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Abstract. The present work investigated the configuration of steady two-dimensional flow accompanied by heat and 

mass simultaneous transport in a  lid-driven cavity with a moving heated lid and a moving cooled lid were investigated 

numerically in a process engineering context of drying. Governing equations are solved using the finite volume method 

and the algebraic equation set is relaxed with the SIP procedure. In a parameter study for horizontal and vertical 

orientation of the cavity, the dependence of heat and mass transfers rates on the velocities of the walls and on the 

species concentration boundary conditions was investigated. 
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1. INTRODUCTION  

 

The problem on laminar mixed convection with lid driven flows has multiples applications in the field of thermal 

engineering. Such problems are of great interest, for example in electronic device cooling, high-performance building 

insulation , multi shield  structures used for nuclear reactors , food proceeding , glass production , solar power collectors 

, furnace, drying technologies , etc .  

The study of double-diffusive natural convection in porous media has many environmental and industrial 

applications, including grain storage and drying, petrochemical processes, oil and gas extraction, contaminant 

dispersion in underground water reservoirs, electrochemical processes, etc [Mamou , Vasseur and Bilgen (1995),  

Mohamad and Bennacer (2002), Goyeau, Songbe and Gobin (1996), Nithiarasu, Sundararajan and Seetharamu (1997), 

Mamou et al (1998), Bennacer et al (2001) and Bennacer, Beji and Mohamad (2003)]. In some specific applications, the 

fluid mixture may become turbulent and difficulties arise in the proper mathematical modeling of the transport 

processes under both temperature and concentration gradients. 

Modeling of macroscopic transport for incompressible flows in rigid porous media has been based on the volume-

average methodology for either heat [Hsu and Cheng (1990)] or mass transfer [Bear (1972), Bear and Batchmat 

(1967),Whitaker (1966), Whitaker (1967), Whitaker (1969)]. If time fluctuations of the flow properties are considered, 

in addition to spatial deviations, there are two possible methodologies to follow in order to obtain macroscopic 

equations: a) application of time-average operator followed by volume-averaging [Kuwahara and Nakayama (1998) and 

Nakayama and Kuwahara (1999)], or b) use of volume-averaging before time-averaging is applied [Lee and Howell 

(1987), Wang and Takle (1995), Another and Lage (1997) and Getchewa , Minkowycz and Lage (2000)]. This work 

intends to present a set of macroscopic mass transport equations derived under the recently established double 

decomposition concept [Pedras and De Lemos (2000), Pedras and De Lemos (2001), Pedras and De Lemos (2001a), 

Pedras and De Lemos (2001b)], through which the connection between the two paths a) and b) above is unveiled. That 

methodology, initially developed for the flow variables, has been extended to heat transfer in porous media where both 

time fluctuations and spatial deviations were considered for velocity and temperature [Rocamora and De Lemos 

(2000)]. Buoyant flows [De Lemos and Braga (2003)] and mass transfer [De Lemos and Mesquita (2003)] have also 

been investigated. Recently, a general classification of all proposed models for turbulent flow and heat transfer in 

porous media has been published [De Lemos and Pedras (2001), De Lemos and Tofaneli (2004)]. 

Heat and simultaneous mass transfer in lid-driven enclosures have received less attention in the literature [Khanafer 

and Vafai (2002)]. In drying technology, better understanding of drying processes is vital for optimum performance of 

drying chamber. In [Alleborn , razzillier and Durst (1999)] investigated a two-dimensional flow accompanied by heat 

and mass transport in a shallow lid-driven cavity with moving heated and a moving cooled lid. Their results showed the 

drying rates were enhanced by increasing the web velocity and become increasingly independent of the gravity 

orientation because of the dominance of forced convection. 

The present study is focused on the numerical analysis of heat and mass simultaneous transfer in a square enclosure 

using the generalized numerical model of the momentum, energy and chemical species transport equations. A wide 

range of parameters such as the Reynolds number, Richardson number, Prandtl number, Lewis number, Grashof 

number, Buoyancy ratio is considered in the present research to show the significance and influences of these 

parameters on the heat and mass transfer phenomena. 
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2.  PROBLEM DEFINITION AND GOVERNING EQUATIONS 
 

Consider a two-dimensional enclosure of height H and width L filled a fluid as shown in Fig.1. The effect of heat 

conduction in the solid walls is assumed be negligible. The vertical walls are assumed to be insulated, adiabatic, and 

impermeable to mass transfer. The fluid in the enclosure is Newtonian, incompressible and laminar.  The effects of 

Soret (thermal diffusion) and Dufour (diffusion thermo) are neglected in the present study. The top and bottom wall, 

moving at constant velocity 0U   is kept at high temperature and mass concentration ( HT  and HC ) while the horizontal 

wall is kept at low temperature and concentration ( LT  and LC ) . The thermo physical properties of the fluid are 

assumed to be constant except the density variation in the buoyancy force, which is approximated according the 

Boussinesq hypothesis. This variation, due both temperature and mass concentration gradients, can be described by the 

following equation: 
 

( ) ( )[ ]refCrefT CCTT −−−−= ββρρ 10
 (1) 

 

Where Tβ  and Cβ  are the coefficients for thermal and concentration expansions, respectively: 
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The continuity, momentum, energy and mass concentration of chemical species equations can be written as follows: 
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Where u  and v are the velocity components in x  and y  directions respectively, ρ is the density of the fluid, p  is 

the total pressure and ν is the kinematic viscosity of the fluid. The gravity acceleration is defined by g  . T ,
l

C , refT  

and refC are the temperature, mass concentration , reference temperature and the reference mass concentration, 

respectively, α  is the thermal diffusivity and 
l

D  is the mass diffusion coefficient. The transport dimensionless 

parameters, the solutal Grashoff ( CGr ), the thermal Grashoff ( TGr ), the Prandtl ( Pr ), Reynolds number ( Re ), Schmidt 

number ( Sc ), the buoyancy ratio ( N ), Lewis number ( Le ), Richardson number ( Ri ) and the Rayleigh number ( Ra ) 

are given by: 
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The aspect ratio of enclosure is HLA = . The average heat and mass fluxes at walls are representing in 

dimensionless forms by the average Nusselt and Sherwood numbers: 
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Figure 1 –Sketch of the cavity and computational grid  

 

 

3. NUMERICAL METHOD 

 
The numerical method employed for discretizing the governing equations in the control-volume approach. The flux 

blended deferred correction which combines linearly the Upwind Differencing Scheme (UDS) and Central Differencing 

Scheme (CDS), was used for interpolating the convective fluxes. The well-established SIMPLE algorithm is followed 

for handling the pressure-velocity coupling. Individual algebraic equation sets were solved by the SIP procedure. 

Details on the validation of the numerical tools, optimization and checking of numerical grids here employed can be 

found in previous publications, which include buoyant and forced flows in porous , hybrid and clean media for different 

geometries and boundary conditions, for more details see refers [Braga and De Lemos (2003), Braga and De Lemos 

(2005), Mesquita and De Lemos (2004), Mesquita and De Lemos (2004a) and Saito and De Lemos (2006)]. 

 

4. DISCUSSION AND RESULTS 

 

The numerical code used in the present investigation has been used to carry out a number of simulations for a wide 

range of controlling parameters such as buoyancy ratio ( N ), Reynolds number ( Re) , Richardson number ( )Ri  and 

Lewis number ( Le ). The results are presents for three different heat transfer regimes: the pure forced convection, the 

pure natural convection and the mixed convection. Each regime is given in a separate subtitle in the following: 
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Figure 2 - Visualization from streamlines fields for lateral shear driven cavity: a) 0210Re += , b) 0310Re += , 

c) 03105Re +×=  and d) 0410Re += . 

 

Forced convection - Figure 2 shows the flow in a horizontal shear-driven cavity (occasioned by upper moving wall) 

for 
030302

105,10,10Re
+++ ×=  and 0410+ respectively. These results are in close agreement with [Guia et al. (1982), 

Sivaloganathan and Shaw (1988)].  Fig. 2 show the growth in the secondary vortex at bottom right-hand corner that is 

expected with an increase in Reynolds number. There is clear loss of symmetric of the recirculation and the primary 

vortex centre has moved off the vertical mid-cavity line as discussed in [Sivaloganathan and Shaw (1988)]. 

 

Natural convection - For the natural convection of air in a differentially-heated cavity, the flow and temperatures 

fields are given in Figure 3. The left wall of the cavity is kept at temperature of HT , while the right wall being kept at a 

temperature of CT  lower than HT . The horizontal walls are kept as adiabatic. Although a wide range of Rayleigh 

number ( Ra ) was considered, just three representatives examples, for 
0403

10,10
++=Ra  and 0510+  were given here due 

to the limitation of this paper space. For this geometry [De Vahl Davis (1983)] obtained bench-mark solutions, which 

serves as a comparison tool for many studies. The present results correspondence very well with those of [De Vahl 

Davis (1983)]. At 0310+=Ra the streamlines in Fig 3 a).  indicates the existence of a single vortex with center in the 

middle of the cavity. Corresponding isotherms in the Fig. 3 are almost parallel to the heated walls, indicating that most 

of the heat transfer is transferred by conduction. The vortex is generated due the horizontal temperature gradient across 

the section. This gradient, xT ∂∂  is negative everywhere, inducing a clockwise oriented vorticity. When the Rayleigh 

number is increased to 0410+=Ra , Fig. 3 b) the central vortex is distorted into an elliptic shape and the effect of 

convection is more pronounced in the isotherms, Fig. 3. Temperature gradients are stronger near the vertical walls, but 

decrease in the center region. For 510=Ra , Fig. 3 c), the behavior continues. The central vortex is elongated and two 

secondary vortices appear inside it. Heat transfer by convection in the viscous boundary layer alters the temperature 

distribution to such an extent that temperature gradients in the center of the domain are close to zero. Fig. 3c) also show 

that, with this change in the sign of the source term, negative vorticity is induced within the domain. This also causes 

the development of secondary vortices in the core. 
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Figure 3 – Streamlines  and  Isotherms for Natural Convection case  at 
0403

10,10
++=Ra  and 0510+  

 

 

Mixed convection – It has been already explained, two different heat transfer regime and consequently more than 

three different thermal boundary conditions considered here, result in two different heat and mass transfer mechanisms: 

Buoyancy – aiding and opposing. It was shown in Fig. 4 (for more details see reference [Aydan (1999)], the movement 

of left wall was leading a clockwise rotating cell. The hot left and cold right walls, is considered, the resulting buoyancy 

induce a clockwise rotating flow. Such flows reinforce the recirculation cell driven by the moving of left wall. In this 

case, the buoyancy has an aiding effect on the forced convection. For the buoyancy aiding case, explained above, the 

flow and temperatures fields in terms of the numerical streamlines and isotherms for several values of mixed convection 

parameter, Richardson number ( Ri ) covering a) 01.0=Ri , b) 1.0=Ri , c) 5=Ri  and 100=Ri  are considered. Since 

the Reynolds number is kept constant at 100Re = . As seen from Fig. 4 , an increase of Ri  from 01.0  to 1.0  does not 

make any significance change in the flow and temperature fields. In the other words, the predominance of the forced 

convection over natural convection maintains because the buoyancy effects is still weak to affect the flow pattern. The 

buoyancy becomes progressively a stronger role by the increasing of the Ri , at 5≥Ri  the hydrodynamic and thermals 

fields  makes the shear and buoyancy effect, respectively, important and characteristic. In this case, the natural 

convection becomes dominant mechanism with the negligible forced convection.  
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Figure 4 - Streamlines  and isotherms at different values of Richardson number for aiding-buoyancy flow: 

a) 01.0=Ri , b) 1.0=Ri , c) 5=Ri  and 100=Ri  
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Figure 5 - Streamlines for different combinations of Richardson number  with  Re = 100: a) Ri = 0.001, b) Ri = 0.01, c) 

Ri=0.1, d) Ri=1.0, e) Ri=10 and f) Ri=100 
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Figure 6 - Streamlines for different combinations of Richardson number  with  Re = 400 : a) Ri = 0.001 , b) Ri= 0.1 , c) 

Ri = 1 , d) Ri=10, e) Ri=100  and f) Ri=1000 
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