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A double-diffusive mixed convection within low turbulent regime in a ventilated 
cavities filled with an air CO2 mixture and heated from below has been numerical-
ly investigated. The lower wall was sustained at a uniform temperature and CO2 
concentration. The vertical and upper walls were kept at external temperature and 
CO2 concentration. To analyze the behavior of flow, the ventilation effectiveness 
for temperature distribution and removal of CO2 contaminant, four configurations 
were dealt. These differ from each other by the location of the mixture inlet and 
outlet gaps. Likewise, three CO2 concentrations were considered (103, 2⋅103, and 
3⋅103 ppm) to investigate the influence of the CO2 diffusion on the ventilation effec-
tiveness. The numerical simulations were performed by considering closed Reyn-
olds averaged-Navier-Stokes equations using the Reynolds-normalization group 
k-ε model. The governing equations’ set was then solved using the finite volume 
method, in which the pressure-velocity coupling was handled using the SIMPLEC 
algorithm. Validation of the numerical model was achieved by comparing our re-
sults with available experimental data. The obtained results indicate that the CO2 
diffusion effect on the air movement and the ventilation effectiveness for tempera-
ture distribution can be neglected in the present study. However, the CO2 diffusion 
remains a key parameter in terms of indoor air quality index. Also, it was found 
that one of the studied configurations provides a better ventilation effectiveness to 
remove heat and CO2 contaminant, and insures a homogeneous temperature and 
CO2 concentration in the occupied zone. The three other configurations maintain 
an acceptable level of heat and can be used in temperate climate to ensure good 
indoor air quality.
Key words: heat transfer, turbulent mixed convection, contaminant diffusion, 

ventilated room, numerical simulation.

Introduction

Over the last few decades, indoor air pollution has become a major concern and pres-
ents potential risks to public health. To deal with this situation, air renewal is one of the prom-
ising solutions. To achieve an efficient air renewal, it is essential to improve our knowledge of 
how ventilation distributes fresh air and how pollutants are transported within indoor spaces. 
Nowadays, indoor air quality (IAQ) has become of greater concern due to the long time periods 
people stay inside confined spaces. It has been mentioned that we spend more than 90% of our 
time in closed spaces such as homes, schools, offices, transports or shopping centers [1]. Fur-
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thermore, contaminant levels within indoor environment are typically much higher than those 
of outdoor environment [2]. More and more polluted products are being emitted by used build-
ing materials and furnishings, consumer and decoration products. Further, since the 1973 oil 
crisis, indoor spaces have been sealed and narrowed to reduce the energy consumption involved 
with heat losses through the envelopes [3]. Though such a development has reduced costs as-
sociated with energy consumption, it has also generated other issues such as confinement and 
poor air quality [3].

To avoid these constraints related to the air tightness, the ventilation is among the 
promising solutions. Its main objective is to provide a healthy environment by supplying un-
polluted fresh air and clearing out contaminants. Moreover, the indoor air-flow is an important 
element for thermal comfort, which depends on several parameters such as air temperature, ra-
diant temperature, humidity, air velocity, etc. Therefore, it is required to have an idea of how the 
fresh air is distributed indoors. Many investigations according to the characteristics of indoor 
air-flows so as to control temperature distribution and pollutant removal have been documented 
[4-9], to name a few.

In indoor environments, it is well known that two physical phenomena occur, namely 
the natural-convection generated by the buoyancy forces induced by temperature and pressure 
gradients, and the forced convection associated to the mechanical ventilation. The competition 
between buoyancy forces and external forces can generate mixed convection. Moreover, in 
the presence of concentration gradients, indoor air-flow becomes complex and is governed by 
double-diffusive mixed convection effects.

As is well known, double-diffusive mixed convection air-flows are encountered in 
many applications (i.e. engineering and geophysical). This includes room ventilation, nuclear 
reactors cooling, solar ponds, lakes and reservoirs, solar collectors, cooling of electronic de-
vices, crystal growth [10-13]. Literature review highlights that various researchers have inves-
tigated the mixed convective flows in ventilated cavities, using analytical, experimental, and 
numerical approaches.

In what follows, we briefly describe some work related to the turbulent regime in ven-
tilated cavities with contaminant gradients. Serrano-Arellano et al. [5] numerically conducted 
a study of heat and mass transfers induced by conduction, convection and radiation inside dif-
ferent ventilated cavities filled with an air-CO2 mixture, which differ by the location of the mix-
ture outlet opening. They reported that, in general, to obtain the advised values of temperature 
and CO2 concentrations, it was sound to consider mixed convection at Reynolds number from 
104. Liu et al. [6] numerically performed a study of heat and mass transfer by turbulent mixed 
convection in a 3-D-ventilated cavity having an air conditioner window equipped with three 
slots for blowing, extracting and re-circulation. They stated that contaminant reduction rates 
can be achieved either by increasing fresh air ratio or Reynolds number, increasing the supply 
air-flow, or reducing the heating source. Cao and Meyers [7] have developed a fast approach 
based on low dimensional models for ventilation monitoring and control. They have shown that 
the flow equations decouple from the concentration equation when the mass air-flow/pollutant 
mass-flow ratio is sufficiently large. In another study [8], they investigated the turbulent inlet 
quantities effect on indoor air-flow parameters and pollutant dispersion using two turbulence 
models (low Reynolds number k-ε and SST k-ω models). They found that the turbulent length 
scales variation at the inlet induce small changes in the indoor flow field. In addition, regarding 
the pollutants dispersion, they indicated that the inlet turbulent quantities fluctuation leads to 
differences in pollutant concentration up to 20%. Deng et al. [9] numerically analyzed the air 
change rates effect on indoor CO2 diffusion and removal inside a 3-D-ventilated room. The 
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authors stressed that the results obtained would be of great interest for practical applications to 
design and control ventilation systems from a health and energy efficiency perspective. Kra-
jčik et al. [14] experimentally conducted a study on air distribution, ventilation effectiveness 
and thermal environment inside a room heated and ventilated by hot air supplied by a mixing 
ventilation system. Comparing with the case of underfloor heating, these authors found that 
the cooling supply air mixed well and created very uniform conditions with proper ventilation 
efficiency when the underfloor heating system was used. Rodriguez-Munoz et al. [15] analyzed 
the effect of heat and CO2 emitted by a human being exhibited to mixed turbulent convection 
with radiation in a naturally ventilated room. They found that the natural ventilation reduces 
the average room temperature by about 4-5.5°C, while radiation rises it between 0.2 °C and 
0.4 °C. Serrano-Arellano et al. [16] performed a study to define an optimal configuration based 
on the location of air outlet port allowing better CO2 contaminant removal from 2-D-ventilat-
ed cavities with the air inlet port located on the lower right vertical wall. The found that the 
case where the air outlet port is at the top side removes a greater amount of contaminant for a  
Re = 5 ⋅ 103, which had an effect on energy savings. In transient regime, Serrano-Arellano et al. 
[17] numerically studied double-diffusive convection with conduction and radiation conditions 
inside a ventilated cavity filled with an air-CO2 mixture where an air outlet gap was set close 
to the heat and contaminant sources. They reported that the advised thermal and air quality 
parameters were met within 15 seconds for Re = 1⋅104.

Based on the literature review up-reported, it appeared that research on the ventilation 
systems’ ability to ensure better temperature distribution and better CO2 diffusion in environ-
ments ventilated interiors operating with low Reynolds numbers remain scarce. Thereby, it 
seems useful to conduct a numerical study to predict the air-flow behavior inside ventilated 
rooms subjected to temperature and concentration gradients as a first approximation. The ob-
jectives here are twofold: 
 – to numerically perform a study of the low turbulent double-diffusive mixed convection from 

a ventilated cavity heated from below and 
 – to assess the CO2 diffusion effect on the air-flow behaviour, the temperature and concentra-

tion distributions, and the IAQ.

Computational analysis

Physical domain

Figure 1 shows the investigated configu-
ration (1.04 × 1.04 m2, i.e. length and height) 
with the Cartesian co-ordinate system. We 
consider this cavity because of the interesting 
experimental data availability [18]. Here, the 
working fluid is an air-CO2 mixture. The bot-
tom wall is subjected to uniform temperature, 
TH, and CO2 concentration, CH. External con-
ditions (i.e. temperature, TC, and CO2 concen-
tration, CL) are applied to the other walls, with 
TH > TC and CH > CL. The air-CO2 mixture is 
renewed by providing fresh air from outside, 
TC and CL, through an opening mounted at the 
top of the left wall. The polluted air leaves the 
cavity through an opening at the bottom of the 

Figure 1. Ventilated cavity configuration with 
associated boundary conditions
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right side. The air inlet velocity is fixed at 0.57 ms–1, which leads to Re = 706. The considered 
thermal Rayleigh number is 2.62⋅109 (with TH = 308.5 K). The Lewis number corresponding 
to considered thermal and mass diffusivities, α and D, is equal to 1.47. The thermophysical 
properties of air-CO2 mixture were achieved by using recommended relationships by Poling et 
al. [19].

Governing equations

To analyze the steady-state low turbulent double-diffusive flow in the whole cavity, 
the commercially available CFD software scStream was used. The following assumptions were 
made-up: 
 – the flow is turbulent, fully developed and viscous, 
 – the air-CO2 mixture is Newtonian and incompressible under the Boussinesq approximation, 

and 
 – the dissipation, pressure forces’ work, and radiation are assumed to be negligible. In addi-

tion, the CO2 concentration level is low (it is 0.04% lower compared to air). 
The RANS equations coupled to the RNG k-ε turbulence model having been deemed 

herein are those described in [20].

Boundary conditions

The appropriate boundary conditions for the present problem are: u = w = 0 on the 
all solid surfaces, u = uin and w = 0 m/s at the air inlet, ∂(u, w)/∂n = 0 at the air outlet, n 
being the unit normal. As for thermal boundary conditions, the temperature of the: air inlet is  
Tin = 288 K, floor is TH = 308.5 K, other walls is TC = 288 K. For the CO2 contaminant, at inlet port is  
Cin = 350 ppm, at the floor is CH (varied between 103 and 3⋅103 ppm), at the other walls is  
CL = 350 ppm. The boundary conditions for T and C at the outlet are Neumann conditions, i.e., 
∂T/∂n = ∂C/∂n = 0. Regarding the turbulent quantities, their values are kin = 1.25⋅10–3 m2/s2 and 
εin = 0 m2/s3 at the inlet port [18], while at the air outlet, ∂k/∂n = ∂ε/∂n = 0. At this port (outlet), 
an atmospheric pressure value has been set. 

Numerical procedure

Discretization

The aforementioned governing equations were solved numerically employing a fi-
nite-volume method. To avoid possible artificial diffusion, which is caused by truncation errors 
due to the discretization, a QUICK scheme and a second-order central differencing scheme 
were involved in approximating the advection and diffusion terms, respectively. Note that the 
pressure-velocity coupling was performed using the SIMPLEC algorithm, and that the numer-
ical resolution was achieved using multiple-iteration constrained conjugate gradient. When the 
residual values of the different equations are sufficiently low for every control volume, overall 
convergence is achieved (10–8 for each variable). Table 1 shows the results’ convergence of heat 
balance at the last iteration of the computation. We find that the receiving and release heat are 
equivalent meaning, thereby, that convergence is reached.

Table 1. Heat receiving and release balances for the  
computation’s last iteration with CH = 3⋅103 ppm

Heat receiving balance [W] Heat release balance [W] Total [W]

2.48⋅10–2 2.48⋅10–2 0.00
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To ensure that the results are grid-independent and well-resolved, the simulations were 
repeated with different fine levels of meshing. It was determined that there were no noticeable 
differences in the solutions when the number of cells is around 196 × 196 cells or greater. Table 
2 illustrates the relative error of mean temperature and concentration, Tm and Cm, maximum 
and minimum velocity components (at X = 0.5 or Z = 0.5), and their locations, X or Z, of the 
196 ×196 grid. A maximum deviation of 1.0% for all variables between meshes 196 ×196 and  
216 ×216 grid was spotted.

Table 2. Relative errors between grids and 196 × 196 grid with CH = 3000 ppm
Grid 176 × 176 196 × 196 216 × 216

Cm [ppm] 836.06 (0.66%) 830.59 826.76 (0.46%)
Tm [K] 292.47 (0.00%) 292.47 292.47 (0.00%)

umax⋅10–1 at X = 0.5 [ms–1] 3.42 (1.72%) 3.48 3.51 (0.86%)
Z 0.99 (0.70%) 0.99 0.99 (0.00%)

umin⋅10–1 at X = 0.5 [ms–1] –3.57 (0.56%) -3.59 –3.59 (0.00%)

Z⋅10–2 1.83 (0.00%) 1.83 1.84 (0.55%)

wmax⋅10–1 at Z = 0.5 [ms–1] 3.09 (1.59%) 3.14 3.16 (0.64%)

X⋅10–2 3.22 (6.27%) 3.03 3.00 (0.99%)

wmin⋅10–1 at Z = 0.5 [ms–1] –3.88 (0.51%) –3.90 –3.91 (0.26%)
X 0.99 (0.00%) 0.99 0.99 (0.00%)

Numerical validation

To check and validate our approach, the ventilated cavity under thermal buoyancy 
force and low turbulent regime reported by [18] was solved. To avoid overloading the text, 
note that the verification and validation processes have already been presented in previous 
work [21-24], with satisfactory results. Likewise, the check process was completed via the 
problem addressed by Ampofo and Karayiannis [25]. It consists on a 2-D-ended square cavity 
filled with air and differentially heated between the vertical walls in turbulent regime. To deal 
with such a benchmark case, the following dimensionless parameters were used: Pr = 0.71 and  
RaT = 1.58⋅109. The results are shown in fig. 2 for dimensionless temperature, w-velocity plot-
ted at Z = 0.5, and local Nusselt number at the cold and hot walls. It can be seen that the results 
match those obtained experimentally [25]. Under these comparisons, we can conclude that the 
implemented approach shows satisfactory results.

Results and discussions

In the following, we present the results of 2-D-ventilated square cavity heated from 
below, and filled with an air-CO2 mixture (Pr = 0.71). The heights of the air inlet and outlet 
openings are hin = 0.018 m and hout = 0.024 m. The air-CO2 mixture penetrates at 288 K and  
350 ppm with a velocity of 0.57 m/s. The vertical walls and the upper one are maintained at 
a uniform temperature and CO2 concentration of 288 K and 350 ppm, respectively. The lower 
wall is attached a constant temperature (TH = 308.5 K) and CO2 concentration (CH > 350 ppm). 
The obtained Reynolds and thermal Rayleigh numbers are equal to 2.62⋅109 and 706, respec-
tively. It is useful to recall that, in the case of displacement ventilation, forced convection is 
generally low. Buoyancy forces due to the difference of temperature and concentration affect 
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the flow. The presence of these forces creates mixed convection which can occur with differ-
ent magnitudes. To quantify this, the Richardson number that represents the ratio between the 
natural and forced convections (Ri = (RaT/Pr)/Re2, where RaT and Re being defined with the 
same scale L) was defined. When Ri = 1, the two forces are equivalent and the developed flow 
is mixed convective. Depending on the range wherein the problem is defined 0 < Ri < 1 or  
1 < Ri < ∞, the natural and forced convection forces are present with a different interaction. For 
Ri >> 1, the flow is only driven by the free convection, while for Ri << 1, forced convection 
prevails. From the obtained Richardson number (Ri = 2.23), the flow is mixed convective with 
a slight dominance of free convection.

Flow patterns

To identify the flow behavior, and the distribution of temperature and CO2 concentra-
tion inside the cavity, it is important to know how the fresh air is distributed in the cavity. For 
this, we illustrate isotherms, CO2 isolines, streamlines and age of air in fig. 3 for different values 
of CH (1000, 2000, and 3000 ppm). It should be noted that the corresponding buoyancy ratios, 
N, are –3.12⋅10–3, –7.93⋅10–3, and –1.25⋅10–2, respectively. It is worth noting that the flow is 
opposing when N is negative. Simply stated, the solutal buoyancy force opposes that of thermal 
buoyancy force.

Regarding isotherms, it is observed that the cold air becomes warm as it comes near 
the bottom. Then, it rises towards the cavity upper part. During this movement, the heat is 

Figure 2. Comparison with [25]; (a) dimensionless temperature, (b) dimensionless w-velocity,  
(c) Nul at the cold wall, and (d) Nul at the hot wall with RaT = 1.58⋅109
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trapped in the center of the cavity with some thermal stratification in the heart of the cavity 
while explaining the resting state of the fluid in this area. It should be noted that the isotherms 
are insensitive to the increasing of the CO2 source, CH, due to the low values of buoyancy ratios. 
This means the solutal buoyancy forces are negligible past the thermal buoyancy and external 

Figure 3. Isotherms [K], iso-concentrations [ppm], streamlines [ms–1] and age of 
air [s]; (a) CH = 1000 ppm, (b) CH = 2000 ppm, and (c) CH = 3000 ppm
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forces are the motor of the motion. As for the CO2 isolines, they follow the isotherms but the 
quantity of CO2 increases as CH growing. For streamlines, we observe a large re-circulation 
vortex in the cavity, which is driven by the jet and buoyancy forces. In addition, two smaller 
structures are distinguished in the upper right corner and the lower left one. The flow pattern for 
three CH values appears to be almost identical for the same reason mentioned previously. Also, 
we note the emergence of a third cell close to the inlet port and below the jet. This is due to the 
Coanda effect and interaction between natural and forced convections. To get an idea about the 
time what fresh air takes to sweep the cavity, the local age of air [26] is presented. We found that 
fresh air takes less time to get closer to walls due to the closure of the flow at these locations. 
In the middle of the cavity, air passes over time due to prevailing low velocities at the center of 
cavity. Regarding the results obtained, there was no change in the air-flow and thermal behavior 
when CH increases. This is due to the low contribution of the solutal buoyancy forces (the ratio 
N being close to zero).

To determine the value of CH for which the flow physics is affected by solutal con-
vection, we have performed a numerical experiment by increasing CH to 2⋅104 ppm. Figure 4 
illustrates the temperature, u- and w-velocity components, and intensity of turbulent kinetic 
energy profiles along the vertical and horizontal mid-planes for CH equal to 103, 3⋅103, and  
20⋅103 ppm. We observe that the velocity components and temperature do not change 
with CH. Although, the intensity of the turbulent kinetic energy is slightly sensitive when  
CH = 20⋅103 ppm. This confirms what has been said previously. As conclusion, the effect of 
solutal convection is negligible in the building scale due to the low CO2 concentrations, but 
remains dangerous to human being health beyond a certain threshold concentration (103 ppm, in 
France). It may be advisable to consider the effect of CO2 density in industrial processes where 
concentrations are much higher (e.g. combustion process).

The analysis of fig. 5 shows that the increasing of CH causes an increase of the 
CO2 concentration in the large central part of the cavity. It ranges from about 430 ppm for  
CH = 103 ppm to 850 ppm when CH = 3⋅103 ppm. The CO2 contaminant profiles plotted along the 
cavity bisector indicate that the CO2 is homogeneous in the occupied zone and all concentration 
gradients are located near-walls. This demonstrates that there is no concentration pic that can 
harm occupants’ health.

Table 3 shows the mean temperature, Tm, and CO2 concentration, Cm, and their stan-
dard deviation, σ, within the cavity according to the CH. We see clearly that Tm is insensitive to 
the increasing of CH (σ = 0 K). In the other hand, CO2 concentration is highly increased by CH, σ 
is important (201.5 ppm). This is due to the increasing of the CO2 source amount. The standard 
deviation σ is obtained via the relationship:

( )2

1

1N

i
i N

σ φ φ
=

= −∑ (1)

where ϕi is the discrete variable, ϕ ̄ – the average value, and N – the number of observations.

Table 3. Mean internal temperature and  
CO2 concentration and their standard deviation σ

CH [ppm] Tm [K] Cm [ppm]
1⋅103 292.5 427.5
2⋅103 292.5 631.3
3⋅103 292.5 830.6

σ 0.0 201.5
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Figure 4. Contour plots along the horizontal and vertical cavity bisectors;  
(a, b) temperature, (c, d) w- and u-profiles, and (e, f) turbulent kinetic energy 
intensity (I = k1/2), with different values of CH; (a, c, e) Z = 0.5 and (b,d,f) X = 0.5

Figure 5. The CO2 concentration plots along the cavity bisectors; (a) Z = 0.5 and (b) X = 0.5
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Nusselt and Sherwood numbers on the hot wall

To quantify the convective heat and mass transfers, one often uses the local and aver-
age Nusselt and Sherwood numbers. Here, both are defined:

( )m l 0
00 0

1 1Nu Nu d d
L L

z
z

Tx x
L L T z=

=

− ∂ = =  ∆ ∂ ∫ ∫ (2)

( )m l 0
00 0

1 1Sh Sh d d
L L

z
z

Cx x
L L C z=

=

− ∂ = =  ∆ ∂ ∫ ∫ (3)

The local and averaged Nusselt and Sherwood numbers on the hot wall (bottom wall) 
for a wide range of CH graphically depicted in fig. 6. We observe that, at the outside of the ver-
tical boundary-layers, Nul is minimum near the left wall (air-CO2 mixture is hot) and increases 
to its maximum at the opposite wall (air-CO2 mixture is cold), see fig. 6(a). As a function CH, 
Nul is identical because the variations of buoyancy ratio are very low. Regarding the local 
Sherwood number, fig. 6(b), Shl has a similar evolution compared to Nul with a slightly higher 
values and decreases softly when CH increases. As for average Nusselt and Sherwood numbers,  
fig. 6(c), Num remains stable when CH increases, in contrary Shm which decreases. Based on 
these results, we conclude that solutal buoyancy forces do not contribute to the enhancement of 
heat and mass transfers.
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Characteristic parameters

In this section, the ventilation effectiveness for temperature distribution, εT, and re-
moval of CO2 pollutant, εC, and index of indoor air quality, IIAQ, are analyzed for the mentioned 
parameters and boundary conditions. These parameters are relevant to get an information on 
the ventilation effectiveness to ensure the occupants comfort. They provide a quantitative index 
related to the way in which heat and pollutants are distributed all over inside the cavity, the 
higher the value is, the more homogeneous temperature and pollutants distributions are. Awbi 
expresses this parameter [27]:

out in
T

m in

T T
T T

ε
−

=
−

(4)

out in
C

m in

C C
C C

ε
−

=
−

(5)

m out
IAQ

outTh

C C
I

C C
−

=
−

(6)

Four configurations were considered: Configuration A (inlet gap on the upper of the 
left wall and outlet on the lower of opposite wall, fig. 1, Configuration B (inlet gap on the lower 
of the left wall and outlet on the upper of the opposite wall), Configuration C (inlet opening on 
the lower part of the left side and outlet on the upper of the same side), and Configuration D 
(inlet on the upper of the left side and outlet on the lower of the same side). The obtained results 
are gathered in tab. 4 vs. CH.

The results show that εT is not affected by the increase of CH for the reasons up-men-
tioned indicating that solutal buoyancy forces do not induce changes in heat and mass transfers. 
Regarding the pollutant removal effectiveness, it is found that εC evolves with CH. It was found 
that the Configuration D provides the highest value of εT and εC compared to the others. As can 
be seen, the values remain significantly larger than unity indicating that the ventilation suffi-
ciently evacuate the heat and the CO2 contaminant. In terms of indoor air quality, IIAQ is less than 
unity for all configurations and CH values considered meaning they all ensure good air quality. 
Nevertheless, the Configuration D provides the best performance. It is worthy to note that the 
sign (–) indicates that the CO2 concentration at the outlet gap, Cout, is greater than the average 
CO2 concentration of the cavity, Cm.

Based on the obtained results, it may be concluded that the Configurations A, B, and 
C uphold εT and εC close to unity and IIAQ less than unity. Thereby, they can be used in temperate 
climate zones (e.g., Mediterranean climate) to ensure an acceptable IAQ and maintaining an 
appreciable temperature level. As for the Configuration D, it can be used to remove the internal 
heat while contributing to refresh the room in summer and insure a good IAQ.

Conclusions

The low turbulent double-diffusive mixed convection flow in a 2-D-ventilated room 
filled with an air-CO2 mixture was computationally investigated. The emphasis has been on 
the CO2 diffusion effect on the flow behavior, temperature distribution, and indoor air quality. 
Computations have been performed with thermal Rayleigh number of 2.62⋅109, Reynolds num-
bers of 706, Prandtl number of 0.71, Lewis number of 1.47, and various CO2 source between 
103 and 3⋅103 ppm. In RANS equations, the RNG k-ε turbulence model was used. Based on the 
simulation results, our main findings can be drawn as follows. 
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� The analysis of the effect of CO2 diffusion showed that solutal convection can be neglected 
in the field of building because the CO2 concentration level is low but still dangerous. It 
is recommended to consider its effect on industrial applications where concentrations are 
heavy.

� Regarding heat and mass transfers, the increasing of CO2 amount does not improve or de-
mean both Nusselt and Sherwood numbers due to the low buoyancy ratios, which are close-
ly zero.

� In terms of thermal comfort, the Configuration D exhibits a much higher εT (>unit) than that 
of other configurations. Thereby, it seems to be intended to evacuate sufficient internal heat, 
and may be suitable for use in summer. As for Configurations A, B, and C, they present a εT 
close to unity and can, therefore, be used in winter in temperate climates for the CO2 release.

� Finally, from the results of the ventilation efficiency for the removal of pollutant, (εC, and 
the indoor air quality index, IIAQ, it was found that the mixing ventilation process uphold an 
acceptable and homogeneous CO2 concentration distributions, and that all configurations 
ensure an appreciable indoor air quality based on the CO2 pollutant.

Table 4. The εT, εC, and IIAQ values vs. CH

CH [ppm] εT εC IIAQ Configuration

1⋅103 0.71 0.63 0.05

2⋅103 0.71 0.72 0.18

3⋅103 0.71 0.73 0.45

1 ⋅ 103 0.81 1.10 –0.01

2 ⋅ 103 0.81 1.14 –0.05

3 ⋅ 103 0.81 1.24 –0.23

1 ⋅ 103 0.73 0.94 0.00

2 ⋅ 103 0.73 1.09 –0.03

3 ⋅ 103 0.73 1.14 –0.13

1 ⋅ 103 4.68 5.79 –0.16

2 ⋅ 103 4.68 8.86 –0.96

3 ⋅ 103 4.69 11.79 –6.56
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Nomenclature

C – chemical species’ concentration,  
[kgm–3 or ppm]

ΔC – characteristic concentration difference,  
 (= CH – CL), [kgm–3]

CTh – threshold concentration, [kgm–3 or ppm]
D – diffusion coefficient, [m2s–1]  
g – gravity acceleration, [ms–2]
H – cavity’s height, [m]
h – height of the inlet or outlet air gap, [m] 
I – turbulent kinetic energy intensity, [ms–1] 
IIAQ – indoor air quality index, [–]
k – turbulent kinetic energy, [m2s–2]  
L – cavity’s width, [m]
Le – Lewis number, (= α0/D)  
N – buoyancy ratio, (= βSΔC/βTΔT)
Nu – Nusselt number, [–]
Pr – Prandtl number, (= n 0/α0)
p – fluid pressure, [Pa]
RaT – Rayleigh number, [= gβTΔTH3/(n 0α0)]
Re – Reynolds number, (= ρ0Uinhin/μ0)
Ri – Richardson number, [= (RaT/Pr)/Re2]
Sh – Sherwood number, [–]
T – fluid temperature, [K]
ΔT – characteristic temperature difference,  

(= TH – TC), [K]
U – velocity modulus, [ms–1]
U0 – buoyancy velocity, [= (gβTΔTH )1/2], [ms–1]
u, w – horizontal and vertical velocities, [ms–1]
X, Z – dimensionless co-ordinates, [= (x, z)/H]
x, z – horizontal and vertical co-ordinates, [m]

Subscripts

C  – cold
H – – high or hot
in – inlet
L – low
l – local
m – mean or average
max – maximum
min – minimum
S – solutal
out – outlet
0 – reference
T – thermal

Greek symbols

α – thermal diffusivity, [m2s–1]
βS – solutal expansion coefficient, [m3kg–1]
βT – thermal expansion coefficient, [K–1]
ε – turbulence energy dissipation, [m2s–3]
εC – ventilation effectiveness for pollutants 

removal, [–]
εT – ventilation effectiveness for temperature 

distribution, [–]
µ – dynamic viscosity, [kgm–1s–1]
n – kinematic viscosity, [m2s–1]
ρ – density, [kgm–3]
σ – standard deviation
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