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Abstract

The aim of this analysis is to examine theoretically the mixed convection flow of an incompressible and electrically conduct-
ing viscous fluid via an infinite vertical porous plate. This research is unique in that it examines the effects of a magnetic field,
Soret, heat source, chemical reaction, and Joule heating on heat and mass transmission. The mathematical model regulating
the flow has been developed using partial differential equations and then converted via proper similarity transformations to
a system of ordinary differential equations containing the momentum, energy, and concentration equations. Though several
hypotheses have been advanced to explain the idea of boundary layer flow, the present analysis’s use of the bvp4c scheme
suggests excellent agreement with the results of a previously published data in the limiting sense. Graphs and tables illustrate
the numerical results of the solutions for flow field, temperature, and species concentration, furthermore the coefficient of
friction factor, heat, and mass transfer characteristics. The range of parameters selected is as follows: Gr=Gm [0.1 —3], M
[1-2], % = [0.1 = 0.5] Ec [0.01-0.1], N [1=3], Pr [0.71-3], R [0.2-1], § [0.5-3], Sc [0.22-0.61], and Sr [0.1-0.5]. The novel
result shows among the major finding that velocity and concentration are decreasing while increasing values of Soret number.

Keywords MHD - Viscous dissipation - Soret - bvp4c - Radiation - Vertical plate

Nomenclature C* Fluid concentration (Kg/m?)
u*and v* The components of velocity along and perpen- B, Coefficient of magnetic field
dicular to the plate’s axes x* and y*, respec- M Magnetic parameter
tively (m.s™") T, Ambient temperature (K)
Kr Chemical reaction rate constant T, Temperature at the wall (K)
Vo Constant suction velocity q Radiative heat flux vector (W/m?)
Ec Eckert number D Chemical molecular diffusivity (m?/s)
k* Permeability of porous medium C, Fluid concentration at the plate (Kg/m?)
c Fluid electrical conductivity (S/m) C. Ambient concentration (Kg/m?)
T* Fluid temperature (K) Sr Soret number
v Kinematic viscosity (m2.s") p Thermal expansion coefficient (K~')
R Chemical parameter p Density of the fluid (kg/m?)
Gm Mass Grashof number Gr Grashof number
Cp Specific heat at constant pressure
Sc Schmidt number

P4 Y. Dharmendar Reddy g Acceleration due to gravity (m.s~2)
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2 Department of Mathematics, Anurag University, Hyderabad, Pr Prandtl number
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3 N Thermal radiation parameter
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1 Introduction

It is important to study how MHD flow of an electric-
conducting fluid is important in a lot of metal-working and
metallurgical developments. Numerous researchers have
focused on this sort of flow issue owing to its remark-
able applicability in a variety of engineering difficulties,
including plasma investigations, MHD generators, and
extraction of geothermal energy. Additionally, hydro-
magnetic methods are utilized to separate molten metals
from non-metallic impurities. MHD-free convection fluxes
occur often in nature. In constructing flow examples for
hydrometallurgical and chemical systems, the influences of
chemical reactions on the fluid flow via a porous boundary
layer are taken into account. For example, carbon dioxide
emissions from vehicles are accounted for because they
react chemically in the atmosphere and contribute to the
development of photochemical smog. Many disciplines
rely on the uses of hydromagnetic incompressible viscous
flow in research and industrial, including heat transmission
under the impact of chemical reactions. This is prevalent
in the petrochemical industry, cooling and power systems,
surface chemical vapour deposition, cooling of nuclear
reactor, design of heat exchanger, geophysics, and MHD
power generation systems. Nield and Bejan [1] conducted
a thorough assessment of the research on convective heat
transport mechanisms in porous media. The flow of a
micropolar fluid over a fixed vertical plate with suction
was studied by El-Amin [2]. Numerous authors have inves-
tigated MHD natural convection thermal transfer flows in
porous media, including Raptis and Kafoussias [3] and
Sattar [4].

It is now widely accepted that the study of MHD
boundary layer flow with chemical reaction, thermal
radiation, and mass transfer has been received in a
variation of engineering, technological, and manufac-
turing applications, including the principles of flow
calculation in piping systems, flow in various pumps,
compressors, mass and heat transfer problems encoun-
tered in heat exchangers, boilers, and condensers, and
applications. Thermal radiation has a considerable
effect on the heat transfer and temperature area in the
boundary layer flow of a sharing fluid at high tempera-
tures. Thermal radiation and chemical reaction proper-
ties may be critical in regulating heat transmission in
industries where the final product’s quality is some-
what dependent on heat-controlling elements. Apart
from convective heat transmission, study of radiation
heat transfer is critical, and so its significance cannot
be avoided. Additionally, thermal radiation is critical in
many engineering processes that occur at very extreme
temperatures, as well as in the design of several mod-
ern energy power conversion systems and associated
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devices. In the energy equation, the radiative heat
flow is defined using the Rosseland approximation.
Pal and Talukdar [5] explored the analysis of unsteady
MHD convective heat transport in a boundary layer
slip flow across a permeable vertical plate accompa-
nied by radiation. Ibrahim [6] analysed the implications
of radiation and heat generation on mass transport in
a highly porous media with chemical reaction. Veera
Krishna and Ali J. Chamkha [7] examined the Hall and
ion slip effects on the MHD rotating boundary layer
flow of nanofluid across an infinite vertical plate con-
tained in a porous medium. Veera Krishna and Ali J.
Chamkha [8] investigated the influence of Hall and ion
slip on the unsteady MHD convective rotating flow of
nanofluids in biomedical engineering. Bag Ali et al.
[9] analysed the impact of suction/injection, gravity
modulation, heat radiation, and magnetohydrodynamics
on the dynamics of a micropolar fluid subjected to an
inclined sheet using the finite element method. Bagh
Ali et al. [10] conducted a finite element study on the
transient MHD 3D rotational flow of Maxwell and tan-
gent hyperbolic nanofluid via a bidirectional stretch-
ing sheet using the Cattaneo Christov heat flux model.
VeeraKrishna and Ali J. Chamkha [11] examined the
Hall and ion slip effects on the MHD rotational flow of
an elastico-viscous fluid through a porous media. Veera
Krishna [12] investigated the Hall and ion slip effects
on the MHD-free convective rotating flow confined
by a semi-infinite vertical porous surface. Numerous
researches have proposed a mathematical model for the
impact of linear/nonlinear radiation on non-Newtonian/
Newtonian fluids by including a variety of physical
characteristics [13-16].

The effects of viscous dissipation, which are often
quantified by the Eckert number, are significant in geo-
physical fluid flows and also in some industrial uses,
such as the movement of oil products via ducts. When an
internal heat source or absorption happens, the study of
heat transfer in hydrodynamic boundary layer flow across
a porous stretched sheet becomes more intriguing. Vis-
cosity dissipation is a critical element in fluid dynamics
and is sometimes difficult to include into mathematical
models. Duwairi [17] investigated the influence of viscous
dissipation on forced convection flow emanating from
radiate isothermal surfaces. Das et al. [18] inspected the
outcomes of Joule heating MHD mixed convective slip
flow over an inclined permeable plate with viscous dis-
sipation. Babu et al. [19] investigated a vertically moving
porous plate immersed in a porous fluid exhibiting viscous
dissipation. Numerous studies, on the other hand, investi-
gated viscous dissipation impact on hydromagnetic flow
through a saturated permeable media and provided a new
mathematical model based on a variety of criteria. Ali
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et al. [20] examined using finite element modelling the
significance of Lorentz and Coriolis forces on the dynam-
ics of water-based silver nanoparticles. Danial Habib et al.
[21] studied the time-dependent MHD nanofluid dynam-
ics resulting from an expanding sheet with bioconvection
and two thermal boundary conditions. Bagh Ali et al. [22]
studied MHD impacts on rotating Casson nanofluid flow
using the Cattaneo—Christov heat flux model. Ali et al.
[23] analysed the influence of G-Jitter on magnetohydro-
dynamic non-Newtonian fluid on an inclined surface using
finite element modelling. Magnetic dipole and heat radia-
tion effects on hybrid base micropolar CNTs flow across
a stretched sheet: finite element technique approach was
studied by Bagh Ali et al. [24].

Mass transfer mediated by temperature gradients, on
the other hand, is concerned to as the thermal diffusion
(Soret) outcome. Thus, the Soret issue is used to refer to
species differentiation that occurs when a homogeneous
mixture is subjected to a temperature gradient, while the
Dufour result is used to refer to the heat flux created by a
concentration gradient. Every time there are temperature and
species concentration discrepancies in a medium, or between
media, thermosolutal or double diffusive convection takes
place. Simultaneous heat and mass transmission gradients
are regarded important in technical and engineering terms.
As a result of this, they are used in many different thermal
engineering branches, such as oil extraction and geothermal
systems. Alam and Rahman [25] investigated the Dufour
and Soret effects on a vertical porous plate submerged in
a porous media. Chamkha and El Kabeir [26] conducted a
theoretical investigation of the different influences on unsteady
heat and mass transfer through mixed convection flow via a
rotating vertical cone. Soret and radiation impact on mass
transfer flow over porous materials with heat generation and
chemical reaction was explored by Shankar and Shekar [27].
Sheikholeslami et al. [28] and Veeresh et al. [29] contemplated
the effect of thermal diffusion on MHD flow past a vertical
plate through porous medium. Enhanced heat transfer for
bioconvective motion of Maxwell nanofluids across a stretched
sheet with Cattaneo—Christov flux was explored by Sohaib
et al. [30]. Sohaib et al. [31] investigated the Significance
of chemical reaction with activation energy for Riga wedge
flow of hyperbolic tangent nanofluid in the presence of a
heat source. Hall and ion slip effects on radiative MHD
rotating flow of Jeffreys fluid through an infinite vertical flat
porous surface with ramping wall velocity and temperature
were reported by Veera Krishna [32]. Veera Krishna [33]
investigated the Hall and ion slip effects on the MHD flow
of Casson hybrid nanofluid across an infinitely exponentially
accelerated porous vertical surface. Many researchers [34-39]
discussed the Soret impacts on MHD flow through a vertical
plate.

The intention of this work is to determine the effect of
the heat source and diffusion-thermo, on an unsteady radia-
tive MHD boundary layer flow of a chemically reacting
fluid across an infinite porous vertical plate. These numeri-
cal solutions provide a greater knowledge of the physical
phenomena of the modelled problem, which are critical in
industrial and technical domains. Due to the nonlinear nature
of the fundamental equations and the additional mathemati-
cal problems connected with their solution, we chose the
numerical technique. The converted non-dimensional gov-
erning equations are numerically elucidated applying the
bvp4c scheme. The authors evaluate the impact of several
physical factors on velocity, heat, and mass transmission
and also on coefficient of friction factor, rate of heat trans-
fer, and Sherwood number. The current study’s applications
would also be beneficial in processing of magnetic materials,
thermal systems, energy production, heat transfer, extrusion
systems, computer devices, polymer processing, and chemi-
cal engineering systems etc.

2 Formulation of the problem

Let us assume that the viscous and electrically conducting
mixed convection incompressible fluid flow with the x*—
axis along with the plate surface and the y*-axis vertical to
it in the way of applied magnetic field as presented in Fig. 1.
A transverse magnetic field which is constant in the way of
y"-direction is applied. Due to the two-dimensional nature of
the motion and the length of the plate large, all physical vari-
ables are considered to be independent on axis x*. A fluid
and a concentration in which the rate of chemical reaction is
directly proportional to the amount of a particular species’
concentration are being investigated for their homogenous
first-order chemical reactions.

Based on the aforementioned scenarios, the flow estimates are:

> Viscous, electrically conducting, incompressible fluid
flow is deliberated.

>> In the momentum equation, mixed convection is delib-
erated.

> Viscous dissipation, heat source/sink, and thermal
radiation are considered in the interpretation of the
energy equation.

> The classical model is applied to the flow through a
vertical surface with the limitations of limited porosity
and low velocity range.

> In interpreting the concentration equation, homogene-
ous first-order chemical processes are considered.

The resulting governing equations are as follows (Ref.
[40] and [41]):
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Fig. 1 Schematic representa-
tion and physical model of the
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The boundary circumstances are as follows (Ref. [40] and
[417):
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The associated dimensionless boundary constraints are
simplified to

U=00=1;p=1asn=0
} (&)

U—->00->0¢p—>0atn >

2.1 The quantities of physical interest

The velocity field may be used to determine the coefficient
of skin friction, which is presented in non-dimensional form:

_(w
o= <0y >y=()

By determining the temperature and concentration gradi-
ents, one may derive the coefficients of rate of mass and heat
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transfer, which are articulated in non-dimensional terms in
terms of the Sherwood and Nusselt numbers:

Nu:(ﬁ andSh:(ﬂ
dy y=0 dy y=0

3 Numerical solution

The nonlinear ODEs (Egs. (6)—(8)) are integrated with the
aid of the MATLAB function bvp4c, as are the boundary
limits (Egs. (9)). This is carried out by first transform-
ing the set of ODEs to first-order ODEs by consecutive
substitutions.

let’s just let & =
following:

[UU 66 ¢¢]" which gives the

Step 1

We now have a system of equations of the first order:

&

£2)

£G3)

0]

£(5)

£(6)

£(2)

E(1) = ME(1) — 1 = Gré@3) — GméE(S) - XE() = 1)
&)

—(Pré@) + PrEC(£(2))? + PrECM E(4)? + Pr(N + 6)E(3))
£(6)

—SCE(6) + ScRE(S) + SrSc(Pré(4) + PrEC(E(2))? + PrEcM E(4) + Pr(N + 6)£(3))

HE

Step 2

The numerical solution is performed using the MATLAB
built-in bvp4c solver and the boundary conditions stated
above, as well as an appropriate fixed value for the far area
boundary condition. This is considered as an issue of bound-
ary values, (bvp), i.e. n — oo say n — 10.

The following initial constraints apply:

¢a(l)
¢a(3)
¢a()
¢b(1)
¢b(3)
¢b(5)

SO O == O

The scaling factor is taken by # = 0.01, and the conver-
gence requirements are described with fifth-decimal-place
precision.

A stable asymptotic boundary constraint (Eq. (9)) was
found at the border, and it was found to be 107° It’s usual
practice in boundary layer analysis to use a value of =8

| |

Svstem of first order Guess function
ODE’s
Fig.2 The numerical flowchart of the issue

in this method. Figure 2 depicts the numerical flowchart of
the issue.

4 Results and discussion

Profiles of dimensionless velocity, temperature, and concen-
tration distributions, together with the friction factor, rate
of heat, and mass transfer, are determined numerically for
several values of the various physical pertinent flow fac-
tors encountered in the problem. These parameters include
the M, Sc, K, Gm, Ec, Pr, Gr, 6, Kr, and So. The follow-
ing default parameter quantities are used for calculations in
the current study: M = 0.5;:N = 1;R =0.2;6 = 0.5;y = 0.1;
Pr=0.71;Gr =2;Gm = 1;Ec = 0.01;Sc = 0.62;Sr = 0.3.
Figure 3a portrays the impact of the Grashof number (Gr)
on the flow regime. The qualified influence of the thermal
buoyancy energy on the hydrodynamic viscous force in the
edge is represented by Gr. The velocity of the fluid rises
as the Gr enhances. Physically, positive values of Gr mean
that the plate is being cooled by natural convection. So, heat
moves away from the vertical plate and into the fluid. This
raises the temperature of the fluid, which makes it more
buoyant. Also, it can be seen that the peak value of the speed
goes up quickly near the plate as the thermal Grashof num-
ber goes up and then goes down smoothly to the speed of the
free stream. As seen in Fig. 3b, the non-dimensional velocity
rises as the mass Grashof number (Gm) increases. The ratio
of the species’ buoyancy force to its viscous hydrodynamic
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Fig.3 a Gr against velocity. b Gm against velocity. ¢ M against velocity. d M against temperature. e y against velocity. f Ec against velocity

force is given by the solutal Grashof number Gc. The impact
of the magnetic parameter M on non-dimensional trans-
verse velocity and temperature is seen in Fig. 3c and d. It
is observed that the velocity grows slowly and eventually
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approaches the transverse velocity. However, it is seen that
enhancing values of M consequences in a reduction in the
dimensionless transverse velocity. Due to when a transverse
magnetic field is applied to an electrically conducting fluid,
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an impeding Lorentz force is produced. The force affects
the velocity of the fluid in the boundary layer by slowing
its motion and so raising its temperature. Temperature rises
when the magnetic parameter is increased, as seen in Fig. 3d.

Figure 3e illustrates the influence of the porosity param-
eter y on the velocity field. The velocity of the fluid rises
when the permeability parameter y is enhanced. To put it
another way, the increasing permeability of the porous mate-
rial causes a rise in fluid flow. When the pores in the porous
media are big, the active resistance on the medium might
also be disregarded. Figure 3f depicts the distributions of
velocity field with transverse coordinates for various Eckert
numbers Ec. As predicted, a rise in Ec results in an upsurge
in velocity values owing to the increased buoyancy force.
The temperature profiles as a function of the Eckert num-
ber are shown in Fig. 4a. Friction and compression heat-
ing dominates the boundary layer fluid temperature at high
Eckert numbers because of their ability to dissipate heat.
Figure 4a illustrates the influence of Ec on temperature. Ec
increases the temperature of the wall as a result of the heat
provided by friction heating.

Figure 4b and c depicts the relationship between the radi-
ation parameter (V) and a velocity and temperature profile.
The velocity and temperature declines as N increases. This
is due to a decrease in the mean absorption coefficient when
the parameter N is raised. Figure 4d and e illustrates the
influence of Prandtl number on the velocity and temperature
profile. This graph shows that raising the value of Pr lowers
the fluid temperature. Pr is the ratio of kinematic viscosity to
thermal diffusivity, which is called the Prandtl number (Pr).

The decrease in velocity and concentration as the chemi-
cal reaction factor increases is seen in Fig. 5a and b. This
indicates that the destructive reaction results in decreases in
the region of concentration that do not produce buoyancy
impacts as a function of concentration slopes. The impact
of the heat source on non-dimensional velocity, temperature,
and concentration is shown in Fig. S5c—e. As seen in Fig. 5Sc,
the influence of the heat source on fluid velocity is demon-
strated by increasing the size of the heat source parameter
(6), which results in a reduced velocity distribution. Fig-
ure 5d and e shows the temperature and concentration dis-
tribution profiles for the enhanced heat source parameter
(6). As can be seen from these figures, when the suction
parameter is increase, the width of the thermal boundary
layer diminishes, and the concentration enhances.

The concentration and velocity patterns over the bound-
ary layer are shown in Fig. 6a and b for different amounts
of the Schmidt number Sc. Sc is the ratio of momentum to
mass (species) diffusivity, i.e. it expresses the relationship
between the width of the hydrodynamic boundary layer and
the thickness of the concentration (mass transfer) bound-
ary layer. The graphic demonstrates that rising Sc leads in

areduction in velocity and concentration, since decreasing Sc
values correspond to increasing chemical molecule diffusivity.

Figure 6¢ and d exemplifies the velocity and concentra-
tion curves for various Soret numbers (Sr). It is ascertained
that when the Soret number step ups, the velocity and con-
centration inside the boundary layer drop.

The influence of M, Gr,Gm,Ec,M,N, R, Sc, and Sc on
friction factor, heat transmission, and mass transfer are
shown in Tables 1, 2 and 3. As seen in Table 1, increasing
M, Gr, and Gm increased skin friction for both mercury and
electrolytic solution but lowered the rate of heat and mass
transfer. Skin friction coefficient and Nusselt and Sherwood
number values are enhanced for larger values of chemical
reaction parameter. Table 2 illustrates the changes in the
rate of heat transmission. The rate of heat transmission for
both fluids decreases as Ec rises, but the heat transfer rate
Nu for rises as N enhances. Table 3 illustrates the changes in
the rate of heat and mass transport. In both situations when
Pr =0.71and Pr = 1, the rate of mass and heat transfer rises
as R, Sr, and Sc increase.

5 Conclusions

This article discusses the Soret influence of mixed convection
flow of heat and mass transmission via an infinite vertical
plate under the impact of a heat source and chemical reaction.
Numerous physical factors, including Joule heating and radia-
tion, contribute to the flow regime of a fluid, as examined in
this article. By applying similarity transformations, the PDEs
are transformed to ordinary differential equations. A numeri-
cal built-in solver bvp4c technique is used to investigate the
impacts of relevant physical flow factors, including thermal
radiation, viscous dissipation, and magnetic field. The tables
illustrate the impacts of different governing flow factors on
the friction factor, rate of heat, and mass transfer. The fea-
tures shown by these results are consistent and agree well
with those that have been reported in the past [40, 41]. The
following are the study’s major findings:

e The fluid velocity of the flow field decreases when the
parameters M and K are raised beyond their default values.

e As the value of Sc increases, both the velocity and con-
centration distributions deteriorate.

e Rise in Pr causes a drop in temperature.

e As the heat source parameter Q rises, both the tempera-
ture and velocity enhance.

e The velocity rises as the amount of Gr and Gm increases.

e With arise in S and Kr, the velocity and concentration
of the fluid drop.

e Nusselt number Nu grows as Pr rises but reduces as 0
increases.
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Fig.5 a R against velocity. b R against temperature. ¢ § against velocity. d 8 against temperature. e § against concentration
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Fig.6 a Sc against velocity. b Sc against concentration. ¢ Sr against velocity. d Sr against concentration
Table 1 Numerical / / / / ; )
U© -6(0) ¢ (0) U -6 -4 (0)

computations of friction
factor and the Nusselt and M Gr Gm y Pr=0.71 Pr=1.0
Sherwood numbers when
N=1R=02:6=05Ec=0.01:Sc &£9.62:5r =01 0.1 2.69017 1.431439  1.018807  2.59301 1.804351 1.087616

1 2.75965 1.427567  1.018105  2.680923  1.799549  1.086739
2 2943777  1.419407  1.01662 2.885006  1.789424  1.084888
05 2 3.235188  1.426938  1.017977  3.04795 1.799899  1.086792

3.782485  1.421695 1.017008  3.504469  1.794817  1.085851

3.417494  1.424247  1.017483  3.312866  1.794986  1.085887

3 4.145566  1.415501 1.015871  4.033539  1.783537  1.083774
0.3 2711343 1.431663 1.018848  2.622675  1.804495  1.087641

0.5 2739648  1.431774  1.018867  2.657795 1.804522  1.087646

e The rate of mass transfer Sk rises when Kr Incorporating nanoparticles into the fluid in order to
and Sc increase and decline as Sr levels grow. examine their thermal increase beneath an infinite vertical

e  When Gr and Gm increase in value, Cf increases; however, plate for nanofluid and hybrid nanofluid might be viewed as
areversible tendency is seen for higher values of M and K.  a potential avenue for future research.
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Table 2 Numerical calculation of Nusselt number when M = 0.5;R = 0.2;y = 0.1;Gm = 1;S¢ = 0.62;5r = 0.3
Ec N é Gr=0.5 Gr=-0.5
-6'(0) -0'(0)
Pr=0.71 Pr=1 Pr=0.71 Pr=1
0.01 1 0.5 1.433415 1.806345 1.436828 1.809874
0.07 1.353306 1.703734 1.381115 1.733789
0.1 1.311505 1.650079 1.354094 1.696927
0.01 1.723186 2.144756 1.725686 2.147353
1.961513 2.424509 1.963527 2.426607
0.7 1.497273 1.8807 1.500442 1.88398
0.9 1.55774 1.951235 1.560703 1.954306
Table 3 Numerical calculation of Nusselt and Sherwood numbers when M = 0.5;N = 1;6 = 0.5;y = 0.1;Pr = 0.71;Gm = 1;Ec = 0.01
R Sr Sc Gr=0.5 Gr=-0.5
-6'(0) —¢'(0) -6'(0) —¢'(0) -60'(0) —¢'(0) -6'(0) —¢'(0)
Pr=0.71 Pr=1 Pr=0.71 Pr=1
0.2 0.3 0.22 1.425968 0.437135 1.796593 0.461481 1.430339 0.437422 1.801127 0.461780
0.4 1.427745 0.509778 1.798905 0.533966 1.431913 0.510050 1.803224 0.534248
0.6 1.428942 0.569330 1.800463 1.432966 0.569591 0.510050 1.804632 0.593624
0.2 0.5 1.426600 0.494599 1.797460 0.535202 1.430895 0.495069 1.801910 0.535690
0.7 1.427221 0.552116 1.798314 0.608996 1.431441 0.552763 1.802679 0.609666
0.3 1.428332 0.556139 1.799682 0.589369 1.432427 0.556505 1.803925 0.589750
0.62 1.433415 1.019172 1.806345 1.087985 1.436828 1.019802 1.809874 1.088638
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