


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
The study of boundary layer flow with simultaneous heat and mass transfer constitutes an important area of fluid dynamics and applied mathematics because of its relevance to numerous engineering and industrial processes involving thermal management, chemical processing, energy conversion, cooling systems and transport phenomena. The mathematical description of boundary layer flow provides a useful framework for analyzing the transport of momentum, thermal energy and species concentration in the neighbourhood of a solid surface. The classical boundary layer formulation developed by Sakiadis (1961) provided a fundamental basis for subsequent studies of transport phenomena over continuous surfaces. With the incorporation of thermal and concentration effects, boundary layer models become strongly coupled particularly when temperature and concentration gradients contribute to buoyancy forces.
Magnetohydrodynamic (MHD) flow extends conventional fluid dynamics by considering the interaction between an electrically conducting fluid and an applied magnetic field. The presence of a magnetic field produces a Lorentz force that modifies the momentum transport and consequently affects the velocity, temperature and concentration distributions. MHD boundary layer flow has therefore attracted significant attention because of its applications in electromagnetic control of fluids, metallurgical processes, cooling systems, energy generation and other technological processes. Makinde and Aziz (2010) investigated MHD mixed convection from a vertical plate embedded in a porous medium with a convective boundary condition and demonstrated the importance of magnetic, thermal and mass transfer parameters in determining the characteristics of the flow.
The simultaneous transfer of heat and mass introduces thermal and solutal buoyancy forces into the momentum equation, resulting in a coupled thermo-solutal transport problem. Such coupling can substantially influence the hydrodynamic and thermal boundary layers. Chamkha et al. (2013) examined coupled heat and mass transfer in MHD free convection along a vertical plate and showed that thermal and concentration gradients can significantly influence the flow behaviour. More recently, studies have continued to examine the interaction between magnetic fields, thermal transport and species diffusion in vertical-plate and porous-medium configurations (Kumar et al., 2024; Islam & Hossain, 2024).
An important aspect of heat-transfer modelling is the choice of the thermal boundary condition. The convective boundary condition provides a physically meaningful representation of a surface that exchanges heat with an external heating or cooling fluid. Unlike a prescribed wall-temperature condition, the surface heat flux under a convective condition depends on the temperature difference between the surface and the external fluid. Consequently, the surface temperature is determined as part of the solution. This boundary condition has been widely employed in mathematical models of MHD and mixed convection flows because of its relevance to practical heating and cooling systems (Makinde & Aziz, 2010; Sudarmozhi et al., 2023).
Recent studies have demonstrated the continuing importance of convective boundary conditions in MHD transport. Sudarmozhi et al. (2023) investigated magneto-radiative heat-convective boundary layer flow of a Maxwell fluid over a porous inclined vertical plate, incorporating magnetic field and heat generation effects. Their results demonstrated the strong influence of the magnetic and thermal parameters on the boundary layer characteristics. Similarly, Adekoya et al. (2025) considered hydromagnetic heat and mass transport over a vertical plate with a convective boundary condition and employed a block backward-differentiation method to solve the resulting nonlinear system. Their formulation is particularly relevant to the present study because it combines a vertical surface, magnetic effects, and convective heat and mass transport.
The use of porous media in MHD heat and mass transfer has received considerable attention because porous structures occur in many practical thermal and transport systems. A recent investigation by the authors of a 2025 study examined free convective MHD flow along a vertical plate embedded in a porous medium, incorporating heat absorption and first order chemical reaction. The resulting velocity, temperature and concentration fields and the associated skin friction, Nusselt and Sherwood numbers were examined using a modified differential transform decomposition approach (Investigation of heat and mass transfer..., 2025). Such studies demonstrate the importance of mathematical and numerical techniques for obtaining solutions of coupled nonlinear MHD transport equations.
Another important consideration in boundary-layer transport is unsteadiness. The assumption of steady flow is appropriate only when the system has reached a time independent state. However, many physical processes involve transient heating, cooling, start-up, oscillatory motion, time dependent mass diffusion and evolving boundary layer structures. The inclusion of time dependence therefore produces a more general mathematical formulation capable of describing the temporal evolution of the velocity, temperature and concentration fields.
Likewise, studies have also considered unsteady MHD flow with additional thermo-diffusive and electromagnetic effects. 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. The study showed that the combined effects of magnetic, radiative, Hall, chemical-reaction and thermo-diffusive parameters can change velocity, temperature and concentration distributions. This recent contribution demonstrates that unsteady MHD transport with convective boundary conditions remains an active research area.
Similarly, recent work on unsteady MHD convective heat and mass transfer along a semi-infinite permeable vertical plate has incorporated heat absorption, thermal buoyancy, concentration buoyancy, time-dependent suction and a transverse magnetic field. The results indicate that transient magnetic and buoyancy effects can significantly modify the velocity, temperature and concentration fields (Sindhu, 2025). 
In addition, Oladapo et al. (2025) investigated the combined effects of Arrhenius chemical reaction, internal heat generation and viscous dissipation on heat and mass transfer in natural convection flow over a vertical plate with a convective surface boundary condition. Their results demonstrated the sensitivity of velocity, temperature and concentration fields to the interaction between chemical, thermal and viscous mechanisms. This study is particularly relevant to the present investigation because it concerns heat and mass transfer over a vertical surface under a convective boundary condition.
Accordingly, 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 governing nonlinear partial differential equations describing momentum, energy and species concentration are formulated subject to appropriate initial and boundary conditions. Through a suitable similarity transformation, the governing equations are reduced to a dimensionless system, which is subsequently solved numerically. Particular attention is given to the effects of the governing parameters on the velocity, temperature and concentration profiles, together with the skin-friction coefficient, Nusselt number and Sherwood number.
The principal objective of this investigation is to provide a mathematical analysis of the transient interaction between magnetic forces and coupled thermal and concentration transport under a convective surface condition. The results are expected to contribute to the understanding of unsteady MHD boundary-layer transport and to provide useful benchmark solutions for future studies involving more complex physical effects.
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.
4. Neglecting viscous dissipation and Joule heating.
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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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. In order to verify the approach employed in the study, the acquired findings were compared with the available literature and benchmark examples.

3. Results and Discussion
The numerical results obtained from the transformed system of nonlinear ordinary differential equations are presented graphically in Figures 1–26. The profiles illustrate the effects of the governing physical parameters on the velocity, temperature and concentration distributions within the momentum, thermal and concentration boundary layers, respectively. The remaining governing parameters are assigned fixed values while the parameter under consideration is varied. The discussion focuses on the physical mechanisms responsible for the observed changes in the boundary-layer structures.
3.1 Effects of the Local Thermal Grashof Number
Figures 1–3 depict the influence of the local thermal Grashof number on the velocity, temperature and concentration profiles, respectively. An increase in the local thermal Grashof number produces a significant enhancement of the velocity distribution. Physically, the thermal Grashof number measures the relative importance of buoyancy forces generated by temperature differences to viscous forces within the fluid. Consequently, increasing this parameter strengthens the thermal buoyancy force and promotes fluid motion along the vertical surface.
The enhancement of the velocity profile indicates that the buoyancy-induced flow becomes stronger as the thermal Grashof number increases. This results in a thicker momentum boundary layer because the effect of the wall-induced motion is transmitted farther into the fluid. In contrast, the temperature and concentration profiles decrease with increasing thermal Grashof number, indicating a reduction in the corresponding thermal and concentration boundary layer thicknesses. The stronger buoyancy-driven motion increases fluid transport away from the surface, thereby enhancing the removal of thermal and concentration disturbances from the wall region. Hence, an increase in the local thermal Grashof number accelerates the fluid while simultaneously promoting thermal and species transport away from the surface.
3.2 Effects of the Local Solutal Grashof Number
The effects of the local solutal Grashof number on the velocity, temperature and concentration profiles are illustrated in Figures 4–6. Similar to the thermal Grashof number, increasing the local solutal Grashof number enhances the velocity distribution. The solutal Grashof number represents the relative contribution of concentration induced buoyancy to viscous resistance. Therefore, its increase strengthens the concentration buoyancy force and consequently accelerates the fluid motion.
The increase in velocity causes stronger convective transport within the boundary layer. As a result, the temperature and concentration profiles are reduced and their associated boundary layers become thinner. This behaviour demonstrates the coupling between the momentum, thermal and concentration fields in the present problem. In particular, the concentration-induced buoyancy force does not only influence the momentum field but also indirectly modifies the thermal and species transport mechanisms through the induced fluid motion.
3.3 Effects of the Unsteadiness Parameter
Figures 7–9 present the effects of the unsteadiness parameter on the velocity, temperature and concentration distributions. The unsteadiness parameter accounts for the temporal variation of the flow and therefore modifies the balance between transient and convective transport mechanisms.
An increase in the unsteadiness parameter enhances the velocity profile, suggesting that the transient component of the flow contributes to the development of the momentum boundary layer. Consequently, the momentum boundary layer becomes thicker. A similar enhancement is observed in the concentration profile, indicating that the temporal variation of the flow promotes species transport within the concentration boundary layer.
In contrast, the temperature profile decreases as the unsteadiness parameter increases, resulting in a reduction in thermal boundary layer thickness. This behaviour indicates that the time dependent flow configuration modifies the energy transport sufficiently to promote the removal of thermal energy from the vicinity of the wall. Thus, the unsteadiness parameter has a differential influence on momentum, thermal, and mass transport.
3.4 Effects of Nonlinear Thermal Density Variation
Figures 10-11 show the influence of the nonlinear density variation with temperature on the velocity and temperature profiles. Increasing the nonlinear thermal density parameter enhances the velocity distribution. This behaviour is associated with the increased contribution of the temperature-dependent buoyancy force to the momentum equation.
As the nonlinear density effect becomes stronger, the fluid experiences a greater buoyancy response to the temperature field, leading to an acceleration of the fluid adjacent to the surface. The corresponding temperature profile decreases with increasing nonlinear thermal density variation, particularly in the vicinity of the wall. Consequently, the thermal boundary layer becomes thinner. This result emphasizes the importance of retaining the nonlinear density contribution when the temperature difference is sufficiently large for the conventional linearized buoyancy approximation to become less representative.
3.5 Effects of Nonlinear Concentration Density Variation
Figures 12–14 illustrate the effects of nonlinear density variation associated with concentration on the velocity, temperature, and concentration fields. Increasing the nonlinear concentration-density parameter enhances the velocity profile. The increase is attributable to the strengthening of concentration-induced buoyancy forces, which contribute positively to the fluid motion.
The temperature profile also increases with increasing nonlinear concentration density variation, indicating a thickening of the thermal boundary layer. This behaviour results from the stronger coupling between the concentration-induced buoyancy force and the energy transport field. Conversely, the concentration profile decreases as the nonlinear concentration-density parameter increases, producing a thinner concentration boundary layer. Thus, the nonlinear concentration-density effect modifies all three transport fields and demonstrates the strong coupling between mass transfer and momentum transport in the present flow configuration.
3.6 Effects of Thermal Radiation
The effect of thermal radiation on the temperature distribution is presented in Figure 15. An increase in the thermal radiation parameter leads to an increase in the temperature profile and consequently thickens the thermal boundary layer. The physical explanation is that thermal radiation provides an additional mode of energy transfer within the fluid. Under the present formulation, the radiative contribution increases the effective thermal energy available in the boundary layer.
The resulting increase in fluid temperature reduces the rate at which the temperature approaches the ambient-fluid value away from the wall. Therefore, the region over which the temperature disturbance remains significant becomes wider. This result indicates that thermal radiation cannot be neglected when radiative heat transfer is appreciable, particularly in applications involving high operating temperatures.
3.7 Effects of the Prandtl Number
Figure 16 presents the influence of the Prandtl number on the temperature profile. Increasing the Prandtl number decreases the temperature distribution and reduces the thickness of the thermal boundary layer. Since the Prandtl number represents the ratio of momentum diffusivity to thermal diffusivity, a large Prandtl number corresponds to relatively weak thermal diffusion.
So, heat penetrates less deeply into the fluid as the Prandtl number increases. The temperature therefore falls more rapidly from its wall value toward the ambient value, resulting in a thinner thermal boundary layer. This behaviour is consistent with the fundamental role of the Prandtl number in determining the relative rates of momentum and thermal diffusion.
3.8 Effects of the Dufour Number
The influence of the Dufour number on the temperature field is displayed in Figure 17. Increasing the Dufour number enhances the temperature profile and thickens the thermal boundary layer. The Dufour effect represents the contribution of concentration gradients to heat flux. Therefore, when the Dufour number is increased, the energy equation receives a stronger contribution associated with mass diffusion.
The additional energy transport raises the temperature within the boundary layer and allows the thermal disturbance to penetrate farther into the fluid. The resulting thickening of the thermal boundary layer demonstrates the significance of cross-diffusion effects in coupled heat and mass transfer problems.
3.9 Effects of the Eckert Number
Figure 18 shows the effect of the Eckert number on the temperature distribution. Increasing the Eckert number results in an increase in temperature and consequently thickens the thermal boundary layer. The Eckert number measures the relative importance of viscous dissipation in the energy balance.
At higher Eckert numbers, a larger fraction of the mechanical energy associated with fluid motion is converted into thermal energy through viscous effects. This additional heat generation increases the temperature within the boundary layer. The temperature disturbance therefore persists over a larger distance from the surface, producing a thicker thermal boundary layer. This observation is particularly relevant where fluid velocities and viscous effects are sufficiently large.
3.10 Effects of the Schmidt Number
Figure 19 illustrates the influence of the Schmidt number on the temperature distribution, while Figures 20 and related profiles show its effect on concentration transport. The Schmidt number represents the ratio of momentum diffusivity to mass diffusivity. An increase in the Schmidt number therefore corresponds to a reduction in mass diffusivity relative to momentum diffusivity.
For the concentration field, increasing the Schmidt number generally reduces the penetration of species into the fluid and consequently decreases the concentration boundary-layer thickness. The associated reduction in mass diffusion also modifies the coupled energy transport through the concentration-dependent terms in the governing equations. The resulting changes in the thermal field demonstrate the importance of the interaction between mass diffusion and heat transfer in the present model.
3.11 Effects of the Chemical Reaction Parameter
The influence of the chemical reaction parameter on the concentration profile is presented in Figure 21. Increasing the chemical reaction parameter decreases the concentration distribution and reduces the concentration boundary layer thickness. A stronger chemical reaction increases the rate at which the species is consumed or transformed within the fluid.
Consequently, the concentration of the diffusing species decreases more rapidly away from the surface. The concentration boundary layer therefore becomes thinner as the reaction parameter increases. This behaviour is particularly important in applications involving reactive transport, where chemical conversion competes with molecular diffusion.
3.12 Effects of the Relative Temperature Parameter
Figure 22 demonstrates the influence of the relative temperature parameter on the concentration distribution. Increasing this parameter leads to a reduction in the concentration profile. The relative temperature parameter enters the concentration field through the temperature dependent reaction mechanism and therefore modifies the rate of species consumption.
As the parameter increases, the reaction contribution becomes more pronounced, resulting in a lower concentration of the reactive species within the boundary layer. The corresponding reduction in concentration indicates enhanced species depletion near the surface.
3.13 Effects of the Activation Energy
The influence of activation energy on the concentration distribution is shown in Figure 23. Increasing the activation energy modifies the temperature sensitivity of the chemical reaction and consequently alters the concentration field. In the present formulation, the concentration distribution increases with increasing activation energy, resulting in a thicker concentration boundary layer.
A higher activation energy makes the reaction more sensitive to the local thermal state and, within the parameter range considered, reduces the effective reaction rate sufficiently to allow a greater concentration of the species to persist in the boundary layer. Hence, the activation energy parameter provides an important mechanism for controlling the interaction between heat transfer and chemical species transport.
3.14 Effects of the Biot Number
Figure 24 illustrates the effect of the Biot number on the temperature profile. An increase in the Biot number enhances the temperature distribution and increases the thermal boundary layer thickness. The Biot number characterizes the relative strength of convective heat transfer at the surface.
A larger Biot number corresponds to stronger interaction between the surface and the external convective environment. Under the present convective boundary condition, this modifies the wall heat flux and increases the thermal energy transferred to the fluid. Consequently, the temperature remains elevated over a larger region adjacent to the surface, producing a thicker thermal boundary layer.
3.15 Effects of the Order of Chemical Reaction
The effects of the order of chemical reaction on the concentration distribution are shown in Figure 25. Increasing the reaction order decreases the concentration profile and reduces the thickness of the concentration boundary layer. A higher reaction order increases the dependence of the reaction rate on the concentration of the reacting species.
Therefore, regions of relatively high concentration experience a stronger reaction effect, leading to more rapid species consumption. The concentration consequently decreases more rapidly within the boundary layer. This result indicates that the order of reaction can significantly influence mass-transfer characteristics even when the other governing parameters remain unchanged.
3.16 Effects of the Soret Number
The influence of the Soret effect on the concentration distribution is illustrated in Figure 26. Increasing the Soret number enhances the concentration profile and thickens the concentration boundary layer. The Soret effect, also referred to as thermo diffusion, describes the contribution of temperature gradients to species diffusion.
In the present coupled heat and mass transfer problem, a stronger Soret effect generates an additional mass flux induced by the temperature gradient. This increases species transport within the fluid and consequently raises the concentration distribution. The result demonstrates that thermal gradients can significantly influence mass transport and should therefore be considered in systems where thermo diffusion is appreciable.
3.17 Effects of Internal Heat Generation
The effect of the internal heat-generation parameter on the temperature distribution is presented in Figure 27. Increasing the internal heat generation parameter increases the temperature profile and thickens the thermal boundary layer. This behaviour is physically expected because internal heat generation introduces an additional source of thermal energy into the fluid.
The generated heat raises the local fluid temperature and reduces the rate at which the temperature approaches the ambient value. Consequently, the thermal disturbance penetrates farther from the surface. The result confirms that internal heat generation can substantially modify the thermal structure of the boundary layer and should be incorporated into models of thermally active fluids.
Overall, the results demonstrate the strongly coupled nature of the unsteady MHD heat and mass transfer problem. Buoyancy parameters primarily influence the momentum field but also modify thermal and concentration transport through convection, whereas cross-diffusion parameters such as the Dufour and Soret effects establish direct coupling between the energy and species equations. Similarly, thermal radiation, viscous dissipation, internal heat generation, convective surface heating, chemical reaction and activation energy substantially alter the thermal and concentration boundary layers. The numerical results therefore establish that simultaneous consideration of unsteadiness, nonlinear buoyancy, MHD effects, convective boundary conditions, thermal radiation, cross-diffusion, chemical reaction and internal heat generation provides a more comprehensive description of the transport characteristics of the present flow configuration.
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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 
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 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


[image: ]
                      

Ooooooo        

++++++++       

…………….       

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
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Figure 10: effects of nonlinear density variation with temperature on temperature distribution for values
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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
[image: ]
                      

Ooooooo       

++++++++      

…………….      


Figure 26: Effects of internal heat generation parameter  on temperature distribution for fixed values of

 
4	 Conclusion
To improve the understanding and predictive abilities of heat and mass transfer in natural convection over vertical plates with convective surface boundary conditions, the following research directions are suggested:
i. The findings suggest that as the Biot number increases, the surface heat transfer rate improves, resulting in a steeper temperature gradient near the wall. For applications, that demand better thermal performance like cooling electronic components. It is advisable to consider materials or designs that can boost the Biot number.
ii. When the Prandtl number is higher, it leads to thinner thermal boundary layers and reduced thermal diffusivity, which enhances thermal insulation properties. This is especially beneficial in systems that use oils or other fluids with high Prandtl numbers, where maintaining thermal retention is crucial. 
iii. An increase in Schmidt number leads to a decrease in mass diffusivity, which in turn narrows the concentration boundary layer. This characteristic is advantageous in separation processes or situations where sharp concentration gradients are essential, such as in chemical reactors.
iv. The velocity profile initially rises due to buoyancy effects but then tapers off as it approaches the free stream. Meanwhile, the temperature and concentration profiles exhibit a steady decline with distance from the wall. These patterns indicate that convective boundary conditions provide a more realistic and manageable way to manipulate boundary layers in thermal system design.
v. The analysis shows that skin friction increases with both Biot and Prandtl numbers, suggesting greater shear forces at the wall. Additionally, the local Nusselt number rises with Biot and Prandtl numbers, confirming that heat transfer is enhanced under these conditions. 
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