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Abstract. The article is focused on the effects of Soret and chemical reaction on MHD free
convection flow through a vertical porous surface in the presence of heat source, viscous dissipation
and radiation. The dimensionless governing equations for this investigation are solved analytically
using perturbation technique. Numerical evaluation of the numerical results is performed and the
results for velocity, temperature and concentration profiles within the boundary layer are discussed
and shown graphically. Also skin-friction coefficient due to velocity, Nusselt number coefficient due to
temperature and Sherwood number coefficient due to concentration fields are evaluated.
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1 Introduction

Owing to their numerous applications in the industrial manufacturing process, the problem of heat and
mass transfer in the boundary layers of a continuously moving semi-infinite flat plate has attracted the
attention of researchers for the past three decades. Some of the application areas are hot rolling, study
production, metal spinning, drawing plastic films, glass blowing, continuous casting of metals and
spinning of fibers. Annealing and thinning of copper wire is another example. In all these cases, the
quality of the final product depends on the rate of heat and mass transfer at the moving surface. By
drawing the strips in an electrically conducting fluid subjected to a magnetic field the rate of cooling can
be controlled and the final products of the desired characteristic might be achieved. Sakiadis [1] studied
the boundary layer of viscous fluid on the continuous moving solid surface. Gribben [2] investigated the
MHD boundary layer flow over a semi-infinite plate with an aligned magnetic field in the presence of
pressure gradient. Free convection boundary layers and the study on a uniformly heated vertical plate
was presented by Goldstein and Eckert [3]. Beard and Walters [4] proposed the two-dimensional
boundary layer flow for an elastico-viscous fluid near a stagnation point.

In the present years, the free convective flow of heat and mass transfer problems in the presence of
magnetic field through a porous medium have attracted the attention of a number of research scholars
because of their possible application in many branches of science and technology such as fibre and
granular insulation, a geothermal system, etc. In engineering sciences, it finds many applications in
MHD pumps, MHD bearing, MHD power generators, etc. The effects of free convection on stokes
problem for a vertical plate under the action of transversely applied magnetic field with heat and mass
transfer was discussed by Soundalgekar et al.[5]. Thermal diffusion and natural convection between
inclined plates in a porous medium with MHD was analyzed by Raju et al. [6]. Ahmed [7] discovered the
radiating fluid and an induced magnetic field over a porous vertical plate. Samira et al. [8] derived free
convection MHD flow of an elastoviscous fluid past an infinite vertical plate. Chowdhury and Islam [9]
presented the effects of heat and mass transfer on MHD free convective flow of visco-elastic fluid past an
infinite vertical porous plate.
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Radiative heat and mass transfer play an important role in manufacturing industries for the design
of fins, steel rolling, nuclear power plants, gas turbines and various propulsion devices for aircraft,
missiles, satellites and space vehicles are examples of such engineering applications. The effect of
radiation on MHD free convective heat and mass transfer flow becomes more industrially important.
Radiation effect on the natural convective flow of a gas past a semi-infinite plate was studied by
Soundalgekhar and Takhar [10]. Raju et al. [11] investigated the combined effect of heat and mass
transfer on a free convective flow through a porous medium bounded by a vertical surface with radiation.
Radiation effect on free convective flow over a porous vertical plate was studied by Hossain et al.[12].
Radiation effect on MHD free convective flow on the vertical porous plate using finite difference method
was proposed by Abd E Naby et al. [13]. Radiation effect on the three-dimensional flow in a vertical
channel subjected to a periodic suction was discovered by Guria et al. [14]. Rajesh and Vijaya Kumar
Varma [15] studied heat and mass transfer effects on radiating MHD free convection flow past an
exponentially accelerated vertical plate with variable temperature. The heat transfer in a porous
medium with high porosity in the presence of radiation was analyzed by Raptis [16].

Convective flows with simultaneous heat and mass transfer under the influence of magnetic field
and chemical reaction arises in many natural and artificial transfer process in many branches of science
and engineering applications. This phenomenon plays an important role in the chemical industry, power
and cooling industry for drying, chemical vapor decomposition on surfaces, cooling nuclear reactor and
petroleum industry. The effects of chemical reaction and thermal radiation on steady MHD free
convective boundary layer flow through a porous vertical surface with constant suction was investigated
by Raju et al. [17]. Satya Narayana and Sravanthi [18] proposed the influence of variable permeability
on unsteady MHD convection flow past a semi-infinite inclined plate with thermal radiation and
chemical reaction. The effect of the chemical reaction on the process of an unsteady flow past a vertical
plate with a constant heat flux was proposed by Das et al. [19]. Satya Narayana [20] analyzed the effects
of chemical reaction and thermal radiation on MHD free convection flow past an infinite vertical plate
with variable suction and heat source.

The study of heat generation or absorption effects in moving fluids is important in view of several
physical problems such as fluids undergoing exothermic or endothermic chemical reaction. Mohamed et
al. [21] presented the effects of radiation and chemical reaction on MHD free convective flow of a polar
fluid through a porous medium with heat generation. The problem of free convective flow along a
vertical wavy surface embedded in a saturated porous media in the presence of internal heat generation
or absorption effect was presented by Hady et al. [22]. Alam et al. [23] noticed the heat and mass
transfer effects on MHD free convective flow past an inclined semi-infinite heated surface in the presence
of heat generation. The heat and mass transfer effects on MHD flow over a moving permeable cylinder
with heat generation or absorption and the chemical reaction was discovered by Chamkha [24].

In all the studies mentioned above, viscous dissipation is neglected. But, viscous dissipation in free
convective flow is an important factor when the flow field is of extreme size or in the high gravitational
field. Viscous dissipation effect on steady free convective heat and mass transfer flow past a semi-infinite
flat plate was studied by Geetha and Moorthy [25]. The thermal radiation effect on hydromagnetic free
convection flow past an impulsively started vertical plate with variable surface temperature and
concentration by taking into account the heat due to viscous dissipation was presented by Suneetha et
al. [26]. Satya Narayana [27] reported the effects of thermal radiation and the viscous dissipation on an
unsteady MHD convection flow past a semi-infinite vertical permeable moving porous plate. The
influence of viscous dissipation effect in natural convective flows, showing that the heat transfer rates
are reduced by an increase in the dissipation parameter was noticed by Mahajan et al. [28].

The Soret effect arises when the mass flux contains a term that depends on the temperature gradient.
The major focus of our investigation is the effect on free convection of the addition of a second fluid. of
a second additional fluid on free convection. Convection in binary fluids is considerably more
complicated than that in pure fluids. Both temperature and concentration gradient contribute to the
initiation of convection and each may be stabilizing or destabilizing. Even when a concentration
gradient is not externally imposed (the thermo solutal problems) it can be created by the applied
thermal gradient via the Soret effect. Mohammed Ibrahim and Suneetha [29] proposed the Soret and
chemical reaction effects on MHD flow of a visco-elastic fluid through an impulsively started infinite
vertical plate in the presence of heat source. Bhavana et al. [30] studied the effect of the Soret on MHD
free convective flow over a vertical plate in the presence of heat generation. Soret and chemical reaction
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effects on hydromagnetic free convective Walter’s memory flow in the presence of constant suction and
heat sink was investigated by Pavan kumar et al.[31]. Ahmed [32] discussed the heat and mass transfer
effects on Hartman flow in the presence of constant heat source and Soret. The same author Ahmed [33]
explained the effects of Soret and radiation on transient MHD free convection from an impulsively
started infinite vertical plate.

However, to the best of the authors’ knowledge, no attempt so far has been made to analyze the heat
source and Soret effects on a steady MHD flow of viscous fluid through a porous medium bounded by a
porous surface subjected to suction with a constant viscosity in the presence of radiation and chemical
reaction.

2 Mathematical Model

We consider a viscous incompressible, electrically conducting and radiating fluid through a porous
medium occupying a semi-infinite region of the space bounded by a vertical infinite surface. The z°axis
is taken along the surface in an upward direction and the 3° axis is normal to it. A uniform magnetic
field B, is assumed to be applied in a direction perpendicular to the surface. The properties of a fluid
are assumed to be constant except for the density in the body force term. In addition, a chemically
reactive species is assumed to be emitted from the vertical surface into a hydrodynamic flow field. It
diffuses into the fluid, where it undergoes a homogenous chemical reaction. The reaction is assumed to
take place entirely in the stream. Then the fully developed flow under the above assumptions through a
porous medium is governed by the following set of equations:
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The relevant boundary conditions are given as follows
u=0T1T"=T,0"=C aty=0 5)
u —>0T" >T,0">C asy — o
Eq. (1) gives that
v = constant = v, (6)

In the optically thick limit, the fluid does not absorb its own emitted radiation in which there is no
self-absorption, but it does absorb radiation emitted by the boundaries. Cogley et al. [34] have shown
that, in the optically thin limit for a non-gray gas near equilibrium, the radiative heat flux is
represented by the following form:

= 4(T" - Tw*)]:KM (%J | da =41 (T -T)) (7)

On introducing the following non-dimensional quantities,
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the non-dimensional form of the governing Egs. (2)- (4) reduce to
u"+u' = Mu=-Grf - GmC 9)
0" +Pr@ =-PrE®u') + M0 (10)
C"+ ScC' = ScKrC - 505c¢0" (11)

where M, :M—i-%, M,=F-Q.
The corresponding boundary conditions are given by
u=060=1C=1aty=0
(12)
v —>0,0 >0, >0asy—>o

3 Solution of the problem

In order to solve the coupled nonlinear system of Eqs. (9)-(11) with the boundary conditions Eq. (12),
the following simple perturbation is used. The governing Eqs. (9)-(11) are expanded in powers of Eckert
number E(<1).

u=u, +Eu +O(E*)
0=0,+E0 +0(E) (13)
C=C,+EC +0(E)

Substituting Eq. (13) into Eq. (9)-(11) and equating the coefficient at the terms with the same

powers of F | and neglecting the terms of the higher order, the following equations are obtained.
Zero order terms:

u) +ul — Mu, =-Grg, —GmC, (14)

0'+Pro - MG =0 (15)

Cy+8cC; = KrScC, = -5¢500] (16)

First order terms:
u +u —Mu =-Gré —GmC, a7
" ’ ’ 2
0/ +Pro - M0, = -Pr(u]) (18)
C!'+8cC) - KrScC| = -5¢S00, (19)

The corresponding boundary conditions are
u, =0,u =0, =10 =0,C, =1,C =0at y=0

u, = 0,u = 0,8 - 0,6 - 0,C, >0,C, >0asy—>0 (20)
Solving Egs. (14)-(19) under the boundary conditions (20), the following solutions are obtained.
0, = e (21)
C,=Ae™ —Ae™ (22)
uy=Ae™ —Ae™ + Ae ™ (23)
0, =A™ —Ae™ — A — A 4 ATV g g g gl (24)
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Substituting Eqs. (21)-(26) into Eq. (13), we obtain the velocity, temperature and concentration
distribution in the boundary layer as follows:
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The expressions for the constants in the above equations are given in the Appendix.
The skin-friction, Nusselt number and Sherwood number are important physical parameters for this
type of boundary layer flow.

c(y,t)z(A2 Ae*mﬂ)+E (29)

Knowing the velocity field, the skin-friction at the plate can be obtained, which in non-dimensional

form is given by 7 = (@j
ay y=0
375 472 1773
; (m+mA20 m+mA27 m+mA28

Knowing the temperature field, the rate of heat transfer coefficient can be obtained, which in the

non-dimensional form, in terms of the Nusselt number, is given by Nu = —(Z—ej
Yy y=0
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Knowing the concentration field, the rate of mass transfer coefficient can be obtained, which in the

non-dimensional form, in terms of the Sherwood number, is given by Sh = —[z—cj
y y=0

(32)
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4 Results and Discussion

In the preceding section, the problem of a steady free-convective flow of a viscous incompressible,
thermally radiating and chemically reacting fluid past a semi-infinite plate in the presence of heat
generation and Soret was formulated and solved by means of perturbation method. The expressions for
the velocity, temperature, and concentration profiles were obtained. To illustrate the behavior of these
physical quantities, numerical values of these quantities were computed with respect to the variations in
the governing parameters namely, thermal Grashof number Gr, solutal Grashof number Gm , Prandtl

21

Copyright © 2016 Isaac Scientific Publishing JAAM



22

JAAM

Journal of Advances in Applied Mathematics, Vol. 1, No. 1, January 2016

number Pr, Schmidt number Sc, radiation parameter F, magnetic parameter M, permeability of porous
medium k, heat generation parameter @), chemical reaction K7 and Soret number So.

In the present study the following default parametric values are adopted: Gr=5.0, Gm=35.0, M=1.0,
k=0.5, Pr=0.71, E=0.01, F=0.5, Q=0.1, Sc=0.22, Kr=1.0 and So=1.0. The numerical results are
demonstrated through different graphs as well as tables and their results are interpreted physically.

Fig. 1 indicates the fact that an increase in Grashof number Gr for heat transfer leads to a rise in the
value of velocity due to enhancement in buoyancy force. The plot of velocity profiles for different values
of Grashof number for mass transfer Gm is given in Fig. 2. It is observed that velocity increases with
Grashof number for mass transfer.

For various values of the magnetic parameter M, the velocity profiles are plotted in Fig. 3. It is
obvious that the existence of the magnetic field decreases the velocity. Fig. 4 shows the velocity profiles
for different values of the permeability of the porous medium parameter k. Clearly as k increases the
peak values of the velocity tends to increase. Fig. 5(a) displays Prandtl number Pr effect on the velocity
field, it is noticed that velocity decreases as Prandtl number Pr increases. The influence of Prandtl
number Pr on temperature field is shown in Fig. 5(b), it is observed that temperature profiles decrease
as Prandtl parameter Pr increases.

For different values of the radiation parameter F the velocity profiles and temperature profiles are
plotted in Figs .6(a) and 6(b). The radiation parameter F defines the relative contribution of conduction
heat transfer to thermal radiation transfer. It is obvious that increases in the radiation parameter F
result in a decrease in the velocity and temperature within the boundary layer. The effects of heat
generation parameter @ on the velocity profiles and temperature profiles are shown in Figs. 7(a) and
7(b). From these curves, we see that the heat is generated the buoyancy force increases which induces
the flow rate to increase giving rise to the increase in the velocity and temperature profiles. .

Fig. 8 depicts the effect of Schmidt number Sc on velocity field. This shows that velocity decreases
as the Schmidt number Sc increases. Physically this is true because along with the increase in Schmidt
number Sc the viscosity of the fluid increases and hence velocity decreases. A similar effect is noticed in
the presence of chemical reaction parameter Kr in Fig. 9, and it is quite interesting to observe the
opposite reaction near the plate. Fig. 10 shows the concentration profiles across the boundary layer for
various values of Schmidt number Sc. It is found 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 effect of concentration is presented in Fig. 11, and from this figure it is noticed that
concentration decreases with the increase in chemical reaction parameter Kr. The effect of Soret number
So on the concentration profiles is shown in Fig. 12. From this figure, we see that the concentration
profile decreases with the increase of So. The effects of various physical parameters on skin-friction
coefficient, Nuselt number and Sherwood number are shown in Table. 1 - 3. The behavior of these
parameters is self-evident from Table. 1 to 3 and hence they are not discussed any further in order for
brevity.
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Fig 1. Velocity profiles for various values of Gr. Fig 2.Velocity profiles for various values of Gm.
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Table 1: Effects of various physical parameters on Skin friction for Pr= 0.71, F=0.01, F=0.5, §=0.1, Sc=0.22,

Kr=1.0, So=1.0.

Gr Gm M K Cf Nu Sh

5.0 3.0 1.0 0.5 3.8034 1.0654 0.4182
7.0 3.0 1.0 0.5 4.6475 1.0584 0.4197
9.0 3.0 1.0 0.5 5.4940 1.0501 0.4215
5.0 4.0 1.0 0.5 4.3717 1.0603 0.4193
5.0 5.0 1.0 0.5 4.9400 1.0545 0.4205
5.0 3.0 3.0 0.5 3.0793 1.0717 0.4168
5.0 3.0 5.0 0.5 2.6642 1.0745 0.4162
5.0 3.0 1.0 0.2 2.8483 1.0733 0.4165
5.0 3.0 1.0 0.3 3.2706 1.0703 0.4171

Table 2: Effects of various physical parameters on Nusselt number for Gr=5, Gm=3, M=1, k=0.5, Sc=0.22,

Kr=1, So=1.0.

Pr E F Q of Nu Sh

0.71 0.01 0.5 0.1 3.8034 1.0654 0.4182
1.0 0.01 0.5 0.1 3.6406 1.2873 0.3722
1.5 0.01 0.5 0.1 3.4005 1.7071 0.2835
0.71 0.02 0.5 0.1 3.8077 1.0505 0.4214
0.71 0.03 0.5 0.1 3.8120 1.0356 0.4246
0.71 0.01 0.3 0.1 3.9357 0.9091 0.4500
0.71 0.01 0.4 0.1 3.8634 0.9919 0.4332
0.71 0.01 0.5 0.3 3.9357 0.9091 0.4500
0.71 0.01 0.5 0.5 4.1565 0.6891 0.4937

Table 3: Effects of various physical parameters on Sherwood number for Gr=5, Gm=3, M=1, k=0.5, Pr = 0.71,

E=0.01, F=0.5, Q=0.1.

Sc Kr So cf Nu Sh

0.22 1.0 1.0 3.8034 1.0654 0.4182
0.5 1.0 1.0 3.6062 1.0673 0.6370
1.0 1.0 1.0 3.4240 1.0689 0.9417
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0.66 3.0 1.0 3.5264 1.0680 0.7889
0.66 5.0 1.0 3.3820 1.0693 1.0400
0.66 1.0 3.0 4.0381 1.0628 0.0726
0.66 1.0 5.0 4.2724 1.0600 0.2704

4  Conclusions

This paper studies the effects of the Soret, heat source and chemical reaction on steady MHD free
convective boundary layer flow past a porous medium in the presence of thermal radiation and constant
suction. The following conclusions can be drawn from the present investigation:

» The velocity profiles increase with the increase of buoyancy forces, permeability parameter and
heat source. On the other hand, it decreases with the increase of magnetic parameter and
radiation parameter.

» The temperature distributions increase with the increase of heat source.

» The concentration field decreases with the increase of Schmidt number, chemical reaction
parameter while it increases with an increase of Soret number.

» It is observed that the increase in the magnetic field parameter is to decrease the skin-friction
coefficient, whereas the effect of increasing the value of buoyancy parameter and permeability of
porous medium is to increase the value of the skin-friction coefficient.

» Nusselt number decreases with the increase of heat generation parameter and Eckert number.

» Sherwood number increases with the increase of Schmidt number, chemical reaction and Soret

number.
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