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Effect of magnetic field on the hydrodynamic and heat transfer of magnetite ferrofluid flow in a

porous fin heat sink

Abstract

The present study numerically investigates the effects of a uniform external magnetic field and porous
fins on convective heat transfer and pressure drop of magnetite (Fe;0,4/water) nanofluid.in a heat sink.
Effects of volume fraction, porosity, Reynolds number, and magnetic field strength on the performance
of the heat sink are studied. Results indicate that heat transfer increases at high volume fractions, fin
porosities and magnetic field intensities and decreases with the Reynolds number. A 13% enhancement
of heat transfer is obtained for the heat sink with solid fins by using ferrofluid compared to the pure water
flow. This value grows up to 35% by using porous fins and imposing magnetic field to the heat sink.
Moreover, using porous fins is shown to decrease the pressure drop while the magnetic field effect is not
considerable. Therefore, it is concluded that the proposed methods result in a remarkable heat transfer

enhancement while decreasing the pressure drop.
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1. Introduction

Ferrofluid is a colloidal mixture.of magnetic nanoparticles in a carrier liquid typically water or oil that
becomes strongly magnetized in the presence of an externalmagnetic field. Ferrofluid has been used in
several applications such as loud speakers, accelerometers, flow meters, rotary seals, and pumps [1].
However, a remarkable attention has been paid in the recent past on the employment of ferrofluid as a
coolant in thermal management of electronics and heat exchangers for two reasons.Firstly, an external
magnetic field can improve the thermal conductivity of ferrofluid [2]. Secondly, ferrofluid flow and
consequently heat transfer can be controlled and enhanced by an appropriate magnetic field source [3].

Possibility of free convection heat transfer enhancement using ferrofluids has been investigated
considering different geometries such as cubic enclosure [4], rectangular cell with different aspect ratios
[5,6], cylindrical [7], annular [8], and triangular [9] enclosures. Li and Xuan [10] experimentally studied
the effect of both uniform and non-uniform magnetic fields on convective heat transfer of Fe;0,/water
nanofluid around a heated fine wire. Their result showed an increased heat exchange between the
ferrofluid and heated wire by applying a non-uniform magnetic field while the heat transfer was
weakened in the presence of a uniform magnetic field. Experimental and numerical investigations were

performed by Zablockis et al. [11] on thermomagnetic convection in a heated cylinder under the magnetic
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field of a solenoid. They observed heat transfer enhancement up to seven fold under the magnetic field.
Jafari et al. [12] investigated the effect of different parameters on the thermomagnetic convection in a
cylindrical geometry using the Taguchi technique. They performed a verification test to confirm the
validity of the used statistical method and obtained the optimum conditions for heat transfer
enhancement.

Forced convection heat transfer in the presence of an external magnetic field has also been the subject
of few researches. Effect of an external magnetic field on the convective heat transfer of Fe;0,/water
ferrofluid flowing through a tube was investigated by Lajvardi et al. [13]. Their experimental results
indicated the influence of ferrofluid concentration and magnet position on the Nusselt number. Azizian
et al. [14] studied on the effect of a constant magnetic field on the laminar.convective heat transfer and
pressure drop of magnetite nanofluid in a wvertical tube and reported a -considerable heat transfer
enhancement of 300% against only a 7.5% increase of pressure drop. They also showed that the
convective heat transfer enhancement increases with themagnetic field intensity and gradient. Ferrofluid
flow in a miniature circular heat sink under the influence of uniform magnetic field was studied
experimentally by Ashjaee et al. [15]. Their results indicated 14% and 38% heat transfer improvement
compared to the pure water, in the absence and presence of magnetic field, respectively. Xuan et al. [16]
calculated the flow and temperature distribution of a ferrofluid in a microchannel under the influence of
magnetic field gradient using lattice-Boltzmann method. It was shown that heat transfer augmentation
depends on the magnitude and direction of the magnetic force. Ganguly et al. [17] and Strek and Jopek
[18] carried out two dimensional humerical studies and simulated the constant external magnetic field
by a line-source dipole. They showed that the non-uniform magnetic body force resulted from spatial
variation of the magnetization causes the formation of local vortices. The vortices were shown to alter
the advection energy transport and increase the heat transfer. Effect of an alternating magnetic field on
the forced convection heat transfer of water based Fe; 0, ferrofluid was investigated by Ghofrani et al.
[19] and Goharkhah and Ashjaee [20]. They obtained the heat transfer enhancement as a function of
magnetic field strength, frequency and Reynolds numbers and reported 27.6% and 13.9% heat transfer
enhancement, respectively. Bahiraei and Hangi [21] numerically studied the hydrothermal characteristics
of a ferrofluid in a toroidal loop consists of two heat sources and heat sinks in the presence of magnetic
field. Different parameters including heat flux, temperature of heat sink, magnet position and strength
were studied.

Review of the previous works reveals that application of magnetic field for natural and forced convection
heat transfer enhancement has been studied only in simple and classical geometries. The geometry of the

current study is a 3D heat sink which has many applications in the electronics cooling. The solid fins of



the hit sink are also replaced by porous fins in order to decrease the pressure drop while increasing the
heat transfer. Moreover, the magnetic field is assumed to be generated by an electromagnet. This
magnetic field source is not encountered in the previous works. Separate and combined effects of these
active and passive heat transfer methods are investigated at different Reynolds numbers, volume

fractions and magnetic field intensities.

2. Problem description

An aluminum heat sink with length, width, and height of 40, 40 and 10 mm respectively, is used in the
numerical simulations, as shown in Fig. 1(a). The heat sink consists of five channels and aluminum
porous fins with rectangular cross section. The detailed dimensions are summarized in Table 1. A
uniform heat flux of 66 kW/m?is imposed from the bottom surface while the other surfaces are insulated.
The heat sink is assumed to be placed in the air gap of a U shape electromagnet as shown in Fig. 1 (a).
A uniform magnetic field in Y directionis generated in the center of the air gap and far from the
electromagnet tips. The magnetic field at different intensities is applied to the ferrofluid flowing through
the heat sink in Z direction. More details on the electromagnet can be found in ref. [15]. The physical

properties of porous material and magnetite nanoparticle have been summarized in Table 2.

3. Governing equations and boundary conditions
3.1. Governing equations
The steady state and homogeneous form of the continuity, momentum, and energy equations for the fluid

and porous domains can be written as follows.
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The effective specific heat and conductivity of the porous domain are calculated from:
(PCpesr = (1 — 8)(Pcp)s +e(pCy)y (4)
keff = (1 - €)ks + €kf (5)

It is assumed that the solid and the fluid phases are at thermal equilibrium. The energy equation for the

solid domain is written as:
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The third and fourth terms on the right hand side of Eq. 2 are Darcy and Forchheimer terms for porous
media, respectively [22]. Moreover, the last term in this equation is the magnetic volume force or so
called Kelvin body force that is calculated as follows.

3.2. Magnetic body force

Maxwell’s equations for a non-conducting fluid can be written as:
V.B=0 (7)
VxH=0 (8)

The relation betweenB, H and M is stated as:
B =py(M +H) ©)

It is often possible to assume that the magnetization vector is aligned with the magnetic field. Thus:
M = yqnH (10)

where, xp, is the magnetic susceptibility and‘is obtained from [17]:

— Xo (11)
N Y G

By using equations (9), (10), and (11) the magnetic body force in the momentum equation can be written
as:

F, = %‘uo)(m(l + xm)V(H.H) + poxmH((H.V) Xm) "

The magnetic field at the center of the electromagnet air gap where the heat sink is located has only a

uniform component in Y direction [15]. Thus, the magnetic body force can be simplified as follows.
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Eg. 13 indicates that the resulting magnetic force has a single component in Y direction due to the

temperature dependent magnetic susceptibility.



3.3. Boundary conditions
The ferrofluid with constant inlet temperature of 298K and uniform velocity flows into the heat sink
through the channels and is subjected to the uniform heat flux of 66 kW/m? from bottom surface of the
heat sink. The nanofluid is at the atmospheric pressure at the channel outlet. The no-slip condition exists
at all fluid solid interfaces:

Ty aTs (14)
V=0T =T,  ~kerg =~k

Moreover, the condition at the insulated walls is expressed as:
oT
on

. (15)

4. Thermophysical properties
The nanofluid properties such as density, specific heat, viscosity are calculated as a function of

temperature and nanoparticle volume fraction from the following equations [23].

pnr = (1= @)ps + Pppyp (16)
(pcp)nf =(1- (P)(pcp)f + Qo(pcp)np (17)
g = ur(1 +2.50)p < 2% (18a)
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where, the indices f,.np, and nf refer to the base fluid, nanoparticle and nanofluid, respectively. Also, the
thermal conductivity is calculated from [24]:

kns = kstatic + Ksrownian (19a)
(knp + 2k) — 20 (ky — kenp) (19b)
ey + 27 9Ky~ Fp).

kstatic = f[

(19¢)
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where, k = 1.3807 x 10~23]/K and S is the fraction of the liquid volume which travels with a particle,
while:
g = (—6.04¢ + 0.4705)T + 1722.3¢ — 134.63 (19d)



Worth mentioning that, thermophysical properties of pure water in the above equations have been
assumed to be temperature dependent. Finally, the local heat transfer coefficient is calculated from the
following equation.

qll qll (20)

h:—:
AT ~ T, —Tn

Where, q"'is the surface heat flux and T,, and Ty, are the surface and bulk flow temperatures, respectively.

5. Numerical modeling, grid independency and validation of the numerical method

The set of three dimensional governing equations with the prescribed boundary conditions are solved
using finite volume method. A structured non-uniform grid is used-in the simulations, as shown in Fig.
1(b). The grid points are clustered near the channel walls where the velocity and temperature gradients
are large. The solver specifications for discretization of the domain involve the SIMPLE algorithm for
pressure- velocity coupling and second-order upwindfor both momentum and energy equations.
Moreover, the residual levels are lowered to 10e ~®for the velocities and energy equation to ensure the
accuracy.

In order to check the grid independency, the primary simulations are carried out using different grid
numbers of 272340, 500440, and 1123560 for discretization of the computational domain. Fig. 2(a)
shows the velocity distribution in the porous fins and the channels for different grid sizes at Re =
1040, @ = 2%, and € = 0.95. Furthermore, the bottom surface temperature along the channels in the z
direction is presented in-Fig. 2 (b) for different grid numbers.

Fig. 2(a) and (b) indicate that the difference between the results obtained from several grid numbers is
negligible. Thus, the grid distribution with 500440 grids has been used in the simulations. Also worth
mentioning in Fig. 2(a) is the nonzero velocity at the fin- channel interface due to the flow penetration
into the porous fins.

Two different experimental cases are considered for validating the current numerical results. These cases
are the experimental results of Jiang et al. [25] for a parallel plate porous channel with porosity of e=0.44
and that of Ashjaee et al. [15] for a miniature heat sink with magnetite ferrofluid as a coolant under the
magnetic field effect. It should also be noted that the geometry, dimensions, boundary conditions,
working fluid, and the external magnetic field of the current study is selected based on the ref. [15].
Therefore, it is the most relevant experimental case for validation. Comparison between the numerical

results and the experimental data of refs. [25] and [15] is shown in Figs. 3 and 4, respectively.



Fig. 3(a) shows the pressure drop variation in the porous channel with Reynolds number. The local
Nusselt number variation on the porous channel surface is also shown in Fig. 3(b) for two different
Reynolds numbers.

Fig. 4(a) shows the pressure drop variation along the heat sink length for different Reynolds numbers at
@ = 2% and B = 800G. The local heat transfer coefficient in the absence and presence of the external
magnetic field for Re = 600 and ¢ = 3% is also illustrated in Fig. 4(b).

The maximum deviation from the experimental results has been found to be less than 8%: The agreement
between the numerical and experimental results, as seen in Figs. 3 and 4 indicates. that the ferrofluid
flow, porous media, and the external magnetic field effects on the pressure drop and heat transfer can be

predicted by the current numerical method with a reasonable accuracy.

6. Results and discussion

Numerical simulations are carried out for different fin porosities of &= 0.75, 0.80, 0.85, 0.90, and 0.95,
ferrofluid volume fractions of ¢= 1, 2, and 3Vol% and Reynolds numbers between 200 and 1200. The
magnetic field intensity is varied in the range of B =0 — 1600 G.

6.1. Magnetic force distribution

The magnetic field is uniform in the center of the electromagnet air gap where the heat sink is assumed
to be located. Thus, the resulting magnetic force will have a single component in the vertical direction,
Y due to the temperature dependent magnetic susceptibility of the ferrofluid as mentioned in Eq. 11.
More details on the magnetic field simulation can be found in ref. [15]. Magnetic force variation in the
flow direction, Z is depicted for two cases of solid fin and porous fin heat sinks with € = 0.90 in Fig.
5(a). Moreover, Fig. 5(b) shows the magnetic body force variation in the Y directionat the channels
outlet.

Since the magnetic force is a function of temperature gradient, different curves are obtained for the cases
of solid and porous fins, as shown in Fig. 5 (a) and (b). Fig. 5(a) indicates that the magnetic force is very
intense at the channel inlet due to the high temperature gradient between the bottom surface and the cold
fluid entering the channel. However, it decays gradually as the boundary layer grows and the fluid
temperature rises. Similarly, higher temperature gradients at the vicinity of bottom surface than that of
the insulated top surface has resulted in a higher magnetic force at the bottom half of the channels as

shown in Fig. 5(b).



6.2. Heat transfer and hydrodynamic results

In order to visualize the effect of above mentioned magnetic force distribution on the flow filed, velocity
contours and vectors in the symmetry plane of the heat sink are depicted for B = 0G and B = 1600G
cases in Fig. 6.

Comparison of Figs. 6(a) and (b) illustrates that the higher magnetic force near the bottom surface as
mentioned in Fig. 5, has disturbed the velocity field in this region while a little change is observed below
the top surface. It is also observed that the magnetic field has not a considerable influence on the flow
field near the channel inlet where the boundary layer is thin and the velocity is almost uniform. On the
other hand, with development of hydrodynamic boundary layer and growth of the low velocity region
the effect of magnetic field becomes more pronounced. The total effect of the positive magnetic force is
to remove the hot fluid from the neighborhood of the hot wall while bring the cool fluid from the bulk
flow. This phenomenon is the main mechanism of heat transfer. enhancement in the presence of the
external magnetic field.

In order to better explain the effect of the magnetic field-on the ferrofluid, the velocity contours at the
middle channel outlet under different magnetic field intensities are shown in Fig. 7.

It can be inferred from Fig. 7 that the magnetic field decreases the size of high velocity region, moves it
away from the bottom surface and increases the maximum velocity as a result.

Variation of the velocity profile at the outlet of the middle channel with magnetic field intensity is plotted
for solid and porous fin heat sinks in'Fig. 8(a) and (b), respectively.

Fig. 8 shows that an asymmetric velocity profile results due to the external magnetic field. It is also
shown that the ferrofluid velocity near the heated surface decreases with increase of the magnetic field
intensity. This allows the ferrofluid to absorb the heat from the bottom surface more efficiently.

Due to the change of flow field under the external magnetic field, the temperature distribution and heat
transfer characteristics are also expected to be influenced. Effect of the magnetic field on the temperature
distribution in the middle channel is shown in Fig. 9(a) and (b).

Fig. 9 indicates that the vertical magnetic field removes the hot fluid from the bottom surface. This
disturbs the thermal boundary layer and facilitates the heat advection to the bulk fluid.

Temperature distribution in the outlet of the middle channel under the influence of the magnetic field is
shown in Fig.10 for Re = 260.

As shown in Fig. 10, the magnetic field tends to remove the hot fluid from the bottom surface and
disruptthe thermal boundary layer. This allows the colder bulk fluid to replace the hot fluid and

consequently improves the heat transfer.



Variation of the temperature along the bottom surface in the flow direction at x = 0.02m is depicted in
Fig. 11 for the cases of figure 10.

As shown in Fig. 11, the surface temperature is decreased with increase of the magnetic field intensity
which means that the heat transfer is improved in the presence of magnetic field.

The average heat transfer coefficient is calculated for all the simulated cases by integrating the local heat
transfer coefficient over the heat transfer area. Variations of the average heat transfer coefficient with
Reynolds number and magnetic field strength for the solid and porous fin heat sinks are demonstrated in
Fig. 12(a) and (b), respectively.

A similar trend can be observed in both figures. The average heat transfer coefficient increases in the
presence of the magnetic field and has a direct relation with magnetic field strength. However, with
increase of the Reynolds number, the ferrofluid flows with a higher velocity and the time it is influenced
by the magnetic field is decreased. Therefore, the magnetic field is shown to have a greater effect on the
heat transfer atlow Reynolds numbers.

Effect of magnetic field on the convective heat transfer coefficient at different fin porosities and
ferrofluid volume fractions is shown in Fig. 13.

Fig. 13 illustrates that the convective heat transfer changes slightly for porosities lower than 0.8 while it
increases sharply for higher porosities. This can be justified considering the two main factors on the
convective heat transfer, the contact area between the fluid and fin surface and the flow penetration into
the porous fins. Increase of the fin porosity despite decreasing the heat transfer area, allows more fluid
to penetrate into the fins. These effects counterbalance each other at low porosities. However, Fig. 13
implies that the flow penetration effect is more important at higher porosities and the convective heat
transfer increases, consequently.

Variation of the pressure drop in the heat sink with Reynolds number, porosity, and volume fraction
under the influence of magnetic field is depicted in Fig. 14.

Fig. 14 indicates that using porous fins decreases the pressure drop in the heat sink compared to the solid
fin case. As:mentioned in Fig.2 the fluid velocity is nonzero at the surface of the porous fins. This virtual
slip velocity reduces the wall friction and results in the decrease of the pressure drop.

It can also be observed that the magnetic field has a negligible effect on the pressure drop. Pressure drop
increase in the presence of an external magnetic field is mainly due to the increase of viscosity [26].
Moreover, creation of the vortices that act like barriers in the flow field can also contribute as the second
reason for the pressure drop increase. This is the case when the magnetic field is generated by a magnetic
dipole source [17]. However, the current results have been obtained assuming that viscosity is only a

function of temperature and concentration. Furthermore, the upward magnetic force tends to remove the
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heated ferrofluid from the surface without creation of any vortex. Thus, the magnetic field has not
resulted in considerable change of the pressure drop.

6.3. Heat transfer enhancement
Effect of using nanofluid, porous fins and magnetic field on the heat transfer can be determined by
comparing the average heat transfer coefficient results with that of the pure water flowing into the solid

fin heat sink in the absence of magnetic field. The heat transfer efficiency is defined as:
n=nh/hp (21)

where, the index b refers to the condition of water flow in the solid fin heat sink in the absence of
magnetic field. Effect of Reynolds number and magnetic field intensity on the heat transfer efficiency

for the solid and porous finheat sinks are shown in Figs. 15(a) and (b), respectively.

It is clear that for both solid and porous finheat sinks, the heat transfer efficiency increases in the presence
of magnetic field. However, the magnetic field effect is more significant at low Reynolds numbers. It
can also be observed that the Reynolds number has opposite effects in solid and porous fin heat sinks. In
the latter case, increase of Reynolds number causes ferrofluid penetration into the porous fins and
consequently more efficient heat removal. On the other hand, it decreases the time that ferrofluid is
influenced by the magnetic field. It can be inferred that the first factor is more important in porous fins.
But, the effect of magnetic field influence time on the efficiency increases with the magnetic field
intensity. That is, by increasing the magnetic field intensity, a high heat transfer enhancement with
porous fins can be achieved even at low Reynolds numbers.

Fig. 16 indicates the effect of magnetic field on the heat transfer efficiency at difference porosities and
volume fractionsforRe = 260.

Fig. 16 shows that the heat transfer efficiency increases with increasing the porosity and volume fraction.
Therefore, the maximum heat transfer efficiency occurs at e = 0.95 in the presence of the magnetic field.
Results shows a maximum 22% heat transfer enhancement for the solid fin heat sink at Re = 260 and
@ = 3%, and B = 1600G due to the combined effects of using ferrofluid and applying magnetic field.
The heat transfer efficiency is shown to be increased up to 35% by using a porous fin heat sink at the

same conditions.
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Conclusion

Effects of an external magnetic field and porous fins on the hydrodynamic and heat transfer

characteristics of magnetite ferrofluid flowing in a heat sink are investigated numerically. The following

results are obtained.

The magnetic field removes the hot fluid from the neighborhood of the heated surface and brings
the cold fluid from the bulk flow, disrupts the thermal boundary layer and consequently improves
the heat transfer.

The magnetic field is shown to have a greater effect on the heat transfer at low Reynolds
numbers.

The convective heat transfer changes slightly at low porosities while it increases sharply at high
porosities.

Using porous fins decreases the pressure drop in the heat.sink compared to the solid fin case.
The magnetic field has a negligible effect on the pressure drop.

A maximum 22% heat transfer enhancement is obtained for the solid fin heat sink at Re = 260,
@ = 3%, and B = 1600G due to the combined effects of using ferrofluid and applying magnetic
field. The heat transfer efficiency is shown to be increased up to 35% by using a porous fin heat
sink at the same conditions.

In contrast to the conventional heat transfer techniques, the proposed methods results in

considerable heat transfer enhancement while decreasing the pressure drop.
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Nomenclature
B

Ct

Cp

~
z = T

U >

X,Y,Z
Greek

magnetic flux density(N.A"t.m™1) ¢

quadratic drag factor
specific heat (k]. kg™1. K1)

diameter (m)
Kelvin body force (N/m3)

local heat transfer coefficient

(W/m?2.K), heat sink higth (m)

magnetic field intensity (A.m™1)

Xm
Xo

Ho

m

thermal conductivity (W.m 1. K™1) B

permeability of porous media (m?)

magnetization(A.m™1)
normal direction

pressure (Pa)

subscripts
b

heat flux applied to bottom surface of eff

heat sink (W/m?)
Reynolds number
temperature (K)
velocity (m.s™1)

directions

volume fraction

f
m
nf

np

o
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heat transfer effectiveness
magnetic susceptibility
reference magnetic
susceptibility

density (kg/m3)

dynamic viscosity (N.s/m?)
permeability of free space
(N/A?)

porosity

liquid volume fraction

k™)

solid fins with water fluid
and no magnetic field effect

effective

fluid

bulk

nanofluid
nanoparticle

solid

bottom surface

at reference(300K)
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Material ~ Diameter( k Cp p

mm) (WIm.K)  (J/kg.K) (kg/

m?)
Aluminum 0.1 202.4 871 2719
Fez04 0.00002 7 640 4950

Highlights

e The magnetic field and porous fins improves heat transfer up to 35%.

e The magnetic field is more effective at low Reynolds numbers.

e The heat transfer changes sharply at high fin porosities.

e Using porous fins decreases the pressure drop compared to the solid fin case.

e The magnetic field has a negligible effect on the pressure drop.
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