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RADIATION AND MASS TRANSFER EFFECTS ON MHD FREE
CONVECTIVE FLOW OF A MICROPOLAR FLUID PAST AN INFINITE
VERTICAL POROUS MOVING PLATE EMBEDDED IN A POROUS MEDIUM
WITH VISCOUS DISSIPATION
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1. INTRODUCTION

Simultaneous heat and mass transfer from different goometries embedded in
porous media has many enginecring and geophysical applications such as geothermal
reservoirs, drying of porous solids, thermal insulation, enhanced oil recovery, packed-bed
catalytic reactors, cooling of nuclear reactors, and under ground energy transport. Cheng
and Minkowycz [1] presented similarity solutions for free thermal convection from a
plate in a fluid-saturated porous medium. Bejan and Khair [2) reported on the natural
convection boundary layer flow in a saturated porous medium with combined heat and
mass transfer. -Lai and Kulacki [3) extended the problem of Bejan and Khair {2] to
include wall fluid injection effects. Bestman [4] examined the natural convection
boundary layer with suction and mass transfer in a porous medium. In all these studies
the fluids are assumed to be Newtonian.

In recent years, the dynamics of micropolar fluids has been & popular arca of
research. As the fluids consist of randomly oriented molecules, and as each volume
clement of the fluid has translation as well as rotation motions, the analysix of physical
problems in these fluids has revealed several interesting phenomena, which are not found
in Newtonian fluids. The theory of micropolar fluids and thermo micropolar fluids
developed by Eringen [5, 6] can be used to explain the characteristics in certain fluids
such as exotic lubricants, colioidal suspensions, or polymeric fluids, liquid crystals and
animal blood. The micropolar fluids exhibit certain microscopic effects arising from local
structure and microrotation of fluid clements. An excellent review about micropolar fluid
mechanics was provided by Ariman et al. {7, 8].

The study of flow and heat transfer of an electrically conducting micropolar fluid
past a porous plate under the influence of & magnetic ficld has atiracted the interest of
numerous rescarchers in view of its applications in many engincering problems, such as
MHD generators, nuclear reactors, geothermal energy extractions and the boundary layer
control in the field of acrodynamics. Keeping in mind some specific industrial
applications such as polymer processing technology, numerous attempts have been made
to analyze the effect of transverse magnetic field on boundary layer flow characteristics.
Mansour end Gorla [9) reported on micropolar fluid flow past a continuously moving in
the presence of magnetic field. El-Hakiem et al. [10] have studied Joule hesting effects
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on MHD free convection flow of a micropolar fluid. El-Amin [11] solved the problem
of MHD free convection and mass transfer flow in a micropolar fluid with constant
suction. Helmy et al. {12] have studied on MHD free convection flow of a micropolar
fluid past a vertical porous plate. Seddeck [13] reported the flow of a micropolar fluid by
the presence of magnetic ficld over a continuously moving plate. Kim {14) presented an
unsteady MHD mixed convection with mass transfer flow for a micropolar fluid past a
vertical moving porous plate via a porous medium.

For some industrial applications such as glass production and fumace design, and
in space technology applications such as cosmical flight acrodynamics rocket, propulsion
systems, plasma physics and spacecraft re-entry aerothermodynamics which operate at
higher temperatures, radiation effects can be significant. Perdikis and Raptis {15] studied
heat transfer of a micropolar fluid in the presence of radiation. Kim and Fedorov [17]
analyzed transient mixed radiative convective flow of a micropolar fluid past 8 moving
semi-infinite vertical porous plate. Later Raptis [16] studied the same fluid flow past a
continuously moving plate in the presence of radiation. Recently, Rahman and Sattar [18)
studied transient convective heat transfer flow of a micropolar fluid past a continuously
moving vertical porous plate with time dependent suction in the presence of radiation.
Cookey et al. [19] studied the influence of viscous dissipation and radiation on unsteady
MHD free convection flow past an infinite heated vertical plate in a porous medium with
time-dependent suction. Ramachandra Prasad and Bhaskar Reddy [20] investigated
radiation and mass transfer effects on an unsteady MHD free convection flow past a
heated vertical plate in a porous medium with viscous dissipation, Sankar Reddy et al,
[21] reported unsteady MHD convective heat and mass transfer flow of micropolar fluid
past a semi-infinite vertical moving porous plate in the presence radiation. Sankar Reddy
et al. [22] have studied the problem of radiation cffects on MHD mixed convection flow
of a micropolar fluid pasl.n semi-infinite moving porous plate in a porous medium with
heat absorption.

Viscous dissipation, which appears as a source term in the fluid flow generates
appreciable temperature, gives the rate at which mechanical energy is converted into heat
in a viscous fluid per unit volume. This effect is of particular significance in naturs)
convection in various devices that are subjected to large variation of gravitational force or
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that operate at high rotational speeds, as pointed by Gebhart [23] in his study of viscous
dissipation on natural convection in fluids. Similarity sotution for the same problem with
exponential variation of wall temperature was obtained by Gebhant and Mollendorf [24).
However, the effect of radiation and viscous dissipation on heat and mass transfer
flow of a micropolar fluid has not received any attention. Hence, the objective of the
present chapter is to study the effect of thermal radiation on magnetohydrodynamic free
convection heat and mass transfer flow of a micropolar fluid past an infinite vertical
porous moving plate embedded in a porous medium in the presence of viscous
dissipation. The dimensionless goveming equations of the flow, heat and mass transfer
are solved analytically using a regular perturbation technique. Numerical resulls are

reported in figures and tables, for various values of the physical parameters of interest,
2. MATHEMATICAL ANALYSIS

An unsteady two-dimensional laminar free convective flow of a viscous,
incompressible, electrically conducting and micropolar fluid past an infinite vertical
permeable moving plate, embedded in a uniform porous medium in the presence of
thermal radiation and viscous dissipation is considered. The x'- axis is taken along the
vertical plate and the »’ - axis normal to the plate. A uniform magnetic ficld is applied in
the direction perpendicular to the plate. The transverse applied magnetic ficld and
magnetic Reynolds number are assumed 1o be very small and hence the inducod magnetic
field is negligible [25]. Also, it is assumed that the there is no applied voltage, so that the
electric field is abscnt. Since the plate is of infinite length, all the flow variables are
functions of normal distance y' and time ' only. Now, under the usual Boussinesq's
approximation, the governing boundary layer equations of the problem are
Continuity
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where u',v" arc the velocity components in x', ' directions respectively, 1« the timé.
p - the fluid density, g - the acceleration due to gravity, fir and . the thermal and
concentration expansion coefficients respectively, XK' - the permeability of the porous
medium, ;' is the micro-inertia density, @' is the component of the anguler velocity
vector normal to the 'y’ -plane, y is the spin-gradient viscosity, 7 - the temperature of
the fluid in the boundary layer, v - the kinematic viscosity, v is the kinematic rotational
velocity, o - the clectrical conductivity of the fluid, 7] - the temperature of the fluid far
away from the plate,C' - the species concentration in the boundary layer, C, - the
species concentration in the fluid far away from the plate, B, - the magnetic induction,

a - the fluid thermal diffusivity, & - the thermal conductivity, ¢, is the specific heat st

constant pressure, ¢'- the radiative heat flux and D- chemical molecular diffusivity. The
second and third terms on the right hand side of the momentum equation (2.2) denote the
thermal and concentration buoyancy effects respectively, Also, the iast two terms on the
right hand side of the m&gy equation (2.4) represents the radiative heat flux and viscous
dissipation, respectively.

It is assumed that the permeable plate moves with a constant velocity in the
direction of fluid flow. The appropriste boundary conditions for the velocity,
microrotation, temperature and concentration ficlds are
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where u),is the plate velocity, T, and - the temperature and concentration of the plate
respectively, U_ - the frec stream velocity and Upand n’  the oonstmis.

By using Rosseland approximation (Brewster {26]), the radiative heat flux g, is
given by

0 =% @n

where o, is the Stefan - Boltzmann constant and K, - the mean absorption coefficient. It
should be noted that by using the Rosseland approximation, the present analysis is limited
to optically thick fluids. If temperature differences with in the flow are sufficiently small,
then equation (2.6) can be linearised by expanding 1°*into the Taylor scries abowt 77,

which after neglecting higher order terms takes the form.
z4r'r 31

(2.8)
In view of equations (2.6) and (2.7), equation (2.4) reduces to
' i vt ot ] ?
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It is clear from equation (2.1) that the suction velocity normal 1o the plate is a
constant. Here, it is assumed to be
vV=- (2.10)
where ¥, is the scale of suction velocity which is a non-zero positive constant, The
negative sign indicates that the suction is towards the plate.
In order to write the goveming equations and the boundary conditions in dimensionless
form, the following non-dimensional quantitics are introduced.
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Furthermore, the spin-gradient viscosity y which gives some relationship between the
coefficients of viscosity and micro-inertia, is defined as
A " 1 A
r=(u+5)i = pj (H-B):/h—: 2.12)
2 2 M

In view of equations (2.10) - (2.12), equations (2.2), (2.3}, (2.5) and (2.9) reduce (o the

following dimensionless form.
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and Gr, Gm, Pr, R, Ec and Sc are the thermal Grashof number, solutal Grashof Number,
Prandt! Number, radiation parameter, Eckert number and Schmidt number, respectively,
The corresponding boundary conditions are

u
- = =1, =) =0
u=U,,0 ,0 lC“ aty @17

u—=0,0—-+0,0-30,C30as ys»

3. SOLUTION OF THE PROBLEM

In order to reduce the above system of panial differential equations to a system of
ondinary differential oquations, we perform an asymplotic analysis by representing the
linear velocity, microrotation, temperature and concentration in the neighbourhood of the
porous plate as
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3.0

Substituting .equation (3.1) into equations (2.10)-(2.13), and equating the harmonic and
non-harmonic terms, and neglecting the higher-order terms of O(£?), we obuain the

following pairs of equations for {1y, @,.6,.C,) and (u,,,.6,,C,).

(1+ Py +uy - Nuy = -G8, - G C, - 2 i, 3.2)
(1+ By +u;—(N +n)u, = -G.8, - G.C, - 2 o] (3.3
af +nay, =0 3.4
@'+ el - nno, =0 ‘ (1.9
g +T6, = -TEc(u)) (3.6)
Or+T8 -6, = ~2UEcuiu! (.7
Co+8cCl =0, (3.8)
Cl+5¢C - nSeC, =0 (3.9)

where the primes denote differentiation with respect to y only.

The corresponding boundary conditions can be written as

Uy =U i =0,my = ~tg @, =1y, 0 =1,0,=0,C,=LC, =0ary=0 (3.10)
uy, =0u, =0,0, 40,0 +0,6, 40,8 -0, 20,C, +0asy >

The equations (3.2) - (3.9) are still coupled and non-linear, whose exact solutions are not
possible. So we expand (u,,,,8,) and (u,,@,,8,) in terms of £c in the following form, as
the Eckert number is very small for incompressible flows.

Uy (¥) = ttgy (Y) + Ecugy () s 4(y) = 1, (9) + Ec 1y (y),

@y (y) = o () + Ecao (), 0, () = @, () + Ecoy (y), (3an
6,(9)=0(y)+ EcOy,(¥), 0,(y)=0,(y) + EcO,(y).

Substituting (3.11) in equations (3.2) - (3.9), equating the coefficients of Ec to zero and
neglecting the terms in £c” and higher order, we get the following equations.
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The zeroth order equations are

(1+ By, +uig ~ Nug, = - Gr8, ~GmC,, - 2 e, (3.12)
(1+ Py +uy ~Nugy=-Gréy, -GmC,, - 28m), - (3.13)
ap, + 1y, =0 (3.19)
ap, + ney, =Q 3.15)
6+, =0 (3.16)
Oy, +1 8y, =T Ecu}} 347

and the corresponding boundary conditions are

sy =U Uy =06, =16, = 0,0y = ~u 0, =—ug, aty=0

tigy = O,tiy, 0,6, = 0,6, — 0,0, ~0,e9,, —» 0 as y - © 3.18)
The second order equations are

(1+ By, +u, = Nuyy= ~Gré) -GmC,, - 2 fie, 1.19)
1+ Pufy +uj, -~ N, =-Gré,,-GmC,, - 2 o, (3.20)
o, +7o), -, =0 .20
ofy + 10, -, =0 (3.22)
o+, -nl'g, =0 3.23)
o5+, ~nl'8, =20 Ecugu, (3.24)
and the corresponding boundary conditions are

u, =0,u, =06, =10, =00, =-u) @, =-u;, al y =0 (3.25)

u, 2Ly, 206,208, 20w, 200, +0ayr»

By solving equations (3.12) - (3.17) under the boundary conditions (3.18), and
equations (3.19)-(3.24) under the boundary conditions (3.25), and using cquations {3.11)
and (3.1), we obtain the velocity, microrotation, tempersture and concentration
distributions in the boundary layer as
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1
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and the expressions for the remaining constants are given in the appendix.
From the engineering point of view, the most important characteristics of the flow

are the skin friction coefficient C, , couple stress coefficient C, , Nusselt number Nu and
Sherwood number Sk, which are discussed below.

Knowing the velocity field in the boundary layer, we can calculate the skin-friction
coefficient C, a1 the porous plate, which in the non-dimensional form is given by

C, = P:Jo whcrer-(ph\)——{ +Aw|
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Knowing the microrotation in the boundary layer, we can calculate the couple stress .
cocfficient C at the porous plate, which in the non-dimensional form is given by
o’
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Knowing the temperature ficld in the boundary layer, we can calculate the heat transfer

coefficient at the porous plate, which in terms of the Nusselt number is given by
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Knowing the concentration field in the boundary layer, we can calculate the mass transfer
coefficient at the porous plate, which in terms of the Sherwood number is given by

Ju¥ N
Sh = —122  wh =-D
D ) e ..
s;:,au{i.] =_[‘_’&m~.‘£9
dy yel d} dy y*0
=Sc+ee”m;,

v,
where Re, = = is the Reynolds number.
14

4. RESULTS AND DISCUSSION

The formulation of the problem that accounts for the effects of radiation and
viscous dissipation on the MHD frec convection mass transfer flow of an incompressible,
micropolar fluid along an infinite vertical porous moving platc embedded in porous
medium is carried out in the preceding sections. This enables us (o carry out the
numerical computations for the velocity, microrotation, temperature and concentration
for various values of the flow and material parameters. In the present study we have
chosen t=1,6=0.0landn =0, while g, Gr, Ge, M, K, Sc, Pr, R ,Up and Ecare
varied over a range, which are listed in the figurc Jegends.

The effect of viscosity ratio [ on the translational velocity and microrotation
across the boundary layer are presented in Fig. 1. [t is noted that the velocity distribution
is lower for a Newtonian fluid ( f=0) for prescribed values of flow parsmeters, as
compared with that of micropolar fluid. The transistional velocity increases near the
plate, as the viscosity ratio /3 increases and then approaches to zero. In addition, the

42



microrotation increases, with an increase in /8 near to the plate, but the effect is opposite
far away from the plate.

Fig. 2 illustrates the variation of velocity and microrotation distribution across the
boundary layer for various values of the plate velocityUp . It is observed that both the
translational velocity and microrotation increase, as the plate moving velocity increases.

For different values of the magnetic field parameter M , the translational velocity
and microrotation profiles are plotied in Fig 3. It is seen that the velocity distribution
across the boundary layer decreases, as M increases. Further, the results show that the
values of microrotation increases, as M increases.

For various values of the permeability parameter X, the profiles of the
translational velocity and microrotation across the boundary layer are shown in Fig. 4.
Clearly as K increases the peak value of velocity across the boundary layer tends o
increase rapidly near the porous plate. The results also reveal that the magnitude of
microrotation profiles increases, as K increases.

The translational velocity and the microrotation profiles against spanwise
coordinate y for different values of Grashof number Gr end modified Grashof
number G¢ are described in Fig. 5. It is observed that an increase in Gror Ge leads to a
rise in the values of velocity, but a fall in the microrotation. Here the positive values
of Gr corresponds to a cooling of the surface by natural convection.

Fig. 6 shows the translational velocity and the microrotation profiles across the
boundary layer for different values of the Prandtl numberPr. It is seen thm the
translational velocity decreascs, as Princreases. Also, it is observed that the magnitude of
microrotation increascs, as Pr increases.

For different values of the thermal radiation parameter R, the translational
velocity, microrotation and temperature profiles are plotied in Fig.7. It is observed that as
the radiation parameter R increascs, both the velocity and temperature decrease whereas
the microrotation increases.

For different values of the Schmidt numberSc, translational velocity and the
microrotation profiles arc plotted in Fig. 8. It is observed that as Sc increases, the

velocity decreases across the boundary layer and the microrotation increases.
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The effect of viscous dissipation parameter i.c., Eckert number Ec on the velocity,
Microrotation and temperature are shown in Fig.9. It is noticed that as Ec increases ,
there is an increase in the velocity distribution across the boundary layer and a decrease
in both the Microrotation and temperature, ‘

Figs. 10 and 11 illustrate the influence of the Prandt number Prand radiation
parameter R-on the temperature in the boundary layer. From these figures, it is clear that
the temperature decreases, as Pr or R increases.

Fig.12 shows the concentration profiles across the boundary layer for various
values of Schmidt number Sc. It is seen that as Sc increases, the concentration decreases,
because the smaller values of Sc¢ are equivalent o increasing the chemical molecular
diffusivity.

Numerical values of the skin-friction coefficient (', , couple stress coefficiem €,
Nusselt number Nwand Sherwood numberSh arc tabulated in Table 1 for different
values of thermophysical parameters, Analysis of the tabular data shows that the skin
friction coefficient decreases, as for M or Pr or R increases, whereas it increases, as Gr
or Ge or Ec or Sc increases. The couple stress follows same trend. Further, it is observed
that the Nusselt number decreases, as S or M or Pr or R increases, whereas it increascs,
as Gr or Ge or Ec increases. The effect of increasing values of Sc has the tendency to

increase the Sherwood number, but the remaining parameters 4, M, Gr , Cir, Ec, Prand R

have no effect on the Sherwood number.
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Fig. 5 Velocity and microrotation profiles for various values of Gr & Ge
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Table 1:Effects of various parameters on C,,C,,, MuRe' and Sh,Re;' for values of 3,

M ,Gr Ge, Ec, Pr, R, Sc with t=1, n=0.1,£ = 0.01 and Up=0.5.

B M Gr Goc Ec Pr R S¢ C,  MNuRe]' ShRe

00 20 2.0 20 001 071 20 06 33742 36832 04267 0.6008

0.1 0.6444 06446 04269 0.6008
0.5 . 05991 05990 04274  0.6008
05 00 20 20 001 071 20 06 17233 17232 04265 0.6008
1.0 1.0339  1.0338  0.4263 0.6008

20 0.5991 05990 04253 0.6008

05 20 20 20 001 071 20 06 05991 05990 04253 0.6008
4.0 16116  1.6113 04240 0.6008

6.0 2.6247  2.6244 04228 0.6008

05 20 20 20 001 071 20 06 05991 05990 04253 0.6008
4.0 15199 1.5200 04240 0.6008

6.0 24408 24410 04228 0.6008

0.5 20 2020 001 071 2.0 06 0.5%91 0.5990  0.4253 0.6008
0.05 0.6008  0.6067 0.3945 0.6008

1.0 38376 18434 124087 0.6008

0.5 20 20 20 001 071 2006 05991 05990 0425}  0.6008
1.0 05076 05075 0.6011  0.6008

3.0 0.1553  0.1554 18037  0.6008

05 20 20 10 001 071 1.0 06 06740 06739 03046  0.6008
20 0.5991  0.5990 04253  0.6008

50 05268  0.5267 05617  0.6008

05 20 2010 001 071 20 02 08389 08388 04285  0.2003
0.6 0.5991 0.5990 04253  0.6008

0.8 05125 05124 04265  0.8010
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