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Abstract

The problem of magneto-hydro-dynamic (MHD) mass and heat transfer of an
oscillatory fluid in two-dimensional viscous, electrically conducting over an
infinite vertical permeable moving plate in a saturated porous medium with
the presence of a transverse magnetic field and chemical reaction is analyti-
cally presented. The governing equations, momentum, energy, and concentra-
tion are solved. Various flow parameters effects on velocity, temperature and
concentration fields are discussed. It is found that, the fluid velocity increases
with increasing both the permeability and chemical reaction parameters.
While, it increases with decreasing the magnetic field parameter. Further-
more, the concentration increases with increasing chemical reaction parame-
ters.
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1. Introduction

The study of the area of (MHD) mass and heat transfer problems combined with
chemical reaction in the presence of magnetic field through porous medium has
importance in many practical applications in the areas of engineering and
science. This phenomenon plays a very important role in many science and
technology branches such as chemical industry, geothermal system, nuclear
reactors cooling, petroleum industry, and packed-bed catalytic reactors. Due to
this wide range of applications, many authors presented solutions for this type of

flow with the presence of a magnetic field. Ibrahim ef a/ (2008) [1], reported an
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analytical solution for the problem of mass and heat transfer of an electrically
conducting, heat generation/absorption, Newtonian, laminar, and viscous flow
fluid on a continuously vertical permeable surface with the presence of a radia-
tion, Vajravelu (1986) [2], studied the exact solutions of heat transfer and hy-
dro-magnetic boundary-layer flow over a moving continuous flat surface with
internal heat generation/absorption and uniform suction, this type of flow
represents a new class of boundary-layer problems, with substantially solutions
different from those for boundary layer flow on a finite length flat surface. Rout
et al. (2013) [3], investigated the combined effects of internal heat generation
and a convective boundary condition and chemical reaction on the laminar
boundary layer MHD mass and heat transfer flow over a moving vertical flat
plate. A stream of cold fluid flows over the upper surface with heat source and
chemical reaction and the lower surface of the plate is in contact with a hot fluid.
Modather et al (2009) [4], presented numerical solutions for the governing
energy, momentum, angular momentum, and concentration equations of a mass
and heat transfer problem of an oscillatory two dimensional micro polar, visc-
ous, electrically conducting fluid over an infinite permeable moving plate in a
saturated porous medium with the presence of a transverse magnetic field. Red-
dy et al (2013) [5], discussed the mass and heat transfer on magneto hydrody-
namic unsteady visco elastic second order Rivlin-Erickson fluid past an impul-
sively started vertical plate with the presence of a foreign mass and constant
mass flux taking into account the viscous dissipative heat at the plate under the
influence of a uniform transverse magnetic field in the presence of chemical
reaction. Das et al (1994) [6], studied the exact solution to the flow due to im-
pulsive motion of an infinite vertical plate in its own plane in the presence of
species concentration, chemical reaction of first order and constant heat flux at
the plate by the Laplace transform technique. Ahmed and Das (2013) [7], pre-
sented the effects of chemical reaction and thermal radiation on unsteady MHD
mass transfer flow past a semi-infinite vertical porous plate, which is embedded
in porous medium in a slip flow regime with variable suction. Muthucumaras-
wamy (2001) [8], presented a finite-difference solution of the transient natural
convection flow of a viscous incompressible fluid past an impulsively started
semi-infinite plate with uniform heat and mass flux, in the presence of homoge-
neous chemical reaction of the first order . Muthucumaraswamy (2002) [9], pre-
sented mass and heat transfer effects on a continuously moving isothermal ver-
tical surface with uniform suction. Kandasamy et al (2006) [10], studied the
chemical reaction, mass and heat transfer effect on the boundary layer flow over
a porous wedge with heat radiation with the presence of suction or injection.
Anjali Devi and Kandasamy (2002) [11], presented an approximate solution for
the steady laminar boundary-layer viscous and incompressible flow over a wall
of the wedge with suction or injection with the presence of species concentration
and mass diffusion solving using Runge-Kutta Gill’s method. Chamkha (2003)

[12], presented an analytical solution for mass and heat transfer by laminar flow
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of a viscous, Newtonian, electrically conducting and heat generating/absorbing
fluid on a continuously moving vertical permeable surface with the presence of
first-order chemical reaction and magnetic field. Kandasamy et al. (2005) [13],
carried out an analysis to obtain the nonlinear MHD flow with mass and heat
transfer characteristics of a viscous, incompressible, electrically conducting and
Boussinesq fluid on a vertical stretching surface with thermal stratification and
chemical reaction effect. Khadrawi and Al-Odat (2005) [14], studied analytically
the transient MHD free convection flows over a semi-infinite moving vertical
permeable flat plate embedded a porous medium with uniform suction using the
Laplace transformation technique. Chamkha, (1997) [15], studied the laminar,
steady, free convection problem of flow over a vertical porous surface with the
presence of heat generation or absorption and magnetic field. Aldoss et al,
(1995) [16], have studied magnetohydrodynamic mixed convection flow about a
vertical plate embedded in porous medium with the presence of a magnetic field.

Therefore, in this study the case of MHD mass and heat transfer of an Oscil-
latory flow over a permeable vertical-plate with a porous medium and chemical
reaction, will be investigated. In addition, the effects of several flow parameters

on the thermal and hydrodynamics behavior will be analyzed.

2. Mathematical Formulation

Consider a two-dimensional, unsteady, laminar non-Darcian mixed convection
flow of an incompressible, viscous, electrically conducting fluid over a permeable
infinite vertical plate with a saturated porous medium. A magnetic field of
strength (B,) is applied vertically to the surface, neglecting the effect of the in-
duced magnetic field. x' axis is taken upward direction along the planar sur-
face while y' axis is taken normal to the surface. Due to the assumption that
the plane surface is infinite, the flow variables are functions of y' and time ¢’
only. The fluid and the plate are assumed to be at rest initially, then, as time
¢t >0, the whole system is allowed to move with a constant velocity. The plate
temperature is raised suddenly to 7, at =0 and maintained constant after
that.

[17] [18] [19] give the governing equations for such a motion:

o

0 1
e (1)
8_u’+ ,8_u’_v 2ul+v ﬂ+ B (T-T,)+gp-(C-C,)
atr ayr ayvz rayfz g T © g C © (2)
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- u——u' ——Lu

or 0T  o'T
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where (u',v') are the components of velocity at any point (x',y"); 7 is the
temperature of the fluid; and C is the mass concentration of the species in the
flow. p,v.,v,g, b, Br,0,K',y,a,D and /| are the density, kinematic rota-
tional viscosity, kinematic viscosity, gravitational acceleration, volumetric mass
expansion and volumetric thermal expansion coefficients of the fluid, electrical
conductivity of the fluid, medium permeability, micro inertia per unit mass, spin
gradient viscosity, thermal diffusivity, molecular diffusivity, and the dimensional
chemical reaction parameter, respectively.
The appropriate boundary conditions for the problem are:
u'=u,, T=T,+&(T,—-T,)e"
C=C,+¢(C,—-C,)e"" aty =0 (5)
u—>0,T->T,C—>C, asy > o
Integrating the continuity Equation (1), we get
V==V, (6)
where Vj is a suction velocity scale, which has a non-zero positive constant, T,

and C, aretemperature and mass concentration at the free stream

It is convenient to employ the following dimensionless variables

’ 2
T-T,

L Tk PR
U, v T,-T, c,-C,

V—L' G:UgﬁT(Tw_Too) :UgIBC(Cw_Cm)
(O v O (7)
v, o) v Kv: v

y=_0y’ M= ﬁOZ, f=—"L, A= 20’ n=—0,
v oV % % v
v v vy, ,

})r:;’ S(::Ba 71:V_217 up:UOUp

0

where U, is a free stream velocity scale, U, is the dimensionless plate veloci-
ty and B denotes the dimensionless viscosity. P.,S.,M,G, .G, ,A and y,
are the Prandtl number, Schmidt number, magnetic field parameter, Grashof
number for heat transfer, Grashof number for mass transfer, permeability para-
meter, and the dimensionless chemical reaction parameter, respectively.

With the help of Equation (5), Equations (1) - (6) reduce to the following ini-

tial-value problems:

ou Ou 1+
———=(1+ +G6+G Mu — 8
% oy =( ﬂ) = Mu——=u (8)
w0 0120 o
o dy p o
0 o9 109,
o oy s o Y (10

With the following dimensionless boundary conditions:

=U, O=¢gc", p=cc" aty=0
u=U, ¢ y (11)

u—>0, 650, ¢>0ay—>ow
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Maple and Mathematica software are used to solve and draw the results of the
simulation in this paper.

Equations (8) - (10) subjected to the boundary conditions (11), we may use
the following linear transformations for low values of &

u(y,t)=u, (y)+8e"’u1(y)+0(82)
H(y,t):ﬁo(y)+ge”’6?l(y)+0(52) (12)
$(3.1) = () +ee"$ (y)+0(e)

Substituting the expressions (12) into Equations (8) - (10), and equating the
harmonic and non harmonic terms and neglecting the coefficient of 0(82) we

have:
1
(1+ﬂ)ug+u(') —+—’8u0—Mu0 =-G,0,-G,4 (13)
1
(1+ﬁ)u1"+u1' +nu, —+—ﬂu1 -Mu,=-G 6,-G, 4 (14)
6,+ p,6,=0.0 (15)
O+ p,6 +np,0,=0.0 (16)
(;’+Sc¢(; +S071¢0 :00 (17)
@'+ SC¢1'+SL,(n+7/1)¢1 =0.0 (18)

With the following boundary conditions:
u,=U,, u,=00, 6,=1, =1, ¢=1, g=1aty=0 (19)
uy,=0.0, u,=00, 6,=00, 6=00, ¢ =00, ¢=00aty—>o0

The solution of Equations (13) to (18) under the boundary condition (19) are

given by:
Oy (y)=cs+ce™™ (20)
0, (y) =c, e +c,e? (21)
& (y)=ce" +c,e™ (22)
¢ (¥)=ce™ +c 0™ (23)

uy (¥)=ce™ +ce™

) a4
1 c,G e ¢,G e cGe" G|
T _ 3V m + 4~ m + 5~r + 61 eal (24)

a, hy hs hy hy

m

hy hy h, hy

u, (¥)=ce™ +c,e™

figy hoy fay foy
+c3Gme N c,G,e N c;G.e . cG.e je_mJ

by by bsy bey | &
_ L [chme i 10G, ™ n ¢,G.e” N ¢, Ge” Je“ly
b, b, by by

as

(25)

_ C9Gmeb7y _ Cloneb&v _ cllGrebgy _ ClzGrebloy jebzy
b, b b by,
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where:
1 1 1 la
By=——S, +=S?—4a,, hy=—=8. ——S*—da,, hy=—-———"
2 2 27 ° 2a, 2aq,
1 1a,
b= L b, e hmhmp, Bt
a4 2aq
1 1
hy=hy+hys hy=h,—p,, Slz_Epr+Epr_4m2’
1 1 1 1
S :_Epr _E\/prz —4m, , s, :_Esc"'g\lscz —4my
1 1 a
54:_55}_5\/53_4’"3 s o =1+4, a2:M+7', a =87
S daa, aam , b=t g oL 14
a, = aa,, a,=+l-4am , b=—+——>, by=————,
4 14y > ds e T e 24 24

by=s,-b, b,=s,-b, by=s-b, by=s,-b, b,=s,-b,, by=s,-b,,
by=s,~b,, by=5,-b,, m=n—a,, my=np., my=S,(n+y)

where ¢, constants are the constants of integration, they are not included here

for the sake of brevity.

3. Results and Discussion

An analytical solution for the problem of magneto-hydro-dynamic mass and
heat Transfer of an Oscillatory Flow over a Vertical Permeable Plate in a Porous
Medium with Chemical reactions was investigated. The analytical solutions are
evaluated numerically for various parameters involved in the problem. Numeri-
cal calculations for non-dimensional temperature, velocity and concentration
with different values of physical parameters such as Magnetic parameter, ther-
mal Grashof number, Permeability parameter, Solutal Grashof number, Prandtl
number, Schmidt number and chemical reaction parameter.

Figure 1 shows the effect of permeability parameter A on the velocity. It was
observed that the fluid velocity increases as the permeability parameter increas-
es. This is because of the presence of the porous medium in the flow presents re-
sistance to flow. So, the resulting resistive force tends to slow the motion of the
fluid along the plate surface.

Figure 2 and Figure 3 illustrate the behavior of velocity and concentration for
different values of chemical reaction parameter p,. It can be noticed that the
velocity and concentration increase with increasing the chemical reaction para-
meter because the chemical reaction enhances momentum transfer and therefore
accelerates the flow.

Figure 4 shows the concentration distribution for different values of Schmidt
number S. The concentration decreases as the Schmidt number increases.
Causing the concentration buoyancy effects to decrease, yielding a reduction in

the fluid velocity. The reduction in the velocity and concentration profiles is
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(Y] P
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Figure 1. Velocity distribution for different values of A for G, =2.0,G, =1.0,5=1.0,
M =20,7=10,P =1.0,5. =2.0,7, =0.2,n=0.L,U = 0.5,n, = 0.5, = 0.0L, = 1.0 .

0.5F r . e
5
[ =0,0.1,0.2,0.3,04 ]
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>} ]
= : ]
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Figure 2. Velocity distribution for different values of y; for 2=5.0,G. =2.0,G, =1.0,
B=1.0,M =2.0,7=1.0,P. =1.0,5. =2.0,n=0.1,U =0.5,n, = 0.5,& = 0.0L,r =1.0..

S —
03f
7,=0,0.1,02,03, 0.4 ]

0.1}

] T e —

Figure 3. Concentration distribution for different values of y, for 1=5.0, G =20,
G =10, B=10, M=20, =10, P=10, S5 =20, n=01, U=05,
n =05, £=0.01, +=10.
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Figure 4. Concentration distribution for different values of S, for 1 =5.0, G =2.0,
G =10, =10, M=20, n=1.0, =10, n=1.0, =10, U =05,
U=05, =001, r=1.0.

accompanied by simultaneous reduction in the velocity and concentration
boundary layers.

Figure 5 illustrates the velocity distribution for different values of magnetic
field parameter M. it can be seen that the velocity distribution increases with the
decreases of magnetic field parameter. This is because the application of a mag-
netic field gives rise to a flow resistive force.

Figure 6 and Figure 7 show the unsteady velocity and concentration distribu-
tion. It can be seen that the fluid velocity and concentration increase with time.
Near the surface, the velocity profile increases to the maximum and then de-
creases until it reaches an asymptotic value. Figure 8 shows unsteady tempera-
ture distribution. It can be noticed that the temperature increases as time in-
creases. Moreover, as time decreases, the thermal boundary layer thickness de-
creases and the temperature gradient at the wall increases and hence the heat
transfer rate increases. The temperature profile is large at the surface and then
decreases far away from the wall until it reaches an asymptotic value.

Figure 9 and Figure 10 show a plot of the velocity and temperature profiles
versus different values of Prandtl number P. It can be observed that the velocity
and temperature of the flow field decrease as Prandtl number P, increases. Thus
higher Prandtl number 2, leads to faster cooling of the plate.

Figure 11 shows the velocity profile for different values of thermal Grashof
number G, it can be found that an increse in the thermal Grashof number G.
leads to a rise in the velocity because of the enhancement in buoyancy force.

Figure 12 shows the velocity profile for different values of solutal Grashof
number G,. The velocity distribution attains a maximum value in the region and
then decreases to approach a free stream value. This is evident in the incraese in
the value of velocity as solutal Grashof number G, increases.

Figure 13 shows the effect of Schmidt number S on the velocity. the fluid ve-

locity decreases as the Schmidt number increases, the reduction in velocity
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Figure 5. Velocity distribution for different values of M for 12=5.0,G, =2.0,G, =1.0,
B=1.0,7=10,P =10,5 =2.0,7,=02,n=0.1,U =0.5,n,=0.5,£=0.01,/=1.0.

08 F T T T

0.0 CL ' " ' 1 ' " 1 1 1

=0, 10, 20, 40, 50

Figure 6. Unsteady velocity distribution for 1=5.0,G, =2.0,G, =1.0,=1.0,M =2.0,

n=1.0,P. =10, =2.0,5,=0.2,n=0.1,U = 0.5,n, =0.5,6 = 0.01..

0.5F

0.4

0.3

)

0.2

0.1

0.0k

t=0, 10, 20, 40, 50

Figure 7. Unsteady concentration distribution for 12=5.0,G. =2.0,G, =1.0,5=1.0,

M =20,7=10,P.=10,5, =2.0,7,=02,2n=0.1,U =0.5,n, =0.5,£ = 0.01 .
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Figure 8. Unsteady temperature distribution for 1=5.0,G. =2.0,G, =1.0,5=1.0,
M=20,7=1.0,P. =1.0,5 =2.0,7, =02,n=0.1,U =0.5,n, =0.5,£ =0.01 .
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P =03,05,07,1.0,1.2
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Figure 9. Temperature profile for different values of P,
A=50,G =2.0,G,=10,=1.0,M =2.0,7=1.0,S,=2.0,
7,=02,n=0.1,U=0.5,n =05, =0.01, =1.0. '

0.6F T T T T T T T T T T T T T T T ™
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02F
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Figure 10. Velocity profile for different values of P,
A=50,G, =20,G,=10,=10,M =2.0,7=1.0,S, =2.0,
7, =02,n=0.1U=0.5,n=0.5,6=0.0L¢=1.0. ’
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G =05,1.0,15,2.0,25

Figure 11. Velocity profile for different values of G,

A=50,G,=10,8=10,M =2.0,7=1.0,P. =1.0,S, =2.0,

7,=02,n=0.,U=0.5,n=0.5,6=0.01,=1.0.

G,=05,1.0,1.5,2.0,2.5
503
=
0.2F
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Figure 12. Velocity profile for different values of G,

4=50,G. =2.0,8=1.0,M =2.0,7=1.0,P. =1.0,5, = 2.0,

7,=02,n=0.,U=0.5,n=0.5,6=0.01,=1.0.

0.5}

0.4}

§=1.0,12,14,1.6,1.8
03F

u(y)

0.1F
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Figure 13. Velocity profile for different values of S,

A=50,G =20,G,=10,=1.0,M =2.0,n=1.0,P. =1.0,

7,=02,n=0.,U=0.5,n=0.5,6=0.01,=1.0.
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profiles is accompanied by simultaneous reductions in the momentum boundary

layer thickness.

4. Conclusions

The mass and heat transfer of a two-dimensional oscillatory, viscous, electrically
conducting fluid over an infinite vertical moving permeable plate in a saturated
porous medium with the presence of a transverse magnetic field and chemical
reaction was studied. It was found that, increasing the permeability parameter
and the chemical reaction parameter will lead to an increase in the fluid velocity.
The velocity distribution increases as the magnetic field parameter decreases.

The concentration decreases as the Schmidt number increases, while increases
as chemical reaction parameter increases, the fluid velocity and concentration
increase with time. Near the surface, the velocity profile increases to the maxi-
mum and then decreases until it reaches an asymptotic value.

As time decreases, the thermal boundary layer thickness decreases and the
temperature gradient at the wall increases and hence the heat transfer rate in-
creases. The temperature profile is large at the surface and then decreases far
away from the wall until it reaches an asymptotic value, the velocity and temper-
ature of the flow field decreases as Prandtl number increases.

Increasing in the thermal Grashof number leads to a rise in the velocity.

Finally the fluid velocity decreases as the Schmidt number increases; the re-
duction in velocity profiles is accompanied by simultaneous reductions in the

momentum boundary layer thickness.
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