International Journal of Mathematical Archive-6(9), 2015, 10-17
@I MA Available online through www.ijma.info ISSN 2229 - 5046

HEAT AND MASS TRANSFER EFFECTS ON MHD BOUNDARY LAYER STAGNATION-POINT
FLOW OVER A NONLINEAR STRETCHING/SHRINKING SHEET IN POROUS MEDIA

1R. N. JAT, 2A. K. JHANKAL, 3DEEPAK KUMAR*

13 Department of Mathematics, University of Rajasthan, Jaipur-302 004, India.

2Department of Mathematics,
Army Cadet College Wing, Indian Military Academy, Dehradun-248007, India.

(Received On: 10-08-15; Revised & Accepted On: 10-09-15)

ABSTRACT

An analysis is made to study two dimensional incompressible MHD boundary layer stagnation-point flow over a
nonlinear stretching/shrinking sheet in porous media. The stretching/shrinking velocity and the external flow velocity

imply normal to the stretching/shrinking sheet are assumed toU (X) = x™, where m is a constant and x is distance

from the stagnation point. The governing partial differential equations are transformed into ordinary differential
equations by means of similarity transformations. The resulting non-linear ordinary differential equations are solved
using Runge-Kutta fourth order method along with shooting technique. The velocity and temperature distributions are
discussed numerically and presented through graphs. The numerical values of Skin-friction coefficient and Nusselt
number at the stretching/shrinking sheet are derived, discussed numerically for various values of physical parameters
and presented through tables.

Key words: MHD, boundary layer flow, stretching/shrinking sheet, porous media, similarity transformations,
numerical study.

NOMENCLATURE

a,b  Constants, [-]
B, Constant applied magnetic field, [Wb m™]

C, Specific heat at constant pressure, [J Kg ™ K™]
f Dimensionless stream function, [-]

Ec  Eckert number (= uz/Cp T, -T.). [

K Permeability of the porous medium, [Darcy]

M Magnetic parameter (= B2 / pb) , [-]
Pr Prandtl number (= ,uCp/lc), ]
S Porosity parameter (= vx' " / Kb), []

T Temperature of the fluid, [K]
u,v  Velocity component of the fluid along the x and y directions, respectively, [m s =]

X,y  Cartesian coordinates along the surface and normal to it, respectively, [m]
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GREEK SYMBOLS

Density of the fluid, [Kg m™]
Viscosity of the fluid, [Kg m s7]

Electrical conductivity, [m? s™]

@

Dimensionless similarity variable, [= (vxU )"'? f (17)]

Thermal diffusivity, [m*s™]
Kinematic viscosity, [m* s™]
Thermal conductivity, [W m™ K]

Stream function, [= (U, /wx)"'?y]
Dimensionless temperature, [= (T —=T_)/(T,, —T.)]
Stretching/Shrinking parameter, [= a/b]

" DR ASTKRI 90

SUPERSCRIPT

Derivative with respect to 77 Subscripts

w Properties at the plate
00 Free stream condition

1. INTRODUCTION

The study of boundary layer flow over a stretching/shrinking sheet has generated much interest in recent years in view
of its significant applications in industrial manufacturing such as glass-fibber and paper production, hot rolling, wire
drawing, drawing of plastic films, metal and polymer extrusion and metal spinning. Both the Kinematics of
stretching/shrinking and simultaneous heating or cooling during such processes has a decisive influence on the quality
of the final products (Magyari and Keller [12]). A stagnation flow describes that the fluid motion near the stagnation
region exists on a solid body where the fluid moves towards it. The stagnation region encounters the highest pressure,
the highest heat transfer are highest rate of mass deposition. The heat transfer in the flow due to a stretching sheet is
very important in practically. This type of flow appears in many industrial and engineering processes and in those
cases; the qualities at the final products depend to a great extent on the rate of cooling. Stokes [23] was probably the
first to study the flow of a viscous incompressible fluid past to an impulsively started infinite horizontal plate. In recent
years, MHD flow problem have become more important industrially. Indeed, MHD laminar boundary layer behavior
over a stretching surface is significant type of flow having considerable practical application in chemical engineering
electrochemistry and polymer processing. In his pioneering work, Sakiadis [21] developed the flow field due to a flat
surface, which is moving with a constant velocity in a quiescent fluid. Crane [1] extended the work of Sakiadis [21] for
the two-dimensional problem where the surface velocity is proportional to the distance from the flat surface. As many
natural phenomena and engineering problems are worth being subjected to MHD analysis, the effect of transverse
magnetic field on the laminar flow over a stretching surface was studied by number of researchers [5-9, 11].

The boundary layer flow of an incompressible viscous fluid over a shrinking sheet has received considerable attention
of modern day researchers because of its increasing application to many engineering systems. Wang [24] first pointed
out the flow over a shrinking sheet when he was working on the flow of a liquid film over an unsteady stretching sheet.
Later, Miklavcic and Wang [15] obtained an analytical solution for steady viscous hydrodynamic flow over a
permeable shrinking sheet. Then, Hayat et al. [8] derived both exact and series solution describing the
magnetohydrodynamic boundary layer flow of a second grade fluid over a shrinking sheet. The problem of stagnation
flow towards a shrinking sheet was studied by Wang [25]. Nadeem and Awais [17] studied thin film flow of an
unsteady shrinking sheet through porous medium with variable viscosity. Bachok and Ishak [2] studied numerically, the
stagnation-point flow and heat transfer over a nonlinear stretching/shrinking sheet and they found that the solution for
shrinking sheet are non-unique for m>1/3. Viscous flow over an unsteady shrinking sheet with mass transfer was
studied by Fang and Zhang [5]. Fang and Zhang [6] solved the Full N-S equation analytically for two dimensional
MHD viscous flow due to a shrinking sheet. Fang and Zhang [7] investigated the heat transfer characteristics of the
shrinking sheet problem with a linear velocity. Later on, Noor et al. [18] studied the MHD viscous flow due to
shrinking sheet using Adomian decomposition Method (ADM) and they obtained a series solution. Sajid and Hayat
[20] applied homotopy analysis method for the MHD viscous flow due to a shrinking sheet. Midya [13] studied the
magnetohydrodynamic viscous flow and heat transfer over a linearly shrinking porous sheet. Effect of chemical
reaction, heat and mass transfer on nonlinear boundary layer past a porous shrinking sheet in the presence of suction
was studied numerically by Muhaimin et al. [16]. Midya [14] obtained a closed form analytical solution for the
distribution of reactant solute in a MHD boundary layer flow over a shrinking sheet.
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Motivated by works mentioned above and practical applications, the main concern of the present paper is to study the
problem of two dimensional incompressible MHD boundary layer stagnation-point flow over a nonlinear

stretching/shrinking sheet with velocity U, = ax™and free stream velocity is U, = bx™ in porous media, where

a,band m are constants.

2. MATHEMATICAL FORMULATION OF THE PROBLEM

Let us consider the problem of steady two-dimensional laminar MHD stagnation-point flow over a nonlinear
stretching/shrinking sheet with velocity U, = ax™ and free stream velocity is U, = bx™ in porous media. The fluid
is an electrically conducting incompressible viscous fluid. It is assumed that external field owing polarization of
charges and Hall-effect are neglected. The free stream temperature T_ is constant, x-axis is along the sheet and y-axis

perpendicular to it, the applied magnetic field is transversely to x-axis. Under the usual boundary layer approximations,
the governing equation of continuity, momentum and energy (Pai [19], Schlichting [22], Bansal [3]) under the influence
of externally imposed transverse magnetic field (Jeffery [10], Bansal [4]) are:

ou ov
M N @
oxX oy
2 B 2
ua—u+va—u:Uw dUw+Vau_ae o U W @
ox oy dx oy? P K
oT aT 8T o,B,u> v (au)
U—+V—=a—+ —| — (3)
OX oy oy C, C, oy
Accompanied by the boundary conditions:
y=0:u=U,, v=0, T=T,
y—>o:u—->U_, T>T, 4

The governing partial differential equations (1) — (3) can be reduced to ordinary differential equations by introducing
the following transformation

u,\"” T-T,
n={—=| yw=xU,)"f(n),001)=——7- (5)
VX T,-T,
. o _ _ _ L oy oy
Where 77 is the similarity variable and y is the stream function defined in the usual way as U =——,V =— 5_
X
which identically satisfies (1).
The transformed non-linear ordinary differential equations are:
f"'+m(l—f’2)+(m+1jff”—Mf'—Spf':0 (6)
§—+(m+1]f¢9'+Ec(Mf'2+f"2)=0 ©
r
Where,
BZ
M= 920 (Magnetic parameter),
ob
S = i (Porosity parameter)
p Kb yp ;
2
ECc =——————— (Eckert number),
C(T -T)
p w ['e]
Pr= ﬁ (Prandtl number )
K
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The corresponding boundary conditions are reduced to:

f(0)=0,f (0)= ¢, 6(0)=1

f (c0) > 1, H(0) — 0. (8)
Where & = a/b is the stretching/shrinking parameter with & >0 for stretching and & <0 for shrinking.

3. RESULTS AND DISCUSSIONS

The system of governing equations (6)-(7) together with the boundary condition (8) is non-linear ordinary differential
equations depending on the various values of Prandtl number Pr, the Eckert number Ec, the velocity exponent
parameter m, the porosity parameter Sp, magnetic parameter M, and the stretching/shrinking parameter €. The system

of equations (6)-(7) is solved by Runge-Kutta fourth order scheme with a systematic guessing of f (0) and & (0) by

the shooting technique until the boundary conditions at infinity are satisfied. The step size An = 0.01 is used while
obtaining the numerical solution and accuracy upto the seventh decimal place i.e. 1 x 107, which is very sufficient for
convergence. The computations were done by a programme which uses a symbolic and computer language Matlab.

In order to verify the accuracy of our present method, we have compared our results with those of Backok and Ishak
[4]. Table 1 compares the values of f (0)and - (0) for &= -1.1 (shrinking case), Pr=0.7,S,= 0 and M = 0.
The comparisons are found to be in excellent agreement.

Table-1: Numerical values of f (0) and - @ (0) for different values of m are compared with the result obtained by
Backok and Ishak [4], when & =-1.1 (shrinking case), Pr = 0.7, S, = 0 and M=0.

Norfifah Bachok and Anurag Ishak [4] | Present paper results
m £ (0) -9'(0) f(0) -0'(0)
2/3 .8213 0.1149 .8210 0.1146
1 1.1867 0.1828 1.1861 0.1829
2 1.8719 0.2903 1.8705 0.2907

It is observed from tables 2 and 3 that shear stress and Nusselt number respectively increase due to increase in velocity
exponent parameter m, for the given values of Prandtl number Pr, stretching/shrinking parameter &, Eckert number Ec,
magnetic parameter M and porosity parameter Sy,

Table-2: Numerical values Skin friction coefficient, when Pr = 0.7, & = —1.1 (shrinking case),
Ec=0.1, M=0.1and S, =.06

m | f(0)
213 | 9210
1 | 1.2367
2 | 1.89476

Table-3: Numerical values Nusselt number when Pr=0.7, & = -1.1 (shrinking case), Ec = 0.01, M = 0.01, S, = .0001

m | -0(0)
2/3 | .0860
1 | 0.15340
2 | 0.26260

Figure 1 and Figure 2 shows the effect of velocity exponent parameter m on the velocity and temperature profiles
respectively. From Figure 1, we observed that the effect of increasing values of m is to increases the velocity
distribution in the flow region and it makes the momentum boundary layer thickness thinner. The dimensionless
temperature profile for different values of m is demonstrated in Figure 2. From the figure it is seen that the velocity
exponent parameter m affects the temperature distribution in addition to velocity field. With increasing m the
temperature decreases and consequently, the thermal boundary layer thickness reduces.

The impacts of magnetic parameter M on the velocity and temperature profiles are very significant in practical point of
view. In Figure 3 and Figure 4, the variations in velocity field and temperature distribution for several values of M are
presented in shrinking case respectively. The dimensionless velocity increases with increasing values of M.
Accordingly, the thickness of momentum boundary layer decreases. This happens due to the Lorentz force arising from
the interaction of magnetic and electric field during the motion of the electrically conducting fluid. To reduce
momentum boundary layer thickness the generated Lorentz force enhances the fluid motion in the boundary layer
region. On the other hand, from Figure 4, it is noticed that the temperature at a point decreases with M.
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Figure 5, which illustrate the porosity parameter S, on the velocity profile. We infer from this figure that the velocity
profile increase with increasing values of porosity parameter Sy, but quit slowly. This phenomenon corresponds with the
assumption of pure Darcy flow.

Figure 6 shows the effect of Prandtl number (Pr) on temperature profiles in stretching case. We infer from this figure
that due to higher values of Pr the temperature profile shows different character in different ranges of n . First for small
n (n=3), the dimensionless temperature increase with increasing value of Pr and then for large n (n>3) it decreases
with increase of Pr.

Figure 7 and Figure 8 depict the effect of velocity exponent parameter m on the velocity and temperature profiles in
stretching case respectively. From figure 7, we observed that the effect of increasing values of m is to decrease the
velocity distribution in the flow region. The dimensionless temperature profile for different values of m is demonstrated
in Figure 8, we infer from this figure that with increasing m the temperature profile increases.

4. CONCLUSION

In the present study, we have theoretically studied the two-dimensional boundary layer flow and heat transfer of
stagnation-point flow over a stretching/shrinking sheet in the presence of transverse magnetic field. The governing
partial differential equations are transformed into ordinary differential equations by means of similarity
transformations. The resulting non-linear ordinary differential equations are solved using Runge-Kutta fourth order
method along with shooting technique. The velocity and temperature distributions are discussed numerically and
presented through graphs. The numerical values of Skin-friction coefficient and Nusselt number at the
stretching/shrinking sheet are derived, discussed numerically for various values of physical parameters and presented
through tables. From the study, following conclusions can be drawn:

e The effect of increasing values of velocity exponent parameter m is to increases the velocity distribution in
the flow region and decrease the temperature profile in shrinking case, but the reverse phoneme occurs in
stretching case.

e As the magnetic parameter M increases, we can find the velocity profile increases in the flow region and to
decrease the temperature profile. Thus we conclude that we can control the velocity field and temperature by
introducing magnetic field.

Porosity parameter S, has significant effect on the velocity profile.

The higher values of Pr the temperature profile shows different character in different ranges of n . First for
small n (n<3), the dimensionless temperature increase with increasing value of Pr and then for large n (n>3) it
decreases with increase of Pr.

e Shear stress and Nusselt number increase due to increase in velocity exponent parameter m, for the given
values of Prandtl number Pr, stretching/shrinking parametere, Eckert number Ec, magnetic parameter M and
porosity parameter S,
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Figure-1: Velocity profile for various values of m when ¢ =-1.1, Ec=.1, M=.1, Sp =.06.
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Figure-2: Temperature profile for various values of m when ¢ =-1.1, Ec=.01, Pr=.7, M=.01, Sp =.0001.
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Figure-3: Velocity profile for various values of M when ¢ =-1.1, Ec=.1, m=2/3, Sp =.06.
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Figure-4: Temperature profile for various values of M when ¢ =-1.1, Ec=.01, Pr=.7 ,m=2/3, Sp =.0001.
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Figure-5: Velocity profile for various values of Sp when ¢ =-1.1, m=2/3, M=.5.
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Figure-6: Temperature profile for various values of Pr when ¢=-1.1, m=2/3, Ec=.01, M=.01, Sp =.0001.
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Figure-8: Temperature profile for various values of m when ¢=.2, Pr=.7, Ec=.01, M=.01, Sp =.0001.
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