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ARTICLE INFO ABSTRACT

Keywords: Airborne dispersion of the novel SARS-CoV-2 through the droplets produced during expiratory
COVID-19 activities is one of the main transmission mechanisms of this virus from one person to another.
CFD Understanding how these droplets spread when infected humans with COVID-19 or other
Pandemics airborne infectious diseases breathe, cough or sneeze is essential for improving prevention stra-

Airborne transmission
Probability density function
Indoor environments

tegies in academic facilities. This work aims to assess the transport and fate of droplets in indoor
environments using Computational Fluid Dynamics (CFD). This study employs unsteady
Reynolds-Averaged Navier-Stokes (URANS) simulations with the Euler-Lagrange approach to
visualize the location of thousands of droplets released in a respiratory event and their size
evolution. Furthermore, we assess the dispersion of coughing, sneezing, and breathing saliva
droplets from an infected source in a classroom with air conditioning and multiple occupants. The
results indicate that the suggested social distancing protocol is not enough to avoid the trans-
mission of COVID-19 since small saliva droplets ( < 12 ym) can travel in the streamwise direction
up to 4 m when an infected person coughs and more than 7 m when sneezes. These droplets can
reach those distances even when there is no airflow from the wind or ventilation systems. The
number of airborne droplets in locations close to the respiratory system of a healthy person in-
creases when the relative humidity of the indoor environment is low. This work sets an accurate,
rapid, and validated numerical framework reproducible for various indoor environments inte-
grating qualitative and quantitative data analysis of the droplet size evolution of respiratory
events for a safer design of physical distancing standards and air cleaning technologies.

1. Introduction

The high rate of new infections for the novel SARS-CoV-2 (COVID-19) is mainly attributed to the transport of this pathogen through
saliva droplets exhaled from infected humans [1-7]. Depending on the type of respiratory event, the number of saliva droplets can
reach at least 3000 when an infected person talks for 5 min, 3000 each time the infected person coughs, and as many as 40000 when
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the infected person sneezes [8-10]. In general, a respiratory event can generate aerosol particle sizes ranging from 1 to 2000 ym. In the
case of coughing, the sizes of the droplets range between 8 and 16 ym and between 4 and 8 ym for sneezing [11]. Understanding how
these saliva droplets of infected individuals spread in environments such as schools, hospitals, restaurants, and offices, is essential for
developing ventilation controls, updating sanitizing protocols, and redesigning seating layouts [12].

The airflow and saliva droplet transport of human coughs and sneezes in indoor environments have been extensively studied using
analytical [4,13-15], experimental [4,16-18], and numerical methods [19-24]. Among these methods, numerical simulation has
emerged to be a popular tool for studying droplet transport problems due to the recent progress in the High-Performance Computing
(HPC) field in terms of processing power, development of advanced algorithms, and the storage capacity of computers. It also offers
versatility in approximating solutions compared to experimental methods, especially under restricted confinement and social
distancing protocols that are essential to preserving the world economy and population’s health.

[19,25] studied transport, dispersion, and evaporation of saliva droplets considering the effect of relative humidity in the envi-
ronment. They found that the 6 ft (1.8288 m) social distance “rule” is sufficient to avoid transmission of COVID-19 when the wind
speed is 0 km/h as the droplets evaporate and fall to the ground before reaching 6 ft (1.8288 m). However, it is no longer valid for wind
speeds greater than 0 km/h, since under these conditions the droplets could travel further, particularly due to the small size of these
droplets [20]. performed computational fluid dynamics (CFD) simulations of coughing and sneezing to predict evaporation and
dispersion of droplets in a quiescent background. In this study they found that droplets evaporate to the non-volatile core faster at
lower relative humidity (typically occur in cooler climates) [21]. developed numerical simulations and mathematical models to
quantitatively predict the dispersion and settling time of the droplets produced when a human coughs [22]. modeled the evaporation
and dispersion of cough droplets in quiescent air using CFD with an Euler-Lagrange approach. They found that the effect of inho-
mogeneous humidity field induced by vapor exhalation affects the dynamics of the droplets. Moreover, the evaporation and transport
of droplets larger than 100 ym are not affected by the airflow pattern in the vapor plume since the velocity of the droplets is larger than
the vapor plume expansion velocity [22]. Numerical simulations with more advanced methods such as large-eddy simulations (LES)
and direct numerical simulations (DNS), which accurately capture the characteristics of turbulent jet flows, have become one of the
most popular ways to assess the dispersion of coughing droplets in indoor environments [26,27]. studied the characteristics of a human
cough jet development in a quiescent indoor environment using LES simulations. They found that LES simulations predict the temporal
development of a human cough very well compared to unsteady Reynolds-Averaged Navier-Stokes (URANS) and experimental data
[28]. performed DNS simulations to characterize the puff dynamics of a violent expiratory event such as a mild cough. They discovered
that DNS simulations agree with analytical methods in predicting horizontal ranges, although the trajectory of the puff front and the
entrainment rate vary substantially.

Although numerical simulations of coughing, sneezing, and breathing on the spread of infectious respiratory droplets in indoor
environments is an active research field, many challenges are still to be addressed. First, most literature uses analytical models and
experimental data of steady cough/sneeze jets to validate the results of the numerical simulations. Even though it is a valid assumption,
previous experiments have shown that a human cough behaves as a puff rather than a steady jet [23,29,30]. Second, as introduced
previously, LES and DNS are the most advanced methods for cough/sneeze flow simulations. These methods can improve the accuracy
of turbulent cough/sneeze puff prediction in indoor environments [27,28,31-34]. However, the significantly refined grid and
time-dependent algorithm in turbulence resolution make it too expensive in terms of computational cost, especially for many practical
applications such as complex scenarios with multiple infectious sources in a room and external conditions. Third, no previous studies
have reported or shown the droplet size evolution of a cough/sneeze puff from CFD derivations to the best of our knowledge.
Determining the droplet size distribution and evolution of a coughing, sneezing or a breathing puff could be critical to predicting
important large-scale processes such as the probability of infection of a healthy individual given the viral load that a saliva droplet can
retain.

Considering the challenges mentioned above, a salient question becomes. Is it possible to develop a basic numerical simulation
framework that can provide accurate predictions, be suitable for application in various indoor scenarios, and be affordable in terms of
computation time for facilities authorities, engineers, and designers? This work aims to answer this question by predicting the tur-
bulent transport of infectious respiratory droplets and their size distribution evolution using URANS simulations with an Euler-
Lagrange approach. The results of the simulations are analyzed quantitatively and qualitatively. The qualitative analysis aims to
show the location of thousands of droplets released from the mouth of an infected individual at different times; meanwhile, the
quantitative analysis is performed to evaluate the spatiotemporal traces of the droplet population using statistical methods. The
novelty of our study lies in the use of an accurate, rapid, and validated numerical framework reproducible for various indoor envi-
ronments, along with statistical analysis of the droplet size evolution of respiratory events for a safer design of physical distancing
standards and air cleaning technologies, specifically in academic facilities. The framework’s validation process shows no significant
differences in predicting critical parameters related to modeling respiratory flows between proposed URANS and more sophisticated
models such as LES. The proficiency of this numerical framework was exhibited in the design of a disinfection robot amid the COVID-
19 pandemic [35]. The rapid and accurate solutions obtained from the URANS simulations helped optimize the robot’s disinfection
efficiency in risk zones of a classroom where commercial air cleaning technologies have difficulties reaching.

The remainder of this paper is organized as follows. Section 2 provides a framework to model and validate the continuous and
discrete phase of expiratory activities in a quiescent indoor environment. The URANS model is validated against available experi-
mental, analytical, and LES simulations data. In this section, we focus on the analysis of droplets exhaled for coughing because it is a
common symptom of infected people with COVID-19 or other airborne infectious diseases such as tuberculosis [36,37] and sneezing
since the speed and the number of droplets exhaled is large enough to increase the risk of infection [17,38]. Furthermore, we neglect
the spreading of the droplets due to the thermal plume developed by a human with high temperature, e.g., an infected individual with
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fever. We adopt this assumption since the momentum of the expired puff, coughing or sneezing, is a more dominant mechanism than
the buoyancy-driven thermal plume transporting the saliva droplets in the streamwise direction of the room [39,40]. Section 3 pre-
sents the results and discussion. The first part of section 3 discusses the results of the quiescent indoor environment. On the other hand,
the second part discusses the implication of the dispersion of infectious droplets in a classroom with air conditioning during a lecture
with several students and a teacher. For the classroom scenario, we consider the thermal plume effect developed by the heat generation
of the students sitting and the teacher standing. Finally, section 4 provides concluding remarks and future work.

2. Methods

In this study, two computational domains are set up: the Eulerian CFD computational domain and the discrete particle-phase
modeling domain using the Lagrangian description. Modeling of respiratory droplets requires heat, mass, and momentum balance
between the discrete and continuous phases. A two-way coupling scheme is used to simultaneously solve the governing discrete and
continuous phase equations until the solutions in both phases have converged.

2.1. Geometry and computational domain

The computational domain consists of a closed room environment with an infected person at one end of the room. The room
geometry is a rectangular domain of 3 mx8 m x 3.5 m (width x length x height), with a small cylinder of 21 mm diameter representing
an average human mouth located at 1.70 m from the floor [23]. We use the human model shown in the computational domain of Fig. 1
for illustrating purposes, which means that it was not included in the numerical simulations of the quiescent room. We discretize and
refine the computational domain with an unstructured tetrahedral mesh using ANSYS Fluent R1 2020 [41], as is shown in Fig. 2. After
performing a grid independence study detailed in AppendixA, we chose a mesh of 384,419 elements to perform the simulations.

2.2. Airflow turbulence modeling

For turbulent airflow modeling of the cough/sneeze puff in indoor environments, the URANS with the Renormalization Group
(RNG) k-¢ turbulence model was implemented in the simulations for its accuracy, computing efficiency, and robustness [42]. The
incompressible RANS conservation equations for mass and momentum are given in the Cartesian tensor form as:

dp 0

EJrafxi(ﬂUi) =0, )
d d ~_dp 0 ou;  dU; ——

E(pUi) +a—x/_(PUin) = Tox, +0_xj {M (6_x, +0_x,> } — pu;itj, (2)

and the Reynolds stresses (—p?u}) are modeled to close the equations with the Boussinesq hypothesis [43]:
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the transport equations for the two-equation RNG k-¢ turbulence model are given as:
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and,

Velocity Inlet
_ (Cough/Sneeze)

Wall

Fig. 1. 3D Model Geometry and computational domain.
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Fig. 2. Quiescent room mesh.
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where ax and a. are the inverse effective Prandtl numbers for k and ¢, respectively [41]. Gy is the generation of turbulence kinetic
energy due to buoyancy, and Gy represents the generation of turbulence kinetic energy due to the mean velocity gradient. Constants
Cie and Cae are derived analytically by the RNG theory [44], which have values of 1.42 and 1.68, respectively. The turbulent viscosity
ue is given by:

k2
H =P C)‘;7 (6)

with a constant value C, = 0.0845, derived using RNG theory. The R, term in the RNG k-¢ model is the main difference from the
standard k-¢ model. This term significantly improves the accuracy for rapidly strained flows [41,45]. The R, term is given by:

Cup’ (1 - ,—’) .
R 7
where,

k
n= S?; n, =4.38, = 0.012. (8)

the room is modeled with a background temperature of 21 °C, 50% relative humidity (RH), and a constant value of 0 Pa was imposed
on the pressure outlet boundary condition. All walls were treated as adiabatic with the non-slip wall condition. The velocity-pressure
coupling parameter was handled with the SIMPLE method [46]. The PRESTO! (PREssure STaggering Option) schemes were used for
the pressure discretization [41,47], and for the space discretization a second order upwind scheme was used for the convective terms in
the governing equation.

In this study, we used two realistic human cough and sneeze velocity profiles, as shown in Fig. 3. These velocity profiles based on
previous works [20,23] were used as the boundary condition for the saliva droplets ejected from the inlet in the streamwise direction x.
The coughing puff lasts 0.61 s with a cough peak velocity around 22.06 m/s occurring at 0.066 s after the onset of the coughing, and the
sneezing puff lasts 0.61 s with a sneeze peak velocity around 89.90 m/s occurring at 0.1 s after the onset of sneezing. The total time of
analysis is 5 min of physical time for both cases. A non-uniform time step for both discrete and continuous phases of 0.001 supto 1s,
0.01 sup to60s, and 0.1 s up to 5 min were used. We chose these time step sizes at different instants of the simulations with an adaptive
time step strategy based on the stability requirements of time-integration schemes using the Courant-Friedrichs-Lewy (CFL) condition
[41,48]. We adjusted the time step size by increasing or decreasing it in order to guarantee that the Courant number remains equal or
below 1 [49].

- 100 - ‘ :
3 80" — Cough Gupta et al. (2009)
2 — Sneeze Aliabadi et al. (2010)
‘_C’, 601 :
g
= 401 :
hel
© 20 ]
2
E 0 L L L

0 0.2 0.4 0.6 0.8 1

Time (s)

Fig. 3. Bulk injection velocity profile as function of time for coughing and sneezing.
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2.3. Discrete phase modeling (DPM)

The transport of respiratory droplets can be estimated by the governing equation of the discrete phase in the Cartesian coordinates.
This equation is an integration of the force balance on the particle in the Lagrangian reference frame and can be written as:

di, 2P, —p)
dtl :FD(7*7P)+;)7P7 ()]
with,
3uCpR.
Fp=220 10)
4p,D;

where, 4 is the molecular viscosity, p is the density of the fluid, pj, is the density of the particle, D, the diameter of the particle, and Cp is
the drag coefficient of the particle. Further information about the calculation of Cp can be found in Ref. [41]. The first and second terms
on the right-hand side of the equation correspond to the drag and buoyancy/gravity forces.

To study the evaporation process of droplets, FLUENT uses different correlations called laws, which vary according to the nature of
the particle and physical models based on the energy balance of the particle [41]. For droplet mass and temperature change, heat and
mass transfer mechanisms are convection and evaporation, and the radiation is neglected. Therefore, the energy balance equation for
the droplet is defined as:
dT, dm

d_l‘p = ]’lAI,(Tm — TI’) pl’lfg7 (11)

mC di

where, m, is the droplet mass, C, is the droplet heat capacity, T is the droplet temperature, h is the convective heat transfer coefficient,
T, is the temperature of continuous phase, dm,/dt is the rate of evaporation, A, is the droplet surface, and hyg is the latent heat.

For the discrete phase, the Lagrangian method was used to track saliva droplets with hybrid implicit and trapezoidal schemes. To
emulate a real human cough and sneeze, saliva droplets are ejected from the mouth with a size distribution ranges from 1 to 500 ym as
is shown in Fig. 4. This droplet size spectrum was fitted with a Rosin-Rammler distribution according to the experimental data found in
Ref. [11]. The fitting parameters are given by the following equation:

n(d\""" _
fﬁ(é) ¢

where, n is the spread parameter,d is the diameter of the saliva droplet, and d is the size constant.

A total number of 5000 droplets were injected from the inlet for the coughing and sneezing events, respectively. The evaporation of
the droplets was also considered by assuming that 94% of injected droplet mass fraction represents evaporating water and the
remaining 6% non-volatile matter represents the electrolytes, mucus, and enzymes of the saliva [20]. The saliva droplets temperature
was assumed as 35° C, and the turbulent flow effects in the droplets were considered in this study using a Discrete Random Walk
(DRW) approach [41,50,51].

(N

0.1,d = 10 um, (12)

in

2.4. Model validation

To validate the airflow or continuous phase modeling, we compare the maximum streamwise penetration distance (X,), which is
the variation of the longest flow distance along the streamwise direction, as a function of time for the cough and sneeze flow obtained
in the unsteady RANS (URANS) simulations with experiments developed by Wei and Li [30] and Large Eddy Simulations (LES) per-
formed by Bi et al. [26,27]. Wei and Li [30] estimated the maximum streamwise penetration distance of a real cough in two stages. A
starting-jet stage and an interrupted-jet stage. The starting-jet stage is when the cough starts and the fluid is released with an inlet
time-dependent velocity profile U(t), while the interrupted-jet stage is when the fluid supply is finished. In the experiment, the
characteristic velocity of the real-human cough flow (U,) is defined as:

0.12 T . : .
0.1 --Rosin-Rammler

0.08 ]

L

2 0.06 ]
0.04F ]
0.02F T ]

0 100 200 300 400 500
Droplet diameter (um)

Fig. 4. Initial droplet distribution.
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1/
U, = ;/ U(t)dt, (13)
iJo
where t; is the time that a cough flow last. The characteristic Reynolds number is given by:
.D
Re, = U(T, 14

where v is the kinematic viscosity of the fluid, and D is the diameter of the nozzle used for the experiments. In this comparison, we
select two experimental cases, described as case 9 and case 10 in Ref. [30]. The Reynolds number used in the experiments [30], the LES
modeling [26], and the cough and sneeze URANS modeling performed in this study are summarized in Table 1.

Fig. 5(a) shows the comparison of streamwise penetration distance of the cough and sneeze as a function of time in a dimensionless
form in the starting jet stage between the present URANS, two sets of experimental data [30], and LES [26] results. Compared with the
experimental values, the maximum mean relative error predicted from URANS and LES are 19.61% and 15.62%, respectively. On the
other hand, Fig. 5(b) illustrates the comparison of streamwise penetration distance of the cough and sneeze against time in a
dimensionless form in the interrupted jet stage. In Fig. 5(b) two constants, the virtual origin in the interrupted jet stage (X,) and (t;) the
extrapolated temporal origin in the interrupted jet stage, are introduced to maintain the comparison initializing from (0, 0). Compared
with the experimental values, the maximum mean relative error predicted from URANS and LES are 8.31% and 9.92%, respectively.
For both stages, the URANS cough results are in good agreement with the experiments, and no significant difference was found in
accuracy between the URANS and the LES simulation performed by Bi et al. [26, 27] predicting the streamwise penetration of a
coughing jet flow in a quiescent indoor environment. For the URANS sneeze, the results show a higher streamwise penetration dif-
ference in comparison with cough experiments and numerical results. This higher streamwise penetration reached in the sneeze results
is expected because in sneezing events there is a further increase in the Reynolds number in comparison with breathing, speaking or
coughing [30].

To validate the discrete phase, in Fig. 6, we compare the numerical results of the fallout length and contamination range of the
saliva droplets exhaled when a person infected coughs with the predictions obtained analytically by Ref. [4]. The fallout length is the
streamwise distance from which the droplets start to separate from the turbulent cough puff. The contamination range is the maximum
streamwise distance of deposition of the droplets. Fig. 6 shows that droplets with a diameter < 50 ym separate from the cloud and reach
their deposition at larger distances than droplets ranging from 60 ym to 500 um. We can observe this trend in both the theoretical
prediction proposed in Ref. [4] and the numerical simulations results of the present study. Compared with the analytical values, the
mean relative error predicted from URANS for the contamination range and the fallout length are 5.22% and 9.34%, respectively. This
suggest that for the prediction of the fate of the droplets released in a cough event, our results are in good agreement with analytical
studies.

3. Results and discussion

3.1. Airflow field visualization in a quiescent environment

Fig. 7 shows instantaneous velocity contours of the continuous phase in the X — Y plane at three different times (0.5 s, 55, 10 s)
when an infected person of 1.70 m in height coughs or sneezes. The cough and sneeze exhaled from the mouth generates a puff, set up
with the time-dependent velocity profiles described in section 2.1 using a UDF (User-Defined Function) in ANSYS Fluent R1 2020. The
cough and sneeze disperses into the quiescent room initially with an axisymmetric velocity distribution, which is larger in the region
close to the centerline (Potential Core) than those far away from the centerline (Shear Layer) [52]. From Fig. 7, it is evident that 10 s
after leaving the mouth, this turbulent puff penetrates the domain and modifies the quiescent ambient over considerably longer
distances than the recommended social distancing of 1.8288 m to prevent COVID 19 transmission. Even though the cough puff reduces
its momentum after leaving the mouth, a lower velocity magnitude of this puff can carry both small saliva droplets (aerosols) and the
saliva droplets that have evaporated into a nuclei diameter (D, ¢) < 12 ym [22,25].

Although the URANS model failed to predict the different scales of the separated flow as is shown in other studies [26,28,53], the
airflow patterns developed by the coughing and sneezing puffs over time approximate to the images captured in a high-speed camera in
Refs. [16,17]. Moreover, owing to the lower computational cost of the URANS model, it was possible to run the simulations up to 5 min
after the pulff left the mouth, evidencing that this puff can travel in the streamwise direction up to 4 m when an infected person coughs
and up to 8 m when sneezes. These findings are in good qualitative agreement to distances reached in other analytical and experi-
mental investigations [4,14,16,30].

Table 1
Reynolds number for the experiments, LES and URANS modelling.
Method Reynolds number
(Rec)
Experiment Case 9 [30] 5200
Experiment Case 10 [30] 7900
LES [26] 13,084
URANS Cough 13,084
URANS Sneeze 21,668
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Fig. 6. Comparison of the fallout length and contamination range for different droplet sizes.

3.2. Effect of the puff velocity on the droplet dynamics in a quiescent environment

We analyze the trajectory of the droplets exhaled by coughing and sneezing using instantaneous contours of droplet diameters.
Fig. 8 shows the evolution of the droplets in three different instants; Fig. 8(a) corresponds to coughing and Fig. 8(b) for sneezing. These
contours show the dispersion of a total of 5000 droplets injected from the origin (y = 0 and x = 0) and penetration in the vertical and
horizontal directions. The 5000 droplets were injected into the room from the origin using the time-dependent cough and sneeze
velocity profiles described in section 2.2. For coughing and sneezing, we assumed a constant relative humidity of 50% and a total
temperature of the room of 21° C.

Overall, for both coughing and sneezing cases, the transport of smaller droplets ( < 12 ym) is highly dominated by the airflow of the
turbulent puff. Therefore, these droplets remain in the air longer than larger droplets ( > 50 ym), which reach the ground in less than
10 s after the exhale because of gravitational force. Regarding the effect of the puff velocity, when the velocity is initially high, as in the
case of sneezing, the turbulent puff penetrates greater streamwise distances within the domain. This allows smaller droplets that are
more prone to the effects of the drag force to remain and travel in the air in regions close to the respiratory system of a healthy human.
In fact, if both coughing and sneezing contours are observed at 300 s, it can be noted that droplets smaller droplets ( < 12 ym) remain in
the air for both cases. However, in the case of sneezing, they reach longer in both vertical and streamwise direction. Fig. 9 shows the
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lifetime of the 5000 droplets released initially from the mouth for coughing and sneezing cases. Before 60 s, the number of droplets in
the air is identical for both coughing and sneezing cases. However, after 60 s, the number of droplets decreases at a lower rate for
sneezing than in the case of coughing, which suggests that a high-velocity respiratory event could increase the risk of infection of a

healthy person also because a more significant number of droplets will remain in the air.

3.3. Effect of the relative humidity in a quiescent environment

Relative humidity (RH) in indoor environments play an important role in the airborne transmission of infectious diseases by
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respiratory droplets [25,54,55]. RH inside a room can vary according to the season of the site or Heating, ventilation, and air con-
ditioning (HVAC) working conditions. Fig. 10 shows the distribution of droplets 5 min after a person cough under two different RH
conditions, 0%, and 50%, inside the room at a constant temperature of 21° C. Fig. 10(a) shows the distribution of coughing droplets at
0% RH. It is evident that after 5 min, droplets with a diameter size of < 17 ym remain in air with high dispersion in all locations of the
room, increasing the probability of the droplets being inhaled by a healthy person. Even though viral load in small droplets is lower
than that of large droplets [56], higher concentrations of the load traveling for more extended periods of time in closed environments
could increase infection probability [57]. One of the reasons why these smaller droplets remain in air for more extended periods and in
higher concentrations than the larger ones is due to the fast evaporation process of the droplets and aerosols to the droplet nuclei [54].
Due to this, the droplets do not sink immediately to the ground. Instead, the droplets will travel longer distances inside and close to the
turbulent puff produced when the infected person coughs. On the other hand, Fig. 10(b) shows the spreading of droplets when the RH
is 50%; In this case, the spreading of droplets in the vertical location of the room is lower than in 0% RH conditions, which means that
in humid indoor environments, the risk of inhalation of droplets by the respiratory system of a healthy person is lower than dry indoor
environments [58-61]. The low spreading of droplets in the vertical location of the room when the environment is humid (RH = 50%)
is because, in moist air conditions, droplet evaporation is slower than in dry conditions, and the dehydration of them more minor,
making the droplets settle into the ground faster [54].

Since the vapor pressure, and therefore the relative humidity, is dependent on temperature, different values of temperature will
affects the droplet distribution. For instance, previous studies on the effect of temperature on airborne diseases have shown a decrease
in viability of the pathogens when temperature increases (summer season), which coincides with an increment in the relative humidity
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Fig. 10. Instantaneous droplet sizes contours at (a) 50% RH and (b) 0% RH at 5 min after coughing.
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in regions with seasonality [54,62]. On the other hand, previous studies have shown that in winter the low outdoor temperatures
indirectly leads to low relative humidity (dry air) indoor environments [54]. Heating facilities in winter dries the cold air coming in
from the outside, causing the relative humidity to drop at levels of 10-40%. In this study, we maintain the temperature constant to
understand the effect of controlling relative humidity in an indoor environment regardless external temperature conditions. We only
considered relative humidity over temperature to have a control over using several variables in the simulation, which could make it
costly in terms of computation time. This is a limitation of our study and can be considered as a future work.

3.4. Evolution of initial droplet size distribution in a quiescent environment

Unlike the analysis done in the previous sections, where we visualize the location of thousands of coughing and sneezing droplets
over time, now we focus on the lifetime of their initial distribution since the infection and transmission capability of a cough or sneeze
puff relies fundamentally upon the droplet size distribution and viral load carried on dry droplet nuclei [63].

Fig. 11 shows the evolution of the initial droplet size distribution (dashed black lines) escaping from the mouth as probability
density functions (PDFs). Fig. 11(a) for coughing and sneezing, and Fig. 11(b) for coughing under two different RH conditions, 0% and
50%, inside the room at a constant temperature of 21° C. We obtain these functions using the discrete phase data from the CFD
simulations and fitting this in a two-parameter Weibull distribution, which functions admirably for populations of water and water-like
droplets [64]. This version of the Weibull distribution has two parameters, shape () and scale (1). The shape () or slope parameter
describes how the data, in this case, the droplet sizes, are distributed. For example, low shape values result in a right-skewed curve,
while higher values give left-skewed curves. On the other hand, The scale parameter (;) represents the variability present in the
distribution. Large values of the scale parameter in the Weibull distribution mean that it will be more spread out. On the contrary, it
will be more concentrated if the scale parameter has small values [65].

Overall, based on the PDFs shown in Fig. 11, it is evident that large droplets ( > 50 ym) survive less than 10 s and the smaller ones (
< 17 um) survive up to 5 min, with most of them traveling inside the turbulent puff. Fig. 11(a) shows the comparison between
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Fig. 11. (a) Probability density functions for coughing and sneezing at 1 s, 60 s, 180 s and 300 s after an infected person coughs or sneezes. (b) Probability density
functions for 50% and 0% RH at 1 s, 60 s, 180 s and 300 s after an infected person coughs.
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coughing and sneezing at three different times at 50% RH and a temperature of 21° C. For both cases, 1 s after the droplets are released
from the mouth, their distribution in the room has a behavior similar to the initial distribution which is unimodal and positively
skewed.

At 1 s, the scale parameter (i) is 37.3, and the shape parameter () is 0.50 for the case of coughing, and n = 37.13 and $ = 0.49 for
sneezing. The difference between parameters for the two cases is negligible (0.45%), which means that during the 1 s, the exhaled
airflow velocity does not affect the droplet distribution. One minute after the respiratory event occurred, the range of sizes of the
droplets that remains in the room is less than the initial one due to gravity’s effects that affect large droplets. The distribution in both
cases is unimodal and positively skewed with n = 5.21, # = 0.93 for coughing, and = 5.67, # = 0.91 for sneezing. Finally, 300 s later,
the distribution remains unimodal and positively skewed for both cases. However, the parameters behave differently, for coughing n =
2.55, # = 1.28 and n = 3.64, = 1.07 for sneezing. This difference is more evident in Fig. 11(a), where the population of droplets
ranging 0.39-4 um is higher for coughing than sneezing. Conversely, from 4 ym to 15 ym, the population of droplets is higher for
sneezing than coughing.

Fig. 11(b) shows the PDFs for 50% and 0% RH at three different times after an infected person coughs. In general, for both cases, the
distribution of droplets at 1 s is similar to the initial. At 1's, 7 is 39.3 and f is 0.51 for 0% RH and 5 = 37.3, # = 0.0 for 50%RH. After 1
min, the distribution in both cases is unimodal and positively skewed with n = 6.74, g = 0.93 for 0% RH, and n = 5.21, = 0.93 for 50%
RH. At 300 s, the distribution remains unimodal and positively skewed for both cases. With parameters n = 4.28, # = 1.10 for 0% RH
and 5 = 2.55, = 1.28 for 50% RH. After 300 s, it is evident that at lower RH (dry), the population of droplets ranging from 4 to 15 ym
is higher than the environment with higher RH (humid). It coincides with the visualization of droplets in Fig. 10, where a higher
quantity of droplets with large size remains in the air at 300s for 0% RH than 50% RH.

3.5. Implications of droplet dispersion in a classroom

Thanks to the development and release of vaccines against the COVID-19, the reopening phase of academic facilities is a reality.
However, there is still a global concern that cases of COVID-19 may increase as a consequence of new variants of the virus and
resistance to vaccinating. In order to help authorities to identify the highest risk zones of infection in a classroom, we develop a model
that considers the interaction of an infected source that breathes, sneezes, or coughs in a group of twelve students and a teacher, as is
shown in Fig. 12. In this model, we use the insights from the framework developed in the quiescent room model to discretize the
computational domain and set up the simulations. We discretize the classroom with 1254063 tetrahedron elements after developing a
mesh independence study similar to the implemented for the quiescent indoor environment. As is shown in Fig. 12, the droplet
dispersion of breathing, coughing, and sneezing in the classroom was investigated assuming a constant velocity of 0.3 m/s in the inlet
of the air conditioning, adiabatic walls with a constant temperature of 21°C, and the heat flux produced from the body of the sitting
students and the standing professor 60 W/m? and 89 W/m? respectively. Cough and sneeze saliva droplets are ejected from the mouth
of an infected student seated in the third row with a size distribution ranges from 1 to 500 ym and the unsteady velocity profiles
described in section 2. On the other hand, we impose a sinusoidal function with a peak exhalation velocity of 16.43 L/min and a
frequency of 0.274 Hz [66-69], to eject 1000 breathing saliva droplets every 10 s from the mouth of an infected student.

Fig. 13 shows the droplet dynamics of an infected student in the third row that breathes, coughs and sneezes, at 1s, 10s, and 60 s. In
Fig. 13(a), when the infected student breaths for 60 s, it is evident that saliva droplets travel above the student’s head. It is expected
since the thermal plume of the body will transport the droplets that lie close to the body by natural convection in the vertical direction.
Therefore, the impact of breathing droplets will not affect a student located in the front, back, and lateral seats of the infected student
after breathing continuously for 10 s. However, after 60 s of continuous breathing a lower population of small droplets can reach the
seat of a student seated in the back. Fig. 13(b) illustrates the location of thousands of droplets released when an infected student in the
third row coughs. It is evident from Fig. 13(b) that a small population of droplets will travel above the head during the first second,
while a significant population of those will travel in the streamwise direction, directly impacting a student in the front seat. As is
expected, the high velocity of the coughing event shows that the momentum-driven flow is more dominant than the buoyancy-driven
flow in the final fate of the droplets. Fig. 13(c) depicts the transport and fate of sneezing droplets. Likewise the coughing case, during
sneezing, the droplets impact a student located in the front and lateral seat of the infected source in a short period of time. However,
sneezing droplets do not have a high impact on the risk of infection of a healthy student in the back seat. This could be attributed to the
fact that an insignificant number of droplets remain close to the body of the infected student, which could travel in the back direction
for the combined effect of the thermal plume and the air conditioning flow.

The aforementioned results suggest that the transport and fate of droplets produced by an infected student in a classroom with air
conditioning vary according to the nature of the respiratory event. A coughing event of an infected student in the classroom affects
students located in lateral, back, and front seats. A breathing event affects students in the back seats, and a sneezing event impacts
healthy students in the front and lateral seats. In the case of sneezing, the impact on the infection of a person behind the infected person
is not evident in 60 s. Therefore, it is crucial to reproduce these simulations in more extended periods since the flow produced by the air
conditioning could influence the stochastic transport of droplets throughout the classroom, especially the smaller droplets that remain
floating in the air [70-73].

Several experimental and numerical studies have demonstrated that using different air changes per hour rates (ACH) in indoor
environments affects the risk of airborne transmission of SARS-CoV-2 and other respiratory infectious diseases [12,74,75]. Increasing
ACH and installing multiple HVAC units with adequate air filtration reduce the aerosol transmission in the far-field (distances larger
than the 6 foot-rule) because it enhances the rate at which the circulating contaminated air gets filtered. However, for close contact and
the current physical distancing, this increase in the air exchange rates would not be enough, especially if the respiratory event has
higher velocity values [74]. On the other hand, more HVAC units could accelerate the temperature and RH control inside a building.
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Fig. 12. Classroom model and boundary conditions.
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Considering that temperature and RH affect pathogen’s viability, having more HVAC units would be an essential parameter in
designing and improving the air quality of indoor environments. Nevertheless, installing multiple HVAC units and increasing air
exchange rates requires more energy and more investment in new equipment.

The analysis of multiple HVAC units and air exchange rates is a limitation of this study. Instead, we used one HVAC unit in the
ceiling operating with a typical air velocity of a classroom [76] to identify the highest risk zones of infection once a student or a
professor cough, sneeze, or breathe. Specifically, if we consider that installing multiple HVAC units and increasing air exchange rates
generate a financial constraint for most schools worldwide.

4. Conclusions

The results of the simulations suggest that droplets of an infected person with COVID-19 can spread more than the social distancing
recommendation (1.8288 m), in closed and calm environments. Small droplets ( < 12 ym) can travel up to 4 m in the streamwise
direction 5 min after an infected person cough and two-fold that distance in the case of sneezing. The spread of droplets in the vertical
direction shows that a person’s height matters regarding his/her infection risk. Children and adults of short heights are more exposed
to larger droplets, which contain a high viral load.

The performed CFD simulations with the URANS model are in very good agreement with previous experiments and theoretical
models. No significant difference was found in accuracy between the URANS and the LES model predicting the streamwise penetration
of a coughing jet flow in an indoor environment. Even though URANS model cannot capture the different scales of the turbulent flow
like other advanced numerical models [26-28,53], the low computational cost of the URANS model made this captivating for
designing technologies to prevent the spread of airborne diseases and preserve the world economy. The practical application of the
URANS model was demonstrated in the design of a disinfection robot amid the COVID-19 and future pandemics [35]. The use of results
from URANS simulations helped optimize the robot’s disinfection efficiency in infection risk zones of a classroom where commercial
air cleaning technologies face difficulties reaching.

When an infected person sneezes in a closed environment, the risk of infection in healthy people increases since the lifetime of
droplets in the air is higher than in the case of coughing. Moreover, in an indoor environment at low relative humidity, droplets
evaporate to droplet nuclei faster than in high humidity conditions. Therefore, instead of instantaneously reaching the ground, smaller
droplets remain airborne, traveling inside the puff and increasing the virus’ residence time in the air at locations where it is easier to be
inhaled by a healthy individual’s respiratory system.

We characterized the population of droplets residing in a calm indoor environment with probability density functions fitted with
Weibull distribution. These distributions show many saliva droplets with an average diameter ranging 2-5 ym, residing longer time in
the air compared to the case of large droplets, since the droplet size decreases to ~50% of their original diameter in a short time [77].

The numerical approach used in this study offers a significant quantity of data regarding the complex dynamics of the droplets
exhaled in different respiratory activities. The integration with a statistical analysis of the population of droplets reveals a more
profound outlook of the lifetime of the droplets to optimize the efficiency of disinfection and detection technologies [35,78,79].
Further work will use the output of these high-fidelity simulations for developing quasi-real-time CFD simulations and machine
learning surrogate models of the coughing and sneezing droplets under different local ambient conditions precisely, at more prolonged
periods.
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A. Mesh independence test

To guarantee that numerical results were independent of the mesh size, we use three different mesh sizes of 182,675 elements,
384,419 elements, 989,236 elements, and 1,898,322 named as coarse, medium, fine, and extrafine, respectively. The parameter
selected to evaluate the mesh independent test is the dimensionless centerline velocity decay of the turbulent puff across the
streamwise direction at t = 5s. We normalize the centerline velocity (Uy,), taking as a reference the 10% of the characteristic velocity
(U,) of the real-cough velocity profile. From Figurel4, it can be observed that medium, fine, and extrafine meshes have very similar
centerline velocity decay profiles in contrast to the coarse mesh, which differs in its behavior in several zones of the centerline.
Moreover, comparing the medium mesh results against the fine and extrafine mesh, we found a maximum difference of the centerline
velocity decay of 3.5% and 4.2%, respectively. Finally, to perform the simulations of the other cases we chose the medium mesh since
the results show a good balance between numerical accuracy and computational time.
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