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Abstract: In this study, we investigate the effect of variable fluid properties such as variable viscosity,
porosity, permeability, thermal conductivity, and solutal diffusivity on double-diffusive mixed convective
flow over an accelerating surface under the influence of a higher-order chemical reaction. The governing
equations of the physical problem involve a coupled nonlinear partial differential equations and which are
transformed into a coupled nonlinear ordinary differential equations using a suitable similarity
transformation. Numerical computation using shooting technique is adopted to study the physical
characteristics of velocity, temperature and concentration for various values of non-dimensional parameters
like Prandtl number, Eckert number, buoyancy parameters, viscosity parameter, porous parameter, a ratio
of thermal conductivities, a ratio of solutal diffusivities and chemical reaction parameter etc are involved
in the problem. The computed numerical results are presented in the graphs to illustrate the details of the
flow characteristics and their dependence on physical parameters. Our computed results are compared with
earlier works of Seddeek in the absence of a magnetic field and found in good agreement.
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Mass buoyancy parameter: g - % Temperature buoyancy parameter: Gs— Girtz
e Re
f - Non-dimensionless stream function | §(r) : Dimensionless temperature in PSTC case
o~ :Ratio of thermal conductivities | g(7) : Dimensionless temperature in PWHCF case
i * Ratio of solutal diffusivities H(z) : Dimensionless concentration in PSTC case
h() : Dimensionless concentration in PWHCF case

1. Introduction

During the last few decades, a study of fluid flow past an infinite vertical heated porous
plate, stretching sheet, horizontal flat plate with/without accelerating surface is of very significant
importance due to its wide range of applications in much industrial processing such as coating and
polymer processing, paper production, food processing, glass-fiber production, and hot rolling.
However, the problem of combined heat and mass transfer flow of a laminar incompressible
boundary layer over an accelerating or moving surface embedded in a saturated porous medium
has a remarkable application in the fields of chemical engineering and metallurgy. Also, most of
the earlier studies on double-diffusive convection through porous media with constant fluid
properties or with varying one or two variable fluid properties like variable viscosity,
porosity, permeability, etc., have been considered in the literature, and it has a wide range
of practical and industrial applications such as grain storage, groundwater contamination, chemical
transport in packed bed reactors, disposal of waste material and many other. Most of the above
practical applications are related to the existing studies in the literature based on the constant
physical properties of the fluid flow.

Lai and Kulacki [1] investigated the effect of variable viscosity on convective heat transfer
flow through a saturated porous medium over a porous vertical flat surface. Acharya et al. [2]
studied the effect of heat source on double-diffusive convective flow over an accelerating surface
under the influence of suction and blowing. Seddeek [3] examined the combined effects of variable
viscosity and radiation on an unsteady MHD convective flow over a continuously moving
boundary through a porous medium. Chandrasekhar and Namboodiri [4] explained the effect of
variable permeability on velocity and temperature distributions through a porous medium. Later,
the effects of Soret and Dufour on double-diffusive mixed convective flow with suction and
blowing over an accelerating flat surface in the presence of variable viscosity and heat source were
carried out by Seddeek [5]. Further, Nalinakshi et al. [6] gave the numerical approach to studying
fluid properties' effects on the double-diffusive mixed convective flow. Furthermore, Girinath
Reddy et al. [7-8] presented Soret and Dufour's effects on mixed double-diffusive convective flow
in the presence of variable viscosity and porosity over an accelerating surface with and without
internal heat generation.

Krishna Prasad et al. [9] studied the Soret effect on unsteady mixed MHD convection flow
over an accelerated wavy vertical plate through an embedded Darcian porous medium.
Manjunatha et al. [10] demonstrated the heat transfer of MHD free convective hybrid nanofluids
with the basic properties of fluids. Shilpa et al. [11] gave the analytical approach for the mixed
convective flow of Casson fluid through a Porous channel. Sravan Kumar et al. [12] theoretically
analyzed MHD free convective nanofluid flow characteristics over an exponentially accelerating
vertical plate. Further, Khan et al. [13] described the effects of variable thermal features on the
unsteady triple diffusive flow of Eyring—Powell nanofluid over a periodically accelerating surface.
Ayegbusi Florence et al. [14] mentioned the effects of thermophoresis and thermal radiation on an
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unsteady MHD heat and mass transfer along with a moveable vertical plate. Ramachandramurthy
et al. [15] investigated theoretically the effects of variable viscosity and internal heat source on
linear and weakly nonlinear Rayleigh—Bénard convection with rotation. Basavaraj et al. [16]
explained a nonlinear MHD oscillatory mixed convective flow through a semi-infinite vertical
embedded porous plate.

Nima et al. [17] demonstrated the effects of variable porosity on double-diffusive
bioconvective flow with motile microorganisms through a vertical saturated porous material.
Anantha Kumar et al. [18] examined the MHD convective heat transfer characteristics on
micropolar stagnation point fluid flow past an exponentially curved surface. Wahab [19] et al.
explained thermal conductivity and temperature-dependent viscosity effects on MHD non-
Newtonian fluid flow over a nonlinearly stretching sheet. Further, Nalinakshi et al. [20] analyzed
the combined effects of thermo-diffusion and diffusion-thermo on the MHD Forchheimer model
over a heated vertical plate. Sami Ullah Khan et al. [21] introduced the effects of variable thermal
conductivity on electrical MHD Carreau nanofluid over oscillatory stretching surface through a
porous medium. Gangadhar et al. [22] reported the variations of suction/injection on boundary
layer flow of nanofluids with heat absorption/generation over a stretching sheet under the influence
of viscous dissipation. Uma et al. [ 23] studied the Forchheimer effect on mixed convective MHD
dusty viscoelastic Couette flow with Soret and Dufour effects in an irregular channel.

The combined effects of heat and mass transfer or mass transfer along with chemical
reaction on a laminar incompressible flow along with the porous plate with/without accelerating
surface in the presence of one or two variable fluid properties involved in many applications in the
field of the chemical engineering process, geothermal reservoirs and petroleum industries and
which has been studied by many authors in the previous studies. The chemical reaction effect
varies concerning its order and the type of chemical reaction (heterogeneous or homogeneous).
Apelblat [24] introduced the analytical solutions for the problem of mass transfer of the fluid flow
under the influence of first-order chemical reactions subjected to different domains. Afify and
Ahmed [25] explained the heat and mass transfer by natural convection about a stretching surface
in the presence of a chemical reaction. Rashad et al. [26] studied the mixed convection boundary
layer over a stretching sheet which is embedded in a porous medium with chemically reactive
species by numerical method.

Shreedhar et al. [27] considered the effect of chemical reaction on an unsteady MHD
laminar two-dimensional natural convective flow past a vertical plate through a porous medium
with heat absorption. Musa Antidius Mjankwi et al. [28] demonstrated the chemical reaction and
thermal radiation effects on an unsteady magnetohydrodynamics flow of nanofluid over an
inclined stretching sheet with variable fluid properties. Prasad et al. [29] explained mathematically
to analyze the effect of chemical reaction on magnetohydrodynamic Casson fluid flow with a non-
uniform heat source or sink across a slender sheet. Dinesh et al. [30] attempted to study the
combined effects of Forchheimer and radiation absorption for an unsteady magnetohydrodynamic
dusty viscoelastic Couette flow in an irregular channel in the presence of chemical reaction. Shafiq
et al. [31] investigated the double-diffusive convective flow of motile microorganisms' second-
grade nanofluid. Sehra et al. [32] studied an incompressible Newtonian unsteady MHD viscous
fluid flow for heat and mass transfer by natural convection with time-dependent arbitrary shear
stresses over an infinite vertical plate under chemical molecular diffusivity.

Hence, the main objective of this research work is to study and analyze the higher-order
chemical reaction effect of double-diffusive mixed convective flow over an accelerating surface
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with variable fluid properties such as variable viscosity, porosity, permeability, thermal
conductivity, and solutal diffusivity.

2. Materials and Methods

2.1. Mathematical formulation of the problem.

A two-dimensional(x & y), double-diffusive (heat and mass transfer), mixed (free-forced)
convective flow of an incompressible, viscous, steady (independent of time), and laminar fluid
over an accelerating vertical porous flat plate embedded saturated through a porous medium is
considered. Here, the variable fluid properties like variable viscosity, porosity, permeability,
thermal conductivity, and solutal diffusivity under the influence of higher-order chemical reaction
and all other fluid properties are isotropic and constant. The vertical coordinate axis represents as
x-axis, which runs along with the accelerating vertical plate, y-axis is perpendicular to it, and
acceleration due to gravity plays in the opposite direction to the x -axis. Due to accelerating
surface, the linear velocity u = bx is maintained along x -axis and the constant injection velocity
v = v, IS maintained along y-direction. The coordinate system and the physical model of the fluid
flow are shown in Figure 1.
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Figure 1. Physical configuration.

The assumptions we have made for the above physical model are (i) the expressions of
permeability, porosity, thermal conductivity, and solutal diffusivity are considered in terms of the
vertical coordinate y; (ii) the variable viscosity is inversely proportional to a linear function of

temperature, which is in the form of %z Mi [1+y(T—-T,)] or i = a(T —T,), (See Lai and
Kulacki [1]), where a = /%.o T, =T, — —, y is the thermal property of the fluid. (iii) the [t"-

<

order homogeneous chemical reaction with a constant rate K between fluid and diffusing species
are taken into account. The corresponding governing equations of the motion under all the above
assumptions along with Boussinesq approximation are given by:

mom ()
Y Py RS AT @
e = 3 wR) Y AR ¥

+ ay ( ( )ac) Kr(C = Co)t, @
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the variable viscosity 6, is defined by (Seddeek [3])

Tp— Too 1
0, = = - (5)

Tw—Two Y (Tw— Teo) '

Where the velocity components u and v are in the direction of x and y respectively, u is
the viscosity of the fluid, u is the viscosity of porous media, g is the acceleration due to gravity,
T is the temperature inside the boundary layer, T,, is ambient temperature, B is thermal expansion
coefficient, B¢ is coefficient of concentration expansion, C is foreign fluid concentration inside the
boundary layer, C,, is the ambient concentration, C, is the specific heat, p is the free stream
density, k(y) is the variable permeability, (y) is the variable porosity, a(y) is the variable
thermal conductivity, y(y) is the variable solutal diffusivity, K is the dimensional chemical
reaction parameter, [ is the order of the chemical reaction, T,, is the accelerating wall temperature.

The temperature and concentration of the physical model are maintained in two different
cases: (i) Prescribed Surface Temperature and Concentration (PSTC) and (ii) Prescribed Wall Heat
and Concentration Flux (PWHCEF).

(i) Prescribed Surface Temperature and Concentration (PSTC) case.

For PSTC case, a known constant uniform temperature and concentration are maintained at
every point of the boundary, these constants are assumed in the form of a polynomial profile of
degree 'r' (temperature parameter), the corresponding boundary conditions on velocity,
temperature, and concentration fields are given by:

u=bx, v=vwy,, T, =Tx+ Apx", C, =Cxp+ A;x" at y=0, (6)
u=0,T= Ty, C= Cx, asy— o, @)

where 'b' is accelerating surface stretching rate and A, & A; are arbitrary constants. By introducing
the given similarity variable n and the non-dimensional variables f, 8, H. (see Acharya et al. [2]),
we can solve the governing equations (1)-(4) numerically.

1

1 b\2 T—Teo C- Coo
Y =Wb)axf(m), n = (;)2)" 0(m) = ;—p=, Hm = —, (8)
where Y (x,y) is the stream function, u = g—‘;’ and v = —Z—f, which implies that the velocity

components are given by:

w=bxf'(n), v=—bv)z f(). ©)

Chandrasekhara and Namboodiri [4] introduced the following expressions for variable
permeability k(n) and variable porosity £(n), variable thermal conductivity a(n) and variable
solutal diffusivity y(n) respectively:

k() = ko(1 +de™™), (10)
e(n) = g1 +d*e™), (11)
a(n) = ao{so(l +d*e™™) + a*(l — g1+ d*e‘"))}, (12)
Y = yoleo(Q +d*e™) +y*(1 — g,(1 + d*e™™)}, (13)
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where ko, &, ay,and y, are the permeability, porosity, thermal conductivity, and solutal
diffusivity at the edge of the boundary layer, respectively and d = 3.0 & d* = 1.5 are treated as
constants for variable permeability and porosity, respectively, ¢* is the ratio of thermal
conductivity of the solid to the conductivity of the fluid and y* is the ratio of solutal diffusivity of
the solid to the diffusivity of the fluid.

The transformed non-dimensional coupled non-linear ordinary differential equations can
be obtained by substituting Egs. (8) & (9) in Egs. (2) - (4) using Egs. (10) - (13) as follows:

e ()0r- e e (S5 ()

(2-=1) (Gs6— Gem), (14)
0"(g+0"(1—€) + egd e (1—0"))=rPrf 6 —Prfo —deec"—1)6’
—EPrf"* — E o Preg? [SL] 72, (15)

H'(eg + y"(1—€) + €gd* e (1—y"))=rScf'H-ScfH + k,H'-
de e, (y*—1) HY, (16)

the transformed boundary conditions in the non-dimensional form are:

f(O)=—2=—-m, f(0)=1, 6=1, H=1 aty=0, (17)
(bv)2

fl=0, 6=0, H=0 as y — oo. (18)

(ii) Prescribed Wall Heat and Concentration Flux (PWHCF) case.

For the PWHCF case, both temperature and concentration vary with respect to the
coordinate axis y and the corresponding boundary conditions on velocity, temperature, and
concentration fields are given by:

aT ac

u = bx, v =ru,, —ka = qw Eox®, —Da = myE;x° at y=0, (29)

u=0T=T,, C= Cy as y — oo, (20)
where E,, E; are choosing constants, 's" is the heat flux parameter. Similarly, by introducing the

similarity variable n and the non-dimensional variables f, g, h. (see Acharya et al. [2]), we can
transform the Eqgs (1)-(4).

1

b= whxfp), 1 = (B y, T-T, = 25 (E)%g(n). C—Co=22(2 ) (), (21)

The transformed non-dimensional coupled non-linear ordinary differential equations can
be obtained by substituting Egs. (9) & (21) in Egs. (2) - (4) using Egs. (10) - (13) as follows:

== ()07 o () )

(gi — 1) (Gs g — Gc h), (22)
9" (e0+0"(1—¢€)) + €gd’e™(1—0")) =sPrf'g—Prfg’ —d'e e(c* —1)g’
"2 2 [Ard'e™™?] .2
—E Prf" —E o Pre? [B2] 72, (23)
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W' (eo+y (1—€p) + egd" e (1—y*)) =sScf h-ScfH + k, h'-
d*e e, (y* — 1) A, (24)

the transformed boundary conditions in non-dimensional form are:

fO)=—"2=—-m, f(0)=1, g= -1, h=-1 at y=0, (25)
(bv)2
f'=0,6=0 H=0 as y — oo, (26)

Where all the dimensionless parameters present in the above equations are defined in
nomenclature, and the prime represents differentiation concerning to n.

2.2. Method of solution.

Applying the known analytical techniques makes it very difficult to obtain the solution of
the system of coupled highly nonlinear differential equations with variable coefficients. So,
transform the higher-order coupled nonlinear ODE's into a system of first-order ODE's to
overcome the difficulty that occurred in the analytical procedure. The transformed first-order
ODE's can be solved numerically by the shooting technique, which combines the second-order
Newton-Raphson method and Runge-Kutta-Fehlberg explicit method. For the PSTC case, we
determined the numerical iterative solution for the functions of (), 6(n) & H(n) by solving the
Egs. (14) - (16) along with the boundary conditions (17) & (18) and similarly for the functions of
f(m),g(m) & h(n), solve the Egs. (22) - (24) along with the boundary conditions (25) & (26) in
PWHCEF case. Using MatLab software, we developed a program to compute the numerical results,
and in which we maintained the numerical values are less than the prescribed accuracy of 1075,

3. Results and Discussion

The importance of this work is to understand the variations of fluid properties like
viscosity, permeability, porosity, thermal conductivity, and solutal diffusivity over an accelerating
surface under the influence of chemical reactions. The numerical results are carried out to discuss
the variation of velocity or momentum of the fluid flow, temperature difference, and solutal
changes are depicted from Figures 2-15 for the non-dimensional parameters like a ratio of solutal
diffusivity, a ratio of thermal conductivity, viscosity parameter, porous parameter, Eckert number,
Prandtl number, chemical reaction parameter, temperature and mass buoyancy parameters
involved in the physical problem. In the entire study, we employ the fixed values of non-
dimensional parameters Pr = 2.0, E = 0.6, Gs = 0.1, Gc =0.1, 6, =5.0, g, =3.0, Sc =
1.0, r=1, s=1 m=05, ¢,=01, d=30, d* =05, 6=20, a*=1.0, " =3.0,
y* = 2.0, K, = 0.2 and | = 2 except the values varied as displayed in respective figures. Also, it
is observed that in the absence of chemical reaction and for a constant viscosity over a non-
accelerating vertical plate, i.e., b = 0.0 (stretching rate), the numerical results are obtained and
compared with the published work of Nalinakshi et al. [6].

3.1. Effect of viscosity parameter (6,.).

Figures 2-4 demonstrated the variations of dimensionless velocity, temperature, and
concentration for different values of viscosity parameter 6,, respectively. The velocity profile
decreases for the enhancement of the viscosity parameter 6, because higher viscosity reduces the
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flow rate of the fluid, it can be gleaned from Figure 2. But a reverse trend can be observed from
Figure 3 in the case of the temperature profile. This is because, with an increase of temperature
(i.e., for decrement of temperature difference AT, viscosity parameter will increase), the fluid
becomes lighter, which results in the heat transfer being more in the PWHCF case than the PSTC
case. Similarly, the variations of dimensionless concentration for different values of viscosity
parameter 8,. are shown in Figure 4. Due to the indirect involvement (i.e., through momentum and
energy equations) of the viscosity parameter 6, in the species equation, the effect of the viscosity
parameter 6,. is very less in concentration profile compared to velocity and temperature profiles.

3.2. Effect of a porous parameter (o).

Figures 5-7 display that the variations of dimensionless velocity, temperature, and
concentration for different values of porous parameter o. The porous parameter changes with
respect to the stretching rate of the accelerating plate or viscosity of the fluid or permeability at
the edge of the boundary layer. So, an increase of porous parameters will decrease the flow velocity
of the fluid, which is depicted in Figure 5. Quite the opposite trend can be gleaned from Figures 6
and 7 with temperature and concentration profiles for various values of the porous parameter o,
i.e., the dimensionless temperature and concentration increase in both the cases of PSTC and
PWHCEF. Our results well coincide with the previous work of Seddeek [5] for ¢ = 0 (i.e., in the
absence of permeability of porous medium).

3.3. Effect of ratio of thermal conductivity (™).

Figures 8 and 9 represent the behavior of the velocity and temperature profiles for different
values of the ratio of thermal conductivity ¢*, respectively. It is noticed that with the increase of
the ratio of thermal conductivity of solid to the conductivity of the fluid ¢* both velocity and
temperature distributions increase exponentially; this is because with higher values of o* leads to
enhancing the thermal boundary layer with higher thermal conductivity. The effect is more near
the accelerating plate and is less far away from the accelerating surface.

3.4. Effect of ratio of solutal diffusivity (y™*).

We can observe the effect of the ratio of solutal diffusivity of solid to the diffusivity of
fluid y* on dimensionless concentration profile from Figure 10. The dimensionless concentration
increases with an increase in the ratio of solutal diffusivity y*, this is due to the fact that the solutal
boundary layer overshoots with higher values of y*.

3.5. Effect of chemical reaction parameter(K,).

Figure 11 indicates the behavior of the concentration profiles for different values of the
chemical reaction parameter K, and it is observed that the fluid concentration gradients reduce for
higher values of chemical reaction parameter and higher order of chemical reaction in both the
cases of PSTC and PWHCEF, which is since with the higher values of K. increases the thickness of
the solutal boundary layer, which reduces the concentration species diffusion and decelerates the
mass diffusion.
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The variations of Prandtl numbers in terms of velocity, temperature, and concentration are
shown in Figures 12-14. The changes of the Prandtl number are due to an increment of fluid
viscosity or a decrement of thermal diffusivity. The increment of fluid viscosity reduces the fluid's
flow velocity and temperature, which can be observed in Figures 12 and 13. Whereas in the case
of concentration profile, the opposite behavior can be gleaned from Figure 14, i.e., the
dimensionless concentration gradually increases with the higher values of the Prandtl number. But
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the effect of Prandtl number is very less on concentration profile for both PSTC and PWHCF
compared to that of velocity and temperature profiles because the equation of species is not directly
affected by the Prandtl number affected through the energy equation.
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3.7. Effect of Eckert number(E).

25

Solid : PST Case
N Dashed : WHF Case

n
Figure 9. Temperature variations of
ratio of thermal conductivities.

1
0.9 Solid : PST Case

’ A Dashed : WHF Case
0.8 [\
0.7

\
06 PV
"
= [NV
FTO5[ \ Kr=1,2,3
ANY
041 y©
Y
03 o
N M\AWN
. ~
0.2 A N
R ~
~ SN
0.1 ~ ~
S S > S S=—
0 =
0 0.5 1 15 2 25 3 3.5 4 4.5 5

Figure 11. Concentration variations of
chemical reaction parameter.

\ Solid : PST Case
14T Dashed : WHF Case

Pr=12,3

Figure 13. Temperature variations of
Prandtl number.

Figure 15 illustrates the behavior of the non-dimensional temperature profile for different
values of the Eckert numberE. It is noticed that the enhancement of Eckert number E accelerates
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the dimensionless temperature gradient in both the cases of PSTC and PWHCF, which is due to
the stretching enhancement rate of accelerating surface results increase the kinetic energy of the
fluid flow or which is due to decrease in the temperature difference AT in the physical model.

1.2 T T T T T T T T T 25
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N
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n n
Figure 14. Concentration variations of Figure 15. Temperature variations of
Prandtl number. Eckert number.

4. Conclusions

This study investigated the effect of chemical reactions on double-diffusive (heat and mass)
mixed convection flow with variable fluid properties like variable viscosity, porosity,
permeability, thermal conductivity, and solutal diffusivity porous medium over an accelerating
surface. The computed numerical results are presented to analyze the flow, mass, and heat transfer
characteristics of the fluid under the influence of various physical parameters; the following
conclusions can be drawn from the present study:

e The increase of viscosity parameter(6,.) reduces the velocity of the fluid flow, whereas it
enhances the temperature and concentration profiles. The quite same behavior can be
observed for a porous parameter(o).

e For the higher values of the ratio of thermal conductivities(a™) the boundary layer flow
attains high velocity and temperature. Similarly, an increase in the ratio of solutal
diffusivities(y *) enhances the concentration boundary layer.

e Itisobserved that the dimensionless concentration decreases with an increase of chemical
reaction parameter(K,.).

e Higher values of Prandtl number(Pr)decrease the velocity and temperature profile,
whereas the trend is reversed in the case of concentration profile. Similarly, an increase in
the Eckert number(E") enhances the temperature profile.
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