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Abstract

This paper investigates the effects of thermal radiation on MHD mixed convection flow, heat and mass
transfer, Dufour and Soret effects over a porous plate having convective boundary condition under the
influence of magnetic field. The governing boundary layer equations are formulated and transformed
into nonlinear ordinary differential equations using similarity transformation and numerical solution
is obtained by using Runge-Kutta fourth order scheme with shooting technique. The effects of various
physical parameters such as velocity ratio parameter, mixed convection parameter, melting parameter,
suction parameter, injection parameters, Biot number, magnetic parameter, Schmit and pranditl
numbers on velocity and temperature distributions are presented through graphs and discussed.
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1. Introduction

Magnetohydrodynamics (MHD), also called magneto-fluid dynamics or hydromagnetics is a model of
electrically conducting fluids that treats all interpenetrating particle species together as a single
continuous medium. It 1s primarily concerned with the low-frequency large-scale, magnetic behavior
in plasmas and liquid metals and has applications in numerous fields including geophysics,
astrophysics, engineering and medical sciences Saman et al. (2017). The field of MHD was initiated
by Hannes Alfven 1942 for which he received noble prize in physics in 1970. The fundamental concept
behind MHD 1s that magnetic field can induce currents in a moving conductive fluid, which in turn
creates forces on the fluid and changes the magnetic field itself. The set of equations that describe
MHD are combination of the Navier-Stokes equations of fluid dynamics and Maxwell’s equation of
electromagnetism. The effects of mass transfer on MHD second grade fluid towards stretching cylinder
was explored by Alamri ef al. (2019) analytically using homotopy analysis method and reported that
the velocity decreases with increasing values of magnetic field.

Mixed convection occurs when heat transfer in a fluid or gas is influenced by both forced convection
and natural convection. Forced convection is induced by external factors like fans or pumps, while
natural convection occurs due to temperature gradients causing density differences. When both forced
and natural convection effects are comparable, it is referred to as mixed convection Davood and Sayyid
(2015). This phenomenon is important in scenarios where both mechanisms play a significant role,
such as in complex ventilation systems, heat exchangers, and electronic cooling systems.
Understanding the characteristics and mechanisms of mixed convection is crucial for improving heat
transfer and designing efficient thermal management systems (Aaiza et al. 2015).

Dofour and Soret are two important mass transfer mechanism in fluid dynamics and heat transfer.The
Dufour and Soret effects are two related phenomena that occur in multi-component systems,
particularly in the field of fluid dynamics. These effects are named after two Swiss physicists, Jean-
Baptiste Dufour and Charles Soret, who made significant contributions to understanding the behavior
of mixtures and diffusion in the 19th century (Venkata ef al.2021).
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2. Literature review

Jha and Mohammed (2014) studied mixed convection effect on melting from a vertical plate embedded
in porous medium with Soret and Dufour effects. Jha er al. (2013) studied the effects of Dofuor and
Soret on melting from a vertical plate embedded in saturated porous medium. Sharma er al. (2018)
studied the influence of heat source on MHD mixed convection stagnation point flow along a vertical
stretching sheet. Reddy and Ali (2016) investigated the combined influence of suction and
thermophoresis on the mixed convective mass transfer boundary layer flow of micropolar fluids
through porous medium over a stretching sheet in the presence of thermo-Diffusion and Diffusion-
thermo effects. Jha and Muhammad (2019) investigated the chemical reaction and diffusion thermo
effect on steady fully developed free convection heat and mass transfer flow near an infinite vertical
moving porous plate under nonlinear Boussinesq approximations.The impact of nonlinear thermal
radiation on nonlinear mixed convection flow near a vertical porous plate with convective boundary
condition has been investigated by Jha and Samaila (2020; 2021a; 2021b; 2022). Surbhi ef al. (2023)
studied the numerical investigation of micropolar fluid flow due to melting stretchy surface in a porous
medium. Hemalatha and Prasad (2014) investigated the analysis of melting phenomenon with mixed
convection flow and heat transfer in a fluid saturated porous medium considering the effect of applied
magnetic field, viscous dissipation, and radiation by taking forchheimer extension.

Motivated by the aforementioned papers, the combined effects of magnetic effect and velocity ratio
on MHD mixed convection flow has not been studied. Hence, this paper is aimed at establishing a
mathematical model to analyze the effect of magnetic effect and velocity ratio on MHD mixed
convection flow near a vertical porous plate with thermal radiation.

3. Methodology

Consider a hydrodynamic and boundary layer flow on a vertical porous plate influence by nonlinear
thermal radiation as shown in figure 3.1. As demonstrated in the figure, the fluid 1s assume to move
with a uniform velocity U, far away from the vertical porous plate at a temperature T,,, whereas the
porous plate surface is heated through convection from a hot fluid at a temperature Ty with a heat

transfer coefficient hy. Here, the momentum equation is subjected to the Boussinesq approximation.
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Figure 3.1: Flow configuration

Following (Jha and Samaila 2021a), the equation that governs the flow of fluid is defined as:
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Where T denote the dimensional temperature, Kdenote thermal conductivity, U denote velocity, v
denote kinematic viscosity, and(u,v) are the velocity components. The quantity g,. 1s the radiative heat
flux. However, the radiative heat flux in the x-direction is assumed to be small in comparison to that
in y-direction. According to Jha ef al. (2018), the radioactive heat flux g, can be simplified through
Rosseland diffusion approximation for an optical thick fluid as

40T

q}"' - = 3k*dy (4)

Where o and K* represent the Stefan Boltzman constant and mean absorption respectively. Though,
Rosseland approximation is only applicable for an optical thick fluid. Regardless of these limitations,
it has been applied in several investigations particularly from the analysis of radiation effect on blast
waves by the nuclear explosion to the transport of radiation through gasses at low density (Agha ef al.

2014).

The boundary conditions related to the present analysis can be written as:
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The following similarity transformations are introduced to transform equation (2) and (3).

’Um
n=y Eﬂ \\

u= Umfl(n)

1 (U .
v =2 ¥ i) - f), > (6)
) _T-Ta

T; — Top

Substituting equation (4) — (6) in eq&atinn (2) and (3), the momentum and energy equations and the
boundary conditions are reduced to;

. 1
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The appropriate boundary conditions are
f(0) =5, )
f10) =4,
0'(0) = ~Bill—0(0)] > )
fi(o) =1,
6(c0) = 0, p
Where prime denotes derivative with respect to n, G, = mﬂﬁf‘;_:rm) is local Grashof number,p, =
ﬁ : - h_f X . : "2y .
— Is the prandtl number, Bi = oo S local convective heat transfer parameter,S = Tocs is
suction/injection parameter, R = M(T;*fm) non linear thermal radiation parameter, C; = - T“;
f~leo

Jxﬁg

Pf

temperature difference, M = magnetic term parameter, A = E is velocity ratio parameter.
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4. Results and Discussion

The analysis of the effect of melting, Dufour and Soret effect on MHD mixed convection flow near a
vertical porous plate with thermal radiation i1s presented. The effect of the convective boundary
conditions at the porous plate surface 1s considered. The governing equations where transform using
similarity transformation and are solved through Maple using the RKF45 algorithm. RKF45 is a default
numeric scheme in Maple software because of its accuracy and lustiness. To ascertain the accuracy of
the present analysis, comparisons have been made with previous literature which shows good
correlation. The implication of parameters affecting fluid transport is analyzed. The default values of

these flow factors are regarded as S= 1.0, M = 15, G, = 05 A = 05B = 0.1,R = 1.0,P- =
072, U =Cy =S, =0.4,Kr =0.2,Me = 0.2 and Df(Sr) = 0.03(2.0).

Table 4.1: Comparison of the present results to the work of Jha and Samaila in the absence of
suction/injection, magnetic effect and velocity ratio.

Jha and Samaila (2021a)  Present Work
Bi, Gr. Pr R f(0) -6(0) 6(0) f(0) —6(0) 6(0)
0.1 0.1 072 01 036911 007493 025069 036911 0.07493  0.25069
10 0.1 072 0.1 044445 022287 077713 044445 022287 0.77713
10 01 072 01 047273 026702 097330 047273 026702  0.97330
0.1 05 072 01 049816 0.07601 023987 049816 0.07601  0.23987
0. 10 072 01 063384 007693 023066 0.63384 0.07693  0.23066
0.1 0.1 20 0.1 035380 0.0809 0.19036 035380 0.08096  0.19036
0.1 0.1 70 0.1 034283 0.08663 0.13366 034283 0.08663  0.13366
0.1 01 072 05 037033 0.07433 025669 0.37033 0.07433  0.25669
0.1 0.1 072 01 037195 007354 026452 037195 0.07354  0.26452

The accuracy of the current code 1s 1llustrated in Tables 4.1, where the comparison 1s performed without
considering suction/injection, magnetic effect, and velocity ratio parameters. The table showcases the
utilization of nonlinear ODEs, employing constant values of Bi,, Gr,,Pr, and R while setting the
suction/injection, magnetic effect, and velocity ratio values to zero. The results obtained from the present
work align with the findings of Jha and Samaila (2021a).
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Table 4.2: Comparison of the present approach with Jha and Samaila (2021a) on the Nusselt number
—0(0) forGr, =S=R=A=M=10

Jha and Samaila (2021a) Present work

Bi, Pr=10.1 Pr=0.72 Pr=20.10 Pr=20.1 Pr=0.72 Pr=0.10
0.05 0.036844 0.042767 0.046787 0.036844 0.042767 0.046787
0.10  0.058338 0.074724 0.087925 0.058338 0.074724 0.087925
0.20  0.082363 0.119295 0.156903 0.082363 0.119295 0.156903
0.40  0.103720 0.169994 0.258174 0.103720 0.169994 0.258174
0.60  0.113533 0.198051 0.328945 0.113533 0.198051 0.328945
0.80 0.119170 0.215864 0.381191 0.119170 0.215864 0.381191
1.0 0.122830 0.228178 0.421344 0.122830 0.228178 0.421344
5.0 0.136215 0.279131 0.635583 0.136215 0.279131 0.635583
10 0.138096 0.287146 0.678721 0.138096 0.287146 0.678721
20 0.139056 0.291329 0.702563 0.139056 0.291329 0.702563

Table 4.2 examines the non-linear ODEs for model eqautions without considering the effects of nonlinear
thermal radiation, suction/injection, and magnetic effect. It focuses on the scenario where Bi, tends to
infinity. The table illustrates the influence of Bi,on the Nusselt number -BF(O), revealing that as the

values of Bi, increase, the Nusselt number appreciates forPr = 0.1, Pr = 0.72,and Pr = 0.10. This
finding supports the results obtained by Jha and Samaila (2021a).
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Figure 4.1: Effect of S > 0 Variations on f'(1)

The effect of suction on the fluid velocity distribution is depicted in figure 4.1, it is observed from the figure
that the velocity f' increase as the suction S > 0 increases. This is because when suction increases the velocity
profile is altered. The increase in suction parameter result in an increase in the velocity of the fluid near the
surface where the suction is applied, this leads to narrowing of the boundary layer near the surface as the higher

velocity at the surface causes greater amount of shear stress which in turn reduces the thickness of the boundary
layer.
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Figure 4.2: Effect of § > 0 Variations on 6(n)

Figure 4.2 depict the effect of suction § > 0 on temperature. As shown from the figure, the temperature
distribution is decrease due to the increase in suction. This is because when there is an increase in suction S >
0, there is more pressure being exerted on the fluid. This increase pressure can cause the fluid to flow more
quickly which in turn leads to decrease in temperature of the fluid. Because, as the fluid flows more quickly it

can exchange heat with its surrounding more easily. This result in a cooling effect on the fluid leading to a
decrease in temperature and a thinner boundary layer.
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_Figure 4.3: Effect of S < 0 Variations on f'(n) -

Figure 4.3 shows the effect of injection S < 0 on velocity profile. As depicted from the figure the fluid velocity
decreases as 7 increases. This indicates that with injection growth the velocity profile of the system decreases.
That is, as injection parameter increases the velocity profile decreases. Because increasing the injection
parameter causes more fluid to be injected into the system, increasing the overall volume and the flow rate of
the fluid. This can lead to a higher pressure drop and increased turbulence within the system, resulting in a
decrease in the velocity profile and a thicker boundary layer.

o 1 2 3 & 5 6
1
Figure 4.4: Effect of § < 0 Variations on 8(7)

Figure 4.4 show the effect of injection parameter variation on temperature. As illustrated from the figure, the
fluid temperature increases as 71 increases. This indicates that as injection parameter increases there is a
corresponding increase in the temperature of the fluid. Hence, an increase in injection parameter enhances the
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temperature profile of the fluid.the reason for the increase in the temperature profile is because when injection
increases, there is a higher amount of energy being introduced into the fluid. This can be in in the form of flow
rate, pressure, or a combination of both. As a result , the fluid is being subjected to more turbulent mixing and
increase friction within the system leading to an increase in temperature.
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Figure 4.5: Effect of Velocity Ratio parameter A Variation on f' (1)

Figure 4.5 depict the resultant effect of velocity ratio parameter A variation on velocity profilef’(n), which
shows that as velocity ratio parameter A increases, the fluid velocity increases for both assisting and opposing
flow. This is because the stretching velocity dominates the free stream velocity.
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Figure 4.6: Effect of Velocity Ratio Variations on 8(1n)

Figure 4.6 depict the effect of velocity ratio parameter A variation on temperature profile. As illustrated from
the figure, as velocity ratio parameter A increases the temperature profile decreases. This is because as velocity
ratio parameter A increases the velocity of the system increases more rapidly, due to this the temperature profile
decreases.
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Figure 4.7: Effect of Radiation Parameter Variations on (1)

Figure 4.7 depict the resultant effect of Radiation Parameter R variation on velocity profilef’(n),
which shows that as Radiation Parameter R increases, the fluid velocity also increases. Hence, an
increase in Radiation Parameter R enhanced the velocity profile of the fluid. This is because radiation
heat transfer can contribute to the energy balance of the fluid. When radiation heat transfer is increased,
more heat 1s transferred to the fluid, causing it to become warmer and less dense. As a result, the fluid
becomes more buoyant and rises at a faster rate, leading to an increase in fluid velocity.
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Figure 4.8: Effect of Radiation Parameter R Variations on 6(n)

Figure 4.8 depict the resultant effect of Radiation Parameter R variation on temperature profile, which shows
that as Radiation Parameter R increases, there is a corresponding increase in the temperature of the fluid. Hence,
as the Radiation Parameter R increases the temperature profile of the fluid is enhanced. This is because radiation
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helps in transferring heat energy from one medium to another without the need of contact. This means that as
radiation parameter increases, more heat energy is being transferred to the fluid causing it to heat up and leading

to an increase in its temperature profile.

n
Figure 4.9: Effect of Prandtl Number Variation on 8(n)

Figure 4.9 depict the resultant effect of Prandtl Number Variation on temperature profile 8(n), which shows
that as Prandtl Number increases , the temperature of the fluid decreases rapidly. Henced an increase in Prandtl
Number decreases the temperature profile of the fluid. This is because Prandtl number is a dimensionless
number that represents the ratio of momentum diffusivity to thermal diffusivity in a fluid. When the Prandtl
number is increased, it means that the thermal diffusivity of the fluid is relatively smaller compared to its
momentum diffusivity. In a vertical fluid flow, an increase in the Prandtl number means that the fluid is less
effective at conducting heat compared to its ability to transfer momentum. This results in a decrease in the rate
of heat transfer within the fluid, leading to a flatter temperature profile.
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Figure 4.10: Effect of Convective G, parameter on f' (1)

The consequences of Gr, parameter on velocity profile is shown in figure 4.10. It 1s evident from the figure
that Gr,, paramter has an increasing effect on velocity profile. This is because Gr, strengthens the buoyancy
force, and in turn enhances the fluid velocity.
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Figure 4.11: Effect of Convective Gr, parameter on 8(n) for model 1

Figure 4.11 depict the resultant effect of Convective G, parameter on temperature profile 8(n), which shows
that as Convective Gr, increases from 0.0 - 2.0, the temperature tend to decrease, although the difference in
decrease from one point of Convective Gr, parameter ranging from 0.0 - 2.0 1s relatively low.
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Figure 4.12: Effect of Bi number Variations on f' (1)

Figure 4.12 illustrates how varying the B1 number affects the velocity profilef'(n). The graph demonstrates
that an increase in the Bi number results in a corresponding increase in velocity profile of the system.
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Figure 4.13: Effect of Bi variations on 8(n) for model 1

Figure 4.13 shows the effect of Bi number variation on temperature profile, it depicted that as the Bi number
increases the temperature profile increase. This is because the Bi number is a dimensionless number used in
heat transfer calculations to determine the relative importance of heat conduction within an object compared to
heat convection at the object's surface. A higher Bi number indicates that convection heat transfer is more
significant than conduction heat transfer. When the Bi number increases, it means that the rate of heat transfer
through convection at the object's surface is higher relative to the rate of heat transfer through conduction within
the object. In a fluid flow in a vertical direction, an increase in the Bi number means that there is more efficient
convective heat transfer occurring at the surface of the fluid. This increased convective heat transfer leads to a
more efficient exchange of heat between the fluid and its surroundings, resulting in a higher temperature profile
within the fluid.
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Figure 4.14: Effect of Magnetic Parameter Variations on f' (1)
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Figure 4.14 show the effect of magnetic parameter variation on velocity profile, as illustrated from the figure,
an increase in magnetic parameter leads to a corresponding increase in the velocity profile of the system. This

is because an increase in the magnetic parameter can increase the velocity profile of the fluid due to the
phenomenon known as magnetohydrodynamics (MHD). MHD is the study of the motion of electrically
conducting fluids in the presence of a magnetic field. When a magnetic field is applied to a conducting
fluid, it can exert a force on the fluid particles, causing them to move in a certain direction. This can
lead to changes in the flow behavior of the fluid, resulting in an increase in velocity.
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Figure 4.15: Effect of Magnetic Parameter Variations on 6(n)

A resultant effect of magnetic parameter on temperature profile is depicted in figure 4.15. As shown from the
figure, the magnetic parameter has a decreasing effect on the temperature profile. As the magnetic parameter in
increase the temperature decrease relatively low. Hence the magnetic parameter has little effect on the
temperature profile of the system.

5. Conclusion

The investigation of mixed convection effect on MHD flow near a vertical porous plate under the
influence of magnetic effect and velocity ratio with convective boundary conditions and nonlinear
thermal radiation revealed the intricacies of fluid motion and heat transfer in such systems. The
findings highlighted the significance of considering these effects in the analysis of MHD flows, as they
significantly influenced the velocity and temperature profiles. The major conclusions of this study are:

e The presence of mixed convection parameter enhances the velocity profile in the system,
leading to a reduction in both the temperature and concentration profiles. Additionally, the
boundary layer thickness increases for all profiles.

e The magnetic parameter shrinks the velocity profile and thickens the boundary layer whereas
the temperature distribution rises with the boundary layer thinning thinner due to the influence
of the Lorentz force.

e As the velocity ratio increases, the velocity profile is enhanced, resulting in a thicker boundary
layer, whereas the temperature profile experiences a decrease.
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e The Boit number results in improved velocity and temperature profiles, causing an increase in
thickness for both boundary layers.

Finally the study emphasized the importance of considering these effects, as they had a substantial
impact on the heat and mass transfer rates near the porous plate.
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