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The impact of suction/injection on the doubly stratified Newtonian fluid flow along an
inclined stretching surface through a porous medium with heat and mass flux conditions
is investigated. Also, linear Boussinesq approximation is considered in this work to relate
the transport phenomena of temperature and concentration in various thermal and solutal
systems operated at moderate temperatures. The system of governing non-linear equations
is changed to its dimensionless form using suitable transformation variables. The
dimensionless non-linear ordinary differential equation system is linearized by local
linearization approach and then the obtained linear equation system is dealt with
Chebyshev collocation method. The illustrating analyses for the impact of the various
physical parameters involved in the present study are provided and salient features are
also discussed. The comparative studies of dimensionless skin friction coefficient, Nusselt
number and Sherwood number are given with various set of values of various important

parameters.

1. INTRODUCTION

The Newtonian fluids are defined as the fluids in which at
each point, there is a linear correlation between the viscous
stress appearing due to its flow and the rate of change of
deformation over time. This type of fluid is considered as one
of the elementary mathematical models of fluids which takes
care of viscosity. There are no such real fluids which suit
perfectly to the definition, but several gases and liquids e.g.,
air and water, are presumed to show Newtonian behaviour in
most of the realistic computations with simple conditions. In
daily life, many examples of Newtonian fluid are found in the
span of shear stresses with its rate, for example, glycerol,
alcohol and thin motor oil etc. For more details, one can refer
the book by Batchelor, C.K. and Batchelor, G.K. [1]. A porous
medium can be defined as a solid in which voids are scattered
entirely in the bulk of the body and this scattering can be more
or less uniform. Porosity is treated as the most basic
materialistic property of porous medium and described as the
ratio of void volume to the volume of solid. Permeability is the
virtue which regulates the quantity of fluid flow across porous
medium exposed to a pressure difference.

The studies related to heat and mass transfer problems
involved in different porous media have been highly praised
since last a few decades because of its various important
applications in many industrial processes and in the field of
engineering, for example, proper regulation of pile of nuclear
waste, recycling of pollutant coming out of industry, food
processing, etc. The books by Ingham and Pop [2] and Nield
and Bejan [3] consist of detailed discussion about fluid flows
along with heat and mass transfer. The studies related to
different types of flows for various fluids over stretching sheet
are found in literature from many decades ago. Crane [4] has
discussed the flow over a stretching sheet and calculated the

heat conduction in linear stretching case along with skin
friction and heat transfer coefficients. Pal and Hiremath [5]
considered an unsteady stretching surface and performed
computational modelling of heat transfer. Also, in a nanofluid
saturated non-Darcy porous medium, Soret effect on
stagnation-point flow over a stretching/shrinking surface is
discussed by RamReddy et al. [6]. The different analyses
related to boundary layer flow over an inclined stretching sheet
have acquired considerable importance in last a few years due
to its involvement in many important applications for various
sectors of industries and engineering, e.g., as in production of
papers, glass-fibre, drawing of wire and plastic films, in order
to cool the metallic sheets using cool bath, etc. To get some
more insights, one can refer the literature [7, 8] where various
effects and their importance are given for flows over inclined
stretching surfaces.

There is a certain type of fluid flow in which density of the
fluid depends upon the gravity and so the fluid with higher
density is always below the fluid with lower density. This type
of fluid flow is called as stratified flow. The influences of
double stratification on flows over various geometries for
different fluids are studied by many researchers in recent years.
Double diffusive non-Darcian free convection to porous
medium from a wavy vertical wall is considered by Rathish
Kumar [9] and they discussed the collective impact of thermal
and solutal stratification on this flow in detail. The study of
heat and mass transfer in free convection with double
stratification is discussed by Lakshmi Narayana and Murthy
[10]. The impact of double stratification in mixed convective
flow over a vertical plate is presented by Srinivasacharya and
Surender [11]. The impact of double stratification in the
presence of Joule heating and thermal radiation for a flow
caused by curved stretching sheet is presented by Hayat et al.
[12].
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Main objective in this article is to get idea about the impact
of double stratification on laminar Newtonian fluid flow along
an inclined stretching surface immersed in a porous medium
with heat and mass flux conditions. The final non-dimensional
non-linear ODEs obtained are solved with spectral local
linearization method (SLLM) and effect of physical
parameters is discussed with the aid of plots.

2. FORMULATION OF THE PROBLEM

The two-dimensional, laminar and steady flow of
incompressible and viscous fluid over an inclined stretching
porous surface making an acute angle 4 immersed in a porous
medium, is considered. The moving velocity of this porous
surface is taken as U=ax (here a is fixed and termed as
stretching rate). Suppose x-axis is the direction of inclined
stretching sheet’s leading edge and y-axis is in its
perpendicular  direction. The linear stratification of
temperature and concentration are given by T,,(x) = T, +
A'x,C,(x) = Cpo + B'x, where A" and B are stratification
intensity parameter. The Boussinesq’s approximation is also
incorporated in the problem formulation. Gray and Giorgini
[13] have given a detailed description about the Boussinesq’s
approximation and its validity for liquids and gases.

Under all these assumptions and approximations, the
governing equations are:
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Here, (1, v) denotes the x and y components of Darcy
velocity, ¢, v, Kp, g, T, C, pr, fc, k, p, Cp, and D denote the
porosity of the surface, coefficient of viscosity of the fluid,
permeability of the medium, acceleration due to gravity,
temperature and concentration of the fluid, thermal expansion
coefficients, solutal expansion coefficient, thermal
conductivity of the fluid, density of the fluid, specific heat and

mass diffusivity respectively.
The associated BCs can be written as:
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Here, v,, denote suction/injection velocities and Eo, E; are
positive constants. Introduction of stream function y in such a
way that equation of continuity (1) is satisfied, gives,

u=a—w and v=—a—'// (5)
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To get a system of ODEs from the above system of PDEs,
the involved suitable transformations are written as:
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Use of Eqns. (5) and (6) in Eqns. (2)-(4) and BCs (5), gives
a set of ordinary differential equations as:
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where prime indicates the differentiation in respect of 1, Da =
1/2
% is the Darcy parameter, Gr = (gfrE,)/(a’k) (2) and
1/2
Gc = (gBcEy)/(a?D) (g) indicate thermal and solutal

Grashof number respectively. Here, Pr = % indicates the
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Prandtl number, &; = %E— is thermal stratification parameter,
0
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Sc = > indicates Schmidt number and ¢, = \/%E— is solutal
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stratification parameter.
The reduced BCs in the form of newly introduced variables
f, 8 and ¢ can be written as:
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where, 1 = —v,, (av)'/? is a very important parameter related

to suction/injection and in the case of 1>0, the velocity is
termed as suction velocity and for 1<0, it is termed as injection
velocity.

The different physical quantities i.e., skin friction
coefficients, Nusselt and Sherwood numbers are also
calculated in this paper and the expressions for non-
dimensional form of these quantities can be written as:
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3. RESULTS AND DISCUSSION

In this work, influence of thermal and solutal stratification
with the inclined acute angle 4 on incompressible and viscous
Newtonian fluid flow over an inclined stretching sheet situated
in a porous medium has been investigated. The effects of these
parameters on non-dimensional velocity, temperature and
concentration profiles are shown in following figures. The



spectral local linearization method is utilized in this work to
deal with the system of non-dimensional non-linear ODEs and
this method was first given by Motsa [14]. Recently, Chetteti
and Srivastav [15] have explained the implementation of this
methodology in detail. Figure 1 and Figure 2 display the
impact of thermal and solutal stratification on non-
dimensional velocity, temperature and concentration
respectively [16].

Figure 1. Effect of thermal stratification on velocity,
temperature and concentration profiles when Pr=0.72,
8¢=0.22, Gr=5.0, G¢c=5.0, £¢=0.9, Da=0.1, A=45<, £,=0.1

In Figure 3, the influence of angle made by stretching sheet
on these profiles is shown. The effect of these parameters on
non-dimensional physical quantities as Nusselt and Sherwood
numbers with skin friction coefficients are shown in tabular
form labelled as Table 1. The detailed discussion about each
effect is given as follows:

20

Figure 2. Effect of solutal stratification on velocity,
temperature and concentration profiles when Pr=0.72,
S¢=0.22, Gr=5.0, G¢c=5.0, ¢=0.9, Da=0.1, A=45<, £,=0.2
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Figure 3. Effects of change in acute angle A on velocity,
temperature and concentration profiles when Pr=0.72,
Sc=0.22, Gr=5.0, Gc¢=5.0, €=0.9, Da=0.1, £,=0.2, &=0.1

Table 1. Skin friction coefficient, Nusselt and Sherwood
numbers for different combination of parameters

&1 & A Y] Cr Nux Shix

0 0.1 45° -1 028153 0.7238 0.4505
0.1 0.1 45° -1 1.0912 0.7499 04774
0 0.1 45° 1 -14879 13333 0.5202
0.1 0.1 45° 1 -1.5291 1.2425 0.5175
0.1 0 45° -1 0.8046 0.7188 0.4535
0.1 0.1 45° -1 1.0912 0.7499 04774
0.1 0 45° 1 -1.4938 1.2465 0.5366
0.1 0.1 45° 1 -1.5291 1.2425 0.5175
0.1 0.1 30° -1 1.6697 0.7881 0.5027
0.1 0.1 60° -1 02524 0.6871 0.4353
0.1 0.1 30° 1 -1.0988 1.2717 0.5366
0.1 0.1 60° 1 -2.1354 1.1966 0.4872

3.1 Effect of thermal stratification

The effect of thermal stratification on velocity, temperature
and concentration profiles in respect of # are displayed in
Figure 1. The =1 and -1 is taken to study this effect. All other
parameters are fixed to physically relevant values as Pr=0.72,
Sc=0.22, Gr=5.0, Gc=5.0, £=0.9, Da=0.1, 4=45°, £=0.1. It is
noted from the Figure 1(a) that for negative value of 4, there is
sudden increase in the velocity which further reduces with
increasing value of # in the absence and presence of thermal
stratification. The velocity reaches to higher values in the
presence of this parameter ¢; as compared to its absence. But
there is no such thing in the case of positive 4. From Figure

1(b), it is visible that lower temperature is found in the
presence of thermal stratification irrespective of positive or
negative A. Though, the maximum temperature obtained in the
case of negative 4 is far more than that of its positive value. In
the physical sense, the presence of thermal stratification
parameter makes the boundary layer thin because of emerged
temperature difference. Figure 1(c) shows the concentration
variation with respect to # values and it is observed that the
presence of thermal stratification lowers the concentration and
effect is more in the case of negative value of 1. All the
physical quantities are increased in the presence of & for
negative A and opposite nature is found of positive 4.

3.2 Effect of solutal stratification

The effect of solutal stratification on all the profiles of
velocity, temperature and concentration in respect of # is
displayed in Figure 2. The two values 1 and -1 are taken for 1
in order to study this effect. Except the solutal stratification
parameter &, all other involved parameters are fixed to certain
values in their physical range as Pr=0.72, Sc=0.22, Gr=5.0,
Gc=5.0, &=0.9, Da=0.1, A=45°, £1=0.2. From Figure 2(a), it is
clear that the impact of solutal stratification is almost similar
to thermal stratification with enhanced peak value of velocity
in its absence and presence for both negative and positive
values of 4. The impact of &, on temperature and concentration
profiles is also same as that of ¢ in all the cases with more
negative values in a certain range of 7. Like &; case, here also
the physical quantities are increased in the presence of ¢, for
negative A and reverse is noticed for positive 4.

3.3 Effect of change in angle A

The velocity, temperature and concentration profiles for two
acute angles of stretching sheet in the case of positive and
negative 4, are shown in Figure 3. As in the previous cases, all
other parameters are fixed to physically reliable values as
Pr=0.72, §¢=0.22, Gr=5.0, Gc=5.0, ¢=0.9, Da=0.1, £=0.2,
£=0.1. It is observed from all these figures that for positive
values of 4, profiles are almost similar for both the angles but
in the case of negative 4, velocity profiles are much higher
when the sheet is more horizontal. In the case of temperature
and concentration profiles, these are decreased when the sheet
approaches vertical direction. All the three physical quantities
studied faced decrement for higher inclination angle A.

4. CONCLUSION

The important conclusion of this work can be pointed out as:

e When 4 is negative i.e., in the case of injection velocity,
the impact of solutal and thermal stratification are more in
comparison with suction velocity (for positive 4). The
similar behaviour is seen with temperature profiles but not
with concentration profiles.

e In the angle variation, it is observed that the angle
inclination of the stretching surface plays a very dominant
role in the nature of profiles. When surface is more like
horizontal i.e., A=30< the velocity peak is much higher
for injection case when compared to the case of surface
being more like vertical i.e., 4=60< But the suction
velocities are not much affected with angle variation of
the sheet.

e The temperature is found to be more in the case of A=60°



when compared to A=30° for both the injection and
suction case.

The similar behaviour is seen for the concentration
profiles too for these two particular angles.

The skin friction coefficient, Nusselt and Sherwood
numbers are very much influenced with all these
parameters and great change is found with angle variation
A.
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