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Double diffusive natural convection is one of the most widely used study subjects
in heat and mass transfer. In this present study, double diffusive natural convection
heating from below the wall in a closed cavity was studied with direct numerical
simulation method. The flow characteristics are presented as isotherms, iso con-
centrations, and streamlines. The results show that Rar has signification strong
effects on average Nusselt number, with a more considerable Ray, the value of
Nusselt number more higher. These were also found to increase with increasing
buoyancy ratio for adding flow and decrease as buoyancy ratio decreases for op-

posing flows.
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Introduction

In nature and environmental settings, a closed cavity heated from below contain two
(or more) scalar components which contribute to their density, predominantly temperature and
concentration [1, 2]. Double diffusive convection (DDC) is coexistent the effect of temperature
and concentration, which has been studied extensively. It has been adapted in various fields
such as oceanography, astrophysics, geology, metallurgy [3, 4], crystal growth reactor [5], nu-
clear waste storage [6], and dispersion of pollutants indoors [7].

There have been numerous studies on DDC, and many scholars performed experi-
mentally and numerical studies of the thermosolutal convection under combined the effect of
temperature and concentration [8-12]. It also developed a series of quantitative dimensionless
heat and mass transfer rates under the consideration of assisting or opposing buoyancy.

Many numerical methods tools, including the finite different method (FDM), finite
volume method (FVM), finite element method (FEM), and lattice Boltzmann method (LBM),
are used to study on DDC. Chen et al. [13] investigated the DDC using LBM method, and an-
alyzed the key physical parameters affecting heat and mass transfer characteristics. Corcione
et al. [14] numerically investigated the DDC in vertical square enclosures combined the ef-
fect of temperature and concentration based on the SIMPLE C algorithm. The numerical re-
sults were used to found the correlation for the Nusselt numbers of the enclosure cavity. Xu
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et al. [15, 16] used LBM method to study the DDC around the heating cylinder in the square
shell. Nia et al. [17] conducted a numerical analysis of the radiation gas-flow with coexistence
of temperature and concentration in a square cavity.

The DDC related stability, MHD, also was the attention of the researchers. The sta-
bility DDC combined the effect of temperature and concentration difference was analyzed, and
rotation stabilizes diffusion convection cause instability [18-20]. The influences of MHD on
DDC in cavities have been studied by many researchers [21-23].

The structural stability of Brinkman-Forchheimer model of DDC has also been re-
ported in the new documents. Ali e al. [24] and Meften et al. [25] gave the continuous depen-
dence and symmetric results of solutions of Brinkman-Forchheimer equations with a variable
viscosity with the aid of some a priori estimates.

The large eddy simulation (LES) and direct numerical simulation (DNS) in the closed
cavity were also used to study DDC. Chen et al. [26, 27] used the LES model to investigate
DDC, and obtained the quantitative relations between the average Nusselt number, Nu,, the
buoyancy ratio, N, and the thermal Rayleigh number, Ra; parameters. Wang [28] numerically
studied the DDC using the FVM. Nee et al. [29] investigated the 3-D DDC, showing that the
LBM-FDM was better than FDM.

Carpenter et al. [30] evolved the double diffusive interface using DNS. They analyzed
the double diffusive instability due to density difference induced temperature and concentration
gradient buoyancy. The DNS-DDC model is derived to predict the flow patterns in the rect-
angular cavity by Liang et al. [31]. Penney et al. [32] present three DNS of laboratory scale
double diffusive gravity currents.

It is important to note that humans generate an abundance of CO, indoors. Heat and
air quality assessments that use air-CO, mixtures as working fluids entering buildings, even
for healthcare purposes, must therefore, be studied in depth [33]. Serrano-Arellano et al. [7]
numerical investigate DDC of air-CO, mixture in a square cavity. It was noticed that the buoy-
ancy ratio effect on heat transfer depended on the location of the high CO, source. Serrano
Arellano et al. [34] studied natural thermosolutal convection for the same parameters cavity.
It was found that convection and heat transfer amounts increase with the mass transfer under
consideration. However, it decreases with thermal Rayleigh increases. Nikbakhti et al. [35] deal
with the DDC in a closed cavity partially heated vertical walls. It was extended by Nikbakhti
et al. [36] using numerically performed an investigation of DDC inside a cavity. In addition,
they also analyzed the heat and mass characteristics depending on the import factors, which in-
cludes the orientation of the temperature and concentration buoyancy forces. The effect of non-
gray gas radiation on DDC in the square enclosure is studied numerically by Benbrik ez al. [37].
It is obtained that the radiative effects on double diffusive convex on more critical for air-H,O
mixtures than for air-CO, ones. Alhusseny ef al. [38] numerically analysed DDC with constant
vertical wall but different concentration and insulated horizontal walls in long rotating porous
channels. It was noticed that heat and mass characteristics is reduced due to an increase in the
rotation strength. Khalaf et al. [39] performed DDC for staggered cavities thermal Rayleigh
number over 10* <Ra; < 10°, buoyancy ratio over —5 < N< 5, Lewis number, over 1.0 <Le <5.0,
and aspect ratio, 4, over 0.1 <4 <0.2.

According to the aforementioned literature, most numerical studies related to DDC
use FDM, FVM, FEM, and LBM. However, to our knowledge, there has little research on DDC
with an air-CO, mixture in a room fluid using DNS.
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Methodology N w
Problem formulation 1

As shown in fig. 1, the physical and its
numerical model can be simplified into a 2-D
rectangular domain with height A (2.48 m) and
width W (5.89 m). The working fluid, in this
case, is an air-CO, mixture. The air-CO, mix-
ture in the room is Newtonian, stationary at a
constant temperature of 7, and a constant CO,  Figure 1. The sketch of physical
concentration of C,. The bottom wall is isother-  and numerical model
mal with Ty, the left, right, and top walls are
assumed to be both T¢. The highest CO, concentration Cy, can be located on the bottom wall or
other walls depending on the buoyancy ratio, and CO, concentration values vary with N. The
lowest CO, concentration is assumed to be constant (C,= 350 ppm).
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Governing equations, initial and boundary conditions

The corresponding momentum, energy, and pollutant mass species conservation equa-
tion, which use the Oberbeck-Boussinesq approximation for buoyancy and gravity acting in
the negative Y (vertical) direction, control the flow of air-CO, contaminants in the room. The
equations are written in the co-ordinate system:
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The Oberbeck-Boussinesq approximation is applied here, whereby fluid density at
temperature, 7, and concentration, C, is computed:

p(T,C)=p,(T,.CH[1= B (T-T,) = (C-C,)] (6)
The initial conditions are 7= T, and C = C, everywhere in the numerical domain, ex-
cept at the bottom wall is § = 0.5, at other boundary walls are 8 =—0.5. The CO, concentrations
specified on the vertical and horizontal walls are ¢ =0.5aty=0,y=1,x=0, and ¢ =-0.5 or
¢ =0.5at x =2.375, respectively.
The dimensionless forms of the corresponding governing equations can be written:
ou N ov
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in which the dimensionless parameters are obtained
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where T, and C, are reference temperatures and concentrations and a is thermal diffusivity.
The Schmidt number and buoyancy ratio N are defined:
SC:L, N:ﬁC(Ca_CO) (12)

B (T, =T;)

where N is the relative contribution of temperature and concentration density..
The average Nusselt number, Nu,, is usually used to quantify heat transfer character-
istics [40]:

Nu, = [(Nu,),_,dY =j(—%) dy (13)

X=0

Mesh and benchmarking of DNS

In order to ensure that the DNS is independent of the grid and time step, many grids
and time step independent tests were carried out. In this study, It chose the specific case of
Pr=0.71, Ra;= 7.0 - 10°, Le = 1.0, N = —1, which presents the horizontal profiles of velocity
and temperature at x = 0.5, and the vertical profile of velocity and temperature at y = 0.5, all at
t =10 seconds, as shown in fig. 2. These results were obtained with three meshes 1200 x 500
(0.5983 million cells), 1500 x 700 (1.0478 million cells), 1800 x 750 (1.3475 million cells), and
three-time steps of 1 second, 0.5 second, and 0.25 second. It clear that the DNS results obtained
by using three different meshes with the same time steps of 0.5 second are essentially the same.
The comparison of the DNS results obtained by using three different time steps within the same
mesh of 1.0478 million cells, as shown in fig. 2, clearly shows that the differences are very
insignificant. All DNS runs in the current investigation employed the mesh with 1.0478 million
grids and a time step of 0.5 second because it was determined that these parameters could pro-
vide numerical simulation results that were sufficiently accurate.
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Figure 2. Comparisons between the DNS results from three different steps (a) and (b),
three different meshes (c) and (d), u-velocity (a) and (c), and temperature (b) and (d)

The 2-D transient model established physical and mathematical model of DDC in a
closed mixture cavity heating from below under the combined effect of temperature and con-
centration forces, and introduced user-defined function of fluid density. By means of user-de-
fined functions introduced concentration transport equation is established at the same time. The
numerical results are compared with the results in the documents and to ensure the numerical
simulations’ accuracy. It is now well acknowledged that a numerical code requires validation
and verification of the outcomes using the data at hand. We chose the focus of several numerical
validations to benchmark the code utilized in the current investigation [8, 10, 41, 42]. The fol-
lowing parameters were used: Pr=0.71, Ra;=1.0 - 107, Le = 1.0, gathers the values of Nu,,. The
excellent agreement demonstrates the reasonable accuracy of ANSYS FLUENT code for direct
numerical simulating DDC in a closed mixture cavity heated from below in the present study.

Results and discussion

The fluid for DNS runs in present study is air-CO, mixture fluid, with density
pa. =1.16 kg/m3, kinematic viscosity v = 1.85 - 10 m?s, thermal expansion coefficient
Br=3.33 - 10° 1/K, concentration expansion coefficient fr = —0.34 1/%, Pr=0.71, Le = 1.0,
Rarover 10*<Ra;<2 - 107, N over -5 < N < +5.0, respectively.

Qualitative observation
Evolution of a typical thermosolutal natural convection

The indoor air moves irregularly with effect of temperature and CO, concentration, as
shown in fig. 3. The density of indoor air decreases due to the floor heating and more signifi-
cant CO, concentration, and the indoor air becomes upward. It found that the left, right, and top
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walls are low temperatures and CO, concentrations. The indoor air moves up along the horizon-
tal axis to the top, then flows down along the vertical walls, mixed with the upwelling air under
the negative buoyancy due to the temperature and CO, concentration effect. Two circulations in
the room flow come out one counterclockwise and one clockwise vortex. The indoor tempera-
ture and CO, concentration stay stable after =747 to form the highest temperature and largest
CO, concentration in the axis area, lowest temperature and lowest CO, concentration in the left
vertical, right vertical and floor walls. The indoor comfort areas are located in the centre of the
rooms, meeting the work area comfortably.

Isotherms Iso concentration

Streamlines

T=1344.65 j

(n)

Figure 3. Time series of dimensionless isothermal (a), (d), (g), (j), and (m),
iso-concentrations (b), (e), (h), (k), and (n), and

streamlines (c), (f), (i), (1), and (o) for the case of Ra,;= 1.0 - 107, Pr = 0.71,
Le=1.0,and N=-1.0

The influence of thermal Rayleigh number

Figure 4 presents the snapshots of the isothermal, iso concentrations, and streamlines

for the case 0of 1.0 - 10*<Ra;<2.0- 107, Pr=0.71, Le = 1.0, and N = 1.0. It is found that N is a
positive thermosolutal buoyancy force that is cooperative, is conducive to heat and mass trans-
fer. It was showed that the room temperature and CO, concentration were linearly stratified at
the fully developed stage, with higher temperature and concentration in the lower part of a room
and upper part in lower temperature and concentration. From this figure, it is seen that when
Ray increase, both temperature lines and concentrations lines become denser, and the stagna-
tion zone of the left and the right wall becomes smaller, as shown in figs. 4(j)-4(1). Indoor air
is clearly shown to move upward, and the temperature and CO, concentration in the top area of
the room is due to the effect of floor heating, hence prolonging the time of stability in the room.
Figure 5 presents the snapshots of the isothermal, iso concentrations, and streamlines

for the case of 1.0 - 10*<Ra;<2.0- 107, Pr=0.71, Le = 1.0, and N = —1.0. It is found that the
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Figure 4. Dimensionless isothermal (a), (d), (g) and (j), iso concentrations (b), (e),
(h), and (k), and streamlines (c), (f), (i), and (I) varying at different Ra; at N=1.0

room temperature and CO, concentration were also linearly stratified at the fully developed
stage, the lower part of the room is higher temperature and lower concentration, and the upper
part is a lower temperature and more significant concentration. It can also observe that when
Rayincrease, both temperature lines and concentrations lines become denser, and the stagnation
zone of the vertical walls becomes smaller, as shown in figs. 5(j)-5(1). Furthermore, compared
with fig. 4, temperature lines and concentrations lines are sparse, the stratified area becomes
more prominent. The reduction of temperature, concentration and velocity, buoyancy forces
combined the effect of temperature and CO, concentration intensifies the heat and mass transfer.

[ N [
-0.45-0.35-025-0.15-0.05 0.05 0.15 0.25 035 0.45

Isotherms Iso concentration

Streamlines

Figure 5. Dimensionless isothermal (a), (d), (g), and (j), iso-concentrations (b), (e),
(h), and (k), and streamlines (c), (f), (i), and (I) varying at different Rar at N =-1.0
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The flow in the bottom heating cavity increases gradually as the Ra; number increase,
eventually forming fluctuation of flow inside the cavity. At low Rar number, fluid viscosity is
significant, with slow flow development, clear indoor temperature and concentration stratifi-
cation, and smooth and evenly changed curve. The DDC at high Ra; number develops rapidly,
longitudinal slope of curve changes greatly, and local irregularity fluctuates along longitudinal
direction. It indicates that DDC becomes intense, transient characteristics are more obvious,
and turbulence instability occurs with Ra; number increases.

Indeed, the movement exhibits one counterclockwise and one clockwise vortex.
This phenomenon is caused by the indoor air-CO, mixture density difference due to the com-
bined effect of temperature and concentration. These effect assistant the fluid-flow to more
accelerated movement. The highest velocity is on the vertical walls, and the lower values on
the central vertical. The velocity of the room increases by the same factor as the Ra; number
increases.

Compared with the snapshots of temperature and concentration under different Ray,
thermal convection becomes the dominant heat transfer mode with Ra; increase. The heat and
mass transfer at low thermal Rayleigh number (Ra;= 1 - 10%) is mainly realized by bottom heat-
ing and heat conduction of indoor air-CO, mixture fluid. The heat and mass is transferred along
the floor to the central area in room, with heat and mass conduction as the preponderant and
low efficiency. Two-stages are exhibited for indoor mobility development. At the early stage,
the heat and mass is transferred vertically through the floor, the temperature and concentration
increase along the vertical direction the top, the isotherms and iso concentration-lines are al-
most horizontally distributed and paralleled, and the temperature lines and concentration-lines
are stratified. At the later stage, the bottom heating stream is filled integrally into the top area
of the room in the form of air mass. With the increase of Ray, the convection becomes dominant
gradually, causing the increase of the flow velocity and the increase of the heat and mass trans-
fer efficiency, which indicates that the heat and mass transfer is very rapid in this order. The
temperature and concentration boundary-layer are formed on both sides of the wall due to the
constant temperature and concentration of the sidewalls, eventually forming a convection cycle
of the indoor air. The temperature and concentration boundary-layer is generated on the bottom
side, heat and mass are transferred to the top area through the boundary-layer flow and diffuses
evenly to the top area, and the isotherm and iso concentration-lines are no longer strictly kept
horizontally distributed parallel to the bottom wall.

The influence of buoyancy ratio

The buoyancy ratio is an important parameter on the DDC problem, whose magnitude
represents the relative magnitude of two driving forces. The analysis of buoyancy ratio is par-
ticularly important when the two driving forces are not simply counteracting or synergistic. In
this case, whether the macroscopic transport structure of the DDC is dominated by the thermal
buoyancy or by the concentration buoyancy or controlled by both depends on the specific value
of buoyancy ratio.

Figure 6 shows the isotherms, iso concentrations and streamlines of opposing flow
for -5.0 <N <-0.1 at Ra;= 107, Pr = 0.7. The movement of the indoor flow was chaotic and
varied dramatically at the start stage. The velocity on the left and right walls was much larger
than that of the centre of the room, as shown in fig. 6 for the case N = —1.0, with minimum
velocity located in the centre of the room. The indoor air-flow was a double vortex structure,
which flows counterclockwise on the left and clockwise on the right along the horizontal centre
and the horizontal central axis. It found that when —5.0 < N <-1.0, the thermal buoyancy force
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is less than the concentration buoyancy force. The indoor flow movement is induced by natural
convection under only the effect concentration, and the concentration buoyancy force weakens
the thermal one as the negative buoyance ratio increase, leading to the more significant velocity.
From fig. 6, it was also found that temperature and CO, concentration gradually decrease from
floor to roof along the horizontal central axis, is homogeneous without stratification on the cen-
tre, lowest temperature and CO, concentration located on the upper and lower near the vertical
walls. There are two stagnant zones. As for the case N > —1.0, the thermal buoyancy force is
greater than the concentration buoyancy force. The movement of the indoor flow is derived by
natural convection under only the effect temperature, and the CO, concentration buoyancy force
weakens the thermal one as the negative buoyance ratio increase, leading to a smaller velocity.
It is also observed that the isotherms and iso concentrations were linearly stratifications, which
were sparse in part and dense in the lower part. The smaller distance of the isotherms lines and
iso concentrations lines decreases with negative buoyancy ratio.

With the development of flow, the thermal boundary-layer is gradually formed along
the bottom, and the bottom air-flows upward when heated, the top air-flows downward when
cooled, and the symmetrically distributed thermal boundary-layer flow is formed inside left and
right in room. Correspondingly, temperature change happens on the vertical walls of the room,

-045 -0.35 -0.25 -0.15 -0.05 0.05 0.15 025 035 045

Streamlines

Isotherms Iso concentration

() (@
Figure 6. Dimensionless isothermal (a), (d), (), (j), (m), and (p),
iso-concentrations (b), (e), (h), (k), (n), and (q),

and streamlines (c), (), (i), (1), (0), and (r) varying at different NV
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the temperature drop on both sides of the pool is small because it is located at the bottom of up-
per convection, whose temperature is similar to the ambient temperature, with small tempera-
ture difference between them, so the wall heat dissipation caused by temperature difference is
small, causing unapparent temperature decrease. The temperature in the bottom area increases
gradually under the action of heat flow, and the temperature in the top area decreases gradually
under the action of cold flow. With the continuous development of natural convection, heat
is transferred to the core area on both sides of the room through the development of bound-
ary-layer flow. When the flow develops completely, the indoor air forms temperature lines and
concentration-lines stratification, the vertical temperature profile is stratified accordingly, and
the vertical temperature gradient remains basically constant in the middle area of the indoor.
The presence of CO, concentrations is sufficient to suppress indoor unstable convection.
Figure 7 shows the isotherms, iso concentrations and streamlines of aiding flow for
0.1 < N<5.0,at Ray =107, Pr = 0.71, Le = 1.0. It can be seen that indoor air-flow move-
ment was a double vortex structure, which flows counterclockwise on the left and clockwise
on the right along the horizontal centre and central axis. It found that when 0.1 < N < 1.0,
the thermal buoyancy force is more significant than the concentration buoyancy force, and
the indoor air-flow is driven by thermal natural convection. The concentration gradient be-
comes smaller, and the temperature gradient larger, leading to indoor air velocity lower with the

-045 -035 -025 -0.15 -005 0.05 0.15 025 035 045

Isotherms Iso concentration Streamlines

Figure 7. Dimensionless isothermal (a), (d), (), (j), (m), and (p),
iso-concentrations (b), (e), (h), (k), (n), and (q),
and streamlines (c), (f), (i), (1), (0), and (r) varying at different NV
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buoyancy ratio increases. The highest temperature is located in the centre of the bottom wall.
However, the highest CO, concentration is located on the left and right roof, and temperature
and CO, concentration in the centre of the room is a more uniform distribution. When N > 1.0,
the solutal buoyancy force is greater than the temperature buoyancy force, and the solutal buoy-
ancy force induces the movement of the air-CO, mixture. It expect that due to the more exten-
sive the buoyancy ratio is, the reinforcer, the concentration buoyancy is, and the movement of
the fluid is accelerated. The isotherms are similar to the buoyancy ratio N < 0, with the highest
temperature on the bottom wall and the lowest on the roof. Temperature stratification stays
stable. The lower dense, the upper sparse. However, the iso-concentrations are opposite to the
buoyancy ratio is negative, with the lowest concentration located on the bottom wall and the
highest on the top roof. All these demonstrate that heat transfer is reinforced in the aiding flow
and the time to reach a stable state is pronounced.

When the thermal Rayleigh number is small (Ra; = 1.0 - 10*), the flow is mainly
caused by heat conduction between the bottom hot wall and the surrounding cold wall, in which
case the isotherm is almost vertical. The heat transfer mechanism gradually changes from con-
duction-dominated to convective-dominated, and the isotherm gradually becomes horizontal
in the center of the chamber and remains vertical as Ra; increase. However, it is formed when
the two buoyancy forces of heat and mass are the same magnitude (N = 1) in the presence of
concentration. At this time, the two buoyant forces of thermal and mass are in a state of mutual
confrontation, and both sides are evenly matched. The two buoyancy forces control natural
convection equally, causing non-uniform transmission structure in the close cavity, forming two
large vortex structures on the left and right, which occupy most of the indoor space. The left
vortex is counterclockwise and the right is clockwise. In this case, the heat and mass transfer
path is more complicated. The left and right vortices cause heat and mass transfer path obstruct-
ed due to the unco-ordinated flow structure. Part of the heat and CO, remains on the left and
right walls of the room as the two vortices rotate, and part of the heat flows along the lower part
of the left vortex to the upper part of the right vortex and then transfers to the right wall of the
cavity, and part of the CO, is transferred to the left wall along the right side of the left vortex in
counterclockwise direction.

Heat and mass transfer

The Nu,, for different N at Ra;= 7.0 - 10° and Ra;= 1.0 - 10°which are calculated at
the bottom wall as shown in fig. 8(a). When N =—1.0, the temperature and concentration buoy-
ancy are forced to cancel each other, so the Nu,, reaches a minimum value, indicating that the
heat and mass transfer efficiency is the lowest. When the concentration buoyancy force drives
N < -1.0, the movement of the indoor fluid, Nu,, decreases linearly with the increase for each
Ray, indicating that heat and mass transfer decrease as buoyancy ratio, N, increase. When N > 0,
temperature and concentration buoyancy forces are cooperative. For each Ra;, Nu,, increases
linearly with the N increase, indicating that heat and mass transfer increase as the N increases.
It is also noticed that Nu,, is symmetric regarding the axis N =—1.0. From fig. 8(b), it is seen
that Nu,, increases as Rar increases. It is also shown that increasing Rar can improve the rate
of heat and mass transfer.
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Figure 8. Heat and mass transfer Nu,, at different; (a) NV and (b) Ra,

Conclusions

The heat and mass transportation process of complex indoor fluid is to simulate in-
door air-flow behavior and understand its basic characteristics, which is the main way and the-
oretical basis to control and regulate the indoor environment of buildings. Thermal buoyancy is
the buoyancy force produced by fluids (gases or liquids) in some local regions of the flow field
due to temperature differences from that of the fluid in the surrounding region. Under the action
of buoyancy, the fluid with high temperature will rise and the fluid with low temperature will
fall, thus forming convective flow in the flow field, and realizing the exchange and transfer of
heat and mass through the heat exchange and mixing of convective flow. At present, the simu-
lation of indoor air environment takes into account the driving effect of heat source buoyancy
on indoor air-flow, while the influence of indoor pollutant differential concentration on indoor
air-flow is not much. Although the influence of the former is more obvious than that of the
latter, the indoor pollutant concentration has seriously exceeded the standard in recent years
and has become an important threat to human health. The influence of contaminant differential
concentration on indoor air-flow cannot be ignored.

The transient behaviour of thermosolutal DDC in a closed floor heating room filled
with air-CO, mixture was studied using DNS over 1.0 - 10*<Ra;<2.0- 107, and -5.0 < N<5.0.
The results show that Ra; significantly influences indoor air movement, heat, and mass trans-
fer. Indoor air velocity increases, mass and heat transfer enhancement when Ra; increases, as
the combined buoyancy combined the effect of temperature and concentration is strengthened.
The results also show that a positive buoyancy ratio significantly enhance mass and heat trans-
fers and accelerates indoor air-flow, and the effect of temperature and concentration buoyancy
forces are cooperative, and Nu,, increases when buoyancy ratio increase, improving the heat
and mass transfer. Furthermore, when —1 < N < 0, the effect of temperature and concentration
buoyancy are opposed, and air movement is driven by thermal buoyancy. When N = —1, the
mass and heat transfer roughly cancel each other.

With the increase of Ray, the flow in the heating floor in close cavity increases grad-
ually, eventually forming fluctuation of flow in room. At low thermal Raz, fluid viscosity is
significant, with slow flow development, clear indoor temperature and concentration stratifica-
tion, and smooth and evenly changed curve. Natural convection at high Rar develops rapidly,
longitudinal slope of curve changes greatly, and local irregularity fluctuates along longitudinal
direction. It indicates that when Ra; increases, natural convection becomes intense, transient
characteristics are more obvious, and turbulence instability occurs.
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Nomenclature

A —aspect ratio v —dimensionless velocity in Y-direction, [-]

C  — concentration, [%]

C, — ambient concentration, [%] Greek symbols

Cy — highest concentration, [%)] o —thermal diffusivity, [m’s™']

C, —lowest concentration, [%] pc  — concentration expansion coefficient, [%']

C, —reference concentration, [%] pr — thermal expansion coefficient, [K™']

D —mass diffusivity coefficient, [m?s™] 60  — dimensionless temperature, [—]

g — gravitational acceleration, [m?s™] x  —thermal diffusivity of fluid, [m?s]

Le - Lewis number 4 —absolute viscosity of fluid, [kg(m/s)™]

N —buoyancy ratio p  —density, [kgm™]

Nu, — local nusselt number po. —density of the ambient fluid, [kgm]

Nu,, — average Nusselt number v —kinematic viscosity of fluid, [m?s™']

P —pressure, [Pa] 7 — dimensionless time, [-]

Pr — prandtl number ¢ — dimensionless concentration, [—]

p —dimensionless pressure, [—]

Ra; — thermal Rayleigh number Acronyms

Sc  — Schmidt Number DDC - double diffusive convection

T —temperature, [K] DNS - direct numerical simulation

T, —temperature of the ambient fluid, [K] FDM  —finite different method

Ty — highest temperature, [K] FVM  —finite volume method

T, — lowest temperature, [K] FEM  —finite element method

T, —reference temperature, [K] LBM - lattice Boltzmann method

t  —time, [second] LES  —large eddy simulation

U - velocity along the X-direction, [ms™'] MHD - magneto hydro dynamic

u  — dimensionless velocity in X-direction, []
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