MHD Boundary Layer Flow of a Viscoelastic Fluid over a Moving Vertical Plate with Chemical Reaction
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Abstract

The magnetohydrodynamic (MHD) boundary layer flow of a viscoelastic fluid over a moving vertical plate subjected to a magnetic field and chemical reaction in the presence of heat and mass transfer has been investigated. The fluid is governed by the second-order fluid model. The governing system of nonlinear ordinary differential equations for the MHD boundary layer is solved using the perturbation method. The effects of various significant physical parameters on the boundary layer flow are presented graphically with particular emphasis on the viscoelastic parameter and its physical interpretation.
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1. Introduction
Magnetohydrodynamics (MHD) deals with the study of the behaviour of electrically conducting fluids under the influence of electromagnetic fields. In recent years, the applications of MHD principles have gained significant importance due to their wide-ranging utilities in fields such as geophysics, astrophysics, space science and engineering sciences. Owing to the growing relevance of MHD in these diverse areas, many researchers have devoted considerable attention to advancing theoretical and applied studies in this domain.
Magnetohydrodynamic (MHD) heat and mass transfer flow with chemical reaction is such an important area of study due to its extensive applications in chemical engineeringand industrial processing systems. When an electrically conducting fluid flows under the influence of a magnetic field, the interaction between the magnetic field and the moving charges in the fluid generates aforce which significantly alters the velocity, temperature and concentration distributions within the boundary layer.When a chemical reaction is incorporated into such flows, the complexity of the system increases further. Chemical reactions affect the concentration field and consequently influence the heat and mass transfer characteristics of the fluid.
Owing to the growing importance of chemically reactive fluids in industrial and engineering applications, considerable research has been devoted to studying flow problems involving simultaneous heat and mass transfer with chemical reactions. Important contributions in this direction include the works of Muthucumarswamy (2002), Muthucumarswamy and Meenakshisundaram (2006) and Mahapatra et al. (2010). To enhance the quality and accuracy of analytical and numerical solutions in fluid flow studies, several researchers have made significant contributions in solving flow problems involving diverse geometries and physical conditions. Mythreye et al. (2015) examined the effects of chemical reaction on unsteady magnetohydrodynamic (MHD) heat and mass transfer flow past a vertically moving plate with heat absorption. Balla and Naikoti (2015) analyzed radiation effects on unsteady MHD convective heat and mass transfer past a vertical plate, incorporating chemical reaction and viscous dissipation. Islam and Ahmed (2017) investigated the influence of thermal radiation and rotation on unsteady MHD mixed convection flow through a porous medium in the presence of Hall current. Mythreye and Balamurugan (2017) studied unsteady MHD free convective flow of a viscous, incompressible, electrically conducting fluid past an infinite vertical porous plate with variable suction. Prasad and Reddy (2019) developed analytical approaches for MHD convective flow past an infinite vertical porous plate, considering Hall, Soret, and Joule dissipation effects. Sarma et al. (2020) explored MHD heat and mass transfer in boundary layer flow over a moving vertical plate and obtained solutions using He’s Homotopy Perturbation Method (HPM). Nisar et al. (2021) analyzed MHD free convective Jeffrey fluid flow in the presence of a heat source and chemical reaction. Haq et al. (2021) examined the effects of slip boundary conditions, chemical reaction, and thermal diffusion on unsteady natural convection flow with MHD. Boboi (2022) investigated chemical reaction effects on MHD heat and mass transfer flow using the Homotopy Perturbation Method.
In many practical applications, fluids exhibit non-Newtonian behavior rather than Newtonian characteristics, motivating further studies in this area. Sarala et al. (2023) investigated radiative heat and mass transfer in MHD nanofluid flow past an oscillating plate with chemical reaction. Abbas et al. (2024) studied the impact of chemical reactions on heat and mass transfer in dissipative and radiative nanofluid flow. Radhika and Dharmendar (2025) examined the effects of thermal radiation and velocity, thermal, and concentration slip conditions on MHD heat and mass transfer in Casson hybrid nanofluid flow based on engine oil. Santhosha et al. (2025) investigated unsteady MHD natural convective flow of an incompressible mucous fluid with combined heat and mass transfer.
Viscoelastic fluids belong to the class of non-Newtonian fluids and exhibit both viscous and elastic characteristics leading to more complex flow behaviour compared to Newtonian fluids. The present study focuses on examining the influence of chemical reactions on magnetohydrodynamic (MHD) heat and mass transfer in a viscoelastic fluid.The formulation and the results analysisis based onthe incompressible second order fluid model which is governed by the constitutive equation [Coleman and Noll (1960)]

where  is the shear-viscosity,  is the coefficient of viscoelasticity,   the coefficient of cross-viscosity and  and  are the Rivlin-Ericksen tensors defined as 


whereis negative from thermodynamic consideration [Coleman and Markovitz (1964)].
2. Mathematical Formulation
	The flow is assumed to occur along the 𝑥-axis, which isaligned with the plate, while the y-axis is taken normal to it. Let u and v denote the velocity components of the fluid in the x- and y-directions, respectively.By applying the boundary layer and Boussinesq approximations, the governing equations for the present problem can be formulated as follows:
Continuity Equation:									 (1)
Momentum Equation:
	 (2)

Energy Equation:								 (3)
Concentration Equation:					 (4)
where  is the thermal diffusivity,  is the mass diffusivity,  is the reaction rate constant, and   is the viscoelastic parameter. The corresponding boundary conditions are

                                                   				 (5)
3. Method of solution
	Let us introduce the stream function  so that 

and 	,
where the velocity at the plate is denoted by , the non-dimensional form of temperature and concentration by and  and the other symbols have their usual meanings.
Then 			
Using the above, equations (2), (3) and (4) reduce to
			                   (6)
				 (7)
				 (8)
together with boundary conditions
                                                       
									 (9)
where  is the Hartmann number,  is the Grashof number for Heat transfer,  is the Grashof number for Mass transfer,  is the Prandtl number and  is the Schmidt number.
	Let the solution of (6), (7) and (8) be of the form (assuming small viscoelastic parameter )

				+………			           (10)
				
From (6)-(8), the zeroth order equations can be obtained as

								           (11)
=0
subject to boundary conditions

			           (12)
The first order equations from (6)-(8) can be obtained as  	

					             (13)
=0
with relevant boundary conditions

			            (14)
Solving (11) and (13) together with (12) and (14), the expressions for momentum, energy and concentration are given by 

				                                 (15)
			            
where the expressions for the constants evaluated are not presented due to brevity.
The skin friction on the plate is given by 
		           (16)

4. Results and Discussion
	This study examines the magnetohydrodynamic (MHD) boundary-layer flow of a viscoelastic second-order fluid over a moving vertical plate in the presence of heat and mass transfer with chemical reaction. More precisely, the study investigateshow viscoelasticity, magnetic field, heat transfer, mass transfer and chemical reaction influence boundary-layer behaviour.The study primarily seeks to emphasize the influence of the viscoelastic parameter α on the flow behaviour. Viscoelastic effects are incorporated through the dimensionless parameter α, while the classical Newtonian case is recovered by setting α = 0. Importantly, the obtained results are in good agreement with those reported by Boboi (2022).
	Physically, the applied transverse magnetic field generates a Lorentz force that opposes the fluid motion. This electromagnetic braking effect suppresses velocity and reduces boundary-layer thickness. The magnetic field therefore acts as a stabilizing mechanism. Such behaviour is consistent with classical MHD theory and is particularly relevant in metallurgical processes, MHD generators and cooling systems involving electrically conducting fluids.
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						Fig. 1 Velocity profile  against η for 
Gr=0.1, Gc=0.1, Sc=0.6, Pr=5, Kr=0.1& M=1,2,3,4
The magnetic parameter M appears in the reduced momentum equation as a resistive term proportional to the velocity gradient. Increasing M leads to a reduction in the velocity profile throughout the boundary layer (Fig. 1). The figure also reveals that the velocity of the fluid is enhanced with the increase of the absolute value of the viscoelastic parameter α.
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Fig. 2 Velocity profile  against η for
M=0.1, Gr=0.1, Gc=0.1, Sc=0.6, Pr=5 & Kr =0.1,0.2,0.3,0.4
The presence of chemical reactions plays a crucial role in controlling species transport in reactive boundary-layer flows.Increasing the reaction parameter Kr reduces the concentration distribution throughout the boundary layer.This reduction occurs because the chemical reaction consumes the diffusing species, thereby weakening concentration buoyancy effects. As a result, a slight reduction in velocity may also be observed due to the diminished mass buoyancy contribution (Fig. 2). But the velocity of the fluid is appeared to be enhanced with the increase of the absolute value of the viscoelastic parameter α.
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Fig. 3 Velocity profile  against η for
M=0.1, Gr=0.1, Gc=0.1, Kr =0.1,Pr=5 & Sc=0.5,0.6,0.7,0.8
Fig. 3 reveals the effect of Sc on the velocity profile. The velocity of the fluiddiminishes with the increasing values of Sc, but enhanced with the increase of the absolute value of the viscoelastic parameter α.
        [image: ]                [image: ]
             Fig. 4 Velocity profile  against η for		   Fig. 5 Velocity profile  against η for
      M=0.1, Gc=0.1, Kr =0.1, Pr=5, Sc=0.6& Gr=1,2,3,4      M=0.1, Gr=0.1, Kr =0.1, Pr=5, Sc=0.6& Gc=1,2,3,4
Fig. 4 and Fig. 5 depict the influence of Gr and Gc on the velocity profile. An increase in both Grand Gcenhancethe velocity within the boundary layer.Higher values of Grand Gc correspond to stronger thermal buoyancy forces caused by temperature and mass differences between the plate and the ambient fluid. However, the opposite trend was observed as the absolute value of the viscoelastic parameter α increased. 
      [image: ]               [image: ]
               Fig. 6Temperature  against η for		                      Fig. 7Temperature  against η for
       Gr=0.1, Gc=0.1, Sc=0.6, Pr=5, Kr=0.1 & M=1,2,3,4                 M=0.1, Gr=0.1, Gc=0.1, Sc=0.6, Pr=5 & Kr =0.1,0.2,0.3,0.4
An increase in M reduces the velocity within the boundary layer due to magnetic damping. Since convective heat transfer depends on fluid motion, the suppression of velocity weakens the convective transport of heat away from the plate. Fig. 6 reveals that the temperature profile decays more gradually with increasing similarity variable η. As the chemical reaction parameter Kr increases (Fig. 7), the reduction in concentration weakens the concentration-induced buoyancy force, which leads to a decrease in convective heat transport. In both cases, temperature field has shown a decay corresponding to the increasing value of the viscoelastic parameter .
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                 Fig. 8Concentration  against η for		          Fig. 9 Concentration  against η for
            Gr=0.1, Gc=0.1, Sc=0.6, Pr=5, Kr=0.1 & M=1,2,3,4         M=0.1, Gr=0.1, Gc=0.1, Sc=0.6, Pr=5 & Kr =0.1,0.2,0.3,0.4
The reduction in velocity due to increasing M weakens convective mass transfer.Consequently, the concentration boundary layer thickens and the concentration profile decreases more slowly with distance from the plate (Fig. 8). Also, there is a diminish trend with the increase of the viscoelastic parameter . Fig. 9 reveals the concentration with the increasing value of the chemical reaction parameter Kr and observed the decay of the concentration profile with increasing η. Also, the increase in Kr intensifies the chemical reaction, leading to a thinner concentration boundary layer.The increase in  shows an enhancement in the concentration.
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Fig.10 Skin Friction  against M for      Fig.11 Skin Friction  against Gr for            Fig.12 Skin Friction  against Gc for
Gr=0.1, Gc=0.1, Sc=0.6, Pr=5, Kr=0.1    M=0.1, Gc=0.1, Kr =0.1, Pr=5, Sc=0.6	         M=0.1, Gr=0.1, Kr =0.1, Pr=5, Sc=0.6
Fig. 10, Fig. 11 and Fig. 12 reveal the effect of the viscoelastic parameter  on the skin friction against the magnetic parameter M, Grashof number for heat transfer Grand the Grashof number for mass transfer Gc. As M increases, the skin friction diminishes alongwith the increase of . But the increase in Gr and Gc show an increasing trend in the skin friction, but the reverse effect was observed the case of increasing value of .

Conclusion
An analytical study of MHD boundary layer flow of a viscoelastic second-order fluid over a moving vertical plate with heat and mass transfer and chemical reaction has been presented. The solutions for velocity, temperature, concentration and skin friction profiles are obtained.
Key conclusions include:
· The velocity distribution is retarded in both in both Newtonian and non-Newtonian cases due to increase of Hartman number/Chemical reaction constant/Schmidt number, but rises due to increase of the Grashof number for heat transfer and the Grashof number for mass transfer.
· The temperature and concentration are diminished due to the variation of Hartman number/Chemical reaction constant in case of Newtonian case, but rise in concentration was observed due to variation in Chemical reaction constant in non-Newtonian case.
· The skin friction  rises due to increase of Grashof number for heat transfer / Grashof number for mass transfer while the increase of magnetic parameterproduces the opposite effect.
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