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ABSTRACT: This study presents a numerical analysis of the steady-state solution for transient magnetohydrodynamic
(MHD) dissipative and radiative fluid flow, incorporating an induced magnetic field (IMF) and considering a relatively
high concentration of foreign mass (accounting for Soret and Dufour effects) over a vertically oriented semi-infinite
plate. The governing equations were normalized using boundary layer (BL) approximations. The resulting nonlinear
system of partial differential equations (PDEs) was discretized and solved using an eflicient explicit finite difference
method (FDM). Numerical simulations were conducted using MATLAB R2015a, and the developed numerical code
was verified through comparison with another code written in FORTRAN 6.6a. To ensure the reliability of the results,
both mesh refinement and steady-state time validation tests were performed. Furthermore, a comparison with existing
published studies was made to confirm the accuracy of the findings. The dimensionless equations revealed the impacts
of several key parameters. The IMF initially intensifies near the plate before gradually diminishing as the magnetic
parameter increases. For the range 0 < y < 1.8 (where y is the horizontal direction), the IMF decreases with a rise in the
magnetic Prandtl number; however, for 1.8 < y <7 (approximately), the magnetic field begins to increase. Beyond this,
the profile of the magnetic field becomes somewhat irregular through the remaining part of the BL.

KEYWORDS: MHD; stability analysis; finite difference method (FDM)

1 Introduction

MHD has been recognized as a significant area of research due to its multiple applications in astrophys-
ical and geophysical problems over the past several decades. Flows perturbed by external magnetic forces
over plates play a central role in various industrial operations, mechanical engineering, civil engineering,
and biomechanical processes. The buoyancy effect of thermal and mass diffusion facilitates simultaneous
transport processes in both industry and nature. Free convection fluid flows over vertical walls, considering
magnetic forces on the transport process, has significant applications in nuclear engineering, particularly
in the cooling of reactors. There are myriad uses of transfer phenomena in polymer production and food
processing industries. The generation of an IMF catalyzes the process of removing contaminants from
crude oil.

In recent decades, numerous studies have focused on solving MHD equations to obtain exact solutions
using various advanced techniques. These approaches include group analysis, symmetry methods, invariant
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solutions, and Laplace integral transformations, which researchers have extensively employed to tackle the
complexities of MHD equations [1-3]. Parida et al. [4] analyzed the behavior of nonlinear heat transfer flow
with a similarity solution technique numerically. The results from quasilinear shooting methods reveal an
increase in temperature and velocity with the rise of the temperature ratio parameter. Sehra et al. [5] studied
the MHD flow of time-varying random shear stresses, along with the impacts of molecular diffusivity by
employing the Laplace transformation (LT) technique. They observed an increase in temperature when they
ignored the heat source parameter. An investigation of MHD flow over a moving plate was presented by
Ellahi et al. [6] to analyze the behavior of entropy generation under slip conditions. The exact closed-form
solution of thermally radiative MHD flow with constant fluxes for heat energy was described by Kumar
Pandit et al. [7]. They reported that mass diffusion reduces fluid velocity, whereas thermal radiation has
the opposite effect throughout the BL region. Hussain et al. [8] studied closed-form solutions for MHD
oscillatory fluid flow by employing periodically changing pressure gradients. This study on Burger’s fluid
noted that the response of the magnetic field on Oldroyd-B fluid is less prominent than that on Burger’s fluid.

Chen [9] scrutinized the dissipative criteria for MHD conductive fluid flow adjacent to a vertical
boundary using an efficient solving technique known as FDM of implicit type. They reported that the skin
friction, Nusselt number, and Sherwood number decreased when applying a magnetic field. Incorporating
the iterative shooting procedure of the Nachtsheim-Swigert type, Alam et al. [10] computed the Soret impact
regarding heat generation on the MHD flow under the employment of a porous medium. Pal et al. [11]
modeled and solved a flow problem using the Runge-Kutta-Fehlberg method on a stretching sheet while
considering first order chemical reaction. They reported that the Dufour effect significantly influences the
temperature profiles. Javaherdeh et al. [12] studied how natural convection fluid flows near a boundary
surface, using a power law to describe the changes in temperature and concentration. This study noted that
the higher the Grashof number, the greater the flow velocity. Aslam et al. [13] investigated hybrid numerical
methods based on machine learning to study water-based nanofluids. They concluded that the artificial
neural network-based numerical approach is more effective than traditional slow analytic and numerical
methods. Reddy et al. [14] conducted a study on the thermal diffusion of MHD radiative fluid flow under
the assumption of a vertical surface. Several investigations [15-18] have extensively utilized explicit FDM
techniques to solve complex flow problems. These studies have demonstrated the effectiveness and reliability
of FDM, establishing it as a scientifically sound and robust method for addressing a wide range of fluid
dynamics challenges.

Researchers have studied IMF phenomena for decades, utilizing them to advance technologies such as
plasma physics, astrophysics, and electromagnetic propulsion. Haque et al. [19] analyzed the Soret impact
on MHD flow along with magnetic field induction under the arrangement of a vertical porous plate. Ahmed
et al. [20] delineated chemically reacting flow on the cooling case with IMEF. Their results described both
the average and local profiles, demonstrating a decrease in local and average shear stresses with the rise
of the porous medium and magnetic parameters. Kumar et al. [21] substantially inquired about magnetic
field induction, observing a decrease in velocity with the magnetic field parameter. A stable and converging
solutions-based approach to MHD flow on suction motion control has been scrutinized by Poddar et al. [22].
This model reported a decrease in flow velocity as the suction impact amplified. The examination by Shankar
Goud et al. [23] reported numerical results of microchannel flow, noting a significant decrease in the flow
volume rate as the strength of the Hartmann number intensified. Kumar [24] demonstrated an analytical
report of MHD flow between insulated walls, reporting an increase in velocity as radiation occurs during
BL enhancement. Khan et al. [25] explored the IMF response to water-based GO (graphene oxide) flow at
a stationary point, noting a 4.18% increase in shear stress with higher nanoparticle concentration. Mahato
etal. [26] employed the shooting method to investigate the flow problem of Casson rheology on a stretching
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wall with an active chemical reaction. Recently, a numerical simulation was conducted by Bilal et al. [27] to
assess the impact of IMF on the thermally radiative channel flow of Sisko nanofluid, noting that an increase
in heat radiation may reduce temperature distribution, thereby enhancing cooling effects.

Many physics and engineering operations have vital applications for radiation effects. Thermal radiation
has meaningful applications in numerous industrial processes. Patel [28] established the conditions for
BL with symmetry and asymmetry to inspect the microrotation of the vertically subjected micropolar
fluid flow, mentioning heat energy production in the BL zone with the rise of thermal radiation. Kho
etal. [29] considered constant wall temperature to analyze the radiative response on Casson rheological flow,
reporting that the nanofluidic temperature inside the BL increased under the influence of higher values of
the Casson parameter. Ali et al. [30] utilized copper particles in a water-based nanofluid to analyze the flow’s
thermophysical properties, noting that as the magnetic field intensified, the velocity decreased. Zigta [31]
used the perturbation method to analyze channel Couette flow under the assumption of oscillation and
suction on the channel wall, noting that the radiation impact tends to boost the BL energy. Later, Zigta [32]
conducted a theoretical investigation of blood flow under the influence of a time-varying magnetic field,
considering time-dependent blood concentration and showing diminishing behavior with rising settings of
the chemical reaction. Many other researchers have studied different flow structures with thermal radiation,
as noted in [33-37].

As reviewed above, MHD flow models with the IMF have been incorporated to explore their effects on
the flow of various scaled systems. Based on these contextual discussions, the authors propose a numerical
inquiry into unsteady viscous incompressible MHD radiative and dissipative fluid flow over a semi-infinite
vertical plate with magnetic field induction, the Dufour effect, and the Soret effect. The numerical inquiry
has been conducted using explicit FDM under the control of relevant stability restrictions and boundary
conditions. Along with substantial flow analysis, this study aims to address the following vital research
questions:

« How does the flow behave to attain a steady state?
«  How does the IMF influence the flow over the plate within the BL?
o  What are the reasons behind the trends of profiles with all the pertinent parameters?

2 Mathematical Formulation

The transient two-dimensional flow of radiative and dissipative nature over a semi-infinite vertical plate
has been considered with a relatively high concentration level of foreign mass. The schematic structure of
the flow problem is physically demonstrated in Fig. 1. The variation of density in the buoyancy terms is
taken into account, while the other characteristics of the fluid remain constant. With a familiar introduction

to coordinates (x’, y’, z"), where the x’-axis is modeled in the upward direction along the boundary and
a1’
ay’

perpendicular to the x’-axis, y’-axis is modeled. At the wall, the heat flux (—K ) = g, and species mass

flux (—Dm%—g,') =T are set to be constant. A uniform magnetic field Hy is imposed perpendicular to the

plate. The constant magnetic field causes the generation of magnetic field induction H' = (H;,, Hy, 0),
while Maxwell’s divergence equation V.H' = 0 gives Hj, = Hy (constant). The divergence equation of electric
charge density V.J = 0 generates J, = 0, where J' = (Jon T o J..). No chemical reaction has been deemed
for the fluid with foreign mass. T’ and T_, are the temperatures inside and outside the BL, while C’" and C.,
are the concentrations inside and outside the BL.

Using the typical BL approximations, the prevailing system of coupled nonlinear PDEs for MHD flow,
IME, temperature, and concentration can be expressed as follows, using conventional notation along with
the work of Ahmed et al. [20] and Poddar et al. [22].
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Figure 1: Physical scheme and coordinate system

The continuity equation:
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The Rosseland approximation approximates the radiative heat flux as q, =

then the familiar Taylor series expansion for T'4 gives g, = —

The settings for initial and boundary conditions are:
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_4o” 9T ! (Kumar [24]) and

3k* 9y’

(6)



Fluid Dyn Mater Process. 2025;21(2)

t'>0;
u'=0,v"=0,H,=0,T ->T,,C > Clatx' =0
oT" g doC’ r ,
, =-=, =-—aty =0
oy’ Kk 0y D,,
u'=0,v=0,H,=0,T > T,,C' - Cl, aty - o0

X

u'=0,v'"=0,H, =H,

237

7)

The dimensional agreement among the governing equations is compulsory since the equations have
been solved simultaneously. The preferable normalization quantities for making the nonlinear PDEs

dimensionless have been introduced as follows:

TL
D,

tl ! / /L IL TI_T/ Cl_cl H,,L
t=" xzfnyzluu:iﬂv=z—,T: =, C= “,Hx:,ﬂg—Lﬁ
P

Pk L L v v qL
K

v

After normalization, the prevailing system of PDEs with dimensional agreement is:

v,
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The non-dimensional procedure introduced the characteristic length scale as:
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The dimensionless initial and boundary conditions are:
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where b = HEJ“L\ /%, (say).

The dimensionless parameters are:

(8)
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(14)

(15)
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M= %\ /% (magnetic parameter), P, = % (Prandtl number), P, = ﬁ (magnetic Prandtl number),
. 160° T3 o V2 Dka,(%)

R* = =%—"= (radiation parameter), E. = —+~— (Eckert number), D, = ———%* (Dufour number),
3xk cp(qT)L2 UCSCP(%)

Dmkrl(%l‘)

o, (iL) (Soret number).

S. = 3= (Schmidt number), S, =

3 Quantities of Significance

Shear stress, along with current density, are key terms of significant physical interest in various
engineering operations. The shear stress coefficient indicates the characteristics of the fluid layer on the

u

boundary (plate). The dimensionless form of the local shear stress, 7, = ( 5

) . and the dimensionless form
y:

of the local current density, J, = — (aai) .
y y:O

4 Numerical Calculation Technique

The set of Eqs. (9)-(13) has been solved using the FDM of explicit type. The inward BL zone is discretized
with the backward difference technique for the derivative of unit order, while the larger order derivative has
been calculated using the central difference technique [15,16]. In the FDM schemes, the following discretized
equations have been used [17-20].

oy 2
ou ui,j Ui,j Ju B Ujj—Uj1,j ou _ Ujj—Ujj 0“u B Ui, jr1 —2ui,j+u,-,j_1

ot At ox Ax  Cay Ay oy (Ay)?
a_T . Tz‘fj - T, B_T _Tij- Ty a_T Ty = Tija o’T _ Tiju1 = 2T+ Tijja
ot At ox Ax 9y Ay oy (Ay)°

oC Ci;j=Cij 9C Cij-Cinj 9C Cij=Cijq 9*C _ Cijn—2Cij+Cijn
ot At ox  Ax oy Ay oy (4y)*

o0H, B Hx;r,j _Hxi,j o0H, _ Hxi,j _Hxi—l,j oH, _ Hxi,j _Hxi,j—l

ot At * Ox Ax " oy Ay ’

asz _ Hxi,j+1 - 2I_Ixi,j + Hxi,j—l ﬂ Vij~ Vi’j__l

9y* (Ay)? 9y by

The time-domain values are computed such that the previous values are used to enumerate the new
time-step values. The length of the vertical surface (plate) is taken as x (= 100) . , and the width of the flow
zone within the BL is regarded as y (=15),,,,. This is a random choice based on the assumption that the
height of the plate is larger. A 200 x 200 meshes in the flow zone have been created in the directions of x
and y, respectively, to perform the numerical computations. This mesh layout is illustrated in Fig. 2. With a
minimal time difference At = 0.001, The uniform cell shapes are counted for the flow region as

Ax =0.50 (0 < x <100),
Ay =0.075(0 < y <15).
Although FDM is a well-established technique to solve a set of nonlinear PDEs, it can still intro-

duce some numerical errors. This article reports a sensitivity test on meshes to minimize this possibility
in Section 6.1. Further, the analysis of stable and converging solutions in Section 5 provides a secondary
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source for the accuracy of the solutions. Round-off errors might occur since numerical calculations are
performed with finite precision.
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Figure 2: Layout of meshes [36]

5 Stability and Convergence

The investigation of FDM would remain inefficient without testing the stability and convergence criteria.
The analysis does not involve Eq. (9) because At is not a part of it. Fourier’s expansions for u, Hy, T, and C
att =0in Eqgs. (10)-(13) led us to determine the stability and convergence criteria for the numerical schemes
by following the detailed process given by Mondal et al. [17]. It is essential to ensure that the steady-state
solutions are converging and stable. The converging and stability conditions for the present solution schemes
are:

—— <1, (16)

1 (17)

At At 1+R*\ 2At
ur =+ (S5 ) g <L 18)
Ax Ay b, (Ay)
At At 1 2At
b el (19)

On setting, At = 0.001, Ay = 0.075 along with the initial conditions, generate the elementary constraints
as P, <2.82,0.00 < R* <20,0.35< P, <7.46,and S, > 0.35 with E. = 0.01.

6 Results and Discussion

This work numerically scrutinizes the steady-state solution of MHD dissipative and radiative flow with
magnetic field induction over a semi-infinite vertical plate. Additionally, the high concentration level of
foreign mass has also been considered. Under the necessary BL approximations, the governing equations
are simplified. The execution of all numerical calculations aims to determine the dimensionless velocity u,
IMF H,, temperature T, and concentration C along with high physically interesting quantities, local shear



240 Fluid Dyn Mater Process. 2025;21(2)

stress 71, and local current density ;. A competent mesh resolution has been established for calculating the
flow profiles and constructing the elementary steady state. Furthermore, the numerical codes of MATLAB
R2015a have been verified through the simulation software studio developer FORTRAN 6.6a. The numerical
results have been recorded for the magnetic parameter (M ), magnetic Prandtl number ( P,, ), Dufour number
(Dy), radiation parameter (R*), Prandtl number (P, ), Schmidt number (S, ), Eckert number (E, )and Soret
number (S,). Numerical values of 7, and J; for different parameters are reported in Table 1. A compliance
check of the current results with published investigations has been demonstrated in Table 2 with the magnetic
parameter (M).

Table 1: Effects of different parameters on 7; and J

Effects of parameters Profiles

Parameters Values Tr I
0.10 19.4746 —-0.4775
M 0.30 19.2652 -1.5441
0.50 18.9503 -2.6373
0.71 19.4746 -0.4775
b, 1.00 18.8636 -0.4494
7.00 17.5698 -0.4024
0.50 19.4601 -1.7992
P, 1.50 19.4746 —-0.4775
2.50 19.4864 -0.2471
0.00 19.1262 —-0.4611
R* 0.40 19.8113 —0.4943
0.80 20.4443 -0.5277
0.010 19.4746 -0.4775
E. 0.012 20.1739 -0.4903
0.014 20.9092 -0.5036
0.00 18.8959 —0.4583
D, 0.50 19.8580 —-0.4896
1.00 20.8103 —-0.5178
0.00 18.9655 —0.4529
So 0.50 19.5936 —0.4832
1.00 20.1406 —-0.5096
0.30 19.4746 -0.4775
S 0.60 18.6762 —0.4547
‘ 0.94 18.1714 -0.4422

2.62 16.1074 -0.4059
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Table 2: Comparison of the trends of the profiles
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Output

Ahmed et al. [20]

Kumar et al. [21]

Present result

Haque et al. [19]

Effect on
magnetic parameter (M)
u Dec. then Inc. Dec. then Inc. Dec. then Inc. Dec.
H, Inc. then Dec. Dec. Dec. Dec.
T Dec. - - Dec.
C Inc. - - -
TL Dec. Dec. Dec. Dec.
JL Dec. - Inc. -

Note: Dec. refers to “decrease” and Inc. refers to “increase”

6.1 Searching Mesh Agreement
Although FDM is an effective technique to solve complex sets of PDEs, it may introduce truncation

errors or unstable solutions. The stability of the model equations has been analyzed in Section 5 to address
these issues. Some values of meshes have been trialed to find the best fit for numerical estimations,
such as m =180, n = 180; m = 200, n = 200, and m = 220, n = 220. This experimentation has been illus-

trated graphically for velocity and IMF in Fig. 3a,b, by taking the values M = 0.10, P,, = 1.50, R* = 0.20,
E.=0.01, D, =0.30, S, = 0.40 and S, = 0.60 at time ¢ = 22 (steady-state). It can be summarized by observ-

ing the resulting graphs (Fig. 3a,b) that the profiles are characteristically converging and smooth. Further

computations will thus be based on the 200 x 200 meshes.

1.5
20 ................. - -
= m=180, n=180 =200, n=200
TN | m=200, Nn=200 TN m—220, n—220
r - = = e m= , nN=
16 ," m=220, n=220 \\\ " o :
14 ’l \ Magnifying part- o5t ‘\ o agniltying par
] \ .
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_0-5 52 5.4 P
© l" \\\ e
e
4 1' ; \\ e
] \, //
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0 1.5 .
° 0 5 10 15
Yy
(b)

Figure 3: Mesh agreement for (a) velocity and (b) induced magnetic field

6.2 Searching Steady State
The search for a steady state leads us to experiment on all the profiles. This is done by taking

specific quantities as t = 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24. The final results have been demonstrated

through Fig. 4a-d, with M = 0.10, P, = 0.71, P,, = 1.50, R* = 0.20, E. = 0.01, D,, = 0.30, S, = 0.40 and S, =
0.60. A judgment is made by paying attention to the resulting graphs (Fig. 4a—d) that the computations for
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the IMF express a tiny change after ¢ = 18, whereas velocity and temperature reveal insignificant changes after
t = 12. The concentration profile demonstrates negligible variation after ¢ = 10. The negligible variation for
velocity and temperature has been marked at ¢ = 14, whereas this state is acquired for the IMF after ¢ = 22.
Thus, the steady-state solutions for all the variables at t = 22 are essentially taken for calculations. It is worth
noting that the profile of the IMF is comparatively slower to reach a steady state than other profiles.

y y
(c) (d)

Figure 4: Steady-state for (a) velocity, (b) induced magnetic field, (c) temperature, and (d) concentration

6.3 Code Verification

To claim the precision of the numerical results for the commercial software MATLAB R 2015a, a
validation of the codes has been verified through studio developer FORTRAN 6.6a. Excellent compliance
has been found between the results from the two different codes. The results are shown in Fig. 5a,b for the
velocity profile with the magnetic parameter M.
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Figure 5: Code verification for velocity with the magnetic parameter M by (a) MATLAB, (b) FORTRAN

6.4 Major Parameter Effects

With the general assumptions of M =0.10, P, = 0.71, P,, =1.50, R* = 0.20, E. = 0.01, D,, = 0.30,
S, =0.40, and S, = 0.60 at time t = 22 (steady state), the response of various parameters on velocity u,
magnetic induction profile H,, temperature T, and concentration C are portrayed in Figs. 6-9. Table 1 shows
the responses to effect of the significant parameters on local shear stress 7;, and local current density ;. This
study was conducted for some regular fluids with P, = 0.71 (air at 20°C), P, = 1.00 (electrolytic solution at
20°C), and P, = 7.00 (water at 20°C). Certain realistic diffusing species are elected through Schmidt number
S, for example S, = 0.60 (water vapor), S; = 0.78 (ammonia), S, = 0.94 (carbon-di-oxide), and S, = 2.62
(propyl-benzene). The stability conditions lead us to choose other parameters to show the variations of
different profiles.

Figure 6: (Continued)
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Figure 6: Variations of velocity for (a) (M); (b) (P,); (c) (R*); (d) (D,) and (e) (S.) at time t = 22 (steady state)

Fig. 6a—e illustrates the response of the velocity under the influence of different parameter variations.
All combinations of parameters do not cause any backflow in the flow territory. Fig. 6a indicates that the
magnetic parameter M decelerates velocity contiguous to the plate, i.e., for relatively smaller estimations of
y whereas it accelerates for larger estimations of y. With increasing values of the Prandtl number P,, the
velocity decreases (see Fig. 6b). This occurs due to the thinning of the momentum BL when enhancing the
Prandtl number P,. This phenomenon arises from the development of kinematic viscosity criteria alongside
the increasing Prandtl number, leading to a reduction in heat diffusivity. Fig. 6¢ shows that the radiation
parameter R* helps increase the flow velocity. The underlying cause is the augmentation of the energy of
the fluid particles due to molecular collisions among them by the heat flux of the radiation. It is marked
in Fig. 6d that the acceleration of flow occurs with increasing settings of the Dufour number D,,. In contrast,
as shown in Fig. 6e, rising estimations of the Schmidt number S.(0.60, 0.78, 0.94, 2.62) pull down the
velocity, indicating that the thinning of the momentum BL occurs. This means the fluid can be driven with
a faster velocity for water, while propyl-benzene slows it down.
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(c) (d)

Figure 7: Variations of induced magnetic field for (a) (M); (b) (P,,); (c) (P,) and (d) (R*) at time ¢ = 22 (steady state)

The influence of several major parameters on magnetic field induction is displayed in Fig. 7a-d. All
individual figures for magnetic field induction reach a cusp in the negative direction. After that, it declines to
the null value corresponding to the region of the outward BL. For very small settings of y, i.e., in the vicinity
of the plate, an enhancement in the IMF is observed with the magnetic parameter M; after that, it falls off
far from the plate (see Fig. 7a). Near the plate, the interaction between the fluid and the magnetic field is
strongest, resulting in a higher IMF due to the active effect of the Lorentz force. As the distance from the plate
increases (for larger y), the influence of the magnetic field weakens. This occurs because the flow far from
the plate experiences less direct impact from the applied magnetic field, causing the IMF to diminish. Fig. 7b
shows an exact opposite variation in magnetic field induction with the magnetic Prandtl number P,,. It is
observed from the sketch that for values of y ranging from 0 to approximately 1.8, the IMF profile shows
a downward trend with increasing magnetic Prandtl number P,,. However, for 1.8 < y < 7 (approximately),
the IMF profile shows an upward trend. The profile becomes irregular for the remainder of the BL with more
frequent variations along the BL. The Prandtl number enhances the BL of magnetic induction. Consequently,
the IMF rises with the amplification of the Prandtl number P, from 0.71 (air) to 7.00 (water) (see Fig. 7¢).
The rising values of the radiation parameter R* causes a slow and continuous decrease in magnetic field
induction (see Fig. 7d).



246 Fluid Dyn Mater Process. 2025;21(2)

Figure 8: Variations of temperature for (a) (R*); (b) (E.); (c) (P;) and (d) (D,,) at time t = 22 (steady state)

Fig. 8a—d illustrates the variations of temperature estimations with some relevant parameters. Since
the radiative heat flux generates internal heat (energy) through the friction of the internal molecules, the
increment of the radiation parameter R* may intensify the temperature, thereby enlarging the temperature
BL. As per the physical interpretation, the temperature increases with the rise of the radiation parameter R*
(see Fig. 8a), as a higher radiation parameter indicates more significant thermal radiation in the system. This
study deals with positive estimations of the Eckert number E.. The positive Eckert number E. stands for the
plate cooling, and the temperature penetrates the fluid due to this cooling process. This is the reason behind
the temperature increase for a positive Eckert number E.. Fig. 8c reveals a diminution in temperature with
the rise of the Prandtl number P,. This happens due to the contraction of the thermal BL with larger settings
of the Prandtl number P,. The diffusion-thermo effect, i.e., the rise in the Dufour number D,, augments
the temperature, as illustrated in Fig. 8d. The Dufour number D, inherently contributes to speeding up the
convective heat transfer process, ultimately amplifying the temperature inside the BL.

The response of concentration to several pertinent parameters is delineated in Fig. 9a—d. The rise in
the Prandtl number P, enhances the concentration level for the diffusing species (see Fig. 9a). Conversely,
the diffusion-thermo (Dufour) effect exhibits an opposite action on concentration (see Fig. 9b). As energy
is transferred, it modifies the temperature field, affecting the diffusion rates of different species and leading
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to a lower concentration. A rising concentration estimation from Fig. 9¢ has been identified with a higher
counting of thermal diffusion, i.e., Soret number S,. Thus, the bigger values of thermal diffusion prolong
the concentration BL. The Schmidt number S, quantifies the diffusion of mass transport and momentum in
their effectiveness. The higher the Schmidt number S, the lower the mass diffusion attributes of the fluids.
The Schmidt number S, effectively modifies the concentration level inside the flow region. Therefore, from a
physical viewpoint, it reveals that the larger estimations of the Schmidt number, S, oppose the concentration
level, as shown in Fig. 9d. A higher S. means that the fluid’s viscosity dominates over its mass diffusion,
contributing to slower mass diffusion relative to momentum. Consequently, the species concentration
diffuses more slowly. Since the calculations are done for S.(0.60, 0.78, 0.94, 2.62), the diffusing species
propyl-benzene has lower molecular diffusivity, which causes contraction in the concentration BL compared
to water.

Figure 9: Variations of concentration for (a) (P,); (b) (D,); (c) (S,) and (d) (S.) at time ¢ = 22 (steady state)

Table 1 denotes the numerical computation of local shear stress and local current density for the cross-
section x. The local primary shear stress increases with the enhancement of P,,, R*, E, D, and S, while
it is opposed by the increasing estimations of M, P,, and S.. The local current density increases with the
promotion of P,,, P, and S; on the contrary, it declines with M, R*, E., D, and S,.
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6.5 Comparison

A comparative view of the current study with several published articles has been observed in Table 2.
The papers of Haque et al. [19], Ahmed et al. [20], and Kumar et al. [21] with magnetic field induction have
been considered to compare the current work.

7 Conclusions

Steady-state and explicit FDM-based solutions of unsteady MHD flow with an IMF have been
investigated. Based on the graphical representation of the results, some crucial findings are summarized
below:

Materially, the steady state is assured at t = 22.

The magnetic field induction is slower to acquire the steady state than other profiles.

200 x 200 meshes have been essentially taken for calculations.

The velocity increases with the rise of R* and D,,, while it diminishes with the increase of P, and S,. The

increment in M causes a decrement in velocity near the plate and then increases.

5. The IMF responds increasingly near the plate and then falls with the augmentation of M. For 0 < y <1.8
(approximately), the IMF profile shows a downward trend with increasing magnetic Prandtl number P,,,.
However, for 1.8 < y <7 (approximately), the trend is upward. The profile becomes somewhat uneven
for the rest of the BL.

6. The rising behavior of the temperature profile is identified with the augmentation of R*,E., and D,,,

while it behaves oppositely with the increase of P,. A positive Eckert number E, signifies that the plate

is cooling, transferring the temperature into the fluid due to this cooling effect.

Sl S

7. 'The concentration profile shows an increment with the rising estimations of P, and S, while it starts
falling with the increase of D,, and S..

8.  Thelocal shear stress increases with the augmentation of R*, E., D,, and S,, while it begins to decrease
with the increase of M, P,, and S..

9. The local current density develops with P,,, P,, and S, while it falls with M, R*, E., D, and S,.

The findings from this investigation could play a vital role in understanding the movement of oil, gas,
and water within the reservoirs of oil and gas fields. They may also provide insights into the migration of
groundwater and oil, as well as processes related to filtration and water purification.

Future Research Directions: Although steady-state 2D models offer insightful insights, we wish to
focus on expanding our study into 3D simulations in the future to better capture the complex behaviors of
MHD flow found in practical, real-world scenarios.
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Nomenclature
u' v, w' Cartesian velocity components
T.,,C, Temperature and concentration outside the BL
Hj Uniform magnetic field
o The induced magnetic field in the flow direction
H!, Wall-induced magnetic field
b Constant
q The uniform heat flux per unit area
r Uniform mass flux per unit area
cp Specific heat at constant pressure
k* Mean absorption coeflicient
qa Radiative heat flux
g Acceleration due to gravity
L Characteristic length
u Dimensionless velocity
D,, Coefficient of mass diffusion
m, n Number of meshes in x and y directions
T, Fluid temperature (mean)
t Dimensionless time
M Magnetic parameter
P, Magnetic Prandtl number
P, Prandtl number
T,C' Fluid temperature and concentration
T,C Dimensionless temperature and concentration of the fluid
E. Eckert number
D, Dufour number
S, Soret number
S. Schmidt number
R* Radiation parameter
Cs Concentration susceptibility
ko Thermal diffusion ratio
L Local current density
Greek Symbols

v Kinematic viscosity of the fluid
o Electrical conductivity

B Coeficient of thermal expansion
B Coeflicient of mass expansion

K Thermal conductivity

o Stefan-Boltzmann constant

T Local primary shear stress

e Permeability of magnetic field
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Subscripts

w Specification at plate

00 Specification at the outward BL region
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