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Abstract
In this work, the double-diffusive natural convection was studied in an open-ended cavity with the help of the lattice Boltz-
mann method. In this study, the driven force is developed by a change in the temperature gradient and concentration gradient 
on the left side of the cavity, which is the closed end. The temperature and concentration are maintained high at this end. The 
study is carried out for various parameters such as Rayleigh number (Ra) ranging from  103 to  106, aspect ratio (Ar) of 0.5, 
1 and 2 and constant Prandtl number (Pr) of 0.7 and Lewis number (Le) of 2. The results are concentrated on for different 
buoyancy ratios (N = − 1, 0, 1) also. The results obtained are validated with existing literature results. The results show that 
when N value is negative, two buoyancy forces oppose each other and also the influence of concentration buoyancy force on 
fluid flow behavior gets dominant, and for aspect ratios 1 and 2, this effect was suppressed when Ra is increased but for the 
shallow cavity increasing in Ra helps the concentration force to become more dominant.
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1 Introduction

LBM is the mesoscopic strategy and prominent among the 
latest simulation techniques based on molecular theory 
in computational fluid dynamics domain. LBM with the 
BGK collision model made incredible progress in simu-
lating many fluid flow problems. LBM is also one of the 
most efficient among pseudo-kinetic algorithms. Many flu-
ids and heat flow problems are solved using LBM [1–5]. 
Natural convection by double diffusion describes a form 
of convection using two different density gradients which 
have different diffusion ratios. The density gradients are 
generated by the variation in temperature and concentra-
tion of the fluid. Double diffusion plays a significant role 
in understanding the system which has convection using 
the various pressure gradients. Oceanography is an exam-
ple of double-diffusive convection, where the tempera-
ture difference and salt concentrations are the reasons for 
producing gradient differences. Many kinds of literature 
are available for the double-diffusive natural convection 
problem also [6–12]. Open-ended cavity such as slots is 
used widely, and diffusion in open-ended cavity is found 
in several engineering applications such as solar collec-
tor with insulated strips, microelectronic devices, domes-
tic refrigerators, a solar thermal receiver, etc. It is noted 
that only a few studies are done in the open-ended cavity 
area. Mohamad et al. [13] researched the natural convec-
tion heat transfer in the open-ended cavity. In this study, 
they investigated the flow in the open-ended cavity for 
a wide range of Rayleigh numbers and aspect ratios by 
utilizing unique boundary conditions for the open cavity. 
The results are then validated with the results from the 
finite volume method and the finite difference method. In 
2010, Mohamad et al. [14] extended their study to double-
diffusive natural convection. They analyzed the effect of 
buoyancy ratio, Rayleigh numbers and Lewis numbers. 
Haghshenas et al. [15] explored the natural convection in 
an open-ended cavity with porous media. In this study the 
general double population thermal model, the Taylor series 
expansion, and least square based thermal model is imple-
mented. Kefayati et al. [16] contemplated natural convec-
tion in the open-ended enclosure that contains water/Cu 
nanofluid. The simulation is done for different scopes of 
parameters such as the volume fraction of nanoparticles, 
Rayleigh number and aspect ratio of the cavity. Later the 
study is extended to analyze the entropy generation in the 
open-ended cavity [17]. Hussein et al. [18] studied the 
magnetohydrodynamic natural convection in an open cav-
ity filled with Cu–water nanofluid. Gangawane et al. [19] 
analyzed the natural convection in the open-ended cav-
ity with the partially heated wall for various fluids and 
concluded that heat transfer rate increases linearly with 

Prandtl number. And they further extended the study [20] 
to analyze the effect of magnetic field angle. Mejri and 
Mohamad [21] studied the magnetohydrodynamic natural 
convection in the open enclosure with sinusoidal bound-
ary condition. The study is carried out for various Ray-
leigh numbers, Hartmann numbers and phase deviations. 
From the study, the authors conclude that heat transfer rate 
decreases when Hartmann number is increased and aug-
ments with an increase in Rayleigh number. Arbin et al. 
[22] conducted numerical analysis on double-diffusive 
natural convection in an open enclosure by the heatline 
approach. They have carried out the study for various 
parameters such as Biot number, Grashof number, Lewis 
number, Prandtl number and Marangoni number. They 
have concluded from the obtained results that the heater 
length dramatically affects the heat and mass transfer and 
higher Le reduces the heat transfer rates but augments the 
mass transfer rates. From the literature, it was observed 
that double diffusion in the open-ended cavity was studied 
only by few researchers, in which aspect ratio effects are 
considered even less; hence, that work is chosen as a field 
of interest and the present work was carried out to analyze 
the results of aspect ratio in the open-ended cavity.

2  Numerical Method

2.1  Problem Statement

The physical representation of the problem is shown in 
Fig. 1. For this problem, open-ended enclosure is considered 
which means one side of the enclosure will not be closed. 

Fig. 1  Schematic representation of the open-ended cavity
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From the illustration, it can be noted that right side of the 
cavity is left open and all other three sides are closed. The 
top and bottom walls of the enclosure are kept at adiabatic 
condition which means there will not be any heat or con-
centration flux in those walls. The left side of the cavity 
is given high temperature and concentration. For the open 
cavity, special treatment is required. The boundary condition 
chosen for this case is gathered from the literature [13, 14]. 
These conditions specify that when the fluid enters the cav-
ity, the fluid will have cold temperature and low concentra-
tion. However, when the fluid leaves the cavity, temperature 
and concentration flux will be zero.

2.2  Governing Equations

The governing equations for the current problem are based 
on the balance laws of mass, linear momentum, concentra-
tion and thermal energy in two-dimensional steady state. 
The continuity, momentum, energy and concentration equa-
tions in two-dimensional form are given below.

Dimensional equations [17]

In these equations, ū, v̄, x̄, ȳ, T̄ and C̄ are considered as dimen-
sional variables [17].

Dimensionless variables

After applying the dimensionless variables in the govern-
ing equations, the dimensionless governing equations are 
given below.

Dimensionless equations

(1)
𝜕ū

𝜕x
+

𝜕v̄

𝜕y
= 0

(2)ū
𝜕ū

𝜕x̄
+ v̄

𝜕ū

𝜕ȳ
= −

1

𝜌

𝜕p̄

𝜕x̄
+ 𝜐

(
𝜕2ū

𝜕x̄2
+

𝜕2ū

𝜕ȳ2

)

(3)

ū
𝜕v̄

𝜕x̄
+ v

𝜕v

𝜕y
= −

1

𝜌

𝜕p

𝜕y
+ 𝜐

(
𝜕2v

𝜕x2
+

𝜕2v

𝜕y2

)
+ g𝛽T(T̄ − Tc) − g𝛽C(C̄ − Cl)

(4)ū
𝜕T̄

𝜕x̄
+ v̄

𝜕T̄

𝜕ȳ
= 𝛼

(
𝜕2T̄

𝜕x̄2
+

𝜕2T̄

𝜕ȳ2

)

(5)ū
𝜕C̄

𝜕x⃗
+ v̄

𝜕C̄

𝜕ȳ
= D

(
𝜕2C̄

𝜕x̄2
+

𝜕2C̄

𝜕ȳ2

)

x =
x̄

L
, y =

ȳ

L
, u =

ūL

𝛼
, v =

v̄L

𝛼
,

T =
T̄ − Tc

Th − Tc
, and C =

C̄ − Cl

Ch − Cl

(6)∇ ⋅ V = 0

where V = u ⋅ i⃗ + v ⋅ j⃗  ; in Eq. 7, for u momentum, the third 
and fourth relations on the left side of the equation will not 
be used, and only for v momentum, all the relations are 
applicable.

2.3  Lattice Boltzmann Method

A general way of arranging different methods by lattice is 
DnQm scheme. Here, ‘n’ stands for ‘dimensions’ and ‘m’ 
stands for ‘directional velocity’. For instance, D2Q9 is a 
two-dimensional model with nine directional velocities; the 
lattice arrangement is shown in Fig. 2. Furthermore, for dif-
fusion problems D2Q4 or D2Q6, model is not adequate to 
ensure the macroscopic isotropy. Henceforth, D2Q9 model is 
commonly used to solve diffusion problems [23]. The SRT-
BGK [24] collision factor is used to explain the transport 
equations. The following equations need to be resolved for 
momentum Eq. (1) and energy or concentration Eq. (2) [23].

For fluid flow

For scalar field

(7)(V ⋅ ∇)V = −∇p + Pr
(
∇2V

)
+ Ra Pr(T + NC)

(8)(V ⋅ ∇)T = ∇2T

(9)(V ⋅ ∇)C =
1

Le

(
∇2C

)

(10)
fi
(
x + eiΔt, t + Δt

)
= fi(x, t) − �f

[
fi(x, t) − f

eq

i
(x, t)

]
+ ΔtFi

(11)gi
(
x + eiΔt, t + Δt

)
= gi(x, t) − �g

[
gi(x, t) − g

eq

i
(x, t)

]

Fig. 2  D2Q9 lattice arrangements
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where fi and gi denote the distribution function for fluid and 
scalar fields, respectively; hence, three distribution functions 
are essential to explain the double-diffusive natural convec-
tion problem. In Eq. (2), ei denotes the discrete velocity vec-
tors in ith direction, the lattice time step is defined as Δt 
which is set to unity and ωf and ωg are the relaxation times 
for the flow and scalar fields, respectively. The term Fi in 
Eq. (10) is the force term, and in the lattice form for LBM, 
it is given below [25]:

In the above equation, wi denotes the weight factor for the 
D2Q9 model and es is the lattice speed of the sound, which is 
equivalent to e∕

√
3 [25]. For natural convection, the body force 

(gravity) is acting in vertical direction (y). And after incorporat-
ing Boussinesq approximation the force term is given by

and updating the relations mentioned above in Eq (12), the 
force term is updated as

where gy is the gravitational force in the y-direction, ΔT is 
the temperature difference and βT is thermal expansion coef-
ficient, in which the difference in temperature ΔT = T − Tm, 
where Tm = (TH + TC)/2. In this simulation, the double dif-
fusion is considered. Hence, the force term should have the 
effect of both the thermal and concentration fields:

βC means solutal expansion coefficient. The equation is 
further simplified by introducing the Buoyancy ratio (N) as 
follows:

where N =
�C

�T

The relaxation time factors are associated with kinematic 
viscosity and diffusivity, respectively, as given in the rela-
tion below:

Г defines diffusion coefficients: for temperature � = � 
thermal diffusion coefficient and for concentration � = D 
mass diffusion coefficient. f eq

i
 and geq

i
 in Eqs.  (10) and 

(11) denote the equilibrium distribution function, which is 
obtained using the following equations [18, 19]:

(12)Fi = wiF
ei

e2
s

(13)F = �gy�TΔT ,

(14)Fi = 3.0wi�gy�TΔTey.

(15)Fi = 3.0wi�gy�TΔTey + 3.0wi�gy�CΔCey

(16)Fi = 3.0wi�gy�Tey(ΔT + ΔC ⋅ N).

(17)�f =
1.0

3� + 0.5

(18)�g =
1.0

3� + 0.5

(19)f
eq

i
= wi�

[
1 + 3eiu +

9

2

(
eiu

)2
−

3

2
u2
]

where, ρ and u denote the macroscopic density and velocity, 
respectively. The weight factors (wi) and lattice velocity (ei) 
used for the D2Q9 model are as follows:

the following relations are used to calculate the macroscopic 
quantities (ρ, u, T, c):

Local Nusselt number (Nu) calculation is fundamental 
in this work for anticipating the heat transfer quantitatively. 
Similarly, the Sherwood number (Sh) is calculated, which 
is known as mass transfer Nusselt number. The following 
equations are used to compute the local Nusselt number or 
Sherwood number (Eq. 15) and average Nusselt number or 
average Sherwood number (Eq. 16):

2.4  Boundary Conditions

By streaming process, the distribution function values are 
calculated. To calculate the unknown distribution function, 
the boundary conditions and initial conditions are used. In 
this model, D2Q9 model was used and the anonymous dis-
tribution functions for this model at the respective directions 
are mentioned below:

North side =  f4, f7, f8 and g4, g7, g8.
South side =  f2, f5, f6 and g2, g5, g6.
West side =  f1, f5, f8 and g1, g5, g8.

(20)g
eq

i
= wiT

[
1 + 3ei ⋅ u

]
or wiC

[
1 + 3ei ⋅ u

]

(21)wi =

⎧
⎪⎨⎪⎩

4

9
; i = 0

1

9
; i = 1, 2, 3, 4
1

36
; i = 5, 6, 7, 8

(22)

ei =

⎧⎪⎨⎪⎩

(0, 0); i = 0

e
��
cos (i − 1)�∕2

�
,
�
sin (i − 1)�∕2

��
; i = 1, 2, 3, 4

e
√
2
�
cos

�
(i − 5)�∕ 2 + �∕ 4

�
, sin

�
(i − 5)�∕ 2 + �∕ 4

��
; i = 5, 6, 7, 8

(23)Flow density∶ � =
∑
i

fi

(24)Momentum∶ �u(x, t) =
∑
i

fiei

(25)Species∶ T =
∑
i

gi or C =
∑
i

gi

(26)Nuh =
(
−
�T

�X

)
X=0

or Shh =
(
−
�C

�X

)
X=0

(27)Nuavg =

1

∫
0

Nuh dy or Shavg =

1

∫
0

Shh dy.
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East side =  f3, f6, f7 and g3, g6, g7.

2.4.1  For Flow Field

For all the walls except the open-ended side, bounce-back 
boundary condition is used. That condition is used to specify 
the solid walls where no flow takes place. The bounce-back 
boundary is imposed on the domain by assigning the known 
distribution function values after streaming to the unknown 
distribution function. For north wall, the unknown functions 
can be calculated by f4 = f2, f7 = f5, f8 = f6. Similarly, all other 
walls can be defined. And for open-ended side or east side 
of the cavity, the following condition mentioned in the lit-
erature [13] is used to calculate the unknown distribution 
function f3,n = f3,n−1, f6,n = f6,n−1, f7,n = f7,n−1, where n indicates 
the boundary wall on the respective side of the cavity.

2.4.2  For Temperature and Concentration Field

For north and south wall, adiabatic or constant heat flux 
boundary condition is used, and for the left wall, Dirichlet 
boundary (T or C = 1.0) condition is applied. To make sure 
the flux is constant, the following conditions are specified 
for north wall gi,n = gi,n−1, and for the south wall gi,0 = gi,1. 
To impose Dirichlet boundary condition on the left wall, 
g1 = T(w1 + w3) − g3 is used. This condition should be applied 
to the remaining two unknowns also. For the open end of the 
cavity, the distinct condition is required. The special bound-
ary condition [13] used to calculate the unknowns is

if u < 0, then gi,n = − gi,n; i = 6, 3, 7.
if u > 0, then gi,n = gi,n−1; i = 6, 3, 7.

This relation implies that when the flow enters the cavity, the 
temperature and concentration are low, and when the flow 
exits the cavity, the scalar fluxes are constant.

2.5  Methodology

Two-dimensional double diffusion in the open-ended cavity 
of the geometry given in Fig. 1 is studied in detail for vari-
ous ranges of parameters such as different Rayleigh numbers 
ranging from  103 to  104, varying buoyancy ratios of 1, 0, and 
− 1, also constant parameters Prandtl number is 0.71 and 

Lewis number is 2. The viscosity (υ), diffusivity for tempera-
ture (α) and concentration (D) are needed to be calculated 
in lattice units. For that, the Rayleigh number (Ra), Mach 
number (Ma) and Prandtl number (Pr) are fixed as constant. 
Using Eq. (16), the viscosity can be calculated:

where M is a number of lattices and c represents the speed of 
the lattice, which is constant c =

√
1∕3 . The Mach number 

should be less than 0.3 to ensure the flow is incompressible; 
hence, for our analysis, 0.1 is taken. The thermal diffusivity 
is obtained by the Prandtl number relation � = �∕Pr; simi-
larly, mass diffusivity is derived from the definition of Lewis 
number D = �∕Le . With these values, the relaxation time 
factor can be calculated by using Eqs. (17) and (18), for 
fluid flow and scalar field variables, respectively. The unique 
boundary condition is imposed for the open-ended cavity. 
The results are assumed to be converged if the following 
condition is achieved:

where φ represents any independent variable and n denotes 
the number of iterations.

3  Results and Discussions

3.1  Grid Independence Test and Validation

The essential and first step in any numerical method is to 
define the proper grid for the problem. The grid size is one 
of the factors determining the computational time and accu-
racy of the result, and adequate selection of grid sizes is a 
must. If the grid sizes are too large even though the accuracy 
of the result may be higher, it costs lots of memory space 
and computational time. So it is must to optimize the grid 
size. Table 1 shows the different results obtained for dif-
ferent grid sizes for the geometry given in Fig. 1. It can be 
noted that after the grid size of 151 × 151, the variation in 
the result is very less and also the time (s) taken for simula-
tion is minimum compared to greater grid sizes. Hence, this 
grid size of 151 × 151 is chosen. For the validation purpose, 
the obtained results are compared with existing literature 

(28)� =

√
Ma2 M2Pr c2

Ra

(29)||�n+1 − �n
|| ≤ 10−6

Table 1  Grid independence test 
for Ra = 106, Le = 2.0, N = − 1 
and Ar = 1

Grid Iterations Time (s) Avg. Nuh Avg. Shh Umax Vmax Psi-max

101 26,305 164.507 8.5048 11.3629 162.6830 169.0657 − 31.9058
131 40,048 417.689 8.4900 11.3467 163.5220 170.1135 − 31.8806
151 52,119 722.488 8.4809 11.3354 163.8461 170.1993 − 31.8652
171 66,482 1336.486 8.4728 11.3252 164.0672 170.7030 − 31.8517
201 91,403 2747.708 8.4627 11.3121 164.2924 170.9938 − 31.8408
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and found to agree. Figure 3a shows the graphs of tempera-
ture and concentration profile at horizontal mid-plane for 
Ra = 105, Le = 4, N = − 1, and Fig. 3b shows the isotherms, 
isoconcentration and streamline profiles for Ra = 104, Le = 2, 
N = − 1 in which the present results are compared with [14]. 
And Table 2 shows the comparison of average Nusselt and 
Sherwood numbers for different Ra’s, Le = 4, and N = − 1. 

The comparison demonstrates that the obtained results are 
in great concurrence with the literature.  

In this study, when the buoyancy ratio (N) is positive, 
both the temperature and concentration forces help each 
other to increase the fluid flow rate in the cavity. For this 
case, it is observed that the fluid enters at the bottom and 
leaves the top side. When N = 0, the buoyancy force due 

Fig. 3  A Comparison of literature with the present result for temperature (a) and concentration (b) profile for Ra = 105, Le = 4, N = − 1. B Com-
parison of the literature with the present result for isotherm, isoconcentration and streamlines for Ra = 104, Le = 2, N = − 1
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to the concentration gradient is insignificant on the fluid 
flow, and when N = − 1, the buoyancy forces oppose each 
other, and there is a formation of recirculation inside the 
cavity. The statement mentioned above can be proven by 
Fig. 4 which displays the streamline contour for the same 
Ar and Ra but different N values. From this analysis, it can 
be assumed that if the fluid flows from bottom to top, ther-
mal forces are dominant, and if the fluid flows from top to 
bottom, then concentration forces influence the fluid flow.

3.2  The Effect of Ra at Aspect Ratio of 0.5

Figure 5 shows the streamline contour, isotherms and iso-
concentrations for various Ra’s. From the streamline con-
tours for Ra  103, it can be noted that a fluid flows near the 
bottom wall and leaves near the top wall, which forms the 
semicirculation like movement in a clockwise direction 
and another vortex rotates in a counterclockwise direction 
because of the opposing buoyancy forces. The isotherms 
and concentration contours are also displayed. It is observed 
that the contour lines are linear, which shows that the heat 
and mass transfers by convection are not dominant. Around 
the open-end bottom wall, there is no formation of any 
layer, and around the top-right wall, some curved layers 
are observed. These layer formations are because of the 
assumption in boundary condition. When fluid enters the 

cavity, the temperature and concentration value should be 
low and when the fluid leaves at constant flux. There is no 
much deviation to the results obtained for Ra  104, but once 
the Ra is increased to  105, there is a vast change in recircula-
tion vortex. Another essential feature is that at the bottom-
left corner, one more vortex can be observed which rotates in 
the opposite direction to the primary recirculation vortex. In 
isotherm and concentration field, at the middle of the cavity, 
there is a slight change compared with the previous Ra’s, 
which shows that mass transfer is little higher compared to 
heat transfer for the given conditions. When the Ra is still 
increased to  106, the fluid enters shift toward the top wall, 
and the recirculation vortex comes in contact with ambient 
conditions. The secondary recirculation vortex area grows 
to a considerable size. This phenomenon shows that con-
centration buoyancy force influence on fluid flow behavior 
is dominating. This change can be explained by comparing 
profiles of concentration and temperature field. All these 
flow changes are happening because of both temperature and 
concentration gradient since the patterns for both quantities 
are similar, and concentration is dominating; this parameter 
is taken to explain the flow regions. In concentration filed, 
it can be noted, around the middle of the cavity, the profile 
becomes slanting, and the thickness of layers is very dense, 
which shows the high convective transfer rate. This transfer 
extends from the top-left wall to the bottom right wall, which 
causes the recirculation fluid to move in such a shape. And 
also, because of that, the ambient condition fluid is shifted 
upward, which causes the semicirculation vortex to make 
progress toward the top wall. It can also be observed that 
near the left wall, the profile is slightly deformed which in 
turn causes the secondary recirculation and deformed shape 
causes the noncircular flow profile. 

Figure  6 displays the temperature and concentra-
tion profile obtained at the vertical middle plane along 
the horizontal direction. From the graphs, it is clear that 

Table 2  Comparison of average Nusselt and Sherwood numbers for 
different Ra, Le = 4 and N = − 1

Ra Avg. Nu Avg. Sh

[14] Present study [14] Present study

104 1.7762 1.7556 3.7221 3.7175
105 4.9986 4.9939 8.7541 8.7328
106 10.5088 10.4404 18.6159 18.4688

Fig. 4  Streamline contours for various buoyancy ratios when Ra = 104 and Ar = 1.0
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when Ra = 103 and  104, the patterns are almost similar 
to each other. And slight variation is observed when Ra 
is increased to  105. When Ra is further increased to  106, 
drastic changes are observed. Near the left wall, it can be 

noted that the profile decreases, and there is a formation 
hump, which is the deformation mentioned in the above 
statement. After that, the profile reduces to reach ambient 
condition.

Fig. 5  Streamline, isotherms and concentration contours for Ar = 0.5, Le = 2.0, N = − 1

Fig. 6  Temperature (a) and concentration (b) profile at vertical centerline along × direction for Ar = 0.5, Le = 2.0, N = − 1
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From Fig. 7, local Nusselt number and Sherwood num-
ber at the hot wall can be observed. For Ra  103 and  104, 
the profile is almost similar, and the Nusselt number and 
Sherwood number did not change much along the vertical 
direction. But for Ra = 105, both nondimensional numbers 
increase at the top wall and decrease at the bottom wall. 
This indicated that heat and mass diffusion rate is higher 
near the top wall and lower along the bottom wall. When 
Ra is further increased to  106, the different phenomenon 
was observed. The Nusselt number is highest at the bottom 
wall and reaches the least amount along the middle of the 
cavity and again increases toward the top wall. Even though 
the Nusselt number rises toward the top wall, the maximum 
Nusselt number was observed near the bottom wall. This 
leads to the conclusion that heat transfer is maximum around 
the bottom of the cavity and minimum at the middle of the 
cavity and increases toward the top of the cavity. The similar 
profile is formed for Sherwood number also, but the charac-
teristics difference is that the Sherwood number is maximum 
at the top wall and increases at the bottom wall. That means 
the mass transfer is maximum at the top of the cavity and 
decidedly less around the middle of the cavity and increases 
again near the bottom but reaches only half of the maximum 
transfer rate.

3.3  The Effect of Ra at Aspect Ratio 1.0

Figure 8 shows the streamline patterns, temperature and con-
centration fields. For Ra  103, all the contours are similar to 
the profiles obtained for aspect ratio 0.5. The direction of the 
circulation of the fluid is also the same. However, when Ra is 
increased to  104, there is a change in all three patterns. It is 

observed that the strength of circulation of the primary vor-
tex which is formed by the fluid entering and leaving cavity 
is increased and the area of the recirculation is diminished. 
In temperature and concentration field, near the bottom right 
wall, the ambient-conditioned flow field is more significant, 
and the layer thickness is reduced, which shows the convec-
tion regime. When Ra is increased to  105, the recirculation 
area can only be seen on the top left and the bottom left, but 
the primary vortex size is increased. From the isotherm and 
concentration field, it is noted that near the bottom side of 
the hot wall, the layers become decidedly denser and around 
top side, there is not much variance continued to be linear. 
This indicates that around top left wall, there is no much heat 
or mass transfer takes place. This argument can be validated 
by the graphs shown in Fig. 10. When Ra is still increased to 
 106, the flow can penetrate deeper into the cavity; the reason 
is mainly the boundary layer thickness reduces for both ther-
mal and concentration fields when Ra increases and also the 
viscosity of the fluid gets decreased further. Because of high 
flow intensity and reduced boundary layer thickness, there 
will be the formation of velocity jet near the hot wall which 
causes the center of ambient flow entering the cavity to shift 
from the middle of the cavity toward the top wall. And also, 
the strength of circulation near the top wall is very intense 
compared to the flow distribution near the bottom wall. Even 
though the concentration buoyancy force dominates the flow 
as mentioned before, when Ra is increased, because of the 
high flow intensity, the recirculation vortex is significantly 
diminished.

Figure 9 shows the temperature and concentration profile 
drawn for various Ra’s at the vertical middle plane (y = H/2) 
and plotted along the horizontal direction. From the graphs, 

Fig. 7  Local Nusselt number (Nu) and local Sherwood number (b) at left wall of the cavity for Ar = 0.5, Le = 2.0, N = − 1
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it is clear that when Ra increases, the temperature and con-
centration field diffuses faster. In temperature profile, for 
Ra = 103 even at the end of the cavity, the temperature does 

not reach the ambient condition because of slow heat trans-
fer rate. Although the temperature reaches idle state for Ra 
 104, it happened only at the end of the cavity. For Ra  105, 

Fig. 8  Streamline, isotherms and concentration contours for Ar = 1.0, Le = 2.0, N = − 1
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the temperature decreases at a much faster rate, and it is 
observed that the temperature drops to a lower value before 
the flow reaches the middle of the cavity itself. However, 
only at the end of the cavity, it enters the ambient condition. 
When Ra is  106, the temperature reaches the ambient state 
before the flow passes through the middle of the cavity. This 
happens because the high Ra value decreases the thermal 
boundary layer thickness, which in turns causes the dissipa-
tion rate to be maximum. A similar profile is only observed 
for concentration also with some differences. The significant 

difference is that for Ra  105 itself, the concentration reaches 
the ambient condition around the middle of the cavity and 
for  106 it reaches the ambient condition tremendously faster 
than the temperature; this can also be seen in Fig. 8.

Figure 10 displays the profiles of the local Nusselt num-
ber and Sherwood number along with the hot wall obtained 
for various Rayleigh numbers. It can be noted that for lower 
Ra’s  (103 and  104), the diffusive rate is almost the same 
along the length of the cavity. (Average Nusselt number 
value for  103 is 0.98, and  104 is 1.34.) However, when Ra 

Fig. 9  Temperature (a) and concentration (b) profile at vertical centerline along x-direction for Ar = 1.0, Le = 2.0, N = − 1

Fig. 10  Local Nusselt number (a) and local Sherwood number (b) at left wall of the cavity for Ar = 1.0, Le = 2.0, N = − 1
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is increased to  105, it is noted that for little distance from 
top to bottom, there is not much change, but after that, the 
diffusion rate increases toward the bottom wall. When Ra is 
further increased to  106, the Nusselt number and Sherwood 
number profile increase by a large margin. The magnitude 
of the Sherwood number is higher as compared to the scope 
of the Nusselt number. This confirms the mass diffusion rate 
differs from heat transfer rate. This is because of the nonu-
nity Lewis number. Due to that, the boundary layer of the 
concentration field varies from the temperature field, result-
ing in change in diffusion rates of two fields.

3.4  The Effect of Ra at Aspect Ratio 2.0

Figure 11 shows the streamline patterns, temperature and 
concentration fields for different Ra’s. At lower Ra  103, the 
ambient fluid enters the cavity at two areas near the top wall, 
and one is near the bottom wall. This is not observed for 
Ar = 0.5 and 1.0. And also, the recirculation caused by the 
concentration buoyancy force is maximum when compared 
with the last aspect ratios. This is mainly because a large 
area is available for the fluid to enter the cavity. Even in 
the thermal and concentration field, the ambient conditions 
were observed in two places, but in past cases, only around 
the bottom wall, it is noted. When Ra is increased to  104, 
the ambient fluid flow vortex increases that causes the recir-
culation domain to decrease. In thermal and concentration 
filed, two ambient areas are concentrated toward the center 
and maximized around the bottom side of the open-ended 
cavity, thus causing the vortex to take a noncircular profile. 
For Ra = 105 and Ra = 106, the patterns are observed to be 
analogous to the previous Ar. The main difference is that in 
streamline contour, the ambient circulation vortex layer near 
the top wall is tightly packed compared to the former case 
and near the bottom layers thickness is higher. The main 
difference between among these two profiles is that for Ra 
 106, the boundary layer thickness is lesser compared to the 
thickness formed for Ra  105.

Figure 12 displays the temperature and concentration pro-
file drawn at the vertical middle cavity along the horizontal 
direction. The graphs show that for lower Ra  103, the tem-
perature and concentration decrease in an almost linear fash-
ion. When the Ra is increased to  104, the profile decreases 
linearly up to half of the cavity and then forms a slightly 
curved pattern. This can be observed in isotherms that after 
half of the enclosure, boundary layer thickness reduces, 
which causes the faster diffusion rate. For higher Ra’s  (104 
and  105), the temperature and concentration drop decidedly 
quicker. It is noted the profiles reach ambient condition even 
before reaching half of the cavity. This shows that if Ra is 
increased, the boundary layer thickness is reduced and the 
diffusion rate increases significantly even for the same aspect 
ratio.

Figure 13 shows the local Nusselt number and Sherwood 
number plotted on the hot wall. It can be observed that for 
lower Ra’s  (103 and  104), there is not much difference in 
the profile. For Ra  104, the Nusselt number is only slightly 
higher than Ra  103 along the top wall. For Ra = 105 and  106, 
the Nusselt number and Sherwood number increase signifi-
cantly toward the bottom wall. Even though the profile looks 
similar, for the Nusselt number and Sherwood number, the 
magnitude is higher for the Sherwood number, which con-
cludes that mass transfer is faster for the current problem.

3.5  Effect of Ra for Various N values on the Diffusion 
Rate

Figure 14 shows the graph of the average Nusselt number 
and Sherwood number for various buoyancy ratios plotted 
for different Ra’s. It is observed that the Nusselt number 
and Sherwood number keep increasing when Ra increases 
irrespective of the buoyancy ratio. However, when N = − 1, 
the diffusion rate is lesser compared to other cases of N. 
These show the opposing buoyancy forces reduce the rate of 
diffusion by temperature or concentration. This observation 
is limited to aspect ratio 1, Le = 2 and the three cases of N 
only. Also for opposing buoyancy ratio (N = − 1), the average 
Nusselt and Sherwood number values are listed in Table 3 
for different Ra’s and Ar at Le = 2, N = − 1.

4  Conclusions

The double-diffusive natural convection in the open-ended 
cavity is analyzed to understand the effects of aspect ratio, 
Rayleigh number and buoyancy ratios. The flow behaviors 
are studied by examining the streamline patterns formed by 
the buoyancy forces. From the results obtained, some critical 
characteristic points are given below.

• For shallow cavity Ra = 103 and  104, there are no much 
differences in fluid flow behavior, thermal and concentra-
tion fields.

• The recirculation vortex dominates when Ra is increased 
to  105, which shows the influence of concentration gra-
dient. When Ra is still raised to  106, the recirculation 
vortex made contact with the ambient condition and new 
vortex also formed.

• For a square cavity, when Ra is increased, the flow 
behavior is influenced by the thermal buoyancy force 
and intensity of fluid velocity.

• For a shallow cavity, the Nusselt number and Sherwood 
number are maximum at the top and bottom sides of the 
wall and minimum at the middle of the cavity. But for 
square cavity and deep cavity, the Nusselt number and 
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Fig. 11  Streamline, isotherms 
and concentration contours for 
Ar = 2.0, Le = 2.0, N = − 1

Ra` Streamline Isotherm Isoconcentration

103

104

105

106
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Sherwood number are minimum at top and maximum at 
the bottom side of the cavity.

• For deep cavity in two areas, the ambient fluid enters and 
leaves the cavity for lower Ra’s  (103 and  104).

• When Ra is increased only for shallow cavity, concentra-
tion gradient gets dominant, and for the square and deep 
cavity, thermal gradient dominance is observed.

• For selected Ra, when the aspect ratio increases, the aver-
age Nusselt and Sherwood numbers can be increased sig-
nificantly.

Fig. 12  Temperature (a) and concentration (b) profile at vertical centerline along x-direction for Ar = 2.0, Le = 2.0, N = − 1

Fig. 13  Local Nusselt number (a) and local Sherwood number (b) at left wall of the cavity for Ar = 2.0, Le = 2.0, N = − 1
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