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"Of special importance is the following fact: the construction of models, like any genuine art,
cannot be taught by reading books and/or journal articles. The reason is that in articles and
especially in books the ’scaffolding’ is removed, and the presentation of the results is shown
not in the way that they were actually obtained but in a different, perhaps more elegant way.
Therefore it is very difficult, if not impossible, to understand the real ’strings’ of the work:
how the author really came to certain results and how to learn to obtain results on your own"
(Barenblatt, G., 2003, Scaling, Cambridge Texts in Applied Mathematics, Cambridge: Cam-
bridge University Press)




Abstract

The droplet-laden air cloud exhaled by humans during different respiratory activities plays
a major role in infectious disease transmission. That exhaled droplets contain pathogen is
a well-known fact in the scientific community since the 19th Century. Unfortunately, pan-
demics as COVID-19, SARS, and MERS, have recently brought back the attention to this
issue, which is rather complex since multiple-scale phenomena and different disciplines (epi-
demiology, biology, fluid mechanics) are involved. Fluid mechanics plays a major role in
the comprehension of droplet-laden air cloud dynamics and mitigation of the related risks.
Indeed, the pathogens interact with fluids from their encapsulation within the droplets in
the airways to their inhalation by susceptible individuals. The prediction of the fate of the
droplets after their emission have widely been improved, especially in the past three years,
by means of experiments and models. However, a lack of knowledge of the air and droplet
properties at the emission (mouth) emerges from the literature. Providing precise information
on emission characteristics to numerical or theoretical models that predict droplet dispersion
is of striking importance to obtain reliable results. The present thesis aims to contribute to
this field by improving the characterization of droplet emission, namely, their size and velocity
distribution. A series of laboratory experiments have been conducted considering different
respiratory activities, namely, speaking, coughing and breathing. The Interferometric Laser
Imaging for Droplet Sizing (ILIDS) technique has been used for data collection. Both the
setup and the related data processing have been improved with respect to ILIDS standard
applications in order to detect droplets with size down to 2 um and to measure all their three
velocity components. Two experimental campaigns involving twenty-three volunteers have
been carried out. The effects of protection masks and the variability in the results obtained
for the same volunteer repeating the tests are also assessed. Finally, droplet size and velocity
distributions have been used as input data for Computational Fluid Dynamics simulations in

order to analyse their role in the dispersion process following their emission.

Keywords: ILIDS, droplet sizing, droplet velocity, human emission, disease transmission,
droplet dispersion, COVID-19.






Contents

List of Figures v
List of Tables X
1 Introduction 1
1.1 Phenomenology and state of theart . . . . ... ... ... ... .. .... 3
1.2 Aim and structure of the thesis . . . . . .. .. .. ... L. 8

2 Interferometric imaging for respiratory droplet sizing 10
2.1 Imtroduction . . . . . . . . ... 10
2.2 ILIDS technique . . . . . . . . . . . . ... 12
2.2.1 Basicprinciples . . . . .. ... 12

2.2.2 Particle size measurement . . . . . . ... ... 14

2.2.3 Particle velocity measurement . . . . . .. .. L. 17

2.2.4 Measurement volume and particle concentration . . . . . . . . ... .. 18

2.3 Experiments . . . . . . .. Lo 19
2.3.1 Setup and measurement campaign . . . . . .. ... L. 19

2.3.2 CQalibration . . . . .. .. . 20

2.3.3 Image processing . . . . . . . . . ... e 22

2.4 Results and discussion . . . . . .. .. Lo L 23
2.4.1 Measurement volume . . . . . . . ... 23

2.4.2 Size distribution . . . . . ... 24

2.4.3 Joint probability density function of particle velocity and size . . . . . 26

2.4.4 Particle direction . . . . . . ... L 26

2.4.5 Uncertainty estimation . . . . . . . . .. ... 0oL 27

2.5 Summary and conclusion . . . . . ... ..o 28

3 Simultaneous size and velocity measurements of droplets exhaled while

speaking, coughing and breathing 31
3.1 Imtroduction . . . . . . . . . . 31
3.2 Materials and methods . . . . . . .. ... 34
3.2.1 Measurement campaigns and setup . . . . .. ... 34
3.2.2 Measurement technique . . . .. .. ... ... 0L, 37
3.3 Results and discussion . . . . . . ... oL L 39
3.3.1 Measurement volume . . . . . . . .. ..o 39
3.3.2 Preliminary considerations about coughing activity . . . . . . . .. .. 40
3.3.3 Droplet size distribution for speaking, coughing and breathing . . . . . 41
3.3.4 Droplet velocity for speaking, coughing and breathing . . . .. .. .. 45
3.3.5 Droplet emission in time . . . . . .. ... ol
3.3.6 Droplet ejection direction . . . . . . . .. ... 52
3.3.7 Effects of masks on droplet size distribution and velocity . . . . . . . . 53
3.3.8 Variability of ejected droplet size and velocity for one volunteer . . . . 54

v



3.4 Summary and conclusions . . . . ... .. L Lo 56

4 Numerical dispersion modelling of droplets expired by humans while speak-

ing 59
4.1 Introduction . . . . . . . . . .. 59
4.2 Materials and methods . . . . . . ... ... L 62
4.2.1 Experimental campaign . . . . ... ... 62

4.2.2  Setup of numerical simulations . . . .. ... ... 63

4.3 Results. . . . . . e 68
4.3.1 Airmotion . . . . .. .. 68

4.3.2 Droplet motion . . . . . ... 68

4.4 Conclusions . . . . . . .. L 83

5 Conclusions 86
A Metrology-calibrations 90
A.1 Calibration of image deformation . . . . . . .. . ... ... ... ... ... 90
A.2 Span-wise and vertical displacement calibration . . . . . ... .. .. ... .. 93
A.3 Stream-wise displacement calibration . . . . . . . .. ... .. ... ... .. 94

B Metrology-image processing for droplet detection and sizing 98
C Fits of speaking and coughing size distributions 111

Bibliography 115



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

Visualization of a sneeze Bourouiba (2020). . . . . ... ... ... ... ...

Sketch of ILIDS technique principle. A laser light sheet illuminates the parti-
cles. A portion of the light scattered by the particles is collected by an optical
system (lenses) along the direction identified by 6. The angle formed between
the particle and the effective lens aperture is the collection angle a. Out-of-
focus images of the particles are taken by means of a camera located at a
distance Ly, from the lenses. The light scattered by the particles is charac-
terized by interference fringes, whose frequency is related to the particle size.
Therefore, in the out-of-focus image the particles appear as circles with inter-
ference fringes inside. Differently, in the image plane (at a distance Ly from the
lenses) the particles appear as glare points. The out of focus images become
more and more blurry as the distance [ increases. . . . . . . . ... ... ...
a. Water droplet scattering diagram computed according to Lorenz-Mie The-
ory, for droplet diameters between 0.5 and 200 um (from top to bottom of the
left panel) and b. Fringes angular frequency as a function of droplet diameter,
computed by using Lorenz-Mie Theory and Fourier analysis for scattering angle
centered on 0 = 90°, a wide collection angle & = 40°, a wavelength A = 532 nm
and a sampling step on scattering angle 99 = 0.05°. . . . . . .. ... ... ..
Effect of spherical aberrations on out-of-focus images. Using a pair of spher-
ical lenses (a), the red rays at greater angles, far from the optical axis, cross
this axis at shorter distances than the blue rays, closer to the optical axis.
Using aspherical lenses (b), almost all the rays cross the optical axis at the
same distance. As a consequence, a set of concentric circles corresponding to
the different rays appears on the out-of-focus images. With aspherical lenses,
the circle diameter increases linearly with ray angle. With spherical lenses,
the circle diameter increases, then decreases and increases again, leading to a
destructive folding of the fringes to be analysed. . . . . . . . .. .. ... ...
a. y,z-displacement and b. x-displacement. The conditions at two subsequent
time steps are depicted in black and red. The displacements of the particles
occurring between the two time step are Az and Az. In case a. the displace-
ment Azy,: is observed in the out-of-focus image. In case b. the circle radius
variation AR is observed in the out-of-focus image. The lines linking the par-
ticle in the laser sheet and its image are the central and the two extreme light
ray paths. . . . . L
Detection range for particle of different sizes. Small, medium and large particles
are represented in green (left panel), blue (central panel) and red (right panel),
respectively. Iy is the laser light intensity, while x is the position within the
laser sheet thickness. . . . . . . . . . . . . ...
Schematic of the experimental setup. The principal planes (PP1 and PP2) of
the two lenses are also drawn; these represent the position of the equivalent
perfect thin lenses defined in Section 2.2.3. . . . . . . . . .. ... ... ....

13

14

16

17

19

20

vi



2.7

2.8

2.9

2.10

2.11

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Upper panels: a. Superposition of 9 images of a point light source at 9 different
distances from the optical axis and b. The same images after deformation.
Lower panels: Example of image before (a) and after (b) deformation.

a. Measured laser intensity profile along with detection limits for particles of
2, 10 and 20 pm, b. Volume of measurement and related standard deviation of
circle radius for each particle size. . . . . . . .. ...
Measured particle size distribution, compared to data by Duguid (1946) and
Johnson et al. (2011). . . . . . . ..
Joint probability density function of particle velocity and size. Colors are num-
ber of particles characterized by a certain size and velocity normalized by the
total number of particles of each size. . . . . . . . . ... ... ... ... ..
Ratios between the spanwise and the streamwise (normal-to-the-mouth) ve-
locity components. The yellow (inner), red (intermediate) and green (outer)
circles indicate an aperture angle of the particle cloud of 60°, 90° and 140°,
respectively. . . . . . .o

Sketch of the experimental setup. The volunteer sits on the chair and locate
his/her face in correspondence of the mask, whose mouth is open to let the
exhaled droplet pass. The laser light is conveyed by means of a tube close to
the volunteer. The laser light passes through a cylindrical lens forming a laser
light sheet parallel to the volunteer’s mouth. The optical system and the camera
are located on a rotating plate. The angle formed between the laser sheet and
the axis of alignment of the optical system and the camera is the observation
angle 6. The angle that forms between an observed droplet and the effective
lens aperture is the collection angle a. The laser and the camera are connected
to a programmable timing unite (PTU) and to a personal computer to be
synchronized. The computer and the PTU are outside the testing chamber,
together with the operator for COIVID-19 safety reasons. . . . ... ... ..
Example of acquired out-of-focus image. In the example image, droplets of
different size (d) and position within the laser sheet thickness (x) are present.
Each circle in the image correspond to a detected droplet. It is evident how
droplet size is related to the fringe frequency, while droplet x-position to the
circle radius. Some circles without fringes are visible. These are either very
small droplets (not measurable) or dusts. . . . . . . ... ... L.
Variation of the measurement volume with droplet size inferred for the first
(red) and the second (blue) measurement campaigns. . . . . . . . . ... ...
Droplet size distributions, expressed as droplet number concentration normal-
ized with the bin size width, measured for speaking(a), coughing (b) and breath-
ing(c). Panel (d) depicts the cumulative frequency of occurrence for the three
respiratory activities. . . . . . . . ..o
Comparison with the literature of the droplet size distributions measured in
this work for the activities of speaking (a), coughing (b) and breathing(c). . .
Streamwise (a), spanwise (b) and vertical (c) droplet velocity distributions
measured for five different size classes and over all the sizes for the speaking
activity. Panel (d) depict mean streamwise, spanwise, vertical velocities and
velocity magnitude for each droplet size class. . . . . . . . ... .. ... ...
Streamwise (a), spanwise (b) and vertical (c) droplet velocity distributions
measured for four different size classes and over all the sizes for the coughing
activity. Panel (d) depict mean streamwise, spanwise, vertical velocities and
velocity magnitude for each droplet size class. . . . . . . . ... ... ... ..

21

24

25

27

28

35

37

40

42

46

48



3.8

3.9
3.10

3.11

4.1

4.2

4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Streamwise (a), spanwise (b) and vertical (c) droplet velocity distributions mea-
sured over all the sizes for the breathing activity. Panel (d) depict mean stream-
wise, spanwise, vertical velocities and velocity magnitude for three droplet size
classes. . . . .
Sketch representation of the two angles defining droplet direction. . . . . . . .
Droplet size distribution measured for speaking (a, b) and coughing (c, d) when
wearing surgical (left panels) or tissue (right panels) protection masks.

Mean, minimum and maximum droplet size distribution measured among the
six repetitions of speaking (a,) and coughing (b) protocols performed by the
same volunteer. . . . .. L.

a. Sketch of the simulation domain. Boundary conditions for air and droplets
are indicated on the respective faces. b. Enlargement of the mesh close to the
mouth (pink rectangle in panel a.). . . . . ... ... 000000
velocity magnitude contour plots at the central section of the domain for the
four cases. . . . . ...
As in Figure 2, but for the temperature. . . . . . . . . ... ... ... ....
Droplet size (a.) and velocity (b.) distributions obtained from the experimental
campaign. In the latter five velocity distribution (bars) and mean velocity
(dashed lines) for five different droplet size classes are depicted. The data have
already been shown in Grandoni et al. (2023), Grandoni et al. (2022) . . . . .
Droplet trajectories for the four cases once the steady condition is reached.
Colours refer to particle diameter. . . . . . . . . . ... ...
Droplets settled at the ground (x,y-plane) in 10 s once the steady condition
is reached in the 4 cases. Each circle represents a droplet, while their colour
refers to their size. . . . . . . . ..
In the 4 plots the fraction of droplets with respect to the total injected that are
suspended in the air at different distances from the mouth (reach probability)
is shown for the 4 cases I-IV; a curve for each droplet size is depicted.

Normalized droplet concentration fields within transversal sections at different
downstream distances from the mouth obtained for case I; a logarithmic scale
is used for colours. The pink square indicates the position of the mouth. . . .
Normalized droplet concentration fields within transversal sections at different
downstream distances from the mouth obtained for case II; a logarithmic scale
is used for colours. The pink square indicates the position of the mouth. . . .
Normalized droplet concentration fields within transversal sections at different
downstream distances from the mouth obtained for case I1I; a logarithmic scale
is used for colours. The pink square indicates the position of the mouth. . . .
Normalized droplet concentration fields within transversal sections at different
downstream distances from the mouth obtained for case IV; a logarithmic scale
is used for colours. The pink square indicates the position of the mouth. . . .
Variation of the normalized droplet number concentration at mouth height
with distance from mouth; coloured solid lines refer to the different droplet size
classes, while the dashed black line to the overall concentration. . . . . . . . .
Position and size of the droplet settled in the simulations where a zero droplet
velocity is set at the mouth; the same 4 airflow cases as in the previous sections
are considered. . . . . . ... L
Horizontal velocity (a.) and position (b.) variation in time for 100 pm droplets
with different initial velocity; the droplets move in a constant horizontal airflow

49
93
o4

56

63

69
70

71

72

73

75

78

79

80

81

82

83



A.1 Sketch of image deformation; the original image is in black, while the deformed
image is in blue. The arrows are the distances of the point of interest (edge of
the image and point P) from the optical centre. . . . . . ... ... ... ...

A.2 a. Exemplification of points used for image deformation calibrations and b.
superposition of the 8 deformation calibration images for the first measuring
campaign. The points identifying the ellipse axes are in red and black.

A.3 Values of the ratio between displacement on the image and real scale displace-
ment for the first campaign (a.horizontal and b. vertical) and second campaign
(d. horizontal and b. vertical) . . . . . . .. ...

A.4 Radius of the circles corresponding to a point light source at different stream-
wise (z) positions within the thickness of the laser light sheet; three examples
of images of the point light source are shown above the plot. These data refer
to the first measurement campaign . . . . .. .. ..o oL

A.5 As for Figure A.4, but for the second measurement campaign. . . . . . . . . .

B.1 Flowchart of particle detection loop. . . . . . . . .. ... .. ... ......
B.2 Flowchart of frequency analysis loop. . . . . . . . .. ... .. ... ... ..
B.3 Example of deformed and cut image. . . . . . . ... ...
B.4 Example of extended image. . . . . . .. ... oL o
B.5 Example of synthetic ring image. . . . . . .. .. ... oL
B.6 Example gradient image. . . . . . . . ...
B.7 Example of first detection image. . . . . . . . .. . ... ... ... ...
B.8 Example of best detection image. . . . . . . . . ...
B.9 Example of frequency analysis. (left panel) Cropped image used for frequency
analysis. Only the circle corresponding to the detected droplet is not masked,
while the rest of the cropped image is masked using the average pixel value
within the image; note that the area on which the frequency analysis is done is
actually slightly smaller than the circle corresponding to the detected droplet
and it is indicated by the dashed back line. (right panel) Fourier transform of
the image depicted in a. (FFT image). Note that the frequency amplitude
peak occurring at frequencies around zero is masked; the dashed withe line
identifies the zone where the frequency amplitude is enhanced, as explained in
the text. In right panel, the frequency amplitude peak related to the horizontal
interference fringes visible in figure a. is evident; note that the FFT image
is centrally symmetric. . . . . .. .. Lo
B.10 Situation avoided by means of crit2. A false particle is detected (withe circle)
due to 3 high intensity points (red dots). . . . . . ... ...
B.11 Example of droplet detected in correspondence of previously detected particles.
In a. the lower right particle detected is a real particle, while in b. the particle
identified by the larger withe circle is false, it is detected due to the high
correlation between the mask covering the previously detected droplet and the
TING IMAZE. . . . . o o o e e e
B.12 Example of not validated particle; the value of FFT ratio criterion exceeds
the limit. . . . . . . o
B.13 Example of not validated particle; the value of FFT' _ang ratio criterion ex-
ceeds the limit. . . . . . . . . ..
B.14 Example of not validated particle; the value of FFF'T' _sec ratio criterion ex-
ceeds the limit. . . . . . . . . ..
B.15 Example of not validated particle; the value of fringes angle exceeds the limit.

C.1 Droplet size distribution measured for speaking activity fitted by means of a
sum of log-normal distributions (a.) and a Pareto distribution (b.). . . . . . .

92

93

95

96
97

99
100
102
103
103
103
104
104

104

105

105

108

109

109
110

113



C.2 Droplet size distribution measured for coughing activity fitted by means of a
sum of log-normal distributions (a.) and a Pareto distribution (b.). . . . . . . 114



List of Tables

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

4.1

4.2

4.3

Summary of the respiratory activity investigated and the related protocol, num-
ber of available volunteers and measurement campaign. . . . . . . . . . ... .
Total droplet number concentration for speaking, breathing and coughing (mean,
minimum and maximum values obtained among the volunteers). . . ... ..
Mean velocity (average, minimum and maximum values) measured among the
volunteers. Namely, the three velocity components and the velocity magnitude
are reported). . ...
Maximum velocity (average, minimum and maximum values) measured among
the volunteers. The span-wise component and the velocity magnitude are re-

Estimation of the total number of droplet of different sizes emitted in time
while speaking, coughing and breathing. . . . . . ... . ... ... .....
Percentage of droplets moving with a direction in a given range defined by the
two angles By and B,. . . . . ..
Total droplet number concentration for speaking and coughing when wearing
surgical and tissue protection masks (mean, minimum and maximum values
obtained among the volunteers). . . . . . ... ... ... ... ...
Mean velocity (average, minimum and maximum values) measured among the
volunteers while speaking and coughing with protection masks. Namely, the
three velocity components and the velocity magnitude are reported. . . . . .
Maximum velocity (average, minimum and maximum values) measured among
the volunteers while speaking and coughing with protection masks. Namely,
the stream-wise component and the velocity magnitude are reported. . . . . .
Total number concentration (mean, minimum and maximum value) measured
among the six repetitions of speaking and coughing protocols performed by the
same volunteer. . . . . . . . ...
Mean velocity (average, minimum and maximum values) measured among the
six repetitions of the speaking and coughing protocol performed by the same
volunteer. Namely, the three velocity components and the velocity magnitude
are reported. . . . .. L L.
Maximum velocity (average, minimum and maximum values) measured among
the volunteers while speaking and coughing with protection masks. Namely,
the streamwise component and the velocity magnitude are reported. . . . . .

Ambient temperatures and air ejection velocities considered in the four study
CASES.  « v v e e e e
Mean and maximum and minimum (in brackets) distances travelled by settled
droplets of different sizes in the 4 cases. . . . . . . . . ... ... ... ....
Mean and maximum and minimum (in brackets) distances travelled by the
settled droplet in the simulations where a zero droplet velocity is set at the

36

43

50

50

52

93

55

95

95

56

o7

o7

65

74

84

X1



4.4

Al

C.1

C.2

Time taken by droplets of different size and initial velocity to reach the equi-
librium with air ( tgg ) and difference in the horizontal distance travelled by
initially faster droplets and droplets with zero initial velocity, for each droplet
SIZE. . .o e e 84

Deformation calibration coefficients obtained for the two measurement campaigns. 93

Parameters of the two distributions (sum of log-normal and Pareto) obtained
by the fitting procedure for speaking. . . . . . . . . ... ... ... 112
Parameters of the two distributions (sum of log-normal and Pareto) obtained
by the fitting procedure for coughing. . . . . . . . . ... ... 112



Chapter 1

Introduction

The study of emission and dispersion of droplet-laden air cloud exhaled by humans during
different respiratory activities is of major importance for the comprehension of infectious
disease transmission (e.g., Qian et al. (2021)). Recent COVID-19 pandemic, along with
the previous SARS and MERS pandemics, have brought back the attention of the scientific
community on this problem with the aim to find risk mitigation strategies. It is worth to
remember that other, unfortunately common, infectious diseases, such as seasonal influenza
and tuberculosis, are also involved. Both of them highlighted the lack of knowledge that still
exists on this theme, although discovered in the 19*" century.

In the second half of the 19*" century, the existence of microorganisms causing infectious
diseases came to light thanks to the works of Pasteur and Koch. Only a few years later Fliigge
found out the presence of pathogens in the droplets exhaled by humans (Bourouiba, 2021).
At the beginning, the droplets were only considered to either settle around the emitter per-
son, contaminating surfaces and objects, or directly impinging susceptible individuals close
to him. In the 1930s Wells (1934) stressed out the fact that the droplets undergo evaporation
in addition to settling. Therefore, depending on their size, they could completely evaporate
before settling, leaving in the air a solid residual possibly including pathogens, the so-called
droplet-nuclei. Due to its small size, the droplet-nuclei is characterized by very low settling
velocity, allowing for its transport at long distances from the emitter, even in the presence of
weak ambient airflow. The possibility of airborne disease transmission is, then, enlightened.
Only about eighty years later, the fundamental role of the dynamics of the airflow characteriz-
ing the region downward of the mouth/nose of a human was pointed out. The momentum and
turbulence characteristics of the air cloud has been recognised to play a fundamental role in
trapping droplets of all sizes and in transporting them at distances far greater than it would
be predicted using Wells’ approach (Bourouiba, 2020). An illustrative visualization of the
complexity of the airflow produced by a sneeze is depicted in Figure 1.1 (Bourouiba, 2020).
Droplet evaporation is also affected by the air cloud into which it is trapped, where higher
temperature and relative humidity are present with respect to the ambient air. Furthermore,

these quantities change while the air cloud disperses.




Chapter 1. Introduction

Figure 1.1: Visualization of a sneeze Bourouiba (2020).

Three infectious disease transmission mechanisms for which exhaled droplets are responsi-
ble can be identified, i.e., direct, airborne, or contact with fomites (WHO). Direct transmission
is caused by ejected droplets that directly reach mucous membranes of a susceptible individ-
ual, which is in close contact with the emitter, e.g., at a conversational distance. Airborne
transmission can be distinguished between close (or short-range) and distant (or long-range)
airborne transmission (Seminara et al., 2020). In the case of close airborne transmission, the
susceptible inhales droplets (partially or completely evaporated) present in the air. Note that
this kind of transmission occurs close to the emitter where droplet concentrations are higher
(Balachandar et al., 2020). The smallest droplets or the small droplet-nuclei formed after
evaporation of larger droplets cause the distant airborne transmission. As mentioned earlier,
due to the small sizes and low settling velocities, these droplets (or droplet-nuclei) are trans-
ported further by the ambient airflow potentially carrying pathogens with them. Thanks to
dilution, the concentrations responsible for this kind of transmission are low. Furthermore,
the risk is reduced in long-range airborne disease transmission due to possible virus inacti-
vation. The probability of distant airborne transmission is higher in crowded and/or poorly
ventilated indoor environments due to accumulation and poor dilution (e.g., Li et al. (2021)) .
Therefore, considering airborne disease transmission in the more general evaluation of indoor
air quality is of striking importance, especially since people spend most of their time in indoor
settings (private houses, working and public places) (Pelliccioni et al., 2020). The author-
ities recognized the airborne — especially the distant airborne — as transmission mechanism
of SARS-Cov-2 only lately (July 2020) (Bourouiba, 2021). This delay is ascribable to the
difficulty in collecting and detecting pathogens in airborne droplets or droplet-nuclei (Lewis,
2020; Morawska and Cao, 2020). Pan et al. (2019) reviewed available sampling technologies
for airborne respiratory viruses pointing out their limitations. Besides, epidemiological studies
are not able to answer precisely to this question as large-scale data are considered where all
the transmission mechanisms are possibly involved (Bourouiba, 2021). Finally, a susceptible

individual can contract the infection by touching their mouth, nose or eyes after touching




1.1. Phenomenology and state of the art

fomites.

Note that direct and airborne transmission are also termed as “droplet” and “aerosol trans-
mission” (WHO). However, in the present work the term droplet stands for liquid droplet,
considering its general meaning.

The study of infectious disease transmission by exhaled droplets takes the form of a mul-
tidisciplinary problem (Asadi et al., 2020; Dbouk and Drikakis, 2020a). Epidemiologists are
involved for the large-scale spread of the contagion. Physicians and biologists have the task
of identifying viral load contained into the droplets coming from the respiratory tract, virus
survival in the environment and the viral dose required to be infected. Fluid mechanics also
plays an important role as pathogens interact with fluids, from the encapsulation and extrac-
tion from the airways to the emission and transport of the exhaled droplet-laden air cloud
and, eventually, to the pathogen penetration into the respiratory apparatus of the susceptible
individual (Bourouiba, 2021). Hence, the final goal of fluid mechanics in this field of study is
generally twofold: to understand the characteristics of the emitted droplets in terms of size

and velocity and to predict their trajectory.

1.1 Phenomenology and state of the art

Several real-scale and laboratory experiments, simple models and Computational Fluid Dy-
namics (CFD) simulations have been used to assess the fate of the droplets after the emission.

In his seminal work, Wells (1934) considered isolated droplets moving in still air. In
particular, based on previous works about droplet evaporation and settling, he obtained an
expression for the time taken by the droplets to settle at the ground and evaporate completely.
The goal was to define a cut off size for droplets that remain airborne as droplet-nuclei. The
square size of a water droplet evaporating at constant ambient temperature and relative
humidity (RH) reduces linearly in time. For the settling, Newton’s and Stokes’ laws are
considered. However, Wells (1934) did not take into account the fact that droplets are ejected
into a cloud of moist warm air.

Xie et al. (2007) revised the work by Wells (1934) considering the air cloud surrounding
the droplets. Namely, they modelled the exhaled airflow as a turbulent stationary jet and
used well-known theories to determine the trajectory, the temperature, and both the axial and
radial velocity of the air jet. The motion of droplets of various sizes is predicted by solving
the momentum balance equation for each of them and considering the reduction of their size
due to evaporation. In the model used by Xie et al. (2007) the evaporation rate depends on
the salts dissolved in the droplets (other organic compounds were not considered). Different
air ejection velocities and mouth aperture were set to simulate different expiratory activities
(breathing, speaking, coughing and sneezing) and different RH ambient conditions. Xie et al.
(2007) showed that the range of distances spanned by the droplets that settle at the ground
increases due to the transport by the gaseous phase. Besides, droplets evaporate according

to the local characteristics of the air jet rather than ambient conditions. In particular, a
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strong dependency of the results on air ejection velocity was observed. Besides, the cut off
size identifying the droplets that evaporate completely before settling resulted to vary with
ambient RH, highlighting the difficulty in identifying one general cut off size between “large”
droplets, responsible for direct of fomite transmission, and “small” droplets, responsible for
airborne transmission.

The role played by the air cloud dynamics on droplet dispersion is analysed in Bourouiba
et al. (2014) on the basis of high speed imaging used to visualize the droplets ejected by some
volunteers while coughing and sneezing. The results showed that only the largest droplets
follow ballistic trajectories and highlighted how they are weakly affected by the gaseous phase.
In fact, most of the droplets were trapped within the air cloud and carried forwards. Visual-
izations of the gaseous phase were also performed by the previous authors by using a smoke
generator. The latter provides insight on the air cloud dynamics in sneezing and coughing,
which can be described as a two-stage phenomenon. It consists of a starting jet phase, cor-
responding to the ejection and lasting less than 1 s, and a puff phase, after the ejection has
ended. The effect of buoyancy resulting from the higher temperature of the ejected air with
respect to the ambient is also observed. The applicability of existing jet and puff models has
been tested by water thank experiments reproducing the ejection. Bourouiba et al. (2014)
proposed a simple dispersion model in which the droplets are treated globally instead of sin-
gularly as done by Xie et al. (2007). Existing model describing the dispersion of the gaseous
phase as a puff are used by Bourouiba et al. (2014) (only puff phase is considered, i.e., an
instantaneous ejection of buoyancy and momentum). The air cloud decelerates due to en-
trainment of ambient air. Droplets are considered to move jointly with the gaseous phase
until the cloud velocity becomes smaller than their settling velocity. When this condition is
reached, the droplet exits the cloud and starts to follow a ballistic trajectory resulting from its
settling velocity and the horizontal velocity at the time of the fallout from the puff. Therefore,
larger droplets fallout and settle closer both in time and space from the emission. Droplets
continuously fallout so that their number within the cloud reduces in time proportionally to
their settling velocity, the width of the cloud and their concentration. The continuous fallout
of the droplets is more similar to that observed in the real case due to the turbulent nature
of the air cloud. Analogue experiments carried out in the water thank using glass spheres
of different sizes are used to validate the model. In the work by Bourouiba et al. (2014)
evaporation is not taken into account.

Other works support the treatment of the air cloud dynamics by means of jet and puff
models, such as VanSciver et al. (2011) and Wang et al. (2020b) (coughing) and Abkarian
et al. (2020) (speaking and breathing). In these works real-scale experiments involving human
volunteers are carried out and the cloud dynamics is studied by means of Particle Image
Velocimetry technique.

Wei and Li (2015) conducted a work analogous to that by Xie et al. (2007), i.e., he
considered a stationary turbulent jet to model the air cloud dispersion. The momentum

balance equation was solved for each droplet, while the evaporation and the effect of dissolved
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salts was taken into account. However, differently from Xie et al. (2007), the effect of the
turbulence on droplet motion was included by means of a Discrete Random Walk (DRW)
model. As already seen in Bourouiba et al. (2014), droplets that settle span a wide range of
distances from the mouth due to turbulence and can travel further. The results in Wei and Li
(2015) confirm the findings of Xie et al. (2007) concerning the effects of air ejection velocity
and ambient RH.

Liu et al. (2017) focused on the droplet-nuclei formation for different ambient conditions,
proposing a model to estimate its size and testing it by means of experiments. Then, the
authors used the same model of Wei and Li (2015) to simulate droplet dispersion.

Chaudhuri et al. (2020), following an approach similar to that by Xie et al. (2007), im-
proved the droplet evaporation modelling including the effect of solid crystallization on the
evaporation rate. Furthermore, in the latter work a chemical reaction-like mechanism is sug-
gested to model the spread of the pandemic between the infected individual to susceptible
people in a given volume.

In the work by Balachandar et al. (2020) all the processes from droplet formation and
ejection to droplet transport and evaporation and finally, to inhalation by a susceptible indi-
vidual (including possibly effects of masks) are reviewed. In Balachandar et al. (2020) a model
able to provide time variation of droplet size distribution within the droplet-laden air cloud
was presented. The model can be considered as an improving of that by Bourouiba et al.
(2014) in that droplets are considered globally and it includes droplet evaporation. The work
provides information on what was only implicit in previous works, namely, the evaluation of
the size and quantity of droplets that remain suspended and can be, therefore, responsible
for short-range airborne transmission. On the other hand, previous works show the distances
travelled by the droplets of different sizes before settling or before settling and /or evaporating
(expressed as a unique value or associated to a probability, when turbulence effect on droplet
motion is considered). In those works quantity and size of suspended droplets is only implicit
in the difference between the exhaled and the removed ones. Balachandar et al. (2020) un-
derlined the lack of accurate characterization of ejected droplets and of a precise calculation
of evaporation rate of droplets with realistic composition.

In Wang et al. (2022) a model similar to that by Balachandar et al. (2020) was used. Given
the initial droplet distribution expressed in terms of volume, the normalized viral load due
to droplets that are neither settled nor evaporated at different horizontal distances from the
emitter is computed. This result is, then, compared to the viral load responsible for infection.
Note that in this case, only direct transmission is considered.

Together with simple models, real-scale and laboratory experiments and a large number
of Computational Fluid Dynamics (CFD) simulations has been carried out. CFD simulations
can reproduce in detail the airflow downstream of the mouth/nose. For this reason, CFD
can be useful to reveal complex phenomena that cannot be taken into account using theo-
retical models or that cannot be detected experimentally. Besides, CFD is useful to perform

sensitivity tests on the relevant quantities such as boundary and ambient conditions. Lastly,
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it is useful to assess complex situations, such as the effect of ambient airflow affecting the
exhalation and complex geometries, as occurring in indoor environments (Nishandar et al.,
2023; Chillon et al., 2023). In fact, the latter can be analysed only with great simplification
by means of analytical models, e.g., considering regular empty indoor spaces characterized
by complete mixing conditions or rather simple thermal stratification (Burridge et al., 2022;
Buonanno et al., 2020; Hunt and Kaye, 2006). Besides, real-scale experiments can cover only
a point or at least a small portion of the entire indoor environment.

Some examples of CFD simulations reported in the literature are briefly described in what
follows. In most of the cases, an Eulerian-Lagrangian approach is used to solve both the
airflow and the droplet motion. The effects of the microenvironment surrounding the droplets
on their evaporation has been analysed by by Wang et al. (2021) by means of a Large Eddy
Simulation (LES). The results showed the mechanisms of droplet condensation due to super-
saturation conditions within the air cloud. The effects of the turbulence on the humidity
field - neglected in simpler models where only the mean quantities are considered, and hardly
observable experimentally — is stressed out in the Direct Numerical Simulations (DNS) by
Rosti et al. (2021), which evidenced the importance of a correct turbulence modelling in these
phenomena. De Padova and Mossa (2021) used Smoothed Particle Hydrodynamics (SPH) -
rarely considered in this context - to model respiratory activity. The effects of ambient RH
and temperature have also been assessed by Wang et al. (2021) and Busco et al. (2020). In the
latter the effect of PM2.5 and PM10 in the atmosphere on exhaled droplet dispersion is also
analysed. Dbouk and Drikakis (2020a) in their Reynolds Averaged Navier-Stokes (RANS)
simulations investigated the effect of ambient airflow moving in the same direction of the
ejection. Singhal et al. (2022) analysed the interaction between the air jets produced by two
people speaking one in front of the other, stressing out the relevance of the span distance, and
not only of the streamwise one. In Li et al. (2022), Busco et al. (2020) and Rosti et al. (2020)
sensitivity analysis on different boundary conditions were carried out. Namely, Li et al. (2021)
found out from their real-scale experiments that the droplets are exhaled only at the early
stage of the cough, with a velocity that slightly differs from the gaseous phase. Besides, the
droplets depart from the mouth with a wide range of directions. Their DNS showed that the
ejection angle of the droplet-laden air cloud has a relevant effect on droplet dispersion, namely,
reducing the streamwise spread of settled droplets and increasing the spanwise spread. The
analysis by Busco et al. (2020) is similar to the one on the ejection angle by Li et al. (2022).
However, in this case the movement of the head of the emitter person causes a spread of the
droplet-laden air cloud direction . Finally, Rosti et al. (2020) showed the effect of the initial
droplet size distribution by considering different distributions provided by the literature as
input for their DNS. The results were completely different among the cases considered.

Several works in the literature focused on the characterization of droplet-laden air clouds
at the emission, both in terms of ejection velocity and droplet size. In fact, as seen earlier,
those two quantities play a major role in defining the fate of the droplets downstream of the

mouth.
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The ejection velocity of the gaseous phase has been measured in real-scale experiments
involving human volunteers for speaking, breathing, coughing and sneezing, e.g., in Abkarian
et al. (2020), Chao et al. (2009), Kwon et al. (2012), Zhu et al. (2006), VanSciver et al. (2011),
Nishimura et al. (2013), Tang et al. (2013). PIV and a shadowgraph imaging technique were
used in these works to measure air velocity. Alternatively, spirometry is employed in Gupta
et al. (2009) and Gupta et al. (2010), Mahajan et al. (1994), Singh et al. (1995) to determine
the airflow rate at the mouth /nose.

Many efforts have been devoted by the scientific community to measure droplet size dis-
tribution as it is crucial for both droplet dispersion and for the viral load. The seminal work
by Duguid (1946), still taken as a reference, has been followed by several authors, e.g., Asadi
et al. (2019), Chao et al. (2009), Johnson et al. (2011), Morawska et al. (2009), Buckland
and Tyrrell (1964), Loudon and Roberts (1967), Papineni and Rosenthal (1997), Xie et al.
(2009), Almstrand et al. (2010), Edwards et al. (2005), Fabian et al. (2008), Haslbeck et al.
(2010), Holmgren et al. (2010), Fang et al. (2008), Gerone et al. (1966), Hersen et al. (2008),
Yang et al. (2007), Zayas et al. (2012), Han et al. (2013). All these studies involved healthy
and/or infected people (only a few) which were asked to speak, breath, cough, sneeze and
vocalize following various protocols. Different measurement tools have been employed includ-
ing solid and liquid impaction, optical particle counter, aerodynamic particle sizer, electric
low-pressure impactor, scanning mobility particle sizer, high-speed photography, and Interfer-
ometric Laser Imaging for Droplet Sizing (ILIDS). The exhaled droplets are found to span a
wide range of sizes (0(0.1) 0o(100) pum) and, quite unexpectedly, they are ejected also during
non-violent respiratory activities, such as speaking and breathing, even if in smaller quantity.
However, the size distributions measured for the same respiratory activity differ significantly
from each other in terms of number of droplets, most frequent sizes and overall size range
(Seminara et al., 2020; Bourouiba, 2021; Mittal et al., 2020). This is due to several reasons
(Gralton et al., 2011), firstly the intrinsic variability among human volunteers, which is not
easy to take into account, and, secondly, the wide range of droplet sizes, which is hard to
cover with one instrument only, so that measurements carried out by means of different tools
provided droplets in different size ranges. Besides, the effectiveness of the tools often varies
with droplet size. Thirdly, each tool is generally based on different assumptions on droplets
properties, which are not always valid, and on different physical mechanisms, which involves
the measure of diameters of different nature (e.g., aerodynamic, optical, mobility diameters).
Finally, since for technical reasons the measure is taken at a finite distance from the emission,
it can be affected by dilution and evaporation, the latter being complex to estimate. It is
worth noting that dusts naturally present in the air could interfere with the measurement in
that they could be confused with exhaled droplets.

Another quantity characterizing the emission is droplet velocity and direction. As pointed
out by Bahl et al. (2021), ejected droplet dynamics have been experimentally assessed only
rarely, even if they can be useful both for the comprehension of the phenomenon and to

provide input data for numerical modelling. Nishimura et al. (2013) used high-speed imaging
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with volumetric illumination and PIV technique to measure droplet velocity away from the
mouth for the sneezing activity, but not for coughing due to lower droplet concentrations and
smaller droplet sizes. As previously mentioned, Bourouiba et al. (2014) tracked the largest
droplets ejected in a cough or a sneeze using volumetric illumination and high-speed imaging.
Bahl et al. (2020) used high-speed imaging with LED light sheet illumination and Particle
Tracking Velocimetry (PTV) technique to measure the velocity of droplets ejected during a
sneeze between 0 and 25 cm from the mouth. Bahl et al. (2021) used the former experimental
setup but here the results are compared to that obtained using a spirometer. The results
evidenced a wide spread of departure directions of the droplets from the mouth. Based on
high-speed imaging with volumetric illumination, Li et al. (2022) tracked droplets exhaled
during a cough larger than ~ 10 um. It is shown how the droplets are ejected only at the
beginning of the cough and that their spread angle at the mouth is larger than for the gaseous
phase. To our knowledge, only two works assessed the correlation between droplet size and
velocity, i.e., Wang et al. (2020b) and de Silva et al. (2021). In both cases, LED backlight
illumination was used. Due to the compromise between Field of View size, high-speed of the
recording and sensor resolution, only rather large droplets (> 250 pm in Wang et al. (2020Db)
and > 36 um in de Silva et al. (2021)) were measured.

From the previous analysis emerges that one of the problems in droplet-laden modelling
consists in the characterization of droplet size and velocity at the emission. The present
work tries to make a contribution to the field by improving experimentally the emission

characteristics in terms of both droplet size and velocity distributions.

1.2 Aim and structure of the thesis

This thesis tries to characterize droplet emission during different respiratory activities. Namely,
droplet size and velocity are measured simultaneously close to the mouth for the activities
of speaking, coughing and breathing. To this aim, two measurement campaigns have been
carried out involving 23 volunteers. The Interferometric Laser Imaging for Droplet Sizing
(ILDS) has been used as it requires a rather simple setup and makes it possible to overcome
some of the problems encountered in previous works. An effort has been made to improve
the technique (concerning both the setup and data processing) with respect to its classical
applications, allowing us to measure droplets down to 2 um and all the three components of
the droplet velocity. Lastly, CFD simulations have been performed for the speaking activity
using the experimental data collected during the experiments.

The thesis has been co-supervised by the Sapienza University of Rome, the Ecole Centrale
de Lyon and the Italian Workers’ Compensation Authority, who founded the work.

The present thesis has been structured as a collection of journal papers, i.e., each chapter
is independent of the others and has its own introduction and conclusions.

In Chapter 2 the basic principles of the ILIDS technique along with the main metrolog-

ical aspects and problems are reported. Then, the setup and the in-house image processing
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method developed to analyse the collected data are described. Attention here is focused to the
detection of droplets down to 2 pum and to the measurements of all three velocity components
of the droplet. Besides, the methodology allowing the estimation of the measurement volume
— usually not considered in this kind of measurements — is presented. Lastly, some preliminary
results are shown.

Chapter 3 shows droplet size and velocity distributions obtained using ILIDS for the
activities of speaking, coughing and breathing. The results are compared to literature data.
The effect of protection masks on both size and velocity of the exhaled droplets is also assessed.
Lastly, the variability of the results for the same volunteer repeating the tests is evaluated.

In Chapter 4 the results of the CFD simulations regarding the speaking activity carried
out using as input the experimental data are shown. The effect of initial droplet velocity is
assessed.

The conclusions are reported in Chapter 5.




Chapter 2

Interferometric imaging for

respiratory droplet sizing

2.1 Introduction

The particle-laden air cloud ejected by humans during different respiratory activities has
drawn the attention of the scientific community since the first half of the 20" century as it
is involved in infectious disease transmission. This problem has become of major importance
in the past two years due to the COVID-19 pandemic. Even though numerous experiments
and numerical models have recently been carried out to assess the dynamics of dispersed
cloud ejection (De Padova and Mossa, 2021; Dbouk and Drikakis, 2020a,b; Bourouiba et al.,
2014; Busco et al., 2020; Wang et al., 2020a; Chaudhuri et al., 2020; Li et al., 2022; Wei and
Li, 2015, 2017; Xie et al., 2007; Buonanno et al., 2020), a lack of knowledge regarding the
way in which particles are ejected by humans is present yet (Rosti et al., 2020; Seminara
et al., 2020; Mittal et al., 2020). Since model results often influence decision-making bodies in
politics and public health, it is imperative for these dispersion models to be properly run with
reliable initial data before their prediction may be used with a certain degree of confidence.
In particular, experimental characterization of cloud ejection is useful to provide realistic data
concerning air velocity as well as particle size and velocity distributions at the emission point.
These quantities are important as ejected particle velocity and air velocity are expected to
be different, particularly for the larger particles. Besides, particle velocity could vary with
particle size. Particle size distribution and air velocity have been measured in several works,
but only a few researches focused on the simultaneous measurements of particle size and
velocity.

Size distribution of particles ejected during different respiratory activities, i.e., breathing,
speaking, coughing, and sneezing has been analysed, among others, by Han et al. (2013),
Johnson et al. (2011), Asadi et al. (2019) (see also the review by Gralton et al. (2011) and
the references cited therein). Different experimental techniques have been used in the past

to measure particle size distribution, i.e., solid and liquid impaction (Duguid, 1946; Loudon
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and Roberts, 1967), optical particle counter (Han et al., 2013; Papineni and Rosenthal, 1997),
aerodynamic particle sizer (Asadi et al., 2019; Morawska et al., 2009; Johnson et al., 2011),
electric low pressure impactor (Hersen et al., 2008), scanning mobility particle sizer (Holmgren
et al., 2010), high-speed photography (de Silva et al., 2021), and Interferometric Laser Imaging
for Droplet Sizing (ILIDS) (Chao et al., 2009). Despite the large availability of data, the
works show considerable differences in the results (Bourouiba, 2021; Johnson et al., 2011;
Seminara et al., 2020; Mittal et al., 2020). This lack of agreement between different data sets
enlighten the hurdles that have to be faced when characterising experimentally this complex
phenomenon.

The velocity of the ejected air has been measured by means of Particle Image Velocimetry
(Zhu et al., 2006; Chao et al., 2009; VanSciver et al., 2011; Nishimura et al., 2013) and real-
time shadowgraph imaging (Tang et al., 2013). Alternatively, the airflow has been measured
by means of spirometers (Mahajan et al., 1994; Singh et al., 1995; Gupta et al., 2009, 2010;
de Silva et al., 2021). Only in a few cases experimental setups based on high-speed imaging
techniques have been employed to measure the velocity of the ejected particles directly (Bahl
et al., 2020; Nishimura et al., 2013; Scharfman et al., 2016; de Silva et al., 2021; Bahl et al.,
2021). Even more rare are the simultaneous measures of particle size and velocity. This kind
of measurement is not easy due to the small size of the particles and their low concentration.
To our knowledge only two studies, i.e. Wang et al. (2020b) and de Silva et al. (2021), faced
this problem, but only for large particles. In the former paper the authors carried out a joint
pdf of particle size and velocity for particles larger than 250 nm using particle shadow tracking
velocimetry technique. de Silva et al. (2021) measured simultaneously particle velocity and
size down to 36 pm using a back illumination and a high-speed camera. In both cases, only
the vertical and the streamwise (normal-to-the-mouth) velocity components of the particles
were measured, while no information about the spanwise component was available.

To provide an experimental characterization of the particles ejected by humans during
different respiratory activities - namely measuring the three velocity components and size of
the particles - we adopt here the ILIDS technique, which has so far never been used for this
purpose. ILIDS is an interferometric technique based on a laser sheet illumination and an
out-of-focus image recording. It was originally developed for liquid spray by Glover et al.
(1995) based on a previous work of Ragucci et al. (1990). The basic idea is to combine the
high accuracy of interferometric techniques with the capability of image analysis techniques to
separate and identify several objects individually. The technique has been applied in several
configurations (Dehaeck and van Beeck, 2008; Porcheron et al., 2015; Rezaee and Kebriaee,
2019; Sahu et al., 2016; Yilmaz et al., 2021) and extended to velocity measurements (Maeda
et al., 2000) and bubble size measurements (Kawaguchi et al., 2002; Mees et al., 2011). One
of the strengths of ILIDS is that it permits the simultaneous measurement of particle size
and velocity using a Particle Image Velocimetry setup (double cavity laser and double frame
camera or high repetition rate pulsed laser and camera). Another advantage of ILIDS is that

it allows liquid droplets to be distinguished from suspended irregular solid particles even in
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a real environment, out of cleanroom conditions. Even though its applications are generally
limited to diluted sprays, ILIDS is well suited to measure the low concentration of respiratory
aerosols as well. A limitation of the ILIDS concerns the minimum size of the droplets that
can be recognized, which depends on the aperture angle of the collection optic. In principle, a
collection angle of about 40° is required to measure water droplet size down to 2 pm, which is
far above the effective aperture of standard optics (note that contrary to the common usage in
the literature concerning airborne disease transmission, the term droplet is used in the present
paper to mean liquid particles in general, including small liquid particles). To apply ILIDS to
respiratory droplets and recognize particles with very small diameter, a large aperture optic,
free from spherical aberration, must be designed. Finally, the estimation of the measurement
volume and the related particle concentration is not an easy task using ILIDS in that it is not
possible to fix the size of the measurement volume a priori. For this reason, the measurement
volume and its variation with the particle size has been estimated in the present work based
on droplet location along the direction normal to the laser sheet.

The paper is organized as follows. Section 2 describes the principle of the standard ILIDS
technique along with the improvements made to (i) detect droplets down to 2 pm, (ii) measure
the three velocity components and size of the particles and (iii) determine the measurement
volume for each size class and, hence, the droplet concentrations. Section 3 describes the ex-
perimental setup, the experimental protocol and the image processing procedure. The results
are presented in Section 4, enlightening the potential of the ILIDS technique for respiratory

droplets characterization. Conclusions are summarized in Section 4.

2.2 ILIDS technique

2.2.1 Basic principles

The ILIDS technique is based on the light scattering properties of transparent particles. As
shown in Figure 2.1, the droplets are illuminated by a coherent light source (the laser sheet)
and the light scattered by the droplets is collected by a lens (or a lens assembly) with collection
angle « centred around the direction identified by angle 8. With a classical imaging system,
the droplet images would form in the image plane at distance L;. Conversely, with the ILIDS
technique the sensor is placed on an out-of-focus plane at distance L,,;. The light scattered
by a single droplet gives rise to an interference pattern (fringes) produced by the superposition
of reflected light, refracted light and light refracted after one or multiple internal reflections.
At a given angle 6, the fringe spacing directly depends on the particle diameter. Incidentally,
it is worth noting that while for a single drop an accurate measurement of the drop size could
be obtained by placing a sensor (instead of the lenses) at the lens location able to record the
interference pattern (see Figure 2.1), in the case of several droplets the interference patterns
would be superimposed on each other, and the information from individual droplets would

be lost. With ILIDS, out-of-focus particle images are recorded by means of a lens (or a lens
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assembly) and a camera. In the out-of-focus plane, each droplet image takes the form of a
circle containing the corresponding interference pattern. The circle location corresponds to the
droplet location in the object plane (plane coinciding with the laser sheet where the observable
objects, i.e., the particles, lay). Different droplets generate separated circles on the sensor,
allowing the analysis of individual interference patterns and droplet size measurement. Note
that, in ILIDS, the circle size is not related to the droplet size, but it only depends on the out-
of-focus level, i.e., the ratio [/Ls. If the laser sheet was very thin, all the illuminated droplets
would belong to the same plane, the image plane would be the same for all droplets and all
the corresponding circles would have the same size. For a thicker laser sheet, particularly
when using a high magnification optic, both Ly and circle size vary significantly with the
distance of the droplet from the lens, and the third droplet coordinate can be deduced from
the circle diameter. For a spherical droplet, the interference pattern is easy to detect and to
count in that it is composed of regular fringes in a well defined direction. Conversely, irregular
solid particles can be recognized and discarded as they show less regular scattering patterns.
For spherical droplets, the number of fringes in the circle equals the number of fringes that
would be measured in the lens aperture, i.e., the number of fringes in the collected part of
the scattering diagram. For scattering angles 20° < 6§ < 80° the relation between fringe
number and droplet diameter can be evaluated based on geometrical optics considerations.

For 6 = 90°, as adopted in this work, the relation is deduced from Lorenz-Mie theory.

|
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(objecl.’I plane)
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Figure 2.1: Sketch of ILIDS technique principle. A laser light sheet illuminates the particles. A
portion of the light scattered by the particles is collected by an optical system (lenses) along the
direction identified by 6. The angle formed between the particle and the effective lens aperture is the
collection angle a. Out-of-focus images of the particles are taken by means of a camera located at
a distance L,,; from the lenses. The light scattered by the particles is characterized by interference
fringes, whose frequency is related to the particle size. Therefore, in the out-of-focus image the particles
appear as circles with interference fringes inside. Differently, in the image plane (at a distance Ly
from the lenses) the particles appear as glare points. The out of focus images become more and more
blurry as the distance ! increases.
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2.2.2 Particle size measurement

Mie scattering diagrams
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Figure 2.2: a. Water droplet scattering diagram computed according to Lorenz-Mie Theory, for
droplet diameters between 0.5 and 200 pm (from top to bottom of the left panel) and b. Fringes
angular frequency as a function of droplet diameter, computed by using Lorenz-Mie Theory and
Fourier analysis for scattering angle centered on § = 90°, a wide collection angle o = 40°, a wavelength
A =532 nm and a sampling step on scattering angle dy = 0.05°.

As mentioned in the former Section, the droplet diameter, d, can be determined in the
scattering diagram from the angular spacing of the fringes, Af. Assuming a perfect thin lens
(i.e., of negligible thickness and not affected by any kind of aberrations) and a collection angle
a, Af can be written as

o @

AG =2 =
N ~ 2Rf,

(2.1)

where N and and R are the fringe number and the circle radius in out-of-focus image,
respectively, while f, is the fringe frequency, measured in pixel unit. Figure 2.2a shows
portions of the scattering diagrams for 70° < § < 110° (o = 40° centered on 6 = 90°) and
droplet diameters lying in the range 0.5 - 200 pm. The laser beam is linearly polarized.
The polarization direction has been chosen perpendicular to the plane of incidence (z,z)
(S-polarization) to maximize the fringe contrast for the smallest droplets. Figure 2.2a also
reveals that the number of fringes is too low to be measured for the smallest diameters, even
with o = 40°. The lower limit for droplet diameter measurement is then around 1.5 pum,
corresponding to about 2 fringes in the collection angle. A smaller a would increase the lower
limit, while an « significantly greater than 40° can hardly be considered in practice for several
reasons, as detailed below. Thus d,,;;, = 1.5 pm can be considered as the lower limit of the
technique, and a wide collection angle (nearly 40°) is required to reach this limit.
The relation between the fringe spacing Af (or the fringe angular frequency A@~') and droplet
diameter can be established by using the Lorenz-Mie theory. Figure 2.2b depicts the main
fringe frequency as a function of the droplet diameter for § = 90°, o = 40°, light wavelength
A = 532 nm and sampling step on scattering angle 59 = 0.05°. This figure has been obtained by

computing scattering diagrams similar to those presented in Figure 2.2a for droplet diameters
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going from 0.5 pm to 300 pm and by extracting the main fringe frequency from the derivative
of the Fourier transform of each diagram. As Figure 2.2b also shows, the droplet diameter is

proportional to the fringe angular frequency, viz.

L _ 2Rf,

d=r— =
HAH o

(2.2)

The coefficient k = 34.0 pm degree is calculated from a linear regression of the curve
(Figure 2.2b). This coefficient depends mainly on A, 6 and the droplet refractive index n. It
also varies weakly with the collection angle (k = 35.2 pm degree for « = 10° and k = 33.9
nm degree for o = 44°).

For the smallest diameters (inset in Figure 2.2b) oscillations due to both Mie scattering
properties and signal sampling are observed. These oscillations clearly limit the accuracy of
the measurement of the smallest particles, with an uncertainty greater than 40% for diameters
lower than 1.5 pm. This confirms that 1.5 pm is the lower particle diameter measurable with
the ILIDS technique. To account for this unavoidable source of uncertainty, only droplets
having d,;» > 2 pm will be considered in the remainder of this work. For dy.;, > 2 pm the
absolute error is less than 0.45 pm.

The maximum measurable particle diameter d,,q, depends on the sampling conditions.
For the parameters adopted to compute the curve presented in Figure 2.2b, in particular
J9 = 0.05, the Nyquist frequency fomae = 10 pixel™! corresponds to a maximum diameter
Amaz = 340 pm.

Note that the range of measurable diameters is also limited by the dynamic range of the
camera sensor. The intensity of scattered light is roughly proportional to the particle di-
ameter squared. Using a 16bit-camera with a low read noise, the diameter range is limited
to one or two orders of magnitude. To measure particle sizes down to 2 pm, the scattering
diagram (Figure 2.2a) must be collected over a large collection angle and entirely projected
onto the sensor. In practice, the effective collection angle is limited by spherical aberrations
as illustrated by the examples of ray tracing depicted in Figure 2.3. When using a pair of
spherical lenses (Figure 2.3a), the rays collected at large angles (far from the optical axis)
are focused at shorter distances. In the out-of-focus sensor plane, information carried by
rays with different incidence angles overlaps and the projected interference pattern is folded
in on itself and deformed, thus, preventing any measurement. The different ways to limit
spherical aberrations are (i) to reduce the lens aperture, thus increasing the lower size limit,
(ii) to increase the magnification ratio, reducing the field of view (hereinafter FOV) and the
measurement volume, (iii) to increase the defocused level [/L¢ then increasing overlapping
of defocused images and (iv) to use or design special lenses that reduce the spherical aberra-
tion. To reach an effective collection angle of order 40°, the last three solutions are applied
together. Figure 2.3b illustrates the case of two aspherical lenses set in order to obtain a 1:1
magnification lens, nearly free from spherical aberration. In the out-of-focus plane (with the

same out-of-focus level as in Figure 2.3a) the different rays formed regularly spaced concentric
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a) Spherical lenses
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Figure 2.3: Effect of spherical aberrations on out-of-focus images. Using a pair of spherical lenses
(a), the red rays at greater angles, far from the optical axis, cross this axis at shorter distances than the
blue rays, closer to the optical axis. Using aspherical lenses (b), almost all the rays cross the optical
axis at the same distance. As a consequence, a set of concentric circles corresponding to the different
rays appears on the out-of-focus images. With aspherical lenses, the circle diameter increases linearly
with ray angle. With spherical lenses, the circle diameter increases, then decreases and increases
again, leading to a destructive folding of the fringes to be analysed.

circles, without any folding. This means that, despite the large collection angle (> 40°), the
effects of spherical aberration are negligible. Note that this collection angle is however limited
by an adjustable aperture placed in front of the first lens. To select the maximum aperture for
which spherical aberrations remain negligible, the procedure consists in increasing it progres-
sively while the circle diameter in the out-of-focus plane remains proportional to the aperture
diameter. Preliminary to this work, several commercial lens assemblies have been tested.
The largest collection angle has been obtained by using a 100 mm macro lens (Zeiss Milvus
2/100M) similar to the one used by Chao et al. (2009). The nominal aperture of this lens is
50 mm but it must be reduced to less than 30 mm to fulfill the ILIDS requirements, leading
to an effective collection angle of about 12° and minimum measurable diameter of about 6
pm. Note that this low performance of commercial lenses to compensate the spherical aber-
ration is not surprising. Such lenses are optimized to reduce several kinds of geometrical and
chromatic aberrations on focus images and not to reduce specifically the spherical aberration
and its effect in a out-of-focus plane.

Even though aspherical lenses could be used to reduce spherical aberration, they are not
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perfectly thin and are prone to other geometrical aberrations. In particular, the image of an
object away from the optical axis is deformed due to comatic aberrations. In the out-of-focus
plane, the circles containing the interference patterns are deformed, in particular when the
particle is close to the sensor edges. In the present case, the deformed circles are nearly
elliptical and the effective collection angle is not affected significantly. The deformation does
not prevent the measurement but it must be considered in the image processing phase. For
droplets close to the top or the bottom of the image, the circle deformation is maximal in the
direction perpendicular to the fringes, leading to a reduction of the fringe sampling condition
of about one third. Therefore, the maximum measurable diameter for droplets in these image

areas decreases by the same factor to about d;,q. ~ 225 pm.

2.2.3 Particle velocity measurement

As mentioned earlier, the setup used in this work allows us to measure all three components
of the particle velocity vector. These are determined from the particle coordinate changes be-
tween two images recorded with time delay At. The spanwise (y) and vertical (z) coordinates
are evaluated from the circle centre displacement in the sensor plane, while the streamwise

coordinate (z, i.e., normal-to-the-mouth) is deduced from the circle size variation. Let us con-

diaphragme lens 1 lens 2

e out-of-focus image laser
o - image plane sheet
y
f f [
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Figure 2.4: a. y,z-displacement and b. z-displacement. The conditions at two subsequent time
steps are depicted in black and red. The displacements of the particles occurring between the two
time step are Az and Ax. In case a. the displacement Az,,; is observed in the out-of-focus image.
In case b. the circle radius variation AR is observed in the out-of-focus image. The lines linking the
particle in the laser sheet and its image are the central and the two extreme light ray paths.

sider a simple idealized lens assembly to illustrate how the circle position in the out-of-focus
image varies with the particle displacement along the z-axis (or y-axis). The lens assembly is
composed of two perfect thin lenses having the same focal length f and spaced at a distance
e (Figure 2.4a). For a particle located in the focal plane of the first lens, simple geometric
considerations leads to the following relationship between the circle displacement, observed

in the out-of-focus image Azyy: (or Ayoyt), and the real displacement of the particle Az (or
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€ — Lout <% + 1)
Azout = Az 7 = —7Az (2.3)

where 1 is a constant that depends on the optical system characteristics, i.e., f, e, the
distance L.,; between the first lens and the out-of-focus sensor plane, and the aperture A.
As mentioned in Section 2.2.1, the radius of the circle associated to a particle depends on
the distance between the particle and the optical system. As the laser sheet has a non-zero
thickness, it is possible to detect the particle at different distances from the optical system
(different positions within the laser sheet thickness). The third coordinate x can therefore
be calculated from the circle radius R. Considering the same idealized optical system, with
magnification M =~ —1, the circle radius for a particle located at Az from the focal plane of

the first lens can be written as

R(Az) = g [1 + f(fefxm)] [1 - fL_‘”ZJ (2.4)

The radius variation AR, for Ax close to zero is nearly proportional to the displacement Ax,
that is
AR ~ 21;1?3 (ef + Lowtf — eLout) Az = oAz (2.5)
79 is nearly constant for small displacement Ax and depends on the optical system charac-
teristics. Note that the variation of the circle radius R does not affect the measurement of
droplet size d. Since f, varies inversely as R varies, the fringe angular frequency 1/A6 does
not vary, and so does the droplet size d (see Equation 2.2).
To take into account for the real characteristics of the optical system used in the experi-
ments and the inevitable default of optical adjustment, the two constants ; and 2 have been

estimated by means of a calibration procedure (see Section 2.3.2).

2.2.4 Measurement volume and particle concentration

ILIDS is based on a laser light sheet illumination that is supposed to delimit the measurement
volume. However, the intensity of the laser sheet profile I(x) is never perfectly sharp, so that
the identification of the laser sheet edges is not trivial. Moreover, dealing with a large size
distribution, the effective measurement volume actually depends on the particle size (Figure
2.5). Therefore, the measurement volume cannot be estimated a priori by multiplying the
FOV with the thickness of the laser sheet. To be detected, the light intensity corresponding
to a particle on the image must be greater than a given threshold that depends on the sensor
sensitivity and noise level. Considering the real shape of the laser sheet profile, the actual
width within which a particle can be detected decreases with its size. On the one hand,
the intensity of the light scattered by a particle is roughly proportional to the square of its
diameter and to the incident light intensity at the particle location. On the other hand, I(z)

is not constant along the laser sheet thickness, but it is rather characterised by a smooth
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Gaussian-like shape. The measurement volume decreases with the particle size since smaller
particles can be detected only at the centre of the laser sheet, where the light intensity is
sufficiently high. Conversely, the largest particles can be detected even in the edges of the
laser sheet, where the light intensity is smaller, leading to a greater measurement volume.
Note however that the largest particles located in the center of the laser sheet may lead to
sensor saturation. This would prevent fringe frequency measurement, therefore leading to a
measurement volume split into two parts. Besides, one should also consider the variation with
x of the circle radius in the out-of-focus image. For smaller circle radii, the same amount of
energy collected by the lenses is contained in a smaller area (circular surface in the out-of-
focus image). Therefore, the minimum laser light intensity for which a particle of a given
size can be detected is lower when the particle is positioned further away from the lenses,

i.e. when the circle radius in the image is smaller. The most reliable way to quantify the
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Figure 2.5: Detection range for particle of different sizes. Small, medium and large particles are
represented in green (left panel), blue (central panel) and red (right panel), respectively. Iy is the
laser light intensity, while x is the position within the laser sheet thickness.

measurement volume for each particle size class is to deduce it a posteriori considering the
actual z-coordinate variation observed for all the detected particles in a particle size class, d,
through its standard deviation, o,(d). This method has been previously used by Mees et al.

(2011). The measurement volume for particle diameter d is then simply estimated as:
V(d) = o,(d)S (2.6)

where S is the FOV area.

2.3 Experiments

2.3.1 Setup and measurement campaign

To measure size and velocity of the particles ejected while speaking, twenty volunteers have
been recruited to speak following the same protocol. To simulate the speech, they counted
ten times from “one” to “one hundred”.

A double pulse Nd:YAG laser (Litron Bernoulli-PIV 200-15, wavelength: 532 nm, pulse

duration: 8 ns, power: 2*200 mJ) was synchronized with a double frame camera (Lavision
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imager sCMOS, 16 bit, 2560x2160 pixel, pixel size: 6.5x6.5 pm, sensor size: 16.6x14 mm) by
using a programmable timing unit. The acquisition frequency was set to 15 Hz (i.e. 15 couples
of frames per second). The time delay between two consecutive frames, At, varied with the
different respiratory activities, based on the expected range of particle velocity. On the one
hand, At must be high enough to observe a significant particle displacement. On the other
hand, At must be small enough not to let the particle exit the laser sheet. The optical system
consisted of two aspherical lenses in series (Thorlabs ACL7560U, focal length: 60 mm, lenses
aperture: 75 mm) and a diaphragm, which limited the effective lenses aperture to about 28
mm. The laser sheet was parallel to the lenses and to the mouth of the volunteer (see Figure
2.6 for a schematic of the experimental setup). The location of the focus image plane was
found experimentally. The corresponding magnification and field of view were M ~ 1 and
FOVa 14x17 mm?, respectively. The FOV was actually slightly narrower because of the
cutting of a little portion of the images made in the image processing. Both the focus-image
plane position and magnification agreed well with those computed by a house made software
calculating the light ray path derived from the properties of the optical system and laser sheet
position. Given the distance between the laser sheet and the diaphragm, the collection angle
was « &~ 45° — it slightly varied for particles located at the two edges of the laser sheet
thickness.

A mask was used to allow volunteers to place their mouth close to the optical axis (Figure
2.6). The mask protected also the face of the volunteers and prevented them from moving,
therefore avoiding any contact with the laser sheet. Besides, a black paper panel was placed
between the laser sheet and the volunteers’ body. The eyes of the volunteers were completely
covered.

volunteer diaphragme camera sensor

laser sheet (out of focus plane)
PP1 PP2 4

y;

P

dptical axis !image plane

~60 mm ~30 mm ~75 mm ~33 mm
~10 mm ~6 mm

Figure 2.6: Schematic of the experimental setup. The principal planes (PP1 and PP2) of the two
lenses are also drawn; these represent the position of the equivalent perfect thin lenses defined in
Section 2.2.3.

2.3.2 Calibration

Several calibrations are required to consider the deformations due to comatic aberrations and
to calculate the two coefficients v, and 7 in Equations 2.3 and 2.5 1.
As described in subsections 2.2.2 and 2.3.1, two aspherical lenses in series are used to

obtain an effective collection angle ~ 45° to measure particle size down to 2 pm. The

LA more detailed description of the three calibrations can be found in Appendix A
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deformation of the circles due to comatic aberrations not compensated by these lenses must
be corrected by means of image pre-processing. This consists in applying a deformation to the
images to retrieve a circular shape whatever the particle location in the image. To estimate
the deformation to be applied, images of a point light source are taken at different distances
from the optical axis (Figure 2.7a, upper panel). The point light source consists of a pin-hole

mounted on a 3D translation stage, illuminated at oblique incidence. A 5%

-order polynomial
deformation as a function of the distance from the optical axis is chosen. The result obtained
by applying the deformation to the calibration images is shown in the upper panel of Figure
2.7b. Note that this deformation is not physical, but it has the aim to make the automatic
detection of the circles associated to the particles easier. Such deformation is necessary to
simplify the detection of out-of-focus images, of different sizes and sometimes overlapping, by
imposing a circular shape and thus reducing the number of free parameters for the detection.
In the lower panels of Figure 2.7 an example of image before and after deformation is depicted.

Similar images of a point light source at different positions are used to estimate ;. The ratio
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Figure 2.7: Upper panels: a. Superposition of 9 images of a point light source at 9 different distances
from the optical axis and b. The same images after deformation. Lower panels: Example of image
before (a) and after (b) deformation.

between the real displacement of the point light source and the displacement measured in
the images is calculated. The calibration suggests that 7; is not perfectly constant over the
whole FOV, with variations of +0.05 around a mean value «; ~ 0.91. Note that, considering

an equivalent idealized optical system, as that presented in section 2.2.3, with f = 60 mm,
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e = 35 mm, Ly, = 54 mm and A = 56 mm, Equation 2.3 would lead to ~; ~ 0.86.

The proportionality between AR and Az (see Equation 2.5) has been tested by displacing
the point light source within the laser sheet thickness and measuring the circle radius. The
coefficient 9 = 0.38 obtained from the experiments is comparable with s = 0.44, obtained
for the idealized optical system from Equation 2.5. The parameter s also varies slightly over

the image and its variations are also taken into account through the calibration.

2.3.3 Image processing

The data consisted of ~ 240000 images of about 15 MB each collected during the phase
of speaking of the 20 volunteers. To deal with this large amount of images, a multicore
version of the processing code, written in Python language has been implemented on the
high-performance computers available at the Ecole Centrale de Lyon. To characterise droplet
emission occurring over 2 minutes speaking (captured by 1200 images), data processing re-
quired about 96 hours (CPU time). Using 32 cores on a HPC, the effective computing time
was reduced to 3 hours per test. Processing the data set acquired in the whole experimental
campaign (240 000 images) would require 20.000 hours CPU on a single core, which would
be reduced to 600 hours using 32 cores on HPC. In terms of memory, about 6 GB (Random
Access Memory) per core are required. The image processing is composed of several steps,
i.e., background subtraction, image deformation, particle detection, fringe analysis as well as
velocity, size distribution and concentration calculation.

A background image is calculated for each test. It consists of the minimum intensity value
for each pixel over all the images. The background image is subtracted to each image of the
set.

Each image is deformed in order to compensate the aberrations as described in section
2.3.2.

In the third step, all particles — both liquid and solid — are detected by means of a
convolutive approach. A Gaussian filter is applied to filter out the interference patterns
within the circles. The gradient of the image is then calculated, exhibiting the circle edges,
and convoluted by synthetic ring images of different sizes to detect the circles and to measure
their position and radius. The detected particles are removed from the image and new particles
are identified, until the correlation peak is above a fixed threshold. At the end of this step,
radius and position of all detected particles are known.

In the fourth step, the interference pattern within the circles are analysed and the fringe
frequency is measured. When the circles overlap, only the non-overlapped part of them is
analysed. The size of the liquid particles is then calculated by means of Equation 2.2 (provided
that o and k are known). At this step, solid particles are recognized and rejected in that they
do not show regular interference fringes. It is worth noting that this is a point of strength of
ILIDS technique applied to droplet recognition as it makes unnecessary to filter out ambient

air to remove dust. However, even if the distinction between droplets and solid particles is
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rather evident to human eyes, it is more difficult to perform it automatically so that detected
droplets are still checked a-posteriori. In fact, the images are analysed in the frequency space
by applying to them a Fourier transform. Then, the maximum of the transformed image is
found, which corresponds to fringe frequency in case of droplets. Nonetheless, a maximum is
always detectable, even in case of solid particles. The setting of validation criteria defining
the significance of the maximum found is, hence, required. This setting is not straightforward.
It has been done iteratively, based on visual inspection of a large sample of processed images.
This strategy allow to recognize most of the droplets and solid particles but, some errors
inevitably persist. An other strategy, based on machine learning could be considered in futur
development. 2

Particle size and position and circle radius are known at the end of the fourth step . Then,
the three components of the particle velocity can be calculated by means of Equations 2.3 and
2.5 using ;1 and 79 determined during the calibration procedure. The velocity components
are directly inferred from associating the detected droplets in both frames once known the
time delay At between two consecutive frames. The association of droplets from both frames
is made by minimizing both particle location and size changes between the frames.

Once repeated the four steps for all the images, size and velocity distributions can be built.
The measurement volume for each particle size class, and therefore the particle concentration,

can be estimated from Equation 2.6.

2.4 Results and discussion

In order to show the potential of the ILIDS technique employed in this paper, some preliminary

results concerning the speaking activity are presented.

2.4.1 Measurement volume

Figure 2.8b shows the measurement volume referred to a single frame for each particle size
class along with the standard deviation of the circle radius, the latter proportional to the
volume. The measurement volume increases almost linearly from 2 to 10 pm, while it remains
nearly constant for d > 20 pm. The presence of such plateau can be ascribed to the weak
variation of the light intensity at the laser sheet edges. However, the range of volume variation

3. As expected, the measured laser

with the particle size is quite narrow, i.e. 0.2 — 0.4 cm
light intensity profile shows an almost Gaussian shape (Figure 2.8a). The figure also shows
the ranges of x for which particles of 2, 10 and 20 pm have been detected. As mentioned
earlier, smaller particles can be detected only at the centre of the laser sheet, where the light
intensity is higher. The circle radius corresponding to each z-position is also reported (see

Equation 2.5).

2The flowchart of the algorithm used for droplet detection and sizing is shown and explained in Appendix
B
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As already mentioned in Sect. 2.2.4, saturation is supposed to occur only for the larger
particles (i.e., d > 40 pm). Nonetheless, saturation is not observed, probably because of a lack
of data for the larger particles. Besides, since threshold estimation is based on light intensity

measurement, it is intrinsically inaccurate.

circle radius [pixel]
300 350 400 450 500 550

.\\ 2 um
20 um

=

=}
°
EN

measurement volume V(d) [cm?3]

'a 100

°
o

80

o
w

60

N

IS
o
(N]

40 V(d) = 0.41 -0.47/d
R2=0.85

o
Fn

20

laser light intensity
o o
[N) o
M
circle diameter std o(d) [pixel]

0

-2 -1 0 1 2 0 10 20 30 40 50
x [mm] particle size d [pm]

a. b.

o
o

o
K=}
w‘

(o))
o

Figure 2.8: a. Measured laser intensity profile along with detection limits for particles of 2, 10 and
20 pm, b. Volume of measurement and related standard deviation of circle radius for each particle
size.

2.4.2 Size distribution

Figure 2.9 shows the particle size distribution obtained considering all the tests. For each
size class the particle number concentration normalized with the width of each bin size is
given. The range of particle diameters detected during all the experiments is 2 — 60 pm, even
though most of the particles lie in the size range 2 — 4 pm. The particle number decreases
quickly up to ~ 15 pm. The absolute concentration maximum occurs for d = 2 pm, while a
local maximum takes place at d ~ 28 pm. The size distribution obtained with the technique
presented here shows no droplet sizes greater than 60 pm (even though the upper limit of
the technique is above 300 pm). This shows that these larger droplets are very rare in
emissions occurring while speaking. Note however that the detection of these droplets may
be affected by measurement errors that would to excluded them from the statistics, in case
they contain solid or gas inclusions. Indeed, the presence of inclusions would lead to a much
more complex fringes pattern. This would in turn result to a complex scattering pattern
that would (erroneously) interpreted as representative of an irregular (solid) particle. For the
interpretation of the complex patterns characterizing irregular particles the reader is referred
to the work by Brunel et al. (2014).

In Figure 2.9 we also plot data from two other works found in the literature, i.e., the
seminal work by Duguid (1946), which is considered as a main reference in the field, and that
more recently published by Johnson et al. (2011). In both the two works, the data were col-
lected using almost the same protocol adopted here (for the respiratory activity associated to
speaking). Johnson et al. (2011) detected a wide size range thanks to the use of a combination

of two techniques, i.e. Aerodynamic Particle Sizer (APS) and Droplet Deposition Analysis
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(DDA). Note that APS data by Johnson et al. (2011) appear twice in Figure 2.9. The green
circles refer to APS data, while the red ones correspond to the same data set corrected for
dilution and evaporation, together with the data provided by the DDA. Such correction had
to be adopted since the sample probe of the APS was located far away from the volunteers’
mouth.

The size distribution obtained in the present work lies between the two Johnson’s dis-
tributions. We can explain this by recalling that, compared to Johnson et al. (2011), the
measurement volume in our experiments is closer to the volunteers’ mouth and that we did
not apply any correction to the data to take into account for evaporation and dilution effects.
Our results also differ considerably from those by Johnson et al. (2011) for larger particles.
Namely, we observe a concentration maximum at d ~ 28 pm in place of the minimum found
by Johnson et al. (2011). However such minimum occurs for diameters in the range corre-
sponding to that of the maximum diameter detectable by the APS and the minimum diameter
for the DDA. Note also that the efficiency of the APS decreases as the particle size increases
(Morawska et al., 2009). The size distribution of Duguid (1946) differs from that presented
in this work and in Johnson et al. (2011). Nevertheless, Duguid (1946) stated that the size
distribution he obtained should be taken with caution, because of the several approximations
he made. For instance, Johnson et al. (2011) noted that the particle size estimated by Duguid
(1946) could be shifted to larger sizes due to evaporation effect overestimation. Besides, since
Duguid (1946) provided only the particle number, the particle concentration had to be cal-
culated by estimating the air volume expired during the speaking activity (Johnson et al.,

2011).
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Figure 2.9: Measured particle size distribution, compared to data by Duguid (1946) and Johnson
et al. (2011).
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2.4.3 Joint probability density function of particle velocity and size

Figure 2.10 shows the joint probability density function (pdf) of particle velocity and size
measured simultaneously in our experiments.

To build the joint pdf maps five size classes have been considered in order to have robust
statistics for each size class. All three velocity components depend on the particle size. In
particular, the normal-to-the-mouth velocity component, v, grows with the particle size. On
average, v, is about 0.1 ms~! for 2 < d < 2.5 pm and 0.3 ms™! for 20 < d < 60 pm.
It is worthwhile noting the presence of negative v,. These can be probably ascribed to air
inspiration by the volunteer while speaking and particle recirculation due to vortices forming
along the border of the air jet associated with the emitted air. As expected, the spanwise
velocity component, vy, has (nearly) zero mean value (~ 0.01 ms™') due to flow symmetry
for all the size classes. The vertical component of the velocity v, (positive downward) ranges
between 0.02 ms™! and 0.05 ms™! when 2 < d < 20 pm, while it is higher (~ 0.1 ms™!) for
the largest particles, probably due to their settling.

Note that the theoretical minimum detectable value of the velocity components along y

1

and z is ~ 0.005 ms™", corresponding to a displacement of 0.5 pixel in 700 ps. The minimum

1

velocity detectable along the z-direction is slightly higher, ~ 0.02 ms™" (i.e. a variation

of 1 pixel in the radius of the circle between two frames). The maximal detectable particle

1

velocity is 7 ms™'. However, the maximum v, is limited by the thickness of the laser sheet

where the particles can be effectively detected. Considering the values shown in Section 2.4.1,

L respectively.

the maximum v, for 2 pm and 50 pm particles are 1.5 ms~! and 2.5 ms™
The maximal values of v, effectively measured are slightly higher. This is due to a slight
underestimation of the z-particle detection range within the thickness of the laser sheet. The
latter is, indeed, estimated by measuring the standard deviation of x, but some particles could
be detected at an z-position which exceeds the o4(x) considered.

1 and

The mean particle velocity observed in our experiments ranges between 0.26 ms™
0.56 ms~—! for the smallest and the largest particles, respectively. For comparison, the mean
particle velocity measured by Wang et al. (2020b), Bahl et al. (2021) and de Silva et al. (2021)
is far higher. The larger particle sizes and the different respiratory activity - i.e., coughing

and sneezing rather than speaking - can explain such difference with the current work.

2.4.4 Particle direction

Particle direction can be determined once the three velocity components are known. The ratios
between the velocity components, v, /v, and vy/v,, which are linked to the angle of departure
of the particles from the z-axis (normal to volunteers’ mouth) are shown in Figure 2.11. The
ejected particle cloud appears symmetrical and the aperture angle is quite wide. About 45%
and 60% of the particles fall into an aperture angle of about 60° and 90°, respectively. Only
a few particles depart from the mouth with an angle larger than 70°, corresponding to a ratio

~ 2.5. Note that only forward moving particles are considered in the figure.
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Figure 2.10: Joint probability density function of particle velocity and size. Colors are number of
particles characterized by a certain size and velocity normalized by the total number of particles of
each size.

2.4.5 Uncertainty estimation

The droplet sizes are determined from the image circle radius and the fringes frequency mea-
surements. The uncertainty on image radius is estimated to be 1 pixel. Given that the circles
radius are of order 400 pixels, the relative uncertainty in droplet diameter is only 0.25%.
The fringe frequency measurement relies on a sub-pixel determination. Considering an uncer-
tainty of 0.5 pixel (probably overestimated) the resulting uncertainty depends on the fringe
frequency itself and decreases linearly with the droplet diameter. For a 2 pm droplet, this
relative uncertainty is about 15%, and it decreases to 1.5% for a 20 pm droplet. The droplet
velocity in the x-direction is also deduced from the image circle radius in two consecutive
images. Assuming a 1 pixel uncertainty on the image circle radius variation and given the
700 ps time lag between two frames, the relative uncertainty on the x-velocity is about 0.02
m/s (about 20% for a typical velocity of 0.2 m/s). Velocities in the y- and z-direction are
determined from the displacement of the image circle centre. These locations are determined
by detecting a sub-pixel maximum in a convolution map. Assuming a 0.5 pixel uncertainty,
the uncertainty on z- and y-velocity is of order 0.005 m/s (i.e. 10% for typical velocity of
0.05 m/s in those directions). Note that the uncertainties on velocity measurement can be
easily reduced by a factor 2 or 4 by increasing the time lag between the frames by the same
factor. Other factors that could potentially increase the measurement uncertainty are related
to i) the presence of droplet images not perfectly circular after image deformation, ii) image

circles partly cut at the edge of the image, or iii) background noise. These uncertainties are
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Figure 2.11: Ratios between the spanwise and the streamwise (normal-to-the-mouth) velocity com-
ponents. The yellow (inner), red (intermediate) and green (outer) circles indicate an aperture angle
of the particle cloud of 60°, 90° and 140°, respectively.

more difficult to assess individually. A global estimate of the droplet sizing uncertainty can be
provided by the average difference between the droplet size measured in the two consecutive
frames (as the same size should be measured for the same particle detected in the two frames).
On average, the variation of the droplet size between the two frames, (normalized with the
mean size) is about 4%; considering each size class individually, a maximum variation of 8%
is observed for droplet size in the range 20-24 pm. Note that the association of droplets
from frame 1 and frame 2 is based on the proximity of several measured parameter, including
the measured diameter. In other words, a maximum variation of the droplet position and
diameter between the to frames is imposed and the maximum allowed diameter variation is
set to (Ad/d)maz = 20%. As a consequence, the previous estimation of (4%) is not totally
independent from this criteria but we have checked that it does not vary significantly for

reasonable variation (Ad/d)mqez between 10% and 30%.

2.5 Summary and conclusion

In this work, the Interferometric Laser Imaging Droplet Sizing (ILIDS) technique has been
employed to determine size and velocity of particles emitted by humans while speaking. ILIDS
made it possible to overcome some of the problems encountered in previous works, i.e., i. it
is effective in measuring low particle concentrations, as in the case of humans’ emission; ii.
it allows data collection close to the emission point and thus it minimizes the effect of both
dilution and evaporation; and iii solid irregular particles are can be recognized, so that the
measures are not affected by dusts naturally present in the air (filtered-air chambers are not
needed for the experiments).

Several improvements have been introduced over standard ILIDS in order to widen as

much as possible the range of measurable diameters, in particular the smallest ones. In this
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way, particle diameters down to d = 2 nm and all three components of the particle velocity
vector have been measured simultaneously. Besides, the variation of the measurement volume
with particle size has been taken into account, making its estimation more reliable than that
obtainable using more common measurement techniques based on light sheet illumination.

The main results that can be drawn from our experiments are:

1. The measurement volume increases linearly from 0.2 to 0.4 cm? going from d=2 to 10

pm; for bigger particles it remains nearly constant.

2. The particle size distribution — expressed as particle number concentration — shows that
most of the detected particles lie in the range 2 - 4 pm in diameter; a relative maximum

of particle number concentration occurs at d ~ 28 pm.

3. The agreement between our data with the APS measurements carried out by Johnson
et al. (2011) via Droplet Deposition Analysis is quite good for particle size between
2 < d <10 pm. In contrast, large differences with the results by Johnson et al. (2011)

are observed for bigger particles.

4. The joint probability density functions of particle diameter and velocity components
show a clear dependence of the normal-to-the-mouth velocity component on the size,

e.g., v, ranges between 0.1 ms ™! for 2 < d < 2.5 pm and 0.3 ms~! for 20 < d < 60 pm.
5. The emission of the particles from the mouth is far from being unidirectional.

In spite of all its merits, the ILIDS technique has its drawbacks. For example, the size range
of the ejected particles is not completely covered as particles smaller than 2 pm cannot be
recognized. Some problems occur also for the larger particles, whose scattering diagram may
differ from that expected theoretically due to possible inclusions of air (or other substances) or
to their not perfectly spherical shape. Another limitation of ILIDS consists in the small field
of view area needed to detect the smallest particles. Long measuring time is thus required
in order to have robust statistics. The last aspect to be considered is that ILIDS does not
work well in case of high droplet concentrations, which would lead to a more likely overlap-
ping of their out-of-focus images. The overlapping of droplet (or irregular particles) images is
considered by limiting the fringe analysis to the non overlapping part of the images, but for
images that overlap almost completely, the fringe analysis becomes impossible. In the case of
speaking or breathing activities the droplet concentrations are relatively low, so that droplet
image overlapping occurs rarely and is easily managed. In case of coughing instead, the num-
ber of droplet images overlapping increases due to higher droplet concentration. Preliminary
tests show that overlapping is still manageable, without changing the optical set-up. In the
case of sneezing, however, we estimate that the higher droplet concentration and the larger
droplet sizes would require some adaptations of the set-up, to reduce the laser sheet thickness,
the out-of-focus level and possibly the collection angle. A development of the present work

concerns the use of consolidated techniques and instruments such as FMPS (Fast Mobility
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Particle Sizer) and OPS (Optical Particle Sizer), which could be employed to analyze the
size range (but not the velocity) of particles not detectable with ILIDS. A partial superposi-
tion of the measured size range could be useful also to compare the results. Furthermore, the

reliability of the technique to characterise other respiratory activities is worth to be evaluated.
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Chapter 3

Simultaneous size and velocity
measurements of droplets exhaled
while speaking, coughing and

breathing

3.1 Introduction

Since the end of the 19" century, the scientific community realised that humans exhale
droplets during any respiratory activity. These droplets could contain pathogens present
in the airways, constituting a way of disease transmission. The exhaled droplets can contam-
inate surfaces and objects around the emitter, or they can be inhaled by a susceptible person
while they are still suspended in air. The fate of the droplets and the phenomena that they
undergo depend on the properties of the droplet-laden air cloud at the emission, whose ex-
perimental characterization is of striking importance to quantify the risk and possibly reduce
it.

Several studies in the literature provide droplet size distribution for speaking (e.g. Asadi
et al. (2019), Chao et al. (2009), Duguid (1946), Johnson et al. (2011), Morawska et al.
(2009), Buckland and Tyrrell (1964), Loudon and Roberts (1967), Papineni and Rosenthal
(1997), Xie et al. (2009)), breathing (e.g. Asadi et al. (2019), Johnson et al. (2011), Morawska
et al. (2009), Almstrand et al. (2010), Edwards et al. (2005), Fabian et al. (2008), Haslbeck
et al. (2010), Holmgren et al. (2010), Papineni and Rosenthal (1997)), coughing (e.g. Chao
et al. (2009), Duguid (1946), Johnson et al. (2011), Morawska et al. (2009) , Buckland and
Tyrrell (1964), Fang et al. (2008), Gerone et al. (1966) , Hersen et al. (2008), Loudon and
Roberts (1967), Papineni and Rosenthal (1997), Xie et al. (2009), Yang et al. (2007), Zayas
et al. (2012)) and sneezing (e.g. Duguid (1946), Han et al. (2013), Buckland and Tyrrell
(1964), Gerone et al. (1966)). The works concerning sneezing are rarer due to the difficulty in

artificially inducing this activity. Different protocols have been used for the same respiratory

31



3.1. Introduction

activity. For instance, Almstrand et al. (2010) tested different levels of airways closure during
air expiration to assess the effects on droplet size distribution of different possible droplet
formation mechanisms. Analogous tests have been conducted by Holmgren et al. (2010) and
Haslbeck et al. (2010). Other researchers focused instead only on the differences between
nose and mouth breathing (e.g. Papineni and Rosenthal (1997), Morawska et al. (2009)). To
simulate the speaking activity, volunteers were usually asked to count in English (Chao et al.
(2009), Duguid (1946), Loudon and Roberts (1967), Johnson et al. (2011), Morawska et al.
(2009), Papineni and Rosenthal (1997), Xie et al. (2009)). Asadi et al. (2019) and co-authors
investigated the effect of speech loudness and of the language. Concerning the coughing, it
must be noted that the coughs are never spontaneous, even if the volunteers are asked to
cough as strongly as they can. In addition, both the quantities and the properties of the
liquid in the respiratory airways change in the case of healthy subjects compared to subjects
presenting symptoms. Among the above-mentioned works, only Fang et al. (2008), Gerone
et al. (1966), Hersen et al. (2008) and Fabian et al. (2008) considered not-healthy volunteers.

Despite the great effort devoted by the scientific community in recent years, the mea-
sured size distributions of the exhaled droplets is still poorly characterized, with significant
discrepancies between data produced in different studies (Seminara et al., 2020; Bourouiba,
2021; Mittal et al., 2020). This has a great importance in improving the knowledge of droplet
dispersion process since, as recently highlighted by Rosti et al. (2020), different droplet size
distributions at the emission provides completely different results in numerical simulations of
droplet dispersion. The reasons for those discrepancies are numerous. One reason is the wide
variability among volunteers, so that robust statistic should be considered, even if hard to
obtain as consisting in human beigns. Another reason is the complex evaporation process that
the droplets undergo after the ejection. Its effect is not easy to predict, due to the complex
droplet composition and to its dependency on ambient conditions. Furthermore, droplets
move within a turbulent moist hot air cloud that changes its characteristics while dispersing.
The further the measuring device from the mouth the more the droplet size considered for
the analysis is affected by evaporation. Therefore, the measure should be carried out as closer
as possible to the emission point. In addition, the distance of the measuring device from
the emission could affect the quantity of detected droplets, due to dilution effects. Another
reason for the discrepancy is the wide range of droplet sizes, which span over three orders of
magnitude (0(0.1) — 0(100) pm). Measurement techniques usually adopted in this field are
suitable to detect droplet size only over a limited range. Their efficiency is therefore reduced
when applying these over a wider size ranges. Furthermore, each technique implies its own
assumptions on droplet properties and is based on different physical phenomena, sometimes
providing different size values for the same droplet (e.g. aerodynamic, optical or mobility
diameter)(Gralton et al., 2011). Another aspect to be considered is the interference of dusts
naturally present in the air. To avoid this latter problem, the measurements are usually
carried out into filtered air chambers. Another method consists in using tracer substances,

which, however, could affect the measurements (Xie et al., 2009).
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Concerning the velocity measurements, several works have been carried out to characterize
air velocity, but only a few for droplets velocities. Notable examples of works focusing on the
velocity of the air ejected by volunteers while speaking, breathing, coughing and sneezing are
Abkarian et al. (2020), Chao et al. (2009), Kwon et al. (2012), Zhu et al. (2006), VanSciver
et al. (2011), Nishimura et al. (2013), Tang et al. (2013). Particle Image Velocimetry (PIV)
with different kinds of seedings were used, except for Tang et al. (2013) who employed a
shadowgraph imaging technique. Gupta et al. (2009) and Gupta et al. (2010), Mahajan et al.
(1994) and Singh et al. (1995) measured the airflow rate by means of spirometry. For the
breathing and speaking activities, air ejection velocity is of the order 0(0.1) — o(1) m/s, while
for coughing and sneezing o(1) —o0(10) m/s. Droplet velocity has been measured in few works,
such as Nishimura et al. (2013), Wang et al. (2020b), Bahl et al. (2020), Bahl et al. (2021), de
Silva et al. (2021) for coughing and sneezing activities. Among these, only Wang et al. (2020b)
and de Silva et al. (2021) assessed the correlation between droplet size and velocity. Since
these works were based on the analysis of on focus images the measurements were possible
only for sufficiently large droplets (the minimum detected size is 36 pum in de Silva et al.
(2021)). Besides, only the streamwise and the vertical droplet velocity were determined in
these works. Even though the droplet velocity is comparable to that of the air, droplets depart
from the mouth in a wider angle range with respect to the air. This is also observed in the
visualizations by Bourouiba et al. (2014). Besides, from the comparison between droplet and
air velocity shown in de Silva et al. (2021), droplets and air share almost the same velocity
only at the beginning of the cough and sneeze.

The aim of the present work is to measure size and velocity of droplets ejected by humans
while speaking, coughing and breathing. The corresponding distributions are provided. The
velocity is measured for droplets down to 2 pum, extending the size range generally found in
the literature. It is worth to note that smaller droplets are also more numerous. As droplet
size and velocity measurements are performed simultaneously, the correlation between the
two quantities is also assessed. Besides, all the three velocity components are measured.
The measurements have been conducted using the Interferometric Laser Imaging for Droplet
Sizing (ILIDS). An improved setup with respect to its classical application has been developed.
Details concerning the technique are reported in Grandoni et al. (2023). ILIDS overcomes
some of the problems encountered in the literature. Namely, it makes it possible i. to carry out
the measure close to the volunteers’ mouth, reducing evaporation and dilution effects and ii.
to distinguish between dusts and exhaled droplets, making air filtration in the testing chamber
unnecessary. On the other hand, ILIDS is not suitable for high droplet concentrations and
the analysis is limited to liquid spherical particles. A further target of the present work is to
assess the effect of surgical and tissue masks on droplet size and velocity distribution and the
variability of the results for the same volunteer repeating the experiments many times.

The work is organized as follows. Section 3.2 describes the measurement campaigns and
the working principles of measurement technique. Some preliminary considerations are re-

ported in Section 3.3.2, while in Sections 3.3.3-3.3.8 the main results are presented and dis-
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cussed. Summary and conclusions are reported in Section 3.4.

3.2 Materials and methods

3.2.1 Measurement campaigns and setup

Two measurement campaigns have been carried out at the Laboratoire de Mécanique des
Fluides et d’Acoustique of the Ecole Centrale de Lyon, the first one in May 2021 and the
second in November and December 2021. The two campaigns involved 23 volunteers. An
improved configuration of the interferometric laser imaging for droplet sizing (ILIDS) is used
to carry out the measurements. The equipment for the ILIDS consists in a laser light source,
a camera and an optical system. A brief explanation of the ILIDS working principles is given
in Section 3.2.2. Preliminary tests have been carried out starting from December in order to
choose the proper optical system, to carry out the required calibrations and to develop an
in-house image processing software. Quite a long time has been spent to define the setup, due
to the rather unusual experiments involving human volunteers, especially when COVID-19
pandemic restrictions were in place.

A sketch of the setup is drawn in Figure 3.1. The volunteer sits on the chair and locates his
face in correspondence of the mask. The eyes of the volunteer are completely covered for safety
reasons. The height of the chair is adjustable according to the volunteer’s height. A hole has
been made on the mask in order to leave the mouth uncovered and let the ejected droplets to
pass. The laser light is produced by a double pulse Nd:YAG laser (Litron Bernoulli-PIV 200-
15, wavelength: 532 nm, pulse duration: 8 ns, power: 2*¥200 mJ). The laser beam is conveyed
close to the volunteer’s location by means of a tube equipped with a system of mirrors inside.
The laser beam is directed from the ground towards the ceiling. At the exit of the tube
the beam passes through a cylindrical lens to create a divergent laser light sheet parallel to
volunteer’s mouth. At volunteer’s mouth height the laser sheet is ~ 10 cm wide. A black panel
separates the body of the volunteer from the laser sheet. A double frame camera (Lavision
imager sCMOS, 16 bit, 2560x2160 pixel, pixel size: 6.5x6.5 m, sensor size: 16.6x14 mm) and
the optical system (two lenses and a diaphragm) are aligned and fixed over a plate. The plate
can rotate around three axes so that the optical system and the camera can be positioned
horizontally and perpendicularly to the laser sheet. The double frame camera and the double
pulse laser are connected to a programmable timing unite (PTU) and to a personal computer
in order to be synchronized. As the volunteer speaks and coughs without wearing protection
masks during the experiments, he/she is alone in the testing room to ensure COVID-19 safety.
The operator is outside the room and can look inside through a window and communicate
with the volunteer by means of a walkie-talkie. The computer and the PTU, which control
the laser, are also located outside the room. Before entering the testing room, the volunteer
is asked to disinfect his/her hands and between one volunteer and the next the mask, the

chair and the safety panels are disinfected. Besides, the testing room is ventilated for about
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40 minutes. Before starting the test all the needed instructions are given to the volunteer.

laser sheet outside
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¥ optical
system camera
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Figure 3.1: Sketch of the experimental setup. The volunteer sits on the chair and locate his/her face
in correspondence of the mask, whose mouth is open to let the exhaled droplet pass. The laser light
is conveyed by means of a tube close to the volunteer. The laser light passes through a cylindrical
lens forming a laser light sheet parallel to the volunteer’s mouth. The optical system and the camera
are located on a rotating plate. The angle formed between the laser sheet and the axis of alignment
of the optical system and the camera is the observation angle #. The angle that forms between an
observed droplet and the effective lens aperture is the collection angle . The laser and the camera
are connected to a programmable timing unite (PTU) and to a personal computer to be synchronized.
The computer and the PTU are outside the testing chamber, together with the operator for COIVID-
19 safety reasons.

Three respiratory activities are investigated in the present work, i.e. speaking, coughing
and breathing. Speaking and coughing while wearing tissue and surgical masks are also as-
sessed. For each respiratory activity a precise protocol is fixed, which limits as long as possible
the discomfort of the volunteers. To simulate speaking activity each volunteer performed ten
tests, consisting in counting aloud from “one” to “one hundred”. The duration of the test is not
fixed a priori, but the acquisition is stopped once the counting ends, generally taking about
2 minutes. After each test the volunteer is allowed to take a break and to drink water. Five
tests are performed by each volunteer for the coughing activity. During each test the volun-
teer has to cough for ten times consecutively, starting with mouth closed. It was not asked to
the volunteers to cough with the maximum strength, as this would be particularly hard. As
well as for speaking, after each test the volunteer can take a break and drink water. For the
breathing, ten tests for each volunteer are carried out. The volunteer inspire air through the
nose and expire air through the mouth at his/her own frequency for ~ 67 s, corresponding to
1000 images. The same protocol is used for speaking and coughing tests carried out by the
volunteers wearing the masks. Furthermore, one volunteer repeated six times the protocols
for speaking and coughing (six times the ten speaking tests and six times the five coughing
tests) with the aim of assessing intra-volunteer variability.

The protocol, the measurement campaign and the number of available volunteers for each

respiratory activity are summarised in Table 3.1.
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Table 3.1: Summary of the respiratory activity investigated and the related protocol, number of
available volunteers and measurement campaign.

. Number .
Activity Protocol of volunteers Campaign
10 tests for each volunteer.
Each test consists in
counting loudly from “one” .
. First
Speaking to “one hundred”. 20 (May 2021)
Breaks with the possibility
of drinking water are
allowed after each test.
5 tests for each volunteer.
Each test consists in
coughing five time consecutively,
. starting with mouth First
Coughing closed.gBreaks with 23 (May 2021)
the possibility of
drinking water are
allowed after each test.
10 tests for each volunteer.
Each test consists in
breathing at the comfortable
frequency (inspiring Second
Breathing through the nose and 3 (November
expiring through the mouth) -December 2021)
for about 1 minute
(1000 images taken
at a frequency of 15 Hz).
Speaking with Same as speaking but Second
tissue mask wearing a tissue mask. 3 (November
-December 2021)
. . . Second
kgt Swewgmsbn g o
’ -December 2021)
Coughing with Same as coughing but Second
tissue mask wearing a tissue mask. 3 (November
-December 2021)
Coughing with Same as coughing but Second
surgical mask wearing a surgical mask. 3 (November
-December 2021)
Speaking for . The speaking protocol Second
intra-volunteer 5 repeate(.i b}.f ! Vqlunteer 1 (x6) (November
variability for six times in -December 2021)
different days.
Coughing for . The coughing protocol Second
intra-volunteer is repeated by 1 volunteer 1 (x6) (November

variability

for six times in
different days.

-December 2021)
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3.2.2 Measurement technique

The interferometric laser imaging for droplet sizing (ILIDS) is used to measure size and
velocity of the droplet ejected by the volunteers while speaking, coughing and breathing. The

working principles of this technique are reported briefly in what follows.

Figure 3.2: Example of acquired out-of-focus image. In the example image, droplets of different size
(d) and position within the laser sheet thickness (x) are present. Each circle in the image correspond
to a detected droplet. It is evident how droplet size is related to the fringe frequency, while droplet
x-position to the circle radius. Some circles without fringes are visible. These are either very small
droplets (not measurable) or dusts.

The light scattered by particles passing through the laser light sheet is collected by the
optical system and acquired by the camera. The camera is located in such a way that out-of-
focus images are obtained, where particles appear as bright circles instead of glare point, as
in an on-focus image (Figure 3.2). The circles are a projection of the portion of the particle
scattering pattern collected by lenses of circular shape. Hence, neither the shape nor the
dimension of the object appearing on the images in correspondence of the particle are in any
way related to particle shape and size, but only to the type of lenses employed and to the
relative distance between them, the observed particle and the camera. Regular interference
fringes are observed within the circles on the images for spherical transparent particles (in this
case liquid droplets ejected by the volunteers). The fringes are the result of the interference
between the light reflected and refracted by the transparent particle. The spacing among the
fringes provides the information on the droplet size, according to the following relation (Eq.
3.1):

d=K— =K—" (3.1)

where A is the angular fringes spacing, Ny is the number of fringes appearing withing the
circle and is the collection angle (angle that forms between the observed particle and the lens
aperture). The proportionality coefficient £ depends mainly on the laser light wavelength A, on
droplet refractive index n and on the observation angle (f in Figure 3.1). In the present work
k ~ 34um degree (water droplets are considered along with A = 532nm and 6 = 90°). Note
that to measure fringes spacing on the recorded images, at least two fringes must be observable

within the circle. As fringes spacing increases for decreasing droplet size, large collection angles
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are required to measure the smallest droplets. However, practical problems occur when using
large collection angles, namely, spherical aberration effects become important preventing the
measure. In this work an optical angle of ~ 45° and ~ 43° is used in the first and second
measurement campaign, allowing us to measure droplet sized down to 2 pum. Note that this
is an absolute lower limit for the ILIDS, as for smaller droplets the inverse proportionality
between droplet size and fringes spacing does not hold anymore. In order to use such large
collection angles avoiding spherical aberration effects, a particular optical system is chosen
after several tests. Namely, two wide aspherical lenses (Thorlabs ACL7560U, focal length: 60
mm, lenses aperture: 75 mm) in series and a diaphragm which covers the more external part
of the lenses are employed. However, this optical system produces images affected by other
geometrical aberrations, for whose treatment special software are self-made developed.

Note that solid irregular particles do not show regular interference fringes. Therefore,
dusts naturally present in the environment can be easily discerned from droplets ejected by
the volunteers, making it unnecessary to carry out the measurement in a filtered air chamber.

The use of a double frame camera synchronized with a double pulse laser makes it pos-
sible to measure droplet velocity by evaluating the displacement of the circles corresponding
to the same droplet in the two consecutive frames. This measure provides the two veloc-
ity components laying in the image plane (y and z directions). In this work also the third
velocity component, perpendicular to the image plane (x direction), is determined. As men-
tioned above, the radius of the circle appearing in the image in correspondence of each droplet
depends on the distance between the optical system and the droplet itself. Therefore, the dis-
placement of the droplet within the thickness of the laser sheet can be obtained by measuring
the variation of the circle radius between the two frames. Based on geometrical considerations

regarding the specific setup used in this work, the following relations can be obtained:

Azoyr = —y1 Az (3.2)
AYout = —m1 Ay (3.3)

where Azy and Ayy are the displacement observed on the out-of-focus image, while Az
and Ay are the related droplet displacements. R is the radius of the circle on the out-of-
focus image and Ax is the displacement of the droplet in the direction perpendicular to the
image plane and to the laser sheet. The proportionality coefficients have been inferred by
means of ad-hoc calibrations. Their values are y; ~ 0.9 for both the measurement campaigns
and 72 ~ 0.38 and 0.34 for the first and the second campaign, respectively. To obtain the
velocities, the displacements are finally divided by the time lag between the frames. The time

lag varies for different respiratory activities as it must be short enough for the droplet to stay
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in the measurement volume and long enough for the droplet displacement to be measurable.
Therefore, it is fixed to 700 us for speaking and breathing and to 50 us for coughing. The
time lag is shorter for coughing, as higher velocities are expected. The acquisition frequency
is always fixed at 15 Hz, so that one couple of frames is recorded each 1/15 s.

Differently to what commonly done for measurement techniques involving a laser light
sheet, the measurement volume is calculated in the present work. Note that the estimation of
the measurement volume is not straightforward, so that usually it is either not considered and
only the number of detected droplets is provided, or it is assumed equal to the thickness of the
laser sheet. Neither of the two options is exactly correct because the volume where a particle
can be detected increases with its size since the light intensity scattered by a particle depends
on the square of its diameter. Consequently, larger particles are detectable also at the edge
of the laser sheet, where the laser light is weaker. It is worth noting that the light intensity
varies within the thickness of the laser sheet, generally following a Gaussian trend. Therefore,
the number of detected droplets of different sizes are not exactly comparable if not related
to the volume where they can be actually detected. A method to estimate the measurement
volume in the ILIDS technique is proposed in Mees et al. (2011). The relation between the
circle radius and the position of the droplet within the thickness of the laser sheet is used.
Notably, at the end of the image processing, all droplets have been detected and their size and
the radius of the circles corresponding to them on the images have been measured. The range
of circle radius corresponding to droplets of different sizes can be obtained a posteriori, which
is related to the range of x positions of the respective droplets and, then, to the thickness of
the laser sheet where the droplets can be detected. Multiplying this thickness with the field
of view (FOV) area (~ 2.3 ¢cm?) the measurement volume is obtained.

More details about the improvements that have been done with respect to ILIDS classical
application in order to measure i. droplets down to 2 um, ii. the third droplet velocity
component and iii. the measurement volume varying with droplet size are given in Grandoni

et al. (2023).

3.3 Results and discussion

3.3.1 Measurement volume

As explained in Section 3.2.2, the measurement volume varies with droplet size. Its estimate
is then required to compare the quantity of droplets detected in different size classes. Besides,
droplet number concentrations can be obtained provided the estimation of the measurement
volume. The volume can be inferred a posteriori, once the size and radius of the circles on
the images corresponding to all the detected droplets are known, at the end of the image
processing. The circle radii and the respective droplet positions within the thickness of the
laser sheet (Eq. 3.4) range in a wider interval for increasing droplet size. In Figure 3.3,

the measurement volume obtained for the first and the second measurement campaigns is
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depicted. In both the measurement campaigns the volume increases from ~ 0.2 em? to ~

0.4-0.5 ¢cm? for droplets in the range 2-50 um.
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Figure 3.3: Variation of the measurement volume with droplet size inferred for the first (red) and
the second (blue) measurement campaigns.

3.3.2 Preliminary considerations about coughing activity

Cough droplets seem to be emitted in high concentrations over a short time, as expected
from the nature of the phenomenon. Therefore, few images with high concentrations and
many images with low concentrations are observed. Considering the configuration used for
the ILIDS and the related image processing, it is possible to manage droplet concentrations
up to ~ 70 #/cm?, corresponding to ~ 35 droplet per image, with a circle diameter of ~ 800
pixel. Therefore, some of the images with very high concentration occurring in the coughing
activity cannot be analysed with the ILIDS, at least for the configuration and processing
adopted in this work.

High concentration images do not occur for all the volunteers tested. Particularly, for
volunteers 1, 4, 6, 7, 10, 13, 16, 17, 18 high concentration images do not occur at all, for
volunteers 2, 8, 11, 15, 3, 12 only rarely, while for volunteers 5, 9, 14, 19, 21, 22, and 23 often.
In some cases, the circles appearing in the very high concentration images are not fringed,
indicating droplets smaller than the minimum size measurable by ILIDS, i.e. < 2 um. From
background dust analysis carried out 30 minutes before and after testing one volunteer it can
be excluded that these not fringed circles correspond to dust particles. Volunteers for which
very high concentration images contain mainly not fringed circles are 5, 8, 11, 22, and 23.

About 4 % of the images cannot be analysed by the image processing. Excluding the im-
ages where droplets are outside the measurable size range (not fringed circles), the percentage
is ~ 2.5 %. In these images the detection of the circles cannot be performed well due to their
high number. Circles corresponding to the droplets are either badly detected (wrong radius

and position) or not detected at all. Nonetheless, badly detected circles are not validated as
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droplets in the fringe frequency analysis. Therefore, only few of the total amount of droplets
are detected, but their size measurement is correct. Droplets for which an error was made
in the validation or size measurement in two of the most critical cases, i.e. volunteers 14
and 19, are 2.3% and 4 %, respectively. For this reason, the results concerning the coughing
activity are reported in the followings. However, it is worth to bear in mind that the number
of detected droplet is reduced with respect to the total amount.

In future work, several solutions could be tested to enhance the results on coughing activ-
ity: modifying the particle detection in image processing by using filters on image intensity
values and frequencies, by considering images in a logarithmic scale, instead of linear scale,
or experimentally, by reducing the laser sheet thickness in order to reduce the number of

particles per image.

3.3.3 Droplet size distribution for speaking, coughing and breathing

In Figure 3.4 a,b,c droplet size distributions measured for the activities of speaking, coughing
and breathing, respectively, are depicted. For each volunteer, the size distribution averaged
over the tests performed (10 for speaking and breathing and 5 for coughing) is calculated.
Then, the size distribution averaged over all the volunteers is obtained and depicted in the
figures !. The error bar indicates the minimum and maximum values detected among the
volunteers.

The distributions are expressed as droplet number concentrations, divided by the width of
the size class considered (difference between the logarithmic of the minimum and maximum
sizes defining the bin). This kind of expression is commonly used as it makes possible to
compare concentrations measured in size classes of different width. In the present case, the
bin sizes considered vary between 0.5 and 20 pum. Note also that the use of droplet number
concentration instead of droplet number is necessary to compare droplet quantities measured
in different size classes as they are detected in a different measurement volume.

Both for speaking and coughing, droplets are detected in the range 2 — 60 pm, while for
breathing the range is reduced to 2 — 8 pum. The absence of droplets larger than 60 pm is
surprising but it is probably due to presence of gas or solid inclusions in the largest droplets
that could modify their scattering pattern preventing their identification.

The maximum droplet number concentration occurs between 2 and 2.5 um for all the
respiratory activities investigated. In the speaking the concentration decreases rapidly from
~ 2.25 pm to ~ 13 pm and presents a relative maximum around 28 pm. In the coughing
the concentration declines more slowly and almost monotonically with size. We note that
the reduced number of large droplets could be due to a lack of statistics. For the breathing
the decrease is even slower until the concentration reaches zero for droplet larger than 8 pum.

Considerations concerning the shape of the size distributions for the three activities are more

evident looking at the cumulative frequency in Figure 3.4d, calculated as the percentage of

'Fits of the speaking and coughing size distributions with known functions can be found in Appendix C
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concentration of droplets smaller than a given size with respect to the total concentration.
The size for which about 50 % of droplets are smaller and 50 % are larger, dsg, is greater
for coughing than for speaking. This remains true until about dg7 (87 % of the droplets are
smaller than dg7 and 13 % are larger), but then the cutoff sizes are larger for the speaking
due to the relative concentration maximum around 28 pum. The cutoff sizes are larger for

breathing than for both speaking and coughing until about 85 and 75 %, respectively.
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Figure 3.4: Droplet size distributions, expressed as droplet number concentration normalized with
the bin size width, measured for speaking(a), coughing (b) and breathing(c). Panel (d) depicts the
cumulative frequency of occurrence for the three respiratory activities.

Table 3.2 lists the values of droplet concentrations over all the sizes considering all the
volunteers, particularly, the average value among all the volunteers (in brackets, the minimum
and maximum values). Note that the number of detected droplets is reduced due to the
problems in image processing described previously (Section 3.3.2). Note also that speaking
is a quasi continuous process with the protocol adopted here (counting continuously), while
volunteers take a break (one or two seconds) between two coughs. In addition, the volunteers
were not sick during the test, producing less secretions than symptomatic individuals would do.
Despite the possible under-estimation of droplet concentration in coughing, the total droplet
concentration measured is higher than for speaking, in turn larger than that for breathing.
However, because of the rarer occurrence of coughing with respect to speaking and breathing,
the role of the two latter activities in disease transmission should not be excluded, as already

pointed out in the literature (e.g. Asadi et al. (2019)) and recognized by the authorities
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(WHO; MS).

Table 3.2: Total droplet number concentration for speaking, breathing and coughing (mean, mini-
mum and maximum values obtained among the volunteers).

Activity Cn tot [#/cm?]
Speaking  0.0731 (0.0163 < 0.190)

Coughing 0.109 (0.0138 =+ 0.290)
Breathing 0.0212 (0.00548 = 0.0327)

The measurements show a great variability among volunteers, as already found in the
literature (e.g. Chao et al. (2009), Loudon and Roberts (1967), Xie et al. (2009)). The
difference between the minimum and maximum concentration is greater than the mean value.
Besides, the results of the present work confirm that people emitting more droplets than the
average are not the same for different respiratory activities (Asadi et al., 2019). For instance,
for coughing the greater emitters are volunteers 14 and 19, while for speaking volunteers 1
and 9 eject more droplets.

In Figures 3.5 a,b,c size distributions obtained for speaking, coughing and breathing are
compared with literature data. For the speaking activity the size distributions measured by
Johnson et al. (2011), Morawska et al. (2009), Duguid (1946), Loudon and Roberts (1967),
Xie et al. (2009) and Papineni and Rosenthal (1997) are considered. In these works, the vol-
unteers count to simulate the activity of speaking, even if slightly different protocols are used.
Duguid (1946), Loudon and Roberts (1967), Xie et al. (2007) and Papineni and Rosenthal
(1997) droplet number is presented as results, therefore, some assumptions must be done to
express the data as number concentration. The procedure proposed by Johnson et al. (2011)
is adopted. It is assumed that the volunteers eject on average 7.5 1/min while speaking and
that 2 words per seconds are pronounced on average. The concentration is then divided by
the bin size considered to make the values comparable. As mentioned in the introduction,
the size distributions disagree on the size range where droplets are detected and on the size
of maximum concentration. Note that the size range depends on the measurement technique
used since there is not any tool that can cover the whole droplet size range. On the other
hand, the position and the value of concentration peak is affected by possible dilution and
evaporation phenomena. The results obtained in the present work agree well with the distri-
butions presented by Johnson et al. (2011) and Morawska et al. (2009) in the range 2-10 pm.
In this range Johnson et al. (2011) and Morawska et al. (2009) use the Aerodynamic Particle
Sizer (APS) for the measurements and correct their data accounting for dilution (both) and
evaporation (only Johnson et al. (2011)). Data in the present work are acquired close to the
mouth so that no correction is applied. For droplets > 10 pum our results differ significantly
from Johnson et al. (2011). Namely, our distribution shows a relative maximum between 20
and 30 pwm, while in Johnson et al. (2011) concentrations are almost zero. However, this

size range coincides with the upper limit of the APS (20 pum) and the lower limit for the
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Droplet Deposition Analysis, used by the authors to detect droplets in the range 20-1000
uwm. Besides, the efficiency of the APS decreases getting close to its lower and upper limit
(see e.g. Morawska et al. (2009)). The other distributions are very different from the ones
in the present work, Johnson et al. (2011) and Morawska et al. (2009). Xie et al. (2009)
uses an impaction method able to detect only sufficiently large droplets. Loudon and Roberts
(1967) and Duguid (1946) employ a combination of two techniques so that they can theo-
retically detect droplets larger that 1 pum. These works seem to confirm the concentration
peak around 100 um, even if characterized by very different concentration values. However,
it must be stressed that the concentrations shown in these cases have been inferred with the
above-mentioned assumptions and not directly measured. The results by Duguid (1946) and
Loudon and Roberts (1967) seem to support the non-zero concentrations measured in this
work around 20-30 pm, even if the distribution by Duguid (1946) should be shifted towards
smaller sizes due to a too high correction of evaporation effect according to Johnson et al.
(2011).

Concerning the coughing, our results are again compared with those by Johnson et al.
(2011), Morawska et al. (2009), Duguid (1946), Loudon and Roberts (1967), Xie et al. (2009)
and Papineni and Rosenthal (1997). Droplet number provided by Duguid (1946), Loudon
and Roberts (1967) and Xie et al. (2009) are expressed as concentration considering that a
volume of 1400 ml is exhaled in one cough (Johnson et al., 2011). Even if an underestimation
of droplet concentration was expected due to the problems ilustrated in Section 3.3.2, our
results agrees well with the APS measurement by Johnson et al. (2011) and Morawska et al.
(2009), at least in the range 2-10 wm. For larger droplets, considerations similar to those
reported previously for the speaking activity can be made. Also for coughing a peak around
100 pm is observed in the literature.

For the breathing activity the works by Almstrand et al. (2010), Holmgren et al. (2010),
Johnson et al. (2011) and Morawska et al. (2009) are considered. Tidal breathing is assessed
in these works , except for Johnson et al. (2011), where a more rigid protocol is used. The
main difference between the works in the literature and the present data is the size range
of the detected droplets. Literature data demonstrate that droplets far smaller than 2 pum
are exahled by humans while breathing, even if they are not detectable with the ILIDS.
Considering for comparison only the works by Johnson et al. (2011) and Morawska et al.
(2009), whose droplet size range ovelap with the present data, some differences still occur.
These are probably due to the evaporation and dilution effects which are not corrected in the
two literature works. If the effect of evaporation and dilution were taken into account, the size
distributions by Johnson et al. (2011) and Morawska et al. (2009) would have been shifted
towards higher concentrations and sizes, getting closer to the present data. In Holmgren et al.
(2010) and Almstrand et al. (2010) the evaporation is limited by maintaining almost the same
temperature and relative humidity as in exhaled air. Lastly, some differences in the measured
size distributions could be ascribable to the slightly different protocol used.

For all the three respiratory activities investigated, speaking, coughing and breathing,
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the instruments used in the literature highlighted the presence of droplets smaller than 2
wm, which cannot be detected by the ILIDS. However, it is reasonable to assume that larger
droplets are more effective in infection transmission as they can contain a larger number of
viruses of a given size (about 100 nm for SARS-Cov 2). This assumpion has been done in
several works in the literature, such as Rosti et al. (2020), Buonanno et al. (2020), Wang et al.
(2021) and Wang et al. (2022). In particular, the same virus copies concentration measured in
the sputum (see e.g. Pan et al. (2020)) is considered for the droplets, irrespective of their size.
However, it is worth noting that whether a droplet contains pathogens or not depends also on
their actual presence in the zone of the respiratory apparatus where the droplet has formed.
To the best of our knowledge, there is no certainty about where particles of different sizes are
formed and what the mechanisms of their formation are, even though some works attempt to
answer this question (e.g. Morawska et al. (2009) and Johnson et al. (2011)). Besides, it is
worth to bear in mind that the risk of infection is rather complex to define as several other
factors are involved which are not completely known, such as particle penetrability in the
respiratory apparatus, virus inactivation (depending on environmental conditions) and virus

dose needed for infection (varying among individuals).

3.3.4 Droplet velocity for speaking, coughing and breathing

Droplet velocity distributions for stream-wise (), span-wise (y) and vertical (z) components
are depicted in Figures 3.6-3.8. The distributions are expressed as frequency of occurrence.
For speaking and coughing, five distributions are shown for five different droplet size classes,
along with the overall velocity distribution. Differently, for breathing only the overall velocity
distribution is shown due to the weak statistic. Note that the statistic available to compute
droplet velocity is weaker in general. Thus, the size classes used are wider with respect to the
ones considered previously. In fact, only a portion of the detected droplets is present in both
the consecutive frames. Some droplets are detected only in the first frame, as they escape
the measurement volume in the time elapsed between the frames, or are detected only in the
second frame, if they have not yet entered the measured volume when the first frame is taken.
If a droplet is not detected in both frames, its velocity cannot be computed. The number of
droplets detected in both frames is 3334, 555, 58, with respect to the total amount of detected
droplets, i.e. 4842, 853 and 145 for speaking, coughing and breathing, respectively.

The minimum measurable velocity depends on the chosen time lag between the two con-
secutive frames and on the velocity component considered. For speaking and breathing, a
time lag of 700 us was set, while for coughing the time lag was fixed to 50 ps, as higher
velocities were expected. For the span-wise and vertical velocity components, the minimum
detectable displacement is ~ 1 pixel, corresponding to ~ 7 pum for both the measurement
campaigns, considering a pixel size of 6.5 um and the coefficient v; in Equations 3.3 and 3.2.
Therefore, the minimum span-wise and vertical velocity detectable for speaking and breathing

is ~ 0.01 m/s, while for coughing it is ~ 0.1 m/s. The stream-wise velocity component is
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Figure 3.5: Comparison with the literature of the droplet size distributions measured in this work
for the activities of speaking (a), coughing (b) and breathing(c).
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related to variation of the circle radius corresponding to the droplet in the first and second
frame. The minimum detectable circle radius variation is ~ 1 pixel, that is ~ 17 um and ~
19 pm droplet displacement in the stream-wise direction for the first and the second mea-
surement campaign, respectively, considering Eq. 3.4 and the coefficient ~» calibrated for the
two campaigns. Hence, the minimum measurable velocity for speaking (first campaign) is ~
0.024 m/s, for breathing (second campaign) is ~ 0.028 m/s and for coughing (first campaign)
is ~ 0.34 m/s. Bins for the velocity distributions are chosen in agreement with the minimum
measurable velocities, namely 0.2 m/s — wide bins are used for speaking and breathing, while
1 m/s — wide bins are used for coughing.

Results for the speaking activity are depicted in Figure 3.6 . The stream-wise velocity
component (Figure 3.6a) mainly varies between -1 and 2 m/s (3.68 m/s is the maximum
detected value, while the minimum is -1.52 m/s). Velocities > 0 m/s prevails, as expected,
as the droplets are ejected from the mouth. Negative values are likely to be due to vortices
forming downstream the ejection or to inspiration. The velocity distribution varies with
droplet size. Particularly, high velocities become more frequent increasing droplet size. The
mean velocity for each size class increases from ~ 0.1 to 0.3 m/s for droplets between ~
2.25 and ~ 40 pm (Figure 3.6d). The span-wise velocity distribution (Figure 3.6b) is almost
symmetric for all five size classes, so that the mean velocity lies around zero (Figure 3.6d).
Minimum and maximum measured span-wise velocities are -4.35 m/s and 3.31 m/s. Vertical
velocity distributions are slightly asymmetric towards positive values, especially for larger
droplets, possibly due to the beginning of the sedimentation. In Figure 3.6d the mean velocity
magnitude for the five size classes is also depicted. It ranges between 0.25 and 0.55 m/s for
droplet sizes from 2 to 60 pm.

Velocity distributions measured for coughing are about one order of magnitude higher
than for speaking (Figure 3.7). The values are mainly between -5 and 20 m/s for the stream-
wise velocity component, between -15 and 15 m/s for the span-wise and between -10 and 10
m/s for the vertical. As well as for speaking, the stream-wise component is asymmetric, with
prevailing positive values. Mean z-velocity increases from 1 to 4 m/s from 2 to 60 um-droplets.
The mean span-wise velocity is zero on average, as the distribution is symmetric irrespective
of droplet size, as expected. For the coughing, the variation of the vertical velocity with
droplet size is evident. Namely, the velocity distribution is symmetric and the mean value is
about 0 m/s for the smallest droplets, while for droplets of size ~ 12.5 um the vertical velocity
increases, with a mean value reaching 1 m/s. Note that the velocity distribution for droplet
in the range 20-60 um is not represented here, since these results are not reliable due to lack
of data. The mean velocity magnitude ranges between 1 and 6 m/s for droplets between 2
and 20 um.

For the breathing activity (Figure 3.8) the velocities are of same order as for the speak-
ing. As for the other two respiratory activities assessed, the z-velocity distribution is shifted
towards positive values, while the other two components are almost symmetric. In this case

it is not possible to evaluate the dependency of droplet velocity on their size as only droplets
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5 um are detected in both the frames making possible the measure of the velocity.

70 T T 70 T T
— droplet size [pum] — droplet size [um]
X 60 Wl sizes =601 2l sizes
8 225 ] 225
Z 50 253 1 £ 901 2.5-3 i
N [m3-5 N [m3-5
g 40 5-20 7 g 40 5-20 il
. 2 < 20-6
330 L2060 | 330 L2060 |4
g g
g 201 b g 201 i
=4 & 1
£ 10t 1 £ 10t I i

ol— — + — = - ,.J_ll llh“ ..... - Ol T S ———

-2 -1. -1 2 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
X- \(10( ity (ompouult m/ y-velocity component [m/s]

a.

o0V, VU, O U * |17|‘

~
o

0.6

droplet size [;un]

B2l sizes *
2-2.5
i 253 | 047
ms-5 5 * o
r 5-20 b = * ¥ o
L 20-60 || S 02} R
o © o
F - < o o =] o
I g OFg v v o v
,,AW,‘,»J[I l_)‘<L-:,,L,, L , . .

-0.2
2 -1.5 - 2 2227 4.0 125 40.0

7= wlocuv conlpouonl [m/s] droplet size [um)

C.

D
o
T

an
o

N
o

N
o

droplet velocity [m/s]

o

frequency of occurrence [%)
w
o

o

Figure 3.6: Streamwise (a), spanwise (b) and vertical (c) droplet velocity distributions measured
for five different size classes and over all the sizes for the speaking activity. Panel (d) depict mean
streamwise, spanwise, vertical velocities and velocity magnitude for each droplet size class.

Due to the small number of droplets available for the velocity calculation, it is not possi-
ble to assess the variability among volunteers both for the velocity distribution and on mean
velocity for the five classes considered. Then, only the overall mean velocity for each respira-
tory activity is considered. Table 3.3 summarises the overall mean velocity value among the
volunteers of the three velocity components and the velocity magnitude. The mean velocity
is measured for each volunteer. Then, the average value among the volunteers is calculated
(outside the brackets in the table). A measure of the variability among the volunteers is given
by the minimum and maximum values of mean velocity detected among them. As already
observed, speaking and breathing have values of x-velocity and velocity magnitude of the
same order, while coughing presents values about one order of magnitude higher. In all the
three activities the y-velocity is about zero. Differently, z-velocity is slightly positive in case
of speaking and coughing. As for the size distribution, the variability among volunteers of
droplet velocity is larger than its mean value.

Another quantity of interest is the maximum velocity, particularly for the stream-wise
component that is responsible for the transport of the ejected droplets further away from the
mouth. In Table 3.4 the minimum, maximum and mean value among the volunteers of the
maximum x-velocity and velocity magnitude is reported. For the maximum droplet velocity,
a greater difference between speaking and breathing is observed. Notably, the former is higher

than the latter. Droplet maximum velocity remains the highest in case of coughing activity.
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Figure 3.7: Streamwise (a), spanwise (b) and vertical (c) droplet velocity distributions measured
for four different size classes and over all the sizes for the coughing activity. Panel (d) depict mean
streamwise, spanwise, vertical velocities and velocity magnitude for each droplet size class.
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Figure 3.8: Streamwise (a), spanwise (b) and vertical (c) droplet velocity distributions measured
over all the sizes for the breathing activity. Panel (d) depict mean streamwise, spanwise, vertical

velocities and velocity magnitude for three droplet size classes.
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Table 3.3: Mean velocity (average, minimum and maximum values) measured among the volunteers.
Namely, the three velocity components and the velocity magnitude are reported).

Activity vy [m/s] vy [m/s] v, [m/s] [v| [m/s]
Speaking 0.162 -0.017 0.043 0.326
(0.047 = 0.363)  (—0.240 = 0.069)  (—0.066 = 0.200)  (0.179 = 0.637)
Coughing 1.68 0 0.384 2.48
(0+6.68)  (~1.39+0932)  (—0.381=1.80)  (0.397 = 8.88)
Breathing 0.090 -0.022 -0.046 0.2227
(0 + 0.147) (—0.040 = 0)  (—0.074 + —0.031) (0.161 = 0.281)

Table 3.4: Maximum velocity (average, minimum and maximum values) measured among the vol-
unteers. The span-wise component and the velocity magnitude are reported.

Activity vy [m/s] |v| [m/s]
Sheakin 1.81 2.55
PEAS (0,831 = 3.68)  (0.916 + 4.48)
Coushin 10.5 11.8
SHHE (0,993 = 28.1)  (1.93 = 29.0)
Breathing 0.392 0.735

(0.221 + 0.713)  (0.388 + 1.01)

To the best of our knowledge, there are no measures reported in the literature about
droplet velocity regarding for speaking and breathing activities. Therefore, only the velocity
measured for the ejected air can be considered for comparison. Abkarian et al. (2020) measured
by means of the Particle Image Velocimetry (PIV) technique an average air ejection velocity
of tents of centimetres per seconds, with peaks of the order of ~ 1 m/s. Chao et al. (2009) and
Kwon et al. (2012) also used PIV and measured a maximum air ejection velocity of ~ 4 m/s.
These values are in agreement with the results of the present work, even if they are referred to
the gaseous phase instead of the droplets. On the other hand, Gupta et al. (2010) measured
a mean air velocity of ~ 4 m/s based on the airflow collected by a spirometer. Similarly,
they measured a velocity range of ~ 0.3-2 m/s in the case of breathing activity. Tang et al.
(2013) measured a maximum velocity of the ejected air while breathing velocity equal to 1.13
m/s based on shadowgraph imaging technique. More data are available for violent expiratory
events, such as coughing and sneezing, as they have been more frequently studied. Examples
of maximum air ejection velocities in the coughing activity measured in the literature are 28.3
m/s by Gupta et al. (2009), 22 m/s by Zhu et al. (2006), 13.2 m/s by Chao et al. (2009)
and 14 m/s by Tang et al. (2013). VanSciver et al. (2011) found a range 1.15-28.8 m/s for
the maximum air ejection velocity for coughing, while Kwon et al. (2012) measured 10.6 m/s
and 15.3 m/s for coughing of female and male subjects, respectively. Nishimura et al. (2013)
detected velocities higher than 6 m/s. All these values are in agreement with the findings of

the present work, taking into account the wide variability among volunteers. In the works
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by de Silva et al. (2021) and Wang et al. (2020b) the velocity of the ejected droplets has
been measured. de Silva et al. (2021) detected the stream-wise and vertical velocities for
droplets > 36 pum. The measured velocity magnitude ranged between 0 and 14 m/s. In the
first 0.1 s elapsed from the beginning of the cough the velocity was mostly in the range 8
- 10 m/s, then, the velocity decreases as its mode was shifted between 0 and 2 m/s. Wang
et al. (2020b) measured the stream-wise and vertical droplet velocity, for the size > 250 pm.
They also detected a decreasing velocity magnitude with time from the starting of the cough.
Between 0 and 0.02 s, droplet velocity magnitude is mainly in the range 4-8 m/s. Even
though the droplet sizes investigated in Wang et al. (2020b) and de Silva et al. (2021) are
not comparable with the ones considered in the present work, the order of magnitude of the

measured droplet velocities is in agreement with our results.

3.3.5 Droplet emission in time

Due to the discrete image acquisition (15 Hz sampling frequency) employed in this work, a
portion of the ejected droplets is not detected. However, provided the measure of droplet
velocity and the estimation of the measurement volume for different droplet size classes, the

total number of droplets ejected in time (E) can be inferred, viz.:

o Naet(d) vz(d) (3.5)
Nimm Th(d)

where Nget(d) is the number of detected droplets, v, (d) is the stream-wise droplet velocity,
Nimm is the number of images and Th(d) is the thickness of the measurement volume, i.e.
the estimated measurement volume divided by the field of view. Note that Nge.(d), v (d) and
Th(d) depend both on droplet size. Notably, mean values of these quantities in five droplet
size classes are considered for the calculation. The ratio between Th(d) and v, (d) represents
the time taken by a droplet in a given size class to cross the measurement volume thickness.
The estimated emissions E for the five size classes selected and the three respiratory activities
considered are presented in Table 3.5.

For the speaking activity the value of 2.3 #/s is reasonable and similar to other results
in the literature. The value can be directly compared to the results provided in the work
by Asadi et al. (2019). From the results of one volunteer reported as an example one can
deduce an emission rate of 0.44 - 3.3 #/s for droplets in the range 2-20 um; the smallest
value is related to the lowest voice amplitude, while the largest to the loudest. Note that
the measure is carried out further from the mouth with respect to our measurements. These
results agree well with the one in the present thesis. Other comparisons can be performed
by considering the total amount of exhaled droplets. Assuming that counting from “one” to
“one-hundred” takes about 50 s, the total amount resulting from the estimated emission rate
is 115 #. Duguid (1946) measures 230 # for 2<d<75 pum. A value of about 370 # can be
deduced from the data by Johnson et al. (2011) for 2<<d<1000 pm, considering the measured

concentration and assuming an exhaled airflow of 7.5 1/min and a duration of the speech
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of 50 s. Note that the measurements by Johnson et al. (2011) are taken further from the
mouth with respect to what done in the present thesis, but they are corrected for dilution and
evaporation. Therefore, the total amount of exhaled droplets estimated in the present thesis
is smaller than the reported literature values. However, the agreement can be considered
good, taking into account the assumptions done. Considering that a cough lasts for about 1
s, about 35 # are exhaled in the size range 2-20 pum according to the results in the present
thesis. Duguid (1946) reports a total amount of droplets of 3700 # in the size range 2-24
pwm, while Johnson et al. (2011) about 112 # in the range 2-1000 gum. The value for Johnson
et al. (2011) has been obtained from the measured total concentration of droplets in the size
range 2-1000 um and considering a total exhaled volume of 1.4 1. The discrepancies among
data in the literature are, thus, quite large. The emission rate shown for the coughing in the
present thesis are underestimated due to the detection problem mentioned in Section 3.3.2.
Despite the underestimation of droplet number, in coughing droplet emission is about ten

times higher than in speaking and about a hundred of times higher than for breathing.

Table 3.5: Estimation of the total number of droplet of different sizes emitted in time while speaking,
coughing and breathing.

225 pum 25+3pum 3+5pum 5+20pum 2060 um

Activity  #/s #/s #/s #/s %/s  #/s
Speaking 1.27 0.33 0.273 0.216 0.223 2.31
Coughing 9.97 8.93 10.1 6.24 - 35.3
Breathing  0.129 0.106 0.0827 _ . 0.317

3.3.6 Droplet ejection direction

Once the stream-wise, the span-wise and the vertical droplet velocities are determined, it is
possible to calculate the droplet direction. This is an interesting quantity as droplets do not
follows strictly the ejected air cloud, but depart in different directions (Bourouiba et al., 2014;
Li et al., 2022).

Droplet direction is expressed in the present work by means of two angles, i.e. §; and f,.
Taking the stream-wise direction as the reference, gy is the angle formed between the droplet
y-velocity and the reference, while 8, is the angle formed between the droplet z-velocity and
the reference (Figure 3.9). The percentage of droplets moving in a given range of directions
is reported in Table 3.6. Note that only forwards moving droplets are considered in this
calculation. For coughing, about the half of the ejected droplets move within §; and (,
angles in the range + 30 °, while for speaking and breathing the percentage is slightly lower,
which suggests that wider spread of directions occur. However, in breathing and speaking
most of the droplets move with a range of directions within + 70 °. On the contrary, in
coughing, a good number of droplets move in a direction that deviates even more from the

streamwise direction.
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In Li et al. (2022) the cone shape formed in the vertical plane by trajectories of the droplets
ejected in a cough is 90 © wide (3, within 4+ 45°). In de Silva et al. (2021) most of the droplets
move with 3, in the range 0-60° at the beginning of a cough.

Figure 3.9: Sketch representation of the two angles defining droplet direction.

Table 3.6: Percentage of droplets moving with a direction in a given range defined by the two angles

5h and Bzw
ﬁh Bv
angle speak cough breath speak cough breath
+ 30° 46 48 42 44 49 31
+ 45° 65 61 61 61 60 50
=+ 60° 78 66 78 75 67 67
=+ 70° 85 69 83 83 67 75

3.3.7 Effects of masks on droplet size distribution and velocity

In Figures 3.10 a-d the size distributions obtained in the tests where the volunteers wear a
tissue and a surgical masks for both speaking and coughing activitie are depicted. The size
distributions are expressed as droplet number concentration divided by the difference between
the logarithms of the size defining each bin (Section 3.3.3). In Table 3.7 the overall mean,
minimum and maximum number concentrations measured among the three volunteers tested
are listed.

The overall droplet concentration is significantly reduced when wearing a mask with re-
spect to cases where volunteers speak and cough without any protection. The tissue mask
reduces droplet number concentrations of ~ 70% and ~ 71% for speaking and coughing, re-
spectively, while the surgical mask of ~ 66% and ~ 61%. It is important to note that the
higher filtration efficiency obtained in the present work for the tissue mask with respect to
the surgical mask cannot in any way be generalized, since there are not standards for the
realization of tissue masks (in other words, each one is different from the others). It is worth
noting that the filtration efficiency of the masks varies with droplet size. In fact, in neither
of the cases analyzed here droplet larger than 8 pum are detected.

Differently from tissue masks, surgical masks must respect precise standards defined by
UNI EN 14683 in Europe. Nevertheless, it is not possible to compare the results obtained

here with the European standards, as only bacterial filtration efficiency tests are intended for
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surgical masks.
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Figure 3.10: Droplet size distribution measured for speaking (a, b) and coughing (¢, d) when wearing
surgical (left panels) or tissue (right panels) protection masks.

The effect of masks on ejected droplet velocity is also assessed. Analogous results as
previously presented for speaking, coughing and breathing are reported in Tables 3.8 and 3.9
for speaking and coughing wearing the masks. The masks are very effective also in reducing
droplet velocity, particularly the stream-wise component. The latter, which is responsible
for the horizontal distance traveled by the droplets away from the mouth, has a zero-mean
value for all the cases considered, except for coughing wearing a surgical mask. Besides, its
maximum value (Table 3.9) is reduced of about one order of magnitude irrespective of the

type of masks worn.

3.3.8 Variability of ejected droplet size and velocity for one volunteer

The variability of droplet size and velocity distributions among different tests performed by
the same volunteer is also investigated in this work. To this aim, volunteer 13 repeated the
speaking and the coughing tests for six times.

In Figure 3.11 a,b the size distribution obtained by averaging the data of the six repetitions

of volunteer 13 are shown. The error bar indicates the minimum and maximum values obtained
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Table 3.7: Total droplet number concentration for speaking and coughing when wearing surgical and
tissue protection masks (mean, minimum and maximum values obtained among the volunteers).

Activity Cn tot [#/em?]

Speaking o 1001 (0.0211 + 0.0233)
tissue mask

Speaking o 4550 (0.0119 = 0.0423)
sugical mask

Coughing 4315 (0.0192 = 0.0449)
tissue mask

Coughing

0.0429 (0.0146 <+ 0.0894)

surgical mask

Table 3.8: Mean velocity (average, minimum and maximum values) measured among the volunteers
while speaking and coughing with protection masks. Namely, the three velocity components and the
velocity magnitude are reported.

Activity vy [m/s] vy [m/s] v, [m/s] |v| [m/s]

Speaking 0 (0+-0) 0 (0=0) 0.029 (0.022=0.039) 0.068 (0.052=-0.089)
surgical mask

Speaking : . . .
e 0 (0+-0) 0 (0=0)  0.23 (0=0.039)  0.065 (0.033=-0.083)

Coughing ) . . )
surgical mask 0 (070985)  0(0:0) 0153 (0:0.348) 0.451 (0+1.10)

Coughing

tisste mask 0 (-1.25=+0.991) 0 (0=0) 0 (-0.351+-0.279) 1.21 (0.507+2.09)

Table 3.9: Maximum velocity (average, minimum and maximum values) measured among the vol-
unteers while speaking and coughing with protection masks. Namely, the stream-wise component and
the velocity magnitude are reported.

Activity vy [m/s] |v| [m/s]

Speaking - 5ar(0.055-0.451)  0.440 (0.133-0.707)
surgical mask

Speaking 600 053-0.330) 0,238 (0.07220.351)
tissue mask

Coughing 0.917 (0+1.98) 1.04 (0+-2.07)
surgical mask

Coughing

tissue mask 2.22 (0.794+3.96) 5.38 (0.900+11.1)
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among the 6 repetitions. The variability remains still very high among different repetitions
performed by the same volunteer. The variability could be related to the day when the
measurements have been carried out. Tests 1 and 2 have been carried out on 8 November
2021, tests 3 and 4 on 9** November 2021, finally, tests 5 and 6 on 2"¢ December 2021.
Tests from 1 to 4, performed closer in time, are more similar, while the last two tests differ
more from the others. It is not clear whether the variations with the date of acquisition are
due to a different condition of the volunteer or caused by different environmental conditions.
Further measurements are required to deepen the comprehension of the problem. However,
the variaiton of the overall droplet number concentration (Table 3.10) seems to be smaller

than the variation among different volunteers (Table 3.2).
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Figure 3.11: Mean, minimum and maximum droplet size distribution measured among the six
repetitions of speaking (a,) and coughing (b) protocols performed by the same volunteer.

Table 3.10: Total number concentration (mean, minimum and maximum value) measured among
the six repetitions of speaking and coughing protocols performed by the same volunteer.

Activity Cy tot [#/em3]

Speaking  0.0619 (0.0254 = 0.0888)
Coughing  0.0562 (0.0145 - 0.0950)

In addition, the droplet velocity variability among different repetitions performed by the
same subject seems to be smaller than among different volunteers. Minimum, maximum
and average values of mean velocity measured in different tests for the same volunteer are
summarised in Table 3.11, while Table 3.12 lists the minimum, maximum and average value

of the maximum droplet velocity detected during the experiments.

3.4 Summary and conclusions

In this work, two measurement campaigns involving 23 volunteers have been carried out to

characterize the emission of droplets during speaking, coughing and breathing. An improved
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Table 3.11: Mean velocity (average, minimum and maximum values) measured among the six rep-
etitions of the speaking and coughing protocol performed by the same volunteer. Namely, the three
velocity components and the velocity magnitude are reported.

Activity vy [m/s] vy [m/s v, [m/s| |v| [m/s]
Speaking  0.110 (0.090=-0.131) 0 (-0.0592-0.033) 0 (-0.081=-0.044) 0.236 (0.205=-0.286)
Coughing 3.36 (0+5.58) 0 (-2.04+0.754)  -0.879 (-2.96--0) 4.86 (0+8.26)

Table 3.12: Maximum velocity (average, minimum and maximum values) measured among the
volunteers while speaking and coughing with protection masks. Namely, the streamwise component
and the velocity magnitude are reported.

Activity vy [m/s] |v| [m/s]

Speaking 1.09 (0.737+1.37) 2.04 (1.01+4.28)
Coughing  12.1 (0+-18.4) 13.3 (0+-20.4)

configuration of the Interferometric Laser Imaging for Droplet Sizing (and of the related image
processing) technique has been used to collect the data. Particularly, droplet size and velocity
are measured simultaneously for droplets down to 2 um, extending the knowledge provided
by the existing literature. It is worth noting that the simultaneous measurement of size and
velocity makes it possible to assess the correlation between these two quantities. Besides, as
all the three velocity components are measured, the direction of the droplets can be obtained.
The effect of tissue and surgical masks on droplet size and velocity distributions has been also
analysed. Lastly, the variability of the results for the same volunteer is tested.

Both for the speaking and coughing activities, droplets are detected in the range 2-60
pm, while for breathing the range is limited to 2-8 um. The highest concentration occurs
for the smallest droplets irrespective of the activity. In speaking, a relative maximum of
concentration is observed between 20 and 30 pum. In the range 2-10 pum the size distribution
is more scattered for coughing than for speaking, where most of the droplet are in the range
2-2.5 pm. Despite the detection problems faced during the analysis of the coughing data,
this activity shows the highest droplet concentration over all sizes. As expected, the lowest
concentrations are measured for breathing.

The comparison with the literature is not straightforward, due to the different setup
used for the experiments. However, the results is the present work agrees reasonably with
those in the literature in the size range 2-10 um. The absence of droplets above 60 pum in
the present work must be further investigated. In the range 10-50 pm the results in the
literature differ significantly among them, therefore it is hard to draw reasonable conclusions.
Repeating the experiments conducted in the present work using different experimental setup
and instrumentations would lead to a better understanding of the problem.

As expected, the velocity of coughed droplets is far higher — about one order of magni-

tude — than droplets ejected while speaking and breathing. This is particularly true for the
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streamwise component, enlarging the possible contamination range further from the emitter.
In agreement with the literature, mean droplet velocity magnitude are ~ 0.3 m/s for speaking
and breathing and ~ 2.5 m/s for coughing. It is worth noting that the values available in the
literature are mainly referred to the velocity of the exhaled air, rather than of the droplets. In
all cases, the streamwise velocity is the highest and mainly positive, while the spanwise and
vertical components are both positive and negative with an average of ~ 0 m/s. Maximum
streamwise velocity detected on average among the volunteers are 1.81, 10.5 and 0.4 m/s for
speaking, coughing and breathing, respectively, while the corresponding absolute maximum
values are 3.68, 28.1 and 0.7 m/s. Both for speaking and coughing, a correlation between the
streamwise velocity of the droplets and their size is observed. Namely, the velocity increases
for larger droplets.

As already reported in previous works, droplets depart from the mouth with a wide range
of angles, namely about 60 % of the droplets move with a direction that forms an angle of
+ 45° with the axis passing through the mouth centre.

Both for droplet size and velocity measurements, a great variability among volunteers is
observed, which is only slightly reduced when considering different tests performed by the
same volunteer. However, this last feature requires to be assessed more deeply, in order to
understand the possible relation with different environment or volunteer’s conditions in the
different acquisition lots.

Finally, the tests carried out by the volunteers wearing surgical and tissue masks revealed

a strong reduction both in droplet concentration and velocity.
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Chapter 4

Numerical dispersion modelling of
droplets expired by humans while

speaking

4.1 Introduction

The study of the dispersion process of droplet-laden air clouds ejected by humans during
different respiratory activities is of major importance for the comprehension of disease trans-
mission involving the airways. In fact, the exhaled droplets can contain pathogens present in
the airways of the emitter person. This topic has particularly attracted the attention of the
scientific community in recent years due to the COVID-19 pandemic.

After the emission, the droplets undergo different phenomena, i.e., they can settle at the
ground, evaporate, and be dispersed by the airflow. Droplets settle more or less rapidly de-
pending on their size. The smallest droplet cannot settle at all and keep on following the
airflow. In general, droplet size reduces in time due to evaporation. Some of the droplets
can reach their final equilibrium size — varying with ambient conditions — becoming the so-
called droplet-nuclei. Depending on the behaviour of the droplets after the emission, they
can be responsible for different transmission mechanism, i.e. direct contact, contact with
fomites (contaminated surfaces and objects), close (or short-range) airborne and distant (or
long-range) airborne (Seminara et al., 2020; Mittal et al., 2020; Asadi et al., 2020; WHO).
Transmission via direct contact occurs when a susceptible person touches directly an infected
one. Droplets that settle on surfaces or objects are responsible for the second type of con-
tact transmission. Close airborne transmission occurs when the exhaled droplets are directly
inhaled by a susceptible person, located close to the emitter, while the distant airborne trans-
mission is associated to the smallest droplets that remain suspended and that are mixed in the
air. The risk of distant airborne transmission is higher in closed or semi-closed environments
due to weak ventilation and dilution.

Several works — including experiments, simplified models and numerical simulations -
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have been carried out to assess the behaviour of the droplets after the emission and to un-
derstand if they are responsible for disease transmission of different kind. Abkarian et al.
(2020), Bourouiba et al. (2014), Tang et al. (2013), VanSciver et al. (2011), Zhu et al. (2006),
Nishimura et al. (2013) and Wang et al. (2020b) carried out real scale experiments, conducted
by means of different measurement techniques, i.e., visualizations with high speed imaging,
Particle Image Velocimetry, and Schlieren/Shadowgraph imaging technique, in which the vol-
unteers were asked to breath, speak, cough and sneeze. Only in a few real scale experiments
the behaviour of the exhaled droplets has been directly assessed, e.g., Bourouiba et al. (2014),
Nishimura et al. (2013), de Silva et al. (2021), Li et al. (2022), Bahl et al. (2020) and Bahl
et al. (2021). Bourouiba et al. (2014) and co-authors tracked the droplets exhaled in a cough
and described their behaviour qualitatively. Nishimura et al. (2013) measured the evolution in
time and space of the velocity of the exhaled droplets in the case of a sneeze, i.e., when higher
concentrations and larger sizes of the droplets occur. de Silva et al. (2021), Bahl et al. (2020)
and Bahl et al. (2021) measured the variation of droplet velocity probability density function
between 5 and 25 cm from the mouth in a cough and a sneeze. Lastly, Li et al. (2022) tracked
the droplets exhaled in a small area downstream of the mouth and used the results to validate
their numerical simulations of a cough. Laboratory experiments, such as the ones performed
by Bourouiba et al. (2014), Wei and Li (2017), Liu et al. (2020), consist in reproducing the
emission resulting from expiratory activities in a water tank; the density difference between
the exhaled and ambient air - due to temperature difference in reality - can be obtained with
a salinity difference, while solid spheres of various sizes are used in place of droplets. In sim-
plified models, such as the ones proposed by Bourouiba et al. (2014), Xie et al. (2007), Wei
and Li (2015), Liu et al. (2017), Chaudhuri et al. (2020), Wang et al. (2020a), Balachandar
et al. (2020), Renzi and Clarke (2020) and Wang et al. (2022), existing jet and puff models
are used to describe the airflow, while the droplets are either treated individually by solving
their momentum balance equation or globally (in Bourouiba et al. (2014) and Balachandar
et al. (2020)) by considering the variation in time of the droplet number concentration within
the puff. In Wei and Li (2015), Liu et al. (2017) and Wang et al. (2020a) turbulent veloc-
ities are considered and Discrete or Continuous Random Walk models are used for particle
motion. Note that in Wei and Li (2015) results from Computational Fluid Dynamics (CFD)
are used to account for turbulent velocities. Droplet evaporation is also considered in these
works, except for Bourouiba (2020). Many numerical simulations have been carried out to
assess exhaled droplet dispersion, mainly in violent expiratory events such as coughing and
sneezing (e.g. Li et al. (2022), De Padova and Mossa (2021), Dbouk and Drikakis (2020a),
Dbouk and Drikakis (2020b), Busco et al. (2020), Rosti et al. (2020), Abkarian et al. (2020),
Wang et al. (2021), Rosti et al. (2021)). CFD makes it possible to afford the complexity of
the phenomenon, including the complex evaporation processes strongly affected by ambient
conditions and the effects of ambient airflows, of head movement during the exhalations, of
time-varying exhalation velocity and of droplet and air ejection spread angle.

Numerical simulations require, however, realistic input data in order to provide reliable
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results that can be used in guidelines. Rosti et al. (2020) highlighted this problem by showing
the wide variability of the results obtained in their simulations when considering different
initial droplet size distributions. Data used as input consist in an initial size distribution for
the ejected droplet and an initial exhaled air velocity. Droplet ejection velocity could also
be an interesting quantity as it could also affect their dispersion. Indeed, differently to what
commonly assumed in numerical simulations and simple models, droplets and air do not share
the same velocity at the mouth. Bourouiba et al. (2014) and de Silva et al. (2021) showed that
droplets span a wide direction range. Besides, de Silva et al. (2021) observed that droplets
have almost the same velocity of the air only at the beginning of a cough and a sneeze.

Even though many works in the literature dealt with this problem, the knowledge still have
to be deepened. Droplet size distributions reported in the literature (e.g. Asadi et al. (2019),
Chao et al. (2009), Duguid (1946), Johnson et al. (2011), Morawska et al. (2009), Loudon and
Roberts (1967), Papineni and Rosenthal (1997), Xie et al. (2007) for the speaking activity)
significantly differ due to intrinsic variability among human beings, but also because of the
inherent difficulties in measuring (Seminara et al., 2020; Bourouiba et al., 2014; Mittal et al.,
2020; Johnson et al., 2011). For example, it is difficult to account for evaporation undergone by
the droplet when travels between the mouth and the sampling point, which causes a variation
in the measured size distribution. The distance between the mouth and the sampling point
also affects the number of detected droplets due to dilution. Furthermore, a wide range of
tools has been employed to carry out this measure, which have different sensibilities. Lastly,
particulate matter naturally present in the air could interfere in droplet number measurement.
Air ejection velocity has been measured by Abkarian et al. (2020), Chao et al. (2009), Kwon
et al. (2012) and Gupta et al. (2009) for the speaking activity, but their results also disagree.
Gupta et al. (2010) measured by means of a spirometer a mean airflow of 0.8 1/s, which
corresponds to a mean velocity of ~ 4 m/s, considering a mean mouth opening of ~ 1.8 e¢m?,
while Kwon et al. (2012) and Chao et al. (2009) measured by means of the PIV technique 4
m/s as a maximum expiration air velocity instead. Abkarian et al. (2020) measured velocity
of tents of centimetres per second on average and peaks of the order of 1 m/s. As above-
mentioned. only a few works report velocity of the ejected droplets Nishimura et al. (2013),
Wang et al. (2020b), Bahl et al. (2020), Bahl et al. (2021), de Silva et al. (2021) and only for
violent expiratory activity (sneezing and coughing). Only in Wang et al. (2020b) and de Silva
et al. (2021) droplet size and velocity were measured simultaneously, for quite large droplets
(2 30pum) and for two velocity components. A dependency of droplet velocity on their size is
found in de Silva et al. (2021).

In this work numerical simulations of droplet dispersion conducted by means of ANSYS
Fluent in a semi-closed domain are performed. Namely, the speaking activity is assessed, which
is rarely considered in the literature even if asymptomatic disease transmission likely plays
an important role for SARS-CoV-2 (Seminara et al., 2020). Input data consisting in droplet
size and velocity distributions are provided by the measurement campaign carried out in the

Laboratoire de Mécanique des Fluides et d’Acoustique of the Ecole Centrale de Lyon (France)
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in May 2021. The experimental technique employed allowed us to measure simultaneously the
size and the three velocity components of the exhaled droplets down to 2 um. Besides, the
technique makes it possible to collect data very close to the mouth, minimizing evaporation
and dilution effects. Therefore, the effect of the initial velocity on the droplet fate can be
assessed. That can be of interest for numerical modellers since most of the models reported in
the literature assume that the initial velocity of the droplet coincides with that of the air or
be zero. The number of droplets ejected per unit time is also provided by the experiments and
that is useful to infer realistic droplet concentrations into the simulation domain. Information
about the air ejection velocity is taken by the literature and two extreme values are evaluated.
Two ambient temperature conditions, typical of summer and winter temperatures in indoor
environments, are also taken into account.

In Section 4.2 the experimental campaign is briefly presented. The numerical simulation
setup is also described in detail in this section. The results are presented and discussed in in

Section 4.3.

4.2 Materials and methods

4.2.1 Experimental campaign

A measurement campaign involving 20 volunteers has been carried out in the Laboratoire de
Meécanique des Fluides et d’Acoustique of the Ecole Centrale de Lyon. In order to simulate
the activity of speaking each volunteer counted from “one” to “one hundred” for 10 times. A
similar protocol has been adopted by Chao et al. (2009), Johnson et al. (2011) and Duguid
(1946). Velocity and size of the droplets exhaled by the volunteers while speaking have
been measured simultaneously by using the Interferometric Laser Imaging for Droplets Sizing
(ILIDS). With ILIDS the liquid saliva droplets expelled are illuminated by a laser light sheet
and, consequently, they scatter light in all directions. A portion of the scattered light is
collected by means of a system of lenses and acquired by a camera. The scattered light
is characterized by regular interference fringes resulting from the interference between the
reflected and refracted light. The spacing among the fringes is inversely proportional to the
droplet size. A couple of images — the time lag between the two is set to 700 us - is recorded
by the camera each 1/15 s. The droplet velocity is obtained by evaluating its displacement
between the two consecutive images. The working principles of the ILIDS are described in
detail in Mees et al. (2011). To make it possible the measure of particle sizes down to 2
pm and all the three velocity components, the technique has been improved with respect
to its classical application, along with the related image treatment, as reported in Grandoni
et al. (2023). Joint droplet velocity and size probability distributions can be, then, obtained.
Since the measurements are not continuous, only a portion of the total amount of the ejected

droplets is detected. However, the total number of droplets can be derived from the following
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relation:
Npger vp
Nimm Th

where £ is the total number of droplets ejected in time, Npge; is the number of detected

E= (4.1)

droplets, vp is the droplet velocity, Njmm is the number of acquired images and Th is the
thickness of the measurement volume. Th/vp is the time taken by the droplets to cross the
measurement volume. Since Th and vp depend both on the droplet size d (Grandoni et al.,
2023), different emissions, E(d), for different size classes are first obtained, where the average
droplet velocity value for each size class vp(d) is considered. Then, an average emission rate
for all the size classes is calculated. It is worth noting that the emission estimate would not

be possible without the simultaneous measure of droplet velocity and size.

4.2.2 Setup of numerical simulations

To assess the dispersion of the particle-laden air cloud ejected while speaking the software

ANSYS Fluent is used. In what follows the numerical simulation setup is described.

Gaseous phase (air) The simulation domain is a parallelepiped box 3 m high, 2 m wide
and 2 m long (Figure 4.1). The mouth is modelled as a square surface of 0.013 m x 0.013 m.
The surface simulating the mouth is located on the left side of the domain at 1.6 m from the

ground — the average height of the mouth of a standing person.

ceiling
air: adiabatic wall
drops: reflect

air: wall drops: escape
mouth face (T=Tamb)
air: velocity inlet drops: reflect §
(v=0.01 m/s 3
T=Tamb) £

drops: escape

Y
»
> ot

X

mouth
air: velocity inlet
(v=vair side face
T=306.15 K) air: wall
drops: escape (T=Tamb)

drops: reflect

side face

front face
air: pressure
outlet

ground
air: adiabatic wal/
drops: trap

b.

Figure 4.1: a. Sketch of the simulation domain. Boundary conditions for air and droplets are
indicated on the respective faces. b. Enlargement of the mesh close to the mouth (pink rectangle in

panel a.).

The mesh consists of ~ 9 10% hexahedral cells. The maximum cell size is 0.013 m; the
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size reduces getting closer to the mouth, so that the minimum size is 3.25 mm (Figure 4.1).

A welocity-inlet condition is set at the mouth, from which the expired air enters the domain.
The mouth belongs to the “mouth face”, on the rest of which a velocity-inlet condition (0.01
m/s) is considered. At the face in front of the mouth, hereinafter “front face”, a pressure-outlet
condition is used. At the ceiling, floor and side faces of the domain a smooth-wall boundary
condition is set. With these boundary conditions a semi-closed space representative of an
indoor environment is simulated.

Different buoyancy conditions are analysed by fixing different temperature differences,
i.e., density differences, between the exhaled and the ambient air. The temperature of the
exhaled air is always set at 306.15 K, while two values of the ambient temperature have
been considered, i.e., 293.15 K and 301.15 K, which are the typical winter and summer indoor
temperatures, respectively. The ambient temperature is maintained by fixing the temperature
of the sidewalls and of the air entering the domain through the "mouth face". The floor
and the ceiling are adiabatic. The air density is calculated by ANSYS Fluent through the
incompressible ideal gas law (Eq. 4.2):

P,y

p=-—Fx1T (4.2)
Mm

where p is the air density, P,, is the operative pressure, fixed at 101325 Pa, R =
8.314 JKmol is the universal gas constant, Mm = 28.96 kg/kmol is the air molar mass.
Note that in this work dry air is considered for both the ambient and exhaled air. Actually,
the compositions of the exhaled and ambient air differ and this contributes to the density
difference between the two gases. Namely, exhaled air is almost saturated with water vapour
and has a higher concentration of carbon dioxide. The former has the effect of lowering the
density, while the latter of increasing it. However, the temperature difference effect prevails
over the composition difference effect, at least for great temperature differences between am-
bient and exhaled air (Wei and Li, 2015). If the same composition of the ambient air — 78.084
% of Na, 20.948 % of O9, 0.934 % of Ar and 0.031 % of COs (volume percentage) — and a
temperature of 306.15 K are considered for the exhaled air, as in the present work, the result-
ing density is 1.153 kg/m?3. If a realistic composition — 77 % of Na, 13 % of Oz, 5 % of H5O,
4 % of COy and 1 % of Ar — and a temperature of 306.15 K are considered for the exhaled
air, the resulting density is 1.146 kg/m?>. Therefore, the density difference resulting from the
different composition is of 0.007 kg/m?, which is smaller than the density difference due to
the different temperature between exhaled and ambient air. When the ambient temperature
is 293.15 K, the ambient air density is 1.204 kg/m3, so that Ap = (1.204-1.153) kg/m3 =
0.051 kg/m3. Increasing the ambient temperature, the gas composition effect becomes more
important, e.g. when the ambient temperature is 301.15 K, the ambient air density is 1.172
kg/m?3, so that Ap = (1.172-1.153) kg/m3 = 0.019 kg/m3.

Despite the process of speaking is highly unsteady due to the variety of phonemes, for sake

of simplicity a steady emission of air is considered in this work, using an average air emission
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velocity at the mouth, as suggested by Gupta et al. (2010). The steady emission results in a
steady turbulent jet exiting the mouth. Abkarian et al. (2020) observed experimentally the
formation of a turbulent jet-like low when multiple words are spoken one after the other. This
result is confirmed by Large Eddy Simulations performed by the same author considering a
real varying emission of air from the mouth. The approximation of the expiratory flow from
speech with a conical quasi-steady turbulent jet is used in the subsequent work of the same
authors (Yang et al., 2020).

The values of the air emission velocity measured in the literature are discordant (see Sec-
tion 4.1). In the present work two cases are considered for the speaking activity, representing
the minimum and maximum air emission velocities, i.e., a constant air emission velocity of 0.5
m/s and of 4 m/s. In both cases, the emission velocity is perpendicular to the mouth surface.

The 4 cases, with varying ambient temperature and air ejection velocity at the mouth, are
listed in Table 4.1.

Table 4.1: Ambient temperatures and air ejection velocities considered in the four study cases.
Case | Case II  Case III  Case IV
Tmoutn,  306.15 K 306.15 K 306.15 K 306.15 K

Toumy 29315 K 301.15 K 293.15 K 301.15 K
Umouth ~ 0.5m/s 0.5 m/s 4 m/s 4 m/s

Reynolds averaged Navier-Stokes (RANS) equations with a standard k — e turbulence
closure model are used to solve the airflow. Therefore, mass and momentum balance equations
along with the equations of turbulence kinetic energy and its dissipation rate are solved.
Buoyancy effects are considered for turbulence production term, but not for its dissipation
rate. Due to the air temperature difference within the domain, the heat transport equation
is also solved. The pressure-based solver with SIMPLE algorithm is employed. For spatial
discretization of all the variables and for the gradients, the default schemes are used (first order
upwind, body force weighted for the pressure and least squares cell based for the gradients).
For more details on the equations, on the solver and on the discretization schemes refer to
ANSYS (2013).

As convergence criterion 1076 is considered for all the residuals.

Droplets To simulate droplet dispersion ANSY'S Fluent Discrete Phase Model is used. This
is a discrete random walk model in which the momentum balance equation is solved for each
droplet to obtain droplet velocity and then, to compute its displacement (refer to ANSYS
(2013) for more details). The default value of 0.15 is used for the time scale constant, which
is involved in the computation of the integral time scale and then, of the eddy lifetime.
Unsteady droplet dispersion simulations are carried out and the position of the droplets is
recorded each 0.1 s for 1200 s. An uncoupled method is used, so that the gaseous phase

transports the droplets by transferring them momentum, but droplets do not affect the fluid
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motion. This hypothesis is valid in the real case thanks to the small droplet concentration.
The droplets are simulated as spherical, inert water particles (evaporation is not taken into
account).

The droplets, which are ejected with the air from the mouth, can rebound elastically on the
side walls and on the ceiling (reflect boundary condition, with constant reflection coefficients
equal to 1). They can either escape the domain through the front and the mouth faces (escape
boundary condition) or be trapped on the floor (¢rap boundary condition). The boundary
conditions used for the droplets are listed in Figure 4.1.

Each 0.1 s 1024 droplets are injected into the domain by using an ad hoc injection file.
For each injected droplet its initial position, velocity and size are set in order to meet droplet
velocity and size distributions measured in the experimental campaign. As the experiments
highlighted a link between droplet velocity and size, five different velocity distributions for
five different size classes are considered. Droplets of different sizes and velocities are randomly
distributed over the mouth surface.

The number of droplets within the domain increases during the first few minutes of sim-
ulation. Then, a stationary condition is reached, as droplet injection does not change for the
whole duration of the simulation and neither does the airflow. In this work, only the final
stationary condition is considered. Nonetheless, unsteady simulations are useful to control the
number of droplets ejected per unit time, making it possible to relate droplet concentrations
provided by the numerical simulations within the domain to realistic concentrations. In fact,
the number of droplets injected in the domain is higher with respect to real emissions in order
to obtain good statistics for droplet size and velocity distributions. The realistic droplet con-
centration and the concentration obtained by means of ANSYS Fluent are related according
to Eq. 4.3:

Cmouth,real

Creal = Csz'm (43)

Crmouth,sim

where C,.q and Cj;y, are the realistic concentration within the domain and the concen-

tration obtained by ANSYS Fluent, respectively, while Cpouthreat @nd Crouth,sim are the

corresponding concentrations at the mouth. Ciouth reat is given by the droplet emission E

divided by the exhaled airflow. Note that the droplet concentration field is computed a pos-

teriori, as ANSYS Fluent does not provide it when uncoupled fluid-discrete phase simulations
are performed.

In order to analyse the role played by the initial velocity of the droplets an additional
simulation in which it is set to zero is also carried out.

The effect of the initial droplet velocity is also assessed by means of a simplified calculation
of droplets settling in a horizontal laminar airflow with velocity v, = 0.5 m/s. Droplets of size
d = 1, 10 and 100 pum are injected in the horizontal airflow with initial horizontal velocity
Upz o in the range 0-10 m/s. The droplets are accelerated (decelerated) by the gaseous phase

if their initial velocity is lower (higher) than the air until they reach the equilibrium with
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the airflow. On the other hand, the droplets are accelerated along the vertical direction due
to gravity force until they reach their final settling velocity, vrg. Air (p,) and droplet (pp)
density of 1.2 kg/m? and 1000 kg/m? are considered, respectively. The momentum balance
equation along the vertical and horizontal direction is solved for each droplet, i.e. Equations
4.4 and 4.5 (Hinds, 1999):

d'l)xP 7T 2 2
=—-Cp < a d zP — Vza 4.4
L — —Cp % pa @ (vep = Ura) (14)
dv-p =Fg—Cp T Pa d? UZP (4.5)
dt 8 *

where m is the droplet mass, v,p and v,p are the horizontal and vertical velocity, Fg is
the gravity force, while the rightmost terms in the equations represent the drag force in the
two directions.

The drag coefficient C'p depends on the droplet Reynolds number, Rep. In particular,
three motion regimes are identified based on Rep, viz., i) Stokes’ regime for Rep < 1, ii)
transition regime for 1 < Rep < 1000 and iii) Newton’s (or turbulent) regime for Rep > 1000.
The corresponding expressions for Cp , valid for spherical droplets, are Eq. 4.6, 4.7 and 4.8
(Hinds, 1999):

24
Cp=—— 4.6
b Rep ( )
24 0.687
Cp=—— (1 + 0.15 Rep™®") (4.7)
Rep
Cp =10.44 (4.8)
The droplet Reynolds number is calculated as follows (Eq. 4.9) [EQ]:
a d — Va
Rep — Pad1Ve = Val (4.9)

1
where p is the dynamic viscosity of air.

The momentum balance equation is written for the two directions, horizontal and vertical.
Note that the analysis of each component separately is strictly valid only within the Stokes’
region. However, the approximation is acceptable for our purposes. The equation is discretized
and solved for each time step. As initial condition for droplet velocity, zero velocity is assumed
along the vertical, while vp , o for the horizontal direction. At each time, the droplet Reynolds
number is calculated and the related expression for the drag coefficient is chosen acordingly.
The calculation ends once the droplet reaches its final velocity, i.e., 0.5 m/s for the horizontal
component and vyg for the vertical. The terminal settling velocity vrg is calculated by means
of an iterative procedure if Rep exceeds the Stokes’ region. The procedure consists in assuming

a Stokes’ settling velocity as a first approximation, calculating the related Reynolds and drag
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coefficient considering the approximated value and, then, using the general expression for vpg
along with the Rep an Cp just calculated; these steps are repeated adjusting from time to

time the vpg until it does not change significantly.

4.3 Results

4.3.1 Air motion

The air velocity magnitude and temperature contour plots at the central section of the domain
are depicted in Figures 4.2, 4.3 for the four cases listed in Table 4.1. In all the four cases, a
stationary jet forms at the exit of the mouth. The jet is initially horizontal near the mouth,
where momentum prevails over buoyancy. Then, it bends upwards, as already observed in
the experiments by Bourouiba et al. (2014). Ambient air is entrained by the jet causing a
reduction of jet velocity and temperature as well as a variation of its buoyancy and momentum.
The higher the temperature difference between the ambient and the exhaled air and the lower
the air ejection velocity, the closer to the mouth the upward bending of the jet. The effect of
buoyancy can be clearly observed in Figures 4.2, where the maps of the velocity magnitude
for the four cases are depicted. In case I the exhaled air travels less than 20 cm horizontally,
then, it moves upwards and reaches the ceiling at a longitudinal distance from the mouth of
about 50 cm. The jet reaches the ceiling with a velocity ~ 0.1 m/s, i.e., about 10 times
higher than the ambient. Then, the jet opens close to the ceiling. In case II, qualitatively the
same phenomenon occurs, but the jet reaches the ceiling at about 1 m from the mouth and
with a lower velocity. In cases III and IV, the jet is mostly horizontal and does not reach the
ceiling; it exits the domain through the front face with a velocity that is more than 10 time
higher than that of the ambient velocity.

An airflow of ~ 0.06 m3/s crosses the domain due to the entrance of air at very low speed
through the mouth face. The resulting domain ventilation expressed as number of changes of

the domain air volume per hour (ACH), is ~ 18 1/h.

4.3.2 Droplet motion

Measured droplet size and velocity distributions Droplet size and velocity distribu-
tions obtained from the experimental campaign and used as input in the numerical simulations
are depicted in Figures 4.4 a, b. The droplets detected in the tests of all the volunteers are
considered for the statistics. Droplet sizes span the range 2-60 pm and are divided into 16 size
classes; in the followings the average diameter d,.q, of each size class is used for the result
description. Most of the droplets lay in the range 2-4 pm, then the droplet number decreases
until a relative maximum is observed between 25 and 30 um. Note that 5 different droplet
velocity distributions are used for 5 different droplet size classes (for the sake of brevity in
Figure 4.4 b only the streamwise velocity component is shown). In fact, droplet velocity has

been observed to vary slightly with droplet size; particularly, the streamwise velocity compo-
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Figure 4.2: velocity magnitude contour plots at the central section of the domain for the four cases.

nent increases with droplet size, while the spanwise and vertical components remain almost

similar (about zero on average).

Droplet trajectories In Figure 4.5 the droplet trajectories obtained for the four Cases I-IV
once the steady state has been reached are depicted. Note that the figures are representative
of a situation where a person speaks for a sufficiently long time with the same ventilation
condition of the indoor environment, so that a steady state for both airflow and droplet
concentration has been reached. As expected, the smaller and lighter droplets follow the
airflow, while larger and heavier droplets fallout from the air jet and settle.

According to the model proposed by Bourouiba et al. (2014), droplets of a given size
remain suspended into the air jet until when the jet velocity is greater than the droplet
settling velocity. More precisely, droplets continuously fall out, but this simplification is
useful to understand why, on average, droplets with decreasing size leave the jet and settle at
increasing distances from the mouth.

For case I the largest droplets (dpean ~ 50 wm) immediately fallout from the jet, due
to the low air velocity. Droplet of size dpean ~ 36 wm, instead, initially follow the upward

motion of the air jet, but soon fallout and start to settle. Droplets in the size range 18-28 um
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Figure 4.3: As in Figure 2, but for the temperature.

follow the air jet up to the ceiling; then, they move parallel to it for a while (the smaller the
droplet size, the longer the traveled distance), until they start to settle. These droplets do not
settle completely within the simulation domain but some of them exit either through the front
face or through the mouth face. Smaller droplets completely exit the domain through the two
open boundaries. In particular, droplets smaller than 8 pum remain close to the ceiling, except
the droplets located close to the side walls which move downward due to the interaction with
them. The downward motion of the smallest droplets is not observed in case IV, where the
air jet does not interact with the ceiling and the side walls. In cases III and IV, where the
air injection velocity is higher, larger droplets remain within the jet for a longer distance.
Smaller droplets also remain at the mouth height for a longer distance in cases III and IV, as
the air jet itself moves almost horizontally. In contrast, in cases I and II, the air jet and the
smallest droplets move upward due to the stronger buoyancy.

In what follows, the spanned distances and the related number of droplets that travels them
are analysed in detail, along with the concentration of the droplets that remain suspended in

the air.
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Figure 4.4: Droplet size (a.) and velocity (b.) distributions obtained from the experimental cam-
paign. In the latter five velocity distribution (bars) and mean velocity (dashed lines) for five different
droplet size classes are depicted. The data have already been shown in Grandoni et al. (2023),
Grandoni et al. (2022)

Distance traveled by settled droplets Droplets that settle at the ground are removed
from the air and, thus, they no longer represent a risk for airborne disease transmission. For
this reason, most of the works focused on the distances traveled by the exhaled droplets before
settling.

In the four panels of Figure 4.6 the floor surface (x,y) and the settled droplets are shown
for the cases I-IV. The mouth is located at x = 0 m, y = 0 m. Besides, in Table 4.2 minimum,
maximum and mean distances traveled by the settled droplets are reported.

In all the four cases the mean distance traveled by the droplets decreases with increasing
size, as expected. However, there are some differences among the four cases, mainly due to
the air emission velocity at the mouth.

As seen qualitatively above, in cases I and 11, droplets of size dipeqn ~ 50 pm do not follow
the upward movement of the jet, so that they all settle at the ground within less than 50 cm
from the mouth. Droplets of size dypeqn ~ 36 pm partially follow the air jet and, hence, travel
longer distances; nonetheless, they are concentrated within 1 m from the mouth. In case I
few of these droplets can reach the ceiling and, thus, they settle further; this is not observed
in case II since the jet rises more gradually and all the droplets of size dpeqn ~ 36 um fallout
before reaching the ceiling. Droplets in the size range 18-28 um span a wide range of distances

and a portion of these particles - namely droplets in the range 18-22 um - settle at a distance
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Figure 4.5: Droplet trajectories for the four cases once the steady condition is reached. Colours
refer to particle diameter.

longer than the domain length (2 m). Also for the size 28 um droplets in case II seem to
travel a shorter distance. Note that in cases I and II only droplets larger than 18 um settle
at the ground.

The mean distances traveled by the droplets are longer in cases III and IV with respect
to the two previous cases. All the droplets of size in the range 22-36 um settle further than
2 m from the mouth and the distance spanned by the largest droplet is much greater than
in cases I and II - between 25 cm and 1.9 m from the mouth in cases III and IV, between
20 cm and 38 cm in cases [ and II -. Only droplet larger than 22 um can be found settled
at the ground in cases III and IV. The longer traveled distances in cases III and IV are due
both to the higher speed of the air jet which keeps the droplets suspended into it and, also,
to the fact that the air jet moves mainly horizontally. There is not a significant effect of the
sole ambient air temperature difference on the settling distances between cases III and IV, as

well as for cases I and II.
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Figure 4.6: Droplets settled at the ground (x,y-plane) in 10 s once the steady condition is reached
in the 4 cases. Each circle represents a droplet, while their colour refers to their size.

The reach probability of droplets in the different size ranges depicted in Figure 4.7 provides
an idea of the number of droplets that are removed by settling at a given distance from the
mouth. This quantity is used also in Wei and Li (2015), Rosti et al. (2020), Wang et al.
(2020a). The reach probability (Preqcn) is defined as (Eq. 4.10):

Niet ($)

Preac =1 -
h(l’) 00 ij

100 (4.10)

where Ngei(2) is the number of droplets settled at the ground at the distance x in a given
time interval, while N;,; is the number of the injected droplets in the same time interval. Note
that once the steady state has been reached, Nyt (x) and Nyy,; are statistically constants.

In all the four cases, the largest droplets (dpmean ~ 50 wm) are almost completely removed
from the air within the domain (2 m from the mouth). In particular, at 50 cm from the
mouth the largest droplets are completely settled in cases I and II, while in cases III and IV
these largest droplets are still suspended. Then, their quantity starts to decrease rapidly so
that at 1 m from the mouth only ~ 20% of them have not been removed. However, they are
suspended in the air — even if in a small quantity — up to 2 m from the mouth. Droplets of size
dmean ~ 36 pum are completely removed within 1 m from the mouth in cases I and II, while
are still suspended at 2 m from the mouth in a good quantity in cases III and IV — about 40%
and 20%, respectively. Droplets of size dyean ~ 28 um settle all within 2 m from the mouth

only in case II. Smaller droplets are only partially or not at all removed by settling.
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Table 4.2: Mean and maximum and minimum (in brackets) distances travelled by settled droplets

of different sizes in the 4 cases.

Case I Case 11 Case II1 Case IV
size [um] x [m] x [m] x [m] x [m]
1.862
18 (1.991 = 1.717)
1.405 1.410 1.669 1.721
22
(1988 = 1.160) (1.908 = 1.167) (1.957 + 1.266) (1.966 -+ 1.240)
98 0.959 0.874 1.402 1.428
(1.992 = 0.687) (1.867 = 0.672) (1.946 = 0.791) (1.999 + 0.673)
36 0.514 0.509 1.112 1.188
(1.399 = 0.421) (0.742 +0.408) (1.956 + 0.555) (1.955 + 0.445)
50 0.253 0.259 0.770 0.718

(0.368 = 0.213)

(0.321 + 0.213)

(1.919 + 0.281)

(1.429 + 0.238)

Summarizing, a greater number of droplets remains suspended at a certain distance from
the mouth when a higher air emission velocity is considered irrespective of the air tempera-
ture. In contrast, looking only at the effect of the ambient temperature, when the ambient
temperature is higher (cases II and IV) a greater number of droplets is removed by settling
at a certain distance from the mouth for all the sizes (except for dpyeqn, ~ 50 pm in case II).

Because of the settling of the larger droplets, the size distribution of those that remain
suspended in the air vary while moving away from the mouth. Namely, higher frequency of
occurrence are observed for smaller droplet sizes. This results in a significant reduction of the
suspended mass and, thus, of the potential viral load.

Most of the works in the literature focused on violent expiratory events, such as coughing
and sneezing (Bourouiba et al., 2014; Wei and Li, 2015, 2017; Rosti et al., 2020; Busco et al.,
2020; Dbouk and Drikakis, 2020a; De Padova and Mossa, 2021; Wang et al., 2020a; Li et al.,
2022; Wang et al., 2021). Therefore, it is difficult to compare our results with those reported
in the literature. In fact, both sneezing and coughing can be described as a two-stage phe-
nomenon. The first phase occurs during the emission of the droplet-laden air cloud that lasts
for less than 1 s and that can be described as a jet. In the second phase, the emission is
interrupted and the cloud disperses as a puff (Bourouiba et al., 2014; Wei and Li, 2017). The
initial jet is characterized by higher injection velocities with respect to the speaking activity,
so that the droplets are transported far away from the mouth. Besides, in the puff phase
a quicker decrease of the cloud velocity occurs (Wei and Li, 2015), resulting in a different
droplet dispersion process with respect to the steady jet approximating the speaking activity.

Among the works in the literature, Wei and Li (2015) and Wang et al. (2020a) considered
in their droplet dispersion simulations a case of stationary jet, even if with higher emission
velocity with respect to the present work, i.e., ~ 10 m/s, typical of coughing. In the work
by Wei and Li (2015) droplets sized 50 pum reaches longer distances with respect to our

case (4 m compared to 1.5 or 0.3 m of the present work), as expected due to the higher jet
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Figure 4.7: In the 4 plots the fraction of droplets with respect to the total injected that are suspended
in the air at different distances from the mouth (reach probability) is shown for the 4 cases I-IV; a
curve for each droplet size is depicted.

emission velocity and, also, to the absence of buoyancy. Analogous results are obtained in
similar conditions — neither buoyancy nor evaporation are taken into account — in Wang et al.
(2020a), where droplets of 50 um are found to travel distances as long as 5 m. In Wei and
Li (2015) the spanwise spread of the settled droplets is also provided as a result and it agrees
with our work (< 1 m). The spanwise spread of the droplets obtained by Li et al. (2022) in
their simulations is in agreement with the results found in the present work, even if a different
respiratory activity is assessed.

In the work by Xie et al. (2007) a stationary jet with an emission velocity proper of the
speaking activity is considered. According to their model, considering air ejected at 306.15 K,
an ambient temperature of 293.15 K, and emission velocity of the air jet of 5 m/s, droplets of
about 50 pm travel horizontally for about 0.8 m. For an emission velocity of 1 m/s, droplets
of about 30 pum travel about 0.3 m from the mouth, while droplets of about 50 um travel
about 0.2 m. The comparison cannot be carried out for smaller particles as droplets smaller

than 30 um evaporate before falling out from the jet and the complete evaporation distance
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is considered as the maximum distance traveled by the droplet. The results obtained by Xie
et al. (2007) show slightly smaller distanced with respect to the ones obtained in the present
work. This could be probably explained by the fact that there is not spread of the traveled
distances, as the effect of turbulence on droplet dispersion was not taken into account in the
work by Xie et al. (2007). Furthermore, the mouth surface area used in Xie et al. (2007) is
larger than the one used in this work, giving different air jet characteristics. In general, the
present work confirms the findings by Xie et al. (2007), for which the horizontally travelled

distance is strongly dependent on the initial air jet velocity.

Droplet concentrations Droplets that are not removed by settling, remain suspended in
the air and either accumulate into the semi-closed environment or exit it through the two open
boundaries. These suspended droplets are a potential risk for airborne disease transmission,
which can be direct or indirect (Seminara et al., 2020). The former is due to droplets that move
directly from the emitter to the receiving person’s mouth, while the latter is due to droplets
mixed within the semi-closed environment volume. Safe distances indicated during COVID-
19 pandemic are useful to avoid direct airborne disease transmission, which constitutes a
major risk due to higher droplet concentrations involved. However, in closed or semi-closed
environments some risk remains even further from the emitter person due to possible indirect
transmission.

In this section, droplet concentrations within the considered domain volume are analysed.

Figures 4.8, 4.9, 4.10 and 4.11 show droplet concentrations maps calculated along some
vertical sections (y-z) of the simulation domain at different downstream distances (x) from
the mouth. Here, z is the vertical axis (0 < z < 3 m), while y (-1 < y < 1 m) is the
transversal axis (see inset in Figure 4.8; the pink square denotes the mouth position of a
possible receiving person, i.e., a standing person as tall as the emitter). The concentration is
normalized with that at the mouth and expressed as percentage. Therefore, it is possible to
determine a realistic concentration field from the droplet concentration at the mouth known
experimentally. The latter can be easily calculated by multiplying the droplet emission rate
(~ 2.3 #/s) estimated from the experimental data to the ejected airflow (see Section 4.2.2).
Although the concentration is expected to vary with droplet size (see the results shown in the
previous sections), for the sake of brevity droplets of all sizes are included in the concentration
calculation.

If the droplets were completely mixed in the domain, applying the droplet mass balance
and considering an air exchange rate of ~18 1/h (see Section 4.3), the number of droplets in
the domain would be ~ 2 10°, which would correspond to a concentration in number of ~
1.7 10° #/m3. Nevertheless, in none of the four cases considered here a completely mixed
condition occurs. In case IV (Figure 4.11) the air jet exits the domain almost undisturbed
carrying all the suspended droplets. In this case the number of droplets within the domain is
smaller than ~ 2 10%. In case III the air jet is only partially affected by the presence of the

ceiling, so that some droplets accumulate in the upper part of the domain. However, quite a
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few droplets are transported outside the domain directly by the air jet, so that the number
of droplets within the domain is still smaller than ~ 2 10%. In contrast, in cases I and II,
the droplets are transported by the air jet close to the ceiling, where accumulate and are
not transported outside the domain. Consequently, their number within the domain is about
~ 2 10%. Notwithstanding, in the cases I and II a completely mixed condition is not reached
either. In fact, one clean and one droplet-laden layer, form into the domain. Only further
from the mouth the droplets are mixed along the vertical.

A high concentration zone, possibly responsible for direct airborne disease transmission
can be seen in all the four cases. Such zone dilutes and rises due to buoyancy moving away
from the mouth. The non-zero concentrations below the mouth height are due to settling
droplets. As can be observed in Figures 4.8, 4.9, 4.10 and 4.11, air jet buoyancy plays a key
role in removing the droplets from the breathing height. Indeed, the lower the buoyancy effect,
the longer the distance for which the high concentration zone persists at the mouth height.
Normalized droplet concentration at mouth height as a function of the downstream distance
from the mouth is depicted in Figure 4.12 for the 4 cases. As previously seen, both the lower
buoyancy and the higher initial air jet velocity cause the persistence of the droplets at mouth
height and, therefore, the increase of their concentration. Note that droplet concentration at
mouth height does not significantly vary with droplet size. On the one hand, larger droplets
are removed by settling, on the other hand, smaller droplets move upwards transported by

the air jet.

Effect of the droplet initial velocity In this section, the results obtained setting a zero
initial velocity for the droplets are shown. Position and size of the settled droplets are depicted
in Figure 4.13, while minimum, maximum and mean distances traveled by them are reported
in Table 4.3. There does not appear any significant difference with the results compared to
those obtained when the measured droplet velocity distribution is set at the mouth (Figure
4.6). In other words, initial droplet velocity seems not to play an important role in the overall
droplet dispersion process.

This result confirms simple calculations that can be done for droplets settling in a uniform
horizontal airflow (Section 4.2.2), whose results are shown in Figure 4.14. In the figure the
variation in time of the horizontal velocity and position of a 100 pm droplet is depicted (only
the plots for 100 pum droplet are reported for sake of brevity). The equilibrium with the
gaseous phase (velocity of 0.5 m/s) is reached almost immediately irrespective of the initial
droplet velocity. Only for the first fractions of second droplets with higher initial velocity
travel longer distances with respect to droplets with zero initial velocity. However, once the
equilibrium with the air is reached, the difference in the distance traveled by initially faster
and slower droplets remain constant, as all droplets move with the same velocity (0.5 m/s).
In Table 4.4 the time needed to reach the equilibrium and the maximum difference in the
distance traveled by faster droplets and droplets with zero initial velocity are reported for

all the droplet sizes and initial velocities considered here. The time needed to reach the

7



4.3. Results

x =0.052 m

x=0.208 m

20.09

z[m]

05

TAANL o @,
,W

g

mouth

0.5

[

0.05

0.5 0
y [m]

0.5

0 05
y [m]

x=0.416 m

x=0.702 m

20.09

%

0.05

y[m]

0 0.5
y [m]

y[m]

Figure 4.8: Normalized droplet concentration fields within transversal sections at different down-
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equilibrium is very short also for the larger droplets. For example, for a 100 um droplets
with initial velocity far higher than the air — 10 m/s versus 0.5 m/s — the time needed is of
about 0.3 s. Consequently, the difference in the traveled distance is very small too, viz., it
is less than a millimetre for 1 pm droplets (irrespective of the initial velocity), of the order
of millimetres for 10 um droplets with high initial velocity and of the order of centimetres
for 100 pwm droplets. Since all the droplets considered here reach the equilibrium with the
air before settling, the maximum difference in the traveled distance is reached before settling.
For both 1 and 10 pm droplets the time needed to settle, i.e., to travel about 1.6 m along the
vertical direction, is long and so the related distance traveled horizontally. Droplets of size
100 pm and zero initial velocity settle in about 3 s, travelling horizontally about 1.6 m from
the emission point. The distance traveled by 100 um droplets with higher initial velocity is

not significantly longer — about 16 cm over 1.6 m for droplets with an initial velocity of 10

m/s.

Case I Case 11

0.5 0.5

R RS CALS: E
N < OO0 N
-0.5 -0.5 droplet
size
] ) [Hm]
0 0.5 1 1.5 2 0 0.5 1 1.5 2 ® 15
O 18
x [m] X [m] ® 2
1 1 O 28
@ 36
Case 111 Case IV ® 5o
0.5 0.5
E o
N
-0.5
-1 -1
0 0.5 1 1.5 2 0 0.5 1 1.5 2

X [m] x [m]

Figure 4.13: Position and size of the droplet settled in the simulations where a zero droplet velocity
is set at the mouth; the same 4 airflow cases as in the previous sections are considered.

4.4 Conclusions

In this work, numerical simulations are carried out by means of the software ANSYS Fluent
to study the dispersion of droplets ejected by humans while speaking within a semi-closed

environment.

Droplet size and velocity distributions obtained experimentally from a laboratory cam-
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Table 4.3: Mean and maximum and minimum (in brackets) distances travelled by the settled droplet
in the simulations where a zero droplet velocity is set at the mouth.

Case I Case II Case III Case IV
size pm x [m/s] x [m/s] x [m/s] x [m/s]
18 1.959 1.885
(1.999 =+ 1.891) (1.989 + 1.742)
99 1.414 1.376 1.593 1.726
(1.969 = 1.155)  (1.881 = 1.146) (1.807 = 1.145) (1.998 = 1.409)
93 0.992 0.879 1.330 1.455
(1.993 = 0.690) (1.769 - 0.676) (1.875+0.720) (1.998 = 0.832)
36 0.510 0.517 1.167 1.192
(0.768 = 0.413)  (0.809 = 0.413) (1.992 + 0.468) (1.986 = 0.546)
50 0.262 0.267 0.798 0.773
(0.366 = 0.208) (0.363 +0.219) (1.876 +0.283) (1.673 = 0.276)
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Figure 4.14: Horizontal velocity (a.) and position (b.) variation in time for 100 gm droplets with
different initial velocity; the droplets move in a constant horizontal airflow of 0.5 m/s.

Table 4.4: Time taken by droplets of different size and initial velocity to reach the equilibrium with
air ( tgq ) and difference in the horizontal distance travelled by initially faster droplets and droplets
with zero initial velocity, for each droplet size.

d=1lum d = 10um d = 100pum
Vg i [m/s] tEQ [s] dif fmaz [m] tEQ [s] dif fmazx [m] tEQ [s] dif fmaz [m]
0 9.00 1076 0.00 9.20 10~* 0.00 2.51 1071 0.00
0.3 7.00 1076 7.66 107 6.40 104 9.07 10°° 2.11 1071 9.56 1073
0.5 0.00 1.24 1076 0.00 1.44 104 0.00 2.13 102
1 9.00 1076 2.48 1076 9.20 10~4 2.87 1074 2.51 1071 4.26 1072
2 1.20 1075 5.05 106 1.25 1073 5.890 1074 2.78 1071 6.33 1072
5 1.50 10~° 1.28 10~ 1.52 1073 1.32 1073 2.95 1071 1.06 101
10 1.70 107° 2.56 1075 1.68 1073 2.36 1073 3.02 1071 1.57 101
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paign are used as input for the discrete phase. The innovative simultaneous measurement of
droplet velocity and size have two advantages. First, it allows us to assign the actual initial
droplet velocity instead of a zero velocity or that of the air emitted from the mouth. Secondly,
it makes it possible to estimate a realistic droplet emission, expressed as number of droplets
ejected per unit time.

Setting for the droplets the actual initial velocity resulted to do not have any significant
effect. In fact, distances travelled by settled droplets do not differ between simulations where
either a zero droplet initial velocity or the measured droplet velocity distributions are used as
input. This result was expected given simple considerations about droplets in a wide range
of sizes and velocities settling in a uniform horizontal airflow.

On the other hand, the simultaneous measurement of droplet size and velocity is useful to
estimate the droplet emission from experimental data, thanks to which it is possible to infer
a realistic droplet concentration within the simulation domain.

Input for the gaseous phase — air velocity and temperature — are taken from the literature.
For the air ejection velocity the results in the literature are discordant. Therefore, two extreme
cases are considered in the present work, i.e., 0.5 and 4 m/s. Besides, two different ambient
temperature are taken into account, 293.15 K and 301.15 K, representing typical winter and
summer conditions in indoor environments. The exhaled air temperature is fixed at 306.15 K
in both the cases, in agreement with the literature.

The air jet emission velocity is of major importance as it determines how long the droplets
remain within the air jet. The higher the initial velocity the longer the distance travelled by the
air jet downstream of the mouth. The buoyancy effect — which increases with the temperature
difference between ambient and exhaled air and decreases as the air jet emission velocity
grows — plays also a key role. For the so-called direct (or short-range) airborne transmission,
a greater buoyancy has a positive effect, as the buoyant air jet removes the droplets from the
breathing zone, transporting them towards the ceiling. The effect of buoyancy on indirect
(or long-range) airborne disease transmission depends on the geometrical configuration and
ventilation condition considered, in particular, on the interaction between them and the jet.
In the present simulations, less droplets accumulate into the domain in the two cases with
weaker buoyancy effect, as the droplet-laden air jet is allowed to exit from the front face.

Considering a more realistic representation of an indoor environment with different kind of
ventilation, such as mixing, downward and upward ventilation, can be a future development
of the present work.

Another improvement of the work could be the assessment of the time variation of droplet
dispersion within the domain. The steady simulations carried out in the present work are
representative, indeed, of a long continuous speech occurring in a not-varying ventilation
condition.

Furthermore, other respiratory activities could be assessed along with the evaporation

effect in order to improve the results.
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Conclusions

The present thesis aimed to improve the knowledge of the emission of droplet-laden air clouds
exhaled by humans during different respiratory activities. Although several simplified analyt-
ical models and Computational Fluid Dynamics simulations have been used in recent years
to assess cloud dispersion and related infectious disease transmission risks, experimental data
to be provided as input are still lacking or ambiguous.

The Interferometric Laser Imaging for Droplet Sizing (ILIDS) technique has been chosen
as measurement technique since it makes it possible to detect simultaneously droplet size and
velocity. Also, ILIDS overcomes some of the problems encountered in the literature. Notably,
it allows data collection close to the mouth reducing the importance of evaporation and
dilution processes, which could affect droplet size and number measurements. Besides, with
ILIDS dusts naturally present in the air can be identified and excluded, making unnecessary
the use of air filters. Lastly, ILIDS setup is rather simple and adaptable to an unconventional
testing environment such as the one used here involving human beings. ILIDS setup consists
of a laser sheet illuminating the exhaled droplets, an optical system and a camera for image
recording. However, improvements of the standard ILIDS setup (and of the related image
processing) were necessary to detect droplets down to 2 pum and to measure their all three
velocity components. These improvements constitute the main results of Chapter 2, which

are summarized below:

1. An optical system constituted by two aspherical lenses and a diaphragm to adjust the
lens aperture made it possible to obtain a collection angle (angle formed by the effective
lens aperture and the observed droplet) sufficiently wide to measure droplets down to
2 pm. Note that this is the lowest absolute limit for ILIDS technique. The measure-
ment would not be possible by using common optical systems (such as commercial lens

assembly and spherical lenses) due to spherical aberrations.

2. Ad-hoc image processing able to treat the other geometrical aberrations proper of as-
pherical lenses was developed. These deformations do not prevent the measurement but
need to be considered. Namely, a deformation was applied to the images, which required

a proper calibration.
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3. Automatic selection criteria to distinguish between exhaled droplets and dusts were also

set. However, this point requires further insights.

4. The relations allowing for droplet velocity measurement with the setup used were found.
Particularly, the third velocity component perpendicular to the image plane was ob-
tained, in addition to the two velocity components laying on the vertical plane cor-
responding with the laser sheet. This is a strong point of the work in that only two
components are usually detected in techniques that employ a laser light sheet. The

calibrations needed for velocity measurements were also performed.

5. The measurement volume was carefully quantified. Although it is needed to compare

the quantity of droplets of different sizes, this kind of measurement is rarely carried out.

In Chapter 3 the two measurements campaigns carried out at the Laboratoire de Mé-
canique des Fluides et Acoustique of the Ecole Centrale de Lyon in May 2021 and November-
December 2021 are presented. The campaigns involved twenty-three volunteers. Precise pro-
tocols were defined to reproduce the respiratory activities of speaking, coughing and breath-
ing. Besides, the effects of protection tissue and surgical masks were analyzed. Lastly, the
variability among different tests of the same volunteer (intra-volunteer variability) is assessed.

The main results can be summarized as follows:

1. Droplets in the range 2-60 pum were detected for speaking and coughing activities, while
the largest droplets in case of breathing were ~ 8 um. In all the respiratory activities
the highest droplet concentrations belonged to the range 2 — 2.5 um. For the speak-
ing activity the concentration decreases rapidly until a relative maximum is observed
between 20 — 30 um. Droplet size distribution for coughing activity is more scattered
than for speaking in the range 2 — 10 um. The absence of droplets larger than 60 ym
needs to be further analysed as it could be due to solid inclusions in the larger droplets.
Coughing data also require further inspection. Few images with very high droplet con-
centrations were observed in coughing. These images cannot be treated with the current

image processing, so that further improvements must be tested.

2. The comparison of our results with those found in the literature is reasonably good for
speaking and coughing activities in the range 2 — 10 ym. For the other size-range it is

hard to draw conclusions due to the large inconsistency of results found in the literature.

3. For the breathing our results differ from previous works. The difference is probably
ascribable to the fact that the latter do not take into account evaporation and dilution

effects.

4. By comparing the overall droplet concentration for the three respiratory activities, the

highest value occurs for coughing, followed by speaking and breathing.

5. The coughing activity shows the highest stream-wise droplet velocity. Mean stream-wise

droplet velocity were ~ 2.5 m/s for coughing, against ~ 0.3 m/s for speaking and
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10.

breathing. Maximum stream-wise velocities were ~ 1.81, 10.5 and 0.4 m/s on average
among the volunteers for speaking, coughing and breathing, respectively. The absolute
maximum stream-wise velocities were 3.68, 28.1 and 0.7 m/s for the three activities.
These values are in agreement with the literature, even though the latter are generally

referred to air velocity rather than to droplet velocity.

. The span-wise and vertical velocity components range between negative and positive

values (~ 0 m/s on average).

Both for speaking and coughing droplet velocity increases with its size.

. Droplet ejection is far from being unidirectional, in agreement with previous works.

. A great variability among the volunteers is observed both for droplet velocity and size.

The intra-variability is only slightly attenuated.

Protection masks are effective in reducing droplet velocity, in addition to the number

of exhaled droplets.

In Chapter 4 the experimental data concerning droplet velocity and size were used as

input in numerical simulations carried out by means of the software ANSYS FLUENT to

study droplet dispersion within a semi-closed environment. A steady ejection of droplet and

air from the mouth is considered, representing a person speaking for a sufficiently long time.

Two extreme air ejection velocities (0.5 and 4 m/s) were considered, along with two ambient

temperatures typical of summer and winter indoor temperatures (301.15 K and 293.15 K).

Air is ejected from the mouth at 306.15 K, according to the literature. Analogous simulations

were performed setting to zero the droplet velocity at the mouth. The latter are compared

with the previous cases to evaluate the effect of the initial droplet velocity.

The main results are:

1.

A stationary air jet forms downstream the mouth. The jet decelerates while moving
forwards due to entrainment of ambient air. The air jet moves horizontally only for a
short distance when buoyancy effects are higher (higher temperature difference between

exhaled and ambient air and lower air ejection velocity).

. The smallest droplets follow the airflow, reaching the ceiling in cases where strong

buoyancy effects occur. Larger droplets fallout from the air jet and settle. The larger

the droplet the shorter the distance before falling out the air jet.

. The distances traveled by the droplets that settle within the simulation domain were

quantified. Only droplets larger than ~ 18 um (at least a portion of them) settle within
the domain, the others are still suspended in the air at 2 m from the emission. The
mean traveled distance ranges between 0.25 and 1.9 m for droplets of size ~ 50 and
~ 18 pm, respectively, when an air ejection velocity of 0.5 m/s is set at the mouth.

Differently, when air was exhaled at 4 m/s droplets of all sizes were transported further.
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Notably, between 0.7 and 1.7 m for droplets of size ~ 50 and ~ 22 uym. ~ 18 um

droplets did not settle at all within 2 m from the mouth in this case.

4. The reach probability of droplet of different sizes was calculated, which provides an idea
of the number of droplets that are suspended in the air at a given distance from the
mouth. Only droplets in the range ~ 28 — 50 um were completely (or almost) removed
from the air by settling when the air ejection velocity from the mouth was lower. On
the contrary, when the air was ejected from the mouth at the higher speed, only the

largest droplets settled completely within the domain.

5. The major role played by the air ejection velocity set at the mouth was clearly shown.
On the other hand, the buoyancy effect is weaker in terms of distances traveled by the

droplets before settling.

6. Droplet concentration fields within the domain at different streamwise distance from the
mouth were calculated. In this case no distinction among droplet size was considered,
even if differences in concentrations of droplet of different size were expected based on
previous results. High droplet concentration zone close to the emission is observed (the
closer the emission the higher the concentration). This zone is expected to be responsible

for short-range airborne disease transmission.

7. A positive effect of buoyancy was highlighted analysing droplet concentration fields.
Notably, the droplets are removed from the mouth height, where they can be inhaled
by a susceptible individual, thanks to the effect of buoyancy which makes the smaller

droplets move upwards with the air, while the larger droplets settle.

8. The interaction between the droplet-laden air jet and the walls of the semi-closed domain
causes the accumulation of the droplets within the domain, especially close to the ceiling.
Accumulation phenomena are less evident in cases with lower buoyancy as the jet is

allowed to exit the domain almost undisturbed.

9. Comparing the simulations where droplets have zero initial velocity and the ones where
the experimental velocity distribution is considered, no significant differences were no-

ticed.

Possible developments of the work presented in Chapter 4 consist in considering more realistic

indoor setting and droplet evaporation.
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Appendix A

Metrology-calibrations

A.1 Calibration of image deformation

As mentioned in Chapter 2, two aspherical lenses in series are used in this work in order
to obtain a sufficiently wide collection angle allowing us to detect droplets down to 2 pm.
Aspherical lenses are designed so that spherical aberrations are minimized. However, this
kind of lenses are affected by other kinds of aberrations, namely, coma aberrations. Coma
aberrations causes the distortion of the shapes in the image and this distortion depends on the
distance of the object from the optical axis. In our case, coma aberrations make the circular
form, expected in correspondence of a particle, similar to an ellipse, increasingly eccentric as
its distance from the optical axis increases (Figure 2.7a in Chapter 2).

The information that has to be drawn from these distorted images is position and dimen-
sion of the ellipse corresponding to a particle and the frequency of the fringes within the ellipse,
which is related to the droplet size. Two possible ways have been considered to treat these
images affected by coma aberrations, i.e., (i) to detect directly the position and dimension of
the ellipses and (ii) to distort the images such that a circular form is obtained and then to
detect position and dimension of the obtained circles. The first option has been discarded due
to the difficulty in detecting ellipses of varying position, rotation, dimension and eccentricity.
Thus, the second option has been adopted, which is easier as only two parameters must be
determined in case of a circle, i.e., its position and radius.

The second option requires to define the deformation to be applied to the images. To
do this, calibration images have been taken by using a 10 um hole and displacing it within
the laser light sheet at different distances from the optical axis. The little hole works as a
point light source, giving an image similar to a particle (but without interference fringes).
Calibration images used in the first measurement campaign are superposed and shown in
Figure 2.7a in Chapter 2.

Different types of deformations have been applied to the calibration images until a satisfy-
ing result has been obtained. In general, given the features of coma aberrations, a deformation

dependent on the distance from the optical centre is used (Equation A.1):
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A.1. Calibration of image deformation

S = f(s) (A1)

where s and S are the distances of a point P from the optical centre in the original and
deformed image, respectively, while f is the function describing the applied deformation.
Therefore, the coordinates of a point P in the new reference system of the deformed image
(Y,Z) are (Equations A.2 and A.3):

Y = ff) Y %) + o (A-2)
71 (j) (2 — 20) + 2 (A.3)

where y and z are the span-wise and vertical coordinates of P in the original image and
Yo, Zo are the coordinates of the optical centre (unchanged between original and deformed

images). Equations A.2 and A.3 are obtained by considering that:

(v~ o) = 5 cos(9) (A4)

(2 — 2) = 5 sen(9) (A5)
and analogously:

(Y ~ o) = S cos(9) (A.6)

(Z— 20) = S sen(9) (A7)

where ¢ is the angle between the two position vectors s and S and the horizontal direction.
Note that ¢ is unchanged between the original and deformed images. Then, from the previous

equations A.4—A.7 the following relations are derived:

S (y — yo) f(s)

(Y - yo) = s = s (y - yo) (AS)

(Z—2g)=g B2 )y (A.9)

S S

A representation of this kind of deformation is shown in Figure A.1.

5th

Several forms of the function f(s) have been tested and a 5""-order polynomial has been

chosen, as it provided satisfying results (Eq. A.10):

f(s)=s+cr s> +e3s3+cqst4ce58° (A.10)

Note that the coefficient of the zero-exponent term, cg, is 0 as the coordinates of the
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A.1. Calibration of image deformation

Figure A.1: Sketch of image deformation; the original image is in black, while the deformed image
is in blue. The arrows are the distances of the point of interest (edge of the image and point P) from
the optical centre.

optical centre (y,, z,) remain unchanged after the deformation. Besides, the first-exponent
term coefficient ¢; is 1, as S — s if s — 0.

The four coeflicients cs, c3, ¢4, c5 have to be calibrated in order to obtain a deformed image
where a circular form is observed in correspondence of a particle located wherever within the
field of view. The optical centre coordinates need to be inferred by calibration too; the camera
and the optical system have been aligned so that the optical centre almost coincides with the
image centre, but the coordinates must be found with greater accuracy.

The calibration procedure is described briefly in what follows. First approximation values
for ca, c3, c4, 5, Yo and z, are fixed. The coordinates of the 4 points (pl(y1,21), p2(y2,22),
p3(y3,23), p4(y4,24)) defining the two axes of the ellipse observable in each calibration image
are taken and the related distances from the optical centre are calculated (sl, s2, s3, s4).
Refer to Figure A.2 for a graphical explanation of the points and the related distances. Then,
the deformed coordinated of the 4 points (P1(Y1,21), P2(Y2,22), P3(Y3,23), P4(Ya,Z4)) are
obtained by applying Equations A.8 and A.9. With these coordinates the lengths of the two
axis of the ellipse in the deformed image are calculated. Finally, the values of co, c3, c4, 5, Yo
and z, giving the minimum square difference among all the axes in all the calibration images

and their mean value (least squares procedure):

Min[) (a; 2N1mmaz Zaiﬁ (A.11)

)

where i=1,..., 2 Nimmeals Nimmeal 18 the number of calibration images (there are two axes

for each image) and a; is the " axis, which depends on ca, ¢3, c4, ¢5, ¥, and z, as follows:
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A.2. Span-wise and vertical displacement calibration

2
“ = \/{[f(jf) (e =0+ = L5 1 = o)+ 0}

(A.12)

+ {[ff;) (22 — 20) + 20 — [fgsll) (21 — o) + zo]}

The relation for the second axis is analogous, but p3(ys,z3) and p4(y4,z4) are used.
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Figure A.2: a. Exemplification of points used for image deformation calibrations and b. superposi-
tion of the 8 deformation calibration images for the first measuring campaign. The points identifying
the ellipse axes are in red and black.

The coeflicients co+—c5 and the optical centre coordinates obtained for the two measurement
campaigns are listed in Table A.1. Note that in the second campaign the camera has been
rotated so that the y and z size of the image is reversed from to the first measurement

campaign.

Table A.1: Deformation calibration coefficients obtained for the two measurement campaigns.

Campaign 1 Campaign 2

o 9.431076 1.18107°
c3  1.951078 1.28108
ca 7671071 5.9310714
cs  7.45107H 5.7510 1
yo 1218 1072
20 1030 1305

A.2 Span-wise and vertical displacement calibration

As mentioned in in Chapter 2, the two parameters, y; and 72, have to be calibrated with

experimental data in order to account for the real characteristics of the optical system and
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A.3. Stream-wise displacement calibration

possible default of optical adjustment. This section describes in detail the calibration of
71, which linearly relates the displacements of the circles in the image plane and the real
displacement of the droplets in the laser sheet.

A 10 pm hole located within the laser light thickness is used as a point light source, forming
on the image elliptical shapes, like the ones that is produced by small particles. Images of
the point light source are taken at different positions within the laser light sheet and are
used for the calibration of span-wise and vertical displacements. Two calibrations have been
carried out on Hth May 2021 and 4th November 2021 for the first and the second measurement
campaign, respectively. Examples of calibration images are shown in Figure 2.7a in Chapter
2 for the first measurement campaign.

The position of the ellipse located at the centre of the image is taken as a reference and
the distances of the other ellipses from the reference one is calculated (Azyy:). Analogously,
the distance between the different positions of the point light source and its central position
is calculated (Az). Finally, the ratio between Az, and Az - i.e. 71 - is obtained. In order
to obtain the position of ellipse centres the deformation (previously calibrated) is applied
to the calibration images in order to correct coma aberrations and obtain a circular form
irrespective on the distance of the little hole from the optical axis. Then, the position of the
circles (circle centres) corresponding to different positions of the point light source is measured
on the images. Subsequently, the coordinates are anti-deformed and reported again in the
original image coordinate system. This is necessary because the applied deformation is not
physical, but it has just the goal of making possible the detection of the circles, as already
discussed in the main text.

The values obtained for the ratio between Az, and Az for the two measurement cam-
paigns are shown in Figures A.3.

In both the cases the value of the ratio is 0.9 on average, which agrees with the value
theoretically calculated by means of Equation 2.3 of Chapter 2 and considering and idealized
optical system. Since this ratio slightly varies within the image, the value proper of a given

position within the image is considered when the droplet displacement is measured.

A.3 Stream-wise displacement calibration

The size of the circle corresponding to a particle in the image (after deformation) depends only
on the stream-wise (x) position of the particle within the thickness of the laser sheet (Equation
2.5 in Chapter 2). The coefficient v in the latter equation is calibrated by measuring the
radius of circles produced on calibration images by a point light source at different position
within the thickness of the laser sheet. The y-z position of the point light source does not
change among the calibration images. As a point light source the same 10 pum hole used for
the calibrations described above is used. Examples of calibration images are shown in Figures
A.4 and A.5 for the first and the second measurement campaign. Note that the calibration

images are deformed before measuring the circle radius. The measured circle radius is plotted
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A.3. Stream-wise displacement calibration
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Figure A.3: Values of the ratio between displacement on the image and real scale displacement for
the first campaign (a.horizontal and b. vertical) and second campaign (d. horizontal and b. vertical)

as a function of the measured stream-wise position in Figures A.4 and A.5. As expected, the
two quantities are linearly proportional. The slope gives the value of s, while the intercept
corresponds to the radius at the maximum laser light intensity (at x=0mm). If x is converted
in pixel — the size of the pixel is 6.5 1073 mm//pixel —, for the first measurement campaign

the value of 0.38 for 9 as reported in Chapter 2 is found.
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A.3. Stream-wise displacement calibration
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Figure A.4: Radius of the circles corresponding to a point light source at different stream-wise ()
positions within the thickness of the laser light sheet; three examples of images of the point light
source are shown above the plot. These data refer to the first measurement campaign
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A.3. Stream-wise displacement calibration
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Figure A.5: As for Figure A.4, but for the second measurement campaign.
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Appendix B

Metrology-image processing for

droplet detection and sizing

As mentioned in Chapter 2, both liquid and solid particles present in the images are identified.
Namely, the position and radius of the circles corresponding to the particles are detected
(particle detection phase). Then, the frequency analysis of the image of each detected particle
is carried out. In this phase, solid particles are recognized and discarded, while only the size
of the liquid particles (droplets) is retained. The algorithm used in the scripts is shown in the
following as a flowchart, where each loop is characterized by a color (black, blue and green).
Red boxes indicate output data.

The run is launched for each test performed by each volunteer. The images belonging to
the test are grouped and each group is assigned to a core for the analysis. One image at time
is opened and processed by each core (black loop in Figures B.1 and B.2).

One deformed and cut image is opened (Figure B.3) and extended (Figure B.4), so that
even circles that are included only partially within the image can be detected. Then a synthetic
image of a ring of radius rcirc=350 pixel and thickness dr=10 pixel is built (Figure B.5). rcire
is about the radius observed in the images on average, while dr is set so that a good correlation
can be found between the synthetic ring and the circle edge even if the circle radius of the
two is slightly different.

Then, the particle detection loop begins (in blue in Figure B.1). A maximum number of
particles maz_part = 5 and 30 is set for the speaking and the coughing tests, respectively.
A Gaussian filter is applied to the image in order to smooth any fringes within the circles
corresponding to the particles. The parameter of the Gaussian filter must be set so that the
fringes in all the range of frequency are smoothed. Then, the gradient of the smoothed image
is calculated (Figure B.6). In this latter image only the pixels corresponding to the edge of
the circles should be different from zero. The convolution between the gradient image and
the synthetic ring image (Figure B.5) is, then, calculated. A maximum of correlation should
be observed in correspondence of first detected circle position. This provides, hence, a first

estimation of the circle position (z0, y0) (Figure B.7). To speed up the procedure, the gradient
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Figure B.1: Flowchart of particle detection loop.
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Figure B.2: Flowchart of frequency analysis loop.
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image is cropped around (z0, y0), so that the refinement of circle position and the research of
the best circle radius is carried out only on a portion of the image.

A cropped ring image is also built. The radius of the ring varies between (rcirc + Dr)
and (rcirc — Dr), where Dr=200 pixel, with a step of 1 pixel. For each radius the convolution
between the crop gradient image and the crop synthetic ring image is calculated and the
position and value of maximum correlation is stored. It is worth noting that in this phase the
thickness of the synthetic ring is dr2=4 pixel, which is smaller than the previously used dr in
order to refine the circle radius detection. Once all the radii have been tested, the maximum
of correlation among them is taken, providing the best circle radius and position (Figure B.8).

Since the algorithm would always find a maximum correlation, even without a real circle
appearing in the image, the setup of some selection criteria is needed. The first criteria,
crit, evaluates whether the maximum of correlation is significant or not. It is calculated by
multiplying the maximum of correlation (max corr) and the ratio between the perimeter of
a circle of a given radius R and the perimeter of the circle section actually falling into the

image (Eq. B.1):

per(R)
partial _per(R)

crit = max_corr (B.1)

The ratio is needed for particles whose circle does not fall completely into the image. In
this case the correlation value is lower because it is calculated only on the portion of the circle
falling into the image rather than on the complete circle. A limit of 2 is imposed for the ratio,
as only circle at least halfway falling into the image are considered.

The second criteria is crit2, defined as the ratio between the standard deviation and the

average of pixel values (i.e. intensity value) on the edge of the detected circle (Eq. B.2):

std(circle _edge)

crit2 = (B.2)

avg(circle _edge)

This criterion is useful to exclude cases where high correlations are found because of high
light intensity points rather than circles (Figure B.10). The edge of a circle corresponding to
a particle is quite uniform, giving low values of crit2. In contrast, when the high correlation
is due to high intensity points, the value of c¢rit2 is quite high.

The third criterion consists in taking into account only circles whose centre fall into the
image (coords_in) since the circle centre corresponds to the particle position. Taking circles
whose centre is outside the image would mean considering particles outside the field of view.

Once the three criteria are calculated for the detected particle, a check on them is done.
Thus, crit must be greater than a limit value crit_lim, crit2 must be less than a limit value
crit?2_lim and the circle centre coordinates must fall into the image.

If all the three criteria are respected another check is done. Namely, the distance between
the particle and the other previously detected particles must be greater than a limit value
dist_min. This check is needed to avoid that multiple particles are detected at the same place

(Figure B.11). Indeed, the already detected particles are covered by a mask, which could give
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high correlation with the synthetic ring image. If this last check is verified, the detected
particle is validated and it is added to the particle list. If this last check is not satisfied, the
particle is discarded and the detection particle loop goes on.

If one of the first three criteria is not respected, the particle is discarded. If the unsatisfied
criterion is crit, i.e. if the maximum of correlation is lower than a critical value crit_lim, the
particle detection loop is broken (before reaching max part). Otherwise, the loop goes on.
In fact, when the maximum correlation value is too low, the droplet is not bright enough to
be detected, i.e. either it is very small or it is very big but it is not located into the laser
light sheet and it is illuminated only indirectly. As shown above, another reason to have a
low maximum correlation value is that the droplet is outside the field of view.

When either max_part is reached or the loop is broken due to the criterion crit, all the
possible particles in the image have been detected and the frequency analysis can be performed
for each of them.

Before starting the frequency analysis, the discarded particles are saved in an output
file, so that a check is possible a posteriori. Also, the average intensity (pixel value) of
each circle corresponding to a particle in the particle list (taken particles) is calculated. In
the calculation the effect of the previous image deformation is considered. Namely, a mask
is applied to the deformed image before calculating the average intensity, so that the total
intensity within a circle (sum of pixel values) is equal to the total intensity within the elliptical

shape corresponding to the droplet before deformation.

Figure B.3: Example of deformed and cut image.

Then, the frequency analysis loop starts (Figure B.2)and the images in the particle list
(taken particles) are analysed one by one, considering the original deformed and cut images.
All the other particles, except the one that is analysed are masked. In this way if the circles
corresponding to the particles are partially superposed, only the non-superposed part of the
circle — and, hence, of the scattering pattern — is analysed, avoiding mistakes due to frequency
superposition.

Then, the image is cropped around the particle being analysed. Only the circular area
corresponding to the particle is analysed, while the rest of the cropped image is masked. A
value equal to the average within the circle is assigned to the masked part of the image. The

circular area on which the frequency analysis is carried out is slightly smaller than the circle
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Figure B.4: Example of extended image.

Figure B.5: Example of synthetic ring image.

Figure B.6: Example gradient image.
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Figure B.7: Example of first detection image.

Figure B.8: Example of best detection image.
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Figure B.9: Example of frequency analysis. (left panel) Cropped image used for frequency analysis.
Only the circle corresponding to the detected droplet is not masked, while the rest of the cropped
image is masked using the average pixel value within the image; note that the area on which the
frequency analysis is done is actually slightly smaller than the circle corresponding to the detected
droplet and it is indicated by the dashed back line. (right panel) Fourier transform of the image
depicted in a. (FFT _image). Note that the frequency amplitude peak occurring at frequencies
around zero is masked; the dashed withe line identifies the zone where the frequency amplitude is
enhanced, as explained in the text. In right panel, the frequency amplitude peak related to the
horizontal interference fringes visible in figure a. is evident; note that the FFT image is centrally
symmetric.
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Figure B.10: Situation avoided by means of crit2. A false particle is detected (withe circle) due to
3 high intensity points (red dots).

Figure B.11: Example of droplet detected in correspondence of previously detected particles. In
a. the lower right particle detected is a real particle, while in b. the particle identified by the larger
withe circle is false, it is detected due to the high correlation between the mask covering the previously
detected droplet and the ring image.
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corresponding to the particle to exclude the edge of the circle, which is slightly brighter than
its inner part and that could interfere with the frequency analysis. An example of image on
which the frequency analysis is performed is depicted in Figure B.9a.

The Fourier transform of the cropped and masked image is calculated (FFT image). In
the FFT image the values of the pixel corresponds to the amplitudes, while the coordinates
are related to the respective frequency. An enhanced form of the Fourier transform image is
built (FFT enh image) by multiplying the amplitudes by their related frequency, so that
higher frequency amplitudes are enhanced. The enhancement is stopped at a frequency of
max_enh (= 0.1), otherwise high frequency noise would be too high. This is useful for
two reasons. Firstly, the scattering pattern of large liquid particles is characterized by two
frequencies, a lower and a higher one; the frequency of interest, which is related to droplet
size, is the higher. Secondly, generally very low frequency amplitudes prevail, even if they
are not of interest for our study — the interest is focused here on frequencies higher than
the one corresponding to about two fringes within a circle. Furthermore, frequencies around
zero are completely masked in both the FFT image and FFT enh image. An example of
FFT image is depicted in Figure B.9b.

Then, the maximum amplitude of FFT enh image and its position is found. Then,
the amplitude value of the FFT image at the position (frequency) of the maximum of the
FFT enh image is taken.

With the aim to exclude cases where the maximum of FFT enh image corresponds to
noise, and not to a frequency characterizing a liquid droplet, two selection criteria are defined
(Eq. B.3, B.4) :

max(FFT _image)

FFT ratio = (B.3)

avg(FFT _image)

maz(FFT _enh_image)

FFT enh_ratio = (B.4)

avg(FFT _enh _image)

These two criteria evaluate if the maximum is significant with respect to the mean value of
FFT image and FFT enh_image; in fact, if the maximum is due to noise, it does not emerge
significantly with respect to other values. Therefore, FF'I' ratio and FFT enh ratio must
be greater than FFT crit and FFT2 min, respectively. Only lately a maximum value of
FFT enh ratio (FFT2 max) has been imposed for the first measurement campaign.

A sub-pixel procedure is then used to locate with greater accuracy the FFT image max-
imum value. The sub-pixel procedure consists in approximating the values of the 8 pixels
around the maximum and the maximum itself with a Gaussian and, then, taking the position
of the Gaussian maximum. With the new, more precise, position (fz, fy), the frequency is
calculated (freq = (fz2 + fy?)~/?) and also the related angle (fr_angle = tan(fy/fz)).

Three additional criteria are set in order to select the droplets, i.e. FFT ang ratio,
FFT sec_ratioand FFT disk ratio. The first criterion is used to exclude images showing

a prevailing frequency, but not an unidirectional prevailing frequency. The second criterion is
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useful to exclude images where there are more superposed frequency in one direction. The aim
of the latter criterion — which has been only lately added for first campaign data treatment -
is to exclude images with more superposed frequency which do not have a precise direction;
the concept is similar to F'FT ratio and FFT enh ratio, but in this case the analysis is
carried out only in a portion of the image defined by a disk with radius equal to freq. All
these criteria must be greater than the relative limit value, FFT ang crit, FFT sec_ crit
and FFT disk _crit, respectively. The definition of the three criteria is the following (Eq.
B.5, B.6 and B.7):

maz(FFT _image)

FFT ang ratio= (B.5)

avg(FFT ring image)

FFT 4
FFT sec ratio= maz( _zm@ge) (B.6)
- = avg(FFT _sec_image)

. . max(FFT _image)
FFT_disk_ratio = s o
sk _Trato avg(FFT _disk_image) B

where FFT ring image, FFT sec_image and FFT disk image are a portion of
FFT image, namely, a ring, a sector and a disk with radius equal to freq, respectively.

Note that the selection based on F'F'T'_ratio, FFT _enh_ratio, FFT ang crit, FFT sec_ crit
and FFT disk crit is not done yet at this point of the algorithm, but it will be done later.

Using the position of the FFF'T'_image maximum, i.e. freq, just detected and the previ-
ously measured circle radius, the particle size is calculated, according to Eq. 2.2 in Chapter
2.

An additional criterion, int _ratio, is used which accounts for the intensity of light scat-
tered by the detected particle. In fact, once the particle size is known, it is possible to calculate

theoretically the scattered light intensity with the following relation (Eq. B.8):

Itheor = Ilaser(l') d2 (BS)

where Ijgser () is the laser light sheet intensity at a given x position within its thickness,
while d is the particle size. Note that only the shape of the laser light intensity profile
(Ligsernorm) is known from the taken measurements, as the relation between the intensity
observed on the image (Iteorimm), i.e. the pixel value, and the real intensity is unknown.

However, the two quantities are proportional, so that it is possible to write (Eq. B.9):

Itheor,imm =c Ilaser,norm(x) d? (Bg)

The intensity measured in the image (Iymeas,imm) for the detected particle should be, then,
equal to the theoretical expected value Iicor imm- Imeas,imm is obtained by multiplying the av-
erage value within the circle corresponding to the droplet (calculated in the particle detection

loop) and the circle area (2 m R?, where R is the best radius). Therefore, the following ratio
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(int_ratio) should be almost constant (min_int ratio < int_ratio < max__int_ratio):

Ilaser,norm (;U) d2

Imeas,imm

(B.10)

nt_ratio =

At this point the detected particle is either validated as liquid droplet with its respective
size or excluded as an error or as a solid droplet (particulate matter naturally present in
the air) on the basis of FFT _ratio, FFT enh_ratio, FFT ang ratio, FFT _sec_ratio,
FFT disk ratio and int _ratio. Besides, also the fr angle is evaluated as the frequency of
the interference fringes characterizing liquid droplets is unidirectional. Therefore, fr angle
should be around the expected direction, with a tolerance of about +10°. For campaign 1
the expected fringes direction is about 90°, while in campaign 2 the camera was rotated so
that the expected angle is about +0°. Some examples of not validated particles are shown in

Figures B.12, B.13, B.14 and B.15.

image 0004 \ frame 1\ particle 1
valid : FFT False \ FFT_enh True \ FFT ang Tru
FFT_sec True \ Int_ratio False

r0.6

N fringes =70.253, fringes angle =96.276
peak ratios = 7.136 ,7.529
ang & sect. ratios : 4.209 ,3.474
d=53.487um int. ratio = 37.162

400

20.0

175

r15.0

r12.5

r10.0

r0.4

1000

Figure B.12: Example of not validated particle; the value of FFT ratio criterion exceeds the limit.

Only for the first measurement campaign (May 2021), an additional check is done on
droplet for which all the criteria are respected except for int ratio. In fact, in the first
campaign a background frequency proper of the sensor of the camera used could interfere
with the measurements. This background frequency is a high frequency in a defined range,
which could be detected instead of the actual droplet frequency, giving very large droplet
sizes. Therefore, if the detected maximum frequency fall in the background frequency range,
then the FFT image is masked in correspondence of the background frequency range and
a new frequency analysis is performed. In the second campaign this problem is avoided by
rotating the camera so that the background frequency has a direction almost perpendicular
to the one of liquid droplets.

Finally, FFT _image is saved along with the particle list, updated with the new informa-

tion.
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1.0

image 0041 \ frame 2 \ particle 3
valid : FFT True \ FFT_enh True \ FFT ang Fals
FFT_sec True\ Int_ratio True

0.8

r0.6

r0.4

N fringes =4.488 , fringes angle =79.205 14
peak ratios = 83.752,6.645
ang & sect. ratios : 2.289 ,3.571
d=3.474um int. ratio = 0.020
o H! _ 12
200 r10
400
r8
600
r6
800
4
1000
2
0

Figure B.13: Example of not validated particle; the value of FFT _ang ratio criterion exceeds the

limit.

1.0
image 0008 \ frame 1 \ particle 2
valid : FFT True \ FFT_enh True \ FFT ang Tru
FFT_sec False \ Int_ratio True
0.8
r0.6
r0.4
0.2
0.0

N fringes =10.111, fringes angle =-28.761 14
peak ratios = 95.389,16.781
ang & sect. ratios : 3.444 ,1.377
d=7.783um int. ratio = 0.045

12

rlo

600

800

1000

Figure B.14: Example of not validated particle; the value of FFT _sec_ratio criterion exceeds the

limit.
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1.0
image 0022 \ frame 1\ particle 1
valid : FFT True \ FFT_enh True \ FFT ang Tru
o FFT_sec True \ Int_ratio True
0.8
r0.6
r0.4
0.2
0.0

1000

N fringes =6.445 , fringes angle =-68.166

peak ratios = 306.882 ,26.714

ang & sect. ratios : 3.967 ,4.146 50
d=4.849um int. ratio = 0.091

t 40

r30

r20

10

Figure B.15: Example of not validated particle; the value of fringes angle exceeds the limit.
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Appendix C

Fits of speaking and coughing size

distributions

Figures C.1 and C.2 depict the speaking and coughing size distributions fitted by means of a
sum of two log-normal distributions (a. panels) and a Pareto distribution (b. panels). The
former is more frequently used in the literature (see e.g. Johnson et al. (2011) and Morawska
et al. (2009)), while the latter is suggested in the work by Balachandar et al. (2020).

The sum of log-normal distributions is useful as it gets the multi-modal nature of the
droplet size distributions, which can be related to different droplet production mechanisms
within the respiratory apparatus, as speculated by Johnson et al. (2011) and Morawska et al.
(2009). In the present thesis two modes are identified. Therefore, the measured size distri-
bution is split in two parts and each of them is interpolated and fitted with a log-normal
distribution of the form Eq. C.1:

dcC o —Un@-—cy)?
T=qe (C.1)

The function resulting from the sum of the two log-normal distributions is the following
Eq. C.2:

dc,, ; _ (n(d)—cgy)?
CZ =3 <CC11 e % (C.2)

where ¢y, c9; and c3; are the parameters to be estimated, d is the droplet size and C), is
the droplet number concentration. Note that the parameters b; and ¢; are the expected value
and the standard deviation of in(d). The sizes d = 10 wm and d = 12 pm are considered as
cut-off for speaking and coughing, respectively.

Both for speaking and coughing the fit is quite good for sizes d < 4 ym and for d > 10 pm,
while it is weaker for 4 um < d < 10 pm. Overall, the mean absolute relative difference
between the experimental and the modelled data is ~ 26 % for coughing and ~ 35 % for
speaking.

The Pareto distribution can not get the presence of several modes, but it is easier to use as
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it is applied to the whole data set. It fits the coughing data reasonably well (absolute relative
difference of ~ 43 %), but it seems to be less suited for speaking. The Pareto distribution has

the form of Eq. C.3:

dC, _a
0 - e (C.3)

where cl; and ¢2; are the parameters to be estimated.

The parameters obtained by the fitting procedures are resumed in Tables C.1 and C.2.

Table C.1: Parameters of the two distributions (sum of log-normal and Pareto) obtained by the
fitting procedure for speaking.

log-normal d < 10 ym log-normal d > 10 um Pareto

c1 0.924 0.00410 2.11
c2 0.187 3.25 0.570
c3 0.361 0.629 -

Table C.2: Parameters of the two distributions (sum of log-normal and Pareto) obtained by the
fitting procedure for coughing.

log-normal d < 12 ym log-normal d > 12 um Pareto

a 0.406 0.00229 2.95
e 0.301 2.91 0.0752
cs 0.484 0.449 .
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10°
----log-norm fit d < 10um
----log-norm fit d > 10um
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Figure C.1: Droplet size distribution measured for speaking activity fitted by means of a sum of
log-normal distributions (a.) and a Pareto distribution (b.).
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Figure C.2: Droplet size distribution measured for coughing activity fitted by means of a sum of
log-normal distributions (a.) and a Pareto distribution (b.).
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