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ABSTRACT

Given the recent acceptance of the central role of airborne transmission for SARS-CoV-2, increased attention has been paid to the dispersion
of respiratory droplets in different scenarios. Studies including numerical simulations have been conducted on methods for breaking the
chains of transmission. Here, we present the first such study on the impact of body position while coughing on the dispersion of respiratory
droplets. Four scenarios are examined, including normal standing, bending the head at different angles, coughing into the elbow in still air,
and a gentle breeze from the front and behind. The model showed that an uncovered cough is dangerous and causes many droplets to enter
the environment, posing a cross-contamination threat to the others. Droplets with an initial diameter smaller than 62.5lm remain sus-
pended in windless air for more than 3 min. In the presence of wind, these droplets move with the wind flow and may travel long distances
greater than 3.5 m. The model showed that covering the mouth with the elbow while coughing is clearly the best strategy for reducing air-
borne transmission of exhaled pathogens. About 62% of the initial number of droplets deposit on the cougher’s elbow immediately after the
cough and have no chance of spreading through the air in both windless and windy conditions. Covering the cough in windless or light
breeze conditions also causes the upward thermal plume around the body to expel many small droplets.

VC 2022 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/10.1063/5.0086241

INTRODUCTION

Public attention has been focused on the spread of respiratory
viruses, specifically SARS-CoV-2, since March 2020, when WHO
declared a pandemic. Viruses that spread by airborne transmission are
powerful agents of human disease and range from a simple cold to
infections like COVID-19, confronting human society with the dread-
ful crisis of the pandemic in 2020–2022.1,2 Airborne transmission is
recognized as one of the main pathways of transmission of
pathogens.3–5

Air moving past wet surfaces in the respiratory tract draws fila-
ments of liquid, for example, the fluid in the lung, saliva, or mucus in
the nasal passages. These filaments shatter, producing droplets, which
are known to arise from many processes, including breathing, talking,
singing, sneezing, and coughing.6 Exhaled air mixes with the sur-
rounding air, and water evaporates as the humidity drops from 100%
inside the body to ambient humidity outside. This process takes less

than a second, and there is a competition between gravitational settling
and suspension as an aerosol.7 Under this threshold, evaporation
leaves a nucleus of nonvolatile bioaerosol with a size of a few lm that
can keep the virus viable and stay airborne for many hours.7

Human–human transmission, divided into direct and indirect contact,
as well as endogenous infection and common-vehicle and vector
spread, are considered as the other routes of virus transmission.8 All
exhalation processes produce some droplets and bioaerosol but with
different air velocities and volumes.

Recent developments in numerical methods and computer tech-
nology have made the powerful tool of computational fluid dynamics
(CFD) available to researchers, in addition to field experiments. The
dispersion and distribution of exhaled droplets in different scenarios
with diverse geometries and air flows conditions can be modeled
with CFD, thereby helping control the spread of contagious diseases.
For example, Yang et al.9 investigated the airflow field caused by a
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passenger’s cough in a section of an airliner cabin. Their results show
that the cough jet significantly affects the airflow field, especially in the
first half-second of coughing and within 0.45m of the mouth. They
concluded that the influence of the cough jet on droplet trajectory is
crucial and must be considered. Feng et al.10 investigated the effect of
a recommended social distance of 6 feet (1.83m) in different weather
conditions. They found that microparticles could easily travel much
farther than 6 feet due to the wind flow.

In such cases, even if the distance between the two persons is 10
feet, the cough droplets from the source can deposit in the head and
body region of the receptor. Therefore, the authors suggest social dis-
tancing greater than 6 feet to prevent the spread of COVID-19. They
assumed a uniform distribution for the wind velocity. In the discussion
of social distancing, almost similar results were presented by Dbouk
and Drikakis.11 They modeled the distribution of cough droplets
numerically and showed that the proposed social distance (2m) was
appropriate only in windless environments, but in the presence of
wind flow, the droplets could travel long distances up to 6m. Li et al.12

investigated the effect of environmental conditions, such as ambient
air humidity, wind speed (assuming uniform velocity distribution),
and social distancing on the dispersion of cough droplets in the out-
door environment. Their model includes two mannequins standing at
distances of 1 and 2 m from each other. They showed that social dis-
tancing significantly reduces the rate of disease transmission. They
also showed that children and recipients who are low for whatever rea-
son are at greater risk because of the usual downward path of cough-
ing. Zhang et al.13 conducted experimental and numerical studies to
identify disease transmission mechanisms in an urban bus and found
strategies for reducing the risk of disease transmission. Their study
used the Eulerian approach to model the exhaled droplets. They found
that the ventilation system is the most important factor determining
particle dispersion. The bus ventilation system causes the concentra-
tion of particles to be distributed almost evenly throughout the interior
space and also dilutes the initial concentration by providing fresh air.

Moreover, they observed that opening windows and doors could
reduce the initial concentration by half; however, the effect is not the
same for all passengers. Yamakawa et al.14 examined the spread of
coronavirus in a classroom under laminar airflow and isothermal con-
ditions. In their model, a teacher stands in front of the students, and

the dispersion of droplets generated by the teacher’s cough is simu-
lated for 90min. The models show that when classroom ventilation is
not sufficient, there is a high risk of disease transmission to the stu-
dents. They conclude that a minimum distance of 5.5 m between the
teacher and the students is needed to protect the students. Ugarte-
Anero et al.15 numerically examined the effect of face shields on pro-
tection against sneezing droplets and found that face shields alone
could not provide adequate protection against respiratory droplets
caused by sneezing. They showed that in a windy scenario, when the
wind blows at a speed of 14 km/h in the environment, droplets enter
from the gap between the face shields and the mannequin’s face and
deposit on the neck and face of the mannequin.

To the best of our knowledge, the impact of body position on the
distribution of cough respiratory droplets has not been studied in
detail using CFD. In this study, we examine the effect of four different
poses, including the normal position of standing, bending the head at
different angles, and covering the mouth with the elbow during cough-
ing. The aim is to investigate the distribution of exhaled droplets dur-
ing different coughing positions, with calm and windy airflow, in the
outdoor environment. The goal of the study is to determine simple
guidelines for best practices that can help to reduce the escape of respi-
ratory droplets from the source. As part of carrying out the study, we
gather statistical data of the droplets’ dispersion. We believe this study
is a necessary step to help establish new health protocols to reduce the
spread of respiratory diseases, such as COVID-19 and other airborne
pathogens.

MODEL DESCRIPTION
Geometry

The model used in the current study includes a human male
computer-aided design (CAD) model standing in an open environ-
ment, as shown in Fig. 1. The height of the subject in the standing
position is175 cm, and the area of the open mouth is approximately
4 cm2, which is in the middle of the range suggested by Gupta et al.16

The domain around the mannequin is a 7 m cubic space. The
mannequin stands in the bottom center of the cube. A large computa-
tional domain is considered for two reasons: the first is to reduce the
uncertainties caused by the boundary conditions on the fluid flow
around the mannequin, and the second is to have a sufficiently large

FIG. 1. The 3D computational domain.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 041902 (2022); doi: 10.1063/5.0086241 34, 041902-2

VC Author(s) 2022

https://scitation.org/journal/phf


space to study the distribution of particles over longer times and lon-
ger distances. We considered different climatic conditions and four
positions during coughing. The four positions are as follows (Fig. 2):

Case 1: The mannequin stands normally and coughs.
Case 2: The mannequin turns its head 23� toward the ground.
Case 3: The mannequin turns its head toward the ground more
than in the second case and also bends its back slightly.
Case 4: The mannequin stands and coughs into the elbow. The dis-
tance between the mouth and the elbow is about 35mm.

The entire computational domain was subdivided into unstruc-
tured grids with tri/tetrahedral cells using ICEM CFD. We imposed 12
prismatic boundary layer grids near the walls to ensure accuracy in cal-
culating near-wall gradients and precise prediction of the particle
deposition. The height of the first prism layer was selected such that
the yþw reaches the acceptable range (yþw <1) in all wall boundaries. A
grid study was carried out to ensure the independence of the results
from the number of the grid cells. We have investigated three meshes
with 5, 10, and 15� 106 cells and concluded that a grid with 10 � 106

cells is sufficiently fine. In the generation of these three meshes, the ele-
ments on the surface of the mannequin’s body, especially in the head
area and on the ground, as well as in the regions around and close to

the mannequin, were chosen to be very small. As the distance from
the mannequin increases, the size of the elements increases. Figure 3
shows a view of the constructed grid with about 10� 106 elements.

Governing equations and boundary conditions

In general, there are two numerical approaches for simulating
multiphase flows: the Euler–Lagrange approach and the Euler–Euler
approach. The Euler–Lagrange approach can be used in models where
the volume fraction of droplets or dispersed second phase is low com-
pared to the fluid phase, which is acceptable in cough droplet transfer
modeling.17 Therefore, we use the Euler–Lagrange approach to study
the airflow field and exhaled droplets within the computational
domain.

Airflow

The governing equations for the airflow field are the conservation
of mass, momentum, energy, state, and turbulence model equations.
In this simulation, a complex fluid flow field is formed due to the
cough jet, the wind flow around the mannequin, and the effects of the
thermal plume. Therefore, choosing a suitable turbulence model that
accurately predicts the airflow field is essential. We use a k� x SST

FIG. 2. 3D models of the mannequin in
four different postures: (a) case 1, (b)
case 2, (c) case 3, and (d) case 4.
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turbulence model for its good performance in adverse pressure gra-
dients and separating flow. This turbulence model has been widely
applied in similar research studies and was shown to accurately predict
airflow and droplet dispersions.18–20 Full details for the airflow field
governing equations, such as turbulence model and species transport,
can be found in the ANSYS fluent theory guide.10 Validation of the
present numerical model is presented in Appendix.

Equation of motion for droplets

The trajectory of each droplet was calculated using the Lagrangian
approach by time integration of the force balance equation as follows:

d~up
dt
¼ FD ~u � ~up

� �
þ

qp � qð Þ
qp

~g þ ~Fl þ~FBM : (1)

The left-hand side of the equation is equal to the particle acceleration,
and the right-hand side terms of this equation represent the forces act-
ing on the particle per unit particle mass. Here,~u and ~up are the fluid
and particle’s velocities, respectively. FD ~u � ~up

� �
is drag force per unit

particle mass, which is defined as

FD ¼
18 l
qpd2p

CD Rep
24Cc

; (2)

where l is the fluid’s dynamic viscosity, q is the fluid density, qp and
dp are density and diameter of the particle, Rep is relative particle
Reynolds number, CD is drag coefficient, and Cc is the Cunningham
slip correction factor. Rep and CD are given as follows:

Rep ¼
q dp
l

~up �~u
�� ��; (3)

CD ¼ a1 þ
a2
Re
þ a3
Re
; (4)

where a1, a2 and a3 are three constants, which are determined based
on the particle Reynolds number.21

The second term on the right-hand side of the particle equation
of motion represents the effects of forces acting on the particle due to
gravity and buoyancy, and the third term, Fl; is Saffman’s lift force.

The size distribution of respiratory droplets reported by research-
ers due to human activities ranges from a few to several thousand
lm.22–25 After exhalation, respiratory droplets that have a small initial
size (about a few lm) after evaporation of the volatile fraction become
tiny size, even turning into nanometers size droplets. Lung fluid typi-
cally contains a few percent nonvolatile. In addition to evaporation,
Brownian motion, due to instantaneous random imparted momentum
to the particle, and reduced fluid drag due to slip flow may affect the
droplets’ trajectories.26 In Eq. (1), FBM represents Brownian forces act-
ing on the particles. In this study, the effects of Brownian forces and
slip correction factor are only considered for droplets with an initial
diameter smaller than 3lm.

Stochastic models

When Reynolds-averaged Navier–Stokes (RANS) turbulence
models are used to solve the fluid flow field numerically, the mean val-
ues of the flow variables are calculated. To calculate the drag force on a
particle, the instantaneous velocity of the fluid around the particle
must be known. Hence, fluid velocity fluctuations due to turbulence at
the particle location are also required in addition to the average value
of the fluid velocity. Thus, stochastic models are used to incorporate
the effect of instantaneous turbulent fluid flow velocity fluctuations on
particle trajectories. This study uses the discrete random walk (DRW)
model, first proposed by Gosman and Loannides.27 In this model,
velocity fluctuations are considered using a piecewise continuous func-
tion that changes with time according to the following equation:

u0i ¼ kiri; (5)

where ki is a random number with a normal distribution, and ri is the

root mean square of the fluctuation velocities ð
ffiffiffiffiffiffi
u02i

q
Þ. For two-

equation turbulence models, this parameter is calculated according to
the turbulent kinetic energy of the fluid flow at each location and by
assuming the fluctuations are isotropic as

ri ¼
ffiffiffiffiffiffiffiffiffiffi
2k=3

p
: (6)

The transient coughing airflow rate is specified based on experimen-
tal measurements as shown in Fig. 3.9,10,16 Using the Fourier series,
the relationship between cough flow rates vs time was defined using
a summation of some harmonic terms. The resulting function is
used as a boundary condition at the mannequin’s mouth and at a
time interval of 0 to 0.51 s. It is assumed that the exhaled air from
the mannequin’s mouth has a relative humidity of 100% and a tem-
perature of 37 �C. The turbulent intensity at the mouth was assumed
to be 10%.28–30

Respiratory droplets expelled from the human’s mouth during
coughing or sneezing have a diameter in the range of a few lm to

FIG. 3. Generated mesh on mannequin’s body and a sample sagittal cross section
of computational grids.
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several thousand lm. Experimental studies have measured the distri-
bution and number of particles emitted from the mouth during cough-
ing, sneezing, and even speaking. Duguid et al.31 characterized the size
and distribution of expelled droplets by microscopic measurement.
We adapt the size distribution of particles provided by Duguid et al.,
shown in Fig. 5.

As shown in Fig. 5, respiratory droplets from coughs include a
wide range of diameters, but 95% of particles are between 2 and
100lm. In addition to water, other components in respiratory drop-
lets include ions, such as Naþ, Kþ and Cl�, epithelial cells, mucus,
and saliva, and micro-organisms, such as bacteria and viruses. We
assumed that cough droplets are composed of 6% nonvolatile compo-
nents and 94% water, so if all the water in the droplets evaporates,
their diameter reaches about 40% of the initial diameter.25,32,33 In
general, respiratory fluid is a very complex fluid, and the exact
amount of each of the nonvolatile components in the respiratory
droplets varies from person to person and may vary from smokers
to nonsmokers and diabetic people.11,34 According to Van der
Reijden et al.34 viscosity of saliva can be very close to water, as well
as the shear rate has little effect on its properties. In addition,
according to Nicas et al.,25 assuming a density of 1000 kg/m3 for the
mean density of the nonvolatile components is reasonable. For this
reason, in the present study, it is assumed that nonvolatile compo-
nents have similar properties as water with the difference that they
do not evaporate in the environment.

We simulate the evaporation of respiratory droplets according to
Miller’s and Sazhin’s studies,35,36

dmp

dt
¼ kcApq1ln 1þ Bmð Þ; (7)

where kc is the mass transfer coefficient, Ap is the droplet surface area,
and Bm is the Spalding mass number. The mass transfer coefficient
(kc) is calculated using the Sherwood number correlation as follows.
The Sherwood number (Sh) is a dimensionless number that represents
the ratio of the convective to diffusive mass transfer. For a spherical
droplet, this number can be defined as a function of Reynolds and
Schmidt numbers expressed as follows:

ShAB ¼
kcdp
Di;m
¼ 2:0þ 0:6Re1=2d Sc1=3: (8)

In these equations, Di;m is the vapor diffusion coefficient, dp is droplet
diameter, and Sc is Schmidt number. Schmidt number is defined as
the ratio of momentum diffusivity to mass diffusivity,

Sc ¼ t
Di;m
¼ l

qDi;m
; (9)

and the Spalding mass number is defined as

Bm ¼
Yi;s � Yi;1
1� Yi;s

; (10)

where Yi;s and Yi;1 are the vapor mass fraction at the surface and
inside the fluid phase, respectively. Thus, by calculating the vaporiza-
tion rates of the droplet, the droplet diameter is calculated using the
following equation:

dmp

dt
¼ 1

2
qpD2

p

d Dpð Þ
dt

: (11)

We incorporate an ambient wind flow of 15.5 km/h corresponding
to force three on the Beaufort wind scale.37 We have applied a loga-
rithmic velocity distribution of wind flow in the outdoor environ-
ment.38,39 The ambient air and inlet wind are assumed to be at
21.3 �C and 55% relative humidity. The mannequin’s body is consid-
ered as a rigid wall at a temperature of 26.6 �C.40,41 The ANSYS-
FLUENT software is used to solve the governing equations of airflow
and droplet trajectory numerically. We couple the velocity and pres-
sure fields using the SIMPLE algorithm. Transient simulations are
performed with a time step of 0.005 s for the flow field. For droplets,
based on their diameters, a time step equal to one-tenth to one-fifth
of the droplet’s relaxation time is used. User-defined functions
(UDFs) define the transient cough jet, logarithmic ambient wind
velocity, and droplet time steps.

RESULTS AND DISCUSSION
Airflow field

We investigate the airflow field itself before detailing the deposi-
tion and distribution of respiratory droplets to the environment. The
temperature gradient between the skin surface and the ambient air
leads to the upward movement of air around the human body. TheFIG. 4. Cough-jet volumetric airflow rate.

FIG. 5. Size distribution of cough droplets.
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resulting thermal plume can contribute significantly to the transport
of aerosols in the human microenvironment. In the standing posture
case study, the airflow is formed from the lower parts of the body
(legs) and moves upward. At the beginning of the buoyancy-driven
plume formation, the air velocity is low, and the boundary layer thick-
ness is small. However, air velocity increases as the airflow moves
toward the body’s upperparts. Hence, the airflow gradually transforms
to a turbulent flow (Rayleigh number >109).40,42 Figure 6 shows the
airflow of the thermal plume formed around a standing posture man-
nequin. As can be seen in this figure, the thickness of the boundary
layer is gradually increasing. The air velocity increases up to 0.1m/s in
the mouth area, and the boundary layer thickness is about 14 cm in
regions front of the mannequin’s mouth. The airflow velocity reaches
a maximum, 40 cm above the mannequin head with a velocity of
approximately 0.35m/s.

In the absence of wind, the thermal plume around the body is
strong and can significantly impact the transport of respiratory drop-
lets. In indoor environments, the airflow field is typically almost iden-
tical. In such environments, to maintain comfort conditions, airflow
velocity in the building caused by the ventilation system is usually low,
and ambient temperature is lower than body temperature.42,43

Nevertheless, in some recent studies, less attention has been paid to
the effect of the human thermal plume on the transmission and distri-
bution of respiratory droplets in the discussion of COVID-19.14,15,44,45

In this study, a logarithmic velocity distribution is used to
describe the effect of wind flow in the outdoor environment. In
this case, the wind flow velocity around the mannequin head is
about 1.95m/s. Wind speeds in the Beaufort scale are measured at
the height of 10m above the surface. Wind speeds decrease closer
to the ground surface due to surface drag and associated boundary
layer flow formed in the outdoor environment near the ground
surface. Therefore, a logarithmic velocity distribution is more
accurate than a uniform velocity distribution. In Figs. 7 and 8, the
airflow field is shown at two different conditions where the wind
blows from behind and front.

The human body acts like a bluff-body in the wind. When the
wind blows toward the body, airflow separation occurs down-
stream, resulting in a three-dimensional recirculation zone.18,20

These vortices can significantly affect the dispersion of respiratory
droplets and their deposition in the environment. The impact of
the wind flow on the mannequin’s body causes the formation of
high-pressure regions in the front of the mannequin when the
wind blows from the front or on the back of the mannequin
when the wind blows from behind (as shown in Fig. 8). Low-
pressure zones then form downstream of the flow after the
separation of the boundary layer. As shown in Fig. 7, the torso is
the largest barrier to airflow passage and provides more resistance
than other parts, such as the mannequin’s head, arms, and legs.

FIG. 6. Thermal plume formed around the
mannequin in windless condition.
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Hence, the recirculation zone formed after the mannequin’s torso
is stronger.

RESPIRATORY DROPLETS SIMULATION RESULTS
Windless condition

Investigation of the particle trajectory shows that the size distri-
bution of droplets is an essential factor that governs their pathways
(Fig. 9). In windless conditions, particles experience deceleration. In
this case, the maximum distance traveled by a particle is known as its
stopping distance, a definition that also applies to small micro-
respiratory droplets caused by coughing in the windless air. Figure 9
illustrates the location of the droplets in the first case at different
times.

Among the droplets, the smaller particles travel a shorter dis-
tance even though all particles are released with the same initial
velocity. The cloud of coughed respiratory droplets with an initial
diameter<62.5lm travels a distance of about 0.3 m in the normal
direction (z-direction) by the end of coughing, at t ¼ 0:5 s. Some of
these tiny droplets, those with a diameter<62.5lm, remain in the
region of the thermal plume around the mannequin and experience
an upward movement due to convection. Although there can be

seen a number of the droplets as large as 60lm that are affected by
the thermal plume, most of the droplets in this group have an initial
diameter of 6, 12, and 20lm. These tiny droplets (less than 62.5lm)
will remain suspended in the air for a long time and be dispersed in
the environment.

In contrast, larger droplets exhibit different dispersion behavior.
Due to their high initial momentum, the imposing drag force from still
air is not enough to make them stop moving quickly; hence, they can
travel a long distance in a short time. An important point in Fig. 9 is
that the droplets with an initial size equal to or greater than 375 (lm)
travel long distances in relatively short times. For example, the average
distances traveled in the normal direction by droplets with an initial
diameter of 375, 750, and 1500lm in 0.5 s are 1.12, 1.86, and 2.56m,
respectively. The force of gravity on such droplets is high due to their
large size, so their trajectory is downward. Medium droplets also
maintain a high velocity due to their relatively high momentum.
Nevertheless, they lose their initial momentum after a distance due to
the airflow drag force exerted on the droplets. Thus, thenceforth grav-
ity becomes the dominant factor, and they deposit on the ground close
to the mannequin. In this case, all droplets with an initial diameter-
>100lm were deposited on the ground within 7 s of the cough.

FIG. 7. Airflow field generated by the passage of wind flow through the mannequin: (a) wind blows from behind and (b) wind blows from the front.

FIG. 8. Pressure field generated by the passage of wind flow through the mannequin: (a) wind blows from behind and (b) wind blows from the front.
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This time is about 25 s for 87.5lm droplets and more than 1min for
smaller particles.

Generally, three characteristic scenarios are considered for
droplet trajectory after being expelled. Some droplets settle, some
leave the computational domain, and the rest become airborne.
Figure 10 shows the number of particles suspended in the air at
different times and the number of particles that left the computa-
tional domain. In this figure, panels (a)–(d) show the number of
droplets suspended in the airflow at different times for the first to
fourth cases, respectively, and in the corresponding diagrams, the
second column in the panels that marked with a “�” (i.e., a�, b�, c�,

and d�) shows the number of droplets that leave the computational
domain at different time intervals for the first to the fourth case,
respectively. Therefore, if the number of suspended particles in the
domain decreases but in the corresponding � diagram, the same
number of droplets do not leave the domain in that time interval,
this means that these droplets have been deposited. Consequently,
the behavior of all droplets of different sizes can be investigated.
The results are normalized by the initial number of droplets of the
same size. The color of each column has been selected according to
the distribution of the initial number of exposed cough droplets
(Fig. 5); hence, more attention should be paid to the orange and

FIG. 9. Location of droplets in the first
case in the windless condition.
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red columns. Figure 11 shows the average vertical distance of drop-
lets from the group at different times with the values of its standard
deviation (STD) for first to third cases. Figure 12 shows the stan-
dard deviation of the x-component of the location of some small

and medium droplets. The droplets are distributed almost evenly
on either side of the mannequin; hence the average value of drop-
lets’ location x-component is almost zero. Despite the differences
in the standard deviation value of the x-component of particles

FIG. 10. Normalized number of respiratory droplets in the air flow at different times with graphs of normalized number of droplets that leaving the computational domain at dif-
ferent time intervals (images �) in windless condition: (a) Case 1, (b) case 2, (c) case 3, and (d) case 4.
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FIG. 11. Average of the y-component of the droplets’ location (height above the ground) at different time. (a) case 1, (b) case 2, and (c) case 3.
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location, the trend is nearly the same, so in Fig. 12, this diagram is
shown only for the first case.

As discussed, some tiny respiratory droplets move upward under
the influence of the thermal plume around the mannequin. In such
circumstances, bending the head during coughing causes the cough jet
and the accompanying cloud of droplets to remain closer to the man-
nequin’s body. Therefore, the free convection flow around the manne-
quin has a much greater impact on the droplet’s trajectory. For
instance, in case 1, by the end of the simulation time (5min), about
2.6% of droplets with an initial diameter d0 � 6lm and about 3.1% of
droplets with an initial diameter of 6 lm < d0 � 20 lm escape from
the computational domain at the upper boundary surface. In case 2,
these values are 15.3% and 12.4%, respectively, and in case 3, they
reach 24.4% and 22.3%. Therefore, the more the cougher bends his
head, the more droplets are affected by the thermal plume. As seen in
Fig. 10, in the first case, a significant reduction in the number of small
respiratory droplets with an initial diameter of d0 � 62:5 lm begins
about 140 s after coughing. At this time, most coughed droplets travel
approximately 3.5m from the mannequin and gradually exit the com-
putational domain. In cases 2 and 3, the removal of particles in the
environment begins sooner than in case 1 and starts about 1 min after
coughing. This is due to the increased effect of the thermal plume on
these coughed particles in these two cases. In cases 2 and 3, the second
peak of the droplet clearance begins about 3min after coughing. At
this time, the droplets are completely scattered in the environment
and travel far enough to escape the computational domain. As can be
seen in Fig. 10, all droplets with an initial diameter d0 > 62:5lm
(except 1500lm droplets in case number one) eventually deposit on
the ground. Large droplets that have an initial diameter of d0
� 375 lm travel fast and deposit on the ground soon after coughing.
If the cougher bends his/her head, the time and distance traveled by
these large particles are reduced. For instance, in the first case, all
droplets with an initial diameter of 375lm after about 1.3 s deposit on
the ground at a distance of approximately 1.2m. In the second and
third cases, the deposition time for these particles is reduced to about
0.9 and 0.7 s, and the distance traveled by them is reduced to 0.92 and
0.73m, respectively. As discussed earlier, small droplets are suspended
in the air for a very long time. In addition, as can be seen in Figs. 11
and 12, these tiny droplets with a diameter< 62.5lm have a very high
dispersion rate in the environment. As shown in Figs. 11 and 12, the
STD of these droplets is very high in both the x and y directions, and it
increases over time. The extreme STD of these small droplets in Fig. 11

is due to the effects of the thermal plume. Some of these droplets move
upward with free convection flow, and the rest are dispersed in the envi-
ronment at heights closer to the ground. This causes a very large
increase in the STD of these small droplets in the direction of the y-
component of the droplets’ location, and as can be seen, this effect is
much more severe in the second and third cases than in the first case.
As the diameter of the droplets increases, their dispersion and conse-
quently the STD of the location of the droplets decreases to the point
that for large droplets, the amount of STD in both the x and y compo-
nents of the droplets’ location becomes almost zero. Figure 10 shows
that simple covering of the mouth with an elbow when coughing can be
very effective. In this case, about 61.5% of the droplets are trapped on
the inside of the elbow immediately after coughing, and only a fraction
of very small particles that are smaller than or equal to 20 lm in diame-
ter enter the environment. Another desirable effect of covering the
mouth with the elbow during coughing is that it acts as a barrier against
the coughing jet, thus causing the droplets to travel a shorter distance
from the mannequin at the end of the cough than in the other cases.
Therefore, out of 38.5% of the droplets that enter the environment, 30%
move upward under the influence of the thermal plume, and in 30 s
after coughing, they gradually begin to leave the computational domain
from the top boundary surface. As a result, only about 8.5% of the drop-
lets are dispersed in the environment, greatly reducing the risk of disease
transmission.

The wind blows from the front (opposite direction
of cough)

Figure 13 shows droplet trajectories when the wind blows from
the front. Obviously, large particles continue to move in the direction
of the cough due to their high inertia. However, while the wind flow in
the environment cannot prevent particles from moving forward, it
results in lower travel distances than the condition of no wind or a
light breeze. More specifically, droplets with an initial diameter of
d0 � 375 lm continue to move in the direction of the cough jet until
they deposit on the ground. Moreover, the more the cougher bends his
head during coughing (the more the cough is directed toward the
ground), the lower distances the particles travel before deposition. In
the first case, for instance, droplets with the initial diameter of 1500
and 750lm settle on the ground at the average distances of 3 and
1.4m from the mannequin, respectively; these values are 1.6 and
1.23m for the second case and 0.95 and 0.83 for the third case.

FIG. 12. Standard deviation of the
x-component of the location of the droplet
in case 1.
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Concerning the medium-sized droplets ð87:5lm < d0 < 375lmÞ,
due to the initial velocity caused by the cough jet and their relatively
large mass, first, they move in the direction of the cough-jet (opposite
the direction of the wind), but after traveling a distance, the wind
makes them stop and reverse direction, which is a favorable event
since the droplets settle to whether the mannequin’s body or the
ground at very close distances, such as droplets with initial diameters
of 175 and 225lm as clearly shown in Fig. 13. Hence, in this scenario,
some particles are detached from the airflow, and subsequently, the
droplets dispersion is somewhat reduced.

Figure 14 shows the location of the particles’ deposition, and Fig.
15 shows the location of the particles at different times. As shown in
Figs. 14 and 15, the behavior of droplets with a small initial diameter is
slightly different. These droplets travel a short distance with the cough
jet, but their trajectory quickly changes to match the direction of the
wind flow after the cough. Due to the small size of these droplets and
their small Stokes number, they follow the flow streamline to a great
extent. Hence only a small number of them settle on the mannequin’s
body, and most of them escape past the sides of the cougher. For
example, in the second case, approximately 1.6% of the droplets with
an initial diameter of 12lm, 6.7% of the droplets with an initial diam-
eter of 20lm, and 17.8% of the droplets with an initial diameter of
28lm settle on the mannequin’s body and the rest continue to move
with the wind.

Figure 16 illustrates the standard deviation of the location of
some small and medium droplets in the first case. Droplets with an
initial diameter of d0>137:5 lm have a low spatial dispersion. That
means, in a group of droplets with the same diameter, the larger the
diameter is, the smaller the standard deviation the group has.
Moreover, droplets with initial diameters of 112.5 and 137.5lm have
the highest standard deviation at the y-coordinate at different times.
The reason is that some of the droplets deposit on the head and neck
of the mannequin at the initial stages after coughing, and the rest grad-
ually settle to the ground leading to an increase in the standard devia-
tion in the y-coordinates; still, their STD in the x-coordinates is low. In
terms of tiny droplets, it is evident in Figs. 15 and 16 that their

standard deviation increases over time. In other words, these droplets
become widely dispersed in the environment, especially when passing
through the recirculation region behind the mannequin.

Therefore, the general behavior of droplets with an initial diame-
ter of d0 < 62:5lm is such that they become suspended in the air, fol-
low the wind flow, have a negligible settling rate, and travel long
distances. However, due to their high spatial dispersion, their concen-
tration decreases downstream. As can be seen in the results, the man-
nequin’s gesture during coughing has more effects on medium and
large droplets than the small ones, which are mostly following the
wind streamlines and have high spatial dispersion. In addition, the
majority of droplets generated during coughing are these small drop-
lets. Therefore, the results show that uncovered cough can be danger-
ous due to particle and germ dispersion.

Concerning the condition when the wind is in the opposite direc-
tion of the cough jet, it is shown that, among the methods tested, the
most effective way to cough in order to minimize droplet dispersion is
to cough into the elbow. In this case, as shown in Figs. 14 and 15, a sig-
nificant number of particles settled to the inside part of the elbow, pre-
venting them from spreading in the environment, and a small number
of droplets escaped from the sides and moved with the wind.

Similar to Fig. 10, Fig. 17 shows the normalized number of sus-
pended droplets in the airflow alongside the normalized number of
droplets that leave the computational domain at different time inter-
vals, where the wind blows from the front. Large droplets (d�375lm)
settle to the ground directly after coughing due to their high momen-
tum. The settling time for these droplets falls as the cougher bends
more toward the ground. For example, in case number two, all 750-
lm droplets settle to the ground in 0.6 s, while for case number three,
this time is equal to 0.3 s. Figure 17 shows that in all cases, the droplets
travel an average distance of 3.5m after approximately 2.5 to 3 s of
coughing and begin to leave the computational domain. The droplets
leaving continues until the end of the investigated time, 8 s.

In case one, the main fate of small and medium droplets (those
whose initial diameter d0 � 112:5lm) is leaving the computational
domain, not settling. A significant decrease in the number of these

FIG. 13. Trajectories of droplets with different diameters when the wind blows from the front: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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particles is observed about 2.5 s after coughing, and as can be seen in
Fig. 17(a�), this is when droplets start leaving the domain.
Interestingly, also shown in Fig. 17, the more the cougher bends
toward the ground, the longer it takes for medium and small droplets
to leave the domain. To illustrate, in the first case, 90% of particles
leave the domain by 4.2 s, whereas this time is 5.5 and 7.5 s in the sec-
ond and third cases, respectively.

A comparison between cases two and three [Figs. 17(b�) and
17(c�)] shows almost similar behavior for the small droplets, while the
large droplets settle to the ground faster in the third case, as discussed
above. Regarding medium droplets in these two cases, especially for
the droplets with an initial diameter between 62.5 and 112.5lm, a
remarkable difference can be seen. The main reason for this difference
is the higher deposition on the mannequin’s body in the second case
compared to the third one, as shown in Figs. 14 and 15, although in
the third case, the cougher bends more toward the ground than the
second one. The main reason for this is the bending of the manne-
quin’s back in case 3, which increases the distance between the cough
jet (and the accompanying droplets) and the mannequin’s body. In
addition, in this case, more bending of the mannequin’s head toward

the ground makes exposed droplets be at a lower elevation where the
wind speed is lower. Hence, droplets have more time to follow the
wind flow, causing more of them to pass around the mannequin, and
the droplets’ deposition is reduced subsequently.

One of the interesting phenomena highlighted by Fig. 17 is the
excellent effect of covering the cough with the elbow. As can be seen,
almost all particles with a diameter of more than 20lm are trapped by
the elbow. In this case, at the earliest moments, about 63.3% of the
droplets are separated from the fluid flow. In such conditions, it is
strongly recommended that the cougher use their elbow as a covering
to prevent the spread of exposed droplets in the environment.
Furthermore, if a person cannot cover the cough for whatever reason,
it would be advantageous to bend the head as much as possible and
avoid bending their back too much. The final point regarding Fig. 17
is that the wind can clean the region from exposed droplets where
coughing occurs within a few seconds.

Fluid velocity fluctuations due to turbulence eddies cause small
droplets to fluctuate around their main trajectories. In a windy envi-
ronment, the wind flow completely dominates the movement of the
droplets and removes all the particles from the environment within a

FIG. 14. Location of the droplets’ deposi-
tion when the wind blows in the environ-
ment from the front: (a) case 1, (b) case
2, (c) case 3, and (d) case 4.
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FIG. 15. Location of the exposed droplets after coughing at different times when the wind blows from front: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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FIG. 15. (Continued.)
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few seconds; thus, in these conditions, the effects of turbulent disper-
sion are less visible. In general, in a few specific situations, the impact
of turbulent dispersion becomes essential, for example, in some parts
of the recirculation zone formed downstream of the mannequin in
windy environments where the values of the airflow velocity are low.
Still, the turbulent kinetic energy is high, and also in the early times
after coughing, in front of the mannequin’s mouth, where the amount
of turbulent kinetic energy is significant in both windless and windy
environments.

Wind from behind

The droplets’ trajectories when the wind blows from behind are
shown in Fig. 18. Contrary to the previous condition in which the
wind prevents large particles from moving in the cough direction,
here, both wind and cough-jet help the large droplets to move forward
and travel long distances in a short time. As can be seen, in the first
case, droplets with an initial diameter of 1500lm travel 3.5 m in a

very short time and leave the computational domain. Furthermore,
750 and 375lm particles settle to the ground at distances of 2.7 and
1.55m from the mannequin, respectively. For this scenario, bending
the head during coughing significantly affects the dispersion of these
large particles in the domain. Taking the behavior of the droplets with
initial diameters of 1500, 750, and 375lm as an example in case 2, the
average settling distances decrease to 1.7, 1.59, and 1.25m, respec-
tively. Interestingly, in the third case, these distances become even
shorter and almost equal to each other for all the droplets greater than
375 (lm), which are about one meter from the mannequin.

The recirculation zone in front of the mannequin, resulting from
the wind flow, affects the motion and trajectory of the small and
medium droplets. Large droplets, however, are not affected by this
region due to their high initial momentum and stay on their initial tra-
jectory. When the mannequin tends to cough toward the ground in
the second and third cases, the wake region impacts both the small
and medium droplets. In the first case, this effect can only be observed
for the medium droplets, especially the diameters between 100 and

FIG. 16. Standard deviation of droplets’
location at different times in the first case.
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FIG. 17. Normalized number of respiratory droplets in the airflow at different times with graphs of the normalized number of droplets that leave the computational domain at dif-
ferent time intervals (images �) when the wind blows from the front in the environment: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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200lm. This can be justified by the fact that the wake region induced
by the body part of the mannequin is stronger than the one caused by
the head. In other words, coughing toward the ground means both
small and medium droplets are in this strong recirculation zone. In
contrast, only the medium droplets experience such a situation due to
gravity in the first case.

The deposition location of droplets with different diameters is
shown in Fig. 19. All told, droplets can be trapped or even settle on
the mannequin’s body owing to this wake region. So, interestingly,
in both wind direction conditions, deposition of droplets on the
body of the mannequin is observed. However, the number is much
higher when the wind has the opposite direction to the cough jet. In
addition, when the wind blows opposite the cough jet, the rest of
the medium droplets deposit on the ground at much closer distan-
ces to the mannequin.

In the first case, 3.1% of the total number of particles deposited
on the ground and 2.1% on the mannequin’s body. These values reach
about 3.6% and 2.4% in the second case. However, in all the studied
conditions (no-wind and windy), most of the droplets that deposit on
the ground or the mannequin body are medium and large droplets
that have a large mass. Focusing on the number of particles only tells
part of the story as risk is linear with the number of viruses and scales
with particle mass (proportional to the volume and the third power of
diameter). In the second case, 96.4% of the total mass of the droplets
coming out of the mouth of the cougher deposit on the ground or
body of the mannequin. Of the 3.6% of the remaining mass, part of it
evaporates, and the rest are the nuclei of the droplets and move down-
stream as aerosol.

Figure 20 shows the distribution of respiratory droplets at differ-
ent times after coughing. In this figure, the color of each droplet is

FIG. 18. Trajectories of droplets with dif-
ferent diameters when the wind blows
from behind: (a) case 1, (b) case 2, (c)
case 3, and (d) case 4.
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selected according to the instantaneous diameter of that droplet. On
the one hand, large droplets (greater than 375lm) have a very high
dispersion rate and travel a long distance in the early stages after
coughing. In addition, they experience a considerable gravitational
force due to their large mass, which makes them move downwards till
settling to the ground. On the other hand, small particles with an ini-
tial diameter lower than 87.5lm have a very low dispersion time rate.
In contrast, they are entirely dispersed in the environment over time,
and their spatial dispersion is very high.

Even four seconds after coughing, as shown in Fig. 20 for cases
one, two, and three, there is a significant number of small droplets in
the air dispersing in front of the mannequin. These particles follow the
streamline of the wind and travel downstream due to their small diam-
eter. In contrast to large droplets, their settling rate is much lower,
resulting from a small gravitational force. In case 4, all medium and
large droplets are trapped in the inner part of the cougher’s elbow on
the grounds of the impaction mechanism. However, tiny droplets
(smaller than 28lm) follow the flow stream and escape through the
sides of the elbow because of their small Stokes number.

Similar to Fig. 10, Fig. 21 shows the fraction of suspended drop-
lets in the airflow with the fraction of droplets that leave the computa-
tional domain at different time intervals when the wind blows from
behind. As mentioned, all droplets larger than 175lm, in all four
cases, settle to either the ground or the mannequin’s body in the inves-
tigated time of 8 s with the exception of the droplets with an initial
diameter of 1500lm in the first case that travel a distance of 3.5 m in
almost 0.7 s and leave the domain.

Most 137.5lm droplets are eventually deposited on the ground
or on the body of the mannequin, and only a small number of them

leave the domain in the second and third cases, 5.5 to 6.5 s after
coughing. In the first case, the droplets start leaving the domain
2.5 s after coughing, whereas this time increases as the cougher
bends toward the ground. More precisely, this time is about 3.5
and 4 s, respectively, in the second and third cases. Therefore, the
fraction of airborne particles that persist to the end of the simula-
tion time (8 s) in the first case is less than in the second and third
cases. In the first case, only 3.7% of the initial total number of
respiratory droplets are present in the computational domain after
eight seconds of coughing. In the second and third cases, this frac-
tion is 18.6% and 15.7%, respectively. Approximately 70% of these
suspended droplets have an initial diameter between 6 and 20 lm.
This is due to the large number of these droplets in the initial dis-
tribution of cough droplets and their low dispersion rate in the
environment.

As investigated, the main factor in reducing the number of large
droplets (whose initial diameter is greater than 175lm) in the compu-
tational domain is their deposition. Very small droplets can easily fol-
low the wind streamline. In addition, they have a low settling rate due
to the small gravitational force; hence, the main path for these droplets
to leave the computational domain is transport, not settling. For some
small and medium-sized droplets, both deposition and transportation
with the airflow are essential. For example, 19% of 20lm droplets are
suspended in the air after 8 s in the second case. Only about 1% detach
from the fluid flow due to deposition on the mannequin’s body, and
the remaining leaves the computational domain with the wind flow
and move downstream.

Concerning case 4, about 62% of the droplets are trapped in the
cougher’s elbow in the first moments after coughing. These consist of

FIG. 19. Location of the droplets’ deposition when the wind blows in the environment from behind: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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all droplets larger than 28lm and 99.5%, 93.1%, and 57% of the droplets
with initial diameters of 28, 20, and 12lm, respectively. Still, the smaller
droplets have a low settling portion. Only 12.5% of the droplets with an
initial diameter between 1.5 and 6lm are trapped and the rest leave the
computational domain with wind flow around 3 s after coughing.

Interestingly, in case four, the elbow position is almost equally
efficient in the windy environment regardless of wind direction,
whether from the front or behind. This is one of the advantages of this
posture for coughing, which is seen to perform well without regard for
environmental conditions. Therefore, we strongly recommended that

FIG. 20. Location of the exposed droplets after coughing at different times when the wind blows from behind: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 041902 (2022); doi: 10.1063/5.0086241 34, 041902-20

VC Author(s) 2022

https://scitation.org/journal/phf


people cover their mouth with their elbow while coughing to prevent a
significant number of the respiratory droplets from dispersing in the
environment. If the subject cannot cover for whatever reason, bending
the head toward the ground will help as long as one’s back is not bent
too much.

CONCLUSION
In the present study, four different coughing positions, including

regular standing, bending the head at different angles, and coughing
into the elbow, were numerically simulated in windless and windy air.
A gentle breeze blows in the environment with a 2m/s wind speed at

FIG. 20. (Continued.)
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FIG. 21. Normalized number of respiratory droplets in the air flow at different times with graphs of normalized number of droplets that leaving the computational domain at dif-
ferent time intervals (images �) when the wind blows from behind in the environment: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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1.75m above the ground in windy conditions. The primary purpose of
this study is to carefully and quantitatively examine the effect of differ-
ent positions on the dispersion of respiratory droplets produced by
coughing in the environment in order to find the most effective pose
to reduce disease transmission. The airflow field in different cases was
simulated using a two-equation RANS model, and the dispersion of
cough droplets was investigated and compared with each other. Based
on the study, the main conclusions are as follows:

1. Due to the difference between body temperature and surround-
ing air, a thermal plume forms that has a significant effect on the
trajectory of small and medium-sized respiratory droplets, espe-
cially in the no wind or a light breeze condition. However, when
wind speed increases, the effect of the thermal plume on the dis-
persal pattern decreases.

2. The more the cougher bends his or her head toward the ground,
the closer the cough jet and respiratory droplets are to the man-
nequin’s body, increasing the effect of the thermal plume on the
respiratory droplets. The situation is similar for the elbow cough,
where droplets remain closer to the source.

3. Large droplets with d �375 lm travel long distances, as far as
3.5 m in a short time due to their relatively large momentum
overcoming the drag of still air or even a gentle opposing breeze.
In general, their trajectory is downward. It was seen that addi-
tional bending of the mannequin’s head toward the ground
makes the traveled distance and the traveled time of these drop-
lets decrease for both no wind and windy conditions.

4. In windless conditions, small droplets with d�50 lm are suspended
in the air for a very long time. This makes these particles, in particu-
lar, due to their voluminous production in an uncovered cough, very
dangerous in terms of disease transmission. For instance, in the first
case (regular standing), about 87% of the initial number of cough
droplets remain suspended in the air after 2 min from cough. This
fraction is slightly lower in the second and third cases due to the
increased effect of thermal plume reaching about 78% and 67%,
respectively. For a windy environment, these small droplets follow
airflow streamlines and therefore have a very little deposition to the
ground or the mannequin’s body.

5. The results show that in both wind directions alongside the cough-
ing jet, some small and medium droplets deposit on the manne-
quin’s body, although the number is much higher when the wind is
opposite to the cough jet. In addition, the rest of the medium drop-
lets deposit on the ground very close to the mannequin. The model
shows that in a windy scenario, coughing in the opposite direction
to the wind flow may limit the spread of droplets.

6. Covering the mouth with the elbow is very effective. It is the best
position among the examined cases. In all three of the cases stud-
ied (no wind and a windy environment where the wind blows
from opposite direction and from the same direction as the
cough jet), about 62% of the total number of droplets immedi-
ately after coughing deposit into the elbow because of rapid iner-
tial impaction and do not disperse in the environment. Only a
small fraction of small droplets with an initial diameter �20 lm
enter the environment. Due to the very small size of these drop-
lets, their Stokes number is very low, so they quickly respond to
the new condition and adjust their velocities to it. For this rea-
son, most of them escape through the sides of the cougher’s
elbow. When a person coughs in a windless or light breeze

environment and covers the cough with their elbow, the thermal
plume around the body moves the droplets upward and substan-
tially reduces the droplets’ dispersion within the occupied
zone. Moreover, a significant fraction of exhaled droplets imme-
diately deposit into the elbow. Hence, in this case, only a small
fraction of the cough droplets (about 8%) disperse in the
environment.
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APPENDIX: VALIDATION OF NUMERICAL METHOD

Mohamed et al.46 and Dudalski et al.47 experimentally tested
the airflow field formed by coughing of healthy and influenza-
infected people. They designed a test chamber with internal
dimensions of 1.81m long, 1.81m wide, and 1.78m high. The
purpose of designing this chamber was to provide a space of ade-
quate size as a still air environment so that the cough flow field
can be carefully studied by eliminating the disturbing variables of
the experiment and the effects of turbulence from the uncon-
trolled surroundings. The human subjects were asked to cough
horizontally in the chamber, and then, the air velocity was mea-
sured at a distance of 1 m from the cough source at different times
using the particle image velocimetry (PIV) and hot wire anemom-
etry (HWA) techniques. Following studies, Bi29 examined the air-
flow field of human cough with the help of computational fluid
dynamics (CFD). They numerically simulated the cough flow
inside the chamber using both unsteady-RANS (URANS) and
large eddy simulation (LES) approaches and compared the numer-
ical results with the measured data by Mohamed et al.46 and
Dudalski et al.47 To validate the selected turbulence model and the
numerical method used to solve the governing equations, the
results of selected numerical method in the present study were
compared with the human cough results in the chamber presented
by the mentioned researchers. Figure 22 shows the normalized
velocity at the midpoint, which is located 1m downstream of the
cough source within the chamber. For a more generalized compar-
ison and an easier and better analysis of velocity changes over
time, they investigated the normalized values, which are calculated
by the following equations:

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 041902 (2022); doi: 10.1063/5.0086241 34, 041902-23

VC Author(s) 2022

https://scitation.org/journal/phf


U ¼ u
up
; (A1)

T ¼ t
tp
; (A2)

where u is instantaneous velocity magnitude, and t is the time. up
and tp are the peak velocity magnitude and the time when the peak
occurs.

As can be seen, the predicted velocity magnitude in the present
study is in the range of measured normalized velocity; also, they are
in good agreement with the numerical simulation of Bi.29
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