
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 PDEs, 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. 

*Author for correspondence

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 Sakiadis1. 
Later, Vleggaar2 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 Soundalgekar3. 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 Kulacki4 
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.5. 

Chandrasekhar and Namboodiri6 investigated the 
effect of variable permeability on velocity and temperature 
distributions through a porous medium. Further, Veera 
Krishna et al.7-9 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 
scholars10,11. 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.12 have investigated chemical reactions and variable 
porosity effects on double-diffusive MHD convective flow 
along a rotating vertical cone. Later, several authors13,14 
made an attempt to investigate the catalytic exothermic 
chemical phenomenon of free forced convection flow 
over a curved surface.

Reddy et al.15,16 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 Soret and Dufour over an accelerating surface. Basavaraj 
et al.17 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.18 
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.19 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 

Forchheimer, Soret and Dufour studied by Dinesh et al.20. 
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.21. 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 authors22,23.

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 B0  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 velocity wvv = and 
the linear velocity  bxu =  are maintained along with 

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 function of temperature, 
i.e. [ ])(111

∞
∞

−+= TTγ
µµ

 or ( )vTT −= α
µ
1  (see Lai et 

al.4), where  
γµ

γα 1, −== ∞
∞

TTv
 are the constants but 

varies with thermal property of the fluid γ ; (iii) chemical 
reaction of thl order with homogeneity is taking in to 
account.
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where u and v  are the velocity field components, all 
the existing physical quantities in Eqs. (1) - (4) are 
mentioned under nomenclature section. The expressions 
of permeability ( )yκ  and porosity ( )yξ are the functions 
of vertical coordinate y, which are defined by 
Chandrasekhara and Namboodiri6.

0( ) (1 )yy k deκ −= +  and *
0( ) (1 ),yy d eξ ε −= +   (5)

where 3.0d = and * 1.5d = are the fixed values of 
variable permeability and porosity respectively. 0 0&k ε  
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.

2.1 Prescribed Surface Temperature (PST)
Here, we assumed the temperature  Tw of the accelerating 
vertical plate and concentration of the accelerating wall  
Cw at every point of the boundary surface are respectively 
in the form of 0

r
wT T A x∞= +  and 1

r
wC C A x∞= + . As per the 

considered geometry of the physical system the boundary 
conditions are

0 1, , ,r r
w w wu bx v v T T A x C C A x∞ ∞= = = + = +     for 0,y =  

      (6)
( ) 0,u ∞ =    ( ) ,T T∞∞ =    ( ) ,C C∞∞ =    (7)

where b  is accelerating plate’s stretching rate, r  is 
temperature parameter and 0 1&A A  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.5 along with 
Equation (9).
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2.2 Prescribed Wall Heat Flux (PWHF)
In this case, both the temperature and concentration 
changes with respect to y-coordinate i.e. 

0
s

w
Tk q E x
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∂

 

and 1
s

w
CD m E x
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, the associated boundary conditions 

are
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Where 0 1&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.5 along with Equation 
(9).
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The transformed boundary conditions are
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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= , 

0.6E = , 0.5M = , 0.1Gs = , 0.1Gc = , 3.0rθ = , 3.0rg =
0.6Sc = , 1r = , 1s = , 0.2m = − , 0 0.1ε = , 0.5σ = , 

* 0.1α = , 0.5 , 0.2rK = , 2l = .

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

number Pr increases with more viscosity of the fluid or 
less thermal diffusivity. The flow velocity and temperature 
of the fluid decrease with an enhancement of fluid 
viscosity. The effect of viscosity parameter  θr  on velocity, 
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Figure 4. Result of M on concentration filed.  

Figure 5. Result of Pr  on flow filed.

Figure 6. Result of Pr  on energy filed.  
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temperature and concentration profiles are shown in 
Figures 7-9 respectively. Velocity distribution reduces 

for an enhancement of viscosity parameter  θr, which 
can be detected from Figure 7. But the hike of viscosity 

Figure 10. Result of *β  on flow filed.

Figure 9. Result of rθ on concentration filed.

Figure 11. Result of *β  on energy filed.

Figure 12. Result of *β  on concentration filed.       

Figure 13. Result of σ  on flow filed.

Figure 14. Result of σ  on energy filed.  
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parameter  θr 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 β*(local inertial 
parameter) on dimensionless distributions of momentum, 
thermal and concentration are depicted in Figures 10-12. 
The enhancement of inertial parameter β*  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 β*  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. 

The porous parameter  σincreases 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 WHF 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 

Figure 15. Result of σ  on concentration filed.

Figure 16. Result of E on flow filed.  

Figure 17. Result of E on energy filed.

Figure 18. Result of rK on concentration filed.
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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 Kr on the species layer. It is noticed that, 
in both the cases of PST and WHF the fluid concentration 
gradients reduce for higher values of Kr 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.

•	 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.

•	 More reduction in flow velocity with growth of β* 

whereas opposite trend is seen with thermal and 
concentration boundaries.

•	 Dimensionless velocity is retarding but solutal and 
thermal boundaries are rising with greater θr and σ

•	 Increase of Kr minimizes the dimensionless 
concentration.

•	 Flow and thermal fields are slowed down with 
higher  Pr  but the reversal characteristic is detected 
with the strength of E.
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:specific heat  :uniform transverse magnetic field

 :free stream density  :coefficient of expansion with concentration

 :fluid viscosity :coefficient of thermal expansion

 :viscosity of porous media :concentration of the fluid inside the boundary

 :gravitational acceleration, T :temperature inside the boundary layer

 :thermal conductivity, :second order inertial resistance

 :electrical conductivity :coefficient of mass diffusivity

 :ambient concentration :order of the chemical reaction

 :ambient temperature :dimensional chemical reaction parameter


