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The impact of a chemical process on nanofluid flow above a nonlinearly extending surface has been examined. The study also investigates mass 
and heat transfer, which have potential applications in industrial coating processes. Commonly, no-slip conditions are applied at the boundary 
of the flow regime. Instead, we include the velocity- and thermal-slip effects as an added aspect of the investigation when the nanofluid flows 
through a porous medium. The model is constructed using ordinary differential equations and after converted into partial differential equations 
via similarity transformations. A MATLAB program using the Keller-box method is employed to solve the modified equations. A Novel aspect 
of the combined effect of the magnetic field is the permeability parameter, and the chemical reaction was accounted for in the simulation of 
nanofluid flow over a nonlinear stretching surface. The study exhibits how different parameters affect the flow dynamics and flow features of 
nanofluid. It is seen that with an increase in a chemical reaction parameter, the reaction goes ahead at a faster rate, causing the concentration of 
the new product to increase. The research explores the impact of pertinent parameters on the dimensionless profiles of flow velocity, tempera-
ture, and mass concentration. Graphical representations are used to visualize the effects of key physical quantities in this study. The findings 
obtained are confirmed against previously published results.
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1. Introduction

The study of the nonlinear extending sheet is an important as-
pect of boundary layer theory which has practical applications 
in industry and engineering. Nanofluids have been found to 
show superior thermal performance compared to standard 
fluids, making them ideal for use in heat-transfer applications. 
The improved transfer ability of nanofluids can be attributed 
to the nanoparticles’ high surface-area-to-volume ratio. This 
leads to enhanced interaction with the base fluid and more ef-
fective heat transfer. Furthermore, nanofluids show enhanced 
thermal behavior due to convection. Increases in thermal 
stability and specific heat capacity are also important in many 
applications. Nanofluids have these characteristics, making 
them suitable for various applications, including cooling elec-

tronic devices, managing heat transfer in heat exchangers, and 
augmenting the efficiency of solar collectors. By employing the 
homotropy analysis approach, Rashidi et al. [1] examined the 
time-independent flow in two dimensions of magneto hydro-
dynamics (MHD) in a porous medium. Using the Runge-Kut-
ta method, Hady et al. [2] found viscous micro fluid heat 
radiation along a nonlinear expanding surface. An extensive 
array of applications is found in the polymer industry due to 
the flow of nanofluids over a linearly extending or contracting 
sheet. In this connection, Aman et al. [3] analyzed the flow 
above a linearly contracting sheet subjected to a magnetic field. 
Uddin et al. [4] experimented with Newtonian Nano fluid on 
enlarging sheet in two-dimension magneto hydrodynamics 
laminar free convicting flow over a boundary. Makinde and 
Aziz [5] carried out numerical research on flow beneath the 
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boundary of linear shrinking surface of a Nano fluid. R-K numerical 
procedure was used by Hamad et.al [6] to solve viscous flow of Nano 
fluid using similarity transformation. The Keller Box Method was 
used by Ramya et al. [7] to analyses velocity and slip condition on 
magneto hydrodynamic flow above a non-linear contracting sheet 
and the results were shown in tabular and graphical form. Ghazi et 
al. [8] described the size of a cold cylinder that affects the fluid flow 
and heat transfer in a triangular cavity with triangular shape filled 
with hybrid nanofluid, helping to improve cooling for solar panels.  
Goud et al. [9] examined unsteady magneto hydrodynamics flow 
on porous material under the influence of viscous dissipations for 
a non-scattering grey fluid and they noticed that Nano fluid tem-
perature is inversely proportional to parameter of radiation. Jafer et 
al. [10] considered a non-linear expanding surface to find the phe-
nomenon of heat radiation in the nanofluid flow in porous medium 
without Brownian diffusion and thermophoresis. In their research, 
the primary findings include an increase in fluid temperature due to 
Eckert numbers, the heat generation parameter, and the radiation 
parameter. Ahmad et al. [11] found the significance of heat control 
systems, engineering in biomedical, food factories by using multi 
slip magneto hydrodynamics nano fluid flow under bio convection 
effect. Abbas et al. [12] discuss fluid flow with homogeneous and 
heterogeneous reactions. Reddy and Reddy [13] examined magneto 
hydrodynamics flow above a horizontal shape of parabola with the 
impact of thermal radiations. Janke et al. [14] proved an analysis 
of nanofluid flow, considering the presence of dust particles that 
show a non-uniform heat effect, affecting both heat and momentum 
transfer. Khan et al. [15] discussed numerical survey of absorp-
tion of heat transfer and joule heating dissipation in a Nano fluid. 
Makkar and Batra [16] numerically investigated nanofluid flow in 
the presence of buoyancy forces in three-dimensional exponential 
shrinking sheet. Geetha [17] demonstrated the effects of suction and 
Stefan blowing of non-Newtonian nanofluid flows over an unstable 
stretched surface. Parida et al. [18] discussed mass transfer and heat 
convection past a flat heated plate considering thermophoresis par-
ticle deposition and slip conditions. The study proves that fluid char-
acteristics are variable and that radiation is nonlinear. Hybrid ferro 
fluid flow above exponential stretching surface moving towards a 
stagnation point region analyzed by Anuar et al. [19]. Sadighi et.al. 
[20] explored the magneto hydrodynamics Nano fluid flow above 
a porous extending sheet with some inclination. An exact solution 
to the problem was also found in terms of the confluent hypergeo-
metric function. Magneto hydrodynamic Sisko nano fluid flow with 
chemical reaction past a non-linearly stretching sheet was analyzed 
by Prasannakumara et.al. [21]. Transient nano fluid flow squeezing 
process involving aluminum oxide nano particles was investigated 
by Tlili et. al [22]. Application of neural network on heat transfer 
enhancement of magneto hydrodynamics nano fluid based on a new 
type of NN known as the group method of data handling (GMDH) 
was studied by Gerdroodbary et. al. [23]. Manh et. al. [24] reported 
influence of variable magnetic field on the flow pattern of nanofluid 
flow on a backward facing step. Again, Manh et. al. [25] solved mag-
neto hydrodynamics nano fluid flow in non- parallel plates. Sedki 
[26] analyzed combined effect of thermal radiation and chemical 

reaction of mixed convection magneto hydrodynamics nano fluid 
flow passing over a non-linearly stretching sheet unsteady nature 
of magnetized nano fluid flow over a permeable stretching sheet 
was examined by Humance et. al. Ferro fluid flow in a screw tube 
with thermal performance was analyzed by Gerdrodbary et. al. [28]. 
Reddy et. al. [29] numerically investigated significance of radiation 
and chemical reaction for a magneto hydrodynamics nano fluid 
over a permeable linearly extending surface. Magneto hydrody-
namic Jeffrey’s nano fluid with velocity slip and thermal jump was 
investigated by Karishna et. al. [30] numerical investigation of flow 
dynamics of non-Newtonian tangent hyperbolic nano fluid above a 
non-linearly stretching sheet was carried out by Abbas et. al. [31].  
The nanofluid flow and heat transfer over a nonlinearly stretching 
sheet with a variable magnetic field in a permeable medium have 
yielded significant applications in current fluid dynamics research 
owing to their many uses. However, no investigation has addressed 
the synergistic effect of variable magnetohydrodynamic, chemically 
reacting nanofluid flow over a nonlinearly stretched sheet in a po-
rous medium. Therefore, the aim of this paper is to expand upon the 
findings of Ramya [7]. Nanofluid concentration is evaluated based 
on the motion of small particles in the fluid. The investigation also 
neglected the effects of suction or blowing. The research aims to 
investigate wall-slip flow and heat transfer of the nanofluid. The fi-
nite-difference-based Keller-box method has been applied to obtain 
numerical solutions to the problem. The main finding obtained here 
is physically interpreted in this paper. 

2. Mathematical model

Electrical conducting two-dimensional flow of viscous laminar 
steady incompressible Nano fluid across a surface undergoing 
non-linear expansion with a velocity  from a fixed origin is con-
sidered in this study. The flow occurs only in the upper parts of the 
plate .  Surface stretching begins at the origin. The stretching force 
induces flow along the x-axis see Figure 1). The sheet temperature 
and the nanoparticle fractions of the stretched sheet are treated as 
constants. Similarly, ambient temperature and nanoparticle fraction 
are treated as constants. The momentum equation accounts for the 
effects of a permeable medium and the slip conditions at the wall. 
Chemical reaction effects contribute to mass transfer phenomena. 

Figure 1. Flow configuration
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The transport model of nano fluid is based on the following assump-
tions.

i.	 The fluid is incompressible. (constant)
ii.	 External forces are treated negligible.
iii.	 The volume fraction is less than one.
iv.	 Base fluid and nano fluid are locally in thermal equi-

librium.

The equations (1)-(4) being the mathematical formulation of Nano 
fluid problem are 
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Using equations (5), (6) and (11), equations (2-4) reduce to 
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The parameters evolved are described below.
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The quantities of importance equations (12)-(14) in this analysis are 
specified as 
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Where Re u xx
w= o  (Local Reynolds number). 

3. Method

The closed-form solutions to equations (7)-(9) are infeasible due 
to the nonlinear nature of the equations. Therefore, the results are 
obtained numerically by employing Keller-box scheme subject to 
boundary conditions (10). A few key steps related to the scheme 
are described below (Figure 2). Although the Keller box method 
requires slightly more arithmetic compared with other methods, it 
has the following advantages.

1.	 Its accuracy is second order finite difference method 
with arbitrary spacing in x and y.

2.	 x can vary very rapidly
3.	 Many coupled equations can be solved by this method 

because it yields a block-tridiagonal system that is sta-
ble, correct, and easy to solve.
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Figure 2. Keller Box Scheme

Transforming higher order nonlinear ODEs into linear 1st order dif-
ferential equations through assumptions.
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Nonlinear equations undergo linearization via Newton’s methods, 
transforming them into a specific form using equations (16)-(19).
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Using MATLAB, block elimination technique solves linear equation 
system equations (20)-(26) for the values of equations (27)-(30) 
through systematic elimination processes.

4. Validation of problem formulation

As said above, we use the Keller–Box scheme to obtain the solution 
of the nonlinear ordinary differential equations (7)– (9) and (10). 
The step size is pertinent to this investigation. The error tolerance  
is sufficient to conduct numerical simulation. The parameter values 
used for calculations are  Pr = 6.8, Ec = 0.1, n=1, λ = 0.1, Le = 5, M 
= 1, Nt = 0.3, Nb = 0.3, δ = 0.1, Kp = 0.5, K1 = 0.1.To evaluate the 
reliability and precision of the employed numerical approach, the 
values of Pr ,Ec ,n, λ, Le, M, Nt, Nb, δ , Kp , K1 are chosen to analyses 
our findings with that of Ramya et al. [7] . The physical quantities 
for this flow analysis are the Cf,Nux and Shx, and are calculated and 
depicted through graphs. To confirm confirmed mathematical for-
mulation, the skin friction results (Table-1) obtained from Hamad 



1877Behera, et al.

et.al [6] and Ramya et.al [7] relates to the present results. The pres-
ent results confirm our formulation and application of numerical 
simulation against existing literature. 

Table 1. Skin friction constants for different values of Le = 1, Ec = 
0.1, Pr = 6.8, Kp= M = λ = δ = Nb = K1 =Nt = 0

N Present study Hamad et al. [6] Ramya et al. [7]

0 0.6285 0.6283 0.6283

0.2 0.7677 0.7674 0.7675

0.5 0.8905 0.8901 0.8901

1.0 1.0005 1.0004 1.0005

3.0 1.1494 1.1489 1.1490

10 1.2356 1.2352 1.2352

20 1.2579 1.2577 1.2578

5. Result

Figure 3 to Figure 5 provide insights into the presence of magnetic 
parameter (M) on the flow, thermal, and concentration distribution 
of the nanofluid. Specifically, Figure 3 illustrates how M influences 
the movement of the nanofluid. It is found that nanofluid’s velocity 
decreases for large values of M. This decrease can be attributed to 
the Lorentz force experienced by charged nanoparticles moving 
through a magnetic field, effectively acting as a drag force. Figure. 4 
illustrates how the temperature distribution is influenced by param-
eter M. As the magnetic field values increase, the thermal field also 
rises. These phenomena can be clarified by considering the impact 
of the Lorentz force from the transverse magnetic field, which has a 
significant effect on the relaxation of fluid temperature and velocity 
distributions. 
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Figure 3. Velocity distribution for M
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Figure 4. Temperature variation for M
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Figure 5. Concentration distribution for different M

Figure 5 shows the concentration profile. The data clearly show a 
continuous rise in concentration as the values of M increase. This 
effect is caused by the progressive increase in the thickness of the 
concentration profiles due to the application of a magnetic field. 
Overall, the Figure shows how M plays a vital role in shaping the 
flow velocity, thermal distribution, and mass distribution of the 
nanofluid.

Figures 6-8 present the impact of [velocity slip parameter] on the 
flow of velocity profiles. In Figure 6, increments allow a reduction in 
the velocity profile of the nanofluid owing to stronger coupling and 
increased drag force.
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Figure 6. Dependence of velocity on λ
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Figure 7. Variation of temperature on 
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Figure 8. Concentration dependence on λ

However, contrasting results are seen in Figures 7 and 8 for the ther-
mal and mass distributions of the nanofluid. In these Figure, this 
leads to an opposite effect, causing an increase in both temperature 
and concentration distributions. The impact of the thermal slip 
parameter  on the temperature and concentration distributions is 
shown in Figures 9 and 10, respectively. Figure 9 shows that as the 
parameter increases, the temperature of the nanofluid decreases. 
Interestingly, even a small amount of heat supplied to the fluid re-
duces the thermal boundary layer thickness as the parameter values 
increase. In Figure 10, it is shown that it shows a noticeable decrease 
as the parameter increases.

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
  = 0.1

   = 0.5

   = 3

   = 5

Figure 9. Dependence of temperature on δ
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Figure 10. Concentration variation for 

The role of  on all profiles is shown in Figures 11-13. The significance 
of permeable parameters (Kp) on the flow velocity profile is conveyed 
in Figure 11. An increment in implies a more concentration of solid 
nanoparticles dispersed in the base fluid, leading to elevated viscos-
ity and decreased Nano fluid velocity. Figures 12 and 13 display the 
impact of on both temperature and concentrations profiles. Tem-
perature and concentration are also increased when  rises because it 
increases the medium’s porosity and strengthens the viscous forces.
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Figure 11. Dependence of velocity on δ
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Figure 12. Dependence of temperature for Kp
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Figure 13. Variation of concentration for Kp
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Figure 14. Dependence of velocity on K1

The influence of [chemical reaction parameter] on all profiles is 
shown in Figures 14–16. Enhancement of chemical reaction param-
eters imply a decrease in fluid velocity (Figure 14). This illustrates 
that the rate of any chemical reaction depends on temperature, 
pressure, concentration, surface area, etc. Figure 15 reveals that the 
thermal boundary layer of the nanofluid decreases with an increase 
in the chemical reaction parameter. Physically, a higher chemical 
reaction rate implies faster molecular motion and thus reduces the 
temperature.
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Figure 15. Variation of temperature for K1
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Figure 16. Variation of concentration for K1

 Figure 16 illustrates the effect of the chemical reaction parameter on 
the mass distribution profile for several values of the parameter. The 
dimensionless concentration equals unity at the wall and approach-
es zero far from the sheet. When Cw > C∞ there is a rapid drop off 
concentration for lower values of  as portrayed in the curve. When 
stronger, the concentration of nanofluid near the wall exceeds the 
wall concentration and then drops to zero far from the sheet. The 
chemical reaction goes ahead in the forward direction, showing the 
formation of a product. The faster the chemical reaction, the larger 
the thickness of the boundary layer.

The role of the factor in the thermal and mass distribution profiles 
is discussed in Figures 17 and 18. Figure 17 shows that an increase 
in value corresponds to a gradual increase in temperature. This 
phenomenon occurs due to a decrease in the rate of heat transfer 
near the surface of the stretched sheet. Figure 18 shows that, as the 
concentration values increase, they first decrease and then increase. 
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Figure 17. Temperature dependence on Ec
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Figure 18. Concentration dependence on Ec

Figure 19 and Figure 20 display the impact on  the temperature and 
mass distribution profiles. An increased  denotes (Figure 19) a great-
er thermophoretic impact resulting from nanoparticles in the nano-
fluid shifting toward higher temperatures. This causes a build-up of 
the nanoparticles in the vicinity of the heated non-linear expand-
ing surface, resulting in an increase in the nanofluid temperature. 
However, Figure 20 shows that the nanoparticle concentration in the 
nanofluid increases as nanoparticles migrate towards regions with 
higher temperatures. Because of thermophoretic forces, nanoparti-
cles tend to concentrate in regions of higher temperature. At higher  
values, the concentration sharply rises above the wall value and then 
rapidly drops to zero in the ambient environment. 
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Figure 19. Temperature profile for change of Nt 
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Figure 20. Dependence of concentration on Nt
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Figure 21. Dependence of concentration on Nb

Figures 21 and 22 display the impact of  [Brownian parameter] on 
both temperature and concentration profiles.  The effect of nano-
fluid temperature is shown in Figure 21. When  is increased, the 
temperature of the nanofluid increases. This is since rise in diffu-
sion  parameter refers to an increase in  Brownian motion, which 
improves particles dispersion and combining in the fluid, however 
changing the value of Nb does not result in any noticeable changes 
on the concentration distribution as seen in Figure 22, 
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Figure 22. Dependence of temperature on Nb
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Figure 23. Distribution of velocity with respect to Pr 
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Figure 24. Dependence of temperature on Pr 

The impact on all profiles is shown in Figures 23 through 25. In  
Figure 23, an increase is followed by a decrease in velocity. The role 
of temperature distribution is depicted in Figure 24. The increase 
in Pr in this Figure indicates that convective heat transfer induced 
by fluid flow now predominates overheat conduction. Consequently, 
convective heat transfer exceeds conduction, and the temperature of 
the nanofluid decreases. In Figure 25, an increase in Pr causes the 
concentration to rise.
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Figure 25. Variation of concentration for Pr
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Figure 26. Dependence of temperature on n
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Figure 27. Concentration dependence on n

The role of  on thermal and concentration profile is drawn in Fig-
ure 26 and Figure 27. The temperature drops in Figure 26 as the 
values of rises, while the concentration profile in Figure 27 shows 
the opposite trend. Figure. 28 and Figure 29 prove how  affects the 
temperature and concentration distribution. In Figure 28, as   in-
creases, the temperature rises, while the concentration profile shows 
the opposite effect, as depicted in Figure 29. 
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Figure 28. Temperature dependence on Le
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Figure 29. Concentration on variation of Le
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Figure 33. Dependence of  Shx on K1 against Nb

The influence of Kp on skin friction against  is shown in Figure.30. In-
creasing the value of Kp enhances the skin-friction coefficients. This 
is credited to the intensified relationship among the magnetic field 
and the fluid due to the enhanced Kp, so increasing the width of the 
boundary layer. Ultimately, this results in an increased skin-friction 
coefficients with respect to the magnetic parameters. The impact of 
on Nusselt number against the thermal slip parameter  is depicted in 
Figure.31. As  is increased, the Nusselt number decreases.

The impact of  on Nusselt number against  is plotted in Figure.32.  
When we increase the value of then the coefficients of heat transfer 
diminish due to a higher values (> 5). Thus, fluid motion is favored 
due to thermal diffusions for heat transfer. Moreover, a high value 
shows that fluid motion due to conduction is preferred than heat 
transmission. When the Eckert number  refers to the work done 
against viscous-fluid-forces. Kinetic energy is transformed into 
internal energy. Consequently, raising leading to enhancement in 
temperature distribution of the fluid. The influence of  on Sherwood 
number against  is depicted in Figure 33. The value of the Brownian 
motion enhances the Sherwood number as  increases.

6. Discussion

The present study is entirely theoretical and depends on numerical 
simulations, with no experimental work. The prescribed boundary 
conditions, such as slip-wall temperature and sheet velocity, accu-
rately reflect the dynamic nature of industrial coating processes, 
in which fluctuations in sheet motion and heating are common. 
Additionally, in actual industrial environments, electromagnetic 
fields can vary both spatially and temporally, potentially altering the 
flow behavior in ways not captured by the model. The adoption of 
a single-phase nanofluid model further simplifies the problem, po-
tentially overlooking key microscale phenomena such as nanopar-
ticle slip and thermophoresis. These interactions can significantly 
influence heat and mass transfer but are not adequately addressed 
in the current framework. The combination of nanoparticles and 
base fluid may not interact favorably with the substrate, potentially 
leading to issues such as poor adhesion, clogging, or surface deg-
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radation. Achieving consistent coating thickness and uniformity is 
particularly challenging to model in a dynamic industrial setting. 
Moreover, the implementation of nanofluid-based magnetohydro-
dynamic coating systems requires high-precision equipment, which 
can be costly. The study does not account for the economic viability 
or energy demands associated with deploying such advanced tech-
nologies in real-world applications.

7. Conclusion

The impact of several physical quantities on the flow of nanofluid 
above a nonlinearly extending sheet has been analyzed, and physical 
interpretations have been drawn from the graphs. The results are 
summarized below.

•	 Velocity shows a declining trend with the enhancement in 
K1, M, Kp, λ,and Pr.

•	 The thermal behavior of the Nano fluid exhibit increasing 
trend for the values of M, Nt, Nb, Ec, Le, λ and opposite 
trend in respect of; Kp,Pr, δandn.

•	 Concentration profile shows rising trend with respect to 
M, K1, δ,Kp,, λ, Nt and Kp, and reverse trend for higher 
values of Nb, Le.

•	 The concentration distribution falls rapidly from a maxi-
mum value to zero in the ambient medium at lower values 
of the chemical reaction parameter. However, the con-
centration exceeds the value at the wall near the sheet for 
higher values of the chemical reaction parameter and then 
falls to zero away from the surface. 

•	 Permeability parameter Kp , enhances skin friction.
•	 Heat transfer coefficient is inversely related to K1 and Ec.
•	 Increase in mass transfer due to Brownian diffusion.
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List of abbreviations 
(u, v)		  Nano fluid velocities
uw		  Wall velocity 
B(x)		  Varying magnetic field
K*p (x)		  Permeability
Tw		  Wall temperature 
(pc)p		  Specific heat 
cfx		  Skin-friction 
Shx		  Sherwood number
n		  Nonlinear Extending parameter
N1		  Velocity slip factor 
D1:		  Thermal slip factor
α		  Thermal diffusivity
ν		  Kinematic viscosity
K1		  chemical reaction parameter
Ec		  Eckert number
Kp		  Porosity parameter
f		  Dimensionless stream function
Pr		  Prandtl number

Subscripts 
f		  Fluid 
w		  Wall 
m		  Surface thermal parameter
δ ,λ		  Thermal and velocity slip parameter
ρ		  Density of fluid
μ		  Viscosity related to the fluid
(pc)pf		  Fluid Specific heat 
T		  Fluid temperature
Nux		  Nusselt number
T∞		  Ambient particle temperature
σ		  Electrical conductivity 
Cw		  Nanoparticle concentration 
C∞		  Ambient nanoparticle concentration
Nt:		  Thermophoresis parameter
M		  Magnetic parameter
ϕ		  Dimensionless concentration
Le		   Lewis number
Nb		  Brownian parameter 
θ		  Dimensionless temperature
η		  Dimensionless similarity variable
P		  Particle
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