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Abstract. The mass, momentum and heat transfer in unsteady free convention flow along
an infinite porous vertical plate, suddenly set in uniform motion with variable heat and
mass fluxes at the plate, in the presence of uniform transverse magnetic field fixed to the
plate, has been investigated. Similar solutions of energy and concentration boundary layer
equations, for a particular form of suction/injection velocity v (t), is obtained. For solution
of the momentum boundary layer equation, a series expansion of velocity function in powers
of product of magnetic field parameter and time is assumed. The analytical solutions of
resulting ordinary differential equations have been obtained in terms of repeated integrals of
complementary error functions. Also, the velocity, temperature and concentration profiles
have been drawn and discussed.

Keywords: boundary layer flow, free convection, heat and mass flux, mass transfer, skin
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1. INTRODUCTION

Elbashbeshy [1] and Pohlhausen [2] have free convection flow of fluids past a semi-
infinite isothermal vertical plate in presence of magnetic field. Mohsin and Mandal [3],
Dave et al. [4] and Pathak and Tak [5] have studied the unsteady free convection flow
along an accelerated infinite porous plate, in presence of a transverse magnetic field,
fixed relative to fluid. Soundalgekar [6], Tak and Pathak [7] and Tak and Sisodia [8]
studied the same problem for the magnetic field fixed relative to the plate. In the
present problem unsteady mass, momentum and heat transfer are investigated in free
convection flow of binary fluids along a vertical porous plate suddenly set in uniform
motion in its own plane, with variable heat and mass fluxes in presence of transverse
magnetic field fixed to the plate.
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2. MATHEMATICAL FORMULATION AND ANALYSIS

Consider an unsteady flow of an incompressible electrically conducting fluid in the
presence of foreign species along an infinite vertical porous non-conducting plate in
presence of uniform transverse magnetic field. At time ¢’ < 0 the temperature and
foreign species concentration at the plate and the fluid are assumed to be T7 and
cl, respectively. For ¢’ 0, the plate temperature and species concentration at the
plate are instantaneously raised such that there is a variable heat flux ¢, per unit
area and variable mass flux m,, per unit area from the plate moves upwards in its
own plane and is maintained at uniform velocity uj. The transverse magnetic field
is assumed to be fixed relative to the plate. The axis z’ is taken along the plate
in upward direction upward direction and the axis y’ is normal to it. For a small
concentration level, the Soret-Dufour effects can be neglected in the energy equation.
The electrical conductivity of the fluid is assumed to be small so that the induced
magnetic field can be neglected in comparison of applied magnetic field. Then, under
the usual Boussinesq’s approximations, equations governing the flow in absence of
frictional heating are (Gebhart |9]):
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where ¢’ and v’ are longitudinal and normal components of velocity respectively, v
is the kinematic viscosity, 7" is the temperature, ¢’ is the concentration, D is the
coefficient of mass diffusion, g is the gravitational acceleration,3 is the coefficient
of thermal expansion, 8* is the coefficient of species concentration expansion, k the
thermal conductivity, ¢, is the specific heat at constant pressure, o is the electrical
conductivity, p is the density and By is the uniformly applied magnetic field strength.

The initial and boundary conditions are:
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where m; = 0 B2 /p. The last boundary condition on velocity is obtained by integrat-
ing equation at the boundary layer edge, where
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Introducing the following non-dimensional quantities:
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Ge = Lgoo (Modified Grashof number), Pr = laas (Prandtl number) ,
ug o

Sc = % (Schmidt number)

and then applying the following transformations:
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equations and are reduced to the following set of ordinary linear differential
equations:
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which are associated with the following initial and boundary conditions:
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where a is the suction/injection parameter. It may be noted that for suction a > 0,
for injection a < 0 and for impermeable plate a = 0.

The homogeneous parts of the above system of differential equation admit solutions
in terms of repeated integrals of the complementary error functions (See Abramowitz
and Stegun [10]). For the non-homogeneous part of equation the particular inte-
grals have been obtained by the method of undetermined coefficients. The complete

solutions of equation @ to , satisfying boundary conditions are as follows:
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It may be noted that solution of equation is valid when Pr # 1 and Sc # 1. In
case of Pr =1 and Sc = 1 by taking the limiting values we get
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and the function i"er f.(£) is the repeated integral of complementary error function
defined as:
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and the recurrence relation is

i"Zer fu(€) — 261" er fu(€) — 2ni"erfo(€) = 0. (23)

It is remarked here that the analytical solutions up to first order approximation have
been obtained and higher order terms may be obtained in a similar manner. As the
numerical values of functions like erf.(v/Pr a) for arbitrary values of Pr, Sc and
parameter a are not readily available, the differential equations to , up to
second order with boundary conditions (12]) have also been solved numerically on
computer. For the numerical solution of (7)) to , the unknown initial values have
been computed by the method suggested by Jain and Menon [11] for linear boundary
value problems. For this purpose, the Runge-Kutta-Gill integration scheme with a
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step size of 0.01 has been adopted . To ensure the accuracy of the numerical results so
obtained , we have compared these results with the results obtained by exact solutions
in some simple cases (¢ = 0) in which the numerical values of are readily available in
Abramowitz and Stegun [10] and found that the numerical results obtained by both
the methods are in good agreement.

3. SKIN FRICTION COEFFICIENT

The main physical quantities of interest are skin-friction coefficient

ou’
w (%),
pug /2
which, in present case, can be expressed in the following form:

Cy = (24)
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Numerical values of functions f/, (0) and ¢(0) for ¢ = 0 to 2 obtained by numerical
solution for m = 0.5; Pr = 0.72; a = —0.5,0,0.5; Gr = 5.0,10.0; Gc = 2.0,4.0 and
Sc =0.30,0.60,2.62 are presented in Table

Table 1. Numerical values of wall shear stress functions f/ , i = 0,1, 2,
wall temperature 0(0) function and concentration function ¢(0) for
m = 0.5 and Pr =0.72

[ a [Gr [Ge[Sc [0(0) [c(0) [f5(0) [fi(0) [f0) |
0.5 (5.0 |2.0]0.30]0.68585 | 1.21744 | -1.83271 | 17.2102 | -3.78202
0.5 5.0 |4.0]0.30|0.68585 | 1.21744 | -1.83271 | 24.6409 | -5.34521
0.5 [ 10.0 | 2.0 | 0.30 | 0.68585 | 1.21744 | -1.83271 | 25.1569 | -5.08443
0.5 5.0 |2.0]0.60|0.68585 | 0.77613 | -1.83271 | 13.6166 | -2.88563
0.5 [ 5.0 |2.0]262]0.68585 | 0.26603 | -1.83271 | 10.4687 | -2.28549
0.0 | 5.0 |2.0]0.30|1.04443 | 1.61496 | -1.12838 | 23.2893 | -4.88736
-0.5 5.0 |2.0)0.30 | 1.81493 | 2.25838 | -0.57795 | 34.8856 | -6.98611

Stokes [|12] was the first to find an exact solution to the Navier-stokes equation for
the case of flow past an impulsively started infinite horizontal plate in a viscous
incompressible fluid. The Stokes problems which are of practical interest have been
considered for single fluid. However, in nature, there is present a foreign mass like
water vapor, carbon dioxide, helium etc. Hence we have to consider the flow of binary
fluids. To study the effects of mass transfer on the flow, the value of the Schmidt
number Sc is chosen to be 0.30, 0.60 and 2.62 which represent the diffusing chemical
species of most common interest in air (Pr = 0.72), namely He, H>O and propyl
benzene, respectively (Perry [13]). The value of the magnetic field parameter m is
chosen to be 0.5 in all the cases.

Figure|[l|shows that the curve of skin-friction coefficient C'y increases with time and
become asymptotic as ¢ approaches 0.7. It may be observed that Cj increases with
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Figure 1. Variation of skin-friction coefficient with time at fixed val-
ues of m = 0.5 and Pr = 0.72
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Figure 2. Velocity profile at fixed values of t = 0.5, m = 0.5 and

Pr=0.72
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Figure 3. Temperature profile at fixed values of ¢t = 0.5, m = 0.5 and
Pr=0.72
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Figure 4. Concentration profile at fixed values of ¢ = 0.5, m = 0.5
and Pr = 0.72
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the Grashof number Gr and modified Grashof number Gc¢ whereas it decreases as the
Schmidt number Sc and the suction/injection parameter a increases. Therefore the
presence of foreign species reduces the skin friction.

In Figure [2| the velocity function u is plotted against n. It is observed from the
figure that the velocity decreases as a or Sc increases whereas the velocity increases
with Gr or Gc for a fixed n. Thus the presence of foreign species decreases the
velocity boundary layer thickness. It may also be noted that for the large value of 7,
the velocity u approaches 0.22 when m = 0.5 and ¢t = 0.5 showing that the numerical
solution satisfies the boundary condition |5l as ¥y — oo the exact value being 0.221199.
This also indicates the accuracy of the numerical solutions.

In Figure [3] the temperature profiles are plotted against the variable 7. It is
observed that as a increases, the temperature function 6 decreases for a fixed 7.

In Figure [4] the concentration profiles are plotted against the variable . It may be
noted that the concentration decreases as the parameter a or Sc increases for a fixed

n.

4. CONCLUSIONS

1. Since the graph of C; becomes asymptotic for ¢ > 0.7 in all the cases, it may
be concluded that the flow is reduced to steadiness after time ¢t = 0.7.

2. Presence of foreign species reduces the skin friction and velocity.

3. The thermal boundary layer thickness decreases as the suction/injection pa-
rameter a increases.

4. The concentration function decreases as the parameter a increases for a fixed
value of Sec.

5. The velocity boundary layer thickness decreases as a, or increases whereas it
increases with Gr or Ge.

6. While the plate moves upward with the uniform velocity, the fluid near the
plate moves with greater velocity due to convection, Particularly in the case
of injection of the plate.
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