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This paper addresses the unsteady hydrodynamic convective heat and mass transfer of three fluids namely air, water, and
electrolyte solution past an impulsively started vertical surface with Newtonian heating in a porous medium under the influences
of magnetic field and chemical reaction. Suitable dimensionless parameters are used to transform the flow equations and the
approximate analytic method employed to solve the flow problem. The results are illustrated graphically for the velocity, tempera-
ture, and concentration profiles. Though, low Prandtl numbers produce high-thermal boundary layer thickness, however, as a
novelty, the presence of the magnetic field delayed the convection motion hence, the thermal boundary layer thickness is greater for
water with high P,=7.0 as compared to air with low P,=0.71 and electrolyte solution with low P,=1.0. Practically, water with a
high-Prandtl number can effectively absorb and release heat. This makes water useful in applications such as geothermal heat
pumps and solar thermal collectors, industrial processes such as chemical reactions, distillation, and drying, and in oceanography
in predicting the movement and behavior of ocean currents, which in turn can impact weather patterns and climate. Another
major observation from the study is that the rate of cooling associated with air, water, or electrolyte impacts differently on the

product being cooled.

1. Introduction

Free convection or natural convection is a self-sustained flow
that takes place as a result of buoyant force due to difference
in densities caused by the difference in temperature. In nat-
ural convection, the flow is not influenced by any external
source like a fan, pump, suction device, etc. Examples of free
convection flow include boiling water, hot air rising, cooling
of hot objects, thermosiphon cooling, geothermal vents, ocean
currents, forest fires, etc. Three fluids are used in this study
namely air, water, and electrolyte solution due to their impor-
tance in life. For instance, air is very important for the survival
of most living things on earth as it provides oxygen necessary
for respiration. It also plays an important role in the planet’s
climate and weather systems as well as in the ozone layer that

protects the earth from harmful ultraviolent radiation from
sun. Water is a universal solvent that dissolves a wide range of
substances, making it crucial component in many chemical
reactions in living organisms. Water is also a good conductor
of heat and electricity, making it essential for regulating body
temperature and transmitting nerve impulses. An electrolyte
solution is a liquid that contains dissolved ions that can con-
duct electricity. Electrolyte solutions are important in many
biological and chemical processes, including transmission of
nerve impulses in the body, functioning of batteries, produc-
tion of metals through electrolysis, etc. In the current study,
an attempt is made to consider the influence of radiation,
magnetic field, and chemical reaction on the free convection
flow with Newtonian heating in porous medium as discussed
in the details below.
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Time-dependent free convection heat and mass transfer
has a wide range of of industrial applications. As a result of
this, many researches have focused their attention on
unsteady free convective heat and mass transfer, which the
current study also seeks to contribute. Heat and mass transfer
occur in several processes such as wire drawing, hot rolling,
fiber drawing, continuous casting, drying, evaporation of
water at surfaces, etc. In practice, industrial processes depend
on time; and this unsteadiness in the flow is caused by either
the impulsive motion of the external stream or the time-
dependent motion of the external stream. Siegel [1] was
among the early researchers who studied time-dependent
free convection flow under step-change in wall temperature
through a semi-infinite vertical plate using the momentum
integral method. It was observed that the temperature and
velocity fields exhibited the same behavior. Martynenko et al.
[2] built upon Siegel’s work by subjecting the plate and the
surrounding stationary fluid to a constant temperature.

Radiation plays a useful role in free convective flow or in
heat transfer especially at high temperatures in industrial sys-
tems such as rocket propulsion systems, aerothermodynam-
ics, plasma physics, etc. Therefore, many researchers into
convection flows have included radiation effects in the flows
for industrial purposes. Das et al. [3] used Laplace transform
to study convection flow through impulsively started vertical
plate subject to the radiation effects. Again, Das et al. [4] built
on the work of Das et al. [3] to add partial slip to the flow.
Manjunatha et al. [5] studied the effect of radiation on fluid
flow and heat transfer over an unsteady stretching sheet and
observed that radiation has great impact in the rate of heat
transfer in the boundary layer region. Das et al. [6] studied
unsteady convection flow with thermal radiation using Laplace
transform and observed that the increase in radiation parame-
ter is higher in uniform heat flux than in the uniform
wall temperature. Das and Jana [7] also used Laplace trans-
form technique to investigate natural convective flow with
radiation heat transfer and noticed that as the radiation
parameter increased, the velocity as well as the temperature
of the fluid decreased in the region of the boundary layer.
Similarly, Mohamed et al. [8] used Runge-Kutta—Fehlberg
(RKF) to analyze the effect of thermal radiation on fluid
flow in a permeable plate with Newtonian heating and noticed
the wall temperature increased due to the presence of radiation
parameter. Basant and Gabriel [9] examined the effect of radi-
ation on fluid flow on a flat plate using RKF fourth—fifth order
techniques and noticed that the radiation parameter increased
the thermal boundary layer thickness. Hussain et al. [10] stud-
ied nonsimilar modeling of electromagnetic radiative flow
using finite-difference method and concluded as one of their
major findings that limiting convection across boundaries
reduced the entropy generation.

Many researchers have also worked on the area of
magnetohydrodynamics (MHD) in porous medium. There-
fore, MHD free convective flow in porous medium has signif-
icant engineering applications. For instance, magnetic field
effects in the industrial and engineering systems are very
essential in the functionality of these systems. It is useful in
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chemical engineering to investigate filtration process where
magnetic filters remove iron particles from the products that
are liquid or slurry form; in agricultural engineering to inves-
tigate underground water; in petroleum engineering to inves-
tigate the movement of oil or gas. As a result of the industrial
applications of MHD flow in porous medium, many research-
ers studied MHD flow in a porous medium with distinct flow
configurations, which the present study also seeks to contrib-
ute. Hsiao [11, 12] studied MHD convection flow using finite-
difference method and MHD stagnation flow with viscous
dissipation effect. He observed in both studies that the strength
of the magnetic field affects the rate of heat transfer. Similarly,
Nadeem et al. [13] used the Runge—Kutta method to investi-
gate MHD fluid properties embedded in porous medium and
concluded that the flow is retarded by the presence of the
magnetic field. Seini and Makinde [14] studied MHD flow
on stretching surface with chemical reaction and radiation
and observed that radiation parameter and the magnetic field
decreased the rate of heat transfer. Ali et al. [15] considered
boundary flow through an inclined stretching sheet with the
magnetic field. The temperature equation contained a nonlin-
ear velocity term with MHD just as in the study of Seini and
Makinde [14], Sulemana and Seini [16], and Sulemana et al.
[17]. It was observed that increased in magnetic parameter,
Eckert number, or Prandtl number decreased the velocity pro-
file while increased in Grashof number increased the velocity
profile. Das and Jana [7] studied magneto-convective flow and
observed that presence of the magnetic field and radiation
parameter enhanced temperature as well as the velocity of
the fluid. Ahmed et al. [18] applied numerical/analytical solu-
tions for MHD flow embedded in porous medium over oscil-
lating vertical sheet and observed that increased in either the
radiation parameter or the permeability parameter decreased
the velocity and the temperature profiles. Ibrahim and Tulu
[19] used spectral quasilinearization method (SQLM) to solve
MHD boundary layer flow on a wedge with heat and mass
tranter in porous medium and concluded that an increased in
either the magnetic or the permeability parameters reduced the
velocity boundary layer thickness. Jabeen et al. [20] analyzed
MHD flow in porous medium subject to suction and injection
using semi-analytical method and observed that the flow field
is effectively appreciable by suction and injection. The effects
of radiation, thermal slips, and velocity in MHD heat and mass
transport in porous medium were studied by Reddy et al. [21]
using Keller-Box technique. They found out that temperature
of the fluid dropped due to the improvement in the heat factor
and the slip parameter. Similarly, to the work of Reddy et al.
[21], a magnetohydrodynamic flow in a porous medium was
analyzed by Arul Vijayalakshmi et al. [22] using the homotopy
perturbation technique and observed that the fluid thickened,
thermal boundary layer thickness decreased due to increment
in the radiation parameter. Hussain et al. [23] studied the
impact of nonsimilar modeling of mixed convective flows of
nanofluids past vertical permeable surface applying local non-
similarity technique via bvp4c and observed a reversed flow for
the velocity profile due to variation in the nonsimilar variable.
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Also, the influence of chemical reaction in convective
flows in many engineering systems or industrial processes
cannot be overlooked. An investigation into the flow over an
unsteady stretching surface with chemical reaction subject to
the heat source was studied by Seini [24]. He observed that an
increased in the unsteadiness parameter increased mass and
heat transfer rates and the skin friction coefficient. Sulemana
et al. [25] also used Laplace transform techniques to study
unsteady MHD flow on a vertical surface with chemical reac-
tion. Similarly, Sulemana and Seini [16] studied time-
dependent hydromagnetic flow across a porous vertical surface
with internal heat generation in the presence of chemical reac-
tion. In both studies, they concluded that as time passed, skin
friction coefficient reduced. Krishna et al. [26] applied Laplace
transform method to study unsteady MHD flow in porous
medium and observed that increase in permeability parameter
increased the fluid velocity and shear stress. Recently, Sulemana
et al. [17] studied MHD hydrodynamic boundary layer flow in
an unsteady porous medium using approximate analytical
method and concluded that chemical reaction parameter as
well as permeability of porous medium are effective in reducing
skin friction and are importance in practice since reduced skin
friction enhances a system efficiency.

It must be noted that thermal boundary conditions of a
free convective flow determine the characteristics of heat
transfer. Therefore, in Newtonian heating, the heat transfer
rate from the boundary surface with finite heat capacity is
proportional to the local surface temperature and this pro-
cess is called conjugate convective flow. Many engineering
devices such as fins, heat exchangers, and solar radiation
devices are designed based on this configuration. Hence, it
is important to consider convective flows subject to the New-
tonian heating. Chaudhary and Jain [27] employed Laplace
transform techniques to investigate unsteady free convection
flow in an impulsively started vertical plate with Newtonian
heating and noticed that the temperature distribution decreased
as Prandtl number increased. Narahari and Nayan [28] extended
the work of Chaudhary and Jain [27] using Laplace transform
method to obtain exact solution of an impulsively started free
convection flow in vertical plate subject to Newtonian heating
with mass diffusion and thermal radiation and observed that
aiding flows increased the velocity while opposing flows
decreased the velocity of the fluid. Das et al. [4] reported
the effects of radiation on free convection unsteady flow
through a vertical plate subject to the Newtonian heating
using implicit finite-difference method of Crank—Nicolson’s
type. It was realized that the velocity near the plate decreased
while the velocity away the plate increased. Hussanan et al.
[29] used Laplace transform techniques to analyze unsteady
flow and heat transfer of a Casson fluid through an oscillating
vertical surface subject to Newtonian heating and concluded
that an increased in Casson parameter increased the velocity
while an increase in Newtonian heating parameter increased
the thermal boundary thickness. Sharidan et al. [30] employed
Laplace transform method to study the slip effects on
unsteady convective heat and mass transfer subject to Newto-
nian heating and observed that slip parameter presence

reduces the fluid velocity. An investigation of the effects of
Soret on unsteady MHD mixed convective flow in a porous
medium with Newtonian heating was also done by Hussanan
et al. [31] using Laplace transform techniques. They noticed
that increasing values of Soret number increased the fluid
concentration and velocity. Konwar et al. [32] built on Hus-
sanan et al. [31] work’s to consider an MHD heat and mass
transfer of a Newtonian fluid mixture on an exponentially
stretched sheet in porous medium with temperature-dependent
fluid properties, Soret and Dufour effects. They observed that
flow, heat, and mass transfer are significantly influenced by
mixed convection parameters, magnetic field, permeability,
conductivity, Prandtl number, viscosity and Schmidt number.

In the literature, it is clear that most of the studies
focused on the radiation effects on convection flows as well
as flows of the different configurations. The main aim of this
paper is therefore to investigate the influences of magnetic
field and chemical reaction on unsteady hydrodynamic con-
vection heat and mass transfer of air, water, and electrolyte
fluids subject to Newtonian heating in porous medium, just
as in [33] but solved with new enhanced technique. The
present study is an extension of the work of Chaudhary
and Jain [27] to include the influences of magnetic field
and chemical reaction in the flow under unsteady conditions.
The authors introduced a novel approach called approximate
analytic method (AAM), to investigate the present study and
established that in the absence of magnetic field [27, 28] low-
Prandtl numbers produce high-thermal boundary layer
thickness, however, in the presence of the magnetic field
(present study) the thermal boundary layer thickness is
greater for water with high P,=7.0 as compared to air
with low P,=0.71 and electrolyte solution with low P,=1.0.

2. Problem Formulation

Motivated by hydromagnetic applications in engineering, in
this study, incompressible, optically dense viscous unsteady
hydromagnetic convective mass, and heat transfer flow past
infinite impulsively started vertical surface subject to Newto-
nian heating is considered. Three (3) fluids: water, air, and
electrolyte solution are used in this study. From Figure 1, the
x* — axis which is along the plate is chosen as the flow direc-
tion and normal to the plate is the y* — axis. For time t* <0,
i.e., at rest, the fluid exhibits a constant temperature of TZ
while the plate has a constant concentration of C%,. For time
t*>0, the plate experienced an impulsive motion in vertically
upward direction with a uniform velocity v, temperature T;,
and the concentration C;,. Figure 1 shows the flow system.

The plate is infinitely along the x* — direction, hence all
the physical variables are the functions of y* and t* only.
Under Boussinesq approximation, neglecting the inertia
terms, Soret effects, viscous dissipation, and Dufour effects,
the equations governing the flow, similar to the study by
Chaudhary and Jain [27, 28] are:

ou*  ov*

o tay =0 n
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Figure 1: The fluid flow system.
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e de* Ddy*2 Ke(Cx = Cxy), (4)

with boundary conditions similar to the study by Chaudhary
and Jain [27, 28]:

w=0,v'=0,T"=T5,C"=Ci forally" >0,t* <0,
(5)
u'=U,, T*=T,,C"=C}aty" =0,t">0, (6)

u* - ui,, T* > Tk, C* - Ci as y* — oo, t*>0. (7)

Introducing dimensionless parameters similar to Narahari
and Nayan [28], Sharidan et al. [30], and Chaudhary and Jain
[27] as follows:

M* y*v p T*_T;O E uz , t*VZ
u—=— = e e =
v T T o T (T - T 0
(8)
(GG v vabT-Th)
vghc(C — C)
G =—""F5—"7,

Using the Rosseland approximation

o4,
ay*

= —da*c(T - T*). (11)

Assuming that the temperature differences with the flow
are sufficiently small such that T** is expressed as a linear
function of the temperature. By Taylor series expansion
neglecting the higher order terms, T** is expressed as a linear
function of the temperature in the form:

T~ ATHT* - 3T, (12)

Substituting Equation (12) into Equation (11):

aq,

L= —da*o(TH - 4ATST* + 3T, (13)
dy
= —da*c(4T: — ATTY), (14)
— —16a*c(T2 - T2T*), (15)
0
8;1: = —16a*cT3(T: - T). (16)

Substituting Equation (16) in Equation (3) and the trans-
formation of Equation (10) in Equations (1)—(4) give the
following dimensionless models:
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a0 00 0%0
— - — — F0O ME, u?, 18
at oy P(ay2 )+ o (18)
dc 0 1
E_E__ 20 ke (19)
ot dy Scoy

Subject to the boundary conditions in dimensionless
form:

u=0,0=0,c=0, forally>0, <0, (20)
u=1,0=1,c=1, forall y=0, t>0, (21)
U— 00,0 > 00,c—00asy— oo, t>0. (22)

3. Approximate Analytic Method

AAM is used to solve the nonlinear dimensionless
Equations (17)-(19) with boundary conditions in
Equation (22). These nonlinear equations can be integrated
numerically, however in this study since the Reynolds num-
ber is small, approximate analytic solution can be obtained
by some perturbation on the nonlinear equations. Therefore,
a linear approximated solution of the nonlinear equations
can be obtained by applying the approximate analytic
method.

Consider the concentration model in Equation (19), using
power series to expand in terms of Eckert number gives:

e 080) - $a 0 L E0) = ¢ Ea(0) 5 E0)
~k X (DE ()

(23)

The coefficients terms ¢y >¢; >¢,... in power series, there-
fore higher terms are negligible. Also, in this study, the Eckert
number (E,) such that E. <1, therefore higher terms E2E2, EZ,
..., are negligible.

Now, considering powers of E;

0E.  2¢, (OE, ¢ 0%
E%: ¢, =2 L2 ke, 24
TG T, (ay) T5 oy TR 24
OE, 6c; (OE\\? 2, d°E,
Elic, —26, 0228 ()" 2008y (25)
dy S, \ oy S ay
0E, 3c 0’E,
Ez -3c C3—— =2 €2 (26)

a S ay

In Equation (26) and considering appropriate boundary
conditions in Equation (22) for the concentration profile gives:

o (t) = ekt (27)

Applying Laplace transform to Equations (24) and (25)
gives:

2 0E, 2 1 0%,
s+k.dy S.s+k. 0y (28)
+ kcﬁ()/’ S) = O’

se1(y,s) = e(5,0) =

s is the Laplace transform parameter.

Considering appropriate boundary conditions in
Equation (22) for the concentration profiles Equations (24)
and (28) and using convolution theorem, the general solu-
tion of the concentration model is:

c(y,t) =¢o + 1E. + E2 + ..., (29)

c(y,t) =

e~ 25y 4 e=S:0-1) E + ek tE2 (30)

Similarly, by considering the dimensionless temperature
model in Equation (18) and the dimensionless velocity model
in Equation (17), expanding in power series in terms of Eckert
number, the general solutions are, respectively;

Oy, t)=e Tt +e™E +e Prth (31)
~2y-Mt M1
-y -
u(y.t)=e e (G,0,(y.t) + Geey(y. t))[ }Ec

4 e L 17 (GO 00.1) + Geaa . t))}

(32)
where
a(y,t) =e S0, (33)
(1) = e, (34)
0,(y.t) =e P, (35)
0,(y.t) = e . (36)

3.1. Other Possible Solutions for the Velocity Model. Since, the
ratio of momentum diffusivity to thermal diffusivity of the
fluid is characterized by the Prandtl number, P, =1 repre-
sents fluids whose thermal boundary layer thickness and
momentum have the same order of magnitude. For all values
of P, except P, =0, the temperature as well as the velocity



solutions in Equations (31) and (32), respectively, are valid.
It must be noted that P, =0 is not possible in practice and
therefore has no effect in the solution obtained.

Case 1: When k. =1 and P, =1.

Mo
u(y,t) = e7 — e VM (G,e” + G,e™50D) {ﬁ - M} E.
1
+|e™M + i (Gye ! + Gce‘t)] E2.
(37)
Case 2: When k. # 1 and P, =1.
M1
) =e? — eV M(G eV +GeSUD) | — - —|E
u(y,t) =e e (re+ce )MMC
1
+|eM +— (GeF + Gce‘kct)] E2.
M
(38)

3.2. The Rate of Heat Transfer Coefficient of the Unsteady
Hydromagnetic Flow. On the stretched plate, the heat trans-
fer coefficient rate can be investigated in terms of Nusselt
number, Nu. The P, and E, effects on Nu can be investigated.
The dimensionless Nusselt number is:

N, = _%g\y:() - Pr(l + Ec)' (39)

3.3. The Rate of Mass Transfer Coefficient of the Unsteady
Hydromagnetic Flow. At the stretching plate, the mass trans-
fer coefficient rate can be determined in terms of Sherwood
number, Sh. The E, and S, effects on Sherwood number are
investigated. The Sherwood number is as follows:

= Gyp = S E¥E). (40)

3.4. The Skin Friction Coefficient of the Unsteady Hydromagnetic
Flow. The variations in skin friction due to the physical param-
eters t, M, E., S., P,,G,, and G, can be investigated. The skin
friction is as follows:

o _ - :
7= 0_;\)/:0 = 1-[2eM(G, + G.e%)

41
- e_Mt(_GrPr - Gcscesc)] [ﬁ - i:| . ( )
M M

4. Results and Discussion

Numeric values of the temperature, concentration, and
velocity fields are computed and shown in the figures to
measure the effects of the physical parameters such as t, P,,
Se.G,,Ge, M, F,E,, and K. on the hydromagnetic flow.
Water, air, and electrolyte solution are used in the study.
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FIGURE 2: (Present study with magnetic field presence). Temperature
profile for water (P, =7.0), air (P, =0.71), and electrolyte solution
(P,=1.0) and when E,=0.9 and F =2.

The values of the Prandtl number, P, are taken as 7.0 for
water, 0.71 for air, and 1.0 for electrolyte solution and the
values of the Schmidt number S, are taken as 0.62 for water,
0.24 for air, and 0.67 for electrolyte solution. These are phys-
ical values of S. and P, of these fluids.

4.1. Graphical Results

4.1.1. Temperature Profiles. In Figure 2, the effects of the
Prandtl number on the temperature profile for water with
P,=7.0, air with P,=0.71 and electrolyte solution with P,=
1.0 are considered. Low-Prandtl numbers produce high-
thermal boundary layer thickness [27, 28], however, in
Figure 2, it is observed that the presence of the magnetic field
delayed the convection motion. Also, the molecules of water
are closer to each other than air, they get charged up faster
than air in the presence of magnetic field hence a reversed
flow occurred. Hence, the thermal boundary layer thickness
is greater for water with high P, =7.0 as compared to air with
low P,=0.71 and electrolyte solution with low P,=1.0. Prac-
tically, water with a high-Prandtl number can effectively
absorb and release heat. This makes water useful in applica-
tions such as geothermal heat pumps and solar thermal col-
lectors and in oceanography in predicting the movement and
behavior of the ocean currents, which in turn can impact
weather patterns and climate.

Figures 3—5 show the effects of Eckert number E, on the
temperature profile for water P, =7.0, electrolyte solution
P, =1.0, and air P, =0.71, respectively. It is noticed that tem-
perature falls for the positive values of E. while for the nega-
tive values of E. the reverse occurred as the time passes.
In general, an increase in the Eckert number leads to an increase
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FiGUre 8: Velocity profile for air with P,=0.71, electrolyte solution with P,= 1.0, and water with P,=7.0 when G, =4,S.=2,G, =4,E. =

09,K.=1,F=4, and M =2.

in the fluid temperature due to an increase in internal energy
caused by the increased kinetic energy of the fluid. However,
this effect is offset by the other factors of the fluids under study
(water, electrolyte solution, and air) such as cooling due to the
magnetic field and the changes in the thermodynamic proper-
ties of these fluids.

4.1.2. Concentration Profiles. Figure 6 illustrates the effects of
the Schmidt number, S, on the concentration profile for
electrolyte solution with S,=0.67, water with S.=0.62 and
air with §,=0.24. It is observed that in the presence of the
magnetic field, the concentration is greater for electrolyte
solution with high S.=0.67 as compared to water with low
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FIGURE 9: (a) Velocity profile of the effect of Grashof number G, on electrolyte solution with P,=1.0 in the present of magnetic field when
K.=1,G,=4,5,=2.01,E,=0.9, M =3 and F = 3(present study). (b) Velocity profile for electrolyte solution with P, =1.0 (in the absence of

magnetic field, [27]).

Sc=0.62 and air with low S,=0.24. As time elapses, the
concentration diminishes faster for electrolyte solution
with §,=0.67 as compared to air with S,=0.24 and water
with §,=0.62, i.e., in a magnetized fluid, the presence of a
magnetic field significantly affects the Schmidt number.
Thus, magnetic field alters the diffusivity of both momentum
and mass in the fluid. The magnetic field increased the
momentum diffusivity by inducing turbulence and enhanc-
ing mixing, while decreased the mass diffusivity by suppres-
sing the motion of ion or molecules. Due to this, the Schmidt
number in magnetized fluids is significantly different from
that in nonmagnetized fluids. Electrolyte solution with high-
Schmidt number has applications in various fields including
biology, chemistry, and engineering. i.e., in biotechnology,
high-Schmidt number electrolyte solution can be used in
the separation and purification of proteins, which can be
achieved through electrophoresis. High-Schmidt number
electrolyte solution can be also be used in the field of mem-
brane technology. Membranes are used in the applications
such as water treatment, desalination, and gas separation. The
transport of ions and other species through the membrane is
governed by their diffusion properties and the use of electro-
lyte solutions with high-Schmidt number can improve the
selectivity and efficiency of the process. Also, in electrochem-
ical processes, electrolyte solution with high-Schmidt number

is useful for application in electroplating, where the uniform
deposition of metal on a substrate is essential.

The effects of rate of chemical reaction K, on air with
S.=0.24, electrolyte solution with S.=0.67, and water with
S.=0.62 are considered in Figure 7. Similarly, concentration
is greater for electrolyte solution with high S,=0.67 as com-
pared to water with low S.=0.62 and air with low S, =0.24.
As time elapses, concentration decreases faster for electrolyte
solution with S, =0.67 as compared to air with S,=0.24 and
water with S,=0.62.

4.1.3. Velocity Profiles. Figure 8 shows velocity profile for
electrolyte solution with P, =1.0, water with P,=7.0, and
air with P,=0.71. Increase in velocity is high for water
with high Prandtl number, P, =7.0 as compared to electro-
lyte solution with low P, = 1.0 and air with low P, =0.71 due
to the effects of the magnetic field. A higher Prandtl number
means that the fluid has a greater ability to conduct heat
relative to its ability to transport momentum hence the
velocity is high with water with high P, =7.0 as compared
to the other two fluids. It is also observed that due to inter-
play between the magnetic field, thermal conduction, and
fluid viscosity, higher Prandtl number led to an increase
in fluid velocity. The velocity however, decreases for all the
three fluids as time goes on.
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FiGURE 10: (a) Velocity profile of the effect of G, on air with P, =0.71 in the present of magnetic field when K, =1,G.=4,S,=2.01,E.=0.9,
M =3and F = 3 (present study). (b) Velocity profile for air with P, =0.71 (in the absence of magnetic field, [27]).

In Figures 9(a), 10(a), and 11(a), the effects of Grashof
number G, on the velocity profile for electrolyte solution
with P, = 1.0, air with P,=0.71 and water with P,=7.0 are
measured. Although, rise in Grashof number raised the
velocity of a fluid (Figures 9(b), 10(b), and 11(b), [27]), how-
ever, with the magnetic field presence, the reverse process is
observed. It is noticed that as time elapsed, the fluid velocity
diminished for positive G, values but rise for negative G,
values. This is so because, the presence of the magnetic field
suppressed the fluid motion that is driven by buoyancy force.

The effects of G, on the velocity profile for electrolyte
solution with P, = 1.0, air with P,=0.71, and water with P,=
7.0 are shown in Figures 12—14, respectively. Again, it is seen
that the velocity diminished with time due to the magnetic
field effects.

The effects of M on the velocity profile for electrolyte
solution with P,=1.0, air with P,=0.71, and water with
P,=7.0is illustrated in Figure 15. It is noted that the velocity
rise for all the three fluids as M increased. However, the
increase in velocity of water with high P,=7.0 is greater as
compared to the electrolyte solution with low P,=1.0 and air
with P,=0.71 due to the presence of the magnetic field.

Figure 16 shows Eckert number effects on the velocity
profile for water with P,=7.0, electrolyte solution with P,=
1.0, and air with P,=0.71. The velocity rise with increase in

Eckert number for all the fluids. Again, the velocity is greater
for water with high P,=7.0 than air with low P,=0.71 and
electrolyte solution with P,=1.0.

In Figure 17, the effects of K, on the velocity profile for
water with P,=7.0, electrolyte solution with P,=1.0 and air
with P,=0.71 is determined. It is realized that the velocities
of the fluids decayed with increment in K, due to the chemi-
cally reactive magnetic field which influenced the flow field.
It is observed that the chemical reaction in porous medium
can alter the properties of a fluid, such as viscosity, density,
and thermal conductivity, which can affect the fluid velocity.
In this study, it is noticed that the chemical reaction pro-
duced a species that increased the viscosity of the three fluids
hence the fluids velocities decreased. Also, the presence of
the magnetic field affects fluid velocity in a porous medium.
A Lorentz force arises from the interaction between the mag-
netic field and the charged particles in the fluid which
impede the fluid motion.

4.2. Numerical Results. Tables 1-3 illustrates the behavior of
Nusselt number, —6'(0), Sherwood number, —@'(0), and
skin friction coefficient, — u/(0) for various values of t, M, E,,
P..S. F, G, and G.. From Table 1, Nusselt number, —6'(0)
increases with increasing values of P, and E.. From Table 2,
Sherwood number, — @(0) increases with increasing values
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FiGURE 11: (a) Velocity profile of the effect of G, on water with P,=7.0 in the present of magnetic field when K, =1,G.=4,S,=2.01,E. =
0.9, M =3, and F =3 (present study) (b) Velocity profile for water with P, =7.0 (in the absence of magnetic field, [27]).

FiGure 12: Velocity profile of the effect of G, on electrolyte solution with
P,=10when K, =2,G,=4,5,=2.01,E,=0.9,M=3, and F=3.
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FiGure 13: Velocity profile of the effect of G, on air with P,=0.71
when K, =2,G, =4,S,=2.01,E,=0.9, M=3, and F=3.
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FIGURE 14: Velocity profile of the effect of G, on water with P,=7.0
when K, =1,G, =4,5,=2.01,E,=0.9,M =3, and F=3.
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FiGure 15: Velocity profile of the effect of M on electrolyte solution
with P, 1.0, air with P,=0.71, and water with P,=7.0 when t =2,
K.=1,G,=4,8,=2.01,E,=09,G, =3, and F=3.

of E. and S,. From Table 3, it is noted that the skin friction
coefficient, —/(0) decreases for increasing values of ¢, M,
E..G,, G, but increases for increasing values of S, and P,. It
is noted that, in the presence of chemically reactive mag-
netic porous medium, the controlling parameters such as t, M,

Advances in Mathematical Physics

y
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FiGure 16: Velocity profile of the effect of E, on water with P,=7.0,
electrolyte solution with P,=1.0, and air with P,=0.71 when t =2,
G,=4.K,=1,5,=2.01,M=3,G, =4, and F=3.
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FiGure 17: Velocity profile of the effects of K. on air (P,=0.71),
electrolyte solution (P,=1.0), and water (P,=7.0) when t =2, G, =4,
G,=4,E.=0.9,5,=2.01,M=2,G,=4and F=2.

E. G,, and G. can be used to reduce skin friction and are
relevant in practice since reduced skin friction improves
efficiency of a system. In Tables 4 and 5, results of present
study are compared with the previously published results of
Ahmed et al. [18] and Krishna et al. [26] which showed
consistency.
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TasLE 1: The local Nusselt number, —& (0) at the wall, for various values of E, and P,.

P, E. ~0'(0)
0.2 0.9 0.3800
0.4 0.9 0.7600
0.6 0.9 1.1400
0.7 0.2 0.8400
0.7 0.4 0.9800
0.7 0.6 1.1200

Bold values signify the increasing values of Prandtl number (P,) and Eckert number (E,).

TaBLE 2: Sherwood number, —@ (0) at the wall, for various values of E, and S,.

E, S. -0'(0)
0.2 0.3 0.6810
0.4 0.3 0.7611
0.6 0.3 0.8421
0.9 0.2 0.6199
0.9 0.4 1.3371
0.9 0.6 2.1839

Bold values signify the increasing values of Eckert number (E,) and Schmidt number (S,).

TaBLE 3: The skin friction coefficient, —u’ (0) at the wall, for various values of t, M, G,, S, G, P,, and E..

t M E. S. P, G, G. —u'(0)
0.3 1.0 0.9 1.0 1.0 1.0 1.0 1.0353
0.5 1.0 0.9 1.0 1.0 1.0 1.0 0.7428
0.7 1.0 0.9 1.0 1.0 1.0 1.0 0.5922
03 3.0 0.9 1.0 1.0 1.0 1.0 1.6784
03 5.0 0.9 1.0 1.0 1.0 1.0 1.2372
03 7.0 0.9 1.0 1.0 1.0 1.0 0.9216
03 1.0 0.4 1.0 1.0 1.0 1.0 1.8061
0.3 1.0 0.6 1.0 1.0 1.0 1.0 14116
03 1.0 0.8 1.0 1.0 1.0 1.0 0.9643
0.3 1.0 0.9 4.0 1.0 1.0 1.0 0.7312
03 1.0 0.9 7.0 1.0 1.0 1.0 1.8614
0.3 1.0 0.9 9.0 1.0 1.0 1.0 1.9813
0.3 1.0 0.9 1.0 3.0 1.0 1.0 0.9821
0.3 1.0 0.9 1.0 6.0 1.0 1.0 1.0463
0.3 1.0 0.9 1.0 10.0 1.0 1.0 1.4211
03 1.0 0.9 1.0 1.0 5.0 1.0 1.9533
0.3 1.0 0.9 1.0 1.0 10.0 1.0 1.7312
03 1.0 0.9 1.0 1.0 15.0 1.0 1.2452
0.3 1.0 0.9 1.0 1.0 1.0 5.0 1.9321
0.3 1.0 0.9 1.0 1.0 1.0 10.0 1.7110
0.3 1.0 0.9 1.0 1.0 1.0 15.0 1.2101

Bold values signify the increasing values of physical parameters t, M, E, S, P,, G, and G..

TasLE 4: Comparism of velocity results, S,=0.22, M=0.5, P,=0.71, k.=0.5, F=1, t=1, G,=5, F=0.5, E.=0.3, ®=0, and y=2.

Ahmed et al. [18] Krishna et al. [26] Sulemana et al. [17]
Ge (Crank—Nicolson method) (Laplace transform techniques) (AAM) Present study (AAM)
5 0.384885 0.384775 0.384863 0.384871
10 0.548079 0.547087 0.548157 0.548166

12 0.632847 0.632256 0.632646 0.632637
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TasLE 5: Comparism of concentration results, E,=0.3, t=1, k,=0.5, and y=2.
Ahmed et al. [18] Krisna et al. [26] (Laplace Sulemana et al. [17]

S (Crank—Nicolson method) Transform Techniques) (AAM) Present study (AAM)
0.3 0.228051 0.228774 0.227642 0.227651

0.6 0.167541 0.164551 0.167632 0.167643

0.78 0.084308 0.081447 0.083421 0.083434

5. Conclusion pr: Thermal expansion coefficient (K™!)

Bc: Concentration expansion coefficient (K1)

In this study, we have investigated unsteady MHD hydrody-
namic convective heat and mass transfer subject to Newtonian
heating in a porous medium. Using dimensionless variables,
the nonlinear partial differential equations have been derived
and transformed into dimensionless differential equations
which are solved by means of approximate analytical method
and results illustrated both graphically and numerically. The
findings drawn from the study are:

(1) The thermal boundary layer thickness is greater for
water with high P,=7.0 when compared to air with
low P,=0.71 and electrolyte solution with low P,=1.0
in the presence of the magnetic field but diminishes
with time. Practically, water with a high-Prandtl num-
ber can be used as a heat transfer fluid in heating and
cooling systems. It can effectively absorb and release
heat, which makes it useful in the applications such as
geothermal heat pumps and solar thermal collectors.

(2) High concentration is observed for electrolyte solu-
tion with high S,=0.67 when compared with water
with low S.=0.62 and air with low S.=0.24 but as
time elapsed the electrolyte solution diminished faster
as compared with water and air. Electrolyte solution
with high-Schmidt number has practical applications
in the electrochemistry, biotechnology, and mem-
brane technology.

(3) The velocity increased with increased in Eckert num-
ber (E,), magnetic parameter (M) but decreased with
increas in rate of chemical reaction (K,) for all the
thre fluids.

(4) Though, the effect of an increase in Grashof number
is to raise the velocity values. Due to the presence of
the magnetic field, it is observed that as time goes on,
the velocity decreases for positive values of G, but
increases for negative values of G,.

(5) The rate of cooling associated with air, water, or
electrolyte impacts differently on the product being
cooled.

Nomenclature

u*,v*: x and y Components of velocity, respectively (ms™!)
Uy:  Velocity of the plate (ms™!)

Y Coordinate axis normal to the plate (m)

r: Time (s)

v: Kinematic viscosity (m*s™!)

p: Fluid density (kgm~)

T*:  Fluid temperature near the plate (K)

Ty Fluid temperature at the plate surface (K)

T%:  Temperature of the free stream (K)

C*:  Concentration in the fluid (Kmolm™)

Ci:  Concentration far away from the plate (Kmolm=2)
Ci:  Concentration at the plate surface (Kmolm™)
a: Acceleration parameter (—)

D: Chemical molecular diffusivity (m=2s™!)

o: Thermal diffusivity (m*K™!)

Cp:  Specific heat at constant pressure (Jkg~'K™')
K}:  Rate of chemical reaction (-)

k*:  Permeability coefficient of the porous medium (m?)
qr: Radiation heat flux (-)

Q: Heat source parameter (-)

¥ Dimensionless coordinate axis normal to the plate
surface (-)

Dimensionless velocity in x direction ()
Dimensionless velocity in y direction (-)
Dimensionless temperature (—)

Dimensionless time (-)

Dimensionless permeability of the porous medium ()
Radiation parameter (-)

Magnetic parameter ()

Heat absorption parameter (-)

Constant (-)

Uniform external magnetic field (Telsa)
Dynamic viscosity (kgm™'s™!)

Soret number (—)

Schmidt number (-)

Prandtl number (-)

Thermal Grashof number (-)

Mass Grashof number (-)

Electrical conductivity (sm™")

Dimensionless concentration in the fluid (-)
Acceleration due to gravity (ms™2)

Thermal conductivity of the fluid (Wm™K™1)
Dimensionless rate of chemical reaction (-)
Eckert number (-)

Rosseland mean absorption coefficient (—)
Stefan—Boltzman constant (—).
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