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ABSTRACT

The objective of this paper is to study the effects of chemical reaction and heat source on two dimensional free
convection MHD flow of a viscous incompressible fluid through a finitely long vertical wavy wall and a smooth flat
wall. A uniform magnetic field is assumed to be applied normal to the insulating walls of the channel. The equations
governing the flow filed have been solved by using regular perturbation technique by subjecting to a set of appropriate
boundary conditions. The solution of the mean part and the total solution of the problem have been evaluated
analytically for several sets of values of the parameters pertaining to the problem and are shown graphically.

Key words: MHD, viscous incompressible fluid, chemical reaction, heat source/ sink.

1. INTRODUCTION

Massive amount of works on heat and mass transfer have focused mainly on regular geometries, such as a vertical flat
plate [1-3], flat plate with inclination [4-6], parallel-plate channel [7-9], and rectangular ducts [10-11], etc. However, it
is necessary to study the heat and mass transfer for complex geometries because the prediction of heat and mass
transfer for irregular surfaces is a topic of fundamental importance and irregular surfaces often appeared in many
applications. For example, flat-plate solar collectors, flat-plate condensers in refrigerators and medical operations in
order to increase mass transfer (blood oxy-generator) Eldabe et al. [12]. In view of these applications, several authors
[13-16] have made investigations of the fluid flows over a wavy wall.

Magnetohydrodynamics convection plays a significant role in various industrial applications. In a broader sense, MHD
has applications in three different subject areas, such as astrophysical, geophysical and engineering problems.
Examples include high temperature plasmas, cooling of nuclear reactors, liquid metal fluids, MHD accelerators and
power generation systems etc. Several scholars [17-20] have shown their interest in MHD flows because of varied
applications.

The combined effect of heat and mass transfer with chemical reaction is of great importance to engineers and scientists
because of its almost universal occurrence in many branches of science and engineering and hence received a
considerable amount of attention in recent years. There are two types of reactions such as (i) homogeneous reaction and
(i) heterogeneous reaction. A homogeneous reaction occurs uniformly through the given phase, where as
heterogeneous reaction takes place in a restricted region / with in the boundary of a phase. The effect of chemical
reaction depends on whether the reaction is heterogeneous or homogeneous. Seddek [21] studied the effects of
chemical reaction and variable viscosity over a heat source. Champkha [22] analyzed the MHD flow of a uniformly
stretched vertical permeable surface in the presence of heat generation/ absorption and chemical reaction. The effect of
chemical reaction on free convective flow of a polar fluid through porous medium in the presence of internal heat
generation was investigated by Patil and Kulkarni [23]. Ananda Rao [24] studied the chemical reaction effects on an
unsteady MHD free convective flow past an infinite vertical porous plate with constant suction and heat source.
Sudheer Babu and Satyanarayana [25] discussed effects of the chemical reaction and radiation absorption on free
convection flow through porous medium with variable suction in the presence of uniform magnetic field. Alam et al.
[26] analyzed the transient MHD free convective heat and mass transfer flow with thermophoresis past a radiate
inclined permeable plate with chemical reaction and temperature dependent viscosity.
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The objective of present study is to analyze the chemical reaction effects on free convection MHD flow through a
porous media in a vertical wavy channel. The dimensional less equations of continuity, linear momentum, energy and
diffusion, which govern the flow field, are solved analytically by using perturbation technique. The solution is made on
two parts, the mean part and perturbed part. These two parts are obtained separately. The closed form of solutions for
velocity, temperature, concentration, skin friction, Nusselt number as well as Sherwood number are discussed and
presented graphically.

2. MATHEMATICAL FORMULATION OF THE PROBLEM
We consider the two dimensional steady laminar free convective heat and mass transfer in an incompressible
electrically conducting viscous boussinesq liquid through porous media in a vertical channel bounded by a long flat

wall y =d and a parallel wavy wall at y =€ €c0S K,, X . The x — axis is taken parallel to the flat wall, the y- axis in

perpendicular to it as shown in Fig (1). A uniform Magnetic field B, is applied to the fluid normal to the insulating
walls of the channel. The flow is generated by the temperature difference at the walls so that the wavy and the flat walls
are mainted at constant temperature T, and T, respectively. The Boussinesq’s approximation is used so that the

density variations will be considered only in the buoyancy force. Assuming that the flow takes place at low
concentration we neglect Soret and Doufer effects, the following assumptions are made.

(i)  All the fluid properties except density in the buoyancy force are constant.

(if) The viscous and magnetic dissipative effects are neglected in the energy equation.

(iif) The volumetric heat source/sink term in the energy equation is constant.

(iv) The magnetic Reynolds number is small so that the induced magnetic field can be neglected.

(v) The wave length of the wavy wall is large such that K, is small.

(vi) The viscous dissipation and work done by pressure are sufficiently small in comparision with both heat flow by
conduction and the wall temperatures.
(vii) The electric field is assumed to be zero.

Under these assumptions the appropriate governing equations of continuity momentum and energy and concentration
equations are given by
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The boundary conditions are given by
u=0,v=0T=T, C'=C, on Y=€ coskK, X
u'=0, v'=0, T=T, C'=C, on Y=d (6)
The non-dimensional quantities are
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The non dimensional equations are
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The dimensionless boundary conditions are

u=0, v=0, =1 C=1, on Yy =€ C0SAX

o’V
— 9
o ©)

u=0, v=0, =m;, C=m, on y=1 (12)
In the static fluid we have

3
0=_R _ PSQXS' (13)

OX pv
where p, = p{l-i— B (T,-T,)0+,(C,-C, )C} is the well-known Boussinesq approximation
In view of equation (13), equation (8) becomes
2 2
VB Cpop)+ L8 2 G grG,c-(ME +at)u (14)
OX oy OX OX
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All the physical variables are defined in the nomenclature.
3. METHOD OF SOLUTION
We assume that the solution consists of a mean part and perturbed part so that the velocity, temperature and
concentration distributions are
u(x, y) =Y (¥)+u; (%, y), v, y) =V (% y),P(x ) = B (y)+ R(x,y),
0(x,Y) =6, (¥)+6, (%), C(xy)=Cq(y)+Cy(x,y) (15)

where the perturbed quantites U,, V,, p,;, &, and C, are small compared with the mean or the zeroth order
quantites.

Substituting the above Equation (15) into the Equations (7)-(11) and equating the harmonic and non-harmonic terms
and neglecting the higher order terms of 0(52) , We obtain the following set of equations:

© 2013, IJMA. All Rights Reserved 284



B. Devika' *, P. V. Satya Narayanaz and S. VenkataramanaI/CHEMICAL REACTION EFFECTS ON MHD FREE CONVECTION FLOW .../
IUMA- 4(4), April-2013.

The zeroth order
d?u
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d*g, - a

dy?
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d 20 =K,S.C,.
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(16)

u, =0, 6,=1 C,=1 on y=0
Up=0, =m;, Co=m; on y=1 (17)
The first order
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S, | u, o, +V, 9C, 12 C; 8 C; ~-K,S.C, 22)
OX dy OX oy
u, =-uy, v, =0, 6,=6,, C,=-C, on y=0
u =0, v,=0 6=0 C¢C =0 on y=1 (23)
In deriving the first equation in (16) the constant pressure gradiant term
Kp = ai( P, - Ps) , has been taken equal to zero. (See ref [21])
X
To solve the equations (18)-(22) we introduce the following similarity transformations
h=-M 24)

oy Tt ox

Eliminating the pressure from (19) and (20) we can express equations (19)-(22) in terms of the stream function 1/, in
the form

uO (‘/ll,xxx + Wl,xyy ) _ugl/ll,x = 2(rlll,xxyy + Wl,xxxx +V/1,yyyy - Grgl,y _Gmcl,y -M 2‘rlll,yy - aZWLyy (25)

P (uoal,x +'//1,x‘9(;) =0
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S (uCy +¥1,Cy) =Cy +Cyy — K, S.Cy

1,Xx r~c

We assume y;, 6, and C, in the form

vi(xy)=ew(2,y), 6(xy)=e"t(4y), Ci(xy)=e"g(1y)

(Perturbation series expansion for small wave lenth A in which terms of exponential order arise)
From which we infer that

u(xy)=-ece®p'(2y)  vxy)=cize®y(1y)

In view of equation (28), the equations (25) to (27) becomes

— )

- i/{uo (;’ _zza}ugﬂ e (z;’ —Wj Gi4G,7 MY +ay
t - 2%t =Pid] Uyt + ;]

§ - 2%p-K,S.p=5i2(ug+yC))

where the primes denote differentiation with respect to y.

The boundary condition (23) can now be written in terms of v/, as
Wiy, =Up, ¥, =0 on y=0
vy =0, y,=0 on y=1

For small values of A (or K, ), we can expand J(/I, y) , t(/l, y) , E(/i, y) in terms of A so that

v(4y)=2 v, t(Ay)=2 2",
j=0 j=0

d(1y)=X ¢, (i=012,.......)

i=0

Substituting these results into (29)-(32), we obtain the following sets of ordinary differential equations

vo —(M?+a*)yg =Gt + G4,
{7 =0,

"'~ K,S.4, =0,
yr' —(M?+a”)y!'= Gt + G +i(ugwg —Ugyy).
t/=PRi(upty +,0).

K, S, = S.i (Ugthy +woCy).
py —(M?+a% )y =Gty + Gy +i(Ugyy —Ugys) + 277
t) = Piut, +y,00) +t,.

1) H 1
=K. S.p, =S i(Upd, +1v,C)) + ¢y,
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With the boundary conditions
Wo=Uy ¥o=0, t,=—6, ¢=-C on y=0
v,=0, v,=0, t,=0, 4=0 on y=1 (43)

0, ¢=0 on y=0
: ¢j:0 on y=1 for j>0 (44)

yi=0 y;=0,
yi=0, y;=0, 1
The solutions of above ordinary differential equations with respect to the boundary conditions (43) and (44) are

C, (y)=cosh Ay +b, sinh Ay

2
eo(y)=—“g +a,y+1

Uy (y) = b, cosh \a, y + b sinh \fa,y + Ay — Ay — A, cosh Ay — A, sinh Ay +bl
to(Y):ao(y_l)
¢, (y) =k, cosh Ay +k, sinh Ay

wo(y)=a,+a,y+ agcosh\/aer agsinh\/ay—%y2 +b, sinh Ay +b, cosh Ay
u(y) = b, cosh\/a, y +b, sinh Ja,y + Ay — A,y* — A, cosh Ay — A;b, sinh Ay +b, )
€ (all +a8\/a_lsinh \/a_ly+a9\/a_lcosh \/a_ly— A Y +bgAcosh Ay + b, Asinh Ay)

v(y):—eﬁ[am+aﬂy+ascosh\/gy+agsinh\/ay—%y2+bﬁsinh Ay +b, cosh ij

G(y):—aTyz+a0y+1+e[a0(y—l)]

C(y)=cosh Ay +b, sinh Ay+ € (k, cosh Ay +k, sinh Ay)

The skin friction 7,, at any point in the fluid is given by

r=uy(y)+ee™u(y)+ieie™v(y)

Ty = (b2 + A~ AbA)- (a3 - A +b,A%)

Ty = (b3\/asinh\/a+ bs\/acosh \/a+ A —2A, — A/ Asinh A— Ab, Acosh A)—
€ (aga1 cosh[a, +a,a, sinh/a, — A +b, A*sinh A+b, A? cosh A)

The dimensional Nusselt number NU is given by

Nu :%:eg(y)me”*t'(y)

oy
Nu,_, =a,+€a,
Nu,, =-a+a,+ea,

The dimensional Sherwood number Sh is given by
aC _~ :
Sh=—= Co(y)+ € ¢o(y)
oy
Sh,_, =b,A+ ck,A
Sh,_, = Asinh A+b,Acosh A+k,Asinh A+k, Acosh A
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APPENDIX:
a G Gao
8 =m; ~1+ . by ==,
2 a, &
—cosh A
_MZia? o _ Mc —cos
% " 2 sinh A
a, =b,\fa, + A - Ab,A, b, = A, -b,
a, =cosh.fa, ~1, b,=A,—A +A cosh A+ Ab,sinh A—h,,

: b, —b, cosh ,/a,
— h _ , b — 4 3 ’
R "~ sinh o,

a6:\/asinh\/a, b6:ﬂ

A*—a A’
a, = Ja cosh \fa, - /3 b, = —nks_
7 " A-aA
_(3o0) (8, )+ (Ba)-(02)+(B8) A oAb coshA,
a,a, —a.a, 2
a, = (aebs)+(b7as)_(bgae)_(a4b10)+(b9a4)’ bg =a, —beA,
858, — a,8,
a, =—(b, +a;), a,=b,-a,a, by, = A —b,Acosh A—b, Asinh A,
A= K.S, , kg = =(b,A),
A1 — GraO , k4 — _M
a, (sinh A)
Ga
A, = 28,
Gm
A=y

B, = bs\/a_lsinh\/a_l+b5\/a_lcosh\/a_l+ A —2A, — A,Asinh A— A,b,Acosh A,
B, =a,a, — A +b,A%,

B, = 8,3, cosh/a, +a,a, sinh/a, — A +b,A?sinh A+b, A? cosh A

4. RESULTS AND DISCUSSIONS

In this paper we have analyzed the chemical reaction effects on free convection MHD flow through a porous media
between a long vertical wavy wall and a parallel flat wall. The expressions for velocity, temperature, concentration,
skin friction, Nusselt number and Sherwood number are solved analytically, various parameters are entering in to the
problem and presented with help of graphical illustration.

The influence of Schmidt number S_ on the zeroth order velocity and concentration profiles are plotted in figs. 2 and 3

respectively. The Schmidt number embodies the ratio of momentum to the mass diffusitivity. The Schmidt number
therefore quantities the relative effectiveness of momentum and mass transport by diffusion in the hydrodynamic
(velocity) and concentration (species) boundary layers. As the Schmidt number increases the concentration decreases.
This causes the concentration buoyancy effects to decrease yielding a reduction in the fluid velocity. The reductions in
the velocity and concentration profiles are accompanied by simultaneous reductions in the velocity and concentration
boundary layers.

Figs 4 and 5 depict the variation of zeroth order velocity U, and concentration C, profiles against y for different

values of chemical reaction parameter K. for fixed values of other parameters. It is observed that, increasing the value
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of chemical reaction results decreases the velocity and concentration in the boundary layer. This is due to fact that
destructive chemical reaction reduces the solutal boundary layer thickness and increase the mass transfer.

In figs 6 and 7 represents the variation of the zeroth order velocity U, for different values of Grashof number G, and

thermal Grashof number G, . As expected it is observed that the velocity U, increase with increasing Grashof number
and thermal Grashof number. This is due to the fact that buoyancy force enhances fluid velocity and increase the
boundary layer thickness with increasing values of G, or G, .

For various values of porosity parameter a on velocity U, is shown in figure 8. We observed that U, decreases for
increasing values of a.

Fig. 9 illustrates the influence of magnetic field parameter M on U, in the boundary layer. Application of magnetic

field to an electrically conducting fluid gives rise to a resistive type force called the lorentz force. This force has the
tendency to slow down the motion of the fluid in the boundary layer.

The variations in the velocity V and concentration C profiles for different values of Schmidt number is clearly
observed in figs. 10 and 11. It is obvious that the velocity and concentration decrease with increase in Schmidt number.

Figs 12 and 13 depict the effect of chemical reaction K on non dimensional velocity v and concentration C profiles

against Yy for fixed values of other physical parameters. We observe that increasing values of K results decrease the
velocity and concentration in the boundary layer.

Fig 14 and 15 shows the behavior of dimensionless velocity V and temperature @ for different values of heat source
parameter. The analytical results shows that an increase in & results a increase in the velocity and temperature.

Figs. 16 and 17 show the local skin friction coefficient for different values of & and G, at Yy =0 and y =1 keeping
all the parameters fixed. From the fig (16) we see that for fixed G, , at y=0,7 increase as & increases. On the
other hand as G, increases skin friction coefficient has no effectat y =1, against o (See fig 17).

Fig. 18 and 19 describe the behavior of rate of heat transfer Nu with changes in the values of & and m.at y=0

and Yy =1. It is observed from these figures that the Nusselt number increases due to increases in the heat source
parameter ¢« at both the walls.

Fig. 20 and 21 deals with the variation of rate of mass transfer Sh for different values of K, and S, at the walls

y =0 and y =1. From fig 20 we observe that Sh decrease with increase of S .
whereas reverse trend is observed in fig. 21.

GRAPHS:

¥
0 F=0 IY:d

Fig. 1: physical model
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Fig 2: Effect of S, on zeroth order velocity U,
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7

NOMENCLATURE

a Porosity parameter

C’ Species concentration at any point in the fluid (kg. m_g)
C Dimensionless concentration

C Zeroth-order concentration

Specific heat at constant pressure (KJk gf1 K ’1)

C

D Mass diffusion coefficient ( mz.s_l)
d Distance between the walls

G Mass Grashof number

G

Thermal Grashof number

gx Acceleration due to gravity ( mz.s’l)

K; Fluid Thermal conductivity (Wm™ K ™)
K, Wave number

K, Chemical reaction parameter

M Magnetic field parameter

me Wall-mass ratio 3.k g " K ™)

P Dimensionless pressure

P’ Dimensional fluid pressure (N. m_z)

P Prandtl number

Q The constant volumetric heat source/sink

S, Schmidt number

T Dimensional temperature of the fluid (K)

(u',v") Velocity components along the ( X,Y ) axes (m.s™)
(u,v) Dimensionless velocity

u, Dimensionless zeroth-order velocity profile

(X,Y) Coordinate system (m)

(X, ¥) Dimensionless coordinate system
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GREEK SYMBOLS:
(04 Dimensionless heat source/sink parameter
B Coefficient of volumetric mass expansion ( K ’l)
Br Coefficient of volumetric thermal expansion (K ™)
e Amplitude of the irregular wall
€ The dimensionless amplitude
Q Pressure drop
A Dimensionless wavelength of the irregular wall
Y7 Dynamic viscosity (kg. m‘l.s‘l)
14 Fluid Kinematic viscosity ( mz.s’l)
D Fluid density (kg. m™)
0 Dimensionless temperature of the fluid
6, Dimensionless zeroth-order temperature profiles
74 The stream function
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