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Abstract In this paper, double-diffusion natural convection for staggered cavities with a
concaved lower wall is investigated. The finite volume procedure is utilized to solve the
governing equations along with the boundary conditions. The current code is validated with
previously published results. Impacts of Rayleigh number (104 ≤Ra≤106), buoyancy ratio
(− 5≤N ≤5), Lewis number (1≤Le≤5), and aspect ratio (0.1≤AR≤0.2) on the flow char-
acteristics are investigated and presented as isotherms, streamlines, and iso-concentrations
contours. Moreover, alterations of average Nusselt and average Sherwood numbers with
these parameters are analyzed and discussed thoroughly. It is found that average Nusselt and
average Sherwood numbers augment with Rayleigh number and buoyancy ratio for aiding
flows. These also are found to decrease with decreasing buoyancy ratio for opposing flows.
Also, it is elucidated that the aspect ratio has an inverse relationship with average Nusselt
and average Sherwood numbers in which the depression in these numbers is determined to
be 10.4%.

List of symbols

AR Aspect ratio
c Concentration (kg m−3)
C Dimensionless concentrations
D Mass diffusivity (m2 s−1)
g Gravity acceleration (m s−2)
L Cavity length (m)
Le Lewis number
N Buoyancy ratio
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Nuavg Average Nusselt number
p Pressure (Pa)
P Dimensionless pressure
Pr Prandtl number
R Arc radius (m)
Ra Rayleigh number
Shavg Average Sherwood number
T Temperature (K)
u,v Velocity components (m s−1)
U, V Dimensionless velocity components
x,y Dimensional coordinates (m)
X , Y Dimensionless coordinates

Greek symbols

ρ Density (kg m−3)
α Thermal diffusivity (m2 s−1)
β Coefficient of thermal expansion (K−1)
ν Kinematic viscosity (m2 s−1)
θ Dimensionless temperature

Subscripts

H Hot
C Cold
h High
l Low
o Reference
S Solutal
T Thermal

1 Introduction

The heat and mass transport with mixtures have extensively studied in the last years within
different simple/complex shape cavities. In recent review papers, a comprehensive summary
of the flow and heat transfer in different shapes of cavities under different physics is presented
[1, 2]. This noticeable focus is due to its important role in various engineering systems like
geothermal energy, the processing of foods, electronic cooling equipment, and the applica-
tions of solar energy and building heating [3–8].

Sun et al. [9] studied the variations of large density of binary mixtures influences on
double-diffusive convective flow in a square cavity. The mathematical model based on low
Mach number formulation has been used in their numerical study. The results showed that,
for light gases, the effects of variable density for diffusion are too important compared with
their impacts on the diffusion of heavy gases. Double-diffusive natural convective transfer
of heat and mass in vertical annuluses has been examined numerically by Chen et al. [10]
with opposing concentration and temperature gradients. The simple LBM has been used
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in their study. The Nuavg and Shavg on the inner vertical wall increase by increasing Ra,
AR, and radius ratio (K) for N > 1. For high Ra (i.e., Ra > 107), the fluid flow transient
was difficult to study before, while became readily studied by using the LBM model. Also,
Chen et al. [11] examined the double-diffusive free convective turbulent fluid flow in a
square cavity by employing the model of LES-based lattice Boltzmann. They found a power-
law correlation equation of Nu with Ra and N. Three dimension of double-diffusive heat
convection in a cuboid has been examined numerically by Chen et al. [12]. The parameters
10 ≤ Ra ≤ 2 × 105, 2 ≤ Le ≤ 1000,, and −2 ≤ N ≤ 0 are considered. An important
investigation of double-diffusive convective binary mixture flow in a rectangular cavity was
made by Qin et al. [13]. An AR � 2 has been considered in this study, and the horizontal walls
were supplied to different gradients of the temperature and concentration. Their numerical
results were in high accuracy compared with many previous studies. Jena et al. [14] analyzed
numerically the transient the opposite double-diffusive natural convective flow within a square
cavity. Correlation equations are developed for Nu and Sh in case of thermally dominated flow
as well as solutally dominated flow. Later different correlations are developed by Corcione
et al. [15] for double-diffusive free convection in square enclosures. Natural convective
heat and mass transmission of Air-CO2 mixture in a square cavity have been inspected
numerically by [16–18]. The effects of partially heating vertical walls on double-diffusive
natural convective non-Newtonian fluid flow have been investigated numerically by Jena
et al. [19]. Reddy and Murugesan [20] investigated the cross-heat and mass transfer within a
rectangular cavity with three different AR. The cavity was under the effects of mass diffusivity
sidewalls, while the bottom wall was heated to high temperature and the top wall cooled to
low temperature, whereas the vertical walls are adiabatic. They clarified that the Nusselt
number (Nu) increases by increasing Ra and N, while the maximum Nu for the different AR
(AR � 0.5, 1, and 2) was (51, 14.5, and 12,6%), respectively.

As solar thermal system applications, Chen et al. [21] inspected numerically double-
diffusive natural convective nanofluid flow in a rectangular cavity with the effects of entropy
generation. Kefayati and Che Sidik [22] used Buongiorno’s mathematical model to investigate
irreversibility in a tilted enclosure occupied with non-Newtonian nanofluid. Also, Kefayati
and Tang [23] extended their previous study of double-diffusive mass and heat transfer to show
the entropy generation effects [24]. Kefayati [25] studied the Dufour and Soret influences on
double-diffusive free transfer of heat and mass with entropy generation in an oblique cavity
filled with Bingham fluid. FDLBM has been used in his study with a wide scope of parameters
involving (106 ≥Ra≥103), (10≥Le≥2.5), (Df � 0, 1, and 5), (Sr � 0, 1, and 5), (Ec �
0.01, 0.001, and 0), and (0≥θ ≥120). His outcomes elucidated that the transfer of heat and
mass increases with decreasing the Bingham number. Moreover, the transfer of heat and mass
enhanced by increasing θ from (0 to 40), while the enhancement decreases when θ increases
from (40 to 80). Also, he showed that the mass transfer enhanced by ascending the Soret
number, and the heat transmission increases by increasing the Dufour number for different
parameters. In addition, the previews works [26–31] include several numerical investigations
of double-diffusive natural/mixed convective flow in the horizontal annulus.

The influences of MHD on double-diffusive heat and mass transfer with/without entropy
generation have been studied by many researchers [32–37]. It is to worth mention here that
besides the previously mentioned literature, rarefied flow and heat transfer in cavities are
examined by different researchers [38–41].

The above literature survey indicates that much less curiosity has been paid to the problem
of double diffusion in staggered cavities. The objective of the present investigation is to
analyze computationally the double-diffusion natural convective flow in a staggered cavity
in which there is an Air-CO2 mixture filled the cavity. The vertical staggered cavity walls are
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Fig. 1 Schematic for the geometry

kept with variant concentrations and temperatures, while the horizontal walls are insulated.
The study has been performed with taken the impacts of numerous factors such as Rayleigh
number (Ra), buoyancy ratio (N), aspect ratio (AR), and Lewis number (Le) for both aiding
and opposing flows. Outcomes represented by streamlines, isotherms, iso-concentrations
contours, average Nusselt number (Nuavg), and average Sherwood number (Shavg) plots have
been discussed in the next sections.

2 Problem description

The configuration of the present study is represented by a staggering cavity as shown in
Fig. 1. The cavity is containing Air-CO2 mixture, and its side walls are maintained with
different concentrations and temperatures, in which the cavity left side walls have a hot
temperature (TH ) and higher concentration (ch), while the cavity right side walls have a cold
temperature (TC) and lower concentration (cl). The cavity remaining walls involving the
lower arc are maintained as impermeable and insulated. The Air-CO2 mixture flow within
the cavity is presumed to be laminar, incompressible, steady, and governed by Boussinesq
approximation. The cavity has an equal length (L) and height (L), while the arc radius is (R).

3 Governing equations

Based on the physical description in the last section, the mass, momentum, energy, and
species conservation equations are represented as follows [42]:
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Table 1 Air-CO2 mixture properties [4]

ρo (kg.m−3) Cp,o (J.kg−1.K−1) ko (W.m−1.K−1) μo (kg.m−1.s−1) D (m2.s−1)

1.16 1006.9 2.63×10−2 1.85×10−5 2.25×10−5
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The thermophysical properties for Air-CO2 mixture are illustrated in Table 1.
The density in Eqs. (1−5) is varying reference to the Boussinesq approximation as follows:

ρ � ρo[1 − βT (T − TC ) + βS(c − cl)] (6)

where ρo is the density of fluid at the reference temperature To � (TH + TC)/2 and concen-
tration co � (ch + cl)/2, while βT � −(
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)
T are

the thermal and solute expansion coefficients, respectively.
The boundary conditions for each wall can be given as:
for aiding flow:

T � TH , c � cl at the left vertical walls.

T � TC , c � ch at the right vertical walls.

for opposing flow:

T � TH , c � ch at the left vertical walls.

T � TC , c � cl at the right vertical walls.

The arc and all horizontal walls are:

∂T

∂y
� 0,

∂c

∂y
� 0

The foregoing equations can be written in non-dimensional form utilizing the next non-
dimensional factors:
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Hence, in the light of assumption all Eqs. (1−5) can be reformulated into dimensionless
as follows:
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The boundary conditions can be expressed in dimensionless form as:
for aiding flow:

θ � 1, C � 0 at the left vertical walls.

θ � 0, C � 1 at the right vertical walls.

for opposing flow:

θ � 1, C � 1 at the left vertical walls.

θ � 0, C � 0 at the right vertical walls.

The arc and all horizontal walls are:

∂θ

∂Y
� 0,

∂C

∂Y
� 0

The mean Nusselt number (Nuavg) expressing the rate of heat transfer on the cavity side
walls can be defined as:

Nuavg � −
∫ 1

0

∂θ

∂X
dY (12)

The mean Sherwood number (Shavg) expressing the rate of mass transfer within the cavity
side walls can be defined as:

Shavg � −
∫ 1

0

∂C

∂X
dY (13)
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4 Solution procedure

The governing relations with the boundary conditions mentioned in the preceding section are
numerically solved by the finite volume procedure. The SIMPLEC algorithm is utilized to
link the continuity and momentum relations. PRESTO (pressure-staggering-option) scheme
is employed to discretize the pressure. Moreover, the upwind second order is chosen as
an interpolation scheme for energy, momentum, and species relations. The solution of the
discretized pressure and momentum relations is obtained using the method of Patankar [43].
Iteration method is started by solving the momentum relations pursued by energy and species
relations. The solution proceeds till convergence is attained when all dependent parameters
reach an accuracy of 10−6.

5 Grid independence and verification

The grids type employed in the present study is uniform quadrilateral grids as exhibited in
Fig. 2. In order to examine the grid quality, six grid numbers have been employed. Nuavg on
the left vertical cavity walls is presented at these six grid numbers as depicted in Table 2.
The table revealed that Nuavg is altered as the grid numbers enlarge and Nuavg values are no
longer varied with the higher grid numbers 19961 and 22031, which indicates constancy in

Fig. 2 Mesh utilized in the computations
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Table 2 Grid dependency N � 2,
Ra � 106, Le � 1, AR � 0.1

No. Grid number Nuavg (Shavg)

1 7001 11.221

2 9641 11.133

3 12,681 11.084

4 16,121 11.045

5 19,961 11.026

6 22,031 11.026

Fig. 3 Isotherms (left), iso-concentration lines (middle), and streamlines (right) comparison between the cur-
rent study and Saleem et al. [44] with Ra � 106, N � 2, Re∞ � 104, and Le � 0.89

outcomes reached with these grid values. The grid number 19961 has been selected in the
calculations because it takes less time to run and gives similar results as the highest number.

For verification of results, the present model is compared with two different cases from
the literature. In Fig. 3, the current model is configured to the case of Saleem et al. [44],
which they deemed a solar distiller its side walls differentially heated and kept with variant
concentrations with Ra � 106, N � 2, and Re∞ � 104. The figure exhibited that there is a
very good concordance between the present model and Saleem et al. [44] outcomes. In Fig. 4a
and b, the present model compared with a square cavity its sidewalls maintained with variant

123



Eur. Phys. J. Plus         (2021) 136:499 Page 9 of 20   499 

Fig. 4 Comparison of Nuavg (Shavg) for the current study and Koufi et al. [4] outcomes with Ra � 104 and
Le � 1

temperature and concentration with Le � 1, Ra � 104 with N � 5 (aided flow) and N � −
5 (opposing flow) as taken by Koufi et al. [4]. Values of Nuavg (Shavg) have been predicted
on the left side cavity walls. In the figure Le is deemed as unity, then Nuavg � Shavg. It is
obvious from the figure that the outcomes from the present study accurately coincide with
Koufi et al. [4] predictions, that is reflecting the validity of the present study in solving heat
and mass transfer in numerous enclosures.

6 Results and discussion

In the current paper, calculations have been achieved with the following scopes of parameters:
Ra � 104,105, and 106; N � − 1, − 2, − 3, − 5, 1, 2, 3, and 5; Le � 1, 3, and 5; AR �
0.1, 0.15, and 0.2, while Pr is assumed to be fixed at 0.7. The impact of Ra, N, Le, and AR
on the streamlines, isotherms, iso-concentration lines, Nuavg, and Shavg, will be discussed in
the next figures.

Figure 5 exhibits the isotherms, iso-concentration lines, and streamlines for the aiding flow
case where N � 1, AR is fixed to 0.1, Le � 1, and different Ra. In general, the plots reveal
that the flow is symmetric. Moreover, the graph depicts that the higher isotherms values are
at and near the hot cavity walls, and the lower isotherms values are located at or near the
cold cavity walls. As far as the movement of the fluid inside the cavity is concerned, at low
Ra, the cavity has two vortices, one in the upper cavity part and the other one is in the lower
cavity part. When the Ra increases, the upper vortex increases in size and distortion of the
streamlines occurs; mainly this is because the recirculation happens inside the cavity, and
this recirculation is in the clockwise direction. For Ra � 106, the two vortices merge to form
a central big vortex at the middle of the cavity. The recirculation happens due to two main
factors, one is the air density difference that is induced by the temperature and the second
one is the CO2 gradients nearby of the cavity walls. Finally, it is worth mentioning here that
the iso-concentration lines are identical to the isotherms except for the fact that the maximum
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Fig. 5 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for N � 1, AR � 0.1, and Le
� 1 for distinct Ra values

values are observed near the vicinity of the cavity right walls, while the lower values are at
the vicinity of the hot walls of the cavity.

In Fig. 6, the isotherms, iso-concentration, and the streamlines are plotted for the opposing
flow where N � − 1, AR � 0.1, Le � 1, and different Ra. In these cases, the highest
temperatures and concentration of CO2 are located at the left cavity walls, while the lower
values are at the right cavity walls. It is seen from the plots that both of the isotherms and
iso-concentration lines are identical. Moreover, it is obvious that the solute and thermal
buoyancy forces are totally cancelled. Furthermore, the convective heat transfer vanishes and
the transfer of mass and heat occurs mainly due to diffusion with a monotonic temperature.
Moreover, through the vertical walls, the concentration distributions are completely stratified.
The graph also shows that there is no boundary layer existing. Additionally, it is obvious that
the iso-concentration lines and the isotherms are almost vertical and parallel. As far as the
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Fig. 6 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for N � − 1, AR � 0.1, and
Le � 1 for distinct Ra values

streamlines are concerned, the flow breaks into two structures at the upper and lower parts
of the cavity. Finally, when Ra increases, more distortion happens to these lines.

Figure 7 depicts the variations of the isotherms, iso-concentration lines, and the streamlines
for the aiding flow case where Ra � 105, Le � 1, and different N ranging from 1 to 5. The
same observations of Fig. 5 are noticed for the higher and lower values. It is worth mentioning
here that increasing N will not significantly affect the isotherms and the iso-concentration
lines. Moreover, the isotherms and the iso-concentration lines share the same tendency. These
are vertical at the boundary layer and horizontal at the middle of the cavity. Concerning the
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Fig. 7 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for Ra � 105, AR � 0.1, and
Le � 1 for numerous N values (aiding flow)

streamlines, as N ascents, the flow movement augments. This is an indication that the flow
is accelerating. The movement of the mixture is aided by the solutal and buoyancy forces.
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Fig. 8 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for Ra � 105, AR � 0.1, and
Le � 1 for numerous N values (opposing flow)

In Fig. 8, the variations of the isotherms, iso-concentration lines, and the streamlines are
illustrated for the opposing case where Ra � 105, Le � 1, and different N varying from − 1
to − 5. For cases where N is less than − 1, the thermal buoyancy force is less than the solute
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Fig. 9 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for N � 1, Ra � 105, and Le
� 1 for numerous AR values

buoyancy force. Thus, the fluid motion is mainly controlled by the solutal free convection
with a counterclockwise direction. Moreover, as N decreases, the two vortices in the upper
and lower cavity parts merge to form one cell in the middle of the cavity for the case where
N � − 5.

It can be concluded from the discussion of the previous figures that the best scenario
of having a significant enhancement in heat transfer is a combination of high Ra and high
positive N.
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Fig. 10 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for N � 1, AR � 0.1, and
Ra � 105 for distinct Le values

Figure 9 depicts the variations in isotherms, iso-concentrations, and streamlines for the
cases where Ra � 105, Le � 1, N � 1, and different AR. The same discussion of Fig. 5 is
applied to this figure. Moreover, it can be seen that the fluid movement within the cavity is
more restricted as AR increases. Hence, the increase in AR will decrease the heat transfer,
and consequently, less Nuavg is achieved.

Figures 10 and 11 represent variations of the isotherms, iso-concentration lines, and
streamlines for aiding and opposing flows, respectively. The cases are taken for Ra � 105,
AR � 0.1, and different Le. The same discussion in Figs. 5 and 6 is applied here for Figs. 10
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Fig. 11 Isotherms (left), iso-concentration lines (middle), and streamlines (right) for N � − 1, AR � 0.1, and
Ra � 105 for distinct Le values

and 11, respectively. Moreover, for the case of the aiding flow and different Le, it is seen that
as Le ascends, the intensity of the movement of the fluid diminishes and hence less Nuavg is
achieved. Finally, for the opposing flow, as Le increases, the movement of the flow increases
within the cavity, and consequently, a better transfer of heat is achieved.

Figure 12 illustrates variations of Nuavg (Shavg) with N at different Ra, Le � 1, and AR �
0.1 for the aiding flow. The graph shows that as Ra increases, better heat transfer is achieved.
This is because as Ra increases, the convective transfer of heat becomes the prevailing mode
of heat transmission inside the cavity. Furthermore, the graph exhibits that as N ascends
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Fig. 12 Variations of the Nuavg, Shavg with N (aiding flows) for different Ra

Fig. 13 Variations of the Nuavg, Shavg with N (opposing flows) for different Ra

for the aiding flow, Nuavg (Shavg) increases. In Fig. 13, variations of Nuavg (Shavg) with N
at different Ra, Le � 1, and AR � 0.1 for the opposing flow are shown. Similarly, as Ra
increases, Nuavg (Shavg) increases. Moreover, as N decreases for the opposing flow, Nuavg

(Shavg) increases. Moreover, the figure revealed that Ra has less impact on Nuavg (Shavg)
when N � -1.

Figure 14 confirms the conclusion drawn in Fig. 9. It is clear to show that when AR
increases, both of the Nuavg and Shavg decrease for the case where Ra � 105 and N � 1. The
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Fig. 14 Variations of the Nuavg, Shavg with AR for aiding flow

Fig. 15 Variations of the Nuavg, Shavg with Le for aiding flow

depression in Nuavg (Shavg) between the lower and higher AR values is 10.4%. Similarly,
Figs. 15 and 16 emphasize the results obtained in Figs. 10 and 11, respectively. For the aiding
flow, as Le increases, Nuavg decreases and Shavg increases. Finally, for the opposing flow, as
Le increases, both Nuavg and Shavg increase.
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Fig. 16 Variations of the Nuavg, Shavg with Le for opposing flow

7 Conclusions

A double-diffusion two-dimensional steady-state and laminar natural convection in staggered
cavities with concaved lower wall is investigated. The finite volume scheme is employed to
solve the governing equations along with the boundary conditions. Impacts of aspect ratio
(AR), Lewis number (Le), buoyancy ratio (N), and Rayleigh number (Ra) on the flow char-
acteristics are investigated and presented as isotherms, streamlines, and iso-concentration.
Moreover, variations of the average Nusselt number (Nuavg) and average Sherwood num-
ber (Shavg) with these parameters are analyzed and discussed thoroughly. The following
conclusions are remarked:

• Ascending of Ra lessens the number of vortices inside the cavity for the aiding flow. In
contrast, with the opposing flow, the number of vortices still fixed as Ra rises.

• For aiding flow, N has less impact on the iso-concentration lines and isotherms.
• For opposing flow, Ra has no impact on the isotherms and iso-concentration lines.
• Enlarge of AR lessens the fluid motion inside the cavity.
• Both Nuavg and Shavg ascend with rising N and Ra for the aiding flows. These also are

found to increase with increasing N for the opposing flows.
• AR has an inverse relationship with Nuavg and Shavg.
• For the aiding flow, as Le increases, Nuavg decreases and Shavg increases, while, for the

opposing flow, as Le increases, both of Nuavg and Shavg increase.

Funding No funding was received to assist with the preparation of this manuscript.
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