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Abstract
In the present paper, the effect of the external partial magnetic field is studied on the flow and heat transfer of various

nanofluids in a microchannel via the incompressible preconditioned lattice Boltzmann method. The simulations are

performed for various parameters such as Hartmann number (Ha) ranging from 0 to 40 and surface non-dimensional slip

coefficient (B) of 0–0.03. The nanofluid volume fraction is fixed at 1%, and the results are compared with pure water. The

effect of using different nanoparticles (Al2O3, CuO, Ag, and Fe) has been investigated on the Nusselt number. The

acceptable results are obtained by comparing numerical and experimental data. The results generally show that using Ag

and CuO nanoparticles, respectively, leads to the best and worst heat transfer rate. Eventually, the highest and lowest

Nusselt numbers are from these nanoparticles, where Ag and Al2O3 give the worst and best stress rates. It is found that for a

specific requirement of microchannels in heat transfer application, there would be a certain nanofluid by specific

nanoparticles. This novel study opens discussion by proposing a new alternative way to improve the heat transfer in

microchannel which is applicable to the systems where microchannel is used as heat sinks.
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List of symbols
a~ Acceleration vector of transverse

magnetic field (m s-2)

ax Acceleration component in x direction

(m s-2)

ay Acceleration component in y direction

(m s-2)

B = b/HC Dimensionless slip coefficient

B0 Magnetic field intensity (T)

c~ Microscopic lattice velocity vector

Cf Friction factor

Cp Specific heat capacity (J kg-1 K-1)

CS Lattice speed of sound

f Density distribution function

F Source term

g Dimensionless temperature distribution

function

Ha = B0 HC

(rnf/lnf)
0.5

Hartmann number

HC Height of the microchannel (lm)
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k Thermal conductivity coefficient

(W m-1 K-1)

Ma = u/CS Mach number

Nu Nusselt number

Nu Average Nusselt number

Pr = m/a Prandtl number

q00 Heat flux (W m-2)

Re = Uin Hc/mnf Reynolds number

T Temperature (K)

u Horizontal velocity (m s-1)

V~ Velocity vector (m s-1)

v Vertical velocity (m s-1)

W Weight function

x, y Horizontal and vertical coordinates (m)

Greek symbols
a Thermal diffusivity coefficient (m2 s-1)

b Slip coefficient (lm)

c Adjustable parameter for PLBM

C Ratio of specific heat capacity

f Temperature jump coefficient

h Dimensionless temperature

hFD Dimensionless fully developed temperature

hjump Dimensionless temperature jump

l Dynamic viscosity (Pa s)

m Kinematic viscosity (m2 s-1)

q Density (kg m-3)

r Electrical conductivity (siemens m-1)

sf Relaxation time for f

sg Relaxation time for g

sw Averaged wall shear stress (Pa)

u Volume fraction of nanoparticles

w Weight coefficient

Super- and sub-scripts
eq Equilibrium

f Pure fluid

FD Fully developed

in Inlet of channel

k Direction of lattice

links

nf Nanofluid

* Dimensionless

Introduction

In recent years, a plethora of researches has been focused

on micro- and nanoscale transport marvels. The systems

designed based on these phenomena are usually known as

micro- and nanoelectromechanical systems (MEMS/

NEMS). Such small-scale systems have opened new

applications in different fields such as electronic industry,

medical applications, fundamental science, microsensors,

micropumps, accelerometers, and vitality collecting [1].

The widespread use of microchannels has now challenged

researchers with methods and solutions to control the fluid

flow, friction, and heat transfer [2, 3] for improved trans-

port and cooling purposes in order to maintain the desired

performance [4]. The researches have been conducted

toward different aspects [5], in particular the design of

geometry, adjustments to fluidic medium and material

properties, liquid elements of the system, and applying

outer irritations such as electric or attractive fields.

Microchannels are classified by several parameters. The

size is the most important characteristic in which the

applicability of microchannels is defined. Large

microchannels with length scale more than 25 lm are

designed for compact heat exchangers and arteries, and

smaller ones are used to manipulate and separate live cells

and viruses and other biomedical application. Another

parameter is the material of microchannels which is spec-

ified based on the working fluid properties such as thermal

conductivity and the level of erosion. The last well-known

parameter is the shape of microchannels which is dictated

by the system design. There may be different shapes of

microchannel cross sections in heat sink application [6].

Microchannels in thermal management systems are

flumes that dissipate a great deal of heat with respect to

other methods due to their high ratio of heat transfer sur-

face to fluid volume [7]. Besides, great cooling perfor-

mance observed in microchannels contributes to the

increased heat transfer coefficient as a result of hydraulic

diameter reduction. Therefore, they have been regarded as

a prevalent choice in fine-scale and precise cooling

processes.

Recently, much attention has been paid to numerical

investigations to model and optimize the working condi-

tions in these applications. These investigations have been

performed on accurate analysis of flow conditions, and the

inclusive results are mostly used to reduce pumping power

and improve cooling efficiency [8]. In a comprehensive

research, Tullius et al. [9] investigated various designs and

methods used to enhance the cooling performance of

microchannels.

Common fluids such as water, ethylene glycol, and heat

transfer oil play an important role in many industrial pro-

cesses such as power generation, heating or cooling pro-

cesses, chemical processes, and microelectronics.

However, these fluids have relatively low thermal con-

ductivity and thus cannot reach high heat exchange rates in

thermal engineering devices. A way to overcome this

barrier is using ultra-fine solid particles suspended in

common fluids to improve their thermal conductivity. The
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suspension of nanosized particles (1–100 nm) in a con-

ventional base fluid is called a nanofluid [10]. Nanofluids,

compared to suspensions with particles of millimeter or

micrometer size, show better stability, rheological proper-

ties, and considerably higher thermal conductivities.

Nowadays, nanofluids are widely used as an effective

method to improve the heat transfer characteristics in dif-

ferent applications, e.g., heat exchangers [11], coolants,

and especially the microchannels [12]. In this method, the

conductive nanoparticles such as Au and Ag are added to

the base fluid, e.g., water and oil. The magnetic field which

produces a force in the opposite direction of flow in elec-

trically conductive fluids can be used as another method to

enhance the heat transfer [5] in microchannels. A review in

the field [13] has thoroughly analyzed the studies on the

effect of magnetic field on heat transfer enhancement

within confined geometries.

The flow field in microchannels for both Newtonian [14]

and non-Newtonian [15] fluids can be affected by a

transverse magnetic field which can be performed by

changing the Lorentz force [13]. It is experimentally

proved [16] that the flow resistance coefficient in

microchannel varies with the length and strength of the

applied magnetic field.

A numerical study of the magnetic field effect on the

flow characteristics in a magnetohydrodynamic micropump

has been performed by Duwairi and Abdullah [17]. They

showed that the magnetic flux, the potential difference, and

the electrical conductivity play an important role in heat

transfer controlling in a microchannel. Moreover, in

another numerical study, Aminossadati et al. [18] exam-

ined the effect of magnetic field on water–Al2O3 nanofluid

flowing in a microchannel. They revealed that the magnetic

field could boost the average Nusselt number for different

nanofluid concentrations, especially at high Reynolds and

Hartmann numbers.

Although the transverse magnetic field enhances the

heat transfer, it has a negative effect on increasing the

higher shear stress, which makes the higher demand for

pumping power. In this regard, using hydrophobic material

on the microchannel walls and making a super-hydropho-

bic surface could be an effective solution. Velocity slip was

observed experimentally by Tretheway and Meinhart [19],

when they used a nanometer coating layer to make a

rectangular microchannel with super-hydrophobic walls. It

should be noted that liquids (nanofluids) flowing in

microchannels are in continuous flow regime where

Knudsen number is less than 0.001 [20]. Nonetheless, due

to using super-hydrophobic surface in the microchannel,

liquids (nanofluids) flow is in slip flow regime [21].

Afrand et al. [22] numerically implied the transverse

magnetic field on a microchannel and monitored the effects

of velocity slip and magnetic force on the flow

characteristics of functionalized multiwalled carbon nan-

otubes (FMWCNTs)–water nanofluid. The microchannel

was modeled by two parallel plates, when the plates’

temperatures were kept constant. Likewise,

Karimipour et al. [23] applied the constant heat flux instead

of the constant temperature on the walls. Their results

reveal that using the transverse magnetic field can be

promising in thermally developing region and it is

insignificant in the thermally fully developed region.

Karimipour and Afrand [24] simulated the Cu–water

nanofluid in a microchannel and examined the effect of

Hartmann number and volume fraction of nanofluid on heat

transfer. The results showed that the magnetic field effect

was more conspicuous than the Reynolds number in

increasing heat transfer performance. In another study,

Karimipour et al. [25] used Al2O3 and Ag nanoparticles as

MHD nanofluid in a microchannel. They considered the

velocity slip and temperature jump, and the walls were of

constant temperature boundary condition. They observed

that, in higher Hartmann numbers, the Nusselt number

decreased with the increase in slip coefficient.

In recent years, various nanoparticles have been pro-

duced by using synthetic methods. In Table 1, only some

recent investigations, which studied the effect of different

nanoparticles in the microchannel flow, have been listed.

Moreover, the fluid flow regime and characteristic are

presented.

Lattice Boltzmann method (LBM) [35] is a numerical

method which is based on mesoscale method similar to

dissipative particle dynamics (DPD) [36]. It has been

proved that this method is of great importance in analyzing

problems such as particle-laden flows [37], mixed and

natural convection heat transfer [38], and multiphase flow

[39]. The other point that makes LBM more interesting

than traditional computational fluid dynamic (CFD) meth-

ods is that the programming is much easier and can be

easily parallelized computationally [40].

The modeling and simulation of fluid flow and heat

transfer in cavities and enclosures using MHD fluid have

been extensively investigated using LBM [41]. Lattice

Boltzmann simulation of magnetic field effect on a con-

ductive gas has been performed by Agarwal [42], when the

gas was in slip flow regime. The results signified good

agreement with the analytical solution. Kalteh and Abed-

inzadeh [43] studied the effect of magnetic field on fluid

flow and heat transfer characteristics in a microchannel

with forced convection flow. The temperature of the

microchannel walls was constant as a boundary condition.

The results represented that the effect of the magnetic field

could be ignored on heat transfer coefficient, while its

effect was considerable on the friction factor coefficient

(up to 86% increase).
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As LBM is widely used in analyzing nanofluids with

magnetohydrodynamics (MHD) flows [44], many studies

have been carried out on applying velocity slip and tem-

perature jump at the liquid–solid interface. There have

been numerous works considering not any of these two

conditions [18], some researches just implemented velocity

slip [45], while other works implemented temperature jump

as well [46].

It is stated here that if the temperature jump at the

boundaries is not regarded, the temperature profile will be

inaccurate and the Nusselt number will be over-estimated.

To the best knowledge of the authors, no previous studies

have been carried out so far on heat transfer of nanofluids

(with variable thermal conductivity) in microchannels with

considering both velocity slip and temperature jump

boundary conditions on the application of transverse

magnetic field and constant heat flux boundary condition.

As a result, we use the incompressible preconditioned

lattice Boltzmann method (IPLBM) of a super-hydrophobic

microchannel with slip flow regime. Furthermore, in the

present study, we studied the effects of magnetic field

intensity, wall hydrophobicity level, and different

nanofluids on flow hydrodynamics and heat transfer.

This work is purpose-specific numerical methods on top

of which subsequent research works either numerical or

experimental can be built in the future.

Problem statement

Figure 1 represents schematic of a 2D microchannel in

which 70% trailing segment of the upper wall is under the

influence of a magnetic field (0.3 L\ x\L ( in addition

to the uniform heat flux boundary condition. The height

and length of the microchannel are 40 and 25 lm,

respectively. When the hydrophobic coating is applied on

the walls, there is a slip flow regime where the velocity slip

and temperature jump should be considered. The Reynolds

number of 50 has been studied for all the cases at hand. The

lower wall of the microchannel is all insulated, while the

insulation of the upper wall has been applied just on the

30% leading segment (x\ 0.3 L).

The thermo-physical properties of water as the base fluid

and different nanoparticles which were used in the present

study are presented in Table 2.

Mathematical formulations

Lattice Boltzmann method

For the first time, Guo et al. [48] introduced the precon-

ditioned LBM (PLBM) to increase convergence in theTa
bl
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customary LBM. Moreover, He and Luo [49] used the

incompressible version of the LBM (ILBM) in order to

reduce the errors in LBM simulations. In the present study,

we have used a combination (IPLBM) with a source term.

The discretized form of hydrodynamic Boltzmann equation

is to be solved which consists of two collision and

streaming processes [50] that is as follows [37]:

fk r~þ Dr~; t þ Dtð Þ � fk r~; tð Þ ¼ �Dt
sf

fk r~; tð Þ � f
eq
k r~; tð Þ

� �

þ DtFk:

ð1Þ

In Eq. (1), f represents the density distribution function at

the mesoscopic scale. Also, k subscript is the direction for

lattice links, r~¼ xi~þ y j
!

is the position vector, Dr~ is the

product that is related to discrete lattice velocity ðckÞ and
time step Dt. sf represents the relaxation time that is used

for density distribution function and is related to kinematic

viscosity ðtÞ as the following relation [48]:

t ¼ cC2
s

sf
Dt

� 0:5
� �

Dt; ð2Þ

where c is a parameter (0\ c B 1) that is used to increase

the convergence rate [44]. Also, cs is the speed of sound

and it is a combination of displacement and time

cs ¼ Dx=
ffiffiffi
3

p
Dt

� �� �
. Moreover, feq is the equilibrium dis-

tribution function and is defined as follows [51]:

f
eq
k ¼ wk qþ q0

ck
!� V~
c2s

þ 1

2c
ck
!� V~
c2s

 !2

�V~ � V~
2cc2s

0

@

1

A

2

4

3

5:

ð3Þ

In this equation, q and q0 are the fluid density and the

constant initial density, respectively. Also, V~ is the

macroscopic velocity and ck
! is the microscopic lattice

velocity vector defined as follows [35]:

ck
!¼

0; 0ð Þ k ¼ 0

cos
p k � 1ð Þ

2
; sin

p k � 1ð Þ
2

	 

Dx
Dt

k ¼ 1� 4

ffiffiffi
2

p
cos

p 2k � 1ð Þ
4

; sin
p 2k � 1ð Þ

4

	 

Dx
Dt

k ¼ 5� 8

8
>>>><

>>>>:

:

ð4Þ

Moreover, wk is the weight function along with various

directions of lattice links (k) that is demonstrated as [52]:

wk ¼

1

4
k ¼ 0

1

9
k ¼ 1� 4

1

36
k ¼ 5� 8

8
>>>>><

>>>>>:

9
>>>>>=

>>>>>;

: ð5Þ

In Eq. (1), Fk is the source term and is defined in the

direction of lattice links. It is represented as follows [50]:

Fk ¼
1

c2
wk 1� Dt

2sf

	 

ck
!� V~

c2s
þ ck

!� V~
c4s

 !

ck
!

" #

� q0a~: ð6Þ

Here, a~ is the acceleration vector for the transverse mag-

netic field [53]:

a~¼ axi~þ ay j
!¼ �B2

0rnf
q0

ui~þ 0 j
!¼ Ha2lnf

q0H2
c

i~: ð7Þ

In the above relations, rnf is the electrical conductivity and

lnf is the dynamic viscosity of the nanofluid. Also, Ha

represents the Hartmann number which is a dimensionless

number.

In the following relations, macroscopic nanofluid den-

sity and velocity in the D2Q9 lattice (Fig. 2) method have

been brought as follows [50]:

q ¼
X8

k¼0

fk ð8Þ

q0V~ ¼
X8

k¼0

Ck
�! � fk þ

Dt
2
q0a~: ð9Þ

Uin Tin
Hc

L

q”

0.3L
B0

Fig. 1 Geometry of the 2D microchannel with partially insulated

walls along with applying a magnetic field and heat flux

Table 2 Properties of water, Al2O3, CuO, and Ag and Fe solid par-

ticles [47]

q/kg m-3 Cp/J kg
-1 K-1 k/W m-1 K-1 l/Pa S

Water 996.26 4179 0.6055 0.0008538

Al2O3 3970 765.0 40 –

CuO 6500 535.6 20 –

Ag 10,500 235 429

Fe 7860 440 80.4
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The temperature field is solved using standard LBM based

on passive scalar approach with D2Q9 lattice via the dis-

cretized Boltzmann equation in the following form [54]:

gk r~þ Dr
�!

; t þ Dt
� �

� gk r~; tð Þ ¼ �Dt
sg

gk r~; tð Þ � g
eq
k r~; tð Þ

� �
:

ð10Þ

In this equation, g and geq are distribution function and

equilibrium distribution function of dimensionless tem-

perature field, respectively. Also, sg is the relaxation time

for dimensionless temperature distribution function and is

based on the following relation [54]:

a ¼ C2
s

sg
Dt

� 0:5
� �

Dt: ð11Þ

Moreover, geq along the various directions of lattice links

(k) is as follows [54]:

g
eq
k ¼ wkh 1þ ck

!� V~
c2s

þ 1

2

ck
!� V~
c2s

 !2

�V~ � V~
2c2s

0

@

1

A

2

4

3

5: ð12Þ

Also, the dimensionless temperature is calculated via:

h ¼
X8

k¼0

gk ð13Þ

Dimensionless parameters in this study are defined as

follows:

X� ¼ x

Hc
; Y� ¼ y

Hc
; u� ¼ u

uin
; v� ¼ v

uin
;

h ¼ T � Tin
q00Hc
kf

;
ð14Þ

where kf is the thermal conductivity coefficient of the base

fluid.

Boundary conditions

In the inlet section, a counter-slip approach with second-

order accuracy [55] is implemented. On the other hand, the

second-order extrapolation scheme is used for the outlet

[56]. Moreover, the Navier formula is used [19] in the

lower wall to consider no-slip and slip boundary

conditions:

u ¼ B
ou

oY� jY�¼0; ð15Þ

where B ¼ b
Hc

is the dimensionless slip coefficient and b is

the slip coefficient. By second-order forward derivative

discretization, Eq. (15) will be as follows:

u0 ¼
B

2DY� þ 3B
4u1 � u2ð Þ: ð16Þ

In this equation, u0, u1, and u2 are the horizontal velocity,

respectively, on the wall boundary, the first and second

nodes above the lower wall.

Moreover, the counter-slip boundary condition is used at

the inlet and second-order extrapolation is used to calculate

unknown distribution functions at the outlet. The lower

wall is fully insulated, and the upper one is only partially

insulated x = 0.3 L [56]. Energy balance on the walls in

dimensionless form is as follows:

oh
oY�

����
Y�¼1

¼ �1: ð17Þ

Upon performing discretization method on this equation

with second-order backward derivative, the dimensionless

temperature of fluid on the wall (hn) has been developed.

Temperature jump occurs on the upper wall of the non-

insulated section and is applied as the following relation

[25]:

Tnf ¼ Tw þ f�
oT

oy� y�¼1j
: ð18Þ

In this equation, f� ¼ f
Hc

¼ B2C
Pr Cþ1ð Þ is the dimensionless

temperature jump coefficient. Also, Tnf is the nanofluid

temperature adjacent to the upper wall ðTwÞ. Dimensionless

temperature jump is then defined by:

hjump ¼
Tnf � Tw

q00Hc
kf

: ð19Þ

Moreover, the average wall shear stress, friction factor

coefficient, and local and average Nusselt numbers [57] are

defined as follows:

6
2

5

1

8
47

3

0

Fig. 2 Lattice unit structure in D2Q9 lattice model
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sw ¼
R L
0
lnf

ou
oy
jy¼0dx

L
; cf ¼

2sw
qu2in

;

Nu ¼
�knf

oT
oy

���
y¼Hc

Tw � Tin

Hc

kf
; Nu ¼

R L
0:3L Nudx

0:7 L
:

ð20Þ

Also, the dimensionless average velocity is defined as:

V�
avg ¼

RR
qV~ � n~dA
qAUin

¼
RHc
0

V~ � n~dy
HcUin

¼
RHc
0

ui~þ vj~
� �

� i~dy
HcUin

¼
RHc
0

u dy

HcUin

¼ uavg

Uin

¼ u�avg;

ð21Þ

where knf is the thermal conductivity coefficient of

nanofluid.

Nanofluid modeling

The following relations are used for modeling density and

specific heat capacity of nanofluid as a two-phase mixture

model [54]:

qnf ¼ 1� up

� �
qf þ upqP ð22Þ

qcp
� �

nf
¼ 1� up

� �
qcp
� �

f
þup qcp

� �
p
: ð23Þ

The Roscoe model [58] is also used for modeling nanofluid

viscosity:

lnf
lf

¼ 1

1� 1:35up

� �2:5 : ð24Þ

In order to calculate the thermal conductivity of nanofluid,

Patel model has been implemented [59]:

knf � kf

kf
¼ kp

kf
1þ CtePep
� � df

dp

up

1� up

; ð25Þ

where k is the thermal conductivity coefficient and Cte is a

constant equal to 25,000. Moreover, Pep is the Peclet

number of the nanoparticles and is defined as follows:

Pep ¼
updp

af
ð26Þ

where up is the Brownian motion velocity:

up ¼
2kBT

lfpd2p
ð27Þ

where T is the nanofluid temperature and kB is the Boltz-

mann constant. Also, af stands for the thermal diffusion

coefficient of the base fluid.

Convergence, validation, and grid study

In this section, the incompressible preconditioned LBM

with c ¼ 0:7 has been compared with the standard LBM in

the case of implementing a partial magnetic field. In Fig. 3,

the dimensionless average velocity along the microchannel

has been shown for the results regarding standard LBM and

incompressible LBM, at Ha = 0 and 40, B = 0.03, grids

resolution of (80 9 2400), and zero initial velocity

u� ¼ V� ¼ 0.

As shown in Fig. 3, the non-dimensional velocity

regarding the standard LBM cannot remain constant along

the channel length. It is due to the compressibility effect

which yields non-physical predictions of flow and heat

transfer characteristics. However, the issue is solved in

incompressible preconditioned lattice Boltzmann method.

The convergence of the flow field is reached by the fol-

lowing criteria:

For further accuracy, the second criterion is defined as the

non-dimensional velocity along the channel length. It

should reach a value between 0.99 and 1.01 in all cross

sections.

Concerning the temperature field, the following criterion

is defined:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

x;yf½h x; y; t þ Dtð Þ � h x; y; tð Þ�2g
P

x;y h x; y; tð Þ2
h i2

vuuut \10�6: ð29Þ

While there is a uniform magnetic field in Hartmann

numbers of 0 and 20, heat transfer rate quantified by local

Nusselt number is verified by Aminossadati et al. [18] that

a reasonable agreement has been observed (Fig. 4).

To do further validation, the Nusselt number at different

horizontal cross sections has been calculated numerically

and compared with experimental results of Manay and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x;yf½u x; y; t þ Dtð Þ � u x; y; tð Þ�2 þ v x; y; t þ Dtð Þ � v x; y; tð Þ½ �2g

P
x;y u x; y; tð Þ2þv x; y; tð Þ2
h i2

vuut \10�6

Error ¼ max
u�avg xð Þ � u�inlet

u�inlet

	 

\0:01

8
>>>><

>>>>:

: ð28Þ
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Sahin [60]. The results are related to three different cross

sections along the microchannel. The microchannel has a

height of 200 lm and length of 50 mm. The nanofluid

consists of titanium nanoparticles in water with a volume

concentration of 2 percent and the mass flow rate of

37.7 kg h-1. The results show an acceptable agreement

between the experimental and numerical simulations

(Table 3).

The governing equations are developed in a FORTRAN

code. In order to show the accuracy of the results, Table 4

represents the average wall friction factor and Nusselt

number at Ha = 40 and B = 0.03, for nanofluid with the

volume fraction of 1%. Based on the grid independence

study, it can be seen that (80 * 2400) grid resolution is a

good choice for our further calculations.

Results and discussion

The results of this study are presented for water-based

nanofluid with different nanoparticles: Al2O3, CuO, Ag,

and Fe. The considered volume fraction of these

nanoparticles is 1%, and their diameter is 20 nm which is

constant in all cases. The thermal load is 500 kW m-2. The

properties of water and above-mentioned nanoparticles are

available in Table 1. Also, the Hartmann number effect is

studied in the range of 0–40. Moreover, slip conditions

(with the temperature jump on the wall) in dimensionless

slip coefficients of 0, 0.005, 0.01, 0.02, and 0.03 are con-

sidered to analysis.

Figure 5 shows the local shear stress in the microchan-

nel wall in terms of microchannel length under non-di-

mensional slip coefficient of B = 0.03 for all investigated

nanofluids at Hartman number of 0 and 40.

While there is no external magnetic field, the local shear

stress shows a falling behavior along the microchannel to a

point where the shear stress reaches a fixed value. This

behavior is seen for all nanofluids. Also, local shear stress

reduces for the particles in this order: Al2O3, CuO, Fe, and

Ag nanoparticles. In other words, the microchannels using

the water–alumina and water–silver nanofluids, respec-

tively, experience the highest and the lowest local shear

stress. Another point about shear stress is a significant

increase in shear stress by applying a magnetic field

(Ha = 40). A considerable issue is the local shear stress

reduction process for Ha = 40 along the microchannel,

which indicates that the hydrodynamic development is

1.1
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Fig. 3 Standard LBM and IPLBM comparison (along the microchan-

nel for Ha = 0 and Ha = 40 at B = 0.03)

25 Re = 100
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Symbols: Aminossadati et al.
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Fig. 4 Local Nusselt number comparison at Ha = 0 and 20 for

nanofluid (u = 2%) with the numerical results of Aminossadati et al.

[18]

Table 3 Comparison of the Nusselt number between the present work

and experimental study [60] in different horizontal sections for pure

water and TiO2–water nanofluid with the volume fraction of 2% and

mass flow rate of 37.7 kg h-1

x/m 0.007 0.0275 0.0475

Pure water

Nusselt number [present work] 9.33 6.47 5.81

Nusselt number [60] 10.21 6.76 5.47

Relative error/% - 8.62 - 4.29 6.22

TiO2–water 2%

Nusselt number [present work] 9.19 6.34 5.70

Nusselt number [60] 9.67 6.42 5.24

Relative error/% - 4.96 - 1.25 8.78
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delayed. In this case, the local shear stress plots are

arranged such as cases without a magnetic field. Moreover,

a sudden decrease in the local shear stress behavior after

the magnetic field start point indicates a collision in the

hydrodynamic boundary layer at this point. In Fig. 6, the

local shear stress is shown for two dimensionless slip

coefficients of B = 0 and B = 0.03 and the Hartmann

number of Ha = 40 along the channel.

As shown in Fig. 6, increasing the slip coefficient from

0 to 0.03 leads to a significant reduction in the local shear

stress variation. The reason for this is the direct relation-

ship between shear stress and velocity gradient in the

microchannel wall. Figures 5 and 6 indicate that by using

the coating on the microchannel surface and providing a

hydrophobic coating, the shear stress is significantly

reduced. It can also be seen that hydrophobic coating is

effective for all nanofluids examined in this text. In

Table 5, the average values of shear stress on the

microchannel wall for different nanofluids are presented

for the Hartmann number of 40 and different slip

coefficients.

By calculating the average relative shear stress for all

slip coefficients compared to the alumina–water nanofluid,

the mean values of this difference for silver nanoparticles,

iron, and copper oxide are 5.95, 3.62, and 2.36,

respectively. Also, by increasing the slip coefficient for all

nanofluids, the average shear stress is reduced approxi-

mately by 15%, 26%, 41%, and 51% relative to the slip

coefficient of zero.

In general, it can be concluded that increasing the slip

coefficient has a significant effect on the shear stress

applied to the wall of the microchannels. Considering the

development of technology in the construction of advanced

surfaces with desirable properties, this can lead micro-de-

signers to improve the mechanisms for pumping fluids in

micro- and nanoscales.

In heat transfer analysis in a microchannel equipped

with hydrophobic surfaces, various factors must be taken

into account. Some of these factors are: the growth of the

properties of the nanoparticles and the base fluid, the

existence of jump in the distribution of temperature near

the hydrophobic surface, and the effect of the magnetic

field caused by the formation of shear stress gradient that

results in the decrease in temperature gradient near the

wall. The set of these factors is characterized by the ther-

mal boundary layer, and hence it determines the heat

transfer rate.

In Fig. 7, the dimensionless temperature at the midpoint

of the microchannel in the zero slip coefficient is given for

two Hartmann numbers of 0 and 40 for different

nanofluids.

As expected, with the increase in the Hartmann number,

the maximum temperature of the dimensionless tempera-

ture has been decreased. This is due to the effect of the

opposite force exerting on the magnetic field. There is also

a remarkable difference between the water–silver

nanofluids and other nanofluids in Fig. 7, which shows the

reinforcement of the properties of this nanoparticle

Table 4 Grid independence study—averaged Nu and Cf for Ag–water

nanofluid Ha = 40 and B = 0.03

Grid 60 * 1800 70 * 2100 80 * 2400 90 * 2700

�Cf 0.45 0.53 0.57 0.58

Nu 13.17 13.66 13.88 13.91

600

500

400

300

τ L

200

0 5 10 15 20

Ag-Ha = 0
Ag-Ha = 40
Al2O3-Ha = 0
Al2O3-Ha = 40

CuO-Ha = 40
CuO-Ha = 0

Fe-Ha = 0
Fe-Ha = 40

X*

25

Fig. 5 Local shear stress on microchannel wall at B = 0.03 ðu ¼ 0Þ

4000

3000

2000

1000

0 10 20

X*

τ L

Ag-Ha = 40-B = 0
Ag-Ha = 40-B = 0.03
Al2O3-Ha = 40-B = 0
Al2O3-Ha = 40-B = 0.03

CuO-Ha = 40-B = 0.03
CuO-Ha = 40-B = 0

Fe-Ha = 40-B = 0
Fe-Ha = 40-B = 0.03

Fig. 6 Local shear stress on microchannels wall at Ha = 40
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compared to the other ones. Moreover, the maximum

dimensionless temperature values belong to the water–ox-

ide copper, water–alumina, iron–water, and silver–water

nanofluid, respectively.

Figure 8 represents the temperature contour, when the

X� changes between 3 and 6 for two types of nanofluids

(CuO and Ag). These two types of nanoparticles are

selected, because there is a big difference in their thermal

conductivity. Furthermore, the effect of the Hartmann

number is investigated on the temperature contour. The

results show that, by adding the magnetic field, the velocity

gradient increases and it makes the temperature gradient

near the wall. As a result, the temperature contours are

denser near the contact line for the case of Ha = 40 rather

than Ha = 0.

Besides, the Ag nanofluid temperature contours are

different from those of CuO nanofluid that is due to the

difference in their thermal conductivity.

In Fig. 9, the values of the dimensionless temperature in

the Hartmann number of 40 are shown for two zero-

dimensional slip coefficients of 0 and 0.03 at the end of the

channel X* = 0.8.

The effect of the slip coefficient (hydrophobic surfaces)

is perfectly observed on the dimensionless temperature

behavior, where the dimensionless temperature decreases

with the increase in the dimensionless slip coefficient. In

this case, it is necessary to change the behavior of the

water–silver nanofluid, which is less in slip coefficient than

the other nanofluids. On the other hand, in the slip coeffi-

cient of 0.03, the dimensionless temperature of this nano-

fluid is closer to the other nanofluids. It can be concluded

that the effect of the high slip coefficient compared to the

nanofluid properties is the dominant mechanism on the

dimensionless temperature.

Figure 10 shows the variation of local Nusselt number

for different nanofluids in the slip coefficient of 0.03 and

Hartmann numbers of 0 and 40.

Increasing Hartmann number leads to an increase in the

velocity gradient and temperature near the wall, resulting

in an increase in the local Nusselt number. (Note that the

vertical axis is displayed in the logarithmic scale.)

By analyzing Fig. 10, it can be seen that magnetic fields

and nanofluids are two important options that have been

used for increasing heat transfer in microchannels. In this

figure, it is seen that the effect of the Hartmann numbers

variation from 0 to 40 is approximately equal to the change

in Nusselt number due to the exchange of the nanoparticle

material from copper oxide to silver.

Figure 11 shows the variation of the local Nusselt

number on the microchannel wall by changing the slip

coefficient in the constant Hartman number of 40.

Upon increasing the slip coefficient, the local Nusselt

number increases to a certain extent. But what makes the

use of these surfaces interesting is that they highly decrease

the shear stress. In fact, using hydrophobic surfaces allows

the designer to reduce the shear stress in addition to

increasing the Nusselt number.

Variations of the average Nusselt number on the

microchannel wall for different nanofluids for the Hart-

mann numbers of 0 and 40 with increasing slip coefficient

are presented in Fig. 12.

Table 5 Variations of average shear stress on the microchannel wall in the Hartmann number of 40 versus dimensionless slip coefficient and the

percentage difference with average shear stress in slip coefficient of zero

B Al2O3 Relative

difference/%

CuO Relative

difference/%

Fe Relative

difference/%

Ag Relative

difference/%0 724 706 697 680

0.005 613 - 15.33 599 - 15.15 591 - 15.2 577 - 15.14

0.01 533 - 26.38 520 26.34 514 - 26.25 501 - 26.32

0.02 424 - 41.43 414 - 41.36 409 - 41.32 399 - 41.32

0.03 353 - 51.24 345 - 51.13 340 - 51.22 332 - 51.17

1

0.8

0.6

Y
*

0.4

0.2

0
0 0.001 0.002

θ
0.003 0.004

Ag-Ha = 0
Ag-Ha = 40
Al2O3-Ha = 0
Al2O3-Ha = 40
CuO-Ha = 0
CuO-Ha = 40
Fe-Ha = 0
Fe-Ha = 40

Fig. 7 Dimensionless temperature in the middle section for different

nanofluids and Hartmann numbers of 0 and 40, when the slip

coefficient is 0
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In the Hartmann number of 40, the average Nusselt

number is generally higher than that of the Hartman

number of 0. The effect of Hartmann number increase on

different nanofluids is approximately the same, so that the

displacement in the upper and lower graphs is not seen in

terms of a large degree of nanofluid. Finally, the interesting

result of the current study is changing the behavior of the

average Nusselt number versus the slip coefficient by using

the magnetic field, so that in the Hartman number of 0, the

Nusselt number increases almost linearly with increasing

slip coefficient. While in the Hartmann number of 40, an

increase in the average Nusselt number with a slip coeffi-

cient is approximately parabolic. Thus, by increasing the

slip coefficient, the effect of this coefficient on the Nusselt

number is reduced (Ha = 40), where the Nusselt number

undergoes no change by increasing the slip coefficient from

0.02 to 0.03.

This suggests that when a magnetic field is applied to

the microchannel, heat transfer cannot be increased by

increasing the slip coefficient, and the amount of slip

coefficient appropriate for each microchannel in the design

should be considered. Table 6 shows the average Nusselt

number for different nanofluids in two Hartmann numbers

of 0 and 40 and two slip coefficients of 0 and 0.03. Table 7

represents the average Nusselt number difference by

changing the dimensionless slip coefficient.

By examining the mean values of the Nusselt number, it

is determined that the effect of increasing the Hartmann

number from 0 to 40 is almost equal for both slip coeffi-

cients 0 and 0.03, ranges from 27 to 33% (Table 6). While

the effect of the slip coefficient on the average Nusselt

:T 003 301 302 303 304 306 307 308 309 310

(a) 

(b) 

(c) 

(d) 

Ag, Ha = 0

Ag, Ha = 40

CuO, Ha = 0

CuO, Ha = 40

Fig. 8 Temperature contours in

the region of 3�X� � 6 at

constant value of B = 0 and

Re = 50 for two types of

nanofluids for two Ha numbers

of 0 and 40
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Fig. 9 Dimensionless temperature for two slip coefficients of 0 and

0.03 in the Hartmann number of 40 for silver, alumina, and iron

nanofluids
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number is different and it becomes zero upon increasing

the slip coefficient to values close to 4%, further increase

does not affect the heat transfer (Table 7).

160
140
120
100

80

60

40

20

10 15 20 25

90
80
70
60
50

40

30

20

10

10 15 20 25

X*

X*

B = 0

B = 0.03

Ag-Ha = 0
Ag-Ha = 40

CuO-Ha = 40
CuO-Ha = 0

Ag-Ha = 0
Ag-Ha = 40

Al2O3-Ha = 40

CuO-Ha = 40
CuO-Ha = 0

Fe-Ha = 40
Fe-Ha = 40

Al2O3-Ha = 0

N
u L

N
u L

Fig. 10 Local Nusselt number on the microchannel wall in two

dimensionless slip coefficients of 0 (higher) and 0.03 (lower)

100

80

60

40

20

20
0

10 15 25

N
u L

X*

Ag-Ha = 40-B = 0
Ag-Ha = 40-B = 0.03
Al2O3-Ha = 40-B = 0
Al2O3-Ha = 40-B = 0.03
CuO-Ha = 40-B = 0
CuO-Ha = 40-B = 0.03
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Conclusions

The IPLBM was implemented to study the effect of the

partial uniform magnetic field on the flow and heat transfer

characteristics in microchannels with surface hydropho-

bicity. The flow is assumed to be laminar, 2D, and

incompressible. Different parameters such as non-dimen-

sional slip coefficient, Hartmann number, and type of

nanofluid are investigated, and the following results are

obtained from the performed simulations.

• As Hartmann numbers increases, the shear stress and

Nusselt number rise simultaneously.

• In heat transfer point of view, it is shown that Ag

nanoparticles have a more positive effect on Nusselt

number compared to the other nanoparticles where Fe,

Al2O3, and CuO, respectively, increase the Nusselt

number.

• The Al2O3, CuO, Fe, and Ag, respectively, increase the

shear stress of base fluid in the studied range.

• Ag is the best choice due to the largest effect on heat

transfer increment and less on shear stress.

• The present modeling strategy can be progressed to

more advanced phases in the future, such as conjugate

heat transfer incorporation in the future, especially for

heat sink microchannel.
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