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Abstract 

The current study intends to analyse the magnetohydrodynamics boundary layer flow of a water-based nanofluid of Silver, 

Copper and Ferrous Ferric Oxide nanoparticles over a Permeable inclined stretched sheet in a porous media. A similarity 

transformation is utilized to convert the governing partial differential equations into non-dimensional, non-linear ordinary 
differential equations. The Keller box finite difference implicit approach is then applied to solve these nonlinear equations 

numerically. The impacts of several parameters, namely, inclination parameter, magnetic parameter, Soret Number ,  Eckert 

number and nano particles volume fractionon velocity, temperature and nanoparticle concentration are explored. 

 

Keywords- Magnetohydrodynamics, Nanofluid, Stretching sheet, Porous medium. 

 

 
 

1. Introduction 

Due to the wide range of technological and commercial applications, magneto hydro dynamic (MHD) 
fluid analysis has been the topic of many study projects in the last few decades. In the food engineering, 
production of petroleum, electricity engineering, polymer solutions and polymer melting industries, MHD 
boundary layer flow and heat transmission are particularly important. Many constitutive equations have 
been proposed for magnetohydrodynamic fluids to explain their behaviour in porous media. The 
application of these nonlinear approaches to mathematical models has become increasingly complex. 
Mathematics, physics, numerical simulation and modelling scientists are facing fascinating difficulties in 
attempting to develop analytical or numerical answers. A significant number of academics have been 
interested in the modelling of nonlinear magnetohydrodynamic fluids in porous media. The present 
research has used the Keller box finite difference implicit model to solve the non-linear equations 
numerically. 
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With the availability of a high magnetic field, heat transfer is crucial in a range of applications, including 
nanotechnology processing, nuclear liquid metal systems and blood flow regulation, among others. Khan 
et al. (2016) evaluated the influence of multi-layer viscous fluid flow in divergent and convergent 
channels. The impact of ion slip and hall currents on high magnetic fields has become increasingly 
important. The joule heating effects produced by electrical flow heating the electrically conducting fluid 
are also considerable. The research of hydromagnetic convection flows with comparable effects requires a 
lot of time and effort. Researchers Rao and Mittal (1981) have been utilising the Runge-Kutta technique 
in a magnetohydrodynamic generator setup to study the incompressible hydromagnetic boundary layer. 
The advent of nanofluids has marked significant new developments in the area of thermo-fluid mechanics 
in recent years. Govardhan et al. (2020) explored the nanofluid’s flow via a stretched surface, 
emphasizing the significance of magnetic field effects on fluid flow features along with the consideration 
of viscous dissipation. Barletta (1998) states that these fluids are suspensions made up of metallic 
particles of nanoscale size that are selectively used in conventional fluids in order to obtain much higher 
thermal characteristics. They explained that if the force of the electromagnetic body is high in the 
processing of MHD generators, the diffusion rate of ions may be ignored. When the study includes both 
the electron and the ion velocity, ion-lip phenomena are seen, and Ohm's law must be amended 
appropriately. In addition to the Hall currents, Reddy et al. (2020) were among the first to investigate the 
impact of the ion-lip in hydromagnetic heat transfer. They demonstrated that the flow may become 
unstable if the magnetic field parameters are minimal or when the ion-slip and Hall current parameters are 
large. Norouzi et al. (2013) observed a reversal flow in the existence of strong ion-slip and Hall effects. 
Strong ion slip has been found to increase temperatures, whereas increasing the Hall parameter reduces 
temperatures. The Nusselt number grew substantially as the magnetic parameter ascended, but it first 
increased and then decreased when the ion-lip parameter increased, suggesting that the Nusselt number 
significantly increased as the magnetic parameter increased. Takhar and Jha (1998) and Elshehawey et al. 
(2004) carried out additional research into the interplay between Hall and ion-slip current in heat transfer 
magnetohydrodynamic flows. Many researches and tests were also conducted in the utilisation of electric 
heating joule in MHD heat transfer systems. Javeri (1975) have released a research paper describing one 
of the earliest hydromagnetic heat transfer experiments using Joule heating. In the area of thermal input, 
they examined the impact of Joule heating on the hydromagnetic heat transfer of the laminar parallel 
channel in a parallel channel arrangement. Amongst other variables, we looked at situations in which the 
heat flow of the wall was uniform. Aissa and Mohammadein (2005) carried out a new study utilising their 
results on the effect of Joule's heating. Duwairi (2005) used an electrothermal modelling code for the 
network and reported results from additional research utilising Joule heating. 
 
For the functioning of many chemical engineering and material processing systems, material porosity is 
essential. Cleaning systems and filtering systems all utilise porosity in certain ways. The Darcian model 
was used to investigate the majority of convection fluxes in porous media. While the model is exact at 
extremely low Reynolds, it does not reflect inertial effects at higher Reynolds. This is the reason why 
engineers have developed the Forchheimer-extended Darcian model, which can be readily utilised in 
calculations of boundary layer heat transport and enables the integration of drag force effects in second 
order. Chen and Ho (1986) have provided excellent research on Darcy-Forchheimer convection through 
porous media. Internal friction in viscous fluids may cause temperature fields to change, leading to a 
variety of industries and geophysics, including viscous dissipation effects. Many researches have been 
performed in both natural and forced convection thermal transmission systems to evaluate the impact of 
viscous heat on heat transmission. Gebhart and Mollendorf (1969) and Pop and Soundalgekar (1974) have 
investigated the Hall current on hydro-magnetic flow in porous media. Several researches have been 
published in recent years on the impact of viscous heat in hydromagnetic heat transmission. Ghosh et al. 
(2010) investigated an analytic solution of free convection boundary layer flow under a magnetic field. 
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All the researches have done so far is based on fluidic regimes. Another thing to notice is that it is derived 
from the theory of liquid kinetics rather than having a real relationship. A number of research papers 
published in scientific journals have utilised the tangent hyperbolic fluid model. Tangent hyperbolic 
nanofluid boundary layer flow was numerically invested by Khan et al. (2017). Krishna et al. (2019) 
explored Buongiorno’s nanofluid flow dynamics through a permeable vertical plate, presenting the 
influence of dual stratification on the fluid flow characteristics. Nadeem and Akram (2009) performed a 
thorough study of the peristaltic transport on an asymmetrical channel of a hyperbolic tangent fluid. The 
dynamics of fluid flow over stretching permeable sheets have been extensively investigated by Chaudhary 
et al. (2019), they revealed insights into the heat transfer mechanisms. 
 
A rising corpus of research has concentrated on magnetohydrodynamic (MHD) boundary layer flows, 
which involve the movement of heat and mass from the ever-expanding surface of the fluid to 
surrounding regions. In use of electrically conduction polymers, magnetic fields may be utilised to control 
heat or mechanical power, which can save money throughout the production process. Prasad et al. (2013) 
and Zaib et al. (2020) studied the transportation processes of stretched sheet flows in the boundary layer. 
They simulate boundary layer borders. Many researchers have studied the flow of stretch sheets for many 
kinds of stretching speeds. Various robust applications were developed in the processing of MTE 
materials, including microstructure modifications to the heat transfer, heating induction for matrix 
ceramic composite materials, liquid metal binding, Lorentzian force control of the boundary layer 
separation and Lorentzian strength control of the boundary layer separation. Kanika et al. (2020) 
examined the impact of hydrodynamic flow in conjunction with thermal radiation while taking into 
consideration the Marangoni boundary layer. Li et al. (2005) and Ghosh et al. (2011) discovered that the 
constant boundary layer flow can be investigated by obtaining a solution that is exponentially dependent 
on the heat spreading in the extendable direction. 
 
A finite difference approach was utilised to solve non-dimensionalized conservation equations, including 
details on the stability and convergence properties of the methodology. Several important thermophysical 
factors influencing the flux characteristics have been extensively examined and findings have been 
reported. Nanofluids have revolutionized the landscape of heat transfer and fluid dynamics.  The motive of 
this research is to examine the two-dimensional incompressible boundary layer flow of a water-based 
nanofluid containing silver (𝐴𝑔), copper (𝐶𝑢) and ferrous ferric oxide (𝐹𝑒3𝑂4) nanoparticles across an 
inclined stretched sheet via a porous media. 𝐴𝑔 nanoparticles offer unusual features due to their high 
surface area to volume ratio, such as antibacterial activity, optical properties, coatings for healthcare 
equipment and electrical conductivity. They have also shown potential in the treatment of cancer and 
other conditions linked to angiogenesis. 𝐶𝑢 nanoparticles have a high thermal and electrical conductivity, 
which makes them useful for applications such as electronics and catalysis etc. Due to their affordability 
and biological compatibility, 𝐹𝑒3𝑂4 nanoparticles are a potential material for the latest research. They 
have been utilized in the manufacture of vaccines and antibodies, cell labelling, genetic therapy, 
medication delivery and data storage devices etc. Rao and Ramreddy (2019) investigates the double-
diffusive nano-fluid flow characteristics while encountering an inclined wavy plate via a porous medium 
and holds significant implications in understanding heat and mass transfer phenomena. Hayat et al. (2015) 
explored that how a nanofluid might affect a stretching sheet for a first-order chemical process. Hamad 
(2011) examined the precise solution of nanofluid flow in MHD convection over a  stretching sheet. 
 
According to a review of the literature, multiple studies have described the boundary layer flow via a 
stretched sheet, but few have investigated the flow of nanofluids via a porous media across an inclined 
stretched sheet along with a magnetic field. The focus of this study is to minimize this gap by 
comprehensively analysing the intricate interconnections among nanofluid characteristics, magnetic 
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forces, and porous media effects on boundary layer flow via an inclined stretched sheet. Through this 
comprehensive analysis, we aim to uncover previously unexplored facets, contributing to an enhanced 
comprehension of this intricate phenomenon. The basic equations are transformed via a similarity 
transformation into a set of nonlinearly ordinary differential equations. These algebraic equations are 
subsequently computed mathematically via the Keller-box finite difference implicit approach. The 
impacts of crucial factors shaping fluid flow patterns are presented graphically. The mechanical and 
engineering roles of porous media are included in the current analysis. To facilitate a smooth and 
comprehensive understanding of our findings, the subsequent sections have been rigorously structured. 
Section 2 lays the groundwork by presenting the mathematical formulation of the problem. This includes 
outlining the governing equations that dictate the behaviour of the system, followed by a comprehensive 
explanation of the chosen computational approach. Section 3 delves into the core of the investigation, 
presenting and analysing the numerical results obtained. This section also features a dedicated validation 
study to ensure the accuracy and reliability of the findings. Finally, Section 4 draws insightful conclusions 
based on the entire investigation. 
 

2. Mathematical Formulation  
The objective of this study is to investigate the characteristics of a two-dimensional, incompressible 
boundary layer flow involving a nanofluid composed of water and nanoparticles such as silver (𝐴𝑔), 
copper (𝐶𝑢) and ferrous ferric oxide (𝐹𝑒3𝑂4).The governing scenario involves an inclined stretching 

sheet with a linear velocity profile (𝑢 =  𝑏𝑥) originating from a fixed point, where 𝑏 is the stretching 
rate. The temperature of the stretching sheet (𝑇𝑤) is assumed to remain constant along with a uniform 
distribution of nanoparticle fraction (𝐶𝑤) at the stretching surface. The ambient temperature (𝑇∞) and 
nanoparticle fraction (𝐶∞) are assumed to have constant values in the surrounding environment. The 
porous medium is considered to be uniform and isotropic along with a constant magnetic field (𝐵0).The 
current research problem's physical manifestation is illustrated in  Figure 1. 
 
The numerical solutions to this problem use the Keller-box finite difference implicit method developed by 
Keller and Cebeci (1972). This approach is extremely accurate for numerical analysis of various flow 
problems and is easy to program for coupled highly nonlinear PDEs. This method is widely used in fluid 
mechanics to solve two-dimensional boundary layer flow problems. Keller's box design has recently 
grown in popularity, despite the fact that the concept was created nearly five decades ago. The latest uses 
of this technique include sound thruster flows, aerodynamic aircraft wing flows, steady convective 
diffusion flows, magnetohydrodynamics, wavy surface flux, aerodynamic fluids, drainage blade flows 
and rotational flows. Ishak et al. (2008) and Anwar et al. (2017) employed Keller’s box scheme to 
numerically simulate the flow problem that was being considered. Both studies contribute significantly to 
the understanding of complex fluid dynamics and heat transfer phenomena in nanofluid-based systems.  
 
The scheme has four main steps: 

(i) The 𝑛𝑡ℎ order nonlinear PDEs system is decomposed into system of 𝑛 ordinary differential equations 
of first order.  

(ii) These 1𝑠𝑡  order ordinary differential equations are discretized in finite differences.  
(iii) The nonlinear algebraic equations that result from the discretization are transformed into linear 

algebraic equations. 
(iv) The block-tridiagonal elimination approach is employed to solve these transformed algebraic 

equations. 
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Figure 1. Physical model of present research problem. 

 
The flow problem's related boundary flow equations and boundary conditions are provided by Hayat et al. 
(2015), 
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The kinematic viscosity 𝑣𝑓, thermal diffusivity 𝛼𝑛𝑓 and the effective viscosity 𝜇𝑛𝑓 for nano-fluids are 

obtained from (Brinkman, 1952; Maxwell, 1954; Xuan et al., 2003) and are characterized as: 
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Presenting the stream function 𝜓(𝑥,𝑦), which fulfils the continuity Equation (1) expressed as: 
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From Equation (2) using Equations (6), (7), (8), we get, 
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Now from Equation (3) using Equations (6), (7), (8) and (10), we get 
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𝑏

𝑣𝑓
)

1

2
= −

𝑅𝑥2𝑏

𝑙2
 𝑓(𝜂)𝜉′(𝜂), 

𝐷𝑚
𝜕2𝐶

𝜕𝑦2
= 𝐷𝑚𝜉

′′(𝜂) 𝑅 (
𝑥

𝑙
)
2 𝑏

𝑣𝑓
=
𝑅𝑥2𝑏𝐷𝑚

𝑙2𝑣𝑓
𝜉′′(𝜂), 
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and   𝐷𝑙
𝜕2𝑇

𝜕𝑦2
= 𝐷𝑙𝜃

′′(𝜂) 𝑃 (
𝑥

𝑙
)
2 𝑏

𝑣𝑓
=
𝑃𝑥2𝑏𝐷𝑙

𝑙2𝑣𝑓
𝜃′′(𝜂). 

 
Now putting the above Equations in (4), we get, 
2𝑅𝑏𝑥2

𝑙2
𝑓′(𝜂)𝜉(𝜂) −

𝑅𝑥2𝑏

𝑙2
 𝑓(𝜂)𝜉′(𝜂) =

𝑅𝑥2𝑏𝐷𝑚

𝑙2𝑣𝑓
𝜉′′(𝜂) +

𝑃𝑥2𝑏𝐷𝑙

𝑙2𝑣𝑓
𝜃′′(𝜂)                                                     (12) 

 
Further simplifying the Equations (9), (11) and (12), we get 

𝑓′′′(𝜂) −𝜙1𝜙2 [(𝑓
′(𝜂))

2
−𝑓(𝜂)𝑓′′(𝜂)+ (𝐺𝑟𝑥𝜃(𝜂) + 𝐺𝑐𝑥𝜉(𝜂))𝐶𝑜𝑠(𝛼)] − (𝜙1𝑀 −K)𝑓′(𝜂) = 0    (13) 

𝜃′′(𝜂) − 𝑃𝑟𝜆𝑛
−1𝜙3 {2𝑓

′(𝜂)𝜃(𝜂) − 𝑓(𝜂)𝜃′(𝜂) − 𝐸𝑐𝜙1
−1𝜙3

−1(𝑓′′(𝜂))
2
} = 0                                          (14) 

𝜉′′(𝜂) − 𝑆𝑐(2𝑓′(𝜂) 𝜉(𝜂) − 𝑓(𝜂)𝜉′(𝜂))+ Sr𝜃′′(𝜂) = 0                                                                         (15) 

 
where, the parameters are 

𝑃𝑟 =
𝑣𝑓

𝛼𝑓
,
𝜅𝑓

𝜅𝑛𝑓
= 𝜆𝑛

−1 ,
𝜅𝑓

𝛼𝑓
= (𝜌𝐶𝑝)𝑓

 , 𝑀 =
𝜎𝐵0

2

𝑏𝜌𝑓
 , 𝐸𝑐 =

𝑥2𝑏2

(𝑇−𝑇∞)(𝐶𝑝)𝑓

 , 𝐺𝑟𝑥 =  
𝑔𝛽𝑇(𝑇𝑤−𝑇∞)

𝑏2𝑥
, 𝐺𝑐𝑥 = 

𝑔𝛽𝐶(𝐶𝑤−𝐶∞)

𝑏2𝑥
,

𝐾 =
𝑣𝑓

𝑏 𝐾𝑑
, 𝑆𝑐 =

𝑣𝑓

𝐷𝑚
, 𝑆𝑟 =

(𝑇−𝑇∞)𝐷𝑙

(𝐶−𝐶∞)𝐷𝑚
 , 𝜙1 =

1

(1−𝜙)2.5
 , 𝜙2 = (1− 𝜙) +𝜙

𝜌𝑠

𝜌𝑓
& 𝜙3 = (1− 𝜙) +𝜙

(𝜌𝐶𝑝)𝑠
(𝜌𝐶𝑝)𝑓 }

 

 

  (16) 

 
In order to achieve similarity solution, 𝐺𝑟𝑥 and 𝐺𝑐𝑥 have to be independent of 𝑥. If both the temperature 

and concentration expansion factors 𝛽𝑇 and 𝛽𝐶  are proportionalto 𝑥, this condition can be met. Hence, 
one can deduct that 𝛽𝑇 = 𝑛1𝑥  and 𝛽𝐶 = 𝑛2𝑥  , where 𝑛1  and 𝑛2  are constants, from Makinde and 
Olanrewaju (2010) and Ilias et al. (2016). 
 
Therefore, from Equation (16), we have 

𝐺𝑟 = 
𝑔𝑛1(𝑇𝑤−𝑇∞)

𝑏2
  and   𝐺𝑐 = 

𝑔𝑛2(𝐶𝑤−𝐶∞)

𝑏2
. 

 
To compute the boundary conditions (5), using Equation (7), we get  

𝑢 = 𝑢𝑤 = 𝑏𝑥 ⇒ 𝑏𝑥𝑓′(𝜂) = 𝑏𝑥 ⇒ 𝑓′(𝜂) = 1, 

𝑣 = 𝑣𝑤 ⇒ −(𝑏𝑣𝑓)
1

2𝑓(𝜂) = 𝑣𝑤 ⇒ 𝑓(𝜂) =
− 𝜈𝑤

(𝑏 𝜈𝑓)
1

2

= S, 

𝑇 = 𝑇𝑤 ⇒𝑇𝑤 −𝑇∞ = 𝜃(𝜂)(𝑇𝑤−𝑇∞) ⇒ 𝜃(𝜂) = 1, 

𝑎𝑛𝑑  𝐶 = 𝐶𝑤 ⇒ 𝐶𝑤−𝐶∞= 𝜉(𝜂)(𝐶𝑤−𝐶∞)⇒ 𝜉(𝜂) = 1. 

 
Therefore, the transformed boundary constraints are 
𝑓(𝜂) = 𝑆, 𝑓′(𝜂) =  𝜃(𝜂) = 𝜉(𝜂) = 1  𝑎𝑡  𝜂 = 0,

𝑎𝑛𝑑   𝑓′(𝜂), 𝜃(𝜂) 𝑎𝑛𝑑 𝜉(𝜂) → 0  𝑎𝑠  𝜂 → ∞
}                                                                                  (17) 

 

2.1 Heat Transfer Rate and Skin Friction Coefficient 
A dimensionless ratio which characterizes the enhancement of heat transfer in a nanofluid due to 
convection compared to pure conduction is referred to as Nusselt number. A higher Nusselt Number 
signifies enhanced convective heat transfer efficiency. Skin friction, refers to the frictional force, 
generated by fluid's resistance against a solid surface. In boundary layer analysis, it is crucial for 
understanding the resistance encountered by a fluid moving in contact with a surface.  The physical 
parameters for skin friction (𝐶𝑓)and Nusselt number (𝑁𝑢) are expressed as: 
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𝐶𝑓 =
𝜏𝑤

𝜌𝑓𝑢𝑤
2   𝑎𝑛𝑑 𝑁𝑢 =

𝑥𝑞𝑤

𝜅𝑓(𝑇𝑤−𝑇∞)
                                                                                                              (18) 

 

where, 𝑞𝑤 = −𝜅𝑛𝑓
𝜕𝑇

𝜕𝑦
  𝑎𝑛𝑑  𝜏𝑤 = 𝜇𝑛𝑓

𝜕𝑢

𝜕𝑦
 𝑎𝑡 𝑦 = 0 are energy and shear stress rates. 

 
Finally, the local Nusselt number and the skin friction coefficient are defined as: 

− 𝜃′(0) =
𝜅𝑓

𝜅𝑛𝑓
𝑁𝑢(𝑅𝑒𝑥)

−1 2⁄  𝑎𝑛𝑑  𝐶𝑓(𝑅𝑒𝑥)
1 2⁄ =  𝐶𝑓𝑥(0) =  𝑓

′′(0),  where  𝑅𝑒𝑥 =
𝑥𝑢𝑤

𝑣𝑓
                       (19) 

 

2.2 Thermophysical Properties of Nanoparticles 

The thermophysical characteristics of nanoparticles, including specific heat capacity (𝐶𝑝), density (𝜌), 

and thermal conductivity (𝜅), are concisely listed in Table 1. These attributes play a vital role in assessing 
the nanoparticle’s suitability for diverse applications. 
 

Table 1. Thermophysical properties of nanoparticles. 
 

Physical Properties 𝐶𝑝(J Kg
−1K−1) 𝜌 (𝐾𝑔 𝑚−3) 𝜅 (𝑊 𝑚−1𝐾−1) 

Water (𝐻2𝑂) 4179 997.1 0.613 

𝐹𝑒3𝑂4 670 5180 9.7 

𝐶𝑢 385 8933 401 

𝐴𝑔 235 10500 429 

 

3. Results and Discussion 
Employing the Keller-box finite difference implicit approach, numerical computations of non-linear 
ordinary differential Equations (13-15) having boundary conditions (17) are derived. This study presents a 
novel approach for effectively visualizing nanofluid flow by utilizing the advanced functionality of 
MATLAB. This approach not only ensures computational accuracy but also facilitates seamless 
integration for developing numerical solutions. Using graphs and tables, the impact of various factors, 
such as, Inclination angle 𝛼, Magnetic parameter 𝑀, local Grash of number 𝐺𝑟,Suction parameter S, Soret 
Number 𝑆𝑟, Eckert number 𝐸𝑐, Prandtl number 𝑃𝑟, local modified Grashof number𝐺𝑐 and nanoparticles 
volume fraction 𝜙 with nanoparticles 𝐹𝑒3𝑂4 ,𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔 in water based nanofluid are presented. 
 

3.1 Validity of the Present Research 
A good research work should be correct scientifically and must pass the validation test.  Validity increases 
transparency and decreases the errors which may affects the accuracy of results. The present research 
work is validated by referencing prior research conducted by Hamad (2011). In Figure 2 and Table 2, 

current investigation is reduced to Hamad (2011) model , when  𝐸𝑐 = 𝐾 = 𝑆𝑟 = 0  and  𝛼 = 900 , which 
validate the employed numerical method. 
 

 
 

Figure 2. The current investigation is compared to Hamad (2011) modal. 
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Table 2. Results comparison of the local Nusselt number -−𝜃′(0) and skin friction coefficient −𝑓′′ (0), for distinct 

values of volume fraction 𝜙 and the magnetic parameter M, when Ec = K = Sr = 0, Pr = 6.2 and 𝛼 = 900  
 

 

 
𝑀 

 

 
𝜙 

−𝜃′(0) −𝑓′′(0) 
𝐴𝑔 𝐶𝑢 𝐴𝑔 𝐶𝑢 

𝐻𝑎𝑚𝑎𝑑 (2011) 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝐻𝑎𝑚𝑎𝑑 (2011) 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝐻𝑎𝑚𝑎𝑑 (2011) 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝐻𝑎𝑚𝑎𝑑 (2011) 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 
0 0.05 1.58136 1.581360 1.59899 1.598990 1.13966 1.139664 1.10892 1.108922 

0.5 0.1 1.38824 1.388239 1.41848 1.418479 1.37296 1.372963 1.32825 1.328251 

1 0.15 1.22994 1.229939 1.27022 1.270219  1.51145  1.511449 1.45858 1.458577 

2 0.2 1.07821 1.078210 1.12582 1.125819 1.67583 1.675828 1.62126 1.621256 
 

 
 

    
 

Figure 3. Impact of inclination parameter 𝛼 on the 

concentration. 

Figure 4. Impact of inclination parameter 𝛼 on the 

temperature. 

 

 

The impact of the inclination angle α on the concentration profile 𝜉(𝜂) is depicted in Figure 3, the  𝜉(𝜂) 
increases by increasing the angle α. The similar result has been observed for temperature  𝜃(𝜂) in Figure 
4 i.e., the temperature rises by increasing inclination angle α. On the other side, opposite effect is 
observed for velocity 𝑓′(𝜂) by increasing inclination angle α shown in Figure 5. This kind of behaviour is 
observed because, if the inclination angle will small then there will be high gravitational force and while 
increasing the inclination angle, the buoyancy forces become weaker and hence velocity profile 
decreases. The highest concentration and temperature of nanofluid is observed for nanoparticle 𝐴𝑔 
followed by 𝐶𝑢 and 𝐹𝑒3𝑂4 respectively, while highest velocity of nanofluid is observed for nanoparticle 
𝐹𝑒3𝑂4. 
 

    
 

   Figure 5. Impact of inclination parameter 𝛼 on the 

velocity. 

   Figure 6. Impact of magnetic parameter M on the 

concentration. 
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    Figure 7. Impact of magnetic parameter M on the 

temperature. 

    Figure 8. Impact of magnetic parameter M on the 

velocity. 
 

 

 

     
 

Figure 9. Impact of soret number Sr on the 

concentration. 

    Figure 10. Impact of soret number Sr on the  

temperature. 

 
The influence of the magnetic parameter 𝑀  for nanoparticles 𝐹𝑒3𝑂4 , 𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔  in water based 

nanofluid on concentration 𝜉(𝜂) and temperature 𝜃(𝜂) profiles is shown in Figures 6 and 7 respectively, 
which shows the growth in both Concentration and temperature by enhancing Magnetic parameter 𝑀 and 
their boundary layer thickness reaching its maximum at 𝑀 = 0.5. The Lorentz force induces a distinctive 
drift in charged species, which intricately shapes the concentration profiles. Meanwhile, charged particles 
interact with the magnetic field to cause localized heating, profoundly altering the thermal characteristics 
of the nanofluid. In the same vein, opposite result is obtained for velocity 𝑓′(𝜂) shown by Figure 8. It is 
because, the magnetic field's Lorentz force, causes resistance in liquid velocity. The highest velocity of 
nanofluid is noticed for nanoparticle 𝐹𝑒3𝑂4 followed by 𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔. Also, at 𝑀= 0.5, the momentum 
boundary layer thickness is minimum. 
 

Figures (9-11) demonstrates the considerable effect of Soret parameter 𝑆𝑟 on 𝜉(𝜂),𝜃(𝜂) and 𝑓′(𝜂). The 
ratio of a fluid's temperature gradient to concentration gradient is measured by the dimensionless Soret 
parameter. A rise in the Soret parameter leads to a rise in the fluid’s concentration and velocity, a drop in 
the temperature of the fluid. This is because the Soret effect causes the particles in the fluid to diffuse 
from high to low temperature zones. This diffusion process also carries the particles with it, which boosts 
the fluid's velocity. The Soret parameter also have a different impact on the concentration of several kinds 
of nanoparticles in a fluid. For example, 𝐴𝑔  nanoparticles have a higher Soret coefficient than 
𝐶𝑢 𝑎𝑛𝑑 𝐹𝑒3𝑂4  nanoparticles. This means that 𝐴𝑔  nanoparticles will diffuse from areas of high 
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temperature to areas of low temperature more quickly than 𝐶𝑢 𝑎𝑛𝑑 𝐹𝑒3𝑂4 nanoparticles. The impact of 
the 𝑆𝑟 on 𝜉(𝜂),𝜃(𝜂) and 𝑓′(𝜂) is capable of altering fluid’s behaviour in a wide range of applications. 
For instance, the Soret effect can be used to separate different types of particles in a fluid.  
 

 

     
 

Figure 11. Impact of soret number Sr on the  

velocity. 

 Figure 12. Impact of nano particles volume fraction 𝜙 

on the concentration. 
 

 
 

              
 

Figure 13. Impact of nano particles volume fraction 𝜙 

on the temperature. 

Figure 14. Impact of nano particles volume fraction 𝜙 

on the velocity. 

 
Figures (12-14) demonstrates the significance of nanoparticle volume fraction 𝜙 on 𝜉(𝜂),𝜃(𝜂) and 𝑓′(𝜂) 
of nanofluids for nanoparticles 𝐹𝑒3𝑂4 , 𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔. The nanoparticles volume fraction 𝜙 is the percentage 
of the volume of the fluid that is taken up by the nanoparticles. Thermal conductivity of the fluid 
enhances as the volume fraction 𝜙 of nanoparticles rises. This results in a rise in the thermal boundary 
layer of the nanofluid. The velocity profiles of the nanofluid, on the other hand, exhibit the opposite 
behaviour. The increased viscosity of the nanofluid causes the drop in velocity profile with increasing 
nanoparticle volume fraction. Though, for concentration 𝜉(𝜂), the concentration profile drops close to the 
surface 𝜂 = 0  and rises at 𝜂 > 1  for all three nanoparticles 𝐹𝑒3𝑂4 ,𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔 , indicating a dual 
behaviour. Moreover, the concentration of the 𝐴𝑔 -𝑤𝑎𝑡𝑒𝑟  nanofluid is greater in comparison to the 

concentration of the 𝐶𝑢-𝑤𝑎𝑡𝑒𝑟 and 𝐹𝑒3𝑂4-𝑤𝑎𝑡𝑒𝑟 nanofluids for 0 < 𝜂 < 1, whereas reverse behaviour is 
observed for 𝜂 > 1. 
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Figure 15. Impact of Eckert number Ec on the 

concentarion. 

Figure 16. Impact of Eckert number Ec on the 

temperature. 

 

 

 
 

Figure 17. Impact of Eckert number Ec on the velocity. 

 

Eckert number (𝐸𝑐) is a dimensionless parameter, which indicates the kinetic energy to internal energy 
ratio. The Figures (15-17) show the impact of 𝐸𝑐 on concentration, temperature, and velocity distributions 
for nanofluids containing 𝐹𝑒3𝑂4 , 𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔 nanoparticles. The concentration of the nanofluid decreases 
with increasing 𝐸𝑐, but it shows opposite behaviour for 𝜂 > 1. The higher 𝐸𝑐 values result in a higher 
temperature, which causes the nanoparticles to diffuse more rapidly away from the wall. This is because 
the higher 𝐸𝑐 values result in a higher kinetic energy, which is transformed into internally generated 
energy by exerting force against the viscous fluid forces. The velocity of the nanofluid drops by 
increasing 𝐸𝑐. The impact of 𝐸𝑐  on velocity is different for all the three different nanoparticles. For 

example, the velocity of the 𝐴𝑔 -𝑤𝑎𝑡𝑒r nanofluid drops more rapidly by increasing 𝐸𝑐  than the 𝐶𝑢-
𝑤𝑎𝑡𝑒𝑟nanofluid velocity. The results of this study suggest that 𝐸𝑐 is an important parameter to consider 
when designing nanofluid-based heat transfer applications by carefully selecting the nanoparticle type and 
value of 𝐸𝑐. 
 

4. Conclusions 
The magnetohydrodynamics boundary layer flow of a 𝑤𝑎𝑡𝑒𝑟 - 𝑏𝑎𝑠𝑒𝑑  nanofluid of 𝐴𝑔 , 𝐶𝑢  and 

𝐹𝑒3𝑂4 nanoparticles over a permeable inclined stretched sheet in a porous media has been numerically 
explored. The numerical solutions to this problem use the Keller-box finite difference implicit approach, 
offering accuracy, stability and efficiency for solving nonlinear boundary layer equations. The approach 
is easily programmable for highly nonlinear partial differential equations, making it adaptable to the 
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diverse flow conditions encountered in the present investigation. Some of the interesting findings include; 
 
(i) The temperature 𝜃(𝜂) and concentration 𝜉(𝜂) increases by increasing the angle α, but opposite effect 

is observed for velocity 𝑓′(𝜂). The highest concentration and temperature of nanofluid is observed 
for nanoparticle 𝐴𝑔, followed by 𝐶𝑢 and 𝐹𝑒3𝑂4 respectively, while highest velocity of is observed for 
nanoparticle 𝐹𝑒3𝑂4. 

(ii) Increasing the magnetic parameter increases concentration and temperature and their boundary layer 
thickness is maximum at 𝑀 = 0.5. In the same vein, opposite result is obtained for velocity 𝑓′(𝜂). 
The highest velocity is observed for 𝐹𝑒3𝑂4 followed by 𝐶𝑢 𝑎𝑛𝑑 𝐴𝑔. 

(iii) Increasing the Soret parameter 𝑆𝑟increases concentration and velocity, and decreases temperature of 
the fluid. 𝐴𝑔  nanoparticles have a higher Soret coefficient than 𝐶𝑢 𝑎𝑛𝑑 𝐹𝑒3𝑂4 nanoparticles. The 
Soret effect can be used to separate different types of particles in a fluid.  

(iv) Raising the nanoparticle volume fraction reduces the nanofluid velocity profiles and thickens of the 
thermal boundary layer. However, concentration reflects dual behaviour: it drops near the surface 𝜂 =
0, but rises at a certain distance for all three nanoparticles.  

(v) Increasing the Eckart parameter 𝐸𝑐 decreases the concentration of the nano fluid near the surface 𝜂 =
0, but it shows opposite behaviour for 𝜂 > 1. Also, Increasing the Eckart parameter 𝐸𝑐 increases the 

temperature but decreases the nano fluid velocity. The impact of 𝐸𝑐 on velocity is different for all the 
three different nanoparticles. Increasing 𝐸𝑐 decreases the 𝐴𝑔-𝑤𝑎𝑡𝑒r nanofluid velocity more rapidly 
than the 𝐶𝑢-𝑤𝑎𝑡𝑒r nanofluid velocity. 
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Appendix 

Symbols and mathematical notations employed throughout this paper, along with their descriptions, are 
presented in Table 3. 
 

Table 3. Symbols and mathematical notations employed throughout this paper. 
 

Nomenclature Greek Letter 

𝐵0  the uniform magnetic field strength 𝛼 inclination parameter 

𝑏 Stretching r ate  β𝑇 Thermal expansion coefficient 

𝐶 Nanofluid concentration β𝐶 Concentration expansion coefficient 
𝐶𝑓  skin-friction 𝜂 non-dimensional similarity variable 

𝐶𝑝  nanoparticle specific heat 𝜅𝑓  Base fluid thermal conductivity 

𝐶𝑤  Concentration of the stretching sheet 𝜅𝑛𝑓  nanofluid thermal conductivity 

𝐶∞  Concentration of the freestream 𝜅𝑠 nanoparticles thermal conductivity 

𝐷𝑚  Mass diffusivity 𝜃(𝜂) non-dimensional temperature 

𝐷𝑙  Mass flux co-efficient 𝜉(𝜂) non-dimensional concentration 

𝐸𝑐  Eckert number 𝜙 nanoparticles solid volume fraction 

−𝑓′′ (0) skin friction coefficient 𝜎 Electric conductivity 

 𝑓(𝜂) dimensionless stream function 𝜏𝑤  wall shear stress 

  𝑓′ (𝜂) Nondimensional velocity ν𝑓  Base fluid kinematic viscosity 

𝑔 acceleration due to gravity α
𝑛𝑓 nanofluid thermal diffusivity 

Gr𝑥  Local Grash of number μ𝑓  Base fluid viscosity 
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Table 3 continued… 
 

Gc𝑥 Local modified Grash of number μ𝑛𝑓  nanofluid viscosity 

𝐾 non-dimensional permeability parameter ρ𝑓  base fluid density 

𝐾𝑑 dimensional permeability parameter ρ𝑛𝑓 nanofluid density 

𝑙 Characteristic length ρ𝑠 nanoparticles density 

𝑀 Magnetic parameter (ρC𝑝)
𝑓

 base fluid heat capacitance 

   𝑁𝑢 Nusselt number (ρC𝑝)
𝑛𝑓

 nanofluid heat capacitance 

 𝑃𝑟 Prandtl number (ρC𝑝)
𝑠
 nanoparticles heat capacitance 

𝑞𝑚 wall mass flux −𝜉′(0) local Sherwood number 

𝑅𝑒 Reynolds number −𝜃′ (0) local Nusselt number 

𝑅𝑒𝑥  local Reynolds number λ𝑛  nanofluid thermal conductivity to base fluid ratio  

𝑆𝑟 Soret number 𝜓 stream function 

𝑆𝑐 Schmidt number  
Subscripts 𝑆ℎ Sherwood number 

𝑆 Suction/injection parameter 𝑓 Base fluid 

𝑇 dimensional temperature of the nanofluid 𝑤 Boundary conditions at surface 

𝑇𝑤  surface temperature 𝑠 nanoparticles 

𝑇∞ freestream temperature 𝑛𝑓 nanofluid 

𝑢 Velocity component parallel to the𝑥 direction ∞ boundary conditions at free stream 

𝑢𝑤  Stretching sheet velocity  

Superscripts 𝑣 Velocity component parallel to the𝑦 direction 

𝑥, 𝑦 Cartesian coordinate axis ′ differentiation with respect to 𝜂 
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