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Abstract. The present study concerns the problem of natural and double diffusive natural
convection inside differentially heated cavity filled with a binary mixture composed of air and
carbon dioxide (CO2). Temperature and CO2 concentration gradients are imposed on both
perpendicular left and right walls. Simulations have been performed using the CFD commercial
code ANSYS Fluent by solving continuity, momentum, energy and species diffusion equations.
Numerical results obtained have been compared to data from the literature for both natural
convection thermosolutal cases under laminar and turbulent regimes. For turbulent runs the RNG
k-ɛ model has been selected. A good agreement has been noted between the different types of data
for both cases for Rayleigh number ranging between 10 3 and 1010 and buoyancy ratio between
-5 and +5. Entropy generation rates due to thermal, viscous and diffusive effects have been
calculated in post processing for all cases.

1 Introduction
In the last decades great effort has been devoted to the
study of natural convection [1-3]. Fluid motion due to
pollutant concentration was infrequently taken into
account by most of the previous studies. This
phenomenon is known as double diffusive convection,
also called thermosolutal convection. It has gained
researchers interest only in the last few years, due to its
importance and utility in multiple fields such as:
oceanography, geology, biology, chemical processes,
solar engineering equipment’s, nuclear reactors, and
electronics devices.
Beghein et al. [4] were amongst the earliest
researchers who took into account the effect of both
thermal and solutal convection inside enclosures. An
intensive study was performed in order to determine the
influence of a wide range of non-dimensional parameters
on double diffusive convection by means of numerical
simulation. They concluded that the thermal and solutal
Rayleigh number beside of Lewis number has an
observable impact on thermosolutal convection. Koufi et
al. [5] carried out CFD numerical simulation in order to
investigate laminar double diffusive free convection in
square enclosure subjected to uniform temperature and
concentration gradients. They found that the
thermoslutal flow depends strongly on the buoyancy
ratio. Nazari et al. [6] carried out numerical study by
means of lattice Boltzmann method in order to examine
conjugate heat and mass transfer inside cavity occupied
*

with hot square obstacle. The results have demonstrated
that the Nusselt and Sherwood number decrease as the
buoyancy ratio rises when N is lower than 1. It was also
remarked that they increase as the buoyancy ratio
increases in range of N > 1. Similar studies have been the
subject of several authors [7-8].
Entropy minimization is the main branch in the
direction of energy systems designing. It is the most
effective way to quantify unavailable energy and work
destruction. As a result, an extensive attention was drawn
to the topic of entropy generation due to heat and mass
transfer. Various studies have been found in the literature
dealing with laminar double diffusive convection and
entropy generation inside cavities for instance reference
[9]. Buoyancy ratio effect on entropy evolution was the
subject of multiple authors [10-11]. It was revealed that
an increase in buoyancy ratio implies an increase in total
entropy generation for thermal dominated flow, while a
decrease was observed for solutal dominated flow. In
contrast, Oueslati et al. [12] revealed that the total
entropy generation decreases as the buoyancy ratio raises
regardless the variation of aspect ratio.
Most of the existent studies didn’t pay attention to
entropy generation under turbulent thermosolutal
convection. Even though, Chen and Du [13] as well as
Chen et al. [14] explored numerically the entropy
generation due to the turbulent thermosolutal free
convection. These authors have determined that likewise
Nusselt and Sherwood numbers, the entropy generation
was affected by Rayleigh number and considerably
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improved in turbulent regime and reach its lowest value
when N = 1.
It is clearly shown from the bibliographic research
examined so far, entropy generation on double diffusive
natural convection inside square cavity in turbulent
regime was handled only by [13] and [14].
Consequently, the present work was conducted aiming
mainly to explore entropy generation due to heat and
mass transfer inside two dimensional cavity under
turbulent flow regime.

walls were supposed to be adiabatic with no slip
condition imposed. On the other hand, as depicted by
Figure 1, the same boundary conditions were set for
both, the thermosolutal convection and the natural
convection cases. The only exception is that the vertical
walls were submitted to contaminant concentration
gradients with different locations. The reason behind this
is to ensure the variation of the buoyancy forces i.e.
aiding or opposing flow.

2 Mathematical modeling
2.1 Physical problem
The geometric model considered in the present study
was the topic of huge interest by numerous authors. It
consists of two-dimensional square cavity filled with air
or perfect binary gas mixture (air+CO2). The variation of
thermal Rayleigh number is defined as function of
gravity.

Fig. 1. Geometric model of physical domain with boundary
conditions.

2.2 Governing equations

2.5 Entropy generation

Continuity, momentum, energy and species diffusion are
the equations governing double diffusive natural
convection inside enclosures. To simplify the
mathematical model, the following approximations are
made:
 The fluid is Newtonian and incompressible.
 2D laminar or turbulent flow.
 Absence of radiation.
 The fluid physical properties are constant except
density
which
verifies
the
Boussinesq
approximation:

Entropy generation rate inside two dimensional square
cavity filled with Newtonian perfect gas mixture with
one species diffusion is generated due to friction, heat
and diffusion [9]. It can be written as follows:
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Bejan number is considered as a good tool in order to
determine the dominant between thermal, diffusion, and
friction effects on the total entropy. In this case, it is
defined as the ratio of entropy due to thermal and
diffusive effect over total entropy.
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where thermal and concentration expansion
coefficients can be calculated, respectively, as follows:
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2.3 Turbulence modelling
Turbulence occurs in most of engineering applications,
thus the choice of turbulence model is the key parameter
in order to have accurate results. In the present study the
RNG k-ɛ model was employed to close equations
system. This model was highly recommended to handle
indoor air flows [15].

Sth  Sdiff

Sth  S fr  Sdiff

(5)

2.6 Numerical procedure
CFD commercial code ANSYS Fluent, based on the finite
volume approach, has been used to solve the equations
governing the thermosolutal flow inside the cavity
(Continuity, momentum, energy and species diffusion
equations). For the discretization of the momentum
equations, QUICK scheme was employed. However, the
discretization of species diffusion, turbulent kinetic
energy, and dissipation rate equations terms was ensured
by the central upwind second-order scheme. SIMPLEC

2.4 Boundary conditions
The left perpendicular wall of the enclosure is heated
(TH) while the opposite wall is cooled (T C) with a
constant temperature, however the remaining horizontal
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well enough with various authors and the maximum
difference was estimated by only 1% compared to [4].

was chosen, as the velocity-pressure coupling algorithm
while the RNG k-ɛ turbulence model was selected to
handle equations system closure in turbulent regime. The
residual error was set to 10-7 or less for all cases.

Table 2. Comparative table of natural laminar convection.

3 Results and discusion

Numean
Numax
Numin
Umax
Wmax

Thermosolutal convection phenomena can be controlled
through number of non-dimensionless parameters
namely RaT, Le, Pr, and RaS or N. Each one has a
noticeable effect on the flow pattern inside enclosures.
The present section deals not only with double diffusive
convection, but also with entropy generation due to
conjugate heat and mass transfer.

Present work

[1]

[2]

1.1176
1.506
0.691
0.137
0.139

1.118
1.505
0.692
0.136
0.138

1.114
1.581
0.670
0.153
0.155

Table 3. Comparative table of natural turbulent convection.
Numean

3.1 Mesh study

Present work
[2]
[3]

It should be noted at this level, that a grid independence
study is necessary in order to obtain an acceptable CFD
numerical solution. For this purpose, various quadratic
fine grids were tested to verify the mesh independence
towards mean, maximum and minimum Nusselt numbers
in addition to dimensionless horizontal and vertical
velocities components (Numean, Numax, Numin, Umax and Wmax).
Table 1 summarizes the main results:

RaT=10
30.873
32.300
30.506

RaT=109
59.557
60.100
57.350

8

RaT=1010
125.880
134.600
103.663

Table 1. Mesh study for RaT =105.
Mesh

100 × 100

150×150

200×200

250×250

Numean
Numax
Numin
Umax
Wmax

4.510
7.724
0.438
0.130
`0.257

4.518
7.720
0.633
0.131
0.257

4.519
7.715
0.728
0.131
0.257

4.516
7.720
0.728
0.131
0.257

3.2 Validation

Fig 2. Local Nusselt number evolution in laminar regime
against Beghein et al. data at X*=0.

The validation of the numerical results is of prime
importance for every simulation. For this reason, the
verification of our code was built around two different
problems reported in the literature. The numerical
simulations for the first case consist of two dimensional
square enclosure filled with air to handle the issue of free
convection in steady laminar and turbulent regime
reported by several authors . The second validation
correspond to the problem of double diffusive natural
convection inside two dimensional square cavity
reported by various authors. The computations were
verified for different buoyancy ratio in laminar regime.
Table 2 and Table 3 resume simulation results
gathered in laminar and turbulent regimes respectively.
A wide range of thermal Rayleigh number extending
from 103 to 1010 was explored. There is a good match
between our results and numerous authors.
Figure 2 illustrate the evolution of local Nusselt
number alongside the left perpendicular wall versus
Beghein et al. [4] numerical results. The outcomes show
an excellent agreement.
Table 4 shows the calculated mean Nusselt number as
function of buoyancy ratio along left vertical wall in
laminar regime (RaT =107) .The obtained results agree

Table 4. Mean Nusselt number comparison in laminar regime
for different buoyancy ratio (RaT =107).
Numean
N
-0.01
-0.1
-0.2
-0.5
-0.8
-0.9
-1.5
-5.0

Present work
16.47
16.06
15.56
13.72
10.69
8.82
13.72
23.80

[4]
16.4
16.0
15.5
13.6
10.6
8.8
13.6
23.7

[5]
13.4
16.0
15.3
13.6
10.6
8.8
13.5
23.7

[16]
16.3
15.9
15.4
13.5
10.5
8.6
13.5
23.6

3.3 Flow characteristics
Figure 3 displays streamlines for high and low thermal
Rayleigh number. Particular attention was paid to the
effect of buoyancy ratio (N) in this section. From this
figure, it can be seen that the flow is clearly affected
with (N) variation. Three different flow natures were
detected: (a) clockwise motion when thermal buoyancy
force is governing, (b) counter-clockwise motion when
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the solutal buoyancy force dominates the flow , (c)
circular motion at the cavity center when N= -1.

entropy decreases in range of -5 <N< -1 till reaching its
minimum at N= -1 as result of buoyancy force
nonexistence. Thus, the obtained results are compatible
with reference [11]. The entropy then tends to increase in
range of -1 < N < -0.5, to decrease again moderately
when -0.5 < N < 0 as consequent of zero diffusive
irreversibility. A decrease in total entropy generation
was noted as function of buoyancy ratio reduce when
N > 0.
Concerning laminar flow (RaT =103), the outcomes
showed that N=0 produces the lowest entropy amongst
all cases due to the absence of mass diffusive
irreversibility inside the system (almost Zero), and
moderate heat irreversibility. When N < 0, the total
entropy drop as function buoyancy ratio rises, otherwise
it increases. The results also reveal that turbulent regime
amplifies the system entropy generation.
Figure 6 depicts a comparison study of Bejan number
variation in terms of buoyancy forces ratio and Rayleigh
number in laminar and turbulent regime. The study was
conducted in order to highlight the dominance entropy
.i.e. Be < 0.5: dominance of fluid friction entropy. Be >
0.5 implies heat and mass transfer entropy dominance.
It is shown that the Bejan number remains stable in

3.4 Heat transfer results
Figure 4 exhibits temperature distribution within square
cavity under turbulent and laminar flow regime. It
should be pointed out that the same comportment have
been found for assisting flow and pure natural
convection (N = 0). Right handed flow motion was
mentioned. The effect of thermal Rayleigh number was
significant and the convection was accelerated and
amplified in turbulent regime. In contrast, when N=-1,
thermal and solutal buoyancy forces are equal but in
opposite sign, therefore, they cancelled each other out.
This situation leads to convection non-existence and the
flow is driven only by diffusion.
3.5 Entropy generation
Figure 5 shows the evolution of total entropy generation
as function of buoyancy ratio (N) in laminar and
turbulent regime. For turbulent flow, the graphs shows
that gradually as the buoyancy ratio increases, the total
N= -0.5

N= -1.0

N= -1.5

RaT =103

RaT =109

Fig 3. Streamlines for various buoyancy ratio (N) in laminar and turbulent flow.
N=+1.0

N=0

N=-1.0

RaT =103

RaT =109

Fig 4. Isotherms (K) for aiding flow (left), pure natural convection (middle), opposing flow (right)
under laminar and turbulent flow regime
.
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Fig 5. Total entropy variation for different buoyancy ratio (N) and
thermal Rayleigh Number.

Fig 6. Bejan number variation as function of buoyancy ratio
(N) and thermal Rayleigh number.

laminar regime and borders the unity (Be ≃ 1) due to the
negligibility of friction. Bejan number was changed as
follow in turbulent regime:
 -5 < N < -1: Bejan number rise with the increase of
buoyancy ratio.
 -1 < N < 0: A sudden drop observed as the
buoyancy ratio augments.
 0 < N < +5: A reduces in N decline Bejan number.

1.

3.

4 Conclusions

6.

The present paper has proposed numerical solution to
the problem of turbulent and laminar double diffusive
free convection. Only two articles were found in the
literature handled entropy generation in turbulent regime
[13-14]. Consequently a numerical investigation was
performed pointing mainly to explore entropy generation
in turbulent conjugate heat and mass transfer inside
square cavity. Various buoyancy ratios were simulated
with fixed Lewis and Prandtl number (Le=1 and Pr
=0.71).
To conclude, the principal findings of this work are
listed below:
 CFD codes can be used successfully in order to
study natural double diffusive convection.
 Buoyancy forces are cancelled when N= -1. As a
consequence, the flow is driven only by mass and
heat diffusion.
 Entropy generation, Bejan and Nusselt numbers
depend strongly on buoyancy ratio.
 The generation of entropy reaches its lowest point
at N = -1 and N=0 for high Rayleigh number and
laminar regime, respectively.
 Turbulent flow amplifies entropy generation.
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