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A B S T R A C T

Double-diffusive natural convection in a rectangular cavity with partially thermally active side walls

filled with air is studied numerically. The active part of the left side wall has a higher temperature and

concentration than the right side one. The length of the thermally active part is equal to half of the cavity

height. The top and bottom of the cavity and inactive part of the side walls are considered to be adiabatic

and impermeable to mass transfer. Placement order of thermal active walls has significant effect on heat

and mass transfer rate, to explore this effect and achieving the optimum rate inside the cavity, nine

different relative positions of the active zones are considered. The non-dimensional forms of governing

transport equations describing double-diffusive natural convection for laminar two-dimensional

incompressible flow are functions of vorticity, temperature or energy, concentration and stream-

function. Laminar regime is considered under steady state condition. The coupled differential equations

are discretized by the finite difference method and are solved using the successive-over-relaxation (SOR)

method. The results are obtained for different heating sections and different parameters such as aspect

ratio, buoyancy ratio and Schmidt number. Also the heat and mass transfer rate in the cavity is measured

in terms of the average Nusselt and Sherwood numbers.

� 2012 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Contents lists available at SciVerse ScienceDirect

Journal of the Taiwan Institute of Chemical Engineers

jou r nal h o mep age: w ww.els evier . co m/lo c ate / j t i c e
1. Introduction

During the past 50 years many experimental and numerical
studies have been carried out concerning convective phenomena
within cells. Most of these studies deal with fluid motion due to
temperature gradients only. Nevertheless, fluid motion may be
induced by density variations due to gradients of other scalar
quantities. One of these quantities can be pollutant concentration
within the fluid. Such a phenomenon combining temperature and
concentration buoyancy forces is called double-diffusion. Double-
diffusion occurs in a very wide range of fields such as oceanogra-
phy, astrophysics, geology, biology, and chemical processes, as well
as in many engineering applications such as solar ponds, natural
gas storage tanks, crystal manufacturing, and metal solidification
processes. Unique double diffusive convection phenomena, such as
salt fingers and diffusive interfaces have been observed due to the
significant differences in diffusivities of heat and mass [1]. There
are many convection modes depending on the directions of
temperature and concentration gradients relative to gravity, as
pointed out by Ostrach [2]. Gebhart and Pera [3] were among the
first ones to numerically study double-diffusion for cases of
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vertical laminar fluid motions along surfaces or in plumes. In their
study, special attention was paid to the influence of non-
dimensional parameters relevant to double-diffusion and on the
heat and mass transport processes transition to turbulence was
mentioned. In 1985, Bejan [4] completed a fundamental study of
scale analysis relative to heat and mass transport processes within
cavities. Pure thermal convection, pure solutal convection, heat
transfer driven flows, and mass transfer driven flows were taken
into account. Nishimura et al. [5] studied numerically the
oscillatory double-diffusive convection in a rectangular enclosure
with combined horizontal temperature and concentration gradi-
ents. They concluded that the oscillatory double-diffusive convec-
tion with the secondary cell flow structure occurs for a certain
range of buoyancy ratio from N = 1.044 to 1.122. Chamkha and Al-
Naser [6,7] studied numerically the hydro magnetic double
diffusive convection in a rectangular enclosure. Their cavity and
conditions were similar to that of Nishimura [5] but they imposed
magnetic field and heat generation. Costa [8,9] numerically studied
the double-diffusive natural convection in different enclosure
geometries such as square and parallelogram. Papanicolaou and
Belessiotis [10] numerically studied the double-diffusive natural
convection in an asymmetric trapezoidal enclosure with vertical
temperature and concentration gradients. Al-Amiri et al. [11]
investigated steady mixed convection in a square lid-driven cavity
under the combined buoyancy effects of thermal and mass
hed by Elsevier B.V. All rights reserved.
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Nomenclature

Ar aspect ratio (H/L)

C dimensional concentration (kg/m3)

D mass diffusivity (m2/s)

g acceleration of gravity (m/s2)

GrS solutal Grashof number, Grs = (gbsr CL3/y2)

GrT thermal Grashof number, GrT = (gbTr TL3/y2)

H height of the cavity (m)

L length of the cavity (m)

Le Lewis number, Le = (a/D) = (Sc/Pr)

M center of the heating section (m)

N buoyancy ratio, N = ((bS(Ch � Cl))/(bT(Th � Tc)))

Nu local Nusselt number

Nu average Nusselt number

P pressure (kg/m/s2)

Pr Prandtl number, Pr = y/a

Sc Schmidt number, Sc = y/D

Sh local Sherwood number

Sh average Sherwood number

T temperature (K)

u, v velocity components (m/s)

U, V dimensionless velocity components

x, y dimensional coordinates (m)

X, Y dimensionless coordinates

Greek symbols

a thermal diffusivity (m2/s)

bS coefficient of solutal expansion (m3/kg)

bT coefficient of thermal expansion (K�2)

y kinematic viscosity (m2/s)

u dimensionless temperature

r density (kg/m3)

v vorticity (s�1)

z dimensionless vorticity

c stream function (m2/s)

C dimensionless stream function

Subscripts

c cold wall

h hot wall and high concentration

l low concentration

Fig. 1. Physical configuration.

R. Nikbakhti, A.B. Rahimi / Journal of the Taiwan Institute of Chemical Engineers 43 (2012) 535–541536
diffusion. Teamah [12] studied numerically double-diffusive
convective flow in a rectangular enclosure with the upper and
lower surfaces being insulated and impermeable. Constant
temperatures and concentration are imposed along the left and
right walls of the enclosure. In addition, a uniform magnetic field is
applied in a horizontal direction. Chouikh et al. [13] studied
numerically the natural convection flow resulting from the
combined buoyancy effects of thermal and mass diffusion in an
inclined cavity with differentially heated side walls. The double-
diffusive convection recently has been studied [14–18] in different
geometries and boundary conditions.

The present study deals with the double-diffusive natural
convection in an enclosure filled with air and partially heated
vertical walls for nine different combinations of heating section.
That is, for the hot section placed at the top, middle and bottom and
the same applies for the cold section. The task here is to determine
in which combinations we have the maximum/minimum heat and
mass transfer rate. The results are displayed graphically in terms of
the streamlines, isotherms and iso-concentration, which show the
effect of the aspect ratio and buoyancy ratio with different heating
sections of the side walls.

2. Mathematical formulation

A schematic diagram of the two-dimensional natural convection
flow in a rectangular cavity of length L and height H filled with moist
air with Pr = 0.71 and with concentration cl, is shown in Fig. 1. The
partially thermally active side walls of the cavity are maintained at
two different but uniform temperatures and concentration, namely,
Th, Tc(Th > Tc) and ch, cl(ch > cl), respectively. The inactive parts of the
side walls and horizontal walls y = 0 and y = H are thermally
insulated. The heat and mass transfer characteristics are investigat-
ed for nine different combinations of the heated active wall. That is,
for the hot section located at the top, middle and bottom and the cold
section moved from bottom to top. The length of the thermally active
part is h = H/2. Placement order of thermal active section has
significant effect on heat and mass transfer rate, to explore this effect
and achieving the optimum rate inside the cavity, the following
method is considered (state of the art). The fluid is assumed to be
incompressible, Newtonian, and viscous. The viscous dissipation is
assumed to be negligible. The heat flux driven by concentration
gradients (thermal diffusion or Soret effect) and the mass flux driven
by temperature gradients (diffusion thermo or Dufour effect) are
neglected. The Boussinesq approximation with opposite thermal
and solute buoyancy forces is used for the body force terms in the
momentum equations. The governing equations for the problem
under consideration are based on the balance laws of mass,
momentum, energy, and concentration in two dimensions. Repre-
senting the position through Cartesian coordinate system and
Taking into account the assumptions mentioned above, these
equations can be written in dimensional form as the following:

@u

@x
þ @v

@y
¼ 0 (1)

u
@u

@x
þ v

@u

@y
¼ � 1

r0

@P

@x
þ y

@2
u

@x2
þ @2

u

@y2

" #
(2)

u
@v

@x
þ v

@v

@y
¼ � 1

r0

@P

@y
þ y

@2v
@x2
þ @2v

@y2

" #
� r

r0

(3)

u
@T

@x
þ v

@T

@y
¼ a

@2
T

@x2
þ @2

T

@y2

" #
(4)

u
@c

@x
þ v

@c

@y
¼ D

@2
c

@x2
þ @2

c

@y2

" #
(5)



R. Nikbakhti, A.B. Rahimi / Journal of the Taiwan Institute of Chemical Engineers 43 (2012) 535–541 537
The mixture density is assumed to be uniform over all the cavity,
exception made to the buoyancy term, in which it is taken as a
function of both the temperature and concentration levels through
the Boussinesq approach

r ¼ r0½1 � bTðT � TcÞ þ bSðc � clÞ� (6)

The appropriate boundary conditions are
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Introducing the following non-dimensional variables
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We get the vorticity-stream function formulation of the above
problems (1)–(5) as

U
@z
@X
þ V

@z
@Y
¼ @2z

@X2
þ 1

Ar2

@2z

@Y2
þ ArGrT

@u
@X
� ArGrS

@C

@X
(7)

U
@u
@X
þ V

@u
@Y
¼ 1

Pr

@2u
@x2
þ 1

Ar2

@2u

@Y2

" #
(8)

U
@C

@X
þ V

@C

@Y
¼ 1

Sc

@2
C

@X2
þ 1

Ar2

@2
C

@Y2

" #
(9)

where

�z ¼ Ar2 @2C
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The non-dimensional parameters that appear in the equations are: Pr
the Prandtl number, GrT the thermal Grashof number, GrS the solutal
Grashof number and Sc the Schmidt number. Parameter
N = ((bS(ch� cl))/(bT(Th� Tc))) is the buoyancy ratio, which is the
ratio between the solute and thermal buoyancy forces. It can be either
positive or negative and its sign depends on the coefficientsbT and bS.
In this paper positive sign is used for buoyancy ratio. According to the
section of the pollutant concentration on the hot or cold vertical walls,
the solutal and thermal buoyancy forces may be either augmenting or
opposing each other. So depending on the directions of the buoyancy
forces, the problem can be either an aiding or opposing buoyancy
condition. The local Nusselt number andSherwood number is defined
by Nu = (� @u/@X)X=0, Sh = (� @C/@X)X=0 resulting in the average
Nusselt number and Sherwood number as Nu ¼ ð1=hÞ

R
h Nu dY, Sh ¼

ð1=hÞ
R

h Sh dY and h = H/2 is height of heating section. The boundary
conditions in the dimensionless form are

C ¼ @C

@Y
¼ 0; u ¼ 1; C ¼ 1; X ¼ 0; M � 1

2
� Y � M þ 1

2
; C

¼ @C

@Y
¼ 0; u ¼ 0; C ¼ 0;

X ¼ 1; M � 1

2
� Y � M þ 1

2
; C ¼ 0;

@u
@X
¼ 0;

@C

@X
¼ 0; at X

¼ 0 and 1
0 � Y � M � 1

2
; M þ 1

2
� Y � 1; C ¼ @C

@Y
¼ 0;

@u
@Y
¼ 0;

@C

@Y

¼ 0; at Y ¼ 0 and 1:

3. Method of solution

The governing equations along with the boundary conditions
are solved numerically, employing finite-difference techniques.
The region of interest was covered with ‘m’ vertical and ‘n’
horizontal uniformly spaced grid lines. The vorticity transport,
energy and mass equations are solved using the ADI (Alternating
Direction Implicit) method and the stream function equation is
solved by SOR (successive over-relaxation) method. The over-
relaxation parameter is chosen to be 1.8 for stream function
solutions. The buoyancy and diffusive terms are discretized by
using central differencing while the use of upwind differencing is
preferred for convective terms for numerical stability. Starting
from arbitrarily specified initial values of variables, the discretized
transient equations are then solved by marching in time until an
asymptotic steady-state solution is reached. Convergence of
iteration for stream function solution is obtained at each time
step. The following criterion is employed to check for steady-state
solution
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where F stands for C, z or u; k refers to time and i and j refer to
space coordinates. The value of e is chosen as 10�5. The time step
used in the computations is varied between 0.00001 and 0.004
depending on Grashof number and mesh size. The numerical
solutions are found for different grid systems from 21 � 21 to
101 � 101 for Ar = 1 and it is observed that a further refinement of
grids from 51 � 51 to 101 � 101 does not have a significant effect
on the results in terms of average Nusselt and Sherwood number
and the maximum value of the stream function. Based on this
observation, a uniform grid of 51 � 51 points is used for all of the
calculations for Ar = 1. Similar grid dependency studies carried out
for the other aspect ratios and an optimum grid size is obtained for
each aspect ratio.

4. Results and discussion

In this paper, the results are presented in the form of
streamlines, isotherms and iso-concentrations for different heat-
ing sections to show the fluid flow, heat and mass transfer
phenomena in steady states. The rate of heat and mass transfer in
the enclosure is measured in terms of the average Nusselt number
and average Sherwood number. The flow patterns, isotherms and
iso-concentrations for different heating sections, Ar = 2 and
GrT = 106, Sc = 2 and N= 0.2 are displayed in Figs. 2, 3 and 4(a)–
(i). The flow is unicellular with clockwise rotation. In Fig. 2(a), both
of heating sections have been placed on the upper sidewall of the
cavity. Fig. 2(i) is mirror image of Fig. 2(a), which both of heating
sections have been placed on the lower sidewall of the cavity.
When heating sections are top–middle or middle–bottom, two
secondary cells have been inserted in principal cell located near
thermally active parts of the sidewalls, while the remaining parts
of the cavity remains intact. In the top–bottom active section,
something strange happens. It is observed in Fig. 2(c) that the
current is in both cells and the center of cells place in the near part
to the active sidewalls. In comparison to the other sections,
velocity and circulation rate of this section is a minimum. In the
middle–top, very small eddies are placed into the principal cell,
which occupies nearly the entire cavity. Active section of bottom–



Fig. 2. Streamlines for all heating location, Ar = 2, N = 0.2, Sc = 2 and GrT = 106.

Fig. 3. Isotherms for all heating location, Ar = 2, N = 0.2, Sc = 2 and GrT = 106.
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middle (Fig. 2(h)) is mirror image of active section of middle–top
(Fig. 2(d)). In the bottom–top active section, clockwise principle
cell occupies the entire cavity. Velocity and circulation rate in this
case is a maximum (Fig. 2(g)). Fig. 3(a), illustrates isotherms in the
top region of cavity where active points are placed. When the cold
active wall moves from top to bottom, Fig. 3(b) illustrates changes
in which isotherms are located in the central part of the cavity and
convection near to active sections are converted to conduction.



Fig. 4. Iso-concentrations for all heating location, Ar = 2, N = 0.2, Sc = 2 and GrT = 106.
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With moving the cooling section toward lower part (Fig. 3(c)),
isotherms predict conduction in the middle of the cavity. In this
case, heat transfer rate in comparison to the other cases is very low.
Fig. 3(i) and (f) is illustration of mirror images of Fig. 3(a) and (b),
respectively. In middle–top and bottom–middle active sections, a
Fig. 5. Average Nusselt number f
thermal boundary layer forms on the top and bottom part of
cooling and heating sections, respectively, and convection is seen
from isotherms of Fig. 3(h) and (d). Fig. 3(e) illustrates convection
near the active sidewalls. In bottom–top active section, strong
thermal boundary layers in the top part of cooling wall and bottom
or different heating location.



Fig. 6. Average Sherwood number for different heating location.

Fig. 7. Average Nusselt number versus buoyancy ratio in C.W. and C.C.W. flow.
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part of heating wall are formed shown in Fig. 3(g). In these cases,
heat transfer rate, in comparison to all cases is a maximum.
Fig. 4(a)–(i) depicts the isopleths of concentration. As it can be
seen, the isopleths of concentration has the same behavior as the
isopleths of temperature and this is, because of the similarity of
energy equation and mass transfer equation. According to Schmidt
number which is greater than Prandtl number, the thermal
diffusivity has greater effect on fluid than the mass diffusivity does.
So, formed solutal boundary layer in Fig. 4(d) and (h), compared
with formed thermal boundary layer in Fig. 3(d) and (h) is thinner.
Fig. 4(i) and (f) seems to be the mirror images of Fig. 4(a) and (b),
respectively. In Fig. 4(e), the middle–middle active section exhibits
convection near the active sections. Strong solutal boundary layers
are formed at the active sections, as seen in Fig. 4(g). The
circulation rate and the mass transfer rate are a maximum in this
case compared to all the other cases. In order to assess how aspect
ratio and different heating sections affect the heat and mass
transfer, the average Nusselt and Sherwood number have been
depicted in Figs. 5 and 6(a)–(c) as a function of aspect ratio for
different heating sections. It is clear that, the heat and mass
transfer rate is increased with increasing the aspect ratio. For
Ar � 1, when heating sections change, there is not any dramatic
change in the average Nusselt and Sherwood numbers. But, some
changes in heating sections, the average Nusselt and Sherwood
numbers are seen when aspect ratio is increased. From Figs. 5 and
6(a), it is noted that for fixed heating section on the top part of
cavity and cooling section in the bottom the aspect ratio will not
affect the average Nusselt and Sherwood numbers. From Figs. 5
and 6(c), it is seen that when heating section on the bottom part of
cavity is fixed, cooling section does not cause considerable changes
in heat and mass transfer rate and the heat and mass transfer rate is
maximum in the cavity. With changing cooling section from
bottom to top, the average Nusselt and Sherwood number
increases with increase of aspect ratio. This can be observed in
Figs. 5 and 6, respectively. Fig. 7 illustrates the influence of the
buoyancy ratio N on the average Nusselt number in aiding and
opposing flows. It is observed that, in aiding flow the average
Nusselt number is increased as the buoyancy ratio is increased. The
increasing average Nusselt number in aiding flow is due to same
direction of the solutal and thermal buoyancy forces. As a result, it
is clear for N � 1 that the average Nusselt number is increased. The
increasing average Nusselt number in aiding flow is representative
of same direction effects of solutal buoyancy force and thermal
buoyancy force in natural convection that causes increase of the
heat transfer in the cavity. We notice that in opposing flow for
0 � N � 1, the average Nusselt number is decreased as the
buoyancy ratio is increased. After N = 0 in an opposing flow due
to transmission interchangeable effect from thermal and solutal
buoyancy forces will be reduced with increasing buoyancy ratio
average Nusselt number, where as in a critical point solutal and
thermal buoyancy effects neutralize each other. In this point,
buoyant convection flow is hindered and approximately Nu = 1.
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Meanwhile, heat transmission is performed as conduction. The
flows considered in this part are aiding or opposing flows, with
Le = 1. Therefore average Nusselt number profile to the critical
point N = 1 in opposing flow will be symmetrical. Fig. 7 illustrates
the influence of the buoyancy ratio N on the average Nusselt
number for various values of Schmit and Prandtl numbers. It can be
noticed that with increasing Schmit number, the effects of mass
transmission derived from increase in solutal buoyancy force on
heat transmission increase and accordingly cause to increase the
average Nusselt number in double diffusive natural convection.

5. Conclusions

A numerical model has been employed to analyze the flow, heat
and mass transfer of air filled in a rectangular cavity with partially
thermally active side walls. It is observed that the rate heat and
mass transfer is high for the bottom–top thermally active section
while the rate of heat and mass transfer is poor in the top–bottom
thermally active section. The heat and mass transfer rate are found
to increase with increase in the aspect ratio. It is found that in
aiding flow, the average Nusselt number increase by increasing the
buoyancy ratio. Thus the heat transfer rate is increased in the
cavity. In opposing flow, with increase in buoyancy ratio till N = 1,
the average Nusselt number is decreased. After critical point
(N = 1) the rotating flow orientation change and with increase in
buoyancy ratio, the average Nusselt number increase, so the heat
transfer rate in the cavity is increased.
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