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The health awareness that has arisen from the COVID pandemic has been translated into inter-
est in studying the contagion methods of airborne viruses. The cough mechanism is one cause of
virion spread. To analyze this phenomenon, computational fluid dynamics (CFD) simulations of the
human cough have been set up in closed room conditions. Fundamental droplet, air, and thermody-
namic conditions for the problem have been extracted from the literature and applied to the simu-
lations performed. Three typologies of cough have been computed corresponding to the maximum,
minimum, and mean peak cough velocities of the human being, and their corresponding injection
profiles. Coughs were simulated in transient conditions and the droplets were tracked following an
Eulerian-Lagrangian approach and large eddy simulation (LES) formulation for the turbulence phe-
nomenon. Results revealed droplet travel distances of almost 2 m for the strongest cough case. Also,
the presence of droplets smaller than 5 µm of diameter, the main virus spreader, was considerably
larger than particles of bigger size. Additionally, most of the droplets evaporate or fall to the ground
within 2 s after their injection. The remaining ones that stayed above the waistline or remained
suspended in the air followed trajectories coming from buoyancy effects rather than being driven by
the initial velocity profile. Moreover, it was found how almost the totality of the droplets expelled
followed a trajectory towards the floor. Droplets that did not evaporate during the fluid injection
became airborne for at least 5 seconds after the coughing.
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1. INTRODUCTION

The spread during 2020 of the Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-
2) around the globe has caused the need of acquiring knowledge about ways of transmission
of respiratory infections. Coughing or sneezing expels many droplets capable of spreading the
virus (Tang et al., 2006). The SARS-like virus has a Reproductive Factor (R0) of 2–3 (Lip-
sitch et al., 2003) indicating the importance of the transmission via airborne nuclei or droplets.
Speaking, coughing, and sneezing produce very many droplets small enough to remain airborne
as droplet-nuclei. Nearly all of these small droplets originate from the front of the mouth; only
relatively few, if any, originate from the nose, as in sneezing and breathing, or from the throat,
as in sneezing, coughing, speaking, and laughing as stated by Duguid (1945). In the mentioned
investigation it was found that when a cough was performed with the mouth kept well open
and the tongue depressed (“throat-only cough”), few or no droplets were expelled; when, on the
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other hand, the mouth was closed at the start of the cough, either by approximation of the lips
(“lip cough”) or by approximation of the tongue and teeth (“tongue-teeth cough”), many droplets
were expelled.

There was no great difference between the size distributions of the droplet-nuclei produced
by the different types of expiratory activity; in general, smaller nuclei were produced in the more
“violent” activities, especially in sneezing (Duguid, 1946). Speaking generates less than an order
of magnitude smaller number of droplets (250) than coughing (5000) and sneezing (1,000,000)
(Duguid, 1946). The number of droplets expelled during a sneezing event suffers from great vari-
ation between studies, as Cole and Cook (1998) report values up to 40,000 particles. Variation
for average droplet size among the three age groups was insignificant. Moreover, the variation
in average droplet size between males and females was also insignificant. While the variation in
droplet concentration between males and females was significant, being higher for male subjects
due to the increased flow rate compared to female test subjects (Yang et al., 2007).

Expelled droplets are not the same as droplet-nuclei or even bacteria-carrying droplet-nuclei.
Duguid (1945) clearly differentiates them, which is important when studying the illness trans-
mission. In speaking about a particular illness transmission system, knowing the origin of ex-
pelled droplets (mouth, nose, lung, respiratory tract, etc.) plays a major role. Gupta et al. (2009)
reviewed the available data about coughing with the goal of establishing the proper compu-
tational fluid dynamics (CFD) boundary conditions for a cough simulation. The data required
were the flow rate, spray direction, spray angle, the open area of the mouth, the cough tem-
perature, and the virus droplets’ size distribution. Zhu et al. (2006) agrees on the importance of
establishing proper boundary conditions. According to them, temperature and size distribution of
droplets were well characterized in the literature, so their work focused on measuring flow rates,
flow directions (and cough spray cone angles, which are clearly not axis-symmetric), and mouth
opening of coughs. In fact, their literature review led them to conclude that the measurements of
the flow rate and direction must be performed with a frequency of 100 Hz or higher.

Following the results of Redrow et al. (2011), remarkable distribution was due to turbulent
diffusion rather than forced convection of the continuous phase (air). This pattern was repeated
for inhomogeneous turbulent diffusion.

Gupta et al. (2009) also comment and prove the large variability of characteristic cough pa-
rameters. They conclude that the cough flow characteristics from a subject cannot be used to
represent the whole population, which means a standard cough does not exist. Considerable sub-
ject variability was observed also by Xie et al. (2009) who studied the droplet size distribution
of expiratory activities. Following this idea, Aliabadi et al. (2010) say that there is no unique
droplet size distribution associated with coughs and sneezes. This is due to the inherent physio-
logical variability in different subjects. Therefore, a distribution must be assumed that covers a
wide range of droplet sizes with a representative mean.

The violence of coughs would be different for patients with respiratory diseases and thus
has an effect on droplet generation, as well as more secretions of fluids on airway surfaces and
higher frequency of coughing (Papineni and Rosenthal, 1997; Xie et al., 2009). As mentioned by
Bourouiba et al. (2014) violent respiratory events release droplet-bearing turbulent momentum
puffs of moist, buoyant air ejected in a direction that depends on the individual.

The particle sizes expelled by a cough cover a wide range. Gupta et al. (2009) say the droplet
diameter range falls within 1–10µm, while Xie et al. (2009) conclude that the maximum size
range is about 50–100µm. Their experiment allowed them to measure particle diameters larger
than 0.5µm. An average of 800 droplets could be observed from 20 coughs. About 2.5% of
the droplets were less than 20µm and 1.4% less than 10 mm. Only 20% of the droplets were
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less than 50 mm and 64% of the droplets less than 100 mm. Nevertheless, Xie et al. (2009)
conclude that it is not enough to know the size distribution of droplets detected on sampling
slides, which is not the real size distribution of droplets generated during expiratory activities.
Additionally, they state that droplets smaller than 47µm in diameter in origin evaporate before
they reach the sampling surface, so they are not accounted for in the study. When the droplet
diameter at the origin is larger than 80 mm, droplet size changes very little. As mentioned in
Loudon and Roberts (1967), many factors have effects on the numbers of droplets, such as the
amount of secretion present in the mouth and its location, and the placement and movement of
lips, tongue, and teeth during the cough. The significance of droplet size is noted by Redrow
et al. (2011), stating that particles with a diameter of less than 10µm remain suspended for
enough time to disperse throughout the room. Larger droplets are removed from the air more
rapidly by gravitational settling. According to Redrow et al. (2011), up to 3000 droplets can end
up as airborne particles.

Apparently, convection flows due to body heat may play a role in the droplet dispersion
according to Zhu et al. (2006) as they induce ascending streams around the human body, so a
detailed modeling of the external anatomy is recommended for numerical analysis.

Zhu et al. (2006) also performed CFD analysis of coughing for several situations but always
with air conditioning on—a standard office and a standard bedroom, with two subjects in them,
with different relative positioning. Constant velocity was assumed for both coughing and breath-
ing processes of the subjects. They do realize the importance of social distancing but also the
positioning of the air conditioning device for closed environments.

Evaporation of droplets needs to be considered and the process is highly affected by the am-
bient relative humidity. Additionally, the employed evaporation model and droplet composition
will play a significant role in the results according to Redrow et al. (2011), who developed a
multicomponent evaporation model for coughing liquid phase.

Thus, the aim of this study is to predict the main characteristics of the human cough by
using CFD methodology in closed room conditions. Three different cough typologies will be
simulated representing the whole range of typical human coughs. Large eddy simulation (LES)
mesh quality requirements are to be assessed. From them, information of cough dispersion and
penetration shall be obtained, as well as possible airborne droplet detection and their trajectories
around the gaseous domain. Due to the existing doubts of which particles are the disease trans-
mitting droplets, the analysis performed will report on how the cough sprays develop, and how
the droplets disperse around the surrounding air, which will help understand how the pathogens
can travel around.

This document is presented in four sections as follows. This section, the introduction, is
where the need for this study is presented, as well as the main findings obtained by other studies
regarding human coughs. It is followed by a literature review section in which the main boundary
conditions for the CFD simulations will be obtained. Later, the results coming from the three
cases calculated are presented, analyzing parameters such as penetration, Sauter mean diameter
evolution, and trajectories calculated for the expelled droplets. A conclusions section closes up
with the main obtained findings.

2. COMPUTATIONAL METHODOLOGY

2.1 Geometry and Mesh

The geometry model used for the simulations is the same as the one used by other researchers
(Feng et al., 2020; Zhao et al., 2019). It consists of a human geometry, of 1.80 m in height. It
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was placed within a room of 5 m (x-direction) by 3 m (y-direction) by 5.7 m (z-direction). The
human body is located at 0.7 m from the back wall. There is enough space for the cough jet to
develop and for the corresponding puff to move afterwards without influence of the boundaries
of the room.

Gupta et al. (2009) reported constant mouth area during cough, and an average value of
4.00± 0.95 cm2 for male subjects and 3.37± 1.40 cm2 for female. In accordance with these
results, the diameter of the mouth of the mannequin is 0.01905 m (area of 2.85 cm2) for the
simulations of Redrow et al. (2011), 0.0217 m (area of 3.70 cm2) for those of Dudalski et al.
(2020), and 0.020 m (area of 3.14 cm2) for those of Li et al. (2018) and Aliabadi et al. (2010).
Additionally, Bourouiba et al. (2014) estimated the area to be 3.4 cm2 during the cough. Mouth
shape is also of importance. Dbouk and Drikakis (2020) reported a rectangular-like mouth with
an aspect ratio of 8.26. Yang et al. (2018) also followed the same procedure. For that, the mouth
of the human model used for the present study has been modified to an ellipsoidal shape, with
an area of 3.4 cm2 and an aspect ratio of 8.26 (major semiaxis of 2.99 cm and minor semiaxis of
0.362 cm).

The base grid size is 100 mm. Cells next to the body are also refined, with three levels for
the body torso and limbs, and five levels for the cells surrounding the head. The semitransparent
blue cone shown in Fig. 1 represents the volume with five levels of refinement (each cell is
divided into 25 = 32 smaller cells). With this cell configuration, the cell count achieved for the
later simulations is 13 million. All boundaries of the domain, including the body surface, are
considered stationary nonslip walls with constant temperature (different values for the room and
for the body) except one, the one representing the mouth, which can also be seen in the close-up
of Fig. 1.

2.2 Cough Jet Conditions

Following the requirements established by Zhu et al. (2006), cough flow rate and direction are
other parameters of critical importance for accurate simulations. The boundary conditions and
flow rate profiles differ between the researchers. On the one hand, studies like Zhao et al. (2005),

FIG. 1: Computational domain and mesh refinement region
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Zhu et al. (2006), and Gao et al. (2008) selected a constant flow speed value during 0.5 s. On
the other hand, Gupta et al. (2009) expressed a flow-rate time-varying profile according to three
characteristic parameters (which are gender, height, and weight dependent): cough peak flow
rate (CPFR), cough expired volume (CEV), and peak velocity time (PVT). All these parameters
are linked with a mathematical expression [Eqs. (1) and (2)] to fit their experimental results.
The limits of the parameters reported in the literature are summarized in Table 1. Another study
that used a time-varying profile was performed in Redrow et al. (2011). It is compared in Fig. 2
against the one the present study has used to see that there are no great differences between the
profiles.

M̄ =
a1τ

b−1 exp (−τ/c1)

Γ (b1) c
b1
1

for τ < 1.2, (1)

M̄ =
a1τ

b−1 exp (−τ/c1)

Γ (b1) c
(b1)
1

+
a2 (τ− 1.2)(b2−1)

exp (− (τ− 1.2)/c2)

Γ (b2) c
b2
2

for τ > 1.2, (2)

where

• M = FlowRate/CPFR,

• τ = Time/PV T ,

• a1 = 1.680,

TABLE 1: Reported limits of cough flow parameters

Male Female
Min. Max. Min. Max.

CPFR(L/s) 3 8.5 1.6 6

CEV (L) 0.4 1.6 0.25 1.25

PVT (ms) 57 96 57 110

FIG. 2: Reported time-varying flow rate of coughing
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• b1 = 3.338,

• c1 = 0.428,

• a2 = CEV /(PV T × CPFR)− a1,

• b2 = (−2.158× CEV )/(PV T × CPFR) + 10.457,

• c2 = 1.8/(b2 − 1).

For this study, the mathematical expression of Gupta et al. (2009) has been employed. Three
different profiles have been introduced according to the maximum, mean, and minimum data of
the CEV, CPFR, and PVT reported (Table 1). Regarding the direction of the exhalation, Zhao
et al. (2005) assumed it to be 30◦ downward. Bourouiba et al. (2014) reported an inclination
angle of 24± 7◦, and Gupta et al. (2009) reported an angle of 27.5± 5◦. With this information,
a downward direction of 30◦ has been selected for the present study. When it comes to the
spray angle, Gupta et al. (2009) presented an initial spray angle of 25± 5◦; these results were
confirmed by Tang et al. (2009). Therefore, a spray cone angle of 25◦ is chosen. The expelled
air temperature has been set accordingly to Eq. (3), withR = 98.12%, obtained from the data
presented by Ḧoppe (1981). The liquid mass expelled at coughing was set as the mean value
reported by several previous studies. These values are presented in Table 2, which leads to a
total mass of 3.6 mg of water droplets expelled during the duration of the cough.

Texp = 0.1976· (Ta − 273) +302.9685. (3)

Another aspect of importance is the droplet size distribution needed to introduce a represen-
tative spray during the simulations as noted in the Introduction section. Studies report a great
variability when obtaining this information due to the wide range of methodologies employed.
A summary is included in Fig. 3. From the dataset presented, the Chao et al. (2009) droplet
size distribution has been selected as another researcher (Li et al., 2018) has already used it,
and agreement between the two studies was found. Two probability distribution fittings were
performed with Rosin-Rammler and chi-squared shaped curves on the mentioned data. Results
of this fitting are included in Fig. 4, from which the Rosin–Rammler curve has been selected,
which corresponds to a shape parameter of value 2.7 and a scale parameter of 10µm.

When it comes to the ambient conditions, the ambient temperature and relative humidity
of the air have been set to be 296 K and 60%, respectively, according to acceptable values of
the SpanishReal Decreto 107/2007, according to theLaw 31/1995for representative values
throughout the whole year. The spray injection profile has been simulated for three different

TABLE 2: Summary of the cough saliva total mass measurement
results

Reference Method Subjects Mass (mg)
Zhuet al. (2006) Mask 3 6.70± 0.8

Xie et al. (2009) Mask 5 1.15± 0.8

Xie et al. (2009) Bag 9 4.25± 1.7

Zayas et al. (2012) Laser diffraction 45 2.2
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FIG. 3: Reported probability droplet size distribution of coughing

FIG. 4: Computational domain and mesh refinement region

cases, according to the cough inlet profile range introduced by Gupta et al. (2009), and corre-
spond to the curves of Fig. 2. Zero-gradient has been set for the body surface, while 310 K has
been set for the temperature. Referring to the ambient conditions, a value of 101,325 Pa has been
established, and a temperature of 296 K, a value which has been later introduced into Eq. (3). A
summary of the boundary conditions for the simulations performed is included in Table 3.

2.3 Governing Equations

The software employed to simulate the different coughs is CONVERGE 2.4. In order to simulate
the air and saliva [water, according to Gittings et al. (2015)] droplet movements, an Eulerian-
Lagrangian approach is employed, the air being the carrier phase under the Eulerian framework
and the saliva the discrete phase resolved by means of the Lagrangian method. This approach
is also known as discrete phase modeling (DPM) or discrete droplet modeling (DDM). For the
carrier phase, the species [Eq. (4)], continuity [Eq. (5)], momentum [Eq. (6)], whereσij is the
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TABLE 3: Cough jet boundary conditions

Parameter Value
Massflow inlet Max-mean-min velocity profiles (Gupta et al., 2009)

Injection profile Normalized max-mean-min velocity profiles (Gupta et al., 2009)

Droplet distribution RR fitting with Chao et al. (2009) data

Temperature 307.9 K

Fluid injected Water

Spray orientation 30◦ downward

Spray cone angle 25◦

viscousstress tensor) and energy [Eq. (7)] transport equations are utilized in a PISO (pressure-
implicit with splitting of operators) framework (Weller et al., 1998). In these equations,S repre-
sents the corresponding source term.

∂ρm
∂t

+
∂ (ρm uj)

∂xj
=

∂

∂xj

(
ρD

∂Ym

∂xj

)
+ Sm where ρm = Ym ρ, (4)

∂ρ

∂t
+

∂ (ρui)

∂xi
= S, (5)

∂ (ρui)

∂t
+

∂ (ρui uj)

∂xi
= − ∂P

∂xi
+

∂σij

∂xj
+ Si, (6)

∂ (ρ e)

∂t
+

∂ (ρ e uj)

∂xi
= −P ∂uj

∂xj
+ σij

∂ui

∂xj

+
∂

∂xj

(
K

∂T

∂xj

)
+

∂

∂xj

(
ρD

∑

m

hm
∂Ym

∂xj

)
+ S.

(7)

On the other hand, the equation of motion of each parcel [Eq. (8), whereu′
i is the fluctuating

gas velocity andrp is the parcel radius] allows us to obtain its velocity,vi, and so its trajectory
or position.

dvi
dt

=
3
8

ρ

ρl
CD

|ui + u′
i − vi|

rp
(ui + u′

i − vi) + gi. (8)

The complete set of transport equations (in a conservative form) is implicitly solved in a
PISO loop, with two to nine iterations until is reached a tolerance of 10−3. A successive over-
relaxation (SOR) linear solver is used for all transport equations. A tolerance of 10−5 is selected
for the momentum equation, 10−8 for the pressure corrector, and 10−4 for the rest of the equa-
tions. No under-relaxation factors were used. A reconstructed second-order central difference
method is used for spatial discretization. A first-order Euler time scheme is employed, being the
time step selected in order to get a maximum Courant-Friedrichs-Levy (CFL) number of 1.0.

2.4 Computational Submodels

Several submodels are needed in the present simulations. The turbulence modeling is one of the
most relevant because it affects the mixing and coalescence of particles and droplets (Bourouiba
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et al., 2014). The LES approach is selected so large scales of turbulence are solved while small
ones are modeled through a subgrid scale (SGS) model. The filter employed to select large and
small scales is the grid itself. The SGS model utilized is the dynamic Smagorinsky model (DSM),
a zero-dimensional model which relates the turbulent viscosity to the magnitude of the strain
tensor and cell size by means of a proportionality constant which depends on the local regime of
the flow (Germano et al., 1991). This SGS model capabilities for calculating the Smagorinsky
constant has been considered to be useful due to the variation of flow and droplet velocities that
can be found in the spray region.

Another important submodel is the droplet injection one. According to Duguid (1945) ob-
servations, air velocities are high enough for atomization to occur when the breath is forced
out through some part of the respiratory tract. Tongues of liquid are drawn out from the sur-
face, pulled thin, and broken into columns of droplets before exiting the mouth. Additionally,
Bourouiba et al. (2014) show that the common assumption of the punctual droplet source may
not be correct for a cough. Therefore, a solid cone injection model is used, with an exit circu-
lar section with 3.4 cm2 area and an opening angle of 25◦. The injected droplet size follows
a Rosin-Rammler distribution, as explained in Section 2.2, being introduced into the computa-
tional domain with a velocity directly (without using a discharge coefficient model) established
from the cough flow rate defined by Gupta et al. (2009) (see Section 2.2).

After being expelled, droplets might be subject to several processes. For instance, they ex-
change momentum with the surrounding air (liquid/gas coupling). Thus, a droplet drag model
is necessary to accurately model the spray evolution. In these simulations, the droplet drag co-
efficient is determined dynamically, accounting for variations in the drop shape through a drop
distortion parameter (Liu et al., 1993). Droplets can also interact between them, colliding, with
different outcomes (rebounds and/or coalescence). The no time counter (NTC) collision method
of Schmidt and Rutland (2000) is used to account for that. This submodel is directly derived
from the basic probability model for stochastic collision, proving to be faster and more accurate
than other alternatives (under certain conditions).

Saliva droplets may also gradually evaporate, reducing their size and finally leaving behind
their nonvolatile components. Although multicomponent evaporation models are available in the
literature (Li et al., 2018), that is not the case in the present study, where saliva droplets are
made of only water. Then, the correlation from Frössling (1940) is selected for determining the
time rate of change of the droplet size, assuming constant droplet temperature (the hypothesis
is used to compute the heat exchange with the surrounding air). Finally, droplet diameter can
be also diminished due to the atomization phenomenon. This has been taken into account by
using Kelvin-Helmholtz (KH), for primary breakup, and Rayleigh-Taylor (RT), for secondary
breakup (Beale and Reitz, 1999). For these submodels (but also the others), values of the charac-
teristic constants are presented in Table 4. The simulation was performed on 64 Intel Xeon Gold
6154 cores. A maximum of 3 GB per core was needed, and the simulation was run for 4.5 s of
simulated time, and a computational cost of 4600 CPU-h.

2.5 Mesh Quality Assessment

The element size during LES directly controls which scales of the turbulent flow are resolved,
and which of them are modeled. It acts as a filter for this purpose. The largest scales should
be fully resolved, while the smallest ones should be filtered out. A good LES should resolve
enough turbulent structures and, generally, it is assessed through a quality index. Pope (2004)
introduces a quality index based on an activity parameters which takes into account the turbulent
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TABLE 4: KH-RT model constants

Parameter Value
KH fraction of injected mass/parcel 0.05

KH shed mass constant 1

KH model size constant 0.61

KH model velocity constant 0.188

KH model breakup time constant 7

RT breakup time constant 1

RT model size constant 0.1

viscosityand the numerical dissipationνnum [Eq. (9)]. The proposed quality index takes the
shape of Eq. (10), whereαν andn are model constants. The quality index has been computed
for a time instant where the cough event was almost finished. Figure 5 shows the results of this
computation, by restraining the values above acceptable quality values (>80%). It is notable to
see how the lowest quality achieved (0.66) is in the immediate zones around the human body,
where there is a sudden cell growth from the cough cone embedding to the base cell size which is
considerably large (0.26 m). The region of interest, within which the main spray should be lying,
as it does have a considerable smaller cell size, reaches a higher quality, almost 1, except for the
effects of the turbulence during the spray injection, which lowers this value to approximately
0.9, which is an acceptable value. Therefore, the proposed mesh has been carried forward to
simulate the cough dynamics proposed.

s∗ =
⟨νt⟩+ ⟨νnum⟩

⟨νt⟩+ ⟨νnum⟩+ ν
, (9)

IQν =
1

1+ αν

(
s∗

1− s∗

)n . (10)

3. RESULTS

3.1 Validation Data

Unfortunately, to the best of the authors’ knowledge, there is not a complete description of a
coughing event available in the literature. This means that the amount of saliva expelled, the
droplet size distribution, the exhaled air mass flow information, droplet residence time, and trav-
eled distance data are never provided for the same individual (or group of persons). This makes a
direct and quantitative validation of the simulations not possible. Instead, simulation results are
checked to fall within the range of several parameters provided by the different researchers.

In the analysis of the spray penetration of a cough [which could be larger than 2 m (Zhu
et al., 2006)], Bourouiba et al. (2014) found two different phases. The first one was dominated
by a jetlike dynamics (S (t) ∝ t1/2) with a duration similar to that of the cough, and the second
one by a pufflike dynamics (S (t) ∝ t1/4), which lasts until∼ 35 s.

For this study, the penetration of the saliva droplets is calculated to know how far the particles
can reach. In each time step, the total mass injected is calculated and multiplied by the liquid
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(a) Cough Maximum Flow Rate (b) Cough Mean Flow Rate

(c) Cough Minimum Flow Rate

FIG. 5: Viscosity quality index contour for the three simulations performed at the time of maximum flow
rate (0.1 s)

penetration fraction, which in this case has been decided to be 99%, giving the penetrated spray
mass, whose distance towards the mouth returns the wanted penetration. This is performed for
each one of the three simulations, at maximum, mean, and minimum flow rate profiles. Figure 6
shows the results of the explained procedure. Two phases can be distinguished from it as stated
by Bourouiba et al. (2014), whose transition occurs at 0.5 s. A fitting has been made for each of
the two phases to analyze if they had the same tendencies as stated by Bourouiba et al. (2014),
the first oneS(t) ∝ t1/2, andS(t) ∝ t1/4 for the second one. These fittings are shown in Fig. 7.
The mathematical expressions are included within the plot, and they yield aR2 coefficient of
0.976 for the fitting of the first phase and 0.985 for the fitting of the second phase. In any of
the three simulations there is enough evidence to say that as the penetrations are progressively
increasing, there are a certain amount of droplets that remain airborne, as if they had fallen to
the ground; the curves should have stabilized at a specific value. By normalizing the previous
results and presenting them in a logarithmic way, the three coughs injected mostly collapse to
one curve up to a nondimensional time of 100. In addition to that, it exhibits a linear behavior
from nondimensional time 10 to nondimensional time 100, as presented by Liu and Novoselac
(2014), which contributes to the idea of a power relationship with time. The change of phase can
also be seen in this later plot. When the curves penetration curves change their dependency with
time toS(t) ∝ t1/4, the slope of the logarithmic plot has also changed in Fig. 6(b).
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(a) Penetration with time (b) Non-dimensional penetration with time

FIG. 6: Cough penetration, and Logarithmic non dimensional penetration for the three simulations per-
formed

FIG. 7: CFD data with fitting data for the two phases of the mean flow rate profile

Loudon and Roberts (1967) report how the total number of droplets are distributed in differ-
ent sections of a box of 0.366 m× 0.508 m× 0.305 m, the mouth being located at an entry port
at about two-thirds of the height of the wall at one end of the box. This box is sketched in Fig. 8,
together with their results [Fig. 8(a)]. It was found that 60% of the droplets did go to the ground
in a distributed way, 30% of the particles did reach the back wall, and the remaining droplets
impacted in the lateral wall. The same box was built by Xie et al. (2009), who divided it in even
more sections [see Fig. 8(b)]; they found that 81% of the droplets were deposited on the base of
the box, evenly distributed, and 15% of them could reach the back wall.

In order to predict the trajectories of the droplets exhaled during the cough, a similar study
has been done. A virtual box of identical dimension of these two studies has been created (502
× 305× 366 mm). All the saved time steps for the three simulations have been processed, and
it has been determined when a droplet has intersected with the virtual parallelepiped. This box
is also discretized in the same regions as that of Xie et al. (2009) to obtain where the droplets
intersect with it. The orientation angle at which the cough is injected is not clear from the studies
of Xie et al. (2009) and Loudon and Roberts (1967); therefore, the virtual box has been rotated
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(a) Loudon and Roberts (1967) data. (b) Xie et al. (2009) data.

FIG. 8: Site of recovery of droplets after coughing. Numbers represent percentage of droplets recovered.

30◦ to match the spray injection angle. Figure 9 shows the result of this procedure. Ninety
percent of the droplets fall to the ground in the maximum flow rate profile [Fig. 9(a)], and the
remaining droplets reach the back wall. The same percentage of droplets fall to the ground in
the mean profile [Fig. 9(b)], but the floor distribution is displaced towards the cough inlet. The
total amount of droplets expelled intersect with the box bottom for the weakest cough simulated
[Fig. 9(c)], and the distribution is moved even more towards the domain inlet. In all three cases,
the droplets detected are not evenly distributed around the box vertical symmetry plane (X-Y
plane according to Fig. 1), as there is a trend towards the left side of the box (negative X values

(a) Cough maximum flow rate (b) Cough mean flow rate

(c) Cough minimum flow rate

FIG. 9: Droplet recovery sites inside a box of 502× 305× 366 mm. Numbers in percentage of total
droplets.
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according to the axis of Fig. 1). No particle is found to cross the box sidewalls. Although the
amount of droplets that fall to the ground differs between CFD data and the results from Loudon
and Roberts (1967), it shows good agreement with the Xie et al. (2009) outcomes, with an
error of 10% on the amount of droplets that reach the back wall and ground, and all of them
agree that almost no particles impact on the sidewalls, which shows the reasonableness of the
computational method.

The validation has been completed using the data coming from Morawska (2006), which
include the time it takes for the droplets to fall 1 m after being injected. According to them, it
takes 300 s for the droplets of 10µm of diameter, and 30,000 s for the droplets of 1µm. In the
CFD results, from the droplets that remain in the air once the simulation has finished (4 s), whose
maximum diameter is of 25µm (Section 2.2), the 90% have not fallen 1 m vertically from the
injection point (the mouth).

3.2 SMD Evolution

The evolution of the cough droplet size has been assessed through a characteristic diameter.
SMD has been chosen for it, as it represents the ratio of volume to surface area of the spray.
Results are included in Fig. 10. There is a quick rise of the SMD in the first simulation instants,
as droplets are being introduced into the domain. In general terms, after 0.2 s the curve tends
to a specific value as the small water droplets, which have a shorter lifetime, are evaporating
into the gas, while the bigger droplets, with a longer lifetime, remain in the domain. Once the
aerodynamic drag has slowed down the droplets, the convective effects on the evaporation are
less important and therefore the SMD reaches a stationary value. The three coughs tend to reach
almost the same asymptote of 15µm. As the injection duration of each of the profiles changes
(0.5, 0.6, and 0.9 s for the minimum, mean, and maximum peak flow rate profiles), the SMD
curves change as well. The minimum peak flow rate profile tends to the asymptote value sooner
as the injection event is the shortest of the three profiles. Also, the low injection velocity associ-
ated with the weakest cough (∼5 m/s peak velocity), compared with the strongest and medium
coughs (∼ 20 and∼ 15 m/s, respectively) might prevent the smallest particles from evaporating
due to convection effects which leads into a smaller SMD in the ending states of the simulation.

FIG. 10: SMD evolution over time for the three coughs
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A further SMD study is assessed by performing a lateral projection of the droplet diameters.
The region of interest has been discretized into a domain of 300× 300 cells, representing the
Y-Z plane. Droplet information has been interpolated into this mesh by analyzing their spatial
information (Y and Z coordinates). After that, SMD can be calculated for each cell. It also al-
lows us to observe the evolution of the spray morphology along the time. This procedure has
been applied for the strongest and weakest coughs simulated. Results are shown in Figs. 11–13.
Differences in penetration and spray shape are coherent with the outcomes obtained in Sec-
tion 3.1. SMD is uniform spatially along all the spray for the two first instants, while at 0.5 s
[Figs. 11(c) and 13(c)] there is a region of low SMD values that links the main spray core with
the spray inlet. For the last time instant (1 s), the effect of gravity is observed as a considerable
amount of droplets bend their path towards the floor, specially for the jets that have a lower initial
momentum [Fig. 11(d)], where the lower part of the spray has a SMD close to 20 micrometers.

The effects of turbulence can also be seen in Figs. 11–13. In the first time instants (0.1 s),
the impact of the fluid with the quiescent air generates in its tip a mushroom-like shape. The
interaction between phases generates a set of large-scale vortices around the spray body in
the shape of a toroid. With increased physical time, the scale of these turbulent structures de-
creases in size, disintegrating the jet core, generating disturbances, and spreading the droplets
around.

3.3 Droplets above Waistline

Cough expelled droplets that remain airborne for long periods of time are of special threat due
to the possibility of being an infection source for other organisms. In this study, to distinguish

(a) t = 0.1 s (b) t = 0.2 s

(c) t = 0.5 s (d) t = 1 s

FIG. 11: SMD heatmaps at four time instants, for the minimum peak flow rate profile
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(a) t = 0.1 s (b) t = 0.2 s

(c) t = 0.5 s (d) t = 1 s

FIG. 12: SMD heatmaps at four time instants, for the mean peak flow rate profile

(a) t = 0.1 s (b) t = 0.3 s

(c) t = 0.5 s (d) t = 1 s

FIG. 13: SMD heatmaps at four time instants, for the maximum peak flow rate profile
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between droplets that are of this kind or that have fallen below the human waistline, a threshold
height has been defined. This height has been set at 1 m above the ground, and the amount of
droplets captured over the time that meet this condition has been plotted. In addition to that,
the droplets captured have been discretized according to their diameters to analyze as well the
influence of the size. Five diameter thresholds up to the previous value have been used for the
mentioned discretization.

Results are presented in Fig. 14 for the three cases simulated. They show how the most
frequent droplet found in all three studies falls within the range of 0–5µm. This differs from
the peak value of the RR curve introduced (Fig. 4). This is a consequence of the atomization
effects on the spray, as the droplets injected, due to aerodynamic effects, break up into smaller
particles. The effect of evaporation, diameter reduction, and droplet breakup affects the 0–5µm
curve, as seen by the oscillations in it. Progressively, the droplets above the specified threshold
get reduced whether by droplet size reduction, evaporation, or falling to the ground. Although
at larger physical times the percentage of droplets present above the waistline has been reduced,
the amount of droplets that remain above it is significant, and the spray continues to be a possible
virus spreader. In addition to it, as mentioned, the cough jet is tilted 30◦ towards the floor, which
has an effect on this parameter.

In addition to the amount of droplets of different sizes, it is of interest to study the mass
contribution of each range of droplet diameters (Fig. 15). It allows us to obtain how long the

(a) Maximum Flow Rate (b) Mean Flow Rate

(c) Minimum Flow Rate

FIG. 14: Amount of droplets above 1 m from ground, discretized by its size, for the three coughs simulated
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(a) Maximum Flow Rate (b) Mean Flow Rate

(c) Minimum Flow Rate

FIG. 15: Amount of mass above 1 m from ground, discretized by droplet size, for the three coughs simu-
lated

different droplets stay above the mentioned threshold, without considering the amount of them.
Although the amount of small droplets (D <5 µm) is the most common droplet found, it
represents the least mass contribution to the total mass injected. The highest mass contribution
(10–15µm) is the most common diameter of Fig. 4. From the curves, it can also be seen how
the mass of the small droplets (up to 10µm) decays in a faster way than large droplets. As the
strength of the cough increases (higher inlet velocity), the rate of mass decay due to evaporation
and falling to the ground increases, and, as well, the amount of mass present in the domain also
decreases. The convective effects enhance the evaporation rate for the stronger cough profiles,
while for the weakest cough, the evaporation rate is lower but constant along the time, as seen in
Fig. 16.

3.4 Droplet Detection Histogram

From the droplets present at several selected time instants, histograms have been computed to
obtain the most common droplet size present at the three cough intensities simulated (Fig. 17).
Four time instants have been used to properly capture the two phases the cough consists of (see
Section 3.1). All three types of cough follow the same trend. At 0.1 s the distributions are quite
similar, followed by a sudden increase in the amount of droplets smaller than 1µm. This is in
concordance with the outcomes from Zayas et al. (2012), which presented a predominance of
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FIG. 16: Evaporation rate of the droplets for the three profiles simulated

(a) Maximum Flow Rate (b) Mean Flow Rate

(c) Minimum Flow Rate

FIG. 17: Droplet size probability for different time instants, and for the three cough intensities

diameters of the indicated size. One second after the cough starts, the amount of small particles
has decreased for the three simulations, translating the diameter peak towards 12.5µm. After
2 s, the curve’s peak moves barely to higher diameters. This indicates how once the spray has
lost its momentum, it remains unaltered in particle size terms; it also indicates the importance of
the convective effects on the evaporation, as after this time, the droplet velocities are no longer
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important. This is in agreement with the results shown in Fig. 10, which show little variation
after the mentioned time.

3.5 Droplet Trajectories

The spatial coordinates of the droplets injected into the gaseous domain have been tracked along
their lifeline to detect spread patterns across the air. Figures 18–20 represent the trajectories of
the parcels of a certain amount of droplets of each spray. Discretization into particle size has also
been applied. Two droplet ranges (0–5µm and 5–10µm) have been represented for the sake of
clarity. The colors were assigned to each individual droplet injected to follow its path along its
lifetime.

The diameter range of 5–10µm shows generally a smaller amount of droplets during the
simulation, which is in concordance with the results of Fig. 14. Additionally, the penetration
profiles obtained in Section 3.1 are validated here, as the stronger cough profile reaches further
Z coordinates at the end of the simulation. The droplets of all three cases do not fall to the ground,
as the minimum Y coordinate at 4 s of physical time did not fall below 0.5 m. Additionally, some
of the small droplets [< 5 µm, Figs. 18(a) and 19(a)] tend to ascend after a certain amount of
time. This seems to happen on the stronger cough profiles, but not on the weaker one. This is
probably due to buoyancy effects, as well as the effect of gravity in the droplets. This indicates

(a) 0–5µm (b) 5–10µm

FIG. 18: Evolution of the droplet trajectories, for the different particle diameters found in the spray, for the
maximum peak flow rate cough profile

(a) 0–5µm (b) 5–10µm

FIG. 19: Evolution of the droplet trajectories, for the different particle diameters found in the spray, for the
mean peak flow rate cough profile
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(a) 0–5µm (b) 5–10µm

FIG. 20: Evolution of the droplet trajectories, for the different particle diameters found in the spray, for the
minimum peak flow rate cough profile

that most of the droplets introduced when coughing, if not evaporated, become airborne, and
therefore, potential pathogen transmitters.

In order to detect the reasons behind the lifting of the small droplets, the velocity vector
plots have been included for three time instants and the maximum (Fig. 21) and minimum
(Fig. 22) peak flow rate cough profile. On the strongest flow rate profile, 0.5 s after the start
of the cough event [Fig. 21(a)], toroidal vortex can be observed on the tip of the injected spray,
but the droplets stay within the high velocity region. After 1 s [Fig. 21(b)], the toroidal vortex

(a) Time = 0.5 s (b) Time = 1 s

(c) Time = 3 s

FIG. 21: Velocity vector plot at three different instants for the strong cough
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(a) Time = 0.5 s (b) Time = 1 s

(c) Time = 3 s

FIG. 22: Velocity vector plot at three different instants for the weak cough

is not present anymore; the spray inertia starts to dissipate into the surrounding air, creating re-
circulating regions capable of moving around the remaining droplets. Three seconds after the
cough starts [Fig. 21(c)], these recirculations become more evident and drag the droplets in sev-
eral directions. On the other hand, the weak profile shows significantly smaller cough velocities.
The toroidal vortex can also be found on the spray tip on the initial time instants [Fig. 22(a)]. As
it happened on the strong cough profile, it disappears after 1 s. The spray dissipates into recir-
culating structures, and after 3 s [Fig. 22(c)], the spray has already lost all of its initial inertia.
In this case, these structures are considerably weaker than the strong cough profile at 1 s after
the injection instant, as in the strong case they are already present after that time. Therefore,
the strength of these recirculating structures is the driving reason for finding droplets that start
to increase their height. This strength is also tightly related to the cough flow rate profile that
represents the cough event.

4. CONCLUSIONS

Due to the recent need to better understand the behavior of human coughs and the droplet distri-
bution, a LES based approach has been followed to obtain characteristic data of human coughing.
For it, maximum, minimum, and mean inlet velocity profiles were introduced to model realistic
coughs. From them, the following conclusions were obtained:

• The CFD methodology followed predicts for a physical time of 4 s a penetration of 1.75 m
for the strongest cough profile simulated. It is expected that longer simulation times will
lead to greater penetrations. Weaker coughs penetrate slower. Two penetration phases are
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depicted, the first one up to 0.5 s, where the value is driven by the spray initial momentum,
and a second phase, where convective flows and buoyancy effects move the spray further
down into the domain, in agreement with previous studies.

• SMD does not vary greatly between the cough profiles. Steady values are reached within
2 s, after very small particles are evaporated and bigger ones break up.

• The amount of small particles below 1µm is predominant in all three cases simulated
during the first instants of the injection up to 1 s of physical time, as they account for
60% of the total droplets. The size of these droplets contributes very little to the total
mass injected. After 2 s the amount of droplets of all sizes has been greatly reduced, but
a considerable amount of droplets remain in the air.

• Vertically, droplets do not fall past a certain height (0.6 m), and some of the small droplets
(< 5µm) even start to increase their height past the injection Y coordinate, indicating that
droplets that have not undergone evaporation become airborne.

• Based on the collected data, it seems reasonable to increase the recommended social
distancing further than 2 m between people. Penetrations have been found to reach values
higher than 1 m and extending the current simulations would increase these values even
more.

• Having found that the cough spray dissipates into recirculating regions that keep particles
up in the air, and that after enough time, increase their height, forced convective systems
such as air conditioning would worsen the situation by introducing turbulent flows that
could spread virus transmitter particles further away in the room.

Cough has been shown to be an important virus transmitter due to these later droplets that
remain in the air for long times. Social distancing might not be good enough for preventing
infection according to these results. This study could be further complemented by altering the
ambient conditions, such as humidity, as it will play an important role in the evaporation of water
droplets, and therefore the amount of particles that could remain airborne in the air for a long
period of time. In addition, due to the high dependency of the droplets’ trajectories on turbulent
structures, further studies could study the effect of the induced turbulence of air conditioning
systems on the transportation of the expelled droplets. Moreover, more expiratory events such
as normal human breathing or sneezing could be modeled to analyze minimum interpersonal
distances in order to prevent pathogen transmission.
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