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Abstract

Steady heat and mass transfer by mixed convection flow from a vertical porous plate with
constant heat and mass fluxes has been studied under the action of transverse applied magnetic field
taking into account the induced magnetic field. The boundary layer equations have been transformed
into dimensionless coupled nonlinear ordinary differential equations by appropriate transformations.
The similarity solutions of the transformed dimensionless equations for the flow field, induced
magnetic field, current density, heat and mass transfer characteristics are obtained by shooting
iteration technique. Numerical results are presented in the form of velocity, induced magnetic field,
current density, and temperature and concentration distributions within the boundary layer for
different parameters entering into the analysis. Finally, the effects of the pertinent parameters on the
skin-friction coefficient and current density at the plate are also examined.
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1. Introduction

Magnetohydrodynamics (MHD) is
currently undergoing a period of great
enlargement and differentiation of subject
matter. The science of magnetohydrodynamics
was concerned with  geophysical and
astrophysical problems for a number of years. In
recent years the possible use of MHD is to affect
a flow stream of an electrically conducting fluid
for the purpose of thermal protection, braking,
propulsion and control. From the point of
applications, several investigators have made
model studies on the effect of magnetic field on
free convection flows. Some of them are
Georgantopoulos[1], Nanousis et al.[2] and
Raptis and Singh[3]. Along with the effects of
magnetic field, the effect of transpiration
parameter, being an effective method of
controlling the boundary layer, has been
considered by Kafoussias[4] and Singh[5].
Singh et al. [6] studied magnetohydrodynamics

heat and mass transfer flow of a viscous
incompressible fluid past an infinite vertical
porous plate under oscillatory suction velocity
normal to the plate. The combined heat and
mass transfer of an electrically conducting fluid in
MHD natural convection adjacent to a vertical
surface was analyzed by Chen [7].

All the above works are related to the
stationary vertical surface. However, the flow
past a continuously moving surface has many
applications in manufacturing processes such as
hot rolling, metal and plastic extrusion,
continuous casting, and glass fiber and paper
production. Sakiadis [8, 9] was the first authorto
recognize this backward boundary-layer
situation and used a similarity transformation to
obtain a numerical solution for the flow field of
a continuously moving surface. The heat transfer
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flow past a continuous moving plate with
variable temperature was investigated by
Soundalgekar and Ramana Murty[10]. Sami A.
Al-Sanea[11] studied the steady laminar flow
and heat transfer characteristics of a
continuously moving vertical sheet of extruded
material. Quite recently an analytical study of
the one dimensional steady combined heat and
mass transfer by mixed convection flow of an
incompressible electrically conducting viscous
fluid past an electrically non-conducting
continuously moving infinite vertical porous
plate under the action of a strong magnetic field
with constant suction velocity, constant heat and
mass fluxes was done by Chaudhary and Sharma
[12]. The level of concentration of foreign mass
was assumed to be very low in this study so that
the thermal and mass diffusion were neglected.
They used a perturbation technique to obtain the
solution and did not show the complete results
due to some analytical restrictions.

Along with these studies, the effect of
thermal diffusion on MHD free convection and
mass transfer flows have also been considered
by many investigators due to its important role
particularly in isotope separation and in
mixtures between gases with very light
molecular weight (m,,H,) and medium

molecular weight (n, ,air) (Eckert and Drake,

[13]). Considering these aspects, model studies
were carried out by many investigators of whom
the names of Kafoussias[14], Nanousis[15],
Sattar and Alam[16] and Alam et al. [17] are
worth mentioning. Recently both Soret and
Dufour effects on steady mixed convection flow
past a semi-infinite vertical porous flat plate in a
porous medium with variable suction was
investigated by Alam and Rahman|[18].

In all the papers cited earlier, the studies
concentrated on MHD free convection and mass
transfer flow of an incompressible viscous fluid
under only the action of transverse magnetic
field with or without thermal and mass
diffusions.

The present study, therefore, extends the
work of Chaudhary and Sharma [12]
investigating steady MHD heat and mass
transfer by mixed convection flow from a
moving vertical porous plate with induced
magnetic, thermal diffusion, constant heat and
mass fluxes. The governing equations of the
problem contain the partial differential
equations, which are transformed by similarity

transformation into a system of ordinary coupled
non-linear differential equations. The obtained
ordinary  coupled non-linear  differential
equations are solved numerically by sixth order
Runge Kutta method along with the
Nachtsheim-Swigert[19] iteration technique.
The complete obtained results are shown
graphically as well as in tabular form.

2. The Governing Equations

Let us consider a steady MHD heat and
mass transfer flow of an electrically conducting
viscous fluid past an infinite vertical porous
plate =0 which is impulsively started with

velocity U,- The flow is also assumed to be in

the x direction, which is taken along the plate in
upward direction, and y-axis is normal to it. The

constant heat flux (—k o ):q and constant
%

species mass flux [ _n 9C|_ at the plate are

considered, where D_ is the coefficient of mass

diffusion and k is the thermal conductivity. T
and T are the fluid temperature within the
boundary layer and the fluid temperature in the
free stream respectively, while C and C, are the
corresponding concentrations. We assumed that
the magnetic Reynolds number of the flow is
large enough so that the induced magnetic field
is not negligible. The induced magnetic field is
of the form g=(#,,H,,0) . A uniform magnetic
field strength g is applied to the plate, acting
along the y-axis, which is electrically non-
conducting. The level of concentration of
foreign mass is assumed high so that the thermal
diffusion is considered. The equation of the
conservation of electric charge is v.J=0 ,
where I=(J,.J,,J,) - The direction of

propagation is considered only along the y-axis
and does not have any variation along the y-axis
and the derivative of J with respect to y is

namelyaj_yzo , resulting in J, =constant. Since

the plate is electrically non-conducting, this
constant is zero and hence J,=0 everywhere in

the flow. The flow configuration and coordinate
system are shown in Fig.1. It is assumed that the

‘plate is semi-infinite in extent and hence all the

physical quantities depend on y and x. Thus,
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inaccordance with the above assumptions and
Boussinesq’s approximation, the basic equations

relevant to the problem are:

Fig. 1. Physical configuration and coordinate
system.
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where all physical quantities are defined in
the nomenclature and other symbols have their

usual meaning.

3. Mathematical Formulations

To solve the above system of equations (1)-
(5) under the boundary conditions (6) we adopt
the well-defined similarity technique to obtain
the similarity solutions.

For this purpose the following non-
dimensional variables are introduced:

UO
=y, |— 7
n=y o @)
fm=— ®)
U0
9(77)=M i 9)
q 2vx
g =22 C=Ca) | L. (10)
m 2vx )
M, | 2x
= |Ze | 22 g 11
H(mn) T 1n

Now from equations (1) and (8), we have

v= 22 07— £ )] 12)
2x

Also we have, £, = —v, (x) 2—x, (13)
UO

where f, is the suction parameter or

transpiration parameter and the variables are
defined in the nomenclature.

From equations (2) - (13), we have the
following dimensionless ordinary coupled non-
linear differential equations:

[+ ff"+GO+G g+ MH =0 ‘ (14)
H"+P,(fH+ fH") - PHf" + MP, f" =0 15)
¢"+S,(f¢' -~ f'$)+8,50"=0 amn

with the corresponding boundary
conditions:

f=f.f=,0=-1¢=-1LH=h=1

(say)at 7=0 (18)
f'=0,650,—>0,H—>0asn—>wo
where,
g [v@2x) .
G = gﬁ; —— is the Grashof number,
U

o
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3
o m |U(2x
Gn=8 ﬂ. - ( 5)
D\ U,
is the Modified Grashof number,
o e Ho
P Uy
is the magnetic force number.
P, = peo'v

is the magnetic diffusivity number,

C D c
P. = ﬂp__ = ﬂ—p is the Prandtl number,

"k
2
kU, U,
E,=—2— |—2 is the Eckert number,
9cp 2vx
2
Dy K
0 = Zm7r is the Soret number,
komT,,
and S, = BD— is the Schmidt number.

m

In all the above equations primes denote the
differentiation with respect to 7.

4. Skin Friction Co-efficient and Current

Density at the Plate

The skin friction coefficient and the
Current density at the plate are the quantities of
chief physical interest.

The shearing stress at the plate is generally
known as the skin friction, the equation defining
the skin friction is:

ou
c=p|—| ie z o« f'(0)
( % j,:o
The current density is generally expressed

oH .

as: J = (— ——) and hence the current density
%

at the plateis J_ o« H'(0).

The next section deals with the solution
technique of the problem.

5. Numerical Solution

The set of ordinary coupled non-linear
differential equations (14)-(17) with the
boundary conditions (18) for steady case are
very difficult to solve analytically; so numerical
procedures are adopted to obtain their solution.
Here we use the standard initial value solver,
namely the sixth order Runge Kutta method
along with Nachtsheim-Swigert iteration
technique.

In a  Nachtsheim-Swigert iteration
technique, the missing (unspecified) initial
condition at the initial point of the interval is
assumed and the differential equation is then
integrated numerically as an initial value
problem to the terminal point. The accuracy of
the assumed missing initial condition is then
checked by comparing the calculated value of
the dependent variable at the terminal point with
its given value there. If a difference exists,
another value of the missing initial condition
must be assumed and the process is repeated.
This process in continued until the agreement
between the calculated and the given condition
at the terminal point is within the specified
degree of accuracy. For this type of iterative
approach, one naturally inquires whether or not
there is a systematic way of finding each
succeeding (assumed) value of the missing
initial condition.

The Nachtsheim-Swigert iteration
technique thus needs to be discussed elaborately.
The boundary conditions (18) associated with
the mnon-linear coupled ordinary differential
equations (14)-(17) of the boundary layer type is
of two point asymptotic classes. Two point
boundary conditions have values of the
dependent variable specified at two different
values of independent variable. Specification of
asymptotic boundary conditions implies that the
first derivative (and higher derivatives of the
boundary layer equations, if they exist) of the
dependent variable approaches zero, and the
value of the velocity approaches unity, as the
other specified value of the independent variable
is approached. The method of numerical
integration of two point asymptotic boundary
value problem of the boundary layer type, the
initial value method, requires that the problem
be recast as an initial value problem. Thus it is
necessary to set up as many boundary conditions
as the surfaces there at infinity. The governing
differential equations are then integrated with
these assumed surface boundary conditions. If
the required outer boundary conditions are
satisfled, a solution has been achieved.
However, this is not generally the case. Hence, a
method must be devised to logically estimate the
new surface boundary conditions for the next
trial integration. Asymptotic boundary value
problems such as those governing boundary
layer equations become more complicated by
the fact that the outer boundary condition is
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specified at infinity. In the trial integration,
infinity is numerically approximated by some
large value of the independent variable. There is
no general method of estimating this value.
Selecting too small a maximum value for the
independent variable may not allow the solution
to asymptotically converge to the required
accuracy. Selecting a large value may result in
slow convergence or even divergence of the trial
integration. Selecting too large a value of the
independent variable is expensive in terms of
computer time. Nachtsheim-Swigert developed
an iteration method, which overcomes these
difficulties. Extensions of the Nachtsheim-
Swigert iteration to the above system of
differential equations (14)-(17) with boundary
conditions are straightforward. In equation (18),
there are four asymptotic boundary conditions
and hence there will be four unknown surface

conditions £"(0), H'(0), 6(0), ¢(0)-

6. Results and Discussion

The numerical values of the velocity,
induced magnetic field, current density,
temperature, the concentration skin friction and
current density at the plate, respectively, for

different values of the suction parameter ( f,),

the magnetic parameter (M), the Prandtl number
(Py), the Soret number (S,), the Schmidt number
(Sc), the Grashof number (G,), the magnetic
diffusivity parameter (P,), the Eckert number
(E;) and for the fixed values of modified
Grashof number (G,) are obtained and
discussed. The values of M and G, are taken to
be large for a cooling Newtonian fluid, since
these large values correspond to a strong
magnetic field and to a cooling problem that is
generally encountered in nuclear engineering in
connection with the cooling of reactors.

The most important fluids are atmospheric
air and water and so the results are limited for
Prandtl number P,=0.71 and 7.00 (in particular,
0.71 represents air at 20°C and 7.0 corresponds
to water at 20°C). The value 0.60 is also
considered for S,, which represents the specific
condition of the flow (0.60 corresponds to water
vapor that represents a diffusivity chemical
species of most common interest in air). The

values of f,, M, S,, P, E. and G,, are however
chosen arbitrarily.

The obtained results are illustrated in Figs.
(2)-(26) in case of air (P=0.71) and water

(P=7.0). The plots of velocity, the induced
magnetic field, current density, temperature and
concentration versus 77 are shown in Figs. (2)-
(6), (M)-(11), (12)-(16), (17)-(21) and (22)-(26)
respectively for different value of f» M, Py, S,,

and E,.
The effect of the suction parameter f, on

the velocity is shown in Fig. (2). It is observed
from this figure that an increase in f, leads to a

decrease in velocity in case of air (P,=0.71) and
water (P,=7.0). The usual stabilizing effect of
the suction parameter on the boundary layer
growth is also evident from this figure. We also -

notice that for any value of £, the velocity of air

is greater than the velocity of water. The
velocity profiles are shown in Figs. (3) and (4)
for different values of M and P, It is observed
that an increase in the applied magnetic field
parameter and magnetic diffusivity parameter
leads to an increase in the velocity within the
domain 0<7 <0.7 and 0<7 <0.4, respectively,

for both air and water. Further it is observed
from these figures that the velocity distribution
decreases gradually at the points where
n>0.7and 7 2 0.4, respectively, for both air and
water. Figs. (5)-(6) show the velocity profiles
for different values of S,, and E,. We notice that
an increase in S,, and E, leads to a rise in the
values of the velocity for both air and water.

0 0.4 0.8 1.2 1.6 2 24 2.8

————’ 77
Fig. 2. Velocity profiles ( f') for different
values of f, , taking G,=5.0,G,=2.0, M=1.0,
P,=1.0,S,=2.0, S,=0.6 and E,=0.2 as fixed.
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——.—.—F n
Fig. 3. Velocity profiles ( /' ) for different
values of M, taking- £,=2.0, G;=5.0, G,=2.0,
P,=1.0, S,=2.0, 5=0.6 and E~=0.2 as fixed.

1.2

1

Fig. 4. Velocity profiles ( /') for different
values of P,, taking £,~2.0, G=5.0, G,=2.0,
M=1.0, S,=2.0, S;=0.6 and E.~=0.2 as fixed.

= 7
Fig.. 5. Velocity profiles ( /') for different
values of S, taking f,=2.0 , G=5.0, G,=2.0,
M=1.0, P,=1.0, S.=0.6 and E~=0.2 as fixed.

Fig. 6. Velocity profiles ( f' ) for different
values of E,, taking £,~2.0, G,=5.0, G,=2.0,
M=1.0, P,=1.0, S, =2.0 and 5.=0.6 as fixed.

Fig. 7. Induced magnetic field (H) for different
values of f, , taking G=5.0, G,=2.0, M=1.0,
P,=1.0, S,=2.0, 5~0.6 and E=0.2 as fixed.

Figs.(7)-(11) present the induced magnetic field
for air (P,=0.71) and water (P,=7.0) respectively
for different values of f,, M, P, So, and E_. It
is observed from Fig. (7) that the induced
magnetic field decreases a little within the
interval 0<7 <04 with an increase in suction
parameter ( f, ) for both air and water, but it
increases within the interval 0.4 <7 <2.0 with an
increase in f; for both air and water. It is further
observed that in the case of air for the
interval 0.4<n<2.0, H remains negative. It is

observed from Figs. (8) and (9) that the induced
magnetic field decreases with the increase of M
and P,, for both air and water. It is also found
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from these figures that the decrease effect is
large. Hewever, it has a negative value
approximately in the interval (0.4<7<2.4). We

thus may conclude that the transverse magnetic
field and magnetic field diffusivity have a strong
role on the induced magnetic field. It is observed
from Figs. (10)-(11) that the induced magnetic
field decreases with the increase of S,, and E, in
case of air and water. The decreasing effect is
not so prominent near the plate. In these figures,
it appears that there is a back directional induced
magnetic field in a considerable area of the
boundary layer (approximately 0.4<7<2.4).

Fig. 8. Induced magnetic field (H) for different
values of M, taking £,=2.0, G,=5.0,G,=2.0,
P,=1.0,S,=2.0, 5~0.6 and E,=0.2 as fixed.

1.2

0.71
0.71
0.71
7.00
7.00
7.00

—.__>77

Fig. 9. Induced magnetic field (H) for different
values of P,, taking £,=2.0, G=5.0, G,=2.0,
M=1.0, S, =2.0, S,~0.6 and E=0.2 as fixed.

Fig. 10. Induced magnetic field (H) for different
values of S, taking £,=2.0 , G=5.0, G,=2.0,
M=1.0, P,=1.0, §:=0.6-and E,=0.2 as fixed.

4 v b b e b

0 04 0.8 1.2 I1 .6' 2 2.4 2.8
—_— 7

Fig. 11. Induced magnetic field (H) for different

values of E. taking f£,=2.0, G=5.0, G,=2.0,

M=1.0, P,=1.0, S, =2.0 and S,=0.6 as fixed.

Figs.(12)-(16) present the current density
profiles for air (P,=0.71) and water (P,=7.0) for
different values of f,,, M, P,, S, and E.. In Fig.
(12), it is observed that the current density
increases approximately in the
domain0<7<0.17, and further decreases in the

interval 0.17 <7 <1 with the increase of f, , for
both air and water. From the point where n>1,
it is reduced to a certain value of 7 and

becomes constant. Fig. (13) shows that the
current density increases in the interval
0<7<0.6 (approx.) and decreases when 7 > 0.6

for both air and water with increase in M. It is
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observed from Fig.(14) that the current density
increases close to the plate within the interval
0<7<0.6 (approx.). This increasing effect is
very large. From the point wherez > 0.6, current

density decreases with the increase of P, in
both air and water (P,=0.71 & 7.0). Fig.(15)
shows the minor increasing/decreasing effect of
the current density for different values of S, for
air and water. The effect is reversed after
n~0.72. Fig.(16) shows the increase of the
current density in the interval 0 <7 < 0.7 and the
decrease from 7 > 0.7 with increase of E, for air

and water.

4B v e b
0 0.4 0.8 1.2 1.6 2 24

___.._._>77

Fig. 12. Current density profiles (J) for different
values of f,, , taking G,=5.0, G,,=2.0, M=1.0,
P,=1.0,S,=2.0, S,=0.6 and E=0.2 as fixed.

Fig. 13. Current density profiles (J) for different
values of M, taking f£,~2.0, G,=5.0, G,=2.0,
P,=1.0, S,=2.0, S,=0.6 and E.=0.2 as fixed.

86 Curve P, P,
82 1 04 0.71
28 2 0.8 0.71
J 24 3 1.2 0.71
2 4 0.4 7.00
16 5 0.8 7.00
12 6 1.2
0.8

FENETERTN ATEESTETIN ERATAUA SUSTSEArES AUAAr A SrAT AT B ATAa
[¢] 04 0.8 1.2 1.6 2 2.4 2.8

—__> 77
Fig. 14. Current density profiles (J) for different
values of P,, taking £,=2.0 , G;=5.0, G,=2.0,
M=1.0, S, =2.0, S=0.6 and E.~=0.2 as fixed.

-0‘I.'D.4”’IO.QYI’I1.2IH‘146|[”2'I"2.4
____.._’ 77
Fig. 15. Current density profiles (J) for different
values of S,, taking f£,=2.0 ,G=5.0, G,=2.0,
M=1.0, P,=1.0, S;=0.6 and E~0.2 as fixed.

Fig. 16. Current density profiles (J) for different
values of E., taking £,=2.0, G=5.0, G,=2.0,
M=1.0, P,=1.0, S, =2.0 and S.=0.6 as fixed.
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The temperature profiles are shown in Figs.
(17)-(21) for different values of f,, M, P,, S,
and E. for both air (P,=0.71) and water (P,=7.0).
It is observed from Fig. (17) that the temperature
has a decreasing effect with increase in suction

parameter ( f, ) for both air and water. From Fig.

(18), it is observed that the temperature
increases as M increases for both air and water.
Fig. (19) shows that there is a minor increasing
effect of the temperature for increasing values of
P, in case of air; for water the temperature
increases within the interval ( 0<7<0.23

approx.) and it decreases from 7 >0.23 with

increase in P,. Also it is found from Fig.(20)
that the temperature distribution has a negligible
effect with the increase of S,, for both air and
water. Fig. (21) shows that the temperature has a
very large increasing effect close to the plate
with the increase of E. for both air and

0o 0.4 0.8 1.2 1.6 2
—> 7]

Fig. 17. Temperature profiles (8) for different
values of f, , taking G,=5.0, G,=2.0, M=1.0,
P,=1.0,S,=2.0,5,~0.6 and E.=0.2 as fixed.

Fig. 18. Temperature profiles (&) for different
values of M, taking, £,=2.0, G,=5.0, G,=2.0,
P,=1.0,5,=2.0,S5=0.6 and E.=0.2 as fixed.

Curve P, P,

06 1 04 071
2 08 071

3 12 071

0 .. 4 04 7.00
5 08 7.00

6 12 7.00

0I = I0.4I = I0.8 1.2 146' = I2 2?4
.._._._-__..___—} 77

Fig. 19. Temperature profiles (&) for different

values of P,, taking f,=2.0 , G=5.0, G,=2.0,

M=1.0, S,=2.0, S,=0.6 and E.=0.2 as fixed.

0.6

0.4

TR A B bt T
0 0.4 0.8 1.2 16 2 2.4

_—__} 77
Fig. 20. Temperature profiles (8) for different
values of S,, taking £,=2.0 , G=5.0, G,=2.0,
M=1.0, P,=1.0, 5,=0.6 and E,=0.2 as fixed.

water. It is interesting to note that the
temperature profiles are more sensitive for air
(P,=0.71) than for water (P,=7.00).

The displayed Figs. (22)-(26) show the
effect of the various parameters f,, M, P,, S,

and E. on the concentration field for both air
(P,=0.71) and water (P,=7.0). From Fig.(22), it
is observed that the concentration decreases with
increase of the suction parameter ( f,) for both
air and water. It is observed from Fig.(23) that a
minor decreasing effect of concentration occurs
within the interval 0<#7<0.22 (approx.) and
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further it has a minor increasing effect from
7>0.22 in case of air, whereas for water the

minor decreasing effect of concentration occurs
in the interval 0<n<0.55 (approx.) with
increase in M. From Fig.(24), it is seen that the
concentration has a minor increasing effect
with increase in magnetic diffusivity parameter
(Pm), while from Fig.(25), it is observed that the
concentration increases close to the plate with
the increase in Soret number (S,). The
decreasing effect of concentration is found in the
interval 0<# <0.2 forairand in 0<7<0.5 for

1.4
Curve E, P,
12 1 02 071
1 2 04 071
306 071
0 .k 4 02 7.00
5 04 7.00
06 6 06

0o 0.4 12
.._....._.._.__> 77
Fig. 21. Temperature profiles (&) for different
values of E, taking f,~=2.0, G,=5.0, G,~=2.0,
M=1.0, P,=1.0, S, =2.0 and S.=0.6 as fixed.

0.8

1.6 2

1 B Curve fw Pr
> 1 20 071

| 2 3.0 071

————r

N 3 40 071

A . 4 20 7.00
ok \ > 5 30 7.00
C > 6 40 7.00

Fig. 22. Concentration profiles (¢ ) for different

values of f, , taking G,=5.0, G,=2.0, M=1.0,
P,=1.0, S,=2.0, 5,=0.6 and E,=0.2 as fixed.

10

0O 04 08 12 16 ; 24 28 32 36
—..——..—’ 77

Fig. 23. Concentration profiles (¢) for different

values of M, taking f,=2.0, G=5.0, G,=2.0,

P,=1.0,S,=2.0, S=0.6 and E,=0.2 as fixed.

Fig. 24 Concentration profiles (¢) for different

values of P,, taking f,=2.0 ; G=5.0, G,=2.0,
M=1.0, S, =2.0, S=0.6 and E.=0.2 as fixed.

water (approximately), after that interval the
effect is reversed with increase in E. [Fig. (25)].
It should be pointed out the that in all Figs.(22)-
(26), the concentration distributions are more
sensitive for water (P,=7.00) than for air
(P,=0.71) near to the wall up to a certain point,
thereafter they are reversed.

Finally, the effects of various parameters on
the skin friction (7 ) and the current density at
the plate (J,) are tabulated in Tables 1-5. It is
observed from Table 1 that the skin friction ()
decreases while the current density at the plate

(Jw) increases with the increase of f, for both air

(£,=0.71) and water (P,=7.00). Tables 2-5 show
that the skin friction and the current density at
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the plate increases increases of M, P,, S, and E .,
respectively, for both air and water.

Fig. 25. Concentration profiles (¢ ) for different
values of S,, taking £,=2.0 , G=5.0, G,=2.0,
M=1.0, P,~1.0, S=0.6 and E.~0.2 as fixed.

Fig. 26. Concentration profiles (¢) for different

values of E,, taking f,=2.0, G=5.0, G,=2.0,
M=1.0, P,=1.0, S,=2.0 and S.=0.6 as fixed.

Table 1. Numerical values of Skin friction (7 )
and Current density at the plate (J,,) proportional

Table 2. Numerical values of Skin friction (7)
and Current density at the plate (J,)
proportional to f” and — H' respectively, for
different values of M, taking £,=2.0, G,=5.0,
G.~=2.0, P,~=1.0, S~2.0, §=0.6 and E=0.2 as
fixed.

P, M flr - H'
0.71 0.5 1.0777935 2.5055471
0.71 1.0 1.7504487 3.1397836
0.71 1.5 2.6215367 3.7948535
7.00 0.5 -0.1790336 2.4482994
7.00 1.0 0.3756603 3.0252324
7.00 1.5 1.0341457 3.6093244

Table 3. Numerical values of Skin friction (7)
and Current density at the plate (J,) proportional
to /" and — H' respectively, for different values
of P,, taking £,=2.0, G=5.0, G,=2.0, M=1.0,
S=2.0, S;=0.6 and E.=0.2 as fixed.

Pr Pm fﬂ . HI
0.71 0.4 1.4363195 1.1319077
0.71 0.8 1.6810228 24725643
0.71 1.2 1.7993199 3.8003870
7.00 0.4 0.2051305 1.1183955
7.00 0.8 0.3347863 2.3866975
7.00 1.2 0.4061518 3.6616874

Table 4. Numerical values of Skin friction (7 )
and Current density at the plate (J,)
proportional to f” and — H' respectively, for
different values of S, taking f£,=2.0, G,=5.0,
G,=2.0, M=1.0, P,~=1.0, S=0.6 and E~=0.2 as
fixed.

to f" and —H' , respectively, for different P, Sy 1 -H'
values Offw . taking G=5.0, G,=2.0, M=1.0, 0.71 2.0 1.7504487 3.1397836
P,=1.0, 5=2.0, S.=0.6 and E,~0.2 as fixed. 071 30 21243856 31805336
P, fw f" —H' 0.71 4.0 2.4795386 3.2204364
071 | 200 | 17504487 | 3.1397836 700 | 20 | 03756603 3.0252324
7.00 3.0 0.7289248 3.0495142
0.71 3.00 0.1334494 4.0073649 700 20 10655068 30735690
0.71 4,00 -0.3793490 4.9760911 = - - .
7.00 2.00 0.3756603 3.0252324
7.00 3.00 -0.9692224 3.9721669
7.00 4.00 -2.2420256 49636363

11
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Table 5. Numerical values of Skin friction (7)
and Current density at the plate (J,)
proportional to " and -H' respectively, for
different values of E., taking £,~=2.0, G,=5.0,
G,=2.0, M=1.0, P,~1.0, Sy=2.0 and S.=0.6 as
fixed.

P}' EC f” _ HI
0.71 0.2 1.7504487 3.1397836
0.71 0.4 2.5692719 3.2191873
0.71 0.6 3.8088607 3.3484654
7.00 0.2 0.3756603 3.0252324.
7.00 0.4 0.8479453 3.0518631
7.00 0.6 1.3962218 '3.0861721
Nomenclature
x,y = Cartesian coordinates along the plate
and normal to it
u,y = velocity components in x and y
directions
Uy = free stream velocity
T = fluid temperature within the boundary
layer
T, = {fluid temperature in the free stream
C = concentration inside the boundary
layer ,
C, = concentration outside the boundary
layer
H = induced magnetic field
J = current density
J, = current density at the wall
- f'" = dimensionless velocity
fw = suction parameter
H, = applied constant magnetic field
H, = x-component of induced magnetic

field
= induced magnetic field at the plate
= constant heat flux per unit area
= constant mass flux per unit area
= acceleration due to gravity
= specific heat at constant pressure

= mean fluid temperature

= thermal diffusion ratio
coefficient of mass diffusion
the thermal conductivity
Grashof number

= Modified Grashof number
magnetic force number
magnetic diffusivity parameter
Prandtl number

Eckert number

Soret number

= Schmidt number

([ T

Il

PEEINEOO PR NO% IS R
Il

Greek Symbols:

the
14
yo,
T
B
s
o’
7
0
¢
7.
[1]
[2]
[3]

(4]

[5]

(6]

(7]

(8]

= magnetic permeability

= kinematic viscosity

= fluid density

= skin friction

= coefficient of thermal expansion
coefficient of mass expansion
electric conductivity

similarity variable
dimensionless temperature

= dimensionless concentration

I

Il

I
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