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Abstract: A numerical study has been carried out for laminar double-diffusive mixed convection in a two-
dimensional vented square cavity with discrete heat and contaminant sources applied on the bottom wall. An
external air flow enters the cavity through an opening located at the bottom of the left vertical wall and exits from
an opening located at the three different positions of the opposite wall. The developed mathematical model is
governed by the two-dimensional continuity, momentum, energy, and concentration equations. The governing
equations, written in non-dimensional form are solved by using Galerkin finite element method with triangular
grid discretization system. The Reynolds number is fixed at 100 and the working fluid is considered as air.
Numerical simulations are carried out for different combinations of the thermal Grashof numbers and results
are presented in terms of streamlines, temperature and concentration distributions. The results indicate that the
average Nusselt and Sherwood numbers on the heat and contaminant sources strongly depend on the positioning
of the exit opening.
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1. Introduction

Double diffusive mixed convection in cavities has
been subject of an intensive research due to its im-
portance in various engineering and geophysical prob-
lems. This includes nuclear reactors, solar ponds,
lakes and reservoirs, solar collectors and crystal
growth. Nowadays, control of indoor air environment
is becoming a cutting-edge issue for study of double
diffusive mixed convection in a ventilated room. Sev-
eral discrete heat and contaminant sources, such as
pets, cooking, smoking, burning furnace, blazing win-
dow, office automation equipments, and building ma-
terials and furnishings, which intermittently or con-
tinuously produce allergens, heat, gas components
(CO2, CO, NOx), particulate matter (PM10, PM2.5),
and volatile organic compounds (VOCs) within a
ventilated room [1, 2]. There exist two different
types of convection in a vented cavity; namely in-
ternal buoyancy-induced natural convection by the
discrete heat and contaminant sources and external
mechanical-driven forced convection by the ventila-
tion. The fluid flow and heat or contaminant transfer
characteristics inside the vented cavity are thus found
by the interaction between the natural convection and
the force one, which results in double diffusive mixed
convection.
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A literature review concerning ventilated enclosures
shows that some available works have considered the
problem of mixed convection in rectangular cavities.
Papanicolaou and Jaluria [3–7] carried out a series
of numerical studies in order to investigate the com-
bined forced and natural convective cooling of heat-
dissipating electronic components located in a rectan-
gular enclosure, and cooled by an external through-
flow of air. Laminar mixed convection in a two-
dimensional enclosure heated from one sidewall and
submitted to an either aiding or opposing jet was nu-
merically studied in the work of Angirasa [8] and Raji
and Hasnaoui [9, 10]. Later, Raji and Hasnaoui [11]
investigated the mixed convection in ventilated cavi-
ties where the horizontal top wall and the vertical left
wall were prescribed with equal heat fluxes. Similar
investigations were also carried out by the same au-
thors taking into consideration the effect of the thermal
radiation on mixed convection [12].

A numerical study of an enclosure with a heated
vertical plate located in the cavity was carried out by
Hsu and Ang [13]. Discrete heat sources were em-
bedded on the plate and different orientations were
considered. When the heat source was embedded on
the surface of the board opposite to forced flow in-
let; the value of the convective Nusselt number was
found to be independent of the location of the heat
source. Omri and Nasrallah [14]studied mixed con-
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vection in a rectangular enclosure with differentially
heated vertical sidewalls having openings for inlet and
outlet. Two different placement configurations of the
inlet and outlet openings on the side walls were inves-
tigated. In the first case, the cold air was injected at the
top of the hot wall and exited at the bottom of the cold
wall, whereas in the second configuration the injection
was at the lower edge of the hot wall and the exit was
at the top of the cold wall. Improvement in cooling
efficiency was found with the inlet placed at the bot-
tom of the hot wall. Similar investigations were also
carried out by Singh and Sharif [15] considering six
placement configurations of the inlet and outlet open-
ings. They observed that maximum cooling effective-
ness was achieved if the inlet was kept near the bottom
of the cold wall while the outlet was placed near the
top of the hot wall. Recently Saha et al. [16] carried
out similar numerical experiments for mixed convec-
tion in a vented enclosure with constant heat flux heat-
ing from below. Four different locations of inlet and
outlet openings were introduced to analyze the effect
of heat transfer mechanism and their results critically
explained the importance of the orientation of the inlet
and exit ports in a vented enclosure. Further investiga-
tions on the same topic were carried out by Saha et al.
with the same geometric configurations but consider-
ing isoflux heating at the right sidewall [17].

The effects of combined thermal and solutal buoy-
ancy induced by temperature and concentration gra-
dients have, however, not been widely studied. Yan
[18, 19] and Lee et al. [20] analyzed the transport phe-
nomena of developing laminar mixed convection heat
and mass transfer in rectangular ducts. Later, Alimi
et al. [21] studied the buoyancy effects on mixed con-
vection heat and mass transfer in an inclined duct pre-
ceded with a double step expansion. Brown and Lai
[22] numerically examined combined heat and mass
transfer from a horizontal channel with an open cav-
ity heated from below. Since heat and contaminant
sources usually co-exist indoors, the present work is
to numerically study the double-diffusive mixed con-
vection in a vented cavity due to the discrete heat and
contaminant sources. As far as authors know, the prob-
lem has never been concerned in the public literatures
until Deng et al. [23] performed a similar investigation
of the similar problem inside a ventilated enclosure.
However, a detailed investigation is still deserved to
understand the effect of exit port location on the in-
door air environment. Therefore, the objective of the
present work is to investigate the new characteristics
of the airflow and heat/contaminant transport mecha-
nism inside a vented cavity in terms of streamlines,
isotherms and isoconcentration lines.

2. Analysis

2.1. Physical Model

The domain under analysis is, as sketched in Figure
1, a square two-dimensional cavity, suffering the influ-
ence of a gravitational field. An isoflux heat source, q
of size Ls and a contaminant source of equal size and
high concentration ch locate on the right part of the
bottom wall. The remaining top, bottom and sidewalls
are assumed to be adiabatic and impermeable. The
inflow opening of size d is located on the lower left
vertical wall while the location of the equal size out-
flow opening is varied in three different arrangements
of the right vertical wall as shown in Figure 1 (a), (b)
and (c). Low speed fresh cold air (ui, Ti, ci) is injected
through the inlet opening in the horizontal direction
and then the polluted hot air exhausted from the out-
let opening at the right side wall. Hence the outflow
is assumed to have zero diffusion flux for all variables
(outflow boundary condition [OBC]).

(a) bottom exit configuration

(b) middle exit configuration

(c) top exit configuration

Figure 1: Schematic diagram for the problem with boundary condi-
tion
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2.2. Mathematical Model
The governing mass, momentum, energy and

species conservation equations have been presented
by Deng et al. [23] for double-diffusive mixed con-
vective flows driven by the combined effect of the in-
ternal buoyancy induced from temperature and con-
centration differences and the external mechanical-
driven forced flow from the inlet port. With use of the
Boussinesq approximation, the dimensionless govern-
ing equations under steady-state condition are given
by:
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where the dimensionless variables are
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and the dimensionless parameters are Reynolds num-
ber, Grashof number, Richardson number, Prandtl
number, Lewis number and the buoyancy ratio and
they are defined as follows:
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D
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The buoyancy ratio measures the relative impor-
tance of solute and thermal diffusion in creating the
density difference to drive the flow. It is clear that
N is zero for pure thermally driven flows and infin-
ity for pure solute driven flows. In the present study,
the thermal expansion coefficient βT is positive for the
density of the air mixture decreases as the temperature
increases, and also βc > 0 for the assumption that the
polluted gas indoors is lighter than the air and thus the
concentration of the air mixture decreases as the pol-
luted gas increases, and hence N > 0.

The appropriate boundary conditions for the present
problem are:

a) At the inlet: U = 1, V = Θ = C = 0

b) At the outlet:
∂U
∂X

= V =
∂Θ

∂X
=
∂C
∂X

= 0

c) Walls: U = V = 0;
∂Θ

∂Y
= −1,C = 1 for heat and

contaminant sources and
∂Θ

∂n
=
∂C
∂n

= 0 else-
where.

The heat and mass transfer rates on the surfaces of
heat and contaminant sources are described by the av-
erage Nusselt and Sherwood numbers, respectively as
follows
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2.3. Numerical Procedure

The numerical procedure used to solve the govern-
ing equations for the present work is based on the
Galerkin weighted residual method of finite element
formulation. The application of this technique is well
documented by Zienkiewicz and Taylor [24]. The non-
linear parametric solution technique is chosen to solve
the governing equations. This approach will result
in substantially fast convergence assurance. A non-
uniform triangular mesh arrangement is implemented
in the present investigation especially near the corru-
gated walls to capture the rapid changes in the de-
pendent variables. To test and assess the grid inde-
pendence of the present solution, several numerical
runs are performed for higher Richardson numbers as
shown in Table 1. These results reveals that a non-
uniform spaced grid approximately 42962 nodes for
the solution domain is adequate to describe correctly
the flow and heat and mass transfer processes inside
the cavity. The code used in the present work has
been validated for many previously published works
[16, 17, 23].

Table 1: Comparison of the Results for Various Grid Dimensions of
Bottom exit configuration (Ri = 1.0)

Nodes (Elements) Nu Sh
18465 (1960) 7.952 3.555
26455 (2900) 7.957 3.561
31334 (3474) 7.961 3.564
42962 (4842) 7.968 3.571
56375 (6420) 7.969 3.57

3. Results and Discussion

In the present study, the size configurations of
the vented cavity, the heat and contaminant sources
and the inlet and outlet are kept constant as H/L =

1.0, Ls/L = 0.5 and d/L = 0.1. Reynolds number,



20 Chemical Engineering Research Bulletin 13(2009) 17-24 / Saha et al.

Prandtl number, Lewis number and the buoyancy ratio
are kept fixed at 100, 0.7, 1 and 1 respectively. Three
different locations (bottom, middle and top) of the out-
let port are considered in the present investigation.
Moreover, main attention is then focused on the effects
of the governing parameter, Richardson number on the
indoor air mixed convection. The range of Richard-
son number used for the simulations is 0.1 ≤ Ri ≤ 10
and it is obtained by varying the Grashof number only.
Now in the following section, a detailed description
of mixed convection with heat and mass transfer in a
vented cavity is given in terms of streamline, thermal
and concentration contours for three different exit port
configurations. In addition, the results for both aver-
age Nusselt and average Sherwood numbers at various
conditions will be presented and discussed.

3.1. Bottom Exit Configuration

Figure 2 presents the effect of Richardson number
on the streamline, isothermals and isoconcentration
contours for bottom exit configuration. In this figure
the effect of both thermal buoyancy force and solutal
buoyancy force are equal. Therefore, the double dif-
fusive flow is applicable. The streamlines describe the
interaction of forced and natural convection under var-
ious convection regimes. To assess the influence of
buoyancy effects on the mixed convection flow, the re-
sults of the limiting case of purely forced convection
are also included in Figure 2. At Re = 100, for the
lower Ri values, forced convection dominates the ma-
jor flow from the inlet to the exit without much pene-
trating into the cavity. At Ri = 0.1, the bulk induced
flow expands in the cavity resulting increase in poten-
tial energy. Heat is carried out merely by forced con-
vection. A recirculating cell of low velocity is formed
which occupies half of the cavity. It is of interest to
note that both Θ and C develop in a very similar way.
This is simply because the Le and N in the gas flow is
taken as unity. Careful inspection, however, discloses
that the mass-fraction boundary layers develop a lit-
tle more rapidly than the temperature boundary layers.
This is simply due to the fact that the isoflux heating
boundary condition is much different than the uniform
isoconcentration contaminant source boundary condi-
tion. With increased dominance of natural convection
at Ri = 10, the cold incoming air and the hot vortex
start to mix up and carry the heat to the bulk of the
cavity. Besides, an increase in the value of Ri, through
an increase in Gr, leads to denser isothermal lines be-
cause of the increasing recirculation. Thus the isother-
mal lines concentrate at the heat source for Ri = 10 as
shown in the last row of Figure 2.

Making a comparison of isoconcentration lines for
various Ri, no significant difference is found except
that the dense isoconcentration lines at low Ri are
shifted towards right exit corner. This forms a strong

assisted flow for the species concentration, thereby fa-
ciliting mass transport out through the exit. There is
hardly any distortion in the thermal and concentration
fields until the buoyancy and inertia forces become
equally dominant at Ri = 1. In fact, high Richard-
son number on the other hand decreases the boundary
layer in the vicinity of right part of the bottom wall.

3.2. Middle Exit Configuration
Similar representations of the fluid, heat and mass

flow behavior inside a vented cavity with middle exit
configuration are displayed in Figure 3. The basic flow
structure in the absence of the free convection effect
for Ri = 0.1 is presented in the top of the first column
of Figure 3. The corresponding isothermal and iso-
concentration contours result from combined effects of
conduction and forced convection. At Ri = 0.1 while
the induced flow enters into cavity through small in-
let area, sudden expansion of the bulk fluid is occurred
due to pressure rise into the cavity. Thus the bulk fluid
occupies most of the part of the cavity. A medium vor-
tex of very low speed appears at the left top corner of
the cavity. Here heat is carried out by conduction due
to kinematic energy drop in the bulk fluid, less mass in
contact with the bottom discrete source and thermally
saturated fluid in the cavity. In line with the wall heat-
ing and liquid film evaporation, the temperature and
mass fraction in the right portion of the heat and con-
taminant source increase gradually as the pollutant air
goes upward exit port rapidly. It is also clear in Figure
3 that relative to the pure forced convection results, the
developments of temperature and concentration pro-
files are slower for the mixed convection case. This is
simply due to the fact that the flow near the heated wall
is continuously accelerated by the transverse buoyancy
effects along the vertical direction, enhancing the heat
and mass transfer in the horizontally and hence, de-
creasing the advancement of heat and mass transfer in
the transverse directions.

3.3. Top Exit Configuration
Streamlines, isothermal and isoconcentration con-

tours illustrating the effect of Richardson number are
presented in Figure 4 for top exit configuration. For
very low Ri, the bulk induced fluid flow diagonally
from the inlet to the exit and a pocket of fluid is formed
at the upper part of the left insulated wall. Thus con-
duction and forced convection effects are dominant.
For Ri = 1, it can be seen from Figure 4 that the nat-
ural convection effect is present but remains relatively
weak since open lines characterizing the imposed flow
are still dominant. Further increase of Ri gradually
develops the recirculating cell, located at the left top
corner of the cavity and leads to a large change in
the streamline structure. For Ri = 10, the upper re-
circulation zone spreads and thereby squeezes the in-
duced flow path resulting almost same kinetic energy
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Figure 2: Streamline, isotherm and isoconcentration line for different Richardson numbers at the bottom exit configuration

Figure 3: Streamline, isotherm and isoconcentration line for different Richardson numbers at the middle exit configuration
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Figure 4: Streamline, isotherm and isoconcentration line for different Richardson numbers at the middle exit configuration

in the bulk induced flow as that of the inlet section.
Convection heat transfer introduces with the growth
of the recirculating cell resulting the faster removal of
heat and mass from the heat and contaminant source.
It must be noticed that when the buoyancy force in-
creases with the increase of heat flux and concentra-
tion gradient, the recirculation zone begins to develop
by absorbing the thermal energy through the induced
forced flow. Thereby the squeezed induced flow cov-
ers the whole part of the heat and contaminant source
at higher Ri. Similarly, the effect of natural convec-
tion on the temperature and concentration distribution
is characterized by the displacement of the isotherms
and isoconcentration front throughout the cavity. But,
since the induced flow sweeps over the heat and con-
taminant level at the right lower corner of the cavity
decrease indicating better heat and mass transfer. As
Ri increases, nonlinearity of the isotherms and isocon-
centration lines become higher and plume formation is
profound, indicating the well established natural con-
vection double diffusive flow.

3.4. Heat and Mass Transfer Characteristics

The effect of Richardson number on the average
Nusselt number and average Sherwood number for
different exit configurations is shown in Figures 5 and
6 respectively. A similarity of average Nusselt and
Sherwood number is found between top and middle
exit configurations. As Ri increases, average Nus-

Figure 5: Average Nusselt number variation with Richardson num-
ber for different exit configurations

Figure 6: Average Sherwood number variation with Richardson
number for different exit configurations
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selt number increases gradually for all configurations.
Average Sherwood number indicates similar trend of
mass transfer rate with the variation of Richardson
number in all configuration except bottom exit port
orientation. However, maximum average Nusselt and
Sherwood number is obtained, without the effect of Ri,
in bottom exit configuration. This scenario of heat and
mass transfer is occurred because the induced forced
flow passes over the heat and contaminant source all
the time. Thus heat and mass transfer is enhanced by
forced convection rather than natural convection.

Nomenclature

α thermal diffusivity
β expansion coefficient
ν kinematic viscosity
ρ density
Θ nondimensional temperature
C nondimensional concentration
c concentration
D mass diffusivity
d size of inlet and outlet
g gravitational acceleration
Gr Grashof number
H height of the cavity
k thermal conductivity
L width of the cavity
Le Lewis number
N buoyancy ratio
n outward normal direction
Nu average Nusselt number
P nondimesional pressure
p pressure
Pr Prandtl number
q heat flux
Re Reynolds number
Ri Richardson number
S h average Sherwood number
T temperature
U,V nondimensional velocity components
u, v velocity components
X,Y nondimensional coordinate
x, y Cartesian coordinate
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