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Abstract: In this study, convection flow in microchannel heat sink with offset fan-shaped reentrant
cavities in sidewall filled with Fe3O4-water is numerically investigated. The effects of changing
some parameters such as Reynolds number and magnetic field are considered. The nanofluid flow
is laminar, steady and incompressible, while the thermo-physical properties of nanoparticles were
assumed constant. A finite volume method and two phase mixture models were used to simulate
the flow. The obtained results show that the frictional entropy generation increases as Reynolds
number increases, while a reverse trend is observed for thermal entropy generation. By applying a
non-uniform magnetic field, the entropy generation due to heat transfer decreases at first and then
increases. When using the uniform magnetic field, the frictional entropy generation and thermal
entropy generation is negligible. For all studied cases, the total entropy generation decreases using
non-uniform magnetic fields. The results indicate that by increasing the magnetic field power, the
total entropy generation decreases.
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1. Introduction

With the development of science and technology, the decreasing size of the systems has many
advantages in comparison with conventional size, including optimized size, accessiblity, and enhance
functionality. Microchannels are the basic structures in these systems. In recent years, microchannels
have become very important is some industries and engineering applications such as heat pumps,
heat exchangers, medical and aerospace devices. The optimal design of microchannels depends
considerably on their thermal efficiency. Tuckerman and Pease [1] studied hydrothermal behavior in
microchannels for the frist time.

The heat transfer of flowing fluids is limited according to the thermal properties of fluids.
The thermal conductivity of base fluids, such as air or water, is low. However, to increase the heat
transfer in a microchannel one needs to improve thermal properties of base fluids. Choi [2] studied
dilute liquid-particle mixtures, called nanofluids, indicating that thermal conductivity values are
20%–150% higher than those of base fluids.

Many studies analyzed the convective heat transfer characteristics of nanofluids in microchannel
heat sink [3–7]. Li and Kleinstreuer [8] numerically studied CuO-water nanofluid flow in a trapezoidal
microchannel. They optimized nanoparticles concentration for minimizing entropy generation.
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Mital [9] numerically investigated heat transfer nanofluid in microchannel heat sink with developed
laminar flow. He optimized the design of microchannel heat sinks with nanofluid flow.

Magnetic fluid (ferrofluid) is a stable colloidal suspension of sub-domain magnetic particles that
are coated with a surfactant layer in a liquid carrier. The advantage of the use of ferrofluids is that both
fluid flow and heat transfer can be controlled by external magnetic fields [10]. Aminfar et al. [11,12]
numerically studied the effects uniform and non-uniform magnetic field on hydrothermal behaviors
in a vertical pipe and square duct with using two-phase mixture model. Their result indicated that
the positive gradient axial field decreases the Nusselt number and the friction factor; but the negative
gradient axial field and uniform transverse field enhance these numbers.

A powerful tool for studing the revesibility is the analysis of entropy generation. Yang et al. [13]
showed that the frictional entropy generation increases by increasing buoyancy effect while the
Reynolds number is constant but thermal entropy generation is not sensitive to buoyancy forces. Yilbas
et al. [14] investigated the natural convection efficiency and the entropy generation in a square cavity
with different temperatures for upper and lower walls. Also, Erbay et al. [15] and Magherbi et al. [16]
studied transient entropy generation in a square whose right wall was completely cooled and whose
left sidewalls were completely or partially heated.

Jery et al. [17] studied the effects of magnetic field, Prandtl, and Grashof number on entropy
generation in natural convection. They founded that the magnetic field decreases the convection
currents, the heat transfer and entropy generation inside the enclosure. Yazdi et al. [18,19] investigated
the entropy generation numbers, as well as the Bejan number in Mgneto Hydro Dinamics (MHD) fluid
flow in open parallel microchannels. They showed that entropy generation reduces in the presence of
magnetic field.

Many studies have been done for entropy generation analysis by various boundary
conditions [17–19]. Nevertheless, to the best of our knowledge, there has not yet been any investigation
made into the effects of uniform and non-uniform transverse magnetic fields on entropy generation on
ferrofluid in a microchannel. In this work, the entropy generation of nanofluids flow in a microchannel
heat sink is investigated using a mixture model. The affects of uniform and non-uniform transverse
magnetic fields and of Reynolds number variation on entropy generation have studied. Therefore, the
main goal of this study is reducing entropy generation losses by varying applied magnetic field. Some
new investigations about analytical and numerical simulations of nanofluids can be found in [20–26].

2. Governing Equations

Researchers use different methods for numerical analysis in multi-phase flows. The mixture
model is generally accurate for nanofluid analyses [27,28]. In this study, the flow was assumed to be
laminar, steady and incompressible with constant thermo-physical properties. The effects of dissipation
and body forces are negligible. Also, the Boussinesq approximation was used to calculate the density
variations due to buoyancy force. Considering these assumptions, the dimensional equations are
as follows:

Continuity equations:
∇ pρeffVmq “ 0 (1)

Momentum equations:

∇ pρeffVmVmq =´∇P`∇ pµeff∇Vmq ` ρeffβeffg pT´ TCq

`∇
ˆ n
ř

k“1
ϕkρkVdr,kVdr,k

˙

` µ0 pM.∇qH `
Ñ

J ˆ
Ñ

B (2)

The term pM.∇qH is called Kelvin force; it results from the electric current flowing through the
wire. In this equation, M is the magnetization, determined as [29]:

M “ χH (3)
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where χ is magnetic susceptibility of ferrofluid equal to 0.03873. This value was calculated at 4% volume
assuming a mean diameter of 30 nm. H is the magnetic field vector and is defined as [30]

H px.yq “
I

2π

1
b

px´ aq2 ` py´ bq2
(4)

where

Hx px.yq “
I

2π
px´ aq

px´ aq2 ` py´ bq2
(5)

Hy px.yq “ ´
I

2π
py´ bq

px´ aq2 ` py´ bq2
(6)

I is electric intensity. The wire direction is parallel to the longitudinal channel and in the center of cross
section at the (a, b).

In Equation (2),
Ñ

J ˆ
Ñ

B refers to the Lorentz force determined as:

J “ σe f f p
Ñ

V ˆ
Ñ

Bq (7)

where
Ñ

B is the induced magnetic field; the applied magnetic field can be assumed as uniform. The
induced magnetic field can be calculated by intensity of magnetic field:

Ñ

B “ µ0 ˆ H (8)

Energy equation:

∇
«

n
ÿ

k“1

`

ρCp
˘

k ϕkVkT

ff

“ ∇ pkeff∇Tq `
1

σe f f

ˆ

Ñ

J ˆ
Ñ

J
˙

(9)

Volume fraction equations:

∇
`

ϕpρpVm
˘

“ ´∇
´

ϕpρpVdr,p

¯

(10)

In Equation (10), Vm, and Vdr are the mean velocity and the drift velocity, respectively, which can
be calculated as:

Vm “

řn
k“1 ϕkρkVk

ρeff
(11)

Vdr,k “ Vk ´Vm (12)

where ϕ is the volume fraction of nanoparticles. The slip velocity defined as the velocity of base fluid
(bf) with respect to velocity of nanoparticles (p) and determined as:

Vpf “ Vp ´Vbf (13)

The drift velocity depends on the slip velocity:

Vdr,p “ Vpf ´

n
ÿ

k“1

ϕkρk
ρeff

Vfk (14)

The slip velocity is presented by Manninen et al. [31]:

Vbf “
ρpd2

p

18µbf fdrag

`

ρp ´ ρeff
˘

ρp
r (15)
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where f drag is the drag coefficient that can be defined as follows:

fdrag “

#

1` 0.15Re0.687
p Rep ď 1000

0.0183RepRep ą 1000
(16)

In Equation (16), Rep = Vmdp/veff is the Reynolds number of particles. The acceleration r is
calculated by:

r “ g´ pVm∇qVm, (17)

3. Nanofluids Properties

The physical properties of water and Fe3O4 nano-particles with mean diameters (30 nm) are
shown in Table 1. The water-Fe3O4 nanofluidis homogenous and the thermos-physical mixture
properties calculated for the ferrofluid with 4% volume fraction of nanoparticles.

Table 1. Properties of base fluid and nanoparticles [12,32].

Properties Water Fe3O4

Density (kg/m3) 997.1 5200
Specific heat capacity (J/kg¨K) 4180 670

Thermal conductivity (W/m¨K) 0.613 6
Electrical conductivity (s/m) 5.3 25,000
Dynamic viscosity (kg/m¨s) 0.0009963 -

The physical properties are calculated by means of the following equations:
Density of nanofluid:

ρe f f “ p1´ ϕq ρb f ` ϕρp. (18)

Specific heat capacity of the nanofluid:

´

ρe f f Cpe f f

¯

“ p1´ ϕq
`

ρCp
˘

b f ` ϕ
`

ρCp
˘

p (19)

Dynamic viscosity of nanofluid [33]:

µe f f “ µb f

´

1` 2.5ϕ` 4.375ϕ2
¯

(20)

Thermal expansion coefficient of nanofluid [29]:

βe f f “

»

—

—

—

–

1

1`
p1´ ϕq ρb f

ϕρp

βp

βb f
`

1

1`
ϕρp

p1´ ϕq ρb f

fi

ffi

ffi

ffi

fl

βb f (21)

Electrical conductivity [12]:
σe f f “ p1´ ϕq σb f ` ϕσp. (22)

Thermal conductivity of nanofluid [34]:

keff
kbf

“ 1` 64.7ϕ0.746
ˆ

dbf
dp

˙0.369 ˆ kp

kbf

˙0.7476

Pr0.9955
bf Re1.2321

bf (23)

db f and dp are molecular base fluid (0.2 nm) and particle (30 nm) diameter.
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In Equation (23) Pr and Re are Prandtl and Reynolds number, respectively defined as:

Prbf “
η

ρbfαbf
(24)

Rebf “
ρkBT

3πη2λbf
(25)

In Equation (21):

η “ Aˆ 10

B
T´ C , A “ 2.414ˆ 10´5, B “ 247, C “ 140 (26)

Also, in Equation (25) λb f is water mean free path (17 nm) and kB is Boltzmann constant
(1.3807 ˆ 10´23 J/K).

4. Definition of Physical Domain

The schematic diagram of the microchannel heat sink with offset fan-shaped reentrant cavities in
sidewall is presented in Figure 1. The channel length is 2.70 mm and channel width is 300 µm, with
a thickness of 350 µm. The constant cross section zone of the investigated heat sink has a constant
width of 100 µm and constant depth of 200 µm. The pitch distance of two longitudinal microchannels
is 150 µm. The space between a pair cavity is 300 µm. The field radius of the fan-shaped reentrant
cavity is 100 µm.
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The governing equations are solved by applying the boundary conditions in the entrance of
microchannel (Z = 0),

u “ 0; v “ 0; w “ v0 ; T “ T0 (27)

at the microchannel outlet (Z = 2.7 mm):

´Kw
BTw

Bz
“ 0; u “ 0; v “ 0; P “ Patm (28)

In the left and right sides of microchannel outer adiabatic walls (X = 0 & w):

´Kw
BTw

Bx
“ 0 (29)
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In the microchannel inner walls:

Bu
Bn
|wall `

Bv
Bn
|wall “ 0,´Kwp

BTwpx, y, zq
Bn

q “ ´Keffp
BTeffpx, y, zq

Bn
q (30)

´Kw

ˆ

BTw

By

˙

“ qw (31)

Finally, a constant heat flux condition is imposed at micro heat sink bottom wall (y = 0).

5. Numerical Method

In this study, the non-linear partial differential equations are numerically solved by means of
the finite volume (FV) method. The Semi-Implicit Method for Pressure Linked Equations-Consistent
(SIMPLEC) algorithm is applied for coupling the velocity and pressure fields. The second order
upwind scheme is selected for the discretization of momentum and energy equations. Also, the first
order scheme is used for discretization of solid phase equations. The convergence of solutions is
assumed as |pΦn`1 ´Φnq{Φn`1| ď 10´ 8.

In order to ensure that the results are independent of the computational grids, several grid sizes
are investigated and the results for the constant heat flux at Re = 300 are given in Table 2. Because
of a very small difference between the third case with fourth cases and to save computation time,
1188000 grids have been chosen, respectively.

In order to validate the numerical method used for the present simulation, the results in terms of
mean temperature at the bottom of the microchannel (Figure 2) and entropy generation (Table 3) have
been compared with the results provided by Chai et al. [35] and Balaji et al. [36].

Table 2. Grid independent test (Re = 200, T0 = 300, 4% vol.).

Grid T/T0 V/V0

672914 1.027 1.038
889440 1.019 1.029

1188000 1.013 1.023
1591128 1.011 1.02
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Figure 2. Comparison of the results for average temperature bottom heat sink.

Table 3. Validation of the present study.

Total Entropy Generation Rate

Vin Balaji et al. [36] Present study
2 m/s 0.0395 0.0412
4 m/s 0.0295 0.0324
6 m/s 0.0223 0.0242
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Boundary conditions applied to the fluid caused a non-equilibrium flow that leads to entropy
generation in the flow field. In this study, the entropy generation is due to the irreversibility caused
by the heat transfer and flow friction. The average entropy generation due to heat transfer, sf-ave,
is defined as follows [37]:

sf-ave “
keff

T2

«

ˆ

BT
Bx

˙2

`

ˆ

BT
By

˙2

`

ˆ

BT
Bz

˙2ff

(32)

The average entropy generation due to viscous dissipation, sT-ave, is [37]:

sf-ave “
µeff

T
t2

«

ˆ

Bu
Bx

˙2
`

ˆ

Bv
By

˙2
`

ˆ

Bw
Bz

˙2
ff

`

ˆ

Bu
By
`
Bv
Bx

˙2
`

ˆ

Bu
Bz
`
Bw
Bx

˙2
`

ˆ

Bw
Bw

`
Bv
Bz

˙2
u (33)

The average entropy generation due to magnetic field can be expressed as follows [37]:

smag-ave “
σeff

Ñ

B
2Ñ
w

2

T
(34)

The total entropy generation is then given by:

stot= sf-ave+ sT-ave+ smag (35)

where T is the average bulk temperature of the fluid flow.

6. Result and Discussion

The variations of entropy generations and Reynolds number for various transverse magnetic fields
are shown in Figure 3. It can be seen that for a given fluid, the frictional entropy generation increases
by increasing the Reynolds number (Figure 3a). Applying a transverse uniform and non-uniform
magnetic field to the ferrofluid did not affect entropy generation due to friction.
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The variations of thermal entropy generations vs. Reynolds number for various transverse
magnetic field is presented in Figure 3b. The entropy generation due to heat transfer decreases by
increasing the Reynolds number; high Reynolds number causes better heat transfer performance as
well as higher temperature gradient. The non-uniform transverse magnetic field resonance vortex
enhances heat transfer and reduces the entropy generation due to thermal effects, but increasing
Reynolds number and viscosity effect on ferrofluid flow decreases the effect of magnetic field. The
application of a uniform magnetic field did not affect any thermal entropy generation.

The variations magnetic entropy generation and Reynolds number is presented in Figure 3c.
The effect of magnetic entropy generation is very small and can be neglected comparing with frictional
and thermal entropy generation [19].

The total entropy generation decreases as Reynolds number increases (Figure 3d). When a
uniform transverse magnetic field is applied, the entropy generation reduces to a negligible amount.
In contrast, when applying a non-uniform magnetic field, the total entropy generation firstly decreases
and then increases.

Figure 4 shows the variations of entropy generation versus the transverse magnetic field power
for same condition and Re = 300. By strengthening the uniform transverse magnetic field, the entropy
generation due to friction and thermal entropy generation reduces to small amounts (Figure 4a,b). The
low intensity magnetic field cannot overcome viscous force; therefore, the magnetic field cannot affect
average velocity. A stronger non-uniform transverse magnetic field causes an increase in vortex power
and heat transfer, while the frictional entropy generation increases and the thermal entropy generation
decreases too much. By increasing the intensity of the uniform magnetic field, the vortex becomes
weak and flow will be inclined to bottom microchannel heat sink; therefore, the thermal and frictional
entropy generation decreases at maximum intensity field.
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The variations of magnetic entropy generations and various intensity transverse magnetic fields
are shown in Figure 3. The magnetic entropy generation increases with increasing intensity magnetic
field. The amount of non-uniform magnetic entropy is more than uniform magnetic entropy in the
maximum intensity magnetic field because the mean velocity flow is more than the mean velocity in
the applied uniform magnetic field.

The variation of the total entropy generation is shown in Figure 4c. As observed, the total entropy
generation increases as Reynolds number increases, indicating that the thermal entropy generation
is dominant.

7. Conclusions

In this study, the laminar ferrofluid flow in a microchannel heat sink subject to transverse magnetic
field is numerically investigated. The influences of Reynolds number and magnetic power on entropy
generations are studied. The results show that the average frictional entropy generation increases as
Reynolds number increases. Also, the average thermal entropy generation decreases by increasing the
Reynolds number. Transverse uniform and non-uniform magnetic fields did not affect the frictional
entropy generation. In addition, the results showed that increase of the magnetic field power causes a
decrease of the total entropy generation.
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Abbreviations

Nomenclature
x, y Cartesian coordinate axes
u, v, w Velocity component in x and y and z direction, respectively (m/s)
(a,b) Center of magnetic wire (m)
V Velocity vector (m/s)
V0 Velocity inlet (m/s)
Ñ
r Acceleration vector (m/s2)
k Thermal conductivity (W/m¨K)
Cp Specific heat capacity at constant pressure
kB Boltzmann constant (1.3806503 ˆ 10´23 J/K)
T Temperature (K)
I Electric intensity (A)
H Magnetic field intensity vector (A/m)
q2 Heat flux (1 MW/m2)
w Channel width (300 ˆ 10´6 m)
Dh Hydraulic diameter (0.00001333 m)
L Channel length (2.70 ˆ 10´3 m)
fdrag Drag coefficient
Vm Mean velocity (m/s)
Vdr Drift velocity (m/s)
Vp f Slip velocity (m/s)
d Mean diameter (m)
Sf Frictional entropy generation
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ST Thermal entropy generation
Smag Magnetic entropy generation
Re Reynolds number
Pr Prandtlnumber
Ñ

B Magnetic field (T)
Greek symbols

µ0 magnetic permeability in vacuum (4π ˆ 10´7 Tm/A)
µ Dynamic viscosity (kg/m¨s)
β Thermal expansion coefficient(thermal expansion coefficient (K´1)
ρ Density (kg/m3)
λ Mean free path (17 ˆ 10´9 m)
χ Magnetic susceptibility
ϕ Particle volume fraction
σ Electrical conductivity (s/m)

Subscripts
p Particle
b f Base fluid
e f f Effective
ave Average
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