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An unsteady MHD free convective heat and mass transfer flow with Hall current of
an electrically conducting incompressible viscous fluid through a porous medium
along an infinite vertical porous plate is studied taking a constant heat flux at the
plate. In the flow a uniform magnetic field acts in a plane which makes an angle
a with the plane transverse to the plate. A similarity parameter taken as a function
of time is introduced in the analysis. The suction velocity is then taken to be
inversely proportional to the above parameter. Similarity equations are then derived
and solved numerically by the method of superposition. The numerical results are
displayed graphically showing the effects of various parameters entering into the
problem. Finally, the local values of the corresponding x and z components of the
skin friction and the Nusselt number are shown in tabular form.

NOMENCLATURE
B = magnetic field intensity,
B, = applied magnetic field,
C = species concentration,
Cy = concentration at the porous plate,
Ce = species concentration at infinity,
O = specific heat at constant pressure,
D = chemical molecular diffusivity,
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= Eckert number,

= electrical charge,

= dimensionless longitudinal velocity,
= dimensionless transversal velocity,
= acceleration due to gravity,

= Grashof number,

= modified Grashof number,
components of the current density J,
= thermal conductivity,

= permeability of porous medium,

= magnetic parameter,

= Hall parameter,

= electron number density,

= Nusselt number,

NEZIIRXRT QR TIm
‘5\
o~
il

= electric conductivity,

Pe = electron pressure,

P, = Prandtl number,

u, v, w = components of the velocity field g,
q = rate of heat transfer,

A = Schmidt number,

t = time,

T = temperature of the flow field,

T, = temperature of the plate,

To = temperature of the fluid at infinity,
Vo = suction parameter,

Uy = constant velocity,

X,y z = Cartesian co-ordinate,

Greek Symbeols

8 = co-efficient of volume expansion,
p* = co-efficient of expansion with concentration,

= cyclotron frequency,

a
!

dimensionless temperature,
= dimensionless concentration,
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= kinematic viscosity,
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P = density of the fluid in the boundary layer,

Y = magnetic permeability,

1, = electron collision time,

%, aiy R % = components of V,

Y = dimensionless permeability of the porous medium,
a = angle made by B with the normal to the plate,
A = cos a,

o = time dependent length scale,

u, €, 0 = missing slopes,

T, = skin friction in the direction of u,

1, = skin friction in the direction of w.

1. INTRODUCTION

Free convection flow is often encountered in cooling of nuclear reactors or in
the study of the structure of stars and planets. Along with the free convection flow
the phenomenon of mass transfer is also very common in the theories of stellar
structure. On the other hand, studies on MHD viscous flows with Hall currents have
grown considerably because of its engineering applications to problems of MHD
generators, Hall accelerators, as well as flight magnetohydrodynamics. Comprehensive
studies have also been carried out on MHD free convection and mass transfer flows
with Hall current by many workers, some of them are Datta and Mazumder!,
Vatazhin? and Raptis and Ram>. Due to the importance of suction for the boundary
layer control in the field of aerodynamics and space science, Kafousias et al*
analysed the effects of the free convection currents on the flow field of an
incompressible viscous fluid past an impulsively started infinite vertical porous plate
with constant suction. In this light, Raptis and Kafousias® have studied the free
convective heat and mass transfer flow through a porous medium occupying a
semi-infinite region of the space bounded by an infinite vertical porous plate in the
presence of a transverse magnetic field. Recently Ram® studied the effects of Hall
current on a steady free convective heat and mass transfer flow through a porous
medium when a strong magnetic field acts in a plane which makes an angle a with
the plane transverse to the plate. Ram® considered a constant suction velocity as well
as a constant heat flux at the plate. As a complementary study to that of Ram®,
Sattar and Hossain’ studied the effects of mass transfer as well as the effects of Hall
currents on an unsteady MHD free convection flow past an accelerated porous plate
with time dependent temperature and concentration.

Hence, following the works of Ram® and Sattar and Hossain’ our aim is to study
the Hall effects on an unsteady MHD free convective heat and mass transfer flow
through a porous medium near an infinite vertical porous plate with constant heat
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flux and variable suction. As in the case of Sattar and Hossain’, the basic equations
corresponding to the present problem are then made similar by the introduction of
a time dependent length scale. These equations are then solved numerically.

2. MATHEMATICAL ANALYSIS

Consider an Unsteady MHD free convective heat and mass transfer flow of an
electrically conducting viscous incompressible fluid through a porous medium along
an infinite vertical porous plate (y = 0) with the effects of Hall current. The flow
is subjected to a time dependent suction velocity. The flow is also assumed to be
in the x-direction which is taken along the plate in the upward direction and y-axis
is normal to it. At time ¢ > 0, the temperature and the species concentration at the
plate are raised to T,(=T.) and C,(= C,), T, and C, being the temperature and the
species concentration of the uniform flow, and thereafter maintained constant.
Following RamS, a strong uniform magnetic field B is imposed in a direction that
makes an angle o with the plane transverse to the plate which is assumed to be
electrically nonconducting, such that B = (0, ABy, V(1 - A2) By) where A = cos a.. Thus
if A = 1 the imposed magnetic field is parallel to the y-axis and if A = O the
magnetic field is parallel to the plate. Both the two cases carry physically viable
significances. The magnetic Reynolds number of the flow is taken to be small enough
so that the induced magnetic field is negligible in comparison with applied magnetic
field and the magnetic lines of force are fixed relative to the fluid (Shercliff®). Using
the relation V.J = 0 for the current density J = UxJy,»J;) we obtain J, = constant.
Since the plate is non-conducting J, = O at the plate and hence zero everywhere.

The generalized Ohm’s law in the absence of electric field to the case of short circuit
problem (Meyer®), is of the form

W, T, BUNERY
J+BM JAB=p uquB+eneVpe)

We consider a weakly ionized gas for- which the electron pressure is negligible. Also

under usual assumptions the thermoelectric pressure and ion slip are negligible. Then
we have from Ohm’s law

By A B,
W

where m = w, T, is the Hall parameter.

A
1+ m2 pz 8+ mhw)

It is assumed that the plate is infinite in extent and hence all physical quantities
depend on y and ¢ Thus accordance with the above assumptions and Boussinéq’s
approximation, the basic equations relevant to the problem are :

ou ou u
E+va*y-V$+goﬁ(T-Tm)+goﬁ* (C-Cy)

2 2
vu __pu. By
AT :mz ) (e + mwh) . (1)
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v _ )

ay 0

a_w Jow _ Pw ww  pueBo bt — ) . (3)
ay " K p(l+m2hy)

2 2 . (4
oT Tk &T ~vifou) (dw @
a Yoy pC, ! c, |l ay dy

2
oC , oC _,&C (5

o Ve T o

where all physical quantities are defined in the nomenclature.
The boundary conditions for the problem are

T g ~_ -
u-—O,w=0,ay k’C—C”’ at y=0

. (6)
u—-0w—-0,T-7,C—>C,, as y—>
Now, in order to make eqns. (1)-(5) similar, we introduce a similarity parameter as

o = o). (D

This similarity parameter is infact a time-dependent length scale. Introduction of this
parameter would thus make the governing equations similar in time. In terms of this
length scale, a convenient solution of eqn. (2) is considered to be

v=—1yv/0 . (8)

where v, is the suction parameter.

The following dimensionless quantities are then defined as

4 _ . (9)
n f(n) . gn)= U

KT-T,) C- C ... (10)
9("])"T, 4’(71) C.- -

where U, is a constant velocity.

Introducing eqns. (7)-(10) in eqos. (1), (3), (4) and (5), we have the following
nondimensional equations

do " MA
— SN VoS = £+ G + Gln) =Y =TT+ mbg)
. (11)
_odo_ . o M\ 3 . (12)
vdt g ~Wg =8~ 1+ ma2 (mf-g)
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220 b, (0-m) - voP, 6 = 0" + P, Ef + £7) - (13)

_Gdog . ' . (14)
v g SeM ~veSc ¢ =0

where

G. = gOﬁQ(ﬁ G. = gOﬁ* OZ(CW_ Cm) ,

r U()'Vk’ ¢ UOV
_9 P B S
K’ pv 3
2
pCpV Uok v
Pg_—__ E— -
Py 0 e oqc,,a“dsf D

The corresponding boundary conditions are
f’07g=03¢=1’6'=—17 atn=0 (15)
f=0,8=0,¢6=0,0=0, as n — .

do
dt
quantity. Hence following the works of Sattar and Hossain’ it is assumed that

Now the similarity conditions require that % in eqns. (11)-(14) must be a constan{

.. (16)

o do
v d

Integrating (16) it then follows that o =2 Vvt, which exactly coresponds with the
usual scaling factor for unsteady boundary layer flows (Schlichting'®). Finally intro-
ducing eqn. (16) in eqns. (11)-(14) we have respectively

0o e _ M) Y
f'+2f't+GHB+GH yf—1+m2}‘2 f+mhg)=0
0o e MM .. (18)
8" +2 Ly + T ong (mMf-g)=0
0’ +2P, 0 -2P,0+P,E(f2+g%)=0 - (19
¢ +25.5¢'=0 .. (20)
where T=m+ Y.

2
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In ali the above equations prime denotes the differentiation with respect to

n[() =d()/dn].
Method of Solution

Under the boundary conditions (15), the solution of eqn. (20), on integration by
Laplace transform yields to

erfc(VS, &) - (2D
) = er fc (VS, vo/2)

In the above equation the function erfc(x) is defined as erfc(x) = 1 — erf(x) where

erf(x)-% f e’ dt.
(1}

Now substituting (21) in (17)-(19), the solutions of eqns. (17)-(19) are obtained by
the method of superposition!!. The essence of this method is to reduce the boundary
value problem to an initial value problem which can easily be integrated out, without
any iteration, by any initial value solver. Thus to reduce eqns. (17)-(19) to an initial
value problem the function fin), g(n) and 6(n) are respectively decomposed to

S) = fi(m) + uf(n) + efs(n) + 8fy(n)
&) = g1(n) + uga(n) + egs(n) + 6g4(n) - (22)
0(n) = 0,(n) + uB,(n) + €65(n) + 584(n)

where u, ¢ and d are constants, the physical significance of which dis obtained later.
The initial values of the decomposed functions f,(n), L(n), i(n), (1), g(M), ... etc
are now obtained through the boundary conditions (15) as

£1(0) =0, /(0) =0, /3(0) =0, £,(0) = 0
£1(0) = 0, g(0) = 0, g5(0) = 0, g4(0) = 0 — (3)
el(o) =0, 62(0) =0, 93(0) =0, 04(0) =1
where 6(0) is taken to be equal to & for analytic simplicity. Again as ) — o applying
the boundary conditions (15) in (22) one has

_ fi(830s — £483) + £1(f83 ~ £04) + 0,(84fs — f1g3) |
12(8304 — 8483) + £5(848, — £294) + fu(8205 — 8362)

J1(8402 — £284) + £:1(f204 — 487) + 01(8:fs — f284)
JA8384 — 8483) + f2(£49, — £284) + fa(8203 — 836)

€=

(8203 — 838)) + £1(f302 - £,63) + 01(83/> - 382)
128304~ £483) + f3(£482 — 8204) + fo(g293 — £362)

5=— . (24)

In (24) all the functional values are obtained at n —» .
Now from (22) we have
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ofn) _ohm)  af(m)  afs(n) . fun)
an o + 1 = +E on +9 o

ogn) _d&m)  9gAm) dgsm) . dg«n)
om o +pn m +E n +d p

36(n) _ 96:(n) ‘u 865(n) ve 865(n) v 304(n)
om om | am o

. .. afl0) ag(0) af0) 9g(0)
Then by setting the missing slopes and as = n and =¢. The
y g g slope m an an W m

initial conditions for the slopes of the decomposed functions are obtained easily. The

well known Runge-Kutta Merson Integration Scheme has been used as an initial

value solver to integrate the above mentioned equations and to obtain converged

solution. If now T, T, and N, are respectively denoted as the local values of the x

and z components of the skin friction and the Nusselt number, they are respectively
. MO)  5g(0) 26(0)

proportional to m o and — n

3. RESULTS AND DISCUSSIONS

The velocity profiles for the x- and z-components of velocity, commonly known
as primary and secondary velocities, are shown in Figs. 1-6 for different values of
m, ¥, G,, P, and a, the angle which the magnetic field B makes with the normal to
the plate and for fixed values of M, E_, G, v, and S.. Since the angle a = 0° indicates
the transverse magnetic field a situation which generally appears in the generation
of electric power with the flow of an electrically conducting fluid, the above profiles
have also been obtained for such a case. The values of M and G, are taken to be
large, since these values respectively 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. Negative values of G,, which indicates the heating of
the plate, are also taken into account. The value of S, the Schmidt number, is taken
to be 0.6 which corresponds to water vapour and represents a diffusing chemical
species of most common interest in air. As for Prandtl number P,, three values 0.71,
1.0 and 7.0 are taken into account (0.71 represents air at 20°C, 1.0 corresponds to
electrolyte solutions such as salt water and 7.0 corresponds to water). With these
parameters, it is thus observed from Figs. 1 and 2 that in case of cooling of the
plate the nondimensional longitudinal velocity increases and the nondimensional
transversal velocity decreases with the increase of a. Physically this means when the
magnetic field is normal to the plate the longitudinal velocity is minimum and the
transversal velocity is maximum at a particular position of the boundary layer. It is
also observed from these figures that the permeability (y) of the porous medium
reduces both the velocities at a particular y-position. As for the effects of Hall
parameter it is also observed from figures that Hall current has a minor increasing
effect on the primary velocity where as there is a considerable increase in the
secondary velocity which indicates and also supports the fact that the Hall current
induces a cross flow in a free convection boundary layer. In Figs. 5 and 6 the effects
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of the Grashof number (G,) and the Prandtl number (P,) on the primary and
secondary velocities are shown respectively. It appears from these figures that both
the primary and secondary velocities increase with increase of G, ( > 0) which means
that the velocities both in the longitudinal and transversal directions becomes larger
as the temperature gradient becomes larger. An opposit effect on the primary and
secondary velocities is observed as the Prandtl number increases. From all these
figures mentioned above it is seen that an exactly reverse effect is observed in case
of heating of the plate. In Fig. 7, the temperature profiles for different values of
P, and E_. are shown in case of G, > 0. As the Prandtl number increases the

025+ -
- M=10,G,=5,6,=5,v,=.5,5,=.8 P,=.71 E,=.1
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FiG. 1. Primary velocity profiles due to cooling FiG. 2. Secondary velocity profiles due to cooling
of the plate for different values of m,y and a. of the plate for different values of m,y and .
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Fic. 3. Primary velocity profiles due to heating Fi6. 4. Secondary velocity profiles due to heating
of the plate for different values of m,y and a. of the plate for different values of m,y and a.
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temperature decreases at a particular position of the boundary layer. This decrease is
very large in case of water (P, = 7.0). We also observe that for P, = 7.00 the field
temperature remain less than the uniform flow temperature for most part of the
boundary layer (n > 0.6 roughly). The effect of Eckert number on the temperature
profiles is however, very low as seen from the Fig. 7. Finally, the effects of various
parameters on T, t, and N, are shown in Tables I and II. The conclusions and
discussion regarding the behaviour of the parameters on the component of the skin
friction and the Nusselt number are self evident from the tables and hence any further
discussion about them seems to be redundant.

l=lO.E.=.1,G.=5.v.=.5,§.=.6.m=.5, ¥=.2, «=45 M=10,E.=.1,G6.=5,v,=.5,8,=8,m=3, V=2, x=45
Curves P,
o 1 0 %’.o 0.03 1 Curves P, G,
0.15 1 £ 2 1.00 5.0 1 0.71 5.0
3 7.00 5.0 2 1.00 5.0
T 4 071 6.0 —u 3 7.00 5.0
— 5 071 70 iy g g. g.g
ceeen 08600 2 . :
=3 0.00 o 3
ateaes & prvves
f i 9 !
b Qee60 7
) ©eoe07 { GReR §
-0.05 {}\ ===2 3 Akt §
. L = :
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FiG. 5. Primary velocity profiles due to cooling F16. 6. Secondary velocity profiles due to cooling
and heating of the plates for different values of and heating of the plates for different values of P,
P, and G,. and G,.

1.00 { M=10,6,=5,6,=5,v,=.55,=.0,m=5, v=2, «=4f’

FiG. 7. Temperature profiles due to cooling of the plate for different values of P, and E..
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TaBLE 1

Numerical values of ty,t. and N, for M = 10, G, = 5, G. = 5, E: = 0.1, P, = 0.71,

Sc = 06 and v = 05

Numerical values of ty,t. and Ny for M = 10, G.

m Y a T T Ny

05 0.2 0° 1.333321 .1561105 5150176
0.5 02 30° 1.390717 .1393586 .5241501
0.5 0.2 45° 1.461971 .1134186 .5298750
0.5 0.2 60° 1.565347 0739530 5310319
0.2 0.2 45° 1.448646 0477664 5328183
0.5 0.3 45° 1.457050 .1121408 .5298412

TaBLle 11

=35
a =45, 8 = 06 and w = 05

S
U]
=
=
2
[}
@
&
-
I
==
»

P, G, T L Ny

0.71 5.0 1.461971 1134186 5298750

1.00 5.0 1.311594 0980569 4345374

7.00 50 0.905011 0645919 1123320

07N 6.0 1.567195 1204518 5272610

0.711 70 1.655824 .1245707 5205148
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