
 
 
 

 
 

 
1. INTRODUCTION 

 

Combined convection flow occurs in lid-driven cavities due 

to both the shear force caused by the movement of the wall of 

the cavity and the buoyancy force produced by temperature 

difference on the boundary of the domain. Mixed convection 

problems in cavities are studied by several researchers in last 

two decades due to a range of applications. The combined 

convection flow and heat transfer in cavities find its 

applications in food processing and float glass production, 

solar collectors, lake and reservoirs, nuclear reactors, solar 

ponds and crystal growth  [1-5]. 

Many investigators studied the simple lid-driven 

rectangular and square cavities with temperature gradient 

(mixed convection) experimentally and numerically. A good 

review was reported by Basak et al. [6] which focused on the 

transition between natural and forced convection and between 

conduction and convection regimes. Ӧgüt [7] showed that the 

angle of inclination of the cavity affects the heat transfer and 

flow for large numbers of Ri. Ahmed et al. [8] have shown that 

the magnetic field and the inclination of the cavity greatly 

affects the heat transfer in a square driven cavity. Sun et al. [9] 

observed that the triangular fin is a good control parameter on 

heat transfer and flow field in a lid-driven square cavity. 

Zeghbib and Bessaïh [10] presented a study of laminar mixed 

convection in lid-driven cavities filled with Cu-water 

nanofluid heated by two heat sources placed on vertical walls. 

Periodic wall heat flux is of great interest in engineering 

applications such as the design of cooling tubes for nuclear 

reactors or heat exchangers of Stirling engines, Zniper et al. 

[11]. The sinusoidal wall heat flux is one of the simplest types 

of periodic heating and is encountered in many studies. Sarris 

et al. [12] investigated numerically the flow and heat transfer 

in a two-dimensional square cavity with a sinusoidal 

temperature profile at the upper wall and adiabatic conditions 

on the bottom and sidewalls. Pearlstein and Dempsey [13] 

studied a laminar tube flow subjected to axially varying wall 

heat flux in the form of a sinusoidal or hyperbolic tangent 

distribution. Barletta and Zanchini [14] studied the stationary 

and laminar forced convection in a circular tube with a 

sinusoidal axial distribution of wall heat flux, evaluating the 

heat transfer via the temperature fields and local Nusselt 

numbers. 

In recent years many researchers have reported their 

research results about flow structure and heat transfer on a 

dimpled surface (non-rectangular geometry and on changes in 

the boundary conditions) such as Khanafer [15] studied 

numerically laminar mixed convection in lid driven cavity 
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ABSTRACT  

 
Numerical study has been performed to investigate the combined effects of lid movement and buoyancy on 

flow and heat transfer characteristics for the mixed convective flow inside a lid-driven arc-shape cavity. The 

work is motivated by its immense importance due to its wide range of applications. The numerical simulations, 

therefore, are performed for three different shape concave enclosures (rectangular, circular and triangular) in 

laminar flow regime and for different Reynolds numbers (10 ≤ Re ≤ 1000) and Grashof numbers (104 ≤ Gr ≤ 

107) effects on the flow and heat transfer. Numerical results are presented in terms of streamlines, isotherms, 

velocity profiles and average Nusselt number along the bottom wall. The comparisons showed that the increase 

of Reynolds and Grashof numbers enhance the heat transfer for all forms of alveolus. Further, triangular 

alveolus highlights a higher heat transfer rate for higher Re numbers.  
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with a flexible heated bottom surface characterized by 

rectangular and sinusoidal wavy profiles. The investigation 

shows the benefits of using flexible walls when augmentation 

of heat transfer is sought at high Grashof numbers. Satyajit et 

al. [16] analyzed a T-shaped cavity filled with water-AL2O3 

nanofluid, numerical solution is obtained for different solid 

volume fractions of nanofluid (φ=0-0.15), Grashof numbers 

(Gr = 0.1-5000) and Reynolds numbers (Re = 0.1-100). The 

result shows that all this parameters have significant effect on 

heat transfer characteristics inside the cavity. Chen and Cheng 

[17] investigate the steady laminar buoyancy-driven and 

convection heat transfer characteristics within three different 

across-shape concave enclosures. The effect of Prandtl 

number, Grashof number and the gap on the steady thermal 

behavior is examined. Results shows that the strength of the 

vortex is relatively bigger in the rectangular-rectangular 

concave enclosure than in the rectangular-circular concave 

enclosure at same Grashof number. Experimental and 

numerical study of flow over shallow cavities heated with 

constant heat flux from the bottom side has been carried by 

Mesalhy et al. [18]. The effect of changing cavity aspect ratio 

(AR=L/H) and Reynolds number on flow field and heat 

transfer has been considered. They concluded that that the 

average Nusselt number increases as the cavity aspect ratio 

increase and heat transfer process depends strongly on 

Reynolds number for higthest aspect ratio. Experimental and 

numerical studies on periodic convection flow and heat 

transfer  in a lid-driven arc-shape cavity with temperature 

differential was investigated by Chen et al. [19]. They studied 

three case corresponding to the Grashof numbers 2x105, 5x105 

and 1.2x106 for a fixed Reynolds number (Re= 100). Results 

show that the periodic flow pattern occurs for the second 

Grashof number value and steady-state flow pattern take place 

in the other two cases. For periodic flow pattern, the central 

region in the cavity shows the larger oscillation of local kinetic 

energy and the longitudinal velocity component exhibits 

bigger oscillation amplitude in the upper region. Thus, the two 

colder regions in the upper part move from the left to the right 

with the right one gradually vanishing and the left one 

expanding as the lid moves rightward and continually. 

Recently Mliki et al. [20] studied laminar natural convection 

of Al2O3-H2O nanofluid in L-shaped cavity in the presence of 

a uniform magnetic field numerically by the Lattice 

Boltzmann Method. 

The present study focuses on numerical simulations of 

mixed convection within a rectangular cavity with a shaped 

heated bottom wall (alveolus form). Special attention will be 

paid to the effects of the alveolus form (rectangular, circular 

and triangular) and Reynolds and Grashof numbers, on the 

flow field and heat transfer characteristics in the shaped cavity. 

2. PROBLEM DEFINITION 

The configuration problem is schematized in Fig. 1, 

corresponding to a rectangular cavity (height H1 and length L1) 

with presence of rectangular, triangular and circular alveolus 

(Length L2 and Height H2) on the bottom wall with aspect 

ratios of a = H1/L2 and b = L1/L2. The enclosure is filled with 

air (Pr = 0.71) and bounded by the heated differently surfaces 

such that hot bottom walls are at a temperature Th, the side 

walls are adiabatic whereas the top wall is assumed to slide 

from left to right with a constant velocity U0, is at a non-

uniform temperature : 

T = Tc+(Th-Tc) sin(x)/L. 

 

The numerical model for mixed convection heat transfer in 

the shaped enclosure was developed under some assumptions 

as steady state, laminar and incompressible newtonian fluid. 

Viscous dissipation and compressibility effects are neglected. 

Also, the fluid properties are as sumed constant except the 

density in the buoyancy terms of the momentum equations, 

which can be approximated by the Boussinesq approach. 

Under these assumptions, the equations of continuity (1), 

momentum (2, 3) and  energy (4)  are cast in their dimensional 

form. 

Continuity equation: 
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Momentum equations: 
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Energy equation: 
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The boundary conditions, take the following form :  

At the top wall 

 

 X sin  ,   U=1,  V=0                                                   (5)  

 

At the Bottom cavity and side walls of alveolus 

 

=1,  U=0, V=0                                                                    (6) 

 

At the vertical side wall of the cavity  

 

0




X



 

, U=0, V=0                                                             (7) 

 

In addition, the variables and dimensionless numbers are 

come follows: 

 

X = x/L; Y = y/L; V = v/Uo;    U = u/Uo; 

P = pL²/𝜌ν²;  = (T-Tc)/ T 

 

The dimensionless groups appearing in the above equations 

are defined as follows : 

 

  23  LTTgGr ch  ; Pr  

LU0Re  ; 2ReGrRi   

 

where u and v are the velocity along the axes x and y, p is the 

pressure, T is the temperature with Th the temperature and Tc 

the cold temperature. P, U, V and  are pressure, the horizontal 
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and longitudinal velocity the dimensionless temperature 

respectively. Re, Gr, Ri and Pr represent the Reynolds, 

Grashof, Richardson and Prandtl numbers respectively. 

The physical quantity of interest is the average Nusselt 

number, 𝑁𝑢̅̅ ̅̅ , which is calculated at the bottom wall by 

integration of local Nusselt number, Nu, over the wall as :  

  


X

Nu
Y


 


; 

0

L

X
Nu Nu dX 

                                                  (8) 

 

 
a) Rectangular 

 
b) Triangular 

 
c) Circular 

 

Figure 1. Schematic diagram of different shape concave, 

(alveolus) 

3. NUMERICAL PROCEDURE 

The numerical method used for discretizing the system of 

equations is the finite control volume method, Patankar [21]. 

the combined continuity, momentum and energy equations 

(1)-(4) with the corresponding boundary conditions given in 

equations (5)-(7). The SIMPLER algorithm is utilized to solve 

the coupling between velocity and pressure and the 

convection-diffusion terms are discredited by a power-law 

scheme. The global criterion of convergence for the 

continuity, momentum an energy is set to 10-5 , 10-5 and 10-6 

respectively. 

3.1 Grid independency 

A grid independency test has been carried out to find 

numerical accuracy while solving the system. the test is done 

for Gr=104 and Re=100. From Tab. 1, it is clear that the 

variation of the average Nusselt number is not influenced by 

the number of nodes from a 100x100 grid. Accordingly, a 

120x120 uniform mesh is preferred keeping in view the 

accuracy of the results and the computation time.  

3.2 Code validation 

The present code is validated with the previous 

investigation by Ӧgüt [7] of square lid-driven cavity. 

Validation is established through streamlines, isotherms 

contours and average Nusselt number. Comparison of the flow 

and thermal field is illustrated in Fig. 2 and Tab. 2 for Ri=0.1, 

1, 10 and 100. From the figure it is significant that the present 

code conforms to previous study and a good comparison is 

registered. According to this, the present numerical code and 

solution procedure are perfectly reliable. Hence, numerical 

simulation can be carried out for the given study. 

 

Table 1. Grid independency 

 

Grid 𝑁𝑢̅̅ ̅̅  

60x60 2.288 

80x80 2.299 

100x100 2.303 

120x120 2.308 

140x140 2.310 

160x160 2.311 

 

Table 2. Comparison of average Nusselt with Ӧgüt [7] 

 

𝑁𝑢̅̅ ̅̅  Ӧgüt [7] Present work 

Ri = 0.1 3.850 3.890 

Ri = 1 2.602 2.631 

Ri = 10 2.139 2.163 

Ri = 100 1.884 1.906 

 

 

   
a) Ӧgüt [7]                b) Present work 

 

Figure 2. Comparison of isotherms and streamlines for 

Ri=0.1 

4. RESULTS AND DISCUSSION 

As mentioned earlier, the main objective of the present 

investigation is to compare flow and heat transfer 

characteristics between rectangular, circular and triangular 

alveolus on the bottom wall in lid-driven cavity. The transport 

phenomena are presented by analyzing streamlines, isotherms 

and average Nusselt number in the subsequent sections. In 
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addition, the implications of varying Reynolds number, i e, Re 

= 10, 100, 500 and 1000 and Grashof number, i.e., Gr = 104, 

105,106 and 107 will be investigated. 

4.1 Flow and thermal fields 

Figure 3 displays isotherms and streamlines for rectangular 

alveolus with Re = 10, for different Grashof numbers. Due to 

non-uniform heating, the temperature increases from the upper 

corners towards the bottom and top walls. And it is clearly 

observed that, the qualitative distributions of isotherms are 

almost invariant and symmetric for Gr ≤ 106, signifying that 

conduction is dominant heat transfer mechanism. As Gr 

increases temperature contour lines start getting deformed and 

lifted indicating that convective heat transfer is the dominant 

mode. 

 

                 Isotherms                             Streamlines 

 
Gr = 104 

 
Gr = 105 

 
Gr = 106 

 
Gr = 107 

 

Figure 3. Isotherms and streamlines for different Gr with 

rectangular case alveolus at Re = 10 

 

However, the flow field is highly influenced by the motion 

of horizontal top wall as seen from the streamlines, note that a 

primary large clockwise circulation zone due to the lid 

movement along the positive x-direction, perfectly takes the 

shape of the cavity. At Gr = 105, a secondary anti-clockwise 

small vortex appears at the left side of the cavity, which 

increasing in size and the flow becames symmetric for Gr = 

106. Increment of Gr to 107, generates two more secondary 

vortices inside the cavity, due to the intense effect of buoyancy 

force. 

For Re = 1000, forced convection dominant flow occurs in 

all cases Fig. 4, The temperature contours are highly 

compressed and shifted on the right hand side of the enclosure. 

Furthermore, The streamline contours became two pairs of 

counter-rotating circulation cells, the primary vortex located 

in the upper part of the cavity and the secondary small vortex 

occupies the alveolus, which decreases gradually as the 

Grashof number increases. 

 

 

 

Isotherms                               Streamlines 

 
Gr = 104  

  
Gr = 105 

 
Gr = 106 

 
Gr = 107 

 

Figure 4. Isotherms and streamlines for different Gr with 

rectangular alveolus case at Re = 1000 

 

                 Isotherms                             Streamlines 

  
Gr = 104 

 
Gr = 105 

 
Gr = 106 

 
Gr = 107 

 

Figure 5. Isotherms and streamlines for different Gr with 

circular alveolus case at Re = 10 

 

Similar effects of Grashof and Reynolds numbers on the 

flow patterns and temperature distributions in the circular 

alveolus are shown in Figs. 5-6. It is observed that, at  Re=10 

the isotherms are stratified and symmetrics for all Gr numbers 

except isotherms for  Gr = 107 which are curved an distorted 

on the middle of the enclosure. On the other hand, a large 

clockwise circulation fills almost the entire enclosure for Gr = 

104. However, at Gr = 105, the streamline contours show two 

pairs of counter-rotating circulation eddies. As Grashof 

number increases to 106, the flow field becomes symmetric 

then multi-cellular for Gr = 107.  
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As Re increases to Re = 1000, enhances the effect of forced 

convection and suppresses the effect of natural convection as 

seen in Fig. 6. The isotherms profiles are not symmetric and 

are highly compressed and shifted on the right hand side of the 

cavity due to the increase of inertial force caused by the lid 

driven top wall.  Similar results for the flow pattern, a large 

clockwise circulation is induced by the motion of the top wall, 

occupies the major portion of the cavity and a secondary 

vortex in the alveolus, begins to grow slightly bigger with 

increasing of the Grashof number. 

 

Isotherms                               Streamlines 

 
Gr = 104  

 
Gr = 105 

 
Gr = 106 

 
Gr = 107 

 

Figure 6. Isotherms and streamlines for different Gr with 

circular alveolus case at Re = 1000 

 

Isotherms                               Streamlines 

 
Gr = 104 

 
Gr = 105 

 
Gr = 106 

 
Gr = 107 

Figure 7. Isotherms and streamlines for different Gr with 

triangular alveolus case at Re = 10 

 

The predicted flow patterns and isotherms for triangular 

configuration are shown in Figs. 7-8 for different Gr and Re 

numbers. For small values of Re (10) and Gr (104), the fluid 

motion involves a primary recirculating eddie of relatively 

weak velocity extending throughout the cavity with clockwise 

direction. With the increase of Gr, due to the important 

temperature gradient the convection increases significantly 

and becomes stronger, such that a multi-cell structure prevails 

in the enclosure for Gr = 106. The increase of buoyancy effect 

tend to produce a minor vortices in the top left side and in 

bottom part of the cavity  for Gr=107. The profiles of isotherms 

are symmetric with respect to vertical center line and are very 

similar to those rectangular and circular profiles. 

 

Isotherms                              Streamlines 

 
Gr = 104 

 
Gr = 105 

 
Gr = 106 

 
Gr = 107 

 

Figure 8. Isotherms and streamlines for different Gr with 

triangular alveolus case at Re = 1000 

 

For largest values of Re (1000), forced convection 

dominates, Fig. 8. A large clockwise circulation fills almost 

the entire enclosure due to the sliding wall, while the strength 

of the secondary vortex located in the  alveolus increases with 

increasing Gr. The dominance of lid velocity is pronounced in 

the isotherms contours in the all cases, the isotherms are 

smooth and continuous curves throughout the entire cavity and 

are shifting from the right hand side of the cavity. 

4.2 Profiles of the velocity 

Figure 9 illustrates the evolutions of horizontal velocity in 

the middle of the cavity X = 0.5, for different shape of  

alveolus and for Re = 10, 1000 and Gr = 104, 107. It indicates 

that the velocity shows that the profile for Re = 10, Gr = 104 

has one turning point, implying that the flow field consists of 

unicellular pattern. The profiles for Re = 1000 and Gr = 104 

have two points of inflection indicating that the flow pattern is 

characterized by two-cell vortices. Their distribution remains 

almost similar in shape observed for all kinds of alveolus. In 

addition, it's noted that the velocity profile of rectangular 

alveolus is higher than the other forms of alveolus. 

On the other hand, velocity profile has a slower variation in 

the core region and a larger gradient closer to the moving lids. 

For high Reynolds number and small Grashof number (Re = 
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1000 and Gr = 104), the dominance of the inertial forces can 

be noticed, which leads to a larger gradient close to the walls 

and a criss-cross variation in the core region. As Gr increases 

to 107, the profiles became symmetric signifying that the 

convection leads the flow inside the enclosure. 

 

 
 

 
 

 

 
 

Figure 9. The horizontal X-velocity profiles at the vertical 

mid-plane, for different shape of alveolus 

4.3 Heat transfer 

Average Nusselt Number, as a function of Gr number for 

different Re numbers, is analyzed in Figs. 10-11 for 

rectangular, circular and triangular alveolus respectively. 

As can be seen from the Figure 10, that the mean Nusselt 

remain constant, which means that heat transfer mechanism is 

by pure conduction for Grashof number Gr < 105. However, it 

may be noted that all convection dominant states 

corresponding to Gr ≥ 105 show significantly higher heat 

transfer rate whatever the shape of alveolus. In addition, the 

average Nusselt number increases with the increase of 

Reynolds number, in accordance with previous observations. 

It is noticed from Figure 11, that the shape of alveolus does 

not entail any significant change on the heat transfer for low 

Re (Re = 10) and Nu remains unchanged whether increasing 

Gr. Also, for greater Re (Re=103), triangular alveolus shows 

higher heat transfer rate followed by circular and rectangular 

shape, respectively. However, when Gr= 107 rectangular 

alveolus shows the higher heat transfer rate. 

 

 
a) 
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b) 

 

 
c) 

 

Figure 10. Variation of the average Nusselt number versus 

Gr with different Re, for a) rectangular, b) circular and c) 

triangular alveolus  

 

 
a) 

 
b) 

 

Figure 11. variation of the average Nusselt number versus Gr 

for a) Re = 10, b) Re = 1000 

 

 

5. CONCLUSION 

A volume finite  method is used to investigate the combined 

effect of moving lid and imposed buoyancy opposed 

temperature gradients on flow field and temperature 

distribution inside a rectangular enclosure with different form 

of alveolus (micro-cavity) such as ; rectangular, triangular and 

circular on the hot bottom wall. In each case, interplay 

between forced convection due to moving lid and natural 

convection due to temperature gradients are analyzed by 

varying Grashof (Gr) and Reynolds (Re) numbers. The 

following conclusions have been observed during the present 

study. 

1.The natural convection parameter Gr and forced convection 

parameter Re effect significantly the flow and thermal 

current activities. Firstly the increase of Grashof number 

tends to make the flow two counter- clockwise circulations 

and increase the lifting and deformation of isotherms 

(convection dominance transfer). On the other hand the 

increase of Reynolds number tends to make the flow bi-

cellular, a large  vortex occupies the cavity and small 

vortex occupies the alveolus, and the isotherms are shifted 

on the right hand side of the cavity (forced convection 

dominance). 

2. The heat transfer is an increasing function of the Reynolds 

and Grashof numbers for all shape of alveolus.  

3. For small Re numbers, the form of alveolus has no effect on 

the heat transfer.  

4. For high Re numbers, triangular alveolus shows the higher 

heat transfer rate. 

In summary, concave enclosure may play an important role 

in the flow and heat transfer characteristics. Further, this study 

suggest several guidelines for thermal design in engineering 

process and emphasizes the interest of the alveolus shape for a 

better thermal efficiency. 
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NOMENCLATURE 

a, b aspect ratio a = H1/L2 , b = L1/L2 

CP specific heat , J. kg-1. K-1 

H1, H2  height of the cavity and the alveolus, m 

L1, L2    width of the cavity and the alveolus, m 

g gravitational acceleration, m.s-2 

Gr Grashof number 

Nu Nusselt number 

k thermal conductivity, W.m-1. K-1 

p Pressure, Pa 

P dimensionless pressure 

Pr Prandtl number 

Re Reynolds number 

Ri Richardson number 

T Temperature , K 

u, v velocity components in x, y directions, 

m.s-1 

U,V dimensionless velocity components 

U0 velocity of the top wall, m.s-1 

x, y Cartesians coordinates, m 

X, Y dimensionless coordinates 

 

Greek symbols 

 

 

 thermal diffusivity, m2. s-1 

 thermal expansion coefficient, K-1 

θ dimensionless temperature 

ν kinematic viscosity, m2. s-1 
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Subscripts 

 

 

h hot temperature 

c cold temperature 
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