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ABSTRACT 

Analytical solutions for the effect of chemical reaction on the unsteady free convection flow past an infinite vertical 
permeable moving plate with variable temperature has been studied. The plate is assumed to move with a constant ve- 
locity in the direction of fluid flow. The highly nonlinear coupled differential equations governing the boundary layer 
flow, heat and mass transfer are solved using two-term harmonic and non-harmonic functions. The parameters that arise 
in the perturbation analysis are Prandtl number (thermal diffusivity), Schmidt number (mass diffusivity), Grashof num- 
ber (free convection), modified Grashof number, Chemical reaction parameter (rate constant), Skin friction coefficient 
and Sherwood number (wall mass transfer coefficient). The study has been compared with available exact solution in 
the literature and they are found to be in good agreement. It is observed that: The concentration increases during gen- 
erative reaction and decreases in destructive reaction. The concentration increases with decreasing Schmidt number. 
The effect of increasing values of K leads to a fall in velocity profiles. The velocity decreases with increasing values of 
the Schmidt number. An increase in modified Grashof number leads to an increase in velocity profiles. The skin friction 
increases with decreasing Schmidt number. In generative reaction the skin friction decreases and in destructive reaction 
the skin friction increases. 
 
Keywords: Heat and Mass Transfer; Chemical Reaction; Perturbation Technique 

1. Introduction 

Chemical heat and mass transfer in natural convection 
flows on vertical cylinders has a wide range of applica- 
tions in the field of science and technology [1]. In sys- 
tems where a chemical reaction of dissociation recombi- 
nation takes place, the total heat transfer may be in- 
creased to the energy transfer by diffusion under the in- 
fluence of a concentration gradient. Heat transfer and its 
related topics are heavily studied fields [2]. These studies 
range from over simplified problems to highly complex 
types of interactions and configurations which requires 
sophisticated numerical schemes and high speed com- 
puters to obtain reasonably accurate results [3]. However 
the common ground for most of these studies is that they 
are solved and analyzed by assuming a pure fluid with no 
contaminants. While this assumption approximates the 
reality in some cases quite well, especially for low parti- 
cle contamination levels, it is not, however, valid in a lot 
of other cases in which the contaminants in the fluid play 
a major role in altering the resultant flow and heat trans- 
fer characteristics [4]. In many world environments, such  

as in Saudi, for example, dust storms or fine dust suspen- 
sion in the air we encountered for many months during 
the year. These fine particles of dust penetrate the enclo- 
sures and the various devices, and have a serious impact 
on the performance of many equipment. 

This example represents a situation of particulate sus- 
pension where a pure fluid assumption does not accu- 
rately represent the reality. The outlook for a direct coal 
fired magnetohydrodynamic (MHD) power generator as 
potentially significant source of energy seems promising 
in view of its efficiently, its effect on environment and 
the availability of needed natural resources. These stud- 
ies are useful in understanding the effect of the presence 
of a slag layer on heat transfer characteristics of a coal- 
fired magnetohydrodynamic (MHD) generator. A fiew 
representative fields of interest in which combined heat 
and mass transfer along with chemical reaction play an 
important role in chemical process industries such as 
food processing and polymer production. Bottemanne [1] 
gave the experimental results for a vertical cylinder with 
simultaneous heat and mass transfer and evaporation of 
water vapour into still air with Prandtl number (Pr = 0.71)  
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and Schmidt number (Sc = 0.63) under the uniform wall 
temperature/concentration condition. Bottemanne’s [1] 
experiments were conducted using a cylinder of “large 
diameter”. The effects of mass transfer on the flow past 
an impulsively started infinite vertical plate under con-
stant heat flux condition along with chemical reaction 
were studied by Das et al. [2]. Exact solutions were de- 
rived by the Laplace-transformation technique. They ob- 
served that the skin friction is positive, at large values of 
the chemical reaction parameter. Sakiadis [3,4] studied 
the growth of the two dimensional velocity boundary layer 
over a continuously moving horizontal plate, emerging 
from a wide slot, at uniform velocity. Soundalgekar [5] 
has studied mass transfer effects on flow past an impul- 
sively started infinite isothermal vertical plate. 

Again, Soundalgekar et al. [6] analyzed the mass trans- 
fer effects on impulsively started infinite vertical plate 
with variable temperature or uniform heat flux. Chambre 
and Young [7] have studied a first order chemical reac- 
tion in the neighborhood of horizontal plate. Ramana- 
murthy and Govinda Rao [8] presented the results for 
flow past an impulsively started infinite vertical plate. 
They gave the detailed effects of mass transfer on the 
plate along with heat flux and chemical reaction. The 
effects of mass transfer on the flow past an impulsively 
started infinite vertical plate under constant heat flux 
condition were studied by Das et al. [9]. Ganesan and 
Rani [10] presented a numerical study of transient flow 
along a semi infinite vertical cylinder subjected to a uni- 
form wall temperature and concentration. Ganesan and 
Rani [11] carried out a numerical study of transient natu- 
ral convection flow over a vertical cylinder under the 
combined buoyancy effects of heat and mass transfer 
along with chemical reaction. Some works are available in 
the subject of MHD convection by Abdelkhalek [12-19], 
Benjamin Gebhart et al. [21] and Muthucumaraswany R. 
and Ganesan P. [22]. Unsteady MHD convection and mass 
transfer flow of micropolar fluid past a vertical perme- 
able moving plate were studied by Zarea et al. [20]. 

It is proposed to study, the flow past an impulsively 
started infinite vertical plate with variable temperature 
and uniform mass diffusion in the presence of a homo- 
geneous chemical reaction. The main reason for the lack 
of study of this problem is due to difficult mathematical 
and numerical procedures in dealing with the non-similar 
boundary layers. The highly non-linear coupled different- 
tial equations governing the boundary layer flow, heat 
and mass transfer are solved using two-term harmonic 
and non harmonic functions. Details of the velocities, 
temperature and concentration fields as well as the local 
skin friction and the local Sherwood number for the vari- 
ous values of the parameters of the problem are presented. 

2. Mathematical Analysis 

Consider unsteady two-dimensional flow of a laminar, 
viscous, and heat absorbing fluid past an infinite vertical 
permeable moving plate. The axial coordinate x' is meas-
ured vertically upward along the plate, and the y' axis is 
taken normal to the plate. At time t' ≤ 0 the plate and 
fluid are at the same temperature  and concentration T
C . At time 0t  , the plate is given an impulsive mo-
tion in the vertical direction against the gravitational field 
with uniform velocity u0, the plate temperature is made 
to raise linearly with time. Also the level of the species 
concentration is raised to wC . It is also assumed that 
there exists a homogeneous first order chemical reaction 
between the fluid and species concentration. But here we 
assume the level of species concentration to be very low 
and hence heat generated during chemical reaction can 
be neglected. In this reaction the reactive component 
given off by the surface, occurs only in very dilute form. 
Hence, any convective mass transport to or from the sur-
face due to a net viscous dissipation effects in the energy 
equation are assumed to be negligible. Under these as-
sumptions, the boundary layer flow with Boussinesq’s 
approximation is governed by: 
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where, u' is the velocity of the fluid in the x' direction, g 
is the acceleration due to gravity, β is the volumetric co- 
efficient of thermal expansion, β* is the volumetric coef- 
ficient of expansion with concentration, T' is the tem- 
perature of the fluid near the plate,  is the tempera-
ture of the fluid away from the plate, w  is the surface 
temperature t' time, t is the dimensionless time, ν is the 
kinematic viscosity, C' species concentration, C dimen-
sionless species concentration,  species concentration 
away from the plate, w  the surface species concentra- 
tion, D mass diffusion coefficient, K thermal conductive- 
ity, Kl chemical reaction parameter, ρ density of the fluid, 
CP specific heat at constant pressure, u dimensionless 
velocity, y' coordinate axis normal to the plate, y dimen- 
sionless coordinate axis normal to the plate.  
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0,  ,  u T T C C         as          (4) y  

where, 2
0 /A u  , u0 velocity of the plate. 

We now introduce the following non-dimensional quan- 
tities:  
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where, G Grashof number, G0 modified Grashof number, 
Sc Schmidt number, μ coefficient of viscosity, θ dimen- 
sionless temperature. 

In Equations (1)-(4), which leads to 
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Equations (6)-(8), represent a set of partial differential 
equations that can not be solved in enclosed form. How- 
ever, it can reduced to a set of ordinary differential equa- 
tions in dimensional form that can be solved analytically, 
this can be done by representing the velocity, tempera- 
ture and the concentration as:  
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Substituting Equations (9)-(11) into Equations (6)-(8), 
equating the harmonic and non harmonic terms and ne- 
glecting the higher order of (ε3), and simplifying we ob- 
tain the following set of differential equations for u, θ 
and C. 
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In the above equations, the primes denote differentia- 
tion with respect to y. 

The boundary conditions (4) after substitution Equa- 
tions (9)-(11) are reduced to, 
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Hence from Equations (18)-(20) under the respective 
boundary conditions (21), and substituting the solutions 
into Equation (11) the solution for concentration distri-
bution is given by:  
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Also, by solving the differential Equations (15)-(17), 
under the boundary conditions (21), and substituting the 
solutions into Equation (10). We have the temperature 
distribution is given by: 
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into Equation (9). We have the velocity distribution. 
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by knowing velocity, temperature, and concentration 
profiles, it is interesting to study about local and average 
values of skin friction. In non-dimensional quantities, the 
skin friction  
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velocity, temperature, rate of mass transfer, skin friction 
and rate of heat transfer. The results are represented 
graphically in Figures 1-10. The Prandtl number, Pr = 
0.71 corresponds to air. The Grashof number, G > 0 cor- 
responds to cooling of the plate by free convection cur- 
rents, and Grashof number G < 0 corresponds to heating 
of the plate by free convection currents [3-6,12-19]. The 
mass diffusion Equation (8) can be adjusted to meet these 
circumstances if one takes, k > 0 for the destructive reac- 
tion, k = 0 for no reaction and k < 0 for the generative 
reaction. The effect of Prandtl number is very important 
in temperature profiles. There is a decrease in tempera- 
ture due to increasing values of the Prandtl number.  

where,  

    

    

0
1

0
2

1
,

1

1

2 1 2 2

r c

r c

G
a

i P G S K i i

G
a

i P G S K i i

  

  

 
  

 
  

 

The numerical values of the concentration profiles are 
computed and plotted in Figure 1 for different values of 
the chemical reaction parameter. Chemical reaction in- 
creases the rate of interfacial mass transfer. The reaction 
reduces the concentration. It is observed that the concen-
tration increases during generative reaction and decreases 
in destructive reaction. For the case of destructive reac- 
tion increasing values of K leads to a fall in velocity pro- 
file as shown in Figure 2. A temporal maximum of ve- 
locity profiles is clearly seen for decreasing values of K. 
For generative reaction, a fall in velocity is observed for 
increasing K. This is due to the fact that as K < 0, the last 
term in the momentum equation becomes positive and 
plays a crucial role. Time required reaching steady state 
increases as K decreases. Here the difference between 
temporal velocity and steady state velocity is not clear as 
in the case of K > 0. 

3. Results and Discussion 

In order to get a physical understanding of the problem 
and for purpose of discussing the results, numerical cal- 
culations have been performed for the concentration,  
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Figure 1. Concentration profile against spanwise coordinate Y for different values of K, with Pr = 0.71, t = 0.2, ω = 5.0, G = 5.0, 
G0 = 5.0, Sc = 0.6. 
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Figure 2. Velocity profile against spanwise coordinate Y for different values of K, with Pr = 0.71, t = 0.2, ω = 5.0, G = 5.0, G0 = 
5.0, Sc = 0.6. 
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Figure 3. Velocity profile against spanwise coordinate Y for different values of Grashof number (G) with Pr = 0.71, t = 0.2, ω = 
5.0, k = 0.2, G0 = 2.0, Sc = 0.6. 
 

The velocity profiles for different values of Grashof 
number G are described in Figure 3. It is observed that 
an increase in G leads to a decrease in the values of ve- 
locity. In addition, the curves show that the peak value of 
velocity increases rapidly near the wall of the plate as 

Grashof number decreases, and then decays to the rele- 
vant free stream velocity. The velocity profiles for dif-
ferent values of modified Grashof number G0 are de- 
scribed in Figure 4. It is observed that an increase in G0 
leads to a decrease in the values of velocity. In addition, 
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the curves show that the peak value of velocity increases 
rapidly near the wall of the plate as modified Grashof 
number decreases, and then decays to the relevant free 
stream velocity. 

The transient concentration profiles for different Schmidt 
number is shown in Figure 5. It is observed that the con- 

centration increases with decreasing Schmidt number. As 
the Schmidt number increases, the mass transfer rate in- 
creases and hence the concentration profiles decreases. 
The velocity profiles for different values of Schmidt num- 
ber is shown in Figure 6. It is observed that the velocity 
decreases with increasing values of the Schmidt number. 
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Figure 4. Velocity profile against spanwise coordinate Y for different values of modified Grashof number (G0) with Pr = 0.71, t 
= 0.2, ω = 5.0, k = 0.2, G = 2.0, Sc = 0.6. 
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Figure 5. Concentration profile against spanwise coordinate Y for different values of Schmidt number (Sc), with Pr = 0.71, t = 
0.2, ω = 5.0, G = 2.0, G0 = 2.0. 
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The effects of buoyancy ratio parameter for both aid-

ing (G/G0 > 0) as well as opposing (G/G0 < 0) are shown 
in Figure 7. It is observed that the velocity increases in 
the presence of opposing flows and decreases with aiding 
flows. Local skin friction values are plotted in Figure 8 
against the Grashof number G. They are increasing for 
decreasing values of Sc. Increasing values of Sc and Pr 
give rise to lower shear stress. Since increasing Sc and Pr 

gives thicker velocity profiles which in turn give lower 
skin friction values. As the buoyancy ratio parameter 
increases, higher skin friction is observed. For generative 
reaction, shear stress decreases as reaction parameter 
decreases. A similar situation is noted for destructive reac- 
tion. 

Local skin friction values are plotted in Figures 9, 10 
against the Grashof number G. They are increasing for 
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Figure 6. Velocity profile against spanwise coordinate Y for different values of Schmidt number (Sc) with Pr = 0.71, t = 0.2, 　ω = 
5.0, k = 0.2, G = 2.0, G0 = 2.0. 
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Figure 7. Velocity profile against spanwise coordinate Y for different values of (G/G0), with Pr = 0.71, t = 0.2, 　ω = 5.0, K = 0.2, Sc 

= 0.6. 
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Figure 8. Skin Friction profile against Grashof number (G) for different values of Schmidt number (Sc) with Pr = 0.71, t = 0.2, ω = 
5.0, K = 0.2, y = 1. 
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Figure 9. Skin friction profile against Grashof number (G) for different values of K, with Pr = 0.71, t = 0.2, ω = 5.0, Sc = 0.6, y = 1.0. 
 

decreasing values of K. As the buoyancy ratio parameter 
increases, higher skin friction is observed. For generative 
reaction, shear stress decreases, as reaction parameter 
decreases. A similar situation is noted for destructive 
reaction. 

4. Conclusion 

A detailed numerical study has been carried out for the 
flow past an impulsively started infinite vertical plate with 
variable temperature and mass diffusion. These circum- 
stances are of interest in several manufacturing processes.  
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Figure 10. Skin Friction profile against modified Grashof number for different values of K, with Pr = 0.71, t = 0.2, ω = 5.0, Sc 
= 0.6, y = 1.0.  
 
The dimensionless governing equations are solved by a 
perturbation technique. Numerical evaluations of the 
closed form results were performed and some graphical 
results were obtained to illustrate the details of the flow 
and heat and mass transfer characteristics and their de- 
pendence on some of physical parameters. The study has 
been compared with available exact solution the litera- 
ture and they are found to be in good agreement. It is 
observed that, the concentration increases during genera- 
tive reaction and decreases in destructive reaction. The 
concentration increases with decreasing Schmidt number. 
The effect of increasing values of K leads to a fall in ve- 
locity profiles. The velocity decreases with increasing 
values of the Schmidt number. An increase in modified 
Grashof number leads to an increase in velocity profiles. 
The skin friction increases with decreasing Schmidt 
number. In generative reaction the skin friction decreases 
and in destructive reaction the skin friction increases. 
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