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This paper presents a numerical study of a double diffusive convection in a cubic cavity filled with a binary
mixture. The verticalwalls are givendifferent temperatures and concentrations. The potential-vorticity formulation
in three-dimensional configuration using the finite volumemethod is utilized in this study. The results are given for
Rayleigh number Ra = 105, Prandtl number Pr = 10 and Lewis number Le = 10, characterizing the case of
aqueous solutions. The influence of the magnetic field on the structure of the three-dimensional flow, the
distribution of temperature and concentration and the different characteristics of heat and mass transfer of the
thermal and solutal dominated region are presented.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Thermosolutal, or double diffusive, convection is a natural convec-
tion driven by volume forces resulting simultaneously from tempera-
ture and concentration gradients. Many investigators have conducted
research on two-fluid mixtures in rectangular enclosures (Beghein
et al. [1], Costa [2], Trevisan and Bejan [3]). The double diffusive natural
convection carried out in a two dimensional cavity filled with a binary
fluid and subjected to horizontal temperature and concentration
gradients with cooperating volume forces has been researched by
Gobin and Bennacer [4]. They have shown that for a high number
of Lewis, the thermal transfer decreases as the buoyancy ratio increases.
An analytical and numerical study of double diffusive natural convection
in a horizontal rectangular enclosure subjected to uniform heat and
mass flux was carried out by Makayssi et al. [5]. The authors proposed
an analytical solution based on parallel flow assumption in a shallow
cavity. This analytical solution lends good agreementwith the numerical
solution. Nithyadevi and Yang [6] studied the effect of double diffusive
natural convection of water in a partially heated enclosure with Soret
and Dufour coefficients around the density maximum. The effect of the
various parameters (thermal Rayleigh number, center of the heating
location, density inversion parameter, Buoyancy ratio number, Schmidt
number, and Soret andDufour coefficients) on the flowpattern and heat
and mass transfer has been investigated.
ghts reserved.
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The coupling of transient double diffusive convection with radiation
in a square cavity filled with a mixture of N2 and CO2 was investigated
numerically by Lemonnier and Ibrahim [7]. Their numerical results
show that gas radiation modifies the structure of the velocity and
thermal fields and that it accelerates the convergence to steady
state in the aiding case. In the opposing case, however, gas radiation
enhances the generation of instabilities and delays the arrival to a
stable state.

An extension of a compressible flow model to double-diffusive
convection of binary mixtures of ideal gases enclosed in a cavity is
presented by Sun et al. [8]. Their problem formulation is based on a
low Mach number approximation. The authors analyzed the influence
of density variation on transient solutions for pure thermal or pure
solutal convection as well as for thermosolutal convection in the special
casewhere the thermal and solutal buoyancy forces are equal in intensity
for both aiding and opposing cases. Li et al. [9] studied the transition to
chaos in double-diffusive Marangoni convection in a rectangular cavity
with horizontal temperature and concentration gradients. They found
that the supercritical solution branch takes a quasi-periodicity and
phase locking route to chaos while the subcritical branch follows the
Ruelle–Takens–Newhouse route.

A few investigators have studied the 3D double diffusive natural
convection. Bergeon and Knobloch [10] have studied bifurcations in
the double diffusive convection in three dimensional cavity subjected
to horizontal temperature and concentration gradients. They found
that in certain conditions, the flow is unstable and the rate is periodic.
In addition, the mechanism responsible for these oscillations was
identified and the oscillations was found to be an indirect consequence
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Fig. 1. The physical model and coordinate system.

Table 1
Grid dependency for (Ra = 105, Pr = 10, Le = 10 and N = −0.5).

N × M × Lz 31 × 31 × 31 41 × 41 × 41 51 × 51 × 51 61 × 61 × 61

Nu 3.734 3.895 4.023 4.030
Sh 7.174 7.268 7.328 7.331
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of the presence of a bifurcation to the longitudinal structures of the
three dimensional flowwhich cannot be detected in a two dimensional
investigation. Recently, Sezai and Mohamad [11] have demonstrated
that, in the case of a cube-shaped cavity, the structure of the flow of
the thermosolutal natural convection, in the opposing case for values
of buoyancy number greater than unity, is purely three dimensional
for certain values of parameters such as the buoyancy forces, the
thermal Raleigh and the Lewis numbers. They've noticed a variety
of bifurcations and the formation of complex flow configurations.
Abidi et al. [12] studied the same configuration but with heat and
mass diffusive horizontal walls. They found that the effect of the
heat and mass diffusive walls is to reduce the transverse velocity
for the thermal buoyancy-dominated regime and to increase it
considerably for the compositional buoyancy-dominated regime.
More recently, the transient thermosolutal convection in a cubic
enclosure with air filled, finite thickness walls exposed to temperature
and concentration gradients was studied numerically by Kuznetsov
and Sheremet [13]. They analyzed the effect of Rayleigh number and
the conductivity ratio on heat and mass transfer.

Similarly, many researchers have investigated the effect of the
presence of a magnetic field on thermal convection within rectangular
cavities. Oreper and Szekely [14] have shown that the presence of a
magnetic field is an important factor determining the quality of the
crystal. Chamkha and Al-Naser [15] studied the hydromagnetic double
diffusive convection in a rectangular enclosure with opposing
temperature and concentration gradients. They observed an oscillation
in the flow in the absence of the magnetic field for a specific range of
buoyancy ratio values where the Prandtl number Pr = 1, the Lewis
number Le = 2, the thermal Rayleigh number 105, and thewalls aspect
ratio equals 2. They've found that the heat and mass transfer
mechanisms and the flow characteristics inside the enclosure
depend strongly on the strength of the magnetic field. In addition,
the magnetic field was found to reduce the heat transfer and fluid
circulationwithin the enclosure. By studying double diffusive convection
during alloyed semiconductor crystal growth in strong axial and
transverse magnetic fields, Farrel and Ma [16] concluded that the
magnetic field must be strong enough to eliminate flow oscillations,
which moderately damped down the melt motion, in order to
achieve both lateral and axial compositional uniformity in the crystal.
Recently, Sarris et al. [17] found that in the presence of a magnetic
field, the flow dynamics as well as the rate of heat and mass transfer
is considerably affected. Borjini et al. [18] studied the effect of radiative
heat transfer on the hydromagnetic double diffusive convection in a
two-dimensional rectangular enclosure for fixed Prandtl, Rayleigh,
and Lewis numbers, i.e. Pr = 13.6, Ra = 105 and Le = 2. Uniform
temperatures and concentrations are imposed along the vertical walls
while the horizontalwalls are assumed to be adiabatic and impermeable.
They showed that with varying the optical thickness progressively,
multiple solutions are obtained which are either steady or oscillatory
depending on the initial conditions. Teamah [19] has investigated
numerically the double diffusive convective flow in a rectangular
enclosure with the upper and lower surfaces being insulated and
impermeable and with the presence of a horizontal uniform magnetic
field. The results are reported in terms of thermal Rayleigh number,
heat generation or absorption coefficient and the Hartmann number
on the contours of streamline, temperature, and concentration as well
as the dimensionless density.

The present work investigates the influence of the buoyancy forces
on the three dimensional aspect of the flow as well as on the character-
istics of the heat andmass transfer in the presence of a magnetic field in
a cube-shaped cavity filled with a binary mixture (aqueous solution).
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Fig. 2. Comparison between the present results and those of Sezai and Mohamed [11] (Ra = 105, Pr = 10 and Le = 10.).
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2. Mathematical formulation

The geometry under consideration is a cubic cavity (LxLxL), filled
with a binary mixture, such as an aqueous solution, characterized by
Pr and Le numbers both equal to 10. Different temperatures and
concentrations are specified between the left (T ′

c, C′
l) and right vertical

walls (T ′
h , C′

h ) and zero heat and mass fluxes are imposed on the
remaining walls with no slip boundary conditions for all velocity com-
ponents at those walls (Fig. 1). The flow is assumed to be laminar and
incompressible and the binary fluid is assumed to be Newtonian. The
physical properties of the fluid are supposed to be constant and the
Boussinesq approximation is adopted. Finally, the Soret and Dufour
effects are assumed to be negligible and magnetic Reynolds number is
assumed so small that the induced magnetic field is insignificant. The
displacement currents, dissipation and Joule heating are also neglected.
The dimensionless variables used in this work are:

x ¼ x′

L
; y ¼ y′

L
; z ¼ z′

L
; t ¼ t′

αL2
; T ¼ T ′−T ′C

Th−TC
; u1;u2;u3ð Þ

¼
u′

1;u
′
2;u

′
3

� �
α

and C ¼ C′−C′
l

Ch−Cl
:

For numericalmethod, potential-vorticity vector formalism in vector
form in a three dimensional configuration is utilized (Borjini et al. [20]).
The vorticity and potential vector are defined by the following relations
respectively:

ω!¼ ∇!� u!; ð1Þ

u!¼ ∇!� ψ
!
: ð2Þ
Table 2
Comparison between the present results and literature for (Ra = 105, Pr = 1, Le = 2 and
N = 1).

Ha Author Nu Sh

0 Present result (Chamkha and Al-Naser [15]) 3358 (3319) 4078 (4030)
5 Present result (Chamkha and Al-Naser [15]) 3247 (3215) 3948 (3909)
10 Present result (Chamkha and Al-Naser [15]) 3093 (3048) 3853 (3797)
15 Present result (Chamkha and Al-Naser [15]) 2905 (2868) 3792 (3744)
20 Present result (Chamkha and Al-Naser [15]) 2539 (2497) 3714 (3652)
The dimensional equations of conservation describing the transfer
phenomena within the cavity are written in the form:

∇!2
ψ
!¼ −ω! ð3Þ

∂ω!
∂t þ u!∇!

� �
ω!− ω!∇!

� �
u!¼ Pr∇!2

ω!þ Ra Pr
∂T
∂z ;0;−

∂T
∂x

� �
−Ra Pr N

∂C
∂z ;0;−

∂C
∂x

� �

þPr Ha2 ∇!� j
!� e!x

� �� �

ð4Þ

∂T
∂t þ u!∇!T ¼ ∇!2

T ð5Þ

∂C
∂t þ u!∇!C ¼ 1

Le
∇!2

C ð6Þ

j
!¼ −∇!Φþ u!� e!x ð7Þ

∇!2
Φ ¼ ∇! u!� B

!� �
¼ − e!xω

!
: ð8Þ

The governing equations {3–8} represent the balance laws of mass,
linear momentum, thermal energy, concentration, Ohms laws and the
balance laws of electric charge, respectively.

The dimensionless parameters in the above equations are defined as
the following,

N ¼ βc Ch−Clð Þ
βT Th−TCð Þ ;Ha ¼ B0L

ffiffiffiffiffiffi
σe

ρν

r
;Ra ¼ gβT Th−TCð ÞL3

ν:α
;Pr ¼ ν

α
and Le

α
D
:

ð9Þ

They represent, respectively, the buoyancy ratio and the Hartmann,
Rayleigh, Prandtl and Lewis numbers.

The temperature and concentration boundary conditions are given
by

T 0; y; zð Þ ¼ 1 C 0; y; zð Þ ¼ 1
T 1; y; zð Þ ¼ 0 C 1; y; zð Þ ¼ 0and

∂T
∂n ¼ 0

∂C
∂n ¼ 0 on other walls: ð10Þ

The boundary conditions regarding vorticity and potential vector of
velocity [20] are:

For x ¼ 0 and x ¼ 1;ω1 ¼ 0;ω2 ¼ ∂u3

∂x ;ω3 ¼ ∂u2

∂x et
∂ψ1

∂x
¼ ψ2 ¼ ψ3 ¼ 0 ð11� aÞ
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For y ¼ 0 and y ¼ 1;ω1 ¼ ∂u3

∂y
;ω2 ¼ 0;ω3 ¼ −∂u1

∂y et ψ1

¼ ∂ψ2

∂y ¼ ψ3 ¼ 0 ð11� bÞ

For z ¼ 0 and z ¼ 1;ω1 ¼ −∂u2

∂z ;ω2 ¼ ∂u1

∂z ;ω3 ¼ 0 et ψ1

¼ ψ2 ¼ ∂ψ3

∂z ¼ 0: ð11� cÞ

The boundary conditions related to velocity, electric potential and
current density on the inner surface are:

u1 ¼ u2−u3 ¼ 0;
∂ϕ
∂n ¼ 0 and j

!
: n!¼ 0: ð12Þ

The local Nusselt and Sherwood numbers, have the following
expressions,

Nu ¼ ∂T
∂x x¼0;1;Sh ¼ ∂C

∂x x¼0;1:
						 ð13Þ

The Nusselt and Sherwood average numbers on the walls have the
following expressions,

Nu ¼
Z1

0

Z1

0

Nu:∂y:∂z Sh ¼
Z1

0

Z1

0

Sh:∂y:∂z: ð14Þ

3. Numerical approach and validation

Eqs. ((1)–(8)) are discretized using the control volume formulation
described by Patankar [21] and adopting a power law scheme on
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Fig. 3. Projection of flow lines on the mid X–Y plane (top), the X–Z plane at Y = 0.9 (midd
convection diffusion terms. The system is coded in FORTRAN. More
information on the numerical method can be found in the work of
Borjini et al. [20]. The results in Table 1 show that a grid of size
51 × 51 × 51 is satisfactory for this study. The time step is chosen to
be 10−4. The convergence criterion is a maximummass residual of the
grid control volume of 10−5 or less. The code is also validated against
the results of other studies for magneto-hydrodynamic buoyancy
induced convection in enclosures. For example, the results of three-
dimensional double diffusive convection in a cubic enclosure obtained
from the present model are validated against the results of the study
conducted by Sezai and Mohamed [11] (Fig. 2). The present code is
also validated for double diffusive convection in the presence of
magnetic field against the results presented by Chamkha and Al-Naser
[15].
3.1. The case of double diffusive convection in a cubic cavity

Fig. 2 shows a comparison between the results obtained from the
present code and the published results of Sezai and Mohamed [11]
(Ra = 105, Pr = 10, Le = 10) in a cubic cavity. This comparison is
carried out in terms of average Nusselt and Sherwood numbers. The
results show an excellent agreement between the twowith a difference
of less than 1% for all values of N.
3.2. The case of double diffusive convection in the presence of a magnetic
field in a rectangular cavity

The validation of the present code against the published results of
Chamkha andAl-Naser [15] for the double diffusive convection in a rect-
angular cavity in the presence of a magnetic field (Ra = 105, Pr = 1,
Le = 2 and N = 1). Table 2 shows the values of the average Nusselt
and Sherwood numbers obtained with the magnetic field oriented
Ha=40 Ha=70

(b) (c)

(e) (f)

(h) (i)

le) and the mid Y–Z plane (bottom) for Ra = 105, Pr = 10, Le = 10 and N = −0.5.
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towards x for different values of Ha. The difference between the two
is less than 1.5%.

4. Results and discussions

4.1. Thermal dominated flow (N = −0.5)

When the buoyancy ratio is lowN = −0.5 (Fig. 3), theflow ismainly
conducted by thermal volume forces. On analyzing Fig. 3(a),
representing the projection of flow lines in the main plan Z = 0.5, we
note that theflow is characterized by a large thermal vortex in the center
of the cavity that shifted towards the active wall on the right (cold
Ha=0
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Fig. 5. Isotherm lines on the mid X–Y plane (top), the X–Z plane at Y = 0.9 (middle)
surface with low concentration) and turning clockwise. In the figure,
the current lines take the shape of a spiral highlighting the three
dimensional nature of the flow. The same spiral motion can be seen
in Fig. 3(d). In fact the flow lines are not parallel to the x-axis and
they diverge towards the lateral direction. It can be seen in
Fig. 3(g) that the flow is characterized by two symmetric cell structures,
eachwith two inner vortexes, rotating in opposite directions. By applying
a moderate magnetic field (Fig. 3(b)), the thermal vortex diminishes in
size and moves close to the cold side. Fig. 3(e) shows that the effect of
applying a moderate magnetic field weakens the three dimensional
aspect of the flow. This result is also seen in Fig. 3(h) where all vortex
cells decrease in size. In addition, one notice the disappearance of the
Ha=70Ha=40

(b) (c)

(e) (f)

(h) (i)

and the mid Y–Z plane (bottom) for Ra = 105, Pr = 10, Le = 10 and N = −0.5.
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Fig. 6. Concentration contours on the mid X–Y plane (top), the X–Z plane at Y = 0.9 (middle) and the mid Y–Z plane (bottom) for Ra = 105, Pr = 10, Le = 10 and N = −0.5.
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small cells situated in the lower parts of the cavity and a decrease in the
thickness of the boundary layer. For high Hartmann numbers (Fig. 3(c)),
flow lines become vertical with one vortex near the upper corner of
the cold surface. However, projection of flow lines in plan Y = 0.9
(Fig. 3(f)) shows an asymmetry indicating an important reduction in
the three dimensional aspect of the flow. This finding is mainly
Fig. 7. Iso-surfaces of temperature (on the top) and concentration (on the bottom) fo
noticeable in Fig. 3(i). In fact, one notice a coalescence of two vortices
in the Y direction, resulting in a flow via two cell structures each with
one vortex, turning in opposite directions.

Fig. 4 shows the variation of maximum velocity in the z direction
u3max in the entire cavity with respect to Ha. We find that the increase
of Ha reduces u3max . In fact, by increasing Ha number from 0 to 80, a
r N = −0.5, Pr = 10, Le = 10 and: (a) Ha = 0; (b) Ha = 40 and (c) Ha = 80.
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reduction by 50% in value of u3max was observed. Fig. 5(a) presents the
projection of isotherms in the central plane Z = 0.5. The isotherms
are almost horizontal in the central region of the cavity indicating a
vertical stratification and they are stacked near the active sides. The
projection of the isotherms in the secondary plans Y = 0.9 and X = 0.5
(Fig. 5(d) and (g)) shows the three dimensional nature of the flow. In
fact, the isotherms are more distorted in the central region of the cavity.
By increasing Ha number (Fig. 5(b)), the vertical stratification weakens
and the temperature gradients near the active sides diminish consider-
ably. Fig. 5(e) and (h) shows the decrease in the thermal gradient as
well as the reduction in the three dimensional motions. With higher
Ha=0

(a) 

(d) 

(g) 

Y 

X 

Z 

X 

Y 

Z 

Fig. 9. Projection of flow lines on the mid X–Y plane (top), the X–Z plane at Y = 0.9 (mid
values of Ha number (Ha = 70, Fig. 5(c)), the isotherms become vertical
with a slight inclination and the thermal gradients diminish further.
Fig. 5(f) and (i) shows that the 3D motions are weakened even more.

Fig. 6(a) shows that in the absence of a magnetic field, the concen-
tration contours are deformed and the zone of inverse gradients of
concentration is in the middle of the cavity. Also, these contours are
vertical and stacked near the active sides. The solutal gradients are
also seen to be high in the lower part of the high concentration side
and in the upper part of the low concentration side. Considerable
distortions of the concentration contours are noted in Fig. 6(d) and
(g) due to the three dimensional effects. When Ha number equals
Ha=40 Ha=70 

(b) (c)

(e) (f)

(h) (i)

dle) and the mid Y–Z plane (bottom) for Ra = 105, Pr = 10, Le = 10 and N = −2.
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40, the concentration gradients decrease and the zone of inverse
gradients of concentration disappears. Fig. 6(e) and (h) shows
reduction in the three dimensional motions and the variation of the
concentration in z direction diminishes. In the presence of an intense
magnetic field (Ha = 70) (Fig. 6(c)), the solutal gradient diminishes
again near the active walls and the variation of the concentration in
the z direction weakens. Consequently, 3D aspect is further reduced.
Fig. 7 represents the three dimensional evolution of the iso-
concentrations and the iso-temperatures in the cavity with respect
to Ha. This confirms the precedent results in that, at high Ha numbers,
the isotherms and the iso-concentrations are almost two dimensional.

Analysis of Fig. 8 shows that with the increase of the intensity of the
magnetic field, the heat and mass transfer decrease. Take for instance
Ha=0
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Fig. 11. Isotherm lines on themid X–Y plane (top), the X–Z plane at Y = 0.9 (middle) and th
column), Ha = 40 (middle column), Ha = 70 (right column).
the average Nusselt number with no magnetic field is equal to 4.27,
but it decreases by 73% when an intense magnetic field is applied
(Ha = 80) and the average Sherwood number decreases by 65%.
These results agree with the findings of Chamkha and Al-Naser [15]
who reported that the presence of a magnetic field reduces heat and
mass transfer.

4.2. Solutal dominated flow (case of N = −2)

When the compositional buoyancy forces are reduced to−2 (Fig. 9),
the direction of the main flow is reversed because of the increase of the
solutal effect. Fig. 9(a) shows that the resultingflow structure consists of
an anti-rotary main cell with two inner vortices situated in the central
Ha=40 Ha=70 

(b) (c)

(e) (f)

(h) (i)

emid Y–Z plane (bottom) for Ra = 105, Pr = 10, Le = 10 and N = −2 (Ha = 0 (left
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Fig. 12. Concentration lines on the mid X–Y plane (top), the X–Z plane at Y = 0.9 (middle) and the mid Y–Z plane (bottom) for Ra = 105, Pr = 10, Le = 10 and N = −2.
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region of the cavity, caused by solutal compositional forces, and two
thermal clockwise turning vortices situated in the upper and lower
parts of the cavity with a thermal cell appearing in the bottom corner
of the hot side. The projection of flow lines on plane Y = 0.9
(Fig. 9(d)) shows that theflow in the z direction is negligible. By applying
a moderate magnetic field (Fig. 9(b)) the structure of the flow is
Fig. 13. Iso-surfaces of concentration (on the top) and temperature (on the bottom) f
composed of anti-rotary solutal cells with two inner vortices in the
central region of the cavity with two thermal vortices turning in
the positive direction in the upper part of the cavity near the hot
highly concentrated side and in the bottom of the cavity near the
cold less concentrated side. Also, the disappearance of the thermal
cell in the corner of the enclosure is observed. Fig. 9(e) shows that
or N = −2, Pr = 10, Le = 10 and: (a) Ha = 0; (b) Ha = 40 and (c) Ha = 80.
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the flow in the z direction is no longer negligible with more intense
three dimensional motions can be observed in Fig. 9(h). The projection
of flow lines on plane X = 0.5 is characterized by the existence of eight
symmetric cells turning in opposite directions. For high values of Ha
number (Ha = 70) (Fig. 9(c)), the thermal vortices become very
small and one solutal cell, with one inner vortex structure, is situated
in the central region of the cavity. In this case, the flow is driven mainly
by solutal volume forces. Fig. 9(f) shows that the flow in the z direction
weakens. This result is clearly seen in Fig. 9(i) where the disappearance
of the small cells indicates the reduction in three dimensional motions.

Fig. 10 shows that the maximal transversal velocity in the cavity
diminishes up toHa = 20 afterwhich it increases, reaching amaximum
value at Ha equal to 30 then decreases again indicating considerable
reduction of the three dimensional motions at high Ha numbers. In
fact, the maximal transversal velocity component at Ha = 70 is less
than in the case of Ha = 0. Therefore, unlike the case N = −0.5, the
evolution of u3max according to Hartmann number is not monotonic.
Fig. 11 shows the temperature contours when the compositional
buoyancy ratio is equal to−2 on different planes.When theHa number
is equal to 0, the isotherms on plane Z = 0.5 are vertical with an
inclination in the central region of the cavity (Figs. 11(a) and
13(a)). Fig. 11(d) and (g) shows that the variation of temperature
has little effect and also show certain symmetry in the z direction.
The intensification of the effect of the magnetic field is characterized
by the decrease of the deformations of the temperature contours in
the central region of the enclosure on the main plane Z = 0.5
(Fig. 11(b–c)) and by the reduction of the temperature gradient
near the active sides (Figs. 11(e–f) and 13(b)). When Ha number is
equal to 40, one notice an intensification of the three dimensional effect
and the temperature gradient increases in the z direction. The central
zonewithparallel isothermal lines is also enlarged (Fig. 11(h)). By further
increasing the number of Ha = 70, it can be seen that the three dimen-
sional effect is reduced and the central zone with parallel isothermal
lines becomes further apart (Fig. 11(i)). By decreasing the compositional
buoyancy ratio to−2, themainflow is reversed. The vertical stratification
of concentration is inclined and confined to the main flow vortex in the
central region of the enclosure (Fig. 12(a)). In addition, the upper and
the lower parts in plane Z–Y (Fig. 12(g)) have uniform concentrations.
The figure also shows a quasi-two dimensional central region with
parallel concentration lines. The solutal gradient is high near the active
sides (Fig. 13(a)).

Increasing Ha number (Ha = 40) decreases the level of solutal
gradients near the active sides (Fig. 13(b)). In Fig. 12(h), it is observed
that the variation of concentration in the z direction increases at the
upper and lower zones while the dimensions of the quasi-two dimen-
sional zone are still the same. At Ha = 70, the solutal gradients near
the active sides are weaker and fainter and, in general, a reduction of
the three dimensional effects is observed. Fig. 12(i) shows that the
quasi-two dimensional zone in the central region is larger and that a
weak variation of concentration in the z direction at the upper and the
lower zones is observed. Fig. 13(c) shows that this reduction is sharper
when Ha number (Ha = 80) is higher.

The intensification of the magnetic field brings about only a slight
decrease in heat and mass transfer (not represented). In fact, even
with high Ha values, the number of average Nusselt number takes on
values close to 1.4 and the number of average Sherwood number
takes on values close to 5 indicating a decline of 30% compared to the
case with no magnetic field.
5. Conclusions

In the present work we investigated the three dimensional effects of
thermosolutal natural convection in a cubic enclosure subject to
horizontal and opposing gradients of heat and solutal in the presence
of magnetic field. Different patterns of flow were observed with
changing of the intensity of the magnetic field and the different
forcing situations. The main findings of the present investigation
can be summarized as follows:

For N = −0.5 when the flow is thermally dominated:
○ Increasing the intensity of themagneticfield causes amonotonic

reduction of intensities of themain and three dimensional trans-
verse flows.

○ A coalescence of secondary vortex is observed along with the
disappearance of thermal cells in the corners.

○ Elimination of thermal stratification in the center region of the
cavity.

○ A reduction of temperature and concentration gradients near
active walls. This implies a reduction of heat and mass transfer.

For N = −2 when the flow is solutally dominated:
○ Intensification of three dimensional flow with multi-cell

structure of secondary flow is observed at Ha = 30.
○ When Ha is greater than 40, a reduction of three dimensional

flow structure is observed. Hence, it is suggested to avoid a
moderate Hartmann value [30, 40] when utilizing magnetic
field for damping the 3D flow.

○ In this case, it is noted that no great effect of Ha on heat and
mass transfer was observed.
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