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In this work, a numerical study has been performed for the problem of steady-state 
natural convection in a square porous cavity having solid wall of finite thickness and 
conductivity filled by a nanofluid in the presence of two isothermal cylindrical sources. 
The external walls of the cavity are considered adiabatic and the circular sources are 
maintained at hot and cold uniform temperature. The internal thick wall has been a 
conducting solid. The governing dimensionless equations are solved using Galerkin 
finite element method and Darcy-Brinkman model assumed to be adopted. The results 
are presented as isotherms, streamlines, stream function values, average and local 
Nusselt number for various combinations of Rayleigh and Darcy numbers, 
concentration of nanoparticles, Thermal conductivity ratio and dimensionless wall 
thickness of the solid portion. The convection heat transfer can be enhanced by 
increasing of these parameters except for the wall thickness. 
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1. Introduction 
 

Study of free convection heat transfer in porous media filled by nanofluid is a very interesting 
topic in engineering applications, for example: solar energy, heat exchangers, thermal buildings, 
electronic cooling and geophysics. We can cite a review of Khanafer et al., [1] and Kasaeian et al., [2]. 
Many theoretical and experimental investigations have been realized in this domain, we quote about 
that Sheikhzadeh and Nazari [4] have studied the steady state natural convection in porous medium 
saturated with (Al2O3-Water) inside differentially heated square cavity [3-15]. The governing 
equations have solved by finite volume approach using SIMPLER algorithm. They showed the effect 
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of Rayleigh number, Darcy number and nanoparticles volume fraction on the heat transfer. They 
concluded that the increase of these parameters increases the heat transfer. Baïri [5] has realized 
the experimental studies of natural convection in a tilted hemispherical enclosure filled by water-
ZnO nanofluid saturated by porous materials. They have found the heat transfer enhances with 
increasing of nanofluide volume fraction and thermal conductivity of porous medium. Abdelraheem 
Aly [6] has been realized a numerical analysis of natural convection over circular cylinders in a porous 
enclosure filled with a nanofluid under thermo-diffusion effects. The effects of Rayleigh number, 
Darcy parameter, Soret number with modified Dufour number and nanoparticles parameters in heat 
and mass transfer have studied. Pop et al., [7] and Groᶊan et al., [8] have focused on the investigation 
of the steady natural convection in a two-dimensional porous square cavity saturated with a 
nanofluid, the transport equations are solved numerically using the finite difference method, the 
mathematical model of Buongiorno’s has been adopted. Those considered the effect of Rayleigh 
number, Lewis number and the dimensionless ratio between the thermophoretic and Brownian 
coefficients on the thermal heat transfer. Dogonchi et al., [9] and Hussain and Rahomey [10] have 
presented a numerical analysis of free convection in a nanofluid-saturated porous annulus developed 
with different geometries (circular; triangular; elliptic; rectangular; rhombic and square). The 
governing equations have solved by finite element method. In all cases, an increment in Rayleigh and 
Darcy numbers expand the heat transfer and average Nusselt number. Also, Hussain and Rahomey 
[10] has been showed the efficiency of difference geometries inside a square porous cavity. The effect 
of magnetohydrodynamic natural convection in a nanofluid-porous annulus area has been studied 
by Sheikholeslami and Shehzad [11], Sheikholeslami et al., [12] and Ahmed et al., [13]. 

In other hands, conjugate natural convection in a square porous cavity saturated with nanofluid 
has a various scope in industries as, in the design and construction of buildings, heat exchangers and 
storage of different types of energy. Conjugate heat transfer in a porous cavity filled with nanofluids 
containing a heated triangular thick wall has been studied by Chamkha and Ismael [16], they noted 
the effect of Rayleigh number, wall thickness, volume fraction of nanoparticles and the conductivity 
of solid partition on the Nusselt number. The governing equations have solved by over-successive 
relaxation finite-difference method. In this field the impact of Conjugate heat transfer and entropy 
generation has been demonstrated by Ismael et al., [17] and Alsabery et al., [18] investigated a 
numerical study of finite wavy wall thickness on entropy generation in the case of natural convection 
in cavity partially filled with non-Darcy porous layer in the presence of alumina nanoparticles. The 
system of partial differential equations has solved numerically with finite element method. The effect 
of Darcy number, porosity of the porous layer, number of undulations and the nanoparticles volume 
fraction are studied. They have showed that the Nusselt number increase with augmentation of the 
four influencing parameters. Sheremet and Pop [19] takes into account the Brownian diffusion and 
thermophoresis effects on conjugate natural convection in a square porous cavity filled by a 
nanofluid using Buongiorno’s mathematical model. Mehryan et al., [20] has been focused a numerical 
study in the case of conjugate problem within a porous square enclosure occupied with micropolar 
nanofluid using local thermal non-equilibrium model (LTNE). The transport equations are solved 
numerically using Galerkin finite element method in a non-uniform grid. In this field Ghalambaz et 
al., [21] have detected the effect of hybrid nanofluid in the presence of Ag-MgO nanoparticles, the 
local thermal non-equilibrium model has been adopted. The problem of three difference layer (solid 
portion, porous layer and free nanofluid) has been investigated by Tahmasebi et al., [22], Mehryan 
et al., [23] and Ismael and Chamkha [24]. From these studies, we have shown the effect of several 
parameters such as: the Rayleigh and Darcy number, the thickness of the solid layer, the 
concentration of nanoparticles and the effect of the wall thermal conductivity. 
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Based on the above review, the objective of this paper is to investigate numerically the steady-
state conjugate natural convection heat transfer in a porous cavity filled by nanofluid in the presence 
of two isothermal cylindrical sources. Following our bibliographic research, there are no works in the 
literature, which treat this subject despite its importance in several applications (specification of the 
originality of our paper). In the physical configuration, we considered the effect of two different 
isothermal sources with insulated cavity in the presence of conducting solid partition of finite 
thickness, therefore, the Darcy-Brinkman model is applied for simulated the viscous flow in the 
porous medium and the Boussinesq approximation for the buoyancy force. The aim of the study is to 
analyze the effect of several parameters such as The Rayleigh and Darcy Numbers, the thickness of 
conducting partition, the conductivity ratio and concentration of solid nanoparticles, in order to find 
the favorable storage and exchange condition of thermal energy. 
 
2. Geometry and Mathematical Formulation  
 

The physical model in this study is conjugate free convection-conduction in a porous square cavity 
of dimension (HxH) saturated with alumina/H2O nanofluid in the presence of conducting solid with 

different thickness  (see Figure 1). All external walls have been considered adiabatic and the two 
cylindrical geometries are maintained at different temperature (Th and Tc). The nanofluid in the 
enclosure is assumed Newtonian and incompressible fluid. The porous domain is treated as to be 
uniform and undeformable. Also, the base fluid (H2O) and the nanoparticles (Al2O3) are in thermal 
equilibrium. The solid matrix, nanofluid and the conductive portion are isotropic substance (see Table 
1). In this work, we studied the laminar flow in homogeneous partitions, the thermal equilibrium 
between the nanofluid and the solid matrix is assumed to exist and the Boussinesq approximation 
has been adopted. The radiation effects, Brownian motion of nanoparticles and chemical reactions 
during flow are considered negligible. 
 

 
Fig. 1. Sketched of physical model 

 
Based on the suspension theory, the effective density, the heat capacity and the thermal 

expansion coefficient of a nanofluid are calculated by the following formulas 
 
𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑓 + 𝜙𝜌𝑠            (1) 

 
(𝜌𝑐𝑝)𝑛𝑓 = (1 − 𝜙)(𝜌𝑐𝑝)𝑓 + 𝜙(𝜌𝑐𝑝)𝑠          (2) 
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𝛽𝑛𝑓 = (1 − 𝜙)𝛽𝑓 + 𝜙𝛽𝑠            (3) 

 
The effective thermal conductivity is approximated by semi-empirical model correlation based on 

experimental results [25] 
 
𝑘𝑛𝑓 = 𝑘𝑓(−13𝜙2 − 6.3𝜙 + 1)           (4) 

 
The dynamic viscosity is calculated respectively from the Brinkmann model 

 

𝜇𝑛𝑓 =
𝜇𝑓

(1−𝜙)2.5              (5) 

 
The thermal diffusivity of the nanofluid αnf is deduced from 
 

𝛼𝑛𝑓 =
𝑘𝑛𝑓

(𝜌𝑐𝑝)𝑛𝑓
              (6) 

 
Table 1 
Thermophysical properties of water and nanoparticles at T=25°C [4] 
Physical property Water Nanoparticles 

Cp [J/Kg] 4179 765 
ρ [Kg/m3] 997.1 3960 
k [W/m k] 0.613 40 

 [K-1] 21x10-5 0.85x10-5 

µ [kg/m.s] 8.55x10-4 --------- 

 
The Prandtl number of water equal to 5.83 [4]. In order to transform the governing equation into 

a dimensionless form, the following dimensionless variables are described 
 

𝑋 =
𝑥

𝐻
 ;  𝑌 =

𝑦

𝐻
 ; 𝑈 =

𝑢 𝐻

𝛼𝑓
 ; 𝑉 =

𝑣 𝐻

𝛼𝑓
 ; 𝑃 =

𝑝 𝐻2

𝜌𝑛𝑓𝛼𝑓
2 ; 𝜃 =

𝑇−𝑇𝑐

𝑇ℎ−𝑇𝑐
        (7) 

 
The governing equations (mass, momentum and energy) for a steady, laminar and incompressible 

flow are as follows 
 
𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0              (8) 

 
1

(1−𝜙)2.5

𝑃𝑟

𝐷𝑎
𝑈 +

𝜕𝑃

𝜕𝑋
=

1

(1−𝜙)2.5 𝑃𝑟 (
𝜕2𝑈

𝜕𝑋2 +
𝜕2𝑈

𝜕𝑌2)          (9) 

 
1

(1−𝜙)2.5

𝑃𝑟

𝐷𝑎
𝑉 +

𝜕𝑃

𝜕𝑌
=

1

(1−𝜙)2.5 𝑃𝑟 (
𝜕2𝑉

𝜕𝑋2 +
𝜕2𝑉

𝜕𝑌2) + 𝑅𝑎 ∗ 𝑃𝑟 [(1 − 𝜙) + 𝜙
𝜌𝑠𝛽𝑠

𝜌𝑓𝛽𝑓
] 𝜃               (10) 

 

(1 − 𝛿) [𝑈
𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
− 𝑘𝑟′′𝛼𝑟 (

𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
)] = 𝛿 [𝑘𝑟 (

𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
)]                 (11) 

 
We note here that for Porous domain saturated with nanofluid 𝛿 = 0 and for Solid partition 𝛿 =

1. Where the Rayleigh number Ra, Darcy number, conductivity and thermal diffusivity ratios are 
defined, respectively, as 
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𝑅𝑎 =
𝜌𝑓𝛽𝑓𝐻3𝑔(𝑇ℎ−𝑇𝑐)

𝜇𝑓𝛼𝑓
 ; Da=

𝐾

𝐻2 ; 𝑘𝑟=
𝑘𝑤

𝑘𝑛𝑓
 ; 𝑘𝑟′′=

𝑘𝑝

𝑘𝑛𝑓
 ; 𝛼𝑟=

𝛼𝑛𝑓

𝛼𝑓
                  (12) 

 
The centers of circular cylinders are located at (X=0.5H, Y=0.2H) for the hot cylinder and (X=0.5H, 

Y=0.8H) for the cold cylinder, the solid block has been taking place in the middle of enclosure, the 
dimensionless forms of the boundary conditions for the present problem are specified as follows 
 
At the top cylinder 
U=0, V=0, 𝜃 = 0                       (13) 
 
At the bottom cylinder 
U=0, V=0, 𝜃 = 1                       (14) 
 
On all cavity sidewalls 

U=0, V=0, 
𝜕𝜃

𝜕𝑋
=

𝜕𝜃

𝜕𝑌
= 0                      (15) 

 
At the borders of a conductive partition 

U=0, V=0, 
𝜕𝜃𝑤

𝜕𝑛
= 𝑘𝑟

𝜕𝜃

𝜕𝑛
                       (16) 

 
The local Nusselt number is obtained from the following relation, where n is the unit normal 

coordinates to the surface of the wall. 
 

𝑁𝑢𝑙 =
𝑘𝑛𝑓

𝑘𝑓

𝜕𝜃

𝜕𝑛
|

𝑊𝑎𝑙𝑙
                       (17) 

 
The average Nusselt number at the hot cylinder is calculated by integrating the local Nusselt 

number along this wall. 
 

𝑁𝑢𝑎𝑣𝑟 =
1

𝜋𝐴
∫ 𝑁𝑢𝑙

𝜋𝐴

0
𝑑𝑛                      (18) 

 
3. Numerical Method and Code Validation 
 

In the present computation, the obtained systems of algebraic Eq. (8)-(11) with the boundary 
conditions in Eq. (13)-(16) are discretezed and solved by Galerkin finite element method, 
respectively. Lagrange-quadratic interpolation has been chosen. The normalized residuals of the 
momentum and energy equations became less than 10-6. 

In order to validate the numerical results, two different problems are considered. In the improved 
code the first test case is natural convection in porous media filled by alumina nanofluid with left 
heated wall, right cold wall and adiabatic horizontal walls. The results are presented in the form of 
average Nusselt number Figure 2 for Ra=105,106and Da=10-3, Pr=5.83, with different concentration 
of nanoparticles. It can be seen that the present results are in satisfactory agreement with the 
numerical results of Sheikhzadeh and Nazari [4]. 

The second validation is a comparison consists in studying of conjugate natural convection heat 
transfer in a square porous cavity. It is assumed that the left sidewall is partially heated, the right wall 
is kept at constant cold temperature and the horizontal walls are insulated. Figure 3 shows the 
comparisons between the streamlines and the isotherms inside the cavity obtained by the present 
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code and the results of Al-Farhany and Abdulkadhim [26] for Ra=103, D=0.1, Kr=1 and B=0.2. The 
precedent figure predicts a very good agreement between our numerical results and that of Al-
Farhany and Abdulkadhim [26]. 
 

 
Fig. 2. Validation of average Nusselt number at the 
heated left wall for Da=10-3, Pr=5.83 

 

 

 
Fig. 3. Isotherms and Streamlines for Ra=103, Ԑ=0.1, Kr=1: comparison  
(a) present results with (b) the result of Al-Farhany and Abdulkadhim [26] 

 

(a) (b) 
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In order to determine a proper grid size for the numerical calculation, grid-independence tests 
are carried out for the case of Ah=Ac=0.2, L*=0.5, ϕ=8%, Ra=107, Da=10-3and Ԑ*=0.1. Five different 
non-uniform grids, namely 832, 1556, 3106, 4170, and 5290 cells are chosen to test the results 
independency with the grid variation as shown in Table 2. The value of average Nusselt number over 
the surface of the hot cylinder is used as a measure for comparing numerical accuracy. According to 
the test performed in Table 2, the optimal mesh chosen is around to 3106 elements. 

 
Table 2  
Variation of average Nusselt number with different non-
uniform grids 
Number of elements 𝑁𝑢𝑎𝑣𝑟 

832 11.2632 
1556 11.0138 
3106 10.9831 
4170 10.9811 
5290 10.9810 

 
4. Results and Discussion  
4.1 Rayleigh and Darcy Number Effects 

 
In this part we have studied the effect of Rayleigh and Darcy Numbers, we fixed the following 

control parameters: Ԑ*=0.1, Ah= Ac=0.2, L*=0.5 and ϕ=8%. Figure 4 presents the isothermal variation 
with different values of Rayleigh and Darcy numbers for: (a): kr=0.5 and (b): kr=2. For any values of 
Rayleigh and Darcy number, the propagation of heat transfer in the rigid portion is governed by the 
conductive mode. At Da=10-5, the isotherms are nearly parallel between them, which reveal that, 
pseudo-conduction mechanism dominates the heat transfer in porous-nanofluid layer. Beyond 
Ra>106, around the hot source the isotherms have deformed, they are moved to the top (the bottom 
wall of the conductive obstacle) because the hot fluid expands and loses his density. On the other 
hand, the cold fluid is relatively dense so it descends from the cold source to the top wall of the solid 
obstacle. Consequently, we observe the appearance of two layers, one of them hot near the bottom 
wall of the conductive obstacle and the cold layer is located at top wall of the solid partition, the 
effect of the thermal boundary layer which becomes clear with increasing Rayleigh number. At 
Da=10-3, the porous medium becomes more permeable to the flow which favor the convective heat 
transfer. As the number of Rayleigh increases, the exchange becomes more and more important. We 
note that the thermal boundary layer thickness is contract with the augmentation of Rayleigh and 
Darcy number. We also observe that the heat exchange has strongly depends on the ratio of thermal 
conductivity (kr), the elevation of this parameter increases the heat exchange by conduction in the 
solid obstacle on the one hand. On the other hand, increases convective exchange spontaneously, 
which demonstrate that the thermal resistance of the solid portion becomes lower, these improve 
the raise of heat transfer between the two cylinders. For the distribution of the streamlines 
illustrated in Figure 5, on either side of the enclosure shows that the flow is bicellular and counter-
rotating with perfectly symmetrical cells. For low permeability of the porous medium (Da=10-5), 
whatever Rayleigh number the flow intensity has been small, as the resistance of the porous medium 
is important. Beyond Darcy number equal to 10-3, the flow intensity accentuated with increasing of 
Rayleigh number, which allows to said, the buoyancy force has been greater than the viscosity effect 
particularly at Ra=107. The vortexes keep the same position but they expand towards the rigid walls 
with the augmentation of the Rayleigh number, as soon as Rayleigh increase, the thickness of the 

https://context.reverso.net/traduction/anglais-francais/bicellular
https://context.reverso.net/traduction/anglais-francais/counter-rotating
https://context.reverso.net/traduction/anglais-francais/counter-rotating
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hydrodynamic boundary layer is reduced, which is clear in the density values of the streamlines near 
to rigid walls. 
 

 
Fig. 4. Isotherms at different Rayleigh and Darcy numbers for ϕ=8%, Ԑ=0.1: kr=0.5 
(a) and kr=2 (b) 
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Fig. 5. Streamlines at different Rayleigh and Darcy numbers for ϕ=8%, Ԑ=0.1: kr=0.5 
(a) and kr=2 (b) 

 
The Figure 6 shows the variation of the local Nusselt number at the bottom wall of the conductive 

solid. The curves in the figure show a critical point located in the middle of the wall, there is symmetry 
to this point. Whatever Rayleigh and Darcy number, we note that the heat exchange have been 
minimal at the lateral borders of the bottom wall. This value expands to the maximal exchange at the 
middle of the wall, for all cases, the heat transfer rate enhances with increasing of Rayleigh, Darcy 
number and the conductivity ratio, so the convective heat transfer becomes more important.  
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Fig. 6. Profile of local Nusselt number along the bottom wall of the conductive obstacle. 
Solid lines (kr=0.5), Dashed lines (kr=2) ; at differents Rayleigh number (a) Ra=106, (b) 
Ra=107 

 

4.2 Dimensionless Wall Thickness Effects 
 

Figure 7 illustrates isotherms and streamlines for different thicknesses of the conducting wall at 
Ra = 107, Da = 10-3, Ah= Ac=0.2, L*=0.5, ϕ = 8% and for different values of kr. We remark that the flow 
intensity become strongly with the augmentation of the solid portion thickness, this is due to the 
porous layer reduction. In addition, we observe a contraction of the internal convective nucleus with 
the amplification of (Ԑ*), which favors the conduction heat transfer with comparison to the 
convective heat exchange. The shape of the isotherms is represented in the Figure 7(a), we see that 
the hot zone has retract towards the circular heated wall with increasing of the solid obstacle 
thickness Ԑ*, for the cold zone the phenomenon is reversed. From this observation, firstly we can say 
that heat transfer by conduction becomes more dominant; on the other hand, the difference in 
temperature has decreases with increasing of thermal conductivity ratio. When the thickness of the 
conductive wall increases, the viscosity effect has been large that the buoyancy forces, therefore, the 
thickness of the thermal and hydrodynamic boundary layer have developed and consequently heat 
transfer by conduction is favored. The evolution of the average Nusselt number and the maximum 
value of the stream function with different thicknesses of the conductive wall are showed in Figure 

8. The results show that for different kr values, 𝑁𝑢𝑎𝑣𝑟and max decrease with the increasing of Ԑ* in 
the case of thick and thin partitions. This is due to the reduction of buoyancy forces in comparison 

with the viscous impact; especially at kr0.5 (in this case the solid partition is practically insulator). 
The conduction heat transfer in the rigid obstacle is strong that the convective exchange between 
the two cylindrical sources. It can be seen that the heat exchange becomes almost constant for thick 
walls with a high value of kr (kr=10), the results obtained confirm the previous observations. 
 
 

(b) 

 

(a) 
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Fig. 7. Isotherms (a) and Streamlines (b) for different wall thickness at Ra= 107, Da=10-3, ϕ=8% for 
kr=0.25 and kr=4 
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Fig. 8. Variation of the average Nusselt number (a), Maximum stream function value (b) for different 
values of Ԑ* and kr at Ra=107, Da=10-3, ϕ=8%, L*=0.5 

 

4.3 Thermal Conductivity Ratio Effects 
 

To describe the influence of the thermal conductivity ratio on heat transfer in a square porous 
cavity filled with Al2O3/H2O in the presence of solid portion with different values of Rayleigh and 
Darcy number, the following parameters are fixed: ϕ=8%, Ԑ*=0.1, Ah=Ac=0.2, L*=0.5.  

Figure 9 shows the variation of the stream function at x*=0.2 and y*(0.55; 1) for different values 
of kr. We observe that the curves of stream function are almost parabolic, for all cases the flow 
intensity near the rigid walls is almost zero, because the effect of viscosity becomes more important 

that the fluid flow near the bottom layer of the hydrodynamic boundary layer. Moreover, the  value 
expand to the maximum at the center of vortex, obviously the stream function value increases with 

increasing of Rayleigh and Darcy number, the nanofluid flow intensity at kr0.5 remains slow than 
kr>0.5. 

Therefore, the evolution of the local Nusselt number is represented in Figure 10, the figure 
illustrates a critical point located in the center of the bottom solid portion, and there is symmetry 
with respect to this point. The heat exchange is maximal during this point, but it is decreasing to the 

side borders of the conductive wall. Also, for kr0.5 (the case of a insulate baffles), the local Nusselt 
number remains almost constant for any value of Rayleigh and Darcy number. As soon as the 
resistance of conductive wall is higher, the heat exchange between the two cylindrical sources 
becomes almost non-existent because the thermal conductivity of the solid is poor. When kr>0.5, the 
Nusselt number increases with the augmentation of Rayleigh and Darcy number, we note that the 
diversity between the local Nusselt on each value of kr has been remarkable with enhancement of 
Ra and Da. The influence of kr on buoyancy forces and heat transfer is demonstrated (see Figure 8 
and Figure 9), the convective flow has been predominating with the augmentation of Ra, Da and kr. 

 

(a) 

 

(b) 
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Fig. 9. Variation of the Stream function () at x*=0.2 and y*(0.55;1) for different values of kr 
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Fig. 10. Variation of local Nusselt number along the bottom wall of the conductive obstacle 

 
4.4 The Nanoparticles Concentration Effects ϕ 
 

In this part we have studied the effect of volume fraction of nanoparticles with different Rayleigh 
and Darcy number, we fixed the following control parameters: Ԑ*=0.1, AH= AC=0.2, L*=0.5 and ϕ=8%. 

The variation of Nuavr as a function of Rayleigh number is illustrated in Figure 11 and Figure 12 
for different values of concentration of nanoparticles ϕ. For low permeability Figure 11, whatever 
the value of Ra, we note that the heat transfer takes a nearly constant value, which indicate that the 
conductive mode has favored for the most part of the cavity. When ϕ increases, conductive flow 
improves because the thermal conductivity value of the stagnant nanofluid has been extend. At 
Da=10-3 and for different values of volume fraction of nanoparticles, the average Nusselt number 
increases as the buoyancy forces in the enclosure are enhanced in the first part, in the other part the 
rise of the viscous forces decreases the propagation of heat in the cavity. Based on the results 
obtained in the last figures, we observe that the resistance of porous layer increase with Darcy 
number decrease and the heat transfer enhancement increase with the permeability of the porous 
medium augment. At the base’s values of thermal conductivity of the conductor solid, the effect of 
the concentration of nanoparticles is observed to be almost insignificant because the insulation of 
the solid wall decreases the convective exchange between the two sources. For high values of kr, we 
note that the average Nusselt number increases with the augmentation in the concentration of 
nanoparticles, especially to the great values of Rayleigh number. 
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Fig. 11. Variation of Nuavr with various Rayleigh number at Da=10-5, kr=0.25(a), kr=0.5(b), kr=2(c), kr=4(d) 
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Fig. 12. Variation of Nuavr with various Rayleigh number at Da=10-3, kr=0.25(a), kr=0.5(b), kr=2(c), kr=4(d) 

 
5. Conclusions 
 

In the present paper the problem of conjugate natural convection in a square porous cavity 
saturated with Al2O3/H2O in the presence of two isothermal cylindrical sources was investigated 
numerically using Galerkin finite element method, the momentum transfer in the porous region is 
modeled by using Darcy–Brinkman law, the role of conductive wall between two cylindrical sources 
on the porous layer is originated. The effect of the relevant parameters such as: Rayleigh and Darcy 
number, concentration of nanoparticles, Thermal conductivity ratio and dimensionless thickness of 
the solid partition have been investigated and we obtained the following conclusions 

 For all considered cases, the heat rate enhances with increasing of Rayleigh number, Darcy 
number and volume fraction of nanoparticles. 

 It is found that, the flow distribution decreases by expanding of rigid partition thickness. 

 The heat exchange reduces with the increase in the solid portion thickness but it becomes 
constant for the thick wall at superior value of thermal conductivity ratio.  

 The results show that, the average Nusselt number increase when the conductivity ratio 
raises, on the other hand the viscous flux improves.  

 By increasing the volume fraction, the average Nusselt number improves remarkably. This can 
be justified by the high value of the thermal conductivity of alumina nanoparticles.  
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