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Abstract

The objective of present work is to study the thermo diffusion effect on an unsteady simultaneous
convective heat and mass transfer flow of an incompressible, electrically conducting, heat gene-
rating/absorbing fluid along a semi-infinite moving porous plate embedded in a porous medium
with the presence of pressure gradient, thermal radiation field and chemical reaction. It is as-
sumed that the permeable plate is embedded in a uniform porous medium and moves with a con-
stant velocity in the flow direction in the presence of a transverse magnetic field. It is also as-
sumed that the free stream consists of a mean velocity, temperature and concentration over which
are super imposed an exponentially varying with time. The equations of continuity, momentum,
energy and diffusion, which govern the flow field, are solved by using a regular perturbation me-
thod. The behavior of the velocity, temperature, concentration, Skin-friction, rate of heat transfer
and rate of mass transfer has been discussed for variations in the physical parameters. An in-
crease in both Pr and R results a decrease in thermal boundary layer thick-ness. However, con-
centration decreases as Kr, Sc in-crease but it increases with an increase in both So and 4.
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1. Introduction

The study of magneto hydrodynamic flows through porous media is of considerable interest because of its ab-
undant applications in several branches of science and technology; such as in astrophysical, geo-physical prob-
lem and in developing magnetic generator for obtaining electrical energy at minimum cost. The theory devel-
oped by viscous flow through porous media is useful in analyzing the influence of temperature and pressure on
the flow of soil water. The unsteady free convection flows over semi-infinite vertical plate was studied by Tak-
har et al. [1]. Thakar and Ram [2] also studies the MHD free porous convection heat transfer of water at 400C
through a porous medium. Raju and Varma [3] considered the unsteady MHD free convection oscillatory
Couette flow through a porous medium with periodic wall temperature. In the context of space technology in
process involving high temperatures, the effects of radiation are of vital importance. Recent developments in
hypersonic flights, missile, rocket combustion chambers, power plants for inter planetary flight and gas cooled
nuclear reactors, have focused attention on thermal radiation as a mode of energy transfer, and emphasize the
need for improved understanding of radiative transfer in these process. Several authors (Raju et al., [4]; Nath et
al., [5]; Raptis and Perdikis, [6]; Bakier, [7]; Kim, [8]; Chamkha and Khaled [9]) have studied thermal radiating
MHD boundary layer flows with applications in astrophysical fluid dynamics. Combined the heat and mass
transfer problems with chemical reaction are of importance in many processors and have there-fore received a
considerable amount of attention in recent years. Das et al. [10] have studied the effect of homogeneous first
order chemical reaction on the flow past an impulsively started infinite vertical plate with uniform heat flux.
Unsteady MHD free convection and chemically reactive flow past an infinite vertical porous plate was studied
by Raju et al. [11]. Chamka [12] studied the MHD flow past a uniformly stretched vertical permeable surface in
the presence of heat generation/absorption. As per, Mahdy and Ah-med [13], the Soret effect, for instance, has
been utilized for isotope separation, and in mixture between gases with very light molecular weight (H2, He).
Raju et al. [14] analyzed the Soret effects due to natural convection between heated inclined plates with mag-
netic field. Recently Ablel-Rahman [15] studied the thermal diffusion effect on MHD combined free forced
convection and mass transfer flow of a viscous fluid through a porous medium with heat generation. Thermo
diffusion and chemical effects with simultaneous thermal and mass diffusion in MHD mixed convection flow
with Ohmic heating was considered by Reddy, A. et al. [16]. Recently Sarma et al. [17] studied MHD free con-
vection and mass transfer flow past an accelerated vertical plate with chemical reaction in presence of radiation.
Ahmed and Batin [18] considered magneto-hydrodynamic heat and mass transfer flow with induced magnetic
field and viscous dissipative effects. Mutuku-Njane and Makinde [19] investigated on hydromagnetic boundary
layer flow of nanofluids over a permeable moving surface with Newtonian heating.

Motivated by the above studies, in this paper we have considered thermo diffusion effect on an unsteady si-
multaneous convective heat and mass transfer flow of an incompressible, electrically conducting, heat generat-
ing/absorbing fluid along a semi-infinite moving porous plate embedded in a porous medium with the presence
of pressure gradient, thermal radiation field and chemical reaction. The novelty of this study is the consideration
of a double diffusion fluid (mass diffusion and as we as thermal diffusion) along with chemical reaction and heat
source of a radiating fluid past or through a porous plate in a conducting filed. In spite of that many authors con-
tributed similar works, still there are many interesting aspects to be concentrated. Hence authors are interested to
carry on this investigation.

2. Mathematical Analysis

Consider a two-dimensional unsteady flow of a laminar incompressible electrically conducting and heat gene-
rating/absorbing fluid with mass transfer, past a semi-infinite vertical porous plate embedded in a porous medium
in the presence of thermal radiation, chemical reaction and thermal diffusion. A uniform magnetic field is applied
perpendicular to the plate. There is no applied voltage which implies the absence of the electric field. The trans-
versely applied magnetic field and magnetic Reynolds number are assumed to be small and hence the induced
magnetic field is negligible. Since the plate is semi-infinite in length all the flow variables are functions of y and t
only. Under the above conditions and the usual Boussinesq’s approximation the governing equations are given as:
Continuity equation:

=0 1)

Momentum equation;
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By using the Rosseland approximation the radiative heat flux in y direction is given by
4o,0T"
0 =—-7T""= ()
3k, oy

where o and k. are the Stefan-Boltzmann constant and the mean absorption coefficient, respectively. It should be
noted that by using the Rosseland approximation we limit our analysis to optically thick fluids. It is assumed that
the temperature differences are small, then Equation (5) can be linearized by expanding T™ into Taylor series
about T,,, and neglecting higher order terms to give:

T“=aT T -3T' (Raju et al. (2012)) (6)

The heating due to viscous dissipation is neglected for small velocities in energy conservation Equation (3) and
Boussinesq approximation is used to describe buoyancy force in Equation (2). It is assumed that the free stream
velocity, the suction velocity, the plate temperature and the plate concentration follow an exponentially increasing
or decreasing small perturbation law.

Under these assumptions, the appropriate boundary conditions for the velocity, temperature and concentration
fields are

U =uy, T =T, +&(T, ~T,)e"",C"=C,+£(C,-C,)e""  aty =0
()

u*—>u;=uo(1+gAe”*"), T" 5T, C >C, asy" — oo

From the continuity equation, it is clear that the suction velocity normal to the plate is a function of time only
and we shall take it in the form
V=V, (1+ cAe™ ) (8)

where A is a real positive constant, ¢ and ¢4 are small less than unity, and Vj is scale of suction velocity which is a
non-zero positive constant. Outside the boundary layer, Equation (2) gives

_1lop_du, +XU;+£B§U; 9
pox dt  k P
Now introduce non-dimensional parameters as follows
. . U Vv u*
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After substituting boundary conditions and dimensionless parameters the governing Equations (2)-(5) reduce to

2
6—“—(1+5Ae“‘)a—“=duw + Y 6046,CHN(U,-U) (11)
ot oy dt oy
2
%—(1+5Ae”‘)%:1%+59 (12)
ot o Toy
2 2
@—(1+5Aem)@=iaf+50%—}<rc (13)
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where N =M +1/K and T =(1/Pr)(1-4/(3R+4))
The boundary conditions (7) are given by the following non-dimensional form
u=U,,0=1+s",C=1+se" aty=0

(14)
u->Uu_,0—-0C—->0 asy —»>ow

3. Solution of the Problem

In order to reduce the above system of partial differential equations to a system of ordinary differential equations
in dimensionless form, for ¢ «1, the expressions for the velocity, temperature and concentration are repre-
sented by a regular perturbation law as follows:

u=U0(y)+ge“‘Ul(y)+O(52)+--- (15)
0=0,(y)+ce"0,(y)+0(&*)+--- (16)
C=C,(y)+ee"C,(y)+0(&%)+-- (17)

Substituting these Equations (15)-(17) into Equations (11)-(13) and equating the harmonic and non-harmonic
terms, also neglecting the coefficient of O(&?), we get the following pairs of equations.

Uy + Uy —Nu, =-N -G, 6, -G, C, (18)

u/+u; —(N+n)u, =—(N+n)—Au; -G,6, - G,,C, (19)
O, +T' 6y +T66,=0 (20)

0/+T 6 +T(5-n)6, =-Arg, (21)

C, +ScC; — KrScC, = —SoSca, (22)
C/'+ScC/ —(Kr +n)ScC, = -SoScé— AScC, (23)

Here primes denote differentiation with respect to y.
The corresponding boundary conditions are

Uy=U,,u =06 =6=1C,=1C =1 aty=0

U, =1u,=16,—->0,6 -0C, >0,C, >0 as y > (24)
The solutions of Equations (18)-(23) with satisfying boundary conditions (24) are given by
Uy (V) =1+ (Ao ™ + Aje™ + Ae™) (25)
U (y)=1+Ae™ + Ae™ + Ae™ + Ae™ + Ae™ + Age™ (26)
0,(y)=e™ 27
O, (y)=Ae"™ +Ae™ (28)
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Co(y)=Ae™ +Ae™ (29)
C.(y)=Ae™ +Ae™ + Ae™ + Ae™ (30)
By virtue of Equations (15)-(17) we obtain for the velocity, temperature and concentration as follows

u(y.t)= (1+ Age™ + Ae™ + Alze’b3y)+ ee™ (l+ Ae™

31)
FAE + AR + AR + AT+ Age™ )
O(y.t)=e™ +ee" (Ae™ +Ae™) (32)
C(y.t)=Ae™ + Ae™ +ze™ (Ae™ + Ae™ + Ae™ + Ae™) (33)
Given the velocity field in the boundary layer, we can now calculate the skin friction at the wall as
ou n
Tw :E :(bsAio _Anbl_Aizbs)"'ge t(_Aisbfs = AD = Agh, — Agh, — AsD, _Aisbs) (34)
y=0
We calculate the heat transfer coefficient in terms of Nusselt number as follows
00 ot
N,=—"| =-b+ee"[-Ab,—AD] (35)
),
Similarly the mass transfer coefficient in terms of Sherwood number, as follows
oc n
Sh :E :(_A4b3_psb1)+5et(_b4A6_b1A7_bzA8_b3A9) (36)
y=0

4. Results and Discussion

In order to assess the accuracy of the numerical results, we have compared our results with accepted data sets for
the velocity, temperature and concentration profiles for a stationary vertical porous plate corresponding to the case
computed by Kim (2000). i.e., in the absence of the diffusion effects we observed that the effects of all parameters
on velocity and temperature profiles are in good agreement with the comparison of Kim (2000).

Figure 1 illustrates the behavior of the velocity for different values of chemical reaction parameter Kr. It is seen
that the velocity decreases with increasing chemical reaction parameter Kr. For large value of chemical reaction
parameter effect on velocity is negligible as y increases. Figure 2 shows the velocity profiles for different values
of magnetic parameter M and Grashof number Gr.

It is noticed that the velocity decreases slightly with the increase of magnetic parameter M, also observed that
the velocity increases with thermal Grashoff number Gr. But when the value of Gr increases the effect of magnetic
parameter on velocity has high impact. The effect of the porosity parameter K on the velocity profiles has been
shown in Figure 3. It is observed that the velocity increases as porosity parameter increases along the boundary
layer. For different values of Prandtl number Pr and radiation parameter R, the temperature profiles are plotted in
Figure 4. The results show that an increase of both Prandtl number Pr and radiation parameter R results a decrease
in the thermal boundary layer. Figure 5 displays the effects of heat generation and exponential index n on tem-
perature profiles across the boundary layer. It is found that an increase in the value of n leads to an increase in the
temperature distribution across the boundary layer. Also it is observed that the effect of increasing values of ¢
results in a decreasing temperature distribution. Figure 6 depicts the effect of Schmidt number Sc and chemical
reaction parameter Kr on concentration profiles. The concentration decreases as the chemical reaction parameter
Kr increases. Also the figure shows that an increase in Sc results in a decrease in the concentration distribution,
because the smaller values of Sc are equivalent to increasing the chemical molecular diffusivity. The influence of
Soret effect So and heat generation parameter & on the concentration profiles are shown in Figure 7.

From this figure we see that the concentration increases with the increase of both Soret number So and heat
generation parameter. We have also shown some Tables 1-3 of the skin-friction, rate of heat transfer and rate of
mass transfer by the effects of the Gr, Gm, K, M, Pr, Sc, R, Kr, ¢ and So. From these tables it is noticed that the
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Figure 2. Effects of magnetic parameter on velocity.
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Figure 3. Effects of porosity parameter K on velocity.
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Figure 4. Effects of Prandtl number Pr and radiation parameter R on

temperature.
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Figure 5. Effects of heat generation parameter ¢ and exponential in-
dex n on temperature.
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Figure 6. Effects of Schmidt number Sc and chemical reaction para-
meter Kr on concentration.
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Figure 7. Effects of So and & on concentration.
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Table 1. Effects of R, ¢ and Pr on skin-friction, Nusselt number and Sherwood number.

R ) Pr 7, Nu Sh
1 0.1 0.71 4.4530 0.0804 0.3438
1 0.1 1 4.2160 0.1392 0.3281
1 0.1 5 3.3527 0.9944 0.0766
1 0.2 0.71 4.4780 0.0708 0.3462
1 0.3 0.71 45065 0.0602 0.3489
10 0.1 0.71 3.9634 0.2354 0.3010
100 0.1 0.71 3.8931 0.2719 0.2905
Table 2. Effects of So, Sc, Kr on skin-friction and rate of mass transfer.
So Sc Kr 7, Sh
0.5 0.6 0.2 4.4530 0.3438
1 0.6 0.2 4.5413 0.3277
15 0.6 0.2 4.6296 0.3116
1 0.94 0.2 4.2269 0.5111
1 117 0.2 4.1269 0.6233
1 0.6 0.4 4.3389 0.4427
1 0.6 0.8 4.2059 0.5850
Table 3. Effects of Gr, Gm, K and M on skin-friction.
Gr Gm K M 7,
2 2 0.2 05 7.3024
5 2 0.2 05 12.4800
10 2 0.2 0.5 21.1093
2 5 0.2 0.5 10.6732
2 10 0.2 0.5 16.2912
2 2 1 05 43351
2 2 2 05 4.3269
2 2 0.2 1 4.3404
2 2 0.2 2 4.3291
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skin-friction at the wall increases as Grashoff number Gr or modified Grashoff number Gm or Soret number So or
heat generation/absorption parameter 8 increases. And it decreases with increasing Prandtl number Pr or Schmidt
number Sc or radiation parameter R or chemical reaction parameter Kr or permeability parameter K or magnetic
parameter M. From the analytical results, it can be seen that the rate of heat transfer depends on radiation para-
meter R, Prandtl number Pr and heat generation/absorption parameter ¢ and the rate of mass transfer depends on
chemical reaction parameter Kr, Schmidt number Sc and Soret number So and the Prandtl, radiation, and heat
generation/absorption as well.

The mentioned tables reveal that as Schmidt number or chemical reaction parameter increases, the rate of mass
transfer (Sh) increases but it decreases with the increase of Prandtl number Pr or Soret number So or radiation
parameter R. Also we observe that the rate of heat transfer (Nu) increases with the increase of Prandtl number or
radiation parameter but it decreases with increasing heat generation parameter.

5. Conclusion

We have considered thermo diffusion effect on an unsteady simultaneous convective heat and mass transfer flow

of an incompressible, electrically conducting, heat generating/absorbing fluid along a semi-infinite moving por-

ous plate embedded in a porous medium with the presence of pressure gradient, thermal radiation field and

chemical reaction.

1) Anincrease in K leads to a raise in the velocity but a reverse effect is seen in the case of Kr and M.

2) Anincrease in both Pr and R results a decrease in thermal boundary layer thickness. However, concentration
decreases as Kr, Sc increase but it increases with an increase in both So and ¢.

3) The skin-friction at the wall increases as Gr and Gm or M or So or ¢ increases and it decreases with increase in
Pror Sc or R or Kr or K.

4) As Scor Kr increase, the rate of mass transfer increases but it decreases with the increase in Pr or So or R. Also
we observe that the rate of heat transfer increases with the increase of Pr or R but it decreases with decreasing
0.

5) This work can be extended for other non-Newtonian fluids such as viscoelastic fluid, Rivlin Ericksen fluid,
micropolar fluid etc.,
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Nomenclature
A Real positive constant
By Magnetic induction
C Concentration
C, Specific heat for constant pressure
D Chemical molecular diffusivity

D, Thermal diffusivity

g Gravity(m/s?)

k Thermal conductivity

k Permeability of porous medium

K Permeability parameter

Kr Chemical reaction parameter

M Magnetic parameter

N Dimensionless material parameter
n M!n!ng

n Mining
Nu Nusselt number

Pr Prandtl number

Q Heat generation/absorption

Or Radiation heat flux density

R Radiation parameter

Sc Schmidt number

Sy Skin-friction coefficient

So Soret number

Sh Sherwood number

T Temperature

t time

U Scale of free stream velocity

Vo Scale of suction velocity
u,v Longititudinal and transverse components of velocity vector

Greek Symbols

s Spin gradient viscosity
Coefficient of volumetric expansion
Heat generation parameter
Fluid dynamic viscosity
Fluid kinematic viscosity
Non dimensional temperature
Electrical conductivity
Fluid density
Scalar constant(<<1)

Subscripts

*

A

® D Q9 S RS

Plate

Wall condition

Free stream condition

X,y Distances along and perpendicular to the plate

8 =T

648
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Appendix
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