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a b s t r a c t
Three-dimensional computational analysis was performed to investigate the double diﬀusive natural convection
inside a cubical solar distiller heated by a square-shaped column. Governing equations were developed using
the 3D vector potential-vorticity and solved using the ﬁnite volume method. Diﬀerent governing parameters,
i.e., Rayleigh number 103 ≤ Ra ≤ 105 , buoyancies ratio −10 ≤ N ≤ 10, geometrical parameter 0.1 ≤ Lh ≤ 0.7 for
Le = 0.85 and Pr = 0.7 corresponding to humid air, were tested. It was found that both heat and mass transfer are
strongly aﬀected by the change of buoyancy ratio, geometrical parameter and Rayleigh number.

1. Introduction
Double-diﬀusive convection occurs in many engineering applications
such as oceanography, geophysics, heat exchangers, hydrology, chemical processes, soil pollutants, thermal insulation, moisture transport,
grain storage, crystal growth, storage of nuclear waste, solar collectors
with a porous absorber and thermal energy storage system. This phenomenon occurs also in solar distiller and is very complex due to simultaneously occurring ﬂow ﬁeld, heat transfer and mass transfer.
Fundamental studies on double-diﬀusive natural convection heat
transfer and ﬂuid ﬂow were studied by Beghein et al. [1], Ostrach [2],
Viskanta et al. [3] and Baytas et al. [4]. Numerical results for doublediﬀusive natural convection in a three-dimensional solar distiller were
studied by Ghachem [5]. Sarray et al. [6] conducted a study of heat
transfer, mass transfer, and entropy rate of humid air for a single solar still. The authors mentioned that higher vapour pressure and temperature yield higher productivity. Costa [7] investigated the doublediﬀusive free convection in parallelogrammic-shaped enclosures ﬁlled
with moist air. A numerical solution was employed to obtain the temperature distribution and ﬂow ﬁeld inside the closed space. It was found
that heat and mass transfer can be controlled via the geometrical parameters of the closed space. The lattice Boltzmann method was used

∗

by Ren and Chan [8] to simulate two-dimensional transient process of
double-diﬀusive convection in a vertical cavity with horizontal temperature and concentration gradients. They found that, as the aspect ratio
increases, the average Nu and Sh numbers decreased, and an increase of
the buoyancy ratio N from 0.01 to 2 causes a decrease in the average
Nu and Sh numbers. Li et al. [9] published a computational study on
three-dimensional simulation of the double-diﬀusive Rayleigh–Bénard
convection in a cylindrical enclosure ﬁlled with an isopropanol/water
mixture with an initial mass fraction of 10%. They observed that the
critical Rayleigh number Ra at the primary threshold is strongly inﬂuenced by the concentration gradient and it decreases with the increase of
the buoyancy ratio. A study by Wang et al. [10] on the double-diﬀusive
convection in enclosures with vertical temperature and concentration
gradients using LBM showed that the heat and mass transfer rates decrease with the increase of the aspect ratio. Wang et al. [11] worked
on oscillatory double diﬀusive convection in a horizontal cavity under
Soret and Dufour eﬀects.
Studies on 3D double-diﬀusive natural convection are less preponderant and the few papers found in the literature are described in the
following pragraph. Jagadeesha et al. [12] performed a numerical analysis of double diﬀusive natural convection in an inclined parallelogrammic porous closed space. They found that the inclination angle of
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Nomenclature
Be
C
D
Gr
k
l
Le
N
Nu
Ns
Pr
R
Ra
Sc
Sh
S ’ gen
t
T
T′c
T′h
𝑉⃗

Bejan number
Dimensionless concentration [=(C′ − C′l )/(C′h − C′l )])]
Mass diﬀusivity (m2 /s)
Grashof number
Thermal conductivity (W/m.K)
Enclosure width (m)
Lewis number
Buoyancy ratio
Nusselt number
Local generated entropy
Prandtl number
Gas constant (J/mol.K)
Rayleigh number
Schmidt number
Sherwood number
Generated entropy (J/K)
Dimensionless time (=t′.𝛼/l2 )
Dimensionless temperature [=(T′ − T′c )/(T′h − T′c )]
Cold temperature (K)
Hot temperature (K)
Dimensionless velocity vector (=𝑉⃗ ′ .𝑙∕𝛼)

Greek symbols
𝛼
Thermal diﬀusivity (m2 /s)
𝛽
Coeﬃcient of thermal expansion (K−1 )
𝜇
Dynamic viscosity (kg /m.s)
𝜈
Kinematics viscosity (m2 /s)
𝜐0
Characteristic speed of ﬂuid (=𝛼/l)
𝜑i
Irreversibility coeﬃcient
𝜑′
Dissipation function
𝜓
⃗
Dimensionless vector potential (𝜓
⃗ ′ ∕𝛼)
𝜔
⃗
Dimensionless vorticity (=𝜔
⃗ ′ .𝛼∕𝑙2 )
Subscripts
x, y, z
diﬀ
fr
th
tot
o

Fig. 1. Physical Model enclosure used in the simulation.

by Zhu et al. [19] for heterogeneous porous media in the presence of
an external magnetic ﬁeld. The authors mentioned that heterogeneity
eﬀects heat and mass transfers and entropy generation. Hadidi and Bennacer [20] studied the 3D double diﬀusive natural convection in cavities
partially ﬁlled with porous layer and mentioned that the ﬂow structure
is complex. Kramer et al. [21] used the BEM to solve numerically the
3D double diﬀusive convective ﬂow in porous media ﬁlled cavity. They
concluded that the increase of the buoyancy ratio enhances the heat and
mass transfer.
The main aim of this work is to analysis the 3D double-diﬀusive
natural convection in a cubic cavity with a heated square-shaped column
assimilated to a solar distiller. According to the authors knowledge such
conﬁguration with complex boundary conditions inducing complex 3D
ﬂow structures has not been studied previously.

Cartesian coordinates
Diﬀusive
Friction
Thermal
Total
reference

Superscript
′
Dimensional variable
the enclosure has a signiﬁcant inﬂuence on the convective ﬂow, heat
and mass transfer characteristics. Abidi et al. [13–14] made a threedimensional computational work on double-diﬀusive natural convection. Maatki et al. [15] studied the eﬀects of magnetic ﬁeld on threedimensional double diﬀusive convection in a cubic closed space ﬁlled
with a binary mixture. For N = −5, increasing the intensity of the magnetic ﬁeld causes a monotonic reduction of intensities of the ﬂows.
Ghachem et al. [16] studied the 3D double-diﬀusive natural convection in a lid-driven diﬀerentially heated cavity. They concluded that
for all values of buoyancy ratios, the heat and mass transfers are enhanced independently of the direction of the driven wall. Chen et al.
[17] compared the 2D and 3D heat and mass transfer in a square and
square cuboid cavities subject of horizontal gradients of temperature
and concentration. The main important ﬁnding was that the 2D solutions over-predict the heat and mass transfer. The double-diﬀusive natural convection in cubic porous cavity in presence of chemical reaction
was studied by Zhuang el al. [18]. They considered diﬀerent power-law
ﬂuids with the presence of Soret and Dufour eﬀects. Diﬀerent parameters were investigated and the Soret and Dufour eﬀects were found to
improve heat and mass transfers. Similar conﬁguration was also studied

2. Physical conﬁguration and governing equations
The studied conﬁguration is presented in Fig. 1; a heated rectangular
column with higher concentration is placed inside a three-dimensional
cavity. All vertical walls have lower temperature and concentration than
the vertical column. The top and bottom walls are considered adiabatic
and impermeable.
The equations governing the studied problem are formulated using the 3D vector potential-vorticity formalism (𝜓
⃗ −𝜔
⃗ ) allowing the removal of the pressure gradient terms which are the most diﬃcult to deal
with. These equations are put in the dimensionless form and are written
as:
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−𝜔
⃗ = ∇2 𝜓
⃗

(1)

[
]
𝜕𝑇
𝜕𝜔
⃗
𝜕𝐶
𝜕𝑇
𝜕𝐶
+(𝑉⃗ .∇)𝜔
⃗ − (𝜔
⃗ .∇)𝑉⃗ = Δ𝜔
⃗ + 𝑅𝑎. Pr .
−𝑁
; 0; −
+𝑁
𝜕𝑡
𝜕𝑧
𝜕𝑧
𝜕𝑥
𝜕𝑥

(2)
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Table 1
Comparison between the results from the code used in the present work and those from reference [17] for Pr = 10, Ra = 105 and Le = 10.

Nuav (Present results)
Nuav (Sezai and Mohammed [17])
Shav (Present results)
Shav (Sezai and Mohammed [17])

N = −2

N = −1.8

N = −1.4

N = −1.2

N = −1

N = −0.8

N = −0.6

N = −0.5

N = −0.2

N=0

1.2402
1.248
7.542
7.501

1.251
1.255
6.738
6.75

1.748
1.751
6.12
6.05

1.751
1.752
5.2
5.212

1.579
1.608
3.79
3.805

2.681
2.711
4.904
4.911

3.618
3.621
6.421
6.408

3.999
4.051
7.714
7.7

4.2408
4.238
11.089
11.04

4.533
4.511
11.548
11.55

𝜕𝑇
+ 𝑉⃗ .∇𝑇 = ∇2 𝑇
𝜕𝑡

(3)

𝜕𝐶
1 2
+ 𝑉⃗ .∇𝐶 =
∇ 𝐶
𝜕𝑡
𝐿𝑒

(4)

𝑔.𝛽𝑡 .𝑊 3 .(𝑇ℎ′ −𝑇𝑐′ )

with 𝑅𝑎 =

𝛼.𝜈

,Pr = 𝜈∕𝛼, 𝐿𝑒 =

𝛼
𝐷

=

𝑆𝑐
Pr

The boundary conditions are given as:
•

and 𝑁 =

𝛽𝑐 .(𝐶ℎ′ −𝐶𝑙′ )
𝛽𝑡 .(𝑇ℎ′ −𝑇𝑐′ )

,

Temperature
T = 0 at x = 0, x = 1, z = 0 and z = 1
𝜕𝑇
= 0 aty = 0 and y = 1
𝜕𝑦
T = 1 for (x = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ z ≤ l/2 + Lh /2))
T = 1 for (x = L/2 + Lh /2 and (l/2 − Lh /2 ≤ z ≤ l/2 + Lh /2))
T = 1 for (z = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ x ≤ l/2 + Lh /2))
T = 1 forz = L/2 + Lh /2 and (l/2 − Lh /2 ≤ x ≤ l/2 + Lh /2))

Fig. 2. Veriﬁcation of the code with the results of Nishimura et al. [18].

•

Concentration
C = 0 at x = 0, x = 1, z = 0 and z = 1
𝜕𝐶
= 0 aty = 0 and y = 1
𝜕𝑦
C = 1 for (x = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ z ≤ l/2 + Lh /2))
C = 1 for (x = L/2 + Lh /2 and (l/2 − Lh /2 ≤ z ≤ l/2 + Lh /2))
C = 1 for (z = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ x ≤ l/2 + Lh /2))
C = 1 forz = L/2 + Lh /2 and (l/2 − Lh /2 ≤ x ≤ l/2 + Lh /2))

•

Vorticity
𝜕 𝑉𝑧
,
𝜕𝑥
𝜕𝑉
− 𝜕𝑥𝑧 ,

𝜔x = 0, 𝜔𝑦 = −

𝜔𝑧 =

𝜕 𝑉𝑦
𝜕𝑥
𝜕𝑉

at x = 0 and 1

𝜔x = 0, 𝜔𝑦 =
𝜔𝑧 = 𝜕𝑥𝑦 for (x = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ z
≤ l/2 + Lh /2)) and for (x = L/2 + Lh /2 and (l/2 − Lh /2 ≤ z ≤ l/2 + Lh /2))
𝜕𝑉
𝜕𝑉
𝜔𝑥 = 𝜕𝑦𝑧 , 𝜔y = 0, 𝜔𝑧 = − 𝜕𝑦𝑥 at y = 0 and 1
𝜔𝑥 = −

𝜕 𝑉𝑦
𝜕𝑧
𝜕 𝑉𝑦

, 𝜔𝑦 =

𝜕 𝑉𝑥
,
𝜕𝑧
𝜕 𝑉𝑥
,
𝜕𝑧

𝜔z = 0 at z = 0 and 1

𝜔𝑥 = − 𝜕𝑧 , 𝜔𝑦 =
𝜔z = 0 for (z = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ x
≤ l/2 + Lh /2)) and for z = L/2 + Lh /2 and (l/2 − Lh /2 ≤ x ≤ l/2 + Lh /2))
•

Vector potential

𝜕 𝜓𝑥
= 𝜓𝑦 = 𝜓𝑧 = 0 atx = 0 and 1
𝜕𝑥
𝜕 𝜓𝑥
= 𝜓𝑦 = 𝜓𝑧 = 0 for (x = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ z
𝜕𝑥
l/2 + Lh /2)) and for (x = L/2 + Lh /2 and (l/2 − Lh /2 ≤ z ≤ l/2 + Lh /2))
𝜕𝜓
𝜓𝑥 = 𝜕𝑦𝑦 = 𝜓𝑧 = 0 at y = 0 and 1;
𝜕𝜓
𝜓𝑥 = 𝜓𝑦 = 𝜕𝑧𝑧 = 0 for (z = L/2 − −Lh /2 and (l/2 − Lh /2 ≤ x
l/2 + Lh /2)) and for z = L/2 + Lh /2 and (l/2 − Lh /2 ≤ x ≤ l/2 + Lh /2))
•

≤

≤

Velocity

Vx = Vy = Vz = 0 on all walls
The average Nusselt and Sherwood numbers on the hot column are
expressed, respectively as:
1

𝑁 𝑢𝑎𝑣 = −

∫
0

Fig. 3. Trajectories of the particles for Lh = 0.1, Ra = 105 and diﬀerent values
of N; (TV for Top View).

∫
(𝑙−𝐿ℎ )∕2
1

+

∫
0
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(𝑙+𝐿ℎ )∕2(

(𝑙+𝐿ℎ )∕2(

∫
(𝑙−𝐿ℎ )∕2

)
𝜕𝑇 ||
.𝑑 𝑦.𝑑 𝑧
𝜕𝑥 ||𝑥=(𝑙−𝐿ℎ )∕2
)
𝜕𝑇 ||
.𝑑 𝑦.𝑑 𝑧
𝜕𝑥 ||𝑥=(𝑙+𝐿ℎ )∕2
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Fig. 5. Temperature (Colored) and concentration (Gray) ﬁelds for Lh = 0.1,
Ra = 105 and diﬀerent values of N.

Fig. 4. Particles trajectories for Lh = 0.5, Ra = 105 and diﬀerent N; (TV for Top
View).

1

−

∫

∫
(𝑙−𝐿ℎ )∕2

0

1

+

∫

1

∫
0

∫
0

(𝑙−𝐿ℎ )∕2

∫
0

(𝑙−𝐿ℎ )∕2

∫
0

(𝑙+𝐿ℎ )∕2(

∫
(𝑙−𝐿ℎ )∕2
1

+

(𝑙+𝐿ℎ )∕2(
∫

1

−

(𝑙+𝐿ℎ )∕2(
∫

1

+

(𝑙+𝐿ℎ )∕2(

∫
(𝑙−𝐿ℎ )∕2

0

𝑆 ℎ𝑎𝑣 = −

(𝑙+𝐿ℎ )∕2(

(𝑙+𝐿ℎ )∕2(
∫

(𝑙−𝐿ℎ )∕2

)
𝜕𝑇 ||
.𝑑 𝑦.𝑑 𝑥
𝜕𝑧 ||𝑧=(𝑙−𝐿ℎ )∕2
)
𝜕𝑇 ||
.𝑑 𝑦.𝑑 𝑥
𝜕𝑧 ||𝑧=(𝑙+𝐿ℎ )∕2

(5)

Fig. 6. Temperature (Colored) and concentration (Grey) ﬁelds for Lh = 0.5,
Ra = 105 and diﬀerent values of N.

)

𝜕𝐶 ||
.𝑑 𝑦.𝑑 𝑧
𝜕𝑥 ||𝑥=(𝑙−𝐿ℎ )∕2

{ [(
)
(
)
(
) ]
𝜕 𝑉𝑦 2
𝜕 𝑉𝑥 2
𝜕 𝑉𝑧 2
2
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧
[(
)2 (
)2 (
) ]}
𝜕 𝑉𝑦 𝜕 𝑉𝑥
𝜕 𝑉𝑧 𝜕 𝑉𝑦
𝜕 𝑉𝑥 𝜕 𝑉𝑧 2
+
+
+
+
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝜕𝑧
𝜕𝑧
𝜕𝑥
{ [
]
)2 (
(
)2 (
)2
𝜕𝐶
𝜕𝐶
𝜕𝐶
+ 𝜙2
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧
}
[(
)(
) (
)(
) (
)(
)]
𝜕𝑇
𝜕𝐶
𝜕𝑇
𝜕𝐶
𝜕𝑇
𝜕𝐶
+ 𝜙3
+
+
𝜕𝑥
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝜕𝑧
𝜕𝑧

)

+𝜙1 .

𝜕𝐶 ||
.𝑑 𝑦.𝑑 𝑧
𝜕𝑥 ||𝑥=(𝑙+𝐿ℎ )∕2
)
𝜕𝐶 ||
.𝑑 𝑦.𝑑 𝑥
𝜕𝑧 ||𝑧=(𝑙−𝐿ℎ )∕2
)
𝜕𝐶 ||
.𝑑 𝑦.𝑑 𝑥
𝜕𝑧 ||𝑧=(𝑙+𝐿ℎ )∕2

(6)

(7)

The coeﬃcients 𝜑1 , 𝜑2 and 𝜑3 , are:

The dimensionless local entropy generation is expressed as [11]:
[
]
(
)2 (
(
)
)
𝜕𝑇 2
𝜕𝑇 2
𝜕𝑇
𝑁𝑆 =
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧

𝜙1 =
283

𝜇𝛼 2 𝑇0
𝐿2 𝑘Δ𝑇 2

; 𝜑2 =

[
]
[
]
𝑅𝐷𝑇0 Δ𝐶 ′
𝑅𝐷 Δ𝐶 ′
and
𝜙
=
3
𝑘𝐶0 Δ𝑇 ′
𝑘 Δ𝑇 ′

(8)
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Fig. 7. Variations of Nuav (a) and Shav (b) versus N.

Fig. 8. Variations of Nuav (a) and Shav (b) versus Lh for Ra = 105 and diﬀerent values of N.

Fig. 9. Variations of Nuav (a) and Shav (b) versus Ra, for Lh = 0.5 and diﬀerent N.

3. Code veriﬁcation

The total dimensionless entropy generation is written as:
𝑆𝑡𝑜𝑡 =

∫
𝑣

𝑁𝑠 𝑑 𝑣 =

(
)
1
𝑁𝑠−𝑡ℎ + 𝑁𝑠−𝑓 𝑟 + 𝑁𝑠−𝑑𝑖𝑓 𝑑 𝑣 = 𝑆𝑡ℎ + 𝑆𝑓 𝑟 + 𝑆𝑑𝑖𝑓
𝑣∫

The conﬁguration studied by Sezai and Mohamed [22] is used as
a benchmark to check the validity of the code used in the simulation.
In this respect, simulation data from [22] and the present work are illustrated in Table 1. The Table clearly shows a very good agreement
between our results and those from the mentioned reference. A second
veriﬁcation is performed by comparing the results of the present code
with those of Nishimura et al. [23] (Fig. 2). The comparison of temperature ﬁelds, concentrations ﬁelds and ﬂow structures shows a good concordance. It is worth mentioning that the work of Nishimura et al. [23] is
2D and our code solves 3D conﬁgurations. Thus, for the comparison the
temperature ﬁeld, concentration ﬁeld and ﬂow structure are shown at
the central plan (z = 0.5). It is also to be noted that since our conﬁguration is 3D, the particle trajectories (compared with streamlines) are not
closed.

𝑣

(9)
Bejan number (Be) is expressed as:
𝐵𝑒 =

𝑆𝑡ℎ + 𝑆𝑑𝑖𝑓
𝑆𝑡ℎ + 𝑆𝑓 𝑟 + 𝑆𝑑𝑖𝑓

(10)

The mathematical model described above was written using FORTRAN programming language. The control volume method was used to
discretize Eqs. (1)–(4). The convective terms were treated via the central
diﬀerence scheme and the temporal derivatives were discretized using
the fully implicit procedure. The resulting algebraic equations are solved
using the successive relaxation-iterating scheme.
284
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Fig. 10. Variations of Sth (a), Sfr (b), Sdiﬀ (c)
and Stot (d) versus N.

4. Results and discussion

compared to those of concentration (grey) as a result of the chosen value
of Lewis number (Le = 0.85).
A similar behaviour takes place for N > −1 but in the top side of the
cavity. It is observed that the distortions are less pronounced for N = 0
compared to N = 10 due to the absence of the compositional forces. In
contrast, a linear distribution with a horizontal stratiﬁcation occurs for
N = −1 due to the mutual neutralisation of the buoyancy and compositional forces. In the case of N = 0 and N = 10, by increasing the column
dimensions (Lh = 0.5), the intensity of the distortion decreases due to the
reduced ﬂow space. For all the cases, higher temperature and concentration gradients are situated near the heated column, inducing higher
velocities in this region as previously seen in Figs. 4 and 5.
Fig. 7 illustrates the behaviour of the average Nusselt and Sherwood
numbers as a function of the buoyancy ratio N for diﬀerent values of
the Rayleigh number and heater width. As shown, Nuav and Shav have
similar trends and have minimal values around N = −1. The eﬀect of the
buoyancy ratio is more pronounced for higher Ra (105 ) and lower Lh
(0.1, 0.3 and 0.5).
The variations of Nuav and Shav versus Lh for Ra = 105 and diﬀerent
values of N are shown in Fig. 8(a) and (b), respectively. The ﬁgures show
that, as Lh increases, both Nuav and Shav decrease linearly for N = −10
and 10. However, for N = −1 and 0, the two numbers, ﬁrst decrease with
increasing Lh , reach minimum values at Lh = 0.3 and 0.5, respectively,
then increase as Lh keeps increasing. This is an interesting result if we
aim to reduce the heat and mass transfer using geometrical conﬁgurations.
The eﬀect of Rayleigh number on the average Nusselt and Sherwood
numbers is shown in Fig. 9, for diﬀerent values of N and Lh = 0.5. This
ﬁgure shows that, for N = −10 and 10, Nu and Sh vary in a similar fashion and increase exponentially with Ra. Their values are almost equal
with a small diﬀerence caused by cooperative buoyancy and compositional forces for N = 10. In contrast, for N = 0 and −1, both Nu and Sh

A three-dimensional computational analysis is performed to examine (or study) the double-diﬀusive natural convection heat transfer in a
cubic enclosure with a square cross-sectional vertical heated bar.
Fig. 3 shows some particle trajectories for Lh = 0.1. In this ﬁgure,
Rayleigh number is ﬁxed at Ra = 105 while the buoyancy ratio is varied
from N = −10 to 10 to sweep the diﬀerent possible cases (thermallydominated ﬂow (N ⟨ −1), equilibrium (N = −1) and compositionaldominated ﬂow (N ⟩ −1)). As can be seen, the ﬂow structure is complex and purely 3D. Vortices are formed and particles circulate through
the cavity around the heated bar. Their number, strength and position
strongly depend on N values. For N ⟨ −1, one principal circulation vortex is formed at the lower part of the cavity. Symmetrically, for N ⟩
−1 (thermally-dominated ﬂow), one circulation vortex is created at the
higher part of the cavity. It is noticed that the vortex size is higher for
N = 10 compared to N = 0. For N = −1, and as a result of the equilibrium between the compositional and thermal forces, the ﬂow intensity
is reduced and a more complex structure occurs. In fact, tow circulation vortices exist at the lower and upper regions with a higher strength
and size for the upper one. In addition, top views show that a diagonal
symmetric distribution is formed inside the closed space.
Fig. 4 illustrates particle trajectories for Lh = 0.5, Ra = 105 and diﬀerent N values. Notice that, due to the restricted space and the closeness
between the cold walls and the hot ones, the ﬂow structure becomes
more complex, especially for N = −1.
Figs. 5 and 6 depict the concentration and temperature distributions for Ra = 105 and diﬀerent N and Lh values. For N = −10, inverted
mushroom-shaped distributions are observed and both iso-surfaces of
concentration and temperature are pushed to the bottom side of the
enclosure where, a strong distortion of the iso-surfaces occurs. This distortion is more pronounced for the iso-surfaces of temperature (colored)
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Fig. 11. Variations of Sth (a), Sfr (b), Sdiﬀ (c)
and Stot (d) versus Lh .

Fig. 12. Variations of Sth (a), Sfr (b), Sdiﬀ (c)
and Stot (d) versus Ra, for Lh = 0.5.

remained unchanged as Ra varied from 103 to 104 . However, both numbers increased by a small amount for N = 0 when Ra reached a value of
105 while they stayed quasi-constant for N = −1. The latter behaviour
is a result of the equilibrium between the thermal and compositional
eﬀects.
Fig. 10 represents the eﬀects of N, for diﬀerent values of Ra and Lh , on
the entropy generation caused by the temperature gradient (Sth ), ﬂuid
friction (Sfr ), diﬀusion (Sdiﬀ ) and total entropy (Stot ). It is noticed that
both Sth and Sdiﬀ behave in a similar way, see Fig. 10(a) and (c). They
remain almost constant with N for low Rayleigh number values. However, for higher Ra , they decrease as N increases from a value of −10,

reach a minimum at N = −1, then increase as N continues increasing.
It is worth mentioning that their values at N = −10 are almost equal to
those at N = 10 and the curves show a quasi-symmetrical shape around
N = −1. In addition, and for both low and high Ra values, Sth and Sdiﬀ
increase with an increase in Lh and their values are higher for high Ra.
As for Sfr and Stot , their variations with N and Lh show similar trends.
For low Ra (103 ), Sfr is almost constant as both N and Lh change, see
Fig. 10(b), however, Stot does not change with N but increases with an
increase in Lh , see Fig. 10(d).
In the case of high Ra values (105 ), both Sfr and Stot decrease with increasing N from N = −10, reach a minimum at N = −1 and then increase
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Fig. 13. Variations of Be versus N (a), Lh (b) and
Ra (c).

as N increases. Higher values of the entropy are obtained for higher values of Lh . In addition, the curves representing the variation of Sfr and
Stot as a function of N for high Ra values are characterized by an upsidedown bell-like shape with a symmetry around N = −1.
The eﬀects of Lh on the diﬀerent types of entropy for Ra = 105 and
diﬀerent values of N are illustrated in Fig. 11. In general, the entropy
increases with Lh and is the lowest at N = −1 due to the huge reductions of the ﬂow intensity and temperature gradient. Furthermore, the
increase of the entropy is less pronounced at N = −1 and 0 for Sfr and
Stot compared with Sth and Sdiﬀ .
The behaviour of the diﬀerent entropies as the Rayleigh number is
varied is depicted in Fig. 12. The ﬁgure clearly shows that the four types
of entropy remain almost unchanged for N = −1 and 0, but increase almost exponentially with an increase in Ra for N = −10 and 10 due to the
intensiﬁcation of the ﬂow and heat transfer.
In order to determine the type of entropy that is dominant, Bejan
number, Be, was estimated as a function of the parameters N, Lh and Ra
and the results are shown in Fig. 13(a)–(c), respectively.
For low Ra values (103 ), Be is approximately equal to 1 irrespective
of N (Fig. 13(a) and (c)) indicating the dominance of the diﬀusive and
thermal entropies. As Ra increased, Be remained constant for N = −1 but
decreased for the other values of N with the reduction being more rapid
and noticeable for N = −10 and 10. The curve representing Be versus
N for diﬀerent values of Lh displays a bell-like shape with a symmetry
around N = −1 for high Ra (105 ), see Fig. 10(a).
For high Ra (105 ), the buoyancy ratio N has more inﬂuence on Be
than Lh , see Fig. 13(a) and (b). In this respect, Bejan number remained
almost constant as Lh increased from 0.1 to 0.5 then increased slightly
for Lh = 0.7. Fig. 10(a) and (b) also show that, for high absolute values
of N (−10, −5, 5 and 10), Bejan number is lower than 0.5, indicating
the dominance of the viscous irreversibility. This dominance reduces
progressively by decreasing N and become reversed for values around
of N = −1.

formed. The main ﬁndings that can be drawn from the present simulation are summarized as:
•

•

•

A purely 3D ﬂow occurs and is highly aﬀected by varying the buoyancy ratio and the heater width.
A mushroom-shaped distribution is observed for both iso-surfaces
of concentration and temperature and disappears when the thermal
and compositional eﬀects are in equilibrium (N = −1).
Heat and mass transfer and entropy generations are greatly aﬀected
by varying the buoyancy ratio, Rayleigh number and the heater
width except for N = −1 where, the variations are negligible.
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