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Abstract

This paper analyzes the effect of magnetic field and the permeability of the medium on the three dimensional flow of a viscous incompress-
ible electrically conducting fluid through a porous medium bounded by an infinite vertical porous plate in presence of periodic suction and
a transverse magnetic field. The governing equations for the velocity and temperature of the flow field are solved employing perturbation
technique and the effects of the pertinent parameters such as magnetic parameter (M), suction parameter (o), permeability parameter (K},),
Reynolds number (R,) and Prandtl number (P,) on the velocity field, temperature field, skin friction and the rate of heat transfer are dis-
cussed with the help of figures and tables. It is observed that both magnetic parameter and the permeability parameter have accelerating
effect on the velocity of the flow field. The effect of growing Prandtl number/suction parameter/ Reynolds number is to enhance the tem-
perature of the flow field at all points while a growing magnetic parameter has retarding effect on the temperature field. The magnetic param-
eter increases the x-component of skin friction and reduces the magnitude of z-component of skin friction at the wall while the permeabil-
ity parameter shows the reverse effect on both the components of skin friction. The rate of heat transfer at the wall grows as we increase the
magnetic parameter or suction parameter or Prandtl number in the flow field and the effect reverses with the increase of the permeability

parameter.
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Introduction

In recent years the problem of MHD flow and heat transfer
has attracted the attention of a number of researchers
because of its possible applications to several geophysical
and astrophysical studies. In view of these applications, a
series of investigations were made to study the flow past a
vertical wall. Chauhan and Sahal (2005) analyzed the flow
and heat transfer over a naturally permeable bed of very
small permeability with a variable suction. Das et al. (2006)
numerically studied the effect of mass transfer on unsteady
flow past an accelerated vertical porous plate with suction. In
a separate paper, Das and his associates (2006) investigated
the free convective mass transfer flow of a viscous incom-
pressible fluid past an infinite vertical porous plate through a
porous medium in presence of source/sink with constant suc-
tion and heat flux. The effect of variable suction on free con-
vection on a vertical plate in a porous medium has been pre-
sented by Govindarajulu and Thangaraj (1992). The
unsteady MHD convective heat transfer past a semi-infinite
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vertical porous moving plate with variable suction was
investigated by Kim (2000) and its steady part past a vertical
moving plate by Sharma and Pareek (2002). The unsteady
free convection flow with suction on an accelerating porous
plate has been studied by Makinde et al. (2003).

The effect of free convection on steady MHD flow past a
vertical porous plate was discussed by Soundalgekar (1974),
Raptis and Singh (1983) and Raptis (1986) under different
physical situations. Sarangi and Jose (2005) discussed the
unsteady free convective MHD flow and mass transfer past
a vertical porous plate with variable temperature. Sharma
and Gupta (2004) analyzed the steady three dimensional
flow and heat transfer along an infinite hot vertical porous
surface in presence of heat sources, uniform free stream and
periodic suction. Singh and Sharma (2002) discussed the
three dimensional free convective flow and heat transfer
through a porous medium with periodic permeability.
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Soundalgekar and Haldavnekar (1973) analyzed the MHD
free convective flow in a vertical channel.Vershney and
Singh (2005) investigated the three dimensional free convec-
tive flow with heat and mass transfer through a porous medi-
um with periodic permeability.

The study reported herein analyzes the effect of magnetic
field and the permeability of the medium on the three dimen-
sional flow of a viscous incompressible electrically conduct-
ing fluid through a porous medium bounded by an infinite
vertical porous plate in presence of a transverse magnetic
field and periodic suction. The governing equations for the
velocity and temperature of the flow field are solved
employing perturbation technique and the effects of the per-
tinent parameters such as magnetic parameter (M), suction
parameter (o), permeability parameter (K,,), Reynolds num-
ber (R,) and Prandtl number (P,) on the velocity field, tem-
perature field, the skin friction and the rate of heat transfer
are discussed with the help of figures and tables.

Formulation of the problem

Consider the three dimensional flow of a viscous incom-
pressible electrically conducting fluid through a porous
medium bounded by a vertical infinite porous plate in pres-
ence of a uniform transverse magnetic field B,. A coordinate
system is chosen with the plate lying vertically on x*-z*
plane such that x*-axis is taken along the plate in the direc-
tion of flow and y*-axis is taken normal to the plane of the
plate and directed into the fluid which is flowing with the
free stream velocity U. The plate is assumed to be at constant
temperature T,,. The plate is subjected to a transverse sinu-
soidal suction velocity of the form:

VY =-V (1+¢ecosmz* /1), (1)

where ¢ (<<1) is a very small positive constant quantity, / is
taken equal to the half wavelength of the suction velocity.
The negative sign in the above equation indicates that the
suction is towards the plate. Due to this kind of injection
velocity the flow remains three dimensional. All the physical
quantities involved are independent of x™ for this fully devel-

. . . £ k
oped laminar flow. Denoting the velocity components u™, v",
w inx,y ,z directions, respectively, and the temperature
by T¥, the problem is governed by the following equations:

Continuity equation:
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p is the density, o is the electrical conductivity, p*is the
pressure, K * is the permeability of the porous medium, v is
the coefficient of kinematic viscosity and « is the thermal
diffusivity. The initial and the boundary conditions of the
problem are

w* =0V =V(+ecosnz" /), w* =0,T*=Tat y*=0,
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u*=U, V*=V, w*=0, p*=p,,fas y* > oo (8)

Introducing the following non-dimensional quantities

y* Z* u* v*
= JZ:_:u:_:v:_J
YT I U U
w' P* 0 T*_T;
W=—,p— y V=" %, 9
v P oyt T T ®)

equations (2) - (6) reduce to the following forms:
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HC,
parameter), P, = T {Prandt] number),
Uz
B, = ( + *) (Eckert
Cp w _Tw
KU
number), K P T {Permeability
parameter), & = E (Suction parameter). (16)

The corresponding boundary conditions now reduce to the
following form:

u=0, v=1+scosm, w=0, 0=1at y=0,

=1

, v=1,p=p,, w=0, =0 asy > w> (17n

Materials and Methods

In order to solve the problem, we assume the solutions of the
following form because the amplitude & (<<1) of the perme-
ability variation is very small:

uz)=uy)+te u;(yz)+ ...... (18)
vz =v)+te vi(vz)+..... 19)
wO,z)=wyy)+tew (vz)+ ... (20)
P02 =py)te pr(z)t.... 21
00,z)= 0yy)+€ 0,z +...... (22)

When ¢ =0, the problem reduces to the two dimensional free
convective MHD flow through a porous medium with con-
stant permeability which is governed by the following equa-
tions:

dv

o =0 (23)
Y
2

d 20 LR, dity —R{M +L};G =0, (24)
dy dy K,
2

ddyo;' L aR,P, % - 2EPu) 25)

The corresponding boundary conditions become
up=0, vy=-a, wo=0, Bo=1 aty =0,

U= 1, p= P, vo =1, wo=0, 8y = 0 as y—>. (26)
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The solutions for uy(y) and Ty(y) under boundary conditions
(26) for this two dimensional problem are

ug(y)=1-e ™, @7)
0 (y) =™ + E| (e‘O“DrRey —e ) (28)
with vy =-a wy =0, p; =constant, (29)
where

1 5 5 1
m=—|alk, + |lo"R+4R, | M+ —
2 Kp
mE_P
and £, = ——— .
' 2(2m-aR,P)

When ¢ #0, substituting equations (18)-(22) into equations
(10) - (14) and comparing the coefficients of like

of ¢, neglecting those of €2, we get the following first order

powers

equations with the help of equation (29):
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The corresponding boundary conditions are

+

' (34),

u; =0,
u;=0,

vi=-acosmz, w=0, 0;,=0aty=0,

\%1 :0, P :0, Wy :0, 91 =Oasy - o0 (35)

=0, G0
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Equations (30) - (34) are the linear partial differential equa-
tions which describe the MHD three-dimensional flow
through a porous medium. For solution, we shall first consid-
er three equations (30), (32) and (33) being independent of
the main flow component u; and the temperature field 7. We
assume v, w; and p; of the following form:

vi(y.z)=v,(y)cosnz, (36)
1 _; :

Wl(y.2)=—;vn(y)sfﬂm', (37

p,(y.z)=p,(y)cosnz, (38)

where the prime in v';;(y) denotes the differentiation with
respect to y. Expressions for v(y, z) and w;(y, z) have been
chosen so that the equation of continuity (30) is satisfied.
Substituting these expressions (36)-(38) into (32) and (33)
and solving under corresponding transformed boundary con-
ditions, we get the solutions of v;, wjand p; as:

o ( A -4
v, =— | d,e VP —Ae 2y)cosﬂz 39
1 a4 2 1 (39
a4, A _ _
wy = #(e Ay _ g2y )sz’n nz (40)
“(Al — 4, )
where

1 f f
A E|:m+ m2+4ﬂ2]Az %[n—i— n2+4‘n2},

ne L aR, — |a*R? +4R, fygenny
2 K,

In order to solve equations (31) and (34), we assume

u(y.z)=uy,(yjcosnz, (41)
0,(y.z)=8)(y)cosnz, (42)

Substituting equations (41) and (42) in equations (31) and
(34), we get

L] ] R r
P

" r 2 r [
1t ab0 -1t =R.F,0yv — 285 Fuguy, (44)
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The corresponding boundary conditions are
=0, 0;=0 aty=0,
a1 =0,

0 =0asy—> o (45)

Solving equations (43) and (44) under boundary condition
(45) and using equations (18), (22), (25) and (26), we get

u=1-e™ + 4™

[ el AY _ g gl e“"‘”’]cosm’ 46)
=" + E ( AR _ gmi )+
A4, FRAY g B g g @BRA)
+ Aloe—(&PrRs"'Az y]+ &R
[Alle—(ﬂl+2m)y _Al2e(2m—ﬂz)y _Alge—(m“-‘s)y ]_
5/4143_146); “7)
where
saZRQEP 4 E0R m 2maR, P,
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A4 = Al

(A2 + m)2 +(1RQ[A2 +m)—['n:2 +MR, + ;e J
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R
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SKkin friction

The x- and z-components of skin friction at the wall are
given by

(48)

Using equations (46) and (40), the x- and z-

components of skin friction at the wall become

ead; A, _
=—=2 | Ay — A4 )sinnz
z ‘J'E(AI*AZ )( 2 1) . (50)
Rate of Heat Transfer

The rate of heat transfer 1.e. heat flux at the wall 1n

terms of Nusselt number (N.) is given by
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b7.3] ao
N, = "] +a[1] (51)
{ dy y=0 djy ¥=0

Using equation (47), the heat flux at the wall becomes

N, =R P, +E,(- R P. +2m)+

A4, (R P, - 4)= AR P, - 4,)+ A,(aR.P, + 4,)
- Am(aReP, +A2) +

B[- A, 2m+A) - A,2m—A,)+ A, (m+ 4]
+ed A,

Results and Discussion

The problem of magnetohydrodynamic three dimensional
flow and heat transfer past a vertical porous plate through a
porous medium with periodic suction is considered. The
governing equations for the velocity and temperature of the
flow field are solved employing perturbation technique and
the effects of the pertinent parameters such as magnetic
parameter (M), suction parameter (o), permeability parame-
ter (K,,), Reynolds number (R,) and Prandtl number (7,). on
the velocity and temperature of the flow field and also on the
skin friction and the rate of heat transfer have been discussed
with the help of figures (1)-(8) and tables (1)-(4), respectively.

Velocity field

The velocity of the flow field is found to change substantial-
ly with the variation of flow parameters such as magnetic
parameter (M), permeability parameter (K,), suction param-
eter (o) and Reynolds number (R,). These variations are
show in figures (1)-(4).

In figure (1), we present the velocity profiles against the
non-dimensional distance with the variation of the magnetic
parameter (M). A growing magnetic parameter is found to
accelerate the velocity of the flow field at all points. This
variation in the velocity of the flow field is due to the mag-
netic pull of the Lorenz force acting on the flow field.

Figure (2) depicts the effect of permeability of the medium
on the velocity of the flow field. Keeping other parameters
of the flow field constant, the permeability parameter (K),) is
varied in steps and its effect on the velocity field is studied.
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Fig. 2: Velocity profiles against y for different values of
K,with R,=1,M=1, P=0.71,a=0.2, E.= 0.01,
€=02andz=0

u

Fig. 2: Velocity profiles against y for different values of
K,with R,=1,M=1, P=0.71,a=0.2, E.= 0.01,
€=02andz=0

It is observed that a growing permeability parameter has an
accelerating effect on the velocity of the flow field.
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Fig. 3: Velocity profiles against y for different values of
awithR.=1,M=1,P=0.71,K, =1, E.=0.01, ¢
=02andz=0

3.5

—a—R.=1.0

Fig. 2: Velocity profiles against y for different values of
K,withR.=1,M=1,P~=0.71, 2 = 0.2, E.= 0.01,
€=02andz=0

In figure (3), we analyze the effect of suction parameter (o)
on the velocity of the flow field. The suction parameter
shows a dual behaviour. It increases the magnitude of the
velocity upto a certain distance y=1.5 near the plate and
thereafter the flow behaviour reverses.
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The effect of Reynolds number (R,) on the velocity of the
flow field is shown in figure (4).It is observed that R,
increases the velocity near the plate upto y=1.5 and there-
after, it retards the velocity. The behaviour of R, is similar to
the suction parameter in this respect.

Temperature field

The temperature of the flow field varies vastly with the vari-
ation of the flow parameters. The major flow parameters
affecting this field are Prandtl number (P,), suction parame-
ter (), Reynolds number (R,) and the magnetic parameter

12

10

g 6

Fig. 2: Velocity profiles against y for different values of
K,withR,=1,M=1,P=0.71,x = 0.2, E.= 0.01,
€=02andz=0

Fig. 6: Temperature profiles against y for different values
ofawithR.=1,K,=1,M=1, P,=0.71, E.= 0.01

and £=0.2
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Fig. 3: Velocity profiles against y for different values o
awithR.=1,M=1,P=0.71,K, =1, E.= 0.01,

=0.2andz=0

(M). The effects of these parameters on the temperature of
the flow field are analyzed graphically with the help of fig-
ures (5)-(8).

Figures (5), (6) and (7) depict the effect of Prandtl number
(Pr), suction parameter (o) and the Reynolds number (R,)
respectively, on the temperature of the flow field. The effect
of growing Prandtl number or suction parameter or Reynolds
number is to enhance the temperature of the flow field at all
points. On careful observation of figure (8), it is observed
that the magnetic parameter reduces the temperature of the
flow field at all points.

SKkin friction

The x- and z-components of skin friction at the wall for dif-
ferent values of o , M and Kp are entered in Tables I and II
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Fig. 3: Velocity profiles against y for different values of

awithR.=1,M=1,P=0.71,K, =1, E.=0.01, ¢
=0.2andz=0

respectively. It is observed that the magnetic parameter
increases the x-component of skin friction and reduces the
magnitude of z-component of skin friction at the wall while
the permeability parameter shows the reverse effect on both
the components of skin friction at the wall. The effect of suc-
tion parameter is to enhance the magnitude of both the com-
ponents of skin friction at the wall.

Rate of heat transfer

The rate of heat transfer i.e. the heat flux at the wall for dif-
ferent values of a., P,., M and Kp are entered in Tables III, IV
and V respectively. The rate of heat transfer i.e. the heat flux
at the wall grows as we increase the magnetic parameter or
suction parameter or Prandtl number in the flow field

Table I: Variation in the value of x- and z-component of skin friction ( 1, T,) against o for different values of M

with R,= 1, K, = 1, P,=0.71,

0.2, E.=0.01,6 =0.2 and z =0 (=1/2 for 17,)

o M=0 M=1.0 M=5.0 M=10.0

Ty T, Ty Ty 1, Ty T,
0.0 1.00000 0.0000 1.41421 0.00000 2.44949 0.0000 3.31663 0.0000
0.1 1.13681 -0.0638 1.56217 -0.0637 2.62907 -0.0636 3.52547 -0.0632
0.3 1.44731 -0.1975 1.88975 -0.1974 3.01318 -0.1969 3.96512 -0.1965
0.5 1.81087 -0.3397 2.26202 -0.3393 343172 -.3382 4.43482 -0.3368
1.0 2.96388 -0.7345 3.39983 -0.7331 4.63633 -0.7281 5.74603 -0.7226
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Table II: Variation in the value of x- and z-component of skin friction ( 1, 7,) against a for different values of K
with R.=1,M=1,P=0.71, E.=0.01,0 =0.2¢=0.2 and z =0 (=1/2 for 1))

o K, =0.1 K, =0.5 K,=1.0 K, =20.0
Ty T, Ty T, Ty T, Ty 1,

0.0 3.31662 0.0000 1.73205 0.0000 1.41421 -0.0000 1.02469 0.0000
0.1 3.52547 -0.0636 1.88921 -0.0637 1.56216 -0.0639 1.16213 -0.0643
0.3 3.96512 -0.1965 2.23251 -0.1972 1.88975 -0.1973 1.47352 -0.1975
0.5 4.43482 -0.3368 2.61631 -0.3390 2.26201 -0.3393 1.83732 -0.3396
1.0 5.74603 -0.7226 3.76335 -0.7317 3.39983 -0.7331 2.98822 -0.7344
Table III: Variation in the value of rate of heat transfer and the effect reverses with the increase of permeability

(IV,) against a for different values of M with parameter in the flow field.

Re_=1, K,=1,P.=0.71, a =0.2, E.= 0.01 and Conclusion

e=0.2
o N, The above analysis brings out the following results of phys-

M=0 M=1.0 M=50 M=10.0 ical interest on the velocity, temperature, skin friction and

0.0 0.003550 0.005020 | 0.008696 0.011774 the rate of heat transfer at the wall in the flow field.
0.1 0.091124 0.092275 | 0.096668 0.101162
0.3 0.272650 0.272680 | 0.277564 0.284493 1. A growing magnetic parameter/ permeability parameter
0.5 0.463426 0.464281 | 0.465496 0.474290 has an accelerating effect on the velocity of the flow
1.0 | 0.948500 | 0.957327 | 0.969674 | 0.980480 field at all points.

Table IV: Variation in the value of rate of heat transfer
(V,) against o for different values of K, with
RAI,M=1,P,=0.71, =0.2, E.=0.01 and

2. The effect of increasing suction parameter / Reynolds
number is to enhance the magnitude of velocity of the
flow field near the plate upto a certain distance (y=1.5)
and thereafter the flow behaviour reverses.

3. The effect of growing Prandtl number/suction parame-

ter/Reynolds number is to enhance the temperature of

€=0.2

o N,

K,=0.2 K,=0.5 K,=1.0 K, =20.0
0.0 0.008696 0.006149 | 0.005020 0.003638
0.1 0.096668 0.093453 | 0.092275 0.091176
0.3 0.277564 0.273548 | 0.272608 0.272595
0.5 0.465496 0.461471 | 0.461281 0.461199
1.0 0.969674 0.969285 | 0.967327 0.965392

the flow field at all points while a growing magnetic
parameter has a retarding effect on the temperature of
the flow field.

4. The magnetic parameter increases the x-component of

Table V: Variation in the value of rate of heat transfer
(V,) against a for different values of P, with
R, M=1,P.=0.71, a.=0.2, E.= 0.01 and

skin friction and reduces the magnitude of z-component
of skin friction at the wall while the permeability
parameter shows the reverse effect on both the compo-
nents of skin friction at the wall. The effect of suction
parameter is to enhance the magnitude of both the com-

ponents of skin friction at the wall.

€=0.2
a N,
P,=0.71 P.=1.0 P.=2.0 P.=7.0
0.0 0.005020 0.007071 | 0.014142 0.049497
0.1 0.092275 0.130467 | 0.264591 1.012477
0.3 0.272608 0.388372 | 0.812274 | 4.140528
0.5 0.461281 0.662648 | 1.441254 7.500890

The rate of heat transfer i.e. the heat flux at the wall
grows as we increase the magnetic parameter or suction
parameter or Prandtl number in the flow field and the
effect reverses with the increase of the permeability

parameter in the flow field.
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