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The objective of this work is the mathematical modelling and the numerical simulation 
of the stationary, laminar, and natural convection, in a confined square cavity (H = L) 
filled with two fluids (a mixture of nanoparticles of aluminum oxide and Al2O3 water) 
in one partition and pure water in the other partition. A porous conductive wall of 
thickness w (w = L/e) and thermal conductivity Keff constitutes the exchange surface 
between these two partitions. The fluid movement is modeled by the Navier-Stokes 
equations in the two partitions, while the porous medium is modelled by the Darcy–
Brinkman equation. Comsol Multiphysics software is used to solve the system of 
differential equations that is based on the finite element method. The results are 
discussed with particular attention to the mean and local Nusselt number (Nu), 
streamlines and isotherms. A parametric study for Rayleigh number Ra (102 to 106), 

volume fraction  (0% to 10%), and Darcy number Da (10-7 to 10-2) is performed. The 

obtained findings show that the increase in Ra, Da, and  intensifies the flow and 

improves the thermal exchange on the cold wall. For Da  10-5, Nu remains practically 

low and the natural convection is being dominated by conduction. For Da  10-5, an 
increase in Nu is observed and the flows tend towards a purely convective situation. 
Furthermore, an increase in the heat transfer coefficients is observed with the raise of 
the porous layer permeability, volume fraction and Rayleigh number. 

Keywords:  
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1. Introduction 
 

The natural convection has attracted and still attracts the interest of many researchers and 
engineers through its applications in several industrial sectors, such as crystal growth, solar 
convection, soil pollution and geology, etc. Since the discovery of the phenomenon by the 
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experiments of Bénard [1] and the theoretical analysis of Rayleigh [2] at the beginning of the 20th 
century, the research in this field is continuous and the number of works on the subject is impressive. 

To study the phenomenon of the natural convection in a porous layer, it is necessary to 
characterize the movement of the fluid within this layer. Due to the complexity of this porous matrix, 
it turns out to be impossible to know precisely the movement of the fluid saturating the porous 
medium. Hence, the model notion has been introduced to describe in a macroscopic way the 
movement of the fluid particles and the heat transfer within a porous layer. 

The simplest empirical model to describe the movement of fluid within a porous layer is that of 
Darcy [3,4]. This model is limited to slow flows and it was later corrected to be more suitable for high 
Reynolds number flows. Based on experimental data, a second-order non-linear term between the 
infiltration rate and pressure gradients was added by Forchheimer to account for inertia effects for 
high-velocity flows. Wall effects (viscous stresses) are taken into account by modifying Darcy's law; 
the modification was presented by Brinkman [5,6]. 

The research by using Darcy's rule as an equation of motion were abundant in the literature. 
Horton and Rogers [7] and Lapwood [8] were among the first authors to conduct a natural convection 
study within a porous isotropic medium with uniform porosity. Since these first works, the study of 
convective movements within an isotropic horizontal porous layer with uniform porosity saturated 
by a fluid and heated from below has been the subject of a large number of works in the field of 
porous media [9-16]. Recently, Revnic et al., [17] used a rectangular cavity of infinite dimension for 
the sake of putting the natural convection phenomenon with a porous medium bi-disperse based on 
the sample proposed by Rees et al., [18]. A porous medium background composed of a solid step and 
pores saturated with fluid, but the solid phase can be considered as another porous medium with 
the same physical properties. The Rayleigh number taken in this investigation did not exceed 103. 
These authors have shown dominating conduction for great Rayleigh numbers. The dimension of the 
inner cell of convection contours increased with increasing Darcy number, and the thermal 
conductivity influenced the orientation of the central convection cell. Ismael and Chamkha [19] and 
Prasad [20] inspected the natural convection phenomenon in a vertical cylindrical enclosure of aspect 
ratio of the order of the unit filled by a porous medium generating heat, for Rayleigh numbers below 
104. These authors found that the isothermal stratifications tighten up the sidewall of the chamber, 
increasing the Rayleigh number, as well as the appearance of secondary cells at higher Rayleigh 
numbers. The use of a Rayleigh number less than 104 can be explained by the fact of using Darcy's 
law to model the infiltration of fluid particles into the porous matrix limits the increase in Ra, because 
the law of Darcy is limited for flows at medium velocity fields. The effects of inertia and viscous 
stresses were not taken into account, so for large Rayleigh numbers, the problem of numerical 
instability arises. 

Varol et al., [21] studied the natural convection phenomenon in a triangular enclosure. They 
adopted the model of Darcy to characterize the movement of fluid within the porous matrix. The 

investigation has been applied for different values of Rayleigh number (50  Ra  1000) and for an 
aspect ratio from 0.25 to 1. They found an increase in heat transfer rates with decreasing aspect 
ratio. Other researchers investigated the natural convection phenomenon in a trapezoidal enclosure 
with constant porosity [22-24]. These investigations were made for different values of Rayleigh 
numbers (100≤Ra≤1000), inclination angle, and aspect ratio. They reported an increase in the heat 
transfer rate with the raise of Ra and the decrease of inclination angle. The y showed that the 
temperature distribution is influenced by the enclosure inclination angle, which generates a 
multicellular flow and influences the stratification of isotherms. 

In the relation to this topic (subject), different geometries can be found in researches by Rosali et 
al., [25], Meerikh and Mohamad [26], Phanikumar and Mahajan [27], Baytas et al., [28], and 
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Sheremet and Pop [29]. Rosali et al., [25] analyzed the unsteady boundary layer stagnation point flow 
and heat transfer towards a stretching sheet by considering the porosity. They found that that the 
skin friction coefficients decrease whereas the local Nusselt number increases with the increase in 
permeability parameter. Merrikh and Muhamad [26] considered in their work two vertical layers of 
porous media. Their concern was based on the validity of the Darcy model. As a result, they found 
different predictions between Darcy models and Brinkman ones. The localization of a rectangular 
metal form sample (of high porosity) on the bottom of a fluid-filled, heated from below was 
considered in the study of Phanikumar and Mahajan [27]. The investigation of Baytas et al., [28] was 
based on the double-diffusive natural convection between a fluid and overlaying a porous medium 
with the stopped surface. Dramatic shifts of the heat and mass transfer were recorded in this case. 
Sheremet and Pop [29] used the Buongiorno’s model to investigate the steady natural convection 
flow and heat transfer in a square porous cavity saturated by a nanofluid. Murshed et al., [30] found 
out a significant increase in heat transfer rates with the increase of the volume concentration of the 
particles of nanofluid (Water/TiO2 - water/Al2O3) due to the enhanced thermal conductivity and 
viscosity effectiveness. In addition to that, a linear increase in the thermal conductivity of nanofluids 
effectiveness as a function of temperature has been observed. Another interesting work on the 
preparation of nano-refrigerant has been reported by Halim and Sidik [31]. Kladias and Prasad [32] 
studied the natural convection in a horizontal porous layer heated from below. The model adopted 
by these authors to characterize the fluid movement in this porous layer was the Darcy model 
extended by Brinkman and Forchheimer (EBFD). Kangni et al., [6] analysed the natural turbulence of 
conduction-convection in enclosures delimited by a massive wall. Varol et al., [33,34] focused their 
study on the entropy generation due to the natural convection and conjugated heat transfer of the 
fluid flow within an enclosure delimited by two massive solid walls of different values of thickness.  
 
2. Physical Model and Formulation 
 

In this paper, we study the convection in a closed square filled with two fluids (a mixture of 
aluminum oxide nanoparticles Al2O3 and water) in one portion and pure water in the other one. A 
porous conductive wall of thickness w (w = L/e) and thermal conductivity are concerned. Keff 
constitutes the exchange surface between the two portions mentioned previously Figure 1. Navier-
Stokes equations govern the movement of the fluid in the two portions and the porous medium 
modelled by using the Darcy-Brinkman equation. The energy equation governs the heat transfer. 
Comsol Multiphysics software, which is based on the finite element method, is used to solve the 
differential equations system. We remind that Aluminum oxide has a chemical formula Al2O3. It is 
amphoteric in nature, and is used in various chemical, industrial and commercial applications. 
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Fig. 1. Schematic of the studied configuration and 
boundary conditions 

 
2.1 Hypotheses 
 

The following assumptions are used. 
i. The porous medium is saturated. 

ii. The porous-fluid interface is supposed to be impermeable. 
iii. The flow is two-dimensional and the fluid is incompressible. 
iv. The flow regime is laminar. 
v. The physical properties of the fluid and the nanofluid are both assumed to be constant. 

vi. The Boussinesq [35] approximation has been taken into account. 
vii. The fluid’s movement in the fluid portion is led by the Navier-Stokes equations and also for 

the porous portion, modified by the addition of the Darcy-Brinkman term. 
 
2.2 Mathematical Formulation 
 

In cartesian coordinates, the governing equations of the flow of heat transfer in both the two 
porous and fluid portions are as follows. 

The dimensional governing equations for the porous layer are as follows 
 
Continuity 
 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0              (1) 

 
x-Direction Momentum Equation 
 

𝜌𝑛𝑓 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = −𝜀2

𝜕𝑝

𝜕𝑥
+ 𝜀𝜇𝑛𝑓 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
) − 𝜀2

𝜇𝑛𝑓

𝐾
𝑢       (2) 

 

y-Direction Momentum Equation 
 

𝜌𝑛𝑓 (𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = −𝜀2

𝜕𝑝

𝜕𝑦
+ 𝜀𝜇𝑛𝑓 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
) − 𝜀2

𝜇𝑛𝑓

𝐾
𝑣 + 𝜀2𝜌𝑛𝑓𝛽𝑛𝑓𝑔(𝑇 − 𝑇0)     (3) 
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Energy Equation 
 

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
= 𝛼𝑒𝑓𝑓 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
)           (4) 

 
The dimensional equations of the nanofluid layer are as follows 

 
Continuity 
 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0              (5) 

 

Momentum equation in the x-direction 
 

𝜌𝑛𝑓 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) =

𝜕𝑝

𝜕𝑥
+ 𝜇𝑛𝑓 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
)          (6) 

                                                                                          

Momentum equation in the y-direction 
 

𝜌𝑛𝑓 (𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑦
+ 𝜇𝑛𝑓 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
) + 𝜌𝑛𝑓𝛽𝑛𝑓𝑔(𝑇 − 𝑇0)       (7) 

 
Energy Equation 
 

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
= 𝛼𝑛𝑓 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
)           (8) 

 

The adopted relations that prescribe the physical properties of the nanofluid in Table 1 are as 
follows.  
 

Table 1 
Physical property of nanoparticles and water at T = 20 °C 
 Pr  (kg/m3) Cp (J/kg.K) K (W/m.K) Β ( 10-5) (K-1) 

Water 6.2 998.2 4181.8 0.593 21 
Al2O3  3960.14 761.55 37.17 0.75 

 
The significant density of a fluid containing suspended particles at a reference temperature is 

given by 
 
𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑓 + 𝜙𝜌𝑠            (9) 

 
(𝜌𝛽)𝑛𝑓 = (1 − 𝜙)(𝜌𝛽)𝑓 + 𝜙(𝜌𝛽)𝑠                     (10) 

 
The heat capacity of the nanofluid can be written as 
 
(𝜌𝐶𝑃)𝑛𝑓 = (1 − 𝜙)(𝜌𝐶𝑃)𝑓 + 𝜙(𝜌𝐶𝑃)𝑠                     (11) 

where , f, and s are the volume fraction of the suspended particles, density of the particles and 
based fluid, respectively. The viscosity effectiveness of nanofluid that consists of pure water and a 
dilute suspension of tiny solid spherical particles is given by Brinkman as shown below 
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𝜇𝑛𝑓 =
𝜇𝑓

(1−𝜙)2.5
                        (12) 

 
The stagnant thermal conductivity of the solid-liquid mixture was first developed by Wasp 
 
𝑘𝑛𝑓 = 𝑘𝑓(−13𝜙

2 + 6.3𝜙 + 1)                     (13) 

 
The thermal diffusivity of nanofluid αnf is evaluated from 
 

𝛼𝑛𝑓 =
𝑘𝑛𝑓

(𝜌𝐶𝑝)𝑛𝑓
                        (14) 

 
The following dimensionless variables are defined 
 

𝑋  =  
𝑥

𝐿
  ;   𝑌  = 

𝑦

𝐿
  ;   𝑈  =  

𝑢𝐿

𝛼𝑓
  ;   𝑉  =  

𝑣𝑢𝐿

𝛼𝑓
  ;   𝑃  =  

𝑝𝐿2

𝜌𝑛𝑓𝛼𝑓
2

;  𝜃 =
𝑇−𝑇𝑓

𝛥𝑇
 𝑎𝑣𝑒𝑐 𝛥𝑇 = 𝑇𝑐 − 𝑇𝑓

                 (15) 

 
As a result, the non-dimensional equation of conservation can be written as the same way for the 

porous layer 
 
Continuity 
 
𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0                        (16) 

 
Momentum equation in the x-direction 
 

𝑈
𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑈

𝜕𝑌
= −

𝜕𝑃

𝜕𝑋
+ 𝜀

𝑃𝑟

(1−𝜙)2.5(1−𝜙+𝑅𝜌𝜙)
× (

𝜕2𝑈

𝜕𝑋2
+

𝜕2𝑈

𝜕𝑌2
) − 𝜀2

𝑃𝑟

𝐷𝑎
1

(1−𝜙)2.5(1−𝜙+𝑅𝜌𝜙)

               (17)  

 
Momentum equation in the y-direction 
 

𝑈
𝜕𝑉

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
= −

𝜕𝑃

𝜕𝑌
+ 𝜀

𝑃𝑟

(1−𝜙)2.5(1−𝜙+𝑅𝜌𝜙)
× (

𝜕2𝑉

𝜕𝑋2
+

𝜕2𝑉

𝜕𝑌2
) − 𝜀2

𝑃𝑟

𝐷𝑎
1

(1−𝜙)2.5(1−𝜙+𝑅𝜌𝜙)

+

𝜀2
(1−𝜙+𝑅𝜌𝑅𝛽𝜙)

(1−𝜙+𝑅𝜌𝜙)
𝑅𝑎 𝑃𝑟 𝜃                      (18) 

 
Energy Equation 
 

𝑈
𝜕𝜃

𝜕𝑋
+ 𝑣

𝜕𝜃

𝜕𝑌
=

𝛼𝑒𝑓𝑓

𝛼𝑓
(
𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
)                     (19) 

 
For nanofluid (nonporous layer) 
 
Continuity 
 
𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0                        (20) 
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Momentum equation in the x-direction 
 

𝑈
𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑈

𝜕𝑌
= −

𝜕𝑃

𝜕𝑋
+

𝑃𝑟

(1−𝜙)2.5(1−𝜙+𝑅𝜌𝜙)
× (

𝜕2𝑈

𝜕𝑋2
+

𝜕2𝑈

𝜕𝑉2
)                  (21) 

 
Momentum equation in the y-direction 
 

𝑈
𝜕𝑉

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
=

𝜕𝑃

𝜕𝑌
+

𝑃𝑟

(1−𝜙)2.5(1−𝜙+𝑅𝜌𝜙)
× (

𝜕2𝑉

𝜕𝑋2
+

𝜕2𝑉

𝜕𝑌2
) +

(1−𝜙+𝑅𝜌𝑅𝛽𝜙)

(1−𝜙+𝑅𝜌𝜙)
𝑅𝑎 𝑃𝑟 𝜃               (22) 

 
Energy Equation 
 

𝑈
𝜕𝜃

𝜕𝑋
+ 𝑣

𝜕𝜃

𝜕𝑌
=

𝛼𝑛𝑓

𝛼𝑓
(
𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
)                     (23) 

 
where the following dimensionless numbers appear. 
 

𝑅𝑎 =
𝑔𝛽𝑓𝛥𝑇𝐿

3

𝛼𝑓𝜈𝑓
; 𝐷𝑎 =

𝐾

𝐿2
; 𝑃𝑟   = 

𝜈

𝛼𝑓

𝑅𝜌 =
𝜌𝑠

𝜌𝑓
; 𝑅𝛽 =

𝛽𝑠

𝛽𝑓
;

                     (24) 

 
The local and average Nusselt numbers along the right wall are calculated, respectively, as below. 

                                         

𝑁𝑢𝑙𝑜𝑐𝑎𝑙 =
𝑘𝑛𝑓

𝑘𝑓

𝜕𝜃𝑛𝑓

𝜕𝑋
|
𝑋=𝐿

                      (25) 

 

𝑁𝑢𝑎𝑣𝑔 =
𝑘𝑛𝑓

𝑘𝑓
∫

𝜕𝜃𝑛𝑓

𝜕𝑋

𝐿

0
|
𝑋=𝐿

𝑑𝑌                      (26) 

 
3. Numerical Computations 
 

The numerical method to solve the governing equations of the physical problem remain an 
efficient and less expensive technique for the treatment of various industrial applications [38-40]. In 
this paper, the study has been achieved numerically by using the computer software COMSOL. It is a 
powerful and interactive tool for modelling various scientific problems of fluid flows and heat 
transfer. It is based on the finite element method to solve the governing equations of the problem. 
It is as a stand-alone product and it is accessed through a flexible graphical user interface, or script 
programming in the MATLAB language. 

The numerical results are obtained by solving the system of Eq. (1)-(8), with the appropriate 
boundary conditions. The two-dimensional spatial domain is divided into quadratic elements (mesh 
structured) as shown in Figure 2. The mesh is refined near the borders. A nonlinear solver was used, 
and the convergence criterion was fixed to 106. 
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Fig. 2. Schematic of the mesh used 

 
4. Results and Discussion 
 

The reliability of the computer software and the numerical method adopted was checked by 
validating our predictions against some experimental data of the literature. For this purpose, we 
referred to the works of Khanafer et al., [36] and Lauriat and Prasad [37]. It concerns differentially 
heated cavities, fully porous and filled with Al2O3 nanofluid. The results of comparison are shown in 
Table 2, where a good agreement is observed.  
 

Table 2 
Comparisons of the present numerical solutions with previous works 
 Ra Da Lauriat and Prasad [37] Present work 

Porous  
Cavity 

 = 0.4 
Pr = 1 

103 10-2 1.02 1.0001 
105 10-2 3.8 3.65 
107 10-6 1.08 1.11 
108 10-6 2.99 3.02 

 Ra  Khanafer et al., [36] Present work 

Nano-fluid  
Cavity 
Pr = 6.2 

103 0.04 2.08 2.11 
105 0.08 2.24 2.20 
105 0.04 8.93 8.67 
105 0.08 9.6 9.34 

 
To describe the effect of the porous zone on the structure of the flow in the partitioning cavity, 

the following control parameters are set: Pr = 6.2, ԑ = 0.4, Rρ = 3.79, Rβ = 0.036. 

Figure 6 to Figure 10 present the current function and isotherms for a uniform porosity  = 0.4 
and different Rayleigh numbers Ra (104, 105, and 106), Darcy numbers Da (10-7, 10-5, 10-3, and 10-2), 

and volume fractions  (0%, 4%, and 8%). These figures are plotted to illustrate the effect of these 
variables on the flow and heat transfer. The convection begins with a single-cell flow in the two 
partitions of very variable intensity (Table 3) and with the absence of cells in the porous zone. The 
cell of the porous zone exhibits a vortex that widens with increasing volume fraction. For Da = 10-7, 
unequal vortices of the two partitions are observed. The isotherms are almost parallel, that is to say 

that the heat transfer is purely conductive for Ra = 104, Da = (10-7 and 10-5), and  = (0%, 4%, and 
8%). The isotherms start to deform by increasing Raleigh numbers, thus altering the convection birth 
in the fluid zone. 

The isotherms sink towards the fluid zone and change the predominating convection over the 
conduction. The isotherms are parallel in the porous zone beside the vertical wall. As a fact, the 
thermal flow takes on a conductive aspect so there is a slight deformation of the isotherms in this 

zone. For Ra = 106, Da = 10-5, and  = 8%, the steady-state is reached and the isotherms take place in 
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the entire volume of the cavity. The heated air particles rise next to the interface, then the cooled 
particles flow along the right wall. The convective mode is dominant in this situation. 

For Ra = 104 and  = 0%, the flow is intensified by increasing Da (10-2, 10-3), while it remains a 
single-cell with a rectangular structure filling the two partitions and rotating in the anti-trigonometric 
direction as shown in Figure 7. 

For  = 4 and 8%, the flow intensification is clearly seen, also an increase in the Darcy number 
can be noticed in an impermeability increase, which gives much more freedom for fluid convection. 

The transfer regime is conductive for Ra = 104,  = 0%, and Da = (10-2, 10-3), where the shape of 
the isotherms begins to deform as shown in Figure 3 and 4, and the birth of convection is observed. 
For Ra = 105 and 106, the isotherms take place throughout the volume of the cavity in the form ‘S’ as 
shown in Figure 5 and 6 while a convective flow appears in the ascending direction near the interface 

of the cold wall as shown in Figure 6. For  = 4 and 8%, the convection increases and overcomes the 
conduction. 
 

 
Fig. 3. Thermal distribution for Da = 10-2 
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Fig. 4. Thermal distribution for Da = 10-3 

 

 
Fig. 5. Thermal distribution for Da = 10-5 
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Fig. 6. Thermal distribution for Da = 10-7 

 

 
Fig. 7. Distribution of the current lines for Da = 10-2 
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Fig. 8. Distribution of the current lines for Da = 10-3 

 

 
Fig. 9. Distribution of the current lines for Da = 10-5 
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Fig. 10. Distribution of the current lines for Da = 10-7 

 
 Table 3  

 The minimal and maximal values of the current function for different Ra, , and Da 

 
 

Figure 11 shows the promotion of heat transfer for a wide range of Da varying from 10-6 to 10-2. 

For Ra = (102 to 106) and  = (0, 4, and 8%), an increase in Nu is observed with Da as shown in Figure 
12. 

That is because the increase in permeability leads to an increase in Darcy number, resulting thus 
in an intensification of the movement of the fluid particles and enhanced heat transfer. 
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Fig. 11. Variation of the local Nusselt number along the wall2 for  = 0 %, (a) Ra = 104; (b) Ra = 
105; (c) Ra = 106 
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Fig. 12. Variation of the local Nusselt number along the wall2 for  = 8 %, (a) Ra = 104; (b) Ra = 
105; (c) Ra = 106 

 

For a fixed Darcy number (Da = 10-2), the effects of Rayleigh number (Ra = 104, 105, and 106), as 

well as the nanofluid volume fraction ( = 0, 2, 4, 6, and 8%) are examined and highlighted in Figure 
13(a)-(c). On another hand, the figures reveal the addition of the nanoparticles noticeably improves 
heat transfer, particularly for high values of the Rayleigh number. 
 

  

 
Fig. 13. Variation of the local Nusselt number along the wall2 for Da = 10-2, (a) Ra = 104; (b) Ra 
= 105; (c) Ra = 106 
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Figure 14(a)-(c) show that for Da = 10-7 the fraction volume has a negligible effect on the local 
Nusselt number. Even for Ra = 106, the Darcy range behaves like an impermeable area for the porous 
medium is concerned, where the flow is nearly negligible. This means that the thermal exchange is 
mainly achieved by conduction. 
 

  

  

 
Fig. 14. Variation of the average Nusselt number along the wall2, (a) (for Da = 10-7) Ra = 104; 
(b) (for Da = 10-7) Ra = 105; (c) (for Da = 10-7) Ra = 106; (d) Da = 10-7; (e) Da = 10-2 

 
 

(a) (b) 

(c) (d) 

(e) 
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For Da = (10-7, 10-2), Figure 14(d) and Figure 14(e) illustrate the effect of the volume fraction on 
the average Nusselt number vs. Ra. The results indicate a notable improvement in the heat transfer 

within the cavity for  = 8% as shown in Figure 12 and Figure 15(b). This improvement is more 
significant in the case of Da = 10-2. These results agree well with the literature [41-43]. 
 

  
Fig. 15. Variation of the average Nusselt number along the wall2 (a)  = 0%; (b)  = 8% 

 
5. Conclusion 
 

The natural convection within a confined square cavity H = L has been numerically investigated. 
The cavity was divided into two partitions filled of two fluids (a mixture of nanoparticles of aluminium 

oxide Al2O3 and water). A porous conductive wall ( = 0.4) of thickness w (w = L/e) and of thermal 
conductivity Keff constitutes the surface exchange between the two partitions. The effects of Darcy 

number effects (Da), volume fraction (), and the Rayleigh number (Ra) were analysed. 

The obtained results revealed that the increase in Ra, Da, and   intensifies the flow Table 3 and 
improves the heat transfer on the cold wall. The values of Nusselt numbers remained practically low 

due to the low considered values of permeability (Da  10-5) as shown in Figure 15. Aa a consequence, 
the porous medium in this Darcy range behaves the same way as an impermeable zone where the 
flow is nearly negligible, and the natural convection is being dominated by conduction.  

For Da  10-5, an increase in Nusselt number was observed and the flows tend towards a purely 
convective situation. 

The influence of the porous layer permeability on the transfer rates has been also analysed. An 
increase in the heat transfer coefficients was observed with the raise of the porous layer 
permeability, volume fraction and Rayleigh number. 
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