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Introduction

During recent years, the flow of viscous fluid through a porous media has been a subject of intensive studies because of its natural
occurrence and importance in many industrial and engineering problems. The production of petroleum and natural gases, well drilling
and lodging require many predictions based on results of fluid flow through a porous medium. The flow of blood through lungs and
arteries are also examples of flow through porous media. The motion of the fluid is affected by so many factors. The boundaries of
the fluid affect the flow to have stationery boundaries, fluctuating boundaries, moving boundaries, oscillatory boundaries and so on.
The fluid motion in ducts, parallel plate channels, rectangular channels, parabolic boundaries, circular boundaries have been studied
due to their importance in engineering and technology. At present, considerable attention has been given to the study of hydro
magnetic convective flow of viscous fluids in connection with theories of fluid motion, two-phase flows, stratified flows, flow of
immiscible fluids, flow through porous media, flow with suction/injection, flow in presence of heat source/heat flux, flow past a
porous/hot/accelerated vertical plate, flow through channels of different shape with varied restriction and so on. New ideas have been
added to the literature to possible applications in geophysics, engineering problems, geothermal energy, stem stimulation of oil field,
food drying and heat pipes. A comprehensive review on this area has been made by many researchers some of them are Nield and
Bejan [1] and Ingham and Pop [3, 4].

The analyses of the flow properties of non-Newtonian fluids are very important in the fields of fluid dynamics because of their
technological application. Mechanics of non-Newtonian fluids present challenges to engineers, physicists and mathematicians. In
addition, the effects of magnetic field on the non-Newtonian fluid also have great importance in engineering applications; for instance,
MHD generators, plasma studies, geothermal energy excitations and in the field of aerodynamics for boundary layer control, etc.
Moreover MHD flows in porous media have received wide coverage on the development of noval energy generation systems and

interest in astrophysical and geophysical fluid dynamics. Due to the non-linearity of the Navier-Stokes equations and the
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inapplicability of the superposition principle for nonlinear partial differential equations, exact solutions are difficult to obtain and are
few in number under certain conditions.

The most common type of body force, which acts on a fluid, is due to gravity so that the body force can be defined as in
magnitude and direction by the acceleration due to gravity. Sometimes, electromagnetic effects are important. The electric and
magnetic fields themselves must obey a set of physical laws, which are expressed by Maxwell’s equations. The solution of such
problems requires the simultaneous solution of the equations of fluid mechanics and of electromagnetism. One special case of this
type of coupling is the field known as magnetohydrodynamic (MHD).

Many natural phenomena and engineering applications are susceptible to magneto-hydrodynamic (MHD) analysis. From the
technological point of view, magneto-hydrodynamic flow finds application in the fields of stellar and planetary magneto-spheres,
aeronautics, meteorology, solar physics, cosmic fluid dynamics, chemical engineering, electronics, induction flowmetry, MHD
generators, MHD accelerators, construction of turbine and other centrifugal machines. Very often, along with the free convection
currents caused by the temperature difference, the flow is also affected by the difference in concentration of material constituents. In
engineering application, the concentration differences are created either by injecting foreign gases or by coating a substrate with a
material, and subsequently heating it, so that the material evaporates.

Sivaraj et al. [4] have examined the MHD mixed convective flow of viscoelastic and viscous fluid in a vertical porous channel.
Yih [5] discussed the viscous and Joule heating effects on Non-Darcy MHD natural convection flow over a permeable sphere in
porous media with internal heat generation. Sonth et al. [6] have studied the heat and mass transfer in a visco-elastic fluid over an
accelerating surface with heat source/sink and viscous dissipation. Devika et al. [7] have investigated the MHD oscillatory flow of a
visco-elastic fluid in a porous channel with chemical reaction. Mishra et al. [8] have discussed the mass and heat transfer effect on
MHD flow of a visco-elastic fluid through porous medium with oscillatory suction and heat source. Das et al. [9] have examined the
mass transfer effect on MHD flow and heat transfer past a vertical porous plate through a porous medium under oscillatory suction
and heat source. Das et al. [10] have studied the effects of mass transfer on flow past an impulsive started infinite vertical plate with
constant heat flux and chemical reaction.

Abdussattar [11] studied the free convection and mass transfer flow through a porous medium past an infinite vertical porous
plate with time dependent temperature and concentration. Anand Rao and Prabhakar Reddy [12] have analyzed the numerical
solution of mass transfer in MHD free convective flow of a viscous fluid through a vertical channel. Chamkha [13] studied unsteady
MHD convective heat and mass transfer past a semi-infinite vertical permeable moving plate with heat absorption. Hossain and
Mandal [14] have discussed the effects of mass transfer and free convection on the unsteady MHD flow past a vertical porous plate
with constant suction. Sahoo et al. [15] have examined the magneto-hydrodynamic unsteady free convective flow past an infinite
vertical plate with constant suction and heat sink.

Vijaya Sekhar and Viswanadh Reddy [16] have studied the chemical reaction effects on MHD unsteady free convective Walter’s
memory flow with constant suction and heat sink. Gireesh Kumar and Satyanarayana [17] have discussed the mass transfer effects on
MHD unsteady free convective Walter’s memory flow with constant suction and heat sink. Ambethkar [18] investigated the
numerical solutions of heat and mass transfer effects of an unsteady MHD free convective flow past an infinite vertical plate with
constant suction and heat source or sink. Alam [19] analyzed the MHD free convection heat and mass transfer flow past an inclined
surface with heat generation. Dash et al. [20] have investigated the free convective MHD flow through porous media of a rotating
visco-elastic fluid past an infinite vertical porous plate with heat and mass transfer in the presence of a chemical reaction. Venkata
Srinivasa Rao et al. [21] have discussed the chemical reaction effects on unsteady MHD free convective flow past an exponentially
accelerated vertical porous plate. Shivaiah and Ananda Rao [22] have examined the chemical reaction effect on an unsteady MHD
free convection flow past a vertical porous plate in the presence of suction or injection. Mansour et al. [23] have analyzed the effect

of chemical reaction and viscous dissipation on MHD natural convection flows saturated in porous media with suction or injection.
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Jaiswal and Soundalgekar [24] have studied the oscillating plate temperature effects on a flow past an infinite vertical porous
plate with constant suction and embedded in a porous medium. Raptis and Kafousias [25] have analyzed the magnetohydrodynamic
free convective flow and mass transfer through a porous medium bounded by an infinite vertical porous plate with constant heat flux.
Noushima Humera et al. [26] have discussed the unsteady MHD free convective viscoelastic flow and mass transfer through porous
medium. Choudhury and Dey [27] have examined the free convective visco-elastic flow with heat and mass transfer through a porous
medium with periodic permeability. Bejan and Khair [28] have looked the heat and mass transfer by natural convection in a porous
medium. Sharma [29] discussed the free convection effects on the flow past a porous medium bounded by a vertical infinite surface
with constant suction and constant heat flux. Sarangi and Jose [30] have studied the unsteady MHD free convective flow and mass
transfer through a porous medium with constant suction and constant heat flux. Das and Jana [30] have analyzed the heat and mass
transfer effects on unsteady MHD free convection flow near a moving vertical plate in porous medium. Rajesh [31] discussed the
MHD effects on free convection and mass transform flow through a porous medium with variable temperature.

Convection problems associated with heat sources within fluid saturated porous media are of great practical significance, for that
there are a number of practical applications in geophysics and energy-related problems, such as recovery of petroleum resources,
geophysical flows, cooling of underground electric cables, storage of nuclear waste materials ground water pollution, fiber and
granular insulations, solidification of costing, chemical catalytic reactors and environmental impact of buried heat generating waste.

Rajput and Sahu [32] have examined the combined effects of chemical reactions and heat generation/absorption on unsteady
transient free convection MHD flow between two long vertical parallel plates through a porous medium with constant temperature and
mass diffusion. Alam [33] have discussed the viscous dissipation effects with MHD natural convection flow on a sphere in presence
of heat generation. Rajesh [35] studied the heat source and mass transfer effects on MHD flow of an elasto-viscous fluid through a
porous medium.

The mixture of polymethyl mehacrylate and pyridine at 25°C containing 30.5g of polymer per liter behaves very nearly as the
Walter’s liquid model B [36, 37, 38]

In view of all such studies, the unsteady MHD free convective visco-elastic (memory) flow of incompressible and electrically
conducting fluid with chemical reaction gain importance and attention in recent years. In view of this, the main object of the present
investigation is to study the effect of chemical reaction on the unsteady MHD free convective visco-elastic fluid flow past an infinite
vertical porous plate through porous medium with constant suction. In the course of analysis it is assumed that the magnetic field of
uniform strength is applied and induced magnetic field is neglected and also we observe that how various parameters affect the flow
past an infinite vertical plate.

Formulation of the problem:
The unsteady free convective flow of a chemically reacting visco-elastic (Walters B) fluid past an infinite vertical porous plate

through a porous medium with a constant suction in presence of a transverse magnetic field is considered. Let x"- axis be ablong the
plate in the direction of the flow and " - axis normal to it. The basic flow in the medium is, therefore, entirely due to the buoyancy

force caused by the temperature difference between the wall and the medium. Boussineq’s approximation, the governing equation and

boundary conditions are given by

Gravity 3

l

Porous
medium

Flow geometry J
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On disregarding the Joulean heat dissipation, the boundary conditions of the problem are;
u =0T =T, + (T, — T.)e™'t,
c'=cL+e(C,—ce™ aty=0 (5)
uw =0 T =T, C = CLasy = w

From (1) we have

v' = -, (6)

Introducing the non-dimensional quantities and parameters:
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The corresponding boundary conditions are:
u=0T=1+ ge'“5,C=1+ sef“ar}r=u} "
u—s0 T—o0 C€C—-0 asy— ® (11)

Method of Solution

In order to reduce the system of partial differential equations (8) — (10) to a system of ordinary differential equations in the non-
dimensional form, we assume the following for velocity, temperature and concentration distribution of the flow field as the amplitude

£ (<< 1) of the permeability variation is very small.
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u(y,t) = uy(y) + su,(y)e'“"
T(y.t) = Ty(y) + eTy(y)e™®® (12)
Cly.t) = Co(y) + =Cy(y)e™®

where u, T and C are velocity, temperature and concentration. Substituting (12) in equations (8), (9) and (10), equating harmonic
(coefficient of Ea) and non-harmonic terms (coefficient of £), we get
Zero order of £

Ry + uf+ uy— (M +3)uy= —[6rTy+ GeCyl (13)
PrsT, 2

Ty + PrTy+ ——+ = —PrEc(uy) (14)

€Y+ ScC, — KrScCy=0 (15)

First order of £

Roul' + uf + uy— (M+2+%)u;= —[6rTy + GeC,] (16)
T/ + PrT — 229 . oprEoulul (17)
¢y + Scci— (Kr + =2)sccy =0 (18)

The boundary conditions now reduce to
U=y =0T, =T, =1L, =C;=1laty=10 }

Ug > u; > 0,Ty—>T, >0, Cy 5 0aty— o0 19)

The equations (13) and (16) are third order but two boundary conditions are available. Therefore the perturbation method has been
applied using R,,, (R, << 1), the elastic parameter as the perturbation parameter,

uu[}’j = uuu(}’] + Rmum(}’) + D(R;)I

ﬂ 20
uy(7) = uyy(y) + R, upy(v) + O(R2) @0)

Inserting Eq. (20) into (13) and (16) and equating the coefficients of R,[:,l and R, to zero we have the following sets of ordinary
differential equations

Zero order of K,

uyy + uj — (M +i + iTm)um = —[6rT, + GeCy] (22)

First order of R,
"o M+£ o
Ugy T Ugy ) o1 = ~Uag (23)

L
ufy oy — (M 43+ 22wy, = (24)

The corresponding boundary conditions are:
Ugg = Upy = Uy = Uyy = 0aty =10 }

(25)
Upg = Ugy —* Uyg P Uy > 0asy o0

Using the multi parameter perturbation technique and assuming E¢ << 1, we write
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Ugg = Uggp T Ecltgg

Ugy = Ugyy T Ecilgy, (26)
Uyg = Ujgq T Ecitygy

Uyy = Uggy + Eclyy,

Ty = Ty + EETDI} @
Ty = T+ EcTyy

Using equations (26) and (27) in the equations (14), (15), (17), (18), (21), (22), (23) and (24) and equating the coefficient of Ec? and
Ecl, we get the following set of differential equations:

Zero order of Ec

1

Uggo + Uooo — (M +;)uuuu = —[6rTy + GeCyl (28)
1

Ugyy T Upyy — (M +;) Ugyy = —Uggo (29)
1

Ujge T Uigp — (M +o+ Tm} Uigp = —[GrTyp + GeCy] (30)
1 1]

uyyy + ulyy — (M +o+ T} Uyyy = —Uigg (31)

Téh+ PrTg+ “=Tp, =0 (32)

T, + PrTj, — 2@l —g (33)

First order of Ec

" ' 1

Ugpy T Ugpr — (M +;} Ugoy = —[GrTy] (34)

Ugiy + Upgp — (M +B g1z Ugo1 (35)
L

Uy + Ul — (M +o+ ?) Uygy = —[GrTyy + GeCyy] (36)

" ' 1 i o _ e

Ugyp T Ugyp — (M -+ T} Uyq7 = “Uip (37)

Tpy + PrTy + Pqﬁ Toy = —Pr(ugg)’ (38)

Tf + PrTy — TS, = —2Prufg,ulg (39)

The corresponding boundary conditions are:
Uggp = Ugpr = Upg1y = Ugz =0
Ujgp = U1y = Uggy = Upgp =0
Tl}l} = 1_.T|}1 = GJ Tll} = 1,?11 =0 ﬂ-t}" =0
Upgpp —* Uggl —* Up1r —* Upiz — 0
Uggp —+ Uggg — Uggr = Uz 0
Top 70Ty 20T =0,y =2 0asy = o

(40)

SOLUTION OF THE PROBLEM:
Solving these differential equations from (28) — (39) and (15), (18), using boundary conditions (40), and then making use of equations
(26), (27), finally with the help of equations (12) we obtain the velocity, temperature and concentration as follows:



19136 K. Sreelatha et al./ Elixir Thermal Engg. 64C (2013) 19130-19142

u(y,t) = {a;e®™ + azef¥ + ae’ + Ec(a,;;6™Y + aef? + a,e?Y + aey +
cxgeim' + EIll}e':ﬂ:g.'hEg.]'}' + ane(ﬂzﬂf;}y + alze':rxz+}r5}}':]} + Rm{r:xl?e“‘?-}' tae +
rxiseﬁ’z}' + aqy.e??¥ + Ec[rx:E_erzz}' + ay e + rxigegﬂ}' +a, ey 4 rxnewz«"' +
ﬂ!zzezh}' + ﬂfzael:ﬂfz+|gz:'}' + aﬂe':ﬂgﬂfz}}' + rsze':'xz‘”’z:'«"’]} 1 geiwt {{aale%s}- +
ISI:.;E'E'—'-}--HIEDEF“}- + EC[EI4GEE53}' + aaﬁeg-_-_}' + fxa?el:z?--l'ﬂ?-s}y + aase(mz+g,_,_}}- +
cxage':ﬂ:ﬁ}u}}' + ame(ﬁﬁrzzs}}' + a4ie':.5’5+.ﬁ-_-_]'}' n ﬂ‘ue':'gf"h}}' + rxue':}’z""rzsj'}' "
a“ef}fﬁﬁ-_-_}}' + fx459':]-’5+ }f.J':r':]} + Rm{chEErxgg::' + @ e a{aaeg""}*ﬂa‘;e}r"%— n
Ec[:chBerxzs:f + @,e%EY + rx4seg==}' + aweufxﬁrxzs}y 1 amemﬁg,_,_}}. + erle'*“f”’é:'}' n
ag e Ptesdy g o WPatBuly 4 g olButvady 4 g pWtmely 4 g pUethuddy 4

e JY (ratredy) }}

(41)
T(y,1) = {5 + BclByy e + Boe@? + B + pre™s? + foeleat £ 4
ﬁ,ge{,ﬂgj ¥o¥ +J|91E,EI:E""+P5}}-}} + selet {E.G',,}' + EC{ﬁalﬂ Baa¥ +]|91qe':ﬂ:""+ . Y +
ﬁiaeﬁrzzﬁﬁ‘ﬂy + }914E|:E5+F‘}}- + Eiseiﬁzﬂzm}y + ﬁieei.ﬁ"zﬁﬁu}}' _l_ﬁi?el:.ﬁ‘zﬂfﬂ}' +
ﬁiae':}"z‘l' Esn}}' + ﬁig‘e':}'z+lg4:'}' + ﬁﬂﬁe':}'z‘l'}’.d.}}'}}

(42)
Cly, t) = et + zel@iglaV (43)

Results and discussion

The problem of mass transfer on unsteady hydromagnetic free convective visco-elastic (memory) flow of incompressible and
electrically conducting fluids past an infinite vertical porous plate in the presence of constant suction and chemical reaction through
porous medium has been formulated, analyzed and solved by using multi-parameter perturbation technique. Approximate solutions
have been derived for the velocity, temperature and concentration. The effects of the flow parameters such as magnetic parameter
(M), Grashof number for heat and mass transfer (Gr, Gc¢), Schmidt number (Sc), Chemical reaction parameter (Kr), Prandtl number
(Pr) Eckert number (Ec) and permeability parameter (k) on the velocity, temperature and concentration profiles of the flow field are
presented with help of graphs.

The influences of chemical reaction parameter Kr on the velocity and concentration across the boundary layer are presented in
Fig. 1(a) and 1(b). It is seen that the velocity as well as concentration across the boundary layer decreases with an increase in the
chemical reaction parameter Kr.

T
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Fig: 1(a) - Velocity profiles for different values of chemical reaction parameter Kr when S =-0.5, Gr =5, G¢ =5, Sc = 0.6,
Ec=0.001, M=10.0,k=1.0
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Fig: 1(b) - Concentration profiles for different values of chemical reaction parameter Kr when Sc = 0.6
The variations of velocity and concentration distributions of flow field with the diffusion of foreign mass such as hydrogen (Sc =
0.22), helium (Sc = 0.30) and water vapor (Sc = 0.60) are shown in Fig. 2(a) and 2(b). The velocity and concentration distributions
are decreases at all points of the flow field with the increase of the Schmidt number. This shows that the heavier the diffusing species
have a greater retarding effect on the velocity and concentration distributions of the flow field.
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Fig: 2(a) - Velocity profiles for different values of Schmidt number Sc when Kr = 0.2, Gr =5.0, Gc = 5.0, S = -0.5,
Ec=0.001, M=10.0k=1.0

Concentration (C)
°
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Fig: 2(b) - Concentration profiles for different values of Schmidt number Sc when Kr = 0.2
Fig. 3(a) and 3(b) exhibits the velocity and temperature distribution for pertinent parameter, the Prandtl number (Pr). The Prandtl
number (Pr) defines the ratios of momentum diffusivity to thermal diffusivity. It is observed than 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 increasing values of Prandtl number equivalent to increase the thermal conductivities and therefore heat is able to diffuse

away from the heated plate more rapidly. Thus, it is concluded that in case of smaller Prandtl number as the thermal boundary layer is

thicker, the rate of heat transfer is reduced in the presence of elastic elements.
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Fig: 3(a) - Velocity profiles for different values of Prandtl number Pr when Kr = 0.2, Gr =5.0, G¢ = 5.0, S =-0.5, Ec = 0.001,
Sc=0.6, M =10.0,k=1.0

Temperature (T)

Fig: 3(b) - Temperature profiles for different values of Prandtl number Pr when Kr = 0.2, Gr =5.0, Gc = 5.0,
S=-0.5,Ec=0.001, Sc=0.6, M =10.0, k=1.0
The effect of the viscous dissipation parameter i.e., the Eckert number Ec on the velocity and temperature are shown in Fig. 4(a)
and 4(b) respectively. The Eckert number Ec expresses the relationship between the kinetic energy in the flow and the enthalpy. It
embodies the conversion of kinetic energy into internal energy by work done against the viscous fluid stresses. The positive Eckert
umber implies cooling of the plate i.e., loss of heat from the plate to the fluid. Hence, greater viscous dissipative heat causes a rise in

the temperature as well as the velocity, which is evident from Fig. 4(a) and 4(b).
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Fig: 4(a) - Velocity profiles for different values of Eckert number Ec when Kr =0.2, Gr =5.0, Gc =5.0, S=-0.5, Sc = 0.6,
M =10.0, k=1.0.
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Fig: 4(b) - Temperature profiles for different values of Eckert number Ec when Kr = 0.2, Gr = 5.0, G¢ = 5.0, S = -0.5,
Pr=1.0,Sc=0.6,M=10.0,k=1.0
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Fig. 5(a) and 5(b) demonstrate that an increase in the thermal Grashof number (Gr) and the solutal Grashof number (Gc) leads to
rise the fluid velocity due to enhancement in buoyancy force sharply and attains distinctive maximum value near to the wall of the
porous plate and then decays to the free steam value in the presence of elastic elements. Physically Gr > 0 means heating of the fluid
or cooling or the boundary surface, Gr < 0 means cooling of the fluid or heating of the boundary surface and Gr = 0 corresponds to the

absence of the free convection current.
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Fig: 5(a) - Velocity profiles for different values of thermal Grashof number Gr when Kr = 0.2, Gc =5.0, S=-0.5, Pr = 1.0,
Sc=0.6, M =10.0, Ec=0.001, k=1.0
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Fig: 5(b) - Velocity profiles for different values of solutal Grashof number Gc when Kr =0.2, Gr =5.0, S=-0.5, Pr=1.0,
Sc=0.6, M =10.0, Ec=0.001, k=1.0
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Fig: 6 - Velocity profiles for different values of magnetic parameter M when Kr = 0.2, Gr = 5.0, S =-0.5, Sc = 0.6,
Gc =5.0, Ec =0.001, k=1.0
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Fig: 7. Velocity profiles for different values of permeability parameter k when Kr = 0.2, Gr =5.0, S=-0.5, Sc = 0.6, Gc = 5.0,
Ec =0.001, M =10.0
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For various values of the magnetic parameter M, the velocity distribution is plotted in Fig. 6. 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
free convection flow.

Fig. 7 shows the effect of the porosity parameter on the dimensionless velocity distribution. It is observed that the velocity
increases as the porosity increases.

Conclusions:

1. The magnetic parameter M retards the velocity of the flow field at all points due to the magnetic pull of the Lorentz force acting on
the flow field.

2. The Grashof numbers of heat transfer Gr and mass transfer Gc accelerate the velocity of the flow field.

3. The Schmidt number Sc has a retarding effect on the velocity of the flow field. Heavier the diffusing species, the more is the
retarding effect on the fluid velocity.

4. A growing chemical reaction parameter Kr leads to decrease in velocity of the flow field.

5. The effect of porosity parameter k is to enhance the velocity of flow field at all points.

6. The Prandtl number Pr reduces the temperature of the flow field at all points. Higher the Prandtl number the sharper is the
reduction in temperature of the flow field.

7. The concentration distribution of the flow field decreases at all points as the Schmidt number Sc increases. This means the heavier
diffusing species have a greater retarding effect on the concentration distribution of the flow field.
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