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Abstract

A theoretical investigation has been made for a radiating and chemically reacting viscous-
fluid of a conducting gas over a vertical porous surface immerse in a saturated porous
medium for the impact of magnetic drag-force, buoyancy forces and thermal-diffusion
(Soret) order under oscillatory suction and heat absorption. The analytical solutions have
been derived for the physical variables related to the governing equations under the
appropriate boundary conditions. It is found that the velocity profiles increase with the
increasing values of Soret number (S,) and higher Soret number (S, = 5) shows the large
temperature difference. It is noticed that increasing radiation parameter (R) elevated the
velocity profiles near the plate. In the effects of Soret number (S,) the velocity profiles are
an increasing function for both the cases of M = 0 and M = 10. The validity and accuracy
of the flow model is presented and found suitable to proceed the work. In this study, the
findings would be useful in many practical areas such as diffusion operations, which
involved molecular diffusion of species with molar concentration.
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1. Introduction

Convection flows in porous media have gained significant attention in the field of heat
transport in porous media, because it has significant importance in engineering
applications such as geothermal systems, solid matrix heat exchangers, thermal
insulations, oil extraction and store of nuclear waste materials. These can also be applied
to underground coal gasification, ground water hydrology, wall cooled catalytic reactors,
energy efficient drying processes and natural convection in earth’s crust. The impact of
constant surface temperature on free convection currents on the oscillatory flow along a
porous surface in porous medium has studied by Hiremath and Patil [1]. A comprehensive
account of available information in this field is provided in books by Pop and Ingham [2],
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Ingham and Pop [3], Vafai [4], Vadasz [5] etc. An experimental analysis has made by
Mythreye et al. [6] for a convective heat-mass transfer flow of magnetic fluid past a semi-
infinite vertical permeable moving plate due to heat absorption and first order chemical
reaction.

Recent developments in hypersonic flights, nuclear power plant, gas turbines and
various propulsion devices for aircraft, missiles, satellites and space vehicles have focused
attention of researchers on thermal radiation as a mode of energy transfer and emphasized
the need for inclusion of radiative transfer in these processes. In this context, several
authors [7-13] investigated the interaction of radiation with mixed and natural convection
flow past a vertical plate with buoyancy forces either analytically or numerically.

However, the thermal-diffusion (Soret) effect had not taken into account in the above-
mentioned literature of reviews. This assumption is justified when the concentration level
is very low. The flux of mass caused due to temperature gradient is known as Soret effect
or thermal-diffusion effect. On the other hand, the energy flux caused by concentration
gradient is called Dufour effect. Soret and Dufour effects are important phenomena in
areas such as hydrology, petrology and geosciences. Charles Soret first did the
experimental investigation of the thermal-diffusion effect on mass transfer related
problems in 1879. Thereafter this thermal-diffusion is termed as the Soret effect in honour
of Charles Soret. In general, the Soret effect is of a smaller order of magnitude than the
effect described in Fick’s law and very often, it is neglected in mass transfer process.
Though this effect is quite small, but the devices can be arranged to produce very steep
temperature gradient so that the separation of components in mixtures is affected. Eckert
and Drake [14] have emphasized that in the cases concerning isotope separation and in
mixtures between gases with very light molecular weight (H,, He) and for medium
molecular weight (N,, air), Soret effect is found to be of considerable magnitude such
that it cannot be ignored. In view of these above-mentioned studies, the many researchers
[15-26] have analyzed theoretically the Soret and Dufour effects in porous medium on
heat-mass transfer for convective flow and they presented their numerical solutions with
various effects of heat source / sink and suction / injection.

Apart from these studies, investigators [27-33] had investigated analytically and
numerically for the heat-mass transport in porous media due to the application of
magnetic fluid with various configurations. Hazarika et al. [34] has presented the
analytical analysis of Cu—water nano-fluid of natural convection hydro-magnetic heat
transport in a Darcian porous regime with diffusion-thermo.

The objective of the present paper is to analyze the effects of Soret number and
thermal radiation on free convective periodic heat and mass transport of a viscous
incompressible chemically reacting fluid over an infinite porous vertical plate subject to a
time dependent suction velocity in presence of a uniform transverse magnetic field and
heat generation / absorption.
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2. Mathematical Formulation

We consider the unsteady two-dimensional flow of a laminar, incompressible, viscous,
electrically conducting, heat absorbing and chemically reacting fluid past a semi-infinite
vertical permeable moving plate embedded in a uniform porous medium and subjected to
a uniform transverse magnetic field in the presence of Soret and thermal radiation effects.
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Fig. A. Flow model and coordinate system.

In rectangular Cartesian co-ordinate system, we take x-axis along the plate in the
direction of flow and y-axis normal to it. In the analysis, induced magnetic field is
neglected due to lower magnetic Reynolds number. The flow in the medium is entirely
due to buoyancy force cause by temperature difference between the porous plate and the
fluid. The governing equations for this investigation are based on the balances of mass,
linear momentum, energy and concentration species and they are:
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The suitable boundary conditions of the flow problem are
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U= Up, T=7W+£(TW—TOO)€HE, C=E‘,l,+s(f‘,l,—a,o)eﬁf at y=0 )
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Eq. (1) designates that the suction velocity at the plate surface is a function of time and
thus it may be expressed as

v =—V,(1 + ede™) (6)
Outside the boundary layer, Eq. (2) gives
—lﬁzdi_‘”+lﬁm+z13§ﬁw @)
pdx dt K P

The radiative heat-flux due to Rosseland approximation is
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where ¢ and a are respectively the Stefan-Boltzmann constant and the mean absorption
co-efficient.

The dimensionless variables are
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In view of Egs. (6) — (9), Egs. (2) — (4) reduce to the following dimensionless form:
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The dimensionless form of the boundary condition becomes
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u=U,, 6=1+ece™, p=1+ce™ at y=0
{ P ¢ Y } (13)

u—Uy,=1+ece™, 8 >0, $ >0 as y—

3. Solution of the Problem

The analytical solutions of the Egs. (10) — (12) due to classical perturbation technique
may represents as

f.0) =f) +€entf1(y_t)+0(gz)+ ........................ (14)

where f stands for u, 8 or ¢.
On using (14), the Egs. (10) — (12) lead to

ui +u; — (N + j)u; = —lug — Gro; — Gme; — (N +j)} (15)
where i=0:j=1=0; wherei=1:j=nl=A4
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The reduced boundary conditions are
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The solutions of Egs. (15) — (17) under the boundary conditions (18) are
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3.1. Skin-friction

Knowing the velocity field [Egs. (19), (20)], the Skin-friction at the plate can be obtained
in non-dimensional form is
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3.2. Nusselt number

From temperature field Eq. (21), the rate of heat transfer co-efficient can be obtained in
the non-dimensional form in terms of Nusselt number is

B 4R\ (96 4R .
NuRe;' = — (1 + ?) <@) = (1 + ?) [my + ee™{m A, + my(1 — A}
y=0

3.3. Sherwood number

From concentration field [Egs. (22), (23)], the rate of mass transfer co-efficient can be
obtained in the non-dimensional form in terms of Sherwood number is

a
ShRe;! = — (%)
y=0
= [m3(1 + Az) - mlAz + Eent(m4A6 + m3A3 - m1A4 - mzAS)] )

Vox -
where Re, = %x is the local Reynolds number.

4. Accuracy

In order to check the accuracy of the employed Perturbation method, comparisons with
the previously published work of Mythreye et al. [6] have been done. In this present flow
model when Soret effect (S, = 0) and thermal-radiation parameter (R = 0), the work
reduced to the flow model done by Mythreye et al. [6].

Table 1. Comparison of the present results with the results done by Mythreye et al. [6] with
the effects of heat absorption (Q) on flow velocity (u) when Pr = 0.71, Sc = 0.6, Gr = 2,
Gm=1,M=0,K=051U,=05A4=05t=05n=0.1,¢=0.2.

Present work Mythreye et al. [6]

Y Tg=o0 Q=2 Q=4 Q=0 Q=2 Q=4
0 0.5 0.5 0.5 0.5 0.5 0.5

2 1.80585 1.42948 1.36691 1.7996 1.41769 1.35472
4 1.50549 1.24897 1.23248 1.50134 1.24524 1.22942
6 1.3587 1.21623 1.2131 1.35644 1.21539 1.21256
8 1.28668 1.21116 1.21036 1.2855 1.211 1.21055
10  1.25003 1.21039 1.21031 1.24942 1.21036 1.21029

Table 2. Comparisons of the present results with the results done by Mythreye et al. [6] with the
effects of various thermal Grashof number (Gr) on skin-friction () when Pr = 0.71, Sc = 0.6,
Gm=1,K=05Up=05A4=051t=05n=0.1¢=0.2.

M Present work Mythreye et al. [6]

Gr=20 Gr =2 Gr=4 Gr=0 Gr =2 Gr =4
0 2.01812 4.66395 7.30978 1.94506 4.59089 7.23672
2 2.11437 3.46314 4.81192 2.09339 3.44216 4.79093
4 2.35857 3.39417 4.42977 2.34587 3.38147 4.41707
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6 2.58818 3.4628 4.33741 2.579 3.45361 4.32823
8 2.79935 3.57138 4.34342 2.79213 3.56416 4.3362
10  2.99475 3.69397 4.3932 2.98879 3.68801 4.38724

5. Results and Discussion

In this work, we have investigated the two-dimensional flow model of free convective
unsteady flow with periodic heat and mass transfer over a flat porous plate in a Darcian
porous regime under oscillatory suction and free stream velocities in presence of Soret
and radiation effects. Throughout the discussion all the numerical calculations have been
done for the real constants Pr = 0.71, Sc = 0.6, Gr =10, Gm =5, M =1, K =5,
Q=1,K.-=05,5=02,U,=05A4=051t=1,n=0.2,¢&=0.002.

The effects of radiation parameter (R) on the flow velocity (u) is presented in Fig. 1.
An increase in R from 0 through 1, 2 to 4, the velocity profiles are elevated near the plate
and diminishing in the free stream velocity. Significantly, the greater value of u has
attained for R = 4 rather than R = 0.

Fig. 2 is a plot of velocity profiles for different values of Soret number (S,). The
Soret number signifies the ratio of temperature difference to the concentration. Hence, the
bigger Soret number (S, = 5) stands for a large temperature difference and precipitous
gradient. In this Fig. it is clear that the velocity profiles increase with the increasing the
values of Soret number (S,). Thus, the fluid velocity rises due to greater thermal diffusion
factor.

The effects of heat source/generation (Q) on the velocity distribution are shown in
Fig. 3. The term Q,(T — T, ) is assumed to be the amount of heat generated or absorbed
per unit volume. Q, is a constant, which may take on either positive or negative values
when T > T, , the source term Q, > 0 and heat sink when Q, < 0. From this Fig., it is
seen that the heat is absorbed due to the buoyancy forces, which induces the flow rate to
decrease giving reduction to the decrease in the velocity profiles.
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Fig. 1. Velocity profiles for R. Fig. 2. Velocity profiles for S.
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The variation of velocity distribution of the flow field with the generative chemical
reaction (K,) is shown in Fig. 4. It is observed from this Fig. that the velocity distribution
decreases at all points of the flow field with increasing in the chemical reaction parameter.
This shows that the generative reaction with higher values of K, have the retarding effect
on the velocity distribution of the flow field.
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Fig. 3. Velocity profiles for Q. Fig. 4. Velocity profiles for K,..

Fig. 5 show the variation of dimensionless temperature profiles with y for different
values of radiation parameter (R). It shows that the temperature increases with increasing
radiation parameter. This is due to the fact that the increase in the values of thermal
radiation parameter increases the flux of energy transport to the fluid and accordingly
increases the fluid temperature in the thermal boundary layer. Thus, it is found that the
effect of thermal radiation is to enhance heat transfer and due to which there is an increase
in the thermal boundary layer thickness.

Fig. 6 depicts the variation of dimensionless temperature profiles for different values
of heat generation / absorption rate (Q). The positive sign indicates the heat absorption
whereas negative means heat generation. In this Fig. we may realize that the temperature
profiles decrease with increasing the parameter (Q), which results in decreasing the
thermal boundary layer thickness with stronger Q.

The variation of Concentration distribution of the flow field with the diffusion of the
foreign mass (S,) is presented in Fig. 7 in absence of K., R and Q. It is observed that the
concentration distribution strongly elevated at all points of the flow field with increasing
in the Soret number (S,). This shows that the diffusive spices with higher value of Soret
number have an enhancing effect on the concentration distribution of the flow field. It is
interesting to note that the higher values of Soret number (S, > 1) have the tendency in
formation of peak concentration profiles near the plate.
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0 2 4y 6 8 10

Fig. 5. Temperature profiles for R. Fig. 6. Temperature profiles for Q.

The variation of velocity gradient distribution at the plate y = 0 for different values of
S, and M are shown in Fig. 8. It is seen that there is substantial increase in (1) at the plate
y = 0 for the increasing effects of S,, whereas no significant effects have been observed in
twhen M > 2. However, the skin-friction enhanced for the region 0<M< 2, but for M>2
the skin-friction has no effects in the boundary layer.
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Fig. 7. Concentration profiles for Sj. Fig. 8 Skin-friction for S, and M.

Fig. 9 depicts the rate of heat transfer responses for various radiation parameter (R)
and heat absorption parameter (Q). When Q increases, it is observed that the rate of heat
transfer gradually increases. However, there is a substantial increase in the rate of heat
transfer due to the effects of thermal radiation (R). For higher radiation (R = 5) the
thermal energy is boosted rather than the no thermal radiation (R = 0).

In Fig. 10 the evolution of Sherwood number distribution (Sh) with the effects of
Soret number (S,) and thermal radiation (R) is shown. With an increase in (S,) the
magnitude of mass transfer gradient at the plate is reduces due to the temperature
difference to the concentration. However, there is a progressive increasing in mass
transfer gradient indicating that thermal radiation exerts a stronger effect than the Soret
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effect. Significantly, the negative values of Sherwood number (Sh) have been observed at
So,=3 and S,=5 for R<2.
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Fig. 9. Nusselt number for R and Q. Fig. 10. Sherwood number for S, and R.

The influence of magnetic body force (M) and Soret number (S,) on the velocity
distributions with distant normal to the plate (transverse co-ordinate y) is presented in Fig.
11. The hydromagnetic term in the dimensionless Eq. (11), —Mu is a linear drag force
term. With increasing magnetic field strength B,, M is increased and this serves to
decelerate the flow along the plate. The strong inhabiting effect of magnetic field is
therefore evident. Moreover, the velocity profiles are elevated due to the effects of Soret
number for both the cases of M=0 and M=10. Significantly velocity overshoot near the
plate have been observed for the pure hydrodynamic fluid (M=0).

The variations of radiation and heat generation / absorption on the temperature
distributions against the transverse distance y are plotted in the Fig. 12. When Q=0.5 i.e.
for heat generation, the temperature distribution are enhanced, therefore the thermal
boundary layer thickness gradually increased. On the other hand, the temperature
distributions are diminished from heat absorption to heat generation near the plate
(0 <y < 4) but away the plate y > 4 the reverse effect has been observed.

The effects of Soret number (S,) and chemical reaction (K,) on the concentration
distribution are presented in Fig. 13. Due to generative chemical reaction (K, = 0.5), the
concentration distribution is enhanced by the increasing effect of Soret number (S,).
Moreover, an increasing Soret number the concentration distribution has negative
increasing values for destructive chemical reaction when y > 2. Interestingly, for
destructive chemical reaction (K, = —0.5), the Soret number enhances the concentration
distribution near the plate. However, the concentration distribution changes from
destructive to generative chemical reaction regions.
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Fig. 11. Velocity profiles for S, and M. Fig. 12. Temperature profiles for R and Q.

Fig. 13. Concentration profiles for S, and K.
6. Conclusion

In this paper, the problem of unsteady boundary layer, heat and mass transfer flow of a
viscous incompressible electrically-conducting fluid through porous medium over an
infinite vertical plate immersed in a Darcian porous plate with thermal radiation and Soret
effects has been considered in presence of heat source / sink and first order chemical
reaction. The resulting partial differential equations were transformed into a set of
ordinary differential equations using two-term series and solved in closed form. Analytical
solutions of the closed form results were performed and some graphical results were
obtained to illustrate the details of the flow and heat and mass transfer characteristics and
their dependence on some of the physical parameters. The main results of the present
study can be concluded as follows:
o the effect of increasing values of radiation is to accelerate the flow velocity as well as
same behavior has been observed in the thermal boundary layer and in the rate of heat
transfer.
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the velocity profiles and concentration boundary layer have been increased in the
increasing effects of Soret number and opposite trends have been shown in the skin-
friction and Sherwood number.

due to heat absorption the flow velocity as well as the temperature profiles has been
decelerated.

with increasing values of chemical reaction, the flow velocity enhanced.

the flow velocity is accelerated with the increasing values of Soret number for both
the cases of M=0 and M=10.

due to generative chemical reaction the concentration boundary layer enhanced by the
increasing effects of Soret number. For destructive chemical reaction, the Soret
number enhances the concentration profiles near the plate.

Nomenclature

=

«Q | 2

ol 0|
S

Q=

D
SRR

K
K,
Cr
Sh

dimensional distances along the plate y  dimensional distances perpendicular to
the plate

components of velocity in X direction v components of velocity in y direction

dimensional time p  pressure

gravitational acceleration T  dimensional temperature of the fluid in

the boundary layer
dimensional  concentration in the T, temperature of the fluid at the wall
boundary layer
molar species concentration at the wall T, temperature at the free stream
molar species concentration at the free B, the magnetic induction
stream

permeability of porous medium C, specific heat at constant pressure
the radiative heat flux Qo heat absorption coefficient
molecular diffusivity Dy coefficient of thermal diffusivity
the chemical reaction u, dimensional plate velocity
dimensional free stream velocity U, scale of free stream velocity
scale of suction velocity U, dimensionless plate velocity
dimensionaless free stream velocity A suction parameter

dimensionless exponential index Gr  thermal Grashof number

solutal Grashof number Pr  Prandtl number

Schmidt number M magnetic field parameter
thermal radiation Q  heat source parameter
permeability parameter N dimensionless field parameter
chemical reaction parameter So  Soret number

Skin-friction Nu  Nusselt number

Sherwood number

Greek alphabet

a

Bc

fluid thermal diffusivity Br thermal expansion coefficient
concentration expansion coefficient £ small reference parameter
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6  dimensionless fluid temperature ¢ dimensionless fluid concentration
o  electrical conductivity p fluid density
v kinemetic viscosity K thermal conductivity

Subscripts

p  plate condition
w  the wall condition
o  free stream

Appendix

my = — [3Pr +/9Pr? + 12PrQ(3 + 4R)] m, = m [3Pr +/9Pr2 + 12Pr(3 + 4R)(n + Q)] ,

T 2(3+4R)

1 1 1
my = [Sc + /ScZ+4scK, | | m4=5[5c+ ScZ+asc(n+K,)| , ms = [1+V1+4N]

2
1 3m, PrA m2S,Sc
=-|l1+/1+4N+n)| ,A, = L A=
Me =73 [ Wn] 4, G+ 4R)m2 — 3mPr—3Pr(n+ Q) * “2 " mZ —m,Sc — ScK,
A = mzASc(1+ 4,) A = m,Sc(4A; + myA;S,) A = m3SySc(1— A,)
2T mE-mySc—Sc(n+K,) ' Tt mE—-mSc—Sc(n+K,) "7 mi-—m,Sc—Sc(n+K,)'
Gr — A,Gm Gm(1+4,)
A6:1—A3+A4+A5 ,A7:m ,Agzm,AgzUp—1+A7+A8,
msAsA myA;A+ GrA; — GmA, msAgA + GmA;
A = 2 _ _ y A1 = 2 _ _ s 12 = 5 _ ’
mé —ms — (N +n) m{ —m; — (N +n) ms; —mz; — (N +n)
GmAs — Gr(1—A4;) GmAg
(SRl ey s (s S I Ajs = —1=Ajg+ A1 + A1 — Az + Ay,
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