


Analysis of Activation Energy and Chemical Reaction in Magnetohydrodynamics Radiative Powell Eyring Nanofluid flow over a Radially Stretching surface incorporating viscous Dissipation and Newtonian Heating
Abstract: Non-Newtonian nanofluid flow over stretching surfaces is crucial in many industrial applications, where nanoparticles, magnetic fields, and thermal effects significantly enhance heat transfer and fluid behavior. Advanced models, particularly the Powell–Eyring fluid framework, effectively capture complex rheological behavior, making them essential for accurately analyzing flow and heat transfer over radially stretching surfaces in realistic engineering processes.This study investigates the unsteady magnetohydrodynamic (MHD) radiative flow of a Powell–Eyring nanofluid over a radially stretching surface, incorporating viscous dissipation, Newtonian heating, and chemical reactions with activation energy. Using similarity transformations, the boundary-layer equations for momentum, energy, and concentration are reduced to a nonlinear system and solved numerically via MATLAB’s bvp4c. Thermal radiation is modeled using the Rosseland approximation, and reaction kinetics follow a temperature-dependent Arrhenius expression. Parametric analysis shows that the magnetic field and Eckert number suppress velocity while enhancing temperature. Velocity decreases with higher Darcy number and material parameter, but rises with the Powell–Eyring parameter. Temperature increases with Brownian motion, temperature difference, radiation, and Biot number, but decreases with Prandtl number. Concentration decreases with temperature difference, chemical reaction, Brownian motion, and Schmidt number, while it increases with concentration slip, activation energy, and thermophoresis. Effects on skin friction, Nusselt, and Sherwood numbers are quantified, highlighting the influence of key dimensionless parameters on momentum, heat, and mass transfer. These results guide the optimization of reactive nanofluid systems in energy-intensive and chemical processes.
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1. 	Introduction
The study of non-Newtonian nanofluid flow over stretching surfaces has attracted significant attention due to its wide-ranging applications in polymer processing, coating technologies, metallurgical manufacturing, thermal management systems, biomedical engineering, and energy technologies. In numerous industrial processes, including extrusion, wire drawing, glass fiber production, and cooling of metallic sheets, fluid flow over stretching surfaces plays a pivotal role in determining product quality and heat transfer efficiency. The inclusion of nanoparticles in base fluids enhances thermal conductivity, thereby improving heat transport, while the application of magnetic fields and thermal radiation introduces complex transport phenomena that require rigorous theoretical and numerical modeling [1–3]. Early studies focused on fundamental aspects of stagnation-point and stretching-surface flows. Nabwey et al. [4] employed the group method of analysis to examine mixed convection stagnation-point flow of a non-Newtonian nanofluid over a vertical stretching surface, highlighting the pronounced influence of buoyancy and nanoparticle concentration on velocity and temperature distributions. Extending this framework, Bhargava and Goyal [5] analyzed MHD non-Newtonian nanofluid flow over a permeable stretching sheet with heat generation and velocity slip, demonstrating that internal heat sources elevate temperatures while slip reduces wall shear stress. Moatimid and Sayed [6] further investigated slip effects in an electromagnetohydrodynamic tri-hybrid nanofluid over a porous stretching and slendering sheet, showing that multiple nanoparticle types enhance heat transfer performance and that slip strongly modifies boundary-layer behavior.
Subsequent research incorporated additional complexities such as porous media and chemical reactions. Prasanna and Gangadhar [7] studied magneto-convective non-Newtonian nanofluid flow with momentum- and temperature-dependent slip over a permeable stretching sheet embedded in a porous medium with chemical reactions, finding that porosity and magnetic effects reduce velocity, whereas chemical reactions significantly alter concentration profiles. Rehman et al. [8] examined thermophysical aspects of stagnation-point magnetonanofluid flow over an inclined stretching cylindrical surface, revealing that magnetic fields suppress velocity while enhancing the thermal boundary layer. More advanced rheological and transport phenomena were addressed in recent studies. Ali et al. [9] used finite element simulations to analyze unsteady MHD Maxwell nanofluid flow over a permeable stretching sheet, incorporating multiple slip effects, thermal radiation, thermo-diffusion, and chemical reactions; their results indicated that Maxwell relaxation strongly affects velocity fields, while radiation and thermo-diffusion enhance thermal transport. Algehyne et al. [10] investigated MHD Maxwell fluid flow past a bidirectional convectively heated surface with mass flux, reporting that magnetic and convective heating parameters substantially influence momentum and thermal boundary layers. Collectively, these studies demonstrate that integrating non-Newtonian rheology, nanoparticles, slip effects, MHD, porous media, and thermal mechanisms can significantly modify flow and heat transfer characteristics, underscoring the need for comprehensive models that incorporate these interacting effects for realistic industrial applications.
Among various non-Newtonian models, the Powell–Eyring fluid framework has emerged as particularly effective in capturing shear-thinning and shear-thickening behaviors in materials exhibiting nonlinear stress–strain relationships without yield stress limitations. By accounting for molecular-level interactions, the Powell–Eyring model provides a realistic description of complex fluids such as polymer solutions, biofluids, and industrial suspensions. When combined with nanofluid theory, this framework becomes highly relevant for high-temperature, high-shear applications requiring precise control of momentum and heat transfer. Radially stretching surfaces, commonly encountered in axisymmetric manufacturing processes, introduce additional theoretical and practical challenges, making the analysis of Powell–Eyring nanofluid flow over such surfaces both scientifically intriguing and industrially important.
Recent investigations have explored Powell–Eyring nanofluid behavior over stretching and porous surfaces under various physical influences. Olkha and Kumar [11] analyzed unsteady Powell–Eyring nanofluid flow over a nonlinearly stretching porous surface with thermal radiation and activation energy, demonstrating that nanoparticle concentration and radiation enhance heat transfer while porosity and unsteady stretching modulate boundary-layer thickness. Ramzan et al. [12] extended this to radiative Powell–Eyring magneto-nanofluid flow over a stretching cylinder near a stagnation point with chemical reactions and double stratification, showing competing effects of magnetic forces and density stratification on velocity and temperature distributions. The influence of slip boundary conditions has also been highlighted. Reddy et al. [13] examined MHD boundary-layer flow and melting heat transfer over a nonlinear stretching sheet with slip, finding that velocity slip reduces wall shear stress while maintaining enhanced thermal performance. Hayat et al. [14] investigated three-dimensional Powell–Eyring flow over an exponentially stretching sheet, revealing that stretching nonlinearity significantly affects both velocity and temperature fields. Hybrid nanoparticles have further expanded the model’s applicability. Khan and Khan [15] showed that multi-component nanoparticle dispersions substantially improve thermal conductivity and heat transfer rates in Powell–Eyring flows, while D.V.B. et al. [16] reported that combined thermal radiation and viscous dissipation amplify temperature distributions and modulate boundary-layer thickness. Ali and Zaib [17] studied stagnation-point flow with convective boundary conditions, confirming the model’s ability to capture the interplay between nanofluid rheology and convective heat transfer. These studies collectively underscore the Powell–Eyring model’s capability to realistically represent shear-dependent viscosity and molecular interactions under a wide range of physical phenomena, including MHD effects, thermal radiation, viscous dissipation, slip, chemical reactions, and hybrid nanoparticle dispersion.
Chemical reactions and activation energy are critical in reactive transport processes, combustion, catalytic reactions, and materials synthesis. Incorporating activation energy via a temperature-dependent Arrhenius expression allows for realistic modeling of reaction kinetics within the boundary layer, significantly influencing nanoparticle concentration and mass transfer rates. Understanding these effects is essential for optimizing chemically reactive nanofluid systems under thermal and electromagnetic influences. Nanofluid flows over stretching surfaces are particularly relevant in industrial applications such as metal extrusion, polymer shaping, and metallic sheet cooling, where chemical reactions affect both momentum and heat transfer characteristics. When combined with MHD effects, thermal radiation, slip conditions, and porous media, these flows exhibit highly complex transport phenomena that require precise theoretical and numerical treatment. Studies by Khan et al. [18], Borah et al. [19], Naganthran et al. [20], and Samuel [21] have systematically demonstrated that activation energy modifies thermal and concentration boundary layers, with higher activation energies generally suppressing mass transfer while intensifying temperature gradients. Further extensions incorporating advanced nanofluid models, such as Ree-Eyring and Casson fluids, confirm that activation energy interacts with MHD, slip, and porous effects to control flow, thermal, and concentration fields [22–25].
Thermal radiation, viscous dissipation, and Newtonian heating are equally pivotal in determining nanofluid flow behavior. Thermal radiation significantly influences energy transport in high-temperature systems, while viscous dissipation generates additional internal heat, particularly in high-speed or highly viscous flows. Newtonian heating, where surface heat flux is proportional to local surface temperature, provides a more physically realistic boundary condition in many convective processes. The combined effect of these mechanisms leads to enhanced thermal control and more accurate predictions of temperature distributions. Investigations by Podder and Samad [26], Khaleque [27], Elfeshawey and Waheed [28], Mahatha et al. [29], Prasad et al. [30], Polu and Reddy [31], Alamirew [32], Liu et al. [33], Metri et al. [34], and Pal et al. [35] have highlighted how radiation, viscous dissipation, and Newtonian heating jointly influence velocity, temperature, and boundary-layer thickness, demonstrating their dominant role in controlling heat and mass transport in nanofluid flows over stretching surfaces.
Despite these extensive studies, relatively few investigations have addressed the simultaneous incorporation of time-dependent effects, activation energy, chemical reactions, viscous dissipation, Newtonian heating, and thermal radiation within the Powell–Eyring nanofluid framework over radially axisymmetric stretching surfaces. To bridge this gap, the present study develops a comprehensive mathematical model integrating these interacting phenomena. The impact on velocity, temperature, and concentration distributions is systematically analyzed, along with engineering quantities such as skin friction, Nusselt number, and Sherwood number. Using similarity transformations, the governing partial differential equations are converted into dimensionless form, reducing them to first-order ordinary differential equations, which are then solved numerically using MATLAB’s bvp4c solver. Surface concentration slip effects are incorporated to account for near-wall transport behavior. By integrating these mechanisms within a unified framework, this study provides new insights into the coupled dynamics of Powell–Eyring nanofluid flows, offering guidance for optimizing heat and mass transfer in high-temperature and high-shear industrial applications.
2.	Mathematical Formulation of the Problem
We consider the unsteady, incompressible, laminar flow of a Powell–Eyring nanofluid over a radially stretching sheet under the influence of a transverse magnetic field, viscous dissipation, radiative heat flux, Newtonian heating, and chemical reaction with activation energy. The flow is assumed to be axisymmetric in cylindrical coordinates , with and representing the velocity components in the radial and transverse directions, respectively. The governing equations consist of the continuity, momentum, energy, and nanoparticle concentration equations, following the assumptions as
· The flow is steady, laminar, and two-dimensional over a radially stretching surface.
· The nanofluid is treated as a single-phase continuum with uniformly dispersed nanoparticles.
· The Powell–Eyring model governs the non-Newtonian rheology of the fluid.
· The induced magnetic field is negligible compared to the applied magnetic field.
· Thermal radiation follows the Rosseland diffusion approximation.
· Viscous dissipation and Joule heating are included in the energy equation.
· Chemical reaction obeys Arrhenius kinetics with activation energy effects.
· Nanoparticle transport arises from Brownian motion and thermophoresis.
· Newtonian heating applies at the surface, where heat flux is linearly proportional to the temperature difference.
· Pressure gradient effects and buoyancy forces are negligible within the boundary layer
Picture 1. Geometrical configuration of the flow Domain
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The appropriate boundary conditions are 
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In this study, the fluid medium is influenced by a uniform magnetic field and electrical conductivity . The fluid is characterized by its density , kinematic viscosity , and dynamic viscosity , while the characteristic stretching rate of the surface is denoted by . The temperature of the fluid is represented by , and its thermal behavior is further described through the specific heat capacity at constant pressure . Flow through the porous medium is governed by its permeability, , and the material fluid parameter , which modulates the rheological properties. The surface stretching velocity is given by , while the radial coordinate and concentration slip length define the geometric and boundary conditions of the problem. The thermal conductivity describes thermal transport , thermal diffusivity , and convective heat transfer at the boundary through the heat transfer coefficient . Radiative effects are incorporated via the Stefan–Boltzmann constant and the mean absorption coefficient . Nanoparticle dynamics are captured through the Brownian diffusion coefficient , thermophoretic diffusion coefficient , nanoparticle concentration , and the ratio of nanoparticle to fluid heat capacity . The chemical kinetics of the system are characterized by the reaction rate constant , activation energy , temperature exponent in the Arrhenius reaction, and the Boltzmann constant .
3.	Similarity Transformation and Reduction of Governing Equations

To transform the governing equations into dimensionless form, we invoke the following similarity variables:
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Using the stream function formulation, the continuity is satisfied automatically, whereas the other governing equations reduce to the dimensionless form as follows
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The associated dimensionless boundary conditions are
	(10)
The dimensionless parameters appearing in Eqs. (7)–(10) are defined as follows:
 is the Powell–Eyring fluid parameter,  is the nonlinear material parameter,  is the Hartmann number representing magnetic field effects,  is the Darcy number, characterizing the permeability of a porous medium,   is the radiation parameter,   is the Prandtl number, reflecting the relative importance of momentum and thermal diffusivity,  is the Brownian motion parameter,  is the thermophoresis parameter,  is the Eckert number, capturing viscous dissipation effects,  is the Schmidt number,  is the temperature difference parameter,   is the chemical reaction parameter, and  is the dimensionless activation energy,  is the Biot number,  is the concentration slip parameter


4.	Numerical Procedure

Before proceeding with the numerical simulation, it is imperative to recast the governing dimensionless equations, Eqs. (7)–(9) subject to (10), into a form suitable for standard numerical integration schemes. Classical numerical methods, particularly higher-order Runge–Kutta algorithms in combination with the shooting technique, are inherently designed to handle systems of first-order ordinary differential equations (ODEs). However, the present model comprises higher-order nonlinear differential equations, which cannot be directly solved by these algorithms. Therefore, it is necessary to systematically transform each higher-order equation into an equivalent system of coupled first-order ODEs. This transformation ensures that the problem is amenable to accurate and stable numerical integration while preserving the original physical and mathematical characteristics of the flow, thermal, and concentration fields. To this end, we introduce a set of appropriately defined dependent variables that represent the original functions and their successive derivatives, thereby reducing the governing equations to a closed system of first-order equations suitable for numerical implementation.
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From these definitions, the corresponding first-order derivatives are expressed as:
	                                          (12)

Substituting Eq. (11) into the dimensionless equations eqs. (7) – (9), the system is reduced to the following nonlinear first-order differential equations.
The momentum, energy, and concentration equations are explicitly expressed as
	         (13)

which, on rearranging explicitly, gives the form
	                                  (14)

Similarly, for the energy equation, which proceeds thus
		(15)

which yields:
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For the concentration equation:
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which can be written in explicit form as:
          (18)

Accordingly, the completely transformed system is expressed as a set of seven coupled first- order ordinary differential equations:
	  (19)
Top of Form

The converted boundary conditions are given as

	(20)

The heat and mass transfer characteristics, along with the skin-friction coefficient, are the main engineering quantities of interest because they directly measure the transport processes within the boundary layer. Specifically, the skin-friction coefficient measures the wall shear stress caused by viscous effects, reflecting the momentum transfer between the fluid and the surface. In contrast, the Nusselt number and Sherwood number indicate the rates of thermal and solutal transport at the surface, respectively, showing the relative strength of convective versus diffusive mechanisms. These dimensionless parameters are especially important for evaluating the efficiency of thermal systems, predicting surface drag, and assessing the overall performance of processes involving heat and mass transfer. Therefore, they are defined as follows.
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The wall shear stress, wall heat flux, and wall mass flux, which quantify the rates of momentum, thermal energy, and species transport at the surface, are respectively defined as
	           (22)
where, represents the shear force per unit area exerted by the fluid due to viscous effects, denotes the conductive heat flux at the wall in accordance with Fourier’s law, and corresponds to the diffusive mass flux governed by Fick’s law. 
Upon applying the similarity transformations defined in Eq. (6), the engineering quantities of interest are recast into their corresponding similarity forms. In this framework, the skin-friction coefficient, Nusselt number, and Sherwood number are expressed in terms of the wall gradients of the dimensionless velocity, temperature, and concentration functions. Consequently, these transport characteristics are fully described by the surface values of the transformed variables.Bottom of Form
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5.	Results and Discussions
Before presenting the graphical results, it is instructive to briefly reiterate the physical framework underpinning the present analysis. This study investigates the coupled magnetohydrodynamic flow and transport behavior of a Powell–Eyring nanofluid over a radially stretching surface, incorporating nonlinear thermal radiation, Arrhenius-type activation energy, chemical reaction, viscous dissipation, Brownian motion, thermophoresis, and Newtonian heating. The Powell–Eyring model captures the non-Newtonian characteristics under finite shear, while the activation energy formulation accounts for temperature-dependent chemical kinetics within the concentration field. The numerical solutions of the transformed similarity equations are presented graphically in Figures 1–18 to elucidate the effects of key governing parameters—including magnetic interaction, radiation, Eckert number, Brownian motion, thermophoresis, activation energy, Newtonian heating, concentration slip, Powell–Eyring fluid parameter, Darcy number, Schmidt number, chemical reaction, and Prandtl number—on the velocity, temperature, and concentration distributions. Particular emphasis is placed on boundary-layer thickness, peak responses, and asymptotic behavior, as well as their implications for the skin-friction coefficient, Nusselt number, and Sherwood number, thereby providing insight into the interplay among the coupled transport mechanisms. For the computational analysis, the baseline parameters are set as , , , ,  0.01,  0.5,  0.1,  0.2,  0.1,  0.2,  0.1,  = 1.0,  0.5, and  0.2. These values serve as reference conditions for examining the effects of individual parameters on flow, heat, and mass transfer.

   Figure 1. Influence of the magnetic field parameter on the velocity profile

Figure 2. Velocity profile for variation in the Darcy porosity number
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Figure 4. Velocity profile for variation of nonlinear material parameter
         

     Figure 5. Temperature profile for variation in Prandtl number


          Figure 6. Effect of Brownian motion parameter on the temperature profile


       Figure 7. Thermophoresis parameter effect on the temperature profile


         Figure 8. Influence of radiation parameter on the temperature profile


         Figure 9. Effect of Eckert number on the temperature profile


    Figure 10. Influence of Magnetic field parameter on the temperature profile



    Figure 11. Effect of Schmidt number on the concentration profile


      	       Figure 12. Concentration profile for variation in the Brownian motion parameter


        Figure 13. Variation of the thermophoresis parameter with concentration profile 


                         Figure 14. Effect of the chemical reaction parameter on the concentration profile


  		      Figure 15. Effect of activation energy on the concentration profile

   Figure 16. Effect of Biot number on the Temperature profile

      
 Figure 17. Concentration profile for varying temperature difference parameter. 



         
       Figure 18. Effect of the concentration slip parameter on concentration profile


Table 1. Comparison of Skin Friction Coefficient with Existing Studies for Various Values of λ and Γ

	
	
	Skin friction coefficient
	

	 
	 
	Hayat et al. [38] 
	Murthy et al. [36]
	RK4 
	Present study

	0.1 
	1 
	1.21542 
	1.215421 
	1.215419 
	1.215419

	0.2 
	1 
	1.25742 
	1.257424 
	1.257423 
	1.257424

	0.3 
	1 
	1.29957 
	1.299571 
	1.299570 
	1.299570

	0.1 
	2 
	1.19816 
	1.198163 
	1.198162 
	1.198160

	0.1 
	3 
	1.17851 
	1.178511 
	1.178516 
	1.178516




Table 2. Comparative Analysis of Nusselt Number Against Published Results at λ = Γ = 0

	
	
	Nusselt number
	

	Pr 
	Hayat et al. [38] 
	Wang [39] 
	Noor et al. [37] 
	RK4 
	Present study

	0.2 
	0.25165 
	0.25167 
	0.251659 
	0.251650 
	0.251658

	0.7 
	0.66726 
	0.66729 
	0.667282 
	0.667258 
	0.667270

	2.0 
	1.32391 
	1.32391 
	1.323914 
	1.323905 
	1.323910

	7.0 
	2.72297 
	2.72299 
	2.723094 
	2.722985 
	2.722982



Table 3. Numerical Analysis of Skin Friction Coefficient and Nusselt Number Compared with Published Results for Different Parameter Sets

	 
	 
	 
	 
	 
	Skin friction coefficient 
	Nusselt number 

	
	
	
	
	
	Murthy et al. [37] 
	Bvp4c 
	Present study
	Murthy et a. [37]
	RK4
	Present Study

	0.1 
	1 
	0.2 
	0.2 
	0.2 
	1.148253 
	1.148252 
	1.148252
	0.762535 
	0.762533 
	0.762535

	0.2 
	 
	 
	 
	 
	1.193427 
	1.193426 
	1.193427
	0.773247 
	0.773245 
	0.773246

	0.3 
	 
	 
	 
	 
	1.238435 
	1.238435 
	1.238435
	0.783339 
	0.783339 
	0.783339

	 
	0.5 
	 
	 
	 
	1.155808 
	1.155807 
	1.155807
	0.764597 
	0.764596 
	0.764597

	 
	2 
	 
	 
	 
	1.132151 
	1.132150 
	1.1321151
	0.758069 
	0.758068 
	0.758068

	 
	3 
	 
	 
	 
	1.114354 
	1.114355 
	1.114356
	0.753009 
	0.753009 
	0.753009

	 
	 
	0.1 
	 
	 
	1.107846 
	1.107845 
	1.107846
	0.779749 
	0.779750 
	0.779748

	 
	 
	0.3 
	 
	 
	1.187557 
	1.187555 
	1.187556
	0.745795 
	0.745794 
	0.745795

	 
	 
	0.5 
	 
	 
	1.263110 
	1.263109 
	1.263110
	0.713625 
	0.713623 
	0.713624

	 
	 
	 
	 
	 
	0.823409 
	0.823406 
	0.823408
	0.833622 
	0.833622 
	0.833622

	 
	 
	 
	 
	 
	0.448301 
	0.448307 
	0.448306
	0.892257 
	0.892257 
	0.892257

	 
	 
	 
	 
	 
	0.093260 
	0.093261 
	0.093261
	0.932854 
	0.932854 
	0.932854

	 
	 
	 
	 
	 
	0.916388 
	0.916384 
	0.916387
	0.798940 
	0.798940 
	0.798940

	 
	 
	 
	 
	 
	0.636782 
	0.636784 
	0.636785
	0.834921 
	0.834921 
	0.834921

	 
	 
	 
	 
	 
	0.366290 
	0.366294 
	0.366293
	0.863169 
	0.863169 
	0.863169

	 
	 
	 
	0.1 
	 
	 
	 
	
	0.803062 
	0.803061 
	0.803062

	 
	 
	 
	0.3 
	 
	 
	 
	
	0.726740 
	0.726738 
	0.726749

	 
	 
	 
	0.5 
	 
	 
	 
	
	0.666217 
	0.666213 
	0.6666216

	 
	 
	 
	 
	0.1 
	 
	 
	
	0.816337 
	0.816339 
	0.816338

	 
	 
	 
	 
	0.3 
	 
	 
	
	0.708910 
	0.708908 
	0.708910

	 
	 
	 
	 
	0.5 
	 
	 
	
	0.602185 
	0.602183 
	0.602184




Table 4. Comparison of Numerical Data for Sherwood Number with Literature Across Various Parameters
	 
	 
	M 
	
	 
	 
	Sherwood number 

	 
	 
	 
	 
	 
	 
	Murthy et al. [37], Noor et al. [38] 
	RK4 
	Present Study

	0.1 
	1 
	0.2 
	0.2 
	0.2 
	0.2 
	1.484162 
	1.484149 
	1.484152

	0.2 
	 
	 
	 
	 
	 
	1.490070 
	1.490050 
	1.490080

	0.3 
	 
	 
	 
	 
	 
	1.495727 
	1.495709 
	1.495729

	 
	0.5 
	 
	 
	 
	 
	1.485736 
	1.485713 
	1.485739

	 
	2 
	 
	 
	 
	 
	1.480721 
	1.480706 
	1.480722

	 
	3 
	 
	 
	 
	 
	1.476773 
	1.476759 
	1.476773

	 
	 
	0.1 
	 
	 
	 
	1.490828 
	1.490816 
	1.490829

	 
	 
	0.3 
	 
	 
	 
	1.477656 
	1.477641 
	1.477656

	 
	 
	0.5 
	 
	 
	 
	1.465096 
	1.465083 
	1.455097

	 
	 
	 
	1 
	 
	 
	1.533607 
	1.533601 
	1.533608

	 
	 
	 
	2 
	 
	 
	1.581488 
	1.581483 
	1.581488

	 
	 
	 
	3 
	 
	 
	1.621283 
	1.621280 
	1.621282

	 
	 
	 
	 
	1 
	 
	1.512321 
	1.512327 
	1.512325

	 
	 
	 
	 
	2 
	 
	1.543040 
	1.543048 
	1.543041

	 
	 
	 
	 
	3 
	 
	1.570208 
	1.570200 
	1.570208

	 
	 
	 
	 
	 
	0.1 
	1.416023 
	1.416015 
	1.416024

	 
	 
	 
	 
	 
	0.3 
	1.549492 
	1.549471 
	1.549492

	 
	 
	 
	 
	 
	0.5 
	1.672901 
	1.672873 
	1.672903


Figures 1–4 depict the variation of the dimensionless velocity distribution for different physical parameters. Figure 1 illustrates the influence of the magnetic parameter on the velocity profile. Increasing the magnetic parameter leads to a reduction in the velocity of the nanofluid. This behavior arises because the applied magnetic field generates a resistive force, known as the Lorentz force, which acts opposite to the direction of fluid motion. As a result, the momentum boundary layer thickness decreases as the magnetic parameter increases.
The effect of the Darcy number on the velocity distribution is presented in Figure 2. The Darcy number represents the permeability of the porous medium. It can be observed that increasing enhances the velocity profile. Physically, larger values of the Darcy number correspond to higher permeability of the porous medium, which reduces the resistance imposed by the porous matrix and allows the fluid to flow more freely. Consequently, the velocity within the boundary layer increases.
Figure 3 illustrates the influence of the Powell–Eyring fluid parameter on the velocity field. The results indicate that the velocity profile increases with increasing values of . This occurs because the Powell–Eyring parameter reduces the effective viscosity of the non-Newtonian fluid, thereby facilitating smoother fluid motion along the stretching surface.
The effect of the non-Newtonian parameter on the velocity distribution is displayed in Figure 4. It is observed that an increase in results in a reduction in the velocity profile. This reduction is attributed to the enhancement of nonlinear viscous effects associated with the Powell–Eyring fluid model, which increases resistance to the fluid motion and consequently suppresses the velocity within the boundary layer.
Figures 5–10 illustrate the influence of various parameters on the temperature distribution within the thermal boundary layer. Figure 5 shows the variation of the temperature profile with the thermal radiation parameter . It is clearly seen that increasing the radiation parameter significantly enhances the temperature distribution throughout the boundary layer. This phenomenon occurs because thermal radiation contributes additional thermal energy to the fluid, thereby elevating the temperature and thickening the thermal boundary layer.
The influence of the Prandtl number  on the temperature distribution is depicted in Figure 6. The temperature profile decreases with increasing values of . Physically, larger Prandtl numbers correspond to fluids with lower thermal diffusivity, which limits the rate of heat diffusion within the fluid. As a result, the thermal boundary layer becomes thinner.
Figure 7 presents the effect of the Brownian motion parameter on the temperature profile. It is observed that increasing leads to an enhancement in the temperature distribution. This behavior is attributed to the random motion of nanoparticles suspended in the base fluid, which intensifies energy transport and increases the overall thermal energy of the fluid.
The influence of the thermophoresis parameter on the temperature distribution is shown in Figure 8. The temperature profile increases significantly with increasing values of . Thermophoresis induces the migration of nanoparticles from regions of higher temperature to regions of lower temperature, which results in the accumulation of thermal energy within the boundary layer.
Figure 9 illustrates the effect of the Eckert number on the temperature profile. The temperature increases as the Eckert number increases due to the presence of viscous dissipation. In this process, the mechanical energy of the fluid is converted into internal thermal energy through frictional heating, thereby raising the fluid temperature and thickening the thermal boundary layer.
The effect of the Biot number on the temperature distribution is presented in Figure 10. It is observed that the temperature profile increases with increasing values of . This occurs because higher Biot numbers correspond to stronger convective heating at the surface, which enhances heat transfer from the surface to the fluid and consequently increases the thermal boundary layer thickness.
Figures 11–16 describe the variation of nanoparticle concentration profiles for different governing parameters. Figure 11 illustrates the influence of the Schmidt number on the concentration distribution. The concentration profile decreases as the Schmidt number increases. Physically, higher Schmidt numbers correspond to lower mass diffusivity, which suppresses nanoparticle diffusion within the fluid and leads to a thinner concentration boundary layer.
Figure 12 presents the effect of the chemical reaction parameter on the concentration profile. It is observed that increasing the chemical reaction parameter decreases the concentration distribution. This occurs because stronger chemical reactions enhance the rate at which nanoparticles are consumed within the fluid, thereby reducing the concentration levels.
The influence of the activation energy parameter on the concentration distribution is illustrated in Figure 13. The concentration profile increases with increasing values of the activation energy parameter. Higher activation energy slows down the chemical reaction rate, which reduces the rate of nanoparticle consumption and consequently increases the concentration within the boundary layer.
Figure 14 depicts the effect of the thermophoresis parameter on the concentration profile. The concentration distribution increases with increasing values of . This is due to the thermophoretic movement of nanoparticles from hotter regions near the surface toward cooler regions within the fluid, which enhances nanoparticle accumulation.
Figure 15 demonstrates the influence of the Brownian motion parameter on the concentration profile. It is observed that increasing reduces the concentration distribution. This reduction occurs because stronger Brownian motion enhances nanoparticle dispersion, thereby weakening the concentration gradient within the boundary layer.
Figure 16 depicts the influence of the Biot number,  on the dimensionless temperature profile. It is observed that as Bi increases, the wall temperature rises significantly, and the thermal boundary layer becomes thinner. For low Bi values, the wall is less conductive relative to the convective heat transfer, resulting in a slower temperature rise near the surface. Conversely, higher Bi values enhance heat conduction at the surface, producing a steeper temperature gradient. In all cases, the temperature asymptotically approaches zero away from the wall, satisfying the far-field boundary condition. These results indicate that controlling Bi can effectively manipulate heat transfer characteristics in nanofluid applications.
Figure 17 shows the concentration profiles for various values of the temperature difference parameter . An increase in leads to a noticeable decrease in nanoparticle concentration near the wall. This behavior can be attributed to enhanced thermophoretic forces at higher δ values, which drive nanoparticles away from the heated surface, thereby thinning the concentration near the wall. Additionally, the concentration boundary layer thickness increases slightly with δ, reflecting the coupling between thermal and mass transport in the nanofluid. Far from the wall, the concentration tends to zero, consistent with the imposed boundary conditions. These findings highlight the significant role of thermal gradients in governing nanoparticle distribution.
Figure 18 illustrates the effect of the concentration slip parameter, on the concentration profile. As increases, the wall concentration decreases, indicating reduced mass transfer at the surface due to partial slip. The concentration boundary layer thickens with higher values, showing that slip hinders nanoparticle deposition at the surface. This effect is particularly relevant for applications where controlling nanoparticle accumulation on surfaces is critical, such as in heat exchangers or coating processes. The profiles also satisfy the far-field boundary condition, tending toward zero at large .
Table 1 presents a detailed comparison of the skin friction coefficient () for various values of the parameters λ and Γ against previously published results by Hayat et al. [38] and Murthy et al. [36], alongside solutions obtained using the Bvp4c solver and the present study. The results indicate excellent agreement across all datasets, with deviations limited to the fifth or sixth decimal place, highlighting the high accuracy and reliability of the present numerical method.
Specifically, as λ increases from 0.1 to 0.3 at Γ = 1, demonstrates a progressive increase, reflecting the enhanced resistance due to higher stretching effects, which is consistent with the trends reported in the literature. Similarly, for increasing values of Γ at a fixed λ = 0.1, a slight decrease in is observed, suggesting a subtle interplay between the geometric parameter Γ and the shear stress at the boundary. Overall, the near-perfect alignment of the present results with both Bvp4c and the reference studies confirms the robustness and validity of the computational approach employed.
Table 2 compares the Nusselt number () for λ = Γ = 0 with results from Hayat et al. [38], Wang [39], Noor et al. [37], and Bvp4c numerical solutions. The comparison reveals excellent agreement across the entire range of Prandtl numbers (Pr = 0.2 to 7.0), with discrepancies negligible to the fourth or fifth decimal place. This confirms that the present numerical implementation accurately captures the heat transfer characteristics under the prescribed conditions. From the data, it is evident that increases with Pr, reflecting the expected enhancement in convective heat transfer as thermal diffusivity decreases relative to momentum diffusivity. The trend is fully consistent with classical boundary layer theory, and the close alignment with multiple independent studies demonstrates the credibility of the present analysis.
Table 3 presents a comprehensive comparison of the skin friction coefficient () and Nusselt number () for various combinations of the parameters λ, Γ, M, Rd, and Ec against previous results from Murthy et al. [37] and Bvp4c numerical solutions. The present study exhibits excellent agreement with the literature, with discrepancies limited to the fifth or sixth decimal place, demonstrating the high accuracy and robustness of the numerical method employed.
The data reveal that increases with λ, indicating enhanced momentum transfer due to stronger stretching effects. Conversely, increasing Γ leads to a marginal decrease in , suggesting that the geometric parameter moderates the shear stress at the wall. The effect of the magnetic parameter M is also evident; a higher M slightly elevates  due to the Lorentz force opposing the flow, consistent with classical magnetohydrodynamic theory.
Regarding heat transfer, shows a progressive increase with λ, reflecting the augmented thermal gradient induced by stretching. An increase in Γ generally reduces , indicating a slight suppression of convective heat transfer. Similarly, Eckert number (Ec) and radiation parameter (Rd) have noticeable effects: higher Ec enhances viscous dissipation, slightly increasing , while radiation modifies the thermal boundary layer, subtly influencing heat transfer. Overall, the present results not only replicate published trends but also validate the effectiveness of the computational framework in capturing coupled momentum and thermal effects across diverse parameter sets.
Table 4 presents the Sherwood number () for various combinations of λ, Γ, M, Nb, Nt, and γ, compared with Murthy et al. [37], Noor et al. [38], and Bvp4c results. The comparison demonstrates excellent agreement, with differences limited to the fifth or sixth decimal place, confirming the reliability of the present numerical implementation.
The trends indicate that increases with λ, highlighting enhanced mass transfer due to stronger stretching effects. Conversely, higher Γ tend to slightly reduce , suggesting geometric moderation of mass transfer rates. Brownian motion parameter (Nb) and thermophoresis parameter (Nt) significantly influence ; increasing Nb or Nt intensifies nanoparticle migration and thermal diffusion, leading to higher Sherwood numbers. The results are consistent with established nanofluid transport theory and underscore the sensitivity of mass transfer to both physical and thermophysical parameters.
6.	Conclusion
This study examined the effects of activation energy and chemical reaction on magnetohydrodynamic radiative Powell–Eyring fluid nanofluid flow over a radially stretching surface, incorporating viscous dissipation and Newtonian heating. The mathematical formulation captured the coupled influence of magnetic field strength, thermal radiation, Brownian motion, thermophoresis, and activation energy on the momentum, thermal, and concentration boundary layers. The analysis offers a deeper physical understanding of how non-Newtonian rheology and reactive transport mechanisms interact in high-temperature industrial and engineering processes.
The principal findings of the study are summarized as follows:
· Velocity increases with Darcy number () and Powell–Eyring fluid parameter () due to reduced resistance and lower effective viscosity. It decreases with the magnetic parameter () due to the Lorentz force and with a non-Newtonian parameter () due to stronger viscous effects. 
· Temperature increases with thermal radiation (), Brownian motion (), thermophoresis (), Eckert number (), and Biot number (), and decreases with higher Prandtl number (), which limits thermal diffusivity. 
· Nanoparticle concentration decreases with Schmidt number (Sc), chemical reaction parameter (), Brownian motion (), and temperature difference parameter (δ), and increases with activation energy (), thermophoresis (), and concentration slip parameter (). 
· Skin friction coefficient () rises with  and  due to stretching and Lorentz effects, and slightly decreases with the material parameter (). 
· Nusselt number () increases with  and , slightly decreases with , and is mildly affected by the Eckert number () and thermal radiation (). 
· Sherwood number () rises with , , and  due to enhanced mass transfer, and slightly decreases with . 
· Numerical results agree with previous studies and bvp4c solutions, confirming the accuracy and robustness of the computational method in capturing coupled momentum, heat, and mass transfer in reactive Powell–Eyring nanofluids. 
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