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Abstract: This research investigates the entropy generation and chemical reaction characteristics in the 
flow of nanofluids over a non-linear stretched surface. Nanofluids, composed of nanoparticles suspended 
in a base fluid, exhibit enhanced thermophysical properties and are gaining widespread interest in heat 
transfer applications. The study focuses on the effects of various physical factors, including velocity and 
temperature gradients, on entropy generation, along with the influence of chemical reactions on the flow 
dynamics. The governing partial differential equations (PDEs) are transformed into a set of ordinary 
differential equations (ODEs) using similarity transformations. A numerical solution is obtained using the 
shooting method along with the Runge-Kutta scheme. The results provide insights into the effects of 
nanoparticles, stretching parameters, chemical reactions, and entropy generation on the thermal 
performance and efficiency of the nanofluid flow. 
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I.  INTRODUCTION 
Flow behavior over stretching surfaces has attracted many authors due to its wide area of industrial and manufacturing 
applications like artificial fibers, manufacturing of metallic sheets, petroleum industries, metal spinning, polymer 
processing etc. The flow caused by the stretching surface was initially investigated by Crane [1]. After that, Gupta and 
Gupta [2] and Dutta et al. [3] gained new heights of Crane [1] work by comprising the analysis of mass and heat 
transportation using many different aspects. Yoon et al. [4] reported the comparison between theoretical and experimental 
results by considering a thin metal stretching sheet. Vajravelu and Rollins [5] investigated the heat transfer behavior in 
viscoelastic fluid over a stretching sheet. The nanofluid also comes in existence when we add a small quantity of nano-
sized particles which are also called ultrafine particles to the base fluid. Recently, study of nanofluid has much more 
importance due to its uses, properties and applications in different research areas. Choi and Eastman [6] introduced the 
concept of nanofluid. The main characteristic of nanofluid is to increase the thermal conductivity of base fluid [7]. 
    In recent years, MHD flow has gained attention due to its controllable heat transfer rate and great utilizations in various 
industrial areas and manufacturing processes. Hayat et al. [8] studied the impact of MHD on heat and flow transportation 
over stretching surfaces. On stretching surfaces, a stagnation point micropolar MHD nanofluid flow was numerically 
investigated by Anwar et al. [9]. After that Shawky et al. [10] studied Williamson nanofluid towards a stretching sheet 
and he reported that the increment in non-Newtonian parameter increases both the Skin friction coefficient as well as the 
rate of heat transfer. Vajravelu and Cannon [11] investigated the fluid flow characteristics on non-linear stretching sheet. 
Also, a mixed convection magnetohydrodynamic nanofluid flow along with entropy analysis on a non-linear stretching 
sheet has been represented by Matin et al. [12]. Das [13] studied the partial slip effect on nanofluid past a permeable non-
linearly stretching sheet. Powell-Eyring MHD nanofluid flow having variable thickness past a non-linear stretched 
surface was interpreted by Hayat et al. [14]. Jain and Choudhary [15] examined the influence of Soret and Dufour 
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numbers with MHD flow in presence of chemical reactions. Siddheshwar and Mahabaleshwar [16] studied the problem 
of heat and flow transportation on non-linear stretching sheet with suction/injection. 
Furthermore, the non-linear effect over stretching surfaces under different physical circumstances has also been examined 
by researchers in [17]-[26]. No study has been done so far to analyze the combined effect of outer velocity with non-
linear stretching in a Casson nanofluid. In present study, we analyzed the combined effect of outer velocity with non-
linear stretching sheet in a MHD Casson nanofluid. In this analysis, we observe that an inverted boundary layer is formed 
in velocity profiles when we take the outer velocity parameter greater than one. Also, outer velocity has a great impact 
on the rate of heat transportation and nanoparticle concentration. The outcomes of Current study reveals that as non-
linearity in the stretching sheet increases, velocity decreases for outer velocity less than one and increases for outer 
velocity greater than one. 
 

II. MATERIALS AND METHODS 
2-D incompressible boundary layer flow with nanofluid towards a non-linear stretching sheet has been considered. This 
non-linear behavior produces a flow and sheet is stretched with stretching velocity 𝒖𝒘 = 𝒂𝒙𝑵, where 𝒂, 𝒙 and 𝑵 denotes 
a constant, stretching surface coordinate and non-linear stretching parameter respectively. Figure 1 depicts the physical 
model of the present problem. In this physical configuration system, 𝑻𝒘, 𝑪𝒘, 𝑻ஶ and 𝑪ஶ represents temperature at the 
sheet, nanoparticle volume fraction at surface, ambient temperature attained and ambient nanoparticle volume fraction 
serially. The induced magnetic field is very small comparative to apply magnetic field so is neglected. The basic 
governing equations for nanofluid in terms of Cartesian coordinates are described as:  
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Initial boundary conditions are given as: 

  𝑢௪ = 𝑎𝑥ே, 𝑣 = 0,   𝑇 = 𝑇௪ ,   𝐶 = 𝐶௪  𝑎𝑡 𝑦 = 0       
𝑢 → 0,     𝐶 → 𝐶ஶ, 𝑇 → 𝑇ஶ 𝑎𝑠 𝑦 → ∞    

                (5) 

 
 
Here vertical and horizontal velocities are represented by 𝑣 and 𝑢, respectively. Also 𝜈, 𝜎, 𝐵, 𝜌௙, U denotes the kinematic 

viscosity, velocity slip parameter, magnetic field intensity, density of base fluid, outer velocity, 𝛼௠ =
௞೘

(ఘ௖)೑
 is the thermal 

diffusivity, 𝑎 is a positive constant, 𝜏 =
(ఘ௖)೛

(ఘ௖)೑
 defines a proportion of heat capacities of nanofluid to base fluid, 𝜌௣ is 

density of particles, 𝐷்  is thermophoretic diffusion coefficient and 𝐷஻  is Brownian diffusion coefficient. 
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Figure 1:  Physical model of problem 
 
Equations (1) to (4) with boundary conditions (5) are transformed using similarity variables  
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Substituting equation (6) into equations (2) to (4), we have 
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The transformed boundary conditions are 

𝑓(0) = 0, 𝑓ᇱ(0) = 1, 𝜃(0) = 1, 𝜙(0) = 1

𝑓′(∞) = 0, 𝜃(∞) = 0, 𝜙(∞) = 0
ൠ                                                                                   (10) 

where ( )ᇱ denotes derivative w.r.t 𝜂. Here  𝑁𝑡, 𝑁𝑏, 𝐿𝑒 and 𝑃𝑟 represents the thermophoresis parameter, Brownian motion 
parameter, Lewis number and Prandtl number respectively and these fluid parameters are given by: 
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Also, local Sherwood number and local Nusselt number are respectively defined as: 
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where 𝑞௠ and 𝑞௪ are mass flux and heat flux at the stretching surface serially 
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The volumetric rate of entropy generation is  
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The first term indicates the entropy generation due to heat transfer across a finite temperature difference, A dimensionless 
number for entropy generation rate 𝑁ௌ is defined as the ratio of the local volumetric entropy generation rate 𝑆ீ  to a 
characteristic entropy generation rate (𝑆ீ)଴. 
For a prescribed boundary condition the characteristic entropy generation rate is 
 

(𝑆ீ)଴ =
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𝑥ଶ𝑇ஶ
ଶ 

Hence, the entropy generation number is 
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𝑆ீ  
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Using Above equations, it can be expressed as 

𝑁ௌ = ൫𝜃′(0)൯
ଶ
 

 
Numerical procedure  
The system of non-linear differential equations (7)-(9) are not solved analytically due to extremely non-linear behaviour. 
To solve this system of non-linear differential equations (7)-(9) together with boundary conditions (10), we adopt Runge 
Kutta Fehlberg approach (numerical procedure) with shooting technique.  
The above system of differential equations is solved using shooting technique with RKF method. Figure 2 display the 
flow chart of numerical procedure adopted above. 

 
Figure 2:  Flow chart of Numerical procedure 
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III. RESULTS AND DISCUSSION 

In current study, non-linear differential equations (7)-(9) with boundary conditions (10) are computed numerically.  

 
Figure 3: Temperature profile for various 𝑁 

Figure 3 depicts the variation in temperature profiles for different values of the non-linear parameter 𝑁. It is evident from 
the figure that an increase in 𝑁 leads to a corresponding increase in the fluid temperature throughout the boundary layer. 
This behaviour can be physically interpreted by considering the effect of non-linear stretching on the thermal boundary 
layer. As 𝑁 increases, the stretching rate of the surface becomes more intense in a non-linear fashion. This enhanced 
stretching action generates additional frictional heating due to increased shear forces within the fluid, which contributes 
to a rise in the local fluid temperature, especially near the wall region. 

 
Figure 4: Concentration profile for various 𝐿𝑒 

Figure 4 illustrates the effect of the Lewis number 𝐿𝑒 on the concentration profiles within the boundary layer. From the 
figure, it is evident that as the Lewis number increases, the concentration of the fluid decreases throughout the 
concentration boundary layer. With increasing 𝐿𝑒, the ability of species to diffuse away from the surface diminishes. This 
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leads to a thinner concentration boundary layer and a more rapid decay of concentration away from the surface. 
Consequently, the concentration profiles within the boundary layer decrease more sharply with increasing 𝐿𝑒. 
 

IV. CONCLUSION 
This study represents influence of outer velocity with mass and heat transportation on Casson nanofluid past a nonlinear 
stretching sheet 

 Temperature increases with increase in N. 
 Concentration decreases with increase in Le. 

Present study finds great application in insulation of wires, manufacturing of tetra packs (e.g. water packs, milk packs, 
juice packs, etc.), production of glass fibers, fabrication of various polymers and plastic packs, rubber sheets etc. The 
quality of desired product depends on the external magnetic field, rate of stretching and composition of material used. 
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