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Abstract — The problem of combined heat and mass transfer of an electrically conducting fluid in MHD
natural convection adjacent to a vertical surface is analyzed, taking into account the effects of Ohmic heating
in the presence of suction or injection. An approximate numerical solution for the steady laminar boundary-
layer flow over a wall of the wedge in the presence of species concentration and mass diffusion has been
obtained by solving the governing equations using the numerical technique. The fluid is assumed to be
viscous and incompressible. Numerical calculations are carried out for different values of dimensionless
parameters and an analysis of the results obtained shows that the flow field is influenced appreciably by the
magnetic effect, the buoyancy ratio between species'and thermal diffusion and suction/injection at the wall
surface. Effects of these major parameters on transport behaviors are investigated methodically and typical
results are illustrated to reveal the tendency .of the solutions. Representative results are presented for the
velocity, temperature, and concentration distributions; as well as the local skin-friction coefficient and skin
friction.

Keywor ds — Buoyancy ratio, Ohmic heating, Boussinesq fluid, MHD boundary layer flow and suction/injection at
the wall of the wedge

1. INTRODUCTION

Simultaneous heat and mass transfer from different geometrics embedded in porous media has many
engineering 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. A’ very significant area of research in radiative heat transfer at present is the
numerical simulation of combined radiation and convection/conduction transport processes. The effort has
arisen largely due to the need to optimize industrial systems such as furnaces, ovens and boilers, and the
interest in our environment and in no conventional energy sources such as the use of salt-gradient solar
ponds for energy collection and storage. In particular, natural convection induced by the simultaneous
action of buoyancy forces resulting from thermal and mass diffusion is of considerable interest in nature
and in many industrial applications such as geophysics, oceanography, drying processes, solidification of
binary alloy and chemical engineering. Frequently the transformations proceed in a moving fluid, a
situation encountered in a number of technological fields. In previous investigations, Chambre and
Acrivos [1], analyzed catalytic surface reactions in hydrodynamic flows. The paper was concerned with its
counterpart, namely, an investigation of a certain special class of homogeneous volume reactions in flow
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systems. Chambre et al. [2] had studied the diffusion of a chemically reactive species in a laminar
boundary layer flow. Acrivos [3] analyzed the laminar forced convection mass transfer with homogeneous
chemical reaction. A unified boundary layer analysis was applied to the problem of a steady state mass
transfer of a chemical species, diffusing from a surface and reacting isothermally in a linear fluid stream.

In these types of problems, the well-known Falkner-Skan transformation is used to reduce boundary-
layer equations into ordinary differential equations for similar flows. It can also be used for non-similar
flows for convenience in numerical work because it reduces, even if it does not eliminate, dependence on
the x-coordinate. The solutions of the Falkner-Skan equations are sometimes referred to as wedge-flow
solutions with only two of the wedge flows being common in practice. The dimensionless parameter, £,
plays an important role in such types of problems because it denotes the shape factor of the velocity
profiles. It has been shown [4] that when S, <0 (increasing pressure), the velocity profiles have a point of
inflexion, whereas when f,>0 (decreasing pressure), there is no point of inflexion. This fact is of great
importance in the analysis of the stability of laminar flows with a pressure gradient.

Yih [5] presented an analysis of the forced convection boundary layer flow over a wedge with
uniform suction/blowing, whereas Watanabe [6] investigated the behavior of the boundary layer over a
wedge with suction or injection in forced flow. Recently, MHD laminar boundary layer flow over a wedge
with suction or injection had been discussed by Kafoussias and Nanousis [7], and Kumari [8] discussed
the effect of large blowing rates on the steady laminar incompressible‘electrically conducting fluid over an
infinite wedge with a magnetic field applied parallel to the wedge. Anjali Devi and Kandasamy [9] have
studied the effects of heat and mass transfer on nonlinear boundary layer flow over a wedge with suction
or injection. The effect of an induced magnetic field is included in the analysis. Chamkha and Khaled [10]
investigated the problem of coupled heat and mass transfer by MHD free convection from an inclined
plate in the presence of internal heat generation or-absorption. For the problem of coupled heat and mass
transfer in MHD free convection, the effects of viscous dissipation and Ohmic heating with a chemical
reaction are not studied in the above investigation. However, it is more realistic to include these effects to
explore the impact of the magnetic fieldwon the thermal transport in the buoyancy layer. With this
awareness, the effect of Ohmic heating on the MHD free convection heat transfer has been examined for a
Newtonian fluid [11] and for.a micro polar fluid [12]. Kuo Bor-Lih [13] studied the effect of heat transfer
analysis for the Fakner-Skan wedge flow by the differential transformation method. Cheng and Lin [14]
analyzed the non-similarity solution and correlation of transient heat transfer in laminar boundary layer
flow over a wedge. Pantokratoras [15] discussed the Falkner—Skan flow with a constant wall temperature
and variable viscosity. These effects on combined heat and mass transfer in MHD free convection flow
past a wedge(in the presence of suction or injection have not yet been studied. This study is therefore
initiated to investigate the problem of MHD natural convection flow over a wedge, taking into
consideration the effects of viscous dissipation and Ohmic heating.

Since no attempt has been made to analyze the combined heat and mass transfer in MHD free
convection from a wedge with Ohmic heating and viscous dissipation in the presence of suction or
injection, we have investigated it in this article. The similarity transformation has been utilized to convert
the governing partial differential equations into ordinary differential equations and then the numerical
solution of the problem is drawn using the Runge Kutta Gill method, [16]. Numerical calculations up to
the third level of truncation were carried out for different values of dimensionless parameters of the
problem under consideration for the purpose of illustrating the results graphically. Examination of such
flow models reveals the influence of the chemical reaction, Ohmic heating and buoyancy ratio on velocity,
temperature and concentration profiles. The analysis of the results obtained shows that the flow field is
influenced appreciably by the presence of the magnetic effect and buoyancy ratio in the presence of
suction or injection at the wall of the wedge.
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2. MATHEMATICAL ANALYSIS

Two dimensional MHD laminar boundary layer flow of an incompressible, viscous, electrically
conducting double diffusive and Boussinesq fluid over a wall of the wedge with suction or injection is
considered. X-axis is taken parallel to the wedge and y-axis is taken normal to it as cited in Fig. 1. A
uniform transverse magnetic field of strength B is applied parallel to the y-axis. The fluid properties are
assumed to be constant in a limited temperature range. The Soret and Dufour effects are neglected as the
concentration of diffusing species is very small in comparison to other chemical species and the
concentration of species far from the wall, C,, is infinitesimally small [17]. The physical properties pu,D
and a are constant throughout the fluid. In writing the following equations, the governing boundary layer
equations of momentum, energy and diffusion for the flow under Boussinesq's approximation, [13] and
[14], are

Fig. 1. Flow analysis along the wall of the wedge
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where

u,v-Velocity components in X and y direction
U-Flow velocity of the fluid away from the wedge
g-Acceleration due to gravity

B-Coefficient of volume expansion
T-Temperature of the fluid

T y-Temperature of the wall

Spring 2007 Iranian Journal of Science & Technology, Trans. A, Volume 31, Number A2



154 R. Kandasamy / et al.

T.-Temperature of the fluid far away from the wall
B*-Coefficient of expansion with concentration
C-Species concentration of the fluid

C.-Species concentration of the fluid away from the wall
p-Density of the fluid

o-Electric conductivity of the fluid

o-Thermal diffusivity.

The boundary conditions are,

u=0,v=vy, C=C,,T=T,aty=0 ®)]
u=Ux),C=C,, T=T, asy > ® (6)

Following the lines of Bansal [18], the following change of variables aredntroduced

_[2Uwx
W(X,y)= mf(X,’l) (7
)= vy o ®)
WX

Under this consideration, the potential flow velocity can be written as
2m
UX)={ 98T =T,), p = om )

where c is a constant and g, is the Hartree pressure gradient parameter that corresponds to g, = Q for a
total angle Q2 of the wedge. g
The velocity components are given by

W andv=-¥ (10)
oy OX

u=

It can be easily verified that.the continuity equation (1) is identically satisfied and introduce the non-
dimensional form, [14] of temperature and the concentration as

T-Two
0= 11
T,-T, (1)
c-C
= = 12
o (12)
Gri= @ (Grashof number) (13)
% —
Ge= w (Modified Grashof number) (14)
B (Cy-C.,) .
N=——"—=-(Buoyancy ratio 15
AT, T.) (Buoyancy ratio) (15)
HCp
Pr= rE (Prandtl number) (16)
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Sc= % (Schmidt number)

CZ

Ec= o™ (Eckert number)
¢y (T =T (K™

2 0802 .
M== > (magnetic parameter)

pck

S=—v, 1+ myx

(suction or injection parameter)

Now the equations (2) to (4)

o f o*f  2m of 2 Ng+o . Q@ 2x o o*f Lof 2% f

= f = (1-(=)% - in—+ (—
on’ on* 1+m 677 I+m 1+N 2 _1+m 8776x677 axan
of
+—( -1)
Py on
2 52
f f f f
T g L0200 gy (@20 T, g @
on on 1+m 0pn 1+m_o0n éx oOx on
oB,’ u?
pU af 2
Cuy(T T, )(—
p( )(an)
a° o  2ex 2 of  2xSc,of o of o
00 g W 22,5, 25,0 D& T T,
on 677 I+m I+m 0n 1+m 0n OXx 0OXOn
The boundary conditions can be Wwritten as
of f x duU of (1+myx
=0/— =0, —(1+=——)+X—=-v.[——— , 0=1,6=1
N0, T M e P T 0

n —> o i=1,9=0, =0
on
where vy is the velocity of suction if v() <0 and injection if vy >0 and Gr=Gr,+Gc;,
The equations (21)) to (23) and boundary conditions (24) can be written a

a” m_of 8%f 1-m_ 8*f of 2 of

M2&E2(=—-1
+ 1+m§6§)a 2 1+m§6§c’)77 677 I+m d (677 )
2 (P, 2 Ng+0 g 2
1+m on I+m 1+N 2
2 2(1+m)
00 . 1 méaf 06 2 . 2 MzEC§ -m (i)z
on? 1 m° o0& on I+m on

_2Pr O 1-m ae of

155

a7

(18)

(10)

(20

2

(22)

(23)

24

(25)

(26)

Spring 2007 Iranian Journal of Science & Technology, Trans. A, Volume 31, Number A2



156 R. Kandasamy / et al.

% 2% lrm a¢ of of Lop 2%  of
o o Tt T G S et e T e 7

of (1+m)f I-m _of
=0: — =0, —<&—=50=1¢=1
n on 3 éaf .9

N - oo:%:l,@zo,gézo (28)

1-m

where S is the suction parameter if S > 0 and injection if S<0 and & = k X 2 [7] is the dimensionless
distance along the wedge (£ > 0).

In this system of equations f (§,n)is the dimensionless stream function; 0 (§,1) the dimensionless
temperature; ¢ (§,n) the dimensionless concentration; Pr, the Prandtl number, Re,, Reynolds number etc.
which are defined in (10) to (20). The parameter & indicates the dimensionless distance along the wedge
(§>0). It is obvious that to retain the E—derivative terms, it is necessary to. employ a numerical scheme
suitable for partial differential equations for the solution. In addition, owing to the coupling between the
adjacent stream wise location through the &-derivatives, a locally autonomous solution at any given
stream wise location cannot be obtained. In such a case, an implicit marching numerical solution scheme
is usually applied proceeding the solution in the &-direction, i.e., calculating unknown profiles at § 1
when the same profiles at &, are known. The process starts at £ = 0 and the solution proceeds from &, to
€41, however, such a procedure is time consuming

q9¢

Yet, when the terms involving 2; % 65 and their m derivatives are deleted, the resulting
system of equations resembles, in effect, a system of ordinary differential equations for the functions f, 0
and ¢ with & as a parameter and the computational task is simplified. Furthermore, a locally autonomous
solution for any given & can be obtained because the stream wise coupling is severed. So, following the
lines of [9], R. K. Gill [16] and:the ‘Shooting numerical solution scheme are utilized for obtaining the

solution of the problem. Now, due to the above mentioned factors, the equations (25) to (27) are changed

to
Fref pie M gy, 2 NO#+O Q2 pae2p gy (29)
I+m I+m I+N 2 1+m
2 Pr 2(1+m)
0"+Pr fo' - Y+PrEcf" + 1 T M2Ecg o fr2 = (30)
+
sttty 22,4 (31)
I+m I+m
with boundary conditions
n=0: f(O)— — S, 1'(0)=0,0(0)=1,4(0) =1
n —> oo f'(w0)=1,0(x)=0,4(x)=0 (32)

Equations (29) to (31) with boundary conditions (32) are integrated using the R. K. Gill method, [16]. The
effects of chemical reaction, and heat and mass transfer are studied for different values of suction/injection
at the wall of the wedge and the strength of the applied magnetic field. In the following section, the results
are discussed in detail.
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3. RESULTS AND DISCUSSION

In order to obtain a better insight of the physical problem, numerical results are displayed with the help of
graphical illustrations.

In the absence of mass transfer and chemical reaction, the results could have been compared with that
of the previous work of Kafoussias and Nanousis [7], if their equations were correct. It is found that the
term +(o Bo?/ p) U was missing in their equation of motion and hence an exact comparison is not
possible. However the trends of the velocity profiles and temperature distributions are similar in the
absence of mass transfer and chemical reaction.

Figure 2 represents the dimensionless velocity profiles for different values of suction parameter
(§>0). In the presence of a uniform magnetic field, it is clear that the velocity increases and the
dimensionless temperature 6(n) and concentration ¢(1)) of the fluid decrease with the increase of suction
and these are shown in Figs. 2, 3 and 4 respectively.

1.2
1 4
N=1.0
—S=30 Sc=0.62
08 —5S=50 Ec = 0.001
? —_ =30 m= 0.0909
Rex = 3.0
0.6
f'm) M?=10
Pr=0.71
0.4 Q=30°
0.2 1
0 ‘ ‘ ‘
0 0.5 1 1.5
n—

Fig. 2. Effects of suction over the velocity profiles

1.2

Sc=0.62
N=1.0

Ec =0.001
m = 0.0909
Rex=3.0
S=3.0 Pr=0.71
S=50 M2=1.0
——5-80 Q=30°

n—

Fig. 3. Effects of suction over the temperature profiles
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0.2 1
0
0.5 1 1.5
-0.2
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Fig. 4. Influence of suction over the concentration profiles

The dimensionless velocity profiles for different values of the strength of the magnetic field are
plotted in Fig. 5. In the case of uniform suction, it is clear that the velocity and the temperature of the fluid
increase and the concentration of the fluid decreases with the increase of strength of the applied magnetic
field and these are displayed through Figs. 5, 6 and 7 respectively.

Figure 8 represents the dimensionless velocity profiles for different buoyancy ratios. Due to the
uniform magnetic field and suction, it is clear that the velocity of the fluid is uniform, but slightly
decreases with the increase in buoyancy ratio.

Figure 9 demonstrates the dimensionless temperature profiles for different values of the buoyancy
ratio. In the presence of a uniform magnetic field with uniform suction, it is seen that the temperature of
the fluid decreases with increase in bueyancy ratio.

The concentration of the fluid‘increases with an increase in the buoyancy ratio and this is shown
through Fig. 10.

Figure 11 represents the dimensionless velocity profiles for different values of injection parameter
(S<0). In the presence of-a uniform magnetic field, it is clear that the velocity and the dimensionless
temperature 0(n) of the fluid increase with an increase in injection and these are shown in the Figs. 11 and
12 respectively.

1.2
1 n
0.8 N =1.0
Sc =0.62
t o6 M2=051 Ec =0.001
£ ' M2=2.0 m = 0.0909
(Tl) M2=6.0 Rex = 3.0
0.4 i Pr=0.71
S=5.0
0.2 Q=30°
0 : :
0 0.5 1 1.5
n—

Fig. 5. Influence of magnetic field over the velocity profiles
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N=1.0
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Ec = 0.001
m = 0.0909
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Fig. 6. Effects of magnetic field over the temperature profiles
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Fig. 7. Effects of magnetic field over the concentration profiles
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Fig. 8. Influence of buoyancy ratio over the velocity profiles
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Fig. 9. Buoyancy ratio over the temperature profiles
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Fig. 10: Effects of buoyancy ratio over the concentration profiles
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Fig. 11. Effects of injection over the velocity profiles
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Fig. 12. Effects of injection over the temperature profiles

4. CONCLUSIONS

In this paper, the combined heat and mass transfer of an electrically conducting fluid in MHD natural
convection adjacent to a wedge surface is analyzed, taking into account the effects of Ohmic heating in the
presence of suction or injection. The governing equations are approximated to a system of non-linear
ordinary differential equations by similarity transformation. Numerical calculations are carried out for
various values of the dimensionless parameters.of the problem. Comparisons with previously published
works are performed and excellent agreement between the results is obtained. The results are presented
graphically and the conclusion is drawn that the flow field and other quantities of physical interest are
significantly influenced by these parameters. We conclude the following from the results and discussions:
*In the presence of heat source and<niform suction at the wall, it is interesting to note that the fluid flow
along the wall of the wedge -accelerates the fluid motion and the temperature of the fluid. The
concentration of the fluid is uniform, but slightly decreases with the increase of strength of the magnetic
field. All these facts clearly depict the combined effects of the heat source and the strength of the magnetic
effect at the wall of the wedge
*In the presence of a uniform magnetic field, the velocity of the fluid increases and the temperature and
concentration of the fluid decrease with the increase of suction at the wall of the wedge, whereas the
velocity of the fluid increases and the temperature of the fluid decreases with an increase of injection at
the wall of the wedge. All these facts clearly depict the combined effects of mass diffusion and the
strength of the magnetic effect at the wall of the wedge surface.
*Due to the uniform magnetic field at the wall of the wedge, the velocity and the temperature of the fluid
decrease and the concentration of the fluid increases with the increase in the buoyancy ration. All these
facts clearly depict the combined effects of Ohmic heating and the buoyancy ratio between species and
thermal diffusion at the wall of the surface.
*It is interesting to note that the comparison of velocity profiles shows that the velocity increases near the
plate and thereafter remains uniform in all the cases.
*In the case of suction, it is clear that the temperature of the fluid decreases near the plate and thereafter
becomes uniform for the increasing heat source.

It is hoped that the present investigation of the study of physics of flow over a wedge can be utilized
as the basis for many scientific and engineering applications and for studying more complex vertical
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problems involving the flow of electrically conducting fluids. The findings may be useful for the study of
movement of oil or gas and water through the reservoir of an oil or gas field, in the migration of
underground water, and in filtration and water purification processes. The results of the problem are also
of great interest in geophysics in the study of interaction of the geomagnetic field with the fluid in the
geothermal region.
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