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Abstract: This paper examines the problem of MHD steady mass transfer flow of a polar fluid through a
porous medium bounded by an infinite vertical porous plate in slip flow regime. In the mass transfer equation
effect of thermal diffusivity which plays an important role in the flow is also considered. The exact solutions for
velocity field, angular velocity field, temperature distributions and concentration field are obtained. The
expression for the skin-friction, the rate of heat transfer are also derived. Effects of rotational parameter ( « ),
couple stress parameter ( ) and other parameter entered into the problem are examined with the help of
graphs. It is found that the velocity of the fluid is increased when the rotational parameter is increased but
decreased in case of couple stress parameter.
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l. Introduction

The study of the flow through a porous medium under the influence of a magnetic field has attracted
the interest of many investigators in view of its applications in many engineering problems such as
mangetohydrodynamic generator, plasma studies, nuclear reactors, oil exploration, geothermal energy
extractions and the boundary layer control in the field of aerodynamics. Also, free convection flows are of great
interest in a number of industrial applications such as fiber and granular insulation, geothermal etc.
magnetohydrodynamics has attracted the attention of a large number of scholars due to its diverse applications.

In astrophysics and geophysics, it is applied to study the stellar and solar structures, interstellar matter,
radio propagation through the ionosphere etc. in engineering, it finds its applications in MHD pumps, MHD
bearings etc. Brinkmann [1], Chawla and Singh [2], Yamamoto and Yoshida [3] have discussed fluid flow
through porous medium considering generalized Darcy’s law which contains the terms of viscous stress and
convection acceleration. Convection in porous media has applications in geothermal energy recovery, oil
extraction, thermal energy storage and flow through filtering devices is given in the book of Nield and Bejan
[4]. In all above works, generalized Darcy’s law is derived without taking into account the angular velocity of
the fluid particles.

Aero et al. [5] derived and solved the flow equations fo the fluid in which angular velocity of the fluid
particles was taken into account. These fluids are known as polar fluids in the literature and are more general
than ordinary fluids Lukaszewicz [6]. Rapits et al. [7], Raptis and Takhar [8] have discussed polar flow through
porous medium. Recently Saxena and Dubey [9], Jain et al. [10], Jain and Gupta [11, 12] considered magnetic
effects on polar flow. Polar fluids belong to a class of fluids with microstructure and have asymmetrical stress
tensor. Physically, they represent fluids consisting of randomly oriented particles suspended in a viscous
medium. Some authors viz. Ahmadi [13], Kim [14] used the word micropolar in place of polar because of the
microstrucure property of the fluid particles. From technological point of view, MHD free convection flows
have significant applications in the field of stellar and planetary magnetosphere, aeronautics, chemical
engineering and electronics on account of their varied importance, these flows have been studied by several
authors notable amongst them are Shercliff [15]. Ferraro and Plumpton [16] and Cramer [17].

Radiative convective flows are encountered in countless industrial and environment processes, such as
heating and cooling chambers, fossil fuel combustion energy processes evaporation from large open Watter
reservoirs, astrophysical flows, solar power technology and space vehicle re-entry. England and Emery [18]
have studied the thermal radiation effects of an optically thin gray gas bounded by a stationary plate.

Chandrakala and Antomy Raj [19], Soundalgekar and Takhar [20] have considered the radiative free
convective flow past a semi-infinite vertical plate. As slip boundary conditions are very useful in geothermal
region in which situations may arise when the flow becomes unsteady and slip at the boundary takes place.
Recently Jothimani and Anjali Devi [21] and Khandelwal and Jain [22] have considered the slip boundary
conditions in their heat flow problems.
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In the present study, we can consider electrically conducting steady polar flow through porous medium
in slip flow regime under the influence of radiative heat. As whole of the body is not rotating but only randomly
oriented fluid particles are rotating. Coriolis force is not considered (French and Norton [23]) in this problem.

Obtaining exact solutions, effects of different parameters entering into the problem namely K
(permeability parameter), M (magnetic parameter), a (Kinematic rotational viscosity parameter), hy (velocity slip
parameter), B (couple stress parameter), Gr (thermal Grashof number), Gc (mass Grashof number), So (soret
number), Sc (Schmidt number), S (radiation parameter) and Pr (Prandtl number) are discussed on the velocity
field, angular velocity and temperature, concentration, skin friction and quantity of heat transfer and are shown
graphically.

1. Mathematical formulation and solutions of the problem
We consider the two dimensional, steady, free convective flow with mass transfer and thermal
diffusion of an electrically conducting polar fluid through a porous medium in slip flow regime past an infinite
vertical porous plate in presence of a heat source/sink. A magnetic field of uniforms strength is applied
transversely to the direction of the flow. The magnetic Reynolds number of the flow is taken to be small enough
so that the induced magnetic field can be neglected. We taken the x-axis along the plate and y-axis normal to it
and the flow in the medium is entirely due to buoyancy force caused by temperature difference between the wall

and the fluid. The suction velocity v, and permeability K of the porous medium are constant.
Under these conditions using the Boussineque’s approximation equations, governing the flow are given

as:
Continuity equation
ov
oy
Linear momentum equation
au 1 o’u 2 O wu Bu
v ZgBT=T,)+ 0B (C~C,) sy, Jo o4 2y, 0230 e
oy p o° p oy K p
(2.2)
Angular momentum equation
2
V§9216<§ 2.3)
a oy
Energy equation
T k o°T 1 0
v K0T g 2.4)
gy pC,oy" pC, 0y
Concentration equation
2 2
v®_p?T,p T 25

oy oy’ oy’

Here p denotes the density, u the velocity along the x-direction and v the velocity along the y-axis, p
the viscosity of the fluid p, the rotational viscosity, B the strength of magnetic field, ® and T are mean angular
velocity and temperature of fluid particles. o is fluid conductivity, p. is magnetic permeability. D is the
coefficient of chemical molecular diffusivity, D/ is thermal diffusivity. | a scalar constant of dimension equal
to that of moment of ineria of unit mass and

Y= C.,+Cy

where C, and Cy are coefficient of couple stress viscosities. Remaining symbols have their usual
meanings.

The boundary conditions are :

ou o® o%u
u=L, =, 2-_2%
oy oy oy

u—0, ®—0,T—-T,, C—C, as y—w (2.6)

T=T,C=C, aty=0

m
where L, = [ L ]L, L being mean free path and m; the Maxwell’s reflection coefficient.

1
Integration of equation (2.1) for constant suction gives :
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V=V (2.7)
The radiative heat flux g; is considered as
0
Be _g7-1,)1, 28)
oy
- oe,,
where I, = ["K, pe dA,
Introducing the following non-dimensional quantities
FEONL IV Ay
Vo v Vo
Kv2 Cc-C T-T
K¥=—2, ¢=——"=,0=c—"=
v C,—-C, T,-T,
v, _ lv
o = — (Rotational parameter), 3 = — (Couple stress parameter)
L Y
2
, opBwo
M = ——— (Magnetic field parameter),
PVy
vgp(T, - T,)
Gr = 5 (Thermal Grashof number),
VO
1
vgp'(C, -C.) uC,
Gec = 3 (Mass Grashof number), Pr = (Prandtl number),
V0
4ol, Lv
S= > (Radiation parameter), hl =—29 (Velocity slip parameter),
pCpVO L
L DE(TW - Too )
SC = — (Schmidt number), S0 = ————— (Soret number)
D v(C, -C,)

In view of equations (2.7), (2.8) the equations of motion in non-dimensional form after dropping the
asterisks over them, reduced to :

2
(1+oc)%+%u+2a%o+6r6+6c¢—N2u:0 (2.9)
’w 0w
+Bp—=0 (2.10)
oy* oy
0%0 00
%0 ob 0°0
W'FSCE—SOSCW:O (2.12)

With corresponding boundary conditions as
ou oo 0°u
u= hl — - = __21
oy o oy
u—0, ®—0, 6—0, p—0 asy — (2.13)

where N? = M? +1

0=1, ¢=1laty=0
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Solving the equations (2.9) to (2.12), we get the following exact solution after using corresponding
boundary conditions (2.13) :

u=Cee "’ —EC,” +(E,C,-E,C,)e "~ +E,Ce’” (2.14)
w=C,e" (2.15)
0=C,e " (2.16)
¢=C,e -C,e” 2.17)

1. Skin friction and Nusselt number
The skin-friction due to velocity is given by

ou

Tw :(H+Hr) E

In non-dimensional form after dropping the asterisk

T

t=—=(l+a) {-R,C; +BE,C, + (E,C, —E,C,)R, —SCE,,C, | (3.1)
0

Another important parameter, the rate of heat transfer is given by

—L, |[eoT
Uu=—-———| —
(T, —T.)| o

In non-dimensional form after dropping the asterisk
Nu = h1C2R3 (32)
Where

c - (RC;+K))
" B@L+BE,)
_SOSCRst C. = E1(1+Bh1)K1_B(1+BE1)K2
‘T (Ry-Sc) " B@A+PE,)A+h,R,)~RIE,1+ph,)

y=0

y=0

C2 = 1, C3 = 1+C4

K, =R3E, +Sc’E,C, +R3E,C,,

K, =R,E,h, + E,h,ScC, —R,E,h,C, +E, +E,C, —-E,C,

R 1+ 1+ 41+ a)N? R -1+ 1+4(1+a)N?

! 2(1+ o) ’ ? 2(1+ a)

R :Pr+\/Pr2+4PrS E _ 203

’ 2 ’ b+ )R +B)R, —P)

E — Gr E Gc
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V. Discussions and Conclusions
In order to understand the physical situation, we have calculated the numerical values of the velocity
distribution (Figure 1 and Figure 2), Angular velocity distribution (Figure 3 and Figure 4), Temperature
distribution (Figure 5), Concentration distribution (Figure 6), skin friction ( Figure 7) Nusselt number (Figure 8)
for different parameter entered into the problem

Pr=0.71, Sc=0.6, S=1.0, hy=0.1,&=0.25, 3=1.0

S.NO. K M Gr Ge So
1 1.0 0.2 [ 5.0 |20 1.0
2 1.2 | 0.2 |50 |20 | 1.0
3 1.0 | 0.5 | 5.0 | 2.0 1.0
4 1.0 0.5 | 70 |20 | 1.0
g 5 1.0 | 0.5 | 5.0 |2.0 | 2.0
6 1.0 | 0.5 | 7.0 | 3.0 1.0
1.6
()
1.4 > -
@
)
1.2 <1
NE)
~ (3)
1.0¢
I ; 06D
w 0.8
0.61
O.
0.2+
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Figure 1. Velocity profile for different values of K, M, Gr, Ge and So

In Figure 1 the velocity distribution is plotted against y for fixed values of Pr = 0.71, Sc = 0.6, S=1.0,h; =0.1,
a=0.25 and g = 1.0. It is being observed that when K, Gr and S, are increased velocity increased but for the
case of M and Gc the velocity decreased. Physically, we say that increase in K increased the flow space in the
porous medium hence velocity increase.

K=1.0, M=0.2, S=1.0, Gr=5.0, G¢=2.0, So=1.0

S.NO.| Pr sc h, @ g3
1 0.71 0.6 0.1 0.25( 0.5
2 0.71 0.6 0.05| 0.25| 0.5
3 071 0.6 0.1 0.25| 0.1
s 2.0 0.6 0.05( 0.1 0.5
gt 5 |2.0 |06 |01 |0.25] 1.0
6 2.0 0.8 0.05| 0.1 0.5
1.6 Z 2.0 0.6 0.1 (2 8 | 1.6
8 0.71 0.6 0.0 0.25 1.0
1.4
5 & 7 >
~ gL
1.2 - ?
5 7 A
7 < 4 (3)
1.0¥ 4
I «(6)
w o.st
0.6
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0.24
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-

Figure 2. Velocity profile for different values of Pr, Sc, h,(Xand 3

In Figure 2, the velocity distribution is plotted against y for K=1.0, M =0.2, S=1.0, Gr=5.0, Gc =
2.0and S, = 1.0. It is being observed that when Pr, h; and a are increased velocity is increased, but increase in
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Sc and P decrease the velocity. It is further observed that when h; = 0 (No slip condition) velocity is decreased
as compared to when h; = 0 it means slip velocity increase the velocity of the fluid.

-
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.¢
0.0 i ' N
&)
> @@
—o0.8 + T T
-1.6 f @ (T)
=24 =
«©Q
=3.2 T Pr=0.71, Sc=0.6, S=1.0, h,=0.1& =0.25,3=1.0
S.NO.| K M Gr Ge So
T_”‘ ok p 1 1.0 0.2 5.0 2.0 1.0
w . / 2 1.0 0.5 5.0 2.0 1.0
/’,, 3 1.0 0.5 5.0 2.0 2.0
—4.8 e 4 1.0 0.5 7.0 3.0 1.0
5 1.0 045 T 2.0 1.0
6 1.2 0.2 5.0 2.0 1.0
—-5.6 1
—6.4 +
Figure 3. Angular velocity profile for different values of
K, M, Gr, Ge and So.
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From figures 3 and 4, we observe that angular velocity is less for higher values of K, Gr, Gc and S, and

more with the higher values of p and M. As expected, effect of couple stress parameter leads to rise in angular
velocity but effect of rotational parameter lead to fall in angular velocity. Moreover, decrease in radiation
parameter decreases the angular velocity.
Temperature distribution is plotted against y in Figure 5. It is observed that temperature of the fluid is more in
case of air (Pr = 0.71) in Comparison with Water (Pr = 7.0). Moreover, increase in radiation parameter leads to
fall in temperature for both the basic fluids. It is further observed that for the case of water negative of radiation
parameter increase the temperature of the fluid.
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Figure 5. Temperature profile for different values of Pr and S.

Concentration profile is plotted in figure 6 and it is noticed that concentration is more for hydrogen (Sc
= 0.22) but less for propyl benzene (Sc = 2.62). It is being observed that effect of Sorret number leads to rise in

concentration profile.

0.67

0.4

0.2

Pr=7.0,S=1.0

S.NO. So Sc
1 1.0 (0.22
2 1.0 3.0
3 2.0 |0.22
4 2.0 2.62

0.0

Figure 6. Conentration profile for different values of So and Sc.
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Pr=7.0, Sc=0.6, S=1.0,K=1.0

S.NO. h, a B Gr Gd So
1 0.1 |0.25| 0.5]5.0 | 2.0| 1.0
2 |0.05/0.25] 0.5 5.0 | 2.0| 1.0
3 |01 |o.25] 1.0[5.0 | 2.0 1.0
4 |0.05/0.1 | 0.5|10.0] 2.0| 1.0
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Figure 7. Skin friction for different values of h,, @ ,3,Gr,Gc and So

In figure 7, dimensionless skin friction is plotted against M for different values of hy,a ,B, Gr, Gc an S,.
It is being observed that increase in hy, Gr, a and B decreases the skin friction but increase in Gc and S,
increases the skin friction.

Important parameter namely Nusselt number are plotted in figure 8. it is being concluded that rate of
heat transfer is more for Water (Pr = 7.0) in Comparison with air (Pr = 0.71). it is observed that increase in slip
parameter increases the Nusselt number for both the basic fluids air and water.
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1 025 0.1
2 0.71| 0.4
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6.0+ —~ " ~ ] 5
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Figure 8. Nusselt number for different values of Pr and h,
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