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ABSTRACT: Carbon dioxide (CO,) is often monitored as a convenient yardstick for indoor air safety, yet its ability to
stand in for pathogen-laden aerosols has never been settled. To probe the question, we reproduced an open-plan office
at full scale (72 m x 5.2 m x 2.8 m) and introduced a breathing plume that carried 4% CO,, together with a polydisperse
aerosol spanning 0.5-10 pum (1320 particles s™*). Inlet air was supplied at 0.7, 1.4, and 2.1 m s, and the resulting fields
were simulated with a Realisable k- RANS model coupled to Lagrangian particle tracking. Nine strategically placed
probes provided validation; the calibrated solution deviated from the experiment by 58 ppm for CO, (8.1% RMSE) and
0.008 m s™" for velocity (15.7% RMSE). Despite this agreement, gas and particles behaved in sharply different ways.
Room-averaged CO, varied by <15%, whereas the aerosol mass rose to almost three-fold the background within slow-
moving corner vortices. Sub-micron particles stayed aloft along streamlines, while those >5 pm peeled away and settled
on nearby surfaces. The divergence shows that neither the CO, level nor the mean age of air, taken in isolation, delineates
all high-exposure zones. We therefore recommend that ventilation design be informed by a composite diagnosis that
couples gas data, size-resolved particle measurements, and rapid CFD appraisal.

KEYWORDS: Indoor Air Quality (IAQ); pollutants; CFD (Computational Fluid Dynamics); CO, Distribution;
ventilation strategies; virus aerosol; air age

1 Introduction

Indoor air quality (IAQ) governs not only the well-being of building occupants but also the energy
signature of the envelope that shelters them [I-4]. During the past thirty years, the research community
has moved from simple comfort charts to multi-objective frameworks that weigh infection risk, cognitive
performance, and operating cost on the same scale [5,6]. Within this broader agenda, mechanical and hybrid
ventilation have emerged as the principal levers for keeping pollutant concentrations within acceptable
bounds while preserving thermal comfort [7-9]. The renewed interest in airborne transmission brought
about by the COVID-19 pandemic has further exposed the limitations of legacy control philosophies that
rely exclusively on carbon-dioxide (CO,) readings [10-14]. Although CO, remains a convenient tracer of
occupancy, its spatial footprint differs markedly from that of virus-laden aerosols, whose fate depends on
particle size, inertia and local turbulence.
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High-fidelity numerical methods now allow those contrasts to be examined in detail. Three-dimensional
computational fluid-dynamics (CFD) models, augmented with realistic source terms and turbulence clo-
sures, have proved capable of recovering key features such as recirculation pockets, short-circuiting jets
and stratification layers [15-21]. Pairing simulation with targeted experiments has become indispensable
for translating such insights into design guidance. Parallel advances in sensor technology and cloud-
based analytics point towards real-time supervisory control that assimilates both gas-phase and particulate
information [22].

Yet the optimisation of supply and exhaust layouts remains a non-trivial exercise. Minor adjustments to
diffuser position or return height can reorder streamline topology, alter residence times and shift exposure
hotspots, sometimes at odds with intuition [23-27]. Furthermore, indicators derived from a single scalar—
be it CO,, temperature or relative humidity—mask the interplay between density-driven flows, occupant
motion and surface deposition [28-31]. Evidence from schools and offices shows that dead zones with
low air-change rates persist even when bulk ventilation rates satisfy code requirements [32-35]. Tracer-gas
studies and light-sheet visualisations confirm that aerosol plumes may linger in those pockets long after
the corresponding CO, excess has dispersed [36,37]. Specialised rooms—negative-pressure wards, screening
cabins or retrofitted classrooms—add another layer of complexity by imposing strict containment targets
alongside comfort and energy constraints [38].

Aerosol dynamics are further complicated by deposition, resuspension and occupant traffic [39-42].
Negative-pressure zoning or cross-flow ventilation can, in principle, curtail transmission, yet their success
hinges on a precise match between geometry, load and control logic [43,44]. What the literature still lacks,
therefore, is a systematic comparison of gas-phase and particulate surrogates under controlled variations of
ventilation speed, coupled with an appraisal of the widely used “age of air” metric [45].

The present work addresses this gap. Using a full-scale office mock-up, we investigate how three
characteristic inlet velocities influence both CO, dispersion and the transport of a six-size aerosol ensemble.
Validated CFD simulations and co-located measurements are employed to (i) quantify divergences between
gas and particle fields, (ii) expose the blind spots of CO,-only or age-of-air diagnostics, and (iii) outline a
composite assessment strategy that can inform future ventilation retrofits aimed at infection control without
excessive energy penalty.

2 Methodology
2.1 Physical Model

In the present study, a representative office-like enclosure was selected to investigate the indoor flow
distribution, carbon dioxide transport, and airborne virus-laden aerosols under forced ventilation. The
modeled domain measures 7.2 m x 5.2 m x 2.8 m (length x width x height), consistent with typical office
dimensions used in related works. Two rectangular vents are positioned on opposite walls to act as inlet
and outlet, each located near the ceiling (with the bottom at 2.4 m from the floor, consistent with actual
measurements and the CFD model) and measuring 0.175 m (height) x 0.40 m (width). The inlet is placed
0.9 m from the left boundary, while the outlet is positioned 0.8 m from the right boundary, ensuring a cross-
ventilation path. As illustrated in Fig. 1, the setup includes four standard office desks and a central table, with
an exhalation source to simulate contaminant release.

As shown in Fig. 2, inside the room, there are four standard office desks (1.45 m x 0.75 m x 0.73 m), and
a central table (2.8 m x 1.3 m, thickness 0.05 m). The designated positions A (1.425, 0, —1.475), B (1.425, 0,
1.8), C (-1.475, 0, 1.8), and D (-1.475, 0, —1.375) correspond to the center points of the four standard desks.
The global coordinate system is centered at (0, 0, 0), with the heater positioned at (0, 0, 3.2). To model a
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localized contaminant source, one occupant is designated as releasing exhaled air containing elevated CO,
and aerosols, analogous to a mild respiratory infection scenario. This exhalation is represented by a short
cylindrical pipe of 1 cm diameter, extending 0.45 m vertically above the desk surface. The exhalation velocity
is set to 0.4 m s™" at 310 K to reflect slightly warmer human breath.

D{-1.475,0,-1.375): A(1.425,0,-1.475)

__________________ -

€(-1.475,0,1.8) €(1.425,0,1.8)

£(0,0,3.2)

Figure 2: Top view of the enclosure showing desk positions and coordinate system

All walls, the floor, and the ceiling were set to a uniform temperature of 300 K and treated with no-
slip boundary conditions. The initial CO, concentration was 400 ppm, while the exhaled air introduced a
higher mass fraction (0.04) to represent a localized contaminant source. Humidity effects and radiative heat
transfer were neglected to simplify the model, allowing a realistic yet manageable representation of typical
office ventilation scenarios.
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2.2 Computational Setup

All simulations are performed using the commercial CFD code ANSYS Fluent [46] in steady-state
mode, assuming incompressible turbulent flow. The governing equations are the Reynolds-averaged Navier-
Stokes equations for mass, momentum, and scalar transport, complemented by an appropriate turbulence
closure. Since buoyancy effects were neglected in this study to focus on forced convection (with isothermal
boundaries at 300 K and minimal temperature differences), the continuity equation reads:

V-v=0 (1)
where v is the velocity field. The momentum equation takes the form:
p(V-V)V=-Vp+ V- (uVv) + V- (—pv'V) ()

Here p is air density, p the dynamic viscosity, p the pressure, and v'v’ represents the Reynolds stress
tensor. The Buoyancy force was set to 0, as no buoyancy was considered (Boussinesq approximation not
applied).

For the pollutant transport (e.g., carbon dioxide), the species conservation equation in Reynolds-
averaged form is expressed as:

p(v-VY)=V-(pD.ssVY) + Sy (3)

where Y is the mass fraction of CO,, Deft is the effective diffusion coeflicient (including eddy diffusivity), and
SYS is any volumetric source from the exhalation region. SYS = 0.04 (CO, mass fraction) at the exhalation
pipe to represent the breathing plume, and SYS = 0 elsewhere.

To capture flow turbulence, a realizable k-e model is adopted, as it is widely recognized for its reliability
in enclosed, recirculating flows. This model provides transport equations for the turbulent kinetic energy (k)
and its dissipation rate (¢). In compressed form:

p(v-Vk):V'[(},HS—;)Vk]+Gk—pe (4)

62

k+\/ve
where Gy denotes the production of turbulent kinetic energy, y, is the eddy viscosity, and oy, o, C;, and

C, are empirical constants. This model was selected after testing alternatives (k-e RNG and SST k-w), as it
balanced accuracy and efficiency for indoor flows with obstacles (as discussed in Section 3.3).

p(V-V6)=V-[(p+ %)V 6]+pC16—pC2 (5)

Since viral aerosols are characterized by particle diameters often below 10 um, a Discrete Phase Model
(DPM) is incorporated to track their trajectories in a Lagrangian framework.

Particles are injected at the exhalation pipe with a specified size distribution. Their motion follows:

dvp _v-vp  8(pp-p) ©)
dt 1 Pp

where v, is the particle velocity, v is the fluid velocity, p is the particle density, and 7, is the particle relaxation
time. Collisions with walls, inertial impaction, and gravity settling are also taken into account. The Discrete
Random Walk (DRW) model was enabled to account for the effect of turbulence on particle diffusion,
ensuring realistic stochastic behavior in turbulent flows.
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A body-fitted, multi-block hexahedral grid was adopted to curb numerical diffusion in the essentially
orthogonal domain. Local refinement was introduced at the supply and return apertures, around desk edges,
and along the breathing jet: cell widths of 3 mm at the orifice, 15 mm near the diffusers, and 40 mm in the
core volume were successively evaluated, after which further densification produced no discernible change in
the monitored variables. Momentum, turbulence and passive-scalar transport were discretised with second-
order upwind differencing, while pressure and velocity were linked through the SIMPLE algorithm.

The inflow was prescribed as a uniform velocity profile with magnitudes of 0.7, 1.4, and 2.1 m sh

turbulence intensity of 5%, and turbulent-to-molecular viscosity ratio of 10 (based on standard indoor airflow
assumptions for reproducibility). The outlet was held at atmospheric pressure (101 325 Pa) with zero-gradient
conditions for scalars, and the same turbulence parameters as the inlet to ensure symmetrical treatment. All
enclosing surfaces were treated as no-slip, isothermal walls at 300 K.

Three inlet speeds—0.7,1.4 and 2.1 m s '—were selected to represent 0.5, 1.0 and 1.5 times the reference
ventilation rate. Convergence was accepted when residuals for all equations fell below 10> and the domain-
averaged CO, mass fraction varied by less than 0.1 % over 500 iterations.

This configuration isolates the interaction of forced convection with internal obstructions and a buoyant
contaminant source, allowing detailed maps of air age, CO, concentration and aerosol loading to be
assembled for subsequent IAQ and comfort assessment. Calculations were carried out in ANSYS Fluent 2023
R2 [46] using the pressure-based segregated solver, an approach well suited to the low-Mach, incompressible
regime that typifies indoor airflow under steady operating conditions.

2.3 Grid and Mesh Configuration, Independence Study, and Uncertainty Analysis

A structured hexahedral mesh was generated to ensure computational accuracy and efficiency. The
choice of a structured grid allowed for better alignment with the room geometry and reduced numerical
diffusion. The mesh underwent a thorough grid independence study, where grid sizes of 1.5, 3, 4, 5,and 7 cm
were tested. The specific results are presented in Table 1, showing variations in average CO, concentration,
airflow velocity, RMSE values, and computational time across the tested grids. As shown, the 4 cm grid
achieves convergence with less than 3% variation in key parameters compared to finer grids, providing a
balance between computational cost and result accuracy.

Table 1: Mesh independence study results for different grid sizes, showing key parameter variations

Grid size (cm) Average CO, (ppm) CO, RMSE (%) Average velocity (ms™) Velocity RMSE (%)

7 748 12 0.048 20.5
5 740 10.5 0.044 18.2
4 732 8.1 0.040 15.7
3 730 7.9 0.039 15.4
1.5 729 7.8 0.039 15.3

For regions with higher gradients, such as the breathing simulation pipe, finer grids with a resolution
of 3 mm were employed to capture detailed flow and pollutant dynamics. Similarly, the inlet and outlet
boundaries were refined using a 1.5 cm mesh to ensure accurate representation of flow development and
pollutant entrainment.

Boundary layer refinement was applied using prism layers to adequately resolve near-wall regions.
Specifically, 10 prism layers with a growth rate of 1.2 were used, a standard configuration for k-¢ turbulence
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models in indoor airflow simulations to ensure proper boundary layer coverage. The area-weighted average
non-dimensional wall distance (Y+) was maintained at 3.5 in the Enhanced Wall Treatment (EWF) model,
as this value falls within the recommended range of 1-5 for EWE, enabling accurate wall function application
and blending between viscous sublayer and log-law regions without requiring excessive mesh refinement
or computational resources. This approach ensured accurate representation of boundary layer phenomena
while maintaining computational efficiency.

Air, Carbon Dioxide, and Aerosol Settings

1 at the inlet, with an inlet

Airflow was initialized with three ventilation speeds of 0.7, 1.4, and 2.1 m s~
temperature of 300 K. The outlet was set to atmospheric pressure, ensuring consistent ventilation flow
throughout the room. Carbon dioxide was modeled as a passive scalar, introduced at the breathing pipe
with a mass fraction of 0.04 and at the inlet with a mass fraction of 0.006. These values were derived from

validation data and supported by relevant literature.

The specific thermophysical properties for air, CO,, and aerosol particles—such as density, viscosity,
and thermal conductivity—were defined based on validation data and relevant literature, ensuring a realistic
representation of occupant respiration and typical indoor conditions. Table 2 summarizes the key properties
used in the simulations.

Table 2: Thermophysical properties of Air, CO,, and Aerosol particles

Fluid Property Value (Unit)
Air Density 1.225 (kg m ™)
Specific heat capacity 1006.43 (J kg 'K™)
Thermal conductivity ~ 0.0242 (W m™ K™)

Viscosity 1.79 x 107> (kg m™' s71)
Molar mass 0.028966 (kg mol ™)
Carbon dioxide (CO,) Density 1.978 (kg m™)
Thermal conductivity 0.0145 (W m™ ' K™)
Viscosity 1.37e-05 (kgm™' s7")
Molar mass 44.00995 (kg mol ™)
Aerosol particles Density 1000 (kg m~)
Size distribution 0.5-10 (um)

Aerosol particles were modeled using the Discrete Phase Model (DPM) with a Lagrangian approach
to track individual particle trajectories. The six aerosol size classes (0.5, 1, 3, 5, 7, 10 pum) were chosen to
represent a polydisperse distribution typical of respiratory emissions, covering sub-micron particles that
remain airborne and larger ones prone to rapid settling, based on literature on viral aerosol dynamics
where small particles dominate by number and larger by mass (e.g., Wells [47] and COVID-19 droplet
measurements [48]). The particle size distribution and mass flow rates are detailed in Table 3.
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Table 3: Particle size distribution and mass flow rates used in the Discrete Phase Model (DPM)

Particle Proportionby  Proportion  Particle count Single Total mass

Diameter Number (%) By mass (%) (Particles s™')  particle Mass  flow Rate (kg

(nm) (kg) )

0.5 54.5 0.338 720 6.545x 107 4712 x 1071

1 36.4 1.805 480 5236 x107'¢ 2514 x 107"

3 3.64 4.873 48 1.414 x 1071 6.786 x 10713

5 2.73 16.920 36 6.545 x 107 2.356 x 10712

7 1.82 30.939 24 1796 x 107°  4.308 x 10712

10 0.91 45.123 12 5236 x107° 6283 x 10712

The particles were injected through the breathing pipe, modeled as a surface source with a velocity of
0.4 m s~ and a temperature of 310 K. Particle interactions with the airflow, gravity, and wall collisions were
considered, and sedimentation effects were accounted for using Stokes’ law.

_ degza

7
Tp 18 (7)

The gravitational settling velocity of viral aerosols was estimated using Stokes’ Law, which describes the
settling behavior of small spherical particles in a fluid. The terminal velocity (V;) of a particle under gravity
is given by the following equation:

(pp - P)gd,
V=t (8)
18u
where p,, is the particle density (1000 kg m™ for biological aerosols), p is the air density (1.225 kg m~ at
300 K), g is the gravitational acceleration (9.81 m s™'), d,, is the particle diameter, and p is the dynamic
viscosity of air (1.8 x 107> kg/m s).

The Stokes’ number (Stk) was also evaluated to determine the inertial behavior of the particles in

response to airflow changes. The Stokes’ number is given by the following equation:

_Pr% )

where U is the characteristic flow velocity and L is a characteristic length scale (e.g., the inlet or obstruction
scale in the domain). A low Stokes number (Stk < 1) indicates that particles closely follow the airflow
streamlines, while a higher Stokes number (Stk > 1) suggests that particles exhibit significant inertia and may
deviate from the streamlines.

In ANSYS Fluent, particle gravitational settling was incorporated by enabling the gravity option in the
Discrete Phase Model (DPM). The terminal velocity predicted by Stokes’ law was compared with the Fluent
simulation results to validate the accuracy of the model. This comparison ensures that aerosol dispersion
and sedimentation are accurately captured in the computational domain.

This approach ensured accurate representation of boundary layer phenomena while maintaining
computational efficiency. A schematic diagram of the mesh is presented in Fig. 3, illustrating the overall
structured hexahedral grid, local refinements (e.g., 3 mm at the exhalation source, 1.5 cm at inlet/outlet),
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and boundary layer details. The total mesh consists of 6,088,891 elements and 1,170,003 nodes, as shown in
the figure.

Figure 3: Schematic of the structured hexahedral mesh with local refinements (3 mm at exhalation source, 1.5 cm at
inlet/outlet), prism layers (Y+ = 3.5), and totals (6,088,891 elements; 1,170,003 nodes)

2.4 Solver and Numerical Settings

The pressure-velocity coupling was addressed using the Rhie-Chow algorithm, a momentum-based
method suitable for maintaining stability in incompressible flow simulations. For spatial discretization, a
least squares cell-based approach was employed for pressure, while second-order upwind schemes were
applied to the momentum, CO;, and energy equations to enhance accuracy and reduce numerical diffusion
in regions with steep gradients. The turbulent kinetic energy and dissipation rate were discretized using first-
order upwind schemes to ensure computational efficiency. These settings were carefully selected to optimize
both simulation accuracy and efficiency, ensuring reliable results for the indoor airflow and pollutant
dispersion analysis.

2.5 Age of Air

The age of air was calculated to assess the ventilation efficiency of the indoor space by determining
how long air particles had remained within the room. A passive scalar transport approach was used, where
each cell’s mean residence time was computed based on cumulative airflow trajectories from the inlet. This
approach allows for the visualization of zones with prolonged air recirculation. Such areas are often associated
with stagnant air, where pollutants can accumulate.

The age of air is an important metric for identifying regions within a room that might have lower
ventilation effectiveness. By mapping the age of air, we can pinpoint areas requiring improvements in airflow
or ventilation design.

Here, ¢ represents the scalar air age, I' is the diffusion coefficient, and Sg is the source term. S¢=1 s

throughout the domain, representing the uniform aging of air parcels as they reside in the space (standard
in age-of-air calculations).

p(v-V¢)=V-(IV) + Sy (10)
The diffusion coefhicient, T, is defined as:

Fr=p+— 11
S, (11)
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This formulation enabled the identification of regions with high air age, which are indicative of
poor ventilation performance. By analyzing the spatial distribution of air age, the effectiveness of various
ventilation speeds could be assessed.

The numerical set-up follows the measured operating envelope as closely as practicable while retaining
computational economy. The supply diffuser delivers air at three nominal speeds—0.7, 1.4 and 2.1 m s™'—
representing 0.5, 1.0 and 1.5 times the reference velocity recorded during the validation trials. Turbulence at
the inlet is prescribed with an intensity of 5% and a turbulent-to-molecular viscosity ratio of 10. The supply
temperature is fixed at 300 K so that the influence of flow rate can be examined independently of buoyancy
effects. The return grille is maintained at atmospheric pressure (101,325 Pa) and assigned the same turbulence
parameters as the inlet to ensure a symmetrical treatment of the Reynolds stress field.

The breathing orifice, which mimics a seated occupant, issues a jet at 0.4 m s™* and 310 K. The exhaled
mixture contains 4% CO, by mass and a six-class aerosol ensemble distributed as 0.5 pm (54.5%), 1 pm
(36.4%), 3 um (3.64%), 5 pm (2.73%), 7 um (1.82%) and 10 pm (0.91%) by number. Particle density is
taken as 1000 kg m™>, and the carrier-gas viscosity is 1.8 x 107> kg m™' s7!, values that reproduce the
settling and response times predicted by Stokes theory. Mass-flow rates for each diameter class were pre-
computed to match the prescribed number fractions and entered directly into the Discrete-Phase module of
ANSYS Fluent.

All solid boundaries (walls, floor, ceiling, furniture) are treated as no-slip, isothermal surfaces held at
300 K. Omitting sensible heat release from occupants (65 W m~2) limits the study to forced-convection
phenomena; future work will relax this simplification to quantify buoyancy-momentum coupling. The
domain is initialised at 300 K and 400 ppm CO, to provide a uniform baseline.

These boundary choices—together with the Realisable k-¢ closure—have been adopted in earlier
indoor-air studies for low-Mach, incompressible regimes and are consistent with the experimental conditions
described in Section 3 [49].

To ensure the reliability and accuracy of the CFD simulation, we conducted a comprehensive mesh
independence study and model uncertainty analysis (detailed results in Table 1 of Section 2.3). The computa-
tional domain was meshed using a structured hexahedral mesh with fine resolution near key areas, including
the inlet/outlet, breathing zone, and near-wall region. A total of five mesh sizes (7, 5, 4, 3, and 1.5 cm) were
evaluated to determine the optimal mesh resolution. The results showed that the variation in key output
parameters (such as average CO, concentration and airflow velocity at the monitoring point) between 4 and
3 cm meshes was less than 3%. In addition, the results such as contour plots and flow patterns were consistent
for these mesh sizes, confirming the mesh independence at 4 cm resolution.

The simulation establishes convergence criteria by monitoring the residuals of all governing equations,
including momentum, continuity, turbulence, energy, species transport, and discrete phase tracking. The
simulation results are considered converged when the residuals are below 107> and the monitored variables
exhibit less than 0.5% variation over 500 iterations.

Several uncertainties were considered during the modeling process:

First is geometric simplification: our simulations assume that furniture and surfaces have ideal
geometry. In reality, complex shapes and surface textures may affect the flow of gases.

Steady-state assumption: the simulations are performed under steady-state conditions, but the thermal
plume caused by human breathing and occupancy is transient in nature. Current methods may not capture
the temporal variation of pollutant dispersion.

CO, emission rate: we use a fixed exhaled CO, mass fraction of 0.04. However, real breathing exhibits
variations in both frequency and volume, introducing uncertainties in pollutant loading.
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Aerosol emission: we model only one exhalation source, while there are typically four people in the
lab. This simplification is intentional in order to focus on the detailed analysis of particle trajectories and
suspension times, preventing the influence of other pollution sources. Similar simplifications have been used
in related studies to isolate specific variables in the analysis of pollutant dispersion.

3 Validation
3.1 Experimental Setup

To validate the computational fluid dynamics (CFD) simulations, a series of wind speed and CO,
concentration measurements were conducted in a real office environment. The chosen office is a typical
workspace used for research activities, featuring a rectangular layout with a single air inlet and outlet, two
windows, an electric radiator, multiple desks, and storage cabinets. These elements play a crucial role in
influencing the indoor airflow patterns.

The experimental measurements were taken between late June and early July, a period marked by
atypical climatic conditions, with outdoor temperatures ranging from 15°C to 25°C and windy conditions.
These external environmental factors likely affected indoor air quality and ventilation dynamics, making this
study period especially relevant for analyzing air exchange efficiency.

3.1.1 Geographical and Structural Characteristics of the Experimental Room

The experimental room measures 72 m x 5.2 m x 2.8 m and is typically occupied by four doctoral
students, each contributing thermal emissions of approximately 65 W/m?, due to activities like typing
on keyboards.

Airflow in the room is mainly controlled by a single air inlet and outlet, in addition to two north-facing
windows (1.3 m x 0.98 m) and an electric radiator placed beneath the windows. The room is furnished
with five large desks and additional smaller tables for student use. Four of the major desks are positioned at
the corners of the room, while a fifth desk is centrally located (see Fig. 4). The presence of these furniture
elements significantly influences air circulation and pollutant dispersion within the space.

Figure 4: Interior view of the experimental room
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3.1.2 Measurement Equipment and Sensor Configuration

For experimental validation, the ALMEMO 2690 device was used to monitor and record essential
environmental parameters such as air velocity, temperature, and humidity. This device is ideal for applications
that require high-precision, simultaneous measurements of multiple environmental variables.

The ALMEMO 2690 system allows for modular connectivity with various sensors. In this study, sensors
dedicated to temperature, relative humidity, and air velocity were used to gather precise real-time data.
This measurement system ensures high accuracy, guaranteeing reliable environmental monitoring. The wind
speed meter used in this study is depicted in Fig. 5.

Figure 5: ALMEMO 2690

The collected data was stored in the internal memory of the device for post-processing and subsequently
exported to a computer for detailed analysis. This streamlined workflow facilitated an efficient evaluation
of indoor air dynamics and ventilation performance. To quantify measurement uncertainty, the air velocity
sensor has an estimated uncertainty of +0.01 m s™' (approximately 2% relative error), while the CO, sensor
has £50 ppm (approximately 5% relative error), based on the ALMEMO 2690 specifications and standard
calibration procedures.

3.1.3 Experimental Measurement Points and CO, Monitoring

The airflow velocity measurements were taken at multiple points corresponding to locations within
the CFD simulation, enabling a direct comparison between experimental and numerical results. As shown
in Fig. 6, five measurement points (A-E) were strategically positioned within the room. Wind speed and
CO; concentration were measured at two heights (1.1 and 1.5 m) for locations A-D, while point E was
monitored at a single height of 1.5 m. These measurement locations were carefully selected to capture key

airflow characteristics in critical zones of the room.

Wind Speed Measurements: The experimental wind velocity at the air inlet was recorded as 1.37 m s,

which slightly differed from the simulation values of 0.7,1.4, and 2.1 m s ' used in the computational analysis.

CO, Concentration Measurements: The initial CO, concentration before the experiment was 355 ppm,
with continuous monitoring carried out at designated locations throughout the experiment.
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Figure 6: Measurement points (A-E) for airflow velocity and CO, concentration monitoring in the experimental room

The precise placement of the CO, sensors was aligned with the four major desks (A, B, C, D), ensuring
comprehensive coverage of pollutant dispersion patterns. Data collection points for both air velocity and CO,
concentrations were strategically positioned to capture areas of airflow stagnation and circulation effects.

3.1.4 Experimental Boundary Conditions and Data Processing

To ensure consistency with the CFD model, the experimental boundary conditions were defined

as follows:

The air inlet velocity was measured at 1.37 m s™".

Rather than maintaining a constant room temperature of 300 K, temperature data were collected from
various surfaces within the room to provide realistic thermal boundary conditions for the Fluent simulations.

The CO, emissions were derived from normal human occupancy, resulting in an inherently vari-
able emission rate that contributed to notable discrepancies between the simulation predictions and the
experimental data.

The experimental measurements were subsequently analyzed using RMSE and R* metrics, offering an
objective means to assess the level of agreement between the CFD results and the observed airflow and
pollutant dispersion. No filtering or anomaly correction was applied to the CO, data.

3.2 Validation Metrics

The validation of numerical simulations necessitates the use of robust statistical measures to quantify
the agreement between experimental observations and computational predictions. In this study, two primary
validation metrics were adopted: the Root Mean Square Error (RMSE) and the coefficient of determination
(R?). These indices serve as essential indicators of the predictive accuracy and reliability of the computational
fluid dynamics (CFD) model.
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3.2.1 Root Mean Square Error (RMSE)

The RMSE is a widely utilized metric that quantifies the average deviation between experimental and
numerical results. It is particularly sensitive to large deviations and thus provides a rigorous assessment of
simulation fidelity. The RMSE is calculated as follows:

1 n
RMSE = ;Z(Xexp,,. — Xim.i)? (12)
i=1

where X,y ; and X;;,,; denote the experimentally measured and simulated values, respectively, at observa-
tion point i, and » represents the total number of measurements. A lower RMSE indicates better agreement
between the simulation and experimental data, while higher values suggest significant discrepancies.

In the context of this study, RMSE was computed for both air velocity and CO, concentration at various
locations within the experimental domain. Given the dynamic nature of indoor airflow and the inherent
variability of human-generated CO, emissions, the RMSE serves as a critical parameter for assessing the
model’s ability to replicate real-world conditions.

3.2.2 Coefficient of Determination (R?)

The coefficient of determination (R?) is a statistical measure that evaluates the strength and direction
of the linear relationship between simulated and experimental results. It is expressed as:

Z?:](Xexp,i - Xsim,i)2

RP=1-22 .
Zi:1(Xexp,i _Xexp)2

(13)

where X.,, represents the mean of the experimental observations. The R* value ranges between 0 and 1,
where values closer to 1 indicate a high degree of correlation between numerical and experimental data,
signifying a well-calibrated model.

In this study, R* values were determined for airflow velocity and CO, concentration across different
measurement points. A strong correlation (R* > 0.85) would suggest that the CFD model captures the
dominant physical processes governing indoor airflow and contaminant dispersion.

3.2.3 Justification for Selected Metrics

The selection of RMSE and R? is based on their complementary nature. While RMSE offers an absolute
measure of deviation, R? provides a relative assessment of how well the numerical predictions align with
observed trends. Together, these metrics deliver a comprehensive evaluation of the model’s performance,
facilitating both localized error assessment and global pattern recognition.

Furthermore, the interpretation of these metrics must account for potential sources of uncertainty, such
as sensor precision, environmental fluctuations, and variations in human activity within the experimental
space. Since CO, emissions were influenced by natural breathing patterns, some deviations between the
numerical and experimental results were expected.

By incorporating these validation metrics, this study ensures a thorough evaluation of the CFD model’s
predictive capability. This approach enhances the credibility of the simulation results and reinforces their
applicability in optimizing indoor ventilation strategies.
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3.3 Comparison with Experimental Data

To assess the accuracy of the CFD simulations, experimental measurements of air velocity and CO,
concentration were conducted at multiple locations within the validation room. To reassure numerical
accuracy, a grid independence study was performed (detailed in Section 2.3 and Table 4), confirming that
the selected 4 cm mesh provides convergence with less than 3% variation in key parameters compared to
finer grids.

Table 4: Comparison of experimental and CFD-simulated wind speed and CO, concentration at measurement
locations

Location Height Wind speed (m sH— Wind CO; concentration CO,
(cm) Experimental speed—Fluent  (ppm)—Experimental concentration
(ppm)—Fluent

A 110 0.028 0.031 753 832

150 0.059 0.055 763 854

B 110 0.110 0.126 721 791

150 0.057 0.061 735 787

C 110 0.038 0.041 685 722

150 0.020 0.021 698 715

D 110 0.028 0.031 688 728

150 0.035 0.037 685 735

E 150 0.096 0.113 694 744

The comparison between numerical predictions and experimental data provides critical insights into
the model’s capability to replicate real-world indoor airflow and pollutant dispersion.

The validation process involved collecting wind velocity and CO, concentration data at five selected
points (A-E), measured at two heights (1.1 and 1.5 m) where applicable. The measured airflow velocity at the
inlet was 1.37 m s~!, which corresponds to the mid-range value used in the numerical simulations (0.7, 1.4, and
2.1ms™"). The CO, concentration prior to the experiment was recorded at 355 ppm, ensuring that the relative
increase in CO; levels due to occupant emissions could be effectively compared between experimental and
numerical results.

The results for CO, concentration show a reasonable agreement between the simulations and experi-
mental measurements. However, numerical predictions tend to slightly overestimate CO, levels, particularly
at positions A (110 cm) and B (110 cm), where discrepancies between measured and simulated values reached
79 ppm and 70 ppm, respectively. This overestimation is likely due to the model’s assumption of a constant
CO; release rate, whereas human respiration naturally occurs in cycles, leading to fluctuations in emissions.

Despite these discrepancies, the general trend of CO, dispersion was accurately captured by the numer-
ical model. The predicted spatial distribution of CO, aligns well with the experimental observations, with
higher concentrations near the emission source and gradual dilution towards the room’s ventilation outlets.

Given the complex airflow dynamics within the room, several turbulence models were tested to identify
the most suitable approach for simulating indoor airflow and pollutant dispersion. Three models were
considered: k- RNG, k-¢ Realizable, and SST k-w. The comparison showed that both k-e Realizable and SST
k-w models provided satisfactory predictive capabilities, accurately capturing key features of air movement
and pollutant transport.

Ultimately, the k-e Realizable model with Enhanced Wall Function (EWF) was selected for its superior
balance between computational efficiency and accuracy. This model is widely validated for indoor airflow
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applications, handling both large-scale turbulent structures and near-wall effects in ventilated spaces effec-
tively. The selection was further supported by its ability to maintain a strong correlation between simulated
and experimental results, as indicated by the high R* value.

While the validation results demonstrate the model’s capacity to predict airflow and CO, dispersion,
certain sources of uncertainty must be acknowledged:

Measurement Accuracy: The ALMEMO 2690 device, though highly precise, has inherent sensor
limitations that could contribute to minor deviations in recorded values.

Environmental Variability: External factors such as slight fluctuations in room pressure, temperature
variations, and airflow disturbances caused by occupants could introduce experimental inconsistencies.

Human-Induced Variability: The simulation assumes a steady CO, emission rate, while actual human
respiration fluctuates over time, adding natural variability to the experimental measurements.

Opverall, the validation process confirms that the CFD model reliably represents indoor airflow and
pollutant transport. The chosen k-¢ Realizable EWF turbulence model ensures that the numerical simula-
tions closely align with real-world observations, reinforcing the model’s applicability for future studies on
ventilation optimization and indoor air quality assessment.

4 Results and Discussion

4.1 Comparison of Virus Particle Trajectories

Understanding the dispersion behavior of viral aerosols in indoor environments is crucial for assessing
exposure risks and optimizing ventilation strategies. To link these findings to practical design, we further
analyzed how ventilation rates alter particle residence time and potential exposure hotspots, providing tar-
geted recommendations for ventilation layout. This study investigates the trajectories of virus particles with
different diameters (0.5-10 um) within an airflow field, focusing on their movement patterns, suspension
characteristics, and deviation from the primary airflow trajectory.

4.2 Particle Size and Deviation from Airflow Trajectories

Fig. 7 compares gas pathlines and virus particle trajectories (0.5 um diameter) at a ventilation velocity
of 0.7 m s™'. The visualization highlights the similarity between particle trajectories and gas flow, reflecting
the minimal influence of gravitational forces on small particles. Simulation results indicate that smaller
particles (0.5 and 1 um) closely follow the airflow, exhibiting minimal deviation. Fig. 7 clearly illustrates
this behavior, showing virus particle trajectories nearly overlapping with gas pathlines due to their lower
inertia. These small particles remain suspended longer, significantly increasing their potential for airborne
transmission, especially in regions with poor ventilation. Due to their reduced gravitational settling, these
aerosols spread widely, underscoring the need for efficient ventilation systems to prevent accumulation in
poorly ventilated zones.

Due to their smaller size and lighter mass, these particles do not easily settle under gravitational
forces, instead remaining airborne for longer durations, which increases their likelihood of inhalation
and transmission. In indoor environments with inadequate ventilation, these particles can accumulate
and disperse over a wide area, increasing the exposure risk for occupants. This behavior emphasizes the
importance of optimizing ventilation rates to minimize particle accumulation in areas of limited airflow.
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Figure 7: Comparison of gas pathlines (points) and virus aerosol trajectories (lines, 0.5 pm diameter) at ventilation
velocity of 0.7 m s™!: (a) Overall distribution; (b) Enlarged local view near the emission source

As shown in Fig. 8, increasing the particle diameter decreases the relative influence of drag forces while
amplifying the effect of gravity, leading to a more pronounced downward displacement. This deviation
becomes especially evident for particles larger than 5 um, which exhibit shorter transport distances and a
more localized dispersion pattern.

Larger particles, due to their greater mass, experience stronger gravitational forces, causing them to
settle more quickly compared to smaller particles. As a result, their suspension time in the air is significantly
reduced, limiting their range of travel. This suggests that larger particles are more likely to settle on surfaces,
potentially contaminating surrounding areas.

In indoor environments, these larger particles are less likely to remain airborne for extended periods
and are more susceptible to local airflow patterns and surface interactions. Therefore, understanding how
particle size affects dispersion is crucial for designing effective ventilation strategies that reduce the risk of
exposure to both smaller airborne particles and larger particles that may settle and contaminate surfaces.
Furthermore, due to their increased mass, these larger particles tend to circulate more slowly within specific
regions rather than being widely dispersed by the airflow. This phenomenon may result in the accumulation
of contaminants in localized areas, thereby heightening the risk of exposure in those zones, continuing the
need for tailored ventilation systems that address both fine and larger particles.
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Figure 8: Comparison of gas pathlines (points) and virus aerosol trajectories (lines, 10 um diameter) at ventilation
velocity of 0.7 m s™!: (a) Overall distribution; (b) Enlarged local view near the emission source

Key Observations and Implications

Small particles (0.5-1 um): These particles remain primarily suspended in the air, closely following the
airflow streamlines with minimal deviation.

Large particles (3-10 pum): These particles exhibit significant deviation from the primary airflow
trajectories, settle more rapidly, have a reduced airborne transport range, and tend to accumulate in
localized areas.

These findings underscore the critical role of particle size in assessing airborne transmission risks.
Smaller particles, due to their extended suspension time in the air, highlight the need for efficient ventilation
to reduce their spread. In contrast, while larger particles settle more quickly, they may accumulate in specific
regions, raising the risk of localized contamination. Effective ventilation and air purification strategies,
tailored to address these distinct dispersion behaviors, are essential for minimizing the potential hazards
associated with viral aerosol transmission.
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4.3 Particle Suspension and Ventilation Effects
4.3.1 Impact of Particle Size on Suspension Time

The behavior of aerosolized viral particles within an indoor environment is profoundly influenced
by their size, as it directly affects their aerodynamic properties and interactions with the surrounding
airflow. Fig. 9 illustrates the mean residence time of viral particles of various diameters at an inlet velocity of
0.7 m s~'. The results indicate that smaller particles (0.5-2 um) remain suspended for extended durations,
often exceeding 2000 s, as they closely follow the airflow streamlines with minimal gravitational settling.
In contrast, larger particles (greater than 5 pm) exhibit significantly shorter residence times, with a distinct
downward drift due to the dominant influence of gravitational settling.

time average

2.50E+03
2.00E+03

1.50E+03

e
L ]
+03 g @
[ ]
% 6.00E+03 Q L
[ ]
1.00E+03 é 3. 00E+0: g ¢
[
5.00E+02 s
0.00E+00 vk E g '
0E+00 1E-06 2E-06 3E-0¢ 4E-06 SE-D6 TE-06 8E-06 £-06 1E-05

0 2 4 6 8 10 12

second )

time

diameter (um)

(a) (b)

Figure 9: Mean residence time of viral particles at an inlet velocity of 0.7 m s™': (a) Average residence time as a function
of particle diameter, (b) Scatter plot of individual particle suspension times

The range of residence times across different particle sizes is further visualized in Fig. 9, where individual
particle trajectories display greater variation for smaller particles. This pattern suggests that, while some finer
aerosols may be carried out through the ventilation system, others can persist in recirculating eddies within
the room for prolonged periods, further complicating the dynamics of airborne transmission.

4.3.2 Effect of Ventilation Speed on Suspension Time

To assess the influence of ventilation, Fig. 10 shows both the mean and individual residence times of
viral particles at an increased airflow velocity of 1.4 m s™". The results demonstrate a general reduction in
suspension times for all particle sizes. Smaller aerosols (0.5-2 um) continue to exhibit a strong tendency to
remain airborne, yet their residence time is reduced by nearly 40% compared to the lower airflow condition.
In contrast, particles larger than 5 um experience a much more significant decrease in residence time,
underscoring the effectiveness of ventilation in facilitating their rapid removal from the air.

Further increasing the airflow velocity to 2.1 m s~ (Fig. 11) leads to a significant reduction in suspension
time across all particle sizes. Notably, particles larger than 5 pm are rapidly transported out of the domain,
effectively minimizing their concentration in indoor air. However, even at the highest ventilation rate, smaller
aerosols continue to exhibit extended residence times, though their overall dispersion is noticeably reduced.

These findings underscore the pivotal role of ventilation in reducing the persistence of airborne viral
particles. While increased airflow effectively shortens the residence time of larger particles, smaller aerosols
remain suspended for longer periods. This suggests that a combination of mechanical ventilation and
additional mitigation strategies, such as advanced filtration or localized air extraction, may be necessary to
optimize indoor air quality and reduce the risk of viral exposure.
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Figure 10: Mean residence time of viral particles at an inlet velocity of 1.4 m s': (a) Average residence time as a function
of particle diameter, (b) Scatter plot of individual particle suspension times
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Figure 11: Mean residence time of viral particles at an inlet velocity of 2.1 m s

of particle diameter, (b) Scatter plot of individual particle suspension times
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Moreover, the results emphasize the need to tailor ventilation rates to the specific characteristics of
indoor environments. While higher ventilation speeds are effective at removing larger particles, they may not
be sufficient to eliminate fine aerosols entirely. Therefore, implementing a ventilation system that balances
efficient airflow with targeted filtration could offer a more comprehensive approach to mitigating airborne
transmission risks.

4.4 Differences between CO, and Virus Dispersion

The dispersion patterns of carbon dioxide (CO,) and viral aerosols differ significantly due to their
distinct physical properties and interactions with airflow. Recognizing these differences is crucial for
assessing indoor air quality and infection risk.

4.4.1 Spatial Distribution Differences

As a gaseous pollutant, CO, tends to distribute more uniformly within indoor environments due to its
lower density and rapid diffusion. As shown in Fig. 12 (perpendicular to the room), the CO, concentration
forms relatively homogeneous gradients, spreading along airflow paths and quickly reaching equilibrium.
In contrast, the mass concentration of viral aerosols under the same conditions exhibits pronounced
heterogeneity. Due to their higher mass, viral particles are more likely to accumulate in specific regions,
particularly in areas with lower airflow velocities or near surfaces.
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Figure 12: Co-located contours of virus-laden dry particle matter (DPM) mass concentration (left colour bar,
kg m~?) and CO, mass fraction (right colour bar, -) on the vertical mid-plane x = 0.9 m for an inlet velocity of 0.7 m s

Similarly, Fig. 13 (parallel to the floor) further highlights the differences between CO, and viral aerosol
dispersion. While CO, maintains a relatively uniform diffusion pattern, viral particles form localized high-
concentration zones, particularly within recirculating airflow regions. This observation underscores the
significant role of gravitational settling and inertial effects in viral dispersion, setting their behavior apart
from gaseous pollutants.
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Figure 13: Co-located contours of virus-laden dry particle matter (DPM) mass concentration (left colour bar,
kg m~>) and CO, mass fraction (right colour bar, -) on the horizontal plane y = 1 m for an inlet velocity of 0.7 m s

4.4.2 Key Findings

CO, dispersion tends to be largely homogeneous, making it a useful indicator for assessing ventilation
efficiency. However, its uniform distribution does not directly correlate with the dispersion of viral aerosols.
Unlike CO,, viral particles tend to accumulate in specific zones, especially where airflow is weaker or
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near surfaces, thereby increasing the risk of localized exposure. The divergence shows that neither CO,
level nor mean age of air, taken in isolation, delineates all high-exposure zones. We therefore recommend
that ventilation design be informed by a composite diagnosis that couples gas data, size-resolved particle
measurements, and rapid CFD appraisal.

4.5 Limitations of Using Air Age as a Contamination Indicator

Air age is widely used as an indicator of ventilation efficiency and indoor air quality, providing insights
into the average time air has spent within a given space. However, its effectiveness in predicting the dispersion
of airborne contaminants, particularly virus-laden aerosol particles, has significant limitations. This study
evaluates air age as a proxy for contamination risk and highlights discrepancies between air age distribution
and actual particle accumulation patterns. Fig. 14 presents the spatial distribution of air age alongside the
mass concentration of virus-laden particles (1.476409e-10 kg m~> isosurface).
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Figure 14: Iso-surfaces of (red) air age 7>1200 s and (blue) virus-laden aerosol mass concentration C > 1.47 x
107 kg m~*: (a) Top (plan) view; (b) Main (front-isometric) view
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The results reveal a fundamental mismatch between air age and viral accumulation patterns. While the
highest air age values are observed in the central region of the room, the concentration of virus particles is
notably higher near the walls. This finding suggests that stagnant air does not necessarily correlate with areas
of increased contamination risk. Instead, viral aerosols tend to accumulate in regions influenced by airflow
recirculation and gravitational settling, phenomena that air age metrics fail to adequately capture.

The observed discrepancies indicate that air age alone cannot reliably predict areas of elevated con-
tamination risk. Several factors contribute to this limitation. First, air age measures the time since the air
last entered the room but does not account for the transport dynamics of particulate pollutants, which are
influenced by inertia, turbulence, and gravitational settling. Second, air age assumes homogeneous mixing of
pollutants, an assumption that does not hold for virus aerosols, which exhibit complex dispersion behaviors
driven by factors such as particle size, density, and airflow patterns.

Given these limitations, relying solely on air age to evaluate airborne contamination risk may result in
underestimating or misinterpreting high-risk areas. While air age remains a valuable metric for assessing
ventilation effectiveness, it should be complemented by additional indicators, such as direct measurements
of particle concentration and localized airflow patterns. In future work, air age could be combined with
other indicators like ventilation effectiveness (VE) from ASHRAE standards, contaminant removal index
(CRI), or localized particle deposition rates from CFD to provide a more comprehensive risk assessment.
Future studies should explore integrated approaches that combine multiple air quality metrics to improve
the accuracy of indoor contamination risk assessments.

5 Conclusion

This study highlights the distinct behaviors of CO, and virus-laden aerosols under different ventilation
velocities (0.7, 1.4, and 2.1 m s™') in a full-scale office mock-up. Validated CFD simulations show that CO,
disperses uniformly throughout the space, making it a reliable indicator of overall ventilation efficiency.
In contrast, aerosols exhibit marked size-dependent segregation: submicron particles (0.5-1 pm) remain
suspended for extended periods, following airflow streamlines for several hundred seconds, whereas larger
particles (>3 pum) settle rapidly under the combined effects of gravity and inertia, accumulating in low-
flow zones.

Increasing ventilation velocity reduces particle residence times in a non-linear manner. At the highest
tested velocity (2.1 m s™!), the persistence of coarse particles is halved, and CO, dilution is significantly
improved. However, higher airflow also extends the travel distance of submicron particles, revealing a
trade-oft that calls for a balanced optimization of ventilation strategies. It is also noteworthy that the
conventional mean age of air metric proves inadequate for identifying aerosol concentration hotspots, as
these often coincide with moderate-age air recirculation zones that are difficult to detect using standard
assessment methods.

These findings demonstrate that CO, monitoring alone is insufficient to fully assess airborne infection
risk. We therefore recommend an integrated approach combining CO, monitoring, size-resolved aerosol
measurements, and CFD analysis to design more effective ventilation systems. Such composite strategies
would help minimize exposure risks without leading to excessive energy costs.

However, certain methodological aspects deserve further investigation to broaden the scope of this
study. The current analysis is based on steady-state flow conditions, assumes a single emission source, and
considers an isothermal environment. Future research should overcome these constraints by incorporating
transient occupancy dynamics, buoyancy effects, and multi-source emission scenarios. These developments
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will be essential for creating more robust adaptive control algorithms capable of dynamically responding to
indoor air quality challenges.
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