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ARTICLE INFO ABSTRACT

Keywords: In the wake of the COVID-19 pandemic, interest in understanding the turbulent dispersion of
Expiratory event airborne pathogen-laden particles has significantly increased. The ability of infectious particles to
Unsteady jet

stay afloat and disperse in indoor environments depends on their size, the environmental con-
ditions and the hydrodynamics of the flow generated by the exhalation. In this work we analyze
the impact of three different aspects, namely, the buoyancy force, the upper airways geometry
and the head rotation during the exhalation on the short-term dispersion. Large-Eddy Simulations
have been used to assess the impact of each separate effect on the thermal puff and particle cloud
evolution over the first 2 s after the onset of the exhalation. Results obtained during this short-
term period suggest that due to the rapid mixing of the turbulent puff, buoyancy forces play a
moderate role on the ability of the particles to disperse. Because of the enhanced mixing,
buoyancy reduces the range and increases the vertical size of the small particle clouds. In com-
parison to the fixed frame case, head rotation has been found to notably affect the size and shape
of the cloud by enhancing the vertical transport as the exhalation axial direction sweeps vertically
during the exhalation. The impact of the upper airway geometry, in comparison to an idealized
mouth consisting in a pipe of circular section, has been found to be the largest when it is
considered along with the head rotation.

Turbulent puff
Turbulent dispersion
Particle dispersion
Large-Eddy simulation

1. Introduction

Talking, singing, intense breathing and violent expiratory events, as coughs and sneezes, generate expulsion of aerosols. When
released by an infected person, these pathogen-laden particles are recognized as vectors of contagion of infectious diseases caused by
viruses and bacteria, including the current Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2), the human influenza, the
avian influenza, the SARS or the tuberculosis (Bourouiba, 2021). The understanding of the physics of the flow generated and the
short-term turbulent dispersion of the aerosol particles expelled during these intense and violent expirations is key to establish pre-
ventive measures and guidelines to minimize the risk of airborne disease transmission by expelled pathogen-laden particles. It is now
well known that flow injections into quiescent air environments produce particle clouds constituted by small aerosols that remain
afloat within the thermal puff. This thermal puff is constituted by the warm turbulent body of fluid that has been ejected into an
initially colder undisturbed environment. Larger particles follow ballistic trajectories, leave the thermal puff quickly, reach their
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terminal vertical velocity and eventually end falling onto the floor (Pourfattah et al., 2021). The typical picture of an isolated violent
expiratory event includes a warm, humid, aerosol laden intense flow injection with a short duration (t < 1 s) and maximum velocities
ranging from 1 to 30 m/s (Tang et al., 2013) that evolves into a thermal puff and disperses by the effects of turbulent momentum
transfer and buoyancy. Continuous expiratory events, such as talking or breathing intensely, generate similar phenomena forming a
flow structure in the form of a puff-train (Abkarian et al., 2020). Social distancing and the use of face masks are measures that have
been established to minimize the risk of infection taking into account the range of action of these small particle clouds and the range of
the large particles expelled in violent expiratory events (WHO, 2021).

Recently, with the outbreak of the pandemic SARS CoV-2, many studies have been performed, using experiments and/or numerical
simulations, to determine the characteristics of the flow and the aerosol cloud dispersion generated in coughs and sneezes. The amount
of existing literature on the subject is growing fast. However, most of these studies (Abkarian et al., 2020; Diwan et al., 2020; Fabregat,
Gisbert, Vernet, Ferré, et al., 2021; Ho, 2021; Lavrinenko et al., 2022; Li et al., 2022; Oh et al., 2022; Trivedi et al., 2021; Wang et al.,
2021) consider pipe-like idealized anatomy without head rotation. In this introduction we have selected the most relevant references
related to the aspects discussed in this paper concerning the effects of buoyancy, upper respiratory tract geometry and head movement
on the flow generated in a violent expiratory episode.

The characteristics of coughs and sneezes have been determined in experiments with human volunteers (Gupta et al., 2009,
VanSciver et al., 2011, Tang et al., 2013, Busco et al., 2020, Dudalski et al., 2020, Han et al., 2021, Bahl et al., 2021) and with
mannequins (Verma et al., 2020; Bhavsar, 2021; Payri et al., 2021; Xu et al., 2022). The objective of these studies was to quantify and
determine the relevant flow and particle dispersion features and to establish realistic boundary conditions at the flow injection for
numerical simulations.

The shape and size of the mouth aperture during a cough has been measured by Gupta et al. (2009) and Busco et al. (2021).
According to these authors the quasi-elliptical shape and area of the aperture remain essentially constant during a cough with areas of
aperture ranging from 1.3 to 6.5 cm? with averages for men and women around 3.5 cm?. This corresponds to an equivalent circle with a
diameter of about 2 cm, which is the shape and diameter usually used in simulations (Fabregat, Gisbert, Vernet, Ferré, et al., 2021; Ho,
2021; Lietal., 2022; Wang et al., 2021). However, Dbouk and Drikakis (2020) measured a more horizontally elongated mouth opening
during a cough with a width to height ratio of about 8 and an area of 1.9 cm?.

The experiments with humans have also revealed that the flow injection from an immobile, horizontal mouth is produced
downwards with a certain vertical inclination angle because of the bending of the flow as it passes from the larynx to the oral cavity and
the curved flow passage between the tongue and the palate in the oral cavity. Measurements (Gupta et al., 2009, Bahl et al., 2021)
indicate that this inclination angle ranges from 37° to 16°, with an average value around 25°. The head movement during sneezes has
been measured (Bahl et al. 2020, 2021 and Busco et al., 2021). Busco et al. (2021) reported a relatively rapid head rotation during a
sneeze with a total duration of about 0.5 s. According to these authors, initially, the mouth is oriented upwards with an angle with
respect to the horizontal of about 50°, then, while sneezing, the head is rotated downwards with an angular velocity of about 4 rad/s
(230°/s), reaching the horizontal orientation in about 0.22 s. For longer times the head is rotated upwards at a smaller angular velocity
(0.6 rad/s, 34°/s), reaching an orientation upwards of about 10° at the end of the sneeze. Bahl et al. (2021) reported more modest head
movement in their experiments with maximum displacements of the centroid of the head of about 2 m and linear velocities of 0.28 m/s.

The time evolution of the flow rate during a violent expiratory event also exhibits a relatively large variation of intensity and
duration within different individuals and experiments. In addition, in some cases violent expiratory events can be pulsatile, such as the
expulsion of a set of two or three sequential coughs (Monroe et al., 2021). However, measurements for a single violent expiratory event
show in all the cases a quick ramp up of the flow rate (or spatially averaged injection velocity) and a much slower ramp down. Gupta
et al. (2009) reported measurements of the flow rates recorded with a spirometer during coughs for 25 individuals. Peak air flow rates
ranged from about 2 1/s to 8 1/s, which correspond, respectively, to maximum velocities of 6 m/s and 25 m/s for a circular mouth
diameter of 2 cm. The total duration of the coughs was between 0.3 s and 0.6 s. Similar maximum flow rates but larger durations up to
1 s were determined by Li et al. (2022). Non-intrusive measurements of the velocities of the expelled droplets during a cough carried
out with Particle Image Velocimetry are reported by Chao et al. (2009), VanSciver et al. (2011), Kwon et al. (2012) who measured
maximum velocities for coughs between 10 m/s and 15 m/s. More recently Oh et al. (2022) suggested values of about 20 m/s.

Considerable research has been carried out to determine the amount and the diameters of the expelled droplets during coughs and
sneezes. Duguid (1946) was one of the first to determine the size and the frequency of expelled particles when talking, coughing and
sneezing. For coughs this author reported droplets with diameters ranging from 2 pm to 1000 pm, with a more probable value of about
16 pm. The measurements by Xie et al. (2009) determined the peak of the density function of the diameters at about 50 pm.

The number of studies reporting numerical simulations of violent expiratory events and dispersion of pathogen-laden aerosols has
also increased significantly since the beginning of the SARS-CoV-2 pandemic. Most of the research has been performed so far using the
numerical solution of the unsteady version of the Reynolds-averaged Navier-Stokes equations (URANS) (Dbouk & Drikakis, 2020;
Gupta et al., 2011; Ho, 2021; Lavrinenko et al., 2022; Oh et al., 2022; Thatiparti et al., 2017; Yang et al., 2018; Zhang et al., 2021).
More computationally expensive Large-Eddy Simulations (LES) (Abkarian et al., 2020; Fontes et al., 2020; Foster & Kinzel, 2021; Liu
et al., 2021; Pendar & Pascoa, 2020; Trivedi et al., 2021; Wang et al., 2021) and Direct Numerical Simulations (DNS) (Diwan et al.,
2020; Fabregat, Gisbert, Vernet, Ferré, et al., 2021; Li et al., 2022) have also been reported.

The vast majority of these numerical studies model the unsteady flow injection consisting in a relatively fast progressive increase of
the flow rate followed by a slower decrease according to the measurements obtained in the experiments with volunteers. Usually, the
flow inlet discharges in a cylindrical or parallelepipedal computational domain through immobile circular (Abkarian et al., 2020;
Wang et al., 2021) or quasi-elliptical (Busco et al., 2020) areas and the Lagrangian particles released during the exhalation are tracked
by solving the pointwise particle force balance. To model the effect of the upper respiratory tract some studies impose a certain vertical
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Fig. 1. Computational domain for the simulation of the turbulent dispersion of a cough. (a) Full cylindrical domain with a circular flow inlet with
diameter D. Note that the origin of the system of coordinates is located at the center of the circular inlet of the large cylindrical domain. (b) Detail of
the inlet tube attached to the full cylindrical computational domain for the simulations with a pipe inlet as flow injection. (c) Detail of the circular
inlet for the simulations with the flow injection obtained from to the trachea-oral cavity model.

angle to the velocity vector at the flow inlet or a certain spread angle (Busco et al., 2020; Li et al., 2022) following the experimental
observations. A simplified geometry of the upper respiratory tract consisting in the larynx, pharynx and oral and nasal cavities is
considered by Fontes et al. (2020). These authors found that differences in the nasal/buccal passages have a dramatic impact on the
spray characteristics that are associated with pathogen transmission rates. To our knowledge the head movement during a sneeze has
only been considered in the simulations reported by Busco et al. (2020) who solved numerically the URANS equations and modelled
the flow injection with a varying momentum source. The horizontal and vertical components of the momentum source were calculated
by considering the time-varying angle of the head movement measured during a sneeze. The comparison of simulations with and
without head movement showed that the cloud spread in space and time is about two times larger in the case of the head movement.

In this paper we analyze LES of the flow and the particle dispersion generated in a violent expiratory event. The focus of this study is
directed to the short-term flow and particle cloud characteristics, such as their range and dimensions. This information can be
important to establish short-range protection measures and to use these flow and cloud characteristics as initial conditions for long-
term large scale dispersion models of pathogen laden aerosols, especially in indoor environments. It should be noted that while the
flow generated in coughs and sneezes has a time scale of a few seconds (Gupta et al., 2009), with flow injections lasting for less than a
second, the background flow, with typical velocities of 0.1-0.2 m/s in indoor ventilated spaces (International Organization for
Standardization, 2005) with dimensions of a few or several meters, can have time scales of the order of tens or hundreds of seconds.
Therefore the background air currents are expected to dominate the cloud transport soon after the end of the exhalation. We compare
the thermal puff trajectory and its dimensions and the particle cloud characteristics for different injection conditions. To our
knowledge, this is the first study to analyze, in a combined manner, the flow in the upper airways and the subsequent dispersion,
considering both immobile injection and typical head movement during sneezing.

2. Physical models

We consider the evolution of the flow produced by a violent expiratory event and the dispersion of the resulting aerosol cloud in an
initially quiescent and isothermal environment using a cylindrical computational domain (Fig. 1). The unsteady flow injection into the
environment is produced through a circle with diameter D = 0.02 m, which models the typical open of the mouth during a cough
(Busco et al., 2020; Gupta et al., 2009). The origin of the system of coordinates is located at the center of this circular flow inlet with z
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Fig. 4. Time evolutions of the conditions of the flow exit of the simulated mild cough. Green lines correspond to the normalized velocity exit. Red
lines, to the angle of inclination of the flow exit with respect to the horizontal. The black line indicates the time evolution of the normalized volume
of exhaled air. Continuous lines are taken from Busco et al. (2020) and dashed lines are linear trends of the ramps up and ramps down. The vertical
dotted lines indicate the times of the instantaneous velocity distributions shown in Fig. 6. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 1
Summary and codification of the simulations of the turbulent dispersion of a violent expiratory event.
Buoyancy No (B0) Yes (B1)
Rotation No (RO) Yes (R1) No (RO) Yes (R1)
Pipe exit (PE) PE-BO-RO - PE-B1-RO -
Mouth exit (ME) ME-BO-RO ME-BO-R1 ME-B1-RO ME-B1-R1

being the streamwise axial direction and gravity is aligned with the negative y-direction (see Fig. 1a).

Two different flow injections into the large cylindrical domain have been considered. The first one is the same used in the DNS of
Fabregat, Gisbert, Vernet, Ferré, et al. (2021) who generated a flow injection through a straight pipe of diameter D and length 2D with a
bump to promote turbulence near the pipe exit (see Fig. 1a and b). An unsteady and spatially uniform flow injection typical of a mild
cough (Gupta et al., 2009) was imposed at the inlet of the pipe. The flow injection ramps up linearly from zero to a maximum axial
velocity of 4.8 m/s at t = 0.15 s and then ramps down linearly from this value to zero velocity at t = 0.4 s. A simulation conducted
imposing this velocity profile at a circular inlet gives very similar results in comparison with the simulations reported in this study with
the pipe inlet. The second flow injection has been obtained from unsteady flow simulations in a model of the trachea and upper
respiratory tract. Several views of the model are shown in Fig. 2. This model was used by Cheng et al. (1999) to simulate particle
deposition and it is described in Lizal et al. (2012). The STL files are available at the ERCOFTAC QNET-CFD Knowledge Base Wiki
(ERCOFTAC, 2021). The upper airway corresponds to an adult male and it was not scanned during coughing or sneezing. The
computational model used to generate the unsteady flow at the mouth exit shown in Fig. 3 was obtained by attaching the trachea and
upper respiratory tract to a cylindrical volume with diameter 12.5D and length 25D. To generate the time evolution of the three
velocity components at the mouth exit of this model, an unsteady uniform velocity has been imposed at the bottom of the trachea to
obtain the same instantaneous flow rate at the mouth exit as in the pipe inlet of the simulations performed with the computational
domain shown in Fig. 1a and b. The unsteady spatially uniform velocity profile imposed at the bottom of the trachea has the same
linear ramps as the profile imposed at the pipe inlet but with a different maximum velocity (Wpax = 8.8 m/s) to obtain the same time
evolution of the mass flow rate injected in both conditions. The time evolution of the three velocity components at the mouth exit
obtained with the model of Fig. 3 were saved and imposed as inlet boundary conditions at the circular inlet of the cylindrical
computational domain shown of Fig. 1a and c for the simulations of the turbulent particle dispersion.

The effect of the head movement during a violent expiratory event on the turbulent particle dispersion has been determined by
performing separate simulations with the model of the trachea and upper respiratory tract in non-rotating and rotating non-inertial
frames of reference. This non-inertial frame of reference is attached to an axis of rotation aligned with the x-direction located at
the back of the oral cavity. As in the simulations with no head movement the time evolution of the three velocity components at the
mouth exit were saved and used as initial conditions for simulations of the turbulent particle dispersion carried out with the same non-
inertial frame of reference. Fig. 4 shows the time evolution of the ramps of the normalized velocity (Wpax = 4.8 m/s) and of the angle of
inclination of the mouth exit with respect to the horizontal according to the experiments reported by Busco et al. (2020). It can be seen
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Table 2
Physical properties of the air and the particles.
Air
po (kg/m>) 1.2 u (Pa-s) 1.8107°
Cp (J/kg K) 1006 B (1/K) 3.310°3
k (W/m-K) 241072 Pr 0.74
Particles
pp (kg/m®) 998 d, (pm) 4,8, 16, 32, 64, 128, 256

that, initially, the mouth exit has an angle of about 50°. As the head rotates, the angle decreases quasi-linearly to the horizontal
position at t &~ 0.22s and then slightly increases, also linearly, to reach about 5° at t = 0.4 s, when the flow injection ceases. The
corresponding time evolution of the normalized exhaled air volume is also indicated in Fig. 3. At t = 0.25 s, after the head has reached
the horizontal orientation and the exit velocity has decreased to about a half of the maximum value, about 80% of the air has been
exhaled.

As in the DNS of Fabregat, Gisbert, Vernet, Ferré, et al. (2021), the exhaled air in all the cases is considered to be at 34 °C, while the
air quiescent environment is at 15 °C. Simulations with buoyancy and without buoyancy (i.e. with temperature as a passive scalar)
have been carried out for the different flow injections to determine the effect of the air density variations in the particle dispersion.
Table 1 summarizes the total of six simulations performed with the corresponding name coding. Note that the rotation of the head
movement has been considered only for simulations with realistic injection conditions obtained from the trachea-oral cavity model.

For the two types of flow domains (pipe exit and oral cavity-trachea model), idealized spherical particles have been released over
the entire duration of the exhalation (0 < t < 0.4s) with an initial velocity equal to that of the local velocity of the fluid at the circular
mouth exit. Following the same procedure of Fabregat, Gisbert, Vernet, Ferre, et al. (2021), particles of n = 6 different sizes(n=1,2 ...
6) with 2*! ym in diameter, are released in batches every 2 ms from fixed and uniformly distributed seeding positions across the
circular inlet. This assumes that any preferential concentration of particles at the flow injection produced by the lift force or by inertia
effects is neglected. The particle size range selected covers the typical sizes of expelled droplets in a violent expiratory event according
to Duguid (1946). It should be noted that the breakup of the mucosalivary fluid into droplets continues to occur outside the respiratory
tract, as reported by Scharfman et al. (2016), and these phenomena are not considered in the present approach. In addition, given the
relatively initial small particle volume fraction (approximately 10~>) expelled in real coughs and sneezes (Duguid, 1946), it is assumed
that the particles do not affect the flow and particle-particle interactions are neglected (one-way coupling). When the flow injection
ceases a total of 97,200 released particles, corresponding to the 200 batches of 81 particles for each of the 6 diameter sizes are tracked
up to t = 2 s. The shapes and characteristics of the particle clouds using 97,200, 48,600 and 24,300 particles are very similar.
Considering the relatively low computational cost of the particle tracking, in comparison with the solution of the flow equations, we
used approximately the same number of particles (97,200) as the DNS of Fabregat, Gisbert, Vernet, Ferré, et al. (2021). The diameter of
the particles is assumed to be constant. Although evaporation effects can be important depending on the ambient conditions (Pal et al.,
2021), for the conditions considered in the present simulations, the effect of the progressive reduction of diameter due to evaporation is
limited to the moderate size particles (32 pm) (Fabregat, Gisbert, Vernet, Ferré, et al., 2021). Smaller particles, with smaller Stokes
numbers, follow well the flow irrespectively of their diameter because of their small inertia. For the larger particles, with a gravity
dominated motion, the reduction of the diameter only affects slightly the terminal velocity when the particles are free falling out of the
generated thermal puff. For example, for the smallest particles (4 pm) and the largest particles (256 pm) the Galileo number (Ga =

ugd, /v, with ug =,/ |(pp /po) — 1 \dpg) are 0.05 and 25, respectively. The corresponding Stokes numbers based on the maximum ve-

locity of the injection (4.8 m/s) and the diameter of the flow exit (0.02 m) are 0.01 and 48. In any case the effect of the ambient
humidity on the particle dispersion has been neglected and the results presented here are relevant for situations in which the potential
evaporation and condensation effects play a minor role, as in the conditions considered in the DNS of Fabregat, Gisbert, Vernet, Ferré,
et al. (2021) with an ambient temperature and humidity of 15 °C and 65%, respectively.

The physical properties of the air and the particles, corresponding to water at ambient temperature, are indicated in Table 2. The
Reynolds number based on the maximum velocity is Re = WmaxDp,/t = 6400 and the Rayleigh number, Ra = gSATD? /av = 1.9-10%,

3. Mathematical models

The flow is assumed to be incompressible and the fluid physical properties constant, except for the linear variation of density with
temperature according to the Boussinesq approximation. The corresponding governing filtered continuity, momentum, and thermal
energy equations can be written, respectively, as

0u,-7
o &

O s L OP L0 Ny s uses) (254 24) | 4
o oy, pooxi Ox S6SI\ox; o,

7g,ﬂ(T — To) + 25‘,’ijij

(2)
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In Equations (2) and (3), y; are the components of the velocity vector, P is the pressure, T is the temperature, g; is the gravity vector,
p is the thermal expansion coefficient, e is the Levi-Civita symbol, Q; are the components of the rotation rate vector of the rotating
frame of reference and v and a are, respectively, the kinematic viscosity and the thermal diffusivity of the fluid. Correspondingly, vses
and agsgs are the subgrid scale kinematic viscosity and thermal diffusivities. The subgrid-scale tensor terms (z;) arising from the
application of the spatial filter to the original equations are modelled with the conventional eddy-viscosity assumption.

1
T — ngkEij = —2us6sS; @

where S;; is the resolved strain rate tensor. Similarly, in Equation (3) the subgrid-scale heat fluxes (h;) are modelled as

or

o ®)

hj = — UsGs

The third and fourth terms in the right-hand side of Equation (2) are, respectively, the buoyancy and the Coriolis term. The
centrifugal term is included in the pressure gradient term and the buoyancy centrifugal effect (i.e. variation of density in the centrifugal
term) is neglected because of the relatively short time of the head movement (see Fig. 4) and the overall limited effect of buoyancy
described in the next section. The angular acceleration produced by the change of the rotation rate at t ~ 0.22 s (see Fig. 4) has been
also neglected and simulations were performed assuming a constant rotation rate of Q = df/dt = 3.98 rad/s of the rotating frame
between 0 < t < 0.22 and a constant rotation rate of Q = -0.64 rad/s for 0.22 < t < 0.4.

The conditions imposed at the boundaries of the computational domain used for the simulations of the turbulent dispersion of
particles are for the momentum equations: non-slip boundary conditions at the circular wall located at z = 0, x>+y?>(D/2)2. Constant
pressure is set at the cylindrical surface located at x>+y?=(20D)? and at the circular outlet located at z = 50D. For the simulations of the
particle dispersion with the pipe inlet non-slip boundary condition is set at the pipe wall and a uniform but unsteady axial (w(t))
velocity distribution at the circular pipe inlet, located at z = —2D. In the case of the simulations with the velocity exit of the mouth the
instantaneous three velocity component obtained from the separate simulations with the model of the trachea and oral cavity were
imposed at the circular inlet located at z = 0, x?+y?<(D/2). For the thermal energy equation, a zero-heat flux is imposed at all the
boundaries and a constant temperature of T; = 34 °C is set at the inlet of the pipe (Fig. 1b) and at the circular inlet for the simulations
with the mouth exit (Fig. 1c).

The simulations to obtain the velocity distributions at the mouth exit were performed in the computational domain shown in Fig. 3
and the flow was assumed isothermal. Considering the origin of coordinates at the center of the circular mouth exit the boundary
conditions are non-slip boundary conditions at the walls of the trachea and the oral cavity, a uniform but unsteady y-velocity dis-
tribution at the bottom trachea inlet to produce the same time evolution of the flow rate as that used in the simulations with the pipe
exit.

All the simulations were initialized with a zero velocity and a constant temperature of T,, = 15 °C at z > 0. The temperature at z <
0 for the simulations with the pipe inlet was set initially at 34 °C.

Lagrangian point spherical particles are tracked according to the kinematic relation between their position (x,;) and the particle
velocity (up;) (Eq. (6)) and the second Newton’s law (Eq. (7)) with the following forces per unit mass from left to right: the gravity
force, the hydrodynamic drag force and the forces that arise due to rotation of the reference frame, the centrifugal force and the
Coriolis force.

1= Up i (6)

i P 3. P
7:&’(1 _/)_:> +§CD/)_:|’41’ _up.i}(ui _up.i) +

+ ( 1- @> Q% + 268 (u,),k - @uk>
Py : Py

In Eq. (7) Cp is the drag coefficient computed following Morsi and Alexander (1972) and p, and p, are the particle and fluid

@)

reference densities, respectively. The lift force, the pressure gradient force, the virtual mass and Basset forces are neglected according
to the relatively small density ratio between the fluid and the particle. The thermophoretic force has been also neglected considering
the small temperature gradients within the fluid. The grid-resolved fluid velocity at the position of the particle is used to compute the
drag force.

The set of filtered governing equations and the Lagrangian particle tracking have been solved with the commercial code ANSYS
Fluent 19.2. (ANSYS 2019). The WALE SGS model with the default values of the model constants has been used to compute the SGS
viscosity and thermal diffusivity. The velocity coupling method is solved with the iterative SIMPLE method with a bounded central
difference scheme for the spatial discretization of the equations. The bounded second order implicit time marching scheme is used to
advance the solution in time with a constant time step of 0.001 s. The same time-step is used to integrate the Lagrangian tracking
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(a)

(b)

Fig. 5. Time evolutions of the position of the centroid and the standard deviation of the temperature field at x = 0 for the case PE-B1-RO for
different grids. The DNS data of Fabregat, Gisbert, Vernet, Ferré, et al. (2021) is included for comparison purposes. (a) axial position and standard
deviation. (b) vertical position and standard deviation.

equations for the particles using a Runge-Kutta method (Cash & Karp, 1990).

Simulations of the turbulent particle dispersion in the computational domain shown in Fig. 1 have been carried out with three
different meshes with 1.9, 2.4 and 3.6 million of hexahedral elements. Some details of the medium mesh, as the stretching of the nodes
towards the flow inlet, can be seen in Fig. 1. The effect of the grid resolution on the time evolution of the position of the centroid and
the dimensions of the thermal puff is shown in Fig. 5 for the same case considered in the DNS of Fabregat, Gisbert, Vernet, Ferré, et al.
(2021). The definitions of the position of the centroid of the temperature distribution and its vertical (y) and axial (z) widths (¢, and c;)

are defined as

Xio= 7[?)@ T; a5
T [Tds
ol = Xor)’T dS
o=\

T ds

(8)

©)]

where T" is the non-dimensional temperature defined as T* = (T — Ts)/(Te — T;). In Fig. 5, the position of the centroid is shown with
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Fig. 6. Instantaneous distributions of the velocity magnitude, |V, on the plane x = 0 indicated in Fig. 2 and instantaneous distributions of the axial
velocity component, w, on the circular mouth exit at three different times (t = 0.05s, t = 0.15 s and t = 0.35 s) indicated with vertical dotted lines in
Fig. 4. (a), (b) and (c) correspond to a cough with the head immobile and (d), (e) and (f) to a cough with the head movement indicated in Fig. 4.

continuous lines and the size is represented with dashed lines corresponding to the position plus and minus one standard deviation (i.e.
X £ 0;). It can be seen that the position of the centroid and the sizes of the perturbations of the thermal field predicted by the DNS of
Fabregat, Gisbert, Vernet, Ferré, et al. (2021) are well reproduced by the present LES with the medium and fine meshes. Consequently,
the simulations presented and discussed in the next section have been obtained with the mesh of 2.4 million nodes. Despite the single
flow realization for each case presented in this work the mesh independence test shown in Fig. 5 would suggest that the variability of
the results due to stochastic effects is modest. A typical run to simulate a total of 2 s took about 48 h of CPU time using 36 nodes.

The simulations to obtain the instantaneous velocity distributions at the mouth exit were performed with two different meshes of
0.6 and 0.9 million cells. The meshes combine tetrahedral elements and prisms attached to the model of the trachea and oral cavity.
Details of the finer mesh can be seen in Fig. 3. The differences on the instantaneous velocity distributions obtained with these two
meshes were small and the mesh with 0.9 million cells was used for the simulations. This grid has 5 layers of prisms attached to the wall
with the first grid node at a distance of 0.13 mm from the wall. At the instant corresponding to the maximum velocity (t = 1.5 s) this
distance corresponds to y~2.

4. Results and discussion
4.1. Characteristics of the flow in the model of the trachea and upper respiratory tract during a violent expiratory event
Fig. 6 shows instantaneous velocity contours at three different times of the flow ejection. These times are indicated in Fig. 4 and

correspond to the initial stage, the time when the maximum exit velocity is reached and at the final stage of the violent expiratory
event. The contours of the instantaneous modulus of the velocity vector are plotted on the plane x = 0, that divides symmetrically the
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Fig. 7. Time evolutions of the velocity distribution at the mouth for the cases with and without rotation of the head. Instantaneous contours of the
axial velocity superimposed the cross-stream vector field (Multimedia view). The last frame corresponds to t = 0.4 s.
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Fig. 8. Time evolution of the mean angle of the velocity vector with respect to the horizontal. Squares correspond to a cough with the head
immobile (¢ = 0) and circles, to a cough with the head movement indicated in Fig. 4. The averaged velocity ramps are indicated with black lines.

mouth along the vertical direction (see Fig. 2a). Contours of the instantaneous axial (w) velocity component, superimposed to the
instantaneous cross stream vector field (u, v), on the circular exit of the mouth are shown at the same time instants. Fig. 6a—c
correspond to simulations without rotation (i.e. no head movement) and Fig. 6d-f to simulations with the movement indicated in
Fig. 4. Animations of the time evolutions of the velocity distribution at the mouth for the cases with and without rotation of the head
are shown in Fig. 7.

It can be seen that the rotation does not introduce significant differences in the velocity distributions in the respiratory tract and in
the mouth exit, specially when the maximum exit velocity is reached. Fig. 6b and e shows that the maximum axial velocities are located
at the top part of the mouth exit because of the bend generated by the combined effect of the palate and the tongue. It is also relevant
that the velocity distributions are not symmetric with respect the vertical symmetry plane of the circular mouth exit (x = 0). This can
be attributed to the slightly inclined position of the trachea to the right, as shown in Fig. 2a that drives the maximum flow exit towards
the right of the mouth exit. As shown in Fig. 6b and e, below the region of maximum axial velocity, two weak counter rotating vortexes
appear in the cross-stream vector field. This cross-stream vector field at the mouth exit also indicates that the flow is ejected with a
certain inclination with respect the horizontal, specially at the upper part of the mouth exit where the axial velocity is maximum. To
illustrate this, Fig. 8 shows the time evolution of the spatially averaged inclination angle of the velocity vector at the mouth exit located
at z = 0. The averaged inclination angle of the velocity vector has been computed weighting the local value of the angle with the
modulus of the local velocity. According to Fig. 8, irrespectively of the movement of the head, the axial flow ejection points downwards
with an inclination angle of about —20° with respect to the horizontal. As indicated in Fig. 8, similar time-averaged inclination angles
with values ranging between —37° and —16° have been measured experimentally from images of coughs and sneezes of volunteers by

10
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Fig. 9. Lateral and frontal views of the isosurfaces of temperature (T* = 0.025) at two different times (t = 0.4s and 1.5 s). (a) PE-BO-RO, (b) PE-B1-
RO, (¢) ME-BO-RO, (d) ME-B1-R0, () ME-BO-R1 and (f) ME-B1-R1.

Gupta et al. (2009) and Bahl et al. (2021). Note that, as shown in Fig. 4, the head rotation angle starts with an angle of about 50° with
respect to the horizontal and ends with an angle close to 5°. However, the averaged inclination of the velocity vector, shown in Fig. 8,
reaches about 30° at t = 0.05 s and then ramps down and is kept to about —20° during most of the remaining time of the flow injection.

4.2. Turbulent dispersion of the thermal field and particles

To illustrate the time evolution of the thermal field, Fig. 9 shows frontal and lateral views of an isosurface of temperature (T* =
0.025) close to the temperature of the environment (T* = 0) at two different times for the different cases considered. The first instant (¢
= 0.4 s) corresponds to the time when the flow injection stops (see Fig. 4) and the second (t = 1.5 s) is representative of the conditions
when the velocity of the decaying jet is of the order of the typical background velocities in indoor ventilated spaces (v ~ 0.1 m/s)
(International Organization for Standarization, 2005).

It can be seen that, in general, the temperature imprints have a quasi-conical shape with different orientations, dimensions and
ranges depending on the case considered. The vertexes of the coni are located close to the flow injection and the vertical cross sections
of the coni increase along the axial direction, as indicated for example in Fig. 9a-2. The simulations with the pipe inlet (PE-B0-RO and
PE-B1-RO, Fig. 9a and b) generate axially elongated thermal imprints with a leading puff that appears detached from the conical shape
of the temperature imprint at t = 1.4 s. In contrast, the mouth exit (ME-BO-RO and ME-B1-R0, Fig. 9c and d) generates temperature
imprints vertically inclined according to the mean angle of inclination of the velocity vector shown in Fig. 8 and larger dispersion of the
temperature field as shown, for example, by comparing Fig. 9a-2 and 9c-2. In the lateral views of the isosurfaces of temperature
corresponding to the non-buoyant flow injection through an immobile mouth exit (ME-BO-RO, Fig. 9c-1 and 9c¢-2) we included, in red,
the isosurfaces of temperature of the non-buoyant flow through the pipe exit (PE-B0-R0) but rotated —20° in the vertical plane (i.e. 6 =
—20°, see Fig. 8). These red isosurfaces illustrate the non-buoyant thermal puff produced by a flow expelled through a pipe exit with
the constant average orientation of the velocity injection through a mouth exit, as shown in Fig. 8. It can be seen that the thermal puff
produced by the inclined pipe exit has a larger axial extension, but smaller radial widths than the corresponding thermal puff released
through the mouth exit. This can be attributed to the larger turbulence intensity and flow inhomogeneity of the flow at the mouth exit,
produced by the complex geometry of the respiratory tract, in comparison to the spatially more uniform flow at the pipe exit. The
movement of the head shown in Fig. 4 (cases ME-BO-R1 and ME-B1-R1, Fig. 9e and f) produces vertically elongated temperature
imprints (see for example Fig. 9e-1) and a very effective mixing between the hot exhaled air and the cold environment as deduced from
the limited axial extension of the temperature isosurface (T* = 0.025) in Fig. 9e-2 and 9f-2. Note that the movement of the head
produces a sweep of the angle of the velocity vector with respect to the horizontal at the exit of the mouth from approximately 30° to
—20°, injecting the hot flow within a relatively wide area with a vertical spread angle of 50° (see Fig. 8). This vertical spread of the
injected flow is also observed comparing the instantaneous contours of the axial velocity of Fig. 6b and e, corresponding, respectively,
to cases without and with rotation of the head.

At t= 0.4 s the shape of the temperature isosurfaces is essentially independent of buoyancy, as suggested by comparison of cases PE-
BO-RO (Figs. 9a-1) and PE-B1-RO (Figs. 9b-1), the cases ME-BO-RO (Figs. 9c-1) and ME-B1-RO (Figs. 9d-1) and the cases ME-BO-R1
(Figs. 9e-1) and ME-B1-R1 (Figs. 9f-1). Differences due to buoyancy are more evident at t = 1.5 s for the cases with the pipe inlet
and with the mouth exit without head movement with thermal imprints more elongated along the vertical direction because of the
enhanced vertical mixing due to buoyancy.

Fig. 10 compares the time-evolutions of the position of the centroid (Eq. (8)) and the sizes (Eq. (9)) of the thermal field for the
different cases considered. The axial positions and sizes are plotted in Figs. 10a-1, 10b-1 and 10c-1 while the vertical positions of the
centroid and the vertical sizes are in Figs. 10a-2, 10b-2 and 10c-2. As in Fig. 5, the position of the centroid is shown with continuous
lines and the size is represented with dashed lines corresponding to the position plus and minus one standard deviation (i.e. X; .+ o).
Cases with buoyancy and without buoyancy are indicated in each graph with different line thickness.

Comparison of Figs. 10a-1, 10b-1 and 10c-1 suggests, that buoyancy only influences on the axial position of the centroid for t > 0.7
s, well after the flow injection has ceased, at t = 0.4 s. For the cases without head movement (Fig. 10a and b) and at larger times, t ~ 2,
the axial extension of the thermal puff is slightly larger for the cases with buoyancy. A similar trend is observed for the vertical position
and size of the thermal puff (see Figs. 10a-2 and 10b-2) that appears vertically displaced by the action of buoyancy. For the cases
without head movement, the effect of the geometry of the flow exit (Fig. 10a and b) is more evident in the vertical positions and sizes
than in the horizontal positions and sizes. It can be seen in Figs. 10b-2 that the flow is expelled from the mouth downwards irre-
spectively of the buoyancy effect, which tends to move the flow upwards. The vertical spread angles for the different flow injections,
which can be deduced from the early time evolution of the vertical width of the thermal puff, are indicated in Figs. 10a-2, 10b-2 and
10c-2. For the pipe exit the vertical spread angle without buoyancy is of about 12 °C and with buoyancy around 20 °C. These values are
in agreement with those measured for isothermal jets (11.3°, Scorer, 1997) and buoyant thermal puffs (~17°, Scorer, 1997 and Pallares
& Fabregat, 2022). The mouth geometry without head movement increases the spread angle up to 30°, as measured by Gupta et al.
(2009) who reported a value of 25° + 9° and with head movement to 56°. In fact, Busco et al. (2020) based on their measurements with
head movement, performed their numerical simulations with a momentum source with a spread angle of 60°. The positions and sizes of
a non-buoyant flow injection through a pipe exit with a vertical inclination of —20 °C are included in red for comparison purposes in
Fig. 10b. As previously shown in Figs. 9c-1 and 9c-2, the pipe exit generates more elongated and thinner thermal puffs than the mouth

12
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Fig. 11. Trajectories of the position of the centroids of the thermal fields for the different cases considered.

exit.

When the movement of the head is considered (Fig. 10c), the axial position of the centroid decreases for t > 0.7 s. This can be
attributed to enhanced turbulent mixing of the hot expelled air with the cold environments produced by the intense change of direction
of the flow injection. As a result of this, Figs. 9e-2 and 9f-2, corresponding to the cases with head movement at t = 1.5 s, show that the
thermal imprint is concentrated near the mouth (z = 0) and it has vanished for axial positions z > 0.1 m.

The trajectories of the centroid of the thermal puff for the different cases considered are plotted in Fig. 11. As a reference, the times
corresponding to the maximum exit velocity (t = 0.15s) and to the end of the flow injection (¢t = 0.4s) have been indicated in the
trajectories with empty and filled circles, respectively. For comparison purposes, DNS predictions of Fabregat, Gisbert, Vernet, Ferre,
et al. (2021) have been included and the average vertical inclination of each type of flow injection is indicated. The horizontal pipe
injection generates essentially a horizontal trajectory that slightly moves upwards because of buoyancy. The injections through the
mouth geometry produce downward trajectories with an angle of about 20° with respect to the horizontal. This angle increases up to
45° for the cases with head movement which exhibit chaotic trajectories of the centroid of temperature at large times because of the
well mixing conditions at these times. As previously, we included the trajectory corresponding to pipe exit inclined —20°.

Fig. 12 shows lateral and frontal views of the particle clouds at t = 1.5 s for the six cases simulated. To keep the figure clear only the
instantaneous positions of three particle sizes are plotted. Blue corresponds to particles of 64 pm, green to 32 pm and red to 4 pm.
Predictions of DNS of Fabregat, Gisbert, Vernet, Ferré, et al. (2021) are included in Fig. 12¢ for comparison purposes. Time evolutions
of the particle positions for the cases, without buoyancy, PE-B0-R0O, ME-BO-R1 and ME-BO-R1 are shown in Figs. 12-14 (Multimedia
views), respectively. The corresponding time evolutions for the cases with buoyancy are very similar to those corresponding without
buoyancy and have been omitted.

It can be seen that, for the horizontal flow injections through the pipe inlet (PE-B0-R0 and PE-B1-RO, Fig. 12a and b), particles with
diameters smaller than 32 pm remain within the thermal puff (compare for example Fig. 12a with Figs. 9a-2 or Fig. 12b with
Figs. 9b-2) while larger particles tend to free fall outside the puff. Note also that the shapes of the clouds of particles with diameters of
4 pm and to 32 pm resembles the corresponding shapes of the thermal pulffs. This is also observable for the cases of the flow injection
through the geometry of the mouth without head movement (ME-BO-RO and ME-B1-RO, Fig. 12d and e) that produce thermal and
particle clouds oriented axially and downwards (see Fig. 12d and e and Figs. 9c-2 and 9d-2). The movement of the head during the flow
exhalation (ME-BO-R1 and ME-B1-R1, Fig. 12f and g) has an important effect on the spatial distribution of the particle clouds. Figs. 12f
and g shows that most of the particles of 64 pm left the computational domain and that the smaller particles are irregularly distributed.
Most of these small particles are located at y < 0 and z < 0.6 m but some of them are located at y > 0 and have travelled up to z ~ 1 m at
t=1.5s.

The time evolutions, shown in Fig. 15, (multimedia view) of the particle positions for the case with head movement (PE-BO-R1)
reveal that the small particles located close toy ~ 0.2, z ~ 0.9 m at t = 1.5 s have been transported by an intense vortex ring detached
from the thermal puff. This phenomenon is observed for both cases with or without buoyancy and consequently it can be considered to
be associated to a pure inertial effect. Intense vortex rings detached from starting jets can be observed in experiments (Scorer, 1997)
and detached from thermal puffs in the DNS of Fabregat, Gisbert, Vernet, Ferré, et al. (2021) and LES of Trivedi et al. (2021).
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5. Conclusions

We simulated unsteady turbulent flows and expelled particle dispersion produced by a prototypical violent expiratory event. Two
different geometries are considered for the flow injection, which is released into a quiescent environment. The first consists of a
horizontal circular tube, used in previous numerical studies, and the second corresponds to the geometry of a typical human upper
respiratory tract from the trachea to the oral cavity. For these two different geometries, flow ejections with temperatures larger and
equal to the ambient temperature have been considered to determine the effect of buoyancy on the flow and particle dispersion.
Besides these simulations with immobile flow injections, cases with the geometry of the upper respiratory tract with a prototypical
movement of the head produced in sneezes have been also carried out.

In the case of no head movement, the flow ejected through the oral cavity during a sneeze has a vertical downward inclination of
about 20° with respect to the horizontal. This produces thermal puffs with trajectories with approximately this inclination, while flows
ejected from the horizontal pipe exhibit essentially horizontal trajectories of the puff, which tend to slightly ascend in the cases with
buoyancy. The inclination of the trajectory of the thermal puff increases up to 45° with respect to the horizontal direction for flow
ejections performed with head movement. For the flow and thermal conditions considered and for short times after the flow injection
has ceased, buoyancy has a relatively limited effect on the trajectories and sizes of thermal puff and particle clouds, indicating that
inertial effects are dominant during the short-term dispersion of the flow and particles expelled during a violent expiratory event. As
shown by previous numerical simulations considering immobile flow injections, expelled particles with a diameter smaller than
approximately 32 pm remain afloat within the thermal puff while larger particles tend to free fall out of the thermal puff. We observed
this, independently of the geometry of the flow outlet. We think this result is important and can be used to stablish general measures to
minimize the aerosol exposure during the short-term dispersion. However, the movement of the flow injection following a typical
rotation of the head during a sneeze produces a very fast and efficient mixing of the flow and particles, which are expelled within a
relatively large spread angle (=50°) into the quiescent environment. In this situation the dispersion and the range of the particle cloud
is significantly increased in comparison with the flow injection from an immobile source. All in all, our results highlight the importance
of considering the upper respiratory tract anatomy and the head movement to predict the buoyant flow of airborne pathogen-laden
particles generated in a violent expiratory event.
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