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INFLUENCE OF CROSS DIFFUSIONS ON
MIXED CONVECTION CHEMICAL

REACTION FLOW IN A VERTICAL CHANNEL
WITH NAVIER SLIP: HOMOTOPY

APPROACH
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Abstract This paper is to examine the incompressible, laminar mixed con-
vective Navier slip flow between vertical plates with cross diffusion effects.
This research includes the first order chemical reaction also. The resulting
equations with boundary conditions are reduced into dimensionless form us-
ing appropriate transformations. The series solutions are developed through
a modern technique known as the homotopy analysis method. The conver-
gent expressions of velocity components and temperature are derived. The
influence of emerging parameters on fluid flow quantities have been presented
graphically. Also, the nature of physical quantities are shown in tabular form.
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1. Introduction

Combined heat and mass transfer in mixed convection flow between vertical parallel
plates has a remarkable significance in various fields. The applications and devel-
opments of heat and mass transfer has been addressed by Patil and Chamkha [21].
In view of applications, Sinha and Misra [22] studied the impact of thermophoresis
and heat generation on mixed convection hydromagnetic flow with mass transfer
over an inclined nonlinear porous shrinking sheet numerically. Recently, Bilal et
al. [1] presented the thermal radiation effect on MHD mixed convection flow of
Jeffrey nanofluid over a radially stretching surface theoretically. Most recently,
Mahanthesh et al. [18] and Kandasamy et al. [12] have been investigated for the
importance of heat and mass transfer on various fluids in different geometries.

Generally the no-slip condition has been accepted for the fluid over a solid sur-
face boundary condition. At the solid boundary the general boundary conditions
for slip flow has been proposed by Navier [20]. Beg et al. [2] presented the early lit-
erature and application of the slip flow in various geometries. in view of significance,
Mukhopadhyay et al. [19] presented the effects of slip flow on MHD mixed convection
over a vertical porous plate. Later, Das et al. [3] considered the influence of viscous
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dissipation and Joule heating over an inclined porous plate. Most recently, Javed
and Mustafa [8] analyzed various characteristics Slip flow on a mixed convection
third-grade fluid near the orthogonal stagnation point on a vertical surface.

The Soret and Dufour effects are encountered in many areas for instance chemical
engineering, geosciences etc.,. The applications and early literature can be seen
in [17]. Recently, Srinivasacharya et al. [23] studied the mixed convection flow along
a vertical wavy surface with the effects of cross diffusion and variable properties in
a porous medium. Hayat et al. [7] investigated the effects of chemical reaction,
heat source/sink, soret and dufour on three-dimensional flow over an exponentially
stretching surface with porous medium. Most recently, Duba et al. [4] studies
the soret and dufour effects on thermohaline convection in rotating fluids. The
importance and past contributions on linear reaction can been in the works of
Gireesha and Mahanthesh [5], Kothandapani and Prakash [10] and Gireesha et
al. [6]. Krupa Lakshmi et al. [11] presented the numerical study of the effects
of diffusion-thermo and thermo-diffusion on two-phase boundary layer flow past a
stretching sheet with fluid-particle suspension and chemical reaction. Most recently,
Jawali et al. [9] presented the influence of first order chemical reaction in a vertical
double passage channel filled with electrically conducting fluid. Sampath Kumar et
al. [24] studied the nature of the Magnetohydrodynamic flow of williamson Nanofluid
due to an exponentially stretching surface in the presence of Thermal Radiation
and Chemical Reaction. Mahanthesh et al. [16] analyzed the chemical reaction and
partial slip effects on the three-dimensional flow of a nanofluid impinging on an
exponentially stretching surface.

In this paper, the influence of chemical reaction, cross diffusion effects on mixed
convection navier slip flow in a vertical channel has been investigated. The survey
clearly exhibits that the slip flow with cross diffusions between vertical parallel
plates has not been reported else where. In view of significance, the authors are
motivated to take this problem. Homotopy analysis method (HAM) [13–15] has
been used for the solution of the present problem. Convergence of the resulting series
solution is explained. Then the discussion with respect to the pertinent parameters
of the present study on the solutions of velocity, temperature and concentration
components.

2. Mathematical Modelling

We consider the two dimensional mixed convection fluid flow with navier slip bound-
ary in a vertical channel. Flow configuration is given below in Fig. 1. All the fluid
properties are assumed to be constant with the exclusion that the density in the
buoyancy term of the balance of momentum equation. All the parameters are
depend on y only since the present study consists of infinitely long plates. The
governing two dimensional steady flow equations can be put into the form:

∂v

∂y
= 0 ⇒ v = v0, (2.1)

v0ρ
∂u

∂y
= ρgβT (T − T1) + ρgβC(C − C1) + µ

∂2u

∂y2
− dP

dx
, (2.2)

v0
∂T

∂y
= α

∂2T

∂y2
+

µ

ρCP

(
∂u

∂y

)2

+
DKT

CSCP

∂2C

∂y2
, (2.3)
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Figure 1. Physical model and coordinate system.

v0
∂C

∂y
= D

∂2C

∂y2
+
DKT

Tm

∂2T

∂y2
−K1(C − C1), (2.4)

with

y = −d : u = γ1
∂u

∂y
, T = T1, C = C1, (2.5a)

y = d : u = γ2
∂u

∂y
, T = T2, C = C2, (2.5b)

where u and v are the velocities in x and y directions respectively. α is the thermal
diffusivity, µ is the viscosity coefficient, βC is the solutal expansion coefficient, KT

is the thermal conductivity coefficient, Tm is the mean fluid temperature, βT is
the thermal expansion coefficient, g is the acceleration due to gravity, K1 is the
chemical reaction rate, γ1 and γ2 are the slip coefficients.

Introducing the following dimensionless parameters

η =
y

d
, u = u0f, θ =

T − T1

T2 − T1
, φ =

C − C1

C2 − C1
, (2.6)

we obtain the governing non-dimensional equations from (2.2)–(2.4) as

f ′′ +
GrT
Re

θ +
GrC
Re

φ−Rf ′ −A = 0, (2.7)

θ′′ −RPrθ′ +Br(f ′)2 + PrDfφ
′′ = 0, (2.8)

φ′′ −RScφ′ + ScSrθ
′′ −KScφ = 0, (2.9)

with
η = −1 : f = β1f

′, θ = φ = 0,

η = 1 : f = β2f
′ and θ − 1 = φ− 1 = 0,

(2.10)

where the primes denote differentiation with respect to η, R = ρv0d
µ is the suc-

tion/injuction parameter, GrT = ρ2gβT d
3

µ2 (T2 − T1) is the temperature Grashof

number, Re = v0d
ν is the Reynolds number, GrC = ρ2gβCd

3

µ2 (C2 − C1) is the con-

centration Grashof number, Pr =
µCp

Kf
is the Prandtl number, Br =

µu2
0

Kf (T2−T1) is

the Brinkman number, Sr = DKT (T2−T1)
νTm(C2−C1) is the Soret number, u0 is the entrance
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velocity, A = d2

µu0

dP
dx is the constant pressure gradient, Sc = ν

D is the Schmidt num-

ber, K = K1d
2

ν is the chemical reaction parameter and Df = DKT (C2−C1)
νCSCP (T2−T1) is the

Dufour number. β1 = γ1
d , and β2 = γ2

d are the slip parameters.
The skin-friction coefficients(Cf ), heat (Nu) and mass (Sh) fluxes at the vertical

walls are given by

ReCf1 = f ′(−1), ReCf2 = f ′(1), Nu1,2 = − θ′(η)|η=−1,1 ,

Sh1,2 = − φ′(η)|η=−1,1 ,
(2.11)

where

Cf =
τw
ρu2

0

, Nu =
qwd

Kf (T2 − T1)
, Sh =

qmd

D(C2 − C1)
, (2.12)

and

τw = µ
∂u

∂y

∣∣∣∣
y=±d

; qw = −Kf
∂T

∂y

]
y=±d

,

qm = −D∂C
∂y

]
y=±d

.

(2.13)

Effect of the various parameters involved in the investigation on physical coeffi-
cients are discussed in the following section.

3. Homotopy solution

For Homotopy solutions the initial approximations are chosen as

f0(η) = 0, θ0(η) =
1 + η

2
, φ0(η) =

1 + η

2
; (3.1)

with the auxiliary linear operator is

L1 =
∂2

∂η2
such that L1(c1η + c2) = 0 (3.2)

in which c1 and c2 are the arbitrary constants. Zeroth-order deformations consists
of h1, h2 and h3 (the convergence control parameters).

The zeroth-order deformations, N1, N2 and N3 and the average residual errors
of f , θ and φ are considered as explained in [13].

h-curves are plotted with Br = 0.5, Sr = 0.5, Re = 2, P r = 0.71, R = 2, Sc =
0.22, GrT = 10, GrC = 10, Gr = 0.5, A = 1, β1 = β2 = 0.1, Df = 0.5,K = 1 for the
optimal values of h1, h2 and h3 and are presented in Figs 2-4. The admissible values
of h1, h2 and h3 are noted as -0.7007, -0.921402, -1.23618 respectively. The average
residue errors (as explained in [13]) presented in Figs. 5-7. Lastly, at different order
of approximations the total average residual errors are shown in Table 1 also the
convergence of the series solutions are expressed in Table 2.

4. Results and Discussion

Figures 8 to 18 represents the nature of velocity (f(η)), temperature (θ(η)) and
concentration (φ(η)) profiles with various values of the flow parameters. To study
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Figure 2. The h curve of f(η)

-1.5 -1.2 -0.9 -0.6 -0.3

0.30

0.35

0.40

0.45

θ'(0)

h
2

Figure 3. The h curve of θ(η)
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Figure 4. The h curve of φ(η)
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Figure 5. The average residu-
al error of f(η)
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Figure 6. The average residu-
al error of θ(η)
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Figure 7. The average residu-
al error of φ(η)

Table 1. Total average residual errors at different order of approximations

Order Error
10 5.59× 10−08

14 1.74× 10−10

16 9.81× 10−12

18 5.51× 10−13

20 3.21× 10−14

26 7.51× 10−18

28 4.51× 10−19

30 2.62× 10−20

Table 2. Convergence of HAM solutions for different order of approximations

Order f(0) θ(0) φ(0)
4 0.021776979004782014235 0.38559419324090157963 0.42288916753879661020
8 0.022614477496261448143 0.38717691564797665309 0.42310899278580053604
12 0.022619681332013448304 0.38712609899139193759 0.42310987244234326543
16 0.022618681469241187218 0.38712537512494520966 0.42311091761095034575
20 0.022618722394051123091 0.38712538858396874045 0.42311090033263530454
24 0.022618724100545214329 0.38712539530855802253 0.42311089792529005107
28 0.022618724167709942619 0.38712539549088162011 0.42311089780441071055
30 0.022618724163445169123 0.38712539548575607479 0.42311089780339915364
32 0.022618724162183156892 0.38712539548276981262 0.42311089780323893491
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the influence of the flow parameters, the other parameters were fixed at Re =
2, P r = 0.71, Sc = 0.22, Br = 1, Gr = 1.

The effect of the slip flow parameter β1 on velocity profile is shown in Fig. 8. It
can depict from this figure that the velocity profile increases with an increase at the
initial wall where as a slight reverse trend is observed at the second plate with an
increase in β1. Figure 9 demonstrates that the influence of β2 on f(η). It is noted
from this figure that the velocity profile decreases slightly at the injection plate and
increases noticeably at the terminal wall as β2 increases.
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Figure 8. Variation f(η) with β1 when
β2 = 0.1, Sr = 0.5, Df = 0.5, K = 1.0
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Figure 9. Variation f(η) with β2 when
β1 = 0.1, Sr = 0.5, Df = 0.5, K = 1.0

It is noted from figure 10 that as Sr increases the flow velocity increases. This
is due to the reason that either decrease in the temperature difference or increase in
the concentration difference leads to increase in Sr, with this the lowest peak of the
velocity compatible with the lowest soret number. Figure 11 presents the effect of
Sr on θ. It is noticed that as Sr increases the temperature profile decreases. Figure
12 shows the effect of Sr on φ. It is seen that concentration profile increases as soret
parameter increases. This exhibits that the flow field is appreciably influenced with
Sr.
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Figure 10. Soret effect on
f(η) when β1 = 0.1, β2 =
0.1, Df = 0.5, K = 1.0
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Figure 11. Soret effect on θ(η)
when β1 = 0.1, β2 = 0.1, Df =
0.5, K = 1.0
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Figure 12. Soret effect on
φ(η) when β1 = 0.1, β2 =
0.1, Df = 0.5, K = 1.0

The influence of (Df ) on flow velocity can be noted in figure 13. It is seen
from this figure that the f(η) increases as Df increases. When the temperature
difference increases or concentration difference decreases leads to the increase in
Df . So, the lowest peak of the flow velocity compatible with the lowest Dufour
number. The influence of Df on temperature profile can be seen in Fig. 14. It
is observed that the temperature of the fluid increases as Df increases. Fig. 15
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explains that the dimensionless concentration decreases as Df increases. This is
because of temperature gradients contribution to diffusion of the species.
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Figure 13. Dufour effect on
f(η) when β1 = 0.1, β2 =
0.1, Sr = 0.5, K = 1.0
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Figure 14. Dufour effect on
θ(η) when β1 = 0.1, β2 =
0.1, Sr = 0.5, K = 1.0
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Figure 15. Dufour effect on
φ(η) when β1 = 0.1, β2 =
0.1, Sr = 0.5, K = 1.0

The influence of K on the flow parameters are shown in figs. 16 to 18. It is
noted from figure 16 that the velocity of the fluid decreases as K increases. It is
observed that the concentration decreases and temperature profile increases with
an increase in reaction parameter K. Since the chemical molecular diffusivity drop
down when chemical reaction is high, i.e., lesser diffusion. Hence, they are procured
by the transfer of species. The higher K will decrease the concentration species.
Therefore with the increase in K suppresses the distribution of the concentration
at all the points of the fluid flow.
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Figure 16. Chemical reac-
tion effect on f(η) when β1 =
0.1, β2 = 0.1, Sr = 0.5, Df =
0.5
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Figure 17. Chemical reac-
tion effect on θ(η) when β1 =
0.1, β2 = 0.1, Sr = 0.5, Df =
0.5
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Figure 18. Chemical reac-
tion effect on φ(η) when β1 =
0.1, β2 = 0.1, Sr = 0.5, Df =
0.5

Variation of slip parameters (β1 and β2), thermal diffusion parameter (Sr),
diffusion thermo parameter (Df ), together with the chemical reaction parameter K
are shown in Table 3 by fixing the remaining parameters. It is seen that the friction
factor increases at both the walls with an increase in the slip parameters β1 while
the revere trend is noticed with an increase in β2. It clear that increase in β1 leads
to decrease in heat transfer coefficient at the plates where as the mass transfer rate
decreases at the initial wall and increases at the terminal wall. It can be observed
that at the initial plate the heat transfer rate increases and at the second plate
it is found to be decreases while the reverse trend is perceived on mass transfer
rate with an increase in β2. It is observed from this table that the skin friction
coefficient, heat transfer rate increases at the injection wall and decreases at the
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terminal wall with the increase of Soret parameter (Sr), where as mass transfer
rate have reverse trend at both the plates. It is noticed that higher values of dufour
parameter (Df ) increases the friction factor and mass transfer rate at the initial
plate and decreases at the suction wall, while heat transfer rate shows the reverse
trend at two walls. The effect of chemical reaction parameter K on skin friction,
heat and mass transfer rates are presented in Table 3. It is seen from the table that
the skin friction coefficient and heat transfer rates are decreases at the injection
wall and those are increases at the suction wall with the enhance in K where as
we noticed the reverse trend in case of mass transfer rate. It is also seen from this
table that the higher values of K increases the mass transfer rate at η = −1 and
decreases at η = 1. The influence of the emerging parameters are patently obvious
from the Table 3 and hence are not discussed for conciseness.

Table 3. Effects of skin friction coefficient, heat and mass transfer rates for various values of Sr, Df ,
β1, β2 and K

β1 β2 Sr Df K f ′(−1) f ′(1) Nu1 Nu1 Sh1 Sh2

0.1 0.1 0.5 0.5 0.5 -0.18856 -0.42812 -0.12984 -1.37688 -0.32103 -0.71900
0.2 0.1 0.5 0.5 0.5 -0.18763 -0.38085 -0.12992 -1.37889 -0.32104 -0.71879
0.3 0.1 0.5 0.5 0.5 -0.18669 -0.33419 -0.13004 -1.37977 -0.32105 -0.71870
0.1 0.1 0.5 0.5 0.5 -0.18856 -0.42812 -0.12984 -1.37688 -0.32103 -0.71900
0.1 0.2 0.5 0.5 0.5 -0.19131 -0.57358 -0.12984 -1.36359 -0.32102 -0.72046
0.1 0.3 0.5 0.5 0.5 -0.19666 -0.87757 -0.13090 -1.30194 -0.32097 -0.72725
0.1 0.1 0.2 0.5 0.5 -0.19104 -0.40981 -0.13236 -1.35170 -0.30258 -0.78158
0.1 0.1 0.4 0.5 0.5 -0.18939 -0.42194 -0.13068 -1.36836 -0.31487 -0.74026
0.1 0.1 0.6 0.5 0.5 -0.18772 -0.43437 -0.12902 -1.38553 -0.32722 -0.69735
0.1 0.1 0.5 0.2 0.5 -0.19170 -0.40310 -0.10959 -1.44422 -0.32260 -0.71121
0.1 0.1 0.5 0.4 0.5 -0.18962 -0.41969 -0.12308 -1.39981 -0.32156 -0.71635
0.1 0.1 0.5 0.6 0.5 -0.18749 -0.43665 -0.13662 -1.35345 -0.32051 -0.72171
0.1 0.1 0.5 0.5 0.2 -0.18661 -0.44241 -0.12819 -1.39506 -0.33461 -0.67409
0.1 0.1 0.5 0.5 0.4 -0.18792 -0.43280 -0.12931 -1.38288 -0.32547 -0.70420
0.1 0.1 0.5 0.5 0.6 -0.18919 -0.42351 -0.13037 -1.37095 -0.31669 -0.73364

5. Conclusions

Two dimensional mixed convection flow in a vertical channel in presence of chemical
reaction and the cross diffusion effects with navier slip. Homotopy Analysis Method
has been employed to solve the final system of equations. The markable findings
are summarized as:

• Flow velocity increases, rate of mass transfer decreases at the injection wall
and there is an opposite trend at the suction wall with an increase in β1.

• As β1 increases, the heat transfer rate decreases and friction factor increases
at both the walls.

• As β2 increases, the fluid flow velocity and friction factor decreases (slightly
at the injection wall and marginally at the suction wall). Where as the heat
transfer rate disintegrates at the injection wall and increases at the end wall
while the opposite nature is noticed on the rate of mass transfer with an
enhance in β2.
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• It is noticed that the velocity and concentration of the fluid increases and
temperature profile decreases with an increase in Soret parameter. Also, it is
identified that the friction factor, Nusselt number increases at the injection
plate and decreases at the end wall as Sr increases, where as mass transfer
rate shows the reverse trend at both the walls.

• Fluid flow velocity, θ increases and the dimensionless concentration profile
decreases as Df increases. It is seen that as dufour parameter increases, the
skin friction and mass transfer rate increases at η = −1 and decreases at η = 1
wall, while the reverse trend is noticed in case of heat transfer rate at both
the walls.

• As reaction parameter increases, the velocity and concentration of the fluid
decreases and the temperature profile increases. It is also observed that the
values of f ′(0), Nusselt numbers are decreases at the initial wall and those are
increases at the terminal plate where as the reverse trend is observed in case
of mass transfer rate with an increase in K.
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