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Abstract 

Boundary layer behaviour in chemically reactive nanoliquid is significantly affected by surface 

conditions, magnetic fields, heat and mas transfer mechanisms. However, the combined impact of Stefan 

blowing and nonlinear Thompson–Troian slip under inclined magnetic fields remains mostly 

unexplored, particularly in mixed convection flows. In this research work, the flow of a chemically 

reactive nanoliquid over a permeable surface is investigated by considering the Troian slip, inclined 

magnetic fields, Stefan blowing, and mixed convection. The Buongiorno nanofluid model is utilized to 

incorporate Brownian motion and thermophoretic diffusion. By similarity transformetions, the 

governed expressions are simplified into ordinary differentials and solved using a hybrid approach, 

such as shooting and an Artificial Neural Network (ANN) technique. The ANN guesses show sturdy pact 

with numerical outcomes, yielding a maximum error of 6.113×10−10 for skin friction, Nusselt, and 

Sherwood numbers. Findings indicate that Stefan blowing decreases fluid velocity while increasing the 

layer of temperature. Brownian motion and thermophoresis significantly enhance thermal and solutal 

profiles, whereas surface slip mitigates these effects. The inclined magnetic field reduces flow velocity 

and skin friction due to the Lorentz force but boosts heat and mass transfer rates. Mixed convection 

enhances momentum exchange at the wall, while the chemical reaction reduces nanoparticle 

concentration. 

 

Keywords: Inclined magnetic field, mixed convection, chemically reactive nanofluid, Thompson-

Torian slip, Stefan blowing, Numerical-ANN 

Approach. 

 

 

INTRODUCTION 

Nanofluids have been raised with recognition as 

a critical-edge mode of working because of their 

greater competences compared with heat transfer of 

conventional base fluids. Solid nanoparticles, 

typically smaller than 100 nm, are distributed into 

base liquids like water, oil, or ethylene glycol to 

form these fluids. Nanofluids are attractive for use 

in solar energy systems, electronic cooling, and 

biomedical thermal applications because of this 

mixture's notable increase in thermal conductivity. 

In order to improve the thermal conductivity of 

traditional heat transfer fluids by dispersing 

nanoscale solid particles, Choi and Eastman [1] 

initially proposed nanofluids. Das et al. [2] later 

demonstrated that verified that temperature and 

nanoparticle properties had a significant impact on 
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thermal enhancement through experimental research. Buongiorno [3] offered a physical foundation for 

nanoparticle transport, identified and studied Brownian motion and thermophoresis as the two main 

mechanisms in convective nanofluid flows. Further research revealed abnormally high thermal 

conductivity in fluids based on nanoparticles [4], and Xuan and Li [5] demonstrated that nanofluids 

greatly enhance convective heat transfer efficiency. Recent research has extended the application of 

nanofluids to intricate boundary layer flow situations, such as multi-phase systems and porous media 

[6–10]. 

Magnetohydrodynamics (MHD) and mixed convection studies significantly impact transport 

processes in electrically conducting fluids. The interplay of Lorentz force and buoyancy effects changes 

velocity and heat transport and the boundary layer structure, and they are used in energy systems, 

materials processing, nanofluid-based biomedical applications, liquid metal cooling, and electronic 

thermal management. For instance, magnetically induced nanofluid flow with wall mass transfer effects 

through a similarity framework was developed by Kandasamy et al. [11]. Their research produces a 

modelling technique for conducting nanofluid boundary layer transport. Later, Yadav et al. [12] 

examined both internal and boundary heat source effects on nano liquids. The impact of magnetic forces 

on heat transfer flow behaviour has been highlighted in recent studies that have addressed MHD 

nanofluid flows under various conditions in the presence of convection [13–18]. The address by Aydin 

and Kaya [19] gives magnetically driven diverse convective flow along a porous vertical surface. Their 

findings revealed that stronger buoyancy and suction escalate the shear stress coefficient, whereas 

blowing reduces it in the presence of these combined effects. The buoyancy-driven flow in magnetically 

controlled porous media under radiative effects and morphology-dependent features, with the help of 

ANN-assisted numerical technique, is investigated by Raza et al. [20]. Recent research has 

demonstrated the effectiveness of intelligent models for forecasting heat and flow behavior by analyzing 

magnetically controlled convection in complex fluid systems using neural network-based techniques 

[21–23]. 

 

Slip boundary conditions and Stefan blowing are particularly significant in micro- and nano-scale 

flows, where the traditional no-slip assumption is inadequate. Thompson and Troian [24] introduced a 

nonlinear slip model that links slip velocity to local shear stress, capturing molecular-scale interactions 

at fluid–solid interfaces. Experiments have confirmed the occurrence of velocity slip at hydrophobic 

surfaces, especially in microchannels is studied by Tretheway and Meinhart [25]. MHD flows with slip 

conditions show complex solution behavior, including multiple branches and altered heat and mass 

transfer characteristics [26-28]. Mohanaphriya and Chakraborty [29] demonstrated that chemical 

interactions and various slip mechanisms significantly influence entropy generation in magnetically 

driven nanofluid flow in the presence of radiative effects, being a crucial factor in thermal irreversibility. 

Nonlinear slip circumstances dramatically alter heat transfer and flow behavior in chemically reactive 

non-Newtonian hybrid nanofluids over curved geometries, as discussed by Algarni [30]. Many 

researchers [31-35] investigated Stefan blowing effects on nanofluid flow and reported that it 

significantly alters the boundary layer development and transport rates. Albaqami [36] expressions that 

ANN works well for solving tricky nonlinear problems related to nanofluid flow. Abdal et al. [37] study 

investigates the magnetohydrodynamic (MHD) pour of a non-Newtonian liquid in excess expanding 

expanse, incorporating properties of warm and mass transport, substance responses, and bioconvection 

owing to motile microorganisms. Shettar et al. [38] offerings an in-depth analysis of how water 

immersion affects the technical possessions of glass fiber–nanoclay–epoxy combinations. Arunachalam 

et al. [39] describes he integration of MWCNTs with jute, kenaf, and glass fibers in a hybrid composite 

matrix significantly improves technical possessions such as flexural concentration and hardness. 

 

Although wide-ranging studies done on nanofluid heat and mass transfer, Stefan blowing and 

Thompson–Troian slip on chemically reactive nanoliquid flow over a permeable surface have not been 

comprehensively investigated within a unified boundary-layer framework. The novelty is summarized 

as follows:  



 

Journal of Polymer & Composites 

Volume 14, Issue 3 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved 411  
 

• A unified boundary-layer formulation is developed for chemically reactive nanoliquid flow over 

a permeable plate by simultaneously incorporating nonlinear Thompson–Troian slip, Stefan 

blowing, mixed convection, and an inclined magnetic field.  

• The analysis explicitly accounts for magnetic field inclination, rather than assuming a purely 

transverse magnetic field, providing a more realistic description of magnetohydrodynamic flow 

control. 

• Nonlinear Thompson–Troian slip conditions are utilized to describe near-wall transport behavior 

that extends beyond traditional no-slip or linear slip models.  

• A combined numerical–Artificial Neural Network (ANN) approach is presented, where precise 

numerical solutions obtained through bvp4c are used to train an ANN for the efficient prediction.  

 

MATHEMATICAL MODEL 

The study examines a steady, two-dimensional boundary-layer flow of a viscous, incompressible, and 

chemically reactive nanofluid over a permeable flat plate. The plate is oriented along the x-axis, while 

the y-axis is perpendicular to the surface, extending into the fluid domain (refer to Fig. 1). The flow is 

restricted to the xy-plane. The physical assumptions and boundary characteristics of the mathematical 

model are outlined as follows: 

• At the plate surface (y=0), a nonlinear Thompson–Troian slip condition is applied to the 

tangential velocity, whereas Stefan blowing/suction regulates the normal velocity. 

• A uniform powered magnetic boundary ( 𝐵0) is applied at an inclination angle𝛼 , generating a 

Lorentz force in the streamwise direction. 

• Mixed convection results from thermal and solutal buoyancy effects. 

• Nanoparticle transport adheres to the Buongiorno model, incorporating Brownian motion and 

thermophoresis. 

 

 
Figure 1. Physical Configuration of Problem 

 

Under these conditions, the governing equations are represented by Eqs. (1)–(4). 
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Using (6)–(8) in the boundary layer Eq. (2), energy Eq. (3) and concentration Eq. (4) the following 

equation are obtained. 
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ANN ANALYSIS 

The Artificial Neural Network (ANN) model, illustrated in the figure, was trained using the 
Levenberg–Marquardt optimization technique. To assess the accuracy of the model, the Mean Squared 
Error (MSE), the Coefficient of Determination (R), and the error rate (ER) were used. Their 
mathematical formulations (i = 1, 2, 1,2, 3,… N) are given as  
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A MATLAB program was created and processed the data using ANN techniques. The dataset for 
training the ANN was extracted from data generated using the shooting method in MATLAB. By using 
input as well as output variables the ANN has been developed. A total of 450 data points were used, out 
of 70% is used for training, 15% each for validation and testing, utilizing the divider and function. 

 
RESULTS AND DISCUSSION 

In this study, the effect of Stefan blowing, Thompson-Troian slip and an inclined magnetic field is 
combined to investigate the flow of chemically reactive nanoliquid across a permeable wall by using 
hybrid computation methods such as bvp4c and ANN approach. Engineering metrics of these profiles 
are depicted in Fig. 2-14.  

 

Fig.2 (a) demonstrates the significant impact of the blowing parameter S  on the velocity profile. 

Increasing S  reduces the velocity field near the surface, reflecting the physical effect of fluid injection. 

Figures 2(b) and 2(c) illustrate the variation of temperature ( ) and concentration ( )  for different 

values of S . Both temperature and concentration increase with higher values of S . Additionally, slip 

impact facilitates better flow motion and heat dissipation compared to no-slip case (δ=β=0). Figures 

3(a) and 3(b) depict the variations of the Brownian motion parameter (Nb) that affect the thermal ( )  

and concentration ( )  fields. A notable rise in fluid temperature is observed with increasing Nb 

values, attributed to improved energy transport caused by the intensified motion and dispersing 
nanoparticles within the fluid. A similar trend is noticed in the case of nanoparticle concentration near 
the wall; this behavior results is noticed in Fig.3(b) from enhanced diffusion, which gives better heat 
and mass transport efficiency. Introducing slip conditions (δ=0.3, β=0.1) slightly reduces both thermal 
and nanoparticle concentration compared to the no-slip case (δ=β=0). 

 
Figures 4(a), 4(b), and 4(c) depict the effects of velocity, temperature, and concentration profiles 

under varying values of the inclination parameter. In Figure 4(a), it is observed that the velocity field 
diminishes as the inclination increases, while the temperature and concentration profiles exhibit the 
opposite trend in Figures 4(b) and 4(c). It is evident that higher inclination angles of the magnetic field 
lead to a thickened momentum boundary layer. Consequently, it can be inferred that an increase in the 
magnetic field inclination parameter results in reduced fluid velocity and elevated fluid temperature and 
concentration within the boundary layer. The results also reveal that slip effects (δ=0.3, β=0.1) reduce 
the velocity, temperature, and concentration values compared to the no-slip case (δ=β=0), highlighting 
the significance of surface conditions in influencing transport phenomena. Figure 5 illustrates the effect 
of the thermophoresis parameter Nt on fluid temperature. Higher values of Nt are linked to an increase 
in fluid temperature. A rise in Nt encourages greater particle accumulation near the surface, which 
reduces the heat transfer rate and raises the temperature within the thermal boundary layer. 
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Figures 6(a), 6(b) and 6 (c) display the fluid velocity profile ( )f   , temperature profile ( )  and 

concentration profile ( )  for different values of thermal buoyancy parameter ( ) with the presence 

and absence of a magnetic field, respectively. In Fig.6(a), it is noticed that ( )f   accelerates for 

growing values of   due to enhanced buoyancy-driven flow, which promotes upward fluid motion. 

However, in the presence of a magnetic field (M=0.5), the opposing Lorentz force suppresses velocity, 

leading to lower shear stress at the wall. While the opposite trend has been observed both ( )  and 

( )  for progressive values of   is noticed in Fig.6(b)-(c), since stronger convective effects enhance 

thermal and species dissipation away from the surface.The effect of the chemical reaction parameter Kr 

on the concentration profile ( )  is illustrated in Figure 7. It is noted that as the chemical reaction 

parameter Kr increases, the concentration profile ( ) decreases. Physically, this occurs because a 

higher Kr accelerates the consumption of reactant species within the boundary layer, resulting in a 

reduced concentration near the surface. Additionally, it is noticed that the species concentration rises on 

enhancing the Lewis number Le. 

 

Figures 8(a), 8(b), and 8(c) illustrate the fluid velocity profile, temperature profile, and concentration 

profile, respectively, for varying values of the Richardson number (Ri) under both slip and no-slip 

conditions. It is observed that the fluid velocity decreases as Ri values increase. Physically, a higher Ri 

indicates stronger buoyancy forces opposing the inertial flow, which leads to a slowdown in fluid 

motion and a reduction in velocity. However, this effect is moderated when slip parameters (δ, β) are 

introduced, which reduces flow resistance at the surface. Conversely, an opposite trend is evident in the 

temperature and concentration profiles with increasing Ri values. In these cases, both temperature and 

concentration are higher under no-slip conditions compared to slip conditions.  

 

Figs. 9(a)-(e) display the ANN model’s performance metric for estimating the engineering parameter 

skin friction in the presence of various values of mixed convection and magnetic fields. In this scenario, 

the ANN model achieves a minimal validation error with an MSE of 6.113e-10 at epoch 913. 

Additionally, it is noted that a high R value close to 1 indicates a strong correlation between the target 

and predicted values. In terms of physics, mixed convection modifies momentum transfer, which affects 

drag, while the magnetic field reduces velocity gradients near the surface, thereby decreasing skin 

friction. Similarly, this model demonstrates excellent validation performance with an MSE of 1.9755e-

09 and 1.0253e-07 at epochs 1000 and 321, respectively. The error histogram shows a close 

concentration of error around zero, which indicates consistent and precise predictions for the Nusselt 

number and Sherwood number in the presence of (M, Ec) and (Kr, s), respectively. Additionally, the 

training state and regression plots illustrate the minimal validation checks and the strong predictive 

ability of the ANN model, as seen in Figs. 10(a)-(e) and 11(a)-(e). 

 

Fig. 12 demonstrates the variation of the skin friction coefficient (Cf) for magnetic field (M) and 

mixed convection parameter (λ). It shows that increasing M leads to a slowdown of Cf, while a reverse 

trend is observed for increasing λ. This is because of the magnetic field's opposing Lorentz force, which 

slows down the fluid and reduces surface drag by reducing velocity gradients close to the surface. On 

the other hand, A rise in λ, indicates the influence of buoyancy and improves momentum transmission, 

which raises surface drag. According to these results, managing the magnetic field and mixed 

convection forces may be essential for applications like heat exchangers and MHD boundary layers, 

where reducing or increasing surface friction is required. Figure 13 illustrates the relationship between 

the Nusselt number (Nu) and the magnetic field (M) as well as the Eckert number (Ec). It shows that 

higher Ec, increases Nu, but decreases Nu for raising values of M. This is because a lower Nusselt 

number indicates that the magnetic field is dampening fluid motion, which lowers the rate of heat 

transfer at the surface. On the other hand, better thermal energy transmission results from a larger Eckert 

number, which enhances heat production through viscous dissipation. The Sherwood number (Sh) 
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varies with the Stefan blowing parameter (S) and the chemical reaction parameter (Kr), as seen in 

Fig.14. It was discovered that the enhanced values of S and Kr both cause Sh to rise. A greater chemical 

reaction parameter increases the concentration gradient, which speeds up mass diffusion and improves 

mass transfer at the surface, leading to a higher Sh. Additionally, by decreasing the thickness of the 

mass boundary layer, the Stefan blowing effect (S), which symbolizes the influence of surface blowing 

or suction on mass transfer, raises Sh. 

 

 
 

 
Figure 2. Effect of slip parameter ss on velocity, temperature, and concentration profiles for δ=0.3 and 

β=0.1. 
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Figure 3. Effect of the Brownian motion parameter (Nb) on temperature and concentration profiles 

under slip and no-slip boundary conditions. 

 
 

 
Figure 4. Effect of inclination angle (α) on velocity, temperature, and concentration profiles under slip 

and no-slip boundary conditions. 
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Figure 5. Effect of thermophoresis (Nt) on temperature and concentration profiles under slip and no-

slip boundary conditions. 

 
 

 
Figure 6. Effect of mixed convection parameter (λ) and magnetic field (M) on velocity, temperature, 

and concentration profiles. 
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Figure 7. Effect of chemical reaction (Kr) and Lewis number (Le) on concentration profile. 
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Figure 8. Effect of Richardson number parameter and magnetic field (M) on velocity, temperature, and 

concentration profiles under slip and no-slip boundary conditions 
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Figure 9. Variation of magnetic field(M) and mixed convection parameter (λ) (a) performance 

(b)Training state (c) Error Histogram (d)regression (e) error analysis for data points via ANN plots. 
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Figure 10. Variation of magnetic field (M) and Eckert number(Ec) against Nusselt number (a) 

performance (b)Training state (c) Error Histogram (d)regression (e) error analysis for data points via 

ANN plots. 
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W 

Figure 11. Variation of chemical reaction parameter (Kr) and Stefan blowing parameter (s) against 

Sherwood number (a) performance (b)Training state (c) Error Histogram (d)regression (e) error analysis 

for data points via ANN plots 

 
Figure 12. Impact of M and λ against Cf (a) surface plot (b) Contour Plot 

 

 
Figure 13. Impact of M and Ec against Nu (a) surface plot (b) Contour Plot 
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Figure 14. Impact of Kr and S against Sh (a) surface plot (b) Contour Plot 

 

CONCLUSIONS 

The hybrid computational analysis of the interaction among momentum, heat, and mass transfer in 

boundary layer flows over a chemically reactive magnetised nanofluid, incorporating Thomson-Troian 

slip and Stefan blowing effects, is presented. The main conclusions are summarised as follows: 

• Stefan blowing considerably reduces fluid velocity but enhances both temperature and 

concentration in the boundary layer. 

• Thompson–Troian slip conditions improve thermal control by reducing skin friction and 

suppressing velocity, temperature, and concentration profiles. At the same time, inclined 

magnetic fields (M) increase temperature and concentration layers while decreasing skin friction 

and velocity through the Lorentz force. 

• Brownian motion (Nb) and thermophoresis (Nt) amplify thermal and solutal transport by 

increasing nanoparticle diffusion close to the surface. 

• Mixed convection (λ) increases momentum transfer, enhancing skin friction and surface drag, 

whereas chemical reaction parameter (Kr) reduces the nanoparticle concentration by increasing 

reactant consumption. 

• ANN modeling confirms the resilience of the model for real-world applications by achieving 

very accurate predictions of skin friction (MSE = 6.113×10⁻¹⁰), Nusselt, and Sherwood numbers. 

 

These results offer important new information for improving MHD boundary layer flows in chemical 

processing, heat exchangers, and industrial cooling. While the strong ANN models provide for accurate 

predictions for system design and performance improvement, the interaction of buoyancy effects, 

magnetic fields, and slip conditions presents potential for precise control of drag, heat, and mass 

transfer. 
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