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Abstract: In the present study, the two-dimensional jet flow of Fe3O4-H2O nanofluid was numeri-
cally investigated in a microchannel. The main objective of this article was to study the impact of
permanent magnets on both ferromagnetic hydrodynamic and thermal behavior. A ferromagnetic
hydrodynamic model, which includes the Brown effect and thermophoretic effect, was applied
to simulate the problem through solving momentum, energy, and volume fraction equations. In
this regard, different results, including the velocity vector, temperature distribution, and Nusselt
number, were analyzed. Moreover, the influence of Kelvin force, inlet opening, permanent magnets
position, and Reynolds number were studied on the jet flow and heat transfer. The obtained results
demonstrate these factors significantly affect the jet flow and heat transfer of Fe3O4-H2O nanofluid
in the microchannel. Moreover, it was found that the magnetic field originating from permanent
magnets can effectively solve the problem of local high temperature on the wall at low inlet opening.
The heat transfer gain was the most obvious when the position of the permanent magnet was close
to the microchannel entrance. When inlet opening and permanent magnets position are 1/4 and 1,
respectively, the heat transfer gain was largest, reaching 35.2%.

Keywords: nanofluid; ferromagnetic hydrodynamics (FHD); numerical simulation; jet flow; heat
transfer

1. Introduction

With the rapid development of microelectronics technology, the increasing heat flux
puts forward higher requirements to dissipate the generated heat in electronic equip-
ment [1,2]. In this regard, different technologies such as installing the fins, adding phase
change materials were put forward [3,4].

In recent years, with the development of nanotechnology, nanofluid can be used in
the field of heat transfer enhancement [5]. Nanofluid is a stable suspension composed
of base fluid and nanoparticles. The purpose of adding nanoparticles is to improve the
thermophysical properties of base fluid, which makes nanofluid attractive and widely used
in different applications, including thermal engineering, bioengineering, and electronic
industry [6,7].

Buongiorno et al. [8] considered the sliding velocity between nanoparticles and fluid
and proposed a non-uniform model in this regard. They showed that the particle velocity
was mainly affected by the thermophoresis effect and Brownian motion. Meanwhile, the
magnetic field is an effective way to control the motion of nanoparticles by balancing these
effects. Corcione et al. [9] proposed empirical expressions to calculate effective thermal
conductivity and dynamic viscosity of nanofluid. It was found that the ratio of thermal
conductivity of nanofluid to that of the base fluid increases has a direct correlation with the
volume fraction, temperature, and diameter of nanoparticles.
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In addition to improving the calculation model, the researchers also studied the
influence of jet, nanofluid type, volume fraction, and diameter of nanoparticles on the
heat transfer. Moreover, Ekiciler et al. [10] conducted numerical studies on heat transfer
and entropy generation of Al2O3-water nanofluids with different shapes of nanoparticles.
The results show that the heat transfer rate increases with the increase of the volume
fraction of nanoparticles. Ambreen et al. [11] proposed a discrete phase model to study
the effect of particle size on the pressure drop and forced convection heat transfer in a
microchannel. Bowers et al. [12] performed experiments and studied the heat transfer of
Al2O3 nanofluid in the microchannel. The obtained results showed that the flow rate of
nanofluid and the volume fraction of nanoparticles have important effects on the heat
transfer in the microchannel. Vijayan et al. [13] analyzed the thermal characteristics of an
unshielded receiver tube of an integrated solar parabolic with a low volume fraction Al2O3
and deionized water nanofluid as the heat transfer. Kaya et al. [14] numerically studied
the forced convective flow and heat transfer characteristics of TiO2-H2O nanofluids with
different volume fractions in semicircular cross-section microchannels.

Recently, a magnetic field has been widely applied to improve the heat transfer of
nanofluid. Sheikholeslami et al. [15,16] used the Lattice Boltzmann method to simulate
the magnetic fluid flowing under the action of the magnetic field in a complex spatial
structure. The results show that when the magnetic field is along the magnetic fluid, the
heat transfer effect is significantly enhanced. Karami et al. [17] investigated the impact of
volume fraction on the convective heat transfer of a nanofluid in a microchannel under
static and rotating magnetic fields. Mixed convective heat transfer and natural convection
heat transfer in a porous cavity subjected to the magnetic field were examined numerically
by Cunha et al. [18–20]. Salehpour et al. [21–23] studied the MHD heat transfer in rectan-
gular porous channels subjected to constant and alternating magnetic fields and analyzed
the influence of frequency on heat transfer rate and pressure drop. It was found that the
alternating magnetic field reduces the pressure drop and improves the heat transfer in
the channel. Mehrez et al. [24] numerically studied the heat transfer and flow behavior of
Fe3O4-water nanofluids in horizontal channels under a magnetic field. Larimi et al. [25]
investigated the influence of different configurations of the magnetic field on the heat trans-
fer, pressure loss, wall shear stress of the channel. Bagherzadeh et al. [26–28] performed
numerical simulations and studied the influence of cavity shape on thermomagnetic con-
vection of nanofluid subjected to the magnetic field by changing the shape of the closed
channel. Sivasankaran et al. [29] carried out numerical simulations and investigated the
effects of the channel size and Hartmann number on the heat transfer and fluid flow char-
acteristics of trapezoidal microchannel heat sink under the magnetic field, and found that
the thermomagnetic convection can enhance convective heat transfer. Zanella et al. [30]
innovatively studied the influence of magnetic core structure and magnetic field intensity
on the thermal magnetic convection by setting a magnetic core in the channel. Considering
the Brownian diffusion, thermophoresis, and magnetophoresis. Soltanipour et al. [31]
applied a two-phase model to investigate the forced convection of Fe3O4-H2O magnetic
nanofluid in a heated tube subjected to a quadrupole magnetic field.

Most research focuses on the thermomagnetic convection of nanofluid subjected
to a magnetic dipole or a uniform magnetic field, which is difficult to implement in
practical applications, but it is convenient to implement engineering applications by using
a magnet to generate the magnetic field. Microchannels are often used for heat dissipation
in electronic and microelectronic equipment. At present, there are few studies on the
effect of permanent magnets on the heat transfer of nanofluids in the microchannel. The
current work investigates the jet flow and heat transfer of Fe3O4-H2O nanofluid under the
conditions of symmetrical microchannel geometry, symmetrical heat flux boundary, and
symmetrical magnet arrangement, and the effects of the inlet opening, Reynolds number,
and magnet position on flow and heat transfer characteristics are analyzed.



Symmetry 2021, 13, 2051 3 of 16

2. Physical and Mathematical Model
2.1. Problem Description

The physical model was simplified from the chip’s three-dimensional stacking system.
The physical model and coordinate system are shown in Figure 1, indicating that the
height and length of two-dimensional plane microchannel are h = 2 mm and l = 20 mm,
respectively. Fe3O4-H2O nanofluid enters the microchannel in the form of a jet with an inlet
width of d. It should be indicated that nanoparticles have uniform temperature, velocity,
and volume fraction distributions at the inlet of the microchannel. The thermophysical
characteristics of the Fe3O4-H2O nanofluid are shown in Table 1. Moreover, the same
constant heat flux q is applied to the upper and lower walls of the microchannel while the
side walls are insulated. Two identical permanent magnets are symmetrically arranged on
both sides of the microchannel. The length l1 and width h1 of the permanent magnet is 0.5
mm and 1 mm, respectively, the longitudinal distance between the magnet and the wall
surface h2 is 1 mm. The distance between magnets and microchannel entrance is xi.
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Table 1. Thermophysical characteristics of water and Fe3O4 nanoparticles [32].

Cp (J/kg·K) ρ (kg/m3) k (W/m·K) µ (N·s/m2) β (1/K)

H2O 4179 997.1 0.613 0.001 1.8 × 10−3

Fe3O4 670 5200 6 0 0

2.2. Governing Equations

The Fe3O4-H2O nanofluid is electrically non-conductive. Accordingly, there is no free
electromagnetic current in the flow. The magnetic field induced by permanent magnets
follows the following Maxwell’s equation:

∇ · B = 0 (1)

∇×H = 0 (2)

where the following correlation exists between B and H:

B = µ0(1 + χ)H (3)

Based on the Buongiorno model, considering the Brown effect and thermophoretic
effect, the conservation equations are as follows [32]:

mass equation:
∂u
∂x

+
∂v
∂y

= 0 (4)



Symmetry 2021, 13, 2051 4 of 16

momentum equations:

ρn f (u ∂u
∂x + v ∂u

∂y ) = − ∂p∗
∂x + µn f (

∂2u
∂x2 +

∂2u
∂y2 )− 1

2 µ0χ0βn f (T − Ti)
∂H2

∂x

−µ0χ2
0βn f (T − Ti)

∂H2

∂x − µ0χ2
0βn f

(
Hx

∂T
∂x + Hy

∂T
∂y

)
Hx

(5)

ρn f (u ∂v
∂x + v ∂v

∂y ) = − ∂p∗
∂y + µn f

(
∂2v
∂x2 +

∂2v
∂y2

)
− 1

2 µ0χ0βn f (T − Ti)
∂H2

∂y

−µ0χ2
0βn f (T − Ti)

∂H2

∂y − µ0χ2
0βn f

(
Hx

∂T
∂x + Hy

∂T
∂y

)
Hy

(6)

energy equation:

(ρCp)n f

(
u ∂T

∂x + v ∂T
∂y

)
= kn f

(
∂2T
∂x2 + ∂2T

∂y2

)
+

(ρCp)p

(
DB

(
∂φ
∂x

∂T
∂x + ∂φ

∂y
∂T
∂y

)
+ DT

Ti

((
∂T
∂x

)2
+
(

∂T
∂y

)2
)) (7)

volume fraction equation:(
u

∂φ

∂x
+ v

∂φ

∂y

)
= DB

(
∂2φ

∂x2 +
∂2φ

∂y2

)
+

DT
Ti

(
∂2T
∂x2 +

∂2T
∂y2

)
(8)

where p∗ = p− µ0χ0(1 + χ0)H2/2 is the magnetostatic pressure.

The specific deduction process of momentum equations is discussed in Appendix A.
ρn f ,

(
ρCp

)
n f , βn f of Fe3O4-H2O nanofluid are defined as:

ρn f = (1− φ)ρ f + φρp (9)(
ρCp

)
n f = (1− φ)

(
ρCp

)
f + φ

(
ρCp

)
p (10)

βn f = (1− φ)β f + φβp (11)

DB and DT are given by [32]:

DB =
kBT

3πµ f dp
(12)

DT = 0.26
k f

2k f + kp

µ f

ρ f
φ (13)

In the present study, the Corcione model was applied to calculate the viscosity and
thermal conductivity. This model can be mathematically expressed as follows [9]:

µn f =
µ f

1− 34.87(dp/d f )
−0.3φ1.03

(14)

kn f

k f
= 1 + 4.4Re0.4

B Pr0.66

(
T

Tf r

)10(
kp

k f

)0.03

φ0.66 (15)

ReB =
ρ f dp

µ f

2kBT
πµd2

p
(16)

The boundary conditions of the inlet (jet and wall), outlet, lower and upper walls are
in the form below:

inlet:
u = ui, v = 0, T = Ti, φ = φi (17a)

u = v = 0,
∂T
∂x

=
∂φ

∂x
= 0 (17b)
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outlet:

p = 0,
∂T
∂x

=
∂φ

∂x
= 0 (18)

lower and upper walls:

u = v = 0,
∂T
∂y
∣∣y = 0 =

q
kn f

,
∂T
∂y

∣∣∣y = h = − q
kn f

, DB
∂φ

∂y
+

DT
Ti

∂T
∂y

= 0 (19)

In order to obtain non-dimensional equations, the following definitions are provided:

(X, Y) = (x,y)
h ; (U, V) = (u,v)

ui
; P = p∗

ρn f u2
i
; θ = T−Ti

qh/k f
; ϕ = φ

φi
; H = µ0H

Br ; R = d
h ;

Re =
uidρ f

µ f
; Le =

k f
DB(ρCp) f

; NB = DB
(ρCp)p

k f
φi; NT = DT

(ρCp)p
k f

qh
k f

; γ =
χ0βn f qhBr2

µ0ρn f kn f u2
i

The dimensionless form of the governing equation is as follows:

∂U
∂X

+
∂V
∂Y

= 0 (20)

U ∂U
∂X + V ∂U

∂Y = − ∂P
∂X + R

Re
ρ f
ρn f

µn f
µ f

(
∂2U
∂X2 + ∂2U

∂Y2

)
− 1

2 γθ ∂H2

∂X

−χ0γθ ∂H2

∂X − χ0γ
(

HX
∂θ
∂X + HY

∂θ
∂Y

)
HX

(21)

U ∂V
∂X + V ∂V

∂Y = − ∂P
∂Y + R

Re
ρ f
ρn f

µn f
µ f

(
∂2V
∂X2 +

∂2V
∂Y2

)
− 1

2 γθ ∂H2

∂Y

−χ0γθ ∂H2

∂Y − χ0γ
(

HX
∂θ
∂X + HY

∂θ
∂Y

)
HY

(22)

U ∂θ
∂X + V ∂θ

∂Y = R
RePr

(ρCp) f
(ρCp)n f

kn f
k f

(
∂2θ
∂X2 +

∂2θ
∂Y2

)
+

R
RePr

(ρCp) f
(ρCp)n f

[
NB

(
∂ϕ
∂X

∂θ
∂X + ∂ϕ

∂Y
∂θ
∂Y

)
+ NT

((
∂θ
∂X

)2
+
(

∂θ
∂Y

)2
)] (23)

U
∂ϕ

∂X
+ V

∂ϕ

∂Y
=

R
RePrLe

(
∂2 ϕ

∂X2 +
∂2 ϕ

∂Y2

)
+

R
RePrLe

NT
NB

(
∂2θ

∂X2 +
∂2θ

∂Y2

)
(24)

Equations (20–24) are subjected to the following boundary conditions.

inlet:
U = 1, V = 0, θ = 0, ϕ = 1 (25a)

U = V = 0,
∂θ

∂X
=

∂ϕ

∂X
= 0 (25b)

outlet:

P = 0,
∂θ

∂X
=

∂ϕ

∂X
= 0 (26)

lower and upper walls:

U = V = 0,
∂θ

∂Y
|Y = 0 =

k f

kn f
,

∂θ

∂Y
|Y = 1 = −

k f

kn f
, NB

∂ϕ

∂Y
+ NT

∂θ

∂Y
= 0 (27)

The local and average Nusselt numbers of the upper wall can be obtained as follows:

Nu =
qh

k f (T − Ti)
(28)

Nuave =
1
L

∫ L

0
NudX (29)
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2.3. Numerical Method

In this section, ANSYS software was applied to simulate the magnetic field and
obtain a two-dimensional static magnetic field. Then the magnetic potential equation was
combined with continuity, momentum, and energy conservation equations. Moreover, the
finite volume method (FVM) was applied to solve equations. In this regard, convection
and diffusion terms were discretized using third-order QUICK and second-order central
difference schemes, respectively. Furthermore, the tridiagonal matrix algorithm (TDMA)
and the successive over-relaxation (SOR) schemes were applied to solve the governing
equations iteratively. Meanwhile, the SIMPLE algorithm was utilized to solve the pressure-
velocity coupling. In all simulations, the maximum residue of 10−6 was considered as the
convergence criterion.

2.4. Grid Independence Test

In order to perform the grid independence, different grid resolutions were considered
for the case γ = 19.59 (Br = 2 T), Re = 11.8 and R = 1. In this regard, Table 2 presents the
obtained average Nusselt number on the upper wall, indicating that the grid independency
can be achieved for a 55 × 550 grid. Consequently, considering the calculation cost and
accuracy, a grid-resolution of 55 × 550 was used in all calculations.

Table 2. The average Nusselt number on the upper wall with different grid numbers at Re = 47.2,
R = 1, γ = 19.59.

Mesh Size 20 × 200 40 × 400 45 × 450 50 × 500 55 × 550

Nuave 4.506 4.416 4.410 4.405 4.403

To evaluate the accuracy of the numerical model, results issued by Ranjan et al. [33]
were selected as the benchmark solution. In this regard, Figure 2 shows the temperature
distribution and velocity vectors in the studied case. Table 3 compares the average Nusselt
number of them, the maximum error between them was 3.13%. It was observed that the
obtained results were in excellent agreement with those issued by Ranjan et al. [33], thereby
validating the established model.
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Table 3. Distribution of the Nusselt number.

m (A·m)
Nuave

Ranjan et al. [33] Present Work Relative Error/%

0 2.610 2.603 −0.27
0.19 2.670 2.664 −0.22
0.58 2.880 2.890 0.35

3. Results and Discussion

Studies show that Fe3O4-H2O nanofluid jet flow and convective heat transfer were
affected by different parameters, including volume fraction (φ), inlet opening (R), Reynold
number (Re), permanent magnet position (Xi), Kelvin force number (γ), and so on. In the
present study, inlet temperature of nanofluid (Ti), heat flux (q), inlet volume fraction of
nanofluid (φi), Kelvin force number (γ), magnetic susceptibility at reference temperature
(χ0) were kept constant at Ti = 293 K, q = 5 W/cm2, φi = 0.05, γ = 19.59 (Br = 2 T), χ0 = 0.06.
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In this section, it is intended to focus on the influence of inlet opening (R), Reynolds number
(Re), magnet position (Xi) on the jet flow, and heat transfer characteristics of nanofluid in
the microchannel.

Figure 3 shows the magnetic flux density that is produced under permanent magnets
along the X-axis centerline of the microchannel. It can be seen that the magnetic flux
density curve presents an M-shaped distribution along the length of the microchannel.
The magnetic flux density on both sides of the magnet was the largest, reaching 0.054 T,
while the magnetic flux density under the magnet was the smallest, close to 0. The model
equation includes the effect of Kelvin force, thermophoresis, and so on. Thus, the Fe3O4
nanoparticles in nanofluid will move along the gradient magnetic field under the action
of Kelvin force generated by the gradient magnetic field, thus the Kelvin force near the
two sides of the magnet was the largest. At the same time, the magnetization of Fe3O4
nanoparticles decreased significantly at high temperatures. Therefore, the effect of the
gradient magnetic field on the flow and heat transfer performance of the nanofluid in
the central region of the microchannel was greater than that in the region near the hot
wall. In addition, the nanofluid will migrate to the lower temperature region because
of thermophoresis, thus the magnetic field effect will be further enhanced in the low-
temperature region. The local asymmetry of the thermal boundary layer around the
magnet and the spatial heterogeneity of fluid sensitivity will lead to the flow of cold
nanofluid near the magnet. The alternating decrease and increase of magnetization of
magnetic particles will lead to the generation of the disturbed region near the magnet.
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3.1. Effect of Inlet Opening (R)

The velocity vector and temperature distribution of nanofluid in the microchannel at
various inlet openings when Xi = 4 and Re = 35.4 are presented in Figure 4. When the inlet
opening is large, e.g., R = 1, 1/2, 1/4, the nanofluid in the microchannel is symmetrical
up and down, and the streamline and isotherm are smooth. When the inlet opening is
reduced to R = 1/8, the nanofluid flow deflects upward to form an asymmetric structure.
When the inlet opening is reduced to R = 1/8, the nanofluid deflects upward to form an
asymmetric structure. This is because the fluid enters the sudden expansion pipe at a low
Reynolds number, the pipe diameter increases suddenly, the fluid flow state changes, and
fluid flow forms turbulence. There are two recirculation zones near the upper and lower
walls, and the local high temperature appears at the microchannel entrance. The local
high-temperature region at the microchannel entrance increases with the decrease of the
inlet opening.
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Figure 4. Effect of inlet opening on the velocity vector and temperature field in a microchannel for
Xi = 4 and Re = 35.4.

Figure 5 shows the distribution of the temperature along the upper wall in the mi-
crochannel at various inlet openings when Xi = 4 and Re = 47.2. It can be seen that the
wall temperature near the magnet decreased greatly, and the local high-temperature re-
gion was formed at the front end of the magnet due to the velocity stagnation. When
the inlet opening decreases, the local high temperature appears in the entrance corner
of the microchannel, and the local high temperature increases with the decreasing of the
inlet opening. When R = 1/8, the velocity stagnation region at the front end of the mag-
net becomes the highest temperature region in the whole microchannel, which has an
adverse effect on the overall heat transfer performance of the microchannel. Especially,
the nanofluid near the magnetic pole is affected by the magnetic pole and forms a vortex,
which destroys the fluid boundary layer on the wall near the magnetic pole. This results in
a zigzag temperature distribution near the magnet pole.
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Figure 6 presents the Nuloc at the upper wall in the microchannel at various inlet
openings when Xi = 4 and Re = 47.2. In general, the magnetic field enhances nanofluid
flow at different openings, the turbulent region near the magnet enhances the convective
heat transfer, and Nuloc at the entrance decreases with the increase of opening. When R = 1,
it decreases along the flow direction of the nanofluid, and fluctuates obviously near the
magnet, and then tends to be stable. This is because the magnetic particles in the nanofluid
near the magnet move to the hot wall under the action of Kelvin force, which makes the
local thermal conductivity increase and the local heat transfer ability increases. When
R = 1/2 and R = 1/4, the Nuloc at the upper wall is close. When R = 1/8, it increases
gradually along the microchannel and reaches the maximum near the magnet. This is due
to the upward deflection of the nanofluid jet after it hits the lower wall of the microchannel
when the inlet opening is small, resulting in a counterclockwise vortex on the upper wall
of the front end of the magnet, forming a stagnation region. The existence of the magnet
makes this phenomenon more obvious, which leads to the gradual enhancement of heat
transfer ability at the upper wall.
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3.2. Effect of Reynold Number (Re)

Figure 7 illustrates the Nuloc at the upper wall for various Reynolds numbers when
Xi = 4 and R = 1/4. The influence of the magnetic field on high-speed nanofluid is
greater than that on the low-speed nanofluid. Especially when Re > 70.0, the high-speed
jet of nanofluid deflects upward, the Nuloc of the upper wall at the microchannel en-
trance increases significantly, and the heat transfer performance at the upper wall in-
creases significantly.

Figure 8 illustrates the velocity vector and temperature field in the microchannel at
various magnet positions when R = 1 and Re = 47.2. The stagnation region of the front end
of the magnet increases with the increase of the position. Under the action of Kelvin force,
nanofluid first extrudes to the middle channel and then impacts the wall. In addition, the
magnetic field intensity directly below the magnet is small, the temperature of magnetic
particles moving near the wall increases, the magnetic intensity decreases, and the Kelvin
force decreases, which causes the nanofluid to rebound and continue to squeeze toward
the microchannel center after impacting the wall. The stagnation region of the front end
of the magnet increases with the increase of Xi. When the magnet nears the microchannel
entrance, the interruption of the thermal boundary layer caused by the magnetic source
occurs earlier because the thermal boundary is not fully developed.
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3.3. Effect of Magnet Position (Xi)

Figures 9 and 10 show the influence of magnet position on the temperature and
Nusselt number at the upper wall are illustrated for R = 1 and Re = 47.2, respectively. In
general, the temperature of the upper wall increases along the length of the microchannel at
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different positions of the magnet, and local high and low temperatures will occur near the
magnet. The Nuloc decreases with the increase of microchannel length at different magnet
positions, and the Nuloc in the entrance section is the largest. This is because the thermal
boundary layer in the entrance section has not been fully developed, and there is no space
for the front end of the magnet to form a stagnant region. As the parameter Xi increases,
the corresponding heat transfer enhancement of the magnet to FHD decreases gradually,
and the effect is the smallest at the exit, that is, when Xi = 9.
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To understand the influence of magnets on the heat transfer of nanofluid as a whole,
Figure 11 shows the effect of permanent magnet positions on the average Nusselt number
at the upper wall for Re = 47.2. It can be seen that the magnetic field enhances the heat
transfer of nanofluid, and the average Nusselt number increases. The position of the
magnet has an important influence on the heat transfer of nanofluid. The average Nusselt
number decreases as the magnet position moves backward along the long direction of the
microchannel. When the inlet opening R was 1 and 1/4, the average Nusselt number was
5.315 and 4.182, respectively, at Xi = 0.5. Compared with the non-magnetic field, the heat
transfer gain increased by 17.2% and 35.2%, respectively.
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4. Conclusions

In the present study, heat transfer and flow characteristics of Fe3O4-H2O nanofluid in
a microchannel under the action of magnets are studied. Moreover, the influence of the
magnetic field on the flow characteristics and thermal behaviors was studied for different
inlet openings, the configuration of permanent magnets and Reynolds number. Based on
the obtained results, the main achievements of this study can be summarized as follows:

(1) At high inlet opening, e.g., R = 1, 1/2, 1/4, the nanofluid in the microchannel is
symmetrical up and down. When the inlet opening is reduced to R = 1/8, the flow of
nanofluid deflects upward to form an asymmetric structure. There are two recirculation
zones near the upper and lower walls, and the local high temperature appears near the
upper and lower walls at the microchannel entrance. The local high-temperature region at
the microchannel entrance increases with the decrease of the inlet opening.

(2) At a low Reynolds number, the closer the magnetic source is to the inlet, the greater
the influence on the flow and heat transfer of nanofluid. The influence of magnets on the
flow and heat transfer of nanofluid decreases with the increase of Reynolds number. The
main factors affecting the flow of nanofluids are magnetic field intensity and Reynolds
number. When the magnetic field intensity remains unchanged, the force of magnetic field
on nanoparticles decreases with the increase of Reynolds number.

(3) The position of magnets has an important effect on the heat transfer of nanofluid,
the average Nusselt number decreases as the magnet position moves backward along
the long direction of the microchannel. Compared with the absence of a magnetic field,
when the inlet opening R is 1 and 1/4, the heat transfer gain increases by 17.2% and
35.2%, respectively.
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Appendix A

The Kelvin force can be expressed in the form below [34]:

f = (M · ∇)B (A1)

where, B = µ0(1 + χ)H and M = χH. Consequently, the Kelvin force can be written as
the following:

f = µ0χH · ∇((1 + χ)H) =
1
2

µ0χ(1 + χ)∇(H ·H) + µ0χ(H · ∇χ)H (A2)

Introducing this Kelvin force to the momentum equation, the ferromagnetic hydrody-
namics phenomenon for Fe3O4-H2O nanofluid can be expressed in the form below:

ρn f U · ∇U = −∇p + µn f∇2U +
1
2

µ0χ(1 + χ)∇(H ·H) + µ0χ(H · ∇χ)H (A3)

At the reference state, there is no convection. Accordingly, Equation (A3) can be
rewritten in the form below:

0 = −∇p0 +
1
2

µ0χ0(1 + χ0)∇(H ·H) (A4)

Subtracting Equation (A4) from Equation (A3), yields the following expression:

ρn f U · ∇U = −∇(p− p0) + µn f∇2U + 1
2 µ0χ(1 + χ)∇(H ·H) + µ0χ(H · ∇χ)H

− 1
2 µ0χ0(1 + χ0)∇(H ·H)

(A5)

Based on Curie’s law, mass magnetic susceptibility has an adverse correlation with
absolute temperature.

χ =
c
T

(A6)

where c is a constant. Applying the Taylor expansion, to χ yields in the following expression:

χ = χ0 +

(
∂χ

∂T

)
i
(T − Ti) ≈ χ0

(
1− βn f (T − Ti)

)
(A7)

∇χ = −χ0

[
1 + βn f (T − Ti)

]−2
βn f∇T ≈ −χ0

2

[
1− 2βn f (T − Ti)

]
βn f∇T (A8)
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and
χ2 = χ2

0

[
1 + βn f (T − Ti)

]−2
≈ χ2

0

[
1− 2βn f (T − Ti)

]
(A9)

Substituting Equations (A7)–(A9) into Equation (A5), we have

ρn f U · ∇U = −∇p∗ + µn f∇2U− 1
2 µ0χ0βn f (T − Ti)∇(H ·H)

−µ0χ2
0βn f (T − Ti)∇(H ·H) + µ0χ2

0βn f

[
1− 3βn f (T − Ti)

]
(H · ∇T)H

(A10)

Considering the magnitude difference between individual terms, Equation (A10)
can be further simplified. The last term on the right-hand side can be simplified to
µ0χ2

0βn f (H · ∇T)H.
Therefore, the momentum equation is simplified to the form

ρn f U · ∇U = −∇p∗ + µn f∇2U− 1
2 µ0χ0βn f (T − Ti)∇(H ·H)

−µ0χ2
0βn f (T − Ti)∇(H ·H) + µ0χ2

0βn f (H · ∇T)H
(A11)

Equation (A11) along the x direction and y direction can be expressed as follows:

ρn f

(
u ∂u

∂x + v ∂u
∂y

)
= − ∂p∗

∂x + µn f

(
∂2u
∂x2 +

∂2u
∂y2

)
− 1

2 µ0χ0βn f (T − Ti)
∂H2

∂x

−µ0χ2
0βn f (T − Ti)

∂H2

∂x − µ0χ2
0βn f

(
Hx

∂T
∂x + Hy

∂T
∂y

)
Hx

(A12)

ρn f

(
u ∂v

∂x + v ∂v
∂y

)
= − ∂p∗

∂y + µn f

(
∂2v
∂x2 +

∂2v
∂y2

)
− 1

2 µ0χ0βn f (T − Ti)
∂H2

∂y

−µ0χ2
0βn f (T − Ti)

∂H2

∂y − µ0χ2
0βn f

(
Hx

∂T
∂x + Hy

∂T
∂y

)
Hy

(A13)

Dimensionless form of these equations is presented in Equations (21) and (22).

Appendix B. Nomenclature Table

Symbol Unit Description
B T magnetic induction
Br T residual flux density of permanent magnet
Cp J/kg·K specific heat at constant pressure
d mm height of jet inlet
dp m nanoparticle diameter of the base fluid
DB m/s2 Brownian diffusion coefficient
DT m/s2 thermophoresis diffusion coefficient
f N/m3 Kelvin body force
H A/m magnetic field strength
h mm channel height
h1 mm width of magnet
h2 mm distance between permanent magnet and microchannel
k W/m·K thermal conductivity
kB J/K Boltzmann’s constant
l mm microchannel length
l1 mm length of magnet
M A/m magnetization
m A·m magnetic moment (strength) per unit length of line dipole
p Pa pressure
P dimensionless pressure
Nu Nusselt number
Pr Prandtl number
q W/cm2 heat flux density
R opening ratio
Re Reynolds number
T K temperature
Tc K Curie temperature
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u, v m/s velocity components
U m/s velocity vector
x, y mm axial and transverse coordinate
xi mm position of permanent magnet
Xi dimensionless position of permanent magnet
Greek symbols
θ dimensionless temperature
µ N·s/m2 dynamic viscosity
ρ kg/m3 density
φ volume fraction of nanoparticles
χ magnetic susceptibility at operating temperature
χ0 magnetic susceptibility at reference temperature
µ0 T·m/A magnetic permeability of vacuum
β K−1 volume expansion coefficient
γ Kelvin body force number
Subscripts
f base fluid
i inlet
lower lower wall
nf nanofluid
p nanoparticle
upper upper wall
w walls
0 reference state
loc local
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