


Analysis of Heat and Mass Transfer of Second Grade Fluid Flow with effects of Hall current, viscous dissipation and Chemical reaction
Abstract: This study presents a mathematical model to analyze the influence of thermophoresis on the unsteady flow of a non-Newtonian second-grade fluid, incorporating heat and mass transfer through a porous medium near a permeable, infinite vertical plate. The governing partial differential equations (PDEs) are derived and converted into a dimensionless form using similarity variables. The resulting nonlinear PDEs are solved numerically using the shooting method combined with a sixth-order Runge-Kutta scheme. The model integrates Hall current and magnetic effects into the continuity, momentum, energy, and concentration equations. Computational simulations are performed using Maple mathematical software. The formulated equations incorporate multiple physical phenomena, such as thermal radiation, heat generation, thermal diffusion (Soret effect), viscous dissipation, and chemical reactions. These dimensionless equations are solved numerically as functions of relevant physical parameters. The numerical solutions provide insights into the velocity components (u and w), temperature (θ), and concentration (C), as well as the Nusselt number (Nu) and Sherwood number (Sh). The findings are graphically illustrated and thoroughly discussed. The analysis highlights the impact of key physical parameters on the flow and transport characteristics. For instance, an increase in the heat source parameter (ϕ) boosts both primary and secondary velocities, while also elevating the temperature profile. Similarly, a rise in the chemical reaction parameter (γ) leads to higher velocities and significantly enhances the concentration distribution. These results are visually represented through graphs, offering a comprehensive understanding of the system's behavior under varying conditions
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Nonmenclature
P           initial hydrostatic pressure            		ν       	kinematic viscosity of the fluid                    
	dynamic viscosity of the fluid			ρ      	density of the fluid
 and    second material constants		g      	gravitational acceleration
 and   fluid kinematic Ericksen tensors ,             	 coefficient of thermal expansion
d/dt 	 time derivative material			         coefficient of volumetric expansion 
E*     field electric vector intensity			 	 fluid temperature	
 H  	magnetic field strength vector			        plate temperature	
     electron fluid pressure				        far away plate temperature
       frequency of the electron			         Boltzmann- Stefan constant,
  and   fluid  current  electric density			velocity of the suction
         velocity of  thermophoretic			         average suction velocity
        fluid temperature reference				viscoelastic figure
 	diffusivity thermophoretic  			  	Grashof parameter
       fluid thermal conductivity 		 		modified Grashof parameter 
         fluid chemical parameter 			  	 magnetic parameter 
          magnetic parameter				 	 Darcy figure
   Solute concentration 				   	Prandtl parameter
    far away concentration of the  plate		 	thermal radiation value
K      porous medium permeability			 	Eckert parameter figure
Κ      medium thermal conductivity			 	source of heat  parameter figure
Cp    constant pressure (specific heat)		 	Schmidt parameter figure
 m     Hall current value					Soret parameter figure
    diffusivity of the chemical molecular		  	 non-dimensional chemical reaction
     heat flux radiative parameter				 thermophoretic parameter.
u(t, y). profile of the primary velocity				w(t, y)  profile of the secondary velocity
        average coefficient absorption		C(t, y)	 profile of the concentration

1.	Introduction
The study of viscoelastic second-grade fluids flowing through porous media, coupled with heat and mass transfer, holds immense importance across various fields, including natural processes, industrial applications, and biomedical sciences. These fluids are integral to geothermal energy extraction, soil science, and drug delivery systems, such as transdermal drug permeation. Given their wide-ranging applications, researchers from disciplines like mathematics, physics, geology, and chemistry have extensively investigated their behavior under various influences, such as heat generation/absorption, thermal radiation, chemical reactions, and Hall currents. This review synthesizes key findings from prior studies to provide a comprehensive understanding of the subject.
Hayat et al. (2020) conducted simulations to model entropy-optimized magnetohydrodynamic (MHD) flow of second-grade fluids, focusing on dissipation effects. Piazza (2008) explored thermophoresis, a process where particles migrate due to thermal gradients, which has applications in macromolecular fractionation, microfluidic systems, and colloidal structure manipulation. Chamkha and Issa (2000) investigated the influence of heat generation and thermophoresis on hydromagnetic flow with heat and mass transfer over a flat surface. Raees et al. (2023) analyzed non-similar mixed convection in the magnetic flow of second-grade nanofluids over a vertically stretching sheet. Alam, Rahman, and Sattar (2007) examined the combined effects of thermophoresis and chemical reactions on unsteady free convection and mass transfer near an inclined porous plate, considering heat generation/absorption. Bhuvanavijaya (2014) studied thermophoretic effects on convective heat and mass transfer over a vertical porous plate in a rotating system with suction and injection.
Further studies have explored these phenomena in diverse fluid models. Hayat et al. (2021) investigated the impact of an induced magnetic field on second-grade nanofluid flow past a convectively heated stretching sheet. Animasaun (2015) analyzed free convective heat and mass transfer in a non-Darcian MHD dissipative Casson fluid, incorporating thermophoresis, variable viscosity, and thermal conductivity. Das, Jana, and Kundu (2015) studied thermophoretic MHD slip flow over a permeable surface, while Fagbade, Falodun, and Boneze (2015) examined Darcy–Forchheimer mixed convection flow in a porous medium under a magnetic field, considering viscous dissipation and thermophoresis. Khan et al. (2020) focused on irreversibility analysis and heat transport in squeezing nanoliquid flow of non-Newtonian (second-grade) fluids between infinite plates, incorporating activation energy.
Flow over permeable plates is particularly relevant in geophysics and industries such as nuclear engineering, where magnetic fields significantly influence fluid dynamics. Chemical reactions play a pivotal role in heat and mass transfer, with applications in food processing and polymer production. Eldabe et al. (2015) investigated the Hall effect in third-order fluid flow through a porous medium with heat and mass transfer. Kumar et al. (2016) studied unsteady free convective heat and mass transfer of a Walters-B viscoelastic fluid over a vertical cone, incorporating thermal radiation, thermophoresis, and higher-order chemical reactions. Earlier, Eldabe (1986) and Kim (2000) examined unsteady MHD free convective flow over an infinite vertical porous plate with variable suction. Kalaivanan et al. (2020) explored the role of Arrhenius activation energy in second-grade nanofluid flow with active and passive control of nanomaterials.
Chamkha, Mansour, and Aly (2011) extended previous work by including Hall current, thermal radiation, and chemical reaction effects. Vempati and Laxmi-Narayana-Gari (2010) investigated the influence of Soret and Dufour effects on unsteady MHD flow past a porous plate with thermal radiation. Reddy, Raju, and Reddy (2015) analyzed unsteady MHD free convection of a Kuvshinski fluid past a vertical porous plate, considering chemical reactions and heat sources/sinks. Khan et al. (2021) examined the effects of nonlinear thermal radiation and activation energy on modified second-grade nanofluids using Cattaneo–Christov expressions. Eldabe, El-Saka, and Fouad (2004) discussed thermal-diffusion and diffusion-thermo effects on mass transfer boundary layer flow in non-Newtonian fluids.
Oahimire and Olajuwon (2013) and Reddy et al. (2014) studied the combined effects of Hall current and thermal radiation on unsteady chemically reacting micropolar fluids, later extended by Olajuwon, Oahimire, and Ferdow (2014) to include viscoelastic models. Pandya and Shukla (2016) investigated the combined influence of thermophoresis, Dufour effects, Hall current, and radiation on unsteady MHD flow past an inclined plate, incorporating viscous dissipation, chemical reactions, and heat generation/absorption. Abbas, Sajid, and Asghar (2007) examined the role of thermal radiation in MHD flow of a second-grade fluid, while Nadeem and Siddiqui (2005) explored unsteady second-grade fluid flow in a rotating system influenced by Hall current. Waqas et al. (2020) studied activation energy and bioconvection in generalized second-grade nanofluids over a Riga plate.
Hayat and Nawaz (2011) analyzed three-dimensional second-grade fluid flow under Hall and ion slip effects. Cortell (2007) investigated mass transfer in second-grade fluid flow over a stretching sheet in a porous medium, while Hayat, Mustafa, and Pop (2010) studied heat and mass transfer with Soret and Dufour effects in viscoelastic fluids. Rashidi et al. (2014) and Chaudhary and Jain (2006) examined Hall current effects on MHD mixed convection flow of viscoelastic fluids past a vertical porous plate with mass transfer and radiation. Reddy et al. (2022) explored the dynamics of MHD second-grade nanofluid flow with activation energy across a curved stretching surface. Kumar and Chand (2011) studied slip conditions in unsteady MHD flow of a viscoelastic fluid past an infinite porous plate embedded in a porous medium.
Sahoo (2013) analyzed heat and mass transfer in MHD viscoelastic fluid flow through a porous medium bounded by an oscillating porous plate in a slip flow regime. Das (2013) investigated unsteady two-dimensional viscoelastic fluid flow in a porous channel with radiative heat and mass transfer. Jha et al. (2014) examined Soret and Hall current effects on MHD mixed convection of viscoelastic fluids, while Das et al. (2016) studied thermophoresis and thermal radiation effects in second-grade MHD fluid flow past a semi-infinite stretching sheet with convective surface heat flux. VeeraKrishna and Swarnalathamma (2016) investigated Hall effects on unsteady MHD free convection of a conducting second-grade fluid in a porous medium over an infinite rotating vertical plate with heat sources/sinks and chemical reactions. Subbarao et al. (2022) analyzed entropy generation in a second-grade nanoliquid influenced by an exponential space-dependent heat source and Arrhenius activation energy.
Sudhakar et al. (2012) studied heat and mass transfer in unsteady free convection of a Walters-B viscoelastic fluid under thermophoresis effects. Nayak and Panda (2013) presented insights into mixed convective MHD flow of second-grade fluid past a vertical infinite plate, incorporating mass transfer, Joule heating, and viscous dissipation. Reza-E-Rabbi et al. (2024) examined non-linear radiative second-grade nanofluid flow with sinusoidal magnetic force and Arrhenius activation energy. Ahmed (2015) investigated Hall current effects on unsteady MHD viscoelastic fluid flow with radiative heat flux and heat sources in a porous medium.
Despite extensive research, certain aspects remain underexplored. Specifically, the combined effects of thermophoresis, Soret effects, Hall currents, thermal radiation, heat generation/absorption, viscous dissipation, and chemical reactions on second-grade fluid flow through porous media require further investigation. This study aims to address these gaps by extending the work of Nayak and Panda (2013, 2015) and Nabil (2017), exploring the interplay of these factors in fluid flow dynamics.
The findings reveal that in the absence of a magnetic field, no flow occurs along the Z-axis. Increasing the thermophoretic parameter (τ) reduces primary and secondary velocities and the temperature profile while enhancing concentration. The concentration profile C(t,y) remains unaffected by the Soret parameter (Sr) within the range 0.6 ≤ y ≤ 0.7 but shows Sr’s influence outside this range. Higher values of the heat source parameter (ϕ) and the chemical reaction parameter (γ) increase both velocities, with γ also significantly boosting concentration.

2.	Model Formulation
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FIG 1: Flow Geometry 
Maxwell's equations provide a foundational framework for understanding electromagnetic fields. Specifically, the divergence equation of the magnetic field, ∇·B = 0, leads to the conclusion that By∗=B, assuming a uniform magnetic field and a very small magnetic Reynolds number (Rem​=μm​σvL≪1). Under this condition, the induced magnetic field becomes negligible compared to the applied magnetic field, resulting in Bx∗=Bz∗=0, Bx∗​=Bz∗​=0. Consequently, the magnetic field can be expressed as B=(0, B0, 0). Here, L represents the characteristic length, and μm denotes the magnetic permeability. In the study of fluid dynamics, significant attention has been given to understanding the thermodynamical and mechanical behavior of non-Newtonian fluids. Among these, second-grade fluids have been extensively investigated due to their theoretical and experimental relevance. For such fluids, the relationship between the Cauchy stress tensor T and the fluid motion is described by the work of Truesdell and Noll (1965). This relationship is crucial for modeling the complex behavior of these fluids under various conditions.
             (1)

The spherical stress component, denoted as −PI, arises from the incompressibility constraint, while P represents the hydrostatic pressure. The dynamic viscosity is given by μ, and α₁ and α₂ are material-specific constants. Additionally, A₁ and A₂ correspond to the Rivlin-Ericksen tensors, which describe kinematic behavior.
  			 (2)

The material time derivative is denoted by d/dt . For a second-grade fluid governed by Eq. (1) to align with thermodynamic principles, it must satisfy the Clausius–Duhem inequality under all conditions. Additionally, if the specific Helmholtz free energy of the fluid is assumed to reach its minimum when the fluid is locally at rest, the coefficients m, a1​, and a2​ must adhere to specific constraints. These coefficients represent viscosity, visco-elasticity, and cross-viscosity, respectively.
                                 (3)     

When , the constitutive equation for a second-grade fluid reduces to that of a viscous fluid. If E*  represents the electric field vector, it becomes zero because no polarization voltage is applied to the flow field, and no energy is either added to or extracted from the fluid by the electric field. The velocity vector of the fluid, denoted as VV, has components u∗,v∗,w∗. The current density vector J has components ​. From the charge conservation equation ∇⋅J=0, it follows that Jy∗​ is constant. This constant is zero because the plate is non-conductive. Using Maxwell's equations, we can further derive the following:
                       0,                                                                          (4)

The intensity of the magnetic field vector is denoted by H. According to the Generalized Ohm's Law
                                                                           (5)
In scenarios where the magnetic field strength is extremely high, the generalized Ohm’s law can be adapted to account for the Hall current. This modification is applicable under conditions where the electric field is absent, and effects such as ion-slip and thermoelectric pressure are negligible, particularly in weakly ionized gases. Under these assumptions, Equation (5) can be rewritten in the following form:
                                                                               (6)
The electron pressure and frequency are denoted by Pe​ and ωe​, respectively. The collision time of the electron is represented by τe​, and ne​ stands for the electron number density. Additionally, s signifies the fluid's electrical conductivity. The Hall parameter, m, is defined as m=ωe​τe​. This parameter contributes to the generation of the Lorentz force in the z-direction, which in turn induces a cross flow along the same axis. As a result, the flow field becomes three-dimensional. From the above, equation (6) can be derived as follows:
                                    (7)

The electric current densities along the x∗-axis and z∗-axis are denoted as Jx∗​ and Jz∗​, respectively. According to the research conducted by Wu and Greif in 1996, the thermophoretic velocity, represented as VT​, was calculated.
                                		    (8)     

The reference temperature is denoted by Tr​. The thermophoretic diffusivity is represented by kt​v, where kt​ is the thermophoresis coefficient. According to Batchelor and Shen (1985), the value of kt​ typically falls within the range of 0.2 to 1.2. Additionally, Talbot, Cheng, Schefer, and Willis (1980) have also contributed to the understanding of this parameter.
                                                                               (9)
In the given context ​,​ represent constants, while λg​, λp​, and Kn​ denote the thermal conductivities of the fluid, diffused particles, and the Knudsen number, respectively. Additionally, the thermophoretic parameter t can be expressed as follows:
                                                                                                                      (10)

The parameter τ commonly takes on values such as 0.01, 0.05, and 0.1. These values correspond to approximate temperature differences  of 3K, 15K, and 30K, respectively, when the reference temperature Tr is set to 300K. Within this context, the flow dynamics are described by governing partial differential equations under the standard Boussinesq approximation. These include the continuity equation, which is expressed as follows:
The continuity model:
					               (11)
The momentum model in the x axis

				    (12)
The momentum model in the z axis:
                        (13)
The temperature model:
		      (14)
Mass concentration model
   (15)
Boundary conditions for the model are:
 			(16)
ν represents the kinematic viscosity, ρ denotes the fluid density, g stands for gravitational acceleration.,βT and βc are the thermal expansion volumetric coefficient and the volumetric coefficient of concentration expansion, respectively, T* refers to the dimensional temperature of the fluid, Tw* is the temperature at the plate, T∞* represents the temperature far from the plate, Cw* indicates the dimensional concentration of the solute at the plate, C∞* is the concentration of the solute far from the plate, k signifies the permeability of the porous medium, Cp is the specific heat at constant pressure, κ denotes the thermal conductivity of the medium, m is the Hall current parameter, Dm represents the chemical molecular diffusivity..
The Rosseland radiation approximation is given by:
									             (17)
The radiative heat flux, denoted as qr​, is influenced by the mean absorption coefficient k∗ and the Stefan-Boltzmann constant σ∗σ∗. By employing a Taylor series expansion, T∗4 can be approximated as a linear function of temperature. This is achieved by expanding T∗4 around T∞​ and disregarding the higher-order terms in the series.
									(18)
by substitution from eq.(18) into eq.(17), then eq.(14) become
						 (19)
From Equation (11), it is evident that v∗ can either remain constant or vary as a function of time. Consequently, by considering the suction velocity to oscillate around a non-zero mean value, it can be reasonably assumed that...
									(20)
The mean suction velocity is represented by v0​, where v0​>0. The suction parameter, denoted by A, is a positive real constant. Additionally, ϵ and ϵA are small quantities, both less than unity. The frequency of the oscillatory suction velocity is given by w∗.
To derive the dimensionless partial differential equations, the following non-dimensional variables are introduced:
							(21)
By employing the dimensionless parameters defined earlier, the governing equations (12, 13, 19) and (15), along with their corresponding boundary conditions (16), can be transformed into a dimensionless framework as follows:
	
			(22)	
	
		(23)	
	
			(24)
	            (25)
The relevant corresponding boundary conditions in view of dimensionless form are reduce to:
			                          (26)
The parameters are:   parameter of viscoelastic,        Grashof parameter,  ,  is the modified Grashof parameter,   is the magnetic number,   is the Darcy parameter, the Prandtl parameter ,    thermal radiation mumber, is the Eckert parameter,   heat source number, the Schmidt parameter  ,   Soret number,    chemical reaction number and  is the thermophoretic number.

NUSSELT NUMBER 
The temperature distribution within the system allows the heat transfer rate between the plate and the fluid to be quantified using the dimensionless Nusselt number. This relationship provides a way to characterize the thermal interaction between the surface and the surrounding medium.
where the Nusselt number is given by:

SHERWOOD NUMBER
The mass transfer rate between the plate and the fluid within the concentration field can be characterized using the dimensionless Sherwood number. This relationship provides a way to quantify the transfer process effectively.	
where the Sherwood number is given by:

The Sherwood number (Sh) is a dimensionless parameter commonly applied in mass transfer studies, serving a similar purpose to the Nusselt number in the context of heat transfer. It quantifies the relationship between convective mass transfer and diffusive mass transport mechanisms. This parameter plays a critical role in various industrial and chemical processes, including absorption, drying, and reactions where mass transfer is a key factor. Its significance lies in its ability to characterize and analyze mass transfer efficiency in these applications.

3.	Numerical Solution
The set of highly nonlinear partial differential equations, specifically equations (22), (23), (24), and (25), along with the boundary conditions outlined in equation (26), are solved using a numerical approach. The shooting method, combined with a sixth-order Runge-Kutta technique, is employed to analyze the system for various moderate values of flow, heat, and mass transfer parameters. To enhance the accuracy of the initial guesses and ensure the boundary conditions at infinity are satisfied, the Broyden method is implemented. The entire numerical procedure is coded and simulated using Maple software.

4.        Results and Discussion 
“For the physical significance, a program was designed by using Maple software to simulate the numerical solutions of the system of the partial differential equations which describe our problem after separating time variable. The purpose of these numerical computations to illustrate the influence of various governing physical parameters such as: the viscoelastic parameter , the Grashof number Gr, the modified Grashof number Gc, the magnetic field parameter M, Hall parameter m, the permeability of the porous medium parameter K, the Eckert number Ec, the heat source parameter , Soret (thermal diffusion) parameter Sr, the non-dimensional chemical reaction parameter and the thermophoretic parameter  on the velocities, the temperature and the concentration fields which have been done at the following values” (El-Dabe et al. 2017):
= 0.6, m = 0.7, M = 2.9, Gr = 3, K = 2, = 3, = 1.3, Ec = 1.2, = 1.0, Sr = 1.1, = 8, t = 1, t =  
The impact of different parameters is visually depicted in Figures (2–14).
The Soret number, a dimensionless parameter, plays a significant role in thermodiffusion (or thermal diffusion) research. It measures the relationship between mass diffusion caused by temperature gradients and standard molecular diffusion. This phenomenon, known as the Soret effect, results in the migration of particles from areas of higher temperature to lower temperature, or the reverse, depending on the specific characteristics of the material.
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       Fig 2:  Effect of  on velocity profile w(t, y).          Fig 3: Effect of Hall parameter m on w(t, y).

The analysis reveals that an increase in the second-grade viscoelastic parameter (α) results in a reduction of both the secondary velocity profile, w(t,y), and the primary velocity, u(t,y). Furthermore, as illustrated in Figure 4, the Hall parameter (m) has a positive correlation with the velocities u(t,y) and w(t,y), causing them to rise as m increases. Similarly, the application of a magnetic field parameter (M) enhances the velocities u(t,y) and w(t,y), as depicted in Figure 5. This phenomenon can be attributed to the Lorentz force, which is generated when a magnetic field is applied perpendicular to the flow direction in an electrically conductive fluid. The Lorentz force acts in opposition to the flow, thereby influencing the velocity profiles. Additionally, it is observed that the primary velocity u(t,y) exhibits an upward trend with an increase in the heat source parameter (ϕ). This behavior is evident in the corresponding graphical representation. Moreover, viscous dissipation plays a significant role in fluid dynamics, as it involves the conversion of mechanical energy, such as kinetic energy, into thermal energy. This process occurs due to the internal friction within the fluid, which arises from its viscosity. The interplay of these factors—viscoelasticity, magnetic fields, heat sources, and viscous dissipation—collectively influences the velocity profiles in the fluid system under investigation.

[image: ]      [image: ]

         Fig 4: Effect of M on w(t, y).   			           Fig 5: Effect  on primary  u(t, y).
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        Fig 6: Effect of    on  u(t, y). 			          Fig 7:  Effect of Gr on w(t, y).
The analysis reveals that the function u(t,y) exhibits a declining trend as the thermophoretic parameter ττ increases. Eventually, u(t,y) converges to lower values, forming decreasing curves with higher values of ττ. A similar pattern is observed for w(t,y), where the influence of τ produces analogous effects in the simulations. The Grashof number Gr is assigned both positive and negative values to reflect different thermal conditions. Specifically, Gr<0 corresponds to symmetric heating of the plate, while Gr>0 indicates symmetric cooling. Both the primary and secondary velocities demonstrate an upward trend as the Grashof number GrGr and the modified Grashof number increase. This behavior is illustrated in Figures 7 and 8, respectively. Additionally, it is observed that w(t,y) rises with an increase in the Darcy parameter K.
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          Fig 8: Effect Gr on u(t, y)                                                           Fig 9: Effect of K on  w(t, y).
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          Fig 10: Effect of  on u(t, y).   				 Fig 11: Effect of Ec on  u(t, y).
The analysis reveals that both u(t,y) and w(t,y) exhibit an upward trend as the chemical reaction parameter γγ increases. Additionally, the Eckert number Ec plays a significant role in influencing the velocity profiles. Specifically, an increase in Ec results in enhanced values of u(t,y), as illustrated in Figure 11. This enhancement is attributed to the rise in viscous dissipative heat, which becomes more pronounced at higher Eckert numbers. Furthermore, the behavior of the primary velocity u(t,y) and secondary velocity w(t,y) is observed to vary with proximity to the plate. As the fluid moves closer to the plate, both velocities increase; however, they tend to decrease as the fluid moves farther away. This trend is consistent across various physical parameters and aligns with expected physical phenomena, as demonstrated in Figures 2 through 14.
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        Fig 12: Effect of   on  C(t, y).             		  	Fig 13: Effect of  Sr on  C(t, y).
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					Fig 14: Effect of   on C(t, y).
The concentration profiles C(t,y) exhibit a decline as the thermophoretic parameter ττ increases, with the curves approaching a quasi-linear trend. This behavior is particularly evident at τ=1.2, as illustrated in Fig. 12. From Fig. 13, it is observed that the Soret parameter SrSr influences the concentration profiles C(t,y) differently across two distinct regions: 0≤y<0.6 and 0.6<y≤2.5. These regions intersect neary=0.6, where the impact of Sr on C(t,y) is minimal. In the first region 0≤y<0.6, the effect of Sr is pronounced, particularly for Sr=0 and Sr=4. Here, the curves exhibit two inflection points, with a critical point at y=0.4 for Sr=0, where the trend shifts from increasing to decreasing. Conversely, the influence of Sr in this region is reversed. In the second region 0.6<y≤2.5, the concentration curves C(t,y) decrease as y increases for all values of Sr, eventually becoming regressive. Furthermore, the chemical reaction parameter γγ has a significant effect on the concentration distributions C(t,y). As γ increases through the values,−0.3,0,0.3, and 0.5, the concentration profiles rise and gradually approach a quasi-linear form. At γ=0.5, the curve becomes fully linear, as depicted in Fig. 14.
5.	Conclusion
When the magnetic field is absent, there is no flow in the Z-axis direction. The thermophoretic parameter (τ) has a notable impact on the system: as τ increases, both primary and secondary velocities decrease, and the temperature profile is reduced, while the concentration profile is enhanced. Interestingly, the concentration C(t,y) remains unaffected by the Soret parameter (Sr) within the specific range of 0.6≤y≤0.7. However, outside this range, the influence of Sr becomes evident. The heat source parameter (ϕ) has a positive effect on the system, increasing both primary and secondary velocities, as well as elevating the temperature profile. Similarly, the chemical reaction parameter (γ) contributes to higher velocities and plays a significant role in boosting concentration. On the other hand, simultaneous increases in the magnetic parameter (M), thermal radiation parameter (Nr), Eckert number (Ec), second-grade parameter (α), and heat source parameter (ϕ) collectively reduce the heat transfer rate. The Sherwood number (Sh) exhibits a decrease at the same rate as the increase in the Schmidt number (Sc), thermophoretic parameter (τ), Soret parameter (Sr), and chemical reaction parameter (γ). However, Sh increases with a rise in the thermophoretic parameter (τ). Additionally, the Hall Current is defined as the electric current generated within a conductor or semiconductor when it carries a current and is subjected to a magnetic field that is perpendicular to the direction of the current flow.
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