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Abstract
In this paper, we analyze unsteady two dimensional hydromagnetic forced convection boundary layer flow of a viscous incompressible fluid along flat plates with
thermophoresis. The potential flow velocity has been taken as a function of the distance x and time t. The governing partial differential equations are transformed to
ordinary differential equation by applying local similarity transformation. The resulting similarity equations are then solved numerically for unsteady case, applying
Nachtsheim-Swigert shooting iteration technique with six order Runge-Kutta method. The variations in fluid velocity, fluid temperature and species concentration are
displayed graphically and discussed for different material parameters entering into
the analysis. The effects of the pertinent parameters on the skin-friction coefficient,
wall heat transfer coefficient and wall deposition flux rate are also displayed in tabulated form and discussed them from the physical point of view. An analysis of the
obtained results shows that the flow field is influenced appreciably by the magnetic
field parameter and the thermophoresis particle deposition.

Keywords
Forced Convection, Hydromagnetic Field, Similarity Solution, Unsteady,
Thermophoresis

1. Introduction
In recent years, the problems of forced convective boundary layer flow over flat plates
with thermophoresis under the influence of a magnetic field have been attracted the attention of a number of researchers because of their possible applications in many
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branches of science and technology, such as its applications in transportation cooling of
re-entry vehicles and rocket boosters, cross-hatching on ablative surfaces and film vaporization in combustion chambers. Forced convective boundary layer flows have a
great interest from both theoretical and practical point of views because of its vast and
significant applications in cosmic fluid dynamics, solar physics, geophysics, electronics,
paper production, wire and fiver coating, composite processing and storage system of
agricultural product etc.
A radiometric force by temperature gradient that enhances small micron sized particles moving toward a cold surface and away from the hot surface is termed as thermophoresis. The velocity caused by thermophoresis is called thermophoretic velocity.
Thermophoresis plays a significant role of transporting particles from hot fluid region
to the cold fluid region. This phenomenon has many engineering applications in removing small particles from gas streams, in determining exhaust gas particle trajectories from combustion devices, and in studying the particulate material deposition on
turbine blades. Thermophoresis principle is utilized to manufacture graded index silicon dioxide and germanium dioxide in the fabrication of optical fiber used in the field
of communications. Thermophoresis is also a key mechanism of study in semi-conductor technology especially in production of controlled high-quality wafer as well as in
production of magnetohydrodynamic (MHD) energy. Thermophoretic deposition of
radioactive particles is one of the major factors causing accidents in nuclear reactors.
The magnitudes of the thermophoretic force and velocity are proportional to the temperature gradient and depend on many factors like thermal conductivity of aerosol particles and carrier gas. Duwairi and Damesh [1] investigated the effects of thermophoresis particle deposition on mixed convection from vertical surfaces embedded in saturated porous medium. Adrian Postelnicu [2] studied the thermophersis partical deposition in natural convection over inclined surfaces in porous media. Due to practical importance of thermophoresis phenomenon, Goren [3] analyzed thermophoresis in laminar flow over a horizontal flat plate. He found the deposition of particles on cold
plate and particle free layer thickness in hot plate case. The deposition efficiency of
small particles due to thermophoresis in a laminar tube flow was calculated by Walker

et al. [4]. Rahman et al. [5] analyzed the local similarity solutions for unsteady two dimensional forced convective heat and mass transfer flow along a wedge with thermophoresis. Aldoss et al. [6] studied combined free and forced convection flow past a vertical plate embedded in a porous medium in the presence of a magnetic field. Ali et al.
[7] studied a case of similarity solution for unsteady laminar boundary layer flow in
curvilinear surface. Seth and Ansari [8] investigated unsteady hydromagnetic natural
convection flow of a viscous, incompressible, electrically conducting and heat absorbing fluid past an impulsively moving vertical plate with ramped temperature embedded
in a fluid saturated porous medium taking into account the effect of thermal diffusion.
Nandkeolyar and Das [9] studied unsteady MHD free convection flow of a heat absorbing dusty fluid past a flat plate with ramped wall temperature. Kim [10] considered
hydromagnetic natural convection flow past a vertical moving plate embedded in a
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porous medium. Ishak et al. [11] studied the steady laminar MHD boundary layer flow
along a wedge immersed in an incompressible micropolar fluid in the presence of a variable magnetic field. Elbashbeshy et al. [12] studied the effect of magnetic field on
boundary layer flow over an unsteady stretching surface in a micropolar fluid. Alam
and Chapal [13] introduced a new similarity approach for an unsteady two dimensional
forced convective flow of a micropolar fluid along a wedge. Jia et al. [14] studied the
interaction between radiation and thermophoresis in forced convection laminar boundary layer flow. Chiou [15] analyzed the effect of thermophoresis on submicron particle
deposition from a forced laminar boundary layer flow on to an isothermal moving plate
through similarity solutions. Selim et al. [16] studied the effect of thermophoresis and
surface mass transfer on mixed convection flow past a heated vertical flat permeable
plate. Seth and Sarker [17] considered the hydro magnetic natural convection flow with
induced magnetic field and nth order chemical reaction of a heat absorbing fluid past an
impulsively moving vertical plate with ramped temperature. Parvin et al. [18] studied
the effect of Prandtl number on forced convective flow and thermal field characteristics
inside an open cavity with porous wavy isothermal wall using water-CuO nanofluid.
Chamkha [19] studied unsteady hydromagnetic two dimensional convective laminar
boundary layer flow with heat and mass transfer of a viscous, incompressible, electrically conducting and temperature dependent heat absorbing fluid along a semi-infinite
vertical permeable moving plate in the presence of a uniform transverse magnetic field.
Jhankal and Kumar [20] have analyzed the MHD boundary layer flow past a stretching
plate with heat transfer. Bhattacharyya [21] discussed the mass transfer on a continuous
flat plate moving in a parallel or reversely to a free stream in the presence of a chemical
reaction. Kuiry and Bahadur [22] studied MHD flow of viscous fluid between two parallel porous plates with heat transfer in an inclined magnetic field. Khan et al. [23]
have analyzed the effects of magnetic field on radiative flow of a nanofluid past a stretching sheet. The effects of thermophoresis and internal heat generation/absorption on
MHD heat and mass transfer flow over an inclined radiate permeable surface were examined by Noor et al. [24]. Haddad et al. [25] experimentally investigated natural convection in nanofluid by considering the role of thermophoresis and Brownian motion
in heat transfer enhancement.
The objective of the present paper is to obtain a local similarity solution of an unsteady two dimensional hydromagnetic forced convective boundary layer flow of a
viscous incompressible fluid over flat plates with thermophoresis and be attempted to
investigate the effects of several involved parameters on the velocity, temperature, concentration and other flow parameters like the skin-friction coefficient, local Nusselt
number (wall heat transfer coefficient) and local Stanton number (wall deposition flux)
across the boundary layer.

2. Mathematical Analysis and Governing Equations of the
Problem
In this work, we considered the unsteady, laminar, hydromagnetic combined heat and
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mass transfer by forced convection flow along a flat plate. With x-axis measured along
the plate, a uniform magnetic field B0 is applied in the y direction which is normal to
the flow direction. A heat source is placed within the flow to allow for possible heat
generation effects. The fluid is assumed to be Newtonian, electrically conducting and
heat generating. The governing continuity, momentum, energy and diffusion equations
can be written as:

∂u ∂v
+
=
0
∂x ∂y

(1)

∂u
∂u
∂u
∂ 2u ∂U
∂U σ B02
+u
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+U
−
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∂t
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∂t
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ρ
∂y

(2)
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+v =
+
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∂C
∂C
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+u
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= D 2 − (VT C )
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(4)

where u , v are the velocity components in the x and y directions respectively, v is the
kinematic viscosity, g is the acceleration due to gravity, ρ is the density of the fluid,

β is the volumetric coefficient of thermal expansion. T , Tw and T∞ are the temperature of the fluid inside the thermal boundary layer, the plate temperature and the fluid
temperature in the free stream, respectively, while C , Cw and C∞ are the corresponding concentrations, σ is the electrical conductivity, B0 is the uniform magnetic field,
U is the free stream velocity , λg is the thermal conductivity of fluid, c p is the specific heat at constant pressure, Q0 is the heat generation coefficient, D is the molecular
diffusivity of the species concentration and VT is the thermophoretic velocity. The
thermophoretic velocity VT can be written as:
∇T
Kυ ∂T
− Kυ
=
−
VT =
Tref
Tref ∂y

(5)

where k is the thermophoretic coefficient and Tref is the reference temperature.
The appropriate boundary conditions for the above model are as follows:

u= U=

x
, v= 0, T= Tw , C= 0
t

and=
, T T∞ ,=
u 0=
C C∞

at y= 0

(6)
(7)

as y → ∞

The continuity Equation (1) is satisfied by introducing the stream function ψ ( x, y )
such that u =

∂ψ
∂ψ
,v= −
∂y
∂x

(8)

The momentum, energy and diffusion Equations (2)-(4) can be transformed to the
corresponding ordinary differential equations by introducing the following similarity
transformations:

=
x ξ=
, t τ ,=
η y

1
2ν
f (η ) , θ (=
,=
ψ x
η)
t
2ν t

(T − T∞ ) , φ =
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C
x
=
f′
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(9)
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The momentum, energy and diffusion Equations (2)-(4) after some simplifications,
reduce to the following forms:

f ′′′ + (η + 2 f ) f ′′ − 2 f ′2 + ( 2 − M ) f ′ =
0
θ ′′ + Pr ( 2 f + η ) θ ′ + PrQθ =
0
0
φ ′′ + Sc (η + 2 f ) φ ′ − Sc (φθ ′′ + φ ′θ ′ ) Ta =

where, Pr (Prandtl number) =

γρ c p
λg

σ B02 2τ
ρ
Q 2τ
Q (Modified local heat generation Parameter) = 0
ρcp

ν
D

Ta (Thermophoretic Parameter) = −

(11)
(12)
(13)

M (Modified Local Magnetic field Parameter) =

Sc (Schmidt number) =

(10)

(14)
(15)
(16)

k (Tw − T∞ )

(17)

Tref

The corresponding boundary conditions are:
=
f 0, =
f ′ 1,=
θ 1,=
φ 0

and =
θ 0, =
φ 1
f ′ 0,=

as=
η 0
as η → ∞

(18)
(19)

where the prime ( ' ) denotes differentiation with respect to η .
The Prandtl number (Pr) or Prandtl group is a dimensionless number and is defined
as the ratio of momentum diffusivity to thermal diffusivity. The Prandtl number contains no such length scale in its definition and is dependent only on the fluid and the
fluid state. As such, the Prandtl number is often found in property tables alongside
other properties such as viscosity and thermal conductivity. For most gases over a wide
range of temperature and pressure, Pr is approximately constant. Therefore, it can be
used to determine the thermal conductivity of gases at high temperatures, where it is
difficult to measure experimentally due to the formation of convection currents. Small
values of the Prandtl number, Pr  1 , means the thermal diffusivity dominates. Whereas with large values, Pr  1 , the momentum diffusivity dominates the behavior. In
heat transfer problems, the Prandtl number controls the relative thickness of the momentum and thermal boundary layers. When Pr is small, it means that the heat diffuses
quickly compared to the velocity (momentum). This means that for liquid metals the
thickness of the thermal boundary layer is much bigger than the velocity boundary
layer. The mass transfer analog of the Prandtl number is the Schmidt number.
Schmidt number (Sc) is a dimensionless number with important applications to
transport phenomena and is defined as the ratio of momentum diffusivity (viscosity)
and mass diffusivity and is used to characterize fluid flows in which there are simultaneous
momentum and mass diffusion convection processes. It physically relates the relative
thickness of the hydrodynamic layer and mass-transfer boundary layer.
Thermophoretic parameter is a phenomenon observed in mixtures of mobile par1760
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ticles where the different particle types exhibit different responses to the force of a
temperature gradient. Thermophoretic force has been used in commercial precipitators
for applications similar to electrostatic precipitators. It is exploited in the manu-facturing of optical fiber in vacuum deposition processes. It can be important as a transport mechanism in fouling.
Magnetic field Parameter is a dimensionless number used in magneto fluid dynamics,
equal to the product of the square of the magnetic permeability, the square of the magnetic field strength, the electrical conductivity and a characteristic length, divided by
the product of the mass density and the fluid velocity. Magnetic fields can be produced
by moving electric charges and the intrinsic magnetic moments of elementary particles
associated with a fundamental quantum property. Magnetic field lines would start or
end on magnetic monopoles, so if they exist, they would give exceptions to the rule that
magnetic field lines neither start nor end.
A heat generation site is a structure where heat is generated for distribution to other
structures and its parameter is known as heat generation parameter. The power consumption and the heat generation in metal cutting processes are dependent on a combination of the physical and chemical properties of the work piece material and cutting
tool material, cutting conditions and the cutting tool geometry.

Important Physical Parameters
The skin-friction coefficient, local Nusselt number (wall heat transfer coefficient), and
local Stanton number (wall deposition flux):
The parameters of engineering interest for the present problem are the skin-friction
coefficient, local Nusselt number and the local Stanton number which indicate physically wall shear stress, rate of heat transfer and wall deposition flux respectively. These
can be obtained from the following expressions:
A dimensionless skin-friction coefficient expressing the proportionality between the
frictional force per unit area, or the shearing stress exerted by the wind at the earth's
surface, and the square of the surface wind speed. Skin friction coefficient is a component of parasitic drag that occurs differently depending on the type of flow over the
lifting body (laminar or turbulent). Just like any other form of drag, the coefficient of
skin friction drag is calculated with various equations and measurements depending on
the flow and then added to coefficients of other forms of drag to calculate total drag.
The skin-friction coefficient is given by
1

2
Cf x ( Re=
x)

τ

w
f ′′ ( 0 ) ,
=
ρu 2

 ∂u 
=
τw µ  
 ∂y  y =0

(20)

In heat transfer at a boundary (surface) within a fluid, the local Nusselt number is the
ratio of convective to conductive heat transfer across (normal division by its area then
takes care of the local factor and the normalization). The local Nusselt number analog
has on occasion been used to actually.
The local Nusselt number may be written as
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2 Nu x ( Rex )

−

1
2

 ∂T 
2 xqw
=
=
−θ ′ ( 0 ) , qw =
−λg 

(Tw − T∞ ) λg
 ∂y  y =0

(21)

The local Stanton number is a dimensionless number that measures the ratio of heat
transferred into a fluid to the thermal capacity of fluid. This number arises in the consideration of the geometric similarity of the momentum boundary layer and the thermal boundary layer, where it can be used to express a relationship between the shear
force at the wall (due to viscous drag) and the total heat transfer at the wall (due to
thermal diffusivity).
The Stanton number can be written as
1
 ∂C 
J
φ ′ (0) , J s =
− s =
−D 
St x Sc ( Rex ) 2 =

uC∞
 ∂y  y =0

(22)

where, τ w is the wall shear stress on the surface, qw be the rate of heat transfer and
J s be the rate of transfer of species concentration.

3. Numerical Solution
The set of ordinary differential Equations (10) to (12) with boundary conditions (18)
and (19) are nonlinear and coupled. A standard initial value solver i.e., the shooting
method is used to solve these equations numerically. For this purpose we applied the
Nacthsheim-Swigert iteration technique (Nachtsheim and Swigert, 1965) [26]. In the
process of iteration the velocity, temperature and concentration profile, the skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfer coefficient), θ ′ ( 0 )
and local Stanton number (wall deposition flux), φ ′ ( 0 ) are evaluated. The numerical
results obtained for several selected values of the established parameters are displayed
in graphs and tables below. These graphs and tables show that velocity, temperature,
concentration, wall heat transfer coefficient, wall deposition flux and the skin-friction
coefficient are affected significantly with the variations of the considered controlling
parameters.

4. Results and Discussion
In order to investigate the physical representation of the problem, the numerical values
of velocity field ( f ′ ), temperature field ( θ ) and concentration ( φ ) have been computed for resultant for various physical parameters like local heat generation parameter,
Schmidt parameter, local magnetic field parameter and thermophoretic parameter. The
parameters are chosen arbitrarily where Pr = 0.71 corresponds physically to air at 20˚C,
Pr = 1.10 corresponds to electrolyte solution such as salt water and Pr = 7.0 corresponds to water, and Sc = 0.30 for helium and Sc = 0.60 water vapor at approximate
25˚C and 1 atmosphere. In order to get clear insight into the physics of the problem, a
representative set of numerical results are shown graphically in Figures 1-15.

4.1. Velocity Profiles
The dimensionless velocity profiles for the influence of various physical parameters are
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Figure 1. Effect of dimensionless velocity profiles across the boundary
layer for different values of M and for Pr = 0.71, Q = 2.50, Sc = 0.60,
Ta = 0.50.

Figure 2. Effect of dimensionless velocity profiles across the boundary
layer for different values of Pr and for M = 1.50, Q = 2.50, Sc = 0.60,
Ta = 0.50.

presented in Figures 1-15.
Figure 1 presents typical profiles for the velocity for various values of the local magnetic field parameter, M. The presence of a magnetic field normal to the flow in an
electrically conducting fluid introduces a Lorentz force which acts against the flow. This
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Figure 3. Effect of dimensionless velocity profiles across the boundary
layer for different values of Q and for M = 1.50, Pr = 0.71, Sc = 0.60,
Ta = 0.50.

Figure 4. Effect of dimensionless velocity profiles across the boundary
layer for different values of Sc and for M = 1.50, Pr = 0.71, Q = 2.50,
Ta = 0.50.

resistive force tends to slow down the flow and hence the fluid velocity decreases with
the increase of the local magnetic field parameter as observed in Figure 1. Higher the
Lorentz force lesser is the velocity. This is true for steady and unsteady cases. This result qualitatively agrees with the expectations, since the magnetic field exerts a retarding
1764
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Figure 5. Effect of dimensionless velocity profiles across the boundary
layer for different values of Ta and for M = 1.50, Pr = 0.71, Q = 2.50,
Sc = 0.60.

Figure 6. Effect of dimensionless temperature profiles across the
boundary layer for different values of M and for Pr = 0.71, Q = 2.50,
Sc = 0.60, Ta = 0.50.

force on the forced convection flow.
Due to forced convection flow, the Prandtl number Pr affects the velocity distribution. Figure 2 represents the dimensionless velocity profiles for several values of the
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M. J. Uddin, M. Y. Ali

Figure 7. Effect of dimensionless temperature profiles across the
boundary layer for different values of Pr and for M = 1.50, Q = 2.50,
Sc = 0.60, Ta = 0.50.

Figure 8. Effect of dimensionless temperature profiles across the
boundary layer for different values of Q and for M = 1.50, Pr = 0.71,
Sc = 0.60, Ta = 0.50.

Prandtl number Pr, the velocity along the plate decreases with increase in Pr. It is evident from the decrease in the velocity profiles along x-direction and y-direction respectively as Pr increases that, the fluid’s velocity components decrease at every point above
1766
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Figure 9. Effect of dimensionless temperature profiles across the
boundary layer for different values of Sc and for M = 1.50, Pr = 0.71,
Q = 2.50, Ta = 0.50.

Figure 10. Effect of dimensionless temperature profiles across the
boundary layer for different values of Ta and for M = 1.50, Pr = 0.71,
Q = 2.50, Sc = 0.60.

the surface.
Figure 3 displays the effects of the heat generation parameter Q on the velocity component. This is represented in the increases the fluid velocity as the heat generation parameter Q increases, as seen from Figure 3. This is expected since heat generation (Q >
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Figure 11. Effect of dimensionless concentration profiles across the
boundary layer for different values of M and for Pr = 0.71, Q = 2.50,
Sc = 0.60, Ta = 0.50.

Figure 12. Effect of dimensionless concentration profiles across the
boundary layer for different values of Pr and for M = 1.5, Q = 2.50, Sc =
0.60, Ta = 0.50.

0) causes the thermal boundary layer to become thicker and the fluid become warmer.
The influences of the Schmidt number, Sc on the velocity profiles are plotted in Figure 4. The Schmidt number embodies the ratio of the momentum to the mass diffusivity.
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Figure 13. Effect of dimensionless concentration profiles across the
boundary layer for different values of Q and for M = 1.5, Pr = 0.71, Sc =
0.60, Ta = 0.50.

Figure 14. Effect of dimensionless concentration profiles across the
boundary layer for different values of Sc and for M = 1.5, Pr = 0.71, Q =
2.50, Ta = 0.50.

The Schmidt number therefore quantifies the relative effectiveness of momentum and
mass transport by diffusion in the hydrodynamic (velocity). As the Schmidt number
1769
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Figure 15. Effect of dimensionless concentration profiles across the
boundary layer for different values of Ta and for M = 1.5, Pr = 0.71, Q =
2.50, Sc = 0.60.

increases the velocity increases.
Figure 5 exhibits the behavior of dimensionless velocity profiles for some the values
of the thermophoretic parameter Ta. From this figure it is clear that the fluid velocity
increases rapidly with the increase of the thermophoretic parameter Ta.

4.2. Temperature Profiles
The dimensionless temperature profiles are presented in Figures 6-10.
For different values of the magnetic field parameter M on the temperature profiles
are plotted in Figure 6. It is observed that the temperature profile slightly decrease with
the increase of magnetic field parameter. Therefore, an applied magnetic field can be
used to control the flow, rotation of micro-constituents and heat transfer characteristics.
Figure 7 illustrates the temperature profiles for different values of the Prandtl number Pr.
Prandtl number defines the relative effectiveness of the momentum transport by diffusion in the hydrodynamic boundary layer to the energy transported by thermal diffusion in the thermal boundary layer. According to the definition of Prandtl number high

Pr fluids possess lower thermal conductivities which reduce the conduction heat transfer and increases temperature variations at the wall. The Prandtl number defines the ratio of momentum diffusivity to thermal diffusivity. This figure reveals that an increase
in Prandtl number Pr results in a decrease in the temperature distribution, because,
thermal boundary layer thickness decreases with an increase in Prandtl number, Pr.
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From Figure 8, we observe that when the value of the heat generation parameter, Q
increases, the temperature distribution also increases significantly which implies that
owing to the presence of a heat source, the thermal state of the fluid increases causing
the thermal boundary layer to increase.
The influence of the Schmidt number on the temperature is presented in Figure 9.
From this fig. we see that the temperature monotonically decreases with an increase of
Schmidt number, Sc.
The dimensionless temperature profiles along x-direction for different values of Ta
are presented in the Figure 10 and also showing the effects of the thermophoretic parameter, Ta. It is observed that the temperature profiles decrease with the increase of
the thermophoretic parameter, Ta.

4.3. Concentration Profiles
In order to gain physical insight of the problem, the numerical results for the dimensionless concentration profiles have been presented graphically in Figures 11-15.
The effect of the local magnetic field parameter (M) on concentration fields have
shown in Figure 11. In Figure 11, the effect of an applied magnetic field is found to
decrease the concentration profiles, and hence increase the concentration boundary
layer with the increasing of magnetic field parameter (M).
From Figure 12, we can ascertain that the isotherms are almost linear and distributed inside the cavity for Pr = 0.71, which is due to the combined effect of conduction
and forced convection. From this Figure 12, we observe that the temperature profiles
increase swiftly with the increase of the Prandtl number (Pr).
In Figure 13, we have plotted the variation of the dimensionless concentration distribution for different values of Q and also showing the effects of the local heat generation parameter Q. It is seen from Figure 13 that when the heat is generated, the
buoyancy force increase, which induces the flow rate to increase giving, rises to the increase in the concentration profiles. On the other hand, we see that the concentration
profiles increase rapidly while the concentration boundary layer decreases as the heat
generation parameter Q increases.
Figure 14 displays the variation of dimensionless concentration profiles for several
value of Schmidt number, Sc. The Schmidt number embodies the ratio of the momentum to the mass diffusivity. The Schmidt number therefore quantifies the relative effectiveness of momentum and mass transport by diffusion in the concentration (species)
boundary layers. As the Schmidt number increases the concentration also increases.
This causes the concentration buoyancy effects to increase yielding a reduction in the
fluid velocity.
The effect of the thermophoretic parameter (Ta) on concentration field is presented
in the Figure 15. From Figure 15, it is noticed that the effect of increasing the thermophoretic parameter (Ta) increasing slightly the wall slope of the concentration profiles.

The skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfer coeffi1771
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cient), θ ′ ( 0 ) and local Stanton number (wall deposition flux), φ ′ ( 0 ) are important
physical parameters .These tables are given below.
The numerical results are illustrated in Tables 1-5 for the effect of various parameters on the Skin-friction coefficient, local Nusselt number, and local Stanton number.
From Table 1, it is clear that the Skin-friction coefficient and the local Nusselt number
increases while the local Nusselt number decreases with the increases of the local Magnetic field parameter (M). From Table 2 and Table 5, it is clear that the Skin-friction
Table 1. Skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfer coefficient),
θ ′ ( 0 ) and local Stanton number (wall deposition flux), φ ′ ( 0 ) for different values of M.
M

− f ′′ ( 0 )

θ ′ ( 0)

φ ′ ( 0)

0.25

1.0235046

0.84207159

0.9578218

1.50

1.4691122

1.51357670

0.9232827

3.50

2.0202887

3.22451048

0.8829878

5.50

2.4603553

7.07822666

0.8280733

Table 2. Skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfer coefficient),
θ ′ ( 0 ) and local Stanton number (wall deposition flux), φ ′ ( 0 ) for different values of Pr.
Pr

− f ′′ ( 0 )

θ ′ ( 0)

φ ′ ( 0)

0.71

1.4675186

1.51179868

0.9237007

1.10

1.4674663

1.02651915

0.9307509

4.00

1.4672230

0.18606617

0.9364918

7.00

1.4665497

0.13633085

0.9408721

Table 3. Skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfercoefficient),
θ ′ ( 0 ) and local Stanton number (wall deposition flux), φ ′ ( 0 ) for different values of Q.
Q

− f ′′ ( 0 )

θ ′ ( 0)

φ ′ ( 0)

0.50

1.4685408

0.78715171

0.9274211

2.50

1.4615275

1.50462781

0.9253480

4.00

1.4590538

1.74655398

0.9126801

6.00

1.4498124

2.96491001

0.9077078

Table 4. Skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfer coefficient),
θ ′ ( 0 ) and local Stanton number (wall deposition flux), φ ′ ( 0 ) for different values of Sc.

1772

Sc

− f ′′ ( 0 )

θ ′ ( 0)

φ ′ ( 0)

0.30

1.4287004

1.50871980

0.6104537

0.60

1.4460197

1.41001477

0.9241163

5.00

1.4610567

1.38990800

2.6736081

8.00

1.4890560

1.19356201

2.8391696
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Table 5. Skin-friction coefficient, f ′′ ( 0 ) , local Nusselt number (wall heat transfer coefficient),
θ ′ ( 0 ) and local Stanton number (wall deposition flux), φ ′ ( 0 ) for different values of Ta.
Ta

− f ′′ ( 0 )

θ ′ ( 0)

φ ′ ( 0)

0.50

1.9630242

1.50642932

0.9249399

2.50

1.6714498

1.49926073

1.0377505

4.50

1.3148420

1.07243777

1.1858530

6.50

1.2630476

0.50280036

1.5711148

coefficient and the local Nusselt number decrease while the local Nusselt number increases with the increase of the Prandtl number (Pr) and the Thermophoretic parameter (Ta) respectively. For the the increases of local heat generation parameter (Q), the
Skin-friction coefficient and the local Stanton number decrease while the local Nusselt
number inccreases in Table 3. In Table 4 revels that the Skin-friction coefficient and
the local Stanton number increase while the local Nusselt number decrease with the increase of Schmidt number (Sc).
In the presence of a magnetic field, the fluid velocity is found to be decreased, associated with a reduction in the velocity gradient at the wall, and thus the local skin-friction coefficient decreases. Also, the applied magnetic field tends to decrease the wall
temperature gradient and concentration gradient, which yield a decrease the local Nusselt number and the local Stanton number. The local skin friction coefficient as well as
rate of heat transfer in the micropolar fluid is lower compared to that of the Newtonian
fluid. The above table is highly significant influences of on skin friction, the rate of heat
transfer and wall deposition flux have been found which can be physically realizable.

5. Conclusions
In this paper, we have discussed the effects of thermophoresis on an unsteady two dimensional forced convective heat and mass transfer boundary layer flow over flat plates.
The results are analyzed for various physical parameters such as local magnetic field
parameter, Prandtl number, Schmidt number, local heat generation parameter, magnetic parameter, thermophoretic parameter, heat and mass transfer characteristics. The
numerical results have been presented in the form of graphs and tables. The particular
conclusions drawn from this study can be listed as follows:
• Thermophoretic particle deposition velocity decreases with the increasing values of
the thermophoretic coefficient and concentration ratio where as it increases with the
increasing values of the thermophoresis parameter.
• The plate couple stress increases with the increase values of the magnetic field parameter.
• Magnetic field significantly controls the flow, rotation of micro-constituents and
heat transfer characteristics of a micropolar fluid.
• Magnetic field retards the motion of the fluid.
• Thermophoresis is an important mechanism of micro-particles transport due to a
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•
•
•

•
•

temperature gradient in the surrounding medium and has found numerous applications, especially in the field of aerosol technology and industrial air pollution.
The Prandtl number as well as the Schmidt number varies significantly within the
boundary layer when the thermal conductivity is temperature dependent.
In forced convection regime, the surface mass flux increases with the increase of the
thermophoretic parameter.
The local skin friction coefficient, Nusselt number and Sherwood number are higher
for the fluids of constant electric conductivity than those of the variable electric
conductivity.
The velocity profiles increase whereas temperature profiles decrease with an increase of the forced convection current.
Concentration within the boundary-layer decreases with the increasing values of the
thermophoretic parameter whereas it increases as increases the thermophoretic
coefficient as well as the concentration ratio.

References

1774

[1]

Duwairi, H.M. and Damesh, R.A. (2008) Effects of Thermophoresis Particle Deposition on
Mixed Convection from Vertical Surfaces Embedded in Saturated Porous Medium. International Journal of Numerical Methods for Heat & Fluid Flow, 18, 202-216.
http://dx.doi.org/10.1108/09615530810846347

[2]

Postelnicu, A. (2012) Thermophersis Partical Deposition in Natural Convection over Inclined Surfaces in Porus Media. International Journal of Heat and Mass Transfer, 55, 20872094. http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.12.011

[3]

Goren, S.L. (1977) Thermophoresis of Aerosol Particles in the Laminar Boundary Layer on
a Flat Surface. Journal of Colloid and Interface Science, 61, 77-85.
http://dx.doi.org/10.1016/0021-9797(77)90416-7

[4]

Walker, K.L., Homsy, G.M. and Geying, F.T. (1979) Thermophoretic Deposition of Small
Particles in Laminar Tube. Journal of Colloid and Interface Science, 69, 138-147.
http://dx.doi.org/10.1016/0021-9797(79)90088-2

[5]

Rahman, M.M., Alam, M.S. and Chowdhury, M.K. (2012) Local Similarity Solutions for
Unsteady Two Dimensional Forced Convective Heat and Mass Transfer Flow along a Wedge with Thermophoresis. International Journal of Applied Mathematics and Mechanics, 8,
96-112.

[6]

Aldoss, T.K., Al-Nimr, M.A., Jarrah, M.A. and Al-Shaer, B.J. (1995) Magnetohydrodynamic
Mixed Convection from a Vertical Plate Embedded in a Porous Medium, Numer. Heat
Transfer, 28, 635-645. http://dx.doi.org/10.1080/10407789508913766

[7]

Ali, M.Y. and Hafez, M.G. (2012) A Case of Similarity Solution for Unsteady Laminar
Boundary Layer Flow in Curvilinear Surface. ARPN Journal of Engineering and Applied
Science, 7, 731-739.

[8]

Seth, G.S. and Ansari, M.S. (2010) MHD Natural Convection Flow Past an Impulsively
Moving Vertical Plate with Ramped Wall Temperature in the Presence of Thermal Diffusion with Heat Absorption. International Journal of Applied Mechanics and Engineering,
15, 199-215.

[9]

Nandkeolyar, R. and Das, M. (2013) Unsteady MHD Free Convection Flow of a Heat Absorbing Dusty Fluid Past a Flat Plate with Ramped Wall Temperature. Afrika Matematika,
25, 779-798. http://dx.doi.org/10.1007/s13370-013-0151-9

M. J. Uddin, M. Y. Ali
[10] Kim, Y.J. (2000) Unsteady MHD Convective Heat Transfer past a Semi-Infinite Vertical
Porous Moving Plate with Variable Suction. International Journal of Engineering Science,
38, 833-845. http://dx.doi.org/10.1016/S0020-7225(99)00063-4
[11] Ishak, A., Nazar, R. and Pop, I. (2008) MHD Boundary Layer Flow of a Micropolar Fluid
Past a Wedge with Variable Wall Temperature. Acta Mechanica, 196, 75-86.
http://dx.doi.org/10.1007/s00707-007-0499-8
[12] Elbashbeshy, E.M.A., Bazid, M.A. and Aldawody, D.A. (2011) Effect of Magnetic Field on
Boundary Layer Flow over an Unsteady Stretching Surface in a Micropolar Fluid. International Journal of Heat and Technology, 29, 69-74.
[13] Alam, M.S. and Chapal Hossain, S.M. (2013) A New Similarity Approach for an Unsteady
Two Dimensional Forced Convective Flow of a Micropolar Fluid along a Wedge. International Journal of Applied Mathematics and Mechanics, 9, 75-89.
[14] Jia, G., Cipolla, J.W. and Yener, Y. (1992) Thermophoresis of a Radiating Aerosol in Laminar Boundary Layer Flow. Journal of Thermophysics and Heat Transfer, 6, 476-482.
http://dx.doi.org/10.2514/3.385
[15] Chiou, M.C. and Cleaver, J.W. (1996) Effect of Thermophoresis on Submicron Particle
Deposition from a Laminar Forced Convection Boundary Layer Flow on to an Isothermal
Cylinder. Journal of Aerosol Science, 27, 1155-1167.
http://dx.doi.org/10.1016/0021-8502(96)00045-6
[16] Selim, A., Hossain, M.A. and Rees, D.A.S. (2003) The Effect of Surface Mass Transfer on
Mixed Convection Flow Past a Heated Vertical Flat Permeable Plate with Thermophoresis.
International Journal of Thermal Sciences, 42, 973-982.
http://dx.doi.org/10.1016/S1290-0729(03)00075-9
[17] Seth, G.S. and Sarker, S. (2015) Hydromagnetic Natural Convection Flow with Induced
Magnetic Field and nth Order Chemical Reaction of a Heat Absorbing Fluid Past an Impulsively Moving Vertical Plate with Ramped Temperature. Bulgarian Chemical Communications, 47, 66-79.
[18] Parvin, S., Nasrin, R., Alim, M.A. and Hossain, N.F. (2013) Effect of Prandtl Number on
Forced Convection in a Two Sided Open Enclosure Using Nanofluid. Journal of Scientific
Research, 5, 67-75.
[19] Chamkha, A.J. (2004) Unsteady MHD Convective Heat and Mass Transfer past a Semi-Infinite Vertical Permeable Moving Plate with Heat Absorption. International Journal of Engineering Science, 42, 217-230. http://dx.doi.org/10.1016/S0020-7225(03)00285-4
[20] Jhankal, A.K. and Kumar, M. (2013) MHD Boundary Layer Flow Past a Stretching Plate
With Heat Transfer. International Journal of Engineering Science, 2, 9-13.
[21] Bhattacharyya, K. (2012) Mass Transfer on a Continuous Flat Plate Moving in Parallel or
Reversely to a Free Stream in the Presence of a Chemical Reaction. International Journal of
Heat and Mass Transfer, 55, 3482-3487.
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.03.005
[22] Kuiry, D.R. and Bahadur, S. (2015) Steady MHD Flow of Viscous Fluid between Two Parallel Porous Plates with Heat Transfer in an Inclined Magnetic Field. Journal of Scientific
Research, 7, 21-31. http://dx.doi.org/10.3329/jsr.v7i3.22574
[23] Khan, M.S., Alam, M.M. and Ferdows, M. (2013) Effects of Magnetic Field on Radiative
Flow of a Nanofluid Past a Stretching Sheet. Procedia Engineering, 56, 316-322.
http://dx.doi.org/10.1016/j.proeng.2013.03.125
[24] Noor, N.F.M., Abbasbandy, S. and Hashim, I. (2012) Heat and Mass Transfer of Thermophoretic MHD Flow over an Inclined Radiate Isothermal Permeable Surface in the Presence
1775

M. J. Uddin, M. Y. Ali
of Heat Source/Sink. International Journal of Heat and Mass Transfer, 55, 2122-2128.
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.12.015
[25] Haddad, Z., Nada, A., Oztop, F. and Mataoui, A. (2012) International Journal of Thermal
Sciences, 57, 152-162. http://dx.doi.org/10.1016/j.ijthermalsci.2012.01.016
[26] Khaleque, S.T. and Samad, M.A. (2010) Effects of Radiation, Heat Generation and Viscous
Dissipation on MHD Free Convection Flow along a Stretching Sheet. Research Journal of
Applied Sciences, Engineering and Technology, 2, 368-377.

Submit or recommend next manuscript to SCIRP and we will provide best service
for you:
Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service
User-friendly online submission system
Fair and swift peer-review system
Efficient typesetting and proofreading procedure
Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact jamp@scirp.org
1776

