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ABSTRACT

The present analysis is to study the boundary layer flow of an incompressible, steady combined
free-forced convection and mass transfer flow over a vertical porous plate embedded in a porous
medium with the effects of heat source/sink, suction/injection and thermal diffusion under the
influence of magnetohydrodynamics. The uniform magnetic field is applied along the plate. With the
help of similarity transformations the partial differential equations are transformed into a coupled
non-linear ordinary differential equations, which are solved numerically by applying the implicit finite
difference scheme known as Keller Box method. The effects of physical parameters on velocity,
temperature and concentration profiles are illustrated graphically showing the effects of the different
parameter values of the magnetic field, suction, local heat source/sink, permeability parameters,
Soret number and Schmidt number. Finally, the numerical data for the local skin friction
coefficient, the coefficient of local Nusselt number and coefficient of local Sherwood numbers also
have been tabulated.

*Corresponding author: E-mail: kpskalyani_1996@yahoo.com;
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1. INTRODUCTION

Several studies have been found to analyze the
influence of the combined heat and mass
transfer process by convection in a porous
medium, owing to its wide applications, such as
development of advanced technologies for
nuclear waste management, hot dike complexes
in volcanic regions for heating of ground water,
separation process in chemical engineering etc,.
This can be attributed to the great interest of
many researchers to estimate the heat and fluid
flow rates and behavior through enclosed in
various geometries. More applications and good
understanding of the subject are given in the
work of Nield and Bejan [1]. When heat and
mass transfer occur simultaneously in a moving
fluid, the relation between the fluxes and the
driving potentials are of more intricate nature. It
has been found that an energy flux can be
generated not only by temperature gradients but
by composition gradients as well. The energy flux
caused by a composition gradient is called the
Dufour or diffusion-thermo effect. On the other
hand, mass fluxes can also be created by
temperature gradient and this is the Soret or
thermal—diffusion effect. These effects are
considered as second-order phenomena, on the
basis that they are of smaller order of magnitude
than the effects described by Fourier's and Fick’'s
laws. In view of the importance of these above
mentioned effects, Dursukanya Z. and Worek [2]
studied Diffusion thermo- thermal diffusion
effects in transient and steady natural convection
from vertical surface whereas Kafoussias N.G.
and William [3] studied the same effects on
mixed convective and mass transfer boundary
layer flow with temperature dependent viscosity.
Partha et al. [4] studied the effects of magnetic
and mass transport considering the Soret Dufour
effects in non-Darcy porous medium.

In many metallurgical processes involving
cooling of continuous strips, the rate of cooling
can be controlled by the use of electrically effects
is followed in some physical problems such fluids
undergoing exothermic or endothermic chemical
reactions. The study of convective flow with heat
and mass ftransfer under the influence of
magnetic field heat source/sink has practical
applications in many areas of science and
engineering. This phenomenon plays an
important role in chemical industry, petroleum
industry, cooling of nuclear reactors and packed-
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bed catalytic reactors. In this direction, Vajrvelu
and Nayfeh [5] studied the hydromagnetic
convection at a cone and at a wedge in presence
of temperature-dependent heat generation and
absorption effect. Chamkha [6] later examined
the effect of heat generation or absorption on
hydromagnetic three dimensional free convection
flow over a vertical stretching surface. The MHD
free convection and mass transfer flow with Hall
current, viscous dissipation, joule heating and
thermal diffusion is studied by Singh. A. K. [7].
B. Shanker and N. Kishan [8] studied the effect
of mass transfer on the MHD flow past an
impulsively started infinite plate with temperature.
In recent years it has been proposed to alter flow
kinematics that it leads to a slower rate of
solidification as compared with water. To control
flow parameters one of the technique is the idea
of applying the magnetic field on the most
attractive one to both because of (i) its easy of its
implementation (ii) its intrusive nature. In fluid
mechanics the properties desired for an outcome
of such a process would mainly depend on two
aspects one is the rate of cooling of liquid used
and other is rate of stretch. The rate of cooling
and the desired properties of the end product can
be controlled by the use of electrically conducting
fluid and applications of magnetic fields. The
magnetic field applications can be used in the
process of purification of molten metals from
non-metallic inclusions Rahman and Sattar [9]
have investigated the effect of heat generation or
absorption on convective flow of micropolar fluid
past a continuously moving vertical porous plate
in presence of magnetic field. Ibrahim et al. [10]
studied the effect of chemical reaction and
radiation absorption on the unsteady MHD free
convection flow past a semi-infinite vertical
permeable moving plate with heat source and
suction. Hunegnaw and Kishan [11,12] studied
the influence of the MHD on a steady and
unsteady convective heat transfer, past a
stretching sheet embedded in a porous medium
by taking into the effects variable viscosity, heat
source/sink, viscous dissipation, chemical
reaction. The influence of magnetic field on heat
and mass transfer by natural convection from
vertical surfaces in porous media with Soret and
Dufour effects has been carried out by Postelnicu
[13]. R Ellahi, S Aziz, A Zeeshan [14] studied
Non-Newtonian nano fluids through porous
medium with heat transfer and variable viscosity.
Ahammad and Mollah [15] performed the MHD
free convection flow and mass transfer problem
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over a stretching sheet considering Dufour and
Soret effects with magnetic field.

Alam et al. [16] investigated the numerical study
of mixed convection and mass transfer flow past
a vertical porous plate in a porous medium in the
presence of heat generation and thermal
diffusion. Raptis and Perdikis [17] investigated
viscous flow for a non-linearly stretching sheet
with chemical reaction and magnetic field.
Samad et al. [18] studied natural convection flow
through a porous medium considering the effect
of magnetic field with thermal radiation, viscous
dissipation and variable suction. Alam and
Rahman [19] studied the mixed convection flow
past a vertical porous plate with variable suction
an the effects of Dufour and Soret. Study of
stream wise transverse magnetic fluid flow with
heat transfer around a porous obstacle is
analysed by S. Rashidi et al. [20]. BS Malga, N
Kishan [21] studied the finite element analysis for
unsteady MHD heat and mass transfer free
convection flow of polar fluids past a vertical
moving plate in a porous medium with heat
generation and thermal diffusion. Recently Alam
et al. [22] studied the mixed convection and
mass transfer flow apart a semi-infinite vertical
porous flat plat embedded in a porous medium.
Sheikholeslami. M, Ellahi. R. et al. [23] studied
the effects of heat transfer in flow of nanofluids
over a permeable stretching. R. Ellahi [24]
studied the MHD and temperature dependent
viscosity of non-Newtonian nanofluid in a pipe.

In the present study is to investigate the
influence of magneto hydrodynamics on
combined free-forced convection and mass
transfer flow past a semi-infinite vertical porous
flat plate embedded in a porous medium with the
effects of heat source/sink and thermal diffusion.
The non-linear partial differential equations are
reduced to a system of coupled linear equations
by using the suitable transformation and then
solved by the implicit finite difference method
called Keller Box.

2. MATHEMATICAL ANALYSIS

A two-dimensional steady combined free-forced
convective and mass transfer flow of a viscous,
incompressible fluid over an isothermal semi-
infinite vertical porous flat plate embedded in a
porous medium is considered. The flow is
assumed to be in the x-direction, which is taken
along the vertical plate in the upward direction
and the y-axis is taken to be normal to the plate.
The surface of the plate is maintained at a
uniform constant temperature T,, and a uniform

constant concentration C, of a foreign fluid,
which are higher than the corresponding values
T. and C. respectively, sufficiently far away from
the flat surface. It is also assumed that the free
stream velocity U.., parallel to the vertical plate is
constant. Then under the boundary layer and
Boussinesq’s approximations, the governing
equations are given by:-

ou v
wta =0 (1)
ou v 0%u, w
ua+v5—vm+gﬁ(T—Tw)+gﬁ (c-c.)
_YVoy — 0B’
= u, (2)
L
uax+vay_pcpay2+pcp(T T.), 3)
wXtyX=p aZ—C+D o' (4)
ax ay Mgy T gy2

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, p is the density of the fluid, B is the
coefficient of volume expansion, B is the
volumetric  coefficient of expansion with
concentration, T, T,,, 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 , C, and
C . are the corresponding concentrations. Also,
K'is the permeability of the porous medium, k is
the thermal conductivity, C, is the specific heat at
constant pressure, Q, is the heat generation
constant, Dy, is the coefficient of mass diffusivity
and Dris the coefficient of thermal diffusivity.

For the flow there is no-slip at the plate. For
uniform plate temperature and concentration the
appropriate boundary conditions for the above
problem are as follows

u=0,v=1v,x), T=T, C=C, at y= 0,

u=U, T=T, C=C.as y—

In order to obtain similarity solution of the

problem we introduce the following non-
dimensional variables
Uw
n=y\/; c Y =vxlUa f(), 6(a)
T-Te _ C—Cw
oG =—, o0 =—
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where 1 is the stream function.

Since u=a—l”, and v=-2 we have from
ady ox

equation

u=U.f"andv=— Y2=(f-nf) , 6(b)

X
Here prime denotes differentiation with respect to

n.
Now substituting equation (6) in equations (2) —
(4) we obtain

[+ f"-Kf '+ g0 + 9B -Mf'=0 (7)

0 "+>Prf 6+ Prqo =0, (8)

@ "+-Scf 0+ SoSc 6" =0, )
The boundary conditions (5) then turn into
f="fu f=06=1 0=1, at n=0, (10a)
f=1, 0=0,0=0,

as n— «, (10b)

where f, = —2v,(x) /% is the suction

parameter. The dimensionless parameters
introduced in the above equations are defined as
follows:

VX
K =
KU

)

is the local permeability parameter,
_ gB(Tw-T=)x®
G = S
Grashof number,
IB*(Cw=Cw)x3

is the local temperature

Gy = S is the local mass Grash of
number,
R, = % is the local Reynolds number,
gs = % is the temperature buoyancy
parameter,
gc= % is the buoyancy number,
B = % is the Prandtl number,
Q= pCQOU is the local heat generation parameter,
pUs
S, = DL is the Schmidt number,
M
S, = 20w s the Soret number.

o V(Cy—Cw)

2
and M= UTB"wa. is the magnetic parameter.

3. Skin-friction Coefficient, Nusselt
Number and Sherwood Number

The parameters of engineering interest for the
present problem are the local skin-friction
coefficient, local Nusselt number and the local
Sherwood number which indicate physically wall
shear stress, rate of heat transfer and rate of
mass transfer respectively.

The equation defining the wall skin-friction is

_ (6u) " U. ,,(0)
Tw_.u ax y:O_'u o0 fo ’

Hence the skin-friction coefficient is given by
2Ty 1 1 "
Cr=5 or 3Cr(Re)z = f(0),

Now the heat flux (q,,) and the mass flux (M,,) at
the wall are given by

Usw '
-kAT\/;H(O) and

0] a—
My = - Du Gy=0 = —Du AC_[7=8/(0),

0
Qw = —k()y=0 =

Where AT =T, -T. and AC = C,, — C,,

Hence the Nusselt number (Nu) and Sherwood
number (Sh) are obtained as

Xqw 1., . 1 ,
Nu==%2=—(Re)20 (0) i.e., Nu(Re)"2 = —0 (0),

kAT
and Sh =M — _ (Re)20'(0), Sh(Re)" = 9'(0).
Dy AC

These above coefficients are then obtained
numerically and are sorted in Table 1.

4. RESULTS AND DISCUSSION

The partial differential equations governed by the
problems are ftransformed into a ordinary
differential equations by using the similarity
transformation. The numerical solutions of
boundary value problems for the system of non-
linear coupled ordinary differential equation
equations (7) to (9) together with boundary
conditions equation (10) have been performed by
applying the implicit finite difference scheme
known as Keller box method. Since the physical
phenomenon of the underlying problem and
bounded, the computational domain is chosen
sufficiently large in order to meet the infinite
boundary condition. In the present case the
transverse distance is fixed to 10 (i.e. n—«). In a
computational process first the missing initial
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condition at the initial point of the interval is
assumed, the differential equation is then
integrated numerically as on initial value problem
to the terminal point. The accuracy of the
assumed the missed initial condition is then
verified by comparing the calculated value of
dependent variable at the terminal point with its
given value there. If a different exits, the another
value of missing condition must be assumed as
the process is repeated. The computations are
carried out for the velocity, temperature and
concentration profiles, to analyze the effects of
governing flow parameters such as magnetic
field parameter M, suction parameter f,, ,
temperature buoyancy parameter g,, mass
buoyancy parameter g., local heat generation
parameter Q, Schmidt number Sc, Soret number
So, Prandtl number Pr, permeability parameter
K. The local skin coefficient f "(0), rate heat
transfer —6'(0) and rate of mass transfer—@’(0),
for a different flow parameters are presented in
Table (1). Fig. (1) shows the effects of the
suction parameter f, for (a) Velocity (b)
Temperature and (c) Concentration profiles
respectively. The effect of f,, is to decrease the
velocity profile with the increase of suction
parameter (f,,>0), and it increases in case of
injection (f;, <0). It is due to the increase of
suction parameter indicating the usual fact that
suction stabilizes the boundary layer growth
where as it is disstabilizes in injection. It can be
seen from the Figs. 1(b) and 1(c) the effect of f,,
on temperature and concentration fields with the
increase of f,, in suction (f,,>0) is to reduces
both temperature and concentration profiles.
Sucking is to decelerated fluid particle through
the porous wall reduce the growth of the fluid
boundary layer as well as thermal and
concentration boundary layers. The temperature
and concentration profiles increases in injection
(fiw<0). Injecting as a accelerate fluid particle
through the porous wall increase the growth of
the boundary layer as well as thermalite
concentration  boundaries. Figs. 2(a)-(c)
illustrates the effects of its heat source (Q<0) and
heat sink (Q>0) for dimensionless profiles of (a)
Velocity (b) Temperature and (c) Concentration.
From the figure it can be seen that increase in
the strength of heat source (Q<0), the fluid
velocity and temperature profiles decreases as
the momentum and thermal boundary layer
thickness reduces. On the other hand, for the
increase of heat sink strength (Q>0), the velocity

and temperature profiles increases as the
momentum and thermal boundary layer
thickness enlarges. It is also notices from the Fig.
2(c) that the concentration increases with the
increase of strength of heat sources (Q<0),
whereas it decreases concentration profiles with
the increase of heat sink strength (Q>0). The
influence of the magnetic parameter M on the
velocity, temperature and concentration profiles
are shown in Figs. 3 (a) — (c) respectively. From
these figures it can be seen that the velocity
profile f decreases with the increase of magnetic
field parameter M. Consequently, the momentum
boundary thickness decreases. Thus, the Lorentz
forces arising because of interaction of magnetic
and electric fields for the motion of an electrically
conducting fluid makes the momentum boundary
layer thin by reduces fluid motion in boundary
layer. From Figs. 3(b) and (c) it is observed that
the temperature profiles as well as concentration
profiles increases with the increase of magnetic
field parameter. So, the thermal boundary layer
thickness increases with increases in M. The
effect of permeability parameter K on velocity,
temperature and concentration profiles plotted in
Figs. 4(a) — (c) respectively. From 4(a) and (b) is
observed that the velocity and temperature
profiles decrease with increases of permeability
parameter. From Fig. 4 (c) it can be seen that the
concentration profiles increases with increases of
permeability parameter. Fig. 5(a) shows the
variation of dimensionless velocity profile f ' and
Fig. 5(b) dimensionless concentration profiles for
different values of So. It is seen that the velocity
profile increase with the increase of So. It shows
that the fluid velocity rises due to greater thermal
diffusion. It can be observed from Fig. 5(b) the
concentration profiles increases significantly with
an increase of Soret number.

Figs. 6(a) and (b) depicts the effect of Schmidt
number Sc on dimensionless velocity and
concentration profiles. It can be seen from the
figure that effect of Schmidt number Sc is to
decreases both the velocity and concentration
profiles. The concentration profiles decreases
significantly with the increase of Sc. It means the
high Schmidt number shows that the low mass
diffusion rate is in action. For the physical point
of view the different values of flow parameters
such as M, f,,, Sc, So, g., gs, K, Q and Pr, on
the local skin co-efficient f "(0) , Nusselt number
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Velocity

Curve fw
fw =-1.0,-0.5,0.0,0.5, 1.0

(a)

Temperature
v v

Curve fw
fw=-1.0,-0.5,0.0,0.5,1.0 |

(b)
Concentration
1 T
Curve fw
fw =-1.0,-0.5, 0.0, 0.5, 1.0
0.8
0.6
Ed
0.4
0.2
0 .
0 2 4 6 8 10
1
(c)

Fig. 1. The effects of suction/injection
parameter f,, on (a) velocity (b) temperature
(c) concentration profiles

co-efficient -6 '(0) , Sherwood number —@'(0) are
presented in Table (1). From the table it can be
seen that the skin friction coefficient f”(0) is to
decreases with the increase of magnetic field
parameter M, Soret number S,, Prandtl number
Pr and permeability parameter K, whereas it
increases with the increase of S, gs, G¢, and f,,
(fw<0). And the f “(0) value decreases for heat

Velocity

Curve Q
Q=-1.0,-0.5,0.0,0.4,0.5,0.8 ||

(@)

Temperature

Curve Q
Q=-1.0,0.5,0.0,04,0.5,0.8.

(b)

Concentration

09 CurveQ
Q=-1.0,-0.5,0.0,04,05,0.8.

08
07
06
205
04
03
0.2

0.1

=

Fig. 2. The effects heat generation parameter Q
on (a) velocity (b) temperature (c)
concentration profiles

source (Q<0) and increases for heat sink (Q>0).
The Nusselt number coefficient -0'(0) is to
decreases with the increase of M, Pr, S,, S, g.,
K where as it increases with the increase of f,.
The Sherwood number —@'(0) increases with the
increase of M, S,, S, gs decreases with the
increase of K, Pr, g.. The Nusselt number value
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increases with heat source (Q<0) and decreases decreases the Sherwood number value -6 '(0)
with heat sink (Q>0). The heat source (Q<0) will  while it increases for the heat sink (Q<0).

Velocity Velocity

M=0,0.2,04 1 K=0.0,0.1,0.5,1.0 ||

0.8

06

£

04}

0.2}

0 2 4 6 8 10 02y 2 4 6 8 10
1 n
(a) (a)
Temperature Temperature
14 , 14 T T T T T T -
Curve M 12 Curve K
1.2 M=0,0.2,0.4 ' K=0.0,0.1,05,1.0

10 0 1 2 3 4 5 6 7 8 9 10
n n
(b) (b)
Concentration Concentration
1 T T T T 1 T T T T T T T T T
| Curve M 09 Curve K I
M=0,02,04 ' K=0.0,04,0.5
08F 1 08 ]
07
06 06
E=3 05
0.4 04
03
02 02
0.1
0 0 L L L Il Il Il Il Il I
0 10 0 1 2 3 4 6 7 8 9 10
1 1
c (c)
Fig. 3 The effects of magnetic field parameter Fig. 4. The effects permeability parameter K
M on (a) velocity (b) temperature on (a) velocity (b) temperature
(c) concentration profiles (c) concentration profiles
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Velocity

Velocity
14 r :

Curve So Curve Sc
12 $0=00,1.0,2.0,50 | 12 Sc=0.22,0.62,1.0 |

0.8

0.6

0.4

0.2

. 0 é A‘t . é 8 10
() (@)

Concentration Concentration

Curve So Curve Sc
$0=00,1.0,20,50 $c=0.22,062,1.0

0.8

0.6

04

0.2

0 2 4 6 8 10
1 1
(b) (b)
Fig. 5. Effects So on (a) velocity Fig. 6 Effects Sc on (a) velocity
(b) concentration Profiles. (b) concentration profiles.

Table 1. Numerical Coefficient values of f "(0), - 6'(0),—?'(0)

M Q fw So Sc gs gc Pr K f"(0 -6'0) -9(0)

0 0.5 0.5 0.2 022 1.0 041 0.71 0.05 1.7216 -0.1077 0.2589
0.2 0.5 0.5 0.2 022 1.0 041 0.71  0.05 1.6080 -0.1943 0.2567
0.4 0.5 0.5 0.2 022 1.0 041 0.71  0.05 1.5180 -0.2833 0.2559
0.5 0.5 0.5 0.2 022 1.0 041 0.71  0.05 1.4797 -0.3286 0.2558
1.0 0.5 0.5 0.2 022 1.0 041 0.71 0.05 1.3347 -0.5605 0.2582
1.0 0.5 0.5 0.2 022 1.0 041 1.0 0.05 1.3194 -0.7048 0.2555
1.0 0.5 0.5 0.2 022 1.0 041 7.0 0.05 0.7829 -1.1618 0.2103
1.0 0.5 -0.5 0.2 022 1.0 041 0.71 0.05 1.2615 -0.7528 0.2197
1.0 0.5 0.0 0.2 022 1.0 041 0.71  0.05 1.3165 -0.6822 0.2399
1.0 0.5 1.0 0.2 022 1.0 041 0.71 0.05 1.3112 -0.3859 0.2746
1.0 0.5 0.5 0.2 022 2 0.1 0.71 0.05 1.9964 -0.1542 0.2587
1.0 0.5 0.5 0.2 022 5 0.1 0.71  0.05 3.7419 -0.1755 0.2822
1.0 0.5 0.5 0.2 022 1.0 041 0.71 0.0 1.6906 -0.1291 0.2582
1.0 0.5 0.5 0.2 022 1.0 041 071 01 1.6339 -0.1724 0.2572
1.0 0.5 0.5 0.2 022 1.0 041 071 0.5 1.4620 -0.3514 0.2559
1.0 0.5 0.5 1.0 022 1.0 041 0.71 0.05 1.3305 -0.5589 0.3622
1.0 0.5 0.5 0.2 062 1.0 041 0.71  0.05 1.3336 -0.5820 0.5045
1.0 0.5 0.5 0.2 062 1.0 10 071 0.05 1.8265 -0.2567 0.2567
1.0 -0.5 0.5 0.2 022 1.0 041 0.71  0.05 0.6937 0.7225 0.1366
1.0 0.0 0.5 0.2 022 1.0 041 0.71  0.05 0.8373 0.3700 0.1681
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5. CONCLUSION

The present problem deals with the study of
magneto hydrodynamics combined free-forced
convection and mass transfer flow over a semi-
infinite vertical porous plate embedded in a
porous medium in presence of heat generation

and

thermal- diffusion. From the present

numerical investigation the following conclusions
may be drown:

1.

The effect of magnetic field parameter is to
reduces the velocity profiles, while
increase the temperature and
concentration profiles.

Wall suction stabilizes the velocity, thermal
as well as concentration boundary layer
growth. The wall injection is disstabilizes
the fluid motion.

Both the velocity and temperature profiles
increase whereas the concentration profile
decreases with the increase of heat source
parameter. Whereas the strength of heat
sink is to reduces the both velocity,
temperature profiles and increases the
concentration profiles.

Both the velocity and concentration profiles
increase with the increase of Soret
number.

The increase in magnetic field parameter is
to reduces the f "(0), -6'(0),and —
@'(0)values. In mixed convection regime,
both the Skin-friction coefficient and
Sherwood number increases whereas the
Nusselt number decreases with the
increase of both heat generation
parameter and Soret number.
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