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Abstract. The convection within a lid-driven square porous cavity subjected to a gravitational stable condition is 

numerically simulated. The porous media is modeled in the pore-scale with the solid constituent as square, solid, 

identical and equally spaced heat conductive blocks. To evaluate the influence of the number of blocks over the heat 

transfer, the balance equations are considered separately for the fluid and the solid domains with coupling boundary 

conditions applied at the block surfaces. The modeling equations are solved numerically via the Finite Volume method 

using the QUICK and SIMPLE schemes. The fluid volume fraction and the Prandtl number are kept constant as 

φ=0.36 and Pr=1. The effect of the variation of the Reynolds number for Re=(1000, 2500), the Grashof number 

Gr=(105, 106, 107) and the number of blocks N=(1, 4, 9, 16, 25, 36, 49, 64) is investigated. Results demonstrate that 

buoyancy restrains the flow and eventually stagnate the fluid near the cavity base establishing a conduction-dominant 

heat transfer regime. In general, the introduction of blocks imposes more resistance to the flow reducing the fluid 

circulation and, consequently, the surface-averaged Nusselt number. Nevertheless, the blockage effect leads to the heat 

transfer augmentation for a number of cavity configurations. 
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1. INTRODUCTION  

 

Studies concerning the convection within lid-driven cavities are useful in modeling complex engineering process 

dealing with lubrication, metal coating and polymer processing (Ismael, et al., 2014; Cheng, et al., 2010; Ramakrishna, 

et al., 2012).  

Usually, the fluid confined in the enclosure is also under the effects of buoyancy that arise from the action of a 

specific mass gradient and the gravity. The alignment of the gradient with the buoyant forces may result in a number of 

flow patterns that may promote or hinder the heat transfer (Cheng, 2010). For instance, if a negative thermal gradient 

aligned with gravity happens (which is also in the negative direction) a gravitational unstable condition occurs and 

mixed convection is observed with buoyant-induced flow (free convection) coexisting with forced convection (related 

with the lid movement). The numerical results of Cheng (2011) for the heat transfer in a lid-driven cavity whose bottom 

is kept at a temperature higher than the one for the sliding-lid elucidate the dependence of the surface-averaged Nusselt 

(Nuav) with the Reynolds number (Re). The variation of the Grashof number, Gr, on the other hand, leads to a stratified 

flow pattern creating a clock-wise circulation on the cavity upper half and a counter clock-wise circulation on the lower 

half. On the other hand, there is the gravitational stable condition, which is achieved aligning a positive thermal gradient 

(negative specific mass gradient) with the gravity. In such situation, the fluid is stable-stratified and the free convection 

does not occur spontaneously. Unless the convection is promoted by external means, like for instance the movement of 

the lid, the fluid remains quiescent and the only mean to transfer heat is by diffusion. The lid-driven cavity subjected to 

a gravitational stable condition is an interesting topic because there is a strong competitive effect between the fluid 

inertia, which tends to penetrate the flow toward the base of the enclosure, and the buoyancy that hinders the fluid flow. 

Such condition is studied numerically by Iwatsu et al. (1993) and Poletto et al. (2015) in a square cavity whose lid is at 

a temperature higher than the one for the base. In their results two heat transfer patterns are observed, namely, a 

convection-dominant and conduction-dominant. The latter is related with the increase in Gr, or decrease in Re, which 
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leads to the stagnation of the fluid near the enclosure base and the restraining of the flow to the cavity upper half. The 

heat transfer is mainly conductive and, therefore, the Nuav has unitary scale. The convection-dominant situation occurs 

as the fluid circulation spreads all across the enclosure. Poletto et al. (2016) proposed a scale to characterize both 

regimes based on the inverse of the Richardson number, i.e., as O(Re2/Gr)>1 represents a convective regime and 

O(Re2/Gr)<1 a conductive one. Additionally, Iwatsu et al. (1992) considered a cavity whose lid moves periodically 

according to a sinusoidal function. In this case resonance is observed whether the lid moves with the natural frequency 

of the fluid, amplifying the heat transfer. The three-dimensional aspects of such flow are also debated based on 

numerical results by Iwatsu et al. (1995). 

In the present problem, the lid-driven cavity filled with heterogenous porous media is considered. Since the 

modeling of transport phenomena in porous media is strongly related to the visual definition, the heterogeneous porous 

media here investigated is conceived in the pore-scale as the solid to fluid interface is visually distinguished (Merrikh 

and Lage, 2005a). Remarkably, the task of mapping geometrically the pore nuance is very complex in natural porous 

media as outlined by Nield and Bejan (1998) since the distribution of the pore size and pore morphology is not uniform. 

Rather than modeling complex geometries, it is possible to consider the morphology of the solid constituent within the 

cavity a as periodical array of solid, square and heat conductive blocks (House et al., 1990; Merrikh and Mohamad, 

2001; Lee and Ha, 2006; Merrikh and Lage, 2005b; Junqueira et al., 2013; Lage et al., 2016).  

Numerical studies of the lid-driven cavities filled with a heat conductive solid block, subjected to a gravitational 

stable condition were developed by Poletto et al. (2015) and Poletto et al. (2016). For the convection-dominant 

situation, the block introduction is able to increase the heat transfer up to a limiting block size. For larger blocks, the 

flow hindrance is so severe that the Nuav drops. For the conduction-dominant situation, in which the fluid stagnation 

near the cavity base occurs, the presence of the solid obstacle usually decreases the heat transfer. Indeed, the presence 

of the obstacle restrains the flow to a very small channel between its upper surface and the top lid, extending the 

stagnated fluid region. However, for a large block, the flow is not able to accommodate on such tiny channel and, 

therefore, envelops all the obstruction re-establishing the convection process. Although the aspects of a single block 

introduction have been investigated regarding the variation of the flow parameters and the block dimension, an analysis 

focusing on the variation of the number of blocks has yet to be presented. 

In the present work, the influence of the number of blocks, N, on the heat transfer process in a square cavity 

subjected to a gravitational stable condition is numerically analyzed. The fluid volumetric fraction and the Prandtl 

number are kept constant, φ =0.36 and Pr=1. It is considered cavities filled with N = 1, 4, 9, 16, 25, 36, 49 and 64 

blocks for Re=(1000, 2500) and Gr=(105, 106, 107). 

 

2. PROBLEM FORMULATION 

 

The square cavity with dimension L, shown in Figure 1, has adiabatic vertical side walls while the top and the 

bottom surfaces are at temperature Th and Tc, respectively, with Th > Tc. The gravity acts aligned with the positive 

temperature gradient that implies a gravitational stable condition in which natural convection does not occur 

spontaneously. The flow is promoted by prescribing a horizontal and constant velocity UH on the cavity lid. The 

velocity components u and v are defined on the directions x and y, respectively. 

 

 
 

Figure 1. Problem geometry and boundary conditions. 

 

The porous medium is modelled on the pore scale (heterogeneous approach) in which the solid matrix is devised as 

an array of identical, solid, disconnected, heat conductive blocks of dimension b, uniformly distributed across the 

cavity. The distance between the surfaces of two adjacent blocks is c while between the cavity wall and the first row of 
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obstacles is c/2, as depicted in Figure 1. Porosity, φ, is defined as a ratio of the pore volume and the porous medium 

total volume (Nield and Bejan, 2006), being possible to write φ as a function of blocks properties φ=1-N(b/L)2 (Merrikh 

and Lage, 2005b). 

As the pore resolution model allows the distinguishing the fluid and solid constituent’s interface, the balance 

equations can be applied separately in each domain and coupling boundary conditions can be prescribed across the 

interface. 

Notably, the solid and fluid domains are assumed with constant properties. The buoyancy effect is, alternatively, 

modeled using the Boussinesq-Oberbeck approximation (Bejan, 2013), represented in Equation (1). The subscript c 

denotes that the value of the specific mass ρ [kg/m3] at temperature Tc. The isobaric volume expansion coefficient is β 

[1/K]. 

 

      c c cT T    (1) 

 

The equations are cast in dimensionless form for convenience using the variables as follow: 
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The dimensionless variables are then defined as the velocity components U and Y, along the space vector X and Y, 

respectively. The non-dimensional temperature θ and the pressure P are also considered. The set of Equations (3 – 6) 

for the fluid domain is presented in terms of the mass, X-momentum, Y-momentum and energy balance equations. The 

flow of a Newtonian like fluid is hypothetically laminar, two-dimensional with the effects of viscous dissipation and 

thermal radiation not considered. 
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In Equations (4) - (6) the dimensionless groups of Reynolds number, Re, Richardson number, Ri, Grashof number, 

Gr, and Prandtl number, Pr, respectively, are defined as follow: 
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The fluid kinematic viscosity is υ [m2/s] and α [m2/s] is the thermal diffusivity. The Richardson number Ri is a 

relative measure of the buoyancy effects over the inertial ones. 

By assuming constant properties and steady state regime one can write the solid domain energy balance equation as 

the two-dimensional heat conduction equation: 

 
2 2

2 2
0
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   (8) 

 

Furthermore, the boundary conditions written in dimensionless form results in the following set of equations: 

 

X=0  and  X=1:  U=V=0;    0



X
   (9) 
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Y=0:  U=V=0;    0     (10) 

 

Y=1:    U=1;    V=0;    1     (11) 

 

The coupling between the solid and the fluid domains (Merrikh and Lage, 2005b) is accomplished by satisfying the 

equality between the temperature and the heat flux computed for each domain on the block surfaces, as demonstrated by 

Equation (12) where the subscripts f and s stand for the fluid and solid constituents, respectively. The velocity of the 

fluid on the solid surface is also set to be zero. 
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The unit vector defined in the normal direction of the surfaces of the blocks is . The parameter K= ks/kf is the 

solid-fluid thermal conductivity ratio. 

In the present work, the results are presented in terms of the stream function Ψ, defined in Equation (13) according 

to (Kimura and Bejan, 1983) for a discrete domain comprised of control volumes. 
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The value of Ψ i,,j is computed at the center of the control volume i,j. Thus, Ψ i-1,j e Ψ i,j-1 are the values of the stream 

function to the left and underneath of the control volume center, ij, respectively.  

The isotherms are employed to interpret the temperature field. The heat transfer is quantified by the local (Nu ) and 

the surface-averaged (Nuav ) Nusselt numbers, both computed on the top sliding-lid: 
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A numerical solution is pursuit for Equations (3) - (6) and Equation (8) via the Finite Volume Method (Patankar, 

1980). The SIMPLE pressure-velocity scheme (Patankar and Spalding 1972) is employed; the PRESTO is applied to 

interpolate the pressure in a staggered-grid and the QUICK scheme models the advection terms (Leonard, 1979).  

 

3. RESULTS 

 

A summary of the problem variables is presented in Table 1. A unitary Prandtl number, Pr=1, the solid-fluid 

thermal conductivity ratio, K=1, and the volume fraction φ=0.36 are considered. Noteworthy, the Reynolds and the 

Grashof numbers regard typical values for the laminar flow regime (Ghia et al., 1982). The number of blocks are 

allowed to vary between the perfect square numbers from 0 (clear cavity) to N=64. 

 

Table 1. Summary of problem parameters. 

 

Re 

Gr 

Pr 

K 

N 

φ 

1000, 2500 

105, 106, 107 

1 

1 

0, 1, 4, 9, 16, 25, 36, 49, 64 

0.36 

 

Verification results are presented in Table 2, where results for the convection in a lid-driven cavity subjected to a 

gravitational stable condition filled with a single solid and the heat conductive block are provided by Poletto et al. 

(2015). In addition, results of the natural convection in a horizontally heated square cavity filled with N=64 blocks (De 

Lai et al., 2011) are also displayed. The accuracy of present work results evaluated through the error function in 

Equation (15) gives credence to the results obtained here. 
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Nu
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Table 2. Verification results: Nuav for φ=0.36. 

 

N Pr Re Gr Poletto et al. (2015) De Lai et al. (2011) Present Error [%] 

1 

1 1000 

105 9.482  9.499 0.179 

1 106 1.194  1.193 0.084 

1 107 1.144  1.1391 0.428 

64 0.71 - 107 - 2.426 2.391 1.443 

 

Figure 2 brings the grid accuracy test in terms of the local Nusselt number, Nu, over the sliding-lid. As discussed by 

Poletto et al. (2015), the most difficult case simulated is observed for Ri=1, where a strong competitive effect between 

the fluid inertia and buoyancy is verified. Furthermore, the higher the Re, the thinner the boundary layers (Bejan, 2013), 

requiring an elevation on the number of control volumes right next to the wall to assure the accurate calculation of the 

velocity and thermal gradient. Therefore, the critical case is defined for Re=2500, Gr=6.25x106 and N=64 blocks. Still 

regarding Figure 2, only the interval 0<X<0.3 is displayed, since for X>0.3 the Nu tends to unity. Notice that the curve 

of the uniform mesh of 72x72 control volumes does not converge with the others meshes. 

 

 
 

Figure 2. Comparison of Nu results calculated from different meshes. 

 

Although the Nu profiles for the meshes 144x144 and 246x246 differs significantly in the region close to the edge 

of the lid, the values of Nuav, respectively, 1.669 and 1.676, show an Error of less than 0.4%. As the main analysis of the 

present work focus on the Nuav, the 144x144 uniform mesh is chosen for the simulations. 

The results are portrayed in Figure 3 for a convection-dominant regime with Gr=105. For the clear cavity, N=0, 

increasing Re=1000 to 2500 causes an intensification in the fluid circulation Ψ and, consequently, in the heat 

transferred, which is reflected in the Nuav increase. In addition, the streamlines for both Re spread across the enclosure 

indicating that the flow reaches the base, where the isotherms are concentrated. 

For the Re considered, the Gr is increased with the results shown in Figure 4. The hindrance due to the buoyancy 

intensification is so severe that the fluid near the base stagnates. The flow is restricted to the upper half of the cavity, as 

can be observed by the concentration of streamlines. The isotherms in the stagnated fluid are vertically stratified 

indicating a conduction regime that is corroborated by the unitary Nuav. Curiously, Ψ for Re=2500 and Gr=107 is higher 

than Re=1000 and Gr=106 even if the opposite behavior for the Nuav is observed. 

The variation of the number of blocks, N, affects differently each one of the flow regimes. For the convection-

dominant situation, incrementing N leads to a decrease in Ψ as the flow resistance is pronounced. Interestingly, Ψ for 

N=4 is higher than N=1 because the fluid finds a less resistant path to flow. For N>4, the Ψ keeps dropping. 

Considering the convection-dominant situation, the introduction of a single block, N=1, in Figure 3 causes an 

intensification in Nuav compared with the clear fluid case. When N is increased, such effect vanishes as the Nuav keeps 

decreasing eventually reaching a unitary value. 

On the results for the predominance of conduction, shown in Figure 4, the increment of N also reduces Ψ, and, 

consequently, Nuav. Notably, the N=4 configuration is not so restrictive to the flow and shows a Ψ higher than that for 

N=1. However, due to the restrictive action of buoyancy, the increase in Nuav is mild. The resistance imposed over the 

flow seems to increase with N, causing a drop in Ψ, making Nuav tend to unity.  
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 Re=1000 Re=2500 

N Isotherms Streamlines Isotherms Streamlines 

0 

    

 Nuav=6.761 Ψ115.010 Nuav=11.851 Ψ 

1 

    

 Nuav=9.430 Ψ Nuav=17.632 Ψ 

4 

    

 Nuav=2.558 Ψ Nuav=7.632 Ψ82.282 

9 

   

 Nuav=2.008 Ψ Nuav=2.639 Ψ 

16 

   

 Nuav=1.871 Ψ Nuav=2.572 Ψ 

25 

    

 Nuav=1.755 Ψ Nuav=2.460 Ψ 
Figure 3. Results for convection-dominant heat transfer for Gr=105. 
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 Re=1000 Gr=106 Re=2500 Gr=107 

N Isotherms Streamlines Isotherms Streamlines 

0 

    

 Nuav=1.946  Nuav=1.867  

1 

    

 Nuav=1.814 Ψ Nuav=1.107 Ψ 

4 

    

 Nuav=1.957 Ψ Nuav =1.898 Ψ 

9 

   

 Nuav=1.740 Ψ Nuav =1.588 Ψ 

16 

   

 Nuav=1.663 Ψ Nuav =1.686 Ψ 

25 

    

 Nuav=1.596 Ψ Nuav=1.612 Ψ 
Figure 4. Results for conduction-dominant heat transfer. 



F. S. Santos, A. P. de Camargo, V. G. Poletto, F. C. De Lai and S. L. M Junqueira. 
Numerical Simulation of Convection in a Lid-Driven Cavity Filled with Heterogeneous Porous Medium. 

The influence of varying N over Nuav is depicted in Figure 5 (a), as for N>25 the Nuav follows the tendency to reach 

a unitary value. Analogously Figure 5 (b) shows that as N is incremented, Ψ continuously drops. 
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Figure 5. Results for the number of blocks influence over the convection. (a) Nuav. (b) Ψ. 

 

 

4. CONCLUSIONS 

 

In the present work, the influence of the placement of solid blocks on the convection process inside a square lid-

driven cavity subjected to a stable gravitational condition is numerically simulated. The heat transfer is characterized by 

two dominant patterns: convective and conductive. In the latter, the buoyancy effect suppresses the momentum and the 

fluid remains stagnated in the vicinity of the base of the enclosure, while in the first, the flow spreads throughout the 

domain. The introduction of blocks imposes more resistance to the flow in both standards, causing the fluid circulation 

to decrease. Usually, the Nuav follows the decreasing trend with the increment in the number of blocks. However, the 

introduction of a single block in a convection-dominant configuration and N=4 in a pure conductive case influences the 

temperature field in such a way the temperature gradients are intensified and consequently, Nuav increases. 
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