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Abstract

This study examines the influence of stratification on mixed convective electro-magnetohydrodynamic
(EMHD) flow over a stretching plate in the presence of velocity slip conditions. The analysis is
motivated by the relevance of EMHD flows in advanced thermal management systems, microfluidic
devices, and electrically conducting fluids subjected to magnetic fields. The coupled governing equations
describing momentum, heat transfer, and mass diffusion within the boundary layer are formulated
as nonlinear partial differential equations. By introducing appropriate similarity transformations,
these equations are reduced to a system of ordinary differential equations, enabling efficient numerical
treatment.The resulting boundary value problem is solved numerically using a shooting technique
based on Newton’s-Raphson method in conjunction with a fourth-order Runge-Kutta integration
scheme. The effects of key physical parameters, including magnetic field strength, Biot number,
chemical reaction parameter, Eckert number, Prandtl number, Lewis number, suction parameter, and
thermal stratification, are systematically investigated. The numerical results reveal that an increase in
magnetic field intensity, Biot number, chemical reaction rate, Eckert number, and thermal stratification
parameter leads to a significant enhancement in thermal boundary layer thickness, indicating stronger
thermal diffusion within the flow field. In contrast, higher values of the Prandtl number, suction
parameter, and Lewis number are found to suppress thermal boundary layer development due to reduced
thermal and mass diffusivity.

Overall, the findings provide valuable insights into the complex interplay between electromagnetic

effects, stratification, and transport phenomena in EMHD flows, contributing to the improved design

and optimization of engineering systems involving stratified electrically conducting fluids.
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Nomenclature
(z,y) Cartesian coordinates hy  Heat transfer coefficient
(u,v) Velocity components along the x and y axes Pr  Prandtl number
B Solutal stratification coeflicients Cy  Skin-friction coefficient
Too The free-stream temperature of fluid Re  Reynolds number
Tw Temperature of the sheet Nu  Nusselt number
T Temperature of fluid ¢w  Wall heat flux
Cp Specific heat at constant pressure Br  Brinkman number
K Permeability of the porous media U Free stream velocity of the fluid
K Permeability parameter S Suction parameter
D,, Mean diffusion coefficient C Concentration of fluid
k¢ Thermal-diffusion ratio C+ Free-stream concentration of fluid
Cs Concentration susceptibility of the fluid Cyp  Concentration of the sheet
S, Soret number D Diffusion coefficient
g Acceleration due to gravity T,, The mean temperature of the fluid
Q1 Velocity slip parameter Sh  Sherwood number
Q2 Temperature slip coefficient Ss  Solutal stratification parameter
qs3 Concentration slip coefficient R;  Richardson number
Q3 Solutal slip parameter M Magnetic field parameter
Le Lewis number E Electric field parameter
Np Buoyancy ratio parameter Q1  Momentum slip parameter
Qm Wall mass flux Q2  Thermal slip parameter
Symbols
) ) ) Dimensionless Temperature
i Dimensionless Variable .
v  Reaction rate parameter
Tw  Wall shear stress ) ] )
. o . ) ¢  Dimensionless concentration
v Kinematic viscosity of fluid ] }
. . a, Viscoelastic parameter
P Density of fluid ) ]
. . B8 Chemical reaction rate parameter
o Thermal diffusivity of fluid ) ) ]
] ) ) pp  The density of the fluid particles
Poo Ambient density of the fluid i
1 Stream function
1 Introduction
The study of free convective magnetohydrodynamic (MHD) flow in micropolar fluids with

double stratification plays a vital role in fluid dynamics, as explored by [l].

Research on
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electro-magnetohydrodynamic (EMHD) micropumps under spatially varying magnetic fields suggests that
an increase in the magnetic field decay factor results in a reduction in EMHD velocity. In contrast, greater
electric field strength enhances velocity, as indicated by [2]. The dynamics of MHD flows impacted by
thermal effects and chemical reactions in porous media have been thoroughly studied in recent years.
Through a porous medium with a heat source, the impact of chemical processes and Soret effects on MHD
free convection flow via an accelerated vertical plate has been examined [3]. Their results demonstrate
the importance of thermal diffusion in isotope separation, particularly in gas mixtures that contain light
molecules such as helium and hydrogen. The effects of temperature stratification on MHD nanofluid
radiative flow over a nonlinear stretching sheet were investigated, observing improvements in temperature,
velocity, and nanoparticle concentration [1|. The impact of chemical reactions on MHD-Casson nanofluid
flow over a porous stretching sheet with suction and injection was investigated in [5], thereby advancing
understanding. Their work advances our knowledge of how chemical processes and magnetic fields affect
non-Newtonian fluids. Similarly, [6]found that in thermally mixed convective stratified MHD nanofluid
flow with viscous dissipation, higher thermal stratification parameters lead to reduced temperature
and concentration profiles. Additionally, [7] investigated radiative MHD Walter’s Liquid-B flow past
a semi-infinite vertical plate with a heat source and viscous dissipation. Their research highlights
how radiation and viscous dissipation interact to affect non-Newtonian fluid movements. The intricate
relationships in such systems were further highlighted by [3] investigation of chemical reactions and Hall
effects on unsteady flow past an isothermal vertical plate in a rotating fluid with variable mass diffusion
and heat source. An analytical solution for transient free-convection MHD flow through a porous medium
between two vertical plates with a heat source was presented in another paper by [9], which provided
important analytical insights into such arrangements. The effects of heat generation and hall current
on free convection flow on a vertical plate were greatly influenced by [10]. When the induced magnetic
field was ignored, the magnetic Reynolds number was observed to be low. [11] examined the influence
of double stratification on mass and heat transfer in non-uniform MHD nanofluid flow, employing the
Runge-Kutta-Fehlberg fourth-order algorithm. Their findings revealed that while thermal stratification

reduces fluid temperature, solutal stratification lowers nanoparticle concentration.

Non-Fourier energy transport in double-stratified nanofluid flow past a permeable shrinking /stretching
surface was explored [12], noting that solutal and thermal stratification parameters slightly increased
temperature and concentration. In [13] an investigation was conducted on the effects of Dufour and Soret
numbers on unstable MHD mass and heat transport, considering thermophoresis and non-uniform heat
generation. Their results indicated that raising the Soret number or decreasing the Dufour number lowered

skin friction and heat transport for shrinking sheets, while the opposite was true for stretching sheets.

Other significant contributions include the work of [I1] who analyzed Ohmic heating in Casson
fluid MHD mixed convection flow, and [15] who examined Dufour and Soret effects on mass and heat
transfer, identifying a wave-like pattern along the y-axis. Additionally, [16] applied the Homotopy analysis
method to assess these effects in MHD natural convection of fluid under thermal stratification while [17]

explored how the Soret and Dufour numbers impact binary chemical reactions and thermal radiation in
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Darcy-Forchheimer nanofluid flow, emphasizing their role in temperature and concentration enhancement.

Other researchers, such as 18], investigated forced convection flow using Buongiorno’s nanofluid theory
around a moving needle, determining that increased needle thickness reduces mass and heat transfer rates,
MHD mixed convection nanofluid flow over nonlinear surfaces was assessed by [19], concluding that stronger

Soret effects raise Soret number values, while higher magnetic fields diminish velocity distribution.

Further studies, including those by [20] on mass and heat transfer in MHD slip flow of viscoelastic fluids.
[21] demonstrated that chemical reactions in unsteady Maxwell fluid flow suppress velocity fields, while [22]
identified key factors affecting heat transfer processes in permeable plate stretching. Elsewhere, [23] studied
boundary layer flow in mixed convection over a vertical slender cylinder, and 2] examined viscoelastic fluid
flow with variable thermal conductivity, finding that boundary layer thickness changes with temperature
and velocity variations. [25] explored ferromagnetic fluid behavior, revealing that temperature rises with
velocity slip and ferromagnetic parameters but decreases with buoyancy and Prandtl numbers. The
applications of magnetohydrodynamic (MHD) fluxes through porous media in a variety of disciplines,
such as environmental science, physics, and engineering, have attracted a lot of interest. The impact
of convective boundary conditions, chemical processes, and radiation absorption on MHD flows has
been investigated recently. The effects of chemical reactions and radiation absorption on MHD flow
through a porous medium past an exponentially accelerated inclined plate with varying temperatures were
examined by Balreddy et al. [21]. The importance of chemical reactions and radiation absorption on
the flow characteristics was brought to light by their studies. The Keller Box technique explored by [20]
was used to analyze heat sink effects on MHD Casson nanofluid stagnation flow, noting a reduction in
thermal boundary layer thickness with increasing Prandtl number. The effects of radiation absorption and
chemical reactions on convective flows over a porous vertical wavy channel with moving thermal waves
were investigated by [27]. Their findings illustrated the importance of chemical reactions and radiation
absorption on the properties of flow and heat transfer. These investigations show how crucial it is to take
convective boundary conditions, chemical processes, and radiation absorption into account when analyzing
MHD flows in porous surfaces. The intricate relationships between these variables and how they affect flow
and heat transfer properties require more investigation. [28] studied heat transfer in Maxwell, Jeffery, and
Oldroyd-B nanofluids, concluding that stronger heat source or sink parameters elevate thermal boundary

layer thickness.

Additional insights were provided by [29] who investigated Maxwell nanofluid stagnation point
flow, showing that velocity boundary layer thickness is influenced by the velocity ratio parameter,
Maxwell parameter, and magnetic field strength. [30] research focused on Maxwell nanofluid observed
reduced velocity but increased temperature profiles in chemically reactive Maxwell nanofluid flow.
Hashmi and friends [31] studied buoyancy-driven convection in magnetized Maxwell fluids with
homogeneous-heterogeneous reactions, finding that heat transmission varies depending on the stretching
parameter and Prandtl number. [32] examined radiative mixed convection in Maxwell nanofluids,
discovering that increasing Maxwell parameters enhances stress relaxation, affecting fluid flow properties.

Again, [33] emphasized the industrial significance of MHD flow in Maxwell fluids for manufacturing,
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and [34] applied spectral relaxation techniques to analyze Maxwell fluid MHD flow, finding that magnetic
strength, porosity, Deborah number, and thermal radiation all influence temperature variations. Again [35]
explored slip effects on heat transfer in magnetized UCM fluid through porous media, determining that
rising thermal relaxation parameters enhance heat transfer rates. Whilst [36] performed a numerical
investigation to scrutinize thermal transmission of Carreau nanoliquid, [37] noticed that the new
technological fluids with augmented thermal properties gave better results than regular nanofluids. The
significance of nanoparticle shapes over the magnetized flow of engine oil-based nanoliquid across a surface
of varied thickness under the action of Buongiorno slip effects was investigated by [38]. Also, [39]
results revealed that the occurrence of the magnetic field in the unsteady case had a greater role
in the enhancement of heat transfer performance as compared with the steady case. Finally, [10]
numerically analyzed the consequence of the Buongiorno slip mechanism and radiative heat on gyrotactic
microorganisms containing Casson cross nanoliquid flow across a moving wedge.The present investigation
applies to a wide range of engineering and industrial processes involving electrically conducting and
stratified fluids under electromagnetic control. In particular, the results are relevant to the design
and optimization of electromagnetic microfluidic devices, such as EMHD micropumps and lab-on-a-chip
systems, where precise regulation of flow, heat, and mass transfer is required. The model is also applicable
to advanced thermal management systems, including cooling of electronic components, nuclear reactors,
and high-performance heat exchangers, where magnetic and electric fields are used to control convective

transport in porous and stratified.

2 Mathematical Formulation

Consider a steady, two-dimensional, incompressible, and laminar mixed convective flow of an electrically
conducting, stratified fluid over a stretching surface within a porous medium. The system incorporates the
effects of electric field and magnetic systems as well as slip conditions. An external transverse magnetic
field and an electric field, both of specified intensities, are applied to the flow. The coordinate system is
defined such that the x-axis runs parallel to the stretching sheet, while the y-axis is perpendicular to it. The
stretching plate’s velocity is assumed to be proportional to its distance from the origin (that is u,, = bx).
The stretching sheet’s temperature and concentration are T, = To + A1z and C,, = Cy + Byx respectively
whereas the fluid’s ambient concentration and temperature are Co, = Cy + Box and T, = Ty + Asx

respectively.
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Figure 1: Schematic diagram of the flow.

By the boundary layer approximations, the continuity, momentum, energy and concentration equations

modelling the flow problem [11] can be expressed as;
oy gy _0 (1)
u% + Ug;} = V?;y?; - Ufo (Bou — Ey) — y“ + - ! [pooﬁg(l = Coo)(T' = Too) = 9(pp = Poo) (C = Cx)] (2)
ug—z vg—T ?;JT plé <ZZ>2 pLCp(BOu — Eo)2 + IC)‘TCZZ 882;; (3)
ug+u‘£=pgzg—7(0—cw)+%f§£ (4)

Subject to the boundary conditions [11],

u(z,0) =bx, v(z,0)=—vy, T(z,0)=To+ A1z +q28—T, C(z,0) = Cy + Bix +q38£

ty=20
Ay oy Y
u(z,00) =0, T(z,00)=Th+ Asx, C(x,00)=Co+ Bax, asy— oo. (5)
3 Similarity Transformations
Equation (1) is satisfied identically by defining the stream function, ¥ (z,y), as
_ oY _
u= a9y and v = 5 (6)

The following independent variable 7, dimensionless temperature 6(n), stream function, ¢ (z,y), and
dimensionless concentration ¢(n) were used to convert the flow equations into nonlinear ordinary
differential equations by substituting (7) into (2), (3), (4), and (5).

p=uL v = Vi), o= 5 o= GG ™

http: / /www. earthlinepublishers.com



Mized Convective EMHD Flow in Stratified Fluids over a Stretching Plate ... 275

£ ) = (F" () + f) " () — Mf'(n) + EM + X (8(n) — Ne(n)) — K f'(n) =0 (8)
0" (n)+ Pr ()8 (n) + EcM (f'(n) — E)* = Pro(n) f'(n) — PrBif'(n)+PrN¢"(n)+ Ec (f"(n))* =0 (9)
¢"(n) + PrLe f(n)¢'(n) — PrLe f'(n)¢(n) — PrLeBf'(n) — PrLef¢(n) + LePr6"(n) =0 (10)

FO)=1, f0)=S, 6(0)=(1—Bi)+Q80), 60)=(1-B)+QdMm

f'(00) =0, 0(c0) =0, ¢(c0)=0 (11)
2
Where M = % is the magnetic parameter, R = % is the Richardson number, F = Bfgx is the electric
— _ Br(1=Co)(Tw=To)a? _ DmKt(Tw—To) _ _(pp=poo)(Cw—Co) —
parameter, K 2_ ﬁ, Gr = =& P 0 , S = m, N = pméJ(C—Coo)(waToy Pr =
_ _puyv _ _E — —
& Br= ToTo) £ = Boba Le=%, =71

4 Validation of Model

The outcome of the model for skin friction coefficient represented by (f”(0)) was compared with the
work of Stanford [34] for different values of Prandtl number and there was excellent agreement with their

findings. This validates current model. The comparison is indicated in Table 1.

Table 1: Comparison of values of f”(0) and —6'(0) for different values of Pr.
[34] Present

f"(0) —6'(0) /"(0) —0'(0)

5 | 0.902783 -0.166676 | 0.902745 -0.166621

10 | 0.902624 0.085160 | 0.902614  0.085131

15 | -0.974284 0.085610 | -0.974279  0.085658

20 | -0.974551 0.085748 | -0.974543 0.085742

25 | 0.902529  0.085778 | 0.902529  0.085790

Pr

5 Impact of Thermophysical Parameters on Coefficient of Skin Friction,

Nusselt Number and Sherwood Number

Table 2 shows the impact of thermo-physical parameters on the coefficient of skin friction (f”(0)), Nusselt
number representing heat transfer rate (—6’(0)), and Sherwood number representing mass transfer rate
(—¢'(0)). An increase in the thermophoretic deposition parameter, momentum slip parameter, and Biot
number raise Nusselt number but decrease coefficient of skin friction and Sherwood numbers, as indicated
in the table. In addition, raising Solutal Grashof, thermal Grashof, and Damkohler numbers lower skin
friction coefficient while raising Nusselt and Sherwood numbers. Raising Eckert number, heat generation

parameter ), and B lower coefficient of skin friction and Nusselt number, while raising the Sherwood
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number. Furthermore, increasing the magnetic field parameter and the permeability parameter raise
coefficient of skin friction number while lowering Nusselt and Sherwood numbers. Additionally, raising the
chemical reaction parameter and Lewis number raise coefficient of skin friction and the Sherwood number,
whereas lowering the Nusselt number. Finally, raising the Prandtl number and the suction parameter

simultaneously raise skin friction coefficient, Sherwood, and Nusselt numbers.

Table 2: Results of skin friction coefficient [f”(0)], Nusselt [—6'(0)] and Sherwood numbers [—¢'(0)] for

various values of controlling parameters.

Pr Bi Le M N FE S K B FEc @

B

—/"(0)

—0'(0)

—¢/(0)

2 01 05 01 01 01 01 01 01 0.1 0.1

0.2
0.3
0.6
0.7
0.2
0.3
0.2
0.3
0.2
0.3
0.2
0.3
0.2
0.3
0.2
0.3
0.2
0.3
0.2
0.3

0.1

0.2
0.3

0.999023
1.004187
1.006682
0.996334
0.994092
0.000036
1.000777
1.035635
1.070638
0.996530
0.996530
0.992891
0.986812
1.052462
1.052461
1.034247
1.067973
0.997704
0.995994
0.995089
1.001123
0.887843
0.795724
1.008423
1.008636

0.076314
0.079996
0.081745
0.138979
0.191378
0.076299
0.076289
0.075604
0.074909
0.076349
0.076349
0.076387
0.076460
0.078882
0.078882
0.075917
0.075521
0.074148
0.071377
0.068665
0.064611
0.084065
0.084997
0.082750
0.082748

0.087249
0.089901
0.091469
0.087178
0.087117
0.088516
0.089499
0.087133
0.087022
0.087260
0.087260
0.087271
0.087293
0.088169
0.088169
0.087139
0.087033
0.087261
0.087276
0.087289
0.092605
0.092299
0.092103
0.093080
0.093526
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5.1 Graphical Result

5.1.1 Variation of parameters on velocity graphs

The impacts of different thermophysical factors on the boundary layer’s velocity profiles are shown
in Figures 2-7. Increases in magnitudes of suction number and magnetic number result in thicker
momentum boundary layer thickness, as seen in Figures 1 and 2. In Figures 4-7, increasing the
Eckert parameter, Prandtl number, chemical reaction parameter, heat transfer parameter, and thermal
stratification coefficient parameter reduce fluid’s velocity, resulting in a thinner momentum boundary layer.
Figure 2 shows the velocity graph for the magnetic field number. As the magnetic number increases, there
is a sharp decline close to the walls of the plate, and the velocity boundary layer thickness weakens as
it agrees with its boundary condition. The velocity of the fluid reduces as the magnetic field parameter
increases. Because the magnetic field retards flow, this result qualitatively follows the Lorentz force
expectations. Similar effects were shown in Figure 4 for the Prandtl number. Because the Prandtl number
is a momentum thermal-diffusivity ratio, it reduces the velocity of the fluid as the Prandtl number rises, as
seen in Figure 4. The impact of the chemical reaction parameter in velocity profile is depicted in Figure 5.
As the chemical reaction parameter increases, the thickness of the velocity boundary layer reduces, which
is due to an increase in viscosity. Figure 7 shows that increasing the thermal stratification coefficient

lowers fluid velocity because relaxation time decreases.

091
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Pr=2, Bi=1, G;=0.1, Le=0.5,
0.1 A=0.1, Gg = 0.1, $=0.1, K=0.1,
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A=0.1, H=0.1, t=0.1
05 To
f(m ° .
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Figure 2: Velocity graph for various values of the suction parameter.
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Figure 3: Velocity graph for various values of magnetic field parameter.
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Figure 4: Velocity graph for various values of Eckert parameter.
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Figure 5: Velocity graph for various values of Prandtl parameter.
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Figure 6: Velocity graph for various values of chemical reaction parameter.

Earthline J. Math. Sci. Vol. 16 No. 2 (2026), 269-292



280 Golbert Aloliga, Enoch Deyaka Mwini, Isaac Azure and Christian John Etwire
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Figure 7: Velocity graph for various values of heat transfer parameter.
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Figure 8: Velocity graph for various values of thermal stratification coefficient parameter.

5.1.2 Variation of parameters on temperature graphs

The effects of various thermophysical parameters on the temperature profiles are presented in Figures
8-12. Generally, increases in the heat generation parameter, chemical reaction parameter, Eckert number,

thermal stratification parameter, and magnetic field strength lead to a rise in fluid temperature and
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a corresponding thickening of the thermal boundary layer. The Eckert number, in particular, elevates
the temperature due to enhanced viscous dissipation, which converts kinetic energy into internal energy,
thereby increasing the thermal boundary layer thickness. Similarly, the application of a transverse
magnetic field intensifies the temperature profile as a result of the Lorentz force, which resists fluid motion
and enhances thermal energy within the boundary layer. Furthermore, higher values of the thermal
stratification parameter increase the fluid temperature by amplifying thermal gradients, thus thickening
the thermal boundary layer. However, in some cases, increasing the heat transfer coefficient and reaction
rate parameter reduces the fluid temperature, leading to a thinner thermal boundary layer due to enhanced
heat removal from the surface. Overall, these parameters play a significant role in controlling the thermal

behavior of the flow system.

ad Pr=2, Bi=1, G;=0.1, Le=0.5,
014 A=0.1, Gg = 0.1, $=0.1, K=0.1,
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0.12 A=0.1, M=0.1, t=0.1
0.10
% .0 H=0.2,0.4,0.6,0.8
0.061
0.04 1
0024
0 Y o +
0 3 4 5

Figure 9: Temperature graph for various values of heat transfer parameter.
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Figure 10: Temperature graph for various values of reaction rate parameter.
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Figure 11: Temperature graph for various values of Eckert parameter.
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Figure 13: Temperature graph for various values of magnetic field parameter.

5.1.3 Variation of parameters on concentration graphs

The influence of various thermophysical parameters on the concentration profiles is illustrated in Figures

13-20. As shown in Figures 13 and 16, an increase in the magnetic field parameter and the Biot number
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leads to higher fluid concentration, thereby thickening the solutal boundary layer. The enhancement in
concentration under a stronger magnetic field is attributed to the Lorentz force, which modifies the flow
structure and promotes species accumulation near the surface. Conversely, Figures 15, 17, and 19 reveal
that increasing the Prandtl number, suction parameter, and Lewis number reduces fluid concentration,
resulting in a thinner solutal boundary layer due to enhanced thermal diffusion and mass transport
effects. Furthermore, Figure 20 demonstrates that higher values of the permeability parameter increase
concentration. This occurs because greater permeability weakens the resistance to fluid motion within the

porous medium, reducing mass transport at the surface and intensifying the concentration gradient.
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Figure 14: Concentration graph for various values of magnetic field parameter.
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Figure 15: Concentration graph for various values of Eckert parameter.
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Figure 16: Concentration graph for various values of Prandtl parameter.

Earthline J. Math. Sci. Vol. 16 No. 2 (2026), 269-292



286 Golbert Aloliga, Enoch Deyaka Mwini, Isaac Azure and Christian John Etwire

. Pr=2, Bi=1, G;=0.1, Le=0.5,
A=0.1, Gg = 0.1, $=0.1, K=0.1,
- B=0.1, Ec=0.1, Q=0.1, =1,
A=0.1, M=0.1, t=0.1

03+

Bi=0.2,0.4, 0.6, 0.8

Figure 17: Concentration graph for various values of Biot number parameter.
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Figure 18: Concentration graph for various values of suction parameter.
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Figure 19: Concentration graph for various values of solutal slip parameter.

Figure 20: Concentration graph for various values of Lewis parameter.
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Figure 21: Concentration graph for various values of permeability parameter.

6 Conclusion

This study has demonstrated that the transport characteristics of the mixed convective EMHD flow are
strongly influenced by the governing physical parameters. Thermophoretic deposition, momentum slip,
and the Biot number were found to enhance heat transfer while simultaneously reducing skin friction
and mass transfer rates. In contrast, increasing the Thermal and Solutal Grashof numbers as well as the
Damkohler number lowered the skin friction coefficient but significantly improved both heat and mass
transfer. Higher values of the Eckert number and heat generation parameter reduced skin friction and
heat transfer, although they intensified mass transfer. The Deborah number, magnetic field strength, and
permeability parameter increased skin friction but suppressed heat and mass transfer rates. Moreover,
larger Lewis number and chemical reaction parameters promoted skin friction and mass transfer while
diminishing heat transfer. The momentum boundary layer thickened under the influence of the Damkohler
number, heat generation, Grashof numbers, Biot number, and Eckert number, whereas it reduced with
increasing Prandtl number, magnetic field, momentum slip, permeability, suction, and Deborah number.
The thermal boundary layer expanded with stronger magnetic field, momentum slip, permeability, Biot
number, Eckert number, and heat generation effects, while the solutal boundary layer increased with
thermophoresis, Damkohler number, magnetic field, slip, and permeability but decreased with higher
Prandtl and Lewis numbers, Grashof numbers, Biot number, chemical reaction parameter, heat generation,
suction, and Eckert number. Overall, these findings provide comprehensive insight into the control of

momentum, heat, and mass transport in EMHD flows relevant to industrial and engineering applications.
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