Unsteady Boundary-Layer MHD Flow with Coupled Heat and Mass Transfer Past a Vertical Surface under Convective Boundary Conditions 
Abstract 
Unsteady MHD of natural convection, heat and mass transfer of incompressible, electrically conducting and heat absorbing fluid flow over a vertical plate is considered. The flow is induced by general time dependent regulation. Application of similarity transformation technique in transforming nonlinear-coupled partial differential equations to nonlinear coupled ordinary differential equations. Examination of the physical implications of the skin friction coefficient, heat transfer rate at the wall (Nusselt number), mass transfer rate at the wall (Sherwood number), and the Temperature at the wall surface. Development of numerical scheme for solving the modelled problem by using shooting technique alongside with Runge-Kutta method of higher order implemented in Maple 2026. Analysing the impacts of the fluid flow parameters on the formulated model and to compare the results with the existing model. Some of the major findings are that the radiative heat flux boosts the thermal energy within the boundary layer and thereby reducing the fluid viscosity, which gives rise to the velocity. The thermal and viscous boundary layer thickness decreases while it increases with Prandtl number. At higher chemical reaction applications, the momentum and concentration boundary layer thickness become thinner, while thermal boundary layer becomes thicker. Moreover, the rate of mass transfer within the boundary layer is enhanced with chemical reaction parameters, but the contrary is true for heat transfer from the plate surface to the free stream region. The unsteadiness parameter has greater influence on the entire flow. Eckert number with nonlinear density variation has greater influence on the flow. The findings are relevant to industrial applications involving polymer processes, cooling systems and electrically conducting fluids.   
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1	Introduction
Boundary-layer flow with simultaneous heat and mass transfer represents an important class of problems in fluid dynamics and applied mathematics because of its relevance to thermal management, chemical processing, energy conversion, cooling systems and other transport processes. The boundary-layer concept provides a mathematical framework for describing the transport of momentum, thermal energy and species concentration in the vicinity of a solid surface. The classical formulation of boundary-layer flow over continuous surfaces was established by Sakiadis (1961), providing a foundation for subsequent investigations of transport phenomena involving thermal and concentration effects. When temperature and concentration differences are present simultaneously, the resulting thermal and solutal buoyancy forces introduce strong coupling between the momentum, energy and concentration equations.
The incorporation of a magnetic field into the flow of an electrically conducting fluid gives rise to magnetohydrodynamic (MHD) transport. The interaction between the imposed magnetic field and the electrically conducting fluid generates a Lorentz force, which modifies the momentum field and consequently influences the thermal and concentration distributions. MHD boundary-layer flow has therefore received considerable attention because of its relevance to electromagnetic processing, metallurgical operations, cooling systems, energy conversion and related engineering applications. Makinde and Aziz (2010) investigated MHD mixed convection from a vertical plate embedded in a porous medium under a convective boundary condition and demonstrated the significant influence of the magnetic field and thermal transport parameters on the flow characteristics. In a related study, Makinde (2010) considered hydromagnetic heat and mass transfer over a vertical plate with a convective surface boundary condition, establishing an important mathematical framework for coupled MHD heat and mass transport under convective heating.
The simultaneous presence of thermal and concentration gradients introduces thermal and solutal buoyancy effects into the momentum equation. Consequently, the velocity, temperature and concentration fields become interdependent, and modifications in one transport mechanism can influence the others. Chamkha et al. (2013) investigated coupled heat and mass transfer in MHD free convection along a vertical plate with streamwise temperature and species concentration variations. Their results demonstrated the importance of thermo solutal coupling in determining the characteristics of the velocity, temperature and concentration boundary layers. Such coupling is particularly important in vertical surface configurations, where buoyancy forces directly interact with the imposed magnetic field.
The thermal boundary condition imposed at the surface is another important component of mathematical heat-transfer models. A convective boundary condition represents a surface that exchanges heat with an external fluid, with the surface heat flux determined by the temperature difference between the wall and the external heating or cooling medium. This differs fundamentally from a prescribed wall-temperature condition because the surface temperature is not specified independently but is determined as part of the solution. Makinde and Aziz (2010) demonstrated the significance of this formulation in MHD mixed convection from a vertical plate embedded in a porous medium. 
Suma et al. (2023) investigated MHD heat and mass transfer of a Jeffrey nanofluid in the presence of chemical reaction, Brownian motion and thermophoresis. Their results showed that the combined magnetic, thermal and nanoparticle transport mechanisms significantly influence the velocity, temperature and concentration distributions. Sudarmozhi et al. (2023) investigated magneto radiative and heat convective boundary layer flow of a Maxwell fluid over a porous inclined vertical plate and demonstrated the influence of magnetic, radiative and thermal effects on the resulting transport fields. These studies indicate that MHD boundary layer transport is strongly affected by the interaction between momentum, thermal and species diffusion mechanisms.
The consideration of transient effects provides a further extension of conventional boundary layer models. Although steady formulations are useful for systems that have reached equilibrium, many practical processes involve transient heating and cooling, start-up conditions, time dependent mass diffusion, oscillatory motion and evolving boundary layer structures. The inclusion of time dependence therefore provides a more general mathematical framework for describing the temporal evolution of the flow, temperature and concentration fields.
Recent investigations have increasingly considered unsteady MHD transport in vertical surface configurations. Kumar et al. (2024) investigated unsteady MHD convective heat and mass transfer through a porous medium between two vertical plates in the presence of chemical reaction. Their study demonstrated that the transient interaction of magnetic, thermal and concentration effects can substantially influence the transport characteristics. Shafique et al. (2025) investigated heat and mass transfer in an unsteady MHD boundary layer flow of a fractionalized fluid, considering radiation and other thermo-diffusive effects. Their work demonstrated the applicability of generalized fluid formulations to transient MHD transport problems. Islam and Hossain (2024) also examined unsteady MHD Casson-fluid flow over a semi-infinite vertical plate through a porous medium while accounting for dissipative and radiative effects. These studies collectively demonstrate the growing interest in transient MHD boundary layer transport under different physical and geometrical configurations.
The role of numerical methods in solving nonlinear MHD boundary layer equations has also received attention. Adekoya et al. (2025) investigated hydromagnetic heat and mass transport over a vertical plate with a convective boundary condition using a block backward-differentiation approach. Similarity transformations were employed to convert the governing partial differential equations into a system of ordinary differential equations before numerical solution. Their work is closely related to the present study because it combines hydromagnetic flow, coupled heat and mass transfer and a convective boundary condition on a vertical plate. The difference is that the present investigation focuses specifically on the transient behaviour of the coupled system rather than primarily on the numerical treatment of the steady formulation.
Porous medium configurations have also provided an important framework for investigating coupled MHD transport. Nayar and Phiri (2025) examined free-convective MHD heat and mass transfer along a vertical plate embedded in a porous medium, incorporating heat absorption and first-order chemical reaction. Their investigation considered velocity, temperature and concentration distributions together with skin-friction, Nusselt and Sherwood numbers. The study demonstrates the continued relevance of coupled surface transport quantities for assessing the physical characteristics of MHD boundary layer systems.
Unsteady convective heat and mass transfer over vertical surfaces has received further attention in recent work. Sindhu (2025) investigated unsteady MHD convective heat and mass transfer along a semi-infinite permeable vertical plate with heat absorption. The formulation incorporated thermal and concentration buoyancy, a transverse magnetic field and time-dependent suction and the resulting velocity, temperature and concentration distributions together with skin-friction, Nusselt and Sherwood numbers were examined. This study confirms the importance of transient effects in determining the characteristics of coupled thermo solutal MHD boundary layers.
The recent work has also incorporated several additional physical mechanisms into unsteady MHD models. Das and Deka (2025) investigated unsteady MHD flow past an oscillating vertical plate embedded in a porous medium with periodic temperature variation, exponential mass diffusion and thermal and mass stratification effects. Their results demonstrated that temporal variation, magnetic effects and stratification can significantly influence the transport fields. Oladapo et al. (2025) investigated the combined effects of Arrhenius chemical reaction, internal heat generation and viscous dissipation on natural-convection heat and mass transfer over a vertical plate with a convective surface boundary condition. Their findings showed that chemical, thermal and viscous mechanisms can substantially influence the velocity, temperature and concentration fields. Although their model is not an MHD formulation, it is particularly relevant to the present work because of its treatment of coupled heat and mass transfer under a convective vertical surface boundary condition.
More recent studies have continued to extend the mathematical description of MHD transport. Amadi et al. (2026) investigated convective heat and mass transfer in MHD nanofluid flow over a stretching sheet, incorporating additional thermal and concentration mechanisms. Their results demonstrated the sensitivity of the velocity, temperature and concentration fields to magnetic and thermo-diffusive parameters. Azeez et al. (2026) investigated unsteady radiative MHD flow of a Jeffrey fluid through a porous medium with Hall and Soret effects under a convective boundary condition. Their formulation combined unsteadiness, magnetic effects, thermal radiation, Hall current, thermo-diffusion and convective surface heating. These recent studies demonstrate that MHD heat and mass transfer under convective conditions remains an active area of mathematical research.
The preceding studies reveal substantial progress in the modelling of MHD boundary-layer transport. However, most recent formulations have introduced one or more additional physical mechanisms, including porous-medium resistance, thermal radiation, chemical reaction, viscous dissipation, Hall current, Soret and Dufour effects, Brownian motion, thermophoresis, nanofluid transport or non-Newtonian rheology. While these mechanisms are important for particular applications, their simultaneous incorporation increases the mathematical complexity of the governing system and makes it more difficult to isolate the fundamental interaction among transient momentum transport, magnetic forces, thermal buoyancy, solutal buoyancy and convective surface heating.
Furthermore, existing studies have considered different combinations of steady and unsteady flow, moving or permeable vertical surfaces, porous media, nanofluids and complex rheological effects. Adekoya et al. (2025) considered hydromagnetic heat and mass transport over a vertical plate with a convective boundary condition, whereas Oladapo et al. (2025) investigated natural-convection heat and mass transfer under the same type of surface condition with chemical reaction, heat generation and viscous dissipation. These studies provide important foundations, but they also indicate the need for comparatively focused formulations that can isolate the principal transient thermo-solutal-MHD interactions.
Consequently, the present study investigates unsteady boundary-layer MHD flow with coupled heat and mass transfer past a vertical surface under a convective boundary condition. The study considers an incompressible electrically conducting fluid and focuses on the interaction of transient momentum transport, magnetic-field effects, thermal buoyancy, concentration buoyancy, thermal diffusion and species diffusion. The governing nonlinear partial differential equations for momentum, energy and concentration are formulated subject to appropriate initial and boundary conditions. Through a suitable similarity transformation, the governing equations are converted into a dimensionless system of nonlinear ordinary differential equations and solved numerically.
RESEARCH GAP AND OBJECTIVES
Recent studies on magnetohydrodynamic (MHD) boundary-layer flows have established the significant influence of magnetic fields, thermal radiation, chemical reactions, viscous dissipation, activation energy, and convective boundary conditions on heat and mass transfer. However, these effects have generally been investigated either individually or through limited combinations of physical mechanisms. For instance, existing studies have considered MHD flow with convective heating, thermal radiation and chemical reaction, while other investigations have incorporated activation energy and viscous dissipation into MHD transport models. Although these contributions have improved the understanding of coupled heat and mass transfer, important interactions among the different transport mechanisms remain insufficiently explored.
In particular, there is limited systematic analysis of an unsteady MHD boundary-layer flow over a vertical surface in which thermal and solutal buoyancy are simultaneously coupled with magnetic effects, thermal radiation, viscous dissipation, internal heat generation or absorption and temperature-dependent Arrhenius chemical reaction under a convective boundary condition. The unsteady nature of the problem introduces temporal variations in the velocity, temperature and concentration fields while the Arrhenius reaction establishes an additional nonlinear coupling between temperature and concentration. Furthermore, viscous dissipation and internal heat generation or absorption influences the thermal field, which in turn affects the chemical reaction rate and consequently the concentration distribution. These interactions can substantially alter the momentum, thermal and concentration boundary layers.
Therefore, a clear gap exists in developing and analyzing a unified mathematical model capable of simultaneously representing these coupled physical mechanisms. In particular, further investigation is required to establish how the controlling dimensionless parameters influence the velocity, temperature and concentration profiles and the associated skin-friction, heat-transfer and mass-transfer rates. Addressing this gap is important for obtaining a more comprehensive mathematical understanding of transient MHD heat and mass transfer over convectively heated vertical surfaces.
The present study addresses this gap by formulating an unsteady coupled MHD boundary-layer model with thermal and solutal buoyancy, thermal radiation, viscous dissipation, internal heat generation/absorption, and Arrhenius activation-energy-dependent chemical reaction under a convective surface boundary condition. Similarity transformations are employed to reduce the governing nonlinear partial differential equations to ordinary differential equations, which are subsequently solved numerically. The study thereby provides a unified framework for examining the interactions among the principal transport mechanisms and their effects on the overall heat and mass-transfer characteristics.
2	MATHEMATICAL FORMULATIONS
Consider the unsteady, two-dimensional laminar free convection flow of a viscous, incompressible, and electrically conducting fluid over a vertical plate influenced by a magnetic field. The plate is subjected to convective heating and species diffusion, simulating surface interactions. The fluid is assumed to satisfy the following:
1.The Boussinesq approximation is used to predict the nonlinear density variation with temperature in the buoyance term.
2. Magnetic field is applied perpendicular to the flow (transverse).
3. The induced magnetic field is negligible.
Considering the above-mentioned assumptions and the governing equations can be written as:
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Satisfying the following boundary conditions:
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Table 1: Symbols and the names of the parameters used
	Symbols
	Names

	u, v
	Velocity Components

	

	Radiative heat flux

	T
	Dimensional temperature

	R
	Arrhenius heat of reaction order

	C
	Dimensional Concentration

	K
	Thermal Conductivity of fluid

	

	Thermal diffusivity Coefficient

	

	Parameter of Chemical reaction

	

	Free stream temperature

	Q
	Internal heat generation coefficient

	

	Activation energy

	

	Viscosity

	

	Mass diffusivity

	

	Linear thermal expansion coefficient

	

	Nonlinear thermal expansion coefficient

	

,
	Linear solutal expansion coefficient and nonlinear thermal expansion coefficient

	Gr
	Thermal buoyancy

	K
	Gas constant

	Ec
	Eckert Number

	Pr
	Prandtl number

	Sc
	Schmidt number

	Sr
	Soret number

	Sh
	Sherwood number

	Nu
	Nusselt number

	A
	Unsteadiness parameter

	

	Local thermal ararchy number

	

	Local solutal ararchy number

	

	Variation in density that is linear with respect to temperature


	

	Variation in density that is nonlinear with respect to concentration

	

	Radiation number

	

	Internal heat generation coefficient

	Du
	Dufur number

	

	Temperature variation parameter

	N
	Order of chemical reaction

	Sr
	Soret number

	Bi
	Biot number

	

	Relative temperature parameter

	E
	Activation energy parameter

	

	Local concentration Grashof number on temperature distribution

	

	Local thermal Grashof number on concentration distribution

	

	Chemical reaction rate

	Nu
	Nusselt number



2.1	 Solution by similarity variables
The PDEs in (1)–(4) were converted to ODEs by use of similarity variables.  Using the following transformation, we achieve non-dimensionalisation of (1)-(4):
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By using the stream, function , that is  the stream function while the Cauchy-Riemann equations are: 
Equation (1) is satisfied by the Cauchy-Riemann equations
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Substituting equation (7) into (2) - (4) yields:
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Satisfying the boundary conditions
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Where unsteadiness parameter A, the Prandtl number Pr, nonlinear density variation with temperature , nonlinear density variation with concentration , Radiation parameter , Internal heat generations parameter , temperature variation parameter , Eckert number Ec, and Dufour number can be expressed as:
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The reduced ordinary differential equations along with the boundary conditions are solved in Maple 2026 using Runge-Kutta of order four for accuracy.
2.2 Computational procedure
The set of equations (8)-(10) and the boundary conditions (11) were precisely solved using the shooting approach and the Runge-Kutta method of order four. In a similar vein, a numerical code was created and executed on the computer using MAPLE software. 
3. Results and Discussion
Figures 1-26 present the graphical results obtained from the numerical solution of the formulated unsteady boundary-layer problem. The figures illustrate the effects of the governing physical and dimensionless parameters on the velocity, temperature, and concentration profiles. The observed behaviour provide insight into the mechanisms governing momentum, thermal, and mass transport within the boundary layer under the combined effects of buoyancy, unsteadiness, thermal radiation, Soret and Dufour effects, chemical reaction, activation energy, viscous dissipation, internal heat generation, and convective surface conditions.
Figures 1-3 illustrate the influence of the local thermal Grashof number on the velocity, temperature, and concentration profiles, respectively. The local thermal Grashof number represents the relative importance of thermal buoyancy forces to viscous forces in the fluid motion. As the local thermal Grashof number increases, the velocity profile increases significantly. This behaviour is attributed to the enhancement of the buoyancy force generated by the temperature difference between the fluid and the surface. Consequently, the buoyancy force assists the fluid motion and accelerates the fluid particles within the momentum boundary layer. Hence, an increase in the thermal Grashof number results in a thickening of the velocity boundary layer. Conversely, the temperature profile decreases as the thermal Grashof number increases, indicating a reduction in the thermal boundary-layer thickness. The enhanced fluid motion promotes greater convective transport of thermal energy away from the surface, thereby reducing the temperature gradient within the thermal boundary layer. A similar reduction is observed in the concentration profile. The stronger buoyancy-induced fluid motion enhances mass transport away from the surface, resulting in a thinner concentration boundary layer. Thus, increasing the thermal buoyancy force enhances momentum transport while simultaneously promoting thermal and species diffusion away from the surface.
Figures 4- 6 show the effects of the local solutal Grashof number on the velocity, temperature and concentration profiles. The solutal Grashof number measures the relative contribution of concentration-induced buoyancy forces to viscous forces. An increase in the solutal Grashof number produces an enhancement of the velocity profile because the concentration difference between the surface and the ambient fluid generates an additional buoyancy force. This solutal buoyancy assists the fluid motion and consequently increases the velocity within the boundary layer. At the same time, the temperature and concentration profiles decrease with increasing solutal Grashof number. The enhanced fluid velocity strengthens convective transport, thereby carrying heat and species away from the surface more effectively. This results in the thinning of both the thermal and concentration boundary layers. The result demonstrates that thermal and solutal buoyancy mechanisms work together in determining the momentum transport characteristics of the unsteady flow.
Figures 7-9 depict the influence of the unsteadiness parameter on the velocity, temperature and concentration distributions. The unsteadiness parameter characterizes the temporal variation of the flow and therefore determines the extent to which the transient nature of the flow modifies the boundary-layer structure. Increasing the unsteadiness parameter enhances the velocity profile. This indicates that the temporal variation associated with the unsteady flow strengthens momentum transport within the boundary layer. The concentration profile is also enhanced as the unsteadiness parameter increases, resulting in a thicker concentration boundary layer. This may be associated with the modified residence time and transient diffusion of species within the boundary layer. In contrast, the temperature profile decreases with increasing unsteadiness parameter, producing a thinner thermal boundary layer. The result indicates that unsteadiness does not influence momentum, thermal energy, and species transport in an identical manner. Rather, its effect depends on the coupling between the transient flow field and the heat and mass transfer mechanisms.
Figures 10-12 demonstrate the effect of nonlinear density variation with temperature on the velocity and temperature profiles. An increase in the nonlinear thermal density-variation parameter enhances the velocity profile. This behaviour arises because the nonlinear dependence of density on temperature strengthens the buoyancy contribution to the momentum equation. The resulting increase in buoyancy force accelerates the fluid and increases the velocity within the boundary layer. On the other hand, the temperature profile decreases as the nonlinear thermal density-variation parameter increases. The stronger fluid motion enhances convective heat transport away from the surface, causing a reduction in the temperature distribution and a thinning of the thermal boundary layer, particularly in the region close to the wall. Therefore, nonlinear thermal buoyancy has a dual influence, enhancing momentum transport while suppressing the thermal field.
Figures 13 -15 present the effects associated with nonlinear density variation with concentration on the velocity, temperature and concentration profiles. Increasing the nonlinear concentration density parameter enhances the velocity profile because the nonlinear concentration dependent buoyancy force provides an additional driving mechanism for the fluid motion. This results in increase fluid velocity also enhances convective heat transport, leading to an increase in the thermal boundary layer thickness as observed in the temperature profile. In contrast, the concentration profile decreases with increasing nonlinear concentration-density variation. The enhanced fluid motion facilitates the transport of species away from the wall, thereby reducing the concentration level near the surface and causing a reduction in the concentration boundary layer thickness. This result confirms the strong coupling between solutal buoyancy, momentum transport and species diffusion in the present model.
Figures 16-18 illustrate the effects of thermal radiation, Prandtl number, Dufour parameter, Eckert number and Schmidt number on the temperature distribution. An increase in the thermal radiation parameter enhances the temperature profile and thickens the thermal boundary layer. Thermal radiation introduces an additional mode of energy transport into the fluid, thereby increasing the thermal energy available within the boundary layer. The Dufour effect, which represents the contribution of concentration gradients to heat flux also increases the temperature profile and thermal boundary-layer thickness. This occurs because the diffusion of species produces an additional energy flux that contributes to the thermal field.
Similarly, an increase in the Eckert number increases the temperature profile and thickens the thermal boundary layer. The Eckert number measures the relative importance of viscous dissipation which converts part of the mechanical energy associated with fluid motion into internal thermal energy. Consequently, stronger viscous dissipation raises the fluid temperature. The Schmidt number, on the other hand, is associated with the relative diffusivities of momentum and mass. Its influence on the temperature field in the present coupled model is mediated through the interaction between species transport and thermal transport. The observed increase in temperature indicates that changes in mass diffusivity modify the coupled heat and mass transfer processes.
In contrast, increasing the Prandtl number decreases the temperature profile and reduces the thermal boundary layer thickness. Since the Prandtl number represents the ratio of momentum diffusivity to thermal diffusivity, a higher Prandtl number corresponds to lower thermal diffusivity. Heat therefore penetrates less deeply into the fluid, causing the thermal boundary layer to become thinner. This behaviour is physically consistent with the fundamental role of the Prandtl number in convective heat-transfer problems.
Figures 19- 21 illustrate the influence of the Schmidt number, chemical reaction parameter, relative temperature parameter and activation energy parameter on the concentration profile. Increasing the Schmidt number generally reduces the concentration profile because a larger Schmidt number corresponds to reduced mass diffusivity relative to momentum diffusivity. Consequently, species penetration into the fluid is restricted and the concentration boundary layer becomes thinner.
An increase in the chemical reaction parameter also reduces the concentration profile. This is expected because stronger chemical reaction consumes the diffusing species within the boundary layer, thereby reducing its concentration. The corresponding concentration boundary layer is consequently diminished. The relative temperature parameter modifies the thermal sensitivity of the chemical reaction and therefore influences the concentration field through the coupled Arrhenius reaction mechanism. As this parameter increases, the concentration profile is altered due to the corresponding modification of the reaction rate and species consumption.
The influence of activation energy deserves particular attention. In an Arrhenius reaction model, activation energy controls the sensitivity of the reaction rate to temperature. An increase in activation energy generally suppresses the reaction rate for a given temperature level, thereby reducing species consumption. So, a higher concentration may be retained within the boundary layer, resulting in an increase in the concentration profile and potentially a thicker concentration boundary layer. 
Figure 24 presents the influence of the Biot number on the temperature profile. The Biot number measures the relative strength of convective heat transfer between the surface and the surrounding fluid. Increasing the Biot number strengthens the convective interaction at the wall and increases the amount of thermal energy transferred from the surface into the fluid. Consequently, the temperature profile increases and the thermal boundary layer becomes thicker. This observation demonstrates the important role of the convective boundary condition in controlling the thermal characteristics of the flow.
Figure 25 illustrates the effect of the order of chemical reaction on the concentration profile. Increasing the reaction order intensifies the nonlinear consumption of the reacting species. As a result, the concentration decreases more rapidly away from the wall and the concentration boundary layer becomes thinner. The result indicates that the reaction order is an important parameter in determining the spatial distribution of species in chemically reactive boundary layer flows. Higher order reactions produce a stronger dependence of the reaction rate on species concentration and therefore lead to more pronounced species depletion.
Finally, Figure 26 presents the combined influence of the Soret effect and internal heat generation on the concentration and temperature fields. The Soret effect, also known as thermo diffusion, represents the mass flux generated by a temperature gradient. Its inclusion establishes an additional coupling between the thermal and concentration fields. Increasing the Soret parameter enhances species transport induced by the temperature gradient and consequently modifies the concentration distribution and concentration boundary layer thickness. The internal heat-generation parameter, meanwhile, introduces an additional source of thermal energy into the fluid. As internal heat generation increases, the temperature of the fluid increases, resulting in an enhancement of the thermal profile and thickening of the thermal boundary layer. Through the coupling between temperature and concentration, the additional thermal energy also modifies species diffusion and can increase the concentration boundary layer thickness. These results demonstrate that the Soret and internal heat-generation mechanisms play significant roles in the coupled heat and mass transfer characteristics of the present unsteady MHD flow.
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Figure 1: Effects of local thermal Grashof number Grx on temperature distribution for fixed values of
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 Figure 2: Effects of local thermal Grashof number Grx on concentration distribution for fixed values of 





                 

Ooooooo        

++++++++       

…………….       

[image: ]
 Figure 3 : Effects of local solutal Grashof number Gcx on velocity distribution for fixed values of
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Figure 4: Effects of local solutal Grashof number Gcx on temperature distribution for fixed values of
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Figure 5: Effects of local solutal Grashof number Gcx on temperature distribution for fixed values of
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Figure 6: Effects of unsteadiness parameter A on velocity distribution for fixed values of
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Figure 7: Effects of unsteadiness parameter A on temperature distribution for fixed values of
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Figure 8: Effects of unsteadiness parameter A on concentration distribution for fixed values of
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Figure 9: The impact of nonlinear density changes with temperature on the velocity distribution at constant values


[image: ]
                      

Ooooooo        

++++++++       

…………….       

Figure 10: effects of nonlinear density variation with temperature-on-temperature distribution for values


[image: ]
                      

Ooooooo        

++++++++       

…………….       


Figure 11: Effects of nonlinear density variation with concentration  on velocity distribution for fixed values of
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Figure 12: Effects of nonlinear density variation with concentration  on temperature distribution for fixed values of
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Figure 13: Effects of nonlinear density variation with concentration  on concentration distribution for fixed values of
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Figure 14: Effects of radiation parameter  on temperature distribution for fixed values of
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Figure 15: Effects of Prandtl number  on temperature distribution for fixed values of
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Figure 16: Effects of Dufor number  on temperature distribution for fixed values of
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Figure 17: Effects of Eckert number  on temperature distribution for fixed values of
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Figure 18: Effects of Schmidt number  on temperature distribution for fixed values of
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Figure 19: Effects of Schmidt number  on concentration distribution for fixed values of
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Figure 20: Effects of chemical reaction parameter  on concentration distribution for fixed values of 
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Figure 21: Effects of relative temperature parameter  on concentration distribution for fixed values of
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Figure 22: Effects of activation energy parameter  on concentration distribution for fixed values of 
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Figure 23: Effects of Biot number  on temperature distribution for fixed values of
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Figure 24: Effects of order of chemical reaction parameter  on concentration distribution for fixed values of
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Figure 25: Effects of Soret number  on concentration distribution for fixed values of
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Figure 26: Effects of internal heat generation parameter  on temperature distribution for fixed values of 
4	 Conclusion
The results demonstrate that the momentum, thermal and concentration fields are strongly coupled. Thermal and solutal buoyancy parameters primarily enhance the velocity field, whereas parameters such as the Prandtl and Schmidt numbers tend to suppress thermal and mass diffusion, respectively. Thermal radiation, Dufour diffusion, viscous dissipation, internal heat generation and convective heating generally enhance the thermal field, while chemical reaction tends to reduce the concentration field. The combined effects of Soret and Dufour diffusion further demonstrate the cross-coupling between heat and mass transfer. These observations confirm that the simultaneous incorporation of unsteadiness, nonlinear buoyancy, thermal radiation, thermo diffusion, chemical reaction, activation energy, viscous dissipation, internal heat generation and convective boundary conditions substantially modify the boundary-layer structure and therefore must be considered when predicting the heat and mass transfer behaviour of the formulated flow system.
Limitation
The analysis is limited to the two-dimensional, laminar, incompressible and electrically conducting flow configuration defined in the manuscript. The induced magnetic field is neglected, and the model adopts the Boussinesq approximation and a similarity transformation to obtain the reduced system. Consequently, the reported parameter effects apply to the specified vertical-surface geometry, boundary conditions and constitutive assumptions. Extension to configurations outside these assumptions would require a reformulated governing model.
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