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Abstract

This study investigates the effects of Forchheimer and Lorentz on paired heat and mass transfer by MHD twinned convective
flow of a Newtonian fluid with the chemical reaction effect through porous media over an accelerating surface. The governing
equations of the physical model are the non-linear coupled PDESs, which are converted to a system of coupled non-linear ODEs
with a suitable similarity transformation. By implementing the Shooting technique, the computations are drawn numerically
for the distributions of velocity, thermal variations and species changes for distinct dimensionless parameters such as
Hartmann number, buoyancy parameters, porous parameter, local inertial parameter, Prandtl number, viscosity parameter,
Eckert number and chemical reaction parameter etc. Also, the numerical computations of flow velocity, temperature and
species concentration are illustrated graphically for the important physical parameters.
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1.0 Introduction

In recent years, many authors devoted to study the
combined application of mixed MHD convective flow
through porous media. In hydro magnetic fluid flows,
the effect of MHD on boundary layer problems through
porous media has been seen in many practical applications
such as oil extraction, thermal insulations and geothermal
energy recovery. Also, the hydro magnetic fluid flows
under the chemical reaction plays an important role in
metal industries, in the field of mining and emphasizing
on our basic needs like oils and fuels. In the above-
mentioned applications, several authors come across
fluid properties like permeability, viscosity, porosity,
diffusivity and conductivity considered as constants.
Furthermore, the research scholars have extended the
work of the above physical models by considering fluid
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properties as constants and with the accelerating surface.
The first and foremost research work related to the
above industrial applications for a fluid flow leading by
a continuous solid flat surface were studied by Sakiadis'.
Later, Vleggaar® explained the boundary-layer laminar
flow on a continuous moving surface. The effect of mass
transfer on fluid flow over a past moving vertical plate
was investigated by Soundalgekar’. For many physical
systems, it is understood that the variable fluid properties
fluid viscosity varies concerning temperature i.e. the
enhancement of temperature leads to a rise in the fluid
viscosity so to estimate more accurately the flow rate and
heat transfer rate, it is very much required to consider
viscosity variation into an account. Lai and Kulacki*
examined the convective heat transfer flow via a porous
vertical surface with variable viscosity. Mass transfer and
free convective flow through a saturated porous medium
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with heat source, unchanged suction velocity and heat
flux over the vertical infinite flat surface was analyzed by
Acharya et al>.

Chandrasekhar and Namboodiri® investigated the
effect of variable permeability on velocity and temperature
distributions through a porous medium. Further, Veera
Krishna et al.” scrutinized the responses of free or mixed
convective flow and mass transfer of MHD secondary
grade fluid along a constant/accelerating /stretching plate
via a porous medium experienced by various effects.
Later, the impact of nonlinear thermophoresis on both
natural and forced convective flow surrounded by sphere
surface inspired by variable conductivity and viscosity
varying with temperature was studied numerically by the
scholars'®!'. The compound effect of a chemical reaction
and magnetic field through a porous medium play a
very important role in recent engineering and chemical
applications for instance, in the transport phenomena
changes by the newly generated concentration species due
to chemical reaction effect on ambient fluid and which
results on the quality of the final product. Mallikarjuna
et al.'* have investigated chemical reactions and variable
porosity effects on double-diffusive MHD convective flow
along a rotating vertical cone. Later, several authors'!*
made an attempt to investigate the catalytic exothermic
chemical phenomenon of free forced convection flow
over a curved surface.

Reddy et al.'>'® examined the combined effects of
temperature and concentration called double-diffusive
convection with an inclusion of the external heat source
as internal heat generation under the effect of variable
viscosity and permeability for cross diffusion effects such
as Soretand Dufour over an accelerating surface. Basavaraj
et al.'’ carried a work on nonlinear mixed convective and
uniform magnetic field over a vertical plate of oscillatory
flow through a porous medium. Muhammad et al.'®
developed the Forchheimer model to demonstrate
the characteristics of flow and heat transfer of mixed
convection flow by incorporating entropy generation
and activated energy through a stretched curved sheet.
Girinath Reddy et al.”® gave the numerical approach
of MHD over an accelerating surface with effects of
Soret and Dufour on concentric heat flow. Recently, to
understand the MHD mixed heat transfer on Couette
flow under dusty viscoelastic property through irregular
channel numerically for the dimensional parameters of
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Forchheimer, Soret and Dufour studied by Dinesh et al.”.
Further, the physical behavior of Forchheimer model of
natural and forced convective flow under the impact of
Soret and Dufour effects in the presence of magnetic
field via a heated plate fixed vertically explained by
Nalinakshi et al.*'. Furthermore, the effects of magnetic
field on mixed convection over a vertical heated plate
with variable fluid properties through a porous medium
with and without experience of chemical reaction noticed
by the authors**.

As per our knowledge, the researchers have not made
an attempt so far to analyze the combined effects of
Lorentz and Forchheimer on the MHD mixed convection
heat and mass transfer flow in the presence of chemical
reaction over an accelerating plate through a porous
medium with variable fluid properties of the media which
leads the novelty of this paper.

2.0 Formulation of the Problem

A double-diffusive and combined free-forced (mixed)
convective flow of an incompressible, laminar, two-
dimensional, steady, electrically conducting and viscous
fluid over an accelerating vertical plate through saturated
porous medium with variable viscosity, variable porosity
and permeability under the magnetic field B, applied
uniformly along the vertical direction is considered. Here
plate moves along the x-axis and which is orthogonal to
y-axis. Assume that the vertical plate is non-electrically
conducted so that the effect of magnetic Reynolds number

is very small. The constant injection velocityv =v, and
the linear velocity y = px are maintained along with
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Figure 1. Physical Model.
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coordinate axes respectively. The geometry of the physical
model of the fluid flow is visualized in Figure 1.

The mathematical governing equations are drawn by
incorporating the external or internal effects caused due
to heat and mass transfer of the fluid. The assumptions are
made along with the Boussinesq approximation for the
above flow geometry of the fluid (i) Lorentz force and
Forchheimer effect are applied; (ii) the viscosity is varying
inversely with respect to a linear functlon of temperature,
ie. ;:—[1+ T -T. )] or — —Oc(T—Tv) (see Lai et

U

()

al.*), where a:l’ T =T. 1

M. 4
varies with thermal property of the fluid ; (iii) chemical
reaction of I” order with homogeneity is taking in to

account.

are the constants but

u,+u, =0, (1)

um v, = l(;u”v) . +gﬁT(T-Tw)-gﬂc(C—Cw)— 5(}’)/1” _
P pK(y)

0,860 _&mCy’ 2

p k)

HE2 2 22 2
u]; +VTv :LTW +L(”y)2 +ﬂ§ (y)u _O-me)é (y)“ ,
opC, 7 opC ot pCi(y) pC,
, 3)
uCX-l-VCy:DmCW—KR(C—CN) s (4)

where u and v are the velocity field components, all
the existing physical quantities in Egs. (1) - (4) are
mentioned under nomenclature section. The expressions

of permeability k() and porosity &£(y) are the functions
of vertical coordinate y, which are defined by

Chandrasekhara and Namboodiri®.
K(y)=k,(1+de™) and £(y)=¢,(1+de™), (5)

where d =3.0and d’ =1.5are the fixed values of
variable permeability and porosity respectively. &, & €,
are respectively permeability and porosity at the edge of
the boundary.

We have considered the two different special cases,
Prescribed Surface Temperature (PST) and Wall Heat
Flux (WHF) to study the flow characteristics of the
physical model for different boundaries.
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2.1 Prescribed Surface Temperature (PST)

Here, we assumed the temperature T of the accelerating

vertical plate and concentration of the accelerating wall

C at every point of the boundary surface are respectively
w

in the form of 7,, =T, + 4x" and C, =C. +4x". As per the

considered geometry of the physical system the boundary

conditions are

u=bx, v=v,, T =T +4x", C,=C_ +4x" for y=0,
(6)
u(e0)=0, T(wo)=T., C(e)=C., (7)

where b is accelerating plate’s stretching rate, 7 is
temperature parameter and 4, & 4, are the arbitrary
constants. The Equations (10) - (12) are obtained from

Equations (2) - (4) using similarity variable and the non-
dimensional quantities given by Acharya et al.® along with
Equation (9).

b\ ! T-T. _Cc-C.
n—(;) v w=(wb)pxf(m). 6= T =
8
where the velocity components are defined as ®)
)
and v=- and which are
Y ox
1
u=by/ (), v=-(bv)* f(1), ©)

O e (e R et
{Z—l)f” + M2£0(1+d*e-v)[z_1]f' =(Z—1)(Gs0—GcH), (10)

n
6 +Prf@ —rPrf@=—EPrf" EO'Preo[(l;dee)]f +
e

EM*PreX(1+de") f", (11)
H +ScfH -rScfH=KH, (12)

The transformed boundary conditions are

f(0)=- =-m, f(0)=1, 60)=1, H(0)=1,

(13)

F(=)=0. 6(=)=0, H(=)=0, (14)
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2.2 Prescribed Wall Heat Flux (PWHF)

In this case, both the temperature and coglcentration
. . . T
changes with respect to y-coordinate i.e. _kai =g, Ex'

and _D8£ =m, E,x", the associated boundary conditions

dy
are
u=bx, v=v,, —ka—T=qu0xS, —-D—=m,EXx",
dy )y
for y=0, (15)
u(=)=0. T(=)=T.. C(=)=C.. ()

Where E, & E, are the arbitrary constants and s is
the thermal flux parameter. Similarly, the Equations (18)-

(20) are obtained from the Equations (2) - (4) with the use
of the similarity variable and the non-dimensional
quantities given by Acharya et al.> along with Equation

9).

1

n(%)zy v =(vb)2 1 (), T—TN=E'%(Z)25’(77), C—cm%(g)zhm),
(17)

f,,,_[ I ]gvfﬂ_[g_1](}7"—f'z)+a‘eoa[1+d*e_-”Ig—l]f't
2-g g 1+de™ ) g,
gt e £ <

(1+de")” |\ & &

[g—l)(ng—Gch),

g, (18)
* N2
¢ +Prfg—sPrfg=—EPrf —EcPre, [(Hde)}f +
1+de”
SEM?Pre}(l+de™y [, (19)
W' +Scfh —sScfh=K,h, (20)
The transformed boundary conditions are
v !
f(0)=- =—m, fO)=1 6(0)=1, H(0)=1,
(bv)2

(21)
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f()=0, g(e)=0, h(eo)=0. (22)

All the involved dimensionless quantities are
presented under the nomenclature section.

3.0 Conclusions

The drawn numerical computations are shows the
variations of velocity, temperature differences and solutal
changes for different non-dimensional parameters like
Hartmann number, local inertial parameter, chemical
reaction parameter, Eckert number, viscosity parameter,
porous parameter, Prandtl number, temperature and
mass buoyancy parameters etc. of physical problem are
explained in the Figures 2-18. In all the results, except the
values varying as shown in the respective figures, we fixed

the values of dimensionless parameters as Pr=0.7,
E=0.6, M=05, Gs=0.1, Gc=0.1, § =3.0, g, =3.0
Sc=06, r=1, s=1, m=-02, ¢=0.1, 0=05,
o =0.1, 0.5, K, =02, =2.

The effect of the uniform magnetic field with the
Joule effect plays a major role in controlling the velocity
profile of the fluid seen in Figure 2. Here, the velocity of
the flow decreases with an increase of Hartmann number
M, which is due to the effect of Lorentz force. But, the
Figures 3 and 4 respectively illustrated a reverse trend of
temperature and concentration profiles with higher values
of Hartmann number )f. The enhancement magnetic fluid
accelerates the flow temperature and which leads the heat
convection rate will reduce in the fluid flow. Similarly, we
can also observe that for higher values of magnetic field
parameter the dimensionless concentration increases.

09 Solid - PST Case
Dash - WHF Case

M=135

Figure 2. Result of M on flow filed
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T T T

Solid - PST Case
Dash - WHF Case

Figure 3.

Result of M on energy filed.
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Pr=1.23

Solid - PST Case
Dash - WHF Case

Figure 5.

The variations of Prandtl number Pr in terms of
velocity and temperature shown in Figures 5 and 6
respectively. The variations of the Prandtl number Pr
depends on thermal diffusivity or viscosity i.e. the Prandtl
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1

Result of Pr on flow filed.

T T T T T

Solid - PST Case
n Dash - WHF Case 1

Figure 6. Result of Pr on energy filed.

T T T T T

Solid - PST Case
\ Dash - WHF Case

0 L \ 0,=152535

Figure 7. Result of § on flow filed.

T T T T T

\ Solid - PST Case
“ Dash - WHF Case

0,=152535

o

Figure 8. Result of § on energy filed.

number Pr increases with more viscosity of the fluid or
less thermal diftusivity. The flow velocity and temperature
of the fluid decrease with an enhancement of fluid
viscosity. The effect of viscosity parameter 6 on velocity,
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Figure 9. Result of § on concentration filed.
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Figure 10. Result of 4" on flow filed.
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Figure 11. Result of " on energy filed.

temperature and concentration profiles are shown in
Figures 7-9 respectively. Velocity distribution reduces
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Figure 12. Result of 4" on concentration filed.
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Figure 13.

Result of ¢ on flow filed.
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Figure 14.

Result of 0 on energy filed.

for an enhancement of viscosity parameter 97, which
can be detected from Figure 7. But the hike of viscosity
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\ Solid - PST Case
\ Dash - WHF Case

Figure 15. Result of 0 on concentration filed.

Solid - PST Case
Dash - WHF Case

. E=0.51.0,1.5

Figure 16. Result of F on flow filed.

parameter € boosted the temperature and concentration
distributions, which are illustrated in Figures 8 and 9
respectively.

The numerical computations for the effect of different
values of second-order resistance f'(local inertial
parameter) on dimensionless distributions of momentum,
thermal and concentration are depicted in Figures 10-12.
The enhancement of inertial parameter 8" is with the less
of permeability or hike of porosity of the porous medium,
which yields the reduction of the flow velocity of the
fluid in both the cases WHF and PST, which is due to the
fluid flow with high porosity of the porous medium slows
down the flow velocity, presented in Figure 10. Also, we
can observe that for higher values of ” the dimensionless
temperature and concentration profiles rapidly increases,
which can be gleaned from Figures 11 and 12 respectively.
This indicates that the case of WHF is more predominant
than PST case.
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Solid - PST Case
Dash - WHF Case

E=0510,15

Figure 17. Result of E on energy filed.

Solid - PST Case
Dash - WHF Case

K ,=05,1.01.5

Figure 18. Result of K on concentration filed.

The porous parameter oincreases for enhancement
of viscosity or decrement of stretching rate or lower
permeability of the porous medium, which decelerates
the flow velocity of the fluid as shown in Figure 13. But
we can observe the opposite trend from Figures 14 and
15. i.e. with the involvement of enhancement of the effect
of viscosity or with the lesser permeability of the porous
medium results in the reduction of the movement of the
fluid and will intern increases the profile of the temperature
and acceleration of the concentration in the fluid motion
both in PST and WHEF cases. Also, it is observed that the
effect of a porous parameter is more in the temperature
profile compare to velocity and concentration profiles.

Figures 16 and 17 display the variations of Eckert
number E over the velocity and temperature profiles
respectively, which contributes to understanding the
Ohmic effect. With an enhancement of Eckert number
E, the non-dimensional velocity and temperature
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distributions overshoots. In the present work, it is noticed
that the concentration profile is not affected by the Eckert
number. Figure 18 indicates the behavior of the chemical
reaction parameter K on the species layer. It is noticed that,
in both the cases of PST and WHEF the fluid concentration
gradients reduce for higher values of K and higher order of
chemical reaction. Due to the isosolutal and impermeable
boundary conditions maintained at the accelerating plate
and far away from the plate the percentage of decrement
is predominant in WHF compared to that of PST case for
concentration profile.

In this study, the flow characteristics of velocity, mass
and heat transfer of the fluid are explained graphically
for the distinct physical parameters. The important
conclusions are listed below.

o The solutal and thermal distributions are boosted
with the hike of M but it retards the flow velocity
due to the drag effect from the magnetic field.

o More reduction in flow velocity with growth of
whereas opposite trend is seen with thermal and
concentration boundaries.

o Dimensionless velocity is retarding but solutal and
thermal boundaries are rising with greater 6 and o

+ Increase of K minimizes the dimensionless
concentration.

o Flow and thermal fields are slowed down with
higher Prbut the reversal characteristic is detected
with the strength of E.
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Nomenclature
Magnetic number : jf = O-mB02L Local temperature Grashof number : Gr. = gﬂ(Tw——QT,c)x}
pU, v,
pv.C e ;
Prandtl number :Pr= Tp Local mass Grashof number Gr, =% B(C, _ C.)x
(%
-1
Eckert number = bx’ Chemical reaction parameter — : g — Ky (C,-C.) v
C,(T,-T.) ' bD,
Schmidt number : g, = L. Viscosity parameter for PST 0 = L-T. __ 1
D, " T, -T, nT,-T.)
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Reynolds number : Re = HoX Viscosity parameter for WHF  : g = I-T. =_ 1
v " T, -T, yT,-T.)
. o . U Gr,
Ratio of viscosities : " = £ Mass buoyancy parameter : G¢ = _”;
y7i e
v Gr,
Porous parameter :g=_"_ Temperature buoyancy parameter : Gs = F
bk, e

1

Constant injection: ¥V, = m (bV )E

D_Q
om.\,
=

Local inertial parameter :

OT)\H

€ ,:specific heat

Bp:uniform transverse magnetic field

g :free stream density

Br:coeficient of expansion with concentration

i:fluid viscosity

Br:coefficient of thermal expansion

i wviscosity of porous media

C:concentration of the fluid inside the boundary

g:gravitational acceleration,

T :temperature inside the boundary layer

k:thermal conductivity,

C:second order inertial resistance

oy :electrical conductivity

D, :coefficient of mass diffusivity

 .:ambient concentration

[:order of the chemical reaction

T__:ambient temperature

Ky:dimensional chemical reaction parameter
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