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ABSTRACT

In the face of the increasing death toll of the COVID-19 global pandemic, countries around the world have instituted restrictive measures
to mitigate the serious effects of the pandemic. Human-to-human transmission of COVID-19 occurs primarily through large droplets that
are expelled with sufficient momentum to come in direct contact with the recipients’ mouth. Therefore, the physics of flow is central to
transmission of COVID-19. Respiratory infections increase the frequency of violent expiration, including coughing and sneezing that are
particularly effective in dispersing virus-carrying droplets. Moreover, the high viral load in droplets of asymptomatic hosts that are expelled
during respiratory activities is contributing to the rapid growth of the COVID-19 global pandemic. The present study uses 2D smoothed-
particle-hydrodynamics multi-phase simulations of the fluid dynamics of violent expiratory events in order to obtain a deeper understanding
of the multi-phase nature of respiratory clouds, which can help determine separation distances from an infected person needed to minimize
respiratory transmission. Our results indicate that there are three phases of jet cloud flow: the first is dominated by no-buoyancy jet-like
dynamics characterized by a high speed, the second is dominated by negative buoyancy, and the third is dominated by gravity that deflects
the cloud downward. Moreover, two modes of jet behavior that differ in dilution have been identified to be a function of distance from the
human mouth. This work is of direct relevance to studies on the spread of COVID-19 and similar outbreaks in the future.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0047692

I. INTRODUCTION

Today, unfortunately, COVID-19 is affecting territories around
the world, causing a global economic crisis. The COVID-19 pan-
demic is, first and foremost, a health crisis. Worldwide, there have
been about 2.06 x 10° deaths. However, it has rapidly become an
economic crisis too. Over the past year, there has been a continuous
reduction in the activities and movements of a vast majority of peo-
ple. All politicians are today on the frontline of this fight against a
virus that knows no borders.

Today, even breathing fresh air in a park, at the countryside, or
in the mountains (where social distancing can easily be observed)
seems to carry the risk of contagion. During human expiratory
activities such as talking, laughing, coughing, and sneezing, many
droplets of saliva and other secretions are expelled from the respira-
tory tract via the mouth and nose. Many studies' ° have shown how
movement of droplets during human respiratory activities plays a
key role in the transmission of respiratory infectious diseases.

Likewise, the virus responsible for COVID-19, SARS-CoV-2,
is transmitted through natural respiratory activities such as
breathing, talking, laughing, coughing, and sneezing.”’ There-
fore, an understanding of the fluid dynamics of expiratory virus-
laden droplets is needed to accurately predict virus transmis-
sion. Recent work has demonstrated that exhalation, sneezing,
and coughing not only produce mucosalivary droplets that fol-
low short-range semi-ballistic trajectories but, importantly, also
produce a multi-phase turbulent gas cloud (a puff) that con-
sists of ambient air that traps and carries clusters of droplets
that have a continuum of sizes within it. In fact, the transmis-
sion process is characterized by complex flow phenomena rang-
ing from air-mucous interactions, turbulent jets, and droplet evap-
oration and deposition to flow-induced particle dispersion and
sedimentation.”

Flow physics is central to the transmission of COVID-19, and
much of the recent work in this area has exploited the power of com-
putational fluid dynamics modeling. Multi-phase flows give rise to a
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rich variety of physical phenomena, with applications in many fields
of engineering, for example, aerodynamics,'’ biomedical flows,''*
and bed load transport and sedimentation.!*~!”

During the last year, multi-phase flows of violent expi-
ratory events have been investigated using fully coupled
Eulerian-Lagrangian techniques. In the study by Pendar and
Péascoa, a comprehensive fully coupled Eulerian-Lagrangian
method has been applied, showing that the movement of the
expelled droplets is mainly influenced by their size, angle, velocity,
and environmental factors. Dbouk and Drikakis'® employed
an advanced three-dimensional model based on fully coupled
Eulerian-Lagrangian techniques that take into account the influ-
ence of environmental parameters on the infected respiratory cloud
transmission in air.

However, to overcome the limitations typical of grid-based
models,'” an alternative numerical approach for multi-phase flows
can be based on meshless methods such as Smoothed Particle
Hydrodynamics (SPH). Meshless Lagrangian techniques appear, in
general, to be more suitable in capturing the highly unsteady free
surface. With the Lagrangian description, the convective terms are
incorporated into the velocity derivative (with respect to time), and
the distribution of the points used for discretization evolves accord-
ing to the governing equations. This feature allows for the modeling
of discontinuous fluid domains, free-surface flows, and multi-phase
flows. In the SPH technique, materials with different physical prop-
erties can easily coexist within the same domain. They are discretized
by convenient particle sets, each characterized by specific physi-
cal properties and constitutive laws. Each interface between differ-
ent materials is automatically considered by extending the summa-
tion to all particles located at a distance shorter than 2h (with h
being the smoothing length) from the point where the flow variables
and their derivatives are required. A number of insights obtained
from Smoothed Particle Hydrodynamics (SPH) have shown that
this method can be successfully applied to the simulation of sev-
eral fluid-dynamics problems with highly nonlinear deformations,
such as the breaking and impact of waves,”’~** hydraulic jumps,”*~*
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where p is the density, v is the velocity vector, p is the pressure, g
is the gravity acceleration vector, p, is the initial density of the air
phase, 7T is the turbulent shear stress tensor, S is the rate-of-strain
tensor, and y,. is the dynamic eddy viscosity.

The turbulent stresses are represented by a two-equation k-
model.”” The SPH k-& model was described in the study by De
Padova et al.”® to which the reader is referred to for further
details. The semi-discrete system [Eq. (3)] is integrated in time by a
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multi-phase flows,”*? spilling breakers and bore propagation,
fluid-structure interaction (FSI) problems,'”*” and oscillating jets
that induce breaking waves.’ ** In this study, the SPH approach was
employed to study coughing and sneezing processes with the aim of
evaluating the effectiveness of social limitations used to optimize the
safety of individuals. This paper contributes to understanding the
dilution curve of a sneeze event, which is one of the major sources of
pathogen-carrying droplets in indoor air.

Il. SPH NUMERICAL METHOD

As a Lagrangian method, SPH simulates the domain as a set of
discrete particles. To find the value of a(, t) at a generic point X, an
interpolation is applied from the nodal values a;(t) through a kernel
function W = (x — X, 17) as follows:

a(x,t) ~ (a(x,t)) = Z] l—a(xj,t)W(xj -%1), (1)

where p is the fluid density and the summation is extended to all N
particles located inside the sphere of radius 2# centered on x.

The advantage of the SPH approach is that a differential oper-
ator applied to a(X,t) can be approximated by making use of the
gradient of the kernel function as follows:

V-a(x,t)~(V-a(xt))= Z % 7).

2
Including multiple phases in SPH is relatively straightforward as it
is possible to assign a separate set of particles to each phase with
minimal treatment of the interface.

The multi-phase flow is described by the Reynolds-averaged
Navier-Stokes (RANS) equations. Using the modified version
of Tait’s equation of state for the air phase,®® the govern-
ing equations in the Lagrangian frame take the following

> "ila(z,t) - a(x, )]V W(x -

form:
VWii+g (water phase),
(3)
ijj(']?* T)-VWi+g (air phase),

second-order two-stage XSPH explicit algorithm® where each par-
ticle is moved according to a velocity

V= (pz':fjfvjv*v,»j +(1- )V, (4)
J

where ¢ is a velocity smoothing coefficient and v;"*' is the value
obtained by solving the second and third equations of Eq. (3). The
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FIG. 1. Computational domain.

time step varies slightly during the simulation in order to guarantee

the following Courant stability condition: CFL = At% <0.2.
Further details about the SPH technique can be found in the study
by Gomez-Gesteira.”

I1l. NUMERICAL TESTS

In this study, only coughing and sneezing are considered as
they are the major sources of pathogen-carrying droplets in indoor

TABLE I. Principal parameters of test T1.

scitation.org/journal/adv

air.**"*" In order to capture the dynamic characteristics of the disper-
sion of droplets by coughing and sneezing, 2D SPH simulations were
carried out using a validated Weakly Compressible SPH (WCSPH)
scheme.

The transport characteristics of droplets produced by cough-
ing and sneezing are examined in tests T1 and T2, respectively. A
2D computational domain representing a rectangular space in front
of a coughing/sneezing person was assumed, as shown in Fig. 1.
The computational domain was large enough to represent a real
room. The domain was then discretized using an initial particle spac-
ing equal to 0.005m with 140 000 particles. Droplets were injected
through a nozzle located 1.6 m above the floor (Fig. 1). In the sim-
ulations, no distinction is made between physical and aerodynamic
diameters, and therefore, the particle jet is modeled as a continuum
flow.

The initial velocity, human mouth opening, volume, and other
parameters recorded for clinical coughs and sneezes have been taken
from the literature (see Tables I and IT). No ventilation was included
in either test (T1 or T2) in order to create a quasi-quiescent envi-
ronment, and the droplet and air temperatures were assumed to
be 32°C and 20 °C, respectively."*"” The nozzle diameter d was
2 cm, representing the diameter of a human mouth during cough-
ing/sneezing.** "

Recent studies demonstrated that exhalations, sneezes, and
coughs not only consist of mucosalivary droplets that follow short-
range semi-ballistic trajectories but, importantly, also are primarily
made up of a multi-phase turbulent gas cloud (a puff) that con-
sists of ambient air that traps and carries clusters of droplets with

T1—cough

Temperature (T)

Average expiration air velocity during coughing Uy

Human mouth opening d

Average cough volume measured V

Average mass of the saliva droplets per cough

Density of the jet p

32 °C with 20° ambient Zhu et al.***
115 m/s Chao et al.*!
Gupta et al.*’
2cm Zhu et al.***
Zhu et al.***
1.41 Mahajan et al.”’
Gupta et al.*
6.8 mg Zhu et al. %
7 kg/m® Zhu et al."*

TABLE II. Principal parameters of test T2.

T2—sneeze

Temperature (T)

Average expiration air velocity during coughing Uy

Human mouth opening d

Average cough volume measured V'

Average mass of the saliva droplets per cough

Density of the jet p

32 °C with 20° ambient Zhu et al.***

22m/s La Rosa et al.>*
2cm Zhu et al. %
Zhu et al.***

31 Mabhajan et al.”’
Gupta et al.*’
6.8 mg Zhu et al."®*
3 kg/m’ Zhu et al. "%
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a continuum of sizes within it. According to the experimental stud-
ies of Zhu et al.,"** the total mass of saliva per cough varied within
a range of 6-8 mg, depending on the subject, and averaged about
6.7 mg. The maximum amount of air that could be expelled in a
coughing/sneezing process was smaller than the lung capacity, aver-
aging 4 1 for an adult male. Considering an average cough volume
of about 1.4 1'°%¢-°0 and an average sneeze volume of about 3 1,°1:*?
the density of jets representing coughs and sneezes is about 7 and
3 kg/m”, respectively.'**

The PIV (Particle Image Velocimetry) studies by Zhu et al.***
indicated that the peak cough velocity varied from 6 to 22 m/s, with
an average of 11.2m/s, and Chao et al.*' reported that the maximum
air velocity during coughing by a male volunteer was 13.2 m/s and
that by a female volunteer was 10.2 m/s; the average air velocity was
11.7 m/s. Therefore, the T1 simulations assumed that droplets were
injected into the computational domain with the same instantaneous
velocity as that of the pulse airflow, and a particle jet representing a
single cough had a velocity Uy of 11.5 m/s at the nozzle. The dura-
tion of the pulse air jet was 500 ms, taken from the experiments by
Gupta et al.*

In T2, our simulations assumed that droplets were injected
into the domain with the instantaneous velocity of the pulse
airflow; a particle jet representing a single sneeze had a veloc-
ity Uo of 22m/s at the nozzle, as in the experimental data
of La Rosa et al’® The duration of the pulse air jet was
300 ms.™

IV. RESULTS

The validity of the numerical scheme adopted here was checked
against the observations of real human coughs and sneezes reported
by Bourouiba et al.”*

m/s

y(m)

Experimental smoke cloud|
by Bourouiba et al.” 75
——= 2. SPH smoke cloud

1 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x(m)

FIG. 2. Numerical air velocity fields for coughing (T1) compared with a high-speed
image of a cough (inset) recorded at 1000 fps att = 0.3 s.
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m/s

y(m)
o
1

— —— Experimental smoke cloud
by Bourouiba et al.**

——= 2.D SPH smoke cloud

x(m)

FIG. 3. Numerical air velocity fields for coughing (T1) compared with a high-speed
image of a cough (inset) recorded at 1000 fps att = 0.4 s.

Consistent with their report, Fig. 2 shows a cone-like shape of
the jet cloud in the cough (test T1) at t = 0.03 s, and a maximum dis-
tance of 20 cm (horizontally away from the mouth) was found for
droplets, which is of a similar order of magnitude to the experimen-
tal observations.” These results are in good agreement with other
studies.'>'*

y(m)
ht

FIG. 4. Numerical air velocity fields for coughing (T1) att=1.0s.
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FIG. 5. Numerical air velocity fields for sneezing (T2) compared with high-speed
images of a sneeze recorded at 1000 fps att = 0.10s.

We observed that during the applied ejection period of
0.4s (Fig. 2), the carrier fluid flow was at the maximum velocity of
7.5m/s, which drops down gradually after closure of the
mouth.

Figure 3 shows that a smoke cloud in a cough was directed
downward at an angle 24° from the horizontal. This again is in good
agreement with the experiments.”* Figure 4 shows a rapid reduction

2
m/s
20
17.5
15
125
g 10
-
75
5
25
1
0
|
o1 0z o3 04 o0s o6 o7
8% S xm)
1 T T T T T T T

T
0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1
x(m)

FIG. 6. Numerical air velocity fields for sneezing (T2) compared with high-speed
images of a sneeze recorded at 1000 fps att = 0.16s.
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FIG. 7. Numerical air velocity fields for sneezing (T2) compared with high-speed
images of a sneeze recorded at 1000 fps at t = 0.22s.

in the velocity of the jet cloud so that at t = 1.0 s, the pulse air jet was
at a horizontal distance of 100 cm and a vertical distance of 60 cm
from the source. After 1s, all droplets did not exceed a horizontal
distance of 100 cm away from the mouth, confirming the numerical
results by Dbouk and Drikakis."” The mean horizontal jet velocity
decreased from 7.2m/s at t = 0.03s to 1.65m/s at 0.3 s, 1.14 m/s at
0.4s,and 0.78 m/s at 1s.

m/s
20
17.5
15
125
-
g/ 10
i ]
75
s
— __ Experimental smoke cloud|
by Bourouiba et al.
1.34 ——— 2:D SPH smoke cloud 25
A —1
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- —0
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FIG. 8. Numerical air velocity fields for sneezing (T2) compared with high-speed
images of a sneeze recorded at 1000 fps att = 0.34s.
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Figures 5-8 show the simulated temporal evolution of a sneeze
between 0 and 0.34s, and this is compared to the trajectories of
droplets emitted during a real human sneeze.” The results show
that the behavior of the simulated jet is consistent with the exper-
iments of Bourouiba et al.>* The first image (Fig. 5) shows a cone-
like shape of the jet cloud and a high density of droplets emitted
by the sneeze. These results are consistent with those of Bourouiba
et al”* in that the sneeze creates a strong pulse air jet at a distance
of 70cm from the source at t = 0.34s and the smoke cloud that
was initially directed horizontally veers downward (Fig. 8). Using
the maximum numerical ejection speed and geometry at t = 0.34s,

y(m)

8 . .
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

x(m)

y(m)
T

1 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x(m)

ARTICLE
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we estimate a typical Reynolds number of 4 x 10 as observed
experimentally by Bourouiba et al.”* The mean horizontal jet veloc-
ity decreased from 5m/s at t = 0.10s to 2.4m/s at 0.16s, 1.9m/s
at 0.2s, 1.6m/s at 0.34s, 0.74m/s at 1s, 0.4m/s at 25, and 0.1 m/s
at3s.

Figures 9(a)-9(d) shows a rapid reduction in the smoke cloud’s
horizontal velocity so that after t = 1s, no significant horizontal dis-
placement could be observed, while a significant downward vertical
displacement was observed. Figure 9(d) shows that at t = 1.0's, the
distance of the pulse air jet from the source was 100 cm horizontally
and 40 cm vertically.

y(m)

0 0.1 02 03 0.4 0.5 0.6 0.7 08 0.9 1

x(m)

@ e

y(m)
bt

1 '|" = | ;-A\::A:f =T P T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x(m)

FIG. 9. Numerical air velocity fields for sneezing (T2) at (a) 1's, (b) 25, (c) 3, and (d) 4.5s.
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FIG. 10. Streamlines of jet cloud for coughing (T1) at (a) t = 0.02s, (b) t=0.4s,and (c) t = 1s.

A. Analysis of jet cloud behavior

The streamlines describing the trajectories of the jet cloud for
coughing (T1) and sneezing (T2) reveal three phases of movement:
the first phase is dominated by no-buoyancy jet-like dynamics at a
high speed [Figs. 10(a) and 11(a)], the second phase is dominated
by negative buoyancy [Figs. 10(b) and 11(b)], and the third phase is
dominated by gravity that deflects the cloud downward [Figs. 10(c)
and 11(c)]. However, the third phase of sneezing (T2) occurs later
because the jet cloud is dominated by buoyancy during the period
t = 1-3 s following a reduction in the horizontal velocity. There-
fore, for test T2, the second phase is less evident because of smaller
differences in density between the air and jet particles.

V. DISCUSSION

For test T2 at time t = 0.34s, it can be seen from Fig. 12
that two different modes of jet behavior (shown as triangles vs cir-
cles) are largely a function of distance from the human mouth.
These results highlight that in mode 1 (triangles in Fig. 12), dilu-
tion Co/C increases very rapidly with the distance from the noz-
zle, and the maximum dilution occurs at a distance x/d = 10
from the human mouth. In mode 2 (circles in Fig. 12), how-
ever, dilution Co/C is only weakly influenced by the distance
from the human mouth, and a local average dilution of 1.95 is
observed. Generally, the data follow an exponential law for x/d
$ 10, which is still in the region where the jet is developing and
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FIG. 11. Streamlines of jet cloud for sneezing (T2) at (a) t = 0.22s, (b) t = 0.34s,and (c) t = 4.5s.
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FIG. 12. Curve dilution for sneezing. The triangles and circles indicate two modes
of the dependence of the concentration ratio, Cy/C, on the downstream distance,
x/d. Cy = concentration of the jet (human mouth effluent) at the nozzle, C = local
concentration, and d = diameter of the human mouth opening.

approaches an asymptote for x/d 2 10, where a cloud-like shape is
observed.

VI. CONCLUSION

The objective of the present work was to investigate the fluid
dynamics of cough/sneeze events to understand the transmission
dynamics of respiratory infections. 2D SPH simulations have uti-
lized a validated Weakly Compressible SPH (WCSPH) scheme
to examine the transport characteristics of droplets produced by
coughing and sneezing. The SPH model was validated by comparing
the simulated results with the experiments on real human coughs
and sneezes by Bourouiba ef al.,”* showing that the simulations were
consistent with experimental data.

The streamlines of a jet cloud for coughing (T1) and sneezing
(T2) show that it evolves in three phases: the first phase is dominated
by no-buoyancy jet-like dynamics characterized by high-speed, the
second phase is dominated by negative buoyancy, and the third
phase is dominated by gravity that deflects the cloud downward.

The high viral load in droplets of asymptomatic hosts that are
expelled during respiratory activities is contributing to the rapid
growth of the COVID-19 global pandemic.” Therefore, to study
transmission dynamics of respiratory infections, simulations of the
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dilution curve have been carried out for a sneeze event, which is a
major source of pathogen-carrying droplets in indoor air. Two dif-
ferent modes of jet behavior differentiated by the distance from the
human mouth were identified. In mode 1, dilution Cy/C increases
very rapidly with the distance from the mouth (nozzle in the sim-
ulations), and maximum dilution occurs at a distance x/d = 10. In
mode 2, dilution Cy/C is instead weakly influenced by the distance
from the mouth, and a local average dilution of 1.95 is observed.
Generally, Cy/C behaves exponentially for x/d $ 10 where the jet is
still developing and approaches an asymptote for x/d 2 10 where a
cloud-like shape is observed.

Therefore, the results of these simulations can help determine
the separation distance from an infected person that minimizes res-
piratory transmission. This work is helpful to the studies on the
spread of COVID-19 and to any such pandemic in the future.
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