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ABSTRACT 

 

We propose a simple model to predict the short-term indoor turbulent dispersion of the 

aerosol cloud produced by violent expiratory events. Once the air injection ceases, the 

turbulent jet transitions to a thermal puff that progressively decays due to viscous effects. 

According to recent literature, the expelled liquid droplets of saliva and sputum smaller than 

20-30 m in diameter stay afloat within this decaying turbulent puff. In contrast, droplets 

larger than 100 m tend to leave the puff following quasi-ballistic trajectories and landing on 

the floor at relatively short times after release. The model presented here is capable of 

providing good estimates for the shape and dimensions of the cloud composed of the lighter 

fraction of droplets as a function of the intensity and the duration of the flow injection and the 

density difference between the exhaled and the ambient air. Predictions agree with Direct 

Numerical Simulations and experiments reported in the literature. This model can be used as 

an operational tool to determine the short-term spatial range of expelled droplets and 

provides realistic initial conditions for simulations of long-term dispersion of pathogen-laden 

clouds in indoor environments with forced and natural ventilation. 
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INTRODUCTION 

 

The contact or the inhalation of aerosols expelled from infected subjects while talking, 

laughing, singing, during intense breathing or when coughing and sneezing is considered one 

of the major routes of transmission of COVID-19 as well as other infectious diseases caused by 

viruses and bacteria such as the human H1N1 flu, the bird flu (H5N1), the SARS or the 

tuberculosis.1-3 Consequently, it is clear that the analysis of processes of generation, emission 

and dispersion of aerosols is key, on one hand, to understand the transmission of pathogens of 

these known diseases and, probably, of others that will appear in the future and on the other 

hand, to design effective protection, containment and social distancing measures based on 

scientific evidence.4 

Violent expiratory events, as coughing and sneezing, are recognized as an important vector of 

infection because of the large number of aerosol particles expelled in these events with a 

relatively large velocity that reach relatively large distances.5 Another key aspect in the 

dispersion of aerosols is the diameter of the expelled individual droplets of saliva and sputum. 

Large liquid particles, with large Stokes number, will follow quasi-ballistic trajectories 

independently of the generated background turbulent flow, while smaller particles, with small 

Stokes numbers and small settling velocities, will be advected by the flow and may stay afloat 

for longer times than the larger particles.6 In addition, the initial expelled diameter of the 

liquid droplet can change due to evaporation depending on the differences of temperature 

and humidity between the exhaled air and the ambient condition.7 It has been estimated that 

once the water portion of the saliva and sputum droplets has been evaporated the diameter of 

the small remaining droplet nuclei is approximately between one half8 and one third9 of the 

initial droplet diameter. This reduction of the diameter of droplets could enhance the chance 

of particles to remain afloat within the exhaled cloud for longer times. 

The flow generated by unsteady injections of buoyant or non-buoyant fluids into quiescent or 

stratified environments has attracted attention because of implications in atmospheric 

pollution, environmental flows,10 intraventricular blood flows,11 propulsion of aquatic animals12 

and in technological and industrial applications of jet flows, such as internal combustion 

engines, gas turbine combustors and spray dryers.13 The analysis of these flows in connection 

to the analysis of the spread of infectious diseases via the aerial transmission is more recent 

and it has experienced a rapid growth during the ongoing COVID-19 pandemic.3 

The characteristics of the exhaled flow in coughs and sneezes has been analyzed 

experimentally to determine the typical duration of the event, the magnitude and the 

orientation of the discharged air velocity, the typical areas and shapes of the mouth exit and 

the temperature and humidity conditions of the exhaled flow.14-16 The number, size 

distributions,17-20 composition21,8,9 and properties of expelled droplets have been also 

determined experimentally. This information has been important to establish experimental 

conditions in synthetic experiments with scale models in water tanks5 and with 

mannequins,22,23 as well as to impose realistic boundary conditions in numerical simulations. 

 

 



3 
 

Authors 
Application/ 

Space 
Computational 

domain (m3) 
Volume 

(m3) 

Mesh 
elements 

(x106) 
Turbulence Particles 

Simulation 
code 

Gupta et al. 24 Aircraft cabin 4.1 x 5.3 x 2.0* 43 1.5 RANS k- Lagrangian 
Ansys 
Fluent 

Thatiparti et 

al.25 

Isolation 
room 

4.3 x 4.9 x 2.4 
 

51 1.6 RANS k- Lagrangian 
Ansys 
Fluent 

Yang et al.26 
Airliner cabin 

section 
1 x 1.77 x 2.19* 3.9* 1.9 RANS k- Lagrangian Ansys CFX 

Nazari et al.27 Parking 122 x 86 x 2.9 30000 0.7 RANS k- Lagrangian OpenFoam 

Yu et al.28 Office 4.3 x 3.1 x 2.7 36 1.5 RANS k- Lagrangian 
Ansys 
Fluent 

Dbouk & 

Drikakis29 

Parallepipedic 
volume 

6 x 1 x 3 18 0.5 RANS k- Lagrangian OpenFoam 

Diwan et al. 30 
Parallepipedic 

volume 
1 x 2 x 1 2.0 2100 DNS - 

In-house 
code 

Pendar & 

Páscoa31 
Room 4 x 3 x 3 36 5.1 LES Lagrangian OpenFoam 

Shao and Li32 Hall 20 x 20 x 12 4800 0.6 RANS 
Convection 

diffusion 
In-house 

code 

Zhang et al.33 Urban bus 12.1 x 2.58 x 2.95** 57 5.9 RANS 
Convection-

diffusion 
OpenFoam 

Dbouk & 

Drikakis34 
Elevator 1.24 x 1 x 2.2 2.7 0.6 RANS k- Lagrangian OpenFoam 

Liu et al.35 Restaurant 17.5 x 8.3 x 3.14 460 8.0 LES Lagrangian 
In-house 

code 

Fontes et al.36 Room 
Vertical cylinder 
(R=3 m, H=3 m) 

85 2.4 DES Lagrangian Star CCM+ 

Fabregat et al.6 
Cylindrical 

volume 
Horizontal cylinder  

(R = 0.5 m, H = 1.6 m) 
1.3 370 DNS Lagrangian Nek5000 

Foster and 

Kinzel37 
Classroom 9.5 x 7 x 2.7 66 1.9 DES Convection Star CCM+ 

Cravero and 

Marsano38 
Room 

5 x 3 x 3 
3.5 x 3 x 2.5 

45 
26 

2.0 
2.6 

RANS k- Lagrangian Ansys CFX 

Abkarian et al.39 Sphere Radius = 3 m 14.1 17.7 LES Lagrangian 
In-house 

code 

Wang et al. 40 
Cylindrical 

volume 
Horizontal cylinder 
(R = 1.5 m, H = 3 m) 

21.2 21.9 LES Lagrangian 
In-house 

code 

* estimated, ** bus dimensions 

Table I. Characteristics of CFD studies of particle/contaminant dispersion in confined spaces 

The number of papers reporting numerical simulations of the turbulent flow associated with 

intense or violent expiratory events has raised significantly during 2020 with the outbreak of 

the pandemic COVID-19 as a step forward to gain understanding on the virus laden-particle 

dispersion. Table I shows, as an example, a non-exhaustive list of numerical studies using 

different strategies for the modelization of the turbulent flow that range from relatively simple 

parametrization of the turbulence, based on the solution of the Reynolds-Averaged Navier 
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Stokes equations (RANS), spatially filtered Large-Eddy Simulation technique (LES), RANS-LES 

hybrid techniques including Detached-Eddy Simulation (DES), to the Direct Numerical 

Simulation (DNS) of the flow. The computational cost of the RANS simulations varies 

considerably depending on the grid size and the treatment of the flow transient nature, either 

steady (RANS) or time varying (URANS). A typical simulation may require around a few 

thousands of CPU hours.34 LES and DNS are far more expensive with about some hundreds of 

thousands of CPU hours.6,30 Table I also indicates the physical situation considered in each 

study, the size of the computational domain and the number of mesh elements used. Most of 

the studies indicated in Table I include computational grids that resolve the exit geometry of 

the mouth with elements sizes in the range of a few millimeters in this region and significantly 

coarser grid in the far field. This grid strategy aims to capture both the relatively fast flow 

injection, produced by a cough or a sneeze, and the subsequent aerosol cloud dispersion, 

within relatively large, confined spaces (see Table I), caused, in most of these cases, by some 

forced or natural convection background flow. However, these two sequential processes have 

quite different time scales. While the flow generated in coughs and sneezes has a time scale of 

a few seconds, with flow injections lasting for less than a second,14 the background flow, with 

typical velocities of 0.1-0.2 m/s in ventilated spaces with dimensions of a few or several metres 

can have time scales of the order of tens or hundreds of seconds. 

In this study we present and validate a model to predict the short-term dispersion of the 

aerosol cloud composed of small droplets and droplet-nuclei expelled in violent expiratory 

events. We propose a simple way to determine the envelope of the terminal shape of the 

aerosol cloud after a few seconds of the onset depending on the intensity and duration of the 

flow injection and the density difference between the exhaled and ambient air. This cloud 

geometry can be used to establish specific short-term safety distances and to impose initial 

conditions for long-term simulations of the cloud dispersion within forced or natural ventilated 

spaces. This strategy can alleviate the computational requirements of these simulations, which 

usually are oriented towards the determination of the dispersion of small droplets and 

droplets nuclei, that stay afloat for long times, for specific environments with specific 

ventilation conditions. In this paper we describe the theoretical basis of the model and 

compare predictions of the model with experiments and numerical simulations 

 

THEORETICAL MODELS 

 

The turbulent flow generated in a typical violent expiratory event can be understood as a 

quasi-horizontal short intense injection of a relatively hot and moist air, with density 𝜌𝑑, into 

the ambient, with density 𝜌𝑎. During the injection a turbulent starting jet develops. Flow 

visualizations in water tanks of this stage reveal the progressive axial advance of the jet tip and 

the simultaneous increase of the radius of the jet, as those shown in Fig. 6 of Richards41, in Fig. 

10 of Bourouiba et al.5 or animations of positions of small particles, with very small inertia, 

from DNS reported by Fabregat et al.6 This dynamic can be understood as the progressive 

growth of the height and the maximum radius of a conical-shaped cloud. Once the discharge 

has finished, the head of the jet tip progressively detaches from the conical cloud forming a 

puff that, eventually, can be further displaced along the vertical direction because of 

buoyancy. In this stage, when the flow injection has ceased, rates of axial advance and of the 

radius growth of the conical cloud start to decrease and the puff progressively decelerates 
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until both the conical cloud and the frontal puff attain residual velocities. Figure 1 shows a 

sketch of this quasi-terminal shape of the cloud generated by the flow discharge, with density 

𝜌𝑑, into a quiescent ambient with a different density 𝜌𝑎 with 𝜌𝑎 > 𝜌𝑑. This buoyancy effect 

produces different rates of entrainment along the vertical and horizontal directions and, 

consequently, different vertical and horizontal diameters of the cloud (𝐷𝑐𝑣 and 𝐷𝑐ℎ, 

respectively, as indicated in Fig. 1b). The envelope of this final topology can be divided into a 

tronco-conical volume, with an ellipsoidal cross section, and a frontal quasi-spherical volume, 

with radius 𝑅𝑝 and centre at (𝑥𝑝, 𝑦𝑝). These two volumes are connected through a neck 

located at an axial distance from the jet exit of 𝑥𝑛 (see Fig. 1). 

 

Figure 1. Sketch of the cloud generated in a violent expiratory event. (a) Lateral view. (b) 

Frontal view. 

The transient nature of the velocity of the air expelled during a cough or a sneeze can be 

modelled with a time evolution that ramps up from zero to the maximum velocity (𝑢𝑗𝑒𝑡,𝑚𝑎𝑥) at 

time (𝑡𝑢𝑚𝑎𝑥) and then linearly decays back to zero at time (𝑡𝑗). This model for the jet velocity 

can be written as equation (1). 

 𝑢𝑗𝑒𝑡(𝑡) =

{
 
 

 
 

𝑢𝑗𝑒𝑡,𝑚𝑎𝑥

𝑡𝑢𝑚𝑎𝑥
𝑡                                                              0 ≤ 𝑡 < 𝑡𝑢𝑚𝑎𝑥

𝑢𝑗𝑒𝑡,𝑚𝑎𝑥 −
𝑢𝑗𝑒𝑡,𝑚𝑎𝑥

𝑡𝑗−𝑡𝑢𝑚𝑎𝑥
(𝑡 − 𝑡𝑢𝑚𝑎𝑥)                      𝑡𝑢𝑚𝑎𝑥 ≤ 𝑡 ≤ 𝑡𝑗  

0                                                           𝑡 > 𝑡𝑗.

 (1) 

According to experimental measurements of coughs14 there is a wide variability of three 

parameters. Typical values of 𝑢𝑗𝑒𝑡,𝑚𝑎𝑥 range approximately between 4 m/s to 20 m/s, 𝑡𝑢𝑚𝑎𝑥  

from 0.06 s to 0.15 s and 𝑡𝑗 from 0.3 to 0.6 s. Once the injection has finished the velocity of the 

expelled puff decreases as10 𝑈𝑝~𝑡
−3/4 reaching the typical background velocities in ventilated 

spaces of 0.1-0.2 m/s within the range of one to four seconds depending on the intensity and 

duration of the violent expiratory event. After this initial period of time the transport and 

dispersion of the expelled cloud will be dominated by the ambient currents. 

 

Modelization of the cloud shape with the effective jet velocity. 

 

For a jet with a constant injection (𝑈𝑖𝑛𝑗) the velocity decay at the centreline in the self-

similarity region can be written as equation (2).13, 42 
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 𝑈(𝑥) =
𝑑𝑥

𝑑𝑡
=

3 𝑈𝑖𝑛𝑗 𝐷

𝐾 𝑥
   for 𝑥 ≥ 𝑥0, (2) 

where 𝐾 is the entrainment constant, 𝐷 is the diameter of the jet and 𝑥0 is the position of the 

jet exit with respect to the virtual origin. For a starting jet with a constant injection velocity, 𝑥 

in Eq. (2) can be understood as the jet tip position. Integrating Eq. 2, this position as a function 

of time can be expressed as equation (3). 

 𝑥(𝑡) = (
6𝑈𝑖𝑛𝑗𝐷 𝑡

𝐾
)
1/2

, (3) 

For a jet with an injection velocity changing in time Abani and Reitz43 developed a model to 

compute the effective injection velocity perceived by the jet tip. This effective injection 

velocity can be used in Eq. (2) to determine the jet tip penetration, 𝑥. According to Abani and 

Reitz43 this effective injection velocity for a starting jet (𝑢𝑗𝑒𝑡(𝑡 = 0) = 0) with a time varying 

injection velocity (𝑢𝑗𝑒𝑡(𝑡)) can be computed as equation (4). 

 𝑈𝑖𝑛𝑗,𝑒𝑓𝑓(𝑥, 𝑡) = ∫ {1 − 𝑒𝑥𝑝 [−
(𝑡−𝜏) 𝑢𝑗𝑒𝑡(𝜏)

𝑆𝑡 𝑥
]} (

𝑑𝑢𝑗𝑒𝑡(𝜏)

𝑑𝜏
) 𝑑𝜏

𝑡

0
. (4) 

In Eq. (4), 
 𝑢𝑗𝑒𝑡(𝜏)

𝑆𝑡 𝑥
 represents the momentum response time (𝑡𝑟) for the eddy at the tip of the 

jet, located at 𝑥, needed to adjust to the instantaneous injection velocity occurred at time 𝜏. 

This time is associated with a Strouhal number 𝑆𝑡, which relates this response time with the 

characteristic time of the flow, which in the jet is 
 𝑥 

𝑢𝑗𝑒𝑡
 (i.e., 𝑆𝑡 =

 𝑢𝑗𝑒𝑡

𝑥 𝑡𝑟
). The term between 

braces in Eq. 4 accounts for the exponentially decaying response of the past injection jet 

velocity 𝑢𝑗𝑒𝑡(𝜏), occurred at the earlier time 𝜏, at the jet tip located at 𝑥 at time 𝑡. 

Similarly to Eq. (2), the position of the tip can be computed as equation (5). 

 
𝑑𝑥

𝑑𝑡
=

3𝑈𝑖𝑛𝑗,𝑒𝑓𝑓(𝑥,𝑡)𝐷

𝐾 𝑥
. (5) 

The integral of Eq. 4 can be computed numerically using a known time evolution of the 

injection velocity, 𝑢𝑗𝑒𝑡(𝑡), as that indicated in Eq. 1. This model has two parameters: the 

entrainment constant with a value of 𝐾 = 0.457 according to Schlichting and Gersten42 and 

the Strouhal number. Abani and Reitz43 reported that predictions with 𝑆𝑡 = 3 reproduced well 

their numerical simulations of jet flows for various injection configurations. The values of the 

entrainment constant reported in the literature were reviewed by Abraham13 who reported 

typical values in the range 0.2 ≤ 𝐾 ≤ 0.457. 

 

Modelization of the puff trajectory and volume 

 

The flow generated in coughs and sneezes can be understood as an initial turbulent jet that 

lasts for relatively short periods of injection times (0 ≤ 𝑡 ≤ 𝑡𝑗) at an average velocity  𝑢̅𝑗𝑒𝑡. 

When the flow injection ends, the jet evolves to a turbulent puff for 𝑡 > 𝑡𝑗. Chaudhuri et al.44 

used analytical expressions for the axial location 𝑥, axial velocity 𝑈 and radial spread 𝑅 for 

transient turbulent jets and puffs to model the puff trajectory and volume after a violent 

expiratory event. Neglecting the buoyancy effect, expressions for the jet flow are as described 

by equations (6) – (8).13,44 
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 𝑥𝑗(𝑡) = (
6 𝑢̅𝑗𝑒𝑡 𝐷 𝑡

𝐾
)
1/2

, (6) 

 𝑈𝑗(𝑡) =
3 𝑢̅𝑗𝑒𝑡 𝐷 

𝐾 𝑥𝑗(𝑡)
, (7) 

 𝑅𝑗(𝑡) = 𝑅0 +
𝑥𝑗(𝑡)−𝑥𝑗0

𝑛𝑗
. (8) 

In Eqs. 6-8, 𝐾 is the entrainment coefficient (0.2 ≤ 𝐾 ≤ 0.45713), 𝑛𝑗 = 1/ tan𝛼𝑗  is a constant 

related with the angle of spread for jets10 (𝛼𝑗 ≈ 11.3°, 𝑛𝑗 ≈ 5) and 𝑥𝑗0 is the position of the 

circular nozzle tip, of radius 𝑅0 = 𝐷/2, with respect to the virtual origin of the jet (𝑥𝑗0 =

𝐷/2 tan𝛼𝑗). 

According to Scorer,10 for the puff stage (i.e. for 𝑡 > 𝑡𝑗), equations (9) – (11) describe the time 

evolution of the position at the centre of the puff, 𝑥𝑝 , its velocity 𝑈𝑝 and its radius 𝑅𝑝. 

 𝑥𝑝(𝑡) = (4 𝑈𝑝0 𝑥𝑝𝑜
3  𝑡)

1/4
, (9) 

 𝑈𝑝(𝑡) = 𝑈𝑝0 (
𝑥𝑝0 

𝑥𝑝(𝑡)
)
3

, (10) 

 𝑅𝑝(𝑡) =
𝑥𝑝(𝑡)

𝑛𝑝
, (11) 

where, similarly to 𝑛𝑗, 𝑛𝑝 = 1/ tan𝛼𝑝 and for puffs10 1.7 ≤ 𝑛𝑝 ≤ 6.3. In Eqs. 9 and 10, 𝑥𝑝0 is 

the initial position of the puff (𝑥𝑝0 = 𝑥𝑗(𝑡𝑗)). Similarly, in Eq. 11, 𝑈𝑝0 = 𝑈𝑗(𝑡𝑗). 

Richards45,41 proposed a model to predict the trajectory and the volume of a buoyant puff with 

constant buoyancy. Bourouiba et al.5 extended this original model to incorporate the variation 

of the density of the cloud and the influence of the number of aerosol particles within the 

cloud. This extension of the model, that neglects the contribution of the aerosol particles to 

buoyancy, was used by Renzi and Clarke46 to model the properties of buoyant puffs generated 

in intense expiratory events. Here we adopt the same assumption considering the very low 

volume fraction (≈ 10−5) of the liquid aerosol within the initial expelled puff generated in 

coughs and sneezes.17 The model reduces to a set of five ordinary differential equations for the 

time evolution of the volume of the puff 𝑉 (equation (12)), the density of the puff 𝜌𝑝 

(equation (13)), the buoyancy 𝐵 (equation (14)), the vertical momentum 𝐼𝑦 (equation (15)) 

and the distance travelled by the puff along its curvilinear trajectory 𝑠(equation (16)). 

 
𝑑𝑉

𝑑𝑡
= 3𝜂𝛼3𝑠2

𝑑𝑠

𝑑𝑡
, (12) 

 
𝑑𝜌𝑝

𝑑𝑡
=

1

𝑉

𝑑𝑉

𝑑𝑡
(𝜌𝑎 − 𝜌𝑝), (13) 

 
𝑑𝐵

𝑑𝑡
= 𝑔𝜌𝑎

𝑑𝑉

𝑑𝑡
− 𝑔

𝑑(𝑉𝜌𝑝)

𝑑𝑡
, (14) 

 
𝑑𝐼𝑦

𝑑𝑡
= 𝐵, (15) 

 
𝑑𝑠

𝑑𝑡
=

√𝐼𝑦
2+(𝐼𝑦0 cos𝜃0)

2

𝑉𝜌𝑝
. (16) 



8 
 

Setting the discharge angle to 𝜃0 = 0 (horizontal injection), the initial conditions are at 𝑡 = 0, 

𝑉 = 𝑉0, 𝜌𝑝 = 𝜌𝑑, 𝐵 = 𝐵0 = 𝑔𝑉0(𝜌𝑑 − 𝜌𝑎), 𝐼𝑦 = 0 and 𝑠 = 0. The coordinates at the centre of 

the puff can be computed as equations (18) and (19). 

 
𝑑𝑥

𝑑𝑠
= cos 𝜃 (18) 

 
𝑑𝑦

𝑑𝑠
= sin𝜃 (19) 

where 𝜃 = tan−1 (
𝐵0𝑡

𝐼0
), with 𝐼0 the modulus of the initial momentum 𝐼0 = 𝑉0𝜌𝑑𝑢̅𝑗𝑒𝑡. The 

detailed derivation of the model and examples of its application can be found in Bourouiba et 

al.5 and Renzi and Clarke.46 The model parameters are the shape factor of the puff 𝜂 and the 

entrainment coefficient 𝛼. While 𝜂 = 4𝜋/3 corresponds to a spherical puff, Scorer47 and 

Bourouiba et al.5 suggested 𝜂 = 3. Recent DNS48 found larger values of about 𝜂 ≈ 7. The 

entrainment coefficient 𝛼 for thermals ranges from 0.2 to 0.35 with a mean47 of 0.25 or from 

0.13 to 0.53 according to Richards.41 

 

 Experiment I. Bourouiba et al.5 DNS. Fabregat et al.6 

𝜌𝑑  (kg m-3) 999.75 1.18 (𝑇𝑑 = 34°𝐶) 

𝜌𝑎 (kg m-3) 1000.29 1.26 (𝑇𝑎 = 15°𝐶) 

𝐼0 (kg m s-1) 8.86·10-2 8.28·10-4 

𝐵0 (kg m s-2) 2.72·10-3 2.23·10-4 

𝐷 (m) 0.018* 0.02 

𝑢𝑗𝑒𝑡 (m s-1) 
1.007 (0 ≥ 𝑡 ≥ 0.375 𝑠) 

0 (𝑡 > 0.375 𝑠) 

32 𝑡 (0 ≥ 𝑡 ≥ 0.15 𝑠) 
−19.2 𝑡 + 7.68 (0.15 > 𝑡 ≥

0.4 𝑠) 
0 (𝑡 > 0.4 𝑠) 

𝑢𝑗𝑒𝑡,𝑚𝑎𝑥  (m s-1) 1.007 4.8 

𝑅𝑒𝑚 = 𝑢𝑗𝑒𝑡,𝑚𝑎𝑥𝐷/𝜈 1.81·104* 6.00·103 

𝐺𝑟 = 𝑔Δ𝜌𝐷3/𝜌0𝜈
2 3.09·104* 2.02·104 

𝑅𝑖 = 𝐺𝑟/𝑅𝑒𝑚
2  9.40·10-5* 5.61·10-4 

* based on the duration, the volume and the velocity of the injection reported in Bourouiba et al.5 

Table 2. Parameters of the experiment I of Bourouiba et al.5 and the DNS of Fabregat et al.6 

 

COMPARISON WITH EXPERIMENT AND SIMULATION 

 

Bourouiba et al.5 reported experiments of fluid injections with solid particles discharged in a 

large quiescent water tank. Table 2 summarizes conditions of the experiment, carried out 

without particles and labelled as Experiment I in Bourouiba et al.5 The corresponding values of 

the maximum Reynolds number (𝑅𝑒𝑚), the Grashof number (𝐺𝑟) and the Richardson number 

(𝑅𝑖) are also indicated in Table 2. For this particular experiment, these authors show 

visualizations of the turbulent dyed buoyant cloud in their Figure 10. Conditions of the DNS by 

Fabregat et al.6 are also included in Table II. These authors performed DNS of the flow 

generated by a pulse jet with a spectral element code and released particles with diameters 4, 

8, 16, 32, 64, 128 and 256 μm during the flow injection. The one-way Lagrangian particle 

advection model was coupled with an evaporation model to account for the diameter 

reduction. The particles were divided into two groups containing all the diameters. For one 
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group evaporation was considered and particles could shrink down to one third of their initial 

diameter to emulate the formation of droplet nuclei constituted by non-evaporable residual. 

For the other group of particles, their diameters were kept constant (non-evaporative 

particles). According to Fabregat et al.6 the overall characteristics of the cloud constituted by 

small particles (4, 8, 16 and 32 m) were essentially independent of the evaporation of 

particles. Evaporation was found to effectively decrease the diameter of smaller particles, as 

reported elsewhere47-49, 7 but the shape of the cloud of small droplets and droplets nuclei (<20-

30 m) was insensitive to the evaporation (see for example Figs. 8 and 9 in Fabregat et al.6 

Despite the use of different working fluids (water in the experiment and air in the simulation), 

non-dimensional groups differences between two injections are relatively modest, both similar 

to typical violent expiratory events. Different time evolutions of jet velocities were observed 

during discharges that last approximately the same period of time (see Table 2). In the case of 

experiments, the flow injection was released with a piston, giving a ‘top-hat’ time evolution of 

the jet velocity, while the DNS adopted the unsteady jet velocity given in Eq. 1 with, 𝑢𝑗𝑒𝑡,𝑚𝑎𝑥 =

4.8 𝑚/𝑠, 𝑡𝑢𝑚𝑎𝑥 = 0.15 𝑠 and 𝑡𝑗 = 0.4 𝑠, and inspired in measurements of coughs performed by 

Gupta et al.14 

 (a) (b) 

 

Figure 2. Time evolutions of the exit jet velocity and the effective injection velocity (Eq. 4) for 

conditions of (a) Experiment I of Bourouiba et al.5 and (b) the DNS of Fabregat et al.6 

Figure 2 shows the time evolutions of the exit velocity of the jet and the effective injection 

velocity for cases indicated in Table 2 for 𝑆𝑡 = 3 and 𝐾 = 0.24. The effective injection velocity 

was slightly delayed with respect to the exit jet velocity and that the maximum value was 

damped by approximately 70%. The effective injection velocity exhibits a monotonic decay 

well after the end of the jet velocity. 

Dimensions of the cloud predicted by the DNS of Fabregat et al.6 were determined from the 

time evolution of positions of small particles. As examples, Figures 3.a-1 and 3.b-1 show lateral 

views of positions of smallest particles (4 m) and largest particles (32 m) that stay afloat 

within the expelled cloud at two different times (𝑡 = 0.6 𝑠 and 𝑡 = 1.68 𝑠) well after the flow 

injection ceased (see Fig. 2.b). The corresponding frontal views, at the same time, are plotted 

in Figures 4.a-1 and 4.a-2. As sketched in Fig. 1 these frontal views of the cloud have ellipsoidal 

shapes. Histograms of the number of particles at each axial, 𝑥, (Figs. 3.a-2 and 3.b-2), vertical, 

𝑦, (Figs. 4.a-2 and 4.b-2) and spanwise, 𝑧, positions (Figs. 4.a-3 and 4.b-3) are also included. 

Smallest particles (4 m) would populate preferentially the frontal part of the cloud while 
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particles of 32 m are located in the rear part of the cloud. The time evolution of the position 

of the neck of the cloud, located between the frontal puff and the conical cloud, was obtained 

from the axial location where the local minimum particle concentration occurs, as illustrated in 

Figs. 3.a-2 and 3.b-2. The maximum diameters of the conical cloud, 𝐷𝑐𝑣 and 𝐷𝑐ℎ, were 

determined from the vertical (Figs. 4.a-2 and 4.b-2) and horizontal (Figs. 4.a-3 and 4.b-3) 

extensions of the frontal views. Histograms of the vertical position of particles (Figs. 4.a-2 and 

4.b-2) that the larger particles (32 m) are located on average at lower vertical positions than 

the smallest particles (4 m) due to the effect of gravity. In contrast, differences in the vertical 

distribution between particle sizes are small. 

The measured time evolution of the axial position of the neck and the vertical diameter of the 

puff are shown in Figure 5 with symbols. The model prediction of the position of the neck using 

Eqs. 4 and 5 is plotted with continuous line. Similarly, to Eq. 11, the vertical and horizontal 

diameters of the conical cloud were determined using equation 20. 

 𝐷𝑐𝑣(𝑡) =
2 𝑥𝑛(𝑡)

𝑛𝑗𝑣
;  𝐷𝑐ℎ(𝑡) =

2 𝑥𝑛(𝑡)

𝑛𝑗ℎ
 (20) 

 

Figure 3. Lateral views of positions of particles of 4 m (a-1) and 32 m (b-1) at two different 

times. (a-2) and (b-2) Histograms of the axial position of particles. 

xn

xn

t=0.60 s

t=1.68 s

4 m
32 m

(a-1)

(b-1)

(a-2)

(b-2)
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The model reproduces well time evolutions of these two geometrical properties of the conical 

cloud (𝑥𝑛 and 𝐷𝑐) using the value of the Strouhal number recommended by Abani and Reitz,43 

𝑆𝑡 = 3. Values of spread constants in Eq. 20 that fit well numerical results are 𝑛𝑗𝑣 = 3.3, for the 

vertical diameter and 𝑛𝑗ℎ = 5.0 for the horizontal diameter. While the spread constant for the 

horizontal diameter agrees with the value reported in the literature for jets,10 the spread 

constant for the vertical diameter is significantly smaller because buoyancy would enhance the 

mixing along this direction. 

  

Figure 4. Frontal views of positions of particles of 4 m (a-1) and 32 m (b-1) at two different 

times. (a-2) and (b-2) Histograms of the vertical position of particles. (a-3) and (b-3) Histograms 

of the spanwise position of particles. 

 

Figure 5. Time evolutions of the axial position of the neck of the cloud and it vertical and 

horizontal diameters. Symbols correspond to DNS of Fabregat et al.6 and lines to the 

theoretical predictions with 𝑆𝑡 = 3, 𝑛𝑗𝑣 = 3.3 and 𝑛𝑗ℎ = 5.0. Dotted lines correspond to ±7% 

of the theoretical value. 

The prediction of the lateral view of the envelope of the cloud at 𝑡 = 1.68 𝑠, together with the 

particle positions of DNS is shown in Figure 6. Particles within the cloud are plotted in gray and 

particles within the frontal puff, located at, 𝑥 > 0.6 𝑚, in black. Figure 6 shows that the 

Dcv

t=0.60 s4 m
32 m

(a-1) (a-2)

(a-3)

Dch

Dcv

t=1.68 s(b-1) (b-2)

(b-3)

Dch
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predicted envelope covers most of the particles within the cloud. Some parts of the cloud 

preferentially located on the top shear layer are out of the cone and occasional small 

protuberances, with ejections of a small number of particles, extend beyond the cone as 

shown in Fig. 6.a at positions 𝑥 ≈ 0.25 𝑚, 𝑦 ≈ 0.17 𝑚 and 𝑥 ≈ 0.33 𝑚, 𝑦 ≈ −0.28 𝑚. 

The lateral view of the cone for conditions of the experiment of Bourouiba et at.5 is shown in 

Fig. 7, using same parameters as for the DNS (𝑆𝑡 = 3, 𝑛𝑗𝑣 = 3.3). In this case the frontal view is 

not available and only the vertical extension of the cloud can be compared with the 

experiment. The cone covers well the extension of the dyed cloud and that the axial position of 

the neck is also well reproduced by the model. 

 

Figure 6. (a) Lateral and (b) frontal views of positions of particles predicted by the DNS of 

Fabregat et al.5 at 𝑡 = 1.68 𝑠. Particles within the puff are plotted in black. Red line: prediction 

of the envelope of the cloud with the model given in Eqs. 4, 5 and 20. Blue and green lines: 

positions and sizes of the puff according to the models of Richards41 (Eqs. 12-19) and 

Chaudhuri et al.44 (Eqs. 6-11), respectively. 

 

(a) (b)
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Figure 7. Black line: Lateral view of the instantaneous boundary of the dyed cloud at 𝑡 = 3.5 𝑠 

of Experiment I of Bourouiba et al.5 extracted from their Fig. 10. Symbols: Trajectory of the 

puff extracted from Fig. 11 of Bourouiba et al.5 Red line: prediction of the envelope of the 

cloud with the model given in Eqs. 4, 5 and 20. Blue line and the green lines: positions and 

sizes of the puff according to the models of Richards41 (Eqs. 12-19) and Chaudhuri et al.44 (Eqs. 

6-11), respectively. 

 

Predictions of the location and the size of the frontal puff were obtained with the model of 

Richards45 and Chaudhuri et al.44 and these are plotted in Figs. 6 and 7 with blue and green 

lines, respectively. For both cases, DNS and experiment, we used the same set of parameters. 

For the model of Richards,45 𝜂 = 3 and 𝛼 = 0.17 and for the model of Chaudhuri et al.44 𝐾 =

0.457, 𝑛𝑗 = 𝑛𝑝 = 5, which are within the ranges reported in the literature. Figures 6 and 7 

show that the model of Richards45 correctly predicts the position and the size of the puff, while 

the model of Chaudhuri et al.44 does not reproduce the vertical displacement of the puff 

because it does not consider the buoyancy effect. 

To illustrate the model implementation, Figure 8 summarizes the main steps and equations 

used to obtain the sizes and positions of the cloud and puff, indicated on the right part of the 

figure, from the input physical variables, shown on the left. The different model parameters 

are also included in Figure 8. 

 

Figure 8. Steps, parameters and equations of the model. 
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 (a) (b) 

  

Figure 9. Dimensions and positions of the terminal cloud and puff for different maximum 

velocities, 𝑢𝑗𝑒𝑡,𝑚𝑎𝑥, and two injection durations. (a) 𝑡𝑗 = 0.4 𝑠. (b) 𝑡𝑗 = 0.6 𝑠. 

To complete the discussion, in Figure 9 we plotted the prediction of dimensions and positions 

of the cloud and the puff for different maximum velocities and for two injection durations 

according to the model of the cloud shape based on the effective jet velocity and the model of 

puff trajectory and volume of Richards.45 The rest of the conditions correspond to the DNS 

indicated in Table 2. Values of the model parameters are the same as those used for the 

comparison with DNS and experiments (𝑆𝑡 = 3, 𝑛𝑗𝑣 = 3.3, 𝑛𝑗ℎ = 5.0, 𝜂 = 3 and 𝛼 = 0.17). 

According to Fig. 9, the maximum range of aerosol clouds generated in mild or intense 

respiratory events, with maximum velocities of 10 m/s, may reach distances, (𝑥𝑝 + 𝑅𝑝), of 

about 1.6 m, while extremely violent events with maximum velocities of 20 m/s may reach 

distances up to 2.8 m. For these two cases, the corresponding maximum vertical diameters of 

the clouds are 1.0 and 1.2 m, respectively. These distances and sizes correspond to respiratory 

events associated with direct and free flow injections into a quiescent ambient. It should be 

emphasized that these ranges and sizes are proper estimates and show the relatively large 

variability depending on the intensity and duration of the flow injection. Under this context, 

the use of face masks significantly reduces the extension and the range of the cloud as shown 

in experiments23 and numerical simulations.52 For example, Verma et al.23 reported a reduction 

of the range by a factor of approximately 10.  

 

CONCLUSIONS 

 

In this study we derived a comprehensive model to determine the shape and dimensions of 

the cloud generated in violent expiratory events by combining analytical predictions of the 

behaviour of unsteady jet flows and puffs. Remarkably same set of values of the model 

parameters worked well for the two very different flow conditions considered for the 

validation, namely a mild cough (DNS by Fabregat et al.6) and a sneeze (experiment by 

Bourouiba et al.5). Despite significantly distinct values of momentum and buoyancy inlet fluxes, 

the model can be used to predict readily and accurately the short-term dispersion of a wide 

range of expiratory events.  
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The model, based on dynamics of jets with unsteady flow injection and buoyant puffs, allows 

to predict the short-term envelope of the aerosol cloud generated in an intense or violent 

respiratory event. In these quasi-instantaneous events, with a typical duration of half a second, 

droplets of different sizes are expelled at relatively large velocities. While large droplets reach 

the floor following quasi-ballistic trajectories soon after the release, small droplets and droplet 

nuclei, constituted by the non-evaporable residual of saliva and sputum, stay afloat within the 

decaying turbulent cloud produced by the flow injection. This cloud exhibits a quasi-conical 

shape and at the frontal part a puff is formed. A few seconds after the flow injection has 

ceased velocities within the cloud and the puff reach typical values of background velocities in 

forced or naturally ventilated spaces. The subsequent long-term dispersion of this aerosol in 

these spaces has typical time scales of one or two orders of magnitude larger than the time 

scale associated with the formation and decay of the aerosol cloud and puff. 

The model reproduces well the overall characteristics of the envelope of these clouds and 

puffs of experimental visualizations and Direct Numerical Simulations reported in the 

literature. Specifically, a model based on dynamics of jets with unsteady flow injection 

provides reasonable estimates of the observed conical envelope of the aerosol cloud for the 

relatively different conditions of experiments and simulations. If the exhaled air flow has a 

lower density than the ambient typically around 20°C, as it occurs in real expiratory events 

with exhalation temperatures close to 37°C, buoyancy causes different entrainment rates 

along the vertical and spanwise directions. As a result, the cloud exhibits elliptical cross 

sections, with the major axis aligned with the vertical direction and the minor axis with the 

spanwise direction. Dimensions and the location of the frontal quasi-spherical puff are well 

reproduced by a model based on the mass and momentum conservation equations. 

When velocities of the cloud have reached typical ambient background velocities, the model 

predicts maximum ranges of aerosol clouds and puffs of about 1.6 m for intense respiratory 

events with maximum velocities of 10 m/s. The distance is increased up to 2.8 m for violent 

events with maximum velocities of 20 m/s. The position and the shape of the cloud and the 

puff obtained with the model can be used to establish initial conditions for simulations of the 

long-term dispersion in enclosed spaces. 
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