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ABSTRACT

Airborne particles are a major route for transmission of COVID-19 and many other infectious diseases. When a person talks, sings, coughs,
or sneezes, nasal and throat secretions are spewed into the air. After a short initial fragmentation stage, the expelled material is mostly com-
posed of spherical particles of different sizes. While the dynamics of the largest droplets are dominated by gravitational effects, the smaller
aerosol particles, mostly transported by means of hydrodynamic drag, form clouds that can remain afloat for long times. In subsaturated air
environments, the dependence of pathogen-laden particle dispersion on their size is complicated due to evaporation of the aqueous fraction.
Particle dynamics can significantly change when ambient conditions favor rapid evaporation rates that result in a transition from buoyancy-
to-drag dominated dispersion regimes. To investigate the effect of particle size and evaporation on pathogen-laden cloud evolution, a direct
numerical simulation of a mild cough was coupled with an evaporative Lagrangian particle advection model. The results suggest that while
the dispersion of cough particles in the tails of the size distribution are unlikely to be disrupted by evaporative effects, preferential aerosol
diameters (30–40 lm) may exhibit significant increases in the residence time and horizontal range under typical ambient conditions. Using
estimations of the viral concentration in the spewed fluid and the number of ejected particles in a typical respiratory event, we obtained a
map of viral load per volume of air at the end of the cough and the number of virus copies per inhalation in the emitter vicinity.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045416

I. INTRODUCTION

Responsible for more than 1.5� 106 deaths worldwide during 2020,
the recent COVID-19 pandemic has made evident the need to better
understand how airborne infectious diseases spread among individuals. It
is an accepted scientific fact that flow physics plays a central role in the
transmission of the SARS-CoV-2 virus (Severe Acute Respiratory
Syndrome CoronaVirus), responsible for COVID-19, and other airborne
pathogens.1 On one hand, the turbulent fluid set in motion by exhalation
is responsible for the aerosolization of ejected liquid spewed during a
respiratory event.2–4 This turbulent flow also controls the dispersion of
the associated virus-laden particle cloud in the environment, especially
dispersion close to the source of the aerosols. On the other hand, ambient
currents produced by ventilation and air conditioning systems dominate

the long-term transport5 and the surface deposition of the smallest drop-
lets. Finally, occurrence of new infections is also affected by the process of
inhaling suspended aerosols in air and the deposition process in the
human upper airway.6 Thus, understanding how particles are transported
by the action of moving fluids is key in designing and implementing pre-
ventative strategies including the use of masks,7–9 indoor ventilation,10,11

and social distancing measures.12 Numerical simulations of specific
indoor and public transportation environments such as isolation rooms,13

airliner cabin sections,14 urban buses,15 elevators,16 parking areas,17 res-
taurants,18 and offices19 have been conducted in order to design robust
transmissionmitigation strategies.

Identified as a major pathway for SARS-CoV-2 transmission, the
airborne route occurs when pathogen-laden particles are expelled
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during an expiratory event including talking, singing, coughing, or
sneezing. The breakup of the spewed material due to multiple instabil-
ities20 generates droplets and aerosols of different sizes.21–24 The diam-
eter of the particle and the characteristics of background flow
produced by the exhalation are the two most relevant factors control-
ling the initial residence time and the range of the particle-laden cloud
of infectious particles. Historically, particles larger than 100lm (Refs.
25 and 26) in diameter have been classified as droplets with gravity-
dominated dynamics characterized by ballistic trajectories. While these
relatively large particles may contain significant amounts of virus cop-
ies, their horizontal range and residence time afloat are very limited.21

In contrast, the dynamics of particles of 100lm in diameter or less is
dominated by the hydrodynamic drag exerted by the background flow
that allows them to remain suspended in the air longer and travel
greater distances.

These distinctive transport properties according to each particle
size are complicated when the ambient conditions (temperature and
humidity) favor the evaporation of the aqueous phase in droplets and
aerosols.7,27 Most droplets are suspected to evaporate in a few seconds
after being released,28 forming droplet nuclei consisting mostly of viri-
ons, solid residue,29,30 and some nonevaporable residual.31 With a typ-
ical size on the order of 1lm, each nucleus may potentially remain
afloat for hours while carrying multiple virions with an approximate
half-life of 1 h.32 When a single virion is suspected to potentially cause
a new infection,33 the importance of this type of droplet nucleus in the
transmission of COVID-19 is key. As particles shrink due to evapora-
tive effects, the dominant contribution to their dynamics may transi-
tion from gravity to hydrodynamic drag, affecting the particle cloud
dispersion.

Using both experiments34,35 and numerical simulations,36,37

recent studies analyzed several key aspects of the hydrodynamics pro-
duced by different expiratory events, including sneezing,34 coughing,36

talking, and breathing,35 and the dispersion processes of the resulting
aerosol cloud.

On the numerical front, most studies have relied on some form
of the Reynolds Averaged Navier Stokes (RANS) approach to incorpo-
rate the impact of turbulence to the overall transport of momentum
and scalars, mainly temperature and relative humidity.

Thus, Dbouk and Drikakis used the RANS approach to investi-
gate the effect of background wind currents36 and face masks38 on the
aerosol dispersion of droplets and aerosols produced by expiatory
events. Using the RANS methodology for compressible multiphase
mixtures and the j� x turbulence model for the carrier phase along
with a Lagrangian approach for the saliva droplets and aerosols,
Dbouk and Drikakis numerically simulated the jet produced by a
cough.36 They found that an ambient wind speed of 15 kmh�1 can
transport airborne particles to distances of up to 6 m from the source.

The numerical work by Busco et al.34 used the RANS approach
to study the jet flow produced by a sneeze assuming the continuous
phase to be a mixture of air and water vapor. Equipped with a j� �
model to account for the turbulent transport contribution and assum-
ing the saliva droplets to be Lagrangian particles, they demonstrated
the impact of the exhalation release angle on the airborne droplet
cloud dispersion.

The impact of human physiological factors (e.g., illness, stress
condition, and anatomy) was addressed by Fontes et al. who used
numerical simulations to simulate a sneeze.37 These authors modeled

the carrier phase under the Eulerian framework using Detached Eddy
Simulations (DES) with a hybrid solver that combined unsteady
Reynolds Averaged Navier–Stokes (URANS) for the flow within the
boundary layer and Large Eddy Simulations (LES) in the outer region.
Again, droplets were assumed to be Lagrangian particles. Their results
suggested that changes in the nasal and buccal passages may have a sig-
nificant impact on the horizontal range traveled by the ejected droplets
with nasal obstruction, potentially leading to increases of up to 60%. In
addition, physico-chemical characteristics of the saliva were found to
affect the overall dispersion properties of the spray generated by a sneeze.

Using LES, Pendar and Pascoa studied the dispersion of saliva
droplets produced by violent air exhalation events39 such as coughing
and sneezing. Similar to Fontes et al., they used an Eulerian approach
for the carrier phase assuming respiratory droplets to obey the
Lagrangian dynamics. Assuming a compressible flow, the hydrody-
namics was modeled using LES with a subgrid-scale stress model
based on a one equation eddy-viscosity model. The authors found that
for a strong sneeze, large droplets of 540lm in diameter could travel
up to 4 m with droplets taking up to 3 s to settle down in the absence
of background flow. They observed that bending of the head during
sneezing could reduce the droplet travel distance by 22% and that
wearing a face mask could further reduce the droplet travel distance to
0.6 m. In addition, they also concluded that background flow turbu-
lence must play a key role in the flow physics of jets produced by expi-
ratory events, stressing the need for accurate modeling of the
fluctuating transport contribution to the flow dynamics.

Alternative approaches to turbulent modeling based on random
walk methodology were used by Wang et al. to determine the effect of
several environmental factors on droplet transport and dispersion.40

Renzi and Clarke showed that the dynamics of the jet produced by
expiratory events could be modeled by extending the theory of buoy-
ant vortex rings.41 By coupling the integral model for a continuous
phase and the Lagrangian particle-tracking approach, these authors
explored the effect of initial conditions on the horizontal range of the
droplet cloud. The reported key role of the vortex structure on keeping
droplets afloat and increasing the residence time of airborne particles
provides additional motivation to study in detail the turbulent struc-
ture of the flow produced by the rapid air exhalations produced by
coughs.

In order to gain insight into the role played by the particle size
and the evaporation on the dispersion of particle clouds produced by a
mild violent expiratory event, we numerically simulated the trajecto-
ries of thousands of particles evolving in the flow produced by an ide-
alized cough solved using Direct Numerical Simulations (DNS). This
simulated cough can be divided into two stages: during the exhalation
that lasts for 0.4 s, air generates a warm and moist jet that horizontally
penetrates into an initially quiescent environment at lower tempera-
ture and water vapor content. Once the exhalation ceases, the jet
evolves into a thermal puff that continues to grow as it bends in the
vertical direction by the action of buoyancy and dissipates due to vis-
cous effects. By considering both evaporable and nonevaporable par-
ticles with seven different initial diameters, ranging from 4 to 256lm,
we could numerically investigate with an unprecedented detail the
evolution of respiratory particles traveling in the air under typical tem-
perature and relative humidity conditions.

From the point of view of fluid dynamics, respiratory events gen-
erate multiphase jets with more or less rich dynamics. The specific
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length and spatial scales of the problem determine the flow regime
and the distribution of exhalation velocity and particle sizes at
release.42 The flow realization presented here lasts from the onset of
the cough at t¼ 0 until t¼ 1.65 s. This time span covers the initial dis-
persion regime over which particle dispersion is dominated by the
hydrodynamic drag of the jet-to-plume flow up to approximately t �
0:75 s. At that point, the average speed of the particle cloud has
dropped to typical indoor air speed levels at which time ambient air
currents would take over the dispersion of the aerosols. By assuming
the reasonable values of the viral concentration in the spewed material,
the aerosol concentration field obtained from the fully resolved simu-
lation allows us to estimate the spatial distribution of the COVID-19
infection risk at the last stages of a mild cough under typical ambient
conditions.

In the following sections, first, in Sec. II, the numerical model has
been described in detail, covering both governing equations and the
pertinent boundary conditions for both the continuous and dispersed
phases. In Sec. III, the results have been discussed, illustrating the effect
of evaporation on aerosol dispersion. Finally, the paper concludes with
summarizing the main findings and listing future research directions.

II. PHYSICAL AND MATHEMATICAL MODELS

The flow produced by a violent expiratory event was investigated
by Fabregat et al.43 who used DNS to numerically simulate an ideal-
ized, isolated mild cough occurring in an isothermal and stagnant
environment. In the flow setup, exhaled air, with the temperature and
relative humidity of T0 ¼ 34 �C and n0 ¼ 85%, was injected through
a cylindrical pipe of diameter d representing the mouth into a quies-
cent environment at T1 ¼ 15 �C and n1 ¼ 65%. To mimic the tran-
sient nature of the violent exhalation, the inlet velocity w0 was
assumed to linearly increase from w0ðt ¼ 0Þ ¼ 0 to the peak value
wm ¼ 4:8 m s�1 at tm ¼ 0:15 s to then linearly decayed back to zero
at tc ¼ 0:4 s, i.e.,

w0 tð Þ ¼

wm

tm
t 0 � t < tm

wm �
wm

tc � tm
t � tmð Þ tm � t � tc

0 t > tc:

8>>>><
>>>>:

(1)

This velocity sequence reproduces the overall characteristics of a
cough in agreement with the measurements reported by Gupta et al.42

As the exhaled moist air accelerated/decelerated according to Eq. (1),
it produced a jet that penetrated into the unperturbed ambient air.
Once the cough ceased for t > tc, the jet evolved into a buoyant puff
characterized by the deflection of the front trajectory due to buoyancy
and the decay of turbulence due to dissipative effects.

Assuming flow incompressibility and using the inlet diameter d,
the peak cough velocity wm and the temperature difference
DT ¼ T0 � T1 as length, velocity, and temperature scales, the nondi-
mensional mass, momentum, and energy conservation equations can
be written as

@~ui

@~xi
¼ 0; (2)

@~ui

@~t
þ ~uj

@~ui

@~xj
¼ � @~p

@~xi
þ 1
Re

@2~ui

@~xj@~xj
þ Ri ~h di2; (3)

@~h

@~t
þ ~uj

@~h
@~xj
¼ 1

Pe
@2~h
@~xj@~xj

; (4)

where ~t ¼ twm=d is the time, ~p ¼ p=qw2
m is the pressure,

~h ¼ ðT � T1Þ=DT is the nondimensional temperature perturbation,
dij is the Kronecker delta, and ~ui ¼ ð~u;~v; ~wÞ is the velocity field with
coordinates ~xi ¼ ð~x;~y;~zÞ in the spanwise, gravity-aligned, and
streamwise directions. Note that the tilde symbol is reserved for
nondimensional variables. The air thermal conductivity, kinematic vis-
cosity, thermal diffusion coefficient, and thermal expansion coefficient
evaluated at T� ¼ ðT0 þ T1Þ=2 were assumed to remain constant
at ka ¼ 0:026W m�1 K�1, �a ¼ 1:6� 10�5 m2 s�1, aa ¼ 2:24
�10�5 m2 s�1, and ba ¼ 0:00347 K�1, respectively. Density variations
with temperature were considered only in the buoyancy term of the
vertical momentum equation according to the Boussinesq approxima-
tion [with qa ¼ qðT�Þ ¼ 1:22 kg m�3]. The Reynolds, Richardson,
and P�eclet numbers were Re ¼ wmd=�a ¼ 6000, Ri ¼ gbaDTd=
wm

2 ¼ 5:61� 10�4, and Pe ¼ wmd=aa ¼ 4200, respectively. The
gravity acceleration was g di2 ¼ �9:8 m s�2. The flow was integrated
up to t � 1:7 s. The hydrodynamics is illustrated in Fig. 1(a), which
shows a slice of the instantaneous w field at t¼ 0.75 s. This panel also
shows the computational domain dimensions and some details of the
cylindrical inlet and numerical mesh.

High-Order Spectral Element Methods (HO-SEMs) have been
shown to be especially well suited for turbulent flows.44 The Nek5000
HO-SEM solver45 is used here to solve Eqs. (2)–(4) in the velocity–
pressure form using the semi-implicit kth-order backward difference
formula (BDFk)/kth-order extrapolation (EXTk) time-stepping in
which the time derivative is approximated by a kth-order backward
difference formula (BDFk), the nonlinear terms (and other forcing)
are treated with a kth-order extrapolation (EXTk), and the viscous and
pressure terms are treated implicitly (in this work, we used k¼ 3).
This approach leads to a linear unsteady Stokes problem to be solved
at each time step, which comprises a Helmholtz equation for each
component of velocity (and temperature/scalar) and a Poisson equa-
tion for pressure (see, e.g., Sec. 2.2 of Mittal et al.46). The numerical
simulation presented here, with approximately 370� 109 mesh points,
used 20 Intel Platinum 8168 nodes with 24 cores each interconnected
with a 100Gb/s Infiniband network. The average CPU time per time
step is around 5 s. The simulation took 5:19� 105 CPU hours.

Laboratory measurements used to estimate the production of tur-
bulent kinetic energy in self-similar momentum puffs by Glezer and
Coles.47 suggested values around P ¼ 100ðI=qf t

5Þ1=2 within the vor-
tex ring, where I is the puff impulse (I ¼ 6� 10�4 N s in the present
DNS study). Under the assumption of equal production and dissipa-
tion, the ratio between the Kolmogorov length scale gK and the exit
diameter can be estimated as gK=d � 0:01 t5=8. This result is compati-
ble with estimations from DNSs of jets based on the measurements of
Panchapakesan and Lumley48 (see, for example, Boersma et al.49). For
the present Reynolds number based on the maximum velocity during
the cough, gK=d � 6� 10�4x=d. The present simulation shows that
the initially laminar jet becomes completely turbulent, with fine scale
activity, at t¼ 0.3 s (~t ¼ 72). At this time, the puff is approximately
located at z¼ 15 (~z ¼ 15d) with values of the nondimensional
Kolmogorov length scale of approximately 5� 10�3 and 10�2 accord-
ing to the criteria based on the measurements of Glezer and Coles47

and Panchapakesan and Lumley,48 respectively. The corresponding
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grid sizes at the jet axis at this position are D~x ¼ D~y � 0:009 and
D~z � 0:04, which are of the same order of magnitude as the estima-
tions. A detailed discussion on the cough hydrodynamics can be found
in Fabregat et al.43

A. Dispersed phase model

Given the relatively initial small particle volume fraction (approx-
imately 10�5) in real coughs and sneezes,50 it is assumed that the par-
ticles do not affect the flow (one-way coupling). Under this
hypothesis, the solver for the carrier phase hydrodynamics was cou-
pled with a particle advection model to obtain the trajectories sjð~xj; tÞ
of j ¼ 1;…;Np particles that represent the ejecta fluid. Although,
immediately after being spewed, the ejected material typically under-
goes filamentation and a breakup process due to capillary instabilities,
the dispersed phase rapidly evolves into droplets and aerosols of spher-
ical shape with sizes, typically ranging between 1 and several hundred
lm in diameter.50 Mostly composed of water,51 the dispersed phase
density and thermal conductivity are set to qp ¼ 1000 kg m�3 and
kp ¼ 0:606Wm�1 K�1, respectively.

Particles are released using nb¼ 200 batches equally spaced in
time over approximately the entire duration of the cough (i.e., one
batch released every 2ms). To investigate the effect of droplet size and
evaporation, particles of ns¼ 7 different initial diameters (4, 8, 16, 32,
64, 128, and 256lm), both evaporating and nonevaporating (ne¼ 2),
are released from nl¼ 69 fixed seeding positions, resulting in a total
number of particles Np ¼ nbnsnenl ¼ 193 200 by the end of the expi-
ratory event. The sizes of the particles were selected from the typical
ranges reported for coughs.50 According to the estimations of the
Kolmogorov length scale indicated above (gK � 2� 10�4 m), only
the largest particles of 256lm, which are dominated by the gravita-
tional settling, are larger than this length scale. The nondimensional
location of the nl particle seeding positions is shown in Fig. 1(b).
The particles are seeded over a circular area centered at
ð~x; ~y; ~zÞ ¼ ð0; 0; 0Þ. Depositions on the inlet vicinity boundaries are

prevented by using an outer diameter for the seeding area equal to half
the inlet diameter [red dashed line in Fig. 1(b)].

Due to the presence of the nonevaporable material in the ejected
fluid mostly composed of proteins and salts, a lower bound for the
particle diameter representing the size of the nuclei52 has been set to
0:3d0p , where d

0
p represents the initial particle size. Thus, the fraction of

remaining evaporable water 1 in a particle can be defined as

1 ¼ 1� 10
7

d0p � dp
� �

d0p
; (5)

where 1 ranges between 1 at release time and 0 when no evaporable
water is left. Due to the modest change in particle density as water
evaporates, qp has been assumed constant over the duration of the
numerical experiment.

The position of an idealized spherical and smooth particle Xi can
be written as

d~Xi

d~t
¼ ~U i; (6)

where the particle velocity Ui can be obtained by solving the balance
between hydrodynamic drag, buoyancy, and thermophoresis forces,

d ~U i

d~t
¼ ~ui � ~U i

sp|fflfflfflffl{zfflfflfflffl}
Drag

þ ngdi2|ffl{zffl}
Buoyancy

þ nth
@~h
@~xi

:|fflfflfflffl{zfflfflfflffl}
Thermophoresis

(7)

The lift force, the pressure gradient force, and the virtual mass
and Basset forces are neglected according to the relatively small density
ratio between the fluid and the particle. The hydrodynamic drag
accounts for the fluid resistance or friction a particle experiences as it
moves with respect to the carrier phase and can be characterized by
the particle Stokes number sp defined as the ratio of the particle and
flow characteristic times. Small Stokes numbers are associated with
particles that rapidly react to changes in accelerations in the

FIG. 1. (a) A sliced domain showing an instantaneous ~w velocity component field. The inset shows details of the inlet section and the computational mesh with spectral ele-
ment boundaries in red and the polynomial expansion Legendre–Gauss–Lobatto collocation points in black.43 (b) Location of the nl¼ 69 particle seeding positions (in black)
with respect to the inlet cross section (red dashed line).
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underlying flow, while large Stokes are found in inertia-dominated
particles. The Stokes number for a particle of nondimensional diame-
ter ~dp can be written as

sp ¼ Re
~d
2
p

18Cc

qp

qa
1þ 0:15Re0:687p

� ��1
; (8)

where the last term is a correction of the Stokes drag when the particle
Reynolds number Rep ¼ dpjjui � Uijj=�a does not remain small.53 In
this equation, Cc is a correction factor that depends on the Knudsen
number Kn defined as

Kn ¼ 2k
dp
; (9)

Cc ¼ 1þ Kn 1:205e�0:0026=Kn þ 0:425e�0:7400=Kn
� �

; (10)

where k ¼ 6:8� 10�8 m is the free mean path for air at T�.54

The magnitude of the buoyancy force experienced by a particle
floating in a fluid with different densities under a gravitational field
with acceleration magnitude g can be written as

ng ¼ �g 1� qa

qp

� � d
w2
m
: (11)

The thermophoretic force arises because of gradients in the tem-
perature field across the particle characteristic length, dp, for a spheri-
cal particle.53 The prefactor of the nondimensional temperature
gradient, nth, is defined as

nth ¼ �
18
Re2

Ktp

~d
2
p

DT
T�

qf

qp
; (12)

where the factor Ktp, which is defined as
55

Ktp ¼
2Cs kf þ 2kpKn
	 


1þ 2Kn 1:2þ 0:41 exp ð�0:44=KnÞð Þ½ �
1þ 6CmKnð Þ 2kf þ kp þ 4kpCtKn

	 
 ;

(13)

contains three constants set to Cs ¼ 1:17; Cm ¼ 1:14, and Ct ¼ 2:18.
Note that the negative sign in nth indicates that the force points

in the direction of maximal temperature decay.
After solving for the carrier phase velocity ~ui by integrating in

time the hydrodynamics [Eqs. (2)–(4)], the dispersed phase [Eqs. (6)
and (7)] is temporally integrated using the Exponential-Lagrangian
Tracking Scheme (ELTS) derived by Barton.56 While classical explicit
methods exhibit prohibitive computational costs due to numerical
instability constraints for relatively small values of sp (e.g., Dt < 2sp
for fourth-order Runge–Kutta methods), the ELTS is inherently stable
and allows us to use the same time step for both the carrier and dis-
perse phases.

B. Evaporation model

The nondimensional equation for the rate of change in parti-
cle size due to evaporation of the aqueous fraction, which can be
obtained from the unsteady mass balance of the particle,57 can be
written as

d ~dp

d~t
¼ 4

Re Scv

qf � qs

qp

1
~dp

; (14)

where qs is the saturation water vapor concentration at the droplet sur-
face, qf is the local ambient water vapor concentration, Dv is the water
vapor diffusivity in air, and Scv ¼ �a

Dv
is the Schmidt number for water

vapor.
The evolution of the particle temperature, derived from the ther-

mal energy balance of the particle,57 can be written as

FIG. 3. Trajectory of particle cloud centroid for evaporative (dashed) and noneva-
porative (solid) types. Markers indicate the cough ceasing time for the nonevaporat-
ing type. Top: 4, 8, 16, and 32lm. Bottom: 64, 128, and 256lm.

FIG. 2. Top: cloud-averaged fraction of remaining evaporable water 1 for each parti-
cle size. Bottom: cloud-averaged vertical velocity component (W) for each size of
evaporative particles. Red and black vertical dashed lines indicate tm and tc,
respectively. The blue horizontal dashed line indicates a typical indoor mean air
velocity of 0.1 ms�1.
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d ~hp

d~t
¼ 12

Re Prp

1

~d
2
p

kv
kp

~hf � ~hp

� �
þ DvDHv

kpDT
qf � qsð Þ

" #
; (15)

where �p ¼ 1:015� 10�6 m2 s�1 is the water kinematic viscosity at
T�, hp and hf are the particle and ambient fluid nondimensional

temperatures, Cpp ¼ 4179:6 J kg�1 K�1 is the liquid water heat capac-
ity, kv ¼ 0:026Wm�1 K�1 and kp ¼ 0:606W m�1 K�1 are the water
vapor and liquid water thermal conductivities, ap ¼ kp=ðqpCppÞ
¼ 1:45� 10�7 m2 s�1 is the liquid water thermal diffusivity,
DHv ¼ 2:257� 106 J kg�1 is the water enthalpy of vaporization, and

FIG. 4. Temporal evolution of each size cloud variance in each direction for evaporative (dashed) and nonevaporative (solid) types. Left: 4, 8, 16, and 32 lm. Right: 64, 128,
and 256 lm. The black dotted line marks the time the cough ceases.

FIG. 5. Probability density distribution (PDF) of the position difference in y (top row) and z (bottom row) between evaporative and nonevaporative particles for each size at
t � 1:68 s. The two largest particles are not shown due to very small differences.
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Prp ¼ �p=ap ¼ 7:0 is the dispersed phase Prandtl number. Equation
(14) assumes that the Sherwood and Nusselt numbers are constant
(Sh ¼ Nu ¼ 2)53 given the small particle Reynolds numbers involved.
We found that the use of a higher Reynolds correlation does not influ-
ence significantly the results. Specifically, for the largest particles con-
sidered, of 256lm, falling freely from a height of 1.5 m, the differences
of the diameter using Sh ¼ Nu ¼ 2 or the correlation proposed by
Ranz and Marshall58 when they reach the floor are less than 1%.

The saturation water vapor concentration qs is determined, using
the ideal gas law, as

qs ¼
psðTpÞ
RTp

; (16)

where the water vapor pressure ps in Pa is computed from the
correlation59

ps Tð Þ ¼ exp �5:800 220 6� 103=Tþ 1:391 499 3
	

� 4:864 023 9� 10�2 Tþ 4:176 476 8� 10�5 T2

� 1:445 209 3� 10�8 T3 þ 6:545 967 3logT


; (17)

where T is in K. Recall that T ¼ T1 þ DT~h.
The local ambient water vapor concentration qf is determined as

qf ¼
psðTf Þ
RTf

n
100

; (18)

where the relative humidity n can, then, be calculated using59

n ¼ p0
ps

xv
0:621 98þ 0:378 02xv

� �
; (19)

with the total pressure taken to be p0 ¼ 101 325 Pa. Since both heat
and water vapor transport equations are only distinguished by their
Peclet number and given the similitude between the Prandtl and
Schmidt numbers (Pr¼ 0.7 and Sc¼ 0.6, respectively), differences in
the transport between both scalars due to diffusive effects have been
neglected and the temperature field has been used as a proxy for the
water content in the air. Thus, the mass fraction of water in the air xv
can be computed assuming a linear relationship between temperature
and the mass fraction of water vapor (i.e., for T ¼ T1 ¼ 15 �C or
~h ¼ 0; xv ¼ 0:007 and for T ¼ T0 ¼ 34 �C or ~h ¼ 1; xv ¼ 0:0273),

xv ¼ 0:007þ 0:0203 ~h: (20)

Given the relatively small particle volume fraction, this model
neglects the heat transfer from the dispersed to the carrier phase.

FIG. 6. Probability density distribution (PDF) of the terminal spatial location in each coordinate for evaporative particles. Left: all sizes. Right: 4–64 lm.
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At each time step, the disperse phase transport equations [(6)
and (7)] are integrated in time with the updated values of particle
diameter and particle temperature obtained by integrating in time the
ordinary differential equations [(14) and (15)] with the same BDF3
scheme used to integrate the hydrodynamics.

III. RESULTS

The simulated expiratory event allows us to investigate the role of
initial particle size and evaporation on the resulting aerosol cloud dis-
persion under typical temperature and relative humidity conditions.
Inspection of the relevance of each force in Eq. (7) demonstrates that
the contribution due to thermophoresis is negligible in comparison to
hydrodynamic drag and buoyancy terms.

Temporal evolution of instantaneous averages across cloud par-
ticles, represented by h	i, for the fraction of remaining evaporable
water 1 defined in Eq. (5) and the streamwise velocityW are shown in
the top and bottom panels of Fig. 2, respectively. The time to complete
evaporation is found to strongly depend on the initial particle size. By
the end of the experiment, particles of initial diameter 16lm and
smaller have completely evaporated, while droplets of 64lm and
larger still retain more than 75% of the free water at release.

As shown in the bottom panel of Fig. 2, the horizontal speed of
the cloud peaks at approximately tm (red dashed vertical line) when
exhalation reaches its maximum velocity. By the end of the numerical
experiment, the cloud has lost most of its momentum with the values
of the averaged vertical velocity component (hWi) around 0.05 m s�1.
This result suggests that while particle transport is initially controlled
by the flow induced by the expiratory event, once the momentum dis-
sipates and the cloud velocity declines to typical indoor conditions60

with an average velocity of about 0.1ms�1, the dispersion processes,
thereafter, will most likely be dominated by the ambient air currents.

The temporal evolution of the cloud centroid hXii for each parti-
cle size and evaporation mode is shown in Fig. 3. The top and bottom
panels show the results for the drag-dominated (4–32lm) and
gravity-dominated (64–256lm) particles, respectively. Each symbol
represents the cough end time tc for each nonevaporative case (for the
sake of clarity, the very similar cough end time for the evaporative case
is not shown).

The small differences between the cloud centroid trajectory for
evaporating (dashed lines) and nonevaporating (solid lines) particles
under 32lm in diameter suggest that evaporation has a negligible
impact on the aerosol dispersion. The drag-dominated transport of
these aerosols exerted by the background flow can only intensify as the
particle diameter further decreases due to evaporation. Notably, over
the duration of the numerical experiment, both the 128 and 256lm
particles have mostly reached the boundaries of the domain located at
r ¼ ~R ¼ 25 (see Fig. 1). The largest ones, with larger inertia, are the
particles that travel the farthest before reaching to bottom domain
limits.

Conversely of the particle distribution, particles with a diameter
above 32lm also exhibit negligible differences in their cloud centroid
trajectory. In this case, and as shown in Fig. 2, the shrinking in size
due to evaporation over the duration of the experiment is too small to
significantly change the particle dynamics dominated by the gravita-
tional action.

Notably, evaporation is found to significantly modify the path
followed by the 32lm cloud. While nonevaporative particles follow a

quasi-parabolic trajectory similar to that described by larger particles,
the evaporative cloud counterpart reverses its downward trajectory.
This behavior suggests that for this specific size, evaporation leads to a
transition from gravity to drag dominated dispersion.

To compare both phases, the trajectory followed by the frontal
region of the thermal puff produced by the cough43 is included in Fig.
3. As expected, as the particle size decreases, the transport contribution
due to hydrodynamic drag increases, and both the puff front and par-
ticle cloud paths tend to overlap. As gravitational effects increase for
particles above 16lm, the trajectory departure from the rising thermal
puff strengthens.

Figure 4 shows the cloud size, estimated from the standard devia-
tion of the particle positions with respect to the centroid ri,

riðtÞ ¼

XNp

j¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xi;jðtÞ � hXii
	 
2q
Np

; (21)

FIG. 7. Snapshot of the particle position at the latest time t � 1:68 s. Markers are
scaled by particle size and colored by the batch index. (a) 4–32 lm and (b) 64–256
lm. The projected inlet pipe in z is shown as a gray cylinder.
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for particles of 4–32lm (left panels) and 64–256lm (right panels) in
diameter for both evaporating (dashed) and nonevaporating (solid)
modes. The landing of most of the 128 and 256lm particles on the
computational domain boundary, where they remain deposited even-
tually, leads to constant values of ri in all directions. The start and end
times of this deposition process roughly span from the peak to the
nearly zero values of ry for these two particle sizes.

Estimated from rx, the spanwise width inversely grows with the
particle size for the 4–32lm range with very similar values in ry and
rz.

To gain insight into the effects of evaporation and estimate the
impact of the droplet size decrease on the particle dispersion, Fig. 5
shows the probability density function of the particle position differ-
ence between the evaporative and nonevaporative cases at the latest
simulation time. The results for the distribution of vertical positions
(top row of Fig. 5) suggest that evaporation leads to significant rises in
y only for release diameters above 16lm with values above 64lm
(not shown here for simplicity) being negligible. The results indicate
that there is a significant skewness value in the vertical position differ-
ence distribution for 32 and 64lm particles with a mean vertical rise
of approximately 4 cm for the evaporative case.

The distribution of the z position difference (bottom row of Fig.
5) suggests that the impact on the horizontal range for particles
smaller than 32lm and larger than 64lm (not shown) in diameter is
negligible. The distribution for 32 and 64lm, although slightly skewed
toward positive values, still exhibits zero average.

Particle position distribution in each spatial direction for the
evaporative case at the end of the numerical experiment is shown in
Fig. 6 for all particle sizes (left panels) and only the five smaller diame-
ters (right panels). As indicated by the standard deviation results in
Fig. 4, lateral cloud spreading increases as the particle diameter
decreases. Differences in the vertical position distributions are negligi-
ble between particles from 4 to 16lm. As the particle diameter

increases, the cloud falls due to gravity intensify with 64lm droplets
still afloat and with 128 and 256lm droplets completely landed on the
domain boundaries. The largest particles, capable of retaining more
injection momentum, exhibit the largest horizontal reach up to
approximately 125 cm from the source before landing. Interestingly,
the 4–16 lm particles, capable of staying afloat within the thermal
puff, travel farther than the rest of the diameters. The intermediate size
of 64lm, large enough for the fall outside the thermal puff relatively
early but too small to retain the injection momentum, exhibits the
smallest horizontal spread.

The 4–32 lm and 64–256 lm particle instantaneous positions
for the nonevaporative case are shown in Figs. 7(a) and 7(b),
respectively. Markers are scaled according to particle size and col-
ored by the batch number with the first batch released at t¼ 0 and
the last one nb¼ 200 at approximately t¼ 0.4 s. For reference, the
inlet section has been projected as a cylinder spanning over the
entire domain. The frontal puff region in Fig. 7(a) is characterized
by the presence of particles released at the peak injection velocity
(batch 70 in black). While particles released at early times during
the initial stages of the cough (for instance, in white) tend to fall
due to gravitational effects, those injected with similar velocity at
the end of the expiratory event (in red) remain afloat dragged by
the growing puff.

In the case of large particles shown in Fig. 7(b), both whitish and
reddish particles capable of rapidly falling outside the puff due to grav-
ity exhibit similar vertical position distributions. Both 128 and 256lm
appear at the bottom of the computational domain after describing
quasi-parabolic trajectories.

Figures 8, 9, and 10 (Multimedia view) show the of nondimen-
sional particle position at the latest time t � 1:68 s for both evapora-
tive (right panel) and nonevaporative (left panel) particles of initial
diameters 8, 32, and 64lm, respectively. The marker color corre-
sponds to the value of 1 defined in Eq. (5).

FIG. 8. Lateral view of the position for both evaporative (right panel) and nonevaporative (left panel) particles with diameter 8 lm at the latest time t � 1:68 s. The marker
color corresponds to the value of 1 defined in Eq. (5). Multimedia view: http://dx.doi.org/10.1063/5.0045416.1
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We computed the potential viral concentration in the air using
the positions of the particles at the maximum time reached by the sim-
ulation (t ¼ 1:68 s). As indicated above, at this time, the momentum
of the puff has decreased to velocity values typical of indoor condi-
tions. We have counted the particles in bins of 2� 2� 2 cm3, and the
potential viral concentration has been calculated as the initial volume
of the expelled droplet (nl) in a given bin multiplied by the part per
thousand of the droplets of a given diameter in the bin, according to a
typical droplet size distribution of expiratory events reported by
Duguid,50 and divided by the volume of the bin (8 cm3). The potential
viral concentration nl/1000 cm3 in the air resulting from the injection
of 1000 ejected particles is shown in Fig. 11 for the evaporative (left
panels) and nonevaporative (right panels) cases for all particles (top
row), 64–256lm (central row) and 4–32lm (bottom row). The total

viral load per air volume can be computed multiplying the potential
viral concentration by the number of droplets expelled divided by
1000 and by the concentration of virus per volume of expelled mate-
rial. The oral fluid average virus RNA load is 7 copies per nl with max-
imum up to 2:35� 103 copies per nl.52 For COVID-19, the minimum
infectious dose is unknown, but it is estimated to be around a hundred
virus particles.61 Considering that one cough releases around 5000
droplets,50 a value of the potential viral concentration of 0.01 corre-
sponds to 350 copies per liter of air. The volume of inhaled air during
normal breathing is about 0.5 l, and consequently, the inhalation of the
air in the regions marked in red in Fig. 11 will produce at least the
intake of 175 virus copies per inhalation.

As suggested by the results in Fig. 5, the overall effect due to evapo-
ration is limited. Despite the larger horizontal range of the particle cloud,

FIG. 9. Lateral view of the position for both evaporative (right panel) and nonevaporative (left panel) particles with diameter 32lm at the latest time t � 1:68 s. The marker
color corresponds to the value of 1 defined in Eq. (5). Multimedia view: http://dx.doi.org/10.1063/5.0045416.2

FIG. 10. Lateral view of the position for both evaporative (right panel) and nonevaporative (left panel) particles with diameter 64lm at the latest time t � 1:68 s. The marker
color corresponds to the value of 1 defined in Eq. (5). Multimedia view: http://dx.doi.org/10.1063/5.0045416.3
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the low particle concentration in the puff front results in a reduced poten-
tial viral concentration in that region. Nonzero potential viral concentra-
tion levels exclusively due to large particles are mostly found at the
location lower than the source (dashed horizontal black lines). On the

other hand, small particles are responsible for vertically wider risk maps
due to their capacity to rise above the source height level.

Overall, for the conditions considered in this simulation, the hor-
izontal range of the viral concentration cloud before typical ambient

FIG. 11. x¼ 0 slice of potential viral concentration f in nl of ejecta fluid� 1000 emitted particles per cm3 of air. (a), (c), and (e) Evaporative particles. (b), (d), and (f)
Nonevaporative particles. (a) and (b) All particles. (c) and (d) 4–32 lm. (e) and (f) 64–256 lm. The projected inlet pipe in z is shown as black dashed lines.
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air currents will likely dominate the aerosol dispersion is around
80 cm from the emitter.

IV. CONCLUSIONS

Characterized by its transition from a laminar and then a turbu-
lent jet into a buoyant puff, the numerical simulations of an idealized
mild cough stressed the complex dynamics of the flow produced by
expiratory events. Equipped with the fully resolved hydrodynamics
and using a transport model for inertial particles, the results presented
here demonstrate the impact of the background flow on the dispersion
and fate of airborne droplets and aerosols produced by the breakup of
ejected mucosa in rapid air exhalations.

Due to the significant impact of the particle size on the ability of
the background flow on transporting it, the disperse phase model
accounts for diameter reduction due to evaporative effects. Thus,
droplets and aerosols produced by a cough are simulated by continu-
ously seeding idealized spherical particles of different initial diameters
and evaporation rates over the duration of the expiratory event.
Individual trajectories are combined to obtain cloud statistics that
allow us to elucidate the overall dispersion properties of the dispersed
phase.

On the one hand, evaporation is found to be relevant only for a
certain range of particle diameters for which the size reduction due to
water content loss produces a transition of the dominant transport
contribution from gravity to drag-dominated regimes over the span of
the particle excursion.

We show that the cloud dynamics of aerosols under 64lm is
characterized by an upward vertical drift produced by the buoyant
puff. In contrast, larger particles tend to settle due to gravitational
effects. Combining this detailed particle dispersion information with
several reasonable assumptions on the viral load of typical ejecta fluid,
we derived a viral concentration map for idealized environments that
can be used to assess the infection risk under typical ambient condi-
tions. In the future, the techniques used in the current study will be
extended to other expiration events, e.g., talking, which has been pos-
tulated to be the primary mechanism for asymptomatic transmission.
In the future, the importance of evaporation on long-term Heating,
Ventilation, and Air Conditioning (HVAC) induced dispersion of
aerosols is also a topic that will be explored.

ACKNOWLEDGMENTS

This work was funded by Spanish Ministerio de Ciencia,
Innovaci�on y Universidades through Grant Nos. DPI2016–75791-
C2–1-P and RTI2018–100907-A-I00 (MCIU/AEI/FEDER, UE) and
also by the Generalitat de Catalunya through Grant No. 2017-SGR-
1234. The authors thank the University of Catalonia Services
Consortium (CSUC) and the Red Espa~nola de Supercomputaci�on
(RES) for providing the computational resources used in this work.
Computational resources provided by the Covid-19 HPC
Consortium through time on Frontera (TACC) and Blue Waters
(NCSA) were used to test and smooth the computational mesh.
S.D.’s participation was supported by the DOE Office of Science
through the National Virtual Biotechnology Laboratory (NVBL), a
consortium of DOE national laboratories focused on response to
COVID-19, with funding provided by the Coronavirus CARES Act.

The authors report no conflict of interest.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1R. Mittal, R. Ni, and J. H. Seo, “The flow physics of COVID-19,” J. Fluid Mech.
894, F2 (2020).

2S. Asadi, N. Bouvier, A. Wexler, and W. Ristenpart, “The coronavirus pan-
demic and aerosols: Does COVID-19 transmit via expiratory particles?”
Aerosol Sci. Technol. 54, 635–634 (2020).

3R. M. Jones and L. M. Brosseau, “Aerosol transmission of infectious disease,”
J. Occup. Environ. Med. 57, 501–508 (2015).

4L. Bourouiba, “Turbulent gas clouds and respiratory pathogen emissions:
Potential implications for reducing transmission of COVID-19,” JAMA
323(18), 1837–1838 (2020).

5R. K. Bhagat, M. S. Davies Wykes, S. B. Dalziel, and P. F. Linden, “Effects of
ventilation on the indoor spread of COVID-19,” J. Fluid Mech. 903, F1 (2020).

6J. Xi, X. A. Si, and R. Nagarajan, “Effects of mask-wearing on the inhalability
and deposition of airborne SARS-CoV-2 aerosols in human upper airway,”
Phys. Fluids 32, 123312 (2020).

7J. W. Tang, T. J. Liebner, B. A. Craven, and G. S. Settles, “A schlieren optical
study of the human cough with and without wearing masks for aerosol infec-
tion control,” J. R. Soc. Interfaces 6(Suppl. 6), S727–S736 (2009).

8Z. Lei, J. Yang, Z. Zhuang, and R. Roberge, “Simulation and evaluation of res-
pirator faceseal leaks using computational fluid dynamics and infrared imag-
ing,” Ann. Occup. Hyg. 57(4), 493–506 (2013).

9J. Zhu, S. Lee, D. Wang, and H. Lee, “Evaluation of rebreathed air in human nasal
cavity with N95 respirator: A CFD study,” Trauma Emerg. Care 1, 15–18 (2016).

10L. Morawska, J. W. Tang, W. Bahnfleth, P. M. Bluyssen, A. Boerstra, G.
Buonanno, J. Cao, S. Dancer, A. Floto, F. Franchimon, C. Haworth, J.
Hogeling, C. Isaxon, J. L. Jimenez, J. Kurnitski, Y. Li, M. Loomans, G. Marks, L.
C. Marr, L. Mazzarella, A. Krikor Melikov, D. K. Miller, S. Milton, W.
Nazaroff, P. V. Nielsen, C. Noakes, J. Peccia, X. Querol, C. Sekhar, O.
Sepp€anen, S. Tanabe, R. Tellier, K. W. Tham, P. Wargocki, A. Wierzbicka, and
M. Yao, “How can airborne transmission of COVID-19 indoors be mini-
mised?” Environ. Int. 142, 105832 (2020).

11T. W. Wong, C-k Lee, W. Tam, J. Lau, I. Yu, S. Lui, P. Chan, Y. Li, J. Bresee, J.
Sung, and U. Parashar, “Cluster of SARS among medical students exposed to
single patient, Hong Kong,” Emerg. Infect. Dis. 10, 269–276 (2004).

12See https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/social-distan-
cing.html for “C. F. D. C. (CDC): CDC Guidelines on Social Distancing, 2020.”

13D. Thatiparti, U. Ghia, and K. Mead, “CFD study on the influence of an alter-
nate ventilation configuration on the possible flow path of infectious cough
aerosols in a mock airborne infection isolation room,” Sci. Technol. Built
Environ. 23, 355–366 (2017).

14L. Yang, X. Li, Y. Yan, and J. Tu, “Effects of cough-jet on airflow and contami-
nant transport in an airliner cabin section,” J. Comput. Multiphase Flows 10,
72 (2018).

15Z. Zhang, T. Han, K. H. Yoo, J. Capecelatro, A. L. Boehman, and K. Maki,
“Disease transmission through expiratory aerosols on an urban bus,” Phys.
Fluids 33, 015116 (2021).

16T. Dbouk and D. Drikakis, “On airborne virus transmission in elevators and
confined spaces,” Phys. Fluids 33, 011905 (2021).

17A. Nazari, M. Jafari, N. Rezaei, F. Taghizadeh-Hesary, and F. Taghizadeh-
Hesary, “Jet fans in the underground car parking areas and virus transmission,”
Phys. Fluids 33, 013603 (2021).

18H. Liu, S. He, L. Shen, and J. Hong, “Simulation-based study of COVID-19 out-
break associated with air-conditioning in a restaurant,” Phys. Fluids 33, 023301
(2021).

19H. C. Yu, K. Mui, and L. Wong, “Numerical simulation of bioaerosol particle
exposure assessment in office environment from MVAC systems,” J. Comput.
Multiphase Flows 10, 59 (2018).

20A. Malashenko, A. Tsuda, and S. Haber, “Propagation and breakup of liquid
menisci and aerosol generation in small airways,” J. Aerosol Med. Pulm. Drug
Delivery 22, 341–353 (2009).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 033329 (2021); doi: 10.1063/5.0045416 33, 033329-12

Published under license by AIP Publishing

https://doi.org/10.1017/jfm.2020.330
https://doi.org/10.1080/02786826.2020.1749229
https://doi.org/10.1097/JOM.0000000000000448
https://doi.org/10.1001/jama.2020.4756
https://doi.org/10.1017/jfm.2020.720
https://doi.org/10.1063/5.0034580
https://doi.org/10.1098/rsif.2009.0295.focus
https://doi.org/10.1093/annhyg/mes085
https://doi.org/10.15761/TEC.1000106
https://doi.org/10.1016/j.envint.2020.105832
https://doi.org/10.3201/eid1002.030452
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/social-distancing.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/social-distancing.html
https://doi.org/10.1080/23744731.2016.1222212
https://doi.org/10.1080/23744731.2016.1222212
https://doi.org/10.1177/1757482X17746920
https://doi.org/10.1063/5.0037452
https://doi.org/10.1063/5.0037452
https://doi.org/10.1063/5.0038180
https://doi.org/10.1063/5.0033557
https://doi.org/10.1063/5.0040188
https://doi.org/10.1177/1757482X17746919
https://doi.org/10.1177/1757482X17746919
https://doi.org/10.1089/jamp.2008.0696
https://doi.org/10.1089/jamp.2008.0696
https://scitation.org/journal/phf


21L. Bourouiba, E. Dehandschoewercker, and J. Bush, “Violent expiratory events:
On coughing and sneezing,” J. Fluid Mech. 745, 537 (2014).

22B. Scharfman, A. Techet, J. Bush, and L. Bourouiba, “Visualization of sneeze
ejecta: Steps of fluid fragmentation leading to respiratory droplets,” Exp. Fluids
57, 1 (2016).

23S. Asadi, A. Wexler, C. Cappa, S. Barreda, N. Bouvier, and W. Ristenpart,
“Aerosol emission and superemission during human speech increase with voice
loudness,” Sci. Rep. 9, 1 (2019).

24Z. Y. Han, W. G. Weng, and Q. Y. Huang, “Characterizations of particle size
distribution of the droplets exhaled by sneeze,” J. R. Soc. Interface 10,
20130560 (2013).

25W. F. Wells, “On air-borne infection: Study II. Droplets and droplet nuclei,”
Am. J. Epidemiol. 20, 611–618 (1934).

26X. Xie, Y. Li, H. Sun, and L. Liu, “Exhaled droplets due to talking and
coughing,” J. R. Soc. Interface 6(Suppl 6), S703–S714 (2009).

27Y. Li, G. Leung, J. Tang, X. Yang, C. Chao, J. Lin, J. Lu, P. Nielsen, J. Niu, H.
Qian, A. Sleigh, W.-Z. Lu, J. Sundell, T. W. Wong, and P. Yuen, “Role of venti-
lation in airborne transmission of infectious agents in the built environment: A
multidisciplinary systematic review,” Indoor Air 17, 2–18 (2007).

28X. Xie, Y. Li, A. Chwang, P. Ho, and W. H. Seto, “How far droplets can move
in indoor environments–revisiting the wells evaporation-falling curve,” Indoor
Air 17, 211–225 (2007).

29E. Vejerano and L. Marr, “Physico-chemical characteristics of evaporating
respiratory fluid droplets,” J. R. Soc. Interfaces 15, 20170939 (2018).

30S. Chaudhuri, S. Basu, P. Kabi, V. R. Unni, and A. Saha, “Modeling the role of respi-
ratory droplets in COVID-19 type pandemics,” Phys. Fluids 32, 063309 (2020).

31M. Mezhericher, A. Levy, and I. Borde, “Theoretical models of single droplet
drying kinetics: A review,” Drying Technol. 28, 278–293 (2010).

32N. van Doremalen, T. Bushmaker, D. H. Morris, M. G. Holbrook, A. Gamble, B. N.
Williamson, A. Tamin, J. L. Harcourt, N. J. Thornburg, S. I. Gerber, J. O. Lloyd-
Smith, E. de Wit, and V. J. Munster, “Aerosol and surface stability of SARS-CoV-2
as compared with SARS-CoV-1,” N. Engl. J. Med. 382, 1564–1567 (2020).

33M. Nicas, W. Nazaroff, and A. Hubbard, “Toward understanding the risk of
secondary airborne infection: Emission of respirable pathogens,” J. Occup.
Environ. Hyg. 2, 143–154 (2005).

34G. Busco, S. R. Yang, J. Seo, and Y. A. Hassan, “Sneezing and asymptomatic
virus transmission,” Phys. Fluids 32, 073309 (2020).

35M. Abkarian, S. Mendez, N. Xue, F. Yang, and H. A. Stone, “Speech can pro-
duce jet-like transport relevant to asymptomatic spreading of virus,” Proc.
Natl. Acad. Sci. 117, 25237–25245 (2020).

36T. Dbouk and D. Drikakis, “On coughing and airborne droplet transmission to
humans,” Phys. Fluids 32, 053310 (2020).

37D. Fontes, J. Reyes, K. Ahmed, and M. Kinzel, “A study of fluid dynamics and
human physiology factors driving droplet dispersion from a human sneeze,”
Phys. Fluids 32, 111904 (2020).

38T. Dbouk and D. Drikakis, “On respiratory droplets and face masks,” Phys.
Fluids 32, 063303 (2020).

39M.-R. Pendar and J. C. P�ascoa, “Numerical modeling of the distribution of
virus carrying saliva droplets during sneeze and cough,” Phys. Fluids 32,
083305 (2020).

40B. Wang, H. Wu, and X.-F. Wan, “Transport and fate of human expiratory
droplets: A modeling approach,” Phys. Fluids 32, 083307 (2020).

41E. Renzi and A. Clarke, “Life of a droplet: Buoyant vortex dynamics
drives the fate of micro-particle expiratory ejecta,” Phys. Fluids 32, 123301
(2020).

42J. Gupta, C.-H. Lin, and Q. Chen, “Flow dynamics and characterization of a
cough,” Indoor Air 19, 517–525 (2009).

43A. Fabregat, F. Gisbert, A. Vernet, S. Dutta, K. Mittal, and J. Pallarès, “Direct
numerical simulation of the turbulent flow generated by a violent expiratory
event,” Phys. Fluids 33, 035122 (2021).

44H.-O. Kreiss and J. Oliger, “Comparison of accurate methods for the integra-
tion of hyperbolic equations,” Tellus 24, 199–215 (1972).

45J. W. L. Paul, F. Fischer, and S. G. Kerkemeier, see http://nek5000.mcs.anl.gov
for “nek5000 Web Page, 2008.”

46K. Mittal, S. Dutta, and P. Fischer, “Multirate timestepping for the incom-
pressible Navier-Stokes equations in overlapping grids,” arXiv:2003.00347
(2020).

47A. Glezer and D. Coles, “An experimental study of a turbulent vortex ring,”
J. Fluid Mech. 211, 243–283 (1990).

48N. R. Panchapakesan and J. L. Lumley, “Turbulence measurements in axisym-
metric jets of air and helium. Part 1. Air jet,” J. Fluid Mech. 246, 197–223
(1993).

49B. J. Boersma, G. Brethouwer, and F. T. M. Nieuwstadt, “A numerical investi-
gation on the effect of the inflow conditions on the self-similar region of a
round jet,” Phys. Fluids 10, 899–909 (1998).

50J. P. Duguid, “The size and the duration of air-carriage of respiratory droplets
and droplet-nuclei,” Epidemiol. Infect. 44, 471–479 (1946).

51J. M. Creeth, “Constituents of mucus and their separation,” Br. Med. Bull. 34,
17–24 (1978).

52V. Stadnytskyi, C. E. Bax, A. Bax, and P. Anfinrud, “The airborne lifetime of
small speech droplets and their potential importance in SARS-CoV-2 trans-
mission,” Proc. Natl. Acad. Sci. 117, 11875–11877 (2020).

53E. Michaelides, Particles, Bubbles and Drops: Their Motion, Heat and Mass
Transfer (World Scientific, 2006).

54M. Allen and O. Raabe, “Re-evaluation of Millikan’s oil drop data for the
motion of small particles in air,” J. Aerosol Sci. 13, 537–547 (1982).

55L. Talbot, R. Cheng, R. Schefer, and D. Willis, “Thermophoresis of particles in
a heated boundary layer,” J. Fluid Mech. 101, 737–758 (1980).

56I. E. Barton, “Exponential-Lagrangian tracking schemes applied to Stokes law,”
J. Fluids Eng. 118, 85–89 (1996).

57C. T. Crowe, J. D. Schwarzkopf, M. Sommerfeld, and Y. Tsuji, Multiphase
Flows with Droplets and Particles (CRC Press, 2012).

58W. Ranz and W. Marshall, “Evaporation from drops,” Chem. Eng. Prog. 48,
141–146 (1952).

59ASHRAE Standard Committee et al., ASHRAE Handbook: Fundamentals
(ASHRAE Standard Committee, 2013).

60International Organization for Standardization, ISO 7730 2005-11-15
Ergonomics of the Thermal Environment: Analytical Determination and
Interpretation of Thermal Comfort Using Calculation of the PMV and PPD
Indices and Local Thermal Comfort Criteria (ISO, 2005).

61S. Karimzadeh, R. Bhopal, and H. Nguyen Tien, “Review of infective
dose, routes of transmission, and outcome of COVID-19 caused by the
SARS-CoV-2 virus: Comparison with other respiratory viruses,” Preprints
2020, 2020070613.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 033329 (2021); doi: 10.1063/5.0045416 33, 033329-13

Published under license by AIP Publishing

https://doi.org/10.1017/jfm.2014.88
https://doi.org/10.1007/s00348-015-2078-4
https://doi.org/10.1038/s41598-019-38808-z
https://doi.org/10.1098/rsif.2013.0560
https://doi.org/10.1093/oxfordjournals.aje.a118097
https://doi.org/10.1098/rsif.2009.0388.focus
https://doi.org/10.1111/j.1600-0668.2006.00445.x
https://doi.org/10.1111/j.1600-0668.2007.00469.x
https://doi.org/10.1111/j.1600-0668.2007.00469.x
https://doi.org/10.1098/rsif.2017.0939
https://doi.org/10.1063/5.0015984
https://doi.org/10.1080/07373930903530337
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1080/15459620590918466
https://doi.org/10.1080/15459620590918466
https://doi.org/10.1063/5.0019090
https://doi.org/10.1073/pnas.2012156117
https://doi.org/10.1073/pnas.2012156117
https://doi.org/10.1063/5.0011960
https://doi.org/10.1063/5.0032006
https://doi.org/10.1063/5.0015044
https://doi.org/10.1063/5.0015044
https://doi.org/10.1063/5.0018432
https://doi.org/10.1063/5.0021280
https://doi.org/10.1063/5.0032591
https://doi.org/10.1111/j.1600-0668.2009.00619.x
https://doi.org/10.1063/5.0042086
https://doi.org/10.3402/tellusa.v24i3.10634
http://nek5000.mcs.anl.gov
http://arxiv.org/abs/2003.00347
https://doi.org/10.1017/S0022112090001562
https://doi.org/10.1017/S0022112093000096
https://doi.org/10.1063/1.869626
https://doi.org/10.1017/S0022172400019288
https://doi.org/10.1093/oxfordjournals.bmb.a071454
https://doi.org/10.1073/pnas.2006874117
https://doi.org/10.1016/0021-8502(82)90019-2
https://doi.org/10.1017/S0022112080001905
https://doi.org/10.1115/1.2817520
https://doi.org/10.20944/preprints202007.0613.v3
https://scitation.org/journal/phf

	l
	s1
	s2
	d1
	d2
	d3
	d4
	s2A
	d5
	d6
	d7
	f1
	d8
	d9
	d10
	d11
	d12
	d13
	s2B
	d14
	d15
	f3
	f2
	f4
	f5
	d16
	d17
	d18
	d19
	d20
	f6
	s3
	d21
	f7
	f8
	f9
	f10
	f11
	s4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61

