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ABSTRACT

The aim of this research paper is to study the combined effects of Soret, Dufour on an unsteady MHD flow past an
infinite vertical plate in a porous medium with variable temperature and mass diffusion in presence of chemical
reaction. The momentum, energy, and concentration equations derived as coupled second-order, ordinary differential
equations and are solved numerically using a highly accurate and thoroughly tested finite element method (FEM). The
effects of Soret number, Dufour number, Grashof number for heat and mass transfer, Schmidt number, Chemical
reaction parameter, Prandtl number and Permeability parameter on the dimensionless velocity, temperature and
concentration profiles are presented graphically. In addition the local values of the Skin —friction coefficient, Nusselt
number and Sherwood number are also shown in tabular form. The discussion focuses on the physical interpretation of
the results as well their comparison with the results of previous studies
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1. INTRODUCTION

Radiative convective flows have gained attention of many researchers in recent years, Radiation plays a vital role in
many engineering, environment and industrial process example, heating and cooling chambers, fossil fuel combustion
energy process astrophysical flow and space vehicle re-entry. Alagoa et. al [1] analyzed the effect of radiation on free
convective MHD flow through a porous medium between infinite parallel plates in the presence of time dependent
suction. The unsteady free convective flow with radiation effect was investigated by Cogley et. al [2]. Rajput and Sahu
[3] have investigated effects of rotation and magnetic field on the flow past an exponentially accelerated vertical plate
with constant temperature. Soundalgekar and Wavre [4] studied an unsteady free convection flow past an infinite
vertical plate with constant suction and Mass transfer. Unsteady MHD free convection flow past an infinite vertical
plate with Soret, Dufour thermal radiation and heat source has been studied by Anand Rao et.al [5]. Due to the
importance of Soret and Dufour effects for the fluids with very light molecular weight as well as medium molecular
weight many investigators have studied and reported results for these flows of whom the names are Eckert and Drake
[6], Durusukanya and Worek [7].Very recently, Alam and Rahman [8] studied the Dufour and Soret effects on steady
MHD free convective heat and mass transfer flow past an semi-infinite vertical porous plate embedded in a porous
medium. Soret Dufour and radiation effects on unsteady MHD flow past an impulsively started inclined porous plate
with variable temperature and mass diffusion has been studied by Pandya and Shukla [9].

The objective of this paper is to investigate the combined effects Chemical reaction, Soret, Dufour and Thermal
Radiation on an inclined porous vertical plate in presence of variable temperature and concentration. The governing
equations are solved using Galerkin method. The effect of different physical parameters on velocity, temperature and
concentration are discussed and presented graphically.

The governing equations are solved using Galerikan method. The effect of different physical parameters on velocity,
temperature and concentration are discussed and presented graphically.
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2. MATHEMATICAL ANALYSIS

The unsteady flow of a viscous incompressible electrically conducting fluid past an impulsively started infinite inclined
porous plate with variable temperature and mass diffusion in presence of radiation is considered. The plate is inclined at

angle o to vertical, is embedded in porous medium. The X" - axis is taken along the plate and y*—axis is taken normal

to it. It is also assumed that the radiation heat flux in X" — direction is negligible as compared to that in y* — direction
initially. The plate and fluid are at the same temperature and concentration. At time the plate is given impulsive motion
along X" -direction against gravitational field with constant velocity u, the plate temperature and concentration
decrease exponentially with time. The transversely applied magnetic field and magnetic Reynolds numbers are very
small and hence induced magnetic field is negligible. Due to infinite length in X" -direction, the flow variables are
functions of y*and t only. Under the usual Boussinesq approximation, governing equations for this unsteady problem
are given by:

Continuity equation:

o .
8y*=0 =V =-V, @
Momentum equation:

* * * 2" * * * * OB U *
Moy Y BT —T. ) cos(a) + gB'(C” —C ) cos(a) - 20 M. @
ot oy oy yo, K

Energy equation:

* * 2 * 2 *
pcp{aT* +V*8T*}=k8'l; _ 9, , PDuK; 0 c -
o oy Y A Y
Concentration equation:
* * 2 * 2 *
6C* +V~k ac - a C + Dm KT a T2 _ Kr*(c* _C*Oc) (4)

* *2 *
ot oy oy T, oy
Where U~ and V are the Velocity components along X" —direction and y*—direction respectively. g is the
acceleration due to gravity, 4 is the volumetric coefficient of thermal expansion, [’is the coefficient of volume

expansion for mass transfer, v is the kinematic viscosity, p is the fluid density, B, is magnetic induction, K" is the
permeability of porous medium, o is the electrical conductivity of the fluid, T is the dimensional temperature, Tw* is
temperature of free stream Cw* is concentration of free stream, D, is the chemical molecular diffusivity, k is the
thermal conductivity of the fluid, Cp is specific heat at constant pressure, KT is thermal diffusion ratio, Cis the

dimensional concentration, (, is radiative heat flux in y~ direction, T,, is mean fluid temperature, K, is the chemical
reaction parameter.

The initial and boundary conditions are:

t"<0 u =0 T =T C'=C. vy’

t*>0 u"=u, T =T, +(T, -T))e ™ )
C'=C.+(C.-Cle™ a y =0

u'=0 T T C"»C] y 5w

V * * - .
Here A = VO ,Cwand T, areconcentration and temperature of plate respectively.
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The radiative heat flux term by using Rosseland approximation is given by

Ao ar”
3k, oy

Where k; and ¢ are mean absorption coefficient and Stefan Boltzmann constant respectively.

a, (6)

x4
It is assumed that the temperature difference within the flow are sufficiently small such that T may be expressed as a
linear function of the temperature this is accomplished by expanding in a Taylor series about T and neglecting the

higher order terms, thus
*4 x3 x4

T =47 T -3T, )

Then using (6) and (7) in equation (3), is reduced

<At 8T 160T” 0T pD_ K. 8°C”
IOCp i +V aT* = k *2 + *2 + p X ! *2 (8)
ot oy oy 3kl oy C, oy
On introducing non dimensional quantities:
* ) * * * * * ’ A
u:u_’t:tvo ,y:yVO ’e:T*_Tao* , :C* Coj ,Gm:vgﬂ(cwz Cw)’
u, 14 14 T,-T, C,-C. UoVy
* _ * ZK* V 2 * _ *
Gr=Vgﬂ(TW2T°O),K=V02 ,PI‘:pCp ,M:GBOZV,DU:DmKT(C\O/:/) Cio)’ SCZL,
TR'A 14 k Vg cCv(, -T,) D
D K. (T, -T. 2 *
Sr = m T(*W *oo)'R:4O-T ,Kr: Kr 1% (9)
T v(C, —C) k.k V2

By virtue of equation (9) we get the following governing equations which are non-dimensional form of equations (2)
(3) and (8) respectively

2
a—u—a—uza—l:+Gr cos(a)¢9+Gmcos(a)C—(M +iju, (10)
ot oy oy K
2 2

%—%:i(l+ﬁj%+q% (11)
ot oy Pr 3 oy oy

2 2
€ C_10¢ 699 ke 12)
ot oy Scoy oy
With boundary and initial condition
t<0 u=0 0=0 C=0 Vy
t>0 u=1 6=¢' C=¢' at y=0 (13)
u=0 6—0 cC>0 y>w

3. NUMERICAL SOLUTION BY FINITE ELEMENT METHOD

Finite element technique is used to solve the velocity, momentum and energy equations (10), (11) and (12) along with
the boundary conditions (13).

The Galerkin expression for the differential equation (10) becomes

Yy 2, ® ®
J. {NTF;’Z _&(Jst +62y —Ru(e)+P}}dy:0
Yj

]

T T NJ' 1
Where N :[N. Nk] = ,R:M+E ,P=(G, cosa)T +(G,, cosa)C;
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Let the linear piecewise approximation solution

u® =N (y)u;©) + N (u, (€) =Nju; + Ny,

The element equation is given by

T N;N; N;N, {uj} y+yf Ny NG NN y—yf N,N; N;N, {uj}dy
5 NN NN (L LN NG NN e NN NN |y,
%N N, NN ([, ALY
J ]
dy - dy
R =P
' yj N, N, NN, [lu, yI N,
i jL

Where prime and dot denotes differentiation w.r.t, ‘y’ and ‘t’ respectively Simplifying we get

171 +£21ljlj_1—lluj+521ujzil
1@ -1 1 6[1 2]/: | 29[-1 1fju | 6[1 2]ju | 2[1

where 1 =y, -y; =h

In order to get the differential equation at the knot x;, we write the element equations for the elements y;; < y <y;and
Vi <V <y assemble two element equations, we obtain

1 -1 0fu, 2 1 0" -1 1 0}ju, 2 1 0flu, 1
— (-1 2 1|y, +11 4 1]l ui L -1 0 1}y +El 4 1]y :22
|© 6 20 6 2
0 -1 1]lu, 012 u 0 -1 1j|luy, 01 2ju, 1
i+1

We put the row equation corresponding to the knot “i’, is

[~u_, + 2u.—ui+1]+l Ui+ AU +Uin [ u_, + u,+1]+ [u,1+ 4u, +u,|=P

- u —
I(e)z i i 6 2| (e)

Applying Crank- Nicholson method to the above equation then we gets
AuMt+ AU+ AU = AU AU+ AU, +12PK

i+1

Where A;=-6r+2+3rh+Rk; A,=4Rk+12r+8; A;=2+Rk-6r-3hr;
A;=2-Rk-3rh+6r; As=-12r+8-4Rk; As =2 - Rk + 3rh + 6r; (14)

=(G, cosa)T,) + (G, cosa)C/;

Applying similar procedure to the equation (11), then we get
BlTifl+1 + BzTin+1 + B Tn+l B, T, + B T + B T,fl +12kQ (15)

i+1

Where Q = (Pr)(Du) o'C and Z= (1+ﬁj
oy’ 3

B; =-6Zr+3(Pr)rh+2Pr; B, =12Zr+8Pr; B3 =-6Zr-3(Pr)rh+2(Pr);
B, = 6Zr-3(Pr)rh+2(Pr); Bs=-12Zr+8Pr; Bg=6Zr+3(Pr)rh+2(Pr)

Applying similar procedure to the equation (12), then we get
J,Ct+J,CM +3,CMt =3,C!, +J.C" + J,C, +12kw (16)

i+1
(&
Where W= (Sr) (S¢)| —
oy
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and J;=-6r+3 (Sc)rh+2Sc+KrSck; J, = 12r+8Sc+4KrSck; J; = -6r-3(Sc)rh+2Sc+KrSck;
Js= 6r-3(Sc)rh+2Sc-KrSck; Js = -12r+8Sc-4KrSck; Jg = 6r+3(Sc)rh+2Sc-KrSck;

k
Herer = F and k, h are mesh sizes along y- direction and time-direction respectively index ‘i’ refers to space and *j’

refers to time .The mesh system consists of h=0.1 and k=0.001.

In the equations (14), (15), and (16), taking i = 1(1)n and using boundary conditions (13), then we get the following
system of equations are obtained:

A, X, =B, for i=1(1)n

Where A;’s are matrices of order n and X;, B;’s are 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 Galerkin finite element method, the same C++ program was run with small values of h and k no significant change
was observed in the values of u, T and C. Hence the Galerkin Finite Element Method is stable and convergent.

Skin- friction

Skin-friction coefficient (7 ) at the plate is

5)
o
Y )y

Nusselt number (N, ) at the plate is

-3
Y )y

Sherwood number (S, ) at the plate is

5)
S,=—| —
ay y=0

4. RESULTS AND DISCUSSIONS
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Figure 1: Velocity Profiles for different values of Pr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7, Sr=1,
a =30, t=0.2, Kr=1.0
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Figure 2: Velocity Profiles for different values of M, when Gr=5, Gm=10, R=2, K=1, Pr=0.71, Sc=0.66, Du=0.7, Sr=1,
o =30, t=0.2, Kr=1.0
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Figure 3: Velocity Profiles for different values of & when Gr=5, Gm=10, R=2, K=1, M=5, S¢=0.66, Du=0.7, Sr=1,
t=0.2, Pr=0.71, Kr=1.0
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Figure 4: Velocity Profiles for different values of Sc when Gr=5, Gm=10, R=2, K=1, M=5, Pr=0.71, Du=0.7, Sr=1, @
=30, t=0.2, Kr=1.0
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Figure 5: Velocity Profiles for different values of R when Gr=5, Gm=10, K=1, M=5, Sc=0.66, Du=0.7, Sr=1, ¢ =30,
t=0.2, Pr=0.71, Kr=1.0
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Figure 6: Velocity Profiles for different values of K when Gr=5, Gm=10, R=2, M=5, Sc = 0.66, Du=0.7, Sr=1, & =30,
t=0.2, Pr=0.71, Kr=1.0
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Figure 7: Velocity Profiles for different values of Gr when Gm=10, R=2, K=1, M=5, Sc = 0.66, Du=0.7, Sr=1,,
t=0.2,Pr=0.71,Kr=1.0, & =30.
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Figure 8: Velocity Profiles for different values of Gm when Gr=5, R=2, K=1, M=5, Sc=0.66, Du=0.7, Sr=1, ¢ =30,
t=0.2, Pr=0.71, Kr=1.0
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Figure 9: Velocity Profiles for different values of Sr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7, & =30,
t=0.2, Pr=0.71, Kr=1.0
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Figure 10: Velocity Profiles for different values of Du when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Sr=1, « =30,
t=0.2, Pr=7, Kr=1.0
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Figure 11: Velocity Profiles for different values of t when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7, Sr=1,
o =30, Pr=0.71, Kr=1.0
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Figure 12: Velocity Profiles for different values of Kr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7, Sr=1,
o =30, t=0.2, Pr=0.71
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Figure 13: Temperature Profiles for different values of Pr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7,
Sr=1, & =30, t=0.2, Kr=1.0
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Figure 14: Temperature Profiles for different values of Sr when Gr=5, Gm=10, R=2, K=1,M=5, Sc=0.66, Du=0.7, &
=30, t=0.2, Pr=0.71, Kr=1.0
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Figure 15: Temperature Profiles for different values of Sc when Gr=5, Gm=10, R=2, K=1, M=5, Du=0.7, Sr=1, ¢¢ =30,
t=0.2, Pr=0.71, Kr=1.0
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Figure 16: Temperature Profiles for different values of Du when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Sr=1,
a =30,t=0.2,Pr=0.71,Kr=1.0
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Figure 17: Temperature Profiles for different values of R when Gr=5, Gm=10, K=1, M=5, Sc=0.66, Du=0.7, Sr=1,

o =30, t=0.2, Pr=0.71, Kr=1.0
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Figure 18: Concentration Profiles for different values of Pr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7,
Sr=1, & =30,t=0.2,Kr=1.0.
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Figure 19: Concentration Profiles for different values of Sr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7,
a =30, t=0.2, Pr=0.71, Kr=1.0
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Figure 20: Concentration Profiles for different values of Sc when Gr=5, Gm=10, R=2, K=1, M=5, Du=0.7, Sr=1, &
=30,t=0.2, Pr=0.71, Kr=1.0
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Figure 21: Concentration Profiles for different values of R when Gr=5, Gm=10, K=1, M=5,S¢=0.66, u=0.7,Sr=1, &
=30,t=0.2,Kr=1.0,Pr=0.71
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Figure 22: Concentration Profiles for different values of Pr when Gr=5, Gm=10, R=2, K=1, M=5, Sc=0.66, Du=0.7,
Sr=1, @ =30, t=0.2, Pr=0.71

Figures 1 to 12 depict the variation of dimensionless velocity field u against the influence of physical parameters. From
the Figures 1 to 4 it is clearly observed that the effect of Prandtl number Pr, magnetic parameter M, inclination angle
o and Schmidt number Sc over the velocity field u. Increase in Pr, M, Sc and & contributes to decrease in velocity.
The effect of buoyancy force decreases because of multiplication factor cos (& ).
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For different values of radiation parameter R, permeability K, Grashof number Gr, modified Grashof number Gm, the
soret number Sr, Dufour number Du, and time t, the velocity profiles are plotted from figures 5 tol11.1t is seen that the
velocity increases as these parameters increases. It is clearly observed that the velocity profile decrease by increasing
the chemical reaction parameter, shown in Figure 12.

From the figures (13) and (14) we notice that the temperature decreases as prandtl number Pr and soret number Sr
increases and increasing the Schmidt number Sc and Dofour number Du, increases the temperature profile which is
clearly observed from figures (15) and (16). Figure (16) reveals that temperature increases as radiation parameter R
increases.

Figure (18) shows that the fluid concentration C, first increase rapidly then decrease on increasing the prandtl number
Pr. Figure (19) depicts that concentration profile increases as soret number increases. Increasing Schmidt number Sc, it
is analyzed that concentration field decreases in Figure (20), this causes the concentration buoyancy effects to decrease
yielding a reduction in the fluid velocity. It is analyzed in figure (21) that on increasing radiation parameter R, and
chemical reaction parameter Kr concentration decreases.

Table-1: Comparison of Skin-friction results (7) with the Skin-friction results (z'*) obtained by Pandya and Shukla
[7] for different values of parameters.

*

t |R Pr M|K| Sc [Sr| a | Du|Gm|Gr T T
021|071 |5|1|066|1|30]|07| 10 | 5 |0.67512352 | 0.677699
02|2|0025|5|1|066|1|30|07| 10 | 5 | 0.59656721 | 0.596546
012|071 |5|1]|066|1|30|07| 10 | 5 |1.61783452 | 1.61605
021|071 |5|1|066|1|30|07| 10 |10 | -0.5746182 | -0.57371

Table-2: Comparison of Nusselt number results (Nu) with the Nusselt number Results (Nu*) obtained by N .Pandya
and A.K. Shukla [7] for different values of parameters.

t |R| Pr |[M|K| Sc |Sr| & |Du|Gm|Gr Nu Nu™
021|071 |5|1)|066| 1|30 |07] 10 | 5 |0.71487653 | 0.713983
0220025 5|1]|066| 1|30 |07] 10 | 5 |0.18385672 | 0.184229
0112|071 |5|1]|066| 1|30 |07] 10 | 5 | 0.89345645 | 0.892766
0412071 |5|1]066| 1|30 |07] 10 | 5 |0.27345124 | 0.272914

Table-3: Comparison of Sherwood number results (Sh) with the Nusselt number Results (Sh*) obtained by N.Pandya
and A.K. Shukla [7] for different values of parameters.

t |R| Pr- [M|K| Sc |[Sr| a |Du|Gm|Gr Nu sh”
0211|071 |5|{1|066| 1|30 |07 10 | 5 | 1.22745432 | 1.2275
0212|0025 5|1(066| 1|30 (07| 10 | 5 | 0.44386123 | 0.44484
012|071 |5|1(066| 1|30 (07| 10 | 5 | 1.9336578 | 1.93473
042|071 |5|1(066| 1|30 |07]| 10 | 5 | 0.7812675 | 0.780744

V. CONCLUSION

In this paper we have studied the chemical reaction and Dufour soret effects on MHD flow past a vertical plate with
variable temperature and mass diffusion. From present numerical study the following conclusions can be drawn

1) The velocity increases with the increase of Gr and Gm.

2) The velocity decreases with increase in inclination angle

3) The velocity decreases with an increase in the magnetic parameter.

4) The velocity increases with an increase in the permeability of the porous medium parameter.

5) Increasing the prandtl number substantially decreases the velocity and the temperature profiles.

6) The velocity as well as concentration decreases with an increase in the Schmidt number.
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7) The velocity as well as concentration decreases with an increase in the chemical reaction parameter
8) On comparing the Skin-friction(z) ,Nusselt number(Nu) and Sherwood number (Sh) results with the Skin-

friction results (7 "), Nusselt number results(Nu*)and Sherwood number results (Sh*) of pandya and
Shukla [7] from Table 1, 2 and 3, it can be seen that they agree very well.
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