Estimates of the stochasticity of droplet dispersion by a cough
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In this paper, the statistical distributions of the position and the size of the evaporating droplets after a cough
are evaluated, thus characterising the inherent stochasticity of respiratory releases due to turbulence. For
that, ten independent realisations of a cough with realistic initial conditions and in a room at 20°C and 40%
relative humidity were performed with Large-Eddy Simulations and Lagrangian tracking of the liquid phase.
It was found that although turbulence decreases far from the emitter, it results in large variations in the spatial
distribution of the droplets.The total suspended liquid mass after 60 s from the cough is in good agreement
with that estimated by a one-dimensional model accounting for settling and evaporation under quiescent
conditions, while deposition times of droplets in the 10-100 pm range is found to vary significantly, reflected
in the mass of liquid, and hence the virus content, potentially inhaled by a receptor. The high variability
between events is due to the local fluctuations of temperature, humidity and velocity on droplet evaporation
and motion. The droplet distribution suggests that, in the absence of face coverings, an unprotected cough is
not safe at 2 meters away from the emitter even outdoors. Results indicate that mitigation measures such as
ventilation to address long-range transmission can be based on the total suspended liquid content evaluated
from reduced-order models. However, the large variability of viral content in the near field produces wide
variations in estimates of risk, therefore a stochastic approach is needed for evaluating short-range transmission

risk.

I. Introduction

The ongoing pandemic caused by SARS-CoV-2
(COVID-19) has reinforced the need to understand bet-
ter the fluid mechanics controlling the spread of airborne
diseases. Despite strict global measures to mitigate the
spread of the COVID-19 disease, its contagion has been
unprecedented'. This may be attributed at least in part
to the limited knowledge at the start of the pandemic
about the spread of droplets/aerosols that can carry the
pathogens over long distances??. Efforts to improve the
understanding of the spread of such diseases* and to de-
velop models that can better predict infections are cur-
rently underway® 1°.

The exhaled flow contains pathogen-carrying droplets
of varying sizes, and their trajectory is governed by their
initial size, the influence of gravity, the local and ambient
temperatures and relative humidity, and the gas veloci-
ties. The small droplets can stay suspended in the air
for a long time and can carry the pathogens over signifi-
cantly long distances, whereas the larger droplets follow a
ballistic trajectory and tend to settle down quickly under
the influence of gravity!!. The distinction between large
ballistic droplets and small droplets is usually assumed to
be ~ 100 pm, while the cut-off for droplets that remain
suspended in air for long times is typically considered as
10 um'2, although it is still inconclusive whether that is
the case!3.

Early measurements to capture droplet size and
spread'* used collection media such as slides. These were
limited by the lowest resolution of the droplets and they
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usually captured droplets of supermicron sizes. How-
ever, it was reported at the time that submicron droplets
were also very likely. Later, optical-based counters'®:16
reported the dominance of submicron droplets. Recent
studies!”2° used more advanced methods to capture
droplet size distribution exhaled from respiratory events
such as coughing. The size distribution of the droplets
and the flow rates for a cough were well characterised
at the source, i.e., the mouth, by Johnson et al?® and
Gupta et al.?! respectively. The droplets reach an equi-
librium size that can be 20-40% of the initial droplet size,
depending on the ambient conditions or the composition
of the saliva®?22 24,

Bourouiba et al.2 performed experiments and theoret-
ical analyses to characterise the flow from violent respi-
ratory events such as coughing and sneezing. In such
events, a jet of air of limited duration containing respi-
ratory droplets is exhaled, forming a turbulent puff that
remains suspended in the air?3. The local conditions
within the turbulent puff act to extend the evaporation
time of the exhaled droplets®®. In subsequent Direct
Numerical Simulation (DNS) analyses, the ambient rel-
ative humidity was also found to significantly increase
the droplet evaporation time?° 27, especially those with
a diameter below 30 pm?7. Rosti et al.2% found that tur-
bulence increases the lifetime of the droplets, and an un-
derestimation of 100% in droplet evaporation time was
reported when the turbulence effects were filtered out.
Although reasonable estimates of the horizontal displace-
ment of the exhaled puff can be obtained from reduced-
order models?®2?, gas-phase only DNS of a cough®® has
shown that a large deviation from the predicted val-
ues could arise due to difficulties in predicting jet-to-
puff transition effects and puff topology in such models,



in addition to turbulence itself as discussed previously.
Still, despite the in-depth physical insight obtained from
DNS concerning small-scale interactions between liquid
and gas phases, its significant computational cost hin-
ders both the evaluation of long events, as well as the
quantification of event-to-event variations.

Concerning the spread of droplets in a respiratory re-
lease, works carried out using Reynolds-Averaged Nu-
merical Simulations3!™3 indicate that droplets, espe-
cially those of intermediate size, seem to be contained
within 2 meters from the infectious individual follow-
ing a cough at stagnant conditions, while typical out-
door wind speeds can triple their horizontal reach, es-
pecially those of intermediate sizes 50-100 pym. More
recently, Large Eddy Simulations (LES) of coughs and
sneezes>*3% have been performed to extract various quan-
tities of interest, accounting for turbulence-induced ef-
fects. Liu et al.>* showed through six LES realisations
that global puff properties such as its centroid, volume,
momentum, and buoyancy do not vary significantly from
event to event. The need of a significant number of re-
alisations has been stressed as of utmost importance to
fully provide information regarding turbulence proper-
ties of respiratory releases0-3*. Despite reports on the
impacts of turbulence on the the maximum reach and
fall-out of droplets343® a detailed quantification of their
statistical distribution is still under development.

Mathematical models of host-to-host droplet transmis-
sions for physical distancing measures were studied in
several works®?:36738  QOverall, the results from these
studies generally concluded 2-m guidelines are only ef-
fective as long as other measures such as masks are
being utilized. CFD studies performed in an indoor
environment?”:31:32:3940 and outdoors®® found similar
conclusions regarding the physical distancing measures.
The effect of masks on disease transmission was anal-
ysed in several studies®?#142 concluding that masks can
cut the droplet transmission distance significantly by sup-
pressing the exhaled flow as well as altering the size distri-
bution of the exhaled droplets. As mentioned, the pres-
ence of wind was also seen to assist the exhaled flow and
consequently increase the distances over which the infec-
tion can be transmitted both with or without a mask3643.

The importance of the local conditions within the
turbulent puff, ambient conditions and turbulence on
droplet evaporation time has been discussed in several
studies***>. The turbulent flows associated with events
such as a cough are inherently stochastic, which may
cause variation of two-phase flow parameters such as the
physical location of the droplets of different sizes and
their concentration. Recent host-to-host infection mod-
els, such as those mentioned previously, provide an av-
erage estimation of where the droplets are and the ef-
fect of physical distancing measures on this estimation.
However, for diseases which contagion may occur due to
inhalation of only a few virions, ignoring the effect of
turbulence and its effects as high spatial and event-to-
event variations in respiratory releases may significantly

impact the evaluation of the infection risk. In the context
of disease transmission at population level, where contact
and transmission rates between individuals, among other
factors, are used in probabilistic models to estimate the
evolution and spread of an epidemic, accounting for the
stochastic nature of respiratory releases becomes even
more relevant. To the best of the authors’ knowledge,
the stochasticity of such respiratory flows, including the
cough, has not been quantified yet.

In this work, high-fidelity Large Eddy Simulation
(LES) is employed to simulate the gas flow exhaled in
several independent cough events in a stagnant environ-
ment. Lagrangian droplet tracking is used to evaluate the
combined motion and unsteady evaporation of droplets
of various sizes, characteristic of a cough, as they are
ejected with the turbulent gas puff. Ten realisations
were performed in an ambient setting of 20°C and rel-
ative humidity of 40% with the objective of examining
the flow-driven stochasticity of parameters relevant to
disease transmission in the presence of buoyancy and
with significant evaporation of the respiratory droplets
due to the entrainment of air with low relative humid-
ity by the gas puff. The parameters evaluated include
the suspended liquid mass, the size and spatial distribu-
tion of the droplets, as well as the number of virus copies
that can be inhaled by a receptor at a specific horizontal
distance from an infectious person. The results of the
simulations are then put in context of short-range trans-
mission, where the risk of infection is evaluated at differ-
ent horizontal distances from the infectious individual to
illustrate the potential impact of such flow fluctuations
on mitigation measures such as physical distancing.

The remainder of the paper is structured as follows. In
the next section, the methodology used for this analysis is
discussed. This includes the LES models, the Lagrangian
droplet tracking technique and the models for evapora-
tion. Next, the results from the gaseous flow obtained
from the LES and those from the tracking analysis of
the droplets are provided and then discussed in the con-
text of disease transmission. In the final section, the key
conclusions are summarised and improvements for better
distancing and ventilation measures are discussed.

Il.  Methodology and Simulation Setup
A. Models

The Large Eddy Simulation (LES) of the cough is car-
ried out using the software CONVERGE. The governing
equations for LES are readily available in the literature
and hence are not presented here (e.g., see Ferziger and
Peri¢?6). In this work, the sub-grid scales are modelled
using the Dynamic Smagorinsky model based on the eddy
viscosity approach?S. A finite-volume second-order accu-
rate spatial scheme coupled with Pressure Implicit with
Splitting of Operator (PISO) iterative algorithm*” and
an implicit first-order temporal scheme is employed for
solving the governing equations of the flow.

The motion and evaporation of droplets are calculated
a posteriori with an unsteady in-house Lagrangian track-



ing code, which uses the instantaneous gas-phase flow
field solved by LES to produce an accurate time evolu-
tion of droplets trajectory and properties. The motion of
the i-th droplet defined by the instantaneous location x;,
velocity v;, mass m; and temperature 7T; is solved using
the following equations*849.
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where Cp ; is the drag coefficient, d; is the diameter of
the i-th droplet, p and p; are the density of gas-phase
and liquid-phase (i.e., droplets) respectively, u is the
velocity vector of the gas, u is the vector of the ve-
locity fluctuations, g is the acceleration due to gravity,
D, is the mass diffusion coefficient, Sh* is the modified
Sherwood number, Byr = (Yw,00 — Yuw,s)/ (Yw,s — 1) and
Br = m;cp 1 (Too—1T;)/ Qg are the Spalding mass and heat
transfer numbers, m; = dm;/dt, ¢, and ¢, are the spe-
cific heat of water in liquid and vapour phase respectively,
hy,1 is the latent heat of vaporization, Y, .o and y,, s are
the water mass fractions at the droplet surroundings and
at the droplet surface, and @ is the heat flux.

In LES, the fluctuating part of the gas-phase veloc-
ity is accounted for directly by the velocity vector pro-
vided by the resolved flow. Although the subgrid ran-
dom component could be included®, these are ignored
here since the grid size remains small in the region of
interest and hence the flow is reasonably well-resolved,
as will be discussed in the next subsection. The drag
coefficient Cp ; in the aerodynamic drag term of Eq. 2
is calculated using the Schiller-Naumann correlation®!.
It is a function of the Reynolds number of the droplet,
ie., Re; = pd;|u + u} — v;|/p, where p is the dynamic
viscosity of the gas phase. The Reynolds number Re; is
calculated using the relative velocity between the parti-
cle and the carrier phase. The heat and mass transfer
between the droplet and the surrounding gas, considered
in Egs. 3-4, accounts for the effect of Stefan flow due to
evaporation. Therefore, a modified Sherwood number is
used, defined as Sh* = 2 + (Shg — 2)/F), where Shy is
the actual Sherwood number obtained with the widely

used Frossling’s correlation®?, and then corrected for the
film thickness of the surrounding gas by the correction
factor Fj; proposed by Abramzon et al.>3.

In the present calculations, the local moisture in the
air is used in the calculation of the evaporation rate,
through the mass fraction of water vapour in the defi-
nition of the Spalding number Bj;. The volume fraction
of water vapour in the ambient air, z,, 4, is related to the
relative humidity RH by %4, = RH Dy sat(Ta)/Pa, where
Duw,sat 15 the water saturation pressure and 7, and p, are
the ambient temperature and pressure respectively. The
volume fraction of water vapour x,, in the surroundings
of a single droplet is calculated from the corresponding
mass fraction of water vapour ¥,,, which is estimated as
Yo = (1 = &)Yw,a + {Yw,m, where £ is the mixture frac-
tion at the droplet location and ¥y, and v m are the
mass fraction of water vapour in the ambient air and in
the mouth respectively. The mixture fraction is a passive
scalar defined to be unity in the undiluted exhaled flow
and zero in the ambient air and is solved by a transport
equation in the LES.

Although local conditions of the gas-phase puff are
considered in the evaluation of the droplets’ evaporation
rates, the effect of droplet evaporation on the gas-phase
field is neglected in this one-way coupling approach, as it
is expected to be minimal due to the small mass loading
of the liquid phase. Here, droplets are modelled as being
pure water, however, evaporation is limited down to 6%
of the initial droplet volume to mimic the presence of non-
volatile components in the saliva (as was done in Aliabadi
et al.5*). This approach results in a droplet equilibrium
diameter equivalent to the one found for high-protein
saliva, by de Oliveira et al.® and is a good approxima-
tion to represent saliva evaporation in the studied condi-
tions. Finally, secondary breakup and coalescence of the
droplets are neglected for the purposes of this study.

B. CFD domain and boundary conditions

The simulation domain is shown in Fig. 1 and is com-
posed of a cuboid room of dimensions 5 m x 3 m x 3.3
m. In Fig. 1, the breathing zone of a possible recep-
tor is also shown. To estimate the risk of infection by a
receptor, a spherical probe of volume V;,, = (7/6)d;_ is
considered, where the subscript bz stands for breathing
zone, and the chosen diameter is dp, = 0.2 m®®. The
subject is 1.65 m tall and is placed on the left side of the
room (see Fig. 1). The body of the subject is treated as
a wall set at room temperature. The subject’s mouth is
set as an inflow with a net mass flow representative of a
cough taken from Gupta et al.?! for a male subject. The
subject’s mouth has an area of ~ 4 cm? as in Gupta et
al.?! The exhaled breath is set at standard human body
temperature 309 K and at 100% relative humidity with
a COy composition of 0.07% in terms of mass.

The flow in the domain is nearly stagnant with a nom-
inal initial velocity of 0.01 m/s set in the a-direction.
There is no initial turbulence. The ambient temperature
is set as 293 K and the relative humidity at 40%. The rest
of the domain boundaries are as follows: the left bound-
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FIG. 1: CFD domain with corresponding dimensions
and indication of the breathing zone, i.e.,, a sphere of
diameter of 0.2 m placed 2 m away from the emitter.

ary is set as inflow with airflow equal to the initialised
domain velocity, i.e., 0.01 m/s set in the a-direction, the
bottom boundary is treated as no-slip wall and all the
rest of the boundaries are set as outflow.

At the start of the simulation, the gaseous cough flow
is exhaled by the subject. A small change in the flow
rate (< 0.01% of the peak flow rate) was introduced for
different realisations right at the beginning of the cough.
The apparently random nature of turbulence®® ensures
that even this small change results in a different turbulent
flow field while still keeping the overall cough flow rate
the same between the realisations. The peak flow rate
of the cough occurs at 0.1 s after the start and then the
flow gradually decreases. This peak mass flow rate is
5 1/s and the corresponding peak velocity is 12.5 m/s.
The Reynolds number Re = upeaklmouth/V based on the
peak velocity of the jet is estimated as ~15000 which
is high enough to make the flow turbulent. An entire
duration of a typical single cough is about 0.5 s2!, after
which it spreads within the domain for 60 s. Lagrangian
tracking of the emitted droplets is performed in post-
processing. The size distribution and the concentration
of the droplets in the exhaled gas is taken from Johnson
et al.2°, with 5000 droplets injected at the start of the
simulation, typical of a cough'.

One of the major characteristics of the CONVERGE
code is that it auto-creates a cut-cell Cartesian mesh rely-
ing on an Adaptive Mesh Refinement (AMR) strategy®’.
This approach is particularly convenient for LES, as it en-
sures that the zone of interest of the flow is well refined
(thus improving the resolution), while the mesh is coars-
ened elsewhere to reduce computational cost. For this
case, this means that the mesh will remain sufficiently
fine to ensure a good resolution within the cough puff,
as it moves through the domain. The mesh refinement
criteria were set as a minimum value of sub-grid veloc-
ity, mixture fraction and mass fraction of COs, with the
minimum and maximum cell size being 3 mm and 50 mm
respectively.

I1l. Results

This section starts with a qualitative assessment
of the gas flow exhaled in a cough and its spatial
spread, validated by scaling laws and in comparison with
experiments?. Then, the motion of the exhaled droplets
is presented, with focus on the stochasticity of their po-
sition due to the turbulent motion of the gas phase. The
results given are then put in the context of physical dis-
tancing measures in Section IV, where the impact of flow-
driven stochasticity is evaluated in terms of the variabil-
ity of the risk of infection.

The sudden ejection of the exhaled breath in a cough
involves high velocities at the mouth and, as such, pro-
duces a turbulent flow which means each cough is unique
in terms of the motion fluid particles undergo. This can
be seen in Fig. 2, which shows eight simulation realisa-
tions as 2-D slices of the mixture fraction at the middle
of the domain at 10 s after the cough. As expected, since
this is a high-Reynolds number turbulent flow, each re-
alisation is different despite the overall similar pattern
of spreading. The exhaled flow has two distinct phases?:
the initial phase during which the flow is exhaled like a
turbulent jet, and a second phase when the exhaled jet
becomes a turbulent puff of finite duration that grows by
entraining air from the surroundings. These phases can
be seen through the ensemble-averaged mixture fraction
field of all realisations (Fig. 2) at 0.5 and 10 s, for in-
stance.

Figure 3a shows the evolution of the distance travelled
by the centroid of the turbulent jet/puff = for each re-
alisation. Consistent with Bourouiba et al.2, the initial
jet phase follows = ~ t'/2 whereas the turbulent puff
follows x ~ t'/%. The horizontal distance versus the ver-
tical distance travelled by the centroid (Fig. 3b) exhibits
the typical behaviour of turbulent puffs moving under
the influence of initial momentum and buoyancy found
in experiments (case IV, Bourouiba et al.?). Due to the
initial jet angle, the flow moves slightly downwards until
1-m horizontal distance when buoyancy causes the flow
to move upwards, as described by Gupta et al.?!. Thus,
the results of the present LES follow the scaling laws and
exhibit a qualitative agreement with trends observed in
experiments.

While the results in Fig. 3 illustrate the motion
and spread of the exhaled gas, pathogens are in fact
transported by droplets, both evaporating and fully-
evaporated ones (known as droplet nuclei). Since the
initial size distribution is not uniform, we may expect
droplets to respond differently to the flow and under the
action of gravity. This is shown in Fig. 4 through the
trajectories of individual droplets up to 10 s. The fact
that large droplets exhibit a ballistic behaviour (d > 100
pm, in red) while very small droplets (d < 10 pm) remain
airborne and are transported by the puff is not surpris-
ing. What is interesting to note, however, is that droplets
of intermediate sizes between 10-100 pym can display ei-
ther behaviour. This can be clearly seen in Fig. ba which
shows the deposition side of the typical Wells’ curve. At
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FIG. 2: 2-D middle-plane slices of the mixture fraction in a cough: (a to h) instantaneous snapshots of eight
different realisations of scalar distributions from a cough after 10 s of physical time. Significant differences in
mixture fraction field can be observed for different realisations of the flow. (i to 1) Mixture fraction distributions
averaged over 10 different realisations, taken at (i) 0.5 s, (j) 2's, (k) 10 s and (1) 50 s.

approximately 75 pum, for example, the settling time var-
ied roughly between 30 and 60 seconds, that is, up to 30%
different than the value predicted by a low-order model®
where the motion, turbulence, and humidity content of
the puff were neglected. It is expected that much higher
variations would have been observed for smaller droplets,
should longer simulations times had been performed. De-
spite such large variations in settling times, the evolution
of the total mass of the droplet cloud (i.e., all droplets in
the air) remains fairly similar to the behaviour described
by the one-dimensional model®. The variation with time
of the total suspended mass, m, normalised by the initial
liquid mass mg is shown in Fig. 5b for all the realisa-
tions. Small differences of m/mg over time are evident
from realisation to realisation and in relation to the es-
timate without any flow information® (shown as a solid
red line).

The characteristic behavior of each droplet size class is
then analysed in terms of ensemble quantities in a single
realisation. Based on their initial diameters once exhaled,
Fig. 6 shows large droplets (d > 100 pum), intermediate
size droplets (10 pm < d < 100 pm), and small droplets
(1 pm < d < 10 pm and d < 1 pm), from top to bottom
respectively. On the left, the trajectories of the droplets
in each category are shown, accompanied by the cloud’s
respective normalised number N/Ny and mass m/mg (No
and My are the initial values at the ejection point). Most
of the mass exhaled, up to 93 % of the total, is contained
in scarce large droplets and promptly removed by gravity
within the first few seconds, as described by de Oliveira
et al.®. After this time, most droplets suspended are
small (coloured blue and pink) and follow the gas flow,
while their ensemble quantities are unaffected up to 60 s.
Nonetheless, 1.5% of the total droplets emitted remains
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FIG. 3: Scaling analysis of the turbulent puff centroid: a) horizontal distance vs time, and b) horizontal distance vs
vertical distance.
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FIG. 4: Time history of the emitted droplets, coloured

by diameter (in meters), during a cough, showing their

trajectory in the interval 0-10 s. All 10 realisations are

overlapped, providing an ensemble of the droplets and
their trajectories.

suspended as droplets of intermediate size, which account
for 10% of the total mass of liquid emitted — that amount
is roughly one thousand times the mass contained in
small droplets. The behaviour of the intermediate-size
droplets is particularly interesting, varying between bal-
listic and airborne/aerosol behaviour, discussed in detail

next.

The behaviour of droplets with initial diameter in the
range 10 pm < d < 100 pm is given in more detail in Fig.
7. Within this size range, a combination of ballistic be-
haviour and airborne/aerosol behaviour is observed. The
droplets ~ 100 pm show similar ballistic behaviour to
their larger counterparts, while droplets ~ 10 pym exhibit
pure airborne/aerosol behaviour. Droplets with diame-
ter between ~ 20-70 um (yellow and green) are marked
by an initial airborne behaviour until falling out from
the gas puff. This seems to be determined by a com-
bination of the recirculating buoyancy-driven azimuthal
motion and turbulence®, leading to a continuous fall-out
process with droplets. Thus, droplets of similar size may
fall out near the source or be sustained for much longer
horizontal distances without promptly bending upwards
as in the case of small droplets.

The spread of suspended droplets in the respiratory
puff is quantified in Fig. 8, which shows the scatter plots
of droplet position and their corresponding sizes at 0.5 s,
2 s, 10 s and 60 s after the start of the cough.

The results not only confirm the previous discussion,
but reveal the great variability associated with the spread
of the droplets in the horizontal direction. Within one
meter from the emission, the advancement of a droplet
front comprising large- to intermediate-sized droplets can
be observed. In parallel, the spread of a droplet cloud
composed mainly of droplets of initial size below 10 pm
occurs in the horizontal direction, quickly reaching 0.5
meter within 2 seconds after the cough and spreading
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FIG. 5: (a) Deposition time of droplets and (b) mass decay normalised in terms of the initial mass exhaled in all
LES realisations. Results are compared with the results from the 1-D model from de Oliveira et al.> (solid red line).
Significant variation in deposition times of droplets in the the 10-100 um range lead to small variations of the total

suspended mass of the cloud, as seen in the LES realisations. This is attributed to effects of the local humidity,

temperature, and turbulent motion within the turbulent puff surrounding the droplets.

all the way to 2.5 meters after 60 seconds. As discussed
next, most of this variability actually results from dif-
ferences between events, in addition to the continuous
fall-out process in a single cough.

Fig. 9 shows the probability density functions (pdfs) of
the position of all suspended droplets at 60 s, using (a)
data from each individual realisations, shown by black
lines, and (b) data from all the realisations, shown by
blue lines. The spread in the horizontal direction is no-
ticeably larger than that in any other direction. A strong
variability can be seen between the realisations, as each
horizontal pdf is characterised by a peak located at a
distinct distance from the emitter, which can range from
0.5 m to 2.5 m. In fact, droplets in some cough real-
isations do not reach a 2 m distance, whilst for other
realisations a significant amount can be present as much
as 2.5 m away from the emitter. This shows the im-
portance of turbulence and its associated stochasticity in
carrying the suspended droplets over large distances. In
the vertical direction, the droplets tend to concentrate
at around &~ 2.25 m, at 60 s from emission, as a conse-
quence of buoyancy. The variability in the lateral spread
is only caused by the turbulence from the cough. These
results highlight that while a 1-D model is capable of ac-
curately modelling the total suspended mass evolution of
the droplets (as shown in Fig. 5), the spatial distribu-
tion of droplets varies considerably in each realisation,
indicating that turbulence needs to be accounted for, if
one intends to estimate droplets spatial spread. Further-
more, the present results are collected under the nearly
stagnant ambient conditions considered in this analysis,
but in the presence of initial momentum in some direction
the spread of the suspended droplets could easily change

as in the case of the Guangzhou restaurant outbreak®?:69,

The buoyancy-induced bending of the jet clearly af-
fects the horizontal and vertical displacement of droplets,
depending on their initial size category. As shown in
Fig. 10, which provides the pdfs of the position of the sus-
pended droplets compiled over all realisations for differ-
ent droplet initial size categories, the small droplets are
carried away from head height after 60 s, while they are
concentrated mostly within 1 m from the emission source
in the horizontal direction. In contrast, intermediate-
sized droplets are sustained at head height until 10 s
and spread at various heights at 60 s. Additionally, due
to their large momentum, 10-100 pm droplets can reach
long horizontal distances, being mostly located between
1 and 2 m after 60 s. The very large ones (>100um)
have disappeared from the ensemble by 10 s due to set-
tling. Therefore, the combination of (i) ballistic motion
and gravitational settling for the large droplets, (ii) small
droplets following closely the gas flow, (iii) intermediate
size droplets showing both behaviours, and (iv) position
pdfs that are wide, it is evident that potentially virus-
carrying liquid can be found in large regions in space.

In the context of risk, as it will be shown in the
next section, although droplets in the 10-100 pum size
range are few in number, their originally large vol-
ume means they might carry a significantly larger num-
ber of pathogens than droplets typically classified as
aerosol/airborne (< 10 pm). Those droplets can be eas-
ily inhaled by humans'3, and their viral content might
be sufficient to lead to infection if inhaled depending on
the concentration of pathogens in the respiratory fluid
and additional factors®!. Here, we suggest that this size
category cannot be directly classified as pure airborne or
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FIG. 7: Visualisation of trajectory of the droplets in the
range 100 yum < d <10 pm, coloured by their initial
diameter.

pure ballistic, and that their role in transmission, both
short and long-range airborne transmission, cannot be
overlooked.

IV. Discussion: considerations for physical distancing

In this section, the results are put in the context of
short-range airborne transmission, illustrating how the
flow-driven stochasticity inherent to a cough impacts on
the viral content potentially inhaled by a susceptible
individual. The inhalation of virus-laden droplets and
aerosols is idealised as the process of “probing” air from
the breathing zone, represented as a 0.2-m spherical con-
trol volume (see Section II B) from which a total amount
of virus inhaled over a time ¢’ from the beginning of the
cough is given as:

YNy b (1)
Ny s(t') = / {/L()v;,dt (5)
0 bz

where N, . is the instantaneous number of viral copies
within the breathing zone volume V;,, and Vb is the av-
erage breathing rate. One should note that a number
of other flow processes occurring in the vicinity of the
susceptible individual are not considered in such an ap-
proach, such as near-field buoyancy-driven flows or the
inhalation flow itself around the mouth and nose. A ho-
mogeneous concentration of virus in the respiratory fluid
is assumed across all droplet sizes, hence the stochas-
ticity related to the presence or not of virus in small
droplets®? is also not considered. Therefore, the present
discussion helps assess the flow-induced stochasticity in
isolation and not the randomness in virus exposure asso-

ciated with other phenomena.

The evolution of the number of potentially inhaled vi-
ral copies in each realisation is given in Fig. 11, evalu-
ated at horizontal distances of (a) 1.0 m, (b) 1.5 m and
(¢) 2.0 m from the mouth of the infectious individual,
and an ensemble average (blue line) of all events is also
provided. Results are given normalised in terms of the
total amount of viable viral copies emitted in a single
cough, N, o. For reference, this value is (1.7-107%) x V,
where V] is the viable viral load at the mouth (given in
copies of viable virus per ml of respiratory liquid). For
example, an N, g/N, ¢ value of 109 shown in the y axis
(red line, Fig. 11) would roughly correspond to one single
viable virus if a viral load of 10° copies/ml of respiratory
liquid at the mouth is considered — which is typical of
symptomatic individuals at the onset of the symptoms
for SARS-CoV-253 — while a value of 102 would corre-
spond to a single virus if a 1000 times higher viral load
is considered instead (i.e., 102 copies/ml), which could
be the case for more infectious variants of the SARS-
CoV-2 virus®. Due to the assumption of homogeneous
distribution of virus over all droplet sizes as well as the
spatially-averaged concentration of virus in the breathing
zone (Nyp./Viz, Eq. ), a value of N, g lower than one
would appear depending on the viral load assumed, which
should be disregarded when interpreting the results.

Overall, the high degree of inhomogeneity in the
droplet field is reflected in terms of the number of po-
tentially inhaled viral copies, which is observed to vary
both in terms of the axial location of the probe (Fig-
ure 11 a-c) as well as from event to event (each line in
the plots). Considering the present results in light of a vi-
ral load of 10° copies/ml, sufficiently high levels to cause
the disease (between 10-100 virions®®), would correspond
to Ny,s/Ny o values between 10~° and 10~*. These are
reached as fast as 20 seconds after a cough at distances
between 1 and 1.5 meters from the emitter, respectively.

In addition to the differences between how fast signifi-
cant viral content may reach a susceptible individual be-
tween each cough, what can also be noticed from the re-
sults in Fig. 11 is the high variability of the final amount
of virus potentially inhaled. After 60 seconds from a
cough and closer to the emitter, at 1-m distance, almost
5 orders of magnitude difference in viral content is found
between minimum and maximum values. Such differ-
ences are associated with the polydispersed nature of the
droplet cloud emitted, as scarce large droplets carrying a
high amount of viral content (i.e., 10 pum< d <100 pm)
only occasionally appear in the breathing zone. At 1.5-m
distance, less variation is found and N, s/N, ¢ values are
somewhat higher than at those at 1.0 m, which is asso-
ciated to the onset of buoyancy effects at such distance
following the jet-dominated region close to the emitter,
causing a net updraft of the droplet cloud, as discussed
previously.

Such large variations of N, g/N, ¢ are also found to
be translated to large variations of risk of infection. By
considering a dose-response model®® used in a previous
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FIG. 12: Histograms of risk of infection at 1 m (blue
bars), 1.5 m (grey bars), and 2.0 m (white bars)
distance from the infectious emitter, compiled by

estimating the risk for each cough event. Bars of each

individual histogram are placed on top of each other.
The risk has been calculated according to a
dose-response risk model®® for a viable viral load at the
mouth of 10° copies/ml of respiratory fluid.

work by some of the present authors®, the values of N, g
at 60 seconds from emission were used to evaluate the
corresponding risk of infection at distances 1, 1.5 and
2.0 meters from the emitter. These results are given in
Fig. 12 considering a viral load of 10° copies/ml for il-
lustration; one should note that such risk values are, of
course, highly dependent on the viral load assumed. As
shown in Fig. 12, cough events at 2 m from the source
appeared “mostly safe” up to 60 s from emission, while
at 1.5 m distance significant risk was observed, ranging

from 1 to 20%. Interestingly, in this particular case, lower
risk was observed at 1 m in relation to 1.5 m, as the sub-
ject coughs downwards and the buoyancy-driven effects
discussed previously are responsible to bring the emit-
ted particles upwards to face level around the horizontal
distance of 1.5 m. Furthermore, as a way to demon-
strate the importance of considering the statistics, if one
uses the ensemble-averaged droplet distributions at the
breathing zone at 1.5 m (blue curve, Fig. 11b), one gets
a risk of 4% at 60 s, while the true average risk from the
histograms of Fig. 12 (grey bars) at the same location
and exposure time is 8%. This large difference is due to
the non-linearity associated with the connection between
risk and dosage, showing that knowledge of the statistics
is vital for the accurate estimation of the transmission
risk.

At a 2-m distance from the emitter, three out of the
ten events exhibited non-zero virus in the breathing zone,
i.e., non-zero risk infection, as shown in Fig. 11. In partic-
ular, one of the cases shows a significant increase in N,, g
around 50 s as one of the scarce mid-sized droplets (i.e.,
10 pm< d <100 pm) entered the breathing zone, causing
a sharp rise in N, g/N, o from 10~ to 10~°, which in
terms of risk of infection translates to roughly 5% for a
viral load of 10° copies/ml (Fig. 12). Note that the num-
ber of virus copies in the breathing sphere will not only
be altered by flow and ambient conditions*#4°, but also
because the viral load can be as high as 10'? copies/ml
in severely affected individuals®®. This can lead to a sig-
nificant risk of infection at over 1-m distance. This par-
ticular event demonstrates well the stochastic nature of
short-range transmission and the often neglected risk as-
sociated to wandering mid-sized droplets. Even if simple
low-order models suggest that most of such droplets set-
tle by gravity within the vicinity of the emitterf6 68, it
is possible that a combination of flow/turbulence-driven
events lifts a single droplet for long distances which, if in-



haled, is likely to cause the disease. Such "unlikely’ events
become especially relevant when one considers that a
sick, infectious individual may cough very frequently
throughout the day. Therefore, it is not only essential
to account for turbulence/flow effects to obtain an accu-
rate representation of the transport of droplets/aerosols
in the near field of an infectious individual, as it has been
recently brought forward here and in recent works?> 2730,
but, most importantly, the process should be treated
from a statistical perspective considering its inherent
stochasticity as demonstrated in this paper. This way,
more accurate risk of infection models can be derived
from calculations such as those presented in this work,
to define mitigation measures such as physical distanc-
ing in the context of SARS-CoV-2 and its variants or
other airborne pathogens.

V. Conclusions

In this work, the stochasticity of the flow associated
with a cough and its impact on short-range droplet dis-
tribution and, by consequence, disease transmission is
discussed. Ten LES realisations of a cough were per-
formed to capture the flow dynamics and spread of res-
piratory droplet clouds. The gas flow evolution was first
presented with the help of spatial distribution of a passive
tracer, defined as unity at the mouth and zero in the am-
bience. The flow was initially exhaled as a turbulent jet
and subsequently became a floating puff, consistent with
the description of Bourouiba et al.2. The trajectory of
the droplets was analysed using the Lagrangian tracking
method considering local temperature, relative humidity,
gravity, and local turbulence effects. By looking at the
trajectories, the intermediate-sized droplets exhibited an
unexpected behaviour, in that some droplets with an ini-
tial diameter up to 75 pm remained suspended within the
puff, travelling horizontal distances of over 2.0 m within
60 s. Thus, it is unclear if a 2.0 m distance is safe to be
practiced even outdoors, as these droplets may carry a
significantly large amount of virus over large distances.
In the case of a cough within stagnant air, that is, in
the absence of wind and ventilation-driven streams, the
Wells!! size definition of ~ 100 um seems to apply well
to distinguish large droplets (d > 100 pm) exhibiting a
ballistic behaviour from those smaller droplets that may
remain suspended in air and follow the turbulent puff for
a long duration. Very small droplets, viz. d < 1 ym and
1 pm < d < 10 pm behaved identically, always follow-
ing the gaseous flow. Alternatively, if a size cut-off of 10
pm is used instead, we show that this may underestimate
both short-range and long-range transmission.

These results were compared with previous analyses
using quiescent air without turbulence®. It was found
that the total suspended mass of the droplet cloud was in
good agreement with the one-dimensional quiescent-air
analysis for the duration of the event (i.e., 60 seconds).
Differences of up to 2-3 times between the mass of the
droplet cloud and the value predicted by de Oliveira et

al.5 were observed at later times (> 10 s), mostly due to
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the effect of turbulence on droplets in the intermediate
10-100 pm size range, which cannot be captured by the
1-D modelling.

Finally, the main impact of turbulence was found on
the spatial distribution of the droplet cloud. The spread
of the droplets exhibited a strong variability with hor-
izontal distance: some realisations showed few droplets
over a 2 m distance, whereas others had a significant
number of droplets at the 2 m mark. This effect had
great impact on the viral content inhaled by a suscepti-
ble individual away from the emitter. Differences in the
number of inhaled virus copies can vary by several or-
ders of magnitudes between realisations. At very high
concentration of viral load (10'? copies/ml), significant
risk of infection can be present at over 1 m distance after
60s for a single cough.

The individual realisations and droplet trajectories
were used to estimate risk of disease transmission for
each cough event with a dose-response model. It was
found that each cough event has a different transmission
potential and that significant fluctuations in the risk are
found at all distances. Thus, the mathematical models
typically used for developing physical distancing guide-
lines must include the inherent variability typical of the
flow associated with a cough.
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