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Abstract In this paper we focus on to obtaining non-similar solutions for steady two dimensional

double diffusive mixed convection boundary layer flows over an impermeable exponentially stretch-

ing sheet in an exponentially moving free stream under the influence of chemically reactive species.

The nonlinear partial differential equations governing the flow, temperature and species concentra-

tion fields are presented in non-dimensional form with the help of suitable non-similar transforma-

tions. The resulting final non-dimensional set of coupled nonlinear partial differential equations is

solved by using an implicit finite difference scheme in combination with the Newton’s linearization

technique. The effects of various non-dimensional physical parameters on velocity, temperature and

species concentration fields are discussed. The results reveal that the streamwise coordinate n
remarkably influences the flow, thermal and solutal concentration fields which display the existence

of non-similar solutions.
� 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Self-similar solutions for the coupled momentum, thermal
and species concentration boundary layers over flat surfaces

are presented comprehensively in the convective heat and

mass transfer text books by Incropera et al. [1] and Bejan
[2]. Bejan [2] has suggested a similarity temperature variable
which reduces the energy equation to an ordinary differen-
tial equation. Soundalgekar and Murty [3] have examined

the effects of power law surface temperature variation on
the heat transfer from a continuous moving surface with
constant surface velocity. Similarity solutions were reported

by Ali [4] for the case of a power-law surface velocity and
three different thermal boundary conditions. Moutsoglou
and Chen [5] have considered buoyancy effects on the flow

and heat transfer from an inclined continuous sheet with
either uniform wall temperature or uniform surface heat
flux.
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Magyari and Keller [6] have examined the heat and mass
transfer characteristics on boundary layer flow due to an expo-

nentially continuous stretching sheet. An effect of suction on
the heat transfer phenomena over an exponentially stretching
continuous surface was examined by Elbashbeshy [7]. Partha

et al. [8] have investigated the effects of viscous dissipation
on the mixed convection heat transfer from an exponentially
stretching surface. Al-Odat et al. [9] have studied the effects

of magnetic field on the thermal boundary layer flow over an
exponentially stretching continuous surface. Sajid and Hayat
[10] have studied the influence of thermal radiation on the
boundary layer flow due to an exponentially stretching sheet.

Bidin and Nazar [11] obtained the numerical solutions of the
boundary layer flow over an exponentially stretching sheet
with thermal radiation. Dulal Pal [12] discussed the mixed con-

vection heat transfer in the boundary layers on an exponen-
tially stretching sheet with magnetic field. The effect of
radiation on the MHD boundary layer flow due to an expo-

nentially stretching sheet was investigated by Ishak [13].
Mukhopadhyay and Gorla [14] have examined the effects of
partial slip on boundary layer flow past a permeable exponen-
tially stretching sheet in the presence of thermal radiation. In

all these studies, self-similar or locally similar solutions have
been presented. Rehman et al. [15] have studied the boundary
layer stagnation point flow of third grade fluid over an expo-

nentially stretching sheet. Stagnation flow of couple stress
nanofluid over an exponentially stretching sheet through por-
ous medium was examined by Rehman et al. [16]. Rahman

and Nadeem [17] have analyzed the heat transfer characteris-
tics over a vertical exponentially stretching cylinder. Rehman
et al. [18] have discussed the nanoparticle effect over the

boundary layer flow from an exponentially stretching cylinder.
Hayat et al. [19–21] have examined the effects of three

dimensional flows for MHD, viscoelastic and Eyring-Powel
fluids over an exponentially stretching sheet. Flow of Casson

nanofluid with viscous dissipation and convective conditions
were studied by Hussain et al. [22].

Further, the phenomenon of chemically reactive species has

special significance in chemical and hydrometallurgical indus-
tries. The formation of smog represents a first order homoge-
neous chemical reaction. For instance, one can take into

account the emission of NO2 from automobiles and other smo-
kestacks. Thus, NO2 reacts chemically in the atmosphere with
unburned hydrocarbons (aided by sunlight) and produces per-
oxyacetylnitrate, which forms a layer of photo-chemical smog.

Chemical reactions can be treated as either homogeneous or
heterogeneous processes. It depends on whether they occur
at an interface or as a single-phase volume reaction [23]. Patil

and Kulkarni [24] have examined the effects of chemical reac-
tion on free convective flow of a polar fluid through a porous
medium in the presence of internal heat generation. Patil and

Pop [25] have studied the effects of surface transfer on
unsteady mixed convection flow over a vertical cone with
chemical reaction. Effects of chemical reaction on mixed con-
vection flow of a polar fluid through a porous medium in the

presence of internal heat generation were examined by Patil
et al. [26]. Hayat et al. [27] have analyzed the effects of temper-
ature and concentration stratification of mixed convection flow

of an Oldroyd-B fluid with thermal radiation and chemical
reaction. Shehzad et al. [28] have discussed the stagnation
point flow of thixotropic fluid with mass transfer and chemical

reaction. Hayat et al. [29] have examined the effects of Soret
and Dufour on three-dimensional flow over an exponentially
stretching surface through a porous medium in the presence

of chemical reaction and heat source/sink. Hsiao [30,31]
analyzed the heat and mass transfer characteristics on mixed

Nomenclature

C species concentration

Cf local skin-friction coefficient
Cp specific heat at constant pressure
Cw concentration at the wall
C1 ambient species concentration

D mass diffusivity
f dimensionless stream function
F dimensionless velocity

g acceleration due to gravity
G dimensionless temperature
Gr;Gr� Grashof numbers due to temperature and species

concentration, respectively
H dimensionless species concentration
L characteristic length (m)
N ratio of buoyancy forces

Nu Nusselt number
Pr Prandtl number ðm=aÞ
ReL Reynolds number

Ri Richardson number
RðxÞ variable chemical reaction rate
Sc Schmidt number ðm=DÞ
Sh Sherwood number
T temperature (K)

Tw temperature at the wall (K)

T1 ambient temperature of the fluid (K)
u velocity component in the x direction (m s�1)
v velocity component in the y direction (m s�1)
x; y Cartesian coordinates (m)

Greek symbols
a thermal diffusivity (m2 s�1)
b; b� volumetric coefficients of the thermal and concen-

tration expansions, respectively
D chemical reaction parameter
e velocity ratio parameter
n; g transformed variables

l dynamic viscosity (kg m�1 s�1)
m kinematic viscosity (m2 s�1)
q density (kg m�3)

w stream function (m2 s�1)

Subscripts
e free stream condition
w conditions at the wall

n; g denote the partial derivatives with respect to these
variables, respectively
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