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Abstract

The paper examined the thermal radiation effect on unsteady
magnetohydrodynamic flow past a vertical porous plate with variable
suction is analyzed. The non dimensional governing equations are
formed with the help of suitable dimensionless governing parameter.
The resultant coupled non dimensional governing equations are solved
by a finite element method. The velocity, temperature and
concentration distributions are derived, discussed numerically and
their profiles for various values of physical parameters are shown
through graphs. The coefficient of skin-friction, Nusselt number and
Sherwood number at the plate are derived, discussed numerically and
their numerical values for various values of physical parameters are
presented through Tables. It is observed that, when the radiation
parameter increases the velocity and temperature increase in the
boundary layer. Also, it is found that as increase in the magnetic field
leads to decrease in the velocity field and rise in the thermal boundary
thickness.
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1 Introduction

The effect of Radiation on MHD flow and heat transfer problem have
become more important industrially. At high operating temperature, radiation
effect can be quite significant. Many processes in engineering areas occur at high
temperature and a knowledge of radiation heat transfer becomes very important
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for the design of the pertinent equipment. Nuclear power plants, gas turbines and
the various propulsion devices for aircraft, missiles, satellites and space vehicles
are examples of such engineering areas.

Radiation and on the optical properties of the emitter, with its internal energy
being converted to is the process of heat propagation by means of electromagnetic
waves, depending only on the temperature radiation energy. The process
involving the convection of internal energy of the solution in to radiation energy
Is known as radiation heat transfer. In contrast to the mechanism of conduction
and convection, where energy transfer through a material medium is involved,
heat also be transferred through regions where a perfect vacuum exists. The
mechanism in this case is electromagnetic radiation. The electromagnetic
radiation which is propagated as a result of temperature differences, this is called
thermal radiation.

Convective heat transfer in a porous media is a topic of rapidly growing interest
due to its application to geophysics, geothermal reservoirs, thermal insulation
engineering, exploration of petroleum and gas fields,water movements in
geothermal reservoirs, etc. The study of convective heat transfer mechanisms
through porous media in relation to the applications to the above areas has been
made by Nield and Bejan [19] . Kafousias et al [7] have studied unsteady free
convective flow past vertical plates with suction. Hossain and Begum [5]
have discussed unsteady free convective mass transfer flow past vertical porous
plates. MHD convective flow of a micro-polar fluid past a continuously moving
vertical porous plate in the presence of heat generation/absorption was studied by
Rahman and Sattar [12]. Recently, the study of free convective mass transfer flow
has become the object of extensive research as the effects of heat transfer along
with mass transfer effects are dominant features in many engineering applications
such as rocket nozzles, cooling of nuclear reactors, high sinks in

turbine blades, high speed aircrafts and their atmospheric reentry, chemical
devices and process equipments. Unsteady effect on MHD free convective and
mass transfer flow through porous medium with constant suction and constant
heat flux in rotating system studied by Sharma [15]. But in all these papers
thermal diffusion effects have been neglected, whereas in a convective fluid when
the flow of mass is caused by a temperature difference, thermal diffusion effects
cannot be neglected. In view of the importance of this diffusion-thermo effect, Jha
and Singh [6] presented an analytical study for free convection and mass transfer
flow past an infinite vertical plate moving impulsively in its own plane taking
Soret effects into account. In all the above studies, the effect of the viscous
dissipative heat was ignored in free-convection flow. However, Gebhart and
Mollendorf [3] have shown that when the temperature difference is small or in
high Prandtl number fluids or when the gravitational field is of high intensity,
viscous dissipative heat should be taken into account in free convection flow
past a semi-infinite vertical plate. The unsteady free convection flow of a viscous
incompressible fluid past an infinite vertical plate with constant heat flux is
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considered on taking into account viscous dissipative heat, under the influence of
a transverse magnetic field studied by Srihari. K et al [16]. Ramana Kumari and
Bhaskar Reddy [13] have studied a two-dimensional unsteady MHD free
convective flow of a viscous incompressible electrically conducting fluid past
an infinite vertical porous plate with variable suction. Suneetha [17] examined the
problem of radiation and mass transfer effects on MHD free convection flow
past an impulsively started isothermal vertical plate with dissipation. The
effect of temperature dependent viscosity and thermal conductivity on
unsteady MHD convective heat transfer past a semi-infinite vertical porous plate
has studied Seddek and Salama [14]. In recent years, progress has been
considerably made in the study of heat and mass transfer in  magneto
hydrodynamic flows due to its application in many devices, like the MHD power
generator and Hall accelerator. The influence of magnetic field on the flow of an
electrically conducting viscous fluid with mass transfer and radiation absorption
is also useful in planetary atmosphere research. Kinyanjui et al. [8] presented
simultaneous heat and mass transfer in unsteady free convection flow with
radiation absorption past an impulsively started infinite vertical porous plate
subjected to a strong magnetic field. Yih [18] numerically analyzed the effect of
transpiration velocity on the heat and mass transfer characteristics of mixed
convection about a permeable vertical plate embedded in a saturated porous
medium under the coupled effects of thermal and mass diffusion. Elbashbeshy [2]
studied the effect of surface mass flux on mixed convection along a vertical plate
embedded in porous medium. Chin et al. [1] obtained numerical results for the
steady mixed convection boundary layer flow over a vertical impermeable
surface embedded in a porous medium when the viscosity of the fluid varies
inversely as a linear function of the temperature. Pal and Talukdar [11] analyzed
the combined effect of mixed convection with thermal radiation and chemical
reaction on MHD flow of viscous and electrically conducting fluid past a vertical
permeable surface embedded in a porous medium is analyzed. Mukhopadhyay [9]
performed an analysis to investigate the effects of thermal radiation on unsteady
mixed convection flow and heat transfer over a porous stretching surface in
porous medium. Hayat et al. [4] analyzed a mathematical model in order to study
the heat and mass transfer characteristics in mixed convection boundary layer
flow about a linearly stretching vertical surface in a porous medium filled with a
visco-elastic fluid, by taking into account the diffusion thermo (Dufour) and
thermal-diffusion (Soret) effects.

The object of the present paper is to study the thermal radiation effect on
unsteady magnetohydrodynamic flow past a vertical porous plate with variable
suction. The problem is governed by the system of coupled non-linear partial
differential equations whose exact solutions are difficult to obtain, if possible. So,
Galerkin finite element method has been adopted for its solution, which is more
economical from computational point of view.
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2 Formulation of The Problem

An unsteady two-dimensional laminar free convective boundary layer flow
of a viscous, incompressible, electrically conducting and the chemical reaction
effects on an unsteady magnetohydrodynamics free convection fluid flow past a
semi-infinite vertical plate embedded in a porous medium with heat absorption is
considered. The x* - axis is taken along the vertical plate and the y’ - axis normal
to the plate. It is assumed that there is no applied voltage, which implies the
absence of an electric field. The transverse applied magnetic field and magnetic
Reynolds number are assumed to be very small so that the induced magnetic field
and the Hall Effect are negligible. The concentration of the diffusing species in
the binary mixture is assumed to be very small in comparison with the other
chemical species which are present, and hence the Soret and Dufour are
negligible. Further due to the semi-infinite plane surface assumption, the flow

variables are functions of normal distance ¥ and t"only. Now, under the usual
Boussinesq’s approximation, the governing boundary layer equations of the
problem are:

Continuity equation:
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Where UV are the velocity components in X+ ¥ directions respectively. t'. the

time, # -the fluid density, V - the kinematic viscosity, P - the specific heat at

constant pressure, 9 _the acceleration due to gravity, Band P - the thermal and

concentration expansion coefficient respectively, Bo. the magnetic induction , & -

the fluid thermal diffusivity, K'- the permeability of the porous medium, T'- the
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dimensional temperature, C’ . the dimensional concentration, K -the thermal
conductivity, # - coefficient of viscosity, D - the mass diffusivity.

The boundary conditions for the velocity, temperature and concentration fields
are:

u'=up, T' =T, +&(,-T "™, C'=C.,+¢&(C.,—C.)e™ at y =0 5)
u—-0 T > T/, C'->C) as y > o

u . LT
Where P is the plate velocity, wand

! !
and concentration respectively, T and C. are the free stream dimensional
temperature and concentration respectively, N'- the constant. By using Rossel and

4
Cu are the wall dimensional temperature

approximation, the radiative heat flux q’ is given by

,_ 4o oT"
3k, oy’ (6)

Where s -the Stefan-Boltzmann constant and K . the mean absorption
coefficient. It should be noted that by using Rossel and approximation, the present
analysis is limited to optically thick fluids. If temperature differences within the

flow are sufficient, small, then equation (6) can be linearised by expanding T in
the Taylor series about T
form

, which after neglecting higher order terms take the

T =471 31"

(7)
In view of equations (6) and (7), equation (3) reduces to
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From the continuity equation (1), it is clear that suction velocity normal to the
plate is either a constant or function of time. Hence, it is assumed in the form

V' =V, (L+e Ae™) ©)

Where A is a real positive constant, € and €A are small values less than unity and

Vo is scale of suction velocity at the plate surface.
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In order to write the governing equations and the boundary condition in dimension

less form, the following non- dimensional quantities are introduced.
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In view of equations (6) - (9), equations (2) - (4) reduced to the following

dimensionless form.
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The corresponding boundary conditions are

t>0:u=0, T=1+&* C=1 at y=0

u—>0, T—-0,C—-0 as y'— 0

3 Method of Solution

(11)

(12)

(13)

(14)

The set of differential Equations (11) to (13) subject to the boundary conditions
(14) are highly nonlinear, coupled and therefore it cannot be solved analytically.
Hence, following Reddy19 and Bathe20 the finite element method is used to
obtain an accurate and efficient solution to the boundary value problem under

consideration. The fundamental steps comprising the method are as follows:

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.
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Step 2: Derivation of the element equations:

The derivation of finite element equations i.e. algebraic equations among the
unknown parameters of the finite element approximation, involves the following
three steps:

a. Construct the variational formulation of the differential equation.

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

c. Derive the finite element equations by substituting the approximate solution
into variational formulation.

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 equation (14) 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 Y is varied from 0to Y, , where
Y .. represents infinity i.e. external to the momentum, energy and concentration

boundary layers. Numerical solutions for these equations are obtained by C-
program. In order to prove the convergence and stability of finite element method,
the same C-program was run with slightly changed values of hand k .This
process is repeated until the desired accuracy of 0.0005 is obtained. Hence, the
finite element method is stable and convergent.

4 Skin Friction

The skin-friction, Nusselt number and Sherwood number are important physical
parameters for this type of boundary layer flow. The skin friction, rate of heat and
mass transfer are

Skin friction coefficient (C, ) isgiven by C, = (a—u] (15)
y=0

Nusselt number (Nu) at the plate is Nu = (gj (16)
y=0

Sherwood number (Sh) at the plateis  Sh = (gj an
y=0

oy
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5 Results and Discussion

As a result of the numerical calculations, the dimensionless velocity,
temperature and concentration distributions for the flow under consideration are
obtained and their behaviour have been discussed for variations in the governing

parameters viz., the thermal Grashof number Gr, modified Grashof  number

GC, magnetic field parameter M | permeability parameter K, Prandtl number

Pr | Thermal Radiation Parameter R and Schmidt number Sc. In the present
study we adopted the following default parameter values of finite element
computations:

G, =50, Gc=5.0, M =10, K=5.0, Pr=0.71, R=1.0, Sc=0.6, A=0.01,

¢=0.002, 0=10, t=10 Al graphs therefore correspond to these values unless
specifically indicated on the appropriate graph.

Fig 1 presents typical velocity profiles in the boundary layer for various
values of the Grashof number Cr | while all other parameters are kept at some

fixed values. The Grashof number Cr defines the ratio of the species buoyancy
force to the viscous hydrodynamic force. As expected, the fluid velocity increases
and the peak value is more distinctive due to increase in the species buoyancy
force. The velocity distribution attains a distinctive maximum value in the vicinity
of the plate and then decreases properly to approach the free stream value.

The influence of the modified Grashof number Ge on the velocity is
presented in Fig 2. The modified Grashof number signifies the relative effect of
the thermal buoyancy force to the viscous hydrodynamic force in the boundary
layer. As expected, it is observed that there is a rise in the velocity due to the

enhancement of thermal buoyancy force. Here, the positive values of Gc

correspond to cooling of the plate. Also, as Gc increases, the peak values of the
velocity increases rapidly near the porous plate and then decays smoothly to the
free stream velocity.

For various values of the magnetic parameter M | the velocity profiles are
plotted in Fig 3. It can be seen that as M increases, the velocity decreases. This
result qualitatively agrees with the expectations, since the magnetic field exerts a
retarding force on the flow. The effect of the permeability parameter K on the
velocity field is shown in Fig 4. An increase the resistance of the porous medium
which will tend to increase the velocity. This behavior is evident from Fig 4.
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Figs 5(a) and 5(b) illustrate the velocity and temperature profiles for

different values of the Prandtl number Fr. The Prandtl number defines the ratio of
momentum diffusivity to thermal diffusivity. The numerical results show that the
effect of increasing values of Prandtl number results in a decreasing velocity (Fig
5(a)). From Fig 5 (b), it is observed that an increase in the Prandtl number results
a decrease of the thermal boundary layer thickness and in general lower average

temperature within the boundary layer. The reason is that smaller values of Prare
equivalent to increasing the thermal conductivities, and therefore heat is able to

diffuse away from the heated plate more rapidly than for higher values of P
Hence in the case of smaller Prandtl numbers as the boundary layer is thicker and
the rate of heat transfer is reduced.

For different values of the radiation parameter R , the velocity and the
temperature profiles are shown in Figs 6(a) and 6(b). It is noticed that an increase
in the radiation parameter results a decrease in the velocity and temperature within
the boundary layer, as well as decreased the thickness of the velocity and
temperature boundary layers.

The influence of the Schmidt number Sc
concentration profiles are plotted in

on the velocity and

Figs 7(a) and 7(b) respectively. The Schmidt number embodies the ratio of
the momentum to the mass diffusivity. The Schmidt number therefore quantifies
the relative effectiveness of momentum and mass transport by diffusion in the
hydrodynamic (velocity) and concentration (species) boundary layers. As the
Schmidt number increases the concentration decreases. This causes the
concentration buoyancy effects to decrease yielding a reduction in the fluid
velocity. The reductions in the velocity and concentration profiles are
accompanied by simultaneous reductions in the velocity and concentration
boundary layers. These behaviors are clear from Figs 7(a) and 7(b).

Tables (1), (2) and (3) show the numerical values of the skin friction
coefficient, Nusselt number and Shear wood number. The effects of where

Gr,Gm, M, K,Pr,R 4hq SC on the skin-friction C . Nusselt number NU

Sherwood number Sh are shown in Tables 1 to 3. From Table 1, it is observed

that as GF or Gm or K increases, the skin-friction coefficient increases, where
as the skin-friction coefficient decreases as M increases. From Table 2, it is
noticed that as the skin-friction coefficient and the Nusselt number decreases as

Pr increases. R Increases the skin-friction coefficient and the Nusselt number

also increases. From Table 3, it is found that as Sc increases, the skin-friction
coefficient decreases while the Sherwood number decreases.
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6 Conclusion

In this article a mathematical model has been presented for the thermal radiation
effect on unsteady magnetohydrodynamic flow past a vertical porous plate with
variable suction. The non- dimensional governing equations are solved with the
help of finite element method. The conclusions of the study are as follows:

The velocity increases with the increase Grashof number and modified
Grashof number.

The velocity decreases with an increase in the magnetic parameter.

The velocity increases with an increase in the permeability of the porous
medium parameter.

Increasing the Prandtl number substantially decreases the translational
velocity and the temperature function.

The velocity as well as temperature increases with an increase in the
Radiation parameter.

The velocity as well as concentration decreases with an increase in the
Schmidt number.

References

[1] Chin KE, Nazar R, Arifin NM, and Pop | (2007). Effect of variable

[2]

[3]
[4]

[5]

[6]

[7]

viscosity on mixed convection boundary layer flow over a vertical
surface embedded in a porous medium. International Communications in
Heat and Mass Transfer, 34(4): 464-473.

Elbashbeshy EMA (2003). The mixed convection along a vertical plate
embedded in non-darcian porous medium with suction and injection.
Applied Mathematics and Computation, 136(1):139-149.

Gebhart B and Mollendorf J (1969). Viscous dissipation in external natural
convective flows. J. Fluid Mech., 38: 97.

Hayat T, Mustafa M and Pop | (2010). Heat and mass transfer for Soret and
Dufour's effect on mixed convection boundary layer flow over a stretching
vertical surface in a porous medium filled with a visco-elastic fluid.
Communications in Nonlinear Science and Numerical Simulation, 15( 5):
1183-1196.

Hossain MA and Begum RA (1985). The effects of mass transfer on the
unsteady free convection flow past an accelerated vertical porous plate with
variable suction, Astrophys. Space Sci. 145: 115.

Jha BK and Singh AK (1990). Soret effects on free-convection and mass
transfer flow in theStokes problem for an infinite vertical plate, Astrophys.
Space Sci. 173: 251.

kafousias NG, Nanousis ND and Georgantopoulos GA (1979). The effects of
free convective currents on the flow field of an incompressible viscous fliud
past an impulsively started infinite vertical porous plate with constant suction,


http://dx.doi.org/10.1016/j.icheatmasstransfer.2007.01.002
http://dx.doi.org/10.1016/j.icheatmasstransfer.2007.01.002
http://dx.doi.org/10.1016/j.icheatmasstransfer.2007.01.002
http://dx.doi.org/10.1016/S0096-3003(02)00023-1
http://dx.doi.org/10.1016/S0096-3003(02)00023-1
http://dx.doi.org/10.1016/S0096-3003(02)00023-1
http://dx.doi.org/10.1016/j.cnsns.2009.05.062
http://dx.doi.org/10.1016/j.cnsns.2009.05.062
http://dx.doi.org/10.1016/j.cnsns.2009.05.062
http://dx.doi.org/10.1016/j.cnsns.2009.05.062
http://dx.doi.org/10.1016/j.cnsns.2009.05.062

134 Murali Gundagani et. al

Astrops. Space Sci., 64: 391.

[8] Kinyanjui M, Kwanza JK and Uppal SM (2001). Magnetohydrodynamic free
convection heat and mass transfer of a heat generating fluid past an
impulsively started infinite vertical porous plate with Hall current and
radiation absorption. Energy Conversion and Management, 42(8):917-931.

[9] Mukhopadhyay S (2009). Effect of thermal radiation on unsteady mixed
convection flow and heat transfer over a porous stretching surface in porous
medium. International Journal of Heat and Mass Transfer, 52(13): 3261-
3265.

[10] Nield DA and Bejan A (1998). Convection in porous media. 2nd
edition, SpringerVerlag,Berlin.

[11] Pal D and Talukdar B (2010). Buoyancy and chemical reaction effects on
MHD mixed convection heat and mass transfer in a porous medium with
thermal radiation and Ohmic heating. ~Communications in  Nonlinear
Science and Numerical Simulation, 15(10):2878-2893.

[12] Ramana Kumari CV. and Bhaskara Reddy N (1994). Mass transfer effects on
unsteady free convective flow past an infinite vertical porous plate with
variable suction, Journal of Energy, Heat and Mass Transfer. 16: 279-287.

[13] Schetz JA and Eichhorn R (1962). Unsteady natural convection in the
vicinity of a doubly infinite vertical plate, J.Heat Transfer, Trans. ASME,
84c: 334.

[14] Seddeek MA. and Salama FA (2007). The effect of temperature dependent
viscosity and thermal conductivity on unsteady MHD convective heat
transfer past a semi-infinite vertical porous plate,. J. computational Materials
Sci., 40: 186-192.

[15] Sharma PK (2004). Unsteady effect on MHD free convective and mass
transfer flow through porous medium with constant suction and constant heat
flux in rotating system. Acta Ciencia Indica Mathematics. 30(4): 873-880.

[16] Srihari K, Anand Rao J and Kishan N (2006). MHD free convection
flow of an incompressible viscous dissipative fluid in an infinite vertical
oscillating plate with constant heat flux. JI. Energy, Heat and Mass Transfer,
28: 19-28.

[17] Suneetha S, Bhasker Reddy N and Ram Chandra Prasad V (2009). Radiation
and mass transfer effects on MHD free convection flow past an impulsively
started isothermal vertical plate with dissipation. Thermal Science, Vol. 13,
No.2, pp. 171-181.

[18] Yih KA (1997). The effect of transpiration on coupled heat and mass transfer
in mixed convection over a vertical plate embedded in a saturated
porous medium. International Communications in Heat and Mass Transfer,
24(2): 265-275.

[19] Reddy , J.N. 1985. An Introduction to the Finite Element Method. McGraw-
Hill, New York.

[20] Bathe, K.J. 1996. Finite Element Procedures. Prentice-Hall, New Jersey.


http://dx.doi.org/10.1016/S0196-8904(00)00115-1
http://dx.doi.org/10.1016/S0196-8904(00)00115-1
http://dx.doi.org/10.1016/S0196-8904(00)00115-1
http://dx.doi.org/10.1016/S0196-8904(00)00115-1
http://dx.doi.org/10.1016/S0196-8904(00)00115-1
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2008.12.029
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2008.12.029
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2008.12.029
http://dx.doi.org/10.1016/j.cnsns.2009.10.029
http://dx.doi.org/10.1016/j.cnsns.2009.10.029
http://dx.doi.org/10.1016/j.cnsns.2009.10.029
http://dx.doi.org/10.1016/j.cnsns.2009.10.029
http://dx.doi.org/10.1016/S0735-1933(97)00012-2
http://dx.doi.org/10.1016/S0735-1933(97)00012-2
http://dx.doi.org/10.1016/S0735-1933(97)00012-2

G-=5.0,10.0,15.0,20.0

Fig.1. Velocity profile for different values of G
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Fig.3. Velocity profile for different values of M
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Fig.4. Velocity profile for different values of K
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Fig. 5 (a). Velocity profile for different values of Pr
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Fig. 5 (b). Temperature profile for different values of Pr
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Fig. 6 (a). Velocity profile for different values of R
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Table 1: EffectofG.,GC , M and K on C;
(R=1.0,Pr=0.71, Sc =0.6)

Gr Gm M K C;

50 50 1.0 50 1.4562
100 50 10 50 1.8526
50 100 1.0 5.0 21261
50 50 20 50 0.6143
50 50 1.0 10.0 1.4265

Table 2: Effectof R and Pr on C; and Nu

(G,.=5.0, Gc=5.0, M =1.0, K =5.0, Sc =0.6)

R Pr C, Nu

1.0 0.71 1.4456 1.1419
20 0.71 15429 1.3654
1.0 7.0 12315 1.0946

Table 3: Effect of Sc on C; and Sh

(G.=5.0, 6Gc=5.0, M =1.0, K=5.0, R =1.0,Pr=0.71)

Ssc C; Sh

0.22 1.4479 0.5654
0.60 1.1364 0.4429




