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The purpose of this paper is to consider a two dimensional free convective flow of a nanofluid due to the
combined effects of thermal and mass diffusion in the presence of a chemical reaction of first order. The
objective of the present investigation is to analyze the free convective flow in the presence of prescribed wall heat
flux and mass flux condition. The governing equations of the linear momentum, energy equation and
concentration are obtained in a dimensionless form by introducing a suitable group of similarity transformations.
The transformed coupled non-linear ordinary differential equations are solved numerically by using appropriate
boundary conditions for the various values of physical parameters. Computations are performed for a wide range
of values of the various governing flow parameters of the velocity, temperature and species concentration profiles
and results are presented graphically. Numerical results for the skin friction coefficient and local Nusselt number
are also presented and analyzed in detail. The obtained results are compared with previously published work and
are found to be in excellent agreement. The results are a very useful source of information for researchers on the
subject of a free convective flow of a nanofluid. This paper illustrates chemical reaction effects on free
convective flow of a nanofluid from a vertical plate with uniform heat and mass fluxes.
Key words: free convective flow, nanofluids, chemical reaction.

1. Introduction
A critical review of convective heat transfer of nanofluids can be found in the review article by
Daungthongsuk and Wongwises [1]. Nanofluids are new kind of fluid consisting of uniformly dispersed
and suspended nanometer-sized particles (called nanoparticles) or fibers in fluids. They have
unprecedented thermal characteristics. They exhibit enhanced thermal properties, among them; higher
thermal conductivity and heat transfer coefficients compared to the base fluids. Recent simulations of the
cooling system of a large truck engine indicate that the replacement of the conventional engine coolant
(ethylene glycol-water mixture) with a nanofluid would provide considerable benefits by removing more
heat from the engine. The nanofluid would reduce the temperature, radiator size and pump size. Hence,
there is considerable interest in the use of nanofluids for any process that requires cooling. Processing time
could be reduced using nanoparticles in water compared to using water to cool. Keblinski et al. [2]
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examined nanofluids for thermal transport. Murshed et al. [3] studied thermophysical and electrokinetic
properties of nanofluids. Phelan et al. [4] examined heat transfer applications for nanofluids. Heat transfer
characteristics of nanofluids were studied by Trisaksri and Wongwises [5]. De et al. [6] investigated the
influence of nanofluids on magnetohydrodynamic heat and mass transfer over a non-isothermal wedge
with variable viscosity and thermal radiation. Albadr et al. [7] investigated heat transfer through a heat
exchanger using $Al_{2}O_{3}$ nanofluid at different concentrations. Mirmasoumi and Behzadmehr [8]
studied the effect of nanoparticles mean diameter on mixed convection heat transfer of a nanofluid in a
horizontal tube. Yu and Choi [9] examined the role of interfacial layers in the enhanced thermal
conductivity of nanofluids. Nandy et al. [10] studied the natural convection of nanofluids. Chemical
reaction is a process involving one or more substances, characterized by a chemical change and yielding
one or more products which are different from the reactants. A chemical change is defined as molecules
attaching to one other to form larger molecules, molecules breaking apart to form two smaller molecules,
or rearrangement of atoms within molecules. Chemical reactions can be termed as either a heterogeneous
or homogeneous processes. This depends on whether they occur at an interface or as a single phase
volume reaction. Homogeneous reactions are chemical reactions in which the reactants are in the same
phase, while heterogeneous reactions have reactants in two or more phases. For example, a reaction
between gases, liquids or solids is homogeneous. A reaction between a gas and a liquid, a gas and a solid,
or a liquid and a solid is heterogeneous. Effects of chemical reaction heat and mass transfer on laminar
flow along a semi infinite horizontal plate were examined by Anjali Devi and Kandasamy [11, 12]. They
also studied the effects of chemical reaction, heat and mass transfer on non-linear MHD laminar boundary
layer flow over a wedge with suction and injection. Chamkha [13] developed MHD flow of uniformly
stretched vertical permeable surface in the presence of heat generation/ absorption and a chemical
reaction.
Fairbanks and Wike [14] presented diffusion and chemical re-action in an isothermal laminar flow
along a soluble flat plate. Fan et al. [15] investigated the similarity solution of mixed convection with
chemical reaction over a horizontal moving plate. Ibrahim and Makinde [16] investigated MHD boundary
layer flow of chemically reacting fluid with heat and mass transfer past a stretching sheet. Rajeswari et al.
[17] studied chemical reaction, heat and mass transfer on nonlinear MHD boundary layer flow through a
vertical porous surface in the presence of suction. Kandasamy et al. [18] studied the effects of chemical
reaction, heat and mass transfer on non-linear laminar boundary-layer flow over a wedge with suction or
injection. Mansour et al. [19] examined the effects of chemical reaction and thermal stratification on MHD
free convective heat an mass transfer over a vertical stretching surface embedded in a porous media
considering Soret and Dufour numbers. Mingchun et al. [20] developed the non thermal equilibrium model
of the coupled heat and mass transfer in strong endothermic chemical reaction system of porous media.
Patil et al. [21] investigated the effects of chemical reaction on mixed convection flow of a polar fluid
through a porous medium in presence of internal heat generation. Very recently, Patil [22] developed
chemical reaction.
To the best of author's knowledge, no previous study has been undertaken to examine the effects of
chemical reaction with heat and mass transfer of a nanofluids over a semi-infinite vertical plate. The flow
configuration is modeled as a vertical plate filled with nanofluid containing soluble and insoluble chemical
materials. The transformed dimensionless governing equations are solved numerically. The effects of various
physical parameters on velocity, temperature, concentration fields as well as on skin-friction coefficient and
local Nusselt number are analyzed in details.

2. Mathematical formulation
We consider steady, laminar, two-dimensional mixed convection flow of a viscous incompressible
nanofluid through a porous medium over a semi-infinite vertical porous plate. Figure 1 shows the coordinate
system and the physical model for the flow configuration. The x-axis is taken along the vertical plate and
y-axis is normal to it. The surface is maintained at a prescribed heat flux qw as well as a mass flux mw . The
concentration of diffusing species is assumed to be very small in comparison with other chemical species far
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from the surface C  , and is infinitely small. Hence, the Soret and Dufour effects are neglected. However, the
first-order homogeneous chemical reactions is assumed to take place in the flow. All thermo-physical
properties of the fluid in the flow model are assumed to be constant except the density variations causing the
buoyancy force represented by the body force term in the momentum equation. The boussinesq approximation
is invoked for the fluid properties to relate density changes to temperature and concentration changes, and to
couple in this way the temperature and concentration fields to the flow field (Schlichting, [23]). Under the
above assumptions, the equations of conservation of mass, momentum, energy and concentration governing the
problem of free convection boundary layer flow along a plate are given by (Patil [22]):

Fig.1. Flow model and coordinate system.
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All of the parameters appearing in Eqs (2.1)- (2.4) are defined in the nomenclature section.

(2.4)
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The appropriate boundary conditions are
y  0 : u  0,
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Eq.(2.6) in Eqs (2.2), (2.3) and (2.4), we obtain the following transformed equations
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are the Grashof number due to temperature, Grashof number due to concentration, buoyancy ratio, Prandtl
number, chemical reaction parameter, Lewis number, Brownian motion parameter and thermophoresis
parameter, respectively.
The corresponding boundary conditions (2.5) reduce to the following non-dimensional form
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0:

f   0,
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(2.11)
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The quantities of physical interest, namely, the skin-friction coefficient, local Nusselt number and
the local Sherwood number are defined, respectively, as
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3. Results and discussion
Numerical solutions to study the various governing parameter effects of chemical reaction on a free
convective flow of a nanofluid over a semi-infinite vertical plate in the presence of chemical reaction are
reported. The results are presented graphically in Figs 2-12 and conclusions are drawn to analyze the effects
of various physical quantities of interest on the velocity, temperature and concentration distribution as well
as on the skin-friction coefficient and local Nusselt number. Comparisons of the present results with
previously published works (see Tab.1) have been made and excellent agreement have been obtained.
Table 1. Comparison of Nu x Grx1/ 5 for selected values of Pr to previously published results with
  0.0,   1.0,   0.0, Nb  0.1, Nt  0.0, Le  0.0.
Pr

Lee et al. [24]

Chang and Lee [25]

Patil [22]

0.1
0.7
7.0

0.2632
0.4838
0.8697

0.2634
0. 4838
0. 8697

0.263914
0.483776
0.870026

Present Results
0.26291
0.47910
0.87084

Figures 2 illustrate the influence of the buoyancy parameter  on the velocity f '(, ) profiles. For
the aiding flow (  0 ) , the ratio of buoyancy forces shows the significant overshoot in the velocity profiles
near the surfaces for lower and higher Prandlt numbers. Although, the magnitude of the overshoot increases
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with the ratio of the buoyancy forces parameter  (  0) , it decreases as the Prandtl number Pr increases.
The physical reason is that the buoyancy force  has a stronger effect more in smaller Prandtl number fluid
due to the lower viscosity of the fluid. Hence, the velocity increases within the boundary layer due to
combined effects of assisting buoyancy forces, acting as a favorable pressure gradient and the velocity
overshoot occurs. For higher Prandtl numbers Pr, the overshoot is less present as compared to the lower
Prandtl numbers. Because a higher Prandtl number Pr in more viscous fluid makes it less sensitive to the
buoyancy forces.

Fig.2. Velocity profile vs.  for different values of  .
The effects of the Brownian motion parameter Nb on velocity f '(, ) , temperature (, ) and
concentration (, ) are shown in Figs 3-5. The boundary layer profiles for the temperature are of the same
form as in the case of regular heat transfer fluids. The fluid velocity and temperature in the boundary layer
increases with the increase in the Brownian motion parameter Nb. But the nanoparticle volume fraction
profile decreases with the increase in the Brownian motion parameter Nb. The Brownian motion serves to
warm the boundary layer and simultaneously exacerbates particle deposition away from the fluid regime
(onto the surface), thereby accounting for the reduced concentration magnitudes in Fig.8. The Brownian
motion of nanoparticles can enhance thermal conduction via one of two mechanisms, either a direct effect
owing to nanoparticles that transport heat or alternatively via an indirect contribution due to microconvection of the fluid surrounding individual nanoparticles. For small particles, the Brownian motion is
strong and the parameter Nb will have high values, the converse is the case for large particles and clearly the
Brownian motion does exert a significant enhancing influence on both temperature and concentration
profiles.
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Fig.4. Temperature profile vs.  for different values of Nb.
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Fig.5. Concentration profile vs.  for different values of Nb.
Figures 6-8 illustrate profiles for velocity f '(, ) , temperature (, ) and concentration (, )
distributions for various values of the thermophoretic parameter Nt. It is noted that both the fluid velocity and
temperature increases whereas the nanoparticle volume fraction decreases with an increase in Nt. It is
observed that an increase in Nt results in an increase of the temperature and concentration differences
between the stretching surface and the ambient fluid. Thus, it is noticed that the velocity and temperature
profiles increase but the thickness of the concentration boundary layer decreases with the increase of the
values of the thermophoretic parameter Nt. We notice that positive Nt indicates a cold surface while negative
to a hot surface. For hot surfaces, thermophoresis tends to blow the nanoparticle volume fraction boundary
layer away from the surface since a hot surface repels the sub-micron sized particles from it, thereby forming
a relatively particle-free layer near the surface. As a consequence, the nanoparticles are distributed just
outside. In particular, the effect of increasing the thermophoretic parameter Nt is limited to increasing
slightly the wall slope of the nanoparticle volume fraction profiles but decreasing the nanoparticle volume
fraction profiles.
Figures 9-10 display the variations of the velocity, temperature and concentration profiles for various
values of the chemical reaction parameter   0 (species consumption or destructive chemical reaction). It is
observed that the magnitude of the velocity and concentration distributions increase significantly when the
chemical reaction parameter  is increased. An increase in the concentration of the diffusing species
increases the mass diffusion and thus, in turn, the fluid velocity increases. On the contrary, for   0
(species generation or constructive chemical reaction), as  increases the velocity distribution decreases, so
that the concentration reduces.
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Fig.6. Velocity profile vs.  for different values of Nt.

Fig.7. Temperature profile vs.  for different values of Nt.
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Fig.8. Concentration profile vs.  for different values of Nt.

Fig.9. Velocity profile vs.  for different values of  .
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Fig.10. Concentration profile vs.  for different values of  .
Figures 11- 12 illustrate the effect of the skin friction coefficient and local Nusselt number with
changes in the values of Nb and Nt. It is observed that the effect of increasing Nb is to increase the skin
friction coefficient and the local Nusselt number for all the values of Nt.

Fig.11. Variation in the skin-friction coefficient with Nb for various values of Nt.
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Fig.12. Variation in the Nusselt number with Nb for various values of Nt.

4. Conclusion
A detailed numerical study has been carried out for a mixed convection flow of a nanofluid in the
presence of chemical reaction. A transformed set of non-similar equations was obtained and were solved
numerically. Comparisons with previously published results (see Tab.1) on special cases were made and
found to be in excellent agreement. The effects of various physical parameters were examined in the
boundary layer and analyzed in details.
The following conclusions are drawn from the numerical results:
(i)
the effect of the ratio of buoyancy forces  caused overshoot in the velocity profiles;
(ii) the effect of the Prandtl number Pr increase in temperature profile;
(iii) the effect of the Brownian motion parameter Nb and thermophoretic parameter Nt increase for
velocity and temperature profiles whereas a reverse effect can be seen for concentration profile;
(iv) the effect of the Lewis number Le and the buoyancy parameter  decreases the concentration
boundary layer;
(v) the effects of the chemical reaction parameter  are found to decrease the velocity and concentration
profiles;
(vi) the effects of the Brownian motion parameter Nb and thermophoresis parameter Nt are found to be
significant for the skin-friction coefficient and local Nusselt number.

Nomenclature
C  species concentration
 local skin friction coefficient

C fx
Cp

 specific heat at constant pressure

 species concentration far away from the wall
D  mass diffusivity
DB  Brownian diffusion coefficient

C

DT

 thermophoretic diffusion coefficient
f  dimensionless stream function
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 Grashof numbers due to temperature and concentration, respectively
g  acceleration due to gravity
h  heat transfer coefficient
hm  mass transfer coefficient
k1  first order chemical reaction rate
L  characteristic lenght
Le  Lewis number
mw  mass flux per unit area of the plate
Nb  Brownian motion parameter
Nt  thermophoresis parameter
Nu x  local Nusselt number
Pr  Prandtl number
Sh x  local Sherwood number
T  temperature in the boundary layer
T  temperature of the fluid far away from the wall

Gr,Gr*

qw
u, v
x, y
T , c


, 

, 

 , *





 heat flux per unit area of the plate
 velocity component in the x and y-directions
 flow directional coordinate and normal to the stretching sheet
 volumetric coefficients of the thermal and concentration expansions, respectively
 chemical reaction parameter
 transformed variables
 kinematic viscosity
 dimensionless temperature and concentration, respectively
 buoyancy parameters due to temperature and concentration gradients, respectively
 dynamic viscosity of the fluid
 density of the fluid
 stream function

Subscripts
C  of concentration
T  of temperature
w  conditions at the wall
,   denote the partial derivatives w.r.t. these variables, respectively
  free stream condition
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