heat transfer
was examined, and it was deduced that heat transfer performance was enhanced with
strength and frequency of the field. Non-accumulation of nanoparticles in vicinity to
tube wall when the field was alternated was the primary cause behind augmentation
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of heat transfer coefficient [18]. The performance of a miniature automatic energy
transport device was measured experimentally. A temperature-sensitive magnetic
fluid was allowed to flow through the loop. Flow behavior of magnetic fluid was
envisaged using particle image velocimetry technique. With increase in applied heat
flux, fluid flow velocity was found to increase and performance of the device was
shown to be dependent on structure of the loop [19]. Heat transfer characteristics for
a ferrofluid flowing through a square-shaped duct were experimentally evaluated.
Higher volume fraction resulted in increase in Nusselt number while reverse trend
was noted for mass flow rates when magnetic field was applied perpendicular to the
heat flux [20].

The present work reports the numerical simulation of convective heat transfer
of single-phase kerosene-based ferrofluid in a circular-shaped closed loop under
the influence of an external magnetic field. Governing equations were solved using
COMSOLMultiphysics 5.0, an FEA-based solver. Simulation results concluded that
Kelvin body force was generated inside the ferrofluid when spatial thermal gradient
exist along with non-uniformmagnetic field. Velocity tends to growwith the passage
of time resulting in movement of ferrofluid without the need of any external pump.

2 Computational Method

2.1 Geometrical Model

Figure 1 shows the schematic of the geometry employed for numerical analysis. A
circular closed loop of outer diameter 180 mm and thickness 2 mm is taken. The fer-
rofluid flows through the annular space having outer and inner diameter as 178 mm
and 175.5, respectively. A permanent magnet of size 25 × 7 mm and intensity 1T

Fig. 1 Two-dimensional
geometrical model
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Table 1 Thermo-physical
properties of ferrofluid

Sr. No. Parameters Value

1 Viscosity,μ 2 cP

2 Density,ρ 910 kg/m3

3 Thermal conductivity,k 0.174 W/(m K)

4 Curie temperature of the fluid 65 °C

5 Surrounding temperature 20 °C

6 Magnetic susceptibility 0.386

7 Relative permeability 1.386

is being employed for generating external magnetic field. A constant heat flux of
2 W/cm3 was applied. The problem undertaken was considered to be two dimen-
sional, steady, and incompressible while flow was assumed to be non-turbulent in
nature. No slip boundary conditions were assumed at the inner wall surface. The
fluid was synthesized, and their thermo-physical properties were determined exper-
imentally by the supplier and are used as such for the present study, the details of
which are listed in Table 1.

2.2 Governing Equations

Since themagnetic nanoparticle size is less than 10 nm, the fluid is treated as homoge-
nous fluid, and accordingly single-phase approach is adopted formodeling ferrofluid.
The continuity, momentum, and energy equations [21] that govern the ferrofluid flow
through the closed loop are as follows:

Mass continuity equation:

∂ρ

∂t
+∇ · (ρ �u)=0 (1)

Momentum equation:

ρ∂ �u/∂t + ρ �u · ∇ �u = −∇ p + ∇ · (μ(∇�u + (∇�u)T
) + �F (2)

Energy equation:

ρcp

(
∂T

∂t
+ �u · ∇T

)
= k∇2T (3)

Magnetic induction:

�B = μ◦
( �H + �M

)
(4)
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Table 2 Grid independence
study for the selected domain

Grid size Fluid velocity (mm/s)

Normal 7.2765

Fine 7.6948

Finer 7.7257

Extra fine 7.7318

Extremely Fine 7.7311

Kelvin body force:

�F =
( �M · ∇

) �B (2.5)

2.3 Grid Independence Test

Mesh size for the two-dimensional model was determined by conducting grid inde-
pendence test. Velocity of the ferrofluid was estimated for all the grid settings used,
and results are displayed in Table 2.

However, anymesh settings can be used, but physics-controlled finemesh is being
adopted for the selected domain as the best settings since no significant variations in
the velocity values were observed upon increasing the mesh density further in order
to access the velocity measurements accurately as shown in Fig. 2.

Fig. 2 Grid distribution
used in the study
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3 Results and Discussions

Figure 3 illustrates the temperature distribution inside the closed loop at different
instant of time. As can be seen, the temperature of fluid keeps on rising up to its
Curie temperature as the time progresses. A high temperature gradient exists near
the heat source where permanent magnet is positioned.

The spatial thermal differential and non-uniform magnetic field were primarily
the basis for generation of Kelvin body force. The Kelvin body force, thus, becomes
the driving force, and fluid begins to flow due to this.

The velocity field inside the loop at different length of time is depicted in Fig. 4.
There has been a spontaneous increase in velocity with time. The region ofmaximum
velocity is found where the magnet is positioned and at the instant just when the fluid
is about to enter into the heated length. The existence of higher temperature gradient
and non-uniform magnetic field at that location is the principal reason for generation
of Kelvin body force.

Fig. 3 Temperature distribution inside loop at different length of time a 5 min b 35 min

Fig. 4 Velocity contours (mm/s) inside the loop at different point of time a 5 min b 35 min
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Velocity vectors showing the direction of flow of ferrofluid in the loop have been
represented in Fig. 5. The fluid flows in clockwise direction under the effect of
magnetic field generated by permanent magnet. Velocity profile of the ferrofluid as
depicted in Fig. 6, clearly indicating the growing magnitude of velocity with time.

Fig. 5 Velocity vectors
indicating fluid flow
direction

Fig. 6 Fluid velocity profile
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4 Conclusions

Following conclusions could be drawn from the simulation study:

1. Temperature contours representing the variations of temperature in the loop reaf-
firm themovement of ferrofluid under the effect of externalmagnetic field. Colder
fluid displaces the hot fluid as it passes through the heated length due to Kelvin
body force, and as the fluid travels, it dissipates its heat to the surrounding air.

2. Velocity contours and velocity profile signify the increase in magnitude of fluid
velocity with time. With the passage of time, fluid was heated in close vicinity
to its Curie temperature resulting in existence of higher thermal differential, and
thus, strength of Kelvin body force increases and it in turn leads to faster fluid
movement that result in quick extraction of heat. This effect is very much similar
to natural convection where hot, lesser dense fluid is displaced by colder, denser
fluid.

3. Maximum fluid velocity of 8.45 mm/s was found at t = 35 min near the location
where permanent magnet is positioned. The flowwas also found to be continuous
and laminar in nature with parabolic velocity profile.

Simulation results illustrate the heat transfer potential of ferrofluid and the distinct
advantage of ferrofluid-based miniature cooling system is that system is totally pas-
sive in nature. The fluid can be tailored as per design requirement and maneuvered
under the influence of magnetic field.

5 Future Recommendations

Further laboratory testing aided by numerical simulations would help to better under-
stand the behavior of ferrofluid when subjected to magnetic field. The effect of dif-
ferent angles of magnet orientation and nanoparticle volume fraction on the heat
transfer effectiveness of ferrofluid-based cooling system should be recommended
for future studies.
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