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Abstract:

In the present steady, an unsteady two-dimensional MHD flow chemical reacting fluid past a semi-
infinite vertical porous plate with Soret and Dufour effects are analyzed. The dimensionless
governing equations are solved numerically by a finite element method. Computations are performed
for a wide range of the governing flow parameters, viz., the thermal Grashof number, solutal Grashof
number, Magnetic field parameter, Permeability parameter, Prandtl number, Heat absorption
parameter, Dufour number, Schmidt number, Chemical reaction parameter and Soret number. The
effects of these flow parameters on the velocity, temperature and concentration are shown
graphically. Finally, the effects of various parameters on the skin-friction coefficient, Nusselt number
and Sherwood number are shown in Tables.
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NOMENCLATURE:
T' temperature of the fluid in near the plate C’ species concentration in the fluid
p’ the pressure g acceleration due to gravity
t’ time t dimensionless time
C, specific heat at constant pressure C, concentration susceptibility
D,,  mass diffusion coefficient K; thermal diffusion ratio
Kk thermal conductively T, mean fluid temperature
K’ permeability of the porous medium B, applied magnetic field
Gr thermal Grashof number Gm  solutal Grashof number
magnetic parameter ermeability parameter
M gnetic p t K P bility p t
Q heat source parameter Pr Prandtl number
chmidt number ufour number
S Schmidt numb Du  Duf b
Kr chemical reaction parameter S Soret number
o dimensionless temperature C dimensionless concentration
u’ velocity of the fluid u dimensionless velocity
U,V velocity components in U, mean velocity
X',y direction respectively
Greek Symbols
a the fluid thermal diffusivity yoj density of the fluid
£ coefficient of volume expansion due to concentration C, specific heat at constant pressure
i) : coefficient of volume expansion due to concentration O electrical conductivity
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Subscripts
U viscosity of the fluid w condition at the wall
1% kinematic viscosity 0 free stream conditions

1. Introduction

Combined heat and mass transfer (or double-diffusion) in fluid-saturated porous media finds applications in a
variety of engineering processes such as heat exchanger devices, petroleum reservoirs, chemical catalytic
reactors and processes, geothermal and geophysical engineering, moisture migration in a fibrous insulation and
nuclear waste disposal and others. Double diffusive flow is driven by buoyancy due to temperature and
concentration gradients. Combined buoyancy-generated heat and mass transfer, due to temperature and
concentration variations, in fluid-saturated porous media, have several important applications in a variety of
engineering process including heat exchanger devices, petroleum reservoirs, chemical catalytic reactors, solar
energy porous wafer collector systems, ceramic materials, migration of moisture through air contained in fibrous
insulations and grain storage installations, and the dispersion of chemical contaminants through water-saturated
soil, superconvecting geothermics etc. The vertical free convection boundary layer flow in porous media owing
to combined heat and mass transfer has been investigated.

There has been renewed interest in studying magneto hydrodynamic (MHD) flow and heat transfer in porous
and non-porous media due to the effect of magnetic field on the boundary layer flow control and on the
performance of many systems using electrically conducting fluids. In addition, this type of flow finds
applications in many engineering problems such as MHD generators, plasma studies, nuclear reactors, and
geothermal energy extractions. Soundalgekar (1973) obtained approximate solutions for the two-dimensional
flow of an incompressible, viscous fluid past an infinite vertical porous plate with constant suction normal to the
plate. Lai and Kulacki (1991) used the series expansion method to investigate coupled heat and mass transfer by
natural convection from vertical surface in a porous medium. Kim (2000) presented an analysis of an unsteady
MHD convection flow past a vertical moving plate embedded in a porous medium in the presence of transverse
magnetic field. Helmy (1998) studied MHD unsteady free convection flow past a vertical porous plate.
Soundalgekar (1977) studied the free convection flow past an impulsively started infinite vertical plate, when it
is cooled or heated by free convection currents. Kafoussias et al. (1979) studied the effects of suction on the
flow field, in the problem. Nanousis et al. (1980) extended this problem to magnetohydrodynamics.

In all these studies Soret / Dufour effects are assumed to be negligible. Such effects are significant when density
differences exist in the flow regime. For example when species are introduced at a surface in fluid domain, with
different (lower) density than the surrounding fluid, both Soret and Dufour effects can be significant. Also,
when heat and mass transfer occur simultaneously in a moving fluid, the relations 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
gradients and this is called the Soret or thermal-diffusion effect. The thermal-diffusion (Soret) effect, for
instance, has been utilized for isotope separation, and in mixture between gases with very light molecular weight
(H2, He) and of medium molecular weight (N2, air), the diffusion-thermo (Dufour) effect was found to be of a
considerable magnitude such that it cannot be ignored (Eckert and Drake 1972). In view of the importance of
this diffusion-thermo effect, Jha and Singh (1990) studied the free-convection and mass transfer flow about an
infinite vertical flat plate moving impulsively in its own plane, taking into account the Soret effects. Kafoussias
(1992) studied the same problem in the case of MHD flow. Kafoussias and Williams (Kafoussias and Williams
1995) presented the same effects on mixed free-forced convective and mass transfer boundary layer flow with
temperature dependent viscosity.

Chamkha and Takhar (2001) are used the blottner difference method to study laminar free convection flow of air
past a semi infinite vertical plate in the presence of chemical species concentration and thermal radiation effects.
Ibrahim (2008) studied the effects of chemical reaction and radiation absorption on transient hydro magnetic
natural convection flow with wall transpiration and heat source.

However, the interaction of Soret and Dufour effects on transient MHD flow in a porous plate with chemical
reaction has received a little attention. Hence, the object of the present chapter is to analyze the Soret and
Dufour effects on transient MHD flow past a semi-infinite vertical porous plate by taking chemical reaction into
account. The governing equations are transformed by using similarity transformation and the resultant
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dimensionless equations are solved numerically using the finite element method. The effects of various
governing parameters on the velocity, temperature, concentration, skin-friction coefficient, Nusselt number and
Sherwood number are shown in figures and tables and analyzed in detail.

2. Mathematical Formulation of the Problem

An unsteady two-dimensional hydromagnetic flow of a viscous incompressible, electrically conducting and
chemical reacting fluid past a semi-infinite permeable vertical moving plate in a porous medium is considered.
The flow is assumed to be in the X’ - direction, which is taken along the semi-infinite plate and ' - axis normal
to it. The physical model and coordinate system of the problem is shown in Fig. A. A uniform magnetic field is
applied in the direction perpendicular to the plate. The fluid is assumed to be slightly conducting, and hence the
magnetic Reynolds number is much less than unity and the induced magnetic field is negligible in comparison
with the applied magnetic field. It is further assumed that there is no applied voltage, so that electric field is
absent. It is also assumed that all the fluid properties are constant except that of the influence of the density
variation with temperature and concentration in the body force term (Boussinesq’s approximation).
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Fig. A. Physical model and coordinate system of the problem
Based on above assumptions, the governing equations can be written as:

Continuity equation:

avl

—= (1)
oy
Momentum equation:
' ’ ’ 20,1 ' GBZ '
8_ul+v,8_u, = —ia—p,Jrva uz +gp(T' -T.)+ g,B*(C’—CC;)—vQ— o4 @)
ot oy p OX oy’ K P
Energy equation:
! ! 27T D k 21
8i+v’ai=aa-r2 _&(T'_TO;)_F”‘—T@S 3)
ot’ oy oy pc, cc, oy
Species equation:
’ ’ 2 21
oc’ o€ :Dmacz_kr,C,JrDkaaTz W
ot’ oy’ oy’ T, oy

The boundary conditions for the velocity, temperature and concentration fields are:
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n't' n't'
u=u, T'=T +¢&T,-T))e", C'=C,+¢C,-C.)e at y'=0
u=U, =U,l+e™) T 5T, C->C, as y -

®)

. . 4 . . .
Where Up is the plate velocity, TW and q\, are the wall dimensional temperature and concentration

respectively, T and CO'O are the free stream dimensional temperature and concentration respectively, U | the

0

free stream velocity, UO and N’ -the constant.

From the equation (1), it is clear that suction velocity normal to the plate is either a constant or function of time.
Hence, it is assumed in the form

V=-V,(1+sAe") (6)

Where A is a real positive constant, € and €A are small values less than unity and V) is scale of suction velocity
which is non zero positive constant. Outside boundary layer, equation (2) gives

lop' du., W, oBU.
- =2+ ()
pox dt’ K’ 0

In order to write the governing equations and the boundary conditions in dimensionless form, the following non-
dimensional quantities are introduced.

’ ’ ’ u' ! ’ 2 r_T! '
u= Yy Yy VY o, =l u, == n=1v (W, T c-Cl
U, V, v U, U, V, v T, -T) C’ -C
K'V2 \Y/ 82 D_k -C!

K = 20 , Pr = pCp:L, S::l,M_G > 1Q— QOVZ,DUZ mT( \:v ,oo),
v Kk «a D PeAvA PCVs c.c,(T,-T.)
or <YM -T) g VAT9C,-C) o _Kiv g Dake(Ty-T.) ®
U,V UV, Vo v, (C\;/ - C;)

In view of Equations (5), (6), (7) and (8), Equations (2), (3) and (4) reduce to the following dimensionless form.

2
%—(1 Ae”‘)au dldJ—t“’+ali+Gr9+GmC+M1(Uw—u) )
00 1 0°0 0’C
——(l+cAe”)—=— -Q8+Du 10
ot ( )aY Pr oY? < oY? (4
2 2
ﬁ—(l Ae”‘) ! acj—KC 360 (11)
ot 8Y S oY oy’
Where Mlz(M +1)
K
The corresponding boundary conditions are:
u=u, f=1+£", C=1+£" atY=0
(12)

u—U, =1+&£" 650, C—>0 asY 5w
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3. Method of solution

The Galerkin expansion for the differential equation (9) becomes

+P
oy’ oy ot

Yi T 32 (e) (e)
e {au au® au —Mlu(e)+R}dy:0 )

Yj

Where
P=1+A£", R=ng"+Grd+GmC+MU,

Let the linear piecewise approximation solution

u® = N;(y)u; (1) + N (Y)u, (1) =N;u; + N,u,

Where Nj =M, N, = Y=Y,
yk_yj yk_yj

k

Cag@ Y v AanE Ay © ) @  Ay®©
N } _(JONT T e [Pa“ RV Rj dy =0 (14)
oy y o oul Yoy oy ot

Neglecting the first term in equation (14) we gets

Yi N
oN©" au® N(e)T(P@u@ ou®

- — —Mlu(e>+RJ dy=0
sl oy oy oy

11 =1u ] P[=1 1u ] 1@72 1w ] MJI@[2 17y, 11
— -— +— + =R—
1©1-1 1 Ju | 2[-1 1]u| 61 2]u; 6 |1 2|u, 2 |1
Where |'® =y, —y, =h and dot denotes the differentiation with respect to't .

We write the element equations for the elements Y, ; S Y<VY, and Y, < y <Y, assemble three element

equations, we obtain

A L e e I B RN A U w21 0ua]

~-1 2 -1}y |- 1ju [+=|1 4 1| u [+—|1 4 1||u |==

| 21® 6 6 2
-1 1 |u, 0 -1 1]u, 01 2|y 01 2|u,

i+l

Now put row corresponding to the node I to zero, from Equation (15) the difference schemes is
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1 P
l(T)z[_ U +2u, - Um]—w

[u_, + ui+1]+é{ﬂi_1 AU+ CJm}%[ui_l +4u +u,] =R

Applying Crank-Nicholson method to the above equation then we gets

A\Uijf]l + Azuij+l + Aauij:]l = A4uij—1 + Asuij + A%uijﬂ +R (16)
Where

A =2-6r+3Phr+Mk, A =8+12r+4Mk,

A =2-6r-3Phr+Mk, A =2+6r-3Phr-Mk,

A =8-12r-4Mk, A, =2+6r +3Phr—M k

R" = 12(Gr)k&] +12(Gm)kg’ +12kM U _ +12knee™ ;

Applying similar procedure to equation (12) and (13) then we gets

B6' +B,0" + B0 =B,6), +B,#) + B, +R” (17)
ccl'+c,cl+c,clt =Cc,Ccl,+C,C/ +C,Cl, +R™ (18)
Where

B, = 2Pr—6r +3Pr Phr + PrQk, B, =8Pr+12r +4PrQk,

B, =2Pr—6r —3Pr Phr + PrQk, B, =2Pr+6r —3Pr Phr - PrQk,

B, =8Pr—12r —4PrQk, B, = 2Pr+ 6r +3Pr Phr — PrQk

R™ =12r PrDu(C[i —1]-2C[i]+ C[i +1])

C, =2%-6r+3Prh+ <K k, C,=8S+12r+4&K, Kk,
C,=2S-6r-3Psxrh+ K, ,k, C,=2S+6r-3PScrh—-ScK Kk,
C, =8&—-12r -4&K kK, C, =2Sc+6r +3PScrh— &K k

R™ =12rcS (O[i —1]-20[i]+d[i +1)

k :
Here I = F and h,K are the mesh sizes along Y —direction and time t —direction respectively. Index I

refers to the space and J refers to the time. In Equations (16)-(18), taking i = 1(1)n and using initial and
boundary conditions (12), the following system of equations are obtained:
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AX =B i=1(1)3 (19)

Where A ’s are matrices of order N and Xi , B, ’s column matrices having N — components. The solutions of

above system of equations are obtained by using Thomas algorithm for velocity, temperature and concentration.
Also, numerical solutions for these equations are obtained by C-program. In order to prove the convergence and

stability of finite element method, the same C-program was run with slightly changed values of hand K and no
significant change was observed in the values of U,& and C . Hence, the finite element method is stable and
convergent.

The skin-friction, Nusselt number and Sherwood number are important physical parameters for this type of
boundary layer flow.

The skin-friction at the plate, which in the non-dimensional form is given by

7. ou
C,=—Y =| = (20)
pPUWV, Y Jyoo
The rate of heat transfer coefficient, which in the non-dimensional form in terms of the Nusselt number is given
by
[6T’
Y )y Rl
Nu = -x-——"= NuRe,' = — @1)
T,-T, oY )y

The rate of mass transfer coefficient, which in the non-dimensional form in terms of the Sherwood number, is

given by
(aCIj
Sh= —XM = ShRe! = _(ﬁj 22)
Y Jy-o

c.-C. x

VX
Where Re, = —— is the local Reynolds number.
14

4. Results and Discussion

As a result of the numerical calculations, the dimensionless velocity, temperature and concentration distributions
for the flow under consideration are obtained and their behaviour have been discussed for variations in the

governing parameters viz., the thermal Grashof number G, solutal Grashof number GM , magnetic field
parameter M, permeability parameter K , Prandtl number P | heat absorption parameter Q , Dufour number

Du, Schmidt number SC, Soret number & and chemical reaction parameter Kr . Here we fixed £ = 0.1,

n=0.1 t=1.0 A=0.5.

The influence of the thermal Grashof number on the velocity is presented in Fig 1. The thermal Grashof number
signifies the relative effect of the thermal buoyancy force to the viscous hydrodynamic force in the boundary
layer. As expected, it is observed that there is a rise in the velocity due to the enhancement of thermal buoyancy

force. Here, the positive values of GI correspond to cooling of the plate. Also, as GI increases, the peak
values of the velocity increases rapidly near the porous plate and then decays smoothly to the free stream
velocity.

Fig 2 presents typical velocity profiles in the boundary layer for various values of the solutal Grashof number
GmMm , while all other parameters are kept at some fixed values. The solutal Grashof number GM  defines the
ratio of the species buoyancy force to the viscous hydrodynamic force. As expected, the fluid velocity increases

Soret and Dufour effects on transient MHD flow past a semi-infinite vertical porous plate with chemical reaction 43



S Shivaiah, J. Anand Rao / Journal of Naval Architecture and Marine Engineering 8(2011) 37-48

and the peak value is more distinctive due to increase in the species buoyancy force. The velocity distribution
attains a distinctive maximum value in the vicinity of the plate and then decreases properly to approach the free
stream value.

L6 ]
1.4 4 1.4 Gm:1.0, 20, 30, 40
1.3 A Gr=1.0, 2.0, 3.0, 4.0 1'3 1
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Fig. 1: Velocity profiles for different values of Gr Fig. 2: Velocity profiles for different values of Gm

For various values of the magnetic parameter M , the velocity profiles are plotted in Fig 3. It can be seen that as
M increases, the velocity decreases. This result qualitatively agrees with the expectations, since the magnetic
field exerts a retarding force on the flow.

15
1.4 v
1.3 1 M=1.0, 2.0, 3.0, 4.0 13 | K=0.5, 1.0, 1.5,2.0
1.2 A 1.2 A
1.1 4 1.1 A

u 1 1 u 1 -
09 | 09 4 [ Gr=2.0, Gm=2.0, M=1.0, Pr=0.71,
og | [ Gr=2.0,Gm=2.0,K=0.5,Pr=0.71, os J [ Q=1.0,Du=02, Sc=0.22,K=1.0,
0'7 1 Q=1.0, Du=0.2, Sc=0.22,K=1.0, 0.7 | Sr=1.0
0.6 Sr=1.0 0.6 4
0'5 . r r ; ’ r . 0-5 T T T T T T T

0 05 1 15,2 25 3 35 0 05 1 15y2 25 3 35

Fig. 3: Velocity profiles for different values of M Fig. 4: Velocity profiles for different values of K

The effect of the permeability parameter K on the velocity field is shown in Fig 4. An increase the resistance
of the porous medium which will tend to decelerate the flow and reduce the velocity. This behavior is evident
from Fig 4.

Figs 5(a) and 5(b) illustrate the velocity and temperature profiles for different values of the Prandtl number Pr

. The Prandtl number defines the ratio of momentum diffusivity to thermal diffusivity. The numerical results
show that the effect of increasing values of Prandtl number results in a decreasing velocity (Fig 5 (a)). From Fig
5 (b), it is observed that an increase in the Prandtl number results a decrease of the thermal boundary layer
thickness and in general lower average temperature within the boundary layer. The reason is that smaller values

of Pr are equivalent to increasing the thermal conductivities, and therefore heat is able to diffuse away from

the heated plate more rapidly than for higher values of Pr . Hence in the case of smaller Prandt] numbers as the
boundary layer is thicker and the rate of heat transfer is reduced.

Figs 6(a) and 6(b) illustrate the velocity and temperature profiles for different values of heat absorption
parameter Q , the numerical results show that the effect of increasing values of heat absorption parameter
result in a decreasing velocity and temperature.
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Fig.5(a): Velocity profiles for different values of Pr Fig.5(b) 2: Temperature profiles for different values of Pr
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Fig. 6(a): Velocity profiles for different values of Q Fig.6(b): Temperature profiles for different values of Q
For different values of the Dufour number DU, the velocity and temperature profiles are plotted in Figs 7(a)

and 7(b) respectively. The Dufour number DU signifies the contribution of the concentration gradients to the
thermal energy flux in the flow. It is found that an increase in the Dufour number causes a rise in the velocity
and temperature throughout the boundary layer. For, the temperature profiles decay smoothly from the plate to
the free stream value. However for, a distinct velocity overshoot exists near the plate, and thereafter the profile
falls to zero at the edge of the boundary layer.
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Fig.7(a): Velocity profiles for different values of Du  Fig.7(b): Temperature profiles for different values of Du

The influence of the Schmidt number SC on the velocity and concentration profiles are plotted in Figs 8(a) and
8(b) respectively. 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
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the hydrodynamic (velocity) and concentration (species) boundary layers. As the Schmidt number increases the
concentration decreases. This causes the concentration buoyancy effects to decrease yielding a reduction in the
fluid velocity. The reductions in the velocity and concentration profiles are accompanied by simultaneous
reductions in the velocity and concentration boundary layers. These behaviors are clear from Figs 8(a) and 8(b).

1.1
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u C 05 Sc=0.22, 0.6, 0.78, 0.94
0.9 A 0.4 -
8';3 1/ Gm=2.0,Gm=2.0,M=1.0, 03]
: K=0.5, Pr=0.71,Q=1.0, 01 |
0.6 1 Du=0.2, K=1.0, Sr=1.0 :
05 —_—— 0 —
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
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Fig.8(a): Velocity profiles for different values of Sc  Fig.8(b): Concentration profiles for different values of Sc

Figs 9(a) and 9(b) depict the velocity and concentration profiles for different values of the Soret number ' .
The Soret number ' defines the effect of the temperature gradients inducing significant mass diffusion

effects. It is noticed that an increase in the Soret number I results in an increase in the velocity and
concentration within the boundary layer.
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Fig.9(a): Velocity profiles for different values of Sr Fig.9(b): Concentration profiles for different values of Sr

Figs 10(a) and 10(b) illustrates the behavior velocity and concentration for different values of chemical reaction
parameter K_ . It is observed that an increase in leads to a decrease in both the values of velocity and

concentration. A distinct velocity escalation occurs near the wall after which profiles decay smoothly to the
stationary value in free stream. Chemical reaction therefore boosts momentum transfer i.e. accelerates the flow.

The effects of various governing parameters on the skin-friction coefficient, Nusselt number and the Sherwood
number are shown in Tables 1 to 3. From Table 1, it is observed that as Gr or GM or K increases, the skin-
friction coefficient increases, where as the skin-friction coefficient decreases as M increases. From Table 2, it is
noticed that as Pr or Q increases, the skin-friction coefficient decreases while the Nusselt number increases
and DU increases, the skin-friction coefficient increases while the Nusselt number decreases. From Table 3, it
is found that as SC or Kr increases, the skin-friction coefficient decreases while the Sherwood number

increases and S increases, the skin-friction coefficient increases while the Sherwood number decreases.
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Fig.10(a) 1: Velocity profiles for different values of K, Fig.10(b): Concentration profiles for different values of K;

Table 1 : Effectof Gr ,Gm , M and K on C,
(Pr=0.71, Q=1.0, Du=0.2, Sc=0.22, S =1.0, K, =1.0)

Gr Gm M K C,

2.0 2.0 1.0 0.5 2.4723
4.0 2.0 1.0 0.5 3.1437
2.0 4.0 1.0 0.5 3.2259
2.0 2.0 2.0 0.5 2.4326
2.0 2.0 1.0 1.0 2.5333

Table 2 : Effect of Pr, Q and DU on C; and Nu
(Gr=2.0, Gm =2.0, M =1.0, K =0.5, Sc=0.22, K, =1.0, S =1.0)

Pr Q Du Cf Nu

0.71 1.0 0.2 2.4723 1.1434
1.00 1.0 0.2 2.4002 1.4343
0.71 2.0 0.2 2.4015 1.4422
0.71 1.0 0.6 2.5201 0.9809

Table 3 : Effect of SC, K, and S on C; and Sh
(Gr=2.0, Gm =2.0, M =1.0, K =0.5, Pr=0.71, Q=1.0, Du=0.2)

e K, g C, s

0.22 1.0 1.0 2.4723 0.9346
0.60 1.0 1.0 2.3332 1.4311
0.22 2.0 1.0 2.4424 1.0243
0.22 1.0 2.0 2.5125 0.8103

5 CONCLUSIONS

In this article a mathematical model has been presented for the Soret and Dufour effects on transient MHD flow
past a semi-infinite vertical porous plate with chemical reaction. The non- dimensional governing equations are
solved with the help of finite element method. The conclusions of the study are as follows:

1. The velocity increases with the increase thermal Grashof number and solutal Grashof number.
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2. The velocity decreases with an increase in the magnetic parameter.
3. The velocity increases with an increase in the permeability of the porous medium parameter.

4. Increasing the Prandtl number substantially decreases the translational velocity and the
temperature function.

5. Increasing the heat absorption parameter reduces both velocity and temperature.

6. The velocity as well as concentration decreases with an increase in the Dufour number.
7. The velocity as well as concentration decreases with an increase in the Schmidt number.

8. An increase in the Soret number leads to increase in the velocity and temperature.

9. The velocity as well as concentration decreases with an increase in the chemical reaction parameter.
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