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ABSTRACT

The World Health Organization has declared COVID-19 a global pandemic. Several countries have experienced repeated periods of major
spreading over the last two years. Many people have lost their lives, employment, and the socioeconomic situation has been severely
impacted. Thus, it is considered to be one of the major health and economic disasters in modern history. Over the last two years, several
researchers have contributed significantly to the study of droplet formation, transmission, and lifetime in the context of understanding the
spread of such respiratory infections from a fluid dynamics perspective. The current review emphasizes the numerous ways in which fluid
dynamics aids in the comprehension of these aspects. The biology of the virus, as well as other statistical studies to forecast the pandemic, is

significant, but they are not included in this review.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0063475

I. INTRODUCTION

Respiratory infections are spread by virus-containing droplets
and aerosols exhaled by infected individuals during breathing, speak-
ing, coughing, and sneezing."” The fluid lining of the respiratory tract
is thought to be the source of respiratory droplets.” Respiratory drop-
lets of an infected person contain water, virus, and several other ingre-
dients. By conducting physicochemical characterization, the
concentrations of salt, mucin, and surfactant per liter of saliva solution
were reported to be 9, 3, and 0.5g/l, respectively." The number of
droplets, their size, and the velocity of the droplets passing through the
respiratory tracts affect the transmission.” While sneezing produces
approximately 10* number of droplets that flow at a speed of up to
20 m/s, coughing produces 10-100 times fewer droplets that move at
around 10 m/s. A human talking also produces about 50 particles/s.”
In a confined room, if one infected person speaks without using a
mask, 2.5 virions are inhaled per minute.” Droplets ejected from sneez-
ing and coughing have different ejection velocities and the forces like
diffusion, drag, and gravity affect the droplet motion.” Droplets are
ejected in the form of conical jet flow having cone angle in the range

of 22° — 28°.”'% A schematic representation of droplet transmission
ejected during sneezing and coughing is shown in Fig. 1. SARS-CoV-2
virus possesses aerosol and surface stability (the virus remains alive
and infectious in aerosol for hours); therefore, airborne transmission
can coexist with the close-contact transmission.!' Furthermore, envi-
ronmental factors such as ambient temperature and humidity have an
impact on droplet transmission.'”

Droplets are categorized into two types by the medical infectious
disease community, namely, respiratory droplets and aerosols.
Droplets greater than 5-10 um in diameter are classified as respiratory
droplets, whereas droplets smaller than 5 um are classified as aero-
sols."” The two modes of transmission of the virus causing COVID-19
are (1) airborne transmission and (2) surfaceborne transmission. This
article mainly discussed the role of fluid dynamics to understand these
transmissions.

Il. AIRBORNE TRANSMISSION

Several studies on coronavirus (SARS-CoV-2) support aerosol
transmission.* '®  The previous investigations on airborne
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FIG. 1. Schematic of droplet transmission ejected during sneezing and coughing. A typical conical jet flow of droplets during sneezing and coughing has a cone angle in the

range of 22° — 28°.

transmission are listed in Table I. Recent investigations show that air-
borne transmission plays a dominant role in the disease’s rapid spread
in several counties. The overall airborne transmission process after
ejection of the respiratory droplets is briefly summarized before
highlighting some of the key findings of the recent studies. The virus
particles are captured by the saliva and mucus droplets that are ejected
from the nose and mouth of an infected person during a coughing or
sneezing event. Even talking and passive breathing can contribute to a
continuous dispersion of the viral particles in the environment.'”*’
The subsequent spread of the viral particles intimately depends on the
trajectory of these aerosolized droplets through the air, and it is here
that fluid dynamics play a crucial role. At the time of the ejection, the
droplets are embedded in the puff of expelled air volume that is mov-
ing at a coherent velocity with respect to the ambient air. The volume
of this puff containing the aerosolized droplets increase through
entrainment processes and this is attenuated by a rapid decrease in the
puff velocity. The larger droplets however have greater inertial
momentum and separate out of the puff. The larger droplets are also
affected by gravity and tend to fall and settle on nearby surfaces
quicker (see Fig. 1). In contrast, the smaller droplets tend to remain
within the puff, with their velocities decelerating in conjunction with
the exhaled puff. Evaporation processes decrease the volume of the
aerosolized droplets with time until a nonevaporating core of nonvola-
tile organic liquids and salt shells is left. Eventually, the puff loses
coherence and the droplet cores disperse freely into the turbulent
ambient air stream. Thus a series of important physical and fluid
dynamical processes govern the evolution of the viral-laden droplets
post ejection. These include the initial velocity of ejection (cough or
sneeze or breathing), the initial droplet size distribution, the trajectory
of the larger sized droplets through the air, the fluid dynamic evolution
of the puff containing the smaller aerosolized droplets, the rate of
evaporation, important meteorological parameters like humidity, tem-
perature, and wind velocity. This section takes a comprehensive look
at all of these factors.

Droplets released during sneezing and coughing are affected by
many forces such as diffusion, drag, and gravity force.” The evolution
of the droplet-laden exhaled puff trajectory is also affected by these

forces. A theoretical Monte Carlo analysis of the impact of these forces
on droplet evolution was conducted for the droplet sizes from 2.5 to
100 um and ejection velocity from 5 to 21 m/s ejected during sneezing
and coughing,” It was found that the small droplets remain suspended
in the air for a long time whereas the bigger droplets travel a larger dis-
tance and fall on the ground as gravitational force dominates over dif-
fusion and drag forces. A smaller-sized droplet having a radius of
2.5 juim survives in the air for about 41 minutes as the effect of gravity
is negligible for such droplets. In contrast, droplets of about 100 um
size remain in the air only for 1.5s. Figure 1 shows the exhalation and
subsequent trajectory of respiratory droplets during sneezing and
coughing at different velocities. It was found that large droplets
released during coughing travel at an average velocity of 10 m/s and
migrate a distance of more than 2m, while those expelled during
sneezing have a velocity of roughly 50 m/s and migrate more than 6 m.
On the other hand, large droplets discharged when breathing move
with velocity 1 m/s and travel a distance of less than 1 m.”!
Experimental studies have been performed to investigate the
droplet size distribution during different respiratory activities from a
healthy person.””*® Chao et al”’ used particle image velocimetry
(PIV) and interferometric Mie imaging (IMI) techniques to measure
the air velocity and droplet size during coughing and speaking. The
coughing droplet count was calculated over 50 coughs, whereas the
speaking droplet count was averaged over 10 counts of 1-100 at a dis-
tance of 10-60 mm from the mouth opening during coughing and
speaking. The total number of ejected droplets was estimated based on
the number of droplets observed in the measuring area. The estimates
differ based on the method used, but the number of droplets at 10 mm
distance was found to be around 150 droplets per liter of ejected air
for a speaking event and 2400 droplets per liter of ejected air for a
coughing event. The droplets were divided into 16 size classes based
on Duguid’s recommendations.”” During both coughing and sneezing,
6 um size class had the highest number count at the two measuring
distances. Figure 2 depicts the droplet size profile fitted by log-normal
distribution curve presented in terms of df,/dInd,, where f, is the
droplet number fraction and d, is the droplet diameter. The log-
normal size distribution of the ejected droplets can be expressed as''
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TABLE . A list of previous studies on airborne transmission.

References

Remarks

Morawska and Cao"*
Morawska and Milton"”
Scheuch'®

Bahl'’

Setti et al.'®

Yang et al."’

Hossain and Faisal”’
Xie et al.”!

Duguid et al.”

Chao et al.””

Loudon and Roberts™
Morawska et al.””
Bourouiba et al.**
Dbouk and Drikakis”’
Agrawal and Bhardwaj”*

.29
Bourouiba

Cummins et al.”’
Diwan et al.”!

Li et al.*

Feng et al.””

Mittal et al.™

Zhao et al.””
Bar-On et al.™®
Kumar”’

Sun and Zhai*®
Zangmeister et al.”’
Akhtar et al.™”
Khosronejad et al.*'
Wei et al.*?

Dbouk and Drikakis*’

Study supporting airborne transmission of COVID-19
Study supporting airborne transmission of COVID-19
Role of breathing in airborne transmission of COVID-19
A review supporting aerosol transmission of COVID-19
Airborne transmission and social distancing
Aerosol transport through speaking
Investigation of aerosol cloud flow during coughing, talking and breathing
Investigation of the evaporation and movement of droplets expelled during respiratory activities
Droplet size distribution for coughing, sneezing, and speaking
Droplet size distribution for coughing and speaking
Droplet size distribution for coughing and talking
Droplet size distribution all respiratory activities
Droplet size distribution for coughing and sneezing
Investigation of transport, dispersion, and evaporation of saliva particles arising from a human cough
Analysis of the fluid dynamics and thermodynamics of the cough cloud
Demonstration of exhalations, sneezes, and cough clouds
Mathematical modeling to study the dynamics of spherical droplets in the source-sink flows
Transmission dynamics of sneeze/cough flow numerically
Investigation of effect of environmental conditions on cough droplets in outdoor environment
Influence of wind and relative humidity on social distancing
Estimation of airborne transmission risk with application of face mask and social distancing
Effect of environmental conditions on the dispersion of respiratory droplets
Key-numbers of SARS-CoV-2 virus responsible for infection
The impact of weather conditions on the propagation of COVID-19 in India
Ventilation and social distancing effectiveness in preventive COVID-19 transmission
Filtration efficiencies of different cloth mask materials
Prevention of airborne transmission using face mask and social distancing
Face mask to suppress the airborne transmissions
Efficiency of various face mask and filter materials
Prevention of respiratory droplet transmission using face mask
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FIG. 2. Droplet size distributions during (a) coughing and (b) speaking presented in different studies. Reproduced with permission from Chao et al., “Characterization of expira-
tion air jets and droplet size distributions immediately at the mouth opening,” J. Aerosol Sci. 40(2), 122-133 (2009).” Copyright 2009 Elsevier.
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jt and G are the expected value and standard deviation of In (d,),
which are also known as the geometric mean (GM) and the geometric
standard deviation (GSD), respectively; B is a normalization constant.
They observed that the geometric mean diameter was lesser during
coughing (13.5 um) as compared to that of speaking (16 um) at a
10 mm distance from mouth opening. This observation indicates that
the emission of air at a faster velocity while coughing may enhance the
formation of smaller droplets than the lower exhalation velocity
encountered when speaking. The droplet size distributions given by
Loudon and Roberts”* and Duguid”” are also plotted in Fig. 2. It can
be observed that the GM reported by Chao et al. and Duguid (1946)
are fairly close, but it deviates significantly from the Loudon and
Roberts (1967) data. The GM diameter reduces as the distance from
the mouth opening is increased from 10 to 60 mm, this might be due
to the shrinkage of droplets by evaporation.

Dbouk et al.”” have numerically simulated the initial puff trajec-
tory and droplet kinematics for a cough having an initial maximum
ejection velocity of 8.5m/s. A total time of 250 ms was simulated from
the beginning of the coughing, and the mouth closure occurred at
120 ms (see Fig. 3). The ejected puff initially has a linear jet profile
which expands and assumes a spheroidal shape at later times due to
air entrainment. The initial trajectory of the droplet population for
sizes from 10 to 120 um has also been simulated and it was found that
the larger droplets settle down faster and move to the bottom of the
ejected puff faster. Exhalations, sneezes, and coughs produce a multi-
phase turbulent gas cloud (a puff) that entrains ambient air and traps
and transports clusters of droplets of various sizes. Droplets of differ-
ent sizes from 2 to 1000 um are ejected during coughing. Exhaled

150, 4P (Hm) 150_' dp (um)

-100

FIG. 3. The kinematics of saliva droplet cloud released from human cough showing
the diameter of the droplets. Because of gravity forces, larger droplets settle faster
than smaller ones. The entire mass of ejected saliva is 7.7 mg, with a total number
of droplets of 1008 in total. The temperature, pressure, and relative humidity in the
environment are 20 °C, 1atm, and 50%, respectively, with the ground temperature
at 15°C. The ambient air is considered to be stationary in this study. Reproduced
with permission from T. Dbouk and D. Drikakis, “On coughing and airborne droplet
transmission to humans,” Phys. Fluids 32(5), 053310 (2020).”" Copyright 2020 AIP
Publishing.
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droplets remain suspended in the air during the first 5-8 s after the
cough event begins. The volume of infectious air is roughly 23 times
greater than that evacuated by coughing” The cough cloud cools
down to ambient temperature, although it remains somewhat moister
than the surrounding air. Coughing into the elbow and using a hand-
kerchief can both minimize the distance traveled by the cloud. The
mask can dramatically limit the volume of infected air and the risk of
infection to other people in the room. The pathogen-bearing droplets
of various sizes in the gas cloud can travel 7-8 m for various combina-
tions of an individual patient’s physiology and environmental condi-
tions, such as temperature and humidity.”” While the majority of the
droplets remain trapped and clustered in the moving cloud, they infect
the surfaces that settle along the pathway.

The influence of gravity on the varied sizes of spherical droplets
present in a source-sink pair flow field was examined by Cummins
et al.” Droplets were divided into three categories based on their rela-
tive sizes: small, moderate, and large, and their behavior were exam-
ined in the presence and absence of gravity. As smaller droplets are
more influenced by airflow, gravity may or may not affect the average
travel time taken by the droplet from source to sink. The maximum
horizontal distance traveled by intermediate size droplets ranges from
a few um to a few hundred pm during ordinary human respiration.
Due to their greater inertia, larger droplets can travel longer from the
source before being drawn into the sink, and their maximum traveled
distance is calculated analytically. Diwan et al.’' proposed a similar
droplet categorization and, by neglecting the thermodynamics effect,
found that large droplets (> 100 um) can settle under gravity. For
moderate-sized droplets (10-100 um) that evaporate, both gravita-
tional settling and inertia are important. Small size droplets (<10 yum)
take part in thermodynamics by evaporating and follow the fluid
streamline. This interesting and somewhat counterintuitive result can
be explained by the fact that drag force scales with the diameter of the
droplet, while gravity and inertial forces are volume-dependent
(assuming the same density) and hence depend on the cube of the
diameter. Thus, for large droplets, the drag force is insignificant and
droplets approximate a ballistic trajectory. They have a large initial
momentum, and hence, while their airborne time is short, they can
travel fairly a large distance before dropping to the ground. At the
small diameter spectrum, the drag force decreases linearly with diame-
ter, but inertial and gravity forces decrease cubically with diameter.
Hence, small droplets approximately follow the air and can travel a
great distance with the air stream. For intermediate-sized droplets, the
drag force and the gravity force are of the same order of magnitude.
They are small enough to be decelerated by the drag force and large
enough to feel the effect of gravity and fall away from the air stream.

Next, we review research that looked at the effects of climatic
conditions, face masks, and social separation, as well as airborne trans-
mission in both indoor and outdoor environments.

A. Effect of meteorological parameters on social
distancing

Meteorological parameters such as ambient temperature, relative
humidity (RH), and wind flow affect the COVID-19 transmission and
these have to be considered for ascertaining social distancing limit.
Using a droplet tracking and evaporation model for people standing 1
and 2 meters away from the cougher, the effect of wind speed, relative
humidity, and social distance on cough droplet evaporation and
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exposure in a tropical outdoor setting was examined.”” In this study,
the effect of a nonvolatile component on droplet evaporation was
taken into consideration by assuming that droplet evaporation is
driven by the diffusion flux of droplet vapor into the air. The evapora-
tion time for droplets having different sizes ejected during coughing is
presented in Fig. 4. This figure also depicts the comparison of evapora-
tion of droplets of pure water and salty water. It can be observed that
the evaporation time of the droplet increases with an increase in drop-
let size due to the large volume to surface area ratio. Approximately,
while half of these droplets remain suspended in the wake and are ulti-
mately deposited on the cougher, 45% of these droplets sank quickly
to the ground as a result of the downward velocity of the cough jet.
The remaining 5% droplets exit the simulation domain at approxi-
mately =15 s. Nonvolatile residues or droplet nuclei, which may be
implicated in prolonged pathogen transmission in the air, are repre-
sented by the horizontal line in this figure. As shown in Fig. 4, these
droplet nuclei are approximately 0.31 times the initial droplet diame-
ters. The exact composition of the respiratory droplet is unclear, but
salt is one of the important components of saliva. The addition of non-
volatiles like salt is observed to reduce the evaporation rate of the
droplet. For 50 um droplets, the evaporation rate of the salty droplet is
three times higher than the pure water droplets. The evaporation time
of larger droplets is more affected by the addition of saltwater than the
small size droplets. The downstream travel distance of the smaller
droplets (of size ~24 um) exceeded the 8 m length of the study
domain. The downstream travel distance of a 100um droplet
decreased to 6.6 m, while that of a 1000 um droplet was found to be
1.3 m. Since large droplets tend to settle quickly under the influence of
gravity, rapid evaporation in drier climates may help to keep these
large droplets airborne and increase their travel distance.

Figure 5 shows the effect of wind speed on the transmission of
saliva droplets. The dispersion, transport, and evaporation of the

1 o---0 Water (8 m) ]
v—v water+salt (8§ pm)
x---x  water (24 um)
0.8 o— water+salt (24 pm)|
S o--o water (50 pm)
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FIG. 4. Comparison of the temporal variation of the normalized diameter of different
initial size droplets of pure water with the water-salt solution. The initial temperature
of the droplets is 36 °C. The values of the ambient temperature, RH, and wind
speed are 30°C, 0.84, and 2m/s, respectively. Here, Deq and Dy represent the
equivalent and initial diameter of the droplets, respectively. Reproduced with per-
mission from Li et al., “Dispersion of evaporating cough droplets in tropical outdoor
environment,” Phys. Fluids 32(11), 113301 (2020).” Copyright 2020 AIP
Publishing.
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droplet ejected during cough are studied using computational fluid
dynamics and heat transfer under different wind conditions.”” Saliva
droplets normally fall to the ground at zero wind speed and do not
travel more than one meter horizontally. Saliva liquid droplets can
reach up to 6 m from the mouth in 5s at 4km/h wind speed blowing
from left to right in the direction of the human cough, as shown in
Fig. 5(a). This droplet cough cloud loses mass steadily over its traverse
time through evaporation and wind shear-driven droplet breakup
effects, and at 5s the droplet cloud has lost over 60% of its initial
ejected liquid mass. The saliva droplets fly in the form of clouds
sheared by the wind and turbulent dispersion forces which cause sig-
nificant cloud deformation. Some droplets fall on the ground while the
entire cloud takes on an elongated elliptical shape that stretches from
the throat level of the cougher to about 0.5 m above the ground by 55
traverse time. When the wind speed is increased to 15 m/s under the
same environmental conditions, as shown in Fig. 5(b), the saliva drop-
let cloud moves faster with an accelerated dispersion rate and reach
6m in 1.6 s with an increased reduction in mass due to evaporation
and wind shear induced enhanced droplet breakup effect. For concern,
the droplet cloud remains approximately between the head and chest
level of the cougher throughout which may enhance the chances of
transmission. Figure 6(a) represents the variation in the mean saliva
droplet diameter, D;, with time for various wind speeds. In all cases,
the Dy, diameter falls with time as the droplets lose mass through
evaporation and breakup. However, the rate of decrease in mass
increases as the wind speed is increased from 0 to 4 to 15km/h as
convection-driven evaporation and enhanced shear-driven droplet
breakup processes are enhanced at higher wind speeds. Similar trends
are seen for the largest droplets in the population which may consti-
tute a greater risk of airborne disease transmission as they potentially
carry larger viral loads. The variation of the maximum diameter of
saliva droplets is plotted in Fig. 6(b). Reduction in maximum diameter
of the droplets is observed from 111 to 82 um and reduction rate
becomes faster with an increase in wind speed and a high shear rate of
wind. However, since the droplet cloud moves faster at higher wind
speeds, the enhances mass-loss rates are more than compensated by
the faster traversal rates at high wind speed. Thus with high wind
speeds, one is exposed to greater liquid masses at a given distance
downwind of the cougher compared to lower wind speeds. This can be
quantified by the liquid penetration distance, plotted in Fig. 6(c), cal-
culated as the distance up to which 95% of the ejected liquid mass
could travel. The liquid penetration distance was found to increase sig-
nificantly with increased wind speed. With a 0 km/h wind speed, the
liquid penetrations distance was below 2 m. However, the liquid pene-
tration distance reached 6 m in 5.4 s for a wind speed of 4 km/h, while
for a 15km/h wind speed the liquid penetration distance attained a
6 m value in merely 1.6 s. This demonstrates the significant chances of
transmission beyond the mandated 2m social distance under down-
wind conditions.

A similar study shows, under a wind speed of 2 m/s, the 100 um
droplet can fly up to 6.6 m.” Dry environment conditions can further
increase this distance. Small droplets having a size less the 50 um
remain in air for a longer period and their dispersion distance is insen-
sitive to relative humidity at the same temperature. The travel distance
and lifetime of the large droplets may increase due to the reduction of
volume in the evaporation. When two people are separated by one
meter and have a high viral load, the cougher deposits more than 65%
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FIG. 5. The effect of wind speeds of (a) 4 km/h and (b) 15 km/h on the transmission of saliva droplets. The wind is blowing from the left to the right, and the temperature and
relative humidity are 20 °C and 50%, respectively. Reproduced with permission from T. Dbouk and D. Drikakis, “On coughing and airborne droplet transmission to humans,”
Phys. Fluids 32(5), 053310 (2020).”” Copyright 2020 AIP Publishing.

of the droplet volume on the listener. The amount of droplets that risk than adults. Teenagers and short adults should keep a social dis-
landed on the listener’s body decreased considerably as the social dis- tance of at least 2 m from taller people. According to Feng et al,”” 2m
tance was increased to 2 m. The droplet volume deposited on the lis- social distance is insufficient to prevent transmission of SARS-CoV-2
tener ranged from 2 to 150 um in 90% of the cases. Based on the because of the complexity of environmental wind conditions. They
standard downward cough pattern, young children could be at greater have conducted a numerical study for wind velocities from 0 to 16 m/s
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FIG. 6. Temporal variation of the (a) mean saliva droplet diameter Dy, (b) maximum saliva droplet diameter D, and (c) liquid penetration distance, which is defined as the
maximum distance a saliva liquid droplet with a 95% initial mass can travel. Reproduced with permission from T. Dbouk and D. Drikakis, “On coughing and airborne droplet
transmission to humans,” Phys. Fluids 32(5), 053310 (2020).>" Copyright 2020 AIP Publishing.
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with initial particle size from 2 to 2000 um under 40% and 99.5% rela-
tive humidity (RH) conditions. Two humans (the cougher and the
recipient) were also simulated to be standing at a distance of 1.63m (6
ft) from each other. The study found the presence of strong secondary
recirculation zones in the wake region formed by the coughing person
which traps the droplets within the wake. Thus any person within
this wake region has a higher probability of exposure. The recircu-
lation zones increase in intensity and flow complexity at higher
wind speeds. Higher deposition fractions on both human bodies are
caused by high relative humidity of 99.5%, especially at low wind
speeds. Because high humidity amplifies the condensation effect,
cough droplets continue to increase as they travel through the air
until the partial pressure at the droplet surface meets the saturation
pressure of water vapor. The impact of RH on the fraction of drop-
lets deposited on the bodies decreases as wind speed increases, as
the smaller droplets get more efficiently transported by the more
intense circulation zones. Low RH percent causes the water in
cough droplets to evaporate, resulting in a decrease in droplet size
and they remain suspended in the air for a longer period. At wind
velocity of 5m/s or more, the volume fraction of liquid deposition
on the healthy human did not decrease significantly even at higher
separation distances of 3.05 m due to the effective transport of small
droplets by the wind flow. Further, it was found that intermittent
wind gusts are more efficient in droplet transport and deposition
than steady-state wind flows. This points to the need for further
studying the effect of intermittency in wind flow patterns on the
transmission of saliva droplet clouds.

To study the effect of ambient temperature on the airborne trans-
mission and the physical distancing between host and susceptible, the
contagion airborne transmission (CAT) model is used.” The CAT

REVIEW scitation.org/journal/phf

inequality is a mathematical model and belongs to the models used in
epidemiology to predict the infection rates. CAT inequality considers
three sets of variables depending on the host, environment, and sus-
ceptibility. To account for the effects like buoyancy and the time-
dependent pulsatile nature of breathing in the present model, the data
are used from a wall-modeled large eddy simulation. Here, the plume
from a point source is located in a turbulent atmospheric boundary
layer at 1.5 m above the ground with a 2 m/s average wind speed. The
model is intended to simulate normal breathing by releasing the scalar
(representing the respiratory aerosol) in 3 s intervals. The Boussinesq
approximation is used to include the buoyancy effect. Two atmo-
spheric temperature conditions are considered: 0°C and 42 °C, and
the temperature of exhaled breath is assumed to be 37 °C. Figure 7(a)
presents the instantaneous scalar concentration at 42 °C ambient tem-
perature. Figures 7(b) and 7(c) predict the time-averaged plume con-
centrations at 0 °C and 42 °C, respectively. In the first case, the plume
is hotter than ambient air and rises (light plume), whereas in the latter
case surrounding air is hot and the plume moves downward (heavy
plume) due to the buoyancy of the air. Beyond the distance of approxi-
mately 3m, the plume concentration decays consistently as C(x) ~
(x712) and C(x) ~ x7%? for the light and heavy plumes, respectively,
as shown in Fig. 7(d). This result shows that the maximum concentra-
tion of the respiratory plumes as a function of distance in both the sce-
narios. Here, C(x) = Cyax(x)/Co is the normalized maximum
concentration at any given distance from the host at a height of 1.5m
above ground and x is the distance from the point source. C, is the
aerosol concentration near the host and C,,,,, represents the maximum
concentration of the respiratory plumes. It can be concluded the con-
centration decay rate is affected significantly by the buoyancy and
presence of ground.
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FIG. 7. Numerical simulations of a breath-generated aerosol plume in a turbulent boundary layer using a large eddy simulation (LES). (a) The transit of breath aerosol puffs is
represented by contours of C/C, = 0.01, (b) Mean concentration contours for a light plume (warmer than ambient temperature of 0 °C), (c) heavier plume (colder than ambi-
ent temperature of 42°C), and (d) the mean concentration along the streamwise direction at 1.5m above ground (in meters). The best-fit power laws beyond the near-field
region are also shown. The temperature of the exhaled breath was assumed to be 37 °C. Reproduced with permission from R. Mittal, C. Meneveau, and W. Wu, “A mathemati-
cal framework for estimating risk of airborne transmission of COVID-19 with application to face mask use and social distancing,” Phys. Fluids 32(10), 101903 (2020).**
Copyright 2020 AIP Publishing.
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The effect of ambient conditions on the transmission of speech
respiratory droplets is explored, and particle motion, accumulation,
and deposition of respiratory particles are described using kinematic
equations.”” The ambient temperature range under consideration is
0-42°C and relative humidity ranges from 0 to 0.92. The maximum
horizontal distance traveled by all respiratory droplets, L,,,,, is plotted
under different RH and temperature conditions as shown in Fig. 8(a).
Under a hot and dry environment, respiratory droplets evaporate
faster and decrease in size due to the growing damping effect of air. In
contrast, the droplets travel a longer distance and reach as far as 6 m in
a cool and humid environment. In most regions, droplets travel a dis-
tance of more than 1.8 m. This implies the current social distancing
limit of 6 ft may be insufficient to prevent the transmission. Next, the
aerosolization rate which is the percentage of droplets that become
aerosol particles ¢ is evaluated under different weather conditions.
Figure 8(b) predicts an increasing aerosolization rate for hot and dry
settings, in contrast to the pattern observed for L,,,,. Based on the
results, the terminal size of the aerosol particles is found to be in the
range of 1-15 um. These small size aerosols can accumulate in public
places like hotels, hospitals, offices and schools due to their potential
to suspend in the air for hours before settling on the ground. As a
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result, the long-range transmission of aerosol particles demands addi-
tional attention in the summer, particularly in dry weather. To prevent
aerosol transmission, wearing face masks is one of the important pre-
ventive measures. The filtering efficiency of the face masks depends on
the size of the particulates. Under various environmental conditions,
the average diameter of the aerosol particle is computed. After
dehydration, the final size of an aerosol particle is calculated by esti-
mating the volume of sodium chloride dissolved in the aqueous
solution. Only salt is taken into account when estimating the size of
aerosol particles because the diameter of the virus is negligible
when compared to salt in a respiratory liquid.”® Figure 8(c) shows
the maximum droplets are less than 10 ym in diameter with average
diameters between 2 and 5 um, which have high potential to enter
the human respiratory system. Due to the enhanced evaporation rate
in dry and hot weather, the average particle size is increased as more
respiratory droplets are converted to aerosols particles. Figure 8(d)
demonstrates the total mass of particulate matter 2.5 (PM2.5) under
different conditions as they have a higher potential of entering the
lung. Due to their smaller size, they remain suspended in the air for a
longer time and size-dependent suspension time (%) is calculated
using the equation

(b) Aerosolization rate of respiratory droplets
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FIG. 8. The effect of ambient temperature and relative humidity on (a) maximum droplet spreading distance, (b) respiratory droplet aerosolization rate, (c) average aerosol
particle diameter, and (d) total PM2.5 particle mass. Here, ambient temperature is varied from 0°C —42°C and relative humidity is varied from 0 — 0.92. Reproduced with
permission from Zhao et al., “COVID-19: Effects of environmental conditions on the propagation of respiratory droplets,” Nano Lett. 20 (10), 77447750 (2020).” Copyright

2020 American Chemical Society.
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Vols + (v — ve)r(l —exp <T)) =5 L,, 2)

where v, denotes the aerosol particle’s falling velocity assuming that
buoyancy and air drag completely balance gravity, v; denotes the aero-
sol particle’s downward velocity at the time of evaporation, and L, rep-
resents the vertical displacement. The time constant t for microsized
particles is given as (neglecting Brownian motion)

2
2 3)
Ug

where r denotes the radius of the droplet, p, is the droplet density, and
u, is the dynamic viscosity of air. The time constant 7 is less than
0.05s for the droplets less than 100 um which indicates the strong
damping effect of air. As shown in Fig. 8(d), PM2.5 is less in the cold
and humid environment than in the hot and dry environment due to
the increased suspension time of the particles. From Figs. 8(b) and
8(d), we can conclude that the percentage of droplets turning to aero-
sols is more and PM2.5 particles are buildup in confined space under
hot and dry weather conditions. Improper airflow will significantly
increase the moving distance of droplets and aerosol particles, increas-
ing the risk of COVID-19 transmission. As a precautionary measure, a
healthy person should follow different social distancing different in
still and flowing air environments.” In some counter-examples, such
as in India, the prediction that high humidity and high temperatures
would minimize the incidence of coronavirus cases was not found to
be consistent.””

B. Face mask and social distancing

Daily observations show a plethora of medical and social condi-
tions in which maintaining social distancing is either unfeasible or not
practiced properly during the COVID-19 pandemic.”’ The previous
discussion has also highlighted the insufficiency of the 6 ft social dis-
tancing rule in protecting the individual from being exposed to poten-
tially viral-laden respiratory droplets under various plausible
meteorological conditions. One of the widely accepted preventive mea-
sures is the wearing of a face mask. The effectiveness of the face mask
is measured in terms of filtration efficiency. Filtration efficiency is
defined as the percentage of the contaminant (here the liquid droplets
in the exhaled air jet) by the mask filter. Thirty-two cloth materials are
used in the making of various types of masks™ to study the filtration
efficiency (FE), quality factor (QF), differential pressure (AP), and con-
struction parameters. Here, the quality factor is calculated as
QF = —In(1 — FE;,/100)/AP. The size of the SARS-CoV-2 virus
under consideration was 100 = 10 nm. Figure 9 shows the filtration
efficiency of the most commonly used mask for different particle
mobility diameters (D,,) of the particles. The filtration efficiency is cal-
culated using the expression

FE=1-— exp[ (4)

—4EfocL}
where o, L, and Dyrepresent the material porosity, filter thickness, and
fiber or yarn diameter, respectively. The single-fiber efficiency Eyis the
sum of impaction (EI), diffusion (ED), interception (ER), and electro-
static deposition (EB). Here, impaction is the process through which
big particles collide or impact with the fiber inertially. The droplet-
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FIG. 9. Filtration efficiency (FE) of an N95 respirator (black), the N95 base fabric
(red), a surgical mask (blue), and a twill (magenta) as a function of particle mobility
diameter (Dy,). The basic sample is represented by solid bold lines, whereas the
reneutralized samples are represented by dashing lines. The indigo starts to repre-
sent the twill FE as determined by an aerosol particle mass analyzer and reneutrali-
zation. In FE, the uncertainty is 5%. Reproduced with permission from Zangmeister
et al., “Filtration efficiencies of nanoscale aerosol by cloth mask materials used to
slow the spread of SARS-CoV-2,” ACS Nano 14(7), 9188-9200 (2020).°° Copyright
2020 American Chemical Society.

fiber interaction is dominated by molecular diffusion and Brownian
forces for small particles; for large droplets, the fiber particles can
actively intercept a droplet when the distance between them is less
than one particle radius; and for some materials, the droplets may be
deposited due to electrostatic charge differences between the fiber and
the droplet. After size selection, the aerosol had a moderate net charge
(g where 1 < g < 4, approximately) due to charge neutralization
before measurement. The effect of particle charge on FE was investi-
gated by measuring the FE of seven samples that had been neutralized
following size selection and represented by dashed lines in Fig. 9. The
measured data shows that particle charge has only a minimal effect on
the FE of the textile materials studied. Furthermore, the FE of twill
(polyester/cotton blend 3) was determined by passing the selected
aerosol size via an aerosol particle mass analyzer (APM) and then neu-
tralizing it. Aerosol neutralization (and mass selection) had no effect
on FE except the surgical mask, which uses polypropylene layers for
filtration. Using these data, Mittal et al.”* calculated the upper and
lower bound of the average FE (FE) for few fabric samples for the par-
ticle size range from 50 to 5 um. The cotton 4, cotton 14, and synthetic
blend 2 provide a similar or better protection factor than the surgical
mask. It can be concluded that face masks made from all these fabrics
could considerably reduce the overall transmission rate.

Akhtar et al."’ also investigated the effectiveness of face masks
made up of different materials. Experiments are performed for N-95,
surgical, cloth, cloth PM 2.5, and wetted cloth PM 2.5 type masks.
Two configurations are considered: (1) a healthy person wearing a
mask for protection and (2) an infected person wearing a mask to pre-
vent the spreading of the virus using particle image velocimetry. The
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leakage percentage of the airborne droplets is expressed in terms of the
number of virus particles. The N-95 mask proved to be the most effec-
tive and showed zero leakage of airborne droplets. Thus N-95 masks
could protect the wearer from transmission even for face-to-face inter-
actions. However, it is observed that most types of face masks could
not save the healthy person without social distancing for moderate to
high viral loading. The mask with two layers of dry fabric is the least
effective. Due to enhanced exhale and inhalation rates of the individu-
als participating, the transfer risk in a facility such as a gym, where
exercise intensity levels may be intense, the transmission risk might be
over 200 times higher.”* A comparison is made for medical grade and
nonmedical grade face mask for indoor (stagnant airflow) and outdoor
conditions (mild unidirectional breeze) for the particle size from 10 to
300 um."" Saliva droplets could disperse up to 2.62, 0.73, and 0.48 m
during indoor coughing in cases without the mask, nonmedical and
medical-grade grad mask, respectively. The distance traveled by the
10 um particles due to saliva evaporation is increased to 2.84 m and
0.91 m without the mask and in the presence of a nonmedical grade
mask, respectively. Few experimental studies are evaluated by Wei
et al.*” for various types of masks and filter materials considering the
different range of particle size. All types of face masks can block large
droplet particles and can filter out the vast majority of the viruses.
Filtration efficiency for large and extra-large particles is close to 100%
for all kinds of masks.

Dbouk and Drikakis"" investigated the droplet dynamics caused
by a mild repeated coughing incident and the fluid dynamics phenom-
enon affecting mask performance using multiphase computational
fluid dynamics considering evaporation, droplet phase-change, turbu-
lent dispersion forces, droplet phase-change, and breakup. The
researchers simulated ten cough cycles over a total period of 5s under
quiescent air conditions. Each cough caused droplet-laden air jet to be
ejected at the speed of 5m/s over a period of 0.12s after which the
mouth closes. It is found that repeated coughing events increase the
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number, the residence time and the distance traveled by the droplets
as jets emitted in the later cycles push the droplets from previous
cycles further downstream and the droplets and multiple ejected puffs
interact and delay the dispersion of the droplets in the ambient air.
However, the use of a mask with an initially 91% FE reduces the num-
ber of droplets that escape into the ambient. The distance traversed is
also reduced, it is found that the droplets travel 70 cm without a mask,
and this distance is reduced to half after wearing the mask as shown in
Fig. 10(a). The liquid penetration distance also falls from 42 to
22.38 cm when a mask is worn. The Sauter mean diameter of the drop-
lets ejected during coughing decreases from 75 um to 55-50 um when
the mask is worn. Importantly, the filter efficiency (FE or 1) of the
mask falls as the number of coughs increase. For the ten cycle cough
simulated by the authors, the FE decreased from the rated 91% to
82%, and the fitting function of 7 = 1,1~ %% was found to match the
results well, where 7, is the rated FE,; actual FE and » is the number
of cough events [see Fig. 10(b)]. This indicates that day-long usage
with multiple cough events may significantly reduce the effectiveness
of a mask that has a high-rated filtration efficiency. The mask-to-face
fitting is an important factor that affects airborne transmission because
even a small opening can lead to extra leakage of droplets around the
mask. The generation of secondary flows leakage through the gaps left
at the mask’s edges due to its imperfect fit should also be considered
while evaluating the performance of the face mask not only their parti-
cle filtering capacity."*

Many studies suggested the use of a proper face mask to prevent
the spread of COVID-19 without considering CO, exhaled during the
respiratory process.”” Excess inhalation of CO, (hypercapnia) leads to
muscular weakness, discomfort, fatigue, headaches as well as drowsi-
ness. A suitable face mask that helps to exhale the released CO, into
the atmosphere should be recommended. A full mask respirator is sug-
gested due to no snorkel clearing, less fogging due to better air circula-
tion, no jaw fatigue, and suitable for colder climates. The use of a face
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FIG. 10. (a) People who use masks reduce respiratory droplet transmission while (partially) isolating themselves from coughing. The findings of a 5 s simulation time for a sur-
gical mask with a 91% initial efficiency are provided. The temperature of the skin of the face is 32 °C, whereas the temperature of the mouth is 34 °C. In this simulation, there
is no wind, the ambient temperature is 20 °C, the pressure is 1 atmosphere, and the relative humidity is 50%, (b) Variation of effective dynamic filter efficiency (17) with the num-
ber of cycles n of a coughing event, 17, = 90.4%. Reproduced with permission from T. Dbouk and D. Drikakis, “On respiratory droplets and face masks,” Phys. Fluids 32(6),

063303 (2020),"* Copyright 2020 AIP Publishing.
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mask in a windy region should be imposed even the person is not in
public as the droplets are transported by the wind. Although mandat-
ing a face mask is not enough to prevent a COVID-19 resurgence, it
can help to decrease the infections.”® In the classroom context, masks
have been shown to benefit from interacting with the thermal plume
produced by natural convection caused by body heat, which moves
aerosols vertically away from neighboring students.”” A social distance
of 1.6-3m for the activities like breathing and talking is recom-
mended, but this distance can be up to 8 m considering all the aerosols
under a calm environment.””

C. Indoor vs outdoor transmission

The fact that an asymptomatic patient triggered an air-condi-
tioner-induced COVID-19 outbreak in a restaurant in Guangzhou,
China*? alerts us to potential outbreaks related to ventilation in public
places. Usually, people spend most of their time in transportation and
residential buildings than outside.” Therefore, ventilation systems
play an important role in controlling the spread of COVID-19.
Analysis shows that the infection is linearly dependent on the exposure
time. The required ventilation rate is significantly reduced by increas-
ing social distancing. For example, if the occupancy rate is reduced by
25% in an office, the ventilation rate can be reduced by four-fifth for
the first 30 minutes of exposure and to 40% for the public bus. The
standard-required minimum fresh airflow is not enough to reduce the
infections. A ventilation rate of 1 I/s per person is enough for the air-
borne transmission of the SARS-CoV-2 in crowded space.”’

The evolution of a droplet-laden puff was explored by direct
numerical simulations of a turbulent coughing event in order to
understand the safety demands in an indoor environment.”’ Over a
0.6's time span, the Lagrangian statistics of the released droplets were
tracked. A jet of saturated air (100% RH) containing 5000 water drop-
lets was discharged in an ambient of 24 °C under quiescent conditions
typical of residential environments to simulate a cough. The ambient
relative humidity values were taken to be between 50% and 100%. One
of the study’s significant findings was that the population’s lifetime
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FIG. 11. (a) Variation of the lifetime extension by number of factors as compared to the lifetime of a droplet behaving according to the Wells mode!
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was far longer than previously assumed value because the microscopic
droplets became trapped in the humid puff of ejected air throughout
their travel. As the ambient humidity level increased, the prolonged
lifetime becomes more prominent. At RH=100% and for smaller
droplets, the lifetime of the tiny droplets grows substantially as seen in
Fig. 11(a). Specifically, the lifetime of the smallest respiratory droplets
with initial diameter dp =10 um, RH = 90% is extended by a factor of
about 130. This is in line with the classical Wells model,”" which pro-
jected a factor of 166 for RH = 50% using the isolated droplet assump-
tion. Similarly, somewhat bigger droplets with an initial diameter of
d, = 20 um exhibit a considerable increase in lifetime of 80-110 times.
The reason for the considerable increase in droplet lifetime shown in
Fig. 11(a) is a significant decrease in the evaporation rate due to the
higher puff humidity. The other reason is that when the ambient RH
is higher, the vapor puff might stay longer, as seen in Fig. 11(b).

The presence of strong ambient mean flow and turbulence,
whether from indoor ventilation or outside cross-flow, will have a sig-
nificant impact on the virus-laden droplet dispersal." Due to long
exposure times and low turbulence level (and thus dispersion), the
indoor virus transmission far exceeds outdoor transmission."’
Building ventilation is needed to reverse this situation and to avoid
secondary outbreaks. Different ventilation systems are studied for
indoor environments such as mixing ventilation, displacement ventila-
tion (natural and mechanical), and wind-driven ventilation.
Displacement ventilation is found to be the most effective.
Displacement ventilation (either mechanical or natural), where extrac-
tions are at a high level and intakes are at a low level, creates negative
pressure at the occupant level, which pulls in fresh air from outside,
and positive pressure near the ceiling, which pushes hot, dirty air out.
Displacement ventilation is recommended for public places (super-
markets, bars, restaurants, etc.) to minimize the further spread of dis-
ease. In a natural ventilation system, the hot buoyant air released due
to body heat and equipment inside rooms travels upward toward the
ceiling and exits through the opening provided in the room. This
air carries aerosols with it and flushed them out of the building.
The cooler outdoor air enters the room which flows across the floor.
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(b) Relative humidity field at 600 ms when the ambient RH is 50% and 90%. Reproduced with permission from Chong et al., “Extended lifetime of respiratory droplets in a tur-
bulent vapor puff and its implications on airborne disease transmission,” Phys. Rev. Lett. 126, 034502 (2021).” Copyright 2021 American Physical Society.
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The plumes are emitted at varying heights from the several heat sour-
ces in the room, and the volume of the room below the lowest heat
source is unimportant because it contains air at the ambient outdoor
temperature. The interface separates the cool, unpolluted zone below
from the heated, contaminated zone above at a height of 4. The room’s
effective height is H — hv, where H is the floor-to-ceiling height and
hv is the lowest plume’s virtual origin. The interface height is unaf-
fected by the strength of the heat sources and is only specified by the
quantity of open space in the case of # inhabitants, represented by
equal strength plumes with the same virtual origin heights. This open
area is calculated as

h5/2
VH—=hv—h’
where C is an empirical constant with an approximate value of 0.105
and » denotes the number of inhabitants. The open area A depends

upon the top opening area (a,) and bottom opening area (a,) and is
given by the expression

A = nC? (5)

An S (6)

5(at +ap)

The discharge coefficient ¢ ~ 0.6. Natural displacement ventilation
works best in buildings with high ceilings and broad openings.

Due to the lack of upper-level openings or open space in the
buildings, the natural ventilation may not be effective and can be
replaced by the mechanical ventilation system. For n occupants in the
room, the total extraction rate of warm air is given by the equation

Q= n**CB'*(h — )", )

where B is the buoyancy force produced by # sources. In theory, given
an appropriate mechanical ventilation rate, h — hv can be set to any
height.

A numerical study is conducted for aerosol transmission in the
classroom.” Particles greater than 50 um were found on the desk, the
ground, and other surrounding surfaces in the room. The transmission
of 1 um particles from a source individual to others separated by at
least 2.4m is decreased by 92% when glass barriers are used. When
windows are open, the particle escape percentage increases by 38%
compared to closed windows, and 69% of the particles leave the sys-
tem. When the windows are open, the amount of aerosol that collects
on the students is reduced. The need for efficient filtration and steriliz-
ing systems inside air conditioners is highlighted by the fact that a
large fraction of inhaled particles ends up in the air conditioning sys-
tem. In the context of a classroom scenario, ventilation with moderate
filtration has been shown to substantially reduce the likelihood of
infection transmission.”” The probability of aerosol transmission is
high in the indoor environment where physical activity is intensive,
like gym due to deep inhalation and exhalation of air.” To reduce the
aerosol particle concentration inside the gym, it is suggested that a
costly redesign to the current mechanical ventilation system be
avoided. It could instead be accomplished by supplementing this sys-
tem with mobile specialist high-quality AC systems. Mounting AC
systems near ground level in gyms with a high ceiling (e.g., 5m) can
be more efficient than the ventilation system. In public transport like
buses, aerosol transmission is studied for particles ejected from
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coughing and sneezing for turbulent and laminar flow of the droplets
with the help of trackers.™ It is found that, when the bus speed exceeds
40 km/h, the particles are unable to advance farther because of high
disturbances generated by air via the windows, which forces the par-
ticles backward, affecting only the passengers sitting or standing
behind the afflicted passenger. In contrast, the propagation is stronger
when the bus is at rest or stops in a bus station, reaching a wider dis-
tance and having a greater impact on the passengers in that region. As
a result, it is preferable to minimize halts and provide a limited num-
ber of bus stations. Matahi et al.”” have performed a RANS-based sim-
ulation of aerosol transmission inside a left-hand-drive car to estimate
the probability of exposure of either the passenger or the driver to
COVID-19 containing aerosol droplets ejected by the other. The pas-
senger is seated diagonally with respect to the driver at a distance of
1.5m and the car is traveling at 50 miles/h. Several configurations are
analyzed, from the case where all windows are closed with the car air-
conditioner operating at the “fresh” setting, to the case where all win-
dows are open. It was found that the rate of transmission is higher, in
general, when the driver is the source and the passenger is the recipient
of the virus-containing aerosols than vice versa. This case has been
shown in Fig. 12. Closed windows have been shown as thick black rec-
tangles and the open windows are shown with dotted rectangles. The
rate of aerosol transmission from the driver to the recipient is highest,
near 11% for the case where all the windows are closed and only the
car air-conditioner is running. But the transmission rate drops to less
than 1% when all the windows are open. Interestingly, among the
intermediate configurations, the largest transmission of 5% occurs for
the case where the windows adjacent to both the driver and the pas-
senger are open. This counterintuitive result can be explained by the
fact that a flow of air develops between the driver-side window which
acts as an inlet and the passenger-side window that acts as an outlet
due to the pressure differential between the windward and leeward
sides of the moving vehicle. The study shows that only by opening all
the windows can the transmission probability be reduced to safe limits
within a car. In a crowded confined area like an elevator, the study of
airborne transmission is important.”® The numerical study is con-
ducted for turbulence flow of droplets ejected during coughing. The
droplets generated during coughing fall on the ground when the fan is
switched on. Cough droplets can circulate in the elevator if the fan is
turned off. This is due to the flow field created by the air puff and
cough droplets expelled together. It is recommended that the elevator
fan be turned on, and a centrally positioned fan is preferred overspread
air supply. Particle transports in the indoor air show complex dynam-
ics and no linear dependence on air velocity.”” Combining face masks
with either the WHO or the CDC social distancing guidelines should
be quite helpful in reducing infection in an indoor environment."'

lll. SURFACEBORNE TRANSMISSION

During coughing, sneezing, or talking, droplets with diameter
larger than 10 um land on the ground/surface under gravity. Along
with the virus, these droplets contain several other ingredients, such as
salt (NaCl), protein (mucin), and surfactant (dipalmitoylphosphatidyl-
choline).* The lifetime of virus-bearing droplets on different surfaces
determines surface contamination, which is further influenced by sev-
eral factors, such as ambient temperature, relative humidity, composi-
tion, droplet volume, contact angle, etc. The equilibrium contact angle
(0) of a sessile droplet on various surfaces, as well as the ambient
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FIG. 12. (a) Concentration fields are displayed on a schematic of the car with a cut plane passing through the center of the interior compartment. (b) The bar graph illustrates
the mass fraction of air that reaches the passenger from the driver. Standard deviation of the concentration field around the passenger is represented by the error bars. (c)
The heatmaps displaying the concentration field of the species originating from the driver for various window situations. The line segment A-D is at the front of the car cabin,
and the flow direction in panel C is from left to right. Open windows are represented by dashed lines, whereas closed windows are represented by solid lines. Cy is the initial

mass percentage of passive scalar at the injection site, with C é Co = 1. Reproduced with permission from Mathai et al., “Airflows inside passenger cars and implications for air-

borne disease transmission,” Sci. Adv. 7(1), eabe0166 (2021).

temperature (T) and relative humidity (RH in %) encountered in
various locations around the world, is summarized in Table II.
Sections 1T A-IITF examine the evaporation dynamics of respiratory
sessile droplets on surfaces and reviews the research on how environ-
mental conditions affect the lifetime of these droplets.

A. Methods
1. Mathematical modeling

The various phenomena affecting the evaporation of a normal
sessile droplet are diffusion, free convection, and passive transport.”* "’
The evaporation dynamics of a sessile droplet in the presence of sur-
factant and other ingredients is more complex due to the associated
contact angle dynamics, and thermo-solutal Marangoni flow.”"””
However, in the case of a very small droplet [volume, V < O(1) pul],
the dominance of surface tension over gravity force resulted in a
symmetrical cap profile, and a diffusion-based model was found to
adequately predict its lifetime. A few notable contributions to the pre-
diction of the lifetime of respiratory droplets can be found in Refs. 63,
73, and 74. A computational model based on kinetic theory was used

° Copyright 2021 American Association for the Advancement of Science.

to investigate the drying time and time-varying thickness of a liquid
film over solid surfaces.” A diffusion-based theoretical model was
used in Refs. 63 and 74, to estimate the drying time. Unlike, the pinned
droplet with a constant contact angle as assumed by Bhardwaj and
Agrawal,”” Balusamy et al.”* considered the dynamic contact angle of
saliva droplets laden with salt and insoluble surfactants (see Fig. 13).
The diffusion-based evaporation rate (711 in kg/s) of a sessile droplet of
wetting radius (R) is given by

m = —nRD(T)Coar(T)(1 — RH)f (A)a, (8)
where f(A) = 1.3 + 0.27(0526’1)2 for 0 < 90°. The value of « is a con-
stant that ranges from 0.267 to 1. In Ref. 74, the molality (M) of the
saliva is fixed at 0.154 mol/kg. D(T) represents the diffusion coeffi-
cient of water vapor (12 /s), which is given by”’

—684.15 )

)

D(T)=25x%x 10" =
() x 20 ep (T+273.15

The saturation vapor density, C,,; (in kg/m3), is calculated using
Raoult’s law for water-salt-surfactant mixtures,

TABLE II. Typical values of the contact angle (6) of a sessile droplet on different surfaces and the ambient temperature (T) and relative humidity (%) experienced in different cit-

58-63

ies around the world (taken from and https://weather.com).

Surface Representative contact angle (0 in degree) City Ambient temperature (T) (°C)  Relative humidity (RH) (%)
Glass 10 New York (—3)-30 52-91
Stainless steel 30 London 4-20 46-85
Cotton 50 Mumbai 18-40 27-95
Wood 70 UAE 19-40 30-90
Smartphone 90 Delhi 9-33 42-90

Indoor (AC) 22 30-50
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FIG. 13. Schematic of a sessile saliva droplet on a surface.

Caart = X,,C,

sat?

(10)

o

wherein the saturation vapor density of pure water, C_, = 9.99
x1077T% — 6.94 x 107°T? +3.20 x 1073T —2.87 x 1072 and X,,
denotes the mole fraction of water in the solution. The accommodation

coefficient  is obtained as”*

1

o= T % . (11)
Here, the surfactant parameter, ¥ > 0 and I and I', are the instanta-
neous concentration of the surfactant (obtained by calculating the
moles of surfactant, solute ion particles and water in the droplet at any
time, #) and its maximum value corresponding to the fully dried drop.
Finally, the rate of change in the droplet volume (dV /dt) is obtained

as 111/ p using the density of the solution p at a given time.””

2. Experiments

Several researchers (e.g., Refs. 76 and 77) studied the effect of
evaporation of organic solvents and saltwater droplets on surfaces,
while a few others (e.g., Ref. 78) studied the evaporation of saliva drop-
lets on surfaces in context with COVID-19. Lieber et al.’”® used an
acoustic levitator in conjunction with microscopic imaging and parti-
cle image velocimetry (PIV) to study the evaporation characteristics of
saliva droplets under well-controlled ambient conditions. An acoustic

scitation.org/journal/phf

levitator with a resonance frequency of 100 kHz was used to levitate a
saliva droplet with a size ranging from 10 to 1000 um inside a con-
trolled chamber (i.e., at fixed temperature and relative humidity). The
saliva probes of two healthy men were taken from their mouths and
inserted into the acoustic levitator using a syringe in order to study the
evaporation dynamics. It is observed that the acoustic streaming
causes an increase in evaporation rate that is comparable to forced
convection at a relative velocity of around 0.1 m/s. Basu et al.”” studied
the drying and precipitation characteristics of the saltwater droplets in
a similar levitator using a shadowgraph technique. He et al.”” used an
inverted microscope and a CMOS camera in their experiments and
found that during the evaporation, a droplet of size ranging from 5 to
100 um shrinks to a few micrometers in size (referred to as residues).
They found that the surfaces and humidity of the environment have a
significant effect on residue formation. When relative humidity is less
than 40%, they found that over 80% of droplets form residues on plas-
tic and uncoated and coated glass, but only 20% form on stainless steel
and none on copper. The variability seen in their experiment is also
compatible with the survivability of the SARS-CoV-2 virus on various
surfaces.

B. Effect of surfaces and size of droplets

During evaporation, droplets first shrink in height and then
diameter leaving behind the residue as illustrated in Fig. 14. It can be
seen that due to evaporation single residues form on glass surfaces with
and without hydrophobic coating [Figs. 14(a) and 14(b)]. Figure 14(c)
demonstrates the recoiling near the end of evaporation leaving behind
a more concentrated residue in the middle of a coated glass substrate
due to the influence of surface tension. On strong hydrophilic surfaces,
like in the case of a stainless steel surface, the evaporation results in a
vast region of thin-film residue [Fig. 14(d)]. Figures 14(e) and 14(f)
show the formation of multiple patches of residue due to the pinned
film breakage caused by surface roughness and surface tension-
induced instabilities, respectively. The infectivity of different strains on
various surfaces is illustrated in Fig. 15."* When compared to plastic
and glass surfaces, coronavirus strains have a significantly shorter
lifetime on metal surfaces. Surfaces with low thermal conductivity

Uncoated
glass

Coated glass Coated glass

Stainless steel

Stainless steel Coated glass

FIG. 14. A comparison of the morphologies of the original droplets (top row) and their corresponding residues (bottom row) on different surfaces. Reproduced with the permis-
sion from He et al., “Droplet evaporation residue indicating SARS-CoV-2 survivability on surfaces,” Phys. Fluids 33(1), 013309 (2021).”° Copyright 2021AIP Publishing.
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FIG. 15. The survival time of various viruses on different surfaces.

(e.g., glass, steel, and plastic) leave residue from varying percentages of
all deposited droplets, whereas high heat conductivity surfaces (e.g.,
copper) leave no resolvable residue.”’ While Chin et al.** found that
the SARS-CoV-2 virus is more stable on smooth surfaces (such as glass
and plastic) and can survive for two to four days at 60% RH, according
to van Doremalen et al,,” the virus’s lifetime at 40% RH varies from
7h on copper surfaces to more than three days on plastic surfaces
(polypropylene). No contagious virus was found on paper, wood, glass,
and banknotes after 3 h, 2, 4, or 7 days, respectively. On plastic materi-
als, the SARS coronavirus strain FFM1 was found to exhibit the great-
est lifespan.

The physical mechanism associated with survival times of the
virus can be understood by studying the evaporation dynamics of
these droplets on different surfaces. Some authors”””*’* have used the
diffusion-based modeling (discussed in Sec. III A 1) and studied the

600
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O
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SARS coronavirus strain HKU398_49

> 4h
4-5d
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44,80

effect of various surfaces owing to different contact angles, ambient
temperature, and relative humidity. The effect of the composition of
saliva droplets, [i.e., the presence of salt, protein (mucin), and surfac-
tant (dipalmitoylphosphatidylcholine)] on the evaporation rate and
the residue formation was also investigated by Balusamy et al.”* It was
found that a droplet can survive longer on hydrophobic surfaces as
compared to a hydrophilic surface and that its lifetime increases as the
contact angle increases. Also increasing the concentration of the ingre-
dients (salt, surfactant, protein, etc.) in water droplet [mathematically
modeled using ¥ in Eq. (11)] increases the lifetime of the droplet [see
Figs. 16(a) and 16(b)]. The three unique zones depicted in Fig. 16(b)
are an early period of steady decline, an intermediate period of steep
decline, and finally a near-horizontal line at very small values till the
end of the droplet lifetime. The final stage is essentially the residual
stage, which takes a long time to evaporate.

0.75

§ 0.57

0.25

B E——
Time (s)

(b)

FIG. 16. (a) Variation in the droplet drying time with ‘' at different values of the initial contact angle, 0. The rest of the parameters are initial volume, Vo= 10 nL, T=30°C,
and RH=50%. (b) The variation of the normalized mass evaporation rate with the initial mass evaporation rate, m/mg vs . The rest of the parameters are T = 30°C,
RH =50% and 6, = 50°. Reproduced with permission from S. Balusamy, S. Banerjee, and K. C. Sahu, “Lifetime of sessile saliva droplets in the context of SARS-CoV-2,” Int.

Commun. Heat Mass Transfer. 123, 105178 (2021).” Copyright 2021 Elsevier.
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In order to understand the mechanism of the residue formation
at the final stage of evaporation, He et al.”’ proposed a modified physi-
cal model that includes the effects of both nonvolatile solute and sub-
strate conductivity on the quasi-steady evaporation rate,

¢(;)3R3 - RH) fA),  (12)

it = —RD(T) Coar (T) (1 -

where Ry is the initial radius of the sessile droplet and ¢ () denotes the
instantaneous volume fraction of the solute (evaluated by the Nernst
and Brunner equation). Here, o is associated with the thermal conduc-
tivity of the surface. For highly conducting surfaces, like copper, o ~ 1
and its value decreases with decreasing the thermal conductivity of the
surface. They vary the values of o from 0.267-1.

He et al.”’ found that the residues observed in their experiments
are hard enough even when exposed to changes in ambient tempera-
ture and humidity. They can stay on plastic and glass surfaces after
being heated for 60s at 60 °C, although the same treatment removes
more than 90% of residues from stainless steel, perhaps because of its
greater heat conductivity. The fraction of residue producing droplets
increases with increasing the humidity from 25% RH to 60% RH; in
coated glass, it grows from 55% to 90%, in plastic, it increases from 5%
to 30%, and in copper, it enhances from 0% to 15% (i.e., no residues to
residues at higher humidity). Such droplet evaporation-related mecha-
nisms could be key in understanding SARS-CoV-2 carriage and
transmission.”*

C. Effect of environment condition

Next, we present how environmental conditions, such as ambient
temperature and humidity, influence the lifetime of sessile respiratory
droplets. Balusamy et al.”* presented the regime maps depicting the
lifetime of a typical saliva droplet (Vi = 10 nl, M = 0.154 mol/kg and
¥ = 20) on surfaces with contact angles 10° and 90° (see Fig. 17).

95 10* 95
90 90
85 85
(
80 10} 80
75 75
=X =
> 70 > 70
= B
el el
Z 65 Z 65
5 10° 5
T 60 T 60
[} ()
R 2
£ 55 £ss
Q Q
K 50 & 50
i 1
45 10 45
40 40
35 35
30 —10° 30
20 25 30 35 40 45 50 20 25 30

Temperature (°C)

(a)

REVIEW scitation.org/journal/phf

In these maps, the isocontour lines represent the drying time in sec-
onds. The colormap uses a logarithmic scale to indicate the droplet’s
drying time, which varies by four orders of magnitude. Two observa-
tions can be made from Fig. 17. (i) In a low ambient temperature and
humid environment, a droplet takes longer to evaporate, and its life-
time decreases as the humidity decreases and the temperature
increases for any surfaces, and (ii) increasing the initial contact angle
increases the drying time for a fixed initial droplet volume. This result
follows our intuition because a droplet with a smaller contact angle
has a bigger wetting radius and surface area for the same volume,
allowing for a larger interface area for diffusion-driven evaporation.
Therefore, in comparison to less hydrophilic surfaces, highly hydro-
philic surfaces may be less sensitive to prolonged contamination. Chen
et al.*” found that the droplet’s lifetime decreases with the ambient
temperature only when the relative humidity (RH) is less than 37%.
When the relative humidity is greater than 37%, raising the ambient
temperature prolongs the lifetime of a droplet of the same initial size.
The threshold humidity, according to this study, is 55.7% at 30°C,
over which the droplet’s lifetime grows exponentially. Bhardwaj
et al® also reported that the risk of the virus surviving in a humid
environment increases around fivefold when compared to a dry
environment.

D. Indoor vs outdoor transmission

When the air is cooled and dehumidified in an air-conditioned
environment, the drying potential is higher than in hot and humid
outdoor conditions, resulting in a reduction in the size of the droplets
in proportion to the room temperature and relative humidity.”® In
comparison to hot and humid outdoor conditions, the virus is active
due to drying in the cold and humid environment. Even in an outdoor
context, a site with little humidity has a greater spread potential. The
combined high heat and mass transfer potential of respiratory droplets

10*

FIG. 17. (a) Regime maps depicting the

droplet's lifetime in the T— RH space. (a)

0o = 10°, (b) 6o =90°. The colorbar

) represents the lifetime in second in the
10 logarithmic scale. The rest of the parame-
ters are Vo =10 nl, M=0.154 molkg

and W = 20. Reproduced with permis-

sion from S. Balusamy, S. Banerjee, and

K. C. Sahu, “Lifetime of sessile saliva

410! droplets in the context of SARS-CoV-2,”
Int. Commun. Heat Mass Transfer 123,
105178 (2021).”* Copyright 2021 Elsevier.
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in low-humidity and low-temperature environments causes quick dry-
ing and size reduction, and the virus is almost active everywhere. In a
hot and dry region, using a cooling and dehumidification system
enhances the drying potential and hence the viral activity to dangerous
levels. Thus, using a spray washer to improve cooling and humidifica-
tion can lower the danger of virus contamination.

E. Concluding remarks

In this review, we attempt to summarize fluid dynamics studies
undertaken concerning coronavirus (SARS-CoV-2) transmission.
Several researchers have examined theoretically, numerically, and
experimentally both airborne and surfaceborne transmissions through
the dispersion and deposition of ejected respiratory droplets, which
are the primary sources of COVID-19 propagation. The transmission
of respiratory droplets varies based on the situation and is influenced
by a variety of factors including ambient conditions, surface properties,
social distancing, the use of various kinds of masks, and indoor and
outdoor conditions. All of these aspects have been covered in this
review. We believe that this study will not only provide some useful
guidelines to control the transmission but also benefit researchers in
getting a comprehensive assessment of previous work (rapid advance-
ment made by the fluid mechanics community in a short time) in this
area and moving forward from the perspective of the fluid dynamics.
Despite the extensive set of studies conducted in this area, some key
areas where future research may yield valuable insight include (a)
experimental studies on tracing droplet particle trajectories over longer
distances to complement the current CFD modeling work; (b) model-
ing of more realistic droplet compositions through treating the ejected
droplets as multi-component nano-fluids containing viral nanopar-
ticles; (c) further experimental and modeling work on the impact of
multiple coughing or sneezing events in quick succession on the trans-
missibility of ejected droplets in the exhaled clouds; (d) modeling of
not only evaporation but also condensation and freezing on emitted
droplets when the ambient temperatures are below the dew point or
freeze point temperatures (as in temperate latitude winters).
Furthermore, with the emergence of new SARS-CoV-2 variants that
are reported to have much higher viral loads,”” the modeling assump-
tions regarding what is the expected virus concentration in the ejected
respiratory particles may need to be reviewed with the corresponding
impact on determining safe social distances and mask effectiveness.

DATA AVAILABILITY

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