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ABSTRACT: The accumulation of carbon monoxide (CO) in underground spaces poses a significant health hazard;
therefore, effective ventilation is essential. This study presents a transient numerical analysis under turbulent flow
conditions to evaluate CO dispersion, and identify optimal ventilation configurations. Both during normal operation
and in scenarios with high localized concentrations, such as a fire event. The governing equations were solved using the
finite volume method with the standard k–ε. Turbulence model. Three configurations were analyzed by varying the
outlet location: Case A with an upper-left outlet, Case B with a mid-left outlet, and Case C with a lower-left outlet.
The Reynolds number (Re) ranged from 500 to 10,000 to represent different flow velocities. The results showed that the
time required to purge the interior region ranged from 11 to 16 s for Re = 5000 and Re = 10,000, achieving minimum
average (CO) concentrations of 1 ppm. Case C exhibited cross-ventilation that enhanced contaminant removal, whereas
Case A demonstrated the highest overall distribution efficiency (εC = 14.364). In the localized fire scenario, cross-
ventilation minimized CO propagation into the interior, with removal times ranging from 11 to 191 s. This depended
on the fire location and the Reynolds number. This study demonstrates that outlet positioning, flow velocity, and the
presence of thermal plumes significantly influence CO dispersion and removal. The findings provide practical design
and operational guidelines for ventilation systems in confined underground environments, ensuring occupant safety
and maintaining indoor air quality during both normal and emergency conditions.
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1 Introduction
Underground cities originally emerged for defensive, religious, military, or climatic reasons, represent-

ing remarkable achievements in engineering and human adaptation. From ancient shelters to modern urban
projects, they demonstrate how societies have utilized the subsurface to address challenges related to safety,
overpopulation, land use, and sustainability. Currently, the construction of underground infrastructures has
increased in response to growing urban congestion. Beyond being an alternative to surface space limitations,
underground construction offers multiple advantages: the stable subsurface temperature reduces heating and
cooling demands, resulting in energy savings; it optimizes land use in densely populated cities; improves
mobility through underground transportation systems; and provides protection against extreme weather
events [1–4]. Common examples include subway stations, parking facilities, warehouses, shelters, and under-
ground commercial areas. However, these infrastructures also pose challenges such as high construction
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costs, complex planning requirements, safety risks (e.g., fires, flooding, or structural failures), and health
issues associated with inadequate sunlight exposure or poor ventilation. One of the main challenges in
such environments is air quality control, as the lack of natural ventilation promotes the accumulation of
pollutants such as CO, CO2, NO2, NOx, volatile organic compounds (VOCs), particulate matter (PM), and
radon [5–7]. Among these, carbon monoxide (CO) is particularly critical because it is colorless and odorless,
and at high concentrations it can cause headaches, dizziness, severe poisoning, or even death [8,9]. Several
studies have shown that ventilation effectiveness and air quality strongly depend on the configuration of
inlets and outlets, flow rates, and the geometry of the space. Studies [10,11] demonstrated that contaminant
extraction efficiency depends on the relative position of the source and ventilation openings. Reference [12]
highlighted that the arrangement of ventilation directly influences thermal comfort and users’ perception,
whereas reference [13] demonstrated through computational fluid dynamics (CFD) simulations that inlet
and outlet positioning, along with variable ventilation rates, significantly affect contaminant dispersion.
Reference [14] confirmed that combined supply-and-exhaust systems enhance CO removal efficiency, while
later studies [15,16] showed that obstacles and partition walls alter airflow circulation, impacting pollutant
removal. Additional research [17–22] emphasized the importance of integrated ventilation and emission
control strategies to maintain indoor air quality within WHO-recommended limits. Recent studies [23–26]
have also highlighted that ventilation efficiency depends on the configuration of openings and ducts, flow
rates, temperature gradients, and occupant distribution, underlining the need for proper ventilation system
design and management. Regarding CO dispersion, studies [13,27] reported that air velocities around 2
m/s are effective in maintaining CO concentrations within safe limits. Reference [28] determined that a
minimum ventilation rate of 3.5 ACH is required under normal conditions and up to 9.2 ACH under extreme
conditions, while Ref. [14] reported CO concentrations ranging from 24 to 235 ppm, observing that combined
supply-and-exhaust systems are more effective than exhaust-only systems. Subsequent investigations [29]
confirmed that airflow velocity and distribution are key parameters for CO control, and studies [15,16]
demonstrated that physical barriers require higher local velocities to achieve similar CO dispersion levels.
Reference [30] showed that inclined single-jet fans improve CO dispersion, optimizing efficiency even at
moderate flow velocities. Therefore, the design and operation of efficient ventilation systems are crucial to
control internal CO and other pollutant concentrations in these environments [31,32]. An inadequate ven-
tilation strategy not only reduces contaminant removal effectiveness but also increases the risk of occupant
exposure [33]. The following studies have also addressed the thermal behavior and smoke propagation in
confined environments such as underground car parks, tunnels, and coal mines, emphasizing the critical
role of ventilation in the evolution of fires and the dispersion of pollutants. Studies [34,35] highlighted the
vulnerability of these environments and the need for safe and efficient ventilation systems. Complementary
experimental and numerical investigations [36–38] demonstrated that a localized vehicle fire can evolve
rapidly and intensify depending on airflow velocity and direction. Full-scale experiments [39,40] confirmed
that fire propagation to adjacent vehicles can occur within minutes, while CFD models [41] have been used to
predict the thermal distribution, CO concentration, and smoke movement. Reference [42] analyzed smoke
and CO behavior in underground car parks affected by vehicle fires using the Fire Dynamics Simulator (FDS),
considering various geometric aspects and horizontal ventilation configurations. They observed that the heat
release rate (HRR) can range from 0.5 to 20 MW, and that the sudden inflow of fresh air may reignite the
fire, thereby increasing its severity. Localized fires or heat sources in underground spaces can drastically
alter airflow patterns and pollutant dispersion. Experimental and numerical studies have shown that the
interaction between thermal buoyancy and forced ventilation can reduce extraction efficiency [43–46].
Subsequent experimental and numerical research [47–51] demonstrated that the geometry of the car park and
the arrangement of openings significantly influence smoke and CO propagation. Moreover, jet fan ventilation
systems can disturb smoke stratification and increase CO concentrations at the occupied zone (~2 m height),
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affecting both visibility and occupant safety. Nevertheless, a gap remains in transient numerical analyses of
CO dispersion generated by localized fires under different ventilation strategies. This work aims to address
this gap through transient CFD simulations focused on identifying configurations that minimize occupant
exposure and maintain CO concentrations within OSHA limits [52] (9 ppm over 8 h; 25 ppm over 1 h).

Accordingly, the present study focuses on the transient analysis of CO dispersion in underground
spaces under different ventilation conditions, including localized fire scenarios, using CFD under turbulent
flow (k–ε model). The effects of inlet–outlet configuration and inlet velocity on contaminant dilution and
dispersion are evaluated, providing practical guidelines for the design and operation of ventilation systems
in tunnels and underground car parks. The results offer criteria for developing safer, more comfortable, and
sustainable underground environments, considering energy efficiency and occupant health protection.

2 Physical Model
This section describes the physical model employed for the different study cases. The analyzed domain

corresponds to a rectangular cavity in which three outlet configurations were evaluated, each located on
the left wall: an upper outlet (Case A), a mid-height outlet (Case B), and a lower outlet (Case C), as shown
in Fig. 1.

Figure 1: Physical model of the ventilated cavity with a contaminant source: localized fire.

Air enters through the left wall with a minimum carbon monoxide (CO) concentration of
Cinl e t = 1 ppm, corresponding to outdoor air. The inlet velocity was defined as a function of the Reynolds
number, Uinl e t = f (Re), over a range of 500 to 10,000. The height of the openings was fixed at 0.30 m, which
represents a typical dimension for ventilation diffusers.

Boundary conditions were defined as follows: a low contaminant concentration CC = 5 ppm was
imposed on the vertical walls; the bottom wall was assigned a high concentration CH = 25 ppm, while the
top wall was considered adiabatic and impermeable. The cavity dimensions were set to 4 m in length and
3 m in height. The bottom wall is treated as a boundary condition with a high pollutant concentration; this
condition can represent different real-world scenarios, such as a line of vehicles emitting CO.

After identifying the most efficient geometric configuration for contaminant removal, a hypothetical
scenario corresponding to a localized fire was proposed. This case was analyzed at three different positions:
near the air inlet, at the center of the cavity, and close to the outlet. In all scenarios, the contaminant source
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was located at a constant height of 0.75 m, with a concentration of C = CH . Assuming that emissions from
vehicle fires occur at approximately this high.

3 Turbulent Convective Mathematical Model
This section describes the mathematical model employed to represent the transient turbulent convective

flow. The turbulence model adopted was the standard k–ε model, which is widely recognized for its
robustness and ability to predict turbulent flows in ventilated cavities and similar engineering applications.
The model is based on the fundamental principles of conservation of mass (1), momentum (2), and species
conservation (3). Since a transient analysis is considered, the temporal evolution term is included in all
governing equations. The fluid is modeled as Newtonian and incompressible, with constant thermophysical
properties within the study range. Viscous dissipation is considered negligible, and the effects of thermal
radiation are not included but the concentration buoyancy is included. Given the low contaminant con-
centration levels, it is assumed that these do not affect the mass diffusion coefficient. The no-slip condition
(u = 0) is imposed on solid surfaces, and the previously described boundary conditions are applied. The
properties of the air—CO mixture are assumed to remain constant, except in the buoyancy term in the
momentum equation, where the Boussinesq approximation is adopted to represent density variations caused
by concentration gradients.

Continuity equation:

∂ (ρ)
∂t
+ ∂ (ρui)

∂xi
= 0 (1)

Momentum conservation equation:

∂ (ρui)
∂t

+
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j] + ρgi βc (C − C∞) (2)

Contaminant (or chemical species) conservation equation (CO):
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+
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∂x j
= ∂
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(ρDAB

∂C
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The terms ρu′iu
′

j and ρu′jC′ in the conservation equations represent; the Reynolds stress tensor and the
turbulent mass flux vector. The presence of these terms introduces additional unknowns into the averaged
Navier–Stokes equations, resulting in a non-closed system; that is, there are more unknown variables than
available equations. This phenomenon is known as the turbulence closure problem.

To address this issue, closure models are required to express the turbulent terms in terms of the mean
flow quantities. This is commonly achieved through the turbulent viscosity hypothesis, which establishes an
analogy between turbulent stresses and mean velocity gradients. Accordingly, the Reynolds stress tensor can
be related to the mean velocity via an effective turbulent viscosity μt , as expressed by the following relation:

ρu′iu
′

j = −μt [
∂ui

∂x j
+

∂u j

∂xi
] + 2

3
ρκδi j (4)
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Similarly, the turbulent mass flux can be modeled analogously to Fick’s law for molecular diffusion:

ρu′jC′ = −
μt

Sct

∂C
∂xi

(5)

The term Sct = νt
Dt

is known as the turbulent Schmidt number.
The last three equations presented above share the turbulent viscosity, which can be estimated using the

empirical Kolmogorov–Prandtl relation, expressed as follows:

μt = Cμ
ρk2

ε
(6)

where the equations for the turbulent kinetic energy (k) and the turbulent kinetic energy dissipation rate (ε)
are:
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The production due to shear stress and the buoyancy production-destruction of turbulent kinetic energy
are defined, respectively, as follows:

Pκ = −ρu
′
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(9)
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(10)

Henkes et al. (1992) [53] suggested using a first-class wall boundary condition for the turbulent kinetic
energy dissipation rate (ε = ∞, a large value), known as the H turbulence model. The corresponding values
are determined empirically to establish the wall boundary conditions for this model. Pk represents the shear
production of turbulent kinetic energy, while Gk denotes the buoyant production or destruction of turbulent
kinetic energy. The model constants are defined as follows: Cε1 = 1.44, Cε2 = 1.92, Cε3 = tanh ∣v/u∣, Cμ = 0.09,
σk = 1.0, σε = 1.3.

Boundary Conditions
The mathematical boundary conditions are defined as follows:

• Velocity components on solid surfaces are zero, ux = uy = 0.
• Inlet velocity, uinl e t = f (Re), outlet velocity, ∂ux/∂n = 0, ∂uy/∂n = 0, n is the normal vector in the

flow direction.
• Inlet concentration, C = Cinl e t , for outlet concentration, ∂C/∂n = 0.
• CH and CC are constant in bottom and vertical walls.
• Upper wall is impermeable.
• Turbulent boundary conditions in the inlet k = 1.5 (0.04uinl e t)2.0, εinl e t = (kinl e t)0.5 / (0.1Hi).
• Outlet turbulent boundary conditions, (∂k/∂n) = 0 and (∂ε/∂n) = 0.
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4 Effectiveness of Contaminant Distribution (εC )
The analysis of contaminant distribution effectiveness is essential for evaluating the performance of

ventilation systems, as this parameter quantifies the efficiency of polluted air distribution within an enclosed
space. In this study, the contaminant distribution effectiveness was assessed under two main scenarios:

• Normal ventilation condition: In this case, the objective is to maintain adequate indoor air quality
(IAQ). A high distribution effectiveness indicates that the air–contaminant mixture is efficiently diluted,
leading to a uniform reduction of contaminant concentration throughout the domain.

• Localized fire condition: Under this scenario, the rapid generation of contaminants (mainly CO and
smoke) poses a significant safety risk. A low distribution effectiveness implies that the contaminant
spreads toward occupied zones rather than being efficiently extracted through the outlet openings,
thereby compromising occupant safety.

The contaminant distribution effectiveness index is determined following the methodology proposed
by [54], expressed as:

εC =
Coutl e t − Cinl e t

Cav erage − Cinl e t
(11)

where:

• Cinl e t is the average contaminant concentration at the air inlet,
• Cav erage is the average contaminant concentration within the cavity, and
• Coutl e t is the average contaminant concentration at the outlet.

This parameter quantifies the efficiency with which the ventilation system removes the contaminant
from the enclosure, where εC > 1 indicates effective extraction, and values below 1 reflect contaminant
accumulation within the space.

5 Numerical Methodology
The system of equations describing the mathematical model is derived from the fundamental con-

servation principles of mass, momentum, energy, and chemical species diffusion. Due to the high level of
nonlinearity and coupling among these equations, obtaining an analytical solution is not feasible. Therefore,
the finite volume method (FVM) is employed for spatial discretization. The finite volume approach, intro-
duced by Patankar [55], transforms the differential conservation equations into their integral form, which
is solved over a computational mesh. In this mesh, scalar variables (such as temperature or concentration)
are computed at the centers of the control volumes, while vector variables (such as velocity components)
are estimated at the cell faces using appropriate interpolation or upwind schemes. This method is widely
adopted because it enforces the conservation laws within each control volume, ensuring both numerical
stability and global continuity of the solution. The SIMPLEC algorithm is used to couple the continuity and
momentum equations, a standard approach in turbulent flow simulations. The resulting system of algebraic
equations is solved using the Line-by-Line (LBL) method combined with the Alternating Direction Implicit
(ADI) scheme, both of which are recognized for their stability and computational efficiency. To guarantee
convergence, suitable relaxation factors are applied, and the iterative process is considered converged when
the residuals of all governing equations fall below 1.0 × 10−8. According to Xamán et al. [56], the general
numerical procedure using the finite volume method can be summarized as follows:

1. The computational domain is divided into a finite number of control volumes, and initial values are
assigned to all flow variables (u, v, P, and C).
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2. The conservation equations for mass, momentum, and chemical species are integrated over each control
volume and converted into algebraic form.

3. The fluxes of transported quantities across the cell faces are computed using appropriate interpola-
tion schemes.

The resulting set of algebraic equations is then solved iteratively using pressure–velocity coupling
algorithms such as SIMPLE or SIMPLEC until convergence of all flow variables is achieved.

5.1 Validation and Verification of the Numerical Code
To validate the developed numerical code, the obtained results were compared with the experimental

data reported by Nielsen (1990) [57]. The reference case corresponds to an isothermal ventilated cavity under
turbulent flow conditions, as illustrated in Fig. 2.

Figure 2: Isothermal ventilated cavity. [Nielsen, 1990] [57].

The model geometry is two-dimensional and consists of a rectangular cavity with a height of 3.0 m
(H) and a length of 9.0 m (L). The inlet opening has a length of 0.168 m (APER1), while the outlet opening
measures 0.48 m (APER2).

The flow was modeled using the standard k–ε turbulence model, considering the following thermo-
physical properties of air: Re = 5 × 103, ρ = 1.2064 kg/m3, μ = 1.5054 × 10−5 kg/m⋅s, λ = 2.569 × 10−2 W/m⋅K,
and Cp = 1006 J/kg⋅K, corresponding to a temperature of 20○C.

The dimensionless velocity profiles, U*, are presented along four sections of the cavity (Fig. 3):

• In the first two sections, U* is plotted along the Y* axis for fixed positions X* = 1.0 and X* = 2.0,
corresponding to regions near the inlet and outlet, respectively.

• In the remaining two sections, U* is plotted along the X* axis for fixed values of Y* = 0.028 (near the
floor) and Y* = 0.972 (near the ceiling).

The comparison between the numerical and experimental results showed good agreement, validating
the implementation of the finite volume method, the SIMPLEC coupling algorithm, and the k–ε turbulence
model employed in the present study.
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Figure 3: Dimensionless velocity (U*) at different positions within the ventilated cavity. (a) x/H = 1.0; (b) x/H = 2.0;
(c) y/H = 0.972; (d) y/H = 0.028 [57].

Fig. 3 shows the similarity between the numerical and experimental results, revealing a good overall
agreement. A quantitative comparison indicates a maximum percentage deviation of 16.4% for the velocity
component U* at y/H = 0.972. This deviation was the largest observed and occurred at a point near the wall,
where most turbulence models have difficulty accurately modeling the flow behavior.

A second comparison was carried out using the results reported by Lage et al. (1992) [58], who analyzed
a rectangular ventilated cavity with different configurations and locations of internal contaminant sources.
That study was conducted under both laminar and turbulent regimes; in the present work, the top–top (TT)
configuration was used for comparison, yielding a maximum percentage difference of 1.4% in the average
contaminant concentration for Case C (see Table 1).

Table 1: Comparison of the average concentration inside the cavity.

Source Location Lage et al. 1992 [58] Present Study Difference %
Case A 75.26 74.6 0.87
Case B 55.51 56.2 1.22
Case C 47.91 47.2 1.4
Case D 122.24 121.8 0.3
Case E 73.16 73.2 0.05
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The cavity dimensions were 2 m in length and 1 m in height, with inlet and outlet openings of 0.1 m
each. Inside the cavity, a point source of contaminant was positioned in five different locations (Fig. 4),
corresponding to the four corners (at one-sixth of the cavity’s length and height) and the center.

(a) (b)

Figure 4: (a) Ventilated cavity under turbulent flow regime, (b) Locations of the contaminant source.

The study conducted by Lage et al. [58] assumed a Schmidt number Sc = 1, and verified that the values
of kinematic viscosity and mass diffusion coefficient were numerically identical for the oxygen–carbon
dioxide (O2–CO2) mixture. The corresponding thermophysical properties were calculated based on the
gas composition.

The Reynolds number for the study was Re = 3000, corresponding to turbulent flow conditions. The
problem was solved using a computational mesh of 81 × 61 control volumes, as reported by Lage et al. [58]
(see Fig. 4).

Table 1 presents the average concentration values for each position of the contaminant source. It can be
observed that the maximum deviation between the numerical and reference values was 1.4% at position C.
Overall, the developed code demonstrates a good predictive capability and is considered suitable for solving
this type of problem.

Once the verification and validation of the implemented code were completed and the reliability of
the results was confirmed, the proposed case study of this thesis was solved. However, prior to that, a
mesh independence study was conducted to ensure that the results were not influenced by numerical errors
associated with the element size. This analysis is presented in the following section.

5.2 Numerical Mesh Analysis
In the numerical solution of engineering problems, it is essential to perform a mesh independence

study to determine whether the results depend on the discretization size of the computational domain. This
procedure involves evaluating the behavior of the variables of interest as the mesh is refined—that is, as the
distance between nodes decreases.

It was observed that as the element size is progressively reduced, the variable values change until
reaching a point where these variations become negligible. This point is considered the optimal mesh size,
and its determination ensures that the results are independent of spatial discretization, depending on the
physical conditions of the problem. For the present study, six initial mesh configurations were proposed
with the following nodal distributions: 71 × 61, 81 × 71, 91 × 81, 101 × 91, 111 × 101, and 121 × 111. The results
showed that the 111 × 101 mesh yielded a percentage difference of less than 0.5% compared to the finest mesh;
therefore, it was selected as the optimal mesh. The comparative results are presented in Table 2.
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Table 2: Effect of mesh refinement on velocity.

Mesh Umax % Vmax %
71 × 61 0.32 5.8 1.88 12.5
81 × 71 0.34 2.8 2.15 6.5
91 × 81 0.35 2.7 2.30 2.1
101 × 91 0.36 2.6 2.35 1.2
111 × 101 0.37 0.2 2.38 0.4
121 × 111 0.375 – 2.39 –

During the transient analysis, the numerical stability of the temporal scheme was evaluated. It was
observed that for time steps greater than 1 s, iterative calculation tends to diverge, generating larger deviations
with each iteration; thus, a value of Δt = 0.1 s was adopted, ensuring numerical stability and the correct
temporal evolution of the variables.

All cases were simulated up to a total time of 450 s, corresponding to the lowest Reynolds number of
Re = 500.

6 Discussion of Results
This section presents and analyzes the results obtained from the two-dimensional numerical study of

turbulent convective flow with carbon monoxide (CO) transport inside a ventilated cavity. The analysis was
carried out under transient conditions for four values of the Reynolds number: Re = 500, Re = 1000, Re =
5000, and Re = 10,000, considering three different geometric configurations, referred to as Case A, Case B,
and Case C. In all cases, the airflow with a low concentration of carbon monoxide (1 ppm) enters through
the lower part of the right wall. The outlet opening positions were as follows: Case A: upper part of the left
wall, Case B: center of the left wall, Case C: lower part of the left wall.

The objective was to analyze the temporal evolution of contaminant concentration as a function of the
Reynolds number and outlet configuration. The process starts with the initial condition at t = 0 s, and the
variables were recorded at one-second intervals.

6.1 Case A: Upper-Left Outlet
For Case A scenario, shown in Fig. 5 with Re = 5000, it takes approximately 15 s to clear the CO—

contaminated zone. At this moment, the lowest concentrations (8–9 ppm) are located in a thin layer near
the bottom of the cavity. At t = 2 s, the airflow impacts the left wall, initiating the formation of recirculation
zones. By t = 3 s, these recirculations extend toward the center of the cavity, and at t = 4 s, a large recirculation
cell becomes established in the lower region. At t = 5 s, this circulation strengthens and expands upward. By
t = 6 s, the recirculation extends to the right wall, causing the formation of a secondary vortex at the center of
the cavity by t = 7 s. At t = 8 s, the lower airflow begins to displace the upper contaminated layer, introducing
clean air into the domain. By t = 9 s, this clean air region widens, generating a sweeping effect that pushes
the more polluted flow upward. Between t = 10 and 11 s, the air with lower CO concentration occupies nearly
the lower half of the cavity. At t = 12 s, about three-quarters of the domain are cleared due to the incoming
airflow. Finally, at t = 13–14 s, only a thin contaminated layer remains near the upper region, and by t = 15 s,
the cavity reaches almost the minimum CO concentration (≈2 ppm) throughout the entire study area.
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Figure 5: Temporal evolution of the CO-laden airflow inside the cavity from 1 to 15 s, for Case A with Re = 5000.
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This same analysis was carried out for each Reynolds number considered and for all outlet configura-
tions in the study.

At the beginning (t = 1 s), the maximum CO concentration inside the cavity reached 14 ppm, while
the inlet air contained only 1 ppm, representing clean outdoor air. As time progresses, internal recirculation
zones appear—first near the left wall, and later extending toward the center of the cavity. At t = 5 s, the main
recirculation intensifies and expands upward; by t = 7 s, a secondary vortex forms in the central region.
Between t = 9 and 10 s, the clean airflow entering from the inlet begins to sweep the contaminated zone from
the bottom, displacing the CO-laden air toward the upper outlet. Finally, at t = 15 s, the average concentration
inside the cavity returns to 1 ppm, equivalent to the clean inlet air. These results confirm that as the
Reynolds number increases, the ventilation efficiency improves, and the purge time decreases significantly.
Representative values for Case A are shown in Table 3, which includes only the time instants of interest—
those corresponding to the steady-state condition. The data correspond to Re = 500, 1000, 5000 and 10,000.
In all cases, the final average concentration matched that of the inlet air, achieving a complete and uniform
cleaning of the cavity. For Re = 500, the required time extended up to 450 s due to low inlet velocities; for
Re = 1000, it was 375 s; for Re = 5000, 15 s; and for Re = 10,000, only 11 s, clearly showing the influence of
flow velocity on ventilation efficiency.

Table 3: Average contaminant concentration values inside the cavity for Case A between 1 and 450 s.

CASE A

Average concentration (ppm)

Time (s) Re = 500 Re = 1000 Re = 5000 Re = 10,000
1 14.96 14.96 14.33 13.70
5 14.90 14.86 13.45 11.80
10 14.83 14.72 9.45 1.40
11 14.82 14.68 7.10 1.0
12 14.81 14.64 4.04 1.0
13 14.79 14.60 1.81 1.0
14 14.78 14.56 1.24 1.0
15 14.77 14.53 1.0 1.0

375 1.5 1.0 1.0 1.0
450 1.0 1.0 1.0 1.0

6.2 Case B: Central Left Outlet
In Case B, the outlet is located at the center of the left wall, which modifies the flow patterns and the

recirculation zones within the cavity. The times required to reach an average concentration of 1 ppm were:
Re = 500: 195 s, Re = 1000: 88 s, Re = 5000: 16 s, and Re = 10,000: 12 s.

Table 4 presents the average CO concentration results inside the cavity for this configuration. Compared
with Case A, a significant reduction in purge times is observed, attributed to the central location of the outlet,
which facilitates the upward displacement of the contaminant from the lower regions toward the opening,
thereby reducing the average path length before being expelled.

This configuration promotes a progressive bottom-to-top cleaning pattern, enhancing both the ventila-
tion efficiency and the removal rate of contaminants.
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Table 4: Average contaminant concentration values inside the cavity for Case B between 1 and 195 s.

CASE B

Average Concentration (ppm)

Time (s) Re = 500 Re = 1000 Re = 5000 Re = 10,000
1 14.93 14.86 14.32 13.69
5 14.85 14.70 13.48 11.81
10 14.68 14.33 9.49 1.31
11 14.61 14.19 7.27 1.14
12 14.54 14.04 4.0 1.0
13 14.46 13.88 1.92 1.0
14 14.39 13.71 1.23 1.0
15 14.32 13.53 1.11 1.0
16 14.24 13.34 1.0 1.0
88 3.17 1.0 1.0 1.0
195 1.0 1.0 1.0 1.0

6.3 Case C: Lower Left Outlet (Cross Ventilation)
Case C corresponds to the cross-ventilation configuration, where the outlet is located at the lower left

side of the cavity, at the same height as the inlet. This arrangement proved to be the most efficient, with
cleaning times of: Re = 500∶191 s, Re = 1000: 87 s, Re = 5000: 15 s, and Re = 10,000: 11 s. Table 5 presents the
average CO concentration values inside the cavity for this case study. The alignment in height between the
inlet and the outlet creates a direct flow path, enabling the contaminant to be expelled efficiently without the
need for strong recirculations. This type of ventilation is particularly effective in scenarios requiring rapid
gas extraction, such as fires or localized leaks. Compared to the other configurations, Case C exhibited the
shortest cleaning times, demonstrating greater effectiveness in air renewal and CO removal. For this reason,
cross ventilation is considered highly efficient for quickly purging contaminated zones.

Table 5: Average contaminant concentration values inside the cavity for Case C between 1 and 195 s.

CASE C

Average concentration (ppm)

Time (s) Re = 500 Re = 1000 Re = 5000 Re = 10,000
1 14.93 14.86 14.31 13.86
5 14.85 14.70 13.50 11.91
10 14.68 14.33 9.48 1.20
11 14.61 14.19 7.23 1.0
12 14.53 14.03 4.04 1.0
13 14.46 13.88 1.92 1.0
14 14.39 13.69 1.21 1.0
15 14.31 13.52 1.0 1.0
16 14.23 13.31 1.0 1.0
87 1.76 1.0 1.0 1.0
191 1.0 1.0 1.0 1.0
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It can be stated that, among the three analyzed cases (A, B, and C), Case C proved to be the most effective
in reducing the time required to clear the contaminant zone. As can be seen in Table 6.

Table 6: Average contaminant concentration values (ppm) inside the cavity for all Cases.

Re = 10,000

Time (s) Case A Case B Case C
1 13.70 13.69 13.86
5 11.80 11.81 11.91
10 1.40 1.31 1.2
11 1.0 1.14 1.0
12 1.0 1.0 1.0

This finding is particularly relevant in critical situations, such as indoor fire events, where the main
objective is not to disperse the contaminant but to expel it as rapidly as possible through the outlet.
Similarly, when the goal is to maintain indoor spaces free from contaminants—such as rest areas, offices,
or common spaces—it is essential to ensure minimal concentrations of harmful substances. The ASHRAE
Standard establishes a minimum number of air changes per hour (ACH) to maintain healthy and safe
indoor conditions.

6.4 Air Changes Per Hour
The number of air changes per hour (ACH) was calculated for each configuration and Reynolds number,

following the recommendations of the ASHRAE Standard. Table 7 presents the ACH values corresponding
to study cases A, B, and C. As expected, Case C exhibited the highest ACH, reaching 47 air changes per hour.

It is important to note that the number of air changes primarily depends on the mass flow rate of air
at the inlet and outlet, rather than on the specific location of the openings—provided they have the same
dimensions and number. Therefore, for a given Reynolds number, all cases present the same ACH, although
the flow distribution and the efficiency of contaminant removal vary according to the configuration.

In general, the results confirm that:

• The ventilation efficiency increases with the Reynolds number.
• Configurations with a lower outlet (cross ventilation) are more effective for contaminant removal.
• In low-velocity flows (Re < 1000), the transport process is dominated by natural convection, whereas at

higher Reynolds numbers, forced convection becomes predominant.

The CO removal trend accelerates as the flow inertia increases, thereby reducing the contaminant
residence time.

These results validate the physical behavior of the ventilated system and provide a solid basis for
optimizing the design of ventilation systems in confined spaces.

6.5 Efficiency in Contaminant Distribution
The following section presents the analysis of the contaminant (CO) distribution efficiency. While the

previous section evaluated the time required to reduce CO concentration, this one examines how uniformly
it disperses within the cavity. This analysis is particularly relevant when the objective is to ensure that
the contaminant spreads throughout most of the domain, avoiding localized accumulation zones and high
concentration regions, which are undesirable from both air quality and safety perspectives.
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Table 7: Air changes per hour (ACH) inside the cavity.

Re Case A
500 2.3
1000 4.7
5000 23.5

10,000 47
Re Case B
500 2.3
1000 4.7
5000 23.5

10,000 47
Re Case C
500 2.3
1000 4.7
5000 23.5

10,000 47

Table 8 presents the CO distribution efficiency values (εC) for Case A, showing the maximum values
reached over time for each Reynolds number. A direct relationship is observed between the average
concentrations and flow velocity, as both parameters depend on the inlet flow velocity. As Re increases,
the time required to reach the maximum efficiency decreases; however, the time needed to achieve the
peak efficiency is similar for Re = 5000 and Re = 10, 000. The highest efficiency recorded corresponds to
Re = 5000, with a value of εC = 14.364. On the right-hand side of Table 8, the εC values over time for
the different Reynolds numbers are presented, along with a graph showing the temporal evolution of the
distribution for the four Re values. The zoomed-in view of the figure shows the values for time up to 20 s.
The shorter time intervals correspond to higher Reynolds numbers (Re = 5000 and Re = 10,000), indicating
that uniform dispersion is achieved more rapidly under higher flow velocities.

Table 9 presents the contaminant distribution efficiency (εC) for Case B. As can be observed, the
configuration with the outlet opening located at the center of the left wall does not promote a uniform
dispersion of the contaminant. The values in the left column of the table show that, for all Reynolds numbers
considered, the distribution efficiency decreases compared to Case A. In this case, the highest efficiency was
achieved for Re = 500, corresponding to the lowest inlet velocity, with a value of εC = 2.038, which remains
relatively low. For higher Reynolds numbers, the efficiency is almost negligible; for example, at Re = 10,000,
εC reaches only 0.055. The right column of Table 9 graphically displays the εC results over the time interval
from 1 to 200 s. Since the values for Re = 5000 and Re = 10, 000 reach their maximum within relatively short
periods, a zoomed-in representation is recommended to better visualize their temporal evolution.

Table 10 presents the temporal values of contaminant distribution efficiency (εC) for Case C under
different Reynolds numbers. It is observed that εC decreases even further compared to Cases A and B,
reaching its maximum value at Re = 1000 with εC = 0.326, while the remaining values are nearly zero. This
behavior is attributed to the cross-ventilation configuration, which limits the dispersion of the contaminant
within the cavity. This characteristic has two practical implications. If the objective is to improve thermal
comfort by introducing fresh air with a certain level of humidity, a configuration that enhances distribution
efficiency is desirable. Conversely, in fire scenarios with high contaminant generation, a low εC value is
preferred so that the flow can rapidly direct the gases toward the outlet. In this regard, cross-ventilation, as in
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Case C, proves advantageous. The next section analyzes a scenario in which this configuration is particularly
beneficial during a localized fire event.

Table 8: Distribution efficiency (εC ) for Case A.

Time (s) Re = 500 Re = 1000 Re = 5000 Re = 10,000

1 1.002 1.002 1.055 1.116
5 0.977 1.009 1.115 1.279
10 0.999 1.008 1.599 11.053
15 0.998 0.979 8.295 2.632
16 0.998 0.998 14.364 3.122
50 1.093 1.118 – –
100 1.710 1.379 – –
200 2.069 3.249 – –
300 2.615 6.022 – –
375 3.432 7.583 – –
450 4.678 9.421 – –

Table 9: Distribution efficiency (εC ) CASE B.

Time (s) Re = 500 Re = 1000 Re = 5000 Re = 10,000

1 1.002 1.010 1.055 1.116
5 0.977 0.982 1.079 1.185
10 0.999 0.982 1.330 0.002
15 0.998 1.058 0.059 0.082
88 2.490 0.233 0.265 0.036
195 2.038 0.175 0.332 0.055

Table 10: Distribution efficiency (εC ) CASE C.

Time (s) Re = 500 Re = 1000 Re = 5000 Re = 10,000

1 1.005 1.010 0.336 0.236
5 0.952 0.913 0.848 0.005
10 0.989 0.973 0.042 0.005
15 0.881 0.523 0.018 0.040
16 0.871 0.554 0.043 0.058
87 0.002 0.007 0.019 0.008
191 0.0019 0.326 0.024 0.008

This behavior has relevant practical implications:

• In situations where the goal is to improve thermal comfort through the introduction of fresh air with a
certain level of humidity, a ventilation configuration that increases distribution efficiency is desirable.
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• Conversely, in the event of a fire or a localized emission of pollutants, a configuration with low
distribution efficiency is more advantageous, as it facilitates the rapid evacuation of contaminated air.

The following section specifically analyzes a case in which cross-ventilation proves beneficial in the
presence of a localized pollutant emission source.

6.6 Localized Fire Analysis
Fig. 6 illustrates the behavior of carbon monoxide (CO) flow generated by a localized fire, which

produces high pollutant concentrations (ppm). Three possible locations of the fire source were analyzed: (1)
near the left wall, where the outlet opening is located; (2) at the center of the cavity; and (3) near the air
inlet. Fig. 6 corresponds to the scenario in which the fire is located close to the outlet, associated with Case
C, which exhibited the most efficient cross-ventilation configuration. This arrangement does not promote
internal dispersion of the contaminant but instead directs it rapidly toward the outlet, which is advantageous
in preventing its propagation to other regions. At the initial second, the CO concentration rises rapidly
upward since the incoming airflow has not yet reached that region. At 5 s, the main flow reaches the lower
part of the left wall and is redirected toward the opposite side of the cavity, displacing the contaminant in
the direction opposite to the inlet flow. At 10 s, the air entering the cavity fills the lower region, reducing
the upward intensity of the contaminant. By 15 s, most of the cavity is occupied by clean air, leaving only a
narrow band of CO concentration in the upper zone. Between 20 and 25 s, the concentration in the upper
region decreases and then intensifies again until it completely occupies that area. At 30 s, the upper zone
exhibits a uniformly low concentration, indicating that most of the CO has been expelled. The intensity of
the contaminated flow decreases significantly due to air renewal. By 35 s, the incoming airflow drives the
contaminant toward the outlet, and finally, at 40 s, the CO is fully directed toward the opening, reducing
its concentration, although it does not reach the minimum level of 1 ppm since the fire source continues to
generate pollutants.
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Figure 6: Behavior of the contaminant flow considering the concentration generated by a localized fire near the outlet
opening for Case C.

When comparing the three study cases (A, B, and C), the behavior of the contaminant flow is observed
when the source is located near the outlet opening, as illustrated in Fig. 7.

Fig. 7 illustrates the behavior of the contaminant flow for the three study cases (A, B, and C), considering
the source located near the outlet. Three-time instants are presented—1, 25, and 50 s—covering the interval
in which the concentration reaches a quasi-steady state. At 1 s, all three cases exhibit a similar flow pattern.
At 25 s, the differences become evident: in Case A, the contaminant reaches the upper region forming a thin
flow line; in Case B, the flow tends to expand laterally; while in Case C, the contaminant occupies the left
and upper zones of the cavity. At 50 s, when the steady state is reached, the lowest concentration is observed
near the lower wall in all cases, whereas the highest concentration is found in Case B.
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Figure 7: Representation of the contaminant (CO) flow inside the cavity for (a) Case A, (b) Case B, and (c) Case C, all
corresponding to a Reynolds number of Re = 5000, when the contaminant source is located near the outlet opening.

Fig. 8 illustrates the contaminant flow pattern for the three studied cases (A, B, and C) at three-time
instants: 1, 25, and 50 s, considering that the contaminant source (localized fire) is located at the center of
the cavity. At 1 s, in (a) Case A, the concentration rises in a filament-like shape toward the upper wall. In
(b) Case B, the momentum of the inlet flow prevents the contaminant from dispersing, whereas in (c) Case
C, the concentration extends upward in a manner similar to Case A. At 25 s, the contaminant in Case A
tends to move toward the left, in contrast to Case B, where it shifts to the right. These opposite directions are
relevant when controlling the contaminant trajectory is desired. At 50 s, all cases have reached a steady state,
exhibiting a very similar flow behavior and comparable concentration distributions.
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Figure 8: Representation of the contaminant (CO) flow inside the cavity for (a) Case A, (b) Case B, and (c) Case C, all
at Re = 5000, when the contaminant source is located at the center of the cavity.

Fig. 9 shows the behavior of the contaminant flow when the source is located near the air inlet. At 1 s,
the three cases exhibit a similar pattern; however, significant differences are observed at 25 s. Due to the
proximity of the source to the inlet, the airflow promotes a rapid dispersion of the contaminant, effectively
reducing its concentration, as seen in subfigures (a), (b), and (c). At 50 s, the highest concentration is recorded
in Case B, while Cases A and C display a nearly similar behavior. Nevertheless, in Case C, the region of
high concentration reaches a lower height compared to Case A, which is attributed to the position of the
outlet opening.

6.7 Temporal Velocity Behavior
The velocity behavior of the flow is shown in Fig. 10, representing the velocities along the horizontal

axis at the mid-height of the cavity.
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Figure 9: Representation of the contaminant (CO) flow inside the cavity for (a) Case A, (b) Case B, and (c) Case C, all
corresponding to a Reynolds number of Re = 5000, when the contaminant source is located near the inlet.

(a) Case A (b) Case B (c) Case C

Figure 10: Temporal velocity behavior for the case of the contaminant source located at the center of the cavity for
(a) Case A, (b) Case B, and (c) Case C, considering Re = 5000.
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The velocities are presented for three instants covering the interval in which the flow reaches a steady
state for Re = 5000. In Case A (Fig. 10a), the velocities diverge due to the momentum imparted by the source
located at the center of the cavity, at a height of 0.75 m from the base. It is important to note that, in this
case, the outlet opening is located at the top of the left wall. For Cases B (Fig. 10b) and Case C (Fig. 10c), the
velocity patterns tend to converge, with the most noticeable differences occurring only in the left region of
the cavity, where the outlet is positioned. As time progresses, the velocity values stabilize, reaching an almost
constant behavior after 50 s, indicating that the flow has attained a steady-state regime throughout the cavity.

7 Conclusions
It was found that the time required to reduce CO concentration within the cavity decreases significantly

as Re increases. For all three study cases, cleaning times were shorter with higher inlet flow velocities. For
instance, in Case A, the cleaning time ranged from 450 s for Re = 500 to only 11 s for Re = 10,000. The
ventilation geometry has a significant impact on cleaning efficiency. Case C, with the outlet at the same
height as the inlet (cross-ventilation), was the most effective in rapidly removing contaminants. Case B,
with the outlet at mid-height, exhibited intermediate cleaning times, while Case A, with the outlet at the
top, showed the longest times. Contaminant distribution efficiency (εC) depends on both outlet location
and Re number. In normal ventilation scenarios, high εC values indicate a more uniform distribution of the
contaminant, which favors thermal comfort. However, in localized fire scenarios, low distribution efficiency
is desirable because it directs contaminants quickly toward the outlet, preventing their dispersion throughout
the cavity. Simulations showed that when the contaminant source is near the outlet, CO flow is efficiently
directed outward, reducing exposure in the rest of the cavity. This behavior is ideal for safety applications
in enclosed spaces, such as rooms, offices, or shared areas, where minimizing contaminant concentration
quickly is critical.

Practical applications and recommendations

• For ventilation aimed at thermal comfort, it is advisable to maximize distribution efficiency (εC) through
appropriate placement of inlets and outlets.

• For safety scenarios (fires or localized contaminant release), cross-ventilation with the outlet at the same
height as the inlet (Case C) provides the most rapid contaminant evacuation.

• These results can serve as a guideline for designing ventilation systems in confined spaces, balancing
cleaning efficiency, contaminant distribution, and occupational safety.
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Nomenclature
C Concentration of chemical species, Kg/m3, ppm.
C∞ Concentration of reference chemical species, Kg/m3, ppm.
Cinlet Concentration of chemical species at the mixture inlet, Kg/m3, ppm.
Coutlet Concentration of chemical species at the mixture outlet, Kg/m3, ppm.
Csource Contaminant source of the chemical species, Kg/m3, ppm.
Cp Specific heat of the air, J/Kg K.
Cε1 , Cε2 , Cε3 Constants of the turbulence model.
DAB Diffusion coefficients of the chemical specie from A to B, m2/s.
g Acceleration due to gravity, m/s2.
hext External convective heat transfer coefficient, W/m2K.
Hi Aperture height at the mixture inlet, m.
Hx Cavity width, m.
Hy Cavity height, m.
n Normal direction.
P Fluid pressure, N/m2.
Pr Prandtl number, Pr = υ/α.
Re Reynolds number, Re = (uinl e t) (ρ) (Hi) /μ.
Sφ Source term.
u Velocity in the horizontal direction, m/s.
uinlet Velocity in the horizontal direction at the inlet, m/s.
v Velocity in the vertical direction, m/s.
x, y Coordinate x or y.
Greeks
α Thermal diffusivity, m2/s.
βC Coefficient of concentration expansion, βC = 1/Cprom , (Kg/m3)−1.
Γ Diffusion coefficient.
ε Rate of dissipation of turbulent kinetic energy, m2/s3.
εC Overall effectiveness coefficient for contaminant distribution.
κ Turbulent energy kinetic, m2/s2.
μ Dynamic viscosity of the mixture (Aire-CO), kg/m s.
μt Turbulent viscosity.
υ Kinematic viscosity of the mixture (Air-CO), m2/s.
ρ Density of the mixture (Air-CO), kg/m3.
σ Stefan-Boltzman constant, 5.67 × 10−8, W/m2 K4.
σt Turbulent Prandtl number.
ϕ Dependent general variable (u, v, P, C).
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