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Abstract

An analysis is presented to investigate the heat absorp-
tion, thermal-diffusion and diffusion- thermo effects on un-
steady viscous incompressible MHD flow along semi infi-
nite inclined permeable moving plate with variable temper-
ature and mass diffusion embedded in a porous medium.
The governing partial differential equations are formulated
and transformed by using a similarity transformation into
a system of ordinary differential equations. The resulting
equations are solved numerically by finite element method.
The numerical results are compared and found to be good
agreement with previously published results. The effects of
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the various dimensionless parameters entering into the prob-
lem on the velocity, temperature and concentration profiles
across the boundary layer are investigated through graphs.
Also the results of the skin friction coefficient, Nusselt num-
ber and Sherwood number at the wall are prepared with
various values of the parameters.

Keywords: MHD. Heat Absorption. Soret effect. Du-
four effect. Finite Element Method.

1 INTRODUCTION

When heat and mass transfer occur simultaneously in a moving
fluid, the relations between the fluxes and the driving potentials
are of a more intricate nature. It has been observed that an energy
flux can be generated not only by temperature gradients but also
by concentration gradients. The energy flux caused by a concen-
tration gradient is termed the diffusion-thermo (Dufour) effect. On
the other hand, mass fluxes can also be created by temperature
gradients and this embodies the thermal-diffusion (Soret) effect. In
most of the studies related to heat and mass transfer process, Soret
and Dufour effects are neglected on the basis that they are of a
smaller order of magnitude than the effects described by Fouriers
and Ficks laws. But these effects are considered as second order
phenomena and may become significant in areas such as hydrol-
ogy, petrology, geosciences, etc. The Soret effect, for instance, has
been utilized for isotope separation and in mixture between gases
with very light molecular weight (H2, He) and of medium molecu-
lar weight (N2, air). The Dufour effect was recently found to be
of order of considerable magnitude so that it cannot be neglected
Eckert and Drake [1]. Several other investigators carried out model
studies on the Soret and Dufour effects in different heat and mass
transfer problems. Some of them are Dursunkaya and Worek [2],
Kafoussias and Williams [3], Alam et al. [4] and Srinivasacharya
and upendar [5]. Postelnicu [6] analyzed the influence of a mag-
netic field on heat and mass transfer by natural convection from
vertical surface in porous media considering Soret and Dufour ef-
fects. Alabraba et al. [7] investigated the interaction of mixed
convection with thermal radiation in laminar boundary flow taking
into account the binary chemical reaction and Soret-Dufour effects.
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Karim et al. [8] investigated Dufour and Soret effect on steady
MHD flow in presence of heat generation and magnetic field past
an inclined stretching sheet. Recently Pandya and Shukla [9] stud-
ied soret-dufour and radiation effect on unsteady MHD flow over
an inclined porous plate embedded in porous medium with viscous
dissipation. Siva Reddy sheri and srinivasa raju [10] studied Soret
effect on unsteady MHD free convective flow past a semi infinite
vertical plate in the presence of viscous dissipation.

Soret-Dufour and radiation effect on MHD flows arise in many
areas of engineering and applied physics. The study of such flow
has application in MHD generators, chemical engineering, nuclear
reactors, geothermal energy, reservoir engineering and astrophysical
studies. In nature, the assumption of the pure fluid is rather impos-
sible. The presence of foreign mass in the fluid plays an important
role in flow of fluid. Thermal diffusion or Soret effect is one of the
mechanisms in the transport phenomena in which molecules are
transported in a multi-component mixture driven by temperature
gradient. The inverse phenomena of thermal diffusion, if multi com-
ponent mixture were initially at the same temperature, are allowed
to diffuse into each other, there arises a difference of temperature in
the system. Sparrow and Cess [11] analyzed the effect of magnetic
field on free convection heat transfer. Satyanarayana [12] discussed
the viscous dissipation and thermal radiation effects on an unsteady
MHD convection flow past a semi infinite vertical permeable moving
porous plate. Bhattacharya and Dekab [13] studied Radiation and
stratification effect on transient free convective flow of an elastico-
viscous fluid past an infinite vertical plate. Khem chanda, and
Sanjeev Kumar [14], analyzed effect of hall current and rotation on
chemically reacting and radiating MHD oscillatory dusty viscoelas-
tic flow through porous vertical channel. Shivaiah and Anand Rao
[15] have studied Effects of soret dufour and thermal radiation on an
unsteady mhd free convection flow past an infinite vertical porous
plate in the presence of chemical reaction. Sivaiah [16] examined
MHD flow of a rotating fluid past a vertical porous flat plate in the
presence of chemical reaction and radiation. Ravi Kumar [17] ex-
plained the effect of the couple stress fluid flow on MHD peristaltic
motion with uniform porous medium in the presence of slip effect.
Subodh Kumar Sharma et al [18] analyzed computational model-
ing of temperature field and heat transfer analysis for the piston of
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diesel engine with and without air cavity.
Heat absorption/generation effects play a significant role on the

heat transfer characteristics of several physical problems of practi-
cal interest viz. convection in Earth’s mantle, post-accident heat
removal, fire and combustion modeling, fluids undergoing exother-
mic and/or endothermic chemical reaction, development of metal
waste from spent nuclear fuel, applications in the field of nuclear
energy etc. Therefore, it is appropriate to consider temperature de-
pendent heat source and/or sink which may have strong influence
on heat and mass transfer characteristics of the fluid flow prob-
lems under consideration. However, exact mathematical modeling
of internal heat generation/absorption is highly complicated. It is
noticed that some simple mathematical models yet idealized may
express their average behavior for most of the physical situations.
Sparrow and Cess [19] were one of the initial investigators to con-
sider temperature dependent heat absorption on steady stagnation
point flow and heat transfer. Later, several researchers considered
hydromagnetic natural convection flow past a flat plate consider-
ing different aspects of the problem. Mention may be made of the
research studies of Chamkha and Khaled [20]. Jha and Ajibade
[21] analyzed natural convection flow of a temperature dependent
heat generating/absorbing fluid between vertical porous plates with
periodic heat input. Thermal radiation in hydromagnetic flows is
an essential aspect of various scenarios in aerospace, mechanical,
chemical, environmental and hazards engineering. Industrial ap-
plications such as glass production and furnace design, space tech-
nology applications such as cosmical flight aerodynamics, rocket
propulsion systems and spacecraft re-entry vehicles operate at high
temperatures where radiation effects are greatly significant.

The object of the present work is to study effects of heat ab-
sorption and Soret-Dufour on unsteady MHD flow over a inclined
porous plate embedded in porous medium. Similarity transforma-
tion is used to transform the governing partial differential equations
to ordinary differential equations which are then solved numerically
by finite element method.
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2 MATHEMATICAL ANALYSIS

An unsteady flow of a viscous incompressible electrically conducting
fluid past an impulsively started infinite inclined porous plate with
variable temperature and variable mass diffusion with radiation and
viscous dissipation are studied. The physical model and coordinate
system are shown in Figure.1. The plate is inclined at angle α to
vertical, is embedded in porous medium. x-axis is taken along the
plate and y-axis is taken normal to it. It is also considered that
the radiation heat flux in direction is negligible in comparison to y-
direction. Initially the plate and fluid are at the same temperature
T ′
∞ and concentration level C ′

∞ . At time t′ > 0 , the plate is mov-
ing impulsive motion along x’ - direction against gravitational field
with constant velocity , the plate temperature and concentration
raised linearly with time t’ . A transverse magnetic field of uniform
strength B0 is assumed normal to the direction of flow. The trans-
versely applied magnetic field and magnetic Reynolds number are
very small and hence induced magnetic field is negligible. Due to
infinite length in x’-direction, the flow variables are functions of y’
and t’ only. Under the usual Boussinesq approximation, governing
equations are given by

Figure 1: Physical model and coordinate system

Continuity equation:

(1)
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Momentum equation:

(2)
Energy equation:

(3)
Equation of continuity for mass transfer

(4)

where u’ and v’ is the velocity component along x’- -direction
and y’- direction respectively. g is the acceleration due to gravity,
β- is the volumetric coefficient of thermal expansion, β- is the co-
efficient of volume expansion for mass transfer, v is the kinematic
viscosity, µ is viscosity, ρ is the fluid density, B0 is magnetic induc-
tion, K’ is the permeability of porous medium, σ is the electrical
conductivity of the fluid, T’ is the dimensional temperature, T ′

∞ is
temperature of free stream, C ′

∞ is concentration of free stream, Dm

is the chemical molecular diffusivity, k is the thermal conductivity
of the fluid , Cp is specific heat at constant pressure, K ′

r is the rate
of chemical reaction, KT is thermal diffusion ratio, C ′ is the dimen-
sional concentration, qr is radiative heat flux in y-direction, Tm is
mean fluid temperature. Initial and boundary conditions are given
as:

(5)
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where

are temperature and concentration of plate respectively. The
radiative heat flux term by using the Roseland approximation is
given by

(6)

where K1 and σ are mean absorption coefficient and Stefan
Boltzmann constant respectively. It is assumed that the tempera-
ture difference within the flow are sufficiently small such that T ′4

may be expressed as a linear function of the temperature. This is
accomplished by expanding in a Taylor series about T ′

∞ and ne-
glecting the higher order terms, thus

(7)

then using Eqs. (6) and (7), Eq. (3) is reduced

(8)
In order to acquire non-dimensional partial differential equa-

tions, introducing following dimensionless quantities:
In order to write the governing equations and the boundary

conditions in dimensionless form, the following non dimensional
quantities are introduced.
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(9)
Introducing Eq. (9), we obtain non-dimensional form of Eqs.

(2), (8) and (4) respectively:

(10)

(11)

(12)

The corresponding dimensionless boundary conditions are:

(13)

Now it is important to calculate the physical quantities of pri-
mary interest, which are the local shear stress, local surface heat
flux and Sherwood number. Dimensionless local wall shear stress
or skin-friction is obtained as,
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(14)

The dimensionless local surface heat flux (i.e., Nusselt number)
is obtained as then

(15)
The definition of the local mass flux and the local Sherwood

number are respectively given by with the help of these equations,
one can write

(16)
Where

is the Reynolds number.

3 METHOD OF SOLUTION

The finite element method has been implemented to obtain nu-
merical solutions of equations (10)-(12) under boundary conditions
(13). This technique is extremely efficient and allows robust so-
lutions of complex coupled, nonlinear multiple degree differential
equation systems. The fundamental steps comprising the method
are now summarized. An excellent description of finite element
formulations is available in Bathe [22] and Reddy [23].
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Step-1: Discretization of the Domain into Elements
The whole domain is divided into finite number of sub-domains,

a process known as Discretization of the domain. Each sub-domain
is termed a finite element. The collection of elements is designated
the finite element mesh.
Step-2: Derivation of the element Equations

The derivation of finite element equations algebraic equations
among the unknown parameters of the finite element approxima-
tion, involves the following three steps.

a. Construct the variational formulation of the differential equa-
tion.

b. Assume the form of the approximate solution over a typical
finite element.

c. Derive the finite element equations by substituting the ap-
proximate solution into variational formulation.

These steps results in a matrix equation of the form , which
defines the finite element model of the original equation.
Step-3: Assembly of Element Equations

The algebraic equations so obtained are assembled by imposing
the inter-element continuity conditions. This yields a large number
of algebraic equations constituting the global finite element model,
which governs the whole flow domain.
Step-4: Impositions of Boundary Conditions

The physical boundary conditions defined in (13) are imposed
on the assembled equations
Step-5: Solution of the Assembled Equations

The final matrix equation can be solved by a direct or indirect
(iterative) method. For computational purposes, the coordinate is
varied from to , where represents infinity external to the momen-
tum, energy and concentration boundary layers. The whole domain
is divided into a set of line segments of equal width each element
being two-noded.
Variational formulation

The variational formulation associated with equations (10) (12)
over a typical two noded linear element (ye, ye+1) is given by
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(17)

(18)

(19)

Where w1, w2, w3 are arbitrary test functions and may be viewed
as the variation in u,θ and φ respectively. After reducing the order
of integration and non linearity, we arrive at the following system
of equations.

(20)

(21)
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(22)
Finite Element formulation: The finite element model may be

obtained from equations (20) (22) by substituting finite element
approximations of the form:

(23)

With w1 = w2 = w3 = ψe
j (i = 1, 2), where uej , θ

e
jandφ

e
j are the

velocity, temperature and concentration respectively at the jth node
of typical eth element (ye, ye+1) and φe

i are the shape functions for
this element (ye, ye+1) and are taken as:

(24)

The finite element model of the equations for element thus
formed is given by

(25)
Where
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are the set of matrices of order 2x1 and 2x2 respectively and
(dash) indicates d/dy . These matrices are defined as follows:

The whole domain is divided into a set of 60 intervals of equal
length 0.1. At each node 3 functions are to be evaluated. Hence
after assembly of the elements we obtain a set of 143 equations.
The system of equations after assembly of elements, are non-linear
and consequently an iterative scheme is employed to solve the ma-
trix system, which are solved using the Gauss Elimination method
maintaining an accuracy of 0.0005.

4 RESULTS AND DISCUSSIONS

In this section, a representative set of numerical results for the
velocity, temperature and concentration profiles shown graphically
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in Figures 2-20. The following parameter values are adopted for
computations unless otherwise indicated in the figures and table:

To assess the accuracy of the present method, comparisons be-
tween the present results and previously published data Pandya
and Shukla [9], Table 1 shows the comparison between values of
skin-friction coefficient τ . Table 2 shows the comparison between
values of Nusselt number of Nu, also Table 3 shows the comparison
between values of Sherwood number Sh . In fact, these results are
good agreement.

For the case of different thermal Grashof numbers Gr , the veloc-
ity profiles in the boundary layer are shown in Fig. 2. As expected,
it is observed that an increase in Gr leads to the decrease in the
velocity due to the enhancement in the buoyancy force. Here, the
positive values of Gr correspond to the cooling surface. In addi-
tion, the curves show that the peak values of the velocity decrease
rapidly near the wall of the porous plate as Gr increases, and then
decay to the free stream velocity. Figure 3 presents the typical
velocity profiles in the boundary layer for various solutal Grash of
numbers Gm with the same other parameters as before. It is seen
that the velocity distribution attains a distinctive maximum value
in the vicinity of the plate surface, and then decreases properly to
approach the free stream value. As expected, the fluid velocity in-
creases, and the peak value is much distinctive due to the increase
in the concentration buoyancy effects represented by Gm. This is
evident in the increase in u as Gm increases. The velocity profiles
for different values of inclination angle α are given in Fig. 4. It is
observed that an increase in α leads to a fall in the values of the
velocity. In addition, the curves show that the peak value of the
velocity near the wall of the porous plate decreases rapidly with
alpha. The velocity profiles for different values of the magnetic
field parameter are plotted in Fig. 5. It is obvious that an increase
in the value of results in a decrease in the velocity in the boundary
layer. This is due to the fact that the introduction of a transverse
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magnetic field, normal to the flow direction, has a tendency to cre-
ate the drag known as the Lorentz force which tends to resist the
flow. The profiles of the velocity in the boundary layer for various
values of the permeability are shown in Fig. 6. It is seen that
the peak value of the velocity near the wall of the porous plate in-
creases rapidly with , and then the velocity decays to the relevant
free stream value.

Figures 7 and 8 illustrate the velocity and temperature profiles
for different Prandtl numbers . The results show that the increas-
ing Prandtl number results in an increase in the velocity, and an
increase in the Prandtl number results in a decrease in the thermal
boundary layer and in general lower average temperature within
the boundary layer. The reason is that smaller is equivalent to the
increase in the thermal conductivity of the fluid, and heat is able to
diffuse away from the heated surface more rapidly for higher values
of . Therefore, in the case of smaller Prandtl numbers, the thermal
boundary layer is thicker, and the rate of heat transfer is reduced.

The velocity profiles are plotted in Figure 9. Here, as the value
of R increases the velocity increases, with an increasing in the flow
boundary layer thickness. Thus, thermal radiation enhances con-
vective flow. The effects of radiation parameter R on the tempera-
ture profiles are presented in Figure 10. From this figure we observe
that, as the value of R increases the temperature profiles increases,
with an increasing in the thermal boundary layer thickness.

The effects of the viscous dissipation parameter, i.e., the Eckert
number Ec, on the velocity and temperature are shown in Figs.
11and 12, respectively. The Eckert number Ec, expresses the rela-
tionship between the kinetic energy in the flow and the enthalpy.
It embodies the conversion of kinetic energy into internal energy by
work done against the viscous fluid stresses. Greater viscous dissi-
pative heat causes a rise in the temperature as well as the velocity.
This behavior is evident from Figs. 11and 12. For various values
of the Dufour number Du, the velocity and temperature profiles
are plotted in Figs 13 and 14 respectively. The Dufour number
Du denotes the contribution of the concentration gradients to the
thermal energy flux in the flow. It can be seen that an increase in
the Dufour number causes a rise in the velocity and temperature
throughout the boundary layer. For, the temperature profiles decay
smoothly from the plate to the free stream value. However for, a
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distinct velocity overshoot exists near the plate, and thereafter the
profile falls to zero at the edge of the boundary layer.

Figs 15 and 16 show the velocity and temperature profiles for
different heat source parameters Q. As shown in Fig. 15, the in-
creasing heat source parameter Q decreases the boundary layer. It
is due to the fact that when heat is absorbed, the buoyancy force
decreases and retards the flow rate, which, thereby, gives rise to the
decrease in the velocity profiles. From Fig. 16, we observe that the
temperature decreases with the increase in the heat source parame-
ter Q because when heat is absorbed, the buoyancy force decreases
the temperature profiles.

Figs 17 and 18 display the velocity and concentration profiles for
different values of the Soret number Sr. The Soret number defines
the effect of the temperature gradients inducing significant mass
diffusion effects. It is noticed that an increase in the Soret number
Sr results in an increase in the velocity and concentration within
the boundary layer.

Figs 19 and 20 show the velocity and concentration profiles
across the boundary layer for various values of the Schmidt number
Sc . The Schmidt number is the ratio of the momentum diffusiv-
ity to the mass (species) diffusivity, i.e., it relates the thickness
of the hydrodynamic boundary layer to that of the mass transfer
(concentration) boundary layer. The figure shows that an increase
in Sc results in a decrease in the velocity and concentration, be-
cause smaller values of Sc are equivalent to an increasing chemical
molecular diffusivity.
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Table 1 displays that enhancing thermal Grashof number Gr
, solutal Grashof number Gm , ,permeability parameter K , Du-
four number Du, Soret number Sr , Eckert number Ec , Radiation
parameter R and time t , skin-friction coefficient increases. And in-
creasing inclination angle α , magnetic parameter M , Prandtl num-
ber Pr and Schmidt number Sc , skin-friction coefficient decreases.
Table 2 shows that raising Dufour number Du , Soret number Sr
, Prandtl number Pr , Nusselt number Nu increases. Increasing
inclination angle α , Eckert number Ec , radiation parameter R,
Schmidt number Sc , time t , Nusselt number Nu decreases. Table
3 exhibits that increasing Radiation parameter R, Eckert number
Ec , Schmidt number Sc, inclination angle α, Sherwood number
Sh increases. Enhancing Dufour number Du, Prandtl number Pr ,
Soret number Sr , time t , Sherwood number Sh decreases.
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5 CONCLUSION

This work studied the heat absorption and soret-dufour effects on
unsteady MHD flow over an inclined porous plate embedded in
porous medium has been studied. The dimensionless governing
equations are solved using finite element method. The obtained re-
sults were compared with previous work Pandya and Shukla [9] we
found to be good in agreement. An Increase in the Prandtl num-
ber is observed to lead to decrease in temperature boundary layer
while increase in the Dufour number, thermal radiation results and
Eckert number in increase in the thermal boundary layer. It is ob-
served that an increase in Schmidt number decrease in concentra-
tion boundary layer while increase in the Soret number in increase
in the concentration boundary layer. The velocity increases with
the increase in Dufour number, Soret number, Grashof number and
solutal Grashof number. Skin-friction increases when Dufour num-
ber and Soret number increase. Nusselt number increases when
Dufour number and Soret number increase. Sherwood number de-
creases as Dufour number and Soret number increase.
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