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Abstract: The current theoretical study focuses on the effects of microorganisms and activation 

energy in bio-convective flow of Eyring-Powell nanofluid on a stretchable curved surface with 

influences of thermophoretic and Brownian diffusions. The nonlinear flow equations depicting 

the rheological features of the Eyring-Powell fluid are developed by adopting the curvilinear 

coordinate scheme. The activation energy has been added to sense its importance on the 

concentration of nanoparticles, whereas motile microorganisms are included in order to 

stabilize the nanofluid suspension. The entropy generation analysis is aimed at analyzing the 

system irreversibility with reference to answer questions about energy dissipation and thermal 

efficiency. Moreover, the equations of velocity and energy are defined by the effects of a 

magnetic field and heat generation, respectively. The velocity, temperature, nanoparticle 

concentration, microorganism concentration, entropy production, and the profiles of the local 

numbers are represented with numerical solutions derived using the shooting technique. The 

effects of the influential variables on profiles of concern are examined in detail through 

graphical and tabular results. The graphical results state that concentration profile of 

nanoparticles is enhanced with increased values of the activation energy parameter and 

decreases with temperature difference constant, the reaction rate variable, and the fitted rate 

constant. This study develops the understanding of movement of nanofluid over curved 

surfaces and provides a comprehensive background that extends existing literature, offering 

insights into multi-physics transport processes relevant to advanced manufacturing, chemical 

processing, bioengineering, and thermal management applications, including polymer 

extrusion, catalytic reactors, biomedical drug delivery, electronic cooling, and bioreactor 

design. 

Keywords: curved stretchy surface, activation energy, Eyring-Powell nanofluid, entropy 
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1. Introduction 

In recent years, significant attention has been devoted to boundary layer stretchy flows across 

curved geometries with varying surface velocities due to their broad applications in numerous 

technological and manufacturing procedures. These include wire drawing, fiber spinning, hot 

rolling, artificial fiber production, continuous stretching of plastic films, polymer extrusion, 

glass manufacturing, tower distillation, aerodynamics, electronic chip cooling, extrusion of 

elastic sheets, and paper production. In such arenas, the attribute of the final product is strongly 

affected by the surface velocity and stretched rate. Sajid et al. [1] were among the pioneers in 

investigating viscous liquid motion on a stretching curvy surface and analyzing the role of 
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curvature radius on the flow field. Shabbir et al. [2] extended this by exploring micropolar 

liquid flow over a nonlinearly curved stretchy sheet. Ahmad et al. [3] studied heat transfer 

characteristics in Williamson nanofluid flow past a curvy exponential stretched wall with 

temperature-dependent conductivity. Imran and Naveed [4] performed a comparative analysis 

on activation energy and thermophoretic effects in Carreau nanofluid flow via a curvy surface. 

Similarly, Naveed et al. [5] examined the influence of homogeneous–heterogeneous chemical 

reactions on viscous liquid flow because of an oscillating curved stretchy surface. Further 

literature on curved geometries in fluid flow can be found in references [6–10]. 

Many real-life fluids that deviate from Newton’s law of viscosity and exhibit a nonlinear 

relationship between shear stress and strain rate are categorized as non-Newtonian fluids. 

Examples include soap solutions, yogurt, shampoo, ketchup, blood, clay suspensions, 

lubricants, polymer melts, and certain industrial oils. These fluids are widely encountered in 

chemical and nuclear engineering, polymer processing, petroleum industries, bioengineering, 

and food technology. To examine their complex behavior a variety of non-Newtonian fluid 

models have been proposed. Amongst different non-Newtonian fluid models the Eyring–

Powell model is a prominent time-independent model depicting the molecular kinetics and rate 

process theory. This fluid model effectively characterizes both shear- thickening and shear-

thinning behaviors and avoids singularities at zero shear rate, unlike traditional power-law 

models. It has been used to model polymeric fluids, lubricants and biological fluids like blood 

and synovial fluid Khan et al. [11] examined the flow of magnetized Eyring- Powell fluid using 

modified Fourier law and Fick law towards a curved surface. Naveed et al. [12] investigated 

the influence of melting heat transference in a flow of Eyring-Powell fluid via a curvy channel. 

Different aspects of flow and heat transfer analysis in Eyring-Powell fluid for different flow 

geometries has been examined by various researchers. For more details the interested readers 

are referred to the articles [13-15] and reference therein. 

Due to its significant ability to increase the rate of thermal conductivity and heat transfer, 

nanofluids have received important consideration in last few years in various disciples of 

engineering and industrial applications point of view. These fluids are made up by dispersing 

nanoscale particles into conventional base fluids, which have prominent thermophysical 

properties as compared to traditional coolants. As a result, nanofluids have been remarkably 

examined in thermal management systems, including heat exchangers, radiators and electronic 

cooling devices. The applications of nanofluids are also found in microprocessors, in advanced 

technologies such as micro-electromechanical systems (MEMS) and welding equipment. 

Furthermore, nanofluids play a vital role in automotive thermal systems by effectively cooling 

internal combustion engines and electric vehicle components. In the biomedical domain, they 

are being investigated for applications in targeted drug delivery, hyperthermia cancer therapy, 

and bio-imaging, due to their enhanced thermal response and biocompatibility. 

Jafaripournimchahi et al. [16] have studied the features of thermal radiation and magnetic field 

in the mixed convective flow of hybrid nano liquid towards a vertical wall. Abbas et al. [17] 

have analyzed the stimulus of HH reactions in the movement of a non-Newtonian nano liquid 

across an oscillating curvy wall. Nandeppanavar et al. [18] have inspected Prandtl-Eyring 

nanofluid in the presence of a permeable medium towards a stretched sheet. Haq et al. [19] 
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have performed a numerical investigation to examine the significance of Brownian motion and 

thermophoretic in the Carreau liquid motion. Very lately, Imran et al. [20] conducted analytical 

research and calculated the stimulus of thermophoresis and Brownian diffusion in the 

bioconvective flow of viscous fluid inside a curvy oscillating channel. For a more 

comprehensive review of nanofluid studies across various geometries, the reader is referred to 

the literature [21–30].  

The processes of heat and mass transfer are essential in many industrial and engineering 

processes especially when they are accompanied by chemical reactions. Activation energy 

which is the minimum energy needed to cause a chemical reaction is a critical factor that affects 

these procedures. Activation energy plays a very important role in the reaction kinetics in the 

reactive flows, thus changing the velocity of mass diffusion and heat transport. This aspect is 

particularly noteworthy in such applications as geothermal systems, chemical processing, 

material oxidation as well as food engineering. The effects of activation energy on the 

behaviour of non-Newtonian and nanofluid systems is that it determines the thermal stability 

and the behaviour of the boundary layer by changing the velocity and concentration fields. 

Haider et al. [31] determined the significance of activation energy on the unsteady flow of 

nanofluid over a stretching sheet with Stefan blowing impacts. Kumar et al. [32] explored the 

consequences of activation energy in hybrid nanofluid motion past a curved sheet. Ali et al. 

[33] considered the effects of activation energy along with a modified form of Fourier’s theory 

in the flow of nanofluid via a rotating surface. Ahmad and Khan [34] examined heat and mass 

transfer effects on nanofluid motion with activation Arrhenius energy across a permeable curvy 

surface. Reddy et al. [35] analyzed the dynamics of activation energy in the magnetized 

nanofluid towards a stretchable sheet. The stimulus of activation energy and heat production 

in the magnetized flow of Maxwell liquid over a permeable plate was determined by 

Sudarmozhi et al. [36]. Ahmad et al. [37] performed numerical simulations for non-linear 

radiative and magnetized flow of a non-Newtonian nano liquid with activation energy.  

Bioconvective flow refers to the self-organized convective motion in a fluid encouraged by the 

collective behavior of motile microorganisms, such as gyrotactic algae or bacteria, which 

typically swim upward against gravity. This vertical motion produces an irregular density 

gradient with the microorganisms mostly congregating towards the top resulting in 

gravitational instability and consequently initiating convection. The resulting bioconvection 

mixes and transports heat, mass and nutrients in the fluid significantly. The effect is crucial in 

many biological and industrial fields, such as bioreactors, biofuel, wastewater 

decontamination, and microfluidic equipment designs. Hayat et al. [38] examined the stimulus 

of bioconvection, which consists of gyrotactic microorganisms on Prandtl-Eyring flow, across 

a stretchy sheet. Significance of bioconvection in EMHD hybrid nanofluid via a permeable 

sheet was determined by Rashed et al. [39]. Sarma and Sarma [40] organized a numerical study 

to assess the influence of microorganisms in bioconvective time-dependent flow of Casson 

fluid past a vertical plate. Analysis of bioconvective flow of non-Newtonian liquid over a 

permeable curved stretched surface was done by Ahsan et al. [41]. Hamid et al. [42] conducted 

a computational study on the bioconvective flow of nanofluid towards a bidirectional sheet 

containing microorganisms in a permeable medium. Further comprehensive details on the 
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bioconvective flow of fluids with divergent rheological models across diverse geometries are 

referred to reference [43-45] and the references cited therein. 

Entropy production plays a crucial role in assessing the thermodynamic irreversibility of 

transport processes occurring within fluid flow systems. It serves as a vital indicator of energy 

degradation, particularly in thermal systems where heat and mass transfer, and chemical 

reactions are present. The study of entropy production can be used to optimize the performance 

of a system in which the flow of a fluid across the edges of a stretching surface is of interest 

(polymer processing, thermal coating, and biofluid transport) to determine where the 

thermodynamic inefficiencies in a system exist. High entropy generation is generally linked to 

a high degree of irreversibility which may reduce the overall efficiency of the heat and mass 

transfer processes. Hence, the reduction of the entropy creation is the key to the improvement 

of the performance and sustainability of thermal systems. The use of complex working fluids, 

including nanofluids and hybrid nanofluids implies additional need of entropy analysis, as these 

fluids are characterized by complex microscale interactions and therefore can have an 

important impact on the thermodynamic behavior of the system. Sadighi et al. [46], Swamy et 

al. [47], and Imran et al. [48] examined the entropy generation in different conditions of 

magnetized and vibrating flows. Mandal et al. [49] and Yazdi et al. [50] also provided the 

understanding of the entropy production in nanoparticles laden fluids under varying thermal 

and geometrical conditions. 

The current paper proposes a new and complete model to estimate bioconvective flow of an 

Eyring-Powell nanofluid over a curved stretching surface, the combination of the activation 

energy, thermophoretic, and Brownian diffusion, and the analysis of the entropy production. 

This work is the first to bring together non-Newtonian rheology with curvilinear stretching 

geometry, dynamics of nanoparticles and bioconvection by microorganisms in a single model 

unlike the earlier studies, which mainly focused on either flat geometry or Newtonian base 

liquids or isolated physical systems. Realistic representation of complex industrial fluids is 

included with the addition of the Eyring-Powell model that describes the effects of shear-

thinning and shear-thickening without singularities. Also, the interaction of the action of energy 

with the effects of bioconvective in a curved geometry is not widely studied. The analysis of 

thermodynamic irreversibility is also quantified by the study through a careful analysis of 

entropy production, which is useful in optimization of thermal systems that consume less 

energy. This integrated approach significantly extends existing literature and provides a deeper 

understanding of multi-physics transport processes relevant to advanced manufacturing, 

chemical processing, and bioengineering applications, such as polymer extrusion, catalytic 

reactors, biomedical drug delivery, electronic cooling, and bioreactor design. 

2. Development of the problem 

Consider an electrically conducting, incompressible, bioconvective, and steady motion of 

Eyring-Powell nano liquid in the presence of gyrotactic microorganisms towards a stretchable 

curved surface looped in a semi-circle form with radius R  (see Fig. 1). A uniform magnetic 

field of power 0M  is executed along the radial r direction. The influences of the induced 
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magnetic field are ignored because of the consideration of the very low magnetic Reynolds 

number. Let wC , wT , and wN  signifies surface temperature, nanoparticle concentration at the 

surface, and the concentration of the microorganisms at the sheet. Similarly, let C
, N , and  

T represent the ambient concentrations of the nanoparticles and microorganisms and ambient 

temperature, respectively, with 
  wC C  , 

wN N , and   wT T . Under these presumptions, 

the governing equations for energy, velocity, continuity, nanoparticles, and microorganisms’ 

concentration are given as [4, 9, 11, 12, 15] 
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Here  ,v w  characterizes the parts of the liquid velocity in  ,c r  directions, 

   1 1/   p p f fc c  correspond to the ratio of the nanoparticles' thermal capacity to the 

thermal capacitance of the base fluid,  f  is the base liquid density, p  is the pressure, 1b  defines 

the stretchable rate of the surface,   is the Boltzmann constant, D  and 
TD  are the Brownian 

diffusion and thermophoretic variables, 1  embodies the kinematic viscosity, m  is the fitted 

rate constant,   is the thermal diffusivity, T , *N ,  and C*  represents the temperature of the 

liquid, microorganism, and nanoparticle concentration,   is the electrical conductivity,   p  

and n  are the densities of nanoparticles and microorganisms, B  and a  are the Eyring-Powell 

liquid parameters, 0Q  is the heat production variable, 
nD  is the microorganism's diffusion 

coefficient, 2
rk  is the chemical reaction rate constant, ab  is the chemotaxis constant, aW  is the 

speed of cells, aE  is the activation energy parameter, *g , 1
* , and  * are the gravity, the volume 

expansion coefficient, and the average volume of microorganisms, respectively.  

A similar solution is achieved by involving the following variables [4, 9, 11, 15]
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In the above equation g' , and g  are the dimensionless horizontal and vertical components of 

the velocity and temperature of the fluid,   is the dimensionless concentration of the 

nanoparticles,   is the temperature of the fluid,  is the dimensionless concentration of 

microorganisms, P  is the dimensionless pressure of the fluid, and   is the dimensionless 

similarity variable. By incorporating Eq. (8), Eq. (1) is verified identically, and the rest of the 

Eqs. (2, 3, 4, 5, 6) and (7) reduce as   
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1 16  /c b a  symbolize the dimensionless Eyring-Powell fluid 

parameters,   /e a a nP W b D  the Peclet number,  1 1  /cR R b  the radius of curvature, 
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   


 

    




     
                      

   
                   



 


iv

r

c c cc c

c c c

b

c c c c c

i v

c

c

g''' g'' g'
g ' '

R R RR R

R R g' R g g''g'
' R M g'' g g''' g' g''

R R R R R

g' g'
g'' g +6 g'' g'''

R g g'

R

       

           

2 2
3

2 2 3 2

2 2 3 2 2

2 4 5

3 9 3

6 9 3 6 6 6

   

    

 
   

    
 
      
      

,

i v

c c c c

i v

c c cc c c

' g''' g' g'' g' g
g''

R R R R

g' g''' g' g'' g' g g' g'' g' g''' g''' g''

R R RR R R

 (14) 

With transmuted boundary conditions 

         

         

0 0 0 1 1 0 0 1 0 1

0 0 0 0 0

  

  

    

         

, , , , ,

, , , , .

g g'

g' g''
 (15) 

The physical quantities relevant to engineering and physical applications perspective are given 

as follows: 

 2





 
  

   
  

, , , ,
( ) ( )

r c w w n
g c c s

f w w w n w

c q c j cq
C Nu Sh Mn

u T T C C D D N N
 (16) 
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here,
rc , nq , wq , and 

w
j   are depicted by 

   

 

3 23

3

3 2

2

0

0 0 0

3

1 1

6 3









 






  

      
      

          
       

              

      
         

       

* *

,

, , .

r c

r

w w n n

r r r

v v v v

r R r rR rv v

Ba r R r Ba v v

rR r

T C N
q j D q D

r r r

 (17) 

By incorporating Eq. (8) in Eqs. (16) and (17), we get 

     
   2

1 2 3

3 2

0

3 0 3 01 1
1 0 0 



   
           
     

,
c g

c c c c
r

g'' g''
Re C g'' g''

R R R R
 (18) 

 1 2 0   ,
c c

Re Nu '  (19) 

 1 2 0   ,
c c

Re Sh '           (20) 

 1 2 0   .
c c

Re Mn '  (21) 

3. Entropy Generation 

The entropy creation rate in dimensional form for the magnetized Eyring-Powell nanofluid 

flow containing microorganisms can be characterized as [48] 

 

2 22 2 2

0

2

2

 



 

    

 

          
                        

     
   

     

* *

* *

,

E

n n

D DM vT v v C C T
S

T r T r R r T C r T r r

D DN T N

T r r N r

  (22) 

Applying Eq. (8), the non-dimensional form of Eq. (22) is 

 

 
 

 

2 2 2 2 22 3 3
2 2 3

2 2 1

2

  
          

  






    

 
    

,

G r

r

c

N ' M B g' ' ' + ' ' ' '

g '
B g''

R

 (23) 
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Where,   1 1   /G E wN T S T T b  represents the entropy production rate,   3    /wC C C
 

the nanoparticles concentration difference parameter,   2   /B wD C C  the non-

dimensional nanoparticles diffusion constant,   3   /n wD N N  the non-dimensional 

microorganism's diffusion constant, and   2 2
1  /r wB b c T T  the Brinkman number. 

The dimensionless Bejan number is designated as 

concentration irreversbility+heat transfer irreversibility+gyrotactic irreversibility

Totalirreversibility
 ,Be   (24) 

 

   
 

 

2 2 22 3 3
2 2 3

2 2 1

2

2 2 2 2 22 3 3
2 2 3

2 2 1

  
          

  

  
           

   

  


  
           

,

r r

c

' ' ' + ' ' ' '

Be

g'
' M B g' ' ' + ' ' B g'' ' '

R

 (25) 

4. Explanation of Shooting method 

The nonlinear differential Eqs. (11), (12), (13), (14), and boundary conditions Eq. (15) are 

solved numerically through the Shooting technique. To implement this technique, the ordinary 

differential equations are first transmuted into a system of first-order ordinary differential 

equations by establishing new independent variables as 

                   1 , , , , ,                 g' p g'' q g''' s ' t ' u ' z ,  (26) 

By employing Eq. (26), the nonlinear ODEs (11), (12), (13), (14), and boundary conditions Eq. 

(15) are stated as 

 
   

 
   

       

 
 

     

2
2 1 1 1

2 2 3

2 1

2

1 1

1 2 2 3

2

3 6
1 3 1

1
6

  
  

  
   

   

   



    
         

          

       
                               

    
   





cc c c

r b

c c c c

c c c c

c c c c

p p q pq
q s' =

RR R R

p
t u z R M q

R R R R

R R p R g q R g p
g s p q

R R R R

q s
         

     

2 2 23

1 1 1 1

2 2 3 3 4

3 2 2

1 1

5

2 9 6 93

3 6 6

    

 

 
    

     
 
   
   

,
c c c c c

c cc

p q s p q p s p qq

R R R R R

p p s s q

R RR

 (27) 
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   
2 

 
     

 
,r

r b r t r

c c

P t gt
t' = P N t u P N t P

R R
 (28) 

     
 

 
1

1 2

2

1 exp
1

   
    

   
                

,
me t

c c b c

L u g N Eu t
u' = t' +

R R N R
 (29) 

   
 1


 
  

 
,b

e

c c

L z gz
z' = P z' + g z' +tu

R R
 (30) 

Transmuted bcs 

         

         

1

1

0 0 0 1 0 1 0 1 0 1

0 0 0 0 0

  

  

    

         

, , , , ,

, , , , .

g p

p q
 (31) 

The above resulting initial value problem is solved using a standard Runge–Kutta scheme, while the 

unknown initial conditions are iteratively adjusted to satisfy the boundary conditions at infinity. 

Convergence is ensured by minimizing the residual errors at the far-field boundary. The distinctive 

advantage of the Shooting method lies in its ability to efficiently handle strongly nonlinear, coupled 

boundary-layer equations without requiring spatial discretization or large matrix formulations, as is 

common in finite difference or finite element methods. This approach significantly reduces 

computational complexity and memory requirements. Moreover, the Shooting technique provides 

high numerical accuracy and smooth convergence at the asymptotic boundary, which is crucial for 

reliably capturing velocity, temperature, concentration, bioconvective, and entropy profiles. 

Additionally, the method offers direct control over asymptotic boundary conditions, making it 

particularly suitable for curved stretching geometries involving non-Newtonian fluids with complex 

transport phenomena. Due to these advantages, the Shooting technique has been widely adopted and 

proven reliable for similar nonlinear transport problems in the literature. 

5. Discussions  

The foremost intention of this part is to illuminate the key findings concerning the influence of 

divergent involved flow parameters, specifically the Eyring-Powell fluid parameters    and 

  , activation energy parameter  1E , bioconvection Lewis number  bL , heat production 

parameter   , radius of curvature parameter  cR , nanoparticles concentration difference 

parameter  3 , buoyancy fraction variable  rN , thermophoretic constant  tN , 

nanoparticles diffusion constant  2 , reaction rate parameter  1 , microorganisms difference 

parameter  1 , Prandtl number  rP , fitted rate parameter  m , temperature difference 

parameter  2 , Lewis number  eL ,  mixed convective parameter   , Brownian motion 

variable  bN , magnetic parameter  M , Peclet number  eP , bioconvection Rayleigh number 

 bR , microorganisms diffusion constant  3 , and the Brinkman number  rB . Their impacts 

on the liquid velocity field, microorganisms and nanoparticles concentration fields, 
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temperature field, local Motile number, the local Sherwood number, entropy production 

profile, Nusselt numbers, Bejan number, and coefficient of skin friction are determined via 

graphical and tabular representations. 

Table 1 presents a comparison of the skin friction coefficient with previously published results 

of Imran and Naveed [4], Haq et al. [10], and Kumar et al. [15], to validate the accuracy of the 

present numerical scheme under the limiting case. The obtained numerical values show an 

appreciable agreement with the available literature, confirming the correctness of the 

mathematical formulation and numerical implementation. This close correspondence validates 

the reliability and robustness of the present model and solution methodology. 

Table 2 is arranged to describe the variation in the magnitude of the local Sherwood number 

due to the impacts of various parameters, specifically  tN ,  cR ,  1 ,  eL ,  bN ,  2 , 

 m , and  1E . We have concluded that the magnitude of the Sherwood number is heightened 

for larger values of  tN ,  eL ,  1 ,  2 , and  m . While for upward values of  cR ,  bN

, and  1E , it decreases. Physically, higher thermophoretic forces intensify the transport of 

nanoparticles from the heated surface toward the cooler regions, whereas the mathematical 

relation of the Lewis number indicates that larger values suppress mass diffusivity. Both 

mechanisms enhance the nanoparticle concentration gradient at the wall. Furthermore, 

improved values of the reaction rate and fitted rate parameters strengthen the activation-energy-

controlled chemical reaction near the surface, causing a greater reduction in nanoparticle 

concentration and a noticeable increase in the concentration gradient, which ultimately 

augments the Sherwood number. 

Table 3 exposes the numerical results for the local Motile number 1/2Re

c cM n under the stimuli 

of  cR ,  bL ,  1 , and  eP . The magnitude of the Motile number reduces with advanced 

values of the curvature variable  cR and it increases with  bL ,  1  and  eP . The local 

Motile number quantifies the transport and concentration of motile microorganisms in the 

nanofluid. An enhancement in the radius of curvature effectively expands the flow region, 

weakening the convective transport of microorganisms along the surface and thereby 

diminishing the local Motile number. Conversely, higher Peclet numbers enhance chemotaxis-

driven transport relative to microorganism diffusion, promoting stronger microorganism 

migration toward the surface and enhancing the Motile number. Similarly, larger values of the 

microorganism difference parameter amplify concentration gradients, leading to enhanced 

microorganism density near the surface and a corresponding rise in the Motile number. 

Furthermore, an increase in the bioconvective Lewis number, which signifies reduced 

microorganism diffusivity relative to momentum diffusion, restricts the spreading of 

microorganisms and causes their accumulation near the wall, and as a result, an enhancement 

in the magnitude of the local Motile number is noticed. 
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Figure 2 (a-e) illustrates the variation in the liquid velocity profile  g' under the influence 

of   ,   ,   ,  rN ,  bR , and  M . This graph reveals that the velocity profile boosts 

up with developing values of   , whereas it drops for all other specified parameters. 
 

The change in the pressure field  P  against upward values of   ,   ,   ,  rN ,  bR , 

and  M  is shown in Figure 3 (a-f). This figure demonstrates the positive trend in the pressure 

field as all variables are enhanced. The physical reason for the upward response of the pressure 

field with higher values of the Eyring-Powell fluid parameters is that the resistance of fluid 

particles increases, which reduces the deformation rate and consequently leads to a rise in the 

magnitude of the pressure field. Similarly, higher values of the bioconvection Rayleigh 

number, mixed convective parameter, and buoyancy fraction parameter enhance buoyancy-

driven motion and density-driven forces, intensifying fluid flow near the surface and 

consequently increasing the pressure field. Additionally, the magnetic parameter generates a 

Lorentz force that opposes fluid motion, contributing to higher pressure within the boundary 

layer.    

Figure 4 (a-d) interprets the consequences of   cR ,  rP ,  bN ,   , and  tN  on temperature 

distribution    . The profile     show a contrary response against growing values of 

 cR , and  rP  (see Figures 4(a), 4(c)). Figures 4(b) and (d) perceived that the temperature 

profile shows a favorable response for increasing values of  bN ,   , and  tN . An 

enhancement in the temperature profile is observed for higher values of the thermophoresis 

parameter, Brownian motion parameter, and heat generation parameter, as these mechanisms 

improve energy transport within the fluid. As the thermophoresis parameter rises, nanoparticles 

transport thermal energy more efficiently from hotter to cooler regions, leading to an increase 

in fluid temperature. Higher values of the Brownian motion parameter intensify the random 

motion resulting from collisions between nanoparticles and the base fluid, which promotes 

thermal diffusion and elevates the temperature. Additionally, an increased heat production 

parameter directly distributes energy to the system, further raising the temperature profile 

throughout the boundary layer. 

Figure 5 (a-d) is organized to explicate the significance of dissimilar variables, particularly the 

activation energy parameter  1E , temperature difference parameter  2 , Lewis number  eL

, the reaction rate parameter  1 , and fitted rate parameter  m  on the nanoparticle 

concentration distribution    . An enhancement in the magnitude of    is noticed due to 

the altered values of the activation energy parameter  1E , while the magnitude of     

declines for the escalated values of all the other stated parameters. An enhancement in the 

magnitude of nanoparticle concentration with the activation energy parameter is observed 

because higher values of activation energy slow down the chemical reaction at the surface. 

Consequently, the movement of nanoparticles by the reaction is reduced, allowing more 

nanoparticles to accumulate near the surface, thereby increasing the concentration. 
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Figure 6 (a-d) depicts the variation in the magnitude of the microorganism concentration field 

    because of the mounting values of  cR ,  1 ,  bL , and  eP . It can be determined 

that as the values of all the parameters incline, the magnitude of     gradually reduces. The 

reduction in the microorganism concentration field with increasing Peclet number and 

bioconvective Lewis number arises from their effect on microorganism diffusivity. 

Mathematically, a higher Peclet number indicates stronger chemotaxis-driven transport relative 

to microorganism diffusion, which thins the concentration boundary layer near the surface and 

decreases the microorganism concentration. Similarly, the bioconvective Lewis number 

signifies the ratio of momentum diffusion to microorganism diffusion. Larger values of the 

bioconvective Lewis number suggest lower microorganism diffusivity relative to fluid 

momentum, controlling microorganism transport and consequently reducing their 

concentration near the surface. 

Figure 7(a-c) illustrates the stimulus of  cR versus  M ,    versus   , and  bR  versus 

   on skin friction coefficient  Rec gC . This graph witnesses that the magnitude of skin 

friction is an increasing function of   cR ,   ,   , and   . However, the magnitude of skin 

friction drops gradually against higher values of  M  and  bR .  

Figure 8 (a-b) is plotted to explore the alteration in the local Nusselt number  / Rec cNu  

magnitude under the influence of    vs  rP and  tN versus  bN . This graph clarifies that 

the magnitude of  / Rec cNu shows opposite behavior for all defined variables.  

Figure 9 (a-b) explains the consequences of  rB ,  cR ,  2 , and  M  on the entropy 

production field  GN . A growing response in the magnitude of  GN  is observed against 

all defined variables. 

Figure 10 (a-c) is plotted to determine the effects of  rB ,  cR ,  1 ,  3 ,  2 , and  M  

on Bejan number  Be . The magnitude of the Bejan number is a reducing function of the 

parameters  rB ,  cR ,  1 , and  M . However, for upward values of  3 and  2 , its 

magnitude exhibits a developing trend.  

6. Operational Interpretation and Case Based Recommendation  

From an operational standpoint, the parametric results may be subdivided into different modes 

of working based on the required transport performance. For applications where enhanced 

nanoparticle mass transfer is required (e.g., catalytic surface transport or biothermal 

processing), higher values of the thermophoretic parameter and Lewis number are beneficial 

because they strengthen mass diffusion toward the surface, resulting in a noticeable increase in 
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the Sherwood number. Conversely, if uniform microorganism distribution and bioconvective 

enhancement are desired (e.g., in microbial bioreactors and oxygenation systems), the 

preferable operating regime involves a higher Peclet number and bioconvection Lewis number, 

as chemotaxis-driven transport dominates over diffusive spreading, thereby increasing the 

motile microorganism concentration near the wall. In contrast, an increase in the radius of 

curvature parameter weakens both nanoparticle and microorganism transport, indicating that 

geometries with smaller curvature provide more favorable conditions for combined thermal 

and bioconvective performance. Furthermore, entropy generation increases under stronger 

viscous and magnetic irreversibilities, implying that systems requiring high thermodynamic 

efficiency should be operated at lower Brinkman number and magnetic parameter. These 

operational interpretations connect the individual parametric influences into unified working 

scenarios and provide guidance on how the system may be adjusted according to performance 

demands. 

7. Conclusions 

 

The key objective of this theoretical research is to analyze the significant effects of gyrotactic 

microorganisms and activation energy on the bioconvective flow of an Eyring-Powell 

nanofluid on a curvy stretchable surface. In addition, the roles of thermophoretic and Brownian 

diffusion, along with entropy generation, are thoroughly examined. Numerical solutions are 

obtained for the system of governing flow equations to illustrate the physical behavior of the 

model. 

The primary results of the current study are as follows: 

 Fluid velocity rises with rising values of the Eyring-Powell fluid parameter   , whilst 

it drops for improving values of bioconvection Rayleigh number, mixed convective 

difference parameter, buoyancy fraction variable, Eyring-Powell fluid parameter   , 

and the magnetic parameter. 

 Pressure distribution of liquid depicts a positive trend against higher values of Eyring-

Powell fluid parameters, bioconvection Rayleigh number, mixed convective parameter, 

buoyancy fraction variable, and magnetic parameter. 

 Temperature distribution develops with the growth of the thermophoretic constant, heat 

production parameter, and Brownian motion variable. However, it reduces when the 

parameter of radius of curvature and Prandtl number are mounted.  

 Magnitude of the concentration field grows when the values of the activation energy 

parameter are inclined, and for mounting values of the reaction rate parameter, Lewis 

number, temperature difference parameter, and fitted rate parameter, its magnitude 

shows a contrary response. 



 

15 

 

 Magnitude of the microorganism concentration field shows a contrary response for 

upsurge values of the Peclet number, microorganisms difference parameter, 

bioconvection Lewis number, and radius of curvature parameter. 

 Skin friction coefficient magnitude declines when an increment in bioconvection 

Rayleigh number and magnetic parameter occurs. Whereas for improved values of 

Eyring-Powell fluid parameters, mixed convective difference parameter, and radius of 

curvature, it increases. 

 The Sherwood number is found to increase appreciably with the thermophoretic 

parameter and the Lewis number. For instance, increasing the thermophoretic 

parameter from 0.1 to 0.9 enhanced the Sherwood number by approximately 21%, 

while increasing the Lewis number from 0.5 to 2.5 improved the Sherwood number by 

nearly 23%, indicating stronger nanoparticle mass transfer due to reduced mass 

diffusivity and enhanced thermophoretic transport. In contrast, the radius of curvature 

parameter suppressed nanoparticle transport; increasing the radius of curvature from 

2.0 to 4.5 reduced the Sherwood number by about 6%, demonstrating that the radius of 

curvature parameter weakens concentration gradients along the boundary layer. 

 Entropy production field enhances with upward values of Brinkman number, radius of 

curvature parameter, temperature difference parameter, and magnetic parameter. 

 Magnitude of local Bejan number exhibits a mounting trend with developing values of 

nanoparticles concentration difference parameter and nanoparticles diffusion constant. 

While the Bejan number magnitude reduces with uphill values of the Brinkman number, 

radius of curvature parameter, microorganisms difference parameter, and magnetic 

parameter. 

 An increase in Peclet number from 0.1 to 0.7 resulted in an enhancement in the 

magnitude of Motile number of approximately 42%, while increasing bioconvection 

Lewis number from 0.5 to 3.5 increased the magnitude of Motile number by roughly 

18%, confirming that chemotaxis-driven bioconvective motion dominates diffusion-

driven spreading. Conversely, increasing the radius of curvature parameter weakened 

microorganism transport, where the Motile number decreased by nearly 8% as the 

radius of curvature increased from 2.0 to 4.5. 

The key findings of this novel study provide essential insights for the optimization and design 

of thermal systems involving non-Newtonian nanofluids, particularly in curved stretching 

geometries with microorganism-induced bioconvection and activation energy effects. 

Enhanced nanoparticle transport, heat transfer, and controlled microorganism concentration 

can be applied in bioengineering systems, bioreactors, electronic cooling, polymer extrusion, 

catalytic reactors, and chemical processing units. Future research may extend the model to 

unsteady flows, hybrid nanofluids, ternary hybrid nanofluids, thermal radiation effects, 

variable thermophysical properties, and more complex chemical reactions. Quantitatively, the 

study highlights that nanoparticle concentration rises notably with increasing activation energy, 

while the magnitude of skin friction and entropy generation are strongly influenced by fluid 

parameters, magnetic field strength, and radius of curvature, providing precise benchmarks for 

engineering and industrial applications.   
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Fig. 1: Illustration of flow configuration 

 

Fig. 2: Variations in  g  . 

 

Fig. 3: Variations in  P  . 

 

Fig. 4: Variations in    . 

 

Fig. 5: Variations in    . 

 

Fig. 6: Variations in    . 

 

Fig. 7: Variations in x gRe C . 

 

Fig. 8: Variations in /x xNu Re . 

 

Fig. 9: Variations in   G . 

 

Fig. 10: Variations in  Be . 
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Fig. 4 
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(c) 

Fig. 10 

 

 

Table 1: Comparison of numerical findings of  Re c gC  for divergent values of  cR  by 

keeping 
1 1 1 2= = = = 0               r b r b e t bM = N = R P L P N E = N m

fixed.  

 

cR    Re c gC  

Imran and Naveed 

[4] 

Haq et al. 

[10] 

Kumar et al. 

[15] 

Present 

Results 

5.0  1.15763  --- 1.157631  1.15763  

10  1.07349  --- 1.073489  1.07349  

20  1.03561 1.03562  1.035609  1.03561 

30  1.02353  1.02353  1.023531  1.02353  

40  1.01759  1.01759  1.017587  1.01759  

50  1.01405  1.01405  1.014049  1.01405  

100  1.00704  1.00704  1.007038  1.00704  

200  1.00356  1.00357  1.003564  1.00356  

1000  1.0008  --- 1.000799  1.0008  

 

Table 2: Numerical findings for / Rec cS h by keeping 0.5, = 0.05, = 0.01,rM = N =  

1Γ 0.1b r bR P L       , and =0.3eP fixed.  



 

30 

 

tN  
cR  eL  1  bN  m  2  1E

 / Rec cS h  

0.1  2.0  0.5  0.1  0.2  1.0  0.2  0.1  1.30079  

0.5         1.38833  

0.9         1.57170  

0.1  2.5        1.25695  

 3.5        1.20567  

 4.5        1.17659  

 2.0  1.0       1.36188  

  2.0       1.48396  

  3.0       1.60562  

  0.5  0.5      1.36896  

   1.5      1.53206  

   2.5      1.68577  

   0.1  0.5     1.30052  

    2.0     1.30028  

    3.5     1.30014  

    0.2  1.5    1.30201 

     3.0    1.30622  

     4.5    1.31146  

     1.0  0.5   1.30434  

      2.0   1.32206  

      3.5   1.33971 

      0.2  0.2  1.29935  

       0.6  1.29468  

       1.0  1.29138  

 

Table 3: Numerical findings for / Rec cMn by keeping 0.5, = 0.05, = 0.01,rM = N =  

1 1 2Γ = 0.1, = 0.2         b r t bR P N E = N , and =1.0m fixed.  
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bL  
cR  

  
eP  / Rec cMn  

0.5  2.0  0.1  0.3  1.55173  

2.0     1.69341 

3.5     1.83775  

0.5  2.5    1.49004  

 3.5    1.41816  

 4.5    1.37752  

 2.0  0.2   1.56183  

  0.6   1.60221 

  1.0   1.64260  

  0.1  0.1  1.36640  

   0.4  1.64737  

   0.7  1.94558  

 


