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ABSTRACT

In this paper, we investigate the aerosol cloud flow physics during three respiratory actions by humans (such as coughing, talking, and
breathing). With given variables (i.e., velocity, duration, particle size and number of particles, and ambient conditions), the standoff safe
distance during coughing, talking, and breathing should be the distance where virus-laden droplets and aerosols do not have significant
transmission to another person. However, at a critical distance, the aerosol cloud flux can still be extremely high, which can immediately
raise the transmission in a localized area to another person during a static condition. In this study, computational fluid dynamics analysis of
selective respiratory actions has been carried out to investigate the effect of the standoff distance and assess the importance of social distancing
in indoor places. The prediction of the aerosol transport due to flow generated from coughing, talking, and breathing was obtained by applying
the Eulerian-Lagrangian approach. From the simulation results, it can be concluded that the aerosols released due to continuous talking travel
a similar distance to that released due to sudden coughing. On the other hand, aerosols exhaled from breathing do not travel a long distance
but float in air for a long time.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0042952

I. INTRODUCTION

Droplets ejected from an asymptomatic host are one of the
biggest risks during the current coronavirus (COVID-19) pan-
demic in the transmission of the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). Although stringent mea-
sures such as lockdown have reduced the spread of the virus
and the public places are gradually opening, social distancing will
be followed for the foreseeable future and the risks of trans-
mission will not be reduced until a large section of population
is vaccinated. Understanding the transmission of the virus will
require a thorough understanding of the flow physics of droplets
and aerosols. The flow physics of droplets and aerosols depends
on many complex parameters, such as differences in expiratory
flows during sneezing, coughing, talking, and breathing (differ-
ent velocities and duration, droplet size distribution, number, and
temperature), ambient conditions [ambient mean and turbulent
velocity, temperature, and relative humidity (RH)], and physical

phenomenon (droplet collisions, breakdown-coalescence, and
evaporation-condensation). Experimental or numerical modeling
of the flow dynamics of droplets and aerosols transport from expi-
ratory flows will provide the quantitative data for developing guide-
lines for social distancing in various indoor and outdoor settings. As
advised through fundamental assessments based on fluid dynamics
(Mittal et al., 2020), the COVID-19 pandemic has pushed the sci-
entific community and attracted new studies to be undertaken to
understand critical scientific challenges, such as respiratory droplet
formation, two-phase expiratory flows, droplet evaporation and
transport, and associated aerodynamics [Feng et al (2020) and
Xu et al. (2017)].

The respiratory actions, such as coughing, sneezing, talking,
breathing, or other mixed types, release a large number of droplets
into the atmosphere. Wells (1934) showed that the fate of these
expiratory droplets depend on the dynamics of inertia, gravity,
and evaporation. Droplets larger than a critical size drop to the
ground faster than they evaporate, while the droplets smaller than
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the critical size evaporate before they reach the ground, forming
droplet nuclei (aerosols). The transmission of respiratory viruses
including COVID-19 between humans occurs via three routes: (i)
direct impact of large droplets on the face, nose, and eye of a
recipient from a virus-laden respiratory flow ejected with suffi-
cient momentum, (ii) touching the surface contaminated by the
deposition of large droplets and subsequent transfer to respiratory
mucosa, and (iii) inhalation of air carrying droplet nuclei (aerosols;
Mittal et al., 2020). The first two routes are known as “large droplet”
transmission, while the third route is known as airborne transmis-
sion [Mittal ef al. (2020) and Morawska (2006)]. It was advised
during the early stages of the COVID-19 pandemic that there is an
urgent need to acknowledge the airborne spread of the SARS-CoV-2
virus [Kumar and Morawska (2019) and Morawska and Cao (2020)].
The World Health Organization (WHO) now believes (WHO, 2020a
and 2020b) that the ongoing pandemic with the SARS-CoV-2 virus
is airborne, and the transmission of such a virus is via aerosols.
Airborne transmission is defined as the spread of an infectious
agent caused by the dissemination of droplet nuclei (aerosols) that
remain infectious when suspended in air over long distances and
time (WHO, 2014). In this research, we investigate the transport of
aerosol cloud during three respiratory actions by humans (such as
coughing, talking, and breathing).

The initial guideline on a social distancing of 2 m (NHS, 2020),
1.83 m (CDC, 2020), or 1 m (WHO, 2020a; 2020b) is based on the
disease transmission theory originally developed in the 1930s based
on a simplified physics of a single droplet evaporation and fall-off
by Wells (1934). Xie et al. (2007) revaluated the Wells evaporation-
falling curve by solving heat and mass transfer as well as a trans-
port equation for a single droplet and reported that for respira-
tory exhalation flows, the sizes of the largest droplets that would
totally evaporate before falling a 2 m distance are between 60 ym and
100 pm, and these expelled large droplets are carried to more than
6 m distance by exhaled air at a velocity of 50 m/s (sneezing), more
than 2 m distance at a velocity of 10 m/s (coughing), and less than
Im distance at a velocity of 1m/s (breathing). Bourouiba
et al. (2014) argued that violent expiratory flows due to coughing
and sneezing should be considered as two-phase flows of droplets
within a warm air cloud. Based on the experimental data using
non-evaporative beads, their developed empirical model predicted a
fallout distance of 0.5m for 700 ym droplets and 2.4 m for 30 ym
droplets from coughing. Balachandar ef al. (2020) further treated
expiratory flow as the droplet movement within a puff of cloud
and developed an analytical model to study the concentration and
droplet size distribution due to evaporation. Their results show that
while the larger droplets of more than 100 ym fall off from the cloud
rapidly and the smaller droplets of less than 1 ym evaporate quickly
into residues, the intermediate size droplets between 1 and 100 ym
still undergo evaporation after 1.5s. However, what is unknown
from their study is how far the cloud containing evaporating droplets
will travel.

Recently, Computational Fluid Dynamics (CFD) played a sig-
nificant role in providing the answer to how far droplets can travel.
Dbouk and Drakakis (2020a) have simulated two-phase droplet
transport considering the most realistic flow physics of exhaled
droplet size distribution, droplet mass transfer and its evapora-
tion, surrounding environment temperature, and relative humidity.
There simulations show that droplets fall to the ground at around
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1 m distance from the source due to coughing at 20 °C tempera-
ture and 50% relative humidity (RH) within a stationary ambient
environment but travel to more than 6 m under an ambient airflow
velocity of more than 4 km/h. Vuorinen et al. (2020) in their recent
computational fluid dynamics (CFD) simulations of aerosol trans-
port in relation to SARS-CoV-2 transmission gave various examples
on the transport and dilution of aerosols (d < 20 ym) over dis-
tances (10 m) around supermarket shelves. They also accounted the
locally varying aerosol concentration levels that a susceptible can
inhale. Interestingly, they introduced the concept of “exposure time”
to virus containing aerosols to complement the traditional “safety
distance” thinking. It was shown that the exposure time to inhale
100 aerosol droplets could range from 1s to 1 min or even to 1 h
depending on the situation. Their modeling considered the aerosol
to be made of 10 ym droplets as well as massless droplets and both
considerations produced similar results.

Wang et al. (2020b) used an Eulerian-Lagrangian particle
tracking model to investigate the evaporation of various droplet
sizes under different temperature and relative humidity conditions
for free-falling droplets and continuous and pulsating cough jets
with no ambient flow as well as upward and downward ambient
flows of 0.1 m/s without ambient turbulence. Their simulation shows
that the 100 ym droplet can have a 50% probability of traveling to
1.0 m at 20 °C at both 50% and 100% relative humidity (RH), while
50 ym droplets can have a 50% probability of traveling up to 2.8 m
and 3.2m at the relative humidity of 50% and 100%, respectively.
Furthermore, their simulations show that the droplets remain air-
borne between 10s and 20s under different ambient conditions.
Pendar and Pdscoa (2020) have reported the transport of saliva
droplets in the indoor environment using the Eulerian-Lagrangian
particle tracking model. They have simulated a number of practi-
cal scenarios such as standing near a table, standing face-to-face,
wearing mask, and different head tilting positions. Their focus was
on the transport of large droplets during sneezing. Their simula-
tion showed that the droplet with a mean droplet size of 90 ym
can travel up to 2.3m and the droplet with a mean droplet size
of 540 ym droplets can travel more than 4 m. Another interest-
ing finding from their study is that bending the head downward
during sneezing can reduce the droplet traveling distance by more
than 22%.

Droplet transport due to sneezing has been reported by
Busco et al. (2020), considering the biomechanics of a person dur-
ing sneezing using motion capture and applying CFD modeling for
different angular head positions. The conventional straight head
modeling shows that the droplets can travel to 4m during sneez-
ing while considering head motion and time-varying air-expiration,
and the simulation produces a droplet transport distance of 3 m.
Wang et al. (2020a) presented droplet motion of various sizes from
coughing through experimentation and CFD modeling. They have
considered the evaporation of droplets in their modeling and their
study shows that the largest droplet of 800 ym can travel 1.8 m.
Li et al. (2020) investigated the droplet transport between two per-
sons standing at 1 m and 2 m distances during coughing under ambi-
ent outdoor conditions under different relative humidity and air
velocities. Their simulation shows that under a wind speed of 2 m/s,
smaller droplets expired from coughing can deposit on the face of
a person standing at 2m. Considering fluid dynamics and human
physiology factors driving droplet dispersion from a human sneeze,
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Fontes et al. (2020) suggested that the resulting exposure levels are
highly dependent on the fluid dynamics that can vary depending on
several human factors. For example, a sneeze without flow in the
nasal passage (consistent with congestion) yields a 300% rise in the
droplet content at 1.83 m (=6 ft) and an increase over 60% on the
spray distance 5 s after the sneeze. Dbouk and Drikakis (2021) inves-
tigated the aerosol transport inside an elevator due to a mild cough.
They employed the Eulerian-Lagrangian technique with heat trans-
fer, droplet evaporation, and droplet-droplet interactions. Their
study shows that the placements of inlets and outlets inside the ele-
vator have significant effects on ambient flow dynamics and thus
on aerosol dispersion. The position of the subject inside the eleva-
tor also significantly influences the dispersion. The presence of an
air purifier fails to eliminate droplet dispersion. Nazari ef al. (2021)
investigated aerosols transport due to a sneeze within an under-
ground car park under the influence of jet fans. They have employed
the Eulerian-Lagrangian particle tracking method with the aerosol
cloud represented by a fixed droplet size of 3.5 ym. Their simu-
lation shows that the use of jet fans disperses aerosol over a large
area of the car park. Their simulation shows that the spaces near the
fresh air duct could be a safe zone. Zhang ef al. (2021) investigated
aerosol transport inside a bus under its heating, ventilation, and
air conditioning (HVAC) conditions as well as opened and closed
window conditions using experiment and CFD modeling. In the
experiment, they have used a smoke generator to distribute aerosol,
and in the CFD simulation, they have used the Eulerian-Eulerian
modeling with the aerosols treated as a passive scalar. Their study
concludes that although the HVAC system carries the aerosol from
an infected person to a susceptible person within 1 min, the HVAC
system dilutes the aerosol concentration and thus reduces the inhala-
tion risk over a short period of time. Opening windows also reduces
the overall concentration of aerosol but increases the concentration
near the opened window and thus increases the risk to those seating
near the opened window. Abuhegazy ef al. (2020) have investigated
aerosol transport within a classroom and investigated the effects of
glass barriers and windows opening for aerosol transport. They have
used the Eulerian-Lagrangian droplet transport with fixed droplet
sizes. Their simulation shows that the glass barriers and opened win-
dow can significantly reduce the aerosol concentration within the
classroom.

It is now established that a significant spread of COVID-19
happens from asymptomatic people indoors (Leclerc ef al., 2020),
and by definition, an asymptomatic person does not cough or
sneeze; rather, the expiratory flows are caused by talking and
breathing (Asadi et al, 2020). Stelzer-Braid et al. (2009) per-
formed experiments with patients suffering from cold by collect-
ing exhaled aerosols during breathing, coughing, and talking and
comparing with the positive nasal mucous sample. Their study con-
firms that breathing and talking leads to the expiration of virus-
laden aerosols. Stadnytskyi et al. (2020) used the laser scattering to
analyze speech droplets generated during a continuous talking of
25s. From analyzing the droplet sizes, they estimated that 1 min
of loud talking can generate 1000 virion-containing droplet nuclei
that remain airborne for more than 8 min. However, their model-
ing ignored the droplet-droplet and droplet-airflow interactions.
Morawska et al. (2009) have established that the vocalization can
emit one order of magnitude more particle than breathing and
Asadi et al. (2019) identified that certain individuals are “speech

ARTICLE scitation.org/journall/adv

super emitters” who can emit up to 10 droplets/s and estimated that
a 10-min conversion with an infected asymptomatic super emitter
talking at a normal volume can expose the conversational partner
or someone at close proximity to an invisible cloud of 6000 aerosols
droplets. The peak exhaled air velocity is 1-3 m/s (Tang et al., 2013)
during quiet breathing and 2-5m/s during talking (Xu ef al,, 2017),
and these airflows can carry exhaled droplets and aerosols quite a
long distance. Unlike coughing and sneezing conditions, the dis-
tance traveled by aerosols due to talking and breathing has not been
investigated extensively.

The focus of the present study is on the transport of the aerosol
cloud during talking and breathing (likely because of the release
of virus-laden droplets from an asymptomatic infected person)
and comparing the transport against that from coughing. Over the
long run, the research will investigate the understanding of mecha-
nisms of droplet size distribution, droplet evaporation, and droplet
nuclei and aerosol formation, and transport. However, in this paper,
we implement a simplified modeling approximation to represent
aerosol cloud transport during three respiratory actions by humans
(such as coughing, talking, and breathing) in the computational fluid
dynamics (CFD) simulations.

Il. METHODOLOGY

OpenFOAM®, an open-source software for computational
fluid dynamics (CFD) simulations, was employed in simulating
the respiratory actions by humans (such as coughing, talking, and
breathing plume). The spreading and dissipation of the aerosol cloud
in air are modeled via the Eulerian-Lagrangian approach, as this
approach deals with individual particles and calculates the trajec-
tory of each particle separately. The large number of released par-
ticles by respiratory action are necessary to obtain an appropriate
description of expiratory flows. For the bulk carrier fluid of air,
we have employed Reynolds-Averaged Navier-Stokes (RANS) equa-
tions with the standard k — ¢ turbulence model. The detailed descrip-
tion of these equations can be found in many textbooks, including
that of Versteeg and Malalasekera (2007).

In the Eulerian-Lagrangian concept, while the airflow is solved
on an Eulerian fixed mesh, all particles are treated as discrete par-
ticles, where the location and velocity of each particle are traced
through the Eulerian mesh using integrated Newton’s second law of
motion. In the present study, Multi-Phase Particle-In-Cell (MPPIC)
modeling, i.e., MPPICFoam solver of OpenFOAM, was used, where
particle-particle collisions were included in the modeling through
calculating stresses from a particle pressure gradient within each
control volume rather than resolving each individual collision, as
described in the work of Snider (2001). The Ergun/Wen-Yu model is
used within the MPPICFoam solver and the Ergun/Wen-Yu model
considers the effect of the cluster of droplets. For higher air volume
fractions, the Wen-Yu model (1966) is used, and for a lower air vol-
ume fraction, the Ergun equation (1952) is used. In this modeling
approach, the interphase momentum exchange between the air and
droplets phases is provided through the drag coefficient as follows:

Interphase momentum exchange coefficient,

3 aogpe|vi — Vg 65
K, = >Cp 2Pl g‘ag.

= d, for ag>0.8, (1)
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TABLE . Simulation variables.
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Actions Velocity (m/s)  Duration (s)  Particle size (microns)  No. of particles Reference

Coughing 10 0.3 1,5,10 1005in 0.3 s Dbouk and Drikakis (2020a); Xie et al. (2007)
Talking 5 Continuous 1,10 10in1ls Xie et al. (2007); Asadi et al. (2019)
Breathing 1 Continuous 1 2inls Xie et al. (2007); Asadi et al. (2019)

Density of saliva (water) = 1000 kg/ m?
Density of air = 1.18 kg/m’
Conditions = 20 °C, 50% RH

Bourouiba et al. (2014)

- I
K,g:150“’( ";g)”gﬂys“’f’g'” %l for 4 <08, (2)

agd; dp
where
Cp- 2 [1+0.15(agRe))*] for Rep, < 1000,
agRep 3)
Cp=044 for Rep>1000,
and

_ Pgdpwl - Vg|
He ,

where a; is the droplet volume fraction, « is the air volume fraction,
P, is the density of air, 1 is the viscosity of air, dj is the diameter of
droplets, v; is the velocity of droplets, and v, is the velocity of air.
Expiratory events of coughing, talking, and breathing release a
wide range of droplets [O(0.1 ym)-O(1000 ym), Mittal et al., 2020]
and their size changes within the flow due to evaporation. Instead
of using a particle size distribution and modeling the evaluation of
particle sizes due to evaporation, we have used the fixed particle sizes
of 1, 5, and 10 ym to capture the aerosol cloud transport. Previous
studies (Balachandar ef al, 2020 and Mittal ef al., 2020) show that
larger droplets evaporate into submicron to 10 ym in size. These
small droplets remain suspended and transported in air currents and
are the cause of airborne transmission. In the present study, the loca-
tion of these droplets within the air jet where they are evaporated
into droplet nuclei has not been modeled, and treating all the par-
ticles with a constant diameter at the source will not capture the
initial event of droplets dynamics. However, the spreading and dis-
sipation of resulting exhaled aerosol cloud occur over a much longer
time period compared to the rapid release of mass and momentum
of the exhaled air during coughing, breathing, and talking, and it is
assumed that the actual resolution of the initial event is not critically
important for simulating aerosol transport (Vuorinen ef al., 2020).
Vuorinen ef al. (2020) concluded by comparing the spreading and
decay of aerosol cloud represented by fixed 10 gm and 20 ym that the
cough-released aerosol cloud spreading and decay can be adequately
predicted by any particle sizes of 10 ym and below as well, treating
the aerosol cloud as massless particles. Similarly, a fixed droplet size
of 1 ym has been used in predicting the aerosol transport in a class-
room relevant to COVID-19 (Abuhegazy et al., 2020), and a fixed
droplet size of 3.5 ym was used for simulating aerosol transport in a
car park (Nazari ef al., 2021). In the present simulations, the human
mouth print was represented by a rectangle with a length of 4cm

Rep (4)

and a height of 0.484 cm according to the human mouth photograph
captured during coughing by Dbouk and Drikakis (2020b), and the
saliva droplet laden airflow was released at an assumed mouth height
of 1.6 m according to a representative human height. Table I gives
simulation variables used in the present study.

Figure 1 shows a cross-sectional view of the computational
mesh used in the present study. The computational domain is three
dimensional with a length of 4m, a height of 2m, and a width of
1 m. The mesh was concentrated around the mouth print. The total
number of hexahedral cells used in the simulations were 253 748.
Hexahedral meshing was deployed as it generates meshes composed
of deformed cubes (hexahedra) and it can significantly improve both
speed and accuracy. The geometry and mesh were created using the
open-source SALOME software. This software provides a generic
platform for pre- and post-processing for the numerical simulation.
An extensive mesh independency test was carried out by comparing
the velocity and pressure along the length of the air jet for successive
mesh refinement, and 253 748 hexahedral cells have been found to
produce mesh independent results.

We employed different inlet velocities and durations depending
on the expiratory events as the inlet condition. For a single cough, we
set the inlet air and droplet injection velocity of 10 m/s over 0.3 s and
then set both the inlet and injection velocities to zero. We also sim-
ulated three consecutive coughs, setting the inlet velocity of 10 m/s
over 0.3s and then reducing the inlet velocity to 1 m/s represent-
ing breathing over 0.2's and repeating the process for three cycles.
For continuous talking and breathing cases, we kept the steady inlet
conditions throughout the duration of simulations. The simulations
were carried out in transient manner with a time step of 2 x 10™*s.
We employed the UK National Supercomputing Service ARCHER
using 96 core parallel processing for the simulations.

FIG. 1. Schematic of the computational mesh shown in 2D (note that the human
figure is for demonstration only).
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I1l. RESULTS AND DISCUSSION

A. Saliva aerosol travel from a single cough

As reviewed by ( ), the long-distance saliva aerosol
transport is highly environment dependent. While the large droplets
can fall off from the expiratory jet, small droplets of less than
100 ym usually evaporate into smaller droplets of submicron to
10 pym to form aerosol ( , ). In the present study,
the transport of aerosol has been simulated using 10, 5, and 1 ym
droplets, and it was assumed that the aerosol was generated at the
source. ( , ) explained that the actual resolu-
tion of the initial event is not critically important for simulating
aerosol transport as the spreading and dissipation of aerosol occur
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over a much longer time scale compared to the initial expiratory
events.

(Multimedia view) and show the development of
airflow as well as the saliva aerosol trajectory from a single cough at
10m/s over 0.3 s.

After 0.3, the airflow velocity was set to zero without any
droplet injection. The carrier airflow creates a jet flow until 0.3 s, and
after 0.3s, the jet dissipates quickly once the mouth is closed. The
simulation shows that droplet transport is almost identical for three
droplet sizes. This is because the droplets smaller than 10 ym do
not influence the aerosol simulation patterns, as the effects of gravity
and inertia of individual droplets become negligible and the aerosol
transport is influenced by mainly by the ambient flow physics and

(i) 0.1 sec (ii) 0.3 sec

(iii) 1 sec

(iv) 2 sec (v) 5 sec

(a)10 um droplets

(i) 0.1 sec (i) 0.3 sec

(iii) 1 sec

(iv) 2 sec (v) 5 sec

(b)5 pm droplets

(i) 0.1 sec (i) 0.3 sec

(iii) 1 sec

(iv) 2 sec

(v) 5 sec

(c) 1 um droplets

FIG. 2. Saliva aerosol trajectories from a single cough: (a) 10 um droplets, (b) 5 um droplets, and (c) 1 um droplets. Multimedia view:
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(i) 0.1 sec (ii) 0.3 sec

(iii) 1 sec
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AN

(iv) 2 sec (v) 5 sec

FIG. 3. Air velocity in the longitudinal direction from a single cough with streamlines.

turbulence. The ejected droplets from the mouth are seen to form
a mushroom cloud structure. The mushroom cloud is formed by
vortices at the edge of the jet boundary and turbulence dispersion
(see Fig. 3). Once the mouth is closed after 0.3 s, the mushroom
detaches itself from the mouth, loses its momentum, and grows in
sizes due to the entrainment of the surrounding air into the cloud
and turbulence dispersion. The width of the cloud is much larger
than the width of the air jet. At around 55, the initial momentum
from the coughing is completely lost, with the cloud structure start-
ing to fall toward the ground driven by the ambient flow structure
(see Fig. 3 for streamline). Under the initial momentum generated
by the cough, the aerosol cloud travels to 1.01 m before starting
downward flow. Despite using a simplified modeling approach to
represent aerosol cloud, our simulation results reproduced the same
1 m distance traveled by a single cough cloud, as reported by Dbouk
and Drikakis (2020b).

B. Saliva aerosol travel from three coughs
and continuous breathing

For this case of simulation, the inlet velocity was set at
10 m/s for 0.3 s representing coughing and set at by 1 m/s represent-
ing breathing for 0.2 s. This cycle was repeated three times, and after
that, the inlet air velocity was kept at 1 m/s over the duration of the
simulation. Droplets were released during coughing only. The sim-
ulation was carried out with 10 ym droplets. Figure 4 (Multimedia

view) and Fig. 5 show the droplet trajectory and air velocity contour
and streamlines, respectively.

The intermittent nature of the carrier airflow is clearly visible
between 1.0 and 2.0 s velocity plot. A single larger jet is formed after
2s and that remains visible at 5.0s. Droplets released from three
coughs ultimately merge into a single larger mushroom cloud of
droplets. The distance traveled by the cloud of droplets is ~1.2m.
The cloud is not sustained by the continuous breathing flow and
starts to fall after 5.0s. It is interesting to note that the continuous
coughing and breathing do not lead to a significant increase in the
distance traveled by aerosol cloud compared to that from a single
cough.

C. Saliva aerosol travel from continuous talking

Figure 6 (Multimedia view) and Fig. 7 show the trajectory
of droplets and carrier airflow velocity and streamlines from the
continuous talking with the air and droplet velocity set at 5m/s
throughout the duration of the simulation.

We have simulated the aerosol trajectory with both 1 ym and
10 ym droplets and simulation results show that both droplet sizes
produce almost similar results, as shown in Fig. 6. In stationary air,
the terminal velocity for a 10 ym water droplet is 2.868 mm/s, while
for a 1 ym water droplet, the terminal velocity is 0.028 68 mm/s,
which indicates that a 10 ym droplet will take 9 min to settle to the
ground, while a 1 ym droplet will take 15.5 h. However, expiratory

(i) 0.1 sec

(ii) 0.3 sec

(iii) 1 sec

(iv) 2 sec (v) 5 sec

FIG. 4. Saliva aerosol transports due to continuous coughing and breathing. Multimedia view: https://doi.org/10.1063/5.0042952.2
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(iii) 1 sec

(iv) 2 sec (v) 5 sec

FIG. 5. Air velocity in the longitudinal direction for continuous coughing and breathing with streamlines.

events create small and large vortices in ambient air and the droplet
trajectory is driven by the ambient airflow and turbulence resulting
in very similar fall-off for both 10 and 1 ym droplet aerosol clouds.
Bourouiba (2020) argued that instead of considering the individual
droplet fall off in stationary air to explain large and small droplets
transport, droplets transport from expiratory events of coughing and
sneezing should be modeled as a multiphase turbulent gas cloud
that entrains ambient air and carries within it clusters of droplets.
Figure 7 shows that a stable jet is established after 5s due to con-
tinuous talking with the jet reaching an ~1.0m distance. Since the
number of droplets released during talking is low (ten droplets/s)

(i) 1 sec (ii) 2 sec (iii) 5 sec

(a) 10 pym droplets

(i) 1 sec

(ii) 2 sec

(iii) 5 sec

(b) 1 um droplets

FIG. 6. Saliva aerosol transport during continuous talking: (a) 10 um droplets and
(b) 1 um droplets. Multimedia view: hitps://doi.org/10.1063/5.0042952.3

and the flow is continuous, a mushroom cloud was not observed and
the aerosol trajectory forms a classic parabolic shape. The distance
traveled by the aerosol cloud is ~1.0 m.

D. Saliva aerosol travel from continuous breathing
Figure 8 (Multimedia view) and Fig. 9 show that the particle
trajectories and carrier airflow velocity during continuous breathing
with the air and droplet velocities were set at 1 m/s. We have sim-
ulated the aerosol cloud trajectory with 1 ym droplets. In this case,
two droplets were released from the mouth per second. The simula-
tion results show that droplets can travel ~0.3 m under a steady state
air jet flow established at 5.0s. Since the number of droplets ejected

R

(i) 1 sec (ii) 2 sec (iii) 5 sec

FIG. 7. Air velocity during continuous talking with streamlines.

|

(i) 1 sec (i) 2 sec

(iii) 5 sec

FIG. 8. Saliva aerosol transport for breathing. Multimedia view: https://doi.org/
10.1063/5.0042952.4
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i

(i) 1 sec (i) 2 sec (iii) 5 sec

FIG. 9. Air velocity during breathing with streamlines.

is low, droplets are dispersed and travel without much interaction
with each other in a classic parabolic direction.

E. Quantitative analyses

One of the key quantification parameters is how far the droplets
and aerosol cloud can travel. Figure 10 shows the horizontal dis-
tance traveled by the front of the aerosol cloud during cough-
ing, talking, and breathing with different simulation conditions.
Figure 10 shows that the droplet travel distance does not exceed
the safe social distance of 2m. As presented earlier, after 5s, the
droplet cloud start to disperse and starts to fall downward under
the ambient vortices and turbulence. The results clearly show that
the droplets ejected during continuous talking can easily reach
~ 1 m, and thus, continuous talking of an infected person can pose a
substantial transmission risk.

The second parameter that quantifies the risk of transmission
is how long the droplets linger in air before falling to the ground.
Figure 11 shows the falling rate of droplets and clouds under dif-
ferent expiratory conditions. Except for the breathing condition, the
aerosol cloud drops to a human waist level within ~12s. Only few
droplets are released during breathing and individual droplets do
not form a cloud and thus drop slowly, while aerosol cloud drops
faster to the ground from coughing and talking due to vortex wake
behind droplets accelerating downward flow. Using a different mod-
eling concept for treating aerosol cloud, Dbouk and Drikakis (2020a)

3
‘ Single cc|>ugh —
2.5 Three cough and breathing -
Continous talking —+—
2 - Continous breathing —=— -

Distance (m)

5 10 15 20

Time (sec)

FIG. 10. Aerosol cloud penetration distance.

ARTICLE scitation.org/journall/adv

3
‘ Single cc|>ugh —_—
25+ Three cough and breathing -
Continous talking —+—
2 - Continous breathing —=— -

Height (m)

Time(s)

FIG. 11. Fall rate of aerosol cloud.

predicted that the time for the fall of droplet to the waist level
is~15s.

As demonstrated above that the aerosol transport due to cough-
ing and that due to talking are of similar characteristics, an asymp-
tomatic person talking continuously to a nearby person poses suffi-
cient risk of airborne transmission. While coughing releases more
droplets compared to talking and breathing, continuous nature
of talking and breathing over a prolonged time can lead to a
large amount of aerosol droplet transport, therefore underlying the
importance of social distancing measures for everyone, especially
avoiding busy paths or places and preparing to slow down or stop
to help keep distance.

Overall, our present work shows insight into how far the aerosol
droplet cloud can travel from coughing, talking, and breathing as
well as the falling rate of aerosol cloud for different expiratory
conditions.

IV. CONCLUSIONS AND RECOMMENDATIONS

In this paper, we investigated aerosol transport during three
respiratory actions by humans (such as coughing, talking, and
breathing) and analyzed aerosol cloud aerodynamics. For the sim-
ulations, we have utilized the Eulerian-Lagrangian particle tracking
with the standard k — e model for treating turbulence. The MPPIC
solver of OpenFOAM has been used in simulation, which consid-
ers collisions between droplets. From the simulation results, the
following conclusions can be made:

e Our model-based prediction indicates that the aerosol cloud
travels ~1 m during coughing and talking and less than
0.2 m during breathing.

e Without the surrounding wind speeds, the aerosol cloud
drops to the ground within 15-20s and below the human
waist level in ~12 s. Thus, these aerosols may not constitute a
risk regarding facial contact of adults if they move into space
left by an infected asymptomatic person after ~12s.

e The droplets from coughing create a mushroom cloud struc-
ture whose size is larger than the initial jet diameter and can
disperse over a larger area under the ambient air velocity or
the ventilation system.
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The simulation results show that the aerosol cloud does not
travel beyond the social distancing guideline of 2 m. However, phys-
ical distancing is not always feasible in many settings such as in
airplanes or pubs. It is also not possible to wear masks while eating
in a restaurant. This guidance can be improved and tailored to spe-
cific environment, deepening our understanding of airborne trans-
mission due to the interaction between exhalation and inhalation
airflows. Both exhalation and inhalation airflows are affected by the
thermal plume generated by people with different postures and ges-
tures. We need further research to establish the risk of transmission
between two people as well as among a group of people considering
human posture and gesture and relative positions and orientations.
Understanding the flow physics of aerosol transport and the asso-
ciated models can be used to develop multi-layered guidelines that
differentiate between individual and group interactions at different
settings.
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