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Magnetic field effects on the slip velocity
and temperature jump of nanofluid forced
convection in a microchannel

Arash Karimipour and Masoud Afrand

Abstract

Forced convection of water–Cu nanofluid in a two-dimensional microchannel is studied numerically. The microchannel

wall is divided into three parts. The entry and exit ones are kept insulated while the middle one has more temperature

than the inlet fluid. The whole of microchannel is under the influence of a magnetic field with uniform strength of B0. Slip

velocity and temperature jump are involved along the microchannel walls for different values of slip coefficient such as

B¼ 0.001, B¼ 0.01, and B¼ 0.1 for Re¼ 10, Re¼ 50, and Re¼ 100. Navier–Stokes equations are discretized and numer-

ically solved by a developed computer code in FORTRAN. Results are presented as the velocity, temperature, and

Nusselt number profiles. Moreover, the effect of magnetic field on slip velocity and temperature jump is investigated for

the first time in the present work. Larger Hartmann number, Reynolds number, and volume fraction correspond to more

heat transfer rate; however, the effects of Ha and ’ are more significant at higher Re.
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Introduction

Convection heat transfer mechanism is the only sig-
nificant way of heat transfer in conventional fluids
like water due to their low thermal conductivity.
However, increasing the fluid conductivity could be
an alternative method to enhance the heat transfer
rate. The well-known innovative way to increase the
fluid thermal conductivity is to suspend the nanopar-
ticles of a solid in a base fluid. The mixture obtained
has higher thermal conductivity than that of the base
fluid which is called nanofluid.1–3 A review of nano-
fluid performance at different physical geometries is
presented as follows: at first, the simulation of nano-
fluid free and forced convection in the cavities and
enclosures are reported. Later several works concern-
ing nanofluid flow in tubes and ducts are presented.

A number of studies regarding the fluid flow and
heat transfer of nanofluid in different physical condi-
tions4–7 such as the simulation of nanofluid free
convection in a rectangular cavity was reported by
Oztop and Abu-Nada.8 They used different types of
nanoparticles such as TiO2, Cu, AL2O3 in their work.
Moreover, several researchers tried to investigate the
nanofluid performance in other domains; among them
Tiwari and Das9 showed the positive effect of
Copper–water nanofluid to increase Nusselt number
in a two-sided lid-driven enclosure. More works can

be referred to concerning nanofluid mixed convection
in cavities.10–13 Simulation of nanofluid flow in ducts
or tubes are also other attractive topics for research-
ers. Fully developed nanofluid mixed convection in a
horizontal curved pipe was studied by Akbarinia and
Behzadmehr.14 In several other works, different
aspects of nanofluid flow such as consideration of
the nanofluid mixture as a two-phase substance or
turbulence forced convection of nanofluid were inves-
tigated.15–18 Present work aims to simulate a micro-
flow through a microchannel. Fluid flow and heat
transfer at microscales are different from macroscales
level, as a result a succinct description of a microchan-
nel flow is presented in below.

In recent years, much attention has been paid to
the development of the performance of micro-devices.
Appropriate efficiency besides their small scale are
some of the advantages of these instruments which
have a large application these days.19–23 The surface

Department of Mechanical Engineering, Najafabad Branch, Islamic Azad

University, Isfahan, Iran

Corresponding author:

Arash Karimipour, Department of Mechanical Engineering, Najafabad

Branch, Islamic Azad University, Isfahan, Iran.

Email: arashkarimipour@gmail.com

Proc IMechE Part C:

J Mechanical Engineering Science

2016, Vol. 230(11) 1921–1936

! IMechE 2015

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/0954406215586232

pic.sagepub.com

 by guest on June 12, 2016pic.sagepub.comDownloaded from 

http://pic.sagepub.com/


effects are more important at microscales level than
the usual metric ones. As a result for a micro-liquid
flow, the classic no-slip boundary condition is
dropped and slip flow regimes involving slip velocity
and temperature jump should be considered along the
boundaries. However, other flow regimes such as slip,
transient, and free molecular ones are introduced for
the micro-gas flows. At these levels, the particle
base approaches like lattice Boltzmann method or
molecular dynamic can be applied.24–28 The nanofluid
performance at different geometries besides the prop-
erties of micro-flow was reported. The combination of
both last cases could be an innovative approach to
increase the heat transfer from the microchannel
walls. This means more efficiency can be achieved by
using nanofluid flow in a microchannel, which has
been reported by several studies as follows.

Raisi et al.29 studied nanofluid flow in a micro-
channel in both slip and no-slip boundary conditions
and computed the averaged Nusselt number for both
these conditions. A number of studies concerning the
nanofluid flow and heat transfer through a micro-
channel can be referred to.30–36 As a follow-up
study, some researchers tried to investigate the influ-
ence of a magnetic field on the flow domain. Hence, a
brief review regarding the MHD flow is presented in
the next section.

In several practical cases like magneto-hydrody-
namic flows (MHD), the flow of electrically
conducting fluid through a channel occurs in the pres-
ence of a transverse magnetic field. The influence of
this magnetic field would generate a force, called
Lorentz force, which affects the flow domain.37–41

It was observed that the slip velocity and tempera-
ture jump were ignored in a previous work, which
studied the MHD nanofluid flow in a microchannel.42

However, what distinguishes the present article from
the previous ones is the investigation of the effects of
magnetic field on slip velocity and temperature
jump of nanofluid in a microchannel. To the best of
authors’ knowledge, the effect of magnetic field
on nanofluid’s slip velocity and temperature jump
has been ignored in previous works owing to
which it has been studied for the first time in the
present work.

Problem statement

Forced convection of water–Cu nanofluid in a two-
dimensional horizontal microchannel is studied numer-
ically. Microchannel aspect ratio (AR) is high enough
as AR¼L/H¼ 20, so the fully developed condition is
achieved at outlet. The microchannel wall is divided
into three parts. The entry and exit ones are kept insu-
lated while the middle one has more temperature than
the inlet fluid (Figure 1). Moreover, the whole of
microchannel is under the influence of a magnetic
field with uniform strength of B0.

Nanofluid Reynolds number (Re) usually has a
small value in a microchannel duo to express a real
physical condition, so the inlet Re is considered as
Re¼ 10, Re¼ 50, and Re¼ 100. In addition, slip
velocity and temperature jump boundary conditions
are involved along the microchannel walls for differ-
ent values of slip coefficient such as B¼ 0.001,
B¼ 0.01, and B¼ 0.1. Three different amounts of
nanoparticle volume fractions such as ’¼ 0,
’¼ 0.02¼ 2%, and ’¼ 0.04¼ 4% are applied. It is
supposed that nanofluid is incompressible
Newtonian homogeneous mixture. Moreover, the
diameter of spherical nanoparticles is dp¼ 10 nm and
radiation effects are negligible.

Numerical procedure

Governing equations

Two-dimensional Cartesian Navier–Stokes equations
for nanofluid are given as follows43
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Figure 1. The microchannel physical configuration.
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Y-momentum
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Nanofluid characteristics can be determined
according to thermophysical properties of fluid and
nanoparticles, such as density and viscosity

�nf ¼ ’�s þ ð1� ’Þ�f ð5Þ

�nf ¼ �f=ð1� ’Þ
2:5

ð6Þ

Subscript f is applied for the base fluid, s for solid
nanoparticles, and nf for nanofluid.

Now, heat capacity is achieved by using equation
(5) and Xuan and Li44 formula

�cp
� �

nf
¼ 1� ’ð Þ �cp

� �
f
þ’ �cp
� �

s
ð7Þ

Effective nanofluid thermal conductivity is deter-
mined by Chon et al. model.45 Brownian motions
and diameter of nanoparticles can be taken into
account in their model as

keff
kf
¼ 1þ 64:7� ’0:7460

df
dp

� �0:3690
ks
kf

� �0:7476

�
�

�f�f

� �0:9955 �fBcT

3��2lBF

� �1:2321
ð8Þ

where lBF& 0.17 nm is the base fluid mean free path
and Bc¼ 1.3807� 10�23 J/K is Boltzmann constant.
Moreover � is estimated as follows

� ¼ A 10
B

T�C

� �
, C ¼ 140ðKÞ, B ¼ 247ðKÞ,

A ¼ 2:414ð10�5ÞðPa:sÞ

ð9Þ

Nanofluid effective electrical conductivity is deter-
mined by Maxwell’s model43,46 as below

�nf
�f
¼ 1þ

3ð�s=�f � 1Þ’

ð�s=�f þ 2Þ � ð�s=�f � 1Þ’
ð10Þ

The following dimensionless variables are applied
to approach dimensionless governing equations from
equations (1) to (4)

H ¼ h=h ¼ 1, L ¼ l=h ¼ 20

Y ¼ y=h, X ¼ x=h

V ¼ v=ui, U ¼ u=ui

� ¼ ðT� TCÞ=ðTH � TCÞ

P ¼ p=ð�nfu
2
i Þ ð11Þ

Dimensionless continuity
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Dimensionless Y-momentum
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Dimensionless energy
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where Re¼ uih/�f and Pr¼�f/�f and Ha¼B0h(�f/
�f).

0.5

In previous work which concerned nanofluid
forced convection in microchannel, Hartmann
number (Ha) was defined based on nanofluid proper-
ties.42 However, Ha should be defined according to
fluid properties to have consistency with definitions
of Pr and Re; hence the last term in right-hand side
of equation (13) is derived and presented here.

Hydrodynamic boundary conditions

Ls, uwall, and uliquid are introduced as the slip length,
wall velocity, and liquid velocity on the wall to simu-
late the slip velocity as follows47

�uwall ¼ ufluidð y! wall Þ � uwall ¼ Ls
@ufluidð yÞ

@y

����
wall

ð16Þ

As a result, the nanofluid slip velocity (us) on the
stationary walls can be achieved48

us ¼ �	
@u

@y

����
y¼0,h

ð17Þ
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	 indicates the slip coefficient. By showing equation
(17) in dimensionless form, hydrodynamic boundary
condition along the walls is derived as

Us ¼ �B
@U

@Y

����
Y¼0,1

ð18Þ

where B¼ 	/h is the dimensionless slip coefficient.

Thermal boundary conditions

Temperature jump effects are considered in this study.
Similar to equation (16), temperature jump can be
simulated on the microchannel walls as follows31

�Twall ¼ Tfluidð y! wall Þ � Twall ¼ 

@Tfluidð yÞ

@y

����
wall

ð19Þ

where 
 is the temperature jump distance.
Consequently, dimensionless thermal boundary con-
dition along the hot walls of microchannel for
0.15L<X< 0.85L is shown as

� � �wall ¼
B

Pr

@�

@Y

����
Y¼0,1

ð20Þ

in which �wall¼ 1. Equation (20) indicates the value of
temperature jump as �s¼ abs(�� �wall).

Uniform cold flow is supposed for the inlet which
in dimensionless form could be written as Ui¼ 1,
Vi¼ 0, and �i¼ �c¼ 0. For the outlet, the fully devel-
oped hydrodynamic and thermal boundary conditions
are considered as Vout¼ 0 and @Uout/@X¼ @�out/@X¼ 0.
Insulated walls at 0<X< 0.15L and 0.85L<X<L
are simulated by @�/@Y¼ 0 at Y¼ 0 and Y¼ 1.

Local and averaged Nusselt numbers (NuX and
Num) along the walls are demonstrated as follows

NuXÞlower wall ¼ �
keff
kf

@�

@Y

� �
Y¼0

,

NuXÞupper wall ¼ �
keff
kf

@�

@Y

� �
Y¼1

ð21Þ

Num ¼
1

0:7L

Z 0:85L

0:15L

NuXdX ð22Þ

Results and discussion

A computer code in FORTRAN language was
developed to simulate the problem by the finite
volume approach according to the SIMPLE algo-
rithm. Discretization of the diffusion and convective
terms were done by the power law and the implicit
scheme was applied to deal with the time differential
terms.

The convergence condition was achieved by
convergence criterion "¼ 5� 10�7 greater than the
related error, ((�nþ1

��n)/�nþ1), for each
variable of �¼U, V, and � at each consecutive time
step n and nþ 1; which led to abs((�nþ1

��n)/
�nþ1)<".

Grid study and validation

Tables 1 and 2 show the averaged Nusselt number of
nanofluid through the microchannel at different grids
of 500� 25, 600� 30, and 700� 35 for ’¼ 0.02 and
’¼ 0.04 at Re¼ 10, Ha¼ 0, and B¼ 0.001. It is seen
that difference between those of 600� 30 and 700� 35
are negligible; as a result, grid nodes of 600� 30 is
selected for the next computations.

To validate the developed using code, results of
present work versus those of Zhang et al.49 are pre-
sented in Figure 2. In this figure, fully developed
velocity profiles of the air flow through a micro-
channel for different values of Knudsen number

Table 1. Num at different grids for u¼ 0.02 and u¼ 0.04 at

Re¼ 10, Ha¼ 0, and B¼ 0.001.

500� 25 600� 30 700� 35

u¼ 0.02 2.0526 2.0530 2.0532

u¼ 0.04 2.1193 2.1200 2.1203

Table 2. The values of U and � at the point of X¼ L/2 and

Y¼ 0.5 at different grids for u¼ 0.04, Re¼ 10, Ha¼ 0, and

B¼ 0.001.

500� 25 600� 30 700� 35

U 1.498 1.499 1.499

� 0.761 0.763 0.764

U=u/uinlet

0.0 0.3 0.6 0.9 1.2 1.5

Y

0.00

0.25

0.50

0.75

1.00
Kn = 0.1

Kn = 0.05

Symbols: Zhang et al. [49],   Lines: Present work

Figure 2. Comparison of present work’s fully developed

velocity profiles with those of Zhang et al.49
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(Kn) are compared. Moreover, averaged Nusselt
number of nanofluid in a channel flow is compared
with the results of Santra et al.18 in Figure 3(a). The
last selected case for validation would be a work of
Aminossadati et al.42 which is shown in Figure 3(b)
and concerns a nanofluid forced convection flow in
a microchannel under a magnetic field and in the
absence of slip velocity. Appropriate agreements are
seen in Figure 2, Figure 3(a) and (b).

ϕ

0.00 0.01 0.02 0.03 0.04

Num

3.0

3.5

4.0

4.5

5.0

5.5

6.0(a)

(b)

Re=500

Re=200

Symbols: Santra et al. [18],   Lines: Present work

Re=100

Ha

0302010

Num

1

2

3

4

5

6

Present work
Aminossadati et al. [42]

Re=10

Figure 3. (a) Num from present work versus Santra et al.18 for different values of Re and u; (b) Num from present work versus

Aminossadati et al.42 for different values of Re and Ha at u¼ 0.02.

Table 3. Thermo-physical properties of copper and water at

20�C.

cp

(J/kgK)

�
(kg/m3)

K

(W/mK)

�
(Pas)

�
(S/m) Pr

Water 4182 998 0.6 1� 10�3 5.96� 107 6.9

Cu 383 8960 401 – 5.0� 10�2 –
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Effects of slip coefficient

Forced convection of water–Cu nanofluid in a two-
dimensional horizontal microchannel is studied
numerically. Microchannel domain is under the influ-
ence of a magnetic field with uniform strength of B0 as
shown in Figure 1. In addition, thermo-physical prop-
erties of copper (Cu) and water are presented in
Table 3. Slip velocity (Us) and temperature jump (�s)

boundary conditions are considered along the micro-
channel walls for different values of slip coefficient
such as B¼ 0.001, B¼ 0.01, and B¼ 0.1.

Figure 4 shows the horizontal velocity profiles (U)
and temperature profiles (�) at vertical centerline of
microchannel (X¼L/2) at ’¼ 0.04, Ha¼ 0, and
Re¼ 10 for different values of B. It is observed that
slip coefficient has significant effect on velocity profiles
especially for B¼ 0.1. In the last case, slip velocity at

ϕ=0.04   Ha=0   Re=10

U

5.10.15.00.0

Y

0.00

0.25

0.50

0.75

1.00

B=0.001
B=0.01
B=0.1

ϕ=0.04   Ha=0   Re=10

θ

00.157.0

Y

0.00

0.25

0.50

0.75

1.00

B=0.001
B=0.01
B=0.1

Figure 4. U and � profiles of nanofluid at vertical centerline of microchannel (X¼ L/2) at u¼ 0.04, Ha¼ 0, and Re¼ 10 for different

values of B.
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Y¼ 0 and Y¼ 1 is almost equal to 0.37 and the max-
imum value of U is less than 1.5. Slip velocity exist-
ence adjacent to the wall leads to the decrease in the
maximum value of U at Y¼ 0.5 to satisfy the continu-
ity equation. Another significant effect of slip velocity
would be generating the temperature jump along the
walls, which can be seen in Figure 4. Fluid dimension-
less temperate at Y¼ 0 and Y¼ 1 is 0.98 for the state
of B¼ 0.1, which implies that temperature jump value
(see equation (20) and the line after it) equals to
1�0.99¼ 0.01. The velocity profiles of B¼ 0.001 and
B¼ 0.01 are more similar to one another in compari-
son with those of B¼ 0.1; this fact could also be seen
in temperature profiles.

More discussion of temperature domain, dimen-
sionless temperature profiles, �, at different cross sec-
tions of microchannel at ’¼ 0.04,Ha¼ 0, and Re¼ 10
for B¼ 0.001 and B¼ 0.1 are shown in Figure 5.
Nanofluid temperature increases along the

microchannel length as well as at X¼ 0.8L and its
temperature tends to that of the wall. Moreover, the
variations of temperature jump with X are clearly
shown in this figure for B¼ 0.1 at Y¼ 0 and Y¼ 1.
The highest amount of temperature jump is
achieved at entrance region (X¼ 0.2L) which
equals to 1�0.95¼ 0.05, then it begins to decrease
with X, so that temperature jump would be equal to
1�0.99¼ 0.01 at X¼ 0.5L (vertical centerline) and
X¼ 0.8L. It should be mentioned that tempera-
ture jump was ignored in most of the previous
works; however, this figure shows that its
effects are significant in entrance region of the
microchannel.

Effects of Hartmann number

Figure 6 indicates U profiles along the vertical center-
line of microchannel at Ha¼ 0, Ha¼ 15, and Ha¼ 30

ϕ=0.04   B=0.001   Ha=0   Re=10

θ

0.00 0.25 0.50 0.75 1.00

Y

0.00

0.25

0.50

0.75

1.00
X=0.2L
X=0.4L
X=0.5L (vertical centerline) 
X=0.8L

ϕ=0.04   B=0.1   Ha=0   Re=10

θ

0.00 0.25 0.50 0.75 1.00

Y

0.00

0.25

0.50

0.75

1.00
X=0.2L
X=0.4L
X=0.5L (vertical centerline)
X=0.8L

Figure 5. Dimensionless temperature profiles, �, at different cross sections of microchannel at u¼ 0.04, Ha¼ 0, and Re¼ 10 for

different values of B.
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for ’¼ 0.04, Re¼ 10, B¼ 0.001, and B¼ 0.1, respect-
ively. Magnetic field existence leads to the generation
of the Lorentz force in the opposite direction of X.
Hence, moreHa corresponds to less maximum of U at
horizontal centerline (Y¼ 0.5) and higher fluid vel-
ocity adjacent to the walls. As a result, the fully devel-
oped velocity profile would change with Ha. This fact
can be traced well in Figure 6 at B¼ 0.001; so that
stronger magnetic field corresponds to thinner

boundary layer along the walls. Moreover, the thick-
ness growth of the boundary layer is low at higher
values of Ha.

The variation of slip velocity with Hartmann
number is another interesting result of Figure 6 at
B¼ 0.1. According to this figure, magnetic field affects
the slip velocity on the walls so that higher Ha cor-
responds to higher amount of Us. As it is said before,
slip velocity is equal to 0.37 for Ha¼ 0 while it would

ϕ=0.04   B=0.001   Re=10

U

5.10.15.00.0

Y

0.00

0.25

0.50

0.75

1.00

Ha=0
Ha=15
Ha=30

ϕ=0.04   B=0.1   Re=10

U

5.10.15.00.0

Y

0.00

0.25

0.50

0.75

1.00

Ha=0
Ha=15
Ha=30

Figure 6. Dimensionless horizontal velocity profiles, U, at microchannel vertical centerline at different Ha’s for u¼ 0.04, Re¼ 10,

B¼ 0.001, and B¼ 0.1.
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be 0.62 and 0.74 for Ha¼ 15 and Ha¼ 30,
respectively.

Temperature profiles at microchannel vertical
centerline at different Ha’s for ’¼ 0.04, Re¼ 10,
B¼ 0.001, and B¼ 0.1 are presented in Figure 7 in
order to show the effects of Ha on � profiles. In
spite of Figure 6, the plots of B¼ 0.001 and B¼ 0.1
in Figure 7 are almost similar to each other, which
imply the insignificant effects of B and significant
effects of Ha on temperature profiles, respectively.

It is also observed that the fluid temperature in the
middle of the microchannel (Y¼ 0.5) increases and
tends to the wall’s one at higher values of Ha. This
fact implies more heat transfer existences due to
more fluid velocity adjacent to the walls for the
state of stronger magnetic field. Figure 8 shows
the isotherms at ’¼ 0.04, B¼ 0.1, and Ha¼ 30 for
Re¼ 10 and Re¼ 50. This figure represents a good
visual aspect of nanofluid flow through the
microchannel.

ϕ=0.04   B=0.001   Re=10

θ

00.157.0

Y

0.00

0.25

0.50

0.75

1.00

Ha=0
Ha=15
Ha=30

ϕ=0.04   B=0.1   Re=10

θ

00.157.0

Y

0.00

0.25

0.50

0.75

1.00

Ha=0
Ha=15
Ha=30

Figure 7. y profiles at microchannel vertical centerline at different Ha’s for u¼ 0.04, Re¼ 10, B¼ 0.001, and B¼ 0.1.
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Figure 8. Isotherms at u¼ 0.04, B¼ 0.1, and Ha¼ 30 for Re¼ 10 (top) and Re¼ 50 (bottom).

ϕ=0.04   Ha=0   Re=10

X

3 6 9 12 15

Us

0.00

0.25

0.50

0.75 B=0.001
B=0.01
B=0.1

ϕ=0.04   Ha=30   Re=10

X

3 6 9 12 15

Us

0.00

0.25

0.50

0.75

B=0.001
B=0.01
B=0.1

Figure 9. Slip velocity, Us, along the microchannel wall at different values of B for u¼ 0.04, Re¼ 10 at Ha¼ 0 and Ha¼ 30.
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Effects of Re, B, and Ha

Figure 9 shows the slip velocity, Us, along the
microchannel wall at different values of B for
’¼ 0.04, Re¼ 10 at Ha¼ 0 and Ha¼ 30. Us starts
from its maximum value at inlet and then it mildly
decreases with X and, finally, approaches to a con-
stant value along the wall. Moreover, slip coefficient
has the significant increasing effect on it; however,

this event could be severely invigorated for more
Ha. The enhancing effect of magnetic field strength
on slip velocity is shown for the first time in present
work, which makes significantly higher shear stress
on the walls. The positive effect of slip coefficient
on temperature jump could also be seen in Figure
10 so that �s has its maximum amount at inlet and
then approaches to the constant one along the
wall. The comparison of these figure’s plots of

ϕ=0.04   Ha=0   Re=10

X

3 6 9 12 15

θs

0.00

0.05

0.10

0.15

B=0.001
B=0.01
B=0.1

ϕ=0.04   Ha=30   Re=10

X

3 6 9 12 15

θs

0.00

0.05

0.10

0.15

B=0.001
B=0.01
B=0.1

Figure 10. Temperature jump, �s, along the microchannel wall at different values of B for u¼ 0.04, Re¼ 10 at Ha¼ 0 and Ha¼ 30.
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Ha¼ 0 and Ha¼ 30 imply the insignificant effects of
Ha on �s.

Variations of local Nusselt number, NuX, along the
microchannel wall at different values of Ha for
’¼ 0.04, Re¼ 50 at B¼ 0.001 and B¼ 0.1 are pre-
sented in Figure 11 to more tangible study of micro-
channel heat transfer. Higher Reynolds number leads
to more heat transfer rate from the walls; so at this
stage the value of Re is chosen to be equal to 50 to
present the incoming data more clearly. It is obvious

that Nu would be zero on the insulated walls; so NuX
starts from its maximum value at X¼ 3 (beginning of
the hot middle wall) and then it mildly decreases with
X until X¼ 17, where it approaches zero again.

It is well known that the averaged Nusselt number,
Num, is the best parameter to indicate the overall heat
transfer rate. Hence, Num values on the microchannel
wall at different amounts of Ha, ’, and B for Re¼ 10,
Re¼ 50, and Re¼ 100 are presented in Figure 12. The
positive influence of slip coefficient on heat transfer
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X
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X
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Figure 11. NuX along the microchannel wall at different values of Ha for u¼ 0.04, Re¼ 50 at B¼ 0.001 and B¼ 0.1.
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rate in the absence ofmagnetic field can be tracedwell in
this figure atHa¼ 0, besides the enhancing effects ofRe
and ’ on Num. However, it is observed that the
increase in Nusselt number by more slip coefficient
at stronger magnetic field (Ha¼ 30) would be
insignificant.

At last, it should be mentioned that the nanofluid
Reynolds number and volume fraction cannot be
increased simply in a microchannel. Hence, an alter-
native approach to increase Num for the fixed value of
B could be by using a greater magnetic field as well as
higher Ha.

Conclusion

Forced convection of water–Cu nanofluid in a micro-
channel under the influence of the magnetic field is
studied numerically. Slip velocity (Us) and tempera-
ture jump (�s) boundary conditions are considered
along the microchannel walls for different values of
slip coefficient such as B¼ 0.001, B¼ 0.01, and
B¼ 0.1. Hartmann number (Ha) is defined according
to fluid properties to be consistent with definitions of
Pr and Re; so the last term in right-hand side of equa-
tion (13) is developed.
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Figure 12. Num on the microchannel wall at different values of Ha, u, and B for Re¼ 10 (top), Re¼ 50 (middle), and Re¼ 100

(bottom).
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Magnetic field existence leads to the generation of
the Lorentz force in the opposite direction ofX. Hence,
higher Ha corresponds to less maximum of U at hori-
zontal centerline and higher fluid velocity adjacent to
the walls. As a result, the fully developed velocity pro-
file would change with Ha. Moreover, nanofluid tem-
perature increases along the microchannel as well as at
X¼ 0.8L and its temperature tends to that of the wall.

The effects of Hartmann number on slip velocity
and temperature jump of nanofluid through the
microchannel are studied for the first time in present
work. Us and �s start from their maximum values at
inlet and then mildly decrease with X and finally
approach to their related constant values along the
walls. It is seen that higher Ha corresponds to
higher Us as well as slip velocity is equal to 0.37 for
Ha¼ 0 (at B¼ 0.1) while it would be 0.62 and 0.74 for
Ha¼ 15 and Ha¼ 30, respectively. However, the
effects of Ha on �s would be negligible.

Larger slip coefficient increases slip velocity (Us)
and temperature jump (�s). However, this event
could be severely invigorated at higher Ha as:
Us¼ 0.05 and Us¼ 0.22 for Ha¼ 0 and Ha¼ 30 at
B¼ 0.01; in comparison with Us¼ 0.37 and
Us¼ 0.74 for Ha¼ 0 and Ha¼ 30 at B¼ 0.1.

Higher Reynolds number, slip coefficient, and
volume fraction enhance the Nusselt number; how-
ever, the effect of slip coefficient (B) at higher amounts
of magnetic field strength would be insignificant.
Nevertheless, an alternative approach to increase
Num for the fixed value of B could be by using a
greater magnetic field.
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Appendix

Notation

AR microchannel aspect ratio (¼L/H)
B nondimensional slip coefficient (¼	/h)
B0 magnetic field strength
Bc Boltzman constant (¼1.3807� 10�23J/K)
cp specific heat (J/kgK)
df molecular diameter of base fluid (nm)
dp nanoparticles diameter (¼10 nm)
h microchannel height (m)
H nondimensional microchannel height
Ha Hartmann number (¼B0h(�f/�f)

0.5)
k thermal conductivity (W/mK)
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l microchannel length (m)
L nondimensional microchannel length

(m)
LBF mean free path of base fluid (nm)
Nu Nusselt number
p pressure (Pa)
P nondimensional pressure
Pr Prandtl number (¼�f/�f)
Re Reynolds number (¼uih/�f)
T temperature (K)
TC temperature of cold inlet nanofluid (K)
TH temperature of hot walls (K)
u horizontal velocity (m/s)
ui nanofluid inlet velocity (m/s)
U nondimensional horizontal velocity
Us nondimensional slip velocity
v vertical velocity (m/s)
V nondimensional vertical velocity
x horizontal Cartesian coordinate (m)
X nondimensional horizontal Cartesian

coordinate
y vertical Cartesian coordinate (m)

Y nondimensional vertical Cartesian
coordinate

� thermal diffusivity (¼k/�cp m
2/s)

	 slip coefficient (m)
� dynamic viscosity (Ns/m2)
’ volume fraction of nanoparticles
� electrical conductivity (S/m)
� nondimensional temperature
�s nondimensional temperature jump
� density (kg/m3)
� kinematic viscosity (m2/s)

Subscripts

eff effective
f fluid
m averaged value
nf nanofluid
s solid
x local value in X-direction
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