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Abstract: Double diffusive natural convection driven by Simultaneous temperature and concentration gradients are
fundamental to many engineering and environmental processes. The buoyancy ratio N , defined as the ratio of solutal to thermal
buoyancy forces, critically determines whether thermal or solutal effects dominate the flow structure, heat transfer, and species
transport. While most existing studies rely on two-dimensional simplifications and alternative numerical methods, this paper
presents a three-dimensional numerical investigation of the effect of the buoyancy ratio on steady, laminar double-diffusive
natural convection in a rectangular enclosure with an aspect ratio of 0.5. The continuity, momentum, energy, and concentration
equations governing the flow are solved using the finite-volume method with the SIMPLE algorithm on a staggered grid.
Parametric simulations are performed for buoyancy ratios N = 1.0, 2.5, 5.0, and 10.0, with fixed Prandtl number Pr = 7.0,
Lewis number Le = 2.5, and Rayleigh number Ra = 50000. Results show that increasing the buoyancy ratio from 1.0 to 10.0
significantly enhances the uniformity of the temperature field and enhances vertical heat transfer. Concentration profiles become
sharper and more localized as the buoyancy ratio is increased. At a high buoyancy ratio, solutal buoyancy dominates, producing
a thin solutal boundary layer and strong stratification, thereby promoting salt fingering. Velocity profiles become stronger, more
organized, and more stable as the buoyancy ratio increases. The 3-dimensional nature of the flow reveals that the effect of the
buoyancy ratio in the enclosure is isotropic; the primary circulation plane along the z-y plane shows the greatest changes, while
the secondary planes (x-y and x-z) show only a significant change. The finite volume method proves to be an effective tool for
3-dimensional parametric studies. The results provide a valuable benchmark for engineering applications where controlling the
balance between thermal and solutal buoyancy is crucial, such as chemical reactors, drying systems, and thermal management
devices.
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1. Introduction
Convection is a mode of heat transfer that occurs when

a fluid flows over a solid surface of different temperature.
When buoyancy forces arise from both temperature and
concentration gradients, the phenomenon is termed double
diffusive natural convection, also called thermal-solute
convection. This process is central to many applications,
including oceanography (salt fingers), building ventilation,

the drying of agricultural products, the cooling of electronic
devices, and chemical processing.

The buoyancy ratio N is mathematically defined by
equation (1)

N =
βc(Ch − Cl)

βT (Th − Tl)
, (1)

where βT and βc are the thermal and solutal expansion
coefficients, and ∆T and ∆C are the imposed temperature
and concentration differences. The value of N determines
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the relative strength and direction of the two buoyancy
mechanisms:

1) N > 1: solutal buoyancy dominates, often leading to
layered convection or salt fingering.

2) N < 1: thermal buoyancy dominates, yielding more
stable, uniform convection.

3) N = 1: thermal and solutal effects are comparable,
resulting in complex flow interactions.

Early research on double-diffusive convection established
the importance of dimensionless parameters such as buoyancy
ratio (Veronis [1] and Turner [2]). Subsequent studies have
explored the role of buoyancy ratio N in various enclosures.

Mamou et al [4] analytically and numerically studied
double-diffusive convection in a vertical rectangular enclosure.
They derived that the buoyancy ratio determines the direction
(aiding or opposing) and strength of thermal and solutal
buoyancy forces. When thermal and solutal forces act in
the same direction (reinforcing each other), convection is
enhanced; when they act in opposite directions, convection
may be suppressed, leading to layered flow structures. Their
numerical solutions using the finite difference method showed
good agreement with analytical predictions.

Nishimura et al [5] investigated oscillatory double-diffusive
convection in a rectangular enclosure with opposing horizontal
temperature and concentration gradients. For RaT = 105,
Pr = 1, Le = 2, and AR = 2 [2]. They observed
that oscillatory flow occurred only within a certain range of
buoyancy ratio (N = 0.02 to 2.0). Their Crank?Nicolson
scheme captured the transition from steady to oscillatory
convection, but the study remained two-dimensional.

Ridha and Mounir[13] studied double-diffusive mixed
convection in a double-lid driven rectangular cavity using the
finite volume method [3]. They varied the buoyancy ratio and
the Rayleigh number and found that increasing N increased
the temperature and enhanced convection-driven heat transfer.
At Ra = 106, the effect was most pronounced. Their
work employed the FVM but was limited to two-dimensional
geometry.

Koufi et al [16] performed a three-dimensional study of
double-diffusive natural convection in a cavity filled with an
air-CO2 mixture, using the finite volume method with the
SIMPLEC algorithm [4]. They reported that for positive
buoyancy ratios, thermal and solutal forces cooperate; for
N = 0, solutal forces are weak and the flow is purely
thermoconvective; for large negative N , competition occurs.
Their work is one of the few 3D studies, but they did not
systematically vary N above 1.0; the present study extends to
N = 10.0.

Xu et al.[17] applied lattice Boltzmann simulations
to double-diffusive natural convection in an enclosure,
considering Soret and Dufour effects [5]. They found that
heat and mass transfer were weakened as the Dufour and Soret
numbers increased, while varying the buoyancy ratio between
−10 and 10. However, their method differed from FVM, and
the geometry was two-dimensional.

Despite these valuable contributions to the literature,
a systematic three-dimensional parametric study of the

buoyancy ratio using the finite-volume method remains
lacking, especially for N > 1 where solutal buoyancy
dominates [8, 14, 15] for the lack of a 3D study [6, 7, 9,
12]. While previous studies, including Belazizia et al. [11],
have explored double-diffusive natural convection, most have
focused on 2D geometries or different boundary conditions.
The current paper addresses this gap by focusing exclusively
on the buoyancy ratio, using a full 3-dimensional finite-volume
method (FVM) and analyzing results across three orthogonal
planes. While many studies, including Aghighi et al. [18],
address double-diffusive natural convection, especially for
Newtonian fluids in a rectangular enclosure, these studies
remain limited, justifying the present study’s focus.

This paper focuses specifically on the effect of varying
buoyancy ratio on concentration, temperature, and velocity
profiles in a steady, laminar, 3-dimensional double-diffusive
natural convection in a rectangular enclosure.

2. Mathematical Formulation and
Methodology

2.1. Physical Model and Assumptions

Figure 1. Physical model

The physical model of the flow problem, figure 1, is a
rectangular enclosure of aspect ratio AR = 0.5, height L,
width, and depth scaled accordingly as depicted in Figure
1. The left vertical wall (x = 0) is maintained at constant
high temperature Th and high concentration Ch. The opposite
vertical wall (x = W ) is at constant low temperature Tl

and low concentration Cl. All other walls are adiabatic and
impermeable. Gravity acts vertically downward (negative z-
direction). The working fluid is a water-salt mixture.

The following assumptions are made:
1) The flow is three-dimensional, steady, and laminar.
2) The fluid is in-compressible.
3) Gravitational acceleration acts only in the z-direction.
4) The Boussinesq approximation holds: density is constant
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except in the buoyancy term given by equation (2)

ρ = 1− βT (Th − Tl) + βs(Ch − Cl) (2)

5) Dufour and Soret effects are negligible.
These boundary conditions and assumptions are applied to

the general equations of continuity,momentum, energy and
concentration equations to obtain the specific equations that
model the flow in this study.

2.2. Governing Equations

The specific equations modeling the flow are non-
dimensionalized using characteristic scales (length L, velocity
U0, temperature difference ∆T = Th − Tl, concentration
difference ∆C = Ch − Cl) to yield the dimensionless
governing equations given by (3) to (8) Anderson et al [10]

Continuity:
∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0 (3)

X-momentum:

u
∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −∂p

∂x
+

1

Pr
∇2u (4)

Y-momentum:

u
∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
= −∂p

∂y
+

1

Pr
∇2v (5)

Z-momentum (includes buoyancy):

u
∂w

∂x
+v

∂w

∂y
+w

∂w

∂z
= −∂p

∂z
+

1

Pr
∇2w+

Ra

Pr
(θ−NC) (6)

Energy:

u
∂θ

∂x
+ v

∂θ

∂y
+ w

∂θ

∂z
=

1

Pr
∇2θ (7)

Concentration:

u
∂S

∂x
+ v

∂S

∂y
+ w

∂S

∂z
=

1

Le
∇2S (8)

The dimensionless parameters are defined by equation (9) to
(12)

Pr =
ν

α
(9)

Ra =
gβT (Th − Tl)L

3

αν
(10)

Le =
α

D
(11)

N =
βc(Ch − Cl

βT (Th − Tl
(12)

2.3. Numerical Method

The governing partial differential equations are discretized
using the finite volume method (FVM), which transforms the
continuous equations into a system of algebraic equations by
integrating over discrete control volumes. A key advantage
of FVM is that it ensures conservation of mass, momentum,
energy, and species over each control volume and hence over
the entire domain.

2.3.1. Grid Generation and Staggered Arrangement

Figure 2. Discretization grid

The three-dimensional domain, figure 2 (dimensions Lx =
Ly = Lz with AR=0.5) is subdivided into uniform rectangular
control volumes as depicted in figure 2. A general nodal point
P is identified with its neighbors: East (E), West (W ), North
(N ), South (S), Top (T ), and Bottom (B). The control volume
faces are denoted by lowercase letters e, w, n, s, t, b.

To avoid unphysical oscillatory pressure fields, a staggered
grid is employed. The idea is to evaluate scalar variables
at ordinary nodal points and velocity components at the
staggered-grid points centered on the cell faces. In this study,
Scalar variables (pressure p, temperature θ, concentration S)
are stored at the main nodal points. Velocity components are
stored on the cell faces: u velocities on the east and west faces,
v velocities on the north and south faces, and w velocities on
the top and bottom faces. This arrangement ensures that the
pressure gradient driving a velocity component is evaluated
across the same control volume for which that velocity is
computed, providing a strong coupling between pressure and
velocity.

2.3.2. Parameter Ranges
The following fixed parameters were used: Ar = 0.5,

Pr = 7.0 (water-salt mixture), Le = 2.5, N = 10.
The Rayleigh number was varied in a range that spans the
conduction-dominated regime (Ra = 104), the transition
regime (Ra = 5× 104), and the convection-dominated regime
(Ra = 105 and 106), while remaining within laminar flow
bounds (Ra < 109).
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2.3.3. Discretization of the Transport Equations
Applying the finite volume method to the x-momentum

equation (as an example) over the u-control volume and using
central differencing for diffusive fluxes yields a discretized
equation of the form:

aPui,J,K =
∑︂

anbunb + (PI,J,K − PI−1,J,K)Ai,J , (13)

where the summation index nb runs over the six neighboring
velocity nodes (i ± 1, J,K; i, J ± 1,K; i, J,K ± 1). The
coefficients anb contain contributions from convective and
diffusive fluxes through the faces, and aP is the sum of
all neighboring coefficients plus any source terms. Similar
discretized equations are obtained for the v- and w-momentum
equations. The buoyancy term in the z-momentum equation
becomes a source term that couples the temperature and
concentration fields to the velocity field.

For the energy and concentration equations, which are scalar
transport equations, the discretization is performed over the
main (scalar) control volume, yielding:

aPϕI,J,K =
∑︂

anbϕnb, (14)

where ϕ stands for θ or S. The coefficients depend on the
velocity field, the Prandtl number (for energy), and the Lewis
number (for concentration).

2.3.4. Pressure-Velocity Coupling: The SIMPLE
Algorithm

The continuity equation does not contain an explicit
pressure term. To link pressure and velocity, the Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) algorithm is
employed. The iterative procedure is as follows:

1) Guess the pressure field p∗.
2) Solve the momentum equations using p∗ to obtain

intermediate velocity components u∗, v∗, w∗ from the
discretized equations.

3) Compute pressure corrections p′ such that p = p∗ +
p′. Velocity corrections u′, v′, w′ are related to p′ via
simplified relations derived by dropping the neighboring
velocity correction terms:

u′ = du(p
′
I−1,J,K − p′I,J,K),

v′ = dv(p
′
I,J−1,K − p′I,J,K),

w′ = dw(p
′
I,J,K−1 − p′I,J,K).

Here du, dv, dw are geometric coefficients from the
momentum discretization.

4) Substitute the corrected velocities u = u∗ + u′, etc.,
into the discretized continuity equation. This yields a
Poisson-like equation for the pressure correction p′:

aI,J,Kp′I,J,K = ai+1,J,Kp′I+1,J,K + ai−1,J,Kp′I−1,J,K

+aI,j+1,Kp′I,J+1,K + aI,j−1,Kp′I,J−1,K

+aI,J,k+1p
′
I,J,K+1 + aI,J,k−1p

′
I,J,K−1 + bI,J,K ,

where the source term b contains the mass imbalance
from the guessed velocities.

5) Solve the pressure correction equation (using a tri-
diagonal matrix algorithm line by line) to obtain p′.

6) Update pressure and velocities: p = p∗ + αpp
′, u =

u∗ + du(p
′
I−1,J,K − p′I,J,K), etc., where αp is an under-

relaxation factor (typically 0.8 for pressure).
7) Solve the energy and concentration equations using the

updated velocity field.
8) Check convergence: If residuals are above a tolerance

(here 10−6), return to step 2 with the corrected pressure
as the new guess.

2.3.5. The Final Set of Discretized Equations
The final set of the dicretized momentum, energy,

concentration and corrected presure equations are given by
equations 15 to 20

1) the x-momentum equation

aPUi,J,K = aEUi+1,J,K + aWUi−1,J,K

+ aNUi,J+1,K + aSUi,J−1,K

+ aTUi,J,K+1 + aBUi,J,K−1

+ PI,J,K − PI−1,J,K

(15)

2) The y-momentum equation is given by equation

aPVI,j,K = aEVI+1,j,K + aWVI−1,j,K

+ aNVI,j+1,K + aSVI,j−1,K

+ aTVI,j,K+1 + aBVI,j,K−1

+ PI,J,K − PI,J−1,K

(16)

3) The z-momentum equation is given by equation

aPWI,J = aEWI+1,J,k

+ aWWI−1,J,k + aNWI,J+1,k

+ aSWI,J−1,k + aTWI,J,k+1

+ aBWI,J,k−1 + PI,J,K

− PI,J,K−1 + bI,J,k

(17)

4) The energy equation is given by equation

aP θI,J,K = aEθI+1,J,K + aW θI−1,J,K

+ aNθI,J+1,K + aSθI,J−1,K

+ aT θI,J,K+1 + aBθI,J,K−1

(18)

5) The concentration equation is given by equation

aPSI,J,K = aESI+1,J,K + aWSI−1,J,K

+ aNSI,J+1,K + aSSI,J−1,K

+ aTSI,J,K+1 + aBSI,J,K−1

(19)
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6) The corrected pressure equation is given by equation

ai,j,kP
/
I,J,K = ai+1,J,KP

/
I+1,J,K

− ai−1,J,KP
/
I−1,J,K

+ aI,j+1,KP
/
I,J+1,K

− aI,j−1,KP
/
I,J−1,K

+ aI,J,k+1P
/
I,J,K+1

− aI,J,k−1P
/
I,J,K−1

+ bI,J,K

(20)

The algorithm is implemented in MATLAB. Under-
relaxation is applied to all variables to ensure stability.
The solution is considered converged when the normalized
residuals for all equations fall below 10−6. Grid independence
was verified by refining the mesh from 30 × 30 × 30 to
50 × 50 × 50 and monitoring changes in the Nusselt and
Sherwood numbers (less than 2% variation). The final results
are presented and discused.

3. Results and Discussion

3.1. Effect of Buoyancy Ratio on Temperature Profiles

3.1.1. Along the x-y Plane

(a) N=1 (b) N=2.5

(c) N=5.0 (d) N=10.0

Figure 3. Effects of Buoyancy ratio on the temperature profile along x-y plane.
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Figure 3 illustrates the temperature profiles along the x-
y plane for N-1.0, 2.5, 5.0, and 10.0. For all values, a
clear temperature gradient exists from the heated x-plane
to the cooler y-plane. At N = 1.0 (thermal buoyancy
dominates), the isotherms are somewhat curved and closely
spaced near the hot wall, indicating a strong thermal boundary
layer. As N increases to 2.5, 5.0, and 10.0, the isotherms
become smoother and more evenly spaced, indicating a more

uniform temperature distribution. This occurs because solutal
buoyancy adds to the thermal buoyancy, enhancing vertical
mixing and spreading heat more evenly across the cavity. The
results also show a noticeable vertical heat exchange: hot fluid
rises from the lower region and cool fluid sinks. The strength
of this vertical exchange increases with N , as solutal forces
amplify the overall buoyancy.

3.1.2. Along the x-z Plane

(a) N=1 (b) N=2.5

(c) N=5.0 (d) N=10.0

Figure 4. Effect of Buoyancy ratio on the temperature profile along x-z plane.

Figure 4 shows the temperature profiles along the x-z plane
resulting from varying the buoyancy ratio. At low N =
1.0, the isotherms show strong vertical stratification, with hot
fluid near the bottom and cold fluid near the top. As N
increases, the isotherms become more uniformly distributed,

especially in the upper part of the enclosure. This indicates
that solutal buoyancy forces enhance vertical heat transfer,
driving hot fluid higher and promoting mixing. At N = 5.0,
the temperature field is nearly isothermal in the central region,
demonstrating efficient heat distribution.
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3.1.3. Along the z-y Plane

(a) N=1.0 (b) N=2.5 (c) N=5.0 (d) N=10

Figure 5. Effect of Buoyancy ratio on the temperature profile along z-y plane.

Figure 5 is a representation of the Buoyancy ratio on the
temperature profiles along the vertical-lateral (z-y) plane in a
double-diffusive natural convection system. The results are
represented as isotherm contours, which show the primary
temperature profiles in the z-y plane. A clear gradient exists
from the heated z-plane to the cooler y-plane. At higher N ,
the isotherms become more evenly spaced, and the thermal

boundary layer near the hot wall becomes thinner, indicating
stronger convective heat transfer. The vertical heat exchange
becomes more pronounced as N increases, with the hottest
fluid rising to the top and cool fluid sinking to the bottom in
a well-organized circulation cell. This aligns with Koufi et al
[16], who observed that positive buoyancy ratios (cooperative
forces) produce stronger thermal convection.

3.2. Effect of Buoyancy Ratio on Concentration Profiles

3.2.1. Along the x-y Plane

(a) N=1.0 (b) N=2.5
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(c) N=5.0 (d) N=10

Figure 6. Effect of Buoyancy ratio on the concentration profile along x-y plane.

Figure 6 is a representation of the effect of varying buoyancy
ratio on the concentration profiles along the horizontal- lateral
(x-y) plane in an enclosure with double diffusive natural
convection. The results shows iso-concentration lines on the
x-y plane. At N = 1.0, thermal buoyancy dominates, and
the concentration gradients are relatively smooth; the solute
diffuses widely. As N increases to 2.5 and 5.0, solutal
buoyancy becomes more important, and the iso-concentration

lines become sharper, indicating thinner solutal boundary
layers. At N = 10.0, the contours are tightly packed near
the high-concentration wall, showing that solutal buoyancy
dominates and strongly localizes the solute near the source.
This is because the increased N enhances the solutal driving
force, causing more vigorous solutal circulation and steeper
gradients.

3.2.2. Along the x-z Plane

(a) N=1.0 (b) N=2.5
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(c) N=5.0 (d) N=10.0

Figure 7. Effect of Buoyancy ratio on the concentration profiles along x-z plane.

Figure 7 is a representation of the effect of varying buoyancy
ratio on the concentration profiles along the horizontal- vertical
(x-z) plane in an enclosure with double diffusive natural
convection. The fluid flow in the enclosure is driven by
a combined temperature and concentration gradient. The
results are represented using iso-concentration lines, which
connect points of equal species concentration within the
enclosure.Results illustrates concentration profiles along the x-

z plane. At low N , the solute plume is wide and diffuses far
into the cavity. As N increases, the plume becomes narrower
and more vertical, with sharper concentration gradients. This
indicates that solutal buoyancy forces drive stronger vertical
transport, but the solute remains confined to a thinner layer
near the hot wall. The secondary solutal circulation patterns
become more pronounced at higher N .

3.2.3. Along the z-y Plane

(a) N=1.0 (b) N=2.5 (c) N=5.0 (d) N=10.0

Figure 8. Effect of Buoyancy ratio on the concentration profile along the z-y plane.

Figure 8 is a representation of the effect of varying
Buoyancy ratio on the concentration profiles along the vertical-
lateral (z-y) plane in an enclosure with double diffusive natural
convection. The fluid flow in the enclosure is driven by a
combined temperature and concentration gradient. The results
are represented using iso- concentration lines, which connect
points of equal species concentration within the enclosure. The
results show the concentration profiles along the z-y plane.
Primary solutal transport occurs from the high-concentration
z-plane to the low-concentration y-plane. At N = 1.0, the

iso-concentration lines are widely spaced, indicating gradual
mixing. As N increases to 10.0, the contours become much
steeper and more distinct, with solute confined to a narrow
region near the source. This implies that when solutal
buoyancy dominates, the solute stratifies strongly and does
not mix readily with the rest of the fluid. This behavior
is typical of salt-fingering regimes when N > 1. These
results are consistent with Nishimura et al [5] and extend their
observations to 3-D.
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3.3. Effect of Buoyancy Ratio on Velocity Profiles

3.3.1. Along the x-y Plane

(a) N=1.0 (b) N=2.5

(c) N=5.0 (d) N=10.0

Figure 9. Effect of Buoyancy ratio number on the velocity vector along x-y plane.

Figure 9 is a vector plot of the effect of varying the
Buoyancy ratio on the velocity profiles along the horizontal-
vertical (x-y) plane in an enclosure with double-diffusive
natural convection. The results are represented using iso-
concentrates, which depict the direction and magnitude of fluid
flow within the enclosure. The figure shows the direction and
magnitude of fluid flow within the enclosure. The velocity
profiles reveal the formation of secondary circulation within
the enclosure. This circulation is driven by buoyancy forces
resulting from simultaneous temperature and concentration

gradients. Results show that secondary circulation is weak and
disorganized, with vectors short and somewhat random. As N
increases to 2.5, 5.0, and 10.0, the flow becomes increasingly
organized and strong. At N = 10.0, well-defined circulation
cells appear, with fluid moving from the hot wall toward the
cold wall along the top and returning along the bottom. The
maximum velocity magnitude increases significantly with N ,
indicating that solutal buoyancy enhances the overall flow
strength. The flow also becomes more streamlined, suggesting
improved stability.
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3.3.2. Along the x-z Plane

(a) N=1.0 (b) N=2.5

(c) N=5.0 (d) N=10.0

Figure 10. Effect of Buoyancy ratio number on the velocity vector along x-z plane.

Figure 10 is a vector plot of the effect of varying the
Buoyancy ratio on the velocity profiles along the horizontal-
vertical (x-z) plane in an enclosure with double-diffusive
natural convection. The results are represented using iso-
concentrates, which depict the direction and magnitude of fluid
flow within the enclosure. The figure shows the direction and
magnitude of fluid flow within the enclosure. The velocity
profiles reveal the formation of secondary circulation within
the enclosure. This circulation is driven by buoyancy forces

resulting from simultaneous temperature and concentration
gradients. Results reveal that at low N , vertical motion is
weak, and the flow is nearly parallel to the horizontal direction.
As N increases, a strong vertical circulation develops: hot
fluid rises along the hot z-plane, moves horizontally toward the
cold x-plane at the top, sinks along the cold wall, and returns
along the bottom. This convection cell becomes more vigorous
and compact at higher N . The vertical velocities increase
markedly, enhancing mixing and heat transfer.

3.3.3. Along the z-y Plane

(a) N=1.0 (b) N=2.5 (c) N=5.0 (d) N=10.0

Figure 11. Effect of Buoyancy ratio number on the velocity vector along z-y plane.
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Figure 11 is a vector plot of the effect of varying the
Buoyancy ratio on the velocity profiles along the horizontal-
vertical (z-y) plane in an enclosure with double-diffusive
natural convection. The results are represented using iso-
concentrates, which depict the direction and magnitude of fluid
flow within the enclosure. The figure shows the direction and
magnitude of fluid flow within the enclosure. The velocity
profiles reveal the formation of secondary circulation within
the enclosure. This circulation is driven by buoyancy forces
resulting from simultaneous temperature and concentration
gradients. The results illustrate the primary velocity field
on the z-y plane. At N = 1.0, a single, weak circulation
cell occupies the enclosure. As N increases, the circulation
strengthens, and the cell becomes more elongated in the
vertical direction. At N = 10.0, the flow is highly organized
with intense upwelling along the hot wall and downwelling
along the cold wall. The velocity vectors are longer and more
uniform in direction, indicating a strong, stable convection
regime dominated by solutal buoyancy.

These velocity observations are in excellent agreement
with Ridha, B., & Mounir [13] and Koufi et al. [16],
who reported that increasing the buoyancy ratio enhances
circulation intensity. The present 3-D results further show that
this enhancement is anisotropic: the effect is most pronounced
in the primary circulation plane (z-y) and is also significant in
the secondary planes (x-y and x-z).

3.4. Summary of Buoyancy Ratio Effects

1) Temperature: Higher N produces more uniform
temperature distributions and enhanced vertical heat
transfer. Isotherms become smoother and more evenly
spaced.

2) Concentration: Higher N leads to sharper concentration
gradients and more confined solute layers. Solutal
buoyancy dominates at N = 10.0, creating strong
stratification.

3) Velocity: Higher N results in stronger, more organized,
and more stable circulation. Flow patterns evolve from
weak, disorganized motions to vigorous, well-defined
convection cells.

These effects are consistent with the physical interpretation:
as the buoyancy ratio increases, solutal forces become
progressively more important, augmenting the total buoyancy
force and driving stronger convection.

4. Conclusion
This paper presents a three-dimensional numerical study

of the effect of the buoyancy ratio N on temperature,
concentration, and velocity profiles in steady, laminar double-
diffusive natural convection within a rectangular enclosure
(AR = 0.5). The finite volume method with SIMPLE algorithm
was used to solve the coupled governing equations. The main
conclusions are:

1) Increasing the buoyancy ratio from 1.0 to 10.0

significantly enhances the uniformity of the temperature
field and increases vertical heat transfer. At N = 10.0,
the temperature distribution is nearly isothermal in the
core region.

2) Concentration profiles become sharper and more
localized as N increases. At high N , solutal buoyancy
dominates, producing thin solutal boundary layers and
strong stratification, which may promote salt-fingering
behavior.

3) Velocity fields become stronger, more organized, and
more stable with increasing N . At N = 10.0, well-
defined primary and secondary circulation cells develop,
with maximum velocities several times higher than at
N = 1.0.

4) The 3D nature of the flow reveals that the effect of N
is anisotropic: the primary circulation plane (z-y) shows
the strongest response, but secondary planes (x-y, x-z)
also exhibit significant changes.

These results provide valuable benchmarks for engineering
applications where controlling the balance between thermal
and solutal buoyancy is crucial, such as in chemical reactors,
drying systems, and thermal management devices. The finite
volume method proves to be an effective tool for such 3-D
parametric studies.

Future work should extend the analysis to unsteady and
turbulent regimes, include Soret and Dufour effects, and
explore negative buoyancy ratios (opposing flows) to fully
characterize the dynamics of double-diffusive convection.
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Abbreviations
MATLAB Matrix Laboratory
FVM Finite Volume Method
AR Aspect Ratio
Cp Specific Heat Capacity at Constant Pressure

jKg−1K−1

g Gravitational Acceleration ms−1

T Temperature K
P Thermodynamic Pressure Nm2

t Time s
h Hot Wall and High Concentration
c Cold Wall and Low Concentration
u, v Velocity Components
x, y Dimensional Coordinates
Pr Prandtl Non-dimensional Number
Ra Rayleigh Non-dimensional Number
Sc Schmidt Non-dimensional Number
Le Lewis Non-dimensional Number
α Thermal Diffusivity m2s−1

ρ Density Kgm−3

υ Kinematic Viscosity m2s−1
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β Thermal Expansion Coefficient K−1

D Mixture Average Diffusion Coefficient
λ Thermal Conductivity
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