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INTRODUCTION

MHD is concerned with the study of the interaction of magnetic fields and electrically conducting fluids in motion. There are
numerous applications of MHD principles including MHD generators, MHD pumps and flow meters etc. Convection problems of
electrically conducting fluid in presence of transfers’ magnetic field have got much importance because of its wide applications in
many engineering and environmental processes. Several investigations were performed using both analytical and numerical
methods under different sets of thermal conditions which are continuous and well defined at the boundary wall.

In the last five years, many investigations dealing with heat flow and mass transfer over a verticatal porous plate with variable
suction, heat absorption/generation or Hall current have been reported. Singh studied MHD free convection and mass transfer flows
with hall current, viscous dissipation, Joule heating and thermal diffusion. Azzam presented radiation effects on the MHD mixed
free-fixed convective flow past a semi-infinite moving vertical plate for high temperature differences. Cookey et al investigated 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. Hayat and Abbas presented the radiation effects on MHD flow in a porous space.
Ogulu et al. Studied unsteady MHD free convective flow of a compressible fluid past a moving plate in the presence of radiative
heat transfer. Recently, Prakash et a/ have studied MHD free convection and mass transfer flow of a micro-polar thermally radiating
and reacting fluid with time dependent suction. Raptis discussed the flow of a micro polar fluid past a continuously moving plate in
the presence of radiation. Sunitha ef al. presented radiation and mass transfer effects on MHD free convection flow past an
impulsively started isothermal vertical plate with dissipation.

In this paper, effect of thermal radiation, time-dependent suction and chemical reaction on the two-dimensional flow of an
incompressible Boussinesq fluid in the presence of uniform magnetic field applied perpendicular to the flow has been studied... The
problem is governed by the system of coupled non-linear partial differential equations whose exact solutions are not obtained in
usual manner. Here we can apply Galerkin finite element method to obtain its solution, which is more convenient from
computational point of view.
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Mathematical formulation of the problem

Consider the problem of unsteady two-dimensional, laminar, boundary layer flow of a viscous, incompressible, electrically
conducting fluid along a semi-infinite vertical plate in the presence of thermal and concentration buoyancy effects. Time dependent
suction is considered normal to the flow. The x-axis is taken along the plate in the direction of the flow and y-axis is perpendicular
to it. Further, due to the semi-infinite plane surface assumption the flow variables are the functions of normal distances y and t. A
uniform magnetic field is applied perpendicular to the direction of the flow. Under the usual Boussinesq’s approximation, the
equations governing of the flow problem are:

Equation of continuity:

oy

N —o M

dy

Equation of Momentum:
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Equation of Energy:
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Equation of Concentration:

ac aC
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By using the Rosseland approximation’ the radiative flux vector g, can be written as:

40 9T*

ar= 3k g )

All the variables are defined in the nomenclature. It is assumed that the temperature differences within the flow are sufficiently
small so that T* can be expanded in a Taylor series about the free stream temperature T, so that the higher order terms are
neglected.

T*=4T2 T-3T¢ (6)
Using radiative flux and the Taylor series, the energy equation can be written as
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From Eq (1) one can see that the suction is a function of time only, so it is assumed in the form”:
V= Vo (1+eAest) 8)

Where A is the suction parameter and €4 < 1. Here V, is mean suction velocity, which are a non-zero positive constant and the
minus sign indicates that the suction is moving towards the plate. Now we can introduce the following dimensionless parameters
for our conveinience.
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Now convenient to introduce the following dimensionless parameters:
On substitution of Eq. (9) into Eqs (2), (4) and (7), the following governing equations are obtained in non-dimensional form:
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The corresponding initial and boundary conditions are:
u=1,0 =(1+ee®), =1 +ee*Hony=0 u>0,0 >0asy > o (13)

The mathematical formulation of the problem is now completed. Eqs (10)-(12) are coupled nonlinear systems of partial differential
equations, and are to be solved by using the initial and boundary conditions given in Eq. (13). However, exact solutions are difficult
if possible. Hence these equations are solved by Gale kin finite element method.

Method of solution
By applying the Gale kin finite element method for Eq. (10) over the element (e), (y; K y K yy) is:

fyk N @ [62u(e) au®  aul®
Yj

ay2 1 5y at

Myu® + (6,60 + Ggp)| dy = 0 (14)

Where P, = (1+ede’?), and M= ( %) Integrating the first term in Eq. (14) by parts
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Neglecting the first term in Eq. (15), one gets:
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Let u®@=N®¢(©® be the linear piecewise approximation solution over the element (e) <y < yx), Where N = [N; N,

¢(e):[ujuk]T and N; = 5 :__5] , Nk:;:;jj are the basis functions. One obtains:
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Where dot denotes the differentiation w.r.t t. assembling the element equations for two consecutive elements y;_; <y < y; and
Y; £y < ¥i,1 , following is obtained:
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Now put row corresponding to the node I to zero, from Eq. (16) the difference schemes with 1¢)=h is:

1
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Applying the trapezoidal rule, following system of equations in Crank —Nicholson method are obtained:
Ay ultt + Al T AT = A AU+ Agul, | + 6k (G6]+Gr)) (17)

Now from Eqgs (11) and (12), following equations are obtained:
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Here P, = , I =—
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And h, k is the mesh sizes along y-direction and time t-direction respectively. Index I refers to the space and j refers to the time. In
Eqs (17) - (19), taking I =1(1) n and using initial and boundary conditions (13), the following system Of equations are obtained:

Ai Xi = Bi i :1(1)3 (20)

Where A;'s is matrices of order n andX;,B;’s column matrices having n-components. The solutions of above system of equations are
obtained by using Thomas algorithm for velocity, temperature and concentration. Also, numerical solutions for these equations are
obtained by C- program. In order to prove the convergence and stability of Galerkin finite element method , the same C- program
was run with slightly changed values of h and k and no significant change was observed in the values of u, 8 and ¢.Hence, the
Galerkin finite element method is stable and convergent.

Skin — friction, rate of heat and mass transfer

Skin- friction coefficient in terms of Nusselt number (7) at the plate is T= (Z_;)y:o

Heat transfer coefficient in terms of Nusselt number (Nu) at the plate is: Nu= (%)y:o

Mass transfer coefficient in terms of Sherwood number (Sh) at the plate is: Sh= (Z—i)yzo
RESULTS AND DISCUSSION

In order to get clear insight of the physical problem, Some numerical calculations are carried out for the non- dimensional velocity
u, temperature 6, concentration ¢, skin- friction coefficient (7) and heat and mass transfer coefficient in terms of Nusselt number
(Nu) and Sherwood number (Sh) respectively.To be realistic, We recall that the values of Prandtl number (B.=0.71), corresponds
physically to air.

Electrolytic solution (B.=1.0), water (P.=7.0), and water at 4°C (P.=11.4).The values of Schmidt number are chosen for hydrogen
(Sc =0.22), water-vapour (Sc = 0.60), ammonia (Sc =0.78), methanol (Sc =1.0), and propyl benzene at 20° C (Sc =2.62).

Figure 1 depicts the temperature distribution, highlighting the effect of radiation.An increasing of the Prandlt number, observed
decrease in the temperature and temperature

L ——Pr=0.71,Nr=0.5, A=0.3
—=— Pr=3.00,Nr=0.5, A=0.3
o —— Pr=0.71,Nr=0, A=0.3
06 —=— pr=0.71,Nr=0.5,A=1.0
i
04
024
0 ; -y —————— i
2 4 6 8 10 12
-0.2 - y

Fig.1 — Temperature profiles when Q= 1.0
boundary layer while an increase in the thermal radiation Nr leads to increase in the temperature and temperature boundary layer.
The temperature is observed to decrease steeply and exponentially away from the plate. Figure 2 depicts the effect of heat source
parameter Q on the temperature field. It is observed that an increase in Q increase the temperature field. Figure 3 depicts the effect
of the Schmidt number Sc and chemical reaction rate constant k,- on the species concentration. It is observed that an increase in the
Schmidt number or chemical reaction rate decrease in the concentration and concentration boundary layer. From Figs 1 and 3, it is
observed that the suction has little or no effect on the temperature and concentration boundary layers.

The temperature and the species concentration are coupled to the velocity via free-convection parameters G, and G,,as seen in Eq.
(10). Figures 4-11 display the effects of material parameters such asP., Sc, Q, and Nr k,. , A M, K, G,and G,,, when the plate is
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cooled by free —convection currents (G, >0). It is observed that an increase inP,, Sc, k,.and M leads to decrease in the velocity field
while an increase in Q, Nr, K, G,and G, leads to increase in the velocity field. From Figs 7 and 8, it is also observed that an
increase in the suction parameter A leads to the decrease in the velocity field. A comparison of velocity field curves due to cooling
of the plate shows that velocity increase rapidly near the plate and after attaining a maximum value, it decreases as y ‘increases.

1.2 1.2

—— Sc=0.22, Kr=0.5. A=0.3

1 . Q:D 0 1 —8— Sc=0.60, Kr=0.3, A=0.3
0.8 —a— Q=05 0.8 —d— Sc=0.60, Kr=0.0, A=0.3
. —— Q=10 ’ —m— Sc=0.22, Kr=0.5, A=1.0
0 06 —== Q=15 ¢ 06
04 0.4
0.2 0.2
0+ . s~ b 2 | . . % i3 .
A 2 4 6 8 10 12 g 3 4 6 8 10 12
y y
Fig.2- Effect of Q on temperature field 8 Fig.3- Concentration profiles When Pr=0.71, Nr=0.5, A=0.3
5
5
4.5
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Fig: 4 — Effect of Pr on velocity field u for Fig: 5- Effect of Sc on velocity field u
Cooling of the plate when Gr=5, Gm=5, for cooling of the plate when Gr=5,
Sc=0.22, Q=1.0, Nr=0.5, Kr=0.5, M=0.5 Gm=5, Pr=0.71, Q=1.0, Nr=0.5, Kr=0.5
K=1.0, A=0.3, £=0.02, s=0.5, t=1.0 M=0.5, K=1.0, A=0.3, £=0.02, s=0.5t=1.0
6 ——Nr=0.0.A=0.3

—=—Nr=1.0,A=0.3
—— Nr=2.0,A=0.3
—s—Nr=2.0.A=1.0

0 2 4 6 8 10 12
y Y
Fig.6-Effect of Q on velocity field u for Fig.7-Effect of Nr and A velocity field u
cooling of the plate when G,=5, G,,=5, for cooling of the plate when G,=5, Gm=
P.=0.71, Sc¢=0.22, Nr=0.5, k,=0.5, M=0.5, 5, B=0.71, Sc=0.22, Q=1.0, k,=0.5,
K=1.0, A=0.3, e=0.02, s=0.5, t=1.0 M=0.5, K=1.0, £=0.02, s=0.5, t=1.0

5 5
A —— Kr=0.0,A=0.3 45 M=1.0,K=1.0
4 —a— Kr=1.0,A=0.3 4 M=1.5,K=1.0

—
3.5 —a— Kr=2.0,A=0.3 a5 —a— M=20K=1.0
3 —u— Kr=2.0,A=1.0 3 — B
u 25 LI —— M=1.0K=2.0
2 2
1.5 15
1 1
0.5 0.5
0+ . y . - . 0+ T
0 2 4 6 8 10 12 ] 2 4 v 6 8 10 12
Yy
Fig.8-Effect of kr and Aon velocity field u for Fig 9-Effect Of.M and K on velocity
; B & - field u for cooling of the plate when
cooling of the plate when G,=5, G,,=5, P,=0.71, G.=5. G =5. P=0.71. Sc=0.22
Sc=0.22, Q=1.0, Nr=0.5, M=0.5, k=1.0, £€=0.02, Q:IrO Nr;’b 5 ’kr:O.S ;A:O 3'5:(’) 5
A=0.3, £=0.02, s=0.5, t=1.0 o - t:Tl O. ’ ’ -
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v

Fig.10-Effect of Gr on velocity field u for cooling of the plate when G,,,=5,
P.=0.71, Sc¢=0.22, Q=1.0, N1=0.5, k,=0.5, M=0.5,
k=1.0, A=0.3, £=0.02, s=0.5, t=1.0

Fig.11-Effect of Gm on velocity field u for cooling of the plate
G,=5, P,=0.71, Sc=0.22, t=1.0 Q=1.0, Nr=0.5, k,=0.5, M=0.5,
k=1.0, A=0.3, £=0.02, s=0.5,

Figures 12 to 19 show the effects material parameters P,, Sc, Q, Nr, K; A, M, K, Gr and G,,, when the plate is heated by free-
convention currents (G, < 0). It is observed that an increase in P,, M, Gr and G,, leads to increase in the velocity field while an

increase in Sc, Q, Nr, k; and K leads to decrease in the velocity field. From Figs 15 and 16, it can be seen that an increase in the
suction parameter A leads to increases in the velocity field.

15
e —— Pr=0.71
24 —a— Pr=1.00 1
il —— Pr=7.00 05 y
. Pr=114 o ' ;
4 8 10 12
u 0.54 u -0.5
01 11 —— Sc =022
—— Sc=0.60
%3 A8 — Sc=078
14 21 —— Sc=1.00
-1.5 4 25 —— Sc=2.62
=) 3

Fig.12-Effect of Pr on velocity field u for Cooling of the plate when G,= -5.0,
G,,=5, Sc=0.22, Q=1.0, Nr=0.5, k,=0.5, M=0.5, k=1.0, A=0.3, £=0.02, s=0.5,
t=1.0

Fig.14-Effect of Q on velocity field u for heating of the plate when G,= -5.0,
Gn=5,P=0.71, Sc=0.22, Nr=0.5, k,=0.5, M=0.5, k=1.0, A=0.3, £=0.02, s=0.5

Fig.13-Effect of Sc on velocity field u for cooling of the plate when G,= -5.0,
Gm=5 P=0.71, Q=1.0, Nr=0.5, k,=0.5, M=0.5, k=1.0, A=0.3, £=0.02, s=0.5,
t=1.0

-1.5 4 —e— Nr=0.0, A=0.3
2 —a— Nr=1.0, A=0.3
—a— N1=2.0, A=0.3

-2.5 1

3l

—a— Nr=2.0, A=1.0

Fig.15-Effect of Nr and A on velocity field u for heating of the plate when G,= -

=1.0 > 5.0, Gp=5, P=0.71, Sc=0.22, Q=1.0, k,=0.5, M=0.5, k=1.0, £=0.02, s=0.5, t=1.0
1.51 1.5}
L 1
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! ' : 0
u 051 2 4 8 W L u 10 12
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< —— Kr=2.0,A=10 ——  M=25,K=10
25 S 2 —— M=10,K=20

Fig.16-Effect of k; and A on velocity field u for heating of the plate when G,= _Fig.17-Effect of M and K ‘1“ V"lﬁ‘“ty ﬁek{ u for lieatmg of the plate when Gr=-
—5 P _ _ 5.0, G,=5,P=0.71, Sc=0.22, Q=1.0, Nr=0.5,
5.0, G,=5,P~=0.71, Sc=0.22, Q=1.0, Nr=0.5, Krm0.5. A=03. £0.02. 5=0.5. =10
M=0.5, k=1.0, £=0.02, s=0.5, t=1.0 0o, A0S, E7U2, 700, T
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o

u u -4 Gm=-5.0
-6 —a— Gm=-10.0
6 1 —a— Gm=-15.0
-8 1 —— Gm=-200

Fig.18-Effect Gr on velocity field u for heating of the plate when G,,= 5, . . . B
Pr=0.71, Sc=0.22, M=0.5, k=1.0, Q=1.0, Nr=0.5, Fig.19-Effect of Gm on velocity field u for heating of the plate when G,=- 5,

K05, A0.3, 60002, 5=0.5, =10 P=0.71, Sc=0.22, Q=1.0, Nr=0.5 kr=0.5, A=0.3, £=0.02, s=0.5, t=1.0

Table 1 Presents numerical values of the skin-friction coefficient (t)for variations in P,, Sc, Q ,Nr, k., A, M, K, G,, and G,, ,for
cooling of the plate (G,< 0). It is observed that, an increase in P, , Sc , k; and M leads to decrease in the value of skin-friction
coefficient while an increase in Q , Nr, K , G, and G,, leads to increase in the value of skin-friction coefficient.

Table 2 presents numerical values of the skin-friction coefficient (7 ) for variations in P, Sc, Q, Nr, k, ,A, M, K, G, and G,, for
heating of the plate (G,<0).It is observed that ,an increase in P, M, G, and G,, leads to increase in the value of skin-friction
Coefficient while an increase in Sc, Q, Nr k,, and K leads to decrease in the value of skin-friction coefficient.

Table 3 presents numerical values of heat transfer coefficient in terms of Nusselt number (Nu) for different values of the prandtl
number P,, heat source parameter Q and thermal radiation Nr, respectively. It is observed that, an increase in the prandtl number
leads to decrease in the value of heat transfer coefficient while an increase in the heat source parameter or thermal radiation leads to
increase in the value of heat transfer coefficient.

Table 4 presents numerical values of mass transfer coefficient in terms of Sherwood number (Sh) for different values of Schmidt
number Sc and chemical Reaction rate constant k, , respectively. It is observed that, an increase in the Schmidt number or chemical
reaction rate constant leads to decrease in the value of mass transfer coefficient.

Table 1--- Skin — friction coefficient (7) for cooling of the plate (G,>0)

P Sc Q Nr ke M K G G T

0.71 022 1.0 05| 05 | 05 1.0 | 5.0 5.0 5404040
7.00 022 1.0 05| 05 |05 1.0 |50 50 1.312256
0.71 0.60 1.0 05| 05 | 05 1.0 | 50 50 4.525042
0.71 022 13 05| 05 | 05 1.0 | 50 50 §.510313
0.71 022 1.0 10| 05 | 05 1.0 | 5.0 5.0 5738086
0.71 022 1.0 05| 10 | 05 1.0 | 5.0 5.0 4056634
0.71 022 10 05| 05 | 10 10 | 5.0 5.0 4369522
0.71 022 1.0 05| 05 | 05 20 | 5.0 50 6.881610
0.71 022 10 05| 05 | 05 1.0 | 10.0 50 0.514360
0.71 022 10 05| 05 | 05 10 | 50 100 | 7935074
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Table 2--- Skin — friction coefficient (7) for heating of the plate (G,<0)

P. Sc Q Nr ke M K G G T
0.71 0.22 1.0 0.3 0.3 0.5 1.0 250 5.0 -2.816383
7.00 0.22 1.0 0.5 0.3 0.5 1.0 50 5.0 1.275202
0.71 0.60 1.0 0.5 0.3 0.5 1.0 50 5.0 -3.694600
0.71 0.22 1.5 0.5 0.3 0.5 1.0 50 5.0 -3.922676
0.71 0.22 1.0 1.0 0.3 0.5 1.0 50 5.0 -3.151328
0.71 0.22 1.0 0.3 1.0 0.3 1.0 250 5.0 -3.2639%6
0.71 0.22 1.0 0.5 0.3 1.0 1.0 50 5.0 -1.673036
0.71 0.22 1.0 0.5 0.3 0.5 20 50 5.0 -1.993236
0.71 0.22 1.0 0.5 0.3 0.5 1.0 100 5.0 -6.926002
0.71 0.22 1.0 0.5 0.3 0.5 1.0 50 10.0 0287338
Table 3 --- Heat transfer coefficient in terms of Nusselt number (Nu)

B Q Hr Fa

071 10 0.5 -0 375516

300 10 0.5 -1 13TR1D

0Tl ri] 0.5 0016614

071 10 10 -0 2ERO0E

% K zh
0 05 0443265
] 03 0300887
oy 10 0558000

CONCLUSIONS

The problem of two-dimensional fluid flow in the presence of thermal and concentration buoyancy effects under the influence of
uniform magnetic field applied normal to the flow is formulated and solved numerically. Governing the flow of equations are solved
by adopting a Galerkin finite element method. The results obtained are compared with previous works and found to be in good
agreement. It is found that increasing the Prandlt number results in a decrease in the temperature and temperature boundary layer
while increasing the thermal radiation leads to a rise in the temperature and temperature boundary layer .An increase in the Schmidt
number or chemical reaction rate constant decrease in the concentration and concentration boundary layer. Also, it has been
observed that the suction has a negligible effect on the temperature and concentration. The value of the skin-friction coefficient (1)
decrease as increase in the Prandtl number P, and Schmidt number Sc. The value of the skin-friction coefficient is maximum for
cooling of the plate than in case of heating of the plate. Also, it is observed that, the increase in the Prandtl number P, and Schmidt
number Sc decreases Nusselt number and Sherwood numbers. The results of this study might find potential applications in fluid
flows.

Nomenclature

u,v  velocity components
T dimensional temperature
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radiative flux vector
Cartesian coordinates
time
acceleration due to gravity
Coefficient of volume expansion due to temperature
Coefficient of volume expansion due to concentration
Density
specific heat at constant pressure
kinematic viscosity
magnetic parameter
thermal conductively
mean velocity
Schmidt number
Brandt number
chemical reaction rate constant
Small reference parameter <<1
free-convection parameter due to temperature
free-convection parameter due to concentration
suction parameter
constant exponential index
molar diffusivity
thermal radiation parameter
permeability of the porous medium
heat source parameter
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