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
Abstract—This study reports a numerical investigation of 

two-dimensional double-diffusive natural convection heat 

and mass transfer in a rectangular porous cavity with 

partially thermally active sidewalls. The length of the active 

part is equal to half of the cavity height. The top and bottom 

of the enclosure and inactive part of the sidewalls are 

assumed to be insulated and impermeable to mass transfer. 

The active part of the right sidewall has a lower 

temperature and concentration than the left one. The 

coupled differential equations are discretized by the finite 

difference method and are solved using the SOR method. 

The results are obtained for different active sections and 

different parameters such as aspect ratio and Darcy number. 

In addition, the heat and mass transfer rate in the cavity is 

measured in terms of the average Nusselt and Sherwood 

numbers. 

 

Index Terms—double-diffusive, rectangular cavity, porous 

medium, partially active walls, natural convection, heat and 

mass transfer 

 

I. INTRODUCTION 

The problem of double diffusive natural convection in 

porous media has attracted considerable interest during 

the last few decades because of its wide range of 

applications, including grain storage and drying, oil and 

gas extraction, contaminant dispersion in underground 

water reservoirs, evaporative cooling of high temperature 

systems, spread of pollutants and many others. A 

comprehensive review of the literature concerning 

double-diffusive natural convection in a saturated porous 

media is presented in the book by Nield and Bejan [1]. 

An over view of the current state of the art of double 

diffusion in saturated porous media has been recently 

presented by Nield and Bejan [2] and Ingham and Pop [3] 

and [4]. Prasad and Kulacki [5] numerically investigated 

steady natural convection in a rectangular porous cavity. 

They found that the heat transfer rate increases as the 

aspect ratio is increased. An analytical and numerical 
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study of natural convection heat and mass transfer 

through a vertical porous layer subjected to a 

concentration difference and a temperature difference in 

the horizontal direction has been studied by Trevisan and 

Bejan [6]. Double diffusive convection in a differentially 

heated cavity has been studied by Singh et al. [7]. They 

used the Brinkman– Forcheimer extended Darcy model 

for the momentum equations in the porous region. 

Chamkha and Al-Mudhaf [8] performed a significant 

Darcy–Brinkman investigation for double-diffusion 

natural convection flow in an inclined porous cavity. In 

general, the result showed that as the cavity inclination 

angle increases, reductions in the average Nusselt and 

Sherwood numbers were obtained. However, there was 

an exception at a critical angle, for which they achieved 

maximum values. Chamkha et al. [9] analyzed double-

diffusive convection in an inclined porous enclosure with 

opposing temperature and concentration gradients. They 

found that the enclosure inclination angle strongly 

affected the average Nusselt and Sherwood numbers. 

Double diffusive natural convection in a square porous 

cavity submitted to cross gradients of heat and solute 

concentration has been numerically investigated by 

Bourich et al. [10]. Al-Farhany and Turan [11] analyzed 

numerically double diffusive natural convective heat and 

mass transfer in an inclined rectangular porous media. 

Two opposing walls of the cavity are maintained at fixed 

but different temperatures and concentrations while the 

other two walls are adiabatic.  The results show that the 

average Nusselt and Sherwood numbers decrease when 

the angle of inclination increases. Muthtamilselvan and 

Das [12] have studied double diffusive natural convection 

of cold water around its density maximum in a two-

dimensional enclosure filled with a water-saturated 

isotropic porous medium. It was found that the average 

Nusselt and Sherwood numbers showed nonlinear 

behaviors with increasing buoyancy ratio number.  

In this paper, double-diffusive natural convection in a 

rectangular porous cavity filled with air and partially 

heated vertical walls for nine different heating sections is 

investigated. In fact the position of the partially active 
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sidewalls strongly affects the flow, heat and mass transfer 

characteristic and therefore the main objective of the 

present work is to determine in which combination we 

have the maximum rate of heat and mass transfer. In this 

respect, it is found the bottom-top active location is the 

most effective combination for heat and mass transfer 

rate in the enclosure.  

II. PHYSICAL MODELAND GOVERNING EQUATIONS 

The defined model is a two-dimensional rectangular 

porous cavity of height H and length L filled with moist 

air with Pr = 0.71, which is shown in Fig. 1. The partially 

thermally active sidewalls of the cavity are specified at 

two fixed different temperatures and concentrations. The 

left wall is partially at (Th, Ch) and the right wall at (Tc, 

Cc) where (Th> Tc) and (Ch> Cc), also the remaining 

sidewalls and horizontal walls are considered to be 

adiabatic. The length of the thermally active part is h = 

H/2. The heat and mass transfer characteristics are 

investigated for nine different combinations of the active 

walls. Placement order of thermal active section has 

significant influence on heat and mass transfer rate, to 

explore this effect and achieving the optimum rate inside 

the cavity, the following method is considered. The fluid 

is assumed incompressible, Newtonian, and viscous and 

the gravity acts in the downward direction. The viscous 

dissipation is assumed negligible. 

 
Figure 1.  Physical configuration 

The Boussinesq approximation with assisting thermal 

and solute buoyancy forces is used for the body force 

terms in the momentum equations, 𝜌 = 𝜌0[1 −
𝛽T(Τ − Τc) − 𝛽C(C − C𝑐)] .With these descriptions and 

assumptions of the problem, and representing the position 

through Cartesian coordinate system in two dimensions, 

the governing equations could be written in non-

dimensional form as the following:  
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The boundary conditions in the dimensionless form are: 
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where the non-dimensional variables and parameters are: 
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III. METHOD OF SOLUTION 

Solution of the governing equations (1)–(4) together 

with the boundary conditions is performed numerically 

using finite difference method. The region of interest was 

covered with ‘m’ vertical and ‘n’ horizontal uniformly 

spaced grid lines. The transport processes, energy and 

mass equations are solved using the ADI (Alternating 

Direction Implicit) method and the stream function 

equation is solved by SOR (successive over-relaxation) 

method. The over relaxation parameter is chosen to be 1.8 

for stream function solutions. The iteration is repeated 

until the convergence criterion 
∑ ∑ |Φ𝑖,𝑗

𝑘+1−Φ𝑖,𝑗
𝑘 |𝑛

𝑗=1
𝑚
𝑖=1

|Φ|𝑚𝑎𝑥×𝑚×𝑛
≪

10−7  is satisfied for each variable. Where Ф stands for U, 

V, θ and S; k refers to time and i and j refer to space 

coordinates. The time step used in the computations is 

ranged between 0.00001 and 0.004 depending on Grashof 

number and mesh size. 

IV. RESULTS AND DISCUSSIONS 

The results are presented in the form of streamlines, 

temperature and concentration distributions for nine 

different heating locations to show the fluid flow, heat 

and mass transfer phenomena in steady states. The flow 

patterns for different heating sections with following 

characteristics; Ar=2, Da=10
-1

, Gr = 10
6
, Le = 3, Pr=0.71, 
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ε = 0.35 and N= 0.2 are displayed in Fig. 2. In the first 

case, Fig. 2(a), both of heating sections have been placed 

on the upper sidewall of the cavity. Fig. 2(i) is mirror 

image of Fig. 2(a), which both of heating sections have 

been placed on the lower sidewall of the cavity. When 

heating sections are top–middle or middle–bottom, it can 

be seen that there is a principal cell which is situated near 

thermally active parts of the sidewalls whereas the 

remaining parts of the cavity maintained intact. When 

heating sections are top–bottom, a strange incident is 

occurred. It is observed that in Fig. 2(c) the current is in 

two distinct cells and the centre of each cell places in the 

near part of active thermally sidewalls. It is worthy to 

emphasize that in comparison with other sections, 

velocity and circulation rate of this section is in their 

minimum amount. In the next figure where the heating 

zone is located in the middle and the cooling one is on the 

top, (Fig. 2(d)), the principal cell almost occupies the 

whole cavity. In contrast, this case is responsible for a 

high rate of heat and mass transfer. Active section of 

bottom– middle (Fig. 2(h)) is mirror image of active 

section of middle–top (Fig. 2(d)). In Fig. 2(e) where both 

of heating sections placed in the middle sidewall of the 

cavity, the main strong cell is located in the central of the 

cavity and interestingly the flow pattern is completely 

symmetrical. In the bottom–top Fig. 2(g), the principle 

cell occupies the entire cavity. It is important to highlight 

that in this case, the rate of velocity and circulation 

accounts for the maximum. 

 

Figure 2.  Streamlines for all heating sections, Ar=2, Da=10-1, Gr = 106, 
Le= 3, N= 0.2. 

Fig. 3 illustrates the temperature distribution inside the 

cavity for these cases by plotting the contours of 

isotherms. When the cooling section moves toward lower 

part of the enclosure (Fig. 3(c)), isotherms anticipate 

conduction in the middle of the cavity. In contrast to the 

other cases, in this combination the rate of heat transfer 

contributes to the least. Fig. 3(i) and (f) is illustration of 

mirror images of Fig. 3(a) and (b), respectively. In 

middle–top and bottom–middle active sections, a thermal 

boundary layer forms on the top and bottom part of 

cooling and heating sections, respectively, and 

convection is seen from isotherms of Fig. 3(h) and (d). 

Fig. 3(e) illustrates convection near the active sidewalls. 

In bottom–top active section, strong thermal boundary 

layers in the top part of cooling wall and bottom part of 

heating wall are formed shown in Fig. 3(g), in 

comparison to other sections in this case heat transfer rate 

has the largest share. 

 

Figure 3.  Isotherms for all heating sections, Ar=2, Da=10-1, Gr = 106, 
Le= 3, N= 0.2. 

Fig. 4(a–i) demonstrate the distribution of 

concentration. As it can be seen, the isopleths of 

concentration has similar behavior as that of temperature 

and this is mainly because of the similarity of energy 

equation and mass transfer equation. Based on Schmidt 

number which is greater than Prandtl number; the thermal 

diffusivity has greater effect on fluid than the mass 

diffusivity does. So, formed solutal boundary layer in Fig. 

4(d) and (h), compared with formed thermal boundary 

layer in Fig. 3(d) and (h) is thinner. Strong solutal 

boundary layers are formed at the active sections, as seen 

in Fig. 4(g). 

 

Figure 4.  Isoconcentrations for all heating sections, Ar=2, Da=10-1, 
Gr = 106, Le= 3, N= 0. 

Fig. 5 - Fig. 7 indicate the effect of Darcy number on 

the flow pattern inside the porous cavity for three 

different heating locations including top-bottom, middle-

middle, and bottom-top.
-8

, 

10
-5

, 10
-3

, and 10
-1

, in order to simulate the restricting 

Darcy numbers are chosen as 10
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situations of Darcy flows. It is necessary to explain that 

for a low value of Darcy number ( Da ≤ 10−5 ) a 

circulating flow pattern with the center of rotation at the 

middle of the cavity can be seen for all studied 

combinations of heating and cooling sections on the left 

and right walls respectively. That is, the fluid is moved 

upward near the partially heating wall and then 

downward near the cooling one. In the following, we take 

into account the influence of a high value of Darcy 

number for three mentioned combinations. In the first 

case, top–bottom active section, when Darcy number is 

10
-3

 or 10
-1

 (Fig. 5(c, d)), two equal vortices are appeared 

near the thermally active sidewalls. This is mainly 

because in high Darcy numbers the fluid flow endures 

less resistance from the boundary friction, and flow is 

akin to pure buoyancy induced flow. 

 

Figure 5.  Streamlines for top - bottom heating location, Ar=2, N=1, 
Le=5, Ra=106. 

In Fig. 6(c, d), both of heating sections have been 

placed in the middle sidewall of the cavity. In this case, 

there is a principal cell near the thermally active parts of 

the sidewalls. 

 

Figure 6.  Streamlines for middle-middle heating location, Ar=2, N=1, 
Le=5, Ra=106. 

In the bottom–top active section which is exhibited in 

Fig. 7(c, d) the clockwise principle cell occupies the 

entire cavity. Velocity and circulation rate in this case is a 

maximum. Furthermore, it can be seen from Fig. 5- Fig. 7 

as Darcy number is increased from 10
-5

 to 10
-3

 then to 10
-

1
, the effects of viscous forces will be dominant so that 

the flow velocities are significant. As Darcy number is 

increased, the permeability of the porous medium rises 

and hence the boundary frictional resistance gradually 

reduces, in turn the fluid circulation is considerably 

improved within the cavity. Also, an increase in 

Brinkman term implies that the balance between Darcy 

term and the buoyancy force in the boundary layer is 

continuously replaced by the balance between a viscous 

force and the buoyancy force.  

 

Figure 7.  Streamlines for bottom-top heating location, Ar=2, N=1, 
Le=5, Ra=106. 

The rate of heat and mass transfer in the enclosure is 

measured in terms of the average Nusselt and average 

Sherwood numbers. The average Nusselt and Sherwood 

numbers have been depicted in Fig. 8 as a function of 

Darcy number for different aspect ratios in bottom-top 

thermally active section in order to estimate how Darcy 

number affects the heat and mass transfer rate in the 

enclosure. It can be observed that from the graph, heat 

and mass transfer rate is considerably increased by 

increasing the aspect ratio. Also, the average heat and 

mass transfer rate increases by increasing Darcy number. 

This behavior is mainly due to the transition of the heat 

and mass transfer mechanism from conduction, low 

Darcy number, dominated flow to convection, high Darcy 

number. It is important to note that when Da ≤ 10−5 , 

there is no any change occurred in the amount of the 

average Nusselt and Sherwood numbers however after 

which the average Nusselt and Sherwood numbers are 

suddenly surged by increasing Darcy number. 

 

Figure 8.  Average Nusselt and Sherwood numbers for different aspect 
ratio, Le = 3, Gr = 106. 

V. SUMMARY 

Numerical study of double diffusive natural convection 

in a two-dimensional rectangular porous cavity has been 

investigated. The results are presented for different 

partially heating locations as well as Darcy numbers 

10−8 ≤ Da ≤ 10−1 for some aspect ratios. The rate of 

heat and mass transfer in the cavity is high for the 

bottom–top thermally active section while it is poor in the 

top–bottom case. The heat and mass transfer rate are 

found to rise with increase in Darcy number as well as the 

aspect ratio. 

APPENDIX LIST OF SYMBOLS 

Alphabetics 
Ar         Aspect ratio  

C           Dimensional  concentration (kg/m3)  

D           Mass diffusivity (m2/s)  

Da         Darcy number  
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g            Acceleration of gravity (m/s2)  

Gr         Grashof number
 

H           Height of the cavity (m)  

k            Permeability of porous medium (m2)  

L            Length of the cavity (m)  

m          Center of the heating section (m)  

M          Dimensionless  of heating center  

N           Buoyancy ratio  

Nu         Local Nusselt number         

Nu̅̅ ̅̅          Average Nusselt number  

P            Pressure (kg/m/s2)      

Pr          Prandtl number  

S            Dimensionless concentration  

Sc          Schmidt number         

Sh          Local Sherwood number               

Sh̅̅ ̅          Average Sherwood number  

T            Temperature (K)  

u, v        Velocity components (m s⁄ )  

U, V       Dimensionless velosity components  

x, y        Dimensional cordinates (m)  

X, Y       Dimensionless coordinates  

 

Greeksymbols 
α           Thermal diffusivity (m2 s⁄ )   

β𝐶          Coefficient of concentration expansion(m3 𝑘𝑔⁄ )  

β𝑇          Coefficient of thermal expansion (K−1)  

ε            Porosity  

θ           Dimensionless temperature  

ν            Kinematic viscosity (𝑚2 𝑠⁄ )  

ρ           Density (kg m3⁄ )  

ω          Vorticity (s−1)  

ξ            Dimensionless vorticity  

ψ           Stream function (m2 s⁄ )  

Ψ          Dimensionless stream function  

 

Subscripts 
c           Cold wall and low concentration  

h           Hot wall and high concentration  
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