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Abstract. This study focuses on natural convection within a square porous
cavity that is partially heated/(cooled) along its left and bottom/(right and
top) walls, filled with a nanofluid and subjected to an external horizontal
magnetic field. All walls are assumed to be impermeable. The Buongiorno
mathematical model has been employed to take into consideration Brownian
and thermophoretic diffusion effect, in order to show the spatial distribution
of the local nanoparticle concentration. Using the finite volume method and
the SIMPLE algorithm, the governing equations have been discretized. The
results are depicted in terms of streamlines, isotherms, and iso-concentration
contours, as well as through the evaluation of the average Nusselt number
for different values of Darcy number, Da, Hartmann number, Ha, Rayleigh
number,Ry, thermophoresis number N;, Brownian number N, and
Buoyancy ratio N,.. The Lewis and Prandtl numbers are assumed to remain
constant, with Le = 25 and Pr =7, and the porosity of the cavity is
assumed to be 0.8 (a porosity of 0.8 corresponds to a moderately dense
porous medium, typical of materials such as metal foams, fibrous layers, or
certain granular media). All of these variables were discovered to have
significant influences on the strength of nanofluid flows, as well as the flow
structure and the rate of heat transfer.

1 Introduction

Due to the wide range of applications of magnetohydrodynamic (MHD) nanofluid natural
convection, it has become one of the major research topics over the past two decades. These
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applications include various industrial and technological fields such as crystal growth,
electronic cooling, oil extraction, and solar energy collectors, among others [1-2].

Many researchers have studied natural convection heat transfer in cavities filled with
nanofluids under various thermal boundary conditions. These investigations have shown that
the dynamic and thermal behavior of the mixtures, as well as their heat transfer performance,
strongly depend on the type and size of the nanoparticles, as well as on the specific thermal
conditions to which the cavities are exposed.

Among these authors, we find Khanafer et al. [3] that investigated numerically the
enhancement of natural convection heat transfer of nanofluids in a square cavity. They
demonstrated that the addition of nanoparticles significantly increased the heat exchange
within the cavity for different values of the Grashof number. The free convection in a square
cavity submitted to partially heating and cooling, filled with water-based nanofluids
containing copper nanoparticles was analyzed by Das et al. [4]. Five different configurations
of active zones were analyzed to assess the influence of the nanoparticle volume fraction ()
and the Grashof number (Gr) on heat transfer. The finite volume method with the SIMPLEC
algorithm was used to solve the conservation equations, employing theoretical models for the
nanofluid properties. The results show an important increase in the Nusselt number with ¥,
reaching up to 29% for x = 20%. Using the Lattice Boltzmann Method (LBM), Mahmoudi et
al. [5] studied natural convection in a square enclosure filled with a nanofluid composed of
water and AlOs, under a magnetic field. The bottom wall is maintained at a uniform
temperature, the vertical walls are linearly heated, and the top wall is maintained under
adiabatic conditions. The results indicate that the heat transfer rate rise with the Rayleigh
number but diminish with the Hartmann number. Moreover, for Ry = 5.10% and within the
studied interval of Hartmann numbers, The authors found that heat transfer and fluid flow
are strongly influenced by the direction of the magnetic field. Moreover, the orientation of
the magnetic field appears to control the behavior of the nanoparticles.

Natural convection in porous media saturated with nanofluids became a crucial area of
study in heat transfer and fluid mechanics. In the last few decades, several studies have
focused on natural convection in rectangular porous cavities filled with nanofluids. Khanafer
et al. [6] analyzed the integration of nanofluids (Cu and Ag nanoparticles) in porous media
to optimize heat transfer. The results show a significant increase in thermal conductivity and
Nusselt number, associated with the nanoparticle volume fraction (<20%) and with
convection (Rayleigh) and permeability (Darcy) parameters. However, the efficiency
depends on the geometry of the medium, the boundary conditions, and
magnetohydrodynamic (MHD) effects, where magnetic fields partially reduce the
performance gains. Bourantas et al. [7] conducted a numerical study on natural convection
in a square cavity filled with a porous medium saturated with nanofluid. The dimensionless
governing equations were established based on the Darcy—Brinkman model. Their results
show that increasing the nanoparticle volume fraction (up to 20%) enhances heat transfer,
particularly for low Darcy numbers, although the effect of viscosity becomes significant at
high concentrations. Li et al. [8] used a finite volume approach to evaluate convective heat
transfer in the MHD regime of a nanofluid within a porous cavity, based on a thermal non-
equilibrium model. They applied the Darcy—Boussinesq approximation to the momentum
equation. The authors reported that the flow velocity increased with higher Rayleigh
numbers, while the temperature gradient decreased with increasing porosity. Furthermore,
the Nusselt number exhibited an inverse relationship with both the Hartmann number and the
porosity. Rashad et al. [9] evaluated the impact of a magnetic field and internal heat
generation on natural convective flow in a porous cavity filled with a water—copper nanofluid.
It was found that the Nusselt number decreased with increasing Hartmann number or particle
concentration, while the opposite effect was observed with an expansion in the magnetic field
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inclination angle. Furthermore, an improvement in the Hartmann number reduced the
maximum stream function amplitude while reinforcing the highest temperature.

This study investigates natural convection in a square porous cavity partially heated
(cooled) along its left and bottom (right and top) walls, replete with a nanofluid and subjected
to an external horizontal magnetic field. All cavity walls are assumed to be impermeable. The
results are presented through streamlines, isotherms, and iso-concentration contours, as well
as by evaluating the average Nusselt number for various values of Da, Ha, Ry, N¢, Ny, et N,..
The Lewis and Prandtl numbers are kept constant at Le = 25 et Pr = 7, respectively, while
the cavity porosity is taken as & = 0.8 representing a moderately dense porous medium
typical of materials such as metal foams, fibrous layers, or certain granular structures.

2 Mathematical Formulation

The configuration studied in this project is illustrated in Figure 1. It consists of a square
porous enclosure of length L, loaded with a nanofluid and subjected to an external horizontal
magnetic field. The cavity is partially heated along its lower and left walls and partially
cooled along its upper and right walls, while the remaining portions of all walls are assumed
to be adiabatic. All walls are considered impermeable. The heating and cooling sections, each
of'length h = L/2, are preserved at constant temperatures T}, and T, respectively (T, > T,).

MP&NNF

2l 4

Fig. 1. Schematic diagram of the cavity

This investigation is carried out for a fixed values of Lewis number (Le = 25) and Prandtl
number (Pr = 7). The flow is supposed to be two-dimentional and laminar. The influences
of Brownian motion and thermophoresis within the nanofluid are incorporated using the
Buongiorno mathematical model [10]. By adopting these assumptions together with the
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Boussinesq approximation, the governing equations describing continuity, momentum,
energy and nanoparticle transport are presented as follows:

Continuity equation:

6u v
ax 6y =0 (1)

X-momentum equation:
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Nanoparticles volume fraction equation:
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Where Dy = % is the Brownian diffusion coefficient (m?s~1) and Dy = ZZCO is the
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thermophoresis diffusion coefficient (m?s~1). The proportionality factor was determinate by
McNab and Meisen [11]:
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The governing equations involve several dimensionless parameters, namely the Lewis
number (Le), the Prandtl number (Pr), the Darcy number (Da), the Rayleigh number (Ry),
the Hartmann number (Ha), the buoyancy ratio parameter (N,), the parameter of Brownian
motion (Np) and the parameter of thermophoresis (N;). These parameters are defined as

follows:
a 9 1- Th-Te)L3 12B2
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The boundary conditions are specified as follows:
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Jp denotes the mass flux of nanoparticles. According to Buongiorno’s model, this flux is

composed of two parts, namely Brownian diffusion and thermophoresis.
The local and average Nusselt number can be expressed as follows:

a6 . a0 .
Nu; = — (6_X)X=0 on the vertical heater Nu;, = — (a_Y)y=0 on the horizontal heater (13)

1 (b 1 (b
Nug, = Ffa Nw,dy; Nug,, = ﬁfa Nu,dx (14)

. h n h
withh' ==, a=—eth=1——
L 2L 2L



EPJ Web of Conferences 371, 01011 (2026) https://doi.org/10.1051/epjconf/202637101011
AMT 2026

3 Numerical procedure

Combined finite volume method with SIMPLE algorithm proposed by Patankar [12] allow
to solve the governing equations, Egs. (7)—(11). The numerical solution is assumed to be
converged when the following criterion is respected:

Wn+1 —wnr
Erry = 2 LW = B 1g-e
T Xy Wiy

Where W stands for U, V, 6 and @ and the superscripts n and n + 1 designate two successive
iterations.

Validating the current numerical code against previously published studies is necessary
to verify its accuracy and reliability. In this regard, a quantitative comparison between the
present results and those reported by Sheremet et al. [13] is carried out, as illustrated in Table
1. However, the present numerical code successfully replicate the results reported in the latter
reference, with deviations not exceeding 2.%. An initial qualitative validation is also
performed by comparing the obtained streamlines, isotherms, and iso-concentration contours
with the numerical results presented by same reference. This study investigated the natural
convection of a nanofluid inside a square porous cavity with side walls maintained at constant
temperatures (see Figure 2)

Table 1. Assimilation between the present finding and those reported by Schermet et al.

[13]
Porosity €=0.6 €=0.8
Schermet | present | Deviation | Schermet | present | Deviation
etal. [14] study (%) etal. [13]| study (%)
[@|,/ R P 1.632 1.600 1.96 1.821 1.801 1.09
Nuy, 4.862 4.877 0.30 6.450 6.437 0.2

|9| /Ry B = 1.821 |@|,n/Ry- B = 1.801
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Fig. 2. Comparison between our results (b) and those of Schermet et al.
[13] (a) in terms of streamlines and isotherms for R;=10%,€ = 0.8

To strengthen the validation of our numerical code, we reproduced the simulations
corresponding to the first two cases studied by Zahmatkesh and Habibi [14], strictly adopting
the same parameters and boundary conditions for both configurations (Case I and Case II) at
Ry, = 30 with (R, = Ry X D). In this study, the authors analyzed natural convection
heat transfer in a square cavity filled with a porous medium saturated with nanofluid. In the
first case, the left and right sidewalls were subjected to uniform heating and cooling,
respectively, while in the second case, they were influenced by a sinusoidal temperature
distribution. The horizontal walls were assumed to be adiabatic. The Buongiorno
mathematical model was employed.

The study was conducted for Rr,, = 30 and Le = 25, and the comparative results in terms
of the average Nusselt number calculated at the heated wall and the maximum stream
function intensity |w,,,.| for different values of N, N, and N, are presented in Table 2. This
table shows that the maximum relative difference between our results and those of the
reference study is less than 1.76% for the most unfavorable case

Table 2. Comparison of our results with those of Zahmatkesh et al. [14]

N, N, N, N, = N,
Ryp=30 N, = N, N, = N, N, =N, |=N,
=01 =01 =0.1
0,05 [05 [0.05 [05 [0.05 [05 0.1
Case | Zahmatkesh et | [wq,| | 1.909 [1.918 [1.916 [1.894 [1.917 [1.889 | 1.914
1 |al[14] N, |1.421 142414231417 1455|1186 | 1.422

Present study [Winarl | 1.898 11.907 | 1.905 | 1.881 | 1.906 | 1.879 | 1.903
N, |1.420|1.426|1.425|1.411 |1.456 |1.181 | 1.423
Relative [%max! [0.58 [0.57 |0.57 |0.69 |0.57 |0.53 0.57

deviation N, (007 [0.14 [0.14 [042 [0.06 [0.42 0.07
[wmael 10.75 1075 [0.75 [0.75 [0.736 [0.878 | 0.75
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Case | Zahmatkesh et N, |[3.577|3.576 |3.576 |3.576 |3.575 |3.722 | 3.576
2 |al [14]
Present study [%nax! [0.752 10.752 | 0.752 | 0.752 | 0.735 | 0.887 | 0.752
N, |3.514|3.516 |3.516 |3.511 |3.512 |3.709 | 3.515
Relative [Winaxl [0.26 {026 |0.26 |0.26 |0.13 |1.02 0.26
deviation N, |176 |1.67 |1.67 |1.81 |1.76 |0.34 1.7

The examination of Tables 1 and 2 shows good agreement between our results and those
reported in the literature [13,14]

The third validation is carried out using the experimental and numerical isotherm contours
reported by Calcagni et al. [15] for a square cavity heated from below. The qualitative
comparisons presented in Fig. 3 further confirm the accuracy and reliability of the present
numerical code.

(a)sz%;RT=1.86x105

(b) e =§;RT =1.86 x 10°
Fig. 3 Comparison in terms of isotherms (right side) and those of Calcagni et al. [15]:
experimental (a) and numerical (b) results.

To analyze the effect of spatial discretization on the precision of the numerical results,
several mesh sizes were tested. The simulation was carried out for five different grids,
ranging from a coarse to a finer mesh. The table below summarizes the various configurations
tested, along with the corresponding values of the Nusselt number and flow intensity. For a
Rayleigh number of Ry = 10°, the Prandtl number was set to 7.0, the Lewis number to 25,
the buoyancy ratio parameter (N, = 0.1), the Brownian motion parameter (N, = 0.1), the
thermophoretic parameter (N, = 0.1), the Darcy number (Da = 0.01), and the porosity (¢ =
0.8).
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Table 3. Influence of the mesh size on the average Nusselt number for Ry = 10%, Da =
1072, Ha = 0,and N, = N, = N, = 0.1

A= |®i><j - ®200x200| % 100%
Grid size (Ny X Ny) | |wl,, Nu, Nuy, | Nugyg D200x200
||, Nuavg
40 x 40 25933 | 7.913 | 9.131 | 8.522 7.62 2.49
80 x 80 25.546 | 7.702 | 9.578 | 8.640 6.02 1.14
120 x 120 25.172 | 7.643 | 9.827 | 8.735 4.46 0.05
160 x 160 24.688 | 7.537 | 9.984 | 8.760 2.4 0.22
200 x 200 24.095 | 7.390 | 10.091 | 8.740 - -

The results obtained with the 120x120 mesh show a deviation of less than 5% compared to
those of the 200%200 mesh, indicating satisfactory numerical convergence. Thus, the
120%120 mesh provides sufficient accuracy while optimizing computation time.

4 Discussion of the main Findings

In this section, the numerical results are analyzed through streamlines, isotherms, iso-
concentration contours, and average Nusselt numbers for various values of the governing
parameters within a square porous enclosure. The effects of the thermal Rayleigh number
(Ry), Lewis number (Le), Brownian motion parameter (Nj,), thermophoresis parameter (N;),
buoyancy ratio parameter (N,.), and Hartmann number (Ha) on the flow behavior and heat
transfer features are thoroughly explained.

4.1 Effects of Rayleigh number (Ry)

The influence of the Rayleigh number (R;) on the streamlines, isotherms, and iso-
concentration contours without application of a magnetic field (H, = 0), for Da = 1072 and
N, = N, = N, = 0.1, was illustrated in Figure 4. At low Rayleigh number (R; = 10%), a
single clockwise-rotating circulation cell occupies the entire cavity, driven by buoyancy
forces between the heated and cooled walls. The flow intensity remains low (¥, = 0.262),
producing almost linear isotherms near the second diagonal of the cavity, characteristic of a
heat-transfer regime dominated by conduction (Nu,,g = 1.63). When Ry increases (10* to
109), the flow intensifies (¥,,4,=25.172 at Ry = 10°) and convection becomes dominant.
This strengthens the boundary layers near the active walls and deforms the isotherms, which
become irregular, reflecting enhanced thermal mixing. Simultaneously, the average Nusselt
number increases significantly (Nug,, = 8.735), confirming improved heat-transfer
efficiency. The iso-concentration contours show a greater accumulation of nanoparticles near
the cold wall due to thermophoresis, which drives the particles toward cooler regions. At high
Ry, convection makes the nanoparticle distribution more uniform in the core of the cavity,
while a vertical thermal stratification is established. For the same combination of control
parameters, Figure 5 illustrates the evolution of the average Nusselt number (a), the local
Nusselt number on the left wall (b), and on the bottom wall (c) as a function of Ry. According
to this figure, there is a systematic increase in the average and local Nusselt numbers (left
and bottom walls) with increasing Ry, highlighting the spatial heterogeneity of heat-transfer
enhancement. The local peaks of Nu near the active walls indicate intensified boundary-layer
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interactions. Moreover, Figure 6 shows the impact of the Rayleigh number on the vertical
velocity profiles (a) and temperature profiles (b) at the mid- height of the cavity. At low Ry,
the velocity gradients are mild and the temperature profiles are linear, indicating the
dominance of the conductive regime. As Ry increases, the velocity gradients become steeper,
revealing stronger convective currents, while the temperature profiles become nonlinear,
characterized by steep gradients near the walls and stratification in the center. These
behaviors are consistent with convection-dominated heat transfer at high R

*RT

RT = 104

Wmax = 12.075; Nug,g =4.775

10
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RT = 106

Wonax = 25.172; Nug,, = 8735

Fig. 4. Streamlines, isotherms and iso-concentrations for Da = 1072, H, = 0, N, =
N, = N, = 0,1 and various R values.
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Fig. 5. Average Nusselt number (a), local Nusselt number on the left wall (b), and local
Nusselt number on the bottom wall (¢c) vs Ry at Da = 107, Ha = 0,N, = N, = N, =
0.1

11
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Fig. 6. Vertical velocity profiles (a) and temperature profiles (b) at mid-height of
the cavity for Da = 1072, Ha = 0, N, = N, = N,. = 0,1, and for different values
Of RT'

4.2 Effects of Darcy number (Da)

To reveal the effect of the Darcy number, Figure 7 illustrates the distributions of
streamlines, isotherms, and iso-concentration contours for Ry = 10°, Ha = 0,N, = N, =
N, = 0,1, while varying the Darcy number between 1072 and 107°. This figure shows that the
Darcy number, which represents the permeability of the medium, significantly influences the
fluid dynamics and heat transfer. When Da decreases from 1072 to 10-°, the maximum stream
function drops from 25.172 to 0.663, indicating a drastic weakening of the flow intensity and
convective circulation. Concurrently, the average Nusselt number diminishes from 8.735 to
1.651, marking a transition from a convection-dominated regime to a conduction-dominated
one. The nonlinear nature of these decreases, particularly pronounced between D, = 10™*
and 107>, suggests the existence of a critical permeability threshold below which convection
becomes negligible. The isotherms evolve from disturbed structures at Da = 1072 to regular
profiles at Da = 107>, reflecting the increasing dominance of thermal diffusion.

For more information on the dynamic and thermal behaviors of the fluid within the cavity,
Figure 8 illustrates the vertical velocity and temperature profiles at mid-height of the cavity
in the absence of a magnetic field (Ha = 0). The analysis of Figure 8 shows that the fluid
exhibits symmetric dynamic and thermal behavior, and that the fluid is at rest at the center of
the cavity, where its temperature equals the average temperature Ty = (T, + T,)/2. More
specifically, Figure 8 reveals that the fluid is increasingly agitated for Da = 1072, whereas
it is almost at rest when the Darcy number is low (Da = 107%). The flow velocity is
significantly higher near the active walls, while it is nearly zero at the center of the cavity.
Indeed, due to buoyancy forces, the hot fluid in the lower-left region rises vertically to the
upper corner, where it comes into contact with the cold fluid, causing strong interaction.
Similarly, the cold fluid in the upper-right corner descends vertically to the lower corner
under the influence of buoyancy forces, where it meets the hot fluid, generating intense
interaction.

These results highlight the key role of Da in controlling the heat-transfer mechanisms,
where high permeability promotes important convection, while low permeability enforces a
nearly stagnant regime.

12
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Figure 9 shows the evolution of the average Nusselt number (Nu4,4) vs thermal Rayleigh
number (R;) for various values of the Darcy number (Da). This graph highlights the
interaction between Da and Ry in heat transfer. For high permeability (Da = 1072), Nugyg
gradually increases with R, as convection is enhanced by the ease of fluid circulation. In
contrast, for intermediate permeability (Da = 1073 et 10™%), Nugyg remains low until Ry
exceeds certain critical thresholds (respectively 10° and 10°), beyond which convection
dominates over conduction. For very low permeability (Da = 107°), Nugy,g remains almost
constant, indicating a purely conductive regime. These results show that permeability acts as
a regulator of the effect of Ry, amplifying its influence in porous media and limiting it in

dense media. Thus, Da plays a key role in the switching from conduction-dominated to
convection-dominated heat transfer.
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Wnax = 5.921; Nug,, = 3.502

13
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Wnax = 0.663 ; Nug,, =1.651

Fig. 7. Strealines, isotherms and iso-concentrations for Ry = 10°, Ha = 0, N, =

N, = N, = 0.1 and various values of Da.
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Fig. 8. Vertical velocity profiles (a) and temperature profiles (b) at mid-height of
the cavity for Ry = 10, Ha = 0,et N, = N, = N, = 0,1 , and for different
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Fig. 9. Evolution of the average Nusselt number as a function of the
Rayleigh number, Ry, for different values of the Darcy number
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4.3 Effects of Hartmann number (Ha)

The effect of the magnetic field on the streamlines, temperature, and concentration fields is
presented in Figure 10 for Ry = 10°, Da = 0.01, and N, = N, = N,. = 0.1. Pour Ha = 0,
the flow is strongly convective, characterized by a single cell formed by almost rectangular
streamlines and irregular isotherms, promoting significant convective heat transfer (Nuq,,g =
8.735). When Ha increases from 0 to 100, the flow intensity decreases from 25.17 to 8.99, a
drop of 64.30%. Regarding the thermal field, the isotherms become less dense near the active
walls, indicating a reduction in heat transfer by approximately 41.24% (Nu,,4 decreases
from 8.73 to 5.13). As for the concentration field, the main change affects the density of
nano-particles distribution lines at the core of the cavity. The appearance of concentration
lines at the center of the enclosure indicates that the nanoparticle distribution is not
homogeneous.

The effect of the Hartmann number on the vertical velocity and temperature profiles at
mid-height of the cavity is shown in Figure 11(a—b). Examination of these figures indicates
that increasing the Hartmann number flattens the vertical velocity profiles and reduces the
thermal gradients with Ha, signaling a shift from a strongly convective regime to a
conduction-dominated regime. Therefore, the magnetic field gradually slows the fluid
motion, stabilizes the flow, and decreases heat transfer.
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Fig. 10. Streamlines, isotherms, and iso-concentration lines for Ry = 10% Da =
0.01 and N, = N, = N, = 0.1 for different values of Ha.
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Fig. 11. Vertical velocity profiles (a) and temperature profiles (b) at mid-height of the
cavity for Ry = 10%,Da = 0,01 and N, = N, = N,. = 0.1, for different values of Ha

4.4 Thermophoresis effect

Thermophoresis is a phenomenon that describes the movement of particles in a fluid due to
a temperature gradient. Figure 12 shows the impact of the thermophoretic parameter N, on
the streamlines, isotherms, and isoconcentrations for Ry = 10%, Ha = 0, Da = 1072 and
Ny, = N, = 0.1, with N, values ranging from 0.05 to 0.5. A close inspection of this figure
shows that the flow structure undergoes noticeable modifications, while the thermal and
concentration fields remain almost unchanged. The results also indicate that increasing N,
from 0.05 to 0.5 leads to a slight decrease in W,,,,,., from 25.193 to 24.933, corresponding to
a reduction of 1.03%. Moreover, the impact on heat transfer is more significant: Nu,,g4
decreases from 8.886 to 7.591, which corresponds to a reduction of 14.58%. This substantial
drop suggests that thermophoresis affects the convection mechanisms.

N, w 0 0]
N
o
S
Il
=

Wnar = 25.193
o)
S
Il
=

*_,:;.
Wonax = 24.933 5 Nug,, = 7.591

Fig. 12. Streamlines, isotherms, and iso-concentrations for Ry = 10%, Ha = 0, Da =
0,01 et N, = N, = 0.1 and different values of N,.
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Fig. 13. Variation of the average Nusselt number vs R; and Da for different
values of the thermophoretic parameter N,.

4.5 Influence of Brownian motion

Brownian motion is a physical phenomenon that describes the random and disordered
movement of particles suspended in a fluid, caused by collisions with the surrounding fluid
molecules. The impact of the Brownian motion parameter on the streamlines, isotherms, and
iso-concentrations for values of N, ranging between 0.05 and 1 is illustrated in Figure 14 for
Ry =10% Ha=0,Da =10"?¢etN, =N, = 0.1

This figure shows that the three fields remain almost unchanged in their initial structures,
while an increase in N, from 0.05 to 1.0 leads to a slight rise in W,y 4, from 25.117 to 25.219
(+0.4%), suggesting a local disturbance of the flow that may enhance vortex formation

Ny

Wnax = 25.117 ; Nug,g = 8.733
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Fig. 14. Streamlines, isotherms, and iso-concentrations for R = 10°, Ha =
0, Da = 0,01, N, = N, = 0.1 and various values of N,.

In contrast, Nug,, remains nearly constant (from 8.733 to 8.735; +0.02%), indicating that
Brownian motion does not significantly affect heat transfer within this range of N,. This
stability may result from a balance between particle agitation, which promotes convection,
and particle dispersion, which enhances diffusion.

Although present, Brownian motion appears to have a less pronounced effect than other
mechanisms, such as thermophoresis or medium permeability.

Conclusion

A numerical analysis using the finite-volume method was carried out to study two-
dimensional laminar natural convection in a square porous enclosure fraught with nanofluid,
partially heated along its left and bottom walls and cooled along its right and top walls. A
parametric investigation was conducted. The main conclusions of this study are as follows:

e The flow structure and temperature distribution are strongly influenced by the
Rayleigh and Darcy numbers.

e The study revealed that the Rayleigh number plays a key role in the transition
between conduction and convection regime, with a significant increase in heat
transfer (Nug,4) as Ry increase.

e  The Darcy number affects the medium’s permeability: a high value (Da = 1072)
promotes vigorous convection, whereas low permeability (Da = 107°) re-
establishes a conduction-dominated regime. The application of a magnetic field
(Ha) showed a stabilizing effect, reducing flow intensity and weakening heat
transfer.
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e Introducing a magnetic field (Ha # 0) reduces convective effects and decreases the
vertical thermal stratification observed at the center of the cavity for Ha = 0. It also
weakens the temperature gradients near the active vertical walls and disrupts the
thermal boundary layer (for Ha = 100). In contrast, the impact of the magnetic field
on nanoparticle distribution is minimal, with a progressive change toward a non-
homogeneous medium for increasing in Ha.

e  Thermophoresis N;) has the most significant impact on heat transfer by substantially
decreasing (Nu,yg), whereas Brownian motion (N ) exhibit marginal effects within
the ranges studied.
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