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ABSTRACT   

This paper digitally examines natural convection in a porous cavity laden with 

nanofluids. The influence of Brownian motion and thermophoresis on particle 

motion through the Buongiorno model is reviewed. The application of the 

Darcy-Brinkman model makes it possible to simulate the transfer of momentum 

under the effect of a horizontal magnetic field. Two segments located in the 

central parts of the left and bottom walls heat the cavity. The right wall is cooled 

at a constant temperature and the remaining surfaces of the cavity boundary are 

insulated. A computational code, designed on the principles of the finite volume 

method in conjunction with the SIMPLE algorithm, is employed to address the 

fundamental equations governing the system effectively. The numerical results 

are illustrated by presenting streamlines, isotherms, iso-concentrations and local 

and mean Nusselt numbers. The dimensionless parameters that change are the 

Rayleigh number (103 ≤ 𝑅𝑇 ≤  106) , the Darcy number (10−5 ≤  𝐷𝑎 ≤
10−2), the Hartmann number (0 ≤  𝐻𝑎 ≤  100), the thermophoresis parameter 
(0.05 ≤  𝑁𝑡 ≤  0.5), the Brownian motion parameter (0.05 ≤  𝑁𝑏 ≤  0.5), and 

the buoyancy parameter (0.05 ≤  𝑁𝑟 ≤  0.5). The increase in 𝑅𝑇  leads to an 

improvement in the heat transfer rate and an attenuation of the inhomogeneity 

of the distribution of nanoparticles in the cavity. A reverse tendency is observed 

by increasing the intensity of the magnetic field. Moreover, the parameters 𝑁𝑡 

and 𝑁𝑏 exhibit a more significant impact on the Sherwood number than on the 

Nusselt number. 
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1. INTRODUCTION 

Natural convection induced by 

magnetohydrodynamics (MHD) in porous media is 

receiving growing attention due to its importance in 

various applications. These applications include high-

performance insulation for buildings, solar collectors, 

cooling of electronic devices, and nuclear reactors (see, for 

example, Bondareva et al., 2016, 2017; Alsabery et al., 

2018; Ahmed et al., 2020). Conventional working fluids, 

such as water and oils with low thermal conductivity, have 

been used for a long time. However, their low conductivity 

poses a barrier to improving the thermal efficiency of 

many engineering systems. Dispersing solid particles of 

nanometric sizes (from 10 to 100 nm) in the base fluid 

significantly enhances heat transfer. Choi and Eastman 

(1995) first introduced the term of nanofluid to describe a 

fluid containing suspended highly conductive solid metal 

particles. Researchers worldwide have explored various 

geometrical configurations using different types of 

nanofluids. Their results generally confirm an 

improvement in heat transfer compared to conventional 

base fluids (Kahveci, 2010; Kasaeian et al., 2017; Babar 

& Ali, 2019; Khanafer & & Vafai, 2019; Rahimi et al., 

2019; Nazari, 2019). The authors have explored the 

interaction between nanofluids and magnetic fields in 

many studies (Nazari et al., 2019; Prakash et al., 2019a,b; 

Narla et al., 2020; Prakash et al., 2020). 

Sheikholeslami and Ellahi (2015) investigated the 

hydrothermal treatment of a magnetohydrodynamic 

nanofluid contained within a cubic cavity that was heated 

from below. In this study, the magnetic field induces a 

slowdown in fluid flow, consequently reducing the impact 

of convection. In addition, the Nusselt number increases 

with rising Rayleigh numbers and higher nanofluid 

volume fractions. Conversely, an increase in the intensity 

of the magnetic field results in a reduction of the Nusselt 

number. 
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NOMENCLATURE 

𝐵0 magnitude of external magnetic field   𝑢, 𝑣 
velocity components in the x- and y-

directions  

𝐷𝑎 Darcy number  𝑈, 𝑉 
dimensionless velocity components in the 

x-direction and y-direction 

𝐷𝐵 Brownian diffusion coefficient  𝑥, 𝑦 & 𝑋, 𝑌 
space coordinates & dimensionless space 

coordinates 

𝐷𝑇  thermophoretic diffusion coefficient  𝛼 thermal diffusivity  

𝑔 gravitational acceleration   𝛽 thermal expansion coefficient  

ℎ length of partially heated wall   𝜀 porosity 

𝐻𝑎 Hartmann number  𝜇 dynamic viscosity  

𝑘 thermal conductivity   𝜏 dimensionless time 

𝐾 permeability   𝜌 density 

𝐿 length of enclosure  Ψ stream function 

𝐿𝑒 Lewis number  𝜃 dimensionless temperature 

𝑀𝐻𝐷 magnetohydrodynamic  𝛷 dimensionless solid volume fraction 

𝑁𝑏 Brownian motion parameter   𝜑 nanoparticles volume fraction 

𝑁𝑟 buoyancy ratio parameter  𝜑0 reference nanoparticles volume fraction 

𝑁𝑡 thermophoresis parameter   𝜎 electrical conductivity  

𝑁𝑢 local Nusselt number  Subscripts 

𝑁𝑢𝑎𝑣𝑔 average Nusselt number  𝑎𝑣𝑔 average 

𝑝 dimensional pressure   𝑏 bottom 

𝑃 non-dimensional pressure  𝑐 cold 

𝑃𝑟 Prandtl number  𝑓 fluid 

𝑅𝑇 Rayleigh number  ℎ hot 

𝑆ℎ local Sherwood number  𝑙 left 

𝑆ℎ𝑎𝑣𝑔 average Sherwood number  𝑛𝑓 nanofluid 

𝑡 dimensional time   𝑝 porous 

𝑇 dimensional temperature   𝑠 solid particles 

 

Sheikholeslami (2018a) investigated the effects of an 

imposed magnetic field on the radiative and convective 

heat transfer of ferrofluid in a cavity containing a circular 

hot cylinder. The findings indicate that an increase in the 

radiation parameter and the Rayleigh number intensifies 

the temperature gradients. Conversely, an increase in 

Lorentz forces leads to a reduction in temperature 

gradients.  

Li et al. (2024a) examined the heat and mass transfer 

characteristics of two types of nanofluids flowing around 

a solid sphere. Their study specifically investigated the 

coupled effects of linear thermal radiation and chemical 

reactions on these transfer phenomena. 

Mixed convective Darcy–Forchheimer flow of 

nanofluid is studied in the presence of viscous dissipation 

effects. 

Li et al. (2024b) studied the mixed convection of a 

nanofluid within a porous cavity using the Darcy-

Forchheimer model. They incorporating it the effects of 

viscous dissipation. The results indicate that increased 

Brinkman numbers, which correspond to higher 

permeability, enhance heat transfer rates. Additionally, the 

concentration of nanofluid rises with an increase of the 

Soret number. The study further reveals that wall shear 

forces exhibit a positive correlation with the Hartmann 

number and the variable thermal conductivity coefficient. 

Buongiorno (2006) identified Brownian diffusion and 

thermophoresis as fundamental mechanisms governing 

slip in nanofluids and developed a transport model 

incorporating these effects. Kefayati (2014) investigated 

the combined influence of nanoparticle volume fraction, 

Rayleigh number, and magnetic field on heat transfer 

within a cavity featuring a linearly heated wall. Oztop and 

Abu-Nada (2008) conducted a numerical study on free 

convection driven by buoyancy forces in an enclosure 

partially heated and filled with nanofluids containing 

different types of nanoparticles. Their findings highlighted 

that heat transfer enhancement is more pronounced at 

lower aspect ratios of the enclosure.  

Benygzer et al. (2022) studied natural convection in a 

porous square cavity filled with nanofluids using 

Buongiorno's model. The convective heat exchange is 

affected by the incorporation of nanoscale particles into 

the base fluid. Zahmatkesh and Habibi (2019) employed 

the same mathematical framework to examine free and 

mixed convection in nanofluid-saturated porous square 

cavities. They analysed the effects of the buoyancy ratio, 

the thermophoresis number and the Brownian diffusion 

parameter on flow intensity and mean Nusselt number. 

The impact of these parameters on the development of 

streamlines, isotherms and iso-concentrations was also 

examined. Their results indicated that the thermophoresis 

number exerts a stronger influence on flow strength and 

mean Nusselt number than the parameters of Brownian 

diffusion and buoyancy ratio.  

Sheremet et al. (2015) investigated numerically free 

convection in a right-angle trapezoidal porous cavity 

loaded with a nanofluid. The thermophoresis and 

Brownian motion parameters are specifically examined. 

They revealed that the Nusselt and Sherwood numbers, 

along with the flow strength, increase with the Rayleigh 
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number while decreasing with both the aspect ratio and the 

Lewis number. In addition, the flow strength was 

hampered by the increase in the buoyancy ratio and the 

Brownian motion parameter. 

Sammoud and Gueraoui (2021) investigated the 

phenomenon of magnetohydrodynamic (MHD) double-

diffusive natural convection in an annular porous medium 

confined between two concentric vertical cylinders filled 

with an Al₂O₃-water nanofluid. The system underwent a 

localized heat flux applied to the inner cylinder. The 

results showed that as the volume fraction of solid 

nanoparticles increased, the amount of thermal energy 

transferred also increased. However, the mass transfer at 

the active wall decreased. In addition, mass and thermal 

energy transfer rates at the active wall decline with 

increasing magnetic field intensity. 

Sheikholeslami and Shehzad (2017) used the Lattice 

Boltzmann Method to study the impacts of Rayleigh 

number and Lorentz force on the non-Darcian convective 

flow of a nanofluid. This flow adheres to the KKL model 

within a porous cavity. Their findings indicated that an 

increase in the Lorentz force leads to a reduction in 

convective heat transfer. This attenuation of convection 

due to rising Lorentz forces was further substantiated in 

their study. 

Sheikholeslami (2018b) examined how magnetic 

forces affect the application of the second law of 

thermodynamics to ferrofluids. They showed that a 

decrease in the intensity of these magnetic forces leads to 

reduced energy losses. Nevertheless, the reduction in 

magnetic forces provokes a rise in entropy generation 

within the porous medium. Additionally, enhancing the 

conduction mode may result in a higher Bejan number. 

Sheikholeslami (2019) examined the effects of 

magnetic forces on magnetohydrodynamic (MHD) 

convective flow of a nanofluid in a permeable medium. He 

focused on the effects of the Hartmann and Rayleigh 

numbers, such as the radiation parameter. The study 

showed that stronger magnetic forces diminish 

convection. Additionally, higher radiation intensity lowers 

the temperature gradient in the fluid. 

Motlagh et al. (2016) investigated the influence of 

porosity, nanoparticle characteristics, and cavity 

inclination angle on the distribution of nanoparticles. They 

examined how these factors influence heat transfer due to 

natural convection in a square porous enclosure filled with 

a nanofluid. The study employed Buongiorno’s two-

component model, revealing that porosity significantly 

influences the heat transfer rate, particularly at elevated 

porous Rayleigh numbers. Additionally, the study 

revealed that copper (Cu) nanoparticles exhibit a more 

uniform distribution within the enclosure than aluminum 

oxide (Al2O3 nanoparticles. 

Alsabery et al. (2016) employed the finite element 

method to investigate Darcian natural convection within a 

partially filled inclined square cavity. The cavity consists 

of a central square fluid-filled hole surrounded by a 

nanofluid-saturated porous medium. Their findings 

demonstrated that the presence of the hole significantly 

suppresses convective flow. Furthermore, they observed 

that the thermal properties and size of the insert exert 

opposing influences on the convection process.   

Jafari et al. (2018) identified the optimal configuration 

of cylinders to maximise heat transfer efficiency within a 

porous medium. Their study also provided a 

comprehensive analysis of the effects of the porous 

medium on both the flow field and the heat transfer 

characteristics of nanofluid natural convection. 

The influence of a magnetic field on natural 

convection in a discretely heated square porous cavity 

filled with nanofluid is not well understood. In this setup, 

heaters are positioned at the center of the left and bottom 

walls. Therefore, the present numerical study aims to 

analyse magnetohydrodynamic (MHD) natural 

convection of nanofluids in a porous square cavity 

subjected to partial cross-heating, utilising Buongiorno’s 

mathematical model. This study aims to clarify the 

fundamental flow physics and evaluate the impact of key 

controlling parameters. It examines the effects of several 

dimensionless numbers, including the Rayleigh number, 

Darcy number, Hartmann number, Brownian motion 

parameter, thermophoresis parameter, and buoyancy ratio, 

on fluid flow and heat transfer.  

The results of this study could enhance thermal 

performance and improve heat transfer in various 

engineering applications, especially in electronic cooling 

systems. The numerical code has been rigorously 

validated against previous studies, and the results are 

presented and analysed in the subsequent sections. 

2. MATHEMATICAL FORMULATION  

The configuration under study is depicted in Fig. 1. It 

consists of a square porous cavity of height L, saturated 

with a nanofluid and partially heated along the central 

sections of its bottom and left walls. The cavity is cooled 

from the right wall, while its remaining walls are 

insulated. The heating and cooling surfaces are maintained 

at constant temperatures 𝑇ℎ and 𝑇𝑐, respectively. The 

length of heating elements is ℎ =
𝐿

3
. This study is 

conducted for a fixed Lewis number (𝐿𝑒 = 25) and 

Prandtl number (𝑃𝑟 = 7). The flow is assumed to be 2D 

and laminar. The effects of Brownian motion and 

thermophoresis within the nanofluid are considered using 

the Buongiorno model (2006). Based on these 

assumptions and using the Boussinesq approximation, the 

continuity, momentum, energy and nanoparticle transport 

equations are expressed as follows: 

Continuity equation: 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0     (1) 

x-momentum equation: 

𝜌𝑛𝑓

𝜀

𝜕𝑢

𝜕𝑡
+

1

𝜀2 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑥
−

𝜇𝑛𝑓

𝐾
𝑢 +

𝜇𝑛𝑓

𝜀
(

𝜕2𝑢

𝜕𝑥2 +

𝜕2𝑢

𝜕𝑦2)      (2) 

y-momentum equation: 
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𝜌𝑛𝑓

𝜀

𝜕𝑣

𝜕𝑡
+

1

𝜀2 (𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑦
−

𝜇𝑛𝑓

𝐾
𝑣 +

𝜇𝑛𝑓

𝜀
(

𝜕2𝑣

𝜕𝑥2 +

𝜕2𝑣

𝜕𝑦2) + ((1 − 𝜑0)𝛽𝑇𝜌𝑛𝑓(𝑇 − 𝑇𝑐) + (𝜌𝑝 − 𝜌𝑛𝑓)𝜑) 𝑔 −

𝜎𝑛𝑓𝐵0
2𝑣      (3) 

 Energy equation: 

(𝜌𝑐)𝑚

(𝜌𝑐)𝑛𝑓

𝜕𝑇

𝜕𝑡
+ (𝑢

𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
) =

𝑘𝑚

(𝜌𝑐)𝑛𝑓
∇2𝑇 +

𝜀(𝜌𝑐)𝑝

(𝜌𝑐)𝑛𝑓
[𝐷𝐵 (

𝜕𝜑

𝜕𝑥

𝜕𝑇

𝜕𝑥
+

𝜕𝜑

𝜕𝑦

𝜕𝑇

𝜕𝑦
) +

𝐷𝑇

𝑇𝑐
((

𝜕𝑇

𝜕𝑥
)2 + (

𝜕𝑇

𝜕𝑦
)2)] (4) 

 Nanoparticles volume fraction equation: 

𝜕𝜑

𝜕𝑡
+

1

𝜀
(𝑢

𝜕𝜑

𝜕𝑥
+ 𝑣

𝜕𝜑

𝜕𝑦
) = 𝐷𝐵 (

𝜕2𝜑

𝜕𝑥2 +
𝜕2𝜑

𝜕𝑦2) +
𝐷𝑇

𝑇𝑐
(

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2)

                     (5) 

 Where 𝐷𝐵 =
𝐾𝐵𝑇0

3𝜋𝑑𝑝𝜇𝑓
  is the Brownian diffusion 

coefficient (𝑚2𝑠−1) and 𝐷𝑇 =
𝜁𝜇𝐶0

𝜌𝑓
  is the thermophoresis 

diffusion coefficient (𝑚2𝑠−1). The proportionality factor 

is given by McNab and Meisen (1973): 

𝜁 = 0.26
𝑘𝑓

𝑘𝑓 + 𝑘𝑝

 

 By introducing the following dimensionless variables: 

𝜏 =
𝛼𝑛𝑓𝑡

𝐿2
,   𝑋 =

𝑥

𝐿
,   𝑌 =

𝑦

𝐿
,   𝑈 =

𝑢𝐿

𝛼𝑛𝑓

,  𝑉 =
𝑣𝐿

𝛼𝑛𝑓

,   

𝜃 =
𝑇−𝑇𝑐

𝑇ℎ−𝑇𝑐
,  𝜙 =

𝜑

𝜑0
,  𝑃 =

𝑝𝐿2

𝜌𝑛𝑓𝛼𝑛𝑓
  ,                                  (6) 

 The previous dimensional equations become: 

𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0                                                                      (7) 

𝜀
𝜕𝑈

𝜕𝑡
+ 𝑈

𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑈

𝜕𝑌
= −𝜀2 𝜕𝑃

𝜕𝑋
+ 𝜀𝑃𝑟 (

𝜕2𝑈

𝜕𝑋2 +
𝜕2𝑈

𝜕𝑌2
) −

𝜀2 𝑃𝑟

𝐷𝑎
𝑈                                                                               (8) 

𝜀
𝜕𝑉

𝜕𝑡
+ 𝑈

𝜕𝑉

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
= −𝜀2 𝜕𝑃

𝜕𝑌
+ 𝜀𝑃𝑟 (

𝜕2𝑉

𝜕𝑋2 +
𝜕2𝑉

𝜕𝑌2) −

𝜀2 𝑃𝑟

𝐷𝑎
𝑉 − 𝜀2𝑃𝑟𝐻𝑎2𝑉 + 𝜀2𝑃𝑟𝑅𝑇(𝜃 − 𝑁𝑟𝜙)                  (9) 

𝜂
𝜕𝜃

𝜕𝑡
+ 𝑈

𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
=

𝜕2𝜃

𝜕𝑋2 +
𝜕2𝜃

𝜕𝑌2 + 𝑁𝑏 (
𝜕𝜃

𝜕𝑋

𝜕𝜙

𝜕𝑋
+

𝜕𝜃

𝜕𝑌

𝜕𝜙

𝜕𝑌
) +

𝑁𝑡[(
𝜕𝜃

𝜕𝑋
)

2

+ (
𝜕𝜃

𝜕𝑌
)

2

]                                                        (10) 

𝜀
𝜕𝜙

𝜕𝑡
+ 𝑈

𝜕𝜙

𝜕𝑋
+ 𝑉

𝜕𝜙

𝜕𝑌
=

1

𝐿𝑒
(

𝜕2𝜙

𝜕𝑋2 +
𝜕2𝜙

𝜕𝑌2) +
𝑁𝑡

𝐿𝑒𝑁𝑏
(

𝜕2𝜃

𝜕𝑋2 +
𝜕2𝜃

𝜕𝑌2)

                                                                                 (11) 

The dimensionless parameters present in the equations 

above include the Lewis number (𝐿𝑒), the Prandtl number 

(𝑃𝑟), the Darcy number (𝐷𝑎), the Rayleigh number (𝑅𝑇), 

the Hartmann number (𝐻𝑎), the buoyancy ratio parameter 

(𝑁𝑟), the parameter of Brownian motion (𝑁𝑏) and the 

parameter of thermophoresis (𝑁𝑡). They are defined as 

follows: 

𝐿𝑒 =
𝛼𝑛𝑓

𝜀𝐷𝐵
 , 𝑃𝑟 =

𝜗𝑛𝑓

𝛼𝑛𝑓
 , 𝐷𝑎 =

𝐾

𝐿2 ,     

  𝑅𝑇 =
(1−𝜑0)𝛽𝑇𝑔(𝑇ℎ−𝑇𝑐)𝐿3

𝜗𝑛𝑓𝛼𝑛𝑓
, 𝐻𝑎 = √

𝐿2𝐵0
2𝜎

𝜇𝑛𝑓
,   

  𝑁𝑟 =
(𝜌𝑃−𝜌𝑓)𝜑0

(1−𝜑0)𝛽𝑇𝜌𝑛𝑓(𝑇ℎ−𝑇𝑐)
,  

𝑁𝑏 =
𝜑0𝐷𝐵𝜀(𝜌𝐶𝑝)𝑝

𝛼𝑛𝑓(𝜌𝐶𝑝)𝑛𝑓
  ,  𝑁𝑡 =

𝐷𝑇

𝑇𝑐

𝜀(𝜌𝐶𝑝)𝑝

(𝜌𝐶𝑝)𝑛𝑓

(𝑇ℎ−𝑇𝑐)

𝛼𝑛𝑓
              (12) 

The boundary conditions are defined as follows: 

U = 0 ;  V = 0 ;   = 1.  ;   𝐽𝑃 = 𝑁𝑡
𝜕𝜃

𝜕𝑋
+ 𝑁𝑏

𝜕Φ

𝜕𝑋
= 0 for 

(X = 0 ;  
h

𝐿
≤ Y ≤ 1 −

h

𝐿
) 

U = 0;  V = 0; 
𝜕𝜃

𝜕𝑋
= 0; 

𝜕Φ

𝜕𝑋
= 0  for (X = 0 ;  0 ≤ Y ≤

h

𝐿
) 

U = 0; V = 0; 
𝜕𝜃

𝜕𝑋
= 0;

𝜕Φ

𝜕𝑋
= 0 for (X = 0; 1 −

h

𝐿
≤ Y ≤

1) 

U = 0 ;  V = 0 ;   = 0 ; 𝐽𝑃 = 𝑁𝑡
𝜕𝜃

𝜕𝑋
+ 𝑁𝑏

𝜕Φ

𝜕𝑋
= 0 for 

(X = 1 ;  0 ≤ Y ≤ 1) 

U = 0;  V = 0;   = 1 ; 𝐽𝑃 = 𝑁𝑡
𝜕𝜃

𝜕𝑋
+ 𝑁𝑏

𝜕Φ

𝜕𝑋
= 0 for (Y =

0 ;  
h

𝐿
≤ X ≤ 1 −

h

𝐿
) 

U = 0;  V = 0; 
𝜕𝜃

𝜕𝑌
= 0 ; 

𝜕Φ

𝜕𝑌
= 0 for (Y = 0;  0 ≤ X ≤

h

𝐿
) 

U = 0 ; V = 0;
𝜕𝜃

𝜕𝑌
= 0;

𝜕Φ

𝜕𝑌
= 0 for (Y = 0; 1 −

h

𝐿
≤ X ≤

1) 

U = 0;  V = 0; 
𝜕𝜃

𝜕𝑌
= 0 ; 

𝜕Φ

𝜕𝑌
= 0 for (Y = 1 ;  0 ≤ X ≤ 1)

                   (13) 

The local and average Nusselt and Sherwood numbers 

are defined as: 

𝑁𝑢𝑙 = − (
𝜕𝜃

𝜕𝑋
)

𝑋=0 
on the vertical heater 

𝑁𝑢𝑏 = − (
𝜕𝜃

𝜕𝑌
)

𝑌=0 
on the horizontal heater              (14) 

𝑆ℎ𝑙 = − (
𝜕Φ

𝜕𝑋
)

𝑋=0 
on the vertical heater 

𝑆ℎ𝑏 = − (
𝜕Φ

𝜕𝑌
)

𝑌=0 𝑟
on the horizontal heater              (15) 

𝑁𝑢𝑎𝑣𝑙 =
1

ℎ′ ∫ 𝑁𝑢𝑙𝑑𝑦
𝑏

𝑎
; 𝑁𝑢𝑎𝑣𝑏 =

1

ℎ′ ∫ 𝑁𝑢𝑏𝑑𝑥
𝑏

𝑎
               (16) 

 

𝑦 

𝑥 

𝜕𝑇

𝜕𝑦
= 0 

𝜕𝑇

𝜕𝑥
= 0 

𝜕𝑇

𝜕𝑥
= 0 

𝜕𝑇

𝜕𝑦
= 0 

𝜕𝑇

𝜕𝑦
= 0 

𝐽𝑝 = 0. 𝑇ℎ 

𝑩ሬሬԦ ⇉ 

h 

L 

Fig. 1 Physical problem  

𝐽𝑝 = 0. 𝑇ℎ 

𝐽𝑝 = 0. 𝑇𝑐 
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Table 1 Comparison between our results and those of 

Shermet et al. (2014) for 𝑹𝑻 = 𝟏𝟎𝟎, 𝑯𝒂 = 𝟎 and 𝑵𝒕 =
𝑵𝒃 = 𝟎. 𝟒 

Le Nr 

Nuavg 

Shermet et 

al. (2014) 
Our code 

relative 

deviation 

1 
0.1 3.8387 3.8178 0.54% 

0.4 2.7791 2.7717 0.27% 

10 
0.1 4.6270 4.5926 0.74% 

0.4 4.0088 4.0061 0.07% 

100 
0.1 4.6252 4.5562 1.49% 

0.4 4.3049 4.3387 0.8% 

 

𝑆ℎ𝑎𝑣𝑙 =
1

ℎ′ ∫ 𝑆ℎ𝑙𝑑𝑦
𝑏

𝑎
 ; 𝑆ℎ𝑎𝑣𝑏 =

1

ℎ′ ∫ 𝑆ℎ𝑏𝑑𝑥
𝑏

𝑎
              (17) 

With =
ℎ

𝐿
 , 𝑏 = 1 −

ℎ

𝐿
 and ℎ′ =

ℎ

𝐿
 

𝑁𝑢𝑎𝑣𝑔 =
(𝑁𝑢𝑎𝑣𝑙+𝑁𝑢𝑎𝑣𝑏)

2
; 𝑆ℎ𝑎𝑣𝑔 =

(𝑆ℎ𝑎𝑣𝑙+𝑆ℎ𝑎𝑣𝑏)

2
              (18) 

In this study, attention will be focused on the Nusselt 

and Sherwood numbers when 𝑁𝑡 ≠ 𝑁𝑏 and the analysis 

will be restricted to the Nusselt number when 𝑁𝑡 = 𝑁𝑏 =
 0.1.  

3.  NUMERICAL METHOD 

The governing equations numbered (7) to (11), are 

solved using the finite volume method in conjunction with 

the SIMPLE algorithm (Patankar (1980)). Convergence of 

the calculations is deemed achieved when the following 

condition was met: 

𝐸𝑟𝑟𝑊 =
∑ ∑ |𝑊𝑥,𝑦

𝑛+1 − 𝑊𝑥,𝑦
𝑛 |𝑦𝑥

∑ ∑ |𝑊𝑥,𝑦
𝑛+1|𝑦𝑥

< 10−6 

Where 𝑊 stands for 𝑈, 𝑉, 𝜃 and 𝛷 and the superscripts n 

and 𝑛 + 1 designate two successive iterations. 

Validation of the present code against existing 

literature is crucial to confirm its accuracy and efficiency. 

This quantitative validation is performed by comparing 

our findings with those of Shermet et al. (2014), as 

demonstrated in Table 1. 

The present code reproduces the results of the latter 

reference with deviations of less than 1.5%. The initial 

qualitative validation is conducted using the numerical 

results (streamlines, isotherms, and iso-concentrations) 

from Zahmatkesh and Habibi (2019). Their study focuses 

on the natural convection of a nanofluid within a square 

porous cavity, with constant-temperature side walls (see 

Fig. 2). The second validation utilises experimental and 

numerical isotherms plots produced by Calcagni et al. 

(2005) in a square cavity that is heated from the bottom  

(see Fig. 3). The qualitative comparisons illustrated in 

Figs. 2 and 3 further substantiate the reliability of this 

study numerical code. 

 A grid sensitivity analysis was conducted using 

various mesh sizes to determine the most suitable grid for 

the calculations𝑅𝑇 = 106, 𝐿𝑒 = 25, 𝐷𝑎 = 10−2, 𝑃𝑟 = 7, 
𝑁𝑟 = 𝑁𝑡 = 𝑁𝑏 = 0.1 and 𝐻𝑎 = 0 (see Table 2). The 

results indicate that the Nusselt number calculated with a  

120×120 mesh differs by about 0.93% from that obtained 

with the finest mesh of 180×180. Accordingly, the 

120×120 grid was considered appropriate for this study. 

 

 

 

Fig. 3 Validation in terms of isotherms (right side) 

and those of Calcagni et al. (2005): experimental (a) 

and numerical (b) results 

 

Table 2 Effect of the grid size on the average Nusselt 

number for 𝑹𝑻 = 𝟏𝟎𝟔, 𝑫𝒂 = 𝟏𝟎−𝟐, 𝑯𝒂 = 𝟎 and 𝑵𝒓 =
𝑵𝒕 = 𝑵𝒃 = 𝟎. 𝟏 

Grid size 𝑁𝑢𝑎𝑣𝑔 ∆=
|𝑁𝑢𝑖×𝑗 − 𝑁𝑢180×180|

𝑁𝑢180×180

× 100% 

30 × 30 9.823 4.5 

60 × 60 10.015 2.63 

90 × 90 10.112 1.69 

120 × 120 10.190 0.93 

180 × 180 10.286 - 

𝜃 𝛷 𝛹 

Fig. 2 Comparison between our results and those of 

Zahmatkesh and Habibi (2019) in terms of 

streamlines, isotherms and isococentrations for, 

𝑹𝑻 = 𝟏𝟎𝟎, 𝑯𝒂 = 𝟎, 𝑵𝒕 = 𝟎. 𝟎𝟓, and 𝑵𝒃 = 𝑵𝒓 = 𝟎. 𝟏 
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Fig. 4 Streamlines, isotherms and iso-concentrations for  𝑯𝒂 = 𝟎, 𝑫𝒂 = 𝟏𝟎−𝟐, 𝑵𝒓 = 𝑵𝒕 = 𝑵𝒃 = 𝟎. 𝟏 and various 

𝑹𝑻 

 

4. FINDINGS 

This study explores natural convection in a partially 

heated square porous cavity filled with a nanofluid, 

considering the effects of a magnetic field. The findings 

are illustrated through streamlines, isotherms, iso-

concentrations, and average Nusselt and Sherwood 

numbers for various 𝐷𝑎, 𝐻𝑎, 𝑅𝑇, 𝑁𝑡, 𝑁𝑏, and 𝑁𝑟. The 

Lewis and Prandtl numbers are considered constant (𝐿𝑒 =
25 and 𝑃𝑟 =7).  

4.1 Impact of Rayleigh Number  

Figure 4 illustrates the influence of the Rayleigh 

number on streamlines, isotherms and iso-concentrations 

without a magnetic field (𝐻𝑎 = 0) for 𝐷𝑎 = 10−2, 𝑁𝑡 =
𝑁𝑏 = 𝑁𝑟 = 0.1 and different Rayleigh number values 

(103 ≤ 𝑅𝑇 ≤ 106). A single clockwise flow cell is present 

in the cavity, created by the upward/(downward) motion 

of the fluid that is heated/(cooled) by the vertical 

heater/(right cold wall). At low Rayleigh numbers, as 

shown in Fig. 4 for 𝑅𝑇 = 103, the flow intensity is weak. 

Consequently, the isotherms are almost vertical in regions 

away from the heating segments, indicating that 

conduction primarily governs heat transfer. As the 

Rayleigh number rises, the flow intensity also increases, 

resulting in the development of boundary layers adjacent  
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Fig. 5 Streamlines, isotherms and isoconcentrations for 𝑹𝑻 = 𝟏𝟎𝟔, 𝑯𝒂 = 𝟎, 𝑵𝒓 = 𝑵𝒕 = 𝑵𝒃 = 𝟎. 𝟏 and 𝑫𝒂 = 𝟏𝟎−𝟓 

(a) and 𝟏𝟎−𝟐 (b) 
 

to the active walls at high Rayleigh numbers, such as 𝑅𝑇 =
106 as illustrated in Fig. 4. Quantitatively, Ψ𝑚𝑎𝑥 increases 

from 0.32 to 20.31 as 𝑅𝑇 rises from 103 to 106. The 

isotherm pattern is significantly altered by convection 

effects, leading to the emergence of a vertical thermal 

stratification in a substantial portion of the cavity. 

Additionally, an increase in 𝑅𝑇, leads to a more uniform 

distribution of nanoparticles within the core of the cavity. 

The concentration of nanoparticles is notably higher near 

the cold wall, as illustrated by the iso-concentrations in 

Fig. 4. This phenomenon can be attributed to the 

thermophoresis effect, which drives higher or lighter 

molecules towards warmer or cooler areas, respectively. 

4.2 Effect of Darcy Number  

Figure 5 illustrates the streamlines, isotherms and iso-

concentrations for the parameters 𝑅𝑇 = 106, 𝐻𝑎 = 0, 

𝑁𝑡 = 𝑁𝑏 = 𝑁𝑟 = 0.1, considering two different values of 

the Darcy number (𝐷𝑎 = 10−5 and 𝐷𝑎 = 10−2). At a 𝐷𝑎 

value of 10−5 (see Fig. 5a), the flow intensity is relatively 

low (Ψ𝑚𝑎𝑥 = 0.7). Consequently, conduction effects 

predominantly influence the temperature field, leading to 

a distinctly uneven distribution of nanoparticles (refer to 

Fig. 5a). Increasing the Darcy number to 𝐷𝑎 = 10−2 

markedly improves the permeability of the porous matrix, 

thereby promoting vigorous flow circulation within the 

cavity. This enhancement is evidenced by a maximum 

flow rate of Ψ𝑚𝑎𝑥 = 20.31 at this Darcy number. The 

structure of isotherms and iso-concentrations (refer to Fig. 

5b) clearly demonstrate that convection effects primarily 

govern heat and mass transfer. This is supported by the 

formation of boundary layers and the uniform distribution 

of nanoparticles. Figure 6 shows the influence of the 

Darcy number on the dimensionless vertical velocity at the 

mid-height of the cavity for 𝑅𝑇 = 106. This figure shows  

 
Fig. 6 Vertical velocity profiles at mid-height of the 

cavity for 𝑹𝑻 = 𝟏𝟎𝟔, 𝑯𝒂 = 𝟎, 𝑵𝒓 = 𝑵𝒕 = 𝑵𝒃 = 𝟎. 𝟏 

and various 𝑫𝒂 

 

that a decrease in the Darcy number results in reduced 

permeability of the porous matrix. Consequently, this 

reduction dampens the flow and suppresses the behaviour 

of the boundary layer. 

4.3 Effect of Hartmann number  

The impact of the Hartmann number (𝐻𝑎) on the flow, 

temperature, and concentration fields is illustrated in Fig. 

7 for 𝑅𝑇 = 106, 𝑁𝑡 = 𝑁𝑏 = 𝑁𝑟 = 0.1 and 𝐷𝑎 = 10−2. An 

increase in the magnetic field strength leads to a reduction 

in flow intensity and alters the trajectories of particles in 

the central region of the flow cell, as evidenced by the 

shapes of the internal streamlines. The flow intensity 

decreases significantly as the Hartmann number increases 

from 0 to 100, with Ψ𝑚𝑎𝑥  dropping from 20.31 to 7.97.  
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Fig. 7 Streamlines, isotherms and isoconcentrations for 𝑹𝑻 = 𝟏𝟎𝟔, 𝑫𝒂 = 𝟏𝟎−𝟐, 𝑵𝒓 = 𝑵𝒕 = 𝑵𝒃 = 𝟎. 𝟏 and various 

𝑯𝒂 

 

The damping effect of the magnetic field clearly shows 

the reduced flow intensity in the mid-height velocity 

profiles of the enclosure. (see Fig. 8a). At 𝐻𝑎 = 100, the 

peak velocity is observed to be less than one-fifth of that 

at 𝐻𝑎 = 0. The rise in 𝐻𝑎 reduces convection effects and 

tends to eradicate the vertical thermal stratification seen in 

the central region of the cavity at 𝐻𝑎= 0, with this 

stratification vanishing entirely at 𝐻𝑎 = 100. It also 

reduces the temperature gradient near the vertical heater 

and the cold wall, as illustrated by the temperature profiles 

in Fig. 8b. This figure demonstrates that the magnetic field 

at 𝐻𝑎 = 100 disrupts the thermal boundary layer. The 

impact of 𝐻𝑎 on the distribution of nanoparticles is 

relatively minor. As 𝐻𝑎 increases, there is a gradual shift 

towards a non-homogeneous medium.  

4.3 Influence of Thermophoresis and Brownian 

motion  

Figure 9 depicts the influence of the parameter 𝑁𝑡 on 

the streamlines, isotherms, and iso-concentrations when  



A. Marfouk et al. / JAFM, Vol. 18, No. 7, pp. 1720-1734, 2025.  

 

1728 

 

 

 

Fig. 9 Streamlines, isotherms and iso-concentrations for 𝑹𝑻 = 𝟏𝟎𝟔,  𝑯𝒂 = 𝟓𝟎, 𝑫𝒂 = 𝟏𝟎−𝟐, 𝑵𝒃 = 𝑵𝒓 = 𝟎. 𝟏, 𝑵𝒕 =
𝟎. 𝟎𝟓 (a) and 𝑵𝒕 = 𝟎. 𝟓 (b) 

 

𝑅𝑇 = 106, 𝐷𝑎 = 10−2, 𝐻𝑎 = 50 and 𝑁𝑟 = 𝑁𝑏 = 0.1. An 

increase in 𝑁𝑡 has a negligible effect on the streamlines 

and results in a subtle alteration of the temperature field, 

particularly near the hot and cold walls. Here, the 

isotherms become somewhat less dense, suggesting a 

slight decrease in thermal gradients. Nevertheless, an 

increase in this latter parameter significantly impacts the 

concentration field within the enclosure. It disrupts the 

uniform distribution of nanoparticles seen at lower values 

of 𝑁𝑡, resulting in notable concentration gradients within 

the mixture.  

Figure 10 illustrates the impact of the parameter 𝑁𝑏 on 

streamlines, isotherms and isoconcentrations at 𝑅𝑇 = 106, 

𝐷𝑎 = 10−2, 𝐻𝑎 = 50 and 𝑁𝑟 = 𝑁𝑡 = 0.1. The figure 

indicates that an increase in 𝑁𝑏 promotes a more uniform 

distribution of nanoparticles, resulting in decreased 

concentration gradients. However, it has minimal 

influence on the streamlines and isotherms.  

4.4 Thermal Transfer 

Figure 11 illustrates how the Rayleigh number 

influences the average Nusselt number, 𝑁𝑢𝑎𝑣𝑔, under the 

conditions of 𝐻𝑎 = 0, 𝑁𝑡 = 𝑁𝑏 = 𝑁𝑟 = 0.1 and different 

Darcy numbers. The figure clearly indicates that 𝑁𝑢𝑎𝑣𝑔 

rises with increasing the Rayleigh number within a 

specific range of 𝑅𝑇, where convective transfer plays a 

significant role. When 𝑅𝑇 falls below this range, 

conduction becomes the primary mode of heat transfer,  

(a) 

Fig. 8 Vertical velocity profiles (a) and temperature profiles (b) at mid-height of the enclosure 

for 𝑹𝑻 = 𝟏𝟎𝟔, 𝑫𝒂 = 𝟏𝟎−𝟐, 𝑵𝒓 = 𝑵𝒕 = 𝑵𝒃 = 𝟎. 𝟏 and various 𝑯𝒂 

(b) 
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Fig. 10 Streamlines, isotherms and iso-concentrations for 𝑹𝑻 = 𝟏𝟎𝟔 , 𝑯𝒂 = 𝟓𝟎, 𝑫𝒂 = 𝟏𝟎−𝟐, 𝑵𝒓 = 𝑵𝒕 = 𝟎. 𝟏, 

𝑵𝒃 = 𝟎. 𝟎𝟓 (a) and  𝑵𝒃 = 𝟎. 𝟓 (b 

 

 

Fig. 11 Average Nusselt number vs. 𝑹𝑻 for different 

Darcy number values, 𝑯𝒂 = 𝟎 and 𝑵𝒓 = 𝑵𝒃 = 𝑵𝒕 =
𝟎. 𝟏 

 

and 𝑁𝑢𝑎𝑣𝑔 shows minimal sensitivity to the variations of 

𝑅𝑇. The onset of convection is increasingly postponed as 

the Darcy number decreases. Specifically, for a Darcy 

number of 10−2, 𝑁𝑢𝑎𝑣𝑔 increases by factors of 1.4, 2.9 

and 5.6 when 𝑅𝑇 is increased from 103 to 104, 105 and 

106, respectively. Increasing the Darcy number increases 

heat transfer efficiency. For instance, at 𝑅𝑇 = 106, 𝑁𝑢𝑎𝑣𝑔 

decreases by approximately 13.7%, 58.13% and 81.58% 

as 𝐷𝑎 goes from 10−2 to 10−3, 10−4 and 10−5, 

respectively. At higher permeability, the increased Darcy 

number reduces the solid matrix's resistance to flow. This 

reduction in resistance promotes the role of convection. 

Figure 12 illustrates the variations of the local Nusselt 

number for the left (a) and bottom (b) hot walls, under 

conditions where 𝑅𝑇  =  106, 𝐷𝑎 =  10−2, 𝑁𝑡 = 𝑁𝑏 =
𝑁𝑟 = 0.1, with different Hartmann numbers. The results  
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Fig. 12 Local Nusselt number on the left (a) 

and bottom (b) hot walls at 𝑹𝑻 = 𝟏𝟎𝟔, 𝑫𝒂 =
𝟏𝟎−𝟐,  𝑵𝒓 = 𝑵𝒃 = 𝑵𝒕 = 𝟎. 𝟏 and different 𝑯𝒂 
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Fig. 13 Average Nusselt number vs. 𝑯𝒂 for  𝑫𝒂 =
𝟏𝟎−𝟐 , 𝑵𝒓 = 𝑵𝒃 = 𝑵𝒕 = 𝟎. 𝟏 and various 𝑹𝑻 

 

 

show that increasing the magnetic field strength decreases 

the local Nusselt number on the heated walls, particularly 

on the left hot wall, as seen in Figs. 7, indicating 

significant flow attenuation in that region. 

 

 

Figure 13 illustrates the influence of 𝐻𝑎 on the average 

Nusselt number for a Darcy number of 10−2, with 𝑁𝑟 =
𝑁𝑏 = 𝑁𝑡 = 0.1 and varying values of 𝑅𝑇. The figure 

demonstrates that 𝑅𝑇 and 𝐻𝑎 exert opposing effects on 

𝑁𝑢𝑎𝑣𝑔. Specifically, an increase in 𝑅𝑇/( 𝐻𝑎) leads to an 

enhancement/(a reduction) in heat transfer.  

When 𝑅𝑇 = 103, the average Nusselt number remains 

almost constant (𝑁𝑢𝑎𝑣𝑔 = 1.83), indicating dominance 

by conduction. Conversely, for values of 𝑅𝑇 ranging from 

104 to 106, convection effects become significant but they 

are attenuated by increasing the Hartmann number. 

Quantitatively, as the Hartmann number increases from 0 

(indicating the absence of a magnetic field) to 100, 𝑁𝑢𝑎𝑣𝑔 

drops by 27.25%, 61.48% and 42.76% for 𝑅𝑇 = 104, 

𝑅𝑇 = 105 and 𝑅𝑇 = 106, respectively. This data suggests 

that the most significant effect of 𝐻𝑎 on heat transfer 

occurs at 𝑅𝑇 = 105. 

Figures 14a and 14b depict the variations of the mean 

Nusselt number (𝑁𝑢𝑎𝑣𝑔) vs. 𝑅𝑇 for various values of the 

thermophoresis parameter, 𝑁𝑡, and the Brownian 

parameter, 𝑁𝑏, respectively. 
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Fig. 14 Average Nusselt number vs. 𝑹𝑻 for 𝐷𝑎 =
10⁻², 𝑯𝑎 = 50, 𝑵𝒓 = 𝟎. 𝟏 and different values of 

thermophoresis (a) and Brownian parameters (b) 

(a) 

(b) 

Fig. 15 Average Sherwood number vs. 𝑹𝑻 for 𝐷𝑎 =
10⁻², 𝑯𝑎 = 50, 𝑵𝒓 = 𝟎. 𝟏 and different values of 

thermophoresis (a) and Brownian parameters (b) 
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Notably, an increase in 𝑁𝑡 results in a significant 

decrease in 𝑁𝑢𝑎𝑣𝑔. For instance, at 𝑅𝑇 = 105, 𝑁𝑢𝑎𝑣𝑔 

decreases by 14.5% when 𝑁𝑡 is increased from 0.05 to 0.5. 

In contrast, variations in 𝑁𝑏 produce minimal changes in 

𝑁𝑢𝑎𝑣𝑔, as illustrated in Fig. 14(b).  

The average Sherwood number (𝑆ℎ𝑎𝑣𝑔) variations 

versus. 𝑅𝑇 for different values of 𝑁𝑡 and 𝑁𝑏 are illustrated 

in Figes 15a and 15b, respectively. Remarkably, an 

increase in 𝑁𝑡 results in a significant increase in the 

absolute value of 𝑆ℎ𝑎𝑣𝑔, as depicted in Fig. 15(a). For 

instance, at 𝑅𝑇 = 106, the absolute value of 𝑆ℎ𝑎𝑣𝑔 

increases by a factor of 8.6 when 𝑁𝑡 rises from 0.05 to 0.5. 

Additionally, the increase in 𝑁𝑏 significantly impacts 

𝑆ℎ𝑎𝑣𝑔 (see Fig. 15(b)). Hence, at 𝑅𝑇 = 106,  |𝑆ℎ𝑎𝑣𝑔| 

decreases by a factor of 10 as 𝑁𝑏 changes from 0.05 to 0.5.  

Figure 16 illustrates the influence of 𝑁𝑟 on the Nusselt 

number for 𝑁𝑏 = 0.1/(𝑁𝑡 = 0.1) and various 𝑁𝑡/(𝑁𝑏) at 

𝑅𝑇 = 106, 𝐷𝑎 = 10⁻² and 𝐻𝑎 = 50. The results indicate 

 

𝑅𝑇 = 106, 𝐷𝑎 = 10⁻² and 𝐻𝑎 = 50. The results indicate 

that 𝑁𝑢𝑎𝑣𝑔 shows minimal sensitivity to changes in 𝑁𝑟 

variations for 𝑁𝑡 values of 0.05 and 0.1. However, for 

𝑁𝑡 = 0.5, there is a gradual increase in 𝑁𝑢𝑎𝑣𝑔 as 𝑁𝑟 

varies, as depicted in Fig. 16(a).  

Figure 16(b) illustrates that the impact of 𝑁𝑟 on 𝑁𝑢𝑎𝑣𝑔 

is more pronounced at lower values of 𝑁𝑏. However, even 

at the smallest value of 𝑁𝑏 value examined in this study 

(𝑁𝑏 = 0.05), the increase in 𝑁𝑢𝑎𝑣𝑔 when 𝑁𝑟 is increased 

from 0.05 to 0.5 is less than 0.6%. 

The graphs depicting the average Sherwood number 

variations versus 𝑁𝑟 (Figure 17) indicate that the influence 

of the buoyancy ratio on mass transfer is negligible within 

the range of parameters analysed.  

5.  CONCLUSION  

This study investigates magnetohydrodynamic (MHD) 

natural convection within a square porous enclosure filled 

with a nanofluid. The enclosure is heated from the bottom 

(a) 

(b) 

Fig. 16 Average Nusselt number vs. buoyancy 

ratio parameter for various 𝑵𝒕 (a) and 𝑵𝒃 (b) 

(a) 

Fig. 17 Average Sherwood number vs. buoyancy 

ratio parameter for various 𝑵𝒕 (a) and 𝑵𝒃 (b) 

(b) 
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and left walls and cooled from the right side. The analysis 

employs Buongiorno’s model and utilises a computational 

code developed on the finite volume method, 

incorporating the SIMPLE algorithm to solve the 

governing equations. Comprehensive validation processes 

were carried out through comparisons with established 

results. The comparison produced very promising results, 

within an error margin under 1.5%, which confirms the 

accuracy and reliability of our simulations. 

In scenario where the magnetic field is absent (𝐻𝑎 =
0), it is observed that an increase in the Rayleigh/Darcy 

number has a significant impact on the flow, temperature, 

and concentration fields. This results in enhanced flow 

intensity and improved convective heat transfer, while 

simultaneously decreasing the non-homogeneity of 

nanoparticles distribution in the medium.  

When a magnetic field is present (𝐻𝑎 ≠ 0), the 

primary conclusions of this research are: 

Increasing the Hartmann number diminishes 

convection effects and reduces the vertical thermal 

stratification seen in the cavity’s center at 𝐻𝑎 = 0. 

Additionally, it attenuates the temperature gradients near 

the vertical active walls. 

The magnetic field at 𝐻𝑎 = 100 disrupts the thermal 

boundary layer. 

The impact of 𝐻𝑎 on the distribution of nanoparticles 

is minimal. It shows a gradual shift towards a non-

homogeneous medium as 𝐻𝑎 increases. 

The rise in 𝑁𝑡 results in a reduction/(an enhancement) 

of 𝑁𝑢𝑎𝑣𝑔/(|𝑆ℎ𝑎𝑣𝑔|).  

The increase in 𝑁𝑏 leads to a reduction in |𝑆ℎ𝑎𝑣𝑔|, but 

has little to no impact on 𝑁𝑢𝑎𝑣𝑔. 

The impact of 𝑁𝑟 on both 𝑁𝑢𝑎𝑣𝑔 and 𝑆ℎ𝑎𝑣𝑔 is 

negligible under the considered conditions. 
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