Received: 6 March 2020

Revised: 12 October 2020

Accepted: 1 November 2020

DOI: 10.1111/ina.12770

REVIEW

WILEY

A review on the applied techniques of exhaled airflow and
droplets characterization

Khansa Mahjoub Mohammed Merghani*

| Benoit Sagot? | Evelyne Gehin® |

Guillaume Da® | Charles Motzkus®

Univ Paris Est Creteil, CERTES, Creteil,
France

ZESTACA, Montigny-le-Bretonneux,
France

3CSTB, Marne-la-Vallée, France

Correspondence

Khansa Mahjoub Mohammed Merghani,
Univ Paris Est Creteil, CERTES, F-94010
Creteil, France.

Emails: khansa.mahjoub-mohammed-
merghani@u-pec.fr

Funding information

Centre Scientifique et Technique du
Batiment

1 | INTRODUCTION

Abstract

In the last two decades, multidisciplinary research teams worked on developing a
comprehensive understanding of the transmission mechanisms of airborne diseases.
This article reviews the experimental studies on the characterization of the exhaled
airflow and the droplets, comparing the measured parameters, the advantages, and
the limitations of each technique. To characterize the airflow field, the global flow-
field techniques—high-speed photography, schlieren photography, and PIV—are ap-
plied to visualize the shape and propagation of the exhaled airflow and its interaction
with the ambient air, while the pointwise measurements provide quantitative meas-
urements of the velocity, flow rate, humidity and temperature at a single point in the
flow field. For the exhaled droplets, intrusive techniques are used to characterize the
size distribution and concentration of the droplets' dry residues while non-intrusive
techniques can measure the droplet size and velocity at different locations in the
flow field. The evolution of droplets' size and velocity away from the source has not
yet been thoroughly experimentally investigated. Besides, there is a lack of informa-
tion about the temperature and humidity fields composed by the interaction of the
exhaled airflow and the ambient air.

KEYWORDS
dry residues, exhaled airflow, experimental techniques, flow-field characterization, particle-
laden flows, respiratory droplets

infection transmission between three families in a Chinese res-

Morawska and Milton? recently published a commentary to the
international community titled “It Is Time to Address Airborne
Transmission of COVID-19". This statement which was supported
by 239 scientists confirms that breathing, speaking, and coughing
generate sufficient amount of small droplets to travel further than
2 m from the source. Likewise, in a systematic literature review
by Bahl et al? eight analyzed articles (out of ten) concluded that
the exhaled droplets could travel horizontally for more than 2m

from the source. In addition to that, a retrospective analysis on

© 2020 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

taurant confirmed the hypothesis of long-distance transmission
of COVID-19.% The epidemiological data of this analysis showed
that 10 subjects seated in three neighboring tables were infected,
although the video record showed no close contact or fomite con-
tact. Another analysis* of a superspreading event of COVID-19
in a choral rehearsal confirms the likability of this airborne trans-
mission mode. In this event, 53 members out of 61 confirmed or
strongly suspected to have contracted COVID-19. Moreover, cases
of COVID19 spread in family clusters®” and among healthcare

staff® in close contact with patients are associated with droplet
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transmission. Ong et al’ detected the presence of COVID-19 virus
in a patient's room, and all the tested samples were contaminated
with the virus. According to Doremalen et al,10 the virus remains
viable for 4-72 hours on surfaces. The relative contribution of
these transmission modes to the spread of the epidemy is still a
controversial issue.

Special attention has been paid to the transmission mecha-
nisms of the airborne pathogens after the emergence of novel
airborne diseases, such as SARS in 2003 and H1IN1 influenza
in 2009. Thus, researchers in the fields of aerosol science, in-
door air quality and public health conducted experimental,
numerical, and theoretical studies to analyze the transport of
the exhaled droplets responsible for the transmission of such
diseases. The exhaled droplets are formed by the shear force
caused by the passage of the airflow in the respiratory tracts
while coughing, sneezing, breathing, and speaking.!' These
droplets vary in size and in composition which depend on their
origin in the respiratory tracts.*! In the case of a respiratory
tract infection, the droplets carry the infectious pathogens
from the tract of the infected subject and possibly transmit
those to healthy individuals. Therefore, transmission can occur
through three different modes of transmission. The first mode
occurs via direct contact with the surface-deposited respiratory
secretions of the infected person. In the second mode, the in-
fection transmission occurs when respiratory droplets carrying
infectious pathogens” travel directly from the respiratory tract
of the infectious individual to susceptible mucosal surfaces of
the recipient".12 The third mode corresponds to long-distance
travel of the dry residues which results from the evaporation of
the droplets. Such dry residues can transmit the infection be-
tween two individuals “who have not had face-to-face contact
or been in the same room”.}? The relative importance of each
of these modes depends on the motion and evaporation of the
exhaled droplets. Therefore, the prediction of their motion and
evaporation in an air jet, which requires a relevant/good cou-
pling with humidity, temperature, and velocity fields, remains a
challenging issue. The structure of humidity, temperature, and
velocity fields depend on the complex interaction between the
human environment (namely exhaled and inhalation airflows,
human body plume) and the room surrounding environment.*
Considering this complex interaction, experimental studies
from the literature can be classified into two main categories
which depend on the scope of the study. The first category cor-
responds to studies focusing on the movement and evaporation
of the exhaled droplets in the human microenvironment. While
the second category includes the numerical and experimental
studies that consider the ventilation systems at the room scale
and investigating its influence on the droplet dispersion. This
review focuses on the first category and analyzes the experi-
mental techniques applied for the characterization of exhaled
airflows and droplets. The first part of this review is dedicated

to the measurement systems involved in the exploration of the

Practical implications

e This literature review discusses the applied experimen-
tal techniques and how these techniques are relevant to
the characterization of the exhaled airflow.

e The article analyzes the techniques applied to deter-
mine the initial size distribution of the exhaled droplets,
the evaporation process, and the size distribution of the
resulting dry residues.

e Future experimental investigations of the interaction
between exhaled droplets and the surrounding airflow
and droplet evaporation would provide a comprehen-
sive understanding of the host-to-host infection trans-
mission and ultimately assess the different transmission

routes.

gaseous exhaled flow, while the second part concerns the tech-

niques applied to respiratory droplets.

2 | CHARACTERIZATION OF THE
EXHALED AIRFLOW

This section reviews the published papers concerning the applied
measurement techniques used to characterize exhalation flows while
breathing, sneezing, coughing, and speaking. Here, we have identi-
fied the most relevant articles and separated them, technical-wise,
into two main categories as follows: global flow-field measurements
and pointwise measurements. Table 1 shows the corresponding arti-
cles and the main parameters measured. It is important to note that
such parameters strongly depend on the adopted technique, and
ultimately results are difficult to compare. In the following subsec-
tions, we provide an analysis of these applied techniques and discuss

their pros and cons.

2.1 | Global flow-field measurements

The global flow-field measurement techniques provide information re-
garding the flow properties over the whole flow field. The global flow-
field techniques and the pointwise techniques are often complementary.
Global flow-field measurements provide a global information on the
propagation of the exhaled jet and its interaction with the indoor airflow.
As for the characterization of the exhaled flow, three global flow-field
techniques are used in the literature: high-speed photography, schlieren
photography, and Particle Image Velocimetry (PIV). The first two tech-
niques which visualize the flow provide information about the flow
shape, its direction, and its propagation. The propagation of the flow in

the surrounding environment is usually described by two parameters,
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TABLE 1 The main measured parameters of the experimental studies on the characterization of human exhaled airflow

Measurement techniques

Global High-speed
flow visualization
field

Schlieren
photography

Schlieren PIV’
velocimetry

Particle image
velocimetry

Article

Bourouiba
et al?

Gupta et al*®
Gupta et al'*
Xu et al*®

Tang et al®®

Tang et al*®

Tang et al*®

Savory et al?®

Kwon et al*’

VanSciver
etal®

Main findings
Measured
parameters Breathing Coughing Sneezing Speaking
Duration (ms) 300 200
Re 10 000 40000
Entrainment coef. 0.24 +0.02 0.13+0.02
(jet phase)
Entrainment coef. 0.132 £0.06 0.055+0.01
(puff phase)
Nose opening F:1.16 £ 0.67
area (cm?) M:1.20 £ 0.52
Mouth opening F:0.56 £ 0.10 F:1.80 £ 0.03
area (cm?) M:0.71+0.23 M: 1.80 £ 0.03
Mouth opening F:3.37+1.40
area (cm?) M: 4.00 £ 0.95
Propagation Mouth: M: 0.2-0.6
velocity (m/s) F:0.3-0.8
Propagation Nose: 0.60 0.7 0.6
distance (M) \outh: 0.80
Propagation Nose: 1.40 5 4.5
velocity (m/s) Mouth 1.30
Propagation area  Nose: 0.11 0.2 0.2
2
(m?) Mouth: 0.18
Area expansion Nose only: 0.16 1.5 2
2
rate (m®/s) Mouth only: 0.17
Propagation F:0.16-0.55
distance (m) M: 0.31-0.64
Propagation F: 2.20-5.00
velocity (m/s) M: 3.20-14.00
Propagation area F:0.01-0.11
(m?) M:0.04-0.14
Area expansion F:0.15-0.55
rate (m?/s) M: 0.25-1.40
Maximum air 8.00
speed (m/s)
Average of the 0.41
spatially
averaged
maximum
velocity after
1 m from
mouth (m/s)
Average initial M: 15.30 M: 4.07
velocity (m/s) F: 10.60 F: 2.31
Maximum 1.15-28.8
velocity range
(m/s)
Average max. 10.2+ 6.7
velocity (m/s)
Location of max. 67.8+78

velocity (mm)

Wi LEYJ—9

No. of
subjects

1

20

20

16

12

26

29
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TABLE 1 (Continued)

Measurement techniques

Pointwise measurement

Article

Chao et al?”’

Zhu et al?®

Xu et al*®

Xu et al®*

Gupta et al*®

Gupta et al*

Abbreviations: F, female; M, male.

namely the propagation distance and the propagation velocity. The prop-

Main findings

Measured
parameters

Median velocity
(m/s)

Jet width at
50 mm from
mouth (mm)

Maximum air
velocity (m/s)

Average initial air
velocity (m/s)

Initial velocity
(m/s)

Thermal plume
(m/s)

Velocity at 3 mm
from nose
in standing
position (m/s)

Velocity at 3 mm
from nose in
Lying position
(m/s)

Centerline
velocity (m/s)

Exhaled air
temperature
(°C)

Relative humidity

Mean peak
velocity at
3 mm from
mouth (m/s)

Propagation
distance (m)

Turbulence
intensity at
3 mm from
mouth

Change of airflow
rate over time
(L/s)

Change of airflow
rate over time
(L/s)

Breathing Coughing

8.1

35.8+279

M:13.2 F: 10.2
10.2
11.2

0.23

F:1.63
M: 1.08

F:1.52
M: 1.82

Decay of
centerline see
Equation 1

36-32

80%
F:1.03 £0.51
M:0.81+0.4

0.3

41+ 5%

Sine function

Combination
of gamma
probability
distribution
functions

211 |

agation distance is defined as the distance between the mouth/nose of

the subject and the tip of the exhaled jet as shown. The propagation

velocity corresponds to the speed at which the jet tip travels.

Sneezing

Speaking

M:4.6 F: 3.6

3.9

1.6

High-speed photography

No. of
subjects

11

18

22

25

25

The high-speed photography is used for flow visualization and pro-

vides information regarding the flow shape and its propagation such
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as the flow direction, spread angle, and propagation velocity. To vis-
ualize the airflow, a high-speed camera is used to capture the motion
of tracer particles like cigarette smoke or theatrical fog. The used
tracer particles are fine enough to closely follow the airflow.

This technique was applied by Gupta et al'** to identify the
boundary conditions of the airflow exhaled during coughing, breath-
ing, and speaking.’® In this study, cigarette smoke was used as a
tracer assuming that the 0.2 um smoke particles closely follow the
airflow.® In order to visualize the airflow, five smoking subjects
were photographed using a black background and a light source be-
neath the subject's face. This technique provides images with visible
smoke particle concentration gradient which allows a rough estima-
tion of both airflow direction and spread angle. As shown in Figure 1,
the flow direction is defined as the angle between the flow center
and the horizontal. Such angles can be determined by analyzing the
side view photography. Table 2 compares the angle values obtained

1415 with other studies from literature.**™*?

by Gupta
Likewise, front view photography of the subjects was used to

determine the mouth and nose opening areas. The latter information

Time

isimportant to provide boundary condition for flow modeling. Gupta
et al photographed the subject's nose and mouth during coughing,'*
speaking,'® and breathing.'® The values of these areas are shown in
Table 1, though a noticeable difference in nose and mouth opening
area has been found between subjects.

Bourouiba et al?®°

used the high-speed imaging technique to an-
alyze sneezing and coughing. The authors used exhaled droplets of
small diameters as a tracer. Whenever the concentration of droplets
was too low, the visualizations were enhanced with a smoke genera-
tor. The visualizations showed that the cough lasts 300 ms while the
sneeze duration is shorter (200 ms). Both coughing and sneezing ex-
haled jets were considered as turbulent since the Reynolds number
for coughing and sneezing were 10 000 and 40 000, respectively.
Bourouiba et al analyzed the flow shape in the first 70 cm from the
mouth, and they noticed a change in the flow direction at the middle
of this distance. As illustrated in Figure 1, the first part of the flow
near the mouth (prior to the change of flow direction) was referred
as the jet phase by Bourouiba et al, while the subsequent phase was

referred as the puff phase. The authors defined the entrainment

v

N

Propagation distance

Sy T s L L L

Jet phase

FIGURE 1 The flow direction and flow spread angle

TABLE 2 Thedirection and the spread
angle of the exhalation jet from the

literature Exhalation mode

Breathing

Coughing

Speaking

Sneezing

Puff phase'

Flow direction Spread angle

Source Mouth Nose Mouth Nose
Xu et al'® 14° + 14° 57°+6°  36°+6° 32°+3°
Tang et al*’ Horizontal 45°-30° - -
Gupta et al*® Horizontal 60° + 6° 30° 23° + 14°
Bourouiba - - 27° -

et al?®
Kwon et al*? - - 36° -
Tang et al'® - - 239°+34° -
Guptaetal™  27.5°+59° - 25° + 6.4° -
Kwon et al*’ - - 59° -
Gupta et al*® - - 30° -
Bourouiba - - 14.8° =

et al?®
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coefficient a as the slope of the linear relation between the jet ra-
dius and the travel distance from the mouth. With this definition,
the relation between a and the spread angle 6, is a = tan(¢,/2). As
for coughing, Bourouiba et al reported an entrainment coefficient
of 0.24 in the jet phase which corresponds to a spread angle of 27°.
This value matches well with those obtained by Tang et al'® and

Gupta et al**

as shown in Table 2. Thanks to the high-speed photog-
raphy technique, the authors identified the value of the puff phase
entrainment coefficient, which is almost half of the jet phase one,
corresponding to a spread angle of 15°. Likewise, a similar decom-
position of the flow into a jet phase and a puff phase was also made
for the sneezing activity. The entrainment coefficients values were
0.13 and 0.055 for the jet and puff phases, respectively, which cor-
responds to spread angles of 14.8° and 6.3°.

The high-speed photography technique was not only applied on
human subjects. Liu and Novoselac?! built a cough box or cough gen-
erator with a volume of 15.6 L. Air was injected inside this box with
a square wave temporal profile, and with a time step of 1 second.
The airflow was visualized by using a fog machine that generates
particles with diameters lower than 2.5 um in size. The analysis of
the flow shape revealed that the jet propagates more than 0.2 m
in 0.1 second. The observation of the flow boundaries allowed the
determination of the spread rate, which is defined as the ratio be-
tween the radial expansion of the jet and the horizontal propaga-
tion. The captured images showed the creation of a circular vortex,
also known as the leading tip, in the front of the jet during the first
0.15 second.

2.1.2 | The schlieren photography

The schlieren photography technique is based on the variation of the
air refractive index with the density. In the case of human exhalation
flows, a density gradient is induced by the temperature difference
between the ambient air and the exhaled air. Although the exhaled
air temperature varies with the climatic conditions, it is usually
higher than the ambient air. In laboratory conditions with 50% rela-
tive humidity and 20°C, the air is exhaled from the nose at a temper-
ature value close to 34°C.?2 The schlieren technique can be used to
study the flow shape and analyze its propagation in the surrounding
environment. Tang et al implemented this technique to observe the
breathing,'” sneezing,'” and coughing?®® of 20 healthy volunteers (10
females and 10 males). They used a high-speed camera to capture
images of exhalation that were later automatically processed. The
automation of the image processing allowed the authors to analyze
a large number of images and to extract data about the visible pro-
jected area and the propagation distance at a high frequency. Tang
et al®® reported that the average horizontal propagation distance
of coughing was in the range of 0.16-0.64 m however, when they
reprocessed the images in another study?” considering the propaga-
tion on the main flow direction they found that the maximum dis-
tance is 0.7 m and the maximum derived velocity is 5 m/s. Pepper
sneeze stimulus was used to help six volunteers to sneeze and the

sneeze puff travelled 0.6 m with a propagation velocity of 4.5 m/s.Y”
By analyzing the schlieren imaging for nasal and mouth breathing,
they found that the air travels 0.6 m with a velocity of 1.4 m/s in the
case of nasal breathing, while it propagates more slowly at a velocity
of 1.3 m/s over longer distance—0.8 m—in the case of mouth breath-
ing.17 When analyzing these data, it isimportant to keep in mind that
these distances are characterized by the temperature/density gradi-
ent and not the local airflow velocity. Further results of the breath-
ing flow shape and direction obtained by17 are presented in Table 2.

Another study by Xu et al*® used schlieren photography tech-
nique to visualize the breathing airflow in standing and lying posi-
tions of 18 healthy subjects at 23°C room temperature. They noticed
that the flow shape, direction, and propagation seem to vary from
one person to another. However, they were able to determine aver-
age values of the jet direction and spread angle for mouth only and
nose only breathing which are reported in Table 2. Images recorded
by the high-speed camera demonstrated that the ring vortices flow
structures at the jet boundary of built by successive breathing cycles
are connected, having similar characteristics to these observed in a
steady turbulent jet. In addition to this qualitative result, the schlie-
ren analysis allows to investigate the interaction between the body
thermal plumes and the exhalation flow. With this technique, two
main effects of this interaction were noticed: In the standing posi-
tion, the raising body thermal plume interacts with the exhaled air
drifting it upwards while for the laying position the direction of the
thermal plume is the same as the exhaled flow therefore enhancing

the upward air movement.

2.1.3 | Particle image velocimetry

The Particle Image Velocimetry (PIV) technique has been widely
used in the field of indoor air because it provides essential detailed
quantitative information on the flow fields.?* In this PIV technique,
a pulsed laser light sheet illuminates the tracer particles in a meas-
urement plane, and a synchronized CCD camera acquires two sin-
gle exposed images taken shortly one after another. By comparing
these two pictures, the travelled distance of individual particles
can be determined, and it corresponds to the displacement field of
tracer particles. The velocity field is then calculated by dividing the
displacement field by the time step of a few microseconds order.
The PIV has been used to characterize the airflow field formed by

19,25-27

coughing and speaking.??? In these studies, the subjects

were asked to cough into a chamber which was filled with submi-

I,19 saline fog,27 or

cronic particles of titanium dioxide,28 olive oi
glycols solutions.?> The motion of the tracer particles is recorded a
few microseconds after the beginning of the exhalation event with a
typical time step of 100 us. Thus, the PIV can provide a quantitative
measurement of the velocity flow field for highly unsteady flows like
coughing and speaking. However, there are two main limitations for
this technique. First, the health hazards arise from using the tracer
particles and the laser when conducting the experiments on human

subjects impose technical constrains. Second, the exploration area is
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Location of initial velocity

Location of maximum
/ velocity

FIGURE 2 Schematic figure for the velocity flow field during exhalation

limited, a typical optical configuration of the PIV as in Savory et al’®

forms a measurement area of 400 cm?.

VanSciver et al.?®

asked 10 males and 19 females to cough into
a 120 cm x 76 cm x 67 cm chamber to analyze the airflow field and
the maximum coughing velocity. They recorded a wide range for this
maximum velocity; from 1.15 to 28.8 m/s while the average maxi-
mum velocity was 10.2 m/s. The authors found that the maximum
velocity of the airflow usually happens at a distance of 3.9-309 mm
from the mouth because of the vena contracta phenomenon. The
vena contracta phenomenon happens with the sudden change of
the cross-sectional area of the flow geometrical boundaries. As the
exhaled flow direction cannot be quickly adjusted to the sudden in-
crease of the flow area after the mouth, it continues to contract,
and the minimum flow area corresponding to the maximum air speed
occurs after the mouth as illustrated in Figure 2.

This maximum velocity is reached 20 us after the beginning of
the cough. Then, it decreases by 74% after 0.67 second. Through the
postprocessing of the velocity field obtained by PIV technique, it is
possible to build velocity profiles at different locations in the jet to
analyze its expansion. VanSciver et al defined the width of the jet by
considering the upper and lower locations where the velocity is half
of the maximum profile velocity. They reported a linear jet expansion
over the first 200 mm from the mouth. The Reynolds number for
coughing exhaled jet was in the range of 2300-57 600 and the aver-
age Reynolds number was 20 400, which is in accordance with the
value of 10 000 obtained by Bourouiba et al® for a single subject.

Considering these values of the velocity and the size of the box,
the authors suspected that the results could be affected by the con-
finement effect due to the small size of the box (1.2 m in length).
However, in another study,? three subjects coughed in a chamber
of 180 cm x 180 cm x 180 cm and the average maximum velocity
was 11.2 m/s, only 10% higher than the value reported by VanSciver
et al. This slight difference could be attributed to the individual

differences between subjects and it does not confirm the effect of
the confinement. In the study of Zhu et al,? the range of the maxi-
mum velocity was between 6 and 22 m/s. However, values greater
than 18 m/s were very rarely observed. Savory et al?® used PIV to in-
vestigate the velocity at 1-m distance from the mouth for 12 healthy
individuals. They assumed that studying the far field velocity would
be of particular interest for disease transmission studies. This study
reveals that at 1-m distance the cough affects the air velocity field
and the measured average velocity value is 0.41 m/s.

Kwon et al*” and Chao et al?’ used the PIV technique to ana-
lyze the velocity field near the mouth produced by coughing and
speaking. They defined the initial velocity as the highest velocity
measured during the coughing process. The initial velocity dis-
tribution diagram built from measurements with a 26 volunteers
group by Kwon et al showed that this initial velocity of the cough
lies within a 6-13 m/s range, with an average initial coughing ve-
locity of 15.3 m/s for males and 10.6 m/s for females. The results
of Chao et al were in accordance with the other studies discussed
in this section: The authors reported an average coughing veloc-
ity of 11.7 m/s. Although it is challenging to characterize airflows
produced during speaking activity (because of its dependence on
the pronounced sounds), Kwon et al and Chao et al obtained com-
parable results. The protocol for Kwon et al experiment consisted
in counting from one to three in Korean while it was counting
from 1 to 100 ten times in Chao et al study. The average maximum
measured speaking velocity by Kwon et al was 4.07 m/s for males
and 2.31 m/s for females, and for Chao et al, it was 3.9 m/s. Chao
et al also mentioned that the propagation distance for coughing
was higher than for speaking and that the entrainment of the am-
bient air was noticeable in both cases. Further vector analysis was
conducted by Kwon et al to identify the jet spread angles and the
values obtained are compared with the other values in the litera-
ture'®1>18 in Table 2.
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As discussed above, health hazards arise when using the PIV
technique on human subjects; it requires to apply safety proce-
dures, in particular those to make sure that the tracer particles
are confined in the measurement chamber. This makes the study
of the airflow near the subject's body difficult. Moreover, it elimi-
nates the effect of the body thermal plume on the exhaled airflow.
To overcome these constrains, researchers developed thermal
breathing manikins to simulate the human exhalation activities
and enhance the study of the airflow in the human microenvi-
ronment. Feng et al®? used a thermal breathing manikin together
with a two-dimensional time-resolved particle image velocimetry
system, to obtain detailed data on averaged flow fields, vorticity,
and turbulence intensity, for further comparison with CFD simu-
lations. The manikin was breathing in horizontal direction through
a mouth opening of 12 mm diameter. The airflow rate was 0.45 L
per exhalation following a sinusoidal pattern with a frequency of
15 breaths per minute. In order to study the thermal plume, the
exhaled air temperature was kept in the range of 32-36°C, and
the body of the manikin was heated using a 75 W heater. Feng
et al applied the phase-averaged method to analyze the results
of the PIV. They divided the breathing process into 40 phases,
20 for exhalation and 20 for inhalation, and the velocity values
were averaged over each phase. This study showed that during
the middle phases, the flow shape and the linear spread of the air-
flow were similar to those of the free jet. The use of the PIV per-
mitted to identify the formation of two large vortices on the two
sides of the jet in the initial stage. These vortices evolve and are
more noticeable during the middle phases when higher turbulence
intensity is measured. The use of the thermal breathing manikin
and the phase average approach produced statistically acceptable
data to study the flow turbulence. The maximum turbulence in-
tensities were measured near the centerline of the flow where the
exhaled flow interacts with the thermal plume that drifts the jet
flow upward.

With the same manikin as Feng et al, Jiang et al*® studied the
characteristics of the exhaled air parameters during breathing. The
effect of the thermal plume was analyzed by building the contour
map for the normal velocity. Jiang et al used the proper orthogonal
decomposing to divide the flow into four different parts: main-flow
part, coherent part, transient, and turbulent part. The main flow
contains most of the flow energy, and the fluctuations are divided
between the other three parts. The authors noticed that during the
late phases of exhalation the thermal plume contributed in enlarging
the coherent part of the flow which means that the thermal plume
enhances the flow turbulence.

Another study by Berlanga et al®! used PIV and the phase
average approach to study and analyze the velocity field of the
human exhalation of an average male (test M) and an average fe-
male (test F), using a life-sized thermal manikin. They used CO,
as a tracer, and with the help of a high-resolution camera, they
studied the flow direction and propagation. The manikin was in
lying position and so the flow had a vertical direction and the ex-
halation had sinusoidal pattern with a flow rate of 9.45 L/min for

(test M) and 7.52 L/min (test F). The comparison of results for the
(test M) and (test F) showed that although the flow shape is almost
the same, the propagation distance for the (test M) was higher
than (test F) and the diffusion angle was wider, 20.5° for (test M)
and 22.7° for (test F).

2.2 | Pointwise measurements
Here, pointwise measurements refer to quantitative measurements
performed by using probes at a given point in the flow field. This
includes measurements for velocity, temperature, humidity, and air-
flow rate. The pointwise measurements provide accurate quantita-
tive information. However, those measurements require a lot of time
and effort to obtain a full picture of the flow. To overcome this dif-
ficulty, the pointwise measurements techniques are often preceded
by one kind of global flow-field techniques.

As shown on Table 1, coughing is by far the most-studied exha-
lation mode because of its important impact on disease transmis-

sion. Preliminary studies®?3

aimed to examine the coughing flow
rate, which is usually characterized by three following parameters;
Cough Peak Flow Rate (CPFR), Cough Expired Volume (CEV) which
is the total volume expired during the cough, and Peak Velocity Time
(PVT) which is the time between the beginning of the cough and the
time at which the maximum velocity occur. Using regression analy-
sis, relationships between these parameters and the height, weight,
gender, and age of the person were proposed by Mahajan et al®?and

Singh et al®®. Gupta et al****

measured the airflow rate of 25 healthy
subjects for coughing, breathing, and speaking using a spirometer.
They found that the cough airflow rate can be described using a
combination of gamma probability distribution functions while the
normal breathing airflow rate follows a sine function over time
and this function depends on the subject height and weight.15 The
value obtained for the duration of a single cough was in the range of
0.26-0.78 second, which is in accordance with the value obtained
by means of high-speed photography of 0.3 second by Bourouiba

|20

et al.“” The airflow rate during speaking might be the most difficult

to measure as it depends on the pronounced sounds. To character-

ize the airflow rate for speaking, Gupta et al®

used a spirometer to
measure the exhaled airflow during three exercises: counting from 1
to ten, pronouncing six letters and reading a passage. Pronouncing
T letter resulted in 2 L/s flow rate and it was the highest expelled
flow rate. Consequently, pronouncing number two and ten produced
more airflow. The peak flow rate measured during passage reading
was 1.6 L/s.

In addition to the airflow measurements, Xu et al*

conducted
velocity pointwise measurements for the breathing airflow. For op-
timized experimental planning, these measurements were preceded
by schlieren photography in order to estimate the centerline of the
airflow. Using a hot sphere anemometer, pointwise measurements
for velocity were taken along the flow centerline at different dis-
tances from the mouth/nose. The average initial breathing velocity
was measured at 0.03 m from nose. In the standing position, the
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measured initial velocity was 1.08 and 1.63 m/s for male and female,
respectively. According to Xu et al, the decay of the centerline veloc-
ity could be expressed by the following power function:

U, =axb ()]
where U, is the centerline velocity and x is the distance from the
mouth/nose. a and b are constants which depend on gender and mode
of breathing (mouth or nose).

As discussed above, manikins can be used to overcome techni-
cal constrains but there are differences between human and mani-
kin exhalation. To evaluate these differences, Xu et al** compared
the characteristics of breathing from a human subject and a ther-
mal breathing manikin using hot sphere anemometer. The manikin
had two 12-mm-diameter circular openings (nose openings) and a
semi-elliptical mouth of 120 mm?. Sinusoidal breathing was modeled
with a frequency of 15.5 breaths per min and a respiratory minute
volume of 8.8 L/min. This respiratory minute volume is the amount
of air exhaled or inhaled during one minute. The measured tempera-
ture of the exhaled air was 34°C while the room temperature was
kept at 20°C. Xu et al noticed that the sinusoidal breathing of the
manikin produces the same velocity profile as the human subject but
with different respiratory frequency and magnitude. These differ-
ences result in a significant underestimation of the turbulence levels
as the turbulence intensity on the center line was (41 + 5) % for the
subject and 1.3% for the manikin. The velocity profile was obtained
by measuring the velocity of the air in different vertical planes at
given distances from the source. The airflow from the manikin was
similar to the turbulent circular jet and the propagation distance was
around 0.3 m for the subject and 0.4 m for the manikin. The authors
compared those results with the results of the previous studies’?®
obtained by applying the schlieren photography technique, and they
suggested that using the schlieren technique might overestimate the
propagation distance of the flow. This overestimation might be at-
tributed to temperature diffusion rather than the travel of the gas.

135 also used pointwise measurements

Another study by Xu et a
to investigate the effect of the ventilation and the metabolic rate on
the dispersion of exhaled droplets. The metabolic rate corresponds
to the amount of consumed energy by the body per unit of time. The
metabolic equivalent of task (met) corresponds to a reference meta-
bolic rate of 1.163 W/kg, which is roughly equivalent to the amount
of energy expended at a sitting position. To study the effect of body
activity, the thermal breathing had two metabolic rates, 1.2 met and
2 met. The measurements were conducted in a room with two ven-
tilation methods, room mixing ventilation and displacement ventila-

tion, to compare between them. Xu et al®®

reported that the velocity
profiles of the sinusoidal exhaled airflow were similar to those of
the steady jet. Based on results obtained by the high-speed pho-
tography technique, Liu and Novoselac?! conducted quantitative
measurements of the jet flow centerline velocity using a hot wire
anemometer and a hot sphere anemometer at 76 positions. Table 3
summarizes the characteristics of the manikins used in the previous

studies and measured parameter.

3 | MEASUREMENTS ON THE EXHALED
DROPLETS

As discussed in the introduction, the exhaled air jet carries droplets
with a polydispersed size distribution. Studies on the characteriza-
tion of the exhaled droplets mainly focus on determining the size
of the initial droplets as it is the main parameter governing their
fate, either they deposit on a surface or remain suspended and
carried by the airflow.% The size of the droplets is also associated
with their composition and the likelihood of bearing pathogens. A
study by Milton et al®” examined particles exhaled from 37 seasonal
influenza-infected patients. The study showed that fine particles—
smaller than 5 um—contain 8.8 fold more viral copies than coarse
particles—bigger than 5 um. Similarly, Lindsey et al*® found that 42%
of influenza RNA is detected in particles smaller than 1 um, while
23% is in particles of 1 to 4 um, and 35% in coarse particles bigger
than 4 um. Fabian et al®’ conducted another observational study on
12 laboratory-confirmed influenza patients. In this study, they ob-
served that during tidal breathing, 87% of the particles sampled from
patients’ exhalations were <1 um. After detecting the presence of
RNA in part of these fine particles, Fabian et al concluded that sub-
micronic aerosols could have an important contribution to the influ-
enza transmission process. These different results can be linked to
the relation between the droplet size and its origin in the respiratory
tract. Morawska et al*! analyzed the modes of particles produced
by different exhalation activities. They found that normal breathing
produces particles of 0.85 um mode, the vocal cord vibration mode
is 3 um, and oral or saliva mode is 10 pm.

After their release, the droplets go through a very rapid evapo-
ration process and transform to dry residues which are mainly com-
posed of NaCl and organic component.*® Figure 3 illustrates both
the change of the size distribution of the exhaled droplets at differ-
ent distances from the mouth and the settling drift of large diameter
droplets due to gravity. When choosing a measurement technique, it
is critical to look at the place of the measured droplets with respect
to this evaporation process. Some measurement techniques involve
sampling and travel of the droplets from the sampling point to the
measurement location. During this travel, evaporation might occur
which induces a change in the measured droplet size. So, these tech-
niques are well adapted to measure the size of dry residues after the
complete evaporation of the droplets, but they can be also used to
predict the initial droplet size distribution by applying some calibra-
tion process or evaporation model. In our review, all the techniques
involving the extraction/collection of a sampled airflow with parti-
cles are named intrusive techniques. Non-intrusive measurements are
directly conducted in the flow stream without sampling.

Gralton et al.?

reviewed the measured size of the exhaled par-
ticles in literature, including both droplets and dry residues, and
they concluded that the exhaled particles have a size range between
0.01 and 500 um. This size range can hardly be covered by a sin-
gle measurement technique, which justifies the use of two kinds of
techniques in most of the reviewed studies. Table 4 classifies the

studies aimed at characterizing the respiratory droplets according
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FIGURE 3 The change of exhaled droplets size distribution with distance

to the adopted measurements technique. The term equivalent diam-
eter which appears in Table 4 is an important point when consider-
ing any aerosol size measurement technique. As each measurement
technique is based on a specific physical property, the equivalent
diameter is “the diameter of a sphere having the same value of a
specific physical property”.*? For example, the Aerodynamic Particle
Sizer (APS) measures the particle aerodynamic equivalent diame-
ter which is defined as the diameter of a sphere having a density
of 1000 kg/m3 and the same gravitational settling velocity as the
measured particle. The optical diameter corresponds to the diameter
of the spherical particle scattering the same light amount as the an-

1*? define the mobility equivalent diameter

alyzed particle. Baron et a
as “the diameter of a sphere with the same mobility as the particle
in question”. Meanwhile, the geometric diameter is the diameter of
the spherical particle which is usually obtained through direct mea-
surement of the particle using a microscope or through a geometric
analysis of the particle's image. Thus, the equivalent diameter should
be considered when applying different measurement techniques or

comparing their results.

3.1 | Intrusive measurement techniques

Solid impaction, droplet deposition, optical particle counter, and
aerodynamic particle sizer are widely used intrusive measurements
techniques. Solid impaction and droplet deposition were the tech-

niques applied by the early studies, and then optical particle counter

and aerodynamic particle sizer were later used. Other techniques
like Liquid impingers, Scanning Mobility Particle Sizer (SMPS),
Electrical Low-Pressure Impactor (ELPI), and Condensation Particle
Counter (CPC) are less cited in the existing literature and they are
also discussed in the last subsection.

3.1.1 | Solid impaction

Early studies used solid impaction technique to quantify the size
distribution of the droplets expelled during coughing, sneezing,
breathing, and speaking. In addition to the size information, col-
lected droplets can be used for further biological tests. Duguid*®
studied the size distribution of the initial droplets produced during
speaking, sneezing, and coughing using impaction plates placed in
front of the subjects’ mouth, at 3 and 6 inches, respectively, in the
cases of speaking and coughing/sneezing. For a better visualization
of the droplets, Duguid applied dye on the surfaces of the mouth
and fauces. To calculate the diameter of the initial droplets, a calibra-
tion procedure was applied to find the relationship between the size
of the stain marks remained on the celluloid-surface of the impac-
tion plate and diameter of the initial droplets. The size of the initial
droplets was in the range of 5-2000 pm, and it is assumed that drop-
lets with a diameter lower than 5 um might evaporate quickly or be
driven by the deflected flow around the impaction plate. Duguid also
used another solid impaction device which is the slit sampler also

known as slit impactor to collect the suspended dry residues from
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TABLE 4 The techniques used for the characterization of the respiratory droplets

Technique Measured parameters
Intrusive
Solid impaction e Size distribution of dry residues and
initial droplet
e Concentration of pathogens in the
exhaled air
Droplet deposition e Size distribution of initial droplet
analysis e Concentration of initial droplet
Optical particle o Size distribution of dry residues and
counter initial droplet
e Concentration
Aerodynamic e Size distribution of dry residues or

particle sizer evaporating droplets

e Concentration

The electrical o Size distribution of dry residues
low-pressure
impactor

The Scanning o Size distribution of dry residues
Mobility Particle e Concentration
Sizer

Filter collection o Size distribution of dry residues

Non-intrusive

High-speed e Particle dynamics and propagation
photography

Laser particle size e Size of evaporating droplet
analyzer e Concentration

Interferometric Mie e Size distribution of droplet
Imaging e Concentration

the air on a rotating agar plate. On this plate, pathogens contained
in the dry residues multiply in the agar culture medium and form
visible colonies that can be counted. By measuring the air volume
extracted during sampling, Duguid determined the number concen-
tration of the viable dry residues. The slit impactor was also used by
Milton et al®’ to collect and analyze the influenza virus carried by
droplets in the breath of infected individuals. They designed a coni-
cal hood into which the subject breathes to gather the exhaled air.
Then, the captured air passes through a conventional 5 um cutoff di-
ameter slit sampler to collect large droplets. A water vapor conden-
sation process on the fine particles, less than 5 um, was then used
to grow the size of these particles so that they could be collected
with a 1 um cutoff diameter slit sampler. This procedure permits

Size range

0.3-20 um

0.5-20 pm

0.007-10 um

0.02-0.6 um

It depends on -

Equivalent diameter Articles

Duguid,** Milton
et aI,37 Fennelly
et al*

Aerodynamic diameter

Duguid,43 Loudon
and Roberts,45 Li
et al,* Xie et al*’
Morawska et al®’

Geometric diameter

Fabian et al*’ Fabian
et al* Edwards
et al,>® Holmgren,*°
Almstrand
et aI,52 Papineni
and Rosenthal®® Li
et al*® Xie et al,¥’
Wourie et. aI,54
Waurie et. al.>®

Optical diameter

Yang et al®® Morawska
etal® Liu
Novoselac 2! Fang
et al®® and Asadi
etal®

Aerodynamic diameter

|62

Aerodynamic diameter Herseneta

|63

Mobility diameter Yang et a

Geometric diameter Loudon and Roberts*

Zhu et aI,26 Nishimura
et al,®* Bourouiba
etal %°

the laser

and optical
configuration
of the system

0.1-1000 pm Optical diameter Han et al,%” Zayas
et al®®

>2 um Optical diameter Chao et al,?’ Chao and
Wan®®

the biological analysis of the fine fraction of exhaled droplets. A six-
stage Andersen cascade impactor which is another solid impaction
device was used by Fennelly et al** to study the concentration and
size distribution of infectious aerosols exhaled by patients with tu-
berculosis. The Andersen impactor used by Fennelly and the slit im-
pactor provide information about the number concentration of the
viable pathogens but not the size of the droplets or the dry residues.
Although the particles are classified into six size classes in the case
of the Andersen impactor, the obtained size distribution cannot di-
rectly represent neither the size distribution of the initial droplets
nor the dry residues because the evaporation process between the
collection point close to the patient mouth and the impactor is not
evaluated.
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3.1.2 | Droplet deposition analysis

Droplet Deposition Analysis (DDA) is one of the techniques that has
been used to determine the size distribution of the initial exhaled
droplets. It requires building a correlation between the diameter of
a droplet deposited on a surface forming a stain mark and the initial
diameter of the droplet. Two types of droplets deposition experi-
mental setups have been developed. The first setup was designed by
Loudon and Roberts,45 and it consistsin a closed box with about 57 L
capacity and the walls were covered by high grade white boned pa-
pers. One of the wall sides contains an inlet opening through which
the subject exhales breaths into the box. In the experiment, the
mouth of each subject was colored with a dye. After a given number
of exhalations, the size and number of the stain marks on the floor,
opposite, right, and left side of the box produced by the droplets’
deposition were determined by microscopic observation. Li et al*®
designed a box with the same characteristics of the one of Loudon
and Roberts. Water sensitive paper was used instead of the white
boned paper. This paper type has a yellow coating that turns into
blue color with water contact. This particular property of the paper
makes it possible to analyze the droplet size and number without

using dye. Xie et al*’

used the box designed by Li et al to measure the
droplets size distribution produced during coughing and speaking.
They evaluated the impact of using the dye on the measured droplet
size distributions. The water sensitive paper used in Li et al experi-
ment was replaced by glass slides in this experiment. The subjects
exhaled in the box with and without using the dye and the size dis-
tribution of the droplets deposited on the glass slides was measured
using a microscope. They concluded that the use of dye increases
the production of droplets during human exhalation activities.

The second type of experimental setup is the one designed by
Morawska et al,'* which consists in a wind tunnel where the head of
the subject can be inserted. The air circulating inside the tunnel is fil-
tered with a High Efficiency Particulate Air (HEPA) filter which ensures
that the only source of particles inside the tunnel is the subject itself.
Glass slides were placed in several locations downstream of the sub-
ject head, on the floor of the tunnel, to collect deposited particles.

1*8 studied the modes

Using the same experimental setup, Johnson et a
of exhaled droplets size distribution with the objective of linking these
modes to their sites of origin in the respiratory tract. The droplet of
diameter <20 um was most likely remain airborne, so 20 um was con-
sider as the lower detection limit of this system. The exhaled airflow

rate was also estimated to obtain the droplet number concentration.

3.1.3 | Optical particle counter

Optical Particle Counters (OPC) provide a determination of the opti-
cal equivalent diameter of the particle as a function of the light scat-
tered by the particle when it crosses a light beam emitted by a white
light or laser source. The air is extracted from the breathing zone of
the subject through a mouthpiece which is a collection device that
delivers the exhaled breath from the mouth of the subject to the

inlet of the OPC. The OPCs are used to measure size and number
concentration of the particles in the size range 0.3-20 um divided
into 4,39’49 6,50 or 15 size intervals.’® One of the advantages of this
extractive technique is that it permits conducting parallel measure-
ments using other techniques such as impactors®? or filters.*’
Papineni and Rosenthal®® compared Droplet Deposition Analysis
(DDA) with Optical Particle Counter (OPC) direct measurements.
They reported that the OPC is more practical and less time consum-
ing when compared to the tedious process of measuring and counting
the droplet by the microscope for DDA. However, they estimated 23
milliseconds traveling time of the particles from the sampling point to
the measurement point. To evaluate the impact of this transfer on the
droplet diameter, Papineni and Rosenthal carried out two experiments
to evaluate the condensation and the evaporation. The experiments
demonstrated that there is no formation of new droplets inside the
OPC due to condensation, and that evaporation was not observed.
A predominance of the particles of <1 um in diameter was noticed in
the measurements obtained by the OPC while the particle concen-
tration was more heavily weighted toward larger particles in the case
of the DDA, even though dry residues were measured. The authors
attributed this discrepancy to the instrumentation deficiencies in both
techniques. On one hand, the low concentration of the small particles
detected by the DDA system could be due to the large cutoff diameter
caused by the small collection surface of the impactor used, or the
limited resolution of the microscope. On the other hand, large drop-
lets might be undetected by the OPC systems due to the sampling
losses in the mouthpiece and the delivery lines. In another study,39 the
exhaled breath of 10 influenza infected patients was analyzed using
OPC. The size and number concentration were measured, and the re-
sults were similar to those of Papineni and Rosenthal, as 87% of the
detected particles have a diameter <1 um. The number concentration
of the droplets in the size range of 0.3-0.5 um was 61-3848 Particle/L
and for the size range of 0.5-1 pum was 5-2756 Particle/L. The pre-
dominance of the submicronic particles for both healthy and rhinovi-
rus (HRV)-infected subjects was noticed in a third study.*’

1°* used the OPC to characterize the size distribution and

Wurie et a
concentration of droplets produced during tidal mouthbreathing. The
human droplet emissions were directly conveyed to the OPC using a dis-
posable mouthpiece, while a nose clip was used to prevent nasal breath-
ing. One-way valve and High Efficiency Particulate Air (HEPA) filter were
used to insure no ambient or exhaled particles were re-inhaled. The
same experimental setup was used by Wurie et al®® to characterize the
emission of exhaled droplets from 188 tuberculosis-infected patients.
With this large number of subjects and by using the OPC technique,
Waurie et al were able to show that intrathoracic tuberculosis-infected
patients produce significantly more bioaerosol than healthy subjects, in
a particle size range that could transport Mycobacterium tuberculosis.

3.1.4 | Aerodynamic particle sizer

The Aerodynamic Particle Sizer (APS) evaluates the particle drop-
let aerodynamic diameter through the measure of the time of flight
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of a particle being accelerated in a jet flow. The time of flight is “the
time between two pulses of light scattered by the particle as it passes

through two beams of light”*?

and depends on the capacity of the par-
ticle to accelerate, which permits to estimate the aerodynamic diam-
eter of the particle. The typical size range of the APSs (TSI) used for
the characterization of the particles is 0.5-20 um. The total airflow rate
pumped through the APS is 5 L.min divided into 1 L.min™ of sampling
airflow and 4 L/min of sheath flow.>® The sheath flow is filtered and
then rejoins the sampling flow rate. The total flow then passes through
an accelerating nozzle, which induce a pressure loss and temperature
drop of the gas surrounding the particle surface. The accelerated par-
ticle is thus submitted to a temperature difference with a high con-
vective heat transfer coefficient, which usually produces evaporation
of volatile particles. Therefore, the APS is considered as suitable for
the analysis of solid particles and non-volatile droplets.56 Morawska

et al®?

designed a bench for the characterization of the exhaled drop-
lets as discussed in Section 3.1.2 together with the droplets deposition
analysis system, an APS was used for the droplets in the size range
0.5-20 um. The authors measured the diameter of the droplets at three
different distances from the subject: 0, 100, and 300 mm. They found
that the count median diameter inversely proportional to the distance
from the subject, because of the equilibrium diameter changes with
humidity. The same bench was used for another experimental study
where both size distribution and humidity were measured at the
abovementioned distances. They were able to distinguish different
size distribution modes; droplets below 0.8 um were produced during
all the exhalation activities at an average concentration of 0.75 part/
cm®, a second mode at 1.8 um was also observed for all the activities
at a concentration of 0.14 part/cm®.>7 Speaking produces two more
modes, 3.5 and 5 um with a concentration of 0.04 and 0.16 part/
cm®, respectively. They investigated the droplets evaporation through
measuring the size distribution of droplets at different ages. As it was
not technically possible to follow a single particle and measure the
change of diameter due to evaporation, they assumed that measuring
the droplet size distribution at different distances would be equivalent
to measuring the size distribution of droplet at different ages. They
used an APS at two different distances from the subject. The drying
time for the droplets in the detectable size range of the APS was com-
parable to the drying time of pure water droplets, they evaporate in
0.8 seconds at 97% relative humidity, which made it technically dif-
ficult to detect the non-equilibrium evaporation.

Using an alternative technique, Yang et al measured the size dis-
tribution of the initial droplets using an APS. The exhaled breath
was collected in a sample bag and to avoid droplet evaporation, the
humidity inside the sample bag was maintained at 95%. They found
that the average size distribution of cough droplets was in the range
of 0.62-15.9 um. The APS has fine size intervals and a high sampling

frequency,?1#?

which make it suitable for quantifying particles disper-
sion. Fang et al®® used the APS to examine the decay of the size and
concentration of the droplets along the main dispersion axis, and they
found that this decay is exponential. Liu and Novoselac?! also used the
APS to measures the dry residues concentration in the breathing zone

of a receiver manikin. A recent study by Asadi et al®’ used the APS

to analyze the effect of the voice loudness and the spoken language
on the amount and size distribution of droplets emitted during speak-
ing. The subjects were seated inside a hood with laminar ventilation,
and a fennel was placed near the subject face to collect the emitted
droplets. A distance between the subject face and the fennel was kept
allowing a free flow of air into the fennel. In this study, the estimated
evaporation time of the droplets was much less than the travelling
time between the subject mouth and the measurement point in the
APS. In this experiment, the subjects spoke the four world most spo-
ken languages, and the APS was used to compare the concentration
of sampled air. The authors found a positive correlation between the
particle emission and the loudness of vocalization, regardless of the

language spoken. Asadi et al®°

used the same experimental setup to
analyze the effect of voice articulation on the particle emission rate.
They were able to identify phones with higher droplets generation as
well as observing that the number of emitted particles is proportional
to the vowel content of the sentences.

He et al®! conducted a detailed study on the droplet emissions
from wind instruments using APS measurements. Based on a com-
parison of the aerosol production from a wide range of wind instru-
ments with that of normal breathing and speaking, they classified
the instruments into three risk categories: low (eg, tuba), intermedi-
ate (eg, clarinet), and high risk (eg, trumpet).

3.1.5 | Other techniques
In addition to the techniques mentioned above, there are a few less
frequently used techniques. Loudon and Roberts® tried to directly
observe with a microscope the dry residues collected on a filter at
the outlet of the box described in Section 3.1.2 to collect the dry
residues suspended in the air, inside the box. Authors observed that
dry residues under 1 um were not detectable although the lower
detection limit of the microscope was 0.5 pm.

The Electrical Low-Pressure Impactor (ELPI, Dekati LTD) was

1°2 for the characterization of the size distribu-

used by Hersen et a
tion of the cough dry residues produced by volunteers infected by
influenza virus. The ELPI provides a real-time determination of the
droplets aerodynamic diameter in the size range of 0.007-10 um,
classified into 12 size intervals. Hersen et al collected the exhaled
breath through a ventilated hood where the head of volunteers
was placed. It is important to notice that when using such kind of
hoods, the droplets interact with the ventilation flow rate depending
on their size. Therefore, the ventilation flow rate and the sampling
point should be well studied. ELPI enables real-time measurements
of the size distribution which helps in studying the exhaled breath of
a great number of volunteers, 78 individuals in Hersen et al.?

The Scanning Mobility Particle Sizer (SMPS) was another mea-
surement technique that was used by Yang et al®® to measure the
fine dry residues of the droplets generated by coughing. The particle
size range of the SMPS is 0.02-0.6 um. In this study, Yang et al SMPS
has used in addition to APS to cover a wider size range, but almost no

particles were observed in the size range of the SMPS.
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3.2 | Non-intrusive measurement techniques
Non-intrusive measurement techniques have been developed dur-
ing the course of the last two decades. Most of these techniques
are used to determine the size distribution of the exhaled droplets.
Using a non-intrusive technique eliminates the bias due to physical
phenomena such as evaporation and condensation during the sam-
pling process. This makes these non-intrusive techniques particu-
larly suitable for measuring the initial droplets size distribution and
for studying the evaporation process. Moreover, some non-intrusive
techniques are used to measure the velocity and size of the droplets
at different positions in the exhaled jet.

3.2.1 | High-speed photography

High-speed photography technique was previously discussed in
Section 2.1.1 for the characterization of the exhaled jet gas phase,
through capturing images of tracer particles. This technique is also
used to characterize the exhaled droplet dispersion. Zhu et al?® stud-
ied the transport of droplets produced by coughing. To visualize the
transport of the saliva droplets, the subjects’ mouths were covered
with flour and then the dispersion of the saliva droplets with flour par-
ticles was analyzed. The study showed that the droplets travel with
high velocity during the first 30 cm. Then, the droplets velocity de-
creases and the maximum observed travel distance in this study was
2 m. Despite the role of the flour in visualizing the saliva droplets,
the presence of this flour might affect the evaporation of the drop-

14 claimed to be the

lets and hence their dispersion. Nishimura et a
first to study the dynamics of the droplets expelled during coughing
and sneezing. They developed a digital high-vision, high-speed video
system to capture the movement of the droplets. A PIV image pro-
cessing software was employed to track the brightness signal of the
captured images and the obtained data are represented in a form of
velocity vectors. Using this technique, they found that the initial aver-
age velocity of cough droplets of two subjects was 5 m/s, and after
84 cm these droplets lost their momentum. When considering sneez-
ing, they determined corresponding values of 6 m/s and 30 cm, only.
This measurement technique does not provide information about the
droplet size. Bourouiba et al?® also used this measurement technique
based on high-speed photography of exhaled droplets. Through streak
imaging technique, they were able to produce a picture of the droplets’
trajectory, showing that large droplets follow a ballistic path depend-
ing on their size while small droplets followed the turbulent airflow.
The minimum detectable droplet size depends on the performance of

the optical setup and the digital camera.

3.2.2 | Digital inline holography

In contrary to normal photography that affords only an image of in-
tensity variations, holography records light phase which results in
the production of 3D pictures. In conventional holography, a beam

from a coherent light source or laser is split into two beams; one il-
luminating the object itself and the other providing a reference. The
object-illuminating beam is recombined, after being reflected by the
body, with the reference beam which creates a phase interference
that is registered onto the hologram plate. To retrieve the object,
the plate is lit by a coherent light beam identical to the reference
beam used at the recording of the hologram. It permits 3D viewing
of the original object exactly as registered with all its optical infor-
mation retrieved, but topographical or vertical measurements are
yet possible.

In Digital Inline Holography (DIH), recently developed, the same
phase interference concept is used to register holographic images
using a digital camera. The camera then feeds the information into
a computer program that numerically reconstructs the images. The
numerical reconstruction process permits immediate quantitative
access to the intensity and phases of topographic measurements
accurate down to the nanometric scale. However, there is always
a compromise between the measurement scale and measurement
volume.

Shao et al®® used the DIH to measure the shape, size, and con-
centration of the droplet generated during breathing. The DIH
used system detects particles and droplets in the range of 0.5-
50 um. The particle concentration was 170 part/L, and the av-
erage size was 1.7 um at 1.5 cm from the subject's mouth. Shao
et al observed irregular particle shapes in addition to well-rounded
droplets. By defining a roundness threshold, the authors esti-
mated that 33% of the particles emitted at a distance of 1.5 cm
are not droplets.

3.2.3 | Laser measurement techniques based on
Mie theory

The laser measurement techniques relying on Mie theory are non-
intrusive techniques that are based on the measurement of the
amount of light scattered by the droplets. For the characterization

of the exhaled droplets, Chao et al?’

developed a device using this
technique named Interferometric Mie Imaging (IMI) to measure the
size distribution and the concentration of the droplets produced
during coughing and speaking. IMI produced de-focused images
of the droplets using a combination of a high-speed camera and
laser sheet. The droplet diameter is obtained from the spatial fre-
quency of the fringes in the image using geometrical analysis. The
measurements were conducted at a distance of 10 and 60 mm from
the mouth and the data were analyzed to consider the evaporation.
Chao et al found that the geometric mean diameter for coughing
and speaking are 13.5 and 16.0 um, respectively. The results ob-
tained with the IMI showed good agreement with previous studies
from Duguid43 and Loudon & Roberts.*> However, the measurement
volume of the IMI system is about 60 mm?, which is much smaller
than the total exhaled air volume. Thus, these results are insuffi-
cient to provide information about the total droplet number or
droplet concentration. To overcome this limitation, Chao et al used
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two estimation methods. The first estimation method was to di-
vide the total volume of droplets by the size distribution obtained
by IMI. The disadvantage of this method is the lack of information
about the total droplet volume, as only two studies characterized
the size of the droplets using collection instead of sampling tech-
niques.*** The second method was to obtain the droplet concen-
tration by dividing the number of the sampled droplets over the IMI
measurement volume. Calculating the droplet concentration using
this second method assumes a uniform droplet concentration over
the whole expelled air volume. This assumption could be confirmed
by conducting IMI measurements at different locations covering a
larger flow cross-sectional area.

This technique was also used to study the droplet dispersion in
different environments. Chao and Wan®® used this technique to val-
idate a numerical model that compares the effect of two ventilation
systems on the droplet dispersion, unidirectional downward and
ceiling-return ventilation. The measurements were conducted in a
Class 100 cleanroom where the supply air is vented through the roof
toward a perforated-tiles floor to maintain the room at 21°C and
55% RH. A PIV system was used to capture the flow patterns and
turbulence intensity inside the room while the size measurement of
the cough-like droplets was performed by using Interferometric Mie
Imaging (IMI) technique. The study demonstrated that the droplet of
<45 um diameter dried out before deposition or extraction by venti-
lation system while the large droplet, 287.5 um, settle down before
complete evaporation.

Laser particle size analyzer is another device that is based on the
Mie theory. In this technique, a laser beam is used to illuminate a con-
trol volume that can contain multiple droplets, and the angular varia-
tion in the intensity of scattered light is directly related to the droplet
diameter. The distribution of the sneezing droplets was studied by Han
et al®’ using a laser particle size analyzer with a wide size range 0.1-
1000 um. Han et al found that the geometrical mean of the unimodal
distribution is 360.1 um (SD = 1.5) and 74.4 um for bimodal distri-
bution (SD = 1.7). Another study by Zayas et al®® also used the laser
particle analyzer to measure the size distribution and concentration of
the coughing droplets from 54 healthy subjects. The size range of the
analyzer was 0.1-900 um divided into 60 size intervals. Despite the size
range difference when compared to the OPC, Zayas et al concluded
that 97% of measured particles have diameters lower than 1 micron,
which is in accordance with values obtained by OPC. Although this
technique is capable of measuring the large droplets diameter, in this
experiment the distance between the mouth subject and the center of
the measurement volume was 17 cm. Given the normal room condi-
tions, evaporation effect cannot be ignored over this distance, which

might explain the predominance of submicronic particles.

3.3 | Comment on disease transmission
This paper is divided into two parts, namely airflow and droplets char-
acterization. However, when considering airborne disease transmis-

sion, the interaction of the droplets with the airflow is a crucial issue.

Table 1 lists all the experimental measured parameters for human
breathing, coughing, speaking, and sneezing. These parameters contain
boundary and initial flow conditions such as temperature, humidity,
initial velocity, and mouth/nose area which are essential for modeling.
Other measured parameters characterize the propagation of the flow
which is of particular interest when analyzing the host-to-host trans-
mission route. However, the relation between airflow propagation and
airborne disease transmission is not direct as the viability of the patho-
gens depends not only on the flow characteristics but also on the type
of the pathogen. Moreover, a recent study by Bourouiba et al®? using
high-speed photography shows that the average flow parameters are
not sufficient to study the droplet-flow interaction. Instead, the flow
structure contains vortices that entrain droplet clusters in warm and
moist gas clouds. Bourouiba et al report that the effect of this gas
cloud can extend the lifetime of the droplets expelled during coughing
up to 1000 times and the droplets travel up to 7-8 m from the source.
This distance varies significantly from air propagation distance shown
in Table 1, which highlights the necessity for more quantitative meas-

urement on the exhaled droplets motion and evaporation.

4 | CONCLUSION

In our review, we classified the exhaled airflow measurements tech-
niques into two categories: global flow-field measurements, and
pointwise measurements. Three global flow-field measurement
techniques were identified, namely the high-speed photography,
schlieren photography and Particle Image Velocimetry (PIV). These
techniques provide information on the whole flow field and helps un-
derstanding the interactions between the exhaled flow, the thermal
plume and the room airflow. The high-speed photography and the
schlieren photography were applied to study the flow shape and its
propagation into the space while the PIV was applied where detailed
quantitative data of the velocity field was required. The pointwise
measurements were used to measure the initial temperature, initial
humidity, and velocity. To identify the points at which pointwise
measurements should be conducted, one of the global flow-field
measurement technique often precedes pointwise measurements.
In the experiments where PIV measurements were applied to char-
acterize the velocity field from human sources, the confinement ef-
fect due to the dimension of the box containing the tracer particles
should be considered. The interpretation of measurement results
should consider the applied measurement technique: This was clear
for the propagation distance values found in literature, as values ob-
tained by the schlieren photography were higher than those deter-
mined by the pointwise measurements.

The second part of the article summarizes the techniques ap-
plied for the characterization of the exhaled droplets and dry res-
idues. These techniques can be used to determine three important
parameters: droplet or dry residues sizes distribution, droplet veloc-
ity distribution, and travelled distance. Apart for three articles, all
the reviewed articles in this section measured the size distribution
of the droplets and/or the dry residues. Solid impaction, droplet
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deposition analysis, optical particle counter, aerodynamic particle
sizer, electrical low-pressure impactor scanning Mobility Particle
Sizer, Liquid impingers, and filtration are the techniques used to
measure the size distribution of the dry residues. Depending on the
measurement principle, some correlation between the initial droplet
diameter and the dry residues diameter could be applied to estimate
the initial size of the droplets.

The evolution of the droplet size is important to study the trans-
mission of the airborne diseases. It controls the droplet dynamics and
determines the physical history of the living microorganisms trans-
ported in droplets. Limited experimental data are available to vali-
date the evaporation models used in the analysis of the deposition
and dispersion of the exhaled droplets. The used evaporation mod-

70-72

els are validated versus experimental data obtained from a freefall

evaporating droplet73 t.74

or a stagnant drople Despite the capability
of IMI technique and Laser particle size analyzer in tracking the size
evolution and velocity of the droplets over distance, only one single
study applied IMI to trace droplets size and velocity over distance.®®
In addition, the Phase Doppler Anemometry technique, which is used
in other applications to track the size and velocity of droplets over

75

distance,”” could also be used to track the droplets inside the human

exhaled jet.
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