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Abstract

Infectious diseases can spread through virus-laden respiratory droplets exhaled into the
air. Ventilation systems are crucial in indoor settings as they can dilute or eliminate these
droplets, underscoring the importance of understanding their efficacy in the management
of indoor infections. Within the field of fluid dynamics methods, the dispersed droplets
may be approached through either a Lagrangian framework or an Eulerian framework.
In this study, various Eulerian methodologies are systematically compared against the
Eulerian-Lagrangian (E-L) approach across three different scenarios: the pseudo-single-
phase model (PSPM) for assessing the transport of gaseous pollutants in an office with
displacement ventilation (DV), stratum ventilation (SV), and mixing ventilation (MV); the
two-fluid model (TFM) for evaluating the transport of non-evaporating particles within an
office with DV and MV; and the two-fluid model-population balance equation (TFM-PBE)
approach for analyzing the transport of evaporating droplets in a ward with MV. The
Eulerian and Lagrangian approaches present similar agreement with the experimental data,
indicating that the two approaches are comparable in accuracy. The computational cost of
the E-L approach is closely related to the number of tracked droplets; therefore, the Eulerian
approach is recommended when the number of droplets required by the simulation is large.
Finally, the performances of DV, SV, and MV are presented and discussed. DV creates a
stratified environment due to buoyant flows, which transport respiratory droplets upward.
MV provides a well-mixed environment, resulting in a uniform dispersion of droplets. SV
supplies fresh air directly to the breathing zone, thereby effectively reducing infection risk.
Consequently, DV and SV are preferred to reduce indoor infection.

Keywords: Eulerian approach; Eulerian-Lagrangian approach; population balance equation;
respiratory droplets; ventilation systems

1. Introduction

Some infectious diseases can be transmitted by virus-laden respiratory droplets ex-
haled by an infected person [1]. Since people spend most of their time in indoor environ-
ments [2], such as offices, classrooms, and hospital wards, studies on the transmission of
respiratory droplets in these scenarios are important to control infections.

Respiratory droplets in indoor environments form a complex multiphase system
influenced by factors such as droplet composition, size, and ambient conditions. Droplets,
ranging from micrometers to millimeters in size, exhibit varying dynamics under forces
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such as drag and gravity [3]. They partially evaporate due to their volatile and non-volatile
components; smaller droplets often transform into nuclei [4], while larger ones settle
quickly under gravity [5]. Beyond droplet dynamics, indoor layouts, including furniture
and barriers, significantly influence deposition and trajectories [6]. Ambient conditions,
such as temperature and relative humidity (RH), alter airflow properties and evaporation
rates, thus affecting disease transmission dynamics [7]. By shaping indoor airflow patterns,
ventilation systems mitigate infection risks by diluting or removing virus-laden droplets.

In recent years, the performance of various ventilation systems in diluting and re-
moving virus-laden respiratory droplets has been extensively studied. Experimental in-
vestigations have predominantly employed two methods: the tracer gas method and the
tracer particle (or droplet) method [8]. The tracer gas method involves measuring the
concentration of selected gases, such as CO; [9], N,O [10,11], or SF¢ [12,13], to evaluate the
transmission of gaseous pollutants. Small respiratory droplets or aerosols, which tend to
follow background airflow because of their size, exhibit behavior comparable to that of
tracer gases. Thus, tracer gases are also suitable for tracking aerosol transmission, especially
aerosols with sizes around 1 pm [14-16]. For example, Tian et al. [17] used CO, to assess
the performance of mixing ventilation (MV), displacement ventilation (DV), and stratum
ventilation (SV) in a small office, finding that SV removed CO, more effectively in the
breathing zone compared to MV and DV. Ameen et al. [18] compared tracer gas (SF4) decay
in corner-impinging jet ventilation with MV and DV, revealing the superior air exchange
effectiveness of this method. Moreover, Kong et al. [19,20] employed CO, in experimental
studies of novel ventilation systems, including low-temperature radiant floors coupled
with intermittent stratum ventilation and interactive cascade ventilation. These innovative
systems demonstrated enhanced performance in reducing infection risks.

The tracer particle method measures the concentration of particles to approximate
the behavior of respiratory droplets. Compared to the tracer gas method, it offers a
closer representation of respiratory droplets by employing polydispersed evaporating
particles or droplets. For example, Zhou et al. [21] investigated aerosol transmission
in a ventilated fever clinic using particles ranging from 0.1 um to 10 um. Their study
revealed that the location of the occupants significantly influenced the effectiveness of
aerosol removal. Similarly, Liu et al. [22] studied the performance of mixing ventilation
and displacement ventilation using particles in the range of 0.3 um to 2 um. Their findings
demonstrated that DV produced a vertical stratification of particle concentration, leading
to better air quality than MV. Zhuang et al. [23] used solid particles (<10 pm) to examine
the underfloor air distribution. They observed distinct behaviors: fine particles (<2.5 um)
exhibited suspension trends, while coarse particles (>2.5 um) showed settling tendencies.
In addition, tracer droplets have been used to mimic respiratory droplet evaporation.
Xu et al. [24] employed evaporating salt-water droplets (0.3 um to 10 pm) to evaluate three
customized ventilation systems. Wang et al. [25] studied evaporating droplets (0.3 um
to 5 um) in a negative-pressure isolation ward under MV. Their results indicated that
smaller droplets quickly evaporated into nuclei, resulting in similar size distributions
across different locations in the ward.

The above experimental studies reveal the performance of different ventilation systems
in removing respiratory aerosols or droplets. However, due to the limited number of
measuring points, experimental studies may not fully capture the non-uniform distribution
of respiratory droplets caused by complex indoor airflow patterns under various ventilation
systems [26]. To address this limitation, numerical methods are increasingly utilized to
provide detailed temporal evolution and spatial distribution of respiratory droplets. These
methods enable a comprehensive analysis of droplet dynamics and their interactions with
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airflow, furnishing valuable insights for optimizing indoor ventilation strategies to control
infection risks.

As shown in Figure 1, respiratory droplets vary significantly in size, ranging from
micrometers to millimeters. These droplets can be either polydispersed, exhibiting a wide
size range with diverse behaviors, or monodispersed, distributed within a narrow size range
and demonstrating similar dynamics. Depending on their size and distribution, different
numerical methods can be employed for their simulation: the Lagrangian approach or
Eulerian approaches of various complexities. The Lagrangian approach tracks dispersed
droplets individually by solving specific evolution equations for their motion and size
changes while treating the air phase as a continuum through the Navier—Stokes (N-S)
equations. This combined method, often referred to as the Eulerian-Lagrangian (E-L)
approach, excels in modeling both monodispersed and polydispersed evaporating droplets
with wide size distributions. Consequently, the E-L approach has been extensively used for
simulating droplet transport and evaporation under various ventilation systems [27-32].

Figure 1. Different numerical methods for the transmission of respiratory droplets.

For instance, Wang et al. [33] utilized the E-L approach to simulate droplet behavior (1 pm
to 100 pm) under impinging jet ventilation and two forms of mixing ventilation. Similarly,
Ren et al. [34] applied this approach to trace droplets with diameters ranging from 3 to 175 um
in ventilated wards, while Liu and Deng [35] simulated the transmission of dry droplet nuclei
(0.75 pm to 330 pm) in an elevator equipped with MV. In these studies, the E-L approach
accurately predicted the fate of droplets of various sizes, with larger droplets depositing on
surfaces and smaller ones being effectively removed by the ventilation systems.

Also, the evaporation of respiratory droplets can be effectively modeled using the
E-L approach. For example, Borro et al. [36] traced the dispersion of evaporating droplets
ranging from 3 pum to 750 um in a ventilated hospital room. Similarly, Li and Feng [37]
investigated the transmission of evaporating droplets (1 um to 1500 um) under air curtain,
MYV, and DV configurations. Lu and Lin [38] incorporated evaporation into their simulation
of cough droplet dispersion in a ward equipped with DV, SV, and MV. In particular,
Zhang et al. [39] utilized large eddy simulation for the continuous phase and the Lagrangian
approach for the dispersed phase to study droplet transport and evaporation during
coughing and talking in a room with MV and DV. Their model simulated droplets with
initial sizes of 1, 10, 20, 50, and 100 um, demonstrating distinct dynamics: 100 pm droplets
initially moved downward due to gravity, but as they evaporated to smaller sizes, buoyant
airflow in DV caused upward movement. These studies underscore the significant effects
of evaporation and polydispersity on droplet trajectories, highlighting the necessity of
considering both factors in respiratory droplet transmission models.
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To achieve stochastically stable results, the E-L approach requires tracking a suffi-
ciently large number of particles to ensure statistical convergence of the simulated droplet
dynamics. This need arises because the approach relies on the random sampling of particle
trajectories, and an insufficient number of particles can introduce significant variability in
the results. Clearly, the computational cost increases with the number of tracked particles
and may become substantial when highly accurate simulations are required. Consequently,
the Eulerian—Eulerian (E-E) approach has gained attention for its lower computational
demands [40]. This approach models dispersed respiratory droplets as a continuum, em-
ploying various strategies to compute droplet velocities. The simplest method, the pseudo-
single-phase model (PSPM), assumes that droplets, regardless of size, follow the airflow
exactly. In this case, only the Navier-Stokes equations for the continuous phase are solved,
with an additional scalar transport equation representing droplet concentration [41] or
species mass fraction [42]. Similar to the tracer gas method, the PSPM is limited to modeling
small droplets or aerosols, as shown in Figure 1. Due to its simplicity, this model is widely
applied in studies of ventilation systems [43-46].

For larger droplets that do not entirely follow the airflow, the solution requires an
additional momentum balance equation for the dispersed phase. The two-fluid model
(TFM), a widely used E-E approach, treats droplets as a continuum and solves momentum
equations for both gas and droplet phases, incorporating interphase momentum transport
due to interfacial forces. Yan et al. [47] compared the TFM with the E-L approach in studying
particle transport under displacement ventilation (DV), finding comparable accuracy in
predicting flow fields, though the E-L approach better modeled particle-wall interactions.
Similarly, Pei et al. [48] contrasted the TFM and PSPM in simulating aerosol transmission
(1 pm and 10 pm) under DV and MV. Their results showed that the TFM provided more
detailed concentration distributions for larger aerosols, revealing lower concentrations due
to deposition. Moreover, simplified E-E models, such as the mixture model [49] and the
drift-flux model [49-51], were also used to simulate respiratory droplet transport.

Despite its relatively lower computational costs, the Eulerian—Eulerian (E-E) approach
has not been as widely adopted as the Eulerian-Lagrangian (E-L) method. As shown in
Figure 1, the E-E approach is generally applied to monodispersed droplets, though it is
also capable of describing polydisperse evaporating droplets. To address this limitation,
we previously coupled the population balance equation (PBE) with the E-E approach,
enabling the simulation of both droplet size evolution and transport [52]. This EE-PBE
(TFM-PBE) approach was validated against experimental and numerical data, demon-
strating its capability to model the transport of evaporating droplets in a room without
ventilation systems.

Given the computational efficiency of Eulerian approaches, they remain promising
tools for studying respiratory droplet dynamics in indoor ventilation systems. This study
extends the application of Eulerian methods, including the TEM-PBE approach, to simu-
late evaporating respiratory droplets, an area traditionally modeled using E-L methods.
Additionally, a systematic benchmark comparison is conducted between Eulerian and E-L
approaches across a range of realistic ventilated indoor environments. These environments
are modeled using tailored Eulerian approaches: the pseudo-single-phase model (PSPM)
for gaseous pollutants, the two-fluid model (TFM) for non-evaporating monodispersed
particles, and the TEM-PBE approach for evaporating polydispersed droplets. By focusing
on computational efficiency and accuracy, this work demonstrates the capability of Eulerian
methods to provide robust alternatives to E-L approaches, offering valuable insights into
the optimization of ventilation systems for infection control.

The manuscript is arranged as follows: Section 2 introduces the Eulerian and La-
grangian approaches, including the pseudo-single-phase model (PSPM), the two-fluid
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model (TEM), the TEM-PBE coupled approach, and the Eulerian-Lagrangian approach.
Section 3 details the application of these Eulerian approaches to respiratory droplet trans-
port in ventilated indoor environments, with comparisons to the Lagrangian approach.
Finally, Section 4 provides the conclusions derived from this study.

2. Methodology
2.1. Pseudo-Single-Phase Model

In the PSPM, small respiratory particles are regarded as passive tracers following the
airflow due to their small sizes. Therefore, their velocity can be obtained by solving the
N-S equations of the airflow. The evolution of the particles is tracked by solving a scalar
transport equation representing the mass fraction of the particles, which can be written
as [42]:

0
g(PYp) +V- (PUYp) -V (DEff,pVYp) =0, 1)

where Y}, is the mass fraction of particles in the air phase; p is the air density; U is the
velocity of the airflow; Dgg , is the effective diffusion coefficient equal to the sum of the
Brownian contribution (Dp) and the turbulent contribution (yt/Sct), and the default value
for the turbulent Schmidt number Sc; is 0.7. While the PSPM is suitable for modeling
small respiratory aerosols that closely follow airflow, larger droplets with significant inertia
require the two-fluid model to account for interphase interactions.

2.2. Two-Fluid Model

The two-fluid model (TFM) treats both the continuous and dispersed phases as inter-
penetrating continua, solving separate sets of governing equations for each phase. The dis-
persed phase is described using equations for continuity, momentum, and energy [53]:

0 ,
g(“dpd) + V- (agpqUq) = ritg, )
0 .
g(“deUd) +V - (agpqUg @ Ug) = —agVp + V - (2qRggrq) + €qpa8 + Fq + My, 3)
0 .
= (agp4(Eq + Kq)) + V- (2gpqUq(Eq + Kq)) = V - (agagga VEq) — aqV - (pUq) + aqpag - Ug + Qq, 4)

ot

where the subscripts ¢ and d represent the continuous phase and the dispersed phase,
respectively. Therefore, a4, pg and Uy are the dispersed phase volume fraction, density
and velocity. The term ri14 is the mass transfer rate per unit volume due to evaporation or
condensation. The pressure p is shared by the continuous and dispersed phase. The term
Rgg q is the effective stress tensor containing laminar and turbulent contribution; g is the
gravitational acceleration vector; Fy is the interphase force term; My is the momentum
transfer rate caused by mass transfer; Eq is the sensible internal energy and Ky is the
kinetic energy; agg 4 is the effective thermal diffusivity; and Qq contains the interphase
heat transfer and the energy transfer caused by mass transfer. These equations describe
the transport and interactions of droplets within the air phase, accounting for interphase
momentum, mass, and heat transfer. More details on the interphase models for the TFM
can be found in our previous work [52].

The droplet velocity, Uy, depends on the droplet size and can be identical to the
air velocity U, or different from it. Therefore, TFM can be used to track the transport of
larger droplets that do not passively follow the airflow. The TFM assumes a single droplet
size at any given location, typically using the mean diameter for interphase calculations.
Although this simplifies the model, it limits its ability to describe polydispersed systems.
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In such cases, coupling the TEM with the population balance equation (PBE) enables the
representation of droplet size distributions, as described in the next subsection.

2.3. Population Balance Equation

The population balance equation (PBE) describes the evolution of the droplet size
distribution (DSD), n(t, x, d), where n represents the number density of droplets at time ¢,
spatial position x, and droplet diameter d [54]. The general form of the PBE is

a”a(td) £V [U@n(@)] + o

G(d)n(d)] = 0, )

where the variable G = dd/dt is the rate of change of droplet size due to condensation or
evaporation and U is the droplet velocity. In this work, coalescence and breakup processes
are neglected, as they play a minor role in the transport of dilute aerosols by ventilation
systems. Equation (5) is consistent with the monokinetic assumption, which means that
droplets of the same size d share the same velocity U(d) at a given location x, neglecting
cross-particle trajectories. In order to take into account the full statistical distribution of
velocity, a much more complex approach must be used, which is discussed in our previous
work [52] but is not adopted here.

The PBE is solved using the Quadrature Method of Moments (QMOM), which approx-
imates the DSD n(t,x,d) as a weighted sum of Dirac delta functions:

n(t,x,d) prtx (d —dpy(t,x)), (6)

where w)(t,x) and d)(t, x) are the weight and abscissa of the pth node and N is the number
of quadrature nodes. The k—th order moment of the DSD, M, can be expressed as

+o0 N
M, = / dn(d)dd ~ Y wpdk,. @)
0
p=1

Equation (7) implies that the N unknown weights w, and the N unknown abscissas d,
can be calculated using the first 2N moments, and the moments are obtained by solving
the moment transport equations. Multiplying Equation (5) with d¥ and integrating it with
respect to the diameter d yields the transport equation for the k—th order moment Mj:

aM" 4V /+°° d)dd +/ a a yn(d))dd = 0, ®)

where the first term is the temporal change rate of M, the second term is the moment
change rate caused by convection in physical space, and the third term is the moment
change rate caused by positive or negative growth of the droplets, such as evaporation
and condensation.

According to the relationship between the velocity U(d) and the internal coordinate
d, some simplifications might be made to the convection term. Considering the fact that
the droplets or particles adopted in the experimental studies have a relatively narrow
size range, they can be regarded as moving with the same velocity. Then, the velocity is
independent of the internal coordinate d, and it can be moved out of the integral. Therefore,
Equation (8) becomes

M,
ot

LV (UM, + / - a s I (Gld)n(d))dd =0, )
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where Uy is the droplet velocity independent of internal coordinate d. In this case,
Equation (9) can be solved by being coupled with the TFM. The TEM provides Equation (9)
with the dispersed phase velocity as Uy and the interphase mass transfer rate to calculate
G(d). Meanwhile, the DSD obtained from (9) is used to provide the dispersed phase diame-
ter to calculate the interphase models of TEM. The details of this coupled approach can be
found in our previous work [52].

2.4. Eulerian—Lagrangian Approach

Finally, the E-L approach is summarized. This approach represents the dispersed
phase as individually tracked particles [55-57]. The motion of a particle, considering
gravity and drag forces, is governed by the following equation:

dU md3 Cq mds
mPTtP:Tp(Pp—Pc)gJF?TPPJUp_UC’(UP_UC)' (19

where mp, is the particle mass, Uy, is the particle velocity, d;, is the particle diameter, o, and
pc are the densities of the particle and continuous phase, respectively, and C4 is the drag
coefficient. Turbulent dispersion is modeled using a stochastic approach:

U.=U.+ U, (11)

where U, is the mean continuous phase velocity obtained by solving the N-S equations
and Ué =2k /3 represents the turbulent fluctuating velocity, with k. as the continuous
phase turbulence kinetic energy and ¢ as a random unit direction vector. Furthermore,
details of mass and energy conservation equations of the particle and relevant heat and
mass transfer models can be found in [52,58].

The E-L approach tracks individual droplet properties, such as mass and velocity,
offering detailed insights into droplet dynamics. However, it incurs higher computational
costs compared to Eulerian approaches due to the need to solve the motion equation for
each particle. While the Eulerian approach predicts average droplet behavior using mean
diameters, it may be computationally more efficient and requires less post-processing.

2.5. Implementation of the Numerical Methods

The open-source software OpenFOAM v2106 [59] is adopted in this study. The air
phase is regarded as compressible to consider the effect of temperature changes and
buoyancy. The solver for the PSPM is implemented by adding the scalar transport equa-
tion to buoyantSimpleFoam and buoyantPimpleFoam for steady and unsteady cases, respec-
tively. The unsteady solver, reactingTwoPhaseEulerFoam, is adopted for the TEM. The solver
for the TFM-PBE coupled approach has been implemented based on OpenFOAM v2106
and validated in our previous work [52]. For the E-L approach, the standard solver of
OpenFOAM v2106, reactingParcelFoam, is adopted. The simulations are performed on the
high-performance computing system of Politecnico di Torino (CPU: Intel Xeon Gold 6130,
2.10 GHz, 16 cores).

3. Analysis of the Test Cases and Results
3.1. The Pseudo-Single-Phase Model for Tracer Gas

To systematically compare the Eulerian approaches with the E-L approach, the PSPM
and the E-L approach were first adopted to investigate the transport of gaseous pollutants
or small aerosols. In this study, we adopted the experiment conducted by Tian et al. [17]
where carbon dioxide (CO;) acted as a tracer gas, simulating small respiratory droplets or
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aerosols. This was to assess the performance of displacement ventilation (DV), stratum
ventilation (SV), and mixing ventilation (MV) in a small office setting.

3.1.1. Case Description and Numerical Method

As shown in Figure 2, a small office with thermal isolation was used in the experi-
ment, with dimensions of 4 m x 3.5m x 3.5 m (length x width x height). The inlets for
displacement ventilation (DV, 1.56 m x 0.355 m), stratum ventilation (SV, 0.19 m x 0.09 m),
and mixing ventilation (MV, 0.19 m x 0.09 m) were located on the front wall (y = 3.5 m).
The exhaust line extended into the office via a square pipe. The ceiling featured three fluo-
rescent lights, each rated at 72 W. The room contained a desk, a closet, a computer (with
the system unit on the floor and the monitor on the desk), and a manikin represented by a
rectangular cuboid. A 100 W light bulb placed inside the manikin simulated the thermal
effects of a sedentary human body, while the system unit operated at a power rate of 180 W.
Various CO, emission points were evaluated during the experiment, including the floor
(z = 0m), desk (z = 0.8 m), and armpit (z = 1.0 m). Measurements of velocity (ms™1),
temperature (°C), and CO, concentration (parts-per-million, ppm) were recorded along
vertical sampling lines under steady-state conditions.

(@) (b)

Figure 2. The configuration of the office with DV, SV, and MV: (a) the layout from the oblique
view; (b) the locations of the vertical sampling lines and sources from the top view. The locations of
sampling line 1 to 5 are (x, y) = (1.7 m, 2.5 m), (2.35 m, 2.5 m), (2.35m, 2.2 m), (2.35m, 1.9 m), (2.18 m,
1.25 m), respectively. The floor source location is (x, y, z) = (2.35 m, 2.20 m, 0.00 m), and the armpit
source is (2.40 m, 0.95 m, 1.00 m).

The computational geometry was designed to replicate the experimental configuration,
with simplifications made to reduce computational complexity. Features such as desk legs,
keyboards, computer cables, and detailed structures of ventilation inlet diffusers were
omitted. For example, the perforated diffuser at the DV inlet, with a perforated area ratio
of 33.2%, was simplified as a uniform opening. To ensure consistency in supplied air
momentum and flow rate, the method proposed by Zhang et al. [60] was adopted. This
involved specifying the measured velocity for a subset of grid cells proportional to the
perforated area ratio. This approach is widely used to simplify diffuser representations
while maintaining accuracy in airflow simulations [22,61].

The other boundary conditions were specified according to the experimental setups.
Six simulations were conducted for three ventilation systems under a single inlet flow
rate (2.2 air changes per hour) and the source locations corresponding to floor (F) and
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armpit (A). The case numbers corresponding to the experimental configurations were DV-
Al, SV-Al, MV-A1, DV-F1, SV-F1, and MV-F1. Velocity values were assigned as previously
described. No-slip boundary conditions were applied to walls and other surfaces, while
a fixed pressure was set at the exhaust. For temperature, fixed temperatures or power
ratings were applied to the inlet, fluorescents, system unit, and manikin. To reflect thermal
isolation in the experiment, walls, and the ceiling were treated as adiabatic, while a fixed
temperature was imposed on the floor. Additionally, inlet concentrations and CO; release
rates were defined based on experimental data. The detailed boundary conditions are listed
in Tables A1 and A2 in Appendix B.

The PSPM was adopted, modeling the air as a mixture of dry air, water vapor, and COy,
as relative humidity (RH) was measured in the experiment. Two species transport equations
were solved for water vapor and CO,. The thermophysical properties were modeled as
functions of temperature and composition, following the approach in Feng et al. [52].
The RNG k — € turbulence model [62] has demonstrated excellent accuracy in simulating
indoor airflow [63,64]. Consequently, it was employed to model the continuous air phase
throughout this study. Additionally, second-order discretization schemes were applied to
the governing equations.

For comparison, the E-L approach was also adopted. Particles with a diameter of
1 pm were released at the CO; source (armpit) at a rate of 1000 per second, mimicking CO,
behavior. Drag and gravity forces were considered, with turbulent dispersion modeled
through a stochastic tracking method. The RNG k — € turbulence model was similarly
applied. Escape boundary conditions were set at the outlet, while rebound boundary
conditions were used for walls and surfaces.

A hexahedral grid refined near walls and surfaces was built. Grid convergence was
examined using three levels of refinement (258,232 cells for coarse, 553,632 for medium,
and 1,222,930 for fine). Results from the medium and fine grids were very close and showed
good consistency, leading to the adoption of the medium grid for simulations. Further
details are provided in Appendix A.1.

3.1.2. Results and Discussion of Tracer Gas

Figures 3-5 present the predicted and measured profiles of velocity, temperature,
and CO; concentration for DV, SV, and MV, respectively. The predicted results show good
agreement with experimental data in most cases. Furthermore, the numerical simulations
capture certain flow features that the experiments missed due to a limited number of
measurement points. These findings confirm the reliability of the PSPM for modeling
tracer gas transmission in indoor environments and its ability to provide detailed insights
into airflow fields. Additionally, the different ventilation systems result in varying indoor
airflow patterns, which influence the temperature, velocity, and CO, concentration profiles.
These differences arise from the specific configuration of each system, including the location
of inlets and exhausts, the cross-sectional area for air passage, and the air supply velocity.
Such variations naturally lead to distinct airflow structures within the indoor environment,
which, in turn, determine the effectiveness of each system in removing respiratory droplets.
Figure 6 illustrates the velocity fields of DV, SV, and MV in the (x = 2.2 m) plane, capturing
the characteristic airflow patterns of each system as reported in [65]. A detailed discussion
of these patterns and their implications is provided below.

For the case of DV, fresh cool air is supplied at a relatively low velocity from the lower
part of the front wall, as shown in Figure 2a. Consequently, both the predicted and measured
velocities are higher in the lower part of the room, as illustrated in Figure 3a. Similarly,
Figure 3b shows that temperatures at the sampling lines are lower near the floor, where
cool air is supplied, and higher near the ceiling due to the thermal effect of the fluorescents
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(detailed temperature distribution is shown in Figure Sla of the Supplementary Material).
Figure 6a further illustrates the velocity field in the x = 2.2 m plane, intersecting the
manikin and desk. The supplied cool air, having a higher density, initially moves down-
ward due to gravity and then flows along the floor. Meanwhile, the thermal effect of the
manikin creates upward buoyant airflow, particularly above the manikin’s head, which
transports tracer gas or aerosols from the floor to the ceiling. When the CO, source is at
the armpit, as shown in Figure 3¢, the CO, concentration increases with height. When the
source is on the floor, as shown in Figure 3d, the CO, concentration near the floor is partic-
ularly high at Locations 3, 4, and 5 because they are close to the floor source. Above this
region, the CO, concentration also increases with height. These results indicate that DV
effectively transports gaseous pollutants or small droplets upward, reducing the risk of
indoor infection.

(@)

(b)

()

(d)

Figure 3. The predicted and measured results along the sampling lines under DV: (a) velocity
magnitude; (b) temperature; (c) CO, concentration with source located at the armpit (z = 1.0 m);
(d) CO; concentration with source located on the floor (z = 0 m). Circles: experimental data [17];
solid lines: numerical results of the PSPM.

For the case of SV, fresh cool air is supplied from the middle part of the front wall,
as shown in Figure 2a. Operating under the same air change rate, its velocity is higher than
that of DV due to the smaller inlet size. As shown in Figure 4a, at Locations 2, 3, 4, and 5,
both predicted and measured velocities exhibit significant peaks at the injection height,
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which decrease with increasing distance from the inlet (from Location 2 to Location 5).
At Location 1, far from the SV inlet, no such peak is observed, and the velocity is small
and relatively uniform. Figure 4b shows the temperature profiles. Similar to the velocity
profiles, the numerical results indicate low-temperature peaks at the injection height due
to the supplied cool air. These peaks are not captured in the experimental results because
of the limited number of measurement points (the temperature contour can be found in
Figure S1b of the Supplementary Material). Figure 6b illustrates the velocity field under
SV, revealing that the supplied air impinges on the manikin. Most of the airflow moves
downward along the front surface of the manikin, continues along the floor and the front
wall, and forms a large recirculation region in front of the manikin in the lower part of
the office. A smaller portion of the airflow passes above the manikin’s head, impinges
on the back wall, and creates a recirculation region behind the manikin. Additionally,
the obstruction of the monitor causes a part of the airflow to move downward along its
surface. These airflow patterns determine the distribution of CO, in the office.

@)

(b)

(©)

(d)

Figure 4. The predicted and measured results along the sampling lines under SV: (a) velocity
magnitude; (b) temperature; (c) CO, concentration with source located at the armpit (z = 1.0 m);
(d) CO; concentration with source located on the floor (z = 0 m). Circles: experimental data [17];
solid lines: numerical results of the PSPM.
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(b)
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(d)

Figure 5. The predicted and measured results along the sampling lines under MV: (a) velocity
magnitude; (b) temperature; (c) CO, concentration with source located at the armpit (z = 1.0 m);
(d) CO; concentration with source located on the floor (z = 0 m). Circles: experimental data [17];
solid lines: numerical results of the PSPM.

Figure 4c presents the CO, concentration profiles when the source is located at the
armpit (z = 1.0 m). At Location 2, a distinct low-concentration peak is observed at the
height of the SV injection, caused by the fresh air directly passing through the sampling line.
Below this peak, a smaller high-concentration region appears due to the recirculation in
front of the manikin. Downstream, at Locations 3 to 5, the CO, concentration profiles exhibit
similar shapes but with progressively diminishing peaks, reflecting the interaction with
the surrounding air. At Location 1, distant from the SV inlet, no low-concentration peak
is observed; instead, a small high-concentration peak appears due to recirculation. When
the CO; source is on the floor (z = 0 m), as shown in Figure 4d, similar low-concentration
peaks are observed at Locations 2 to 5, while higher concentrations persist near the floor.
This is attributed to the CO, source being situated within the recirculation region near the
manikin, which hinders CO, transport to other regions.

The SV system, which supplies fresh air directly to the breathing zone in front of the
manikin, significantly reduces infection risk by minimizing exposure to contaminated air.
However, its effectiveness can be easily influenced by the positioning of occupants and the
arrangement of furniture. For instance, a standing person may find it challenging to benefit
from the injected fresh air, while a larger monitor or physical barriers could obstruct the SV
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airflow, diminishing its performance. Therefore, careful consideration of indoor layout and
occupant positioning is crucial to optimize the effectiveness of SV systems.

(a) (b)

()
Figure 6. The velocity field of DV, SV, and MV in the plane of x = 2.2 m: (a) DV; (b) SV; (c) MV.

For the case of MV, fresh cool air is supplied from the upper part of the front wall,
as shown in Figure 2a. Similar to SV, the air velocity is relatively high due to the smaller inlet
size compared to DV. As shown in Figure 5a, numerical results exhibit pronounced velocity
peaks at the injection height (upper part of the office) at Locations 2, 3, 4, and 5, with a uni-
form velocity profile below the injection height. Correspondingly, the temperature profiles
in Figure 5b display low-temperature peaks at the injection height, while the temperature
remains nearly uniform below this level (also in Figure Slc of the Supplementary Material).
Figure 6¢ shows the velocity field under MV, showing that the injected airflow descends
gradually due to gravity, forming recirculation regions that mix the indoor air. These
recirculations create a uniform environment in terms of both temperature and CO, concen-
tration. As a result, below the injection height, CO, concentrations are uniform for both
source locations, as shown in Figure 5¢,d. While MV effectively reduces the total amount of
aerosols, it promotes uniform dispersion, which might not be suitable for infection control
as it can spread infectious particles evenly throughout the room.

Since the flow fields of the background airflow are mainly governed by the ventilation
systems and are less affected by the gaseous pollutants or small-size aerosols, the E-L
approach gives velocity and temperature fields close to the PSPM. For the sake of concise-
ness, only concentration distributions from the E-L approach are presented, as shown in
Figure 7. Particles are released only at the CO, source, excluding those from the ventila-
tion inlet and initial background. Since the E-L approach used particles to represent CO,
gas, scaling from particle number to CO, mass fraction may introduce some deviations.
As a result, comparing the transport trends rather than the concentration values is more
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reasonable for the E-L approach. The transport trends for the three ventilation systems
align with those obtained using the PSPM. Under DV, particle concentration increases
with height due to upward buoyant flows, while SV creates a low-concentration region
at the breathing zone. MV, on the other hand, provides a relatively uniform distribution.
However, the concentration profiles in the E-L simulations are less smooth compared to
the PSPM results. This discrepancy arises from the stochastic tracking model, which may
underpredict turbulent dispersion, particularly under SV and MV with higher turbulence
intensities. The underpredicted turbulent dispersion of particles results in less uniform
particle distributions under SV and MV. Additionally, the particle source in-cell scheme [66]
used for post-processing converts the discrete particle distribution into concentration pro-
files. This approach requires a balance: the concentration mesh must be large enough
to include sufficient particles for statistical reliability but small enough to preserve local
details. Consequently, the post-processed results are only statistically smooth. This problem
may be mitigated by increasing the number of tracked particles. Finally, computational
costs are compared using DV as an example. For 1000 time steps on a single CPU core,
the PSPM and E-L approaches require 1.68 h and 2.71 h, respectively, with the E-L approach
incurring 61% higher computational costs since computing particle trajectories requires the
solution of additional equations.

Figure 7. Concentration distributions along the sampling lines under DV, SV, and MV obtained using
the E-L approach. The particle source is located at the armpit (z = 1.0 m). Red circles: DV; green
squares: SV; blue triangles: MV. The error bar represents the standard deviation of time averaging.

In summary, the velocity, temperature, and CO, concentration profiles obtained using
the PSPM show good agreement with experimental data. While the E-L approach effectively
captures the transport trends of different ventilation systems, it requires higher compu-
tational costs and additional post-processing effort. Furthermore, the DV, SV, and MV
systems exhibit distinct indoor airflow patterns, resulting in varying performances for
infection control.

3.2. The Two-Fluid Model for Particles

The TFM was utilized to simulate particle transport in indoor ventilation systems,
with results compared to the E-L approach. The study employed experimental data from
Liu et al. [22], which measured velocity, temperature, and tracer particle concentrations in
a large office ventilated by DV and MV.

3.2.1. Case Description and Numerical Method

As shown in Figure 8a, the office dimensions were 7 m x 5.8 m x 3.05 m
(length x width x height). The DV inlet was located on the left wall (x = 0 m), two MV
inlets were on the ceiling, and the exhaust was in the corner of the ceiling. The office
contained four manikins (A, B, C, and D), four desks, four chairs, and four computers
(including system units and monitors). Each manikin was heated to simulate human
thermal effects, producing approximately 80 W of heat. Additional features included a TV
on the front wall (y = 5.8 m), a table in the corner, and ten 64 W fluorescent lights on the
ceiling. Solid droplet residues, ranging in size from 0.3 pm to 2 um, were used as tracer

1

particles and injected from the mouth of Manikin A at a velocity of 1.58 ms™", in cycles
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of 0.8 s on and 1.2 s off. During the experiment, profiles of velocity (ms~!), temperature
(°C), and particle concentration (m~3) were measured along four vertical sampling lines,
as shown in Figure 8b. Additionally, the temperatures of heated surfaces were measured to
define boundary conditions for the simulations.

(@) (b)

Figure 8. The configuration of the office with DV and MV: (a) the layout from the oblique view;
(b) the locations of sampling lines from the top view. The locations of sampling line 5 to 8 are
(x, ¥) =(3.5m, 4.8 m), (1.0m, 2.9 m), (3.5 m, 1.0 m), (6.0 m, 2.9 m), respectively.

Compared to the experimental configuration, several simplifications were made to
model the geometry. Keyboards and computer cables were omitted, while manikins and
chairs were approximated using cuboids of similar dimensions as shown in Figure 8a.
The DV diffuser was simplified as in Section 3.1, whereas the MV inlet geometry was
modeled as in the experiment. Additionally, round pipes in the ventilation system were
replaced with square pipes. These simplifications significantly reduced grid complexity
and the number of cells while maintaining reasonable accuracy, as demonstrated by the
results presented later.

The experimental setups, with a supplied air flow rate of 4 air changes per hour (ACH),
were adopted for the simulations. For DV, a diffuser perforated area ratio of 20% was
used to calculate the inlet velocity, determined following the method of Zhang et al. [60],
as described in Section 3.1. For MV, a uniform inlet velocity corresponding to 4 ACH was
applied to the two inlets. Temperature boundary conditions for walls and surfaces were
derived from experimental measurements, while adiabatic conditions were assigned to
surfaces without specified temperatures [22]. Fixed-temperature boundary conditions for
the fluorescents were set to match their power ratings. The particle emitter velocity was

~1, consistent with the simulations of Liu et al. [22], and the

prescribed as a constant 1.58 ms
particle volume fraction was set to 1 x 10°. Further detailed boundary conditions can be
found in Tables A3 and A4 in Appendix B.

The TFM was adopted for transient simulations of particle transmission, treating
both air and particles as continua with two sets of N-S equations solved for the phases.
The diameter of the dispersed phase was set to 0.4 pm, as the experiment focused on
particles of this size. This small particle size ensures sufficient particles within each grid
cell for the continuum assumption to hold, given a volume fraction of approximately
1 x 107 [53]. Moreover, the Stokes number (St) satisfies the requirements for applying the
TEM, as discussed below. For interphase interactions, only drag force and heat transfer were
considered, with the former modeled using the Schiller and Naumann approach and the
latter calculated via the Ranz—Marshall correlation [52]. The RNG k — € turbulence model
was applied to the continuous air phase, while the dispersed particle phase was assumed
to be laminar. The continuous phase was modeled as a perfect gas with temperature-
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dependent thermophysical properties, while constant properties were assigned to the
dispersed phase. Second-order schemes were used for the discretization of the governing
equations. The PSPM and E-L approaches were also implemented for comparison, using
setups consistent with the previous case.

The simulations were conducted using hexahedral grids refined near walls, surfaces,
and the particle emitter region. Grid convergence was tested with three grid levels: coarse
(964,947 cells), medium (1,965,986 cells), and fine (4,571,857 cells). The medium grid
(1,965,986 cells) showed consistent results with the fine grid, making it the optimal choice
for this study. Details are provided in Appendix A.2. To further reduce computational
costs, the MV inlet geometries were omitted in the DV simulations.

3.2.2. Results and Discussion of Non-Evaporating Particles

Figure 9 presents the air velocity, air temperature, and normalized particle concen-
tration profiles under DV obtained from experimental measurements [22], PSPM, TEM,
and the E-L approach. Figure 9a shows the air velocity magnitude, with all three numer-
ical approaches producing results close to the experimental data. Due to the DV system
supplying fresh cool air near the floor, higher velocities are observed close to the ground,
particularly at Location 6, which is nearest to the DV inlet, as shown in Figure 8b. Figure 9b
depicts the temperature profiles, where numerical predictions align well with the measure-
ments. Cooler temperatures near the floor reflect the influence of the fresh air supply, while
higher temperatures in the upper regions are due to the thermal effects of heat sources such
as manikins and fluorescent lights (the detailed temperature distribution can be found in
Figure S2a,c of the Supplementary Material).

The normalized particle concentration, C*, shown in Figure 9c, is defined as
C* = (C—GCs)/(Ce — Cs), where C, Cs, and C, represent the particle concentration at a
specific location, the supply, and the exhaust, respectively. The concentration profiles
predicted by the three approaches are similar overall. At Locations 5 and 7, the agreement
between predicted and measured profiles is excellent, with the TFM showing the closest
match to the experimental data. The PSPM results are more diffusive compared to the
other two approaches and underestimate the concentrations at Location 5, likely due to
overestimated turbulent interaction using the default Sc; = 0.7. The E-L approach achieves
better agreement than the PSPM but requires additional post-processing to convert tracked
particle data into concentration fields. At Locations 6 and 8, all three approaches under-
predict the measured concentrations, consistent with findings from Liu et al. [22], who
attributed the discrepancies to geometric and boundary condition simplifications.

Figure 10 presents the air velocity, air temperature, and normalized particle concentra-
tion profiles under MV. The results of the PSPM and TFM are close and agree well with
the experimental data. While the E-L approach shows good agreement for velocity and
temperature profiles, it deviates in concentration predictions, particularly at Location 6.
MYV supplies fresh air with a higher turbulent intensity and induces a stronger turbulent
mixing in the office, which creates a uniform environment, as seen in Figure 10b,c (also in
Figure S2b,d of the Supplementary Material). However, the stochastic tracking model used
in the E-L approach underpredicts turbulent dispersion, leading to less uniform concentra-
tion profiles. To achieve more accurate E-L simulations, stochastic tracking models capable
of accurately describing turbulent dispersion are required.
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(o)
Figure 9. The predicted and measured results along the sampling lines under DV: (a) air velocity
magnitude; (b) air temperature; (c) normalized particle concentration. Black circles: experimental
data [22]; red lines: numerical results of the PSPM; blue lines: numerical results of the TFM; green
lines: numerical results of the E-L approach.

Figure 11 shows the air and particle velocities obtained using the TFM in the x = 2.55m
vertical plane, providing more comprehensive insights compared to velocity profiles alone.
Comparing Figure 11a with Figure 11b or Figure 11c with Figure 11d, it is evident that the
particle velocity closely matches the air velocity. To quantify this similarity, the relative
difference between air and particle velocities is defined as Dy, = |U,ir — Ubarticles |/ |Uair|-
For DV, Dy, is less than 0.1% in most of the office and less than 1.0% throughout. Similarly,
under MV, Dy, remains below 0.1% in the entire office. These findings confirm that the
particles effectively follow the airflow. For the particle size considered (0.4 um), the Stokes
number (St) is approximately 1.94 x 10~* for DV and 7.32 x 10~* for MV. The Stokes
number is calculated as St = 7, / Ty, where 1, = ppdlzj / (18} ) is the particle relaxation time,
and T, = \/V. /€. is the Kolmogorov time scale. According to Balachandar and Eaton [55],
when St < 0.2, the PSPM can safely predict particle transport.

Under DV, as shown in Figure 11a, upward buoyant flows caused by thermal ef-
fects from the manikins and monitors dominate, while near the floor, high velocities are
observed due to the low inlet location. In other regions of the office, airflow velocities
remain relatively low, as there are no additional heat sources driving circulation. Con-
versely, under MV, as illustrated in Figure 11c, the injected high-speed cool air from the
ceiling generates large recirculation regions around the manikins and furniture. These
recirculations, combined with buoyant flows similar to those under DV, result in higher
overall air velocities, ultimately achieving a thorough mixing of the indoor air and a
uniform environment.



Fluids 2025, 10, 185

18 of 34

@)

(b)

(0)

Figure 10. The predicted and measured results along the sampling lines under MV: (a) air velocity
magnitude; (b) air temperature; (c) normalized particle concentration. Circles: experimental data [22];
red lines: numerical results of the PSPM; blue lines: numerical results of the TFM; green lines:
numerical results of the E-L approach.

Figure 12 shows the velocity and normalized particle concentration distributions in
the horizontal plane at z = 1.12 m, corresponding to the height of the particle emitter outlet
center. Under DV, as illustrated in Figure 12a, the velocity is high only near the particle
emitter and heated surfaces, such as manikins and monitors. In the right part of the office,
the airflow is directed leftward due to recirculations caused by interactions between the
supplied air and buoyant flows. The supplied air flows along the floor, turns upward near
the right wall (x = 7 m), and combines with buoyant flows that ascend, move along the
ceiling, and descend again near the right wall, creating a leftward flow. Figure 12b shows
the normalized particle concentration (C*) distribution. Under DV, particles injected into
the office are transported by recirculating buoyant airflows to areas behind Manikin A and
C before dispersing throughout the office. Due to barriers and leftward flows, particles
rarely reach the right side of the office, creating a relatively low infection risk for Manikin B
and D.

Figure 12c¢ shows the velocity distribution under MV. The airflows are more complex
than those under DV, featuring recirculations driven by buoyant flows and the supplied air.
These recirculations enhance indoor air mixing, resulting in an almost uniform dispersion
of particles throughout the office, as shown in Figure 12d. Furthermore, Table 1 compares
the number and average age of particles remaining in the office at t = 500 s. DV retains
fewer particles with a lower average age than MV, indicating that DV is more effective at
particle removal. Consequently, DV appears to be a better option than MV for controlling
indoor infection risks.
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Figure 11. The magnitude and direction of air and particles velocity obtained using TFM in the
vertical plane of x = 2.55 m: (a) air velocity under DV; (b) particles velocity under DV; (c) air velocity
under MV; (d) particles velocity under MV.

Table 1. Particle number and velocity at t = 500 s.

Variables DV MV
Total particle number (-) 1,000,000 1,000,000
Active particle number (-) ! 759,987 877,232
Maximum particle velocity (ms~1) 1.57 2.36
Average particle velocity (ms ™) 0.15 0.13
Particle number for Up, > 0.4 ms~ ! (-)2 212,791 107,010
Average age of active particles (s) 221.32 235.75

1

I The active particles are those remaining in the computing domain. 2 The threshold value 0.4 ms~! is estimated

using the grid cell volume, the time step, and the Courant number. Particles with a velocity larger than this value
may require sub-time step iterations to avoid the Courant number exceeding one.

Finally, the computing times of the three numerical approaches, as shown in Table 2,
are discussed. The computing time of the PSPM is the smallest because it solves the N-5
equations and only one additional scalar transport equation. The TEM solves two sets
of N-5 equations. Therefore, its computing time is about 2.5 times that of PSPM. For the
E-L approach, tracing the transport of a huge number of particles significantly increases
the computational costs and results in the highest computing time. For the PSPM and
TFM, the computing time for MV is larger than that of DV because MV has more grid
cells, as mentioned before. For the E-L approach, the computing time for MV, however,
is smaller than that of DV. This may originate from the differences in particle velocities.
To accurately trace the trajectories of the particles, the time step for a high-speed particle
will be divided into several sub-time steps to avoid having too large of a particle Courant
number. As shown in Table 1, though the case of DV has fewer grid cells and active particles,
it has more particles with a higher velocity than the case of MV. These particles require
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more sub-time-step iterations and thus result in higher computing time. The computing
time also depends on the time step and the simulation time. In this study, the TFM adopted
a smaller time step (0.001 s) than the E-L approach (0.01 s) to avoid numerical instability.
The E-L approach requires a longer simulation time to inject enough particles for a reliable
result. Therefore, the total computing times of the two approaches for the current cases
are similar.

Table 2. Average computing time for every 1000 time steps using 16 CPU cores.

Approach DV (h) MV (h)
PSPM 0.51 0.65
TEM 1.36 1.64
E-L 1.86 1.80
(@) (b)

(0) (d)

Figure 12. The magnitude and direction of air and particle velocity obtained using TFM in the
horizontal plane of z = 1.12 m: (a) air velocity under DV; (b) normalized particle concentration under
DV; (c) air velocity under MV; (d) normalized particle concentration under MV.

In summary, the TFM accurately predicts particle transmission within a narrow size
range in ventilated environments. The PSPM tends to overestimate turbulent dispersion
under DV, while the E-L approach underestimates it under MV. Depending on the chosen
time step and simulation duration, the computational costs of the TFM are smaller than or
comparable to those of the E-L approach.
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3.3. The TFM-PBE Coupled Approach for Evaporating Droplets

The TFM-PBE coupled approach was employed to model the transmission and evap-
oration of respiratory droplets. Data from the experiment by Wang et al. [25], which
measured the concentration and size distribution of evaporating droplets in a negative
pressure isolation ward with MV, were used for comparison and validation.

3.3.1. Case Description and Numerical Method

The dimensions of the ward, shown in Figure 13a, are 4.22 m x 2.66 m X 2.8 m
(length x width x height). Two ceiling-mounted MV inlets, each 0.135 m x 0.24 m, supply
air, while the exhaust, sized 0.27 m x 0.27 m, is located in the lower corner. The ward
contains one manikin, a bed, a table, and an equipment belt above the bed. The manikin
was heated to maintain a temperature of 34 £1 °C. In the simulations, the manikin
geometry was simplified to cuboids with similar dimensions. Additionally, two door gaps
in the back wall (y = 0 m) facilitated air exchange due to pressure differences: door gap 1
(1.14 m x 0.02 m) allowed airflow into the ward at 2 ms~!, and door gap 2 (0.9 m x 0.02 m)

allowed airflow out at 2.3 ms—1.

(@) (b)

Figure 13. The configuration of the negative pressure isolation ward with MV: (a) the layout from
the oblique view; (b) the locations of sampling lines and points from the top view. The location of
velocity sampling line 1 is (y, z) = (0.6 m, 1.5 m) while the location of line 2 is (x, z) = (2.8 m, 1.5 m).
The locations of concentration and size distribution sampling points 1 to 4 are (x, y, z) = (2.27 m,
196 m, 1.6 m), (276 m, 1.25m, 1.6 m), (1.75m, 0.6 m, 1.6 m), (1.1 m, 1.96 m, 1.6 m), respectively.

In the experiment, artificial saliva was used to generate evaporating tracer droplets,
which were injected from the mouth of the manikin. Measurements indicated that droplet
sizes ranged from 0.3 pm to 5 um. As shown in Figure 13b, velocity profiles (ms~1) were
measured along two horizontal sampling lines, while droplet concentration (m~3) and size
distribution were measured at four sampling points.

The boundary conditions were defined based on the experimental setups. A fixed
velocity at the two MV inlets ensured an air flow rate of 12 ACH. At the door gaps, the exper-
imentally measured velocity magnitudes and directions were prescribed. No-slip velocity
conditions were applied to walls and other surfaces, with a fixed pressure at the exhaust.
The MV inlet temperatures were set to 299.1 K, while the manikin surface temperature was
fixed at 307.1 K. Other walls and surfaces were treated as adiabatic. The ward RH was
maintained at 60%. For the droplet emitter, the conditions modeled a breath: a velocity
of 05ms™ 1, a temperature of 309.1 K, and an RH of 90%. The droplet volume fraction
was set at 1 x 107%. Moments were computed using the measured size distribution at the
emitter, which divided the droplet size range into ten intervals. The ith-order moment,
M;, was calculated as M; = 2]1-21 k fjd;, where f; represents the droplet percentage in the



Fluids 2025, 10, 185

22 of 34

jth interval, d; is its midpoint, and k = 6a4/ (7 }21 fidj) ensures consistency with the
dispersed phase volume fraction (¢g = tM3/6). The inlet moments are summarized in
Table 3. The Sauter mean diameter of the injected population of droplets, calculated using
dq = M3/ M, was 2.25 um. Droplet deposition was excluded from consideration, as the
focus of this study was on their evolution within the ward. Table A5 in Appendix B lists
detailed boundary conditions.

Table 3. Moments at the inlet for the case of droplet transmission in the isolation ward.

wg (-) My (m~3) M; (m~2) M, (m~1) M; (-)
1x10° 401305 x 1011 4.93606 x 10°  8.49231 x 10~  1.90986 x 10~ °

Since the droplet sizes were distributed in a relatively narrow range, the coupled
TFM-PBE approach was employed for transient simulations, treating droplets of various
sizes as moving with the same velocity. The Schiller and Naumann drag force model, Ranz—
Marshall heat transfer model, and Frossling mass transfer model were applied to describe
interphase interactions. The RNG k — € turbulence model was used for the continuous
phase, while the dispersed phase was treated as laminar. A temperature- and composition-
dependent thermophysical property model was implemented [52]. For the PBE setup, two
quadrature nodes were employed, solving four moment transport equations. To model
droplet residues from the experiment, a minimum droplet diameter of 1.0 pm was set,
below which evaporation was assumed to cease. This assumption is justified because such
small droplets follow the airflow and exhibit similar dynamic behavior [14]. To ensure the
stability and realizability of the QMOM solver, a first-order upwind scheme was utilized.

The E-L approach was also adopted for comparison. Droplets following the measured
size distribution were released at a rate of 214 droplets per second, as reported by [25]. Drag
and gravity forces were included, along with the same heat and mass transfer models used
in the TFM-PBE approach. An additional term was included in Equation (10) to consider
the effect of the change of particle mass caused by evaporation. The same minimum
droplet diameter of 1.0 um was adopted. The RNG k — € turbulence model was applied,
and turbulent dispersion effects were considered. For droplet-wall interactions, a stick
condition was specified.

Hexahedral grids, refined near walls and surfaces, were used for the simulations.
Grid convergence was assessed with three grid resolutions: coarse (627,326 cells), medium
(1,143,714 cells), and fine (2,280,912 cells). The results from the medium and fine grids were
consistent, indicating good convergence. Consequently, the medium grid (1,143,714 cells)
was selected for the simulations in this study to balance accuracy and computational cost.
Details of the grid convergence study are provided in Appendix A.3.

3.3.2. Results and Discussion of Evaporating Droplets

Figure 14 compares the predicted velocity profiles and dimensionless concentration
with experimental data, demonstrating the reliability of both the TFM-PBE and E-L ap-
proaches for tracing respiratory droplet transport indoors. Figure 14a shows a velocity
peak centered at x = 1.75 m along sampling line 1, caused by airflow from ventilation inlet
2, located above the sampling line (Figure 13b). Similarly, in Figure 14b, a velocity peak is
observed below ventilation inlet 1 at y = 1.25 m. Figure 14c presents the dimensionless
droplet concentration, C, defined as the ratio of the concentration of droplets at a given
point to the average concentration at the four measurement points (P1 to P4). Fresh air
reduces the concentration at points P2 and P3, located below the ventilation inlets, while
higher concentrations at P1 and P4, near the mouth, indicate less effective droplet removal
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in those areas. These differences highlight the ability of ventilation systems to dilute and
remove respiratory droplets.

(a) (b)

(c)

Figure 14. Comparison between simulation results and experimental data: (a) air velocity profile
along line 1; (b) air velocity profile along line 2; (c) dimensionless concentration at the four sampling
points. Black circles: experimental data [25]; red solid lines and squares: numerical results of the
TFM-PBE approach; blue dashed lines and triangles: numerical results of the E-L approach.

Figures 15 and 16 compare the droplet size, velocity, and distribution obtained using
the TFM-PBE and E-L approaches, respectively. Figure 15a shows the Sauter mean diameter
of the droplets predicted by the TFM-PBE approach. A minimum diameter of 1 um was
specified to represent droplet nuclei, which cease evaporating. The results indicate that
droplets exceed this minimum diameter only within a small region near the mouth, confirm-
ing rapid evaporation into nuclei. This behavior aligns with our prior findings [52], where
droplets of 10 pm evaporated fully within one second, and smaller droplets evaporated
even faster. This is also consistent with the experimental results of Wang et al. [25], where
identical droplet size distributions were found at the four measurement points. The iden-
tical distributions represent the droplet nuclei, formed after a quick full evaporation and
transported throughout the region.

The E-L approach yields a droplet size distribution similar to that of the TFM-PBE
approach, as shown in Figure 16a, with most droplet diameters around 1 um. However,
the region near the mouth containing droplets larger than 1 um is less pronounced in
the E-L results. This discrepancy arises from the limited droplet release rate in the E-
L simulations. Despite more than 40,000 droplets being introduced at a steady state—
sufficient for statistically reliable results for transport analysis—the smaller sample size
appears insufficient to fully capture evaporation dynamics.
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(@) (b)

() (d)

Figure 15. The droplet diameter, velocities, and normalized concentration contour in the vertical
plane of x = 1.685 m (intersecting the middle of the manikin) obtained using the TEM-PBE approach:
(a) droplet diameter; (b) air velocity; (c) droplet velocity; (d) normalized concentration of droplets.

Figure 15b,c present the air and droplet velocities, showing close agreement due to
the small size of the droplet nuclei. The human breath was modeled as a droplet-laden
flow injected from the manikin mouth at a constant velocity of 0.5 ms~!, directed upwards.
This creates an upward flow with a velocity of approximately 0.5 ms~! above the head
of the manikin. Simultaneously, fresh air supplied from ventilation inlet 2 descends,
decelerating as it moves through the ward, eventually impinging on the floor and creating
near-floor airflows. Part of the descending air impinges on the bed, generating a leftward
flow, which is heated by the manikin legs and trunk (see Figure S3 of the Supplementary
Material for detailed temperature distribution) before merging with the upward exhaled
air. Additionally, relatively high velocities are observed near the exhaust in the lower-left
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corner. These airflow patterns influence droplet distribution. The E-L approach, as shown
in Figure 16b, gives similar results: droplet velocities above the mouth are approximately
0.5ms ™! due to the breathing and buoyant flow.

@)

(b)

Figure 16. The droplet diameters and velocities obtained using the E-L approach: (a) droplet diameter
and spatial distribution from the oblique view; (b) droplet velocity and spatial distribution in the
sampling region from the left view (symmetric to the vertical plane of x = 1.685 m).

Figure 15d presents the normalized droplet number concentration with respect to
the inlet value, C* = My/ My in. The concentration is highest in the exhaled air near the
manikin mouth and lowest in the fresh air near the ventilation inlet. Rapid evaporation
transforms droplets into nuclei, which closely follow the airflow patterns. The droplets
are carried by the upward airflows above the manikin head into the upper part of the
ward. A similar distribution is observed in Figure 16b, where the Lagrangian droplets
accumulate above the mouth and in the upper region of the ward. These results align with
Wang et al. [25], who reported that droplet nuclei primarily concentrate in the upper ward
area, with most depositing on the ceiling. This stratified distribution is attributed to the
incomplete mixing of indoor air. The breathing airflow, with its relatively low velocity,
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interacts weakly with the downward-supplied fresh air, resulting in limited mixing between
the two flows.

In this case, the average computing times for every 1000 time steps using 8§ CPU
cores for the TEM-PBE and E-L approaches are 5.49 h and 1.27 h, respectively. Consistent
with [25], a small droplet release rate of 214 droplets per second was used to simulate
breathing. The limited number of tracked droplets in the E-L approach significantly
reduces its computational cost. However, when a larger number of droplets is tracked,
the computational advantage of the Eulerian approach becomes more pronounced.

In summary, the TEM-PBE coupled approach effectively models the transmission of
evaporating droplets, yielding results comparable to the E-L approach. Small droplets
rapidly evaporate into nuclei, which subsequently follow the airflow, highlighting the
approach’s applicability in ventilated environments.

4. Conclusions

Ventilation systems play a critical role in diluting or removing virus-laden respiratory
droplets in indoor environments, making their performance essential for effective infection
control. This study investigated the effectiveness of different Eulerian approaches in
modeling the transport of respiratory droplets under different ventilation systems (DV,
SV, and MV). The analysis focused on airflow patterns, concentration fields, and the
computational performance of the numerical methods. The results were compared to those
of a standard Lagrangian method to test the relative performance.

The results showed that DV transports droplets to upper regions through buoyant
flows, offering protection in specific areas by reducing droplet concentration. SV effectively
supplies fresh air directly to the breathing zone, minimizing exposure to contaminated air.
In contrast, MV achieves uniform mixing, which, while reducing overall aerosol levels, can
increase infection risks by evenly distributing infectious particles. Consequently, SV and
DV are preferred for infection control.

From a numerical perspective, Eulerian approaches of different complexity and com-
putational cost are available to effectively model various droplet types: PSPM for small inert
droplets that are carried passively by airflows, TFM for non-evaporating particles, and TFM-
PBE for evaporating droplets. Comparisons with experimental data demonstrated that the
accuracy of the Eulerian approach is comparable to that of the E-L approach. The Eule-
rian method is more computationally efficient for scenarios involving large numbers of
particles, making it suitable for long-term simulations of respiratory activities. Meanwhile,
the E-L approach excels in handling particle-wall interactions and is advantageous for
studying droplet deposition in localized or short-term scenarios. These distinctions make
the two approaches complementary, with the choice depending on the specific research or
application needs.

Temperature significantly affects airflow in ventilated indoor environments. However,
detailed temperature boundary conditions are often unavailable due to cost constraints.
In future work, we will combine machine learning with experimental and numerical
methods to obtain reliable and reasonable boundary conditions from limited data.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/fluids10070185/. Figure S1: The temperature field of (a) DV, (b) SV, and
(c) MV in the plane of x = 2.2 m. Figure S2: The temperature field of the continuous air phase in
the plane of x = 2.55 m under (a) DV and (b) MV, and in the plane of z = 1.12 m under (c) DV and
(d) MV. Figure S3: The temperature field of the continuous air phase in the plane of x = 1.685 m.
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Appendix A. Grid Convergence Examination
Appendix A.1. The Office with DV, SV and MV

For the small office equipped with DV, MV, and SV [17] discussed in Section 3.1,
the grid convergence was examined using three grids having 258,232 (coarse), 553,632
(medium), and 1,222,930 (fine) cube cells, respectively. The setups of MV were adopted.
The computing time increased by a factor of about 1.5 from a coarse to a medium to a fine
grid. The results are shown in Figure Al. It can be seen that the results of the medium
grid and the fine grid were very close. Furthermore, the surface average mass fraction
of CO,, Yco,, at the outlet for the coarse, medium, and fine grids were 1.6203 x 1073,
1.5821 x 1073, and 1.5803 x 1073, respectively. The difference in medium and fine grids
was small. Considering the computational costs and accuracy, the medium grid with
553,632 cells (Figure A4a) was adopted for the simulations in this study.

Figure A1l. The results of grid convergence examination for the small office with DV, SV, and MV.
Red solid lines: coarse grid; green dashed lines: medium grid; blue dash-dotted lines: fine grid.

Appendix A.2. The Office with DV and MV

For the office equipped with DV and MV [22] of Section 3.2, the grid convergence was
examined using three grids having 964,947 (coarse), 1,965,986 (medium), and 4,571,857 (fine)
cube cells, respectively. The setups of MV were specified. The computing time increased by
a factor of about 1.2 with each level of grid refinement. The results are shown in Figure A2.
It can be seen that the results of the medium grid and the fine grid were very close. In addi-
tion, the surface average particle concentration at the outlet for the three sets of grids were
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492 x 10° m~3,5.17 x 10° m~3, and 5.16 x 10° m~3, respectively. The difference between
the medium and fine grids was small. Considering the computational costs and accuracy,
the medium grid with 1,965,986 cells (Figure A4b) was adopted for the simulations in this study.

Figure A2. The results of grid convergence examination for the office with DV and MV. Red solid
lines: coarse grid; green dashed lines: medium grid; blue dash-dotted lines: fine grid.

Appendix A.3. The Negative-Pressure Isolation Ward

For the negative pressure isolation ward equipped with MV [25] (Section 3.3), the grid
convergence was examined using three grids with 627,326 (coarse), 1,143,714 (medium),
and 2,280,912 (fine) cube cells, respectively. The computing time for the three grids increased
by a factor of about 1.5 with each level of grid refinement. The velocity profiles predicted
using the three grids are shown in Figure A3. It can be seen that the results of the medium
grid and the fine grid were very close. In addition, the mass flow rate at the outlet of
the coarse, medium, and fine grids were 0.1170 kg s71,0.1192 kg s~ 1 and 0.1196 kgs’l,
respectively. The difference between the medium and the fine grids is small. Considering
the computational costs and accuracy, the medium grid with 1,143,714 cells (Figure A4c)
was adopted for the simulations in this study.

Figure A3. The results of grid convergence examination for the negative-pressure isolation ward with
MYV. Red solid lines: coarse grid; green dashed lines: medium grid; blue dash-dotted lines: fine grid.

@) (b) (o)

Figure A4. The oblique view of the medium grids of: (a) the office with DV, MV, and SV [17]; (b) the
office with DV and MV [22]; (¢) the ward with MV [25].
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Appendix B. Boundary Conditions

Tables A1 and A2 present the boundary conditions for the small office with DV, SV,
and MV [17]. Six cases are investigated in this study: three ventilation systems each having
two different CO, source locations.

Tables A3 and A4 present the boundary conditions for the office with DV and MV [22].

Table A5 presents the boundary conditions for the isolation ward with MV [25].

Table Al. The boundary conditions for the office equipped with DV, SV, and MV.

Walls and Surfaces

Ventilations Variables Inlet Exhaust
Manikin Floor Fluorescents System Unit Others
U 0.16ms~! (33.2%) !, free outgoing, no-slip, noSlip
fixedValue zeroGradient
T 12.6 °C, free outgoing, 100 W, 23.0°C, 72W, 180 W, adiabatic,
fixedValue zeroGradient ¢WHET 2 fixedValue eWHFT eWHFT zeroGradient
Prgh incoming, 101,325 Pa, no outflow, fixedFluxPressure
¢ fixedFluxPressure fixedValue
DV k 9.6 x 1075 m2s72,  free outgoing, wall function, kgRWallFunction
fixedValue zeroGradient
€ 70 x 1070 m2s73,  free outgoing, wall function, epsilonWallFunction
fixedValue zeroGradient
oy calculated, free outgoing, wall function, alphatWallFunction
calculated zeroGradient
vt calculated, free outgoing, wall function, nutkWallFunction
calculated zeroGradient
U 216 ms™! (82.7%),  free outgoing, no-slip, noSlip
fixedValue zeroGradient
. , ree outgoing, , . , , , adiabatic,
T 15.5°C fi going, 100 W 27.1°C, 72W, 180 W diabati
fixedValue zeroGradient eWHFT SfixedValue eWHFT eWHFT zeroGradient
Proh incoming, 1.013’25 Pa, no outflow, fivedFluxPressure
8 fixedFluxPressure fixedValue
sV k 12x 1072 m?s72, free outgoing, wall function, kgRWallFunction
fixedValue zeroGradient
€ 46 x 1072 m?s3, free outgoing, wall function, epsilonWallFunction
fixedValue zeroGradient
oy calculated, free outgoing, wall function, alphatWallFunction
calculated zeroGradient
vt calculated, free outgoing, wall function, nutkWallFunction
calculated zeroGradient
U 216 ms™! (79.7%),  free outgoing, no-slip, noSlip
fixedValue zeroGradient
T 11.3°C, free outgoing, 100 W, 24.0°C, 72 W, 180 W, adiabatic,
fixedValue zeroGradient eWHFT fixedValue eWHFT eWHFT zeroGradient
Preh incoming, 101,325 Pa, no outflow, fivedFluxPressure
§ fixedFluxPressure fixedValue
MV k 12 x 1072 m?s72, free outgoing, wall function, kgRWallFunction
fixedValue zeroGradient
€ 46x1072 m?s73, free outgoing, wall function, epsilonWallFunction
fixedValue zeroGradient
o calculated, free outgoing, wall function, alphatWallFunction
calculated zeroGradient
vy calculated, free outgoing, wall function, nutkWallFunction
calculated zeroGradient

! The method of Zhang et al. [60] is adopted for the inlet boundary condition, where the measured supply air
velocity is specified as 0.16 ms™! for 33.2% of the inlet area to match the supply airflow rate. 2 eWHFT is the
abbreviation of externalWallHeatFluxTemperature, which provides a fixed power rate boundary condition.

Table A2. The inlet boundary conditions and source intensities of water vapor and CO,.

Source Locations Cases Yy,0 at Inlet Yco, at Inlet Sco, Source Intensity
Armoi DV-A1l 1.04 x 10721 5.87 x 10742 3.55 x 1072 kgs ! 2
pit, ) —4 -5 -1
(2.40 m, 0.95 m, 1.00 m) SV-Al 1.01 x 10 492 x 10 4.39 x 10 kgs

MV-A1 1.25 x 1072 6.59 x 1074 3.33 x 1072 kgs~!
floor DV-F1 1.04 x 1072 6.37 x 1074 3.64 x 1072 kgs~!
(235m,220m,0.00m) SV-F1 1.01 x 1072 473 x 1074 4.46 x 107 kgs !
MV-F1 1.25 x 1072 6.04 x 1074 3.66 x 1072 kgs~!

! This is calculated by the room air relative humidity provided in Tian et al. [17]. 2 This is calculated by
the contaminant removal effectiveness provided in Tian et al. [17]. The source term is specified by foOptions
of OpenFOAM.
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Table A3. The boundary conditions for the office equipped with DV and MV.

Ventilations  Variables Ventilation Inlet Emitter Inlet Exhaust Walls and Surfaces !

e 1.0, 0.999999, free outgoing, no deposition,
fixedValue fixedValue zeroGradient zeroGradient
oy 0.0, 0.000001, free outgoing, no deposition,
fixedValue fixedValue zeroGradient zeroGradient
Uc and Uy 2 1.02 ms™! (22.1%), 1.58 ms~ 1, free outgoing, no-slip,
fixedValue fixedValue zeroGradient noSlip
Preh incoming, incoming, 101,325 Pa, no outflow,
fixedFluxPressure fixedFluxPressure fixedValue fixedFluxPressure
DV ke 39 x 1073 m?s72, 3.7 x 1072 m?s72, free outgoing, wall function,
fixedValue fixedValue zeroGradient kqRWallFunction
€ 1.4 x 1073 m?3s 3, 1.1 x 1071 m?3s73, free outgoing, wall function,
fixedValue fixedValue zeroGradient epsilonWallFunction
e calculated, calculated, free outgoing, wall function,
calculated calculated zeroGradient alphatWallFunction
Vi calculated, calculated, free outgoing, wall function,
calculated calculated zeroGradient nutkWallFunction
e 1.0, 0.999999, free outgoing, no deposition,
fixedValue fixedValue zeroGradient zeroGradient
ag 0.0, 0.000001, free outgoing, no deposition,
fixedValue fixedValue zeroGradient zeroGradient
Uc and Uy 2.74ms™1,3 1.58 ms~1, free outgoing, no-slip,
fixedValue fixedValue zeroGradient noSlip
Proh incoming, incoming, 101,325 Pa, no outflow,
fixedFluxPressure fixedFluxPressure fixedValue fixedFluxPressure
MV ke 0.25 m?s72, 3.7 x1072m?s72, free outgoing, wall function,
fixedValue fixedValue zeroGradient kqRWallFunction
€ 2.1 m?%s73, 1.1 x 1071 m2s73, free outgoing, wall function,
fixedValue fixedValue zeroGradient epsilonWallFunction
e calculated, calculated, free outgoing, wall function,
calculated calculated zeroGradient alphatWallFunction
Vie calculated, calculated, free outgoing, wall function,
calculated calculated zeroGradient nutkWallFunction
1 This includes all walls and surfaces, such as the surfaces of manikins, computers, and TV. 2 The continuous
phase and dispersed phase have the same velocity boundary conditions. For the ventilation inlet, the method of
Zhang et al. [60] is adopted for the DV, where a velocity of 1.02 ms 1 is specified for 22.1% of the inlet area as in
the experiment. The emitter inlet velocity is specified as in the experiment. 3 The MV inlet velocity is calculated
for the airflow rate of 4 ACH based on the simplified geometry in this study.
Table A4. The temperature boundary conditions for the office equipped with DV and MV.
Boundaries DV MV
Ventilation inlet 16.7 °C, fixedValue 12.9/12.5°C 1, fixedValue
Emitter inlet 2 23.4 °C, fixedValue 22.7 °C, fixedValue
Fluorescents > 46.85 °C, fixedValue 46.85 °C, fixedValue
Manikin * 31.0 °C, fixed Value 31.0 °C, fixed Value
TV 4 30.2 °C, fixedValue 30.2 °C, fixedValue
Computer * 33.0 °C, fixedValue 33.0 °C, fixedValue
Monitor 4 29.6 °C, fixedValue 29.6 °C, fixedValue
Floor (z = 0m) * 24.0 °C, fixedValue 24.0 °C, fixedValue
Left-hand wall (y = 5.8 m) 4 25.0 °C, fixedValue 25.0 °C, fixedValue
Right-hand wall (y = 0 m) * 25.2 °C, fixedValue 25.2 °C, fixedValue
Front wall (x = 7.0 m) 4 25.0 °C, fixedValue 25.0 °C, fixedValue
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Table A4. Cont.

Boundaries DV MV

Back wall (x = 0 m) * 25.6 °C, fixedValue 25.6 °C, fixedValue
Back wall (x = 0m) * 25.6 °C, fixedValue 25.6 °C, fixedValue
Ceiling (z = 3.05m) 5 21.0 °C, fixedValue 21.0 °C, fixedValue
Other surfaces © adiabatic, zeroGradient adiabatic, zeroGradient

I There are two MV inlets; the left one is 12.9 ms~! and the right one is 12.5 ms 1. 2 The temperature of the
emitted particles was not provided, and the measured room temperature was specified for the particles. 3 A
fixed temperature was specified for all fluorescents, which provided a power rate close to that given in the
experiment [22]. * The measured temperature was only given for MV in the paper [22]. The same value was used
for the DV in this study. > The paper [22] did not provide the ceiling temperature, so a temperature that provided
good agreement was adopted in this study. ® The paper [22] did not provide the temperatures of other surfaces,
so an adiabatic boundary condition was adopted.

Table A5. The boundary conditions for the isolation ward with MV.

Variables MYV Inlet Mouth Door Gap 1/2 Exhaust Manikin ZYle:illgurfaces
e 1.0, 0.999999, 1.0/1.0, free outgoing, no deposition, no deposition,
fixedValue fixedValue fixedValue zeroGradient zeroGradient zeroGradient
g 0.0, 0.000001, 0.0/0.0, free outgoing, no deposition, no deposition,
fixedValue fixedValue fixedValue zeroGradient zeroGradient zeroGradient
U, and Uy 1.5ms™1, 0.5ms™?, 2.0/-23ms™ 11, free outgoing, no-slip, no-slip,
fixedValue fixedValue fixedValue zeroGradient noSlip noSlip
T.and Ty 299.1K, 309.1K, 299.1/299.1 K, free outgoing, 307.1K, adiabatic,
fixedValue fixedValue fixedValue zeroGradient fixedValue zeroGradient
Dreh incoming, incoming, incoming, 101,325 Pa, no outflow, no outflow,
8 fixedFluxPressure fixedFluxPressure fixedFluxPressure fixedValue fixedFluxPressure fixedFluxPressure
ke 9.4 x 1073 m2s~2, 94 x 1074 m2s72, 0.015/0.020 m2s~2,  free outgoing, wall function, wall function,
fixedValue fixedValue fixedValue zeroGradient kqRWallFunction kqRWallFunction
€c 1.2 x 1072 m?s73, 3.4 x 1073 m2s73, 0.11/0.17 m2s—3, free outgoing, wall function, wall function,
fixedValue fixedValue fixedValue zeroGradient epsilonWallFunction  epsilonWallFunction
Ape calculated, calculated, calculated, free outgoing, wall function, wall function,
’ calculated calculated calculated zeroGradient alphatWallFunction  alphatWallFunction
Vie calculated, calculated, calculated, free outgoing, wall function, wall function,
! calculated calculated calculated zeroGradient nutkWallFunction nutkWallFunction
M; 0.0, Table 3, 0.0/0.0, free outgoing, no deposition, no deposition,
fixedValue fixedValue ixedValue zeroGradient zeroGradient zeroGradient
Yin.o 0.012, 0.033, 0.012/0.012, free outgoing, no outflow, no outflow,
2 fixedValue fixedValue fixedValue zeroGradient zeroGradient zeroGradient
L Air flowed into the ward at door gap 1 and flowed out of the ward at door gap 2.
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