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In the present study, an analysis is carried out to study the variable viscosity and chemical
reaction effects on the flow, heat, and mass transfer characteristics in a viscous fluid over
a semi-infinite vertical porous plate. The governing boundary layer equations are writ-
ten into a dimensionless form by similarity transformations. The transformed coupled
nonlinear ordinary differential equations are solved numerically by using the shooting
method. The effects of different parameters on the dimensionless velocity, temperature,
and concentration profiles are shown graphically. In addition, tabulated results for the
local skin-friction coefficient, the local Nusselt number, and the local Sherwood number
are presented and discussed.
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1. Introduction

In many transport processes existing in nature and in industrial applications in which
heat and mass transfer is a consequence of buoyancy effects caused by diffusion of heat
and chemical species. The study of such processes is useful for improving a number of
chemical technologies, such as polymer production and food processing. In nature, the
presence of pure air or water is impossible. Some foreign mass may be present either nat-
urally or mixed with the air or water. The effect of the presence of foreign mass on the
free convection flow past a semi-infinite vertical plate was studied by Gebhart and Pera
[1]. The presence of a foreign mass in air or water causes some kind of chemical reac-
tion. During a chemical reaction between two species, heat is also generated [2]. In most
cases of chemical reaction, the reaction rate depends on the concentration of the species
itself. A reaction is said to be first order if the rate of reaction is directly proportional
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to concentration itself [3]. Chemical reaction effects on heat and mass transfer laminar
boundary layer flow have been studied by many authors [4—11] in different situations.

The previous studies are based on the constant physical properties of the fluid. For
most realistic fluids, the viscosity shows a rather pronounced variation with temperature.
It is known that the fluid viscosity changes with temperature [12]. Then it is necessary to
take into account the variation of viscosity with temperature in order to accurately pre-
dict the heat transfer rates. The effect of temperature-dependent viscosity on the mixed
convection flow from vertical plate is investigated by several authors [13-17].

The aim of this work is to study the effects of chemical reaction and variable viscosity
on flow, heat, and mass transfer on a semi-infinite vertical plate with suction. The order
of chemical reaction in this work is taken as first-order reaction.

2. Mathematical formulation

Consider a steady, viscous incompressible Newtonian fluid past a semi-infinite vertical
porous plate which is aligned parallel to a uniform free stream with velocity us. It is
assumed that the viscous dissipation and the heat generated during chemical reaction
can be neglected. Also, it is assumed that the fluid has a constant properties except the
density in the buoyancy term of the momentum equation and in the fluid viscosity which
is assumed to be an inverse linear function of temperature [13].

Under the above assumptions and Boussinesq’s approximation, the boundary layer
equations governing the flow can be expressed as [18]

Ju ov
a‘l‘@ =0, (2.1)
ou odu 1 0 ( du B X
ua+v@—pm 3 (yay>+gﬂ(T Te) +gB*(C—Cs), (2.2)
2
oT +va—T = ka—T (2.3)

“ox dy 9y’
oC dC ’C

u$+V$=Da—y2—KI(C—COO). (24)

The appropriate boundary conditions are

aty=0: u=0, v=-v,, C=C,, T=T,,

2.5
a8y — 0! U— Uy, C—Cu, T— T, (23)

where the x-axis is taken along the plate in the vertically upward direction and the y-
axis is taken normally to the plate.  and v are the velocity components along x and y,
respectively. T is the fluid temperature, C is the species concentration, T, is the ambi-
ent temperature, C is the ambient concentration, p., is the ambient density, g is the
gravitational acceleration, § is the coefficient of thermal expansion, * is the coefficient
of concentration expansion, U« is the ambient viscosity, u is the viscosity of the fluid,
k is the thermal diffusivity, D is the molecular diffusion coefficient, K; is the chemical
reaction parameter, and v,, (> 0) is the suction velocity.
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Introducing the similarity variables,

n= |2 » xy, V(x,¥) = Vo lloX f (1) (2.6)
The velocity components are given by
_ oy _ %y
u= 3y’ y = e (2.7)

It can be easily verified that the continuity equation (2.1) is identically satisfied. Equa-
tions (2.2)—(2.4) reduce to

s (i gy (e (P oo o

e

i %Pr 76/ =0, (2.9)

¢+ %ss f¢' —yScR.¢ = 0, (2.10)

where 0 = (T — To)/(Tyy — T ), ¢ = (C — Cs)/(Cy — Co), 0y = —1/a(T,y, — Too) is the vis-
cosity parameter, R, = U X/7s is the local Reynolds number, G, = gB(T,, — T )x/7% is
the local Grashof number, G, = gf*(C,, — Cw)x>/7% is the local modified Grashof num-
ber, y = Ki1v«/u%, is the chemical reaction parameter, P, = pooCp/k is the Prandtl number,
S¢ = ¥o/D is the Schmidt number, « is a constant (> 0 for liquids) and (< 0 for gases),
Voo = foo/Poos €p 18 the specific heat at constant pressure, and the primes denote differen-
tiation with respect to .
The transformed boundary conditions are given by

n=0:f=f, f/'=0, 0=1, ¢=1,

(2.11)
Hn—o:f —1, 6—0, ¢—0,
where f,, = \/X/Ve UV, (suction parameter > 0).
The physical quantities of interest in this problem are the local skin-friction coefficient
Cg, the local Nussselt number Ny, and the local Sherwood number S, which are defined

by

20,

=6, 1)

R;V2f7(0,6,),  Nux=—RY20(0,6,),  Sux = —RY2¢/(0,6,).
(2.12)

3. Numerical solution and discussion

Equations (2.8)—(2.10) with the boundary conditions (2.11) were solved numerically us-
ing the shooting method. To verify the accuracy of the numerical method, we require
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Figure 3.1. Velocity, temperature, and concentration profiles for various values of 6,.
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Figure 3.2. Velocity, temperature, and concentration profiles for various values of y.

£”(0) and —6/(0) to have exactly the same values as those reported by Hady et al. [15].
Equations (2.8) and (2.9) in our work are the same as those of Hady et al. [15] with
A, = 0 if we take G, = G, = 0. In the present, study our results for f/(0) and —6’(0) for
G, =G.=0,0,=0.2,and p, = 0.7 are —0.19064, 0.26415, respectively which are exactly
as reported in [15].

The velocity, temperature, and concentration profiles obtained in the dimensionless
form are presented in Figures 3.1-3.3 for p, = 0.71 which represents air at temperature
20°C and for S = 0.6 which corresponds to water vapor that represents a diffusion chem-
ical species of most common interest in air. Grashof number for heat transfer is chosen to
be G, = 5, modified Grashof number for mass transfer is chosen to be G, = 4, since these
values correspond to a cooling problem, and Reynolds number R, = 3.0. The values of y
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Figure 3.3. Velocity, temperature, and concentration profiles for various values of f,,.

is chosen to be 0.5, 1, and 3. It is important to note that 0, is negative for liquids and pos-
itive for gases when T, — T« is positive. The values of 8, (for air 8, > 0) are chosen to be
2, 6, and 10. The values of f,, are chosen to be 0.3, 0.5, and 1. The effects of the viscosity
parameter 6, on the velocity, temperature, and concentration profiles are shown through
Figure 3.1. It is seen from this figure that the velocity increases with the increase of the
viscosity parameter while the thermal boundary layer thickness decreases as the viscosity
parameter increases. So, the increase of viscosity parameter accelerates the fluid motion
and reduces the temperature of the fluid along the wall. Also, one sees that the concentra-
tion of the fluid is almost not affected with increase of the viscosity parameter. Figure 3.2
displays the influence of the chemical reaction parameter y on the velocity, temperature,
and concentration profiles. It is clear from this figure that increasing the values of y pro-
duces a decrease in the velocity. This means that in the case of suction, the chemical
reaction decelerates the fluid motion while the temperature of the fluid is almost not af-
fected with increase of y. Also, the chemical reaction decelerates the concentration of the
fluid in the case of suction. Figure 3.3 shows the influence of the suction parameter f,
on the velocity, temperature and concentration profiles in the boundary layer. From this
figure one sees that the thickness of the velocity boundary layer increases as the suction
parameter increases. On the contrary, the thickness of the temperature boundary layer
and the thickness of the concentration boundary layer decreases with an increase in the
suction parameter f,,. Table 3.1 presents the effects of 6,, y, and f,, on the values of the
skin-friction coefficient f//(0), the Nusselt number —6’(0), and the Sherwood number
—¢/(0). The results show that the skin-friction coefficient, the Nusselt number and the
Sherwood number increase as 8, or f,, increases. Also, as the chemical parameter y in-
creases, the skin-friction coefficient and the Nusselt number decrease while the Sherwood
number decreases.

4. Conclusion

The effects of variable viscosity, suction, and chemical reaction on flow, mass, and heat
transfer of a steady incompressible Newtonian fluid past a vertical plate have been studied
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Table 3.1. Effects of various parameters on f”/(0), —8’(0), and —¢/(0) with R, = 3.0.

0, y S f7(0) -6(0) -¢/(0)
2 1 0.5 0.7265 0.50857 1.4331
6 1 0.5 1.1245 0.52738 1.4377

10 1 0.5 1.19899 0.53059 1.4386
2 0.5 0.5 0.754003 0.51109 1.0576
2 1 0.5 0.726512 0.50857 1.43315
2 3 0.5 0.68402 0.505075 2.4045
2 1 0.3 0.70173 0.46411 1.4011
2 1 0.5 0.72652 0.50857 1.4331
2 1 1 0.79371 0.62896 1.51613

numerically using the shooting method. From the previous results and discussion, we
conclude the following.

(1) The velocity increases with the increase of the viscosity or the suction parameter.

(2) The chemical reaction parameter decelerates the fluid motion.

(3) The temperature decreases as the viscosity or the suction parameter increases.

(4) The concentration decreases with the increase of the chemical reaction or the
suction parameter.

(5) The skin-friction coefficient, the Nusselt, and the Sherwood number increase as
the viscosity or the suction parameter increases.

(6) The skin-friction coefficient and the Nusselt number decrease with the increase
of the chemical reaction parameter but the Sherwood number increases as the
chemical reaction parameter increases.
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