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Abstract COVID-19 pandemic has recently had a dramatic impact on society. The under-
standing of the disease transmission is of high importance to limit its spread between humans.
The spread of the virus in air strongly depends on the flow dynamics of the human airflows.
It is, however, known that predicting the flow dynamics of the human airflows can be chal-
lenging due to different particles sizes and the turbulent aspect of the flow regime. It is thus
recommended to present a deep analysis of different human airflows based on the existing
experimental investigations. A validation of the existing numerical predictions of such flows
would be of high interest to further develop the existing numerical model for different flow
configurations. This paper presents a literature review of the experimental and numerical
studies on human airflows, including sneezing, coughing and breathing. The dynamics of
these airflows for different droplet sizes is discussed. The influence of other parameters, such
as the viscosity and relative humidity, on the germs transmission is also presented. Finally,
the efficacy of using a facemask in limiting the transmission of COVID-19 is investigated.

1 Introduction

At present, the world is suffering from the severe acute respiratory syndrome coronavirus
disease (SARS-CoV-2) commonly known as COVID-19 which is an RNA virus that has a
single strand and has similarity to SARS-CoV-1 in terms of evolutionary development and
diversification [67, 112]. This virus can cause lung inflammation, the main symptoms of
COVID-19 patients are dry cough, fatigue, and fever [112]. In March 11th 2020, the WHO
announced that COVID-19 became a pandemic. Healthcare infrastructure systems worldwide
are overwhelmed due to the coronavirus pandemic because of its long incubation period
and high contagiousness [32, 52]. Current study shows that about 35% of infected persons
do not exhibit overt symptoms [12] and this may unintentionally cause tremendous spread
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of the disease. The risk of acute infection containing virus greatly depends on the quality
of the healthcare systems and physical factors of the infected persons [46]. COVID-19 is
transmitted through the airborne droplets and aerosols that contains virus. Thus, the spread
of respiratory droplets is a serious concern because of the fast transmission and spread of
COVID-19in people [108]. Therefore, studying the spread mechanisms, controlling strategies
and prevention of COVID-19 has been a global concern to be solved.

For an infectious disease, it is important to consider the early transmission disease stages,
which can help to control the disease transmission [§1]. COVID-19 can be transmitted in
three different routes that include emitted aerosol (airborne), contact transmission, and direct
aerosol transmission [47]. Aerosol transmission means that droplets are mixed in the air and
cause infection through inhalation process. It was shown in [92] that the SARS-CoV-2 virus
might remain infectious as an aerosol for at least 3 h. Contact transmission happens when
there are droplets on the surface or objects that go inside the body through hands to mouth,
nose, and eyes. Direct transmission means that there is a close contact with the droplets by
coughing, sneezing and talking. One of the useful methods to demonstrate the transmission of
diseases is the dynamical model, which simulates the mechanism of the virus transmission
to predict future trends based on the current knowledge [47, 53, 80, 104]. There is still,
however, little work that focused on the dynamic modeling transmission of COVID-19 [81].
For example, Lin et al. [55] demonstrated the transmission dynamics of COVID-19 and
explained how the virus outbreak happened in Wuhan. Tang et al. [82] showed a study based
on the estimations of the risk transmission of COVID-19 and presented the effectiveness
of using control strategy by intensive tracing which followed by isolation and quarantine.
Chen et al. [16] designed a mathematical model using Reservoir-People (RP) transmission
network that showed that the transmissibility of COVID-19 was higher than the Middle
East respiratory syndrome in the Middle East countries, similar to severe acute respiratory
syndrome, but lower than MERS in the Republic of Korea.

Many researches (Gupta et al. [17], Wei and Li [18]) provided useful information to predict
the spread of the disease from the flow that is generated by sneezing/coughing. Bourouiba
et al. [10] conducted an experimental flow visualization to observe the expiratory flow from
human using turbulent jets with liquid droplets for studying sneeze/cough dynamics. The
use of direct numerical simulation (DNS) of the sneeze/cough events, which includes the
phase-change thermodynamics and the small droplets dynamics, has not yet been reported
[25].

This paper aims to provide a better understanding of the infectious diseases’ transmission
related to coughing, sneezing and breathing. Existing experimental and numerical investiga-
tions on human airflows and their impact on infectious disease transmission are presented.
Finally, the effectiveness of wearing facemask in reducing the transmission of COVID-19 is
discussed.

2 Cumulus cloud flows and fluid fragmentation dynamics

A better understanding of the transport process of viruses such as deadly influenza and
COVID-19is needed in order to minimize their spread. Infected patients can generate droplets
by coughing, sneezing, or even breathing Bourouiba [9], Settles [73].

Cumulus cloud flow is of high importance to determine the trajectory and the spread rate
of the droplets for a better understanding of the underlying turbulent flow. This cloud shows
similarity to the atmospheric clouds [25]. Many authors studied theoretically, experimen-
tally, and numerically the mechanisms involved in cloud flow which is a key mechanism in
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investigating the trajectory and the spread rate of the cough/sneeze flow and that has a strong
similarity to atmospheric cloud [3, 26, 36, 61].

Diwan et al. [26] used Boussinesq equations in their numerical simulation to minimize
latent heat released from cumulus clouds, they successfully reproduced cumulus clouds as
shown in Fig. 1. In addition, Diwan et al. [25] developed equations containing a field of
water liquid and water vapor (including thermodynamics of phase change) and a numerical
code called “MEGHA-5" was developed by Ravichandran [65] which consisted of an MPI-
parallelized code known by its capability to scale to 4000 cores for solving the dynamical
equations of cloud flows. They, however, faced some challenges in terms of sneeze/cough
flows such as the inertia and the influence of phase change on droplets. They handled these
problems in MEGHA-5 using two approaches. First, the liquid phase was treated as a field
with suitable consideration for the droplet inertia for the dependence of evaporation on a
specific distribution of droplet size and for the effect on the floating due to evaporative
cooling. Second, they tracked each droplet and combined its dynamics to the flow equations.
They also integrated a DNS code for studying cough/sneezing flow, the parameters that
were recorded (duration: 200-500 ms) were the Reynolds number Re = 11,318, the ambient
temperature T, = 22 °C, the cough fluid temperature Tf = 34 °C and the expelled volume
between 0.25 and 1.6 L. They focused on coughing problems that are relevant to COVID-19
using a cuboidal domain to simulate a room with suitable boundary conditions (Fig. 2a).
There was also an orifice to eject the puff. The cough waveform can be seen in Fig. 2b with a
total cough duration of 0.53 s. They included that the buoyancy effect because the cough fluid
temperature is different from the ambient temperature. Figures 3a, b show the temperature
distribution for dry cough flow for two time instants t = 0.86 s and 9.37 s, respectively. In
this cough flow there is a rapid drop in the cough-fluid temperature and lateral spreading
of the flow. The cough flow persists for longer time as compared to the total duration of
the cough which can help as an input for epidemiological studies. The authors concluded
that using DNS gives a much more accurate estimation of the droplet finish distance than
RANS models. They showed that the cough flow could extend up to 1.4 m [25]. Their study
can guide the development of mathematical models for safer separation distance to avoid
COVID-19 infection.

Bourouiba et al. [8] visualized coughing and sneezing dynamics that was produced by
an adult. Violent respiratory events were recorded using high-speed imaging at 1000—-4000
frames per second (f.p.s). It was found that cough and sneeze consist of turbulent cloud
droplets of buoyant gas. Smaller droplets were affected to varying degrees within the cloud
of turbulent gas, while the largest droplets remained unaffected by the gas phase flow and
they followed a ballistic trajectory. The authors compared the emitted large cough droplets
with the air cloud path. The smoke cloud was directed downward at an angle of 24°+7°
that is close to the mouth exit angle. The mouth opening area was equal to 3.4 cm? and the
trajectory length equals to 70 cm, which shows an agreement with previous studies such as
Gupta et al. [38]. In their flow visualizations, sneezes cloud appeared to be denser than the
cough cloud. Moreover, the sneeze cloud was observed to be shorter than cough cloud for the
same individual because small droplets are capable to move faster and for a long distance,
the observed duration was 200 ms. Reynold number that was used in this simulation for
coughing and sneezing was equal to 10* and 4 x 10%, respectively, based on the observed
ejection geometry and speed using high-speed camera. Finally, Bourouiba et al. [8] presented
the circulation of sneezing clouds based on the change of arrows orientation, which illustrated
the buoyancy influence in deflecting the cloud upward. A better illustration of the evolution
of sneeze and cough cloud emitted horizontally was presented. These experimental results
can be used with the clinical data to improve the estimation of airborne disease transmission.
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Fig. 2 a Computational domain schematic. b Flow rate variation during a single cough event [25]

Observations show that sneezes and coughs can produce ejecta which is how the droplets of
coughs and sneezes mixed with an ambient air that is described as a turbulent multiphase
cloud of moist air [8].

Some recent studies focused on talking, coughing, and respiration based on the drop
size measurement [60, 69, 105]. As early as, Turner et al. [8§9] recorded sneezes by using
dark-field imaging set up with flash photographs and highlighted major parts of the emission
process. Duguid (1946) studied sneezing dynamics in detail. However, most studies examined
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Fig. 4 a Fragmentation process schematic of a liquid in response to aerodynamic forces, b photograph of
sneeze ejecta [70, 74]

sneeze dynamics by using dyed solutions which ingested by the subject and directed to a
celluloid-surfaced slide for flow visualization and sneeze dynamics examination.

It was also found that fluid viscosity and surface tension mostly in favor of large droplets,
while higher air speeds appear to produce in smaller droplets [70, 74]. In addition, saliva
physical properties are close to those of water with density of p = 1000 kg/m?, surface tension
of 0 = 60 N/m and dynamic viscosity . = 1 Pa.s Schipper et al. [71], Stokes and Davies
[78]. These fluids contain agents such as proteins, salts, and fatty acids [4]. They also are
viscoelastic due to the dissolved biopolymers and large glycoprotein mucins [24]. Moreover,
many studies provide a detailed analysis of the fluid partial bubbles which known as fluid bag
dynamics which is another feature of fluid breakup that happens in a variety of liquid—gas
flows [93]. Fluid bag typically consists of a liquid volume, which when subjected to a net air
flow in a specific direction, deforms by aerodynamic pressure that tends to flatten the liquid
volume into a sheet that extends as it is swept downstream as seen in Fig. 4 [70, 74]. Then
the flattened bag structure expands and thins until the bag becomes unstable and ruptures.

Scharfman et al. [70, 74] used high-speed visualizations of cough and sneeze (1000-8000
f.p.s) as shown in Fig. 5. The subject head was positioned in front of a black felt backdrop
to create a dark domain effect. This approach allows the droplets to disturb the light toward
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Fig. 5 Experimental setup
schematic that used to record
sneezes image [70, 74]

Top Camera

Flow Direction

Side Camera

70 cm

Fig. 6 High-speed imaging of cough recording at 1000 f.p.s at a 0.005 s, b 0.008 s, ¢ 0.015 s, d 0.032 s,
e0.155s. [70, 74]

the cameras as seen in Fig. 6, which leads to enhanced contrast. This setup was insightful for
far-field visualization of sneezes cloud dynamics since two cameras were used simultane-
ously to record the fluid fragmentation. Their findings showed the shortcoming of the recent
belief that the droplets of the respiration process are formed before the ejection. The authors
showed how the viscoelasticity plays a major role in the final size distribution [70, 74].
However, a theoretical and experimental framework for studying the effect of viscoelasticity
on fragmentation to predict the final droplet size is still under development. Fragmentation
process in determining the final droplet size should also be investigated to evaluate the risk of
violent expiration. A summary of the objectives and findings on cumulus cloud and droplet
dynamics is shown in Table 1.
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Table 1 Summary of the objectives and findings on cumulus cloud and droplet dynamics

Paper

Objective

Method and results

Diwan et al. [25]

Diwan et al. [26]

Bourouiba et al. [8]

Gupta et al. [38]

The objective was to understand the
transmission dynamics of COVID-19
by investigating the fluid dynamics of
sneezing and coughing

The objective was to describe the
adiabatic transient flow in order to
simulate the cumulus cloud during its
life cycle

The objective was to combine
theoretical and experimental
investigation of flow dynamics in
violent expiratory events

The objective was to develop a set of
simple equations that can be used as
boundary conditions for predicting
virus transport in CFD simulations

Developed the MEGHA-5 code to
accurately study the thermodynamics
of phase change for different droplet
sizes

Their approach separates the
thermodynamics of phase change of
cumulus cloud from the flow
dynamics by treating the latent heat,
released in the cloud, as a heat
injection in a transient plume. A
correlation between the temperature
gradients in the flow and the velocity
provided important information about
the fluid dynamics

Their observations help in predicting
the range of pathogen transmissions
based on the droplets that remain in
the cloud until their speed matches the
decelerating cloud

Their work focused on the flow
direction, flow rate and velocity of the
air that can be determined from mouth
opening area and flow rate. The
variation in the flow rate of coughing
with time can be represented as
gamma-probability-distribution
functions

3 Experimental investigations of human airflows (coughing, sneezing and breathing)

Studying the flow dynamics of human airflows is very crucial in order to understand the spread
of the ejected particles during coughing, sneezing or breathing. This allows to understand
the transmission mechanism of infections via expelled contaminants, which is very essential
when we are seeking to establish a safe indoor environment such as in airplanes, residential
buildings or other enclosed areas.

The time for which ejected droplets in a human airflow can stay airborne is decisive for
the infection transmissions. This is dependent on the droplets’ size and number [27]. These
particles cannot remain airborne long when they are larger than 100 pm in diameter, i.e., 1
or 2 s before settling to the ground, whereas smaller particles would evaporate before they
drop to the ground and stay airborne for multiple days as it was reported by [99] who was the
first to challenge this view and was the first to study the transmission of respiratory disease
via airborne droplets.

In this section, a literature review of the experimental fluid dynamic studies of coughing,
sneezing and breathing mechanisms is presented.
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Fig. 7 A subject with a mask
holding the spirometer during test
[38]

3.1 Coughing

Several studies investigated coughing with human subjects using particular image velocime-
try (PIV) or other experimental methods [27, 103, 111, 38].

In order to measure the number and size of particles produced by a healthy person through-
out talking and coughing, Xie et al. [103] employed a Microscope glass slides and water-
sensitive paper (WSP). The average droplets’ size was found to be about 50-100 pm. Duguid
[27] introduced a dye powder called eosin to the surface of the mouth and the tongue of vol-
unteers. Different types of human airflows were produced by sneezing, coughing or speaking
in the face of a celluloid sheet. A micrometer eyepiece was used to measure the size of the
first hundred droplet-marks met on the impinging sheet. For each type of expiratory activity,
10 to 22 tests were done and which involved the measurement of 3000 droplets. It was found
that the diameters of droplets produced in sneezing, coughing or speaking ranged essentially
from 2 to 100 um. Gupta et al. [38] used a spirometer consisting of capillary tubes (Fig. 7)
to measure the pressure drop which is, according to Poiseuille’s law, proportional to the flow
rate. They used a low speed photography with a frequency of 120 Hz to visualize the direction
of the flow seeded by cigarette smoke (Particle size = 0.2 "m). Flow rate, flow direction, and
mouth opening area were considered for 25 volunteers. It was shown that two single coughs
can represent the behaviour of a sequential cough. The visualized flow was found to not vary
a lot with subjects and they proposed to use a mean mouth opening area for such human
flows.

Zhu et al. [111] used Particle Image Velocimetry (PIV) to measure the cough velocity
from three male subjects. Their results showed that the initial velocity had an average equal
to 11.2 m/s ranging from 6 to 22 m/s with a standard deviation of 2.85 m/s. Chao et al. [13]
used PIV and Interferometric Mie Imaging (IMI) data to record 11 subjects during speaking
and coughing; saline fog was used as tracer. The average velocity of 50 coughs from each
patient was 11.7 m/s (with a droplet size equal to 13.5 "m) and 3.9 m/s for speaking (with a
droplet size equal to 16 wm). The IMI optical technique is employed to measure the droplet
size; more details about this experimental method can be found in Glantschnig and Chen
[34], Glover et al. [35].

Relationship of Cough Peak Flow Rate (CPFR) and Peak Velocity Time (PVT) in coughing
was the purpose of several studies (Mahajan et al. [58], Singh et al. [77] where the authors
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67 cm

120 cm

Fig. 8 PIV Setup (VanSciver et al. 2011)

Fig. 9 PIV of Cough flow (VanSciver et al. 2011)

used a pneumotachograph (tusso-meter) to measure the airflow. Mahajan et al. [58] measured
CPFR from 200 L/min to 950 L/min with a mean peak flow rate of 300 L/min with a delay
ranging from 15 to 40 ms before reaching these flow rates. Singh et al. [77] measured CPFR
of 750 L/min and 1300 L/m for women and men, respectively. Kwon et al. [S0] measured
an average initial velocity of 15.3 m/s and 10.6 m/s for males and females, respectively.
Moreover, VanSciver et al. [91] used PIV measurements to investigate the flow dynamics
involved in a cough from twenty-nine non-smoking volunteers inside an enclosure of 67 cm in
height, 76 cm in width, and 120 cm in length (Fig. 8). The average maximum velocity ranged
from 1.15 to 28.8 m/s for all volunteers, and the corresponding Reynolds number ranged from
2300 to 57,600. The average of overall maximum coughing velocity was 10.2 m/s. Figure 9
shows a cough velocity field obtained from the PIV measurements [91].

Wei and Li [98, 102] studied human cough and characterized it as a two-stage jet; the
first is the starting one (once the cough starts) and the second is an interrupted jet (when
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Fig. 10 Three temporal profiles at the nozzle exit [98, 102]
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Fig. 11 Schematic diagram of the test apparatus [98, 102]

the source is stopped). They employed the PIV technique and tested different boundary
conditions at the exit of the jet created by a piston-cylinder facility (temporal velocity profile
atthe exitis shown in Fig. 10) in order to track the spread of expelled droplets. They conducted
these experiments in water at 0.5 m in depth where a converging nozzle, with a uniform mean
velocity profile at its exit, creates a jet at the middle of a 1.5 m (length) x 1 m (Width) x 1.2 m
(height) rectangular tank. Two jet diameters were tested (D =4 mm and D = 10 mm). They
used glass particles of three sizes for the tracers: small (30-50 pm), medium (210-250 pm)
and large (355-420 pwm), respectively. The jet was created using a piston-cylinder system
(Fig. 11).

For all cases, it was found that the temporal exit velocity profiles had negligible effect
on the stream distance penetration (50.6-85.5 D, range where D = 2 cm is the diameter of
the nozzle) Wei and Li [98, 102]. For the three categories of particles (small, medium and
large), no clear difference was found in their streaks before the supply of the jet is stopped
(Fig. 12a). When t = 10*t;,;; (Fig. 12b, where ‘t;,; = 0.5 s’ is the cough duration), the cloud
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Fig. 12 Streak pictures of particles (Pulsation, Re = 12,900). The red dashed line indicates the jet boundary.
The pictures overlap from t = 0 to (A) the time when the jet is interrupted (t = tipj), and (B) t = 10tjy; [98,
102]

Fig. 13 The leading vortex is illustrated by red arrows, and white arrows indicate the particle motion [98, 102]

of particles reach a maximum distance of 80 D. In contradictions with previous studies (e.g.,
Xie et al. [103], medium and small particles had similar maximum travel distance. This
was explained by the leading vortex who strengthen the droplets’ spread as illustrated in
Fig. 13. Actually, the upper leading vortex provides a positive vertical velocity which carry
the particles upward.

Other experimental investigations have combined different metrologies to study human
airflows. For example, Zhang et al. (2019) established experimental measurements in order
to validate CFD models. They used a thermal manikin heated uniformly by a resistance wire
that allowed having a temperature around 30 °C on most of the manikin surface as for a
human body. Droplets were generated by a specific setup and their diameter ranged from 0.1
to 10 wm. These droplets were ejected from the nose of the manikin with an average velocity
of 2.2 m/s. The aerosols concentration was then monitored at 3 points as shown in Fig. 14.
The result of this study remains in studying the influence of different systems of ventilation
on spreading droplets aerosols in enclosed areas.

Dudalski et al. [28] employed a PIV system consisting of CCD camera at a frequency
of 15 Hz and a 532-nm Nd:YAG laser, providing 120 mJ per pulse in order to illuminate
the seeded particles for studying the far-field human cough. They also used a Hot-Wire
Anemometry HWA (at 1 kHz) to measure the velocity as function of time in a specific location.
At the jet center, an average peak velocity of 1.2 m/s was obtained and an average jet spread
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Fig. 14 Thermal manikin and test
points (Zhang et al. 2019)

angle of 6 = 24° was measured. No significant difference was detected between coughs from
sick or healthy volunteers. These experimental data were used to validate computational fluid
dynamics (CFD) models and a complete model was developed for the decay of centerline
peak velocity.

3.2 Sneezing

Investigating flow dynamics of sneezing is more challenging than coughing since the sneezing
reflex is difficult to induce for experimental purposes Tang et al. [83]. Jennison and Edger-
ton [44] employed photography strobe lighting and high-speed camera. They found sneeze
velocities at about 30 m/s. They captured about 4600 expelled droplets using a camera with
an f11 aperture and an exposure time of 6.6 s. The range of apparent diameter of the droplets
has been determined from photographic enlargements to be 0.1-2 mm.

Other study on sneezing showed that the peak expiratory airflow during sneezing was 67
times higher than normal breathing [43]. Wells [101] studied sneezing flow and assumed
that sneezing velocity can reach up to 100 m/s. Tang et al. [84] employed Schlieren imaging
technique (Fig. 15) based on refraction of light through a medium of different densities, which
is the case in a human airflow. The surrounding air temperature is about 25 °C and the human
airflow temperature is about 30 °C. In this experiment, a large astronomical telescope, having
a 1 m diameter and a focal length of 5 m, was used. They tested the efficacy of different ways
of interventions (such as tissues across the mouth and nose) to decrease the transmission of
airborne infection. The use of a 4-ply tissue showed a high efficiency and proved that making
such intervention to contain one’s sneeze puffs is beneficial.

Tang et al. [83] employed the same Schlieren imaging system as in [84] to track the flow
dynamics involved in a cough produced by a healthy person (Fig. 16). This methodology
has its limitation because of its dependence on relative changes in densities between the
human air flow and the ambient air. Actually the air leaving the human mouth, quickly cools
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Fig. 15 Schematic of Schlieren optical imaging system set-up [84]

Fig. 16 Digitized shadowgraph
image of a human volunteer
coughing [83]

‘X" direction

Table. 2 Spread distances, ) Gender Maximum Maximum Maximum Maximum
velocities areas and expansion distance of velocity 2-D area expansion
rates of cough [83] propagation rate

Male 0.31-0.64m  3.2-14 m/s 0.04-0.14 0.25-1.4

m? m?/s
Female 0.16-0.55m 2.2-5.0m/s  0.010-0.11 0.15-0.55
m? m?/s

because of the colder surrounding volume of air what limits the visibility of this moving
human airflow. However, it does not use irritant or toxic particles to track the fluid dynamics
and does not employ high power of lighting, as it is the case in the PIV technique. In this
study, twenty healthy volunteers were tested (10 males, 10 females). The maximum spread
distances, velocities and 2 D projected areas are summarized in Table 2.

Bahl et al. [5] used a halogen spotlight and a High-speed monochrome camera to track
individual droplets ejected through a sneeze (Fig. 17). Flow fields of multiple sneezes showed
that less than 1% of expelled droplets had velocities greater than 10 m/s while 80% of droplets
had velocities less than 5 m/s. They also noticed the effect of the viscoelasticity of exhaled
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Fig. 17 Experimental setup used to capture droplets expelled during a sneeze (Bahl et al. 2020)

droplets from different humans in determining the size distribution of large droplets and the
extent of their spread.

3.3 Breathing

It is of high importance to examine human breathing flow, which is known to produce slow
moving flows than sneezing and coughing. However, there are only few studies that focus
on breathing flow dynamics. Tang et al. [85] found that the maximum cough and sneeze
velocities are similar. The airflow profiles for nasal and mouth breathing were found to be
similar and differ only in their relative direction, they have similar spreading distances and
velocities. These authors measured a maximum penetration distance of 0.6 m and 0.8 m, a2-D
area of spreading of 0.11 m? and 0.18 m? and an expansion rate of 0.16 m?/s and 0.17 m?/s for
nasal and mouth breathing, respectively. Gupta et al. [39] performed many experiments and
numerical simulations to examine the flow dynamics from nose and mouth breathing. They
found that exhaled flow rate can be described by a sinusoidal function over time for breathing.
Body height, weight, and gender of each volunteer determine the amplitude and frequency of
this function. They defined the direction of the exhaled jet by two front angles and two side-
angles and only one side-angle during breathing from nose and mouth, respectively. Feng et al.
[33] conducted a 2D time-resolved PIV investigation on human exhalation flow. They used
a breathing manikin (Fig. 18) and applied the phase-average method on the kinematic fields
since the studied phenomenon was periodic. The entire process of breathing was described
with quantitative data what could be used for validation of numerical simulations.

Papineni and Rosenthal [64] measured exhaled droplets from breathing by an optical
particle counter (OPC) and an analytical transmission electron microscope (AEM). The
OPC showed a majority of droplets less than 1 pm. Measurements using the AEM technique
indicated the presence of bigger droplets in the breath flow. Milton et al. [59] considered the
effectiveness of facemasks as a means to reduce transmission of airborne infection. Surgical
masks were confirmed to be reducing the spread of virus. Two particle size ranges were
measured for exhaled influenza: > 5um/(coarse) and < Sum(fine). Overall, they found that
masks are able to reduce the number of viral RNA by 3.4 fold.

Different experimental flow dynamic investigations on human airflows are summarized
in Table 3.

@ Springer
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MKIII camera

Nd: YLF laser

Measuring
field

Fig. 18 Schematic of experimental platform (Feng et al. 2015)

4 Numerical investigation of human coughing, sneezing and breathing

Transportation of viruses can be predicted using numerical simulations, Holmes and
Morawska [40]. CFD simulations were used by many authors, as they are inexpensive as com-
pared to experimental fluid dynamics methods. Using CFD requires accurate flow boundary
conditions for exhalation such as opening area (nose or mouth), temperature, flow rate and
the size of the droplets Gupta et al. [38]. Using precise boundary conditions is essential for an
accurate prediction of the virus transmission. Zhao et al. [109] treated these boundary con-
ditions with an assumed temperature and a constant flow rate, direction, and area of the nose
or mouth opening. In this study, transport and distribution of droplets generated by coughing
and sneezing was analyzed. It was shown that sneezing and coughing produced significantly
higher number of particles than normal breathing. As demonstrated in this paper, sneezing or
coughing with outlet velocity of 20 m/s would cause the droplets to travel farther than 3 m.

Certain experimental results presented by different studies can be used to define the bound-
ary conditions for numerical simulations. Gupta et al. [38] measured flow rates, flow direc-
tions and mouth cough openings (openings areas). Mahajan et al. [58] proposed a correlation
between PVT, CPFR and CEV. Singh et al. [77] tested the relationship between PVT and
CPFR for different genders, it was shown that larynx size difference in females and males
could create a significant difference in the results. Zhu et al. [111] studied total cough volume.
It was measured that total cough volume varied from 0.8 to 2.2 1 with an average of 1.4 1.
This study gave some important information on cough, but they did not measure the cough
profile variation.

Several studies used visualization of coughing dynamics, which could be used to define
the boundary conditions for CFD simulations. For example, Jennison [45] used high-speed
photography to visualize the cough dynamics. Edgerton and Barstow [29] focused on the
droplet size distribution. Settles et al. [72] used Schlieren imaging to study the thermal spread
of a cough. Shadowgraph and schlieren techniques have been applied for clinical imaging
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[87]. A good comprehensive review of using schlieren photography for visualization human
airflows was done by Clark and de Calcina-Goff [19]

Si et al. [76] used a k-w turbulence model and Lagrangian particle tracking algorithm
to investigate the behavior of respiratory droplets (0.1-4 wm) during coughs. Boundary
conditions were taken from experimental measurements. It was found that the 2-pm droplets
have the highest exhalation fraction of 1.6% with a mean exiting speed of 20 m/s, regardless of
cough depths. The finding that most exhaled droplets from deep lungs are 2 jum highlights the
need for more effective facemasks in blocking 2-pum droplets and smaller both in infectious
source control and self-protection from airborne virus-laden droplets.

Vuorinen et al. [94] investigated the possibility of airborne transmission of COVID-19. The
authors used the Monte Carlo and LES simulations on the evolution of the cough-generated
cloud within a generic public environment to provide quantitative insight on the exposure
time in public indoor environments. Supermarket space was considered in this paper and
based on numerical simulations it was shown that physical distancing significantly reduced
the risk of infection. It was also shown that the risk of accumulating critical exposure could
remain significant in the order of minutes after the cough.

Wan et al. [95] used Lagrangian-based model to simulate the transport and deposition of
expiratory aerosols (including coughing) in an aircraft cabin. Their numerical predictions
were validated by experiments. They used the aerosol dispersion to estimate the infection
risk by inhalation and they developed a model to estimate the risk of infection by physical
contact. Since significant amount of aerosols was deposited on different surfaces inside
the cabin it was important to take the risk of physical transmission into consideration. It
was shown that aerosols with initial sizes under 28 pm in diameter could stay airborne
for a long period of time and and could be transported by the air flow. The k — ¢ (RNG)
turbulence model was used to simulate the motion of each expiratory droplet that was tracked
by solving the momentum balance equation (in a Lagrangian frame). Three different scenarios
were considered. The first two cases simulated cruising condition in the cabin with properly
operating Environmental Control System (ECS) and the third case simulated major failure
of ECS. A circular droplet injection outlet was created on the face of the passenger seated in
the middle of the last row, who was considered as the expiratory aerosol’s injection source.
The injection was placed 1.1 m above the floor and the volume of each injection was 400 mL
of air (one-second duration). The numerical results of Wan et al. [95] were validated with
the experimental investigation of To et al. [88] using similar aircraft cabin environment
and operating conditions. Particle Image Velocimetry (PIV) was used to characterize the
airflows and expiratory aerosol dispersions at selected locations in the cabin and deposition
of aerosol was studied using the fluorescent dye technique. It was shown that the cough jet was
propagating further to the row of seats ahead and could carry a significant amount of droplets
in the air flow and it was taking 20-30 s to reach the breathing zones of the passengers seated
within two rows from the coughing source. It was demonstrated that 60-70% of expiratory
aerosols in mass were deposited on the surfaces close to the coughing source, confirm Wan
et al. [95] hypothesis about physical contact transmission.

Chong et al. [21] conducted direct numerical simulations of a turbulent jet of respiratory
aerosol with a Lagrangian—Eulerian approach, which was coupled to the ambient, tempera-
ture, velocity and relative humidity (RH). It was shown that for a 50% RH, the lifetime of
the droplets with initial diameter of 10 wm got extended by a factor of more than 30 when
compared to results reported in Wells et al. [99, 100] and that larger droplets behaved bal-
listically. It was also shown that for 90% RH, the lifetime of smaller droplets was increased
even more (up to 150 times). These results could explain COVID-19 outbreak on cooled-
down meat-processing plant with the high ambient relative humidity Guenther et al. [37] or
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Fig. 19 Humid puff propagation at different ambient RH [21]

in the restaurants and pubs with poor ventilation. The comparison of droplets propagation
for different relative humidity can be found in Fig. 19. One should notice the presence of
vortical structures that resemble to that found in free jets. Therefore, investigating the entrain-
ment mechanism and vortex dynamics would be of interest for a better understanding of the
development of these jets [30, 31].

Chen et al. [14] developed numerical models for predicting airflows using smoke visual-
ization to define the boundary conditions. It was shown that covering a cough with a tissue,
a cupped hand, or an elbow could dramatically reduce horizontal velocity and made par-
ticles to move upward.. RNG k-e¢ model was used to calculate the airflow and turbulence.
In order to connect the solution variables at the near-wall cells with corresponding param-
eters on the walls, the logarithmic law wall function was implemented. The dispersion of
exhaled particles was calculated using Eulerian drift-flux model. Initial conditions such as
flow directions, initial velocities, etc. were taken from smoke visualizations. The evaporative
process was considered almost instantaneous for small droplets (diameter less than 3 pm)
and particles deposition effect on the walls was neglected for particle size of 1.0 wm [15],
110. Comparison of airflows between experiments and numerical predictions can be found
in Fig. 20.

Aliabadi et al. [1] developed a CFD model for a near-field cough and sneeze droplet
dispersion for studying both heat and mass transfer. Different scenarios of in cough and
sneeze processes were considered as well as variations in injection volumes and ambient
relative humidity. Nine different simulations for coughs and sneezes were conducted and a
large number of droplets (with 1-500 wm diameters) were tracked. RNG k — ¢ turbulence
model with standard wall function and differential viscosity was used. Buoyancy effects and
viscous dissipation were also considered.

Dhouk and Drikakis [23] conducted a numerical fluid dynamics study of the respiratory
droplets’ transmission around and through a facemask filter. Multiphase computational fluid
dynamics model in a fully coupled Eulerian—-Lagrangian framework was used to investigate
the droplet dynamics induced by mild coughing. It was shown that masks could reduce the
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(g

Fig. 20 Qualitative comparison of airflows: coughs covered by a a tissue, b a cupped hand, ¢ an elbow with a
sleeve, d an elbow without a sleeve, and e a fist; and uncovered coughs with f average velocity and g maximum
velocity [14]

airborne transmission and could protect wearer from the droplets expelled from the other
subjects. It was found that the criteria chosen for assessing the facemask performance must
be modified to account for the dynamics of airborne droplet and the flow leakage around the
filter. The main results of this study are presented in the next section.

5 Face mask effectiveness in blocking respiratory jets and reducing the spread
of germs

In general, minute aerosols, respiratory droplets or direct contacts with human are the means
of transmission of respiratory viruses [75]. The nuclei droplets (diameters <5 pwm) are termed

@ Springer



Eur. Phys. J. Plus (2022) 137:1 Page 27 of 36 1

Fig. 21 A subject coughing in a
cyclic incident. With and without 2 S
a mask (Dbouk and Drikatis
2020) .-
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as the fine aerosols while the respiratory droplets (diameters>5 pm) coarse aerosols. The
respiratory tract can be protected from infection by the droplets and airborne aerosols wearing
a facemask. Thus, the facemask decreases the chances of respiratory viral infections (RVIs)
by providing a physical interference.

Numerical simulations were conducted by Dbouk and Drikatis [23] with and without a
mask. It was shown that wearing a facemask significantly reduces the droplet cloud; however,
some droplets can still travel to a distance farther than one meter. It was also shown that
facemask reduces the lateral dispersion of droplet, but it does not eliminate it. The comparison
of some cyclic coughing results with and without the facemask is shown in Fig. 21. The
surrounding conditions were as follows: zero wind speed, ambient temperature of 20 °C,
pressure of 1 atm, and relative humidity equal to 50%. It can be seen that for the two phases
presented, many droplets penetrate the mask shield and some saliva droplet disease-carrier
particles can travel more than 1.2 m.

Many studies have proved that a coughing or sneezing person transmit the coronavirus
containing droplets for several meters. The variation of the sizes of these particles affect
the dispersion distance from the source during their journey through the air. Comparatively
bigger particles will gather on the surfaces of laptops, desks, chairs, or other items of the
surroundings [62]. On the other hand, the smaller particles will suspend in the air for a longer
period of time and later will travel to distant places depending on the airflow. Because of the
small size and low velocity of aerosols, they are capable of staying in air for a longer period,
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e.g. 10 s for 100 wm, 4 min for 20 wm, 17 min for 10 wm and 62 min for 5 wm in a 3-m fall
[48].

However, public health authorities advised the implementation of several preventive mea-
sures such as the use of face masks in public settings and maintaining social-distancing. Face
masks have been reported as an effective measure in lowering the transmission of the virus [18,
56]. The broad usage of facemasks is unavoidable in metropolitan cities due to close contact
among people in public transportations, workplace and shopping malls. Despite numerous
research efforts, the effectiveness of using facemask for preventing virus-transmitting droplets
are still controversial and results are not seen as conclusive (Jacob et al., 2009; Cowling et al.,
2008). In Asian countries, facemasks are routinely used by the individuals in public settings
to reduce the risk to airborne pathogens.

Although, some recent studies show that facemasks appreciably reduce the risk of con-
tracting influenza and other viruses [2, 63, 79]. Noti et al. [63] discovered that tightly sealed
masks are capable of blocking the entrance of viruses by 95%. However, the tightly sealed
respirators can restrict the entry of both types of viruses in the respiratory tract by >99.6%.
Though only <70% blockage of the infectious and total viruses occurs in the cases that the
respirators are poorly fitted and masks are loosely fitted.

Wang et al. [97] reviewed the efficacy of surgical masks and found that surgical masks are
not associated with acute respiratory incidence, indicating that surgical masks may not be
effective in preventing acute respiratory illnesses. Stutt et al. [79] reported that when 100%
individuals use facemask, there is significantly less disease spread and they assumed face-
masks are 50% effective to capture exhaled virus inoculum. Alfelali et al. (2020) conducted a
large-scale cluster randomized controlled trial to assess the effectiveness of facemasks among
Hajj pilgrims against virus respiratory infections and they found that facemasks use is not
effective against virus due to poor compliance with facemask use.

However, different studies show that cloth masks can filter fine droplets and particles
less than 10 microns and it can reduce wearer exposure from droplets contacting viruses
and bacteria through filtration. Multilayer cloth face masks with higher thread counts have
shown better reduction in virus transmission than single layer cloth face masks [90, 49, 66,
57]. Table 4 represents recent studies of randomized controlled trials and technical meta
review for assessing facemasks in prevention of respiratory virus transmission in healthcare
and public settings.

6 Conclusion

The understanding of the COVID-19 transmission is of high importance to limit its spread
which is strongly dependent on the flow dynamics of the human airflows. In the present paper,
the transmission of contagious diseases, such as COVID-19, is discussed based on literature
review of the experimental and numerical investigations on human airflows and their impact
on infectious disease transmission was presented. The effectiveness of wearing facemask to
reduce the transmission of infectious diseases was also discussed. The main conclusions can
be summarized as follows:

1. Different human airflows including coughing, sneezing and breathing can participate
through specific mechanisms to the transmission of COVID-19. Several studies have
proved that a coughing or sneezing person can transmit the COVID-19 containing droplets
from several meters distance. However, the variation of sizes of these particles affects
the propagation distance of these droplets through the air.
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2.

The smaller cough droplets can reach longer distance than those of sneezing. In addition,
the sneeze cloud was found to be denser than that of coughing. It was demonstrated that
the viscoelasticity plays a major role in the final droplet size distribution. Higher fluid
viscosity and surface tension are mostly in favor of large droplets. It was also evidenced
that the lifetime of the droplets dramatically increases for higher relative humidity (RH),
with a lifetime of smaller droplets increased by 30 times for a RH of 50% and up to 150
times for RH of 90%. A good ventilation with controlled RH is thus of high importance
to limit the COVID-19 transmission in closed environments.

The stream distance penetration was found to be mainly dependent on the mouth opening
(jet diameter) rather than the temporal exit velocity profiles. Due to the existence of a
leading vortex, small and medium particles had a similar penetration; whereas large
particles drop at short distance. No significant difference was found between healthy
and sick volunteers. It was also found that the propagation distance and the maximum
velocity of droplets depends on both the droplet size and the patient gender. Higher peak
velocities and longer propagation distance were observed for males.

Using CFD to simulate human airflows involved in virus transmission requires accurate
flow boundary conditions for exhalation such as; nose or mouth opening area, flow rate,
temperature, and size distribution of the droplets. It was shown that using DNS provides
a much more accurate numerical prediction of the droplet dynamics when compared
to RANS models. High-resolution LES simulations on cough generated aerosol cloud
evolution also provided a good quantitative insight to the exposure time in different public
indoor environments.

It was reported that facemasks are an effective measure in lowering the transmission of
Covid-19. It was also shown that cloth masks can filter fine droplets and particles less
than 10 microns with an enhanced protection reported using multilayer cloth facemasks.
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