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We study the two-dimensional free convective oscillatory flow and mass transfer
of a viscous and optically thin gray fluid over a porous vertical plate in the pres-
ence of radiation. The governing partial differential equations have been trans-
formed to ordinary differential equations. Numerical solutions are obtained for
different values of radiation parameter, Grashof number, and Schmidt number.
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Introduction

Many processes in engineering areas occur at high temperature making the
knowledge of thermal radiation heat transfer becomes very important. Plasma physics, gas
turbines, and the various propulsion devices for aircraft, missiles, satellites and space
vehicles, flow through a porous medium in the presence of radiation and glass production are
some examples of such engineering areas.

Seddeek et al. [1] studied the effects of radiation and thermal diffusivity on heat
transfer over a stretching surface with variable heat flux. The free convection flow in the
presence of radiation has been investigated by Hossain et al. [2, 3] and Raptis et al. [4]. The
flow through a porous medium in the presence of radiation has been studied by Raptis [5],
Badruddin et al. [6] and Mukhopadhyay et al. [7]. The magnetohydrodynamics flow in the
presence of radiation has been analyzed by Chamkha et al. [8] and Duwairi [9]. In all these
studies the fluid was assumed to be optically thick.

England et al. [10] have studied the thermal radiation effects of an optically thin
gray gas bounded by a stationary vertical plate. The hydromagnetic free convection flow with
radiative heat transfer in a rotating and optically thin fluid has been investigated by Bestman
et al. [11]. Raptis et al. [12] have studied the hydromagnetic free convection flow with
radiative heat transfer for an optically thin fluid past a vertical plate when the induced
magnetic field is taken into account. Raptis et al. [13] have investigated the unsteady flow of
an optically thin fluid in the presence of free convection and mass transfer. Manivannan et al.
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[14] have studied the free convection for one dimensional flow with radiative heat transfer for
an optically thin fluid past a vertical oscillating plate in the presence of chemical reaction.
Vijayalakshmi [15] studied the effects the radiation on free convection flow past an
impulsively started vertical plate in a rotating fluid for optically thin fluid.

In this work we study the two-dimensional free convective oscillatory flow and mass
transfer past a porous plate in the presence of radiation for an optically thin fluid. The fluid is
a gray, absorbing-emitting radiation but non-scattering medium:

Analysis

We consider the unsteady two-dimensional flow of an incompressible viscous fluid
past an infinite vertical porous plate, through which suction occurs with constant velocity.
The x-axis is along the plate in the upward direction and the y'-axis is normal to it. All the
fluid properties are considered constant except the influence of the density variations with
temperature and concentration. The radiation to the x'-direction is considered negligible as
compared to the y'-direction. The equations governing the problem are

— continuity equation
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where U and v’ are the components of the velocity parallel and perpendicular to the plate, t' —

the time, p’ — the pressure, p — the fluid density, g, — the acceleration due to gravity, T — the

fluid temperature, v — the kinematic viscosity, c, — the specific heat at constant pressure, k —

the thermal conductivity, g. — the radiative heat flux in the y-direction, C' — the
concentration, and D — the chemical diffusivity.

The boundary conditions are:
u'=0, Vv'=-y, a_T,:_q_’ c'=C,, at y'=0
ok ®)
u—>U' =U,1+ee”"), T'>T/, C'>C. as y -

where vy is the constant suction velocity and the negative sign indicates that it is towards the
plate, ¢ — the constant heat flux, T. — the fluid temperature far away from the plate, C;, — the
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species concentration at the plate, C., — the species concentration far away from the plate, Uy
— the mean free stream velocity, @' — the frequency of vibration of the fluid, and e (e < 1) —a
constant quantity.

For the free stream, eq. (2) becomes:

du’ op’
=~ __“F_ , 6
p dt, ax/ poogx ( )
On eliminating op//ox' between (2) and (6) we get:
au o du’ A’
+V =p—+0,(0. — p)+V 7
p[ Py @,] P T 9x (p.—p) pay,z )
The state equation is
x (2. = P) =Gy pB(T' —T.) +9, 0B (C'—C.) ®)
where  is the coefficient of thermal expansion and 8~ — the coefficient of concentration
expansion.
In the case of an optically thin gray fluid the local radiant absorption is expressed as:
aqr * 14 14
——=4do (T."-T")
Y ©)

where d is the absorption coefficient and o~ — the Stefan-Boltzman constant.

We assume that the temperature differences within the flow are sufficiently small
such that T'* may be expressed as a linear function of the temperature. This is accomplished
by expanding T'* in a Taylor series about T! and neglecting higher-order terms, thus:

T =417%T 314 (10)

Equation (9) through (10) takes the form:

_B _16de TR -T)) (11)
oy

Equation (1) gives:

V' =V, (v >0) (12)

On substituting egs. (8), (9), (11), and (12) in egs. (3), (4), and (7) we take:

o’ au du’ ., o o°u’

E—VO§=W+gXﬂ(T ~T)+9,8 (C —Cm)+VW (13)
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Using the transformations:
1, n,2 ' ' ' ' ' ' '
y:M! t:m, T:T -’rm' C:C Coe , u:u—' U:U_, a):4v_§)
v 4y va' c, -C. U Uo VZ (16)

kvg

Gr = g/Bv’q/kUgVg (Grashof number ), Gc = (vgﬁ*(C’ C )/Uovo) (modified Grashof
number) Pr = pvcy/k (Prandtl number), S = 16do” T/°v? (radiation parameter ), Ec =
= kU0 Vo/Cpvg' (Eckert number), Sc = v/D (Schmidt number).

With the help of the non-dimensional quantities (16), egs. (13)-(15) reduce to:
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with the boundary conditions

oT
u=0, —=-1 C=1 at y=0
oy (20)
usU@M)=1+&", T—>0, CoH0 as y—e
In order to solve the system of differential equations (17)-(19) we assume that:

u(y,t) =Up(y) + e uy (y) +... (21)
T(y,t) =Ty (y) + €Ty (y) +... (22)
Cy,1) = Co(y) + £ CL(Y) + ... (23)

On substituting egs. (21)-(23) in egs. (17)-(19) we get the following system of
differential equations:

2
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The corresponding boundary conditions (20) are:
dT, dT,
U=0, uy=0, —2=-1, —1=0, C,=1, =0 at y=0
o h dy dy 0 G y (30)
Uu—>1, y—->1, T,»0, T,»>0, C,—-0, C,—>0 asy—>e
In order to solve the system of the differential egs. (24)-(29) we put:
U (Y) = Uy (Y) +iug, ()

T (y) =To(y) +iT,(Y) (31)

Ci(y) =Cypi(y) +iCpp(Y)

in this system. Equating terms which are independent of i and the coefficients of 1 we get:
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The corresponding boundary conditions (30) become:
di:—l, &:0, OITizo, aty=0
dy dy dy
C,=1, C,;=0 C,=0 (41)
U —>1, uy;->1, u,—->0,
Tp—>0, T;,->0, T,—-0, asy—4

C -0, C;—>0 C,—-0

The solutions for the real part of the velocity, temperature, and concentration field
are given, respectively, by the expressions:

u(y,t) =uy + &(Uy; cos wt —u,, Sin wt) (42)
T(y,t) =T, +&(T;; coswt — Ty, sin wt) (43)
C(y,t) =C, +¢&(Cj; cosawt — C, sin wt) (44)

When wt = n/2 the above expressions become:

u(y) =Uy — &l (45)
T(y)=T, —&Tp (46)
C(y)=C, —&Cyy (47)

where ug, Tg, Co, U1p, Ty, and Cy, derive from the numerical solution of the system of
differential egs. (32)-(40), under the boundary conditions (41), by using the shooting method.

Discussion

In order to understand the physical situation of the problem we have computed the
numerical values of the non-dimensional velocity (45) and non-dimensional temperature (46)
for different values of the physical parameters. The obtained numerical values are illustrated
in figs. 1-5 with & = 0.02 and ot = =/2.
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Figure 1 demonstrates the effect of the radiation parameter S on the non-dimensional
velocity u(y), when Gr = 5, Pr = 0.7, Gc = 2, Ec = 0.001, Sc = 0.22, and @ = 0.8. It is
observed that the non-dimensional velocity decreases with the increase of the radiation
parameter S.

The effect of the Grashof number on the non-dimensional velocity u(y), is shown in
fig. 2, when Pr = 0.7, Gc = 2, Ec = 0.001, Sc = 0.22, S = 0.2, and @ = 0.8. It is noticed that
when the Grashof number increases the non-dimensional velocity also increases.
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Figure 2. Velocity profiles for different values

Figure 1. Velocity profiles for different values of
of Grashof number Gr

radiation parameter S

Figure 3 shows the effect of the Schmidt number on the non-dimensional velocity
u(y), when Gr =5, Pr =0.7, Gc = 2, Ec = 0.001, S = 0.2, and » = 0.8. It is observed that the
non-dimensional velocity decreases with the increase of the Schmidt number.

Figure 4 demonstrates the effect of the radiation parameter S on the non-
dimensional temperature field T(y), when Gr =5, Pr= 0.7, Gc = 2, Ec = 0.001, S = 0.22, and
o =0.8. It is observed that the non-dimensional temperature decreases with the increase of the

radiation parameter S.
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Figure 3. Velocity profiles for different values of Figure 4. Temperature profiles for different
Schmidt number Sc values of radiation parameter S
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Conclusions

An analysis is performed to study the free convective oscillatory flow and mass

transfer past a porous plate in the presence of radiation for an optically thin fluid. The
governing equations are solved numerically. The conclusions of the study are:

The velocity decreases with the increase of the radiation parameter.

e The velocity increases with the increase of the Grashof number.
e The velocity decreases with the increase of the Schmidt number.
e The temperature decreases with the increase of the radiation parameter.
Nomenclature
C — dimensionless concentration U, — mean free stream velocity, [ms™]
c’ — concentration, [molm™] u — dimensionless velocity of the fluid
Cl,  — species concentration at the plate, [molm~] at the X' -direction
C.  — species concentration far away from u’ — velocity of the fluid at the
the plate, [molm~] X -direction, [ms™]
Cp — specific heat at constant pressure, [JkgtK™?] V' — velocity of the fluid at the y'-direction
D - chemical diffusivity, [m’s™] Vo - suction velocity, [ms™]
Ec — Eckert number, [-] X' — co-ordinate axis along the plate
g,  — acceleration due to gravity, [ms™?] y' — co-ordinate axis normal to the plate
G — modified Grashof number, [-] Greek svmbols
Gr  — Grashof number, [-] Y
k — thermal conductivity, [WmK™] a — absorption coefficient, [m™]
Pr — Prandtl number, [—2] B — coefficient of thermal expansion, [K™]
p’ — pressure, [kgm™s?] i — coefficient of concentration expansion,
q — heat flux at the plate, [Wm™] [(molm™)™
S — radiation parameter v — kinematic viscosity, [m?s™]
Sc — Schmidt number, [-] P — fluid density, [kgm ]
T — dimensionless fluid temperature o* — Stefan-Boltzman constant, [Wm2K™]
T — fluid temperature, [K] ® — dimensionless frequency of vibration
T, — temperature of the fluid far away of the fluid
from the plate, [K] o' — frequency of vibration of the fluid,
t — dimensionless time [rads™]
t' — time, [S]
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