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Double-diffusive natural convection in an open top square cavity, partially heated and salted from the
side, is studied numerically via the heatline approach. Constant temperatures and concentrations are
imposed along the right and left walls, while the heat balance at the surface is assumed to obey Newton's
law of cooling. The finite difference method is used to solve the dimensionless governing equations. The
governing parameters involved in this investigation are the thermal Marangoni number
(0�MaT� 1000), the solutal Marangoni number (0�Mac� 1000), the Lewis number (10� Le� 100), the
heater size, (0.2� s� 0.8), Grashof number, Gr¼ 104, Prandtl number, Pr¼ 10, Biot number, Bi¼ 0.1 and
aspect ratio 1. The numerical results are reported for the effect of the Marangoni number, Lewis number
and heater size on the contours of streamlines, isotherms, isoconcentrations, masslines and heatlines.
The predicted results for the average Nusselt number and Sherwood number are presented for various
parametric conditions. It is shown that the heat and mass transfer mechanisms are affected by the heater
segment length. A direct relation between both opposing (N¼�2) and aiding flow (N¼ 2), and heat and
mass transfer process is found for various values of the Marangoni and Lewis numbers.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Double-diffusive or thermosolutal convection is the flow
generated by buoyancy due to simultaneous temperature and
concentration gradients. These types of flows arise in a wide range
of fields such as oceanography, astrophysics, the process of chem-
ical vapor transport and crystal growth (Teamah et al. [1]). Nishi-
mura et al. [2] studied numerically double-diffusive convection in a
rectangular enclosure subject to opposing horizontal thermal and
compositional buoyancies. They found that the oscillatory flow
occurs in a limited range of buoyancy ratio. Costa [3] established
the complete mathematical and numerical model for the calcula-
tion of double-diffusive natural convection with heat and mass
diffusivewalls. The heat andmasslines analysis was obtained in this
study. The effect of a magnetic field was studied by Chamkha and
Al-Naser [4] and Teamah [5]. They obtained a good result and
kha).

erved.
concluded that a magnetic field could reduce the heat transfer and
fluid circulationwithin the enclosure. Bourich et al. [6] investigated
the effect of buoyancy ratio on the dynamic behavior of the fluid
and heat and mass transfer for double-diffusive convection in a
porous enclosure. Baytas et al. [7] considered a non-Darcy flow in
an enclosure filled with a step type porous layer. They showed that
if the fluid/porous interface is not horizontal and contains a step
change in height, the convection of the heat and mass is dramati-
cally changed. The work done by Mobedi and Oztop [8] which
involved thick solid ceiling in the natural convection reveals that
the solid thickness has less effect on the heat transfer rate across
the cavity. The Rayleigh number and thermal conductivity ratio are
important factors that influenced the heat and fluid flow
characteristics.

Zhao et al. [9] studied convection with partial heating and par-
tial salting in a porous enclosure. They reported that the reversion
of transitional flow to the solutal-dominated flow tends to occur at
a high Lewis number for lower level segment locations. Nikhbakhti
and Rahimi [10] observed that for a double-diffusive natural con-
vection with partially active side walls, the heat and mass transfer
rates are increased for the bottom-top thermally active section. The
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Fig. 1. Schematic diagram of the model.

N. Arbin et al. / International Journal of Thermal Sciences 100 (2016) 169e184170
top-bottom active section contributed to the lowest heat and mass
transfer rates. A study done by Liu et al. [11] shows that the thermal
Rayleigh number plays a major role in determining the transport
structure of the fluid, heat andmoisture in both aiding and opposite
flows for a double-diffusive convection in a cavity with an inflow
and outflow that exhibit the fluid flow. The study regarding
different nanoparticles in a partially heated enclosure is carried out
by Oztop and Abu-Nada [12]. They reported that the heater loca-
tions and sizes affects the flow and temperature fields. In addition,
the heat transfer rate is getting better for lowaspect ratio compared
to high aspect ratio.

If one side of the enclosure is open to air then the Marangoni/
surface tension effect becomes important. Bergman [13] performed
a double-diffusive Marangoni convection to understand the inter-
action between thermocapillary flow and diffusocapillary flow. Jue
[14] observed that the Marangoni effect will alter the evolution of
the flow field in the double-diffusive convection with free surface.
Zhao et al. [15] studied the effect of localized heating and salting
from below on convection. They found that decreasing the Darcy
number will retard the flow and diffuse transport of heat and mass
transfer in the enclosure. Teamah and El-Maghlany [16] found that
by increasing the Lewis number, the mass transfer increased but
there was no significant effect on the heat transfer for a case of
double-diffusive convection with an insulated moving lid. The re-
sults of Younis et al. [17] on double-diffusive natural convection in
an open lid enclosure filled with binary fluids, showed that the
rates of heat and mass transfer are high for an enclosure with a free
surface. The numerical investigation of convection due to partial
heating and cooling was carried by Alam et al. [18]. They concluded
that the thermal convection in the cavity can be enhanced by
increasing the Rayleigh number and as a result, the average heat
transfer rate is increased. Saleh et al. [19] studied numerically the
effect of surface tension and cooling effects in an open cavity for
natural convection. They showed that the heat transfer rates
decreased at the cold wall and increased at the hot wall with a
higher cooling intensity.

The mechanism of the Marangoni effect is a worthwhile sub-
ject of research due to the relation in practical used in scientific
applications. The Marangoni flows exhibit fascinating phenomena
in variety of fields including microfluidic and integrated DNA
analysis devices, extraction process and flow of sap in the xylem of
high trees [20]. The of surface tension gradients that ignites the
Marangoni convection can be both temperature and/or concen-
tration gradients [21] and very important in thermosolutal
melting [22], crystal and semiconductor growth process which is a
simulation of this numerical investigation. Further explanation
regarding the experiment has been detail out by Arafune et al.
[23].

The aim of present work is to visualize and analyze the effects
of surface tension, partial heating and salting on double-diffusive
natural convection in an open top square cavity. The Prandtl
number indicates the type of fluid which in this study, Pr¼ 10 is
water-based fluid while the Lewis number, Le indicates the ratio of
the thermal and mass diffusivity. In this study we consider Le to
vary from 10 to 100 corresponding to an aqueous solution
([24,25]). The Biot number, Bi is a ratio of conduction to convection
resistance to heat transfer which indicates the temperature drop
within the fluid relative to the temperature difference between the
surface and the surrounding fluid. For low Biot number, Bi< 1, the
conduction resistance is much less than convection resistance
across the fluid boundary layer [26]. We shall employ the heatline
concept as proposed by Kimura and Bejan [27] which has been
adopted by many authors, cf. Hooman et al. [28], Basak et al. [29],
Basak et al. [30], Ramakrishna et al. [31], Singh et al. [32] and Oztop
et al. [33].
2. Mathematical formulation

Consider a steady and laminar two-dimensional fluid flow in a
square cavity as shown schematically in Fig. 1. The bottom wall is
adiabatic and impermeable. The right wall has higher temperature
and concentrations than the left wall. Moreover the right wall is
partially heated and salted, while the top of the cavity is open. The
temperature gradient is applied along the upper boundary where it
is assumed to obey the Newton law of cooling, insulating with
respect to heat, non-diffusivewith respect to solution, flat and non-
deformable.

The surface tension s on the upper boundary is assumed to vary
linearly with both temperature and concentration as

s ¼ s0½1� hT ðT � T0Þ � hcðc� c0Þ�
s0 � s ¼ s0½hT ðT � T0Þ þ hcðc� c0Þ� (1)

where the subscript ‘0’ denotes a reference value, hT and hc are the
thermal and solutal coefficients of the surface tension, respectively.
It is important for the top free surface having a linear surface ten-
sion so that there is a stress exerted at the top of the fluid ([34],
[35]). This stress is also known as shear stress applied by the
interface on the adjoining bulk liquid and thereby generates flow or
alters an existing one. The density r is given by

r ¼ r0½1� bTðT � TcÞ � bcðc� ccÞ�
r0 � r ¼ r0½bTðT � TcÞ þ bcðc� ccÞ� (2)

where bT and bc is the thermal and solutal expansion coefficient of
the fluid, respectively. In this study bc is set negative. This makes
sense since an increase in temperature decreases the density,
whereas an increase in concentration increases the density. The
fluid is assumed to be Newtonian and incompressible. The equa-
tions of mass, momentum, energy and concentration are as follows:

vu
vx

þ vv

vy
¼ 0 (3)

u
vu
vx

þ v
vu
vy

¼ �1
r
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vx
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v2u
vx2

þ v2u
vy2

!
(4)



Table 1
Comparison of the Nu between the present results and that of Qin et al. [36] for
Pr¼ 0.71 Ma¼ 0 and various Ra.

Ra Ref. [36] Present

Ra¼ 104 2.2447 2.2466
Ra¼ 105 4.5203 4.5245
Ra¼ 106 8.8078 8.8413
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where u, v are respectively the x- and y-components of the velocity,
T temperature, p pressure, c concentration, n viscosity, r density, g
gravitational acceleration, a the thermal diffusivity and D the mass
diffusivity. The boundary conditions are (Naimi et al. [38])
Fig. 2. Grid independency study: Nu and Sh at the hot and cold wa
u ¼ v ¼ 0; T ¼ Tc; c ¼ cc; at x ¼ 0 (8)

u ¼ v ¼ 0; T ¼ Th; c ¼ ch; r � s
2
� y � r þ s

2
at x ¼ [

(9)

otherwise;
vT
vx

¼ vc
vx

¼ 0 at x ¼ [ (10)
lls for (a) N¼ 2 and (b) N¼�2 versus number of grid points.
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u ¼ v ¼ 0; and
vT
vy

¼ vc
vy

¼ 0 at y ¼ 0 (11)

v¼ 0; �k
vT
vy

¼ lðT � TcÞ and m
vu
vy

¼�
�
vs

vT
vT
vx

þ vs

vc
vc
vx

�
at y¼ [

(12)

where k is the thermal conductivity, l is the atmospheric convective
heat transfer coefficient, m is the dynamic viscosity, [ is the width
and height of the cavity, s is the heater segment and r is the length
from the bottom wall to the center of the heater segment.

The governing equations given above are in terms of primitive
variables, i.e. u,v,p,T and c. The solution procedure discussed in this
study is based on equations involving the stream function, j, the
vorticity, u, the temperature, T, and the concentration, c, as vari-
ables which are defined as u ¼ vj/vy, v ¼ �vj/vx and u ¼ (vv/
vx)�(vu/vy). Eliminating the pressure between the twomomentum
equations, writing in the stream function, vorticity, temperature
and concentration formulation, performing nondimesionalization
where the following dimensionless variables have been used:
Fig. 3. Comparison of streamlines (left), isotherms (middle) and isoconcentration (right) (a)
Gr¼ 1.3� 104.
X ¼ x
[
; Y ¼ y

[
; U ¼ u[

a
; V ¼ v[

a
; J ¼ jPr

n

U ¼ u[2Pr
n

; Q ¼ T � Tc
Th � Tc

; C ¼ c� cc
ch � cc

Pr ¼ n

a

Gr ¼ bTgðTh � TcÞ[3
n2

; MaT ¼ �vs

vT
ðTh � TcÞ[

ma
; Le ¼ a

D

Mac ¼ �vs

vc
ðch � ccÞ[

Dm
; Bi ¼ [=k

1=l
; N ¼ bcðch � ccÞ

bT ðTh � TcÞ

where MaT the thermal Marangoni number, Mac the solutal Mar-
angoni number, Le the Lewis number, Gr the Grashof number, Bi the
Biot number, Pr the Prandtl number and N the buoyancy ratio.

Then the Eqs. (3)e(7) become:

v2J

vX2 þ v2J

vY2 ¼ �U (13)
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�
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þ N
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vX

�
(14)
present study and (b) Jue [14] for Pr¼ 7.6, Le¼ 10, N¼ 5, MaT¼ 100, Mac¼ 0, Bi¼ 0 and
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v2Q
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v2C
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� vJ
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The dimensionless boundary conditions are:

J ¼ 0; U ¼ �v2J

vX2 ; Q ¼ 0; C ¼ 0; at X ¼ 0 (17)

J ¼ 0; U ¼ �v2J

vX2 ; Q ¼ 1; C ¼ 1; r
0 � s

0

2
� Y

� r
0 þ s

0

2
; at X ¼ 1 (18)

otherwise;
vQ

vX
¼ vC

vX
¼ 0; at X ¼ 1 (19)
Fig. 4. Streamlines, isotherms, concentration, masslines and heatline
J ¼ 0; U ¼ �v2J

vY2 ; and
vQ

vY
¼ vC

vY
¼ 0; at Y ¼ 0 (20)

v2J

vY2 ¼ �U; U ¼
�
�MaT

vQ

vX
�MaC

Le
vC
vX

�
and

vQ

vY

¼ �BiQ; at Y ¼ 1 (21)

The dimenssionless heat functions are given as:

vH
vY

¼ UQ� vQ

vX
(22)

�vH
vX

¼ VQ� vQ

vY
(23)

The heat function differential equation is defined as

v2H
vX2 þ v2H

vY2 ¼ ðvUQÞ
vY

� ðvVQÞ
vX

(24)
s for different Marangoni numbers at N¼ 2, Le¼ 10 and s¼ 0.5.
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considering that H is a continuous function to its second-order
derivatives. The boundary conditions for the dimensionless heat
function are obtained from the integration of differential definition
of H along the considered boundary conditions:

HðX;0Þ ¼ Hð0;0Þ ¼ 0 at adiabatic wall Y ¼ 0 (25)

Hð0; YÞ ¼ Hð0;0Þ þ
ZY
0

�
�
vQ

vX

�
dY at X ¼ 0 (26)

Hð1; YÞ ¼ Hð1;0Þ þ
ZY
o

�
�
vQ

vX

�
dY at X ¼ 1 (27)

HðX;1Þ ¼ Hð0;1Þ þ
ZX
0

�
�
vQ

vY

�
Bi dX at Y ¼ 1 (28)

The mass function that is similar to the heat function is given as:
Fig. 5. Streamlines, isotherms, concentration, masslines and heatlines
v2M
vX2 þ v2M

vY2 ¼ ðvUCÞ
vY

� ðvVCÞ
vX

(29)

together with the boundary conditions which are in the integral
form as follows:

MðX;0Þ ¼ Mð0;0Þ ¼ 0 at adiabatic wall Y ¼ 0 (30)

Mð0;YÞ ¼ Mð0;0Þ þ
ZY
0

�
�
vC
vX

�
dY at X ¼ 0 (31)

Mð1;YÞ ¼ Mð1;0Þ þ
ZY
0

�
�
vC
vX

�
dY at X ¼ 1 (32)

MðX;1Þ ¼ Mð0;1Þ þ
ZX
0

�
�
vC
vY

�
dX at Y ¼ 1 (33)

The average Nusselt number represents the total heat transfer
for different Marangoni numbers at N¼�2, Le¼ 10 and s¼ 0.5.
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across the cavity is obtained by integrating the local Nusselt
number and is defined as

Nuh ¼
Zr0 þs

0
2

r0 �s0
2

�
vQ

vX

�
X¼1

dY at hot wall (34)

Nuc ¼
Z1
0

�
vQ

vX

�
X¼1

dY at cold wall (35)

The average Sherwood number represents the total mass
transfer across the cavity is obtained by integrating the local
Sherwood number and is defined as

Shh ¼
Zr0 þs

0
2

r0 �s0
2

�
vC
vX

�
X¼1

dY at hot wall (36)
Fig. 6. Streamlines, isotherms, concentration, masslines and
Shc ¼
Z1
0

�
vC
vX

�
X¼1

dY at cold wall (37)

3. Numerical method and validation

The finite difference method is applied to solve the governing
equations (13)e(16) subject to the boundary conditions (17)e(21).
Central difference method is used to discretize the equations, while
the backward and forward different schemes are applied to the
boundary conditions. The vorticity at the bottom wall is given as

U ¼ �
�
8J1;j �J2;j

�
2ðDYÞ2

(38)

Similar formula is used for the right and left walls while the top
free surface is given as:

U ¼ �MaT

�
Qiþ1;jþ1 �Qi�1;jþ1

�
2ðDXÞ �MaC

Le

�
Ciþ1;jþ1 � Ci�1;jþ1

�
2ðDXÞ

(39)
heatlines for various Le at s¼ 0.5, N¼ 2 and Ma¼ 1000.
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The algebraic equations are then solved by applying the
Gaussian SOR iteration. The unknownsJ, U,Q and C are calculated
until the following criterium of convergence is satisfied:

P
i;j

���znþ1
i;j � zni;j

���
P
i;j

���znþ1
i;j

��� � ε (40)

where z is either J, U, Q and C. The iteration number and the
convergence criterion are represented by n and ε, respectively. The
integration of (34)e(37) is done by using second order Simpson's
method. For the purpose of this study, the convergence criterion is
set at ε ¼ 10�5. Uniform and regular grid distribution is used for the
whole cavity. A grid resolution of 120� 120 is used for the simu-
lation. The effect of grid resolution was examined in order to select
the appropriate grid density as shown in Fig. 2 for Ma¼ 1000,
Pr¼ 10, Le¼ 10 and Gr¼ 104. As a validation, the average Nusselt
number compare well with that obtained by Qin et al. [36] for the
case Pr¼ 0.71 and Ma¼ 0 for various Ra as displayed in Table 1.
In addition, the contours of streamlines, isotherms and
Fig. 7. Streamlines, isotherms, concentration, masslines and h
isoconcentration agree fairly with the contours obtained by Jue [14]
as shown in Fig. 3.
4. Results and discussion

In the present study, we investigate the effects of partial heating
and salting for double-diffusive natural convection in an open top
square cavity. The numerical results for the streamline, isotherms,
concentration, masslines and heatlines for various values of the
associated parameters will be reported. The parameters involved in
this investigation are: the thermal Marangoni number
(0�MaT� 1000), the solutal Marangoni number (0�Mac� 1000),
the Lewis number (10� Le� 100), the heater size, (0.2� s� 0.8),
Grashof number, Gr¼ 104, Prandtl number, Pr¼ 10 and aspect ratio
1. The fluid is in the form of aqueous solution by referring to the
value of Prandtl and Lewis number. The buoyancy ratio used are �2
and 2 that refers to the opposing and aiding flow, respectively. We
remark that both MaT and Mac are set equal in all the simulations
and denoted simply as Ma. In addition, the results for the average
Nusselt and Sherwood number for various conditions will be
presented.
eatlines for various Le at s¼ 0.5, N¼�2 and Ma¼ 1000.
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4.1. Effects of the Marangoni number

Fig. 4 displays the contours of streamlines, isotherms, iso-
concentrations, masslines and heatlines for the case N¼ 2, s¼ 0.5,
Le¼ 10 and various Marangoni number. The fluid flow can be
described as follows. The temperature of the right partially-heated
wall is higher than the temperature of the fluid in the cavity which
cause the wall transmit the heat to the fluid by convection. When
the fluids temperatures increases, it starts flowing from the hot
Fig. 8. Streamlines, isotherms, concentration, masslines and
region to the cold part and fall along the cold wall before rises at the
hotwall to create a large counter clockwise rotating rectangular cell
that dominates the flow in the cavity without the presence of the
shear stress (Ma¼ 0) as illustrated in Fig. 4 (a).

For the case of aiding flow where the thermal and solutal
buoyancy forces are in the same direction, the fluid's motion is
decreased when the shear stress is imposed at the free surface
which can be observed at the value of Jmax. This shows that the
Marangoni number has a significant impact on the buoyancy forces
heatlines for various s at N¼ 2, Le¼ 10 and Ma¼ 1000.
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that dominate the convection. In the case of Marangoni effect,
slower fluid motion is an indicator that heat will diffuse at a slower
rate across the cavity. By taking the Ma higher, the large cells still
remain but a suppression is seen at the upper portion of the cavity
as shown in Fig. 4(c). The contours of isotherms and iso-
concentration are more twisted and distorted at the top of the left
cold wall when the surface tension effect is stronger. The heat and
mass path that characterize the flow of the Marangoni convection
can be seen from the heatline and massline contours. It is obvious
that horizontal-like lines appear at the top of the open cavity which
indicates the high heat and mass transfer rates due to conduction
Fig. 9. Streamlines, isotherms, concentration, masslines and h
whenMa¼ 0 as shown in Fig. 4(a). TakingMa higher, the horizontal
lines for both contours are being suppressed a bit due to the
cohesion-adhesion phenomena of the fluid's molecules near the
free surface which decrease the rate of heat and mass transfer.

For the case when the thermal and solutal buoyancy forces are
in opposite directions as shown in Fig. 5, all contours do not change
significantly asMa is increased. The isotherms contours are inclined
and more focused at the bottom of the left wall while the iso-
concentration contours are vertically twisted near both vertical
walls. The opposite is observed for the heatline and massline con-
tours as we observe for the case N¼ 2 as Ma varies. Both contours
eatlines for various s at N¼�2, Le¼ 10 and Ma¼ 1000.
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lines were located at the bottom region which indicates that the
activity of heat and mass transfer is focused at the low portion of
the cavity due to the weakening of the thermal buoyancy force. The
clockwise close-loop occurring at the core of the cavity in heatlines
signifies the convective heat transport due to flow circulation cells.
Similar patterns of both contours were observed for higherMa and
this shows that the heat and mass is crossing the cavity nearly at
the same rate. Thus, the Marangoni effect on the convection is
small. It is most probably because of the fact that the effect of
compositional buoyancy plays a dominant role to overcome the
thermocapillary force.

4.2. Effects of the Lewis number

Various values of the Lewis number Le have been used to see its
effect on the streamlines, isotherms and isoconcentration, mass-
lines and heatlines. For the case Ma¼ 1000, s¼ 0.5 and N¼ 2, a
large thermal anticlockwise recirculation occurs and dominates the
core region with a little distortion at the upper surface as shown in
Fig. 6(a). Higher Le made the cells separated into three parts as
shown in Fig. 6(c). It is probably because the high thermally fluid
tries to compete with the solutal buoyancy effect which suppressed
Fig. 10. Average Nusselt and Sherwood number at the ho
the convection at the bottom region. At the beginning, the iso-
therms contours are twisted at the top portion of the cavity while
the isoconcentration contours are inclined to the higher portion of
the cold vertical wall. Taking the Le higher, the temperature dis-
tribution becomes stable whichmeans the solutal buoyancy force is
nearly equal to the thermocapillary force. The isoconcentration is
more inclined and distorted with the existence of the thin con-
centration layers due to the boundary layer thickness. The bound-
ary layer thickness becomes thinner for high value of N where it
will change the flow structure and has a significant influence on the
concentration field, which builds up a vertical stratification near
the right and left walls of the cavity [37]. The mass path shows that
for higher Le the path is focused at the upper-left wall of the cavity.
This is different for heat path that being suppressed downward for
Le¼ 10 and has wider distribution by increasing Le further as dis-
played in Fig. 6(b)-(c).

Fig. 7 shows the effect of Le for the case Ma¼ 1000, s¼ 0.5 and
N¼�2. A large rotating rectangular cell in clockwise direction
dominating the whole cavity is present. As Le is increased, it is
observed that there is nomajor changes to the cell. The fluidmotion
is slower which is mainly caused by the high surface tension effect
that attracts the fluid particle to the upper surface. The high
t and cold walls for various Le at N¼ 2 and s¼ 0.5.
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thermal diffusivity rate will give the fluid enough heat to stabilize
the flow of the convection and decrease the surface tension effect.
The isotherms are more vertical-like, while the isoconcentration is
distorted and more twisted and less denser when approaching the
cold wall for Le> 10. The masslines are more focused to the lower-
half region of the cavity, while the heatlines increase the distribu-
tion area for the heat across the cavity as depicted in Fig. 7(b)e(c).

We can clearly observe that the contours are more sensitive in
the aiding flow case as compared to the opposing flow case as Le is
increased. Higher Lewill increase the thermal diffusivity of the fluid
where in the aiding flow both buoyancy forces (thermal and sol-
utal) are in the same direction. These forces will contribute to the
major changes of contours patterns compared to the opposing flow,
in which both buoyancy forces compete with each other although
the thermal diffusivity is boosted up as Le is increased, resulting in
similar contours occurs in the convection.

4.3. Effects of heater size

Fig. 8 displays the effect of the heater size on convection for
N¼ 2, Ma¼ 1000 and Le¼ 10. For s¼ 0.2, a couple of cells recircu-
lated; one small cell is near the top-free surface and another one
dominates the cavity in an anti-clockwise direction. As the heater
Fig. 11. Average Nusselt and Sherwood number at the ho
size increases, the big cell became larger, and faster fluid motion
has been observed (known from Jmax). This can be explained by
the fact that the large density variation due to the increase of the
heater segment will lead to strong buoyant forces that eventually
intensify the circulation and decrease the strength of the Mar-
angoni effect. The isotherms and isoconcentration become more
distorted to the cold wall when higher s is used. The heat and mass
contours show that by increasing the heater segment, both paths
always focusing on the upper portion of the cavity. The thermal
buoyancy force results in the hotmoleculesmoving towards the top
surface, thus generating the heat and mass path across the cavity
which also increased the heat and mass transfer rates for longer
heater segment.

Fig. 9 shows that by increasing s, the convective cells become
larger which dominate the cavity. An opposite phenomenon occurs
to the fluid motion for N¼�2. The velocity of the fluid is getting
slower which also indicates that the Marangoni effect made an
impact on the fluid flow. The isotherms are more twisted at the
bottom portion and isoconcentration become more horizontally
twisted and denser near the vertical cold and hot walls when the
heater size is increased. Unlike the case for the aiding flow, the heat
andmass paths in the opposing flow case are focused at the bottom
region of the cavity. This behavior indicates that the solutal
t and cold walls for various Le at N¼�2 and s¼ 0.5.
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buoyancy force is the dominant factor to cause the hot molecules
move downwards.

4.4. Average Nusselt and Sherwood number

Figs. 10 and 11 show the effects of the Marangoni (thermal and
solutal) number on the average Nusselt and Sherwood number on
both hot and cold walls for various values of Le at N¼�2 and N¼ 2.
For the aiding flow (N¼ 2), it is observed that the values of Nu and
Sh on both walls tend to slightly decrease gradually with increasing
value of Ma except for Nuc at Le¼ 10 as displayed in Fig. 10. The
minimum values of Nu and Sh on both walls occur at a maximum
value of Ma, which means that the heat and concentration will
slowly diffuse and the effect of surface tension can be neglected.
This figure also shows that the Nuh decreases and Nuc increases
with increasing Ma for Le¼ 10. The behavior of decreasing Nuh
relates to the fact that high surface tension by increasing Ma will
cause the decrement of capability of fluid to conduct heat efficiently
across the hot wall. Increasing Nuc is mainly caused by the faster
fluid flow near the cold wall as shown in Fig. 6. Meanwhile, similar
patterns were observed for the opposing flow where horizontal
patterns exist for Nu and Sh for all values of Le as depicted in Fig. 11.
Fig. 12. Average Nusselt and Sherwood number at the h
This also indicates that even a strong Marangoni effect does not
influence significantly the efficiency of the heat and mass transfer
rate across the cavity due to the flow stabilization. It is clearly seen
that for Le> 10 the values of Nu for both flows are near to 1 which
refers to the characteristics of laminar flow.

Fig. 12 displays a gradually increasing pattern of Nu for s> 0.4,
while others performed a decreasing patterns for all s for all values
of Nu and Sh. This decrement shows that the heat andmass transfer
is suppressed as Ma takes higher value. By increasing the heater
length, the thermocapillary effect is weaken due to the increasing
of buoyancy forces that boost up the heat and mass transfer rates.
Again, the horizontal pattern with little increment appears in the
opposing flow case at both walls for increasing s values as shown in
Fig. 13. Here, the solutal buoyancy force is the main factor that
keeps the transfer rates nearly equal for all Ma values.

The effects of buoyancy ratio, N, on Nu and Sh at hot and cold
walls are illustrated in Fig. 14. Similar patterns were observedwhen
comparing between Nuh and Nuc, and Shh and Shc. It is clearly seen
that as N increased in the opposing flow (N< 1), the heat and mass
transfer rates are decreased. This situation arises due to the
transmission interchangeable effect of thermal and solutal buoy-
ancy forces that reducie the heat and mass transfer rates in the
ot and cold walls for various s at N¼ 2 and Le¼ 10.



Fig. 13. Average Nusselt and Sherwood number at the hot and cold walls for various s at N¼�2 and Le¼ 10.
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counter clockwise rotating fluid flow. The forces of thermal and
solutal buoyancy are then being neutralized and the buoyant con-
vection is hindered at the minimum point N¼ 1. The opposite oc-
curs for the aiding flow (N> 1), where the Nu and Sh are increased
due to the same direction of thermal and solutal buoyancy forces
that drive the increasing rates of heat and mass transfer which
result in the clockwise rotation flow in the cavity.
5. Conclusions

The present study has focused on the effects of partial heating
and salting for double-diffusive natural convection in an open top
square cavity. The characteristics of the streamlines, isotherms,
isoconcentration, masslines and heatlines for various heater size,
Lewis number, thermal and solutal Marangoni number were
investigated and analyzed. The study revealed the following:

1. The fluid flow, temperature, concentration and heat flow dis-
tributions within the cavity are dependent on the surface
tension, the heater segment and buoyancy ratio (thermal or
compositional).

2. The heat and mass transfer mechanisms are strongly influenced
by the heater segment length. It was found that longer segments
yield more efficient heat and mass transfer for various values of
the Marangoni number.

3. For N¼�2, all Nu and Sh display a similar stagnant trend for
every value of the Marangoni number studied for Le¼ 10, while
the opposite situation occurs for N¼ 2 where the increasing
patterns were observed.

4. Higher Le presents horizontal patterns (stable convection) for
opposing flow which indicates that the high Marangoni effect
on convection is not prominent, while for aiding flow the
decreasing patterns are found except for the case Nuc.

5. In opposing flow, the heat and mass transfer rates are
decreasing as N increased until N¼ 1. The rotation of the flow
motion is changed as N> 1 which refers to the aiding flow that
increases the rates of heat and mass transfer. These twin
buoyancy forces have significant impact on the contours espe-
cially on concentration contour where the aiding flow (both
forces have same direction) will suppress the contour



Fig. 14. Average Nusselt and Sherwood number at the hot and cold walls vs buoyancy ratio for various s at Ma¼ 1000 and Le¼ 10.
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downwards as compared to the opposing flow inwhich the thin
concentration layers are formed at the vicinity of vertical walls.

6. Higher values of Lewill decrease the heat transfer rates but will
enhance the mass transfer rates for both flows (opposing and
aiding) through the cavity.

7. In small-scale systems or in microgravity environments ther-
mocapillary forces play a significant role in determining the
dynamics of the flow besides the double buoyancy forces.
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