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Effect of Variable viscosity on Convective Heat
Transfer along an Inclined Plate Embedded in
Porous Medium with an Applied Magnetic Field

N.S. Tomer, Phool Singh and Manoj Kumar

Abstract—The flow and heat transfer characteristics for natural
convection along an inclined plate in a saturated porous medium with
an applied magnetic field have been studied. The fluid viscosity has
been assumed to be an inverse function of temperature. Assuming
temperature vary as a power function of distance. The transformed
ordinary differential equations have solved by numerical integration
using Runge-Kutta method. The velocity and temperature profile
components on the plate are computed and discussed in detail for
various values of the variable viscosity parameter, inclination angle,
magnetic field parameter, and real constant (A). The results have also
been interpreted with the aid of tables and graphs. The numerical
values of Nusselt number have been calculated for the mentioned
parameters.
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I. INTRODUCTION

NATURAL convection flow over vertical surfaces immersed
in porous media has paramount importance because of its

potential applications in soil physics, geohydrology, and
filtration of solids from liquids, chemical engineering and
biological systems. Study of fluid flow in porous medium is
based upon the empirically determined Darcy’s law. Such
flows are considered to be useful in diminishing the free
convection, which would otherwise occur intensely on a
vertical heated surface. In addition, recent developments in
modern technology have intensified more interest of many
researchers in studies of heat and mass transfer in fluids due to
its wide applications in geothermal and oil reservoir
engineering as well as other geophysical and astrophysical
studies.

Bejan and Khair [1] have studied the phenomenon of
natural convection heat and mass transfer near a vertical
surface embedded in fluid saturated porous medium. The
effect of buoyancy force and thermal radiation in MHD
boundary layer visco-elastic fluid flow over continuously
moving stretching surface embedded in porous medium have
been analyzed by Abel et al. [2]. An integral approach to the
heat and mass transfer by natural convection from vertical
plates with variable wall temperature and concentration in
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porous media saturated with an electrically conducting fluid in
the presence of transverse magnetic field has been studied by
Cheng [3]. Sarangi et. al. [4] analyzed the unsteady free
convective MHD flow and mass transfer of a viscous,
incompressible, electrically conducting fluid past an infinite
vertical, non-conducting porous plate with variable
temperature. EL-Kabeir et. al. [5] analyzed natural convection
from a permeable sphere embedded in a variable porosity
porous medium due to thermal dispersion. Dual solutions in
mixed convection flow near a stagnation point on a vertical
porous plate are investigated by Ishak et. al. [6]. The steady
two-dimensional laminar forced flow and heat transfer of a
viscous incompressible electrically conducting and heat-
generating fluid past a permeable wedge embedded in non-
Darcy high-porosity ambient medium with uniform surface
heat flux has been studied by Rashad and Bakier [7]. Abel et.
al. [8] analyzed MHD flow and heat transfer to a laminar
liquid film from a horizontal stretching surface. The effect of
radiation on the heat and fluid flow over an unsteady
stretching surface has been analyzed by El-Aziz [9]. Singh et.
al. [10] studied the heat transfer over stretching surface in
porous media with transverse magnetic field. Singh et. al. [11]
and [12] also investigated MHD oblique stagnation-point flow
towards a stretching sheet with heat transfer for steady and
unsteady cases. Elbashbeshy et. al. [13] investigated the
effects of thermal radiation and magnetic field on unsteady
boundary layer mixed convection flow and heat transfer
problem from a vertical porous stretching surface. The
unsteady laminar magnetohydrodynamic (MHD) flow over a
continuously stretching surface has been investigated by Ishak
[14]. El-Aziz [15] investigated the flow and heat transfer over
an unsteady stretching surface with Hall effect. Postelnicu [16]
studied heat and mass transfer by natural convection at a
stagnation point in a porous medium considering Soret and
Dufour effects.

The objective of the present study is to investigate the effect
of various parameters like variable viscosity parameter,
inclination angle, magnetic field parameter, and real constant
() on convective heat transfer along an inclined plate
embedded in porous medium. The governing non-linear partial
differential equations are first transformed into a
dimensionless form and thus resulting non-similar set of
equations has been solved using Shooting method technique.
Results are presented graphically and discussed quantitatively
for parameter values of practical interest from physical point
of view.
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II. FORMULATION OF PROBLEM

An inclined flat plate embedded in porous medium with
applied magnetic field of uniform strength in the direction
normal to the plate is considered. It is assumed that the porous
medium is homogenous and present everywhere in local
thermodynamic equilibrium. The density of the medium is
considered as a function of temperature and the fluid viscosity
is assumed to be an inverse function of temperature. Rest of
the properties of the fluid and the porous medium are assumed
to be constant. The governing equations for this model, based
on Boussinesq approximation, are:
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where U and v are velocity components along X and Yy
axes respectively, u is dynamic viscosity, o is electrical

conductivity, p is the pressure, T is temperature of the

plate, p is density of the fluid, f is coefficient of thermal
expansion, @, is acceleration due to buoyancy and « is the

thermal diffusivity, B, is constant magnetic field applied in

0

y -direction, k° is the permeability of medium,

a=y/u,, and T, =T, —1/y.

Both a and T, are constant and their values depends on the
reference state and thermal property of the fluid. In general
a> 0 for liquids and a < 0 for gases.

The wall temperature of the plate is considered as a power
function of the distance from the origin. Hence,

at y=0, T, =T, +Ax*, (7
where A isa constant >0, and A is a real number.
The boundary conditions applicable to the above model are

at y=0, v=0,
at y > o, u=0,

at y>ow, T=T_,

III. METHOD OF SOLUTION

Introducing the stream function ¥ and eliminating pressure
from (2) and (3)
1
T il T
+oB; ®)

oY oY
aXZ + 6y2 4

The energy equation (4), in terms of ¥ can be written as
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The corresponding boundary conditions are
oY

at y=0, —=0and T, =T, + Ax*,
OX

ov
at y >, = =0, (10)
oy

at y—oow, T=T_,

Applying boundary layer approximations invoked by earlier
investigation, the equations (8) and (9) reduced to
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The dimensionless variables introduced to obtain the
similarity solutions for the equations (11) and (12) are:

n = (Ra,) Z(X], (13)
X

¥ = a(Ra,)"” f(n), (14)
_(T-T1)

6(n) = T T (15)

where Ra, = p, g, Bk (T, —=T,)x/u, a is the modified

local Rayleigh number in a porous medium.
Porous parameter

K> =L"/k", M>=B;Lc/u, g, =gcosQ.
In terms of new variable equations (10) and (11) become
1 1 1
jf (n)6'(n)

) = ! o (16

] (54w |

0"(n)+ ((L+2)72)f(n)6'(7) - 2 1'(7) 6(7) = 0, (17
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where 6, is a constant is defined by
T, -T

0, = *—F==- ! .
T-T. (T-T)

Its value is determined by the viscosity of the fluid in the
consideration and the operating temperature difference. It’s
also important to note that &, is negative for liquids and

positive for gases. The boundary conditions are
at  n=0, f(p)=0, and 6(n)=1, (18)
at oo, f'()=0, and 6(p)=0. (19)
The resulting differential equations can then be easily
integrated, without any iteration, by initial value solver. For
this purpose the well-known Runge-Kutta integration scheme
has been used.
The boundary layer thickness can be obtained by defining
the edge of boundary layer as the point where T = T_, which

yields
S_ M
x (Ra,)"”’

From Figs. 2 and 3, It is observed that the dimensionless
temperature ¢ has a maximum value of 1 at # = 0 and

decreases as 1 increases. Further, it is interesting to note that
the rate of change of @ increases with decreasing value of M ,
6. and also with increasing value of 4. It implies that
boundary layer thickness decreases with decreasing values of
M, 6, andA. To assess the heat transfer ability of the

medium, the local Nusselt number and local heat transfer rate
are defined as

h x gx

Nu, = — = ——" 21

ok k(T -T) b
q =k, (ﬂj , 22)

Y ),
with the help of (6), (12) and (14), (21) can be written as
q= km As,z[pfgﬂK j X(u—l),z(_gv(o))’ (23)
yI
From (21) and (23), it follows that
N

= (-00)) (24)

(Ra,)

IV. RESULT AND DISCUSSION

The solution of the differential equations were obtained for
different values ofM ,k, 6, and A. The dimensionless
velocity profile and temperature profile for different values of
6, M=20, k =10 and A = 1.0 with respect to 77 are
shown in Fig. 1, Fig. 2 respectively. The Fig. 1 indicates that
f' increases as §,— 0 for 6,< 0. The variation of viscosity
with temperature has a substantial effect on heat transfer
characteristics as well as the velocity and temperature
distributions within the boundary layer over an inclined flat
plate.
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Fig. 1 Velocity profile for different values of &,
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Fig. 8 Variation of temperature profile for different values of M

The dimensionless velocity profile for different values of
A(M =20, k =1.0, 6,=-0.01) and for different values of
M (A=1.0, k =1.0, 6,= - 0.01) have shown in Figs. 4-8,
respectively. Fig. 4 shows that the velocity profile decrease
with increasing the value of A. It has been observed from
Figs. 5 and 6, the temperature profile is decreased with
increasing value of A4 and the heat flux profile increases with
increased value of A. This is suggested that in a particular
porous medium, the heat transfer is governed by the intensity
of the magnetic field. The boundary layer thickness is very
small at lower magnetic fields and is very difficult to detect
the exploratory drilling of hot water wells etc.

The velocity and temperature profile for different values of
M has been shown in Figs. 7 and 8. It has been observed from
the Fig. 7 that the velocity profile decreases with increased
value of magnetic field parameter. It has also been noticed
from Fig. 8 that the temperature profile increases with increase
in the magnetic field parameter. It is observed that in
particular porous medium at given location fluid temperature
is high at higher magnetic field. The values of (— 6'(0)) for
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different values of M , k , 8, and A are presented in Table 1.

TABLE I
VALUES OF [- 49'(0) ], FOR VARIOUS VALUES OF PARAMETERS ( K =1.0)
M 0, A -6'00)
2.0 -0.01 1.0 1.67157
2.0 -0.05 1.0 1.67902
2.0 -0.10 1.0 1.69188
2.0 -0.20 1.0 1.72082
2.0 -0.01 1.5 1.97937
2.0 -0.01 2.0 2.24576
4.0 -0.01 1.0 1.64188
6.0 -0.01 1.0 1.63622

The local Nusselt number with respect to A and for
different values of M | kand &, has been calculated with the

help of —@'(0) given in the Table I. It has been observed
from the Table I, that with the decreasing value of M and 6,,

the Nusselt number increases, i.e., the convective heat transfer
coefficient increases. The convective rate of heat transfer also
increases with increasing value of 4 .

V. CONCLUSION

The flow and heat transfer characteristics for natural
convection along an inclined plate in a saturated porous
medium with an applied magnetic field have been studied.
Fluid viscosity has been assumed to be an inverse function of
temperature. Assuming temperature vary as a power function
of distance. Numerical solution for the governing equations
has been obtained which allows the computation of the flow
and heat transfer characteristics for various values of the
variable viscosity parameter, magnetic field parameter, and
real constant (A). The main results of the paper can be
summarized as follows:

1.The dimensionless velocity and temperature profile
increases with increase in variable viscosity.
2.The dimensionless velocity and temperature profile

decreases with increase in the real constant (4 ).
3.The dimensionless velocity decreases with increasing value
of magnetic field parameter up to certain level and then
increases, while the temperature profile increases with
increasing value of magnetic field parameter.
4.Convective heat transfer coefficient increases with
decreasing value of magnetic field parameter and variable
viscosity parameter, and increases with increase in real
constant ( 4).
These results have possible technological applications in
liquid-based systems, and are expected to be very useful for
practical applications.
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