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Abstract

Increasing evidence supports the significant role of short-range airborne transmission of viruses when
in close contact with a source patient. A full-scale ventilated room (Cleanliness: ISO 14644-1 Class 5) and
two face-to-face standing breathing thermal manikins were used to simulate a source individual and a
susceptible person. Monodisperse particle generation and measurement techniques were used to eval-
uate the effect of virus-laden droplet nuclei size on short-range airborne transmission risk. We analysed
four particle sizes (1.0, 1.5, 2.5, and 5 um) to simulate the transport of exhaled droplet nuclei within an
interpersonal distance of 0.5 m. The results indicated that the size distribution of airborne droplet nuclei
could significantly influence transmission, with the inhalation fraction decreasing with increasing
droplet nuclei size. Additionally, results showed that proximity to the source manikin could influence
transmission. Inhalation fraction decreased with increasing interpersonal distance, fitting well with
the 1/d rule of droplet nuclei concentration decay. Our findings improve the understanding of the

mechanism of the disease transmission.
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Introduction

As of 21 April 2021, there have been 142,238,078 con-
firmed cases of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) and 3,032,124 confirmed
deaths across 223 countries, areas, or territories.
There are three common transmission routes for respi-
ratory pathogens (such as SARS-CoV-2): droplet,
contact and aerosol (or airborne) transmission.
Throughout the coronavirus disease 2019 (COVID-19)
pandemic, there has been much debate over the trans-
mission of SARS-CoV-2." Airborne transmission is the
primary transmission route of SARS-CoV-2, via inhala-
tion of droplets/nuclei exhaled by an infected individual.
Several lines of evidence support the hypothesis that
SARS-CoV-2 transmission is predominantly airborne.**
Therefore, we must adapt our indoor environment con-
trol strategies to address the potential implications of
airborne SARS-CoV-2 transmission.>

SARS-CoV-2 most commonly spreads between
people during periods of close contact.”* Indoor

environments, such as homes and workplaces, are the
most common sites of SARS-CoV-2 transmission,’
with the highest risk of transmission seen in house-
holds.'® Research has confirmed that shared indoor
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space is a major risk factor for viral transmission."
Close contact is known to play an important role in
the spread of many respiratory diseases.'”> People may
become infected easily when in proximity to individuals
suffering from COVID-19."* Close contact transmis-
sion includes short-range airborne, large-droplet and
direct contact transmission.'* Short-range airborne
transmission via exhaled droplets/nuclei predominates
when in close contact with a source patient.'> Short-
range airborne transmission appears to mechanistically
dominate close-range transmission of SARS-CoV-2,
which is why social distancing works so effectively to
combat the spread of COVID-19. Inhalation of micro-
scopic respiratory droplets containing viruses is possi-
ble at short-range to long-range distances.'® The higher
the concentration of infectious particles, and thus
greater the risk of infection, at a short-range from an
infectious source (<1m) is significantly higher than
that at a long range (>2m)." However, despite this,
short-range airborne transmission routes have largely
been overlooked."’

Infectious pathogens filled with lung fluid spread via
respiratory droplets. The key processes in the transmis-
sion routes of respiratory pathogens are affected by the
generation, transportation and inhalation of these
respiratory droplets. The number contribution and
size distribution of the particles that are generated by
different respiratory activities, such as normal breath-
ing from the nose or mouth, coughing, sneezing, sing-
ing and talking, are different. Pathogens found on the
surface of an infected person’s respiratory airways can
become encapsulated within a particle that is exhaled
during breathing (or coughing).'®"

There are currently different opinions on the trans-
mission route of SARS-CoV-2."” COVID-19 does not
appear to be spread by typical means, especially in the
case of superspreading events. Individuals infected with
SARS-CoV-2 produce both droplets and aerosols fre-
quently; however, the majority of these emissions do
not infect others.'” Successful airborne transmission
requires the exposure of susceptible individuals to
droplet/nuclei containing infectious virions at doses
sufficient to initiate infection within their respiratory
system.?’

The generation, transport and final destination
(inhalation or deposition) of infectious droplets/nuclei
are thus key processes in viral transmission.?!>?
Droplet size is a crucial variable that influences inha-
lation risk and thus disease transmission. Moreover,
traditional transmission modes (direct, indirect, large
droplet or airborne/aerosol) are affected by carrier
droplet/nuclei size.

Individuals typically generate droplets or droplet
nuclei with a broad size distribution. The size distribu-
tion is often multimodal, reflecting the origin of
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droplets in different regions of the respiratory airway.
Studies on cough aerosols and exhaled breath from
patients suffering from various respiratory tract infec-
tions have shown that particle size distribution is sur-
prisingly similar between such patients, i.e. smaller
particles (<5 pum) predominate.” Fine-particle exhaled
aerosols occur in lung infections, with the lower airway
tract contributing more to the viral aerosols than the
upper airway.** Most particles in exhaled breath have a
diameter smaller than 4 pum, with a median of 0.7—
1.0 um.** Aerosolized particles of SARS-CoV-2 have
been reported to fall into two broad categories, viz.,
sub-micrometer particles (0.25-1.0pum) and super-
micrometer particles (>2.5um), and can remain sus-
pended in the air for more than 2 h.?® Similarly, anoth-
er study reported SARS-CoV-2-containing particles
ranging from 1 to 4 um in size.?” The virion remained
viable in these airborne particles for more than an
hour.®? Several studies have focused on the size dis-
tribution of droplets/nuclei exhaled by healthy and
infected subjects by various means, including breath-
ing, talking and coughing, as summarized in Table 1.
Studies examining particles produced by coughing and
exhalation have consistently identified pathogens in
small particles (<4.7um),>® and one study reported
that the minimum diameter of an exhaled particle capa-
ble of containing SARS-CoV-2 is approximately less
than 4.7 ym.*°

There is a strong evidence suggesting that many
SARS-CoV-2-infected individuals are either minimally
symptomatic or asymptomatic.’’” Asymptomatic
patients do not experience symptoms such as sneezing
and coughing. As such, violent flow events occur less
and large droplets are not frequently generated.''
Despite this, asymptomatic patients have been found
to remain highly contagious.*’ In the case of the influ-
enza virus, one study reported that sneezing and cough-
ing are not required for aerosolization.”* Research
showed that normal breathing can emit more viable
aerosolized viruses over time than coughing, as the
latter is a less frequent activity.** Thus, airborne trans-
mission likely occurs during regular daily actions, such
as breathing and talking.

Most studies have used smoke and tracer gas,
rather than actual droplets/nuclei or computational
fluid dynamics (CFD) simulations,'”*** to study the
distribution, transmission and cause of inhalation-
mediated infection. Droplet size distribution is the
most important factor affecting diffusion and sedimen-
tation. Therefore, analysing the mechanism of disease
transmission via droplet and short-range airborne
transmission is very important. Although our under-
standing of the mechanism of interpersonal cross-
infection continues to deepen, thus far, engineering
controls that can completely prevent infection have

45-49
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Table 1. Information from articles on droplet/nuclei size distribution and number distribution of respiratory activity.

Results
References Breath Cough Talk Sing
Duguid®! Mouth: >20 um 8200 droplets 10-1000 pm
15 pt/min 63 droplets

Loudon and 81 um 41,857 droplets 4014 droplets

Roberts*?
Papineni and Mouth <lpm 12.5pt/dm®> <1 pm 83.2pt/dm® <1 pm 19.2 pt/dm?

Rosenthal® >1pm 1.9 pt/dm? >1 pm 13.4pt/ dm® >1 pm 3.3 pt/dm?

Nose <1pum 4.7 pt/dm?
>1pum 0.7 pt/dm?
Chao et al.* 13.5um
(947-2085 pt/cough)
Morawska et al.* 98 pt/dm?> 678 pt/dm® Whispering ‘aah’ 672 pt/dm?>
voiced ‘aah’ 1088 pt/dm’
whispering counting 100 pt/dm?
voiced counting 130 pt/dm?
Asadi et al.*® 1-50 pt/s
Alsved et al.?’ 135 pt/s 270 pt/s 690 pt/s
Asadi et al.?’ 0.28 pt/s 10.1 pt/s 2.74pt/s
Hartmann et al.™® Nose 23 pt/s 13,709 pt/cough 195 pt/s
Mouth 134 pt/s
Li et al.¥ 42.9 (0.3 m),
19.8(0.9m),
3.8 (1.2 m) pt/em®
Miirbe et al.* 16-267 pt/s 141-1240 pt/s

Hamilton et al.*' Healthy: 0.039 pt/ cm®
Patient: 0.288 pt/ cm®

Healthy:
1.400 pt/ cm®

Healthy: 0.113 pt/ cm®
Patient: 0.332pt/ cm®

Patient: 9.79 pt/ cm®

Nose-mouth 0.23 pt/cm’
Nose-nose  0.16 pt/cm?

Gregson et al.*

1.8 pt/cm?

0.11 pt/cm® 0.53 pt/cm’

pt: Particle.

not been developed. Therefore, effective control strat-
egies are fundamental to the knowledge of the trans-
mission of respiratory pathogens.

The inhalation of exhaled droplet nuclei by a sus-
ceptible person in the indoor environment is affected by
a complex interaction of various airflows, including
respiratory flow, thermal plume and ventilation.”*>*
Early experiments considered with the influence of
type of ventilation system, distance, breathing pattern
through nose and mouth.>* The influence of the human
exhalation on flow fields, contaminant distributions
and personal exposure in displacement ventilated
rooms together with effects of physical movement is
the first reported literature based on aerosols dynamics
(both measurements and CFD).>> Interpersonal dis-
tance (e.g. <1.5-2m) determines the dominant air
flow. For short-range interactions, the human environ-
ment, including respiratory flow and thermal plume,
plays a key role in determining the inhalation risk.

In this study, we focus on disease transmission by
droplet nuclei, which may remain airborne for hours.
We aimed to explore the dynamics of exhaled droplet

nuclei between face-to-face standing sources and sus-
ceptible individuals, and how they are affected by par-
ticle size distribution. The whole process was governed
by the complex interaction of respiratory airflow,
human thermal plume and ventilation airflow. The
interaction of three flows increased the flow turbulence
in the breathing zone of the susceptible manikin and
the dynamic of interpersonal exposure. Displacement
ventilation introduces a low-momentum stream of cold
and clean air at the floor level to displace the contam-
inated air. Displacement ventilation produced a stable
stratification. It does not destroy the dynamic process
of the interaction of respiratory airflow, human ther-
mal plume and ventilation airflow. The dynamic mea-
surement of the susceptible person’s instantaneous
inhalation exposure would be beneficial to these
studies.

Experiments were conducted in a clean test room
with a displacement ventilation system. Particle gener-
ation and monitoring coupled with breathing thermal
manikins (BTMs) enabled us to examine short-range
airborne transmission of the particles. The influence



of the human environment and ventilation flow were
key considerations. The results indicated an important
role for droplet nuclei size in the short-range airborne
transmission of respiratory viruses. An inhalation frac-
tion (/F) was defined to quantify exposure risk, while
inhalation transmission was reflected in the number of
particles inhaled over a period. We, therefore, suggest
the adoption of improved respiratory infection control
strategies, building upon the traditional understanding
of airborne transmission of viruses.

Methods and design

Full-scale room and instruments

The experiments were carried out in a full-scale venti-
lated room of 5.0m (length) x 3.5m (width) x 2.5m
(height) at the State Key Laboratory of Green
Building Materials, Xi’an University of Architecture
and Technology. The room was a Class 5 cleanroom
according to the ISO 14644—1:2015 standard, with dis-
placement/mixing ventilation occurring at a rate of
0.5-20 air changes per hour. Air supply and exhaust
outlets measured 0.48 m x 0.48 m each, with each side
equipped with a high-efficiency particulate air filter (fil-
tration efficiency > 99.95%). Displacement ventilation
experiments (Archimedes number =45.01 x 10°) were
used to ensure an air supply temperature of 18+
0.5°C using intelligent control. Supply flow was main-
tained at 100.5m’/h with an air change rate of 2.3
times/h with displacement ventilation. The airflow
velocity in the occupied zone was < 0.2m/s, fulfilling
thermal comfort requirements.

The breathing thermal manikins were equally divid-
ed into source manikin and susceptible manikin
groups, as shown in Figure 1. Manikins were designed
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according to the average size of an European female,
with a height of 1.70m and a body surface area (BSA)
of 1.44m” To accurately simulate human thermal
plume, reflecting the impact of body geometry and
the diffusion of indoor air pollutants, life-size manikins
were used. The inner cavity was surrounded by an alu-
minium casing with an evenly distributed heating wire
connected to a power regulator, allowing body temper-
ature regulation. The manikin’s mouth was a semi-
elliptical opening with an area of approximately 120
mm? along the horizontal direction, and the nostrils
consisted of two cylindrical copper tubes with a diam-
eter of 12 mm. The two manikins were internally heated
for 12h with a power of 78.4W. Under most condi-
tions, face-to-face orientation leads to the highest risk
of infection. Thus, the manikins were placed face-to-
face in a standing position with a nasal spacing
of 0.5m.

Given that the air exhaled by an infected individual
can easily circulate into the breathing area of a nearby
individual, the air exhaled by the susceptible individual
can exert a net ‘cleaning’ effect on the breathing area by
displacing infected air. Thus, a vibrating orifice aerosol
generator (VOAG) 3450 was used to generate mono-
disperse NaCl particles at a flow rate of 10 dm?/min to
simulate droplets exhaled by the source individual, sim-
ilar to the initial droplet size distribution of a real per-
son’s exhalation. Thus, vibrating orifice aerosol
generator VOAG 3450 that generates 1.0 um, 1.5 um,
2.5um, 5.0 um monodisperse NaCl particles with a
clean air flow rate of 10 dm?/ min was used to simulate
source manikin produce exhale droplets/nuclei. The
source manikin exhaled air was heated at 32+ 1°C.
This study used an artificial lung to simulate a female’s
periodic breathing cycle. Normal breathing flow was
set to 8.36 dm’/min, corresponding to an expiratory

1.0,1.5,2.5,50 ym
NaCl droplets

Monodispe
particles >90%

Source

- - L]

APS 3321

(b) ©)

Figure 1. (a) Layout of experiment instruments; (b) Arrangement of the breathing tube with nose inhalation inside the
manikin; (c¢) Breathing tube inside manikin’s head. Breathing thermal manikins were positioned standing face-to-face in a full-

scale clean room with displacement ventilation. [AQ6]
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flow velocity of 2.14m/s measured by draught probe,
with a frequency of 15 breaths/min. The source mani-
kin’s exhaled air was heated to 32+ 1°C. An aerody-
namic particle size spectrometer (APS 3321, particle
size range: 0.5-20 um) with a sample airflow rate of
5dm?®/min was connected to the susceptible manikin’s
nose, and the sampling interval was 1s. The air flow
rates through the source and susceptible manikins were
detected using a TSI 4143 type mass flow meter. The
equipment layout and instrument are shown in
Figure 1 and Table 3.

Monodispersed particles of 1.0, 1.5, 2.5 and 5.0 um
in diameter were produced by the VOAG 3450. The
instrument generated 43 um NaCl droplets, and the sol-
vent was evaporated by dilution air. The flow rate was
8.3cm’/h, and the dilution air flow rate was 10 dm?/
min. The susceptible individual was exposed to the par-
ticle suspensions for 1 h. The experiments were repeat-
ed five times (n=Y5).

Experimental procedures

The measurement process was divided into four steps,
whereby the following concentrations were determined:

1. Background level of particles in the room.

2. Monodispersed particles at the mouth of the source
manikin when stably released by the VOAG 3450 at
the start of the experiment.

Table 2. Parameters for the two thermal breathing mani-

3. Monodispersed particles in the inhalation tube of
the susceptible manikin.

4. Monodispersed particles at the mouth of the source
manikin at the end of the experiment.

Source manikin emission rate and
monodisperse particle size distribution

The source manikin emitted monodispersed particles of
1.0, 1.5, 2.5 and 5.0 um diameter with geometric stan-
dard deviations of 1.12, 1.10, 1.05 and 1.09 um, respec-
tively. The number of particles released at the start and
end of the experiment differed by less than 7%, indi-
cating that NaCl particle production remained stable
during the experiments (as shown in Figure 2 red box
chart and y axis on the left). The mean source manikin
emission rates were 35, 68, 152 and 83 pt/s for 1.0 pm,
1.5pum, 2.5 um and 5.0 um, respectively.

An aerodynamic particle size spectrometer (APS
3321) was used to determine the ambient particle con-
centration prior to commencing the experiment.
Background particle concentration was 2.45+0.26 pt/
dm?, which was lower than the exhaled NaCl particle
concentration. The background concentration was
excluded from two aspects:

First, there were no other sources of particles except
particles of a certain size distribution that were released
by our experiment. This is because a full-scale room
was a Class 5 cleanroom according to the ISO 14644—
1:2015 standard. Air supply and exhaust outlets were
equipped with a high-efficiency particulate air filter (fil-
tration efficiency >99.95%) to maintain the cleanli-
ness. During the experiment, personnel wear clean

kins. [AQ5] i

clothes, goggles and masks, and enter the environmen-

Source Susceptible  tal chamber after being air showered to minimize the

Parameters manikin manikin generation of particles by persons. Second, the room
Heating (W) 78.4 78.4 background concentration and the concentration of
Breathing pattern Out mouth In nose breathing tube inside the manikin were measured
Breathing frequency (min ') _ 15 before starting each experiment. The two concentra-
Respiratory flow (dm?/min) 10 8.36 tions were stable and far less than the exhaled mono-

disperse NaCl particle concentration. In this way, the
Table 3. List of instruments and specifications.
Instrument Mode Range Error
Vibrating orifice aerosol generator TSI 3450 Generates particles from 1 to 200 um GSD <1.2
Aerodynamic Particle sizer TSI 3321 0.5-20 pm aerodynamic size, 10%

32 channels, 1000 pt/cm®

Mass flowmeters TSI 4143 0.01-20 dm?/min +2% of reading
Data acquisition KEYSIGHT 34970A - -
Thermocouples Type K Temperature range: 0-50°C +0.1°C

Dantec 54N90
Dantec 54T33

ComfortSense Main frame
Draught probe

0.05 to Sm/s 0-1 m/s: +2%

1-5m/s: +5%

GSD: Geometric standard deviation.
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Figure 2. Size-resolved inhalation fraction (IF) for different size distribution over a distance of 0.5 m. Comparison of

another study’s CFD simulation,!” tracer gas,“s’47

inhaled particles of the manikin that simulate the sus-
ceptible are all the NaCl particles released by our
VOAG experiment.

Therefore, the background particle concentration
was considered to not influence the experimental data.

The monodispersed particles released by the VOAG
3450 were heated and connected to the manikin’s con-
nection port, travelling through a 1.5-m pipe in the man-
ikin’s body before being released through the mouth.

Exposure assessment

Our study used index inhalation fraction (IF), based on
the number concentration of droplet nuclei, reflecting
the exposure level of the susceptible individual, and
considering the characteristics of droplet nuclei size dis-
tribution. This is not the same as intake fraction. IF is
defined as the ratio of droplet nuclei that can enter the
susceptible respiratory tract by inhalation, as given by
equation (1)

Csusceptible

IF = (1)

CSOlerC

where Cgouree 18 the concentration of droplet nuclei
released from the source through respiratory activity,
and Cgysceptivle 1 the concentration inhaled by the sus-
ceptible. The /F has been previously compared to other
exposure assessments and found to provide an accurate

particle,”” bioaerosol experiment

59.60

estimation of inhalation risk.!”#%3%37 This index was
used by this study.

Results and discussion

We monitored the number of NaCl particles to char-
acterize the transmission and inhalation of virus-laden
droplet nuclei in a displacement room. The release,
transmission and inhalation of droplet nuclei were sim-
ilar to NaCl particle. Monodisperse NaCl particles
were used to examine the short-range airborne expo-
sure, and the total inhaled particles and IF were calcu-
lated to explore the infection risk.

In some CFD simulations of the particle diffusion
process, users of Lagrangian models commonly claim
that statistical reliability has been obtained when the
results are independent of increasing the number of
particles. Examples include Pascal and Oesterle® who
compared results using 1 x 10%, 2 x 10* and 4 x 10* par-
ticles in a simple shear flow and concluded that 2 x 10*
were sufficient. The total number of particles released
within 1h for 1.0, 1.5, 2.5, 5.0um are 1.27 x 10°,
2.46 x 10°, 5.47 x 10°, 3.0 x 10°, respectively, that is
far greater than 2 x 10%. Hence, the IF results are inde-
pendent of increasing number of particles.

Due to the different source manikin released, we
carried out a dimensionless comparison between the
source and the susceptible number concentration to
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Table 4. Previously reported IFs.
Sample\  Source/
Distances Simulate type of
References  IF (%) (m) time breath Posture Room scale (m) Ventilation ACH Methods
He et al.*® Tracer gas  0.0081 >2 - Mouth Sitting face- 4.8 x5.4x2.6 DV 4.3 CFD
0.8 um 0.0045 to-back
5.0 pm 0.0101
16 um 0.0041
Lietal®  CO, 0.0085 2 - Nose Sitting 40%x24x30 DV 7.6  CFD
1.0 um 0.0085
5.0 pm 0.0096
10 pm 0.032
Yang et al. N,O 0.79 0.6 30 min Nose Sitting 6.6 x4.2x2.7 DV 6 Experiment
2015%
Liuetal’’  0.77um 4.93 1.1 - Cough Standing 24x24x1.5 DV 3.5  Experiment
2.5um 3.68 (Latex
7.0 pm 1.74 particle)
Liuetal.'” 100 pum 0.19 05 200 s Breath Standing 42%x32x27 DV 56  CFD
Berlanga R134a 0.23 <0.5 360min  Nose Standing 4.5%x33x28 DV 6 Experiment
et al.®¥ and prone
Olmedo R134a 0.43 <0.5 120min ~ Nose Standing 4.5%x3.3x%x28 MV 6 Experiment
et al.* and prone
Xu et al.>’ Escherichia 0.024 0.5 100 s Cough Sitting 4.0x2.6x2.3 DV 12 Experiment
coli 0.011 0.8
0.012 1.2
Ueki et al.®®  SARS- 0.187  0.25 20 min Cough Standing 1.2 x 0.4 x0.5 - - Experiment
CoV-2 0.063 0.5
0.040 1.0

ACH: Air changes per hour; DV: displacement ventilation; MV: mixing ventilation; Ifs: inhalation fractions; SARS-CoV-2: severe acute

respiratory syndrome coronavirus 2.

facilitate the comparison of relative infection risks, that
was inhalation fraction (/F).

Inhalation fraction for different size
distribution

IF in short-range transmission (<0.5m) has been pre-
viously studied using CFD simulation,'”*%*7 tracer
gases,* *° particles’” and bioaerosol experiments.>>®°
Table 4 lists the results of previous studies wherein the
IF was calculated using equation (1). Detailed case con-
ditions are also reported in Table 4. Generally, most
studies examined breathing and coughing as means for
aerosolization of particles.

Two bioaerosol experiments were conducted to indi-
rectly assess the IF, as depicted in pink in Figure 2. Xu
et al.”® used Escherichia coli to examine the short-range
bioaerosol inhalation of cough droplets for different
interpersonal distances. The infected individuals were
exposed to 0.225 x 10° colony-forming units (CFU) of
E. coli, while the healthy individuals inhaled 54 CFU
(0.5m), 25 CFU (0.8 m) and 26 CFU (1.2m). Using
equation (1), the corresponding /Fs can be calculated
as 0.024% (0.5m), 0.011% (0.8 m) and 0.024% (1.2 m).
Ueki et al. examined the airborne transmission of
SARS-CoV-2 droplets/aerosols between spreaders and
receivers who were positioned face-to-face. Ueki’s

bioaerosol experiment developed an airborne transmis-
sion simulator of infectious SARS-CoV-2-containing
droplets/aerosols produced by human respiration and
coughs, and assessed the transmissibility of the infec-
tious droplets/acrosols. A test chamber for airborne
transmission experiments was constructed in a BSL 3
facility, and two mannequin heads were placed facing
each other. One mannequin head was connected to a
customized compressor nebulizer and exhaled a mist of
virus suspension through its mouth to mimic a viral
spreader. The other mannequin head was connected
to an artificial ventilator through a virus particle col-
lection unit. The airborne transmission simulator is
similar to vibrating orifice aerosol generator (VOAG
3450) in this study. The VOAG produces monodisperse
NaCl particles to simulate droplet nuclei transmission.
Ueki places two mannequin heads face to face and our
study employs two standing face-to-face breathing
thermal manikins connected to artificial lungs. The ini-
tial exhaled particle size was 5.5 +0.2 um. The spreader
emitted 5 x 10° plaque forming units (PFU), while the
receiver was exposed to 1.072 x 10°, 0.316 x 10°, and
0.199 x 10° PFU for 0.25m, 0.5m, and 1.0m interper-
sonal distances, respectively. The IFs were therefore
calculated as being 0.187%, 0.063% and 0.040%,
respectively. Comparing the results of these two



bioaerosol experiments, the calculated /Fs had the
same order of magnitude, although Ueki’s IFs were
larger than that of Xu et al. This may be due to
differences in the size of the room, as /F and exposure
risk have been found to increase with decreasing
room size.

Particles between 1.0 and 5.0 um represent the expi-
ratory aerosols that carry influenza or SARS-CoV-2
viruses. The particle-laden jet is also similar to breath-
ing airflow. In each particle size experiment of our
study, the particles were released from the source man-
ikin’s mouth at the same gas flow rate. They have the
same airflow velocity and the same initial flow state.
After entering the indoor environment, the particle-
laden jet moved towards the susceptible manikin with
the breathing airflow. There was a non-uniform con-
centration pattern in the test room. The inhaled
number of droplet nuclei by susceptible persons was
changed instantaneously. During the transmission pro-
cess, due to different particle sizes, the trajectory of the
movement was also changed gradually, and the amount
of particles that penetrated the thermal plume of the
susceptible manikin to reach the breathing zone was
also different, which resulted in a different inhalation
fraction. Size is an important factor for the particle
transport in the vicinity of the receiver occupant
where airflow velocity was decayed to the room back-
ground air velocity.

Thus far, we have primarily focused on how the
droplet size affected the short-range airborne transmis-
sion, during which infection would arise through the
inhalation of a critical quantity of airborne pathogens.
In our experiments, the source manikin emitted par-
ticles while the susceptible manikin was inhaled for a
1-h period. Figure 2 shows the /Fs calculated for the
susceptible manikin based on the concentration of par-
ticles exhaled by the source manikin. The /Fs calculated
range from 3.34% +1.48%, 2.06% +0.60%, 1.62% +
0.27% and 1.85% +1.07% of the total droplets
exhaled by the source manikin for particles of 1.0,
1.5, 2.5 and 5.0 um diameter, respectively, across an
interpersonal distance of 0.5m. The [F result of 1.0
pm and 5.0 pm have a long range, and 2.5pum was
concentrated. [AQ1] When ordered by [F,
1.0>1.5>5.0>2.5 um particles in terms of infective
potential. The IF of 2.5-um particles is close to 5.0-pm
particles, while the /F for 1.0-um particles is nearly
twice that of 2.5-um and 5.0-pm particles. Large par-
ticles are easier to separate with the respiratory flow
during the transmission than small particles, and it
means that they are less likely to be inhaled by the
susceptible manikin. In addition, large particles are
more likely to be deposited in the tube inside suscepti-
ble manikin, resulting in a reduction of inhaled
number. The opposite is true for smaller particles.
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Hence, the smallest particle resulted in a high inhala-
tion fraction. The distance between source and suscep-
tible individuals was 0.5m, which falls in the short-
range airborne transmission or direct exposure route.
These findings conform with the generally accepted
rule that the smaller the particle size, the easier it is
inhaled and thus the greater the risk of exposure.

When the air change rate was 6h~' for tracer gas
(N,O, R314a), IF results were between 0.23% and
0.79%. Similar results were also obtained with CFD
giving 0.19% IF with an air change rate of 5.6h™".
Similar magnitude was found. However, when air
change rate of E. coli experiment was 12h™', the
result was 0.024% and nearly 3-12.8% of tracer gas
experiment and CFD results. The IF results of the par-
ticle experiment with the displacement ventilation were
1.62-3.34% for 2.3h~" air change rate and 1.74-4.93%
for 3.5h™" air change rate. Comparing all the results,
the conclusion is that under the displacement ventila-
tion strategy, as the number of air changes increased,
the 7F would fall.

Close contact between persons would lead to a
higher risk of exposure. An interesting feature to note
in Figure 2 is the comparison between CFD simulation
and tracer gas results and our own experimental
results. Our calculated /Fs were nearly 10-fold higher
than those calculated from CFD simulations, and 2-5-
fold higher than those from the tracer gas experiments.
CFD techniques have been used to perform high-time-
resolution sampling of particle numbers and mass con-
centrations in the study of many different infectious
diseases. However, previous CFD studies were limited
to using steady-state Reynolds Average Navier Stokes
(RANS) turbulence models to simulate airborne trans-
missions.”’ CFD simulations generally release a fixed
number of particles at one instance during the simula-
tion process, and the simulation time is relatively short
(<5min). In contrast, the actual human breathing is a
constant activity that continuously releases particles.
As a result, the CFD-simulated IFs are often smaller
than the corresponding experimental results.

Tracer gases (e.g. CO,.* N,0, SFq and
R314a*%) have been widely used to simulate the
transmission of exhaled droplet nuclei. However,
most tracer gas measurement instruments, including
the widely used photoacoustic gas monitors, have a
sample time of 10-60s, which is much longer than
the average inspiratory or expiratory duration
(~15).>! The sampling time of the tracer gas measuring
instrument is not suitable for capturing the detailed
evolution of release and inhalation process of droplet
nuclei during individual respiratory activities. The
inhalation exposure is dynamic, periodic, short and
instantaneous. This may lead to inaccurate results, as
the low temporal resolution precludes sensitive
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detection of rapid changes in particle concentrations.
The number distribution of droplet nuclei in the envi-
ronment after being released is non-uniform, and the
inhaled number of droplet nuclei by susceptible persons
could also change instantaneously. Therefore, in order
to obtain these short-term changes, the sampling inter-
val would need to be smaller and to reflect changes
during a respiratory activity. This study generated
aerosols and used measurement instruments and
breathing thermal manikins to examine the interactions
between the respiratory flow and the thermal plume in
a cleanroom. By breathing thermal manikin that can
produce periodic breathing activities, the sampling
interval of the droplet nuclei measurement instrument
can be set to 1's, which can obtain the short and instan-
taneous change of droplet nuclei inhalation. When the
size distribution of droplet nuclei is different, they have
various morphologies, shapes, and different physical
forces on them, and the virus load laden by droplet
nuclei is also different. In order to better simulate
this process, compared with the use of tracer gas, the
particle experiment may obtain more accurate results.

For particle and bioaerosol experiment, aerosol gen-
eration instruments that can more accurately monitor
exhaled droplet nuclei transmission have been devel-
oped. However, these instruments are generally used
alone, rather than in conjunction with breathing ther-
mal manikins. Bioaerosol experiment must be

conducted in a high biosafety level facility. To trace
SARS-CoV in the laboratory at usual condition is
very difficult. If other bacteria are used, the specialty
must be considered. The result may not be as good as
the particle experiment.

As previously discussed, there are many disadvan-
tages to CFD simulations and tracer gas experiments,
limiting the generalizability of their results. This study
generated aerosols and used measurement instruments
and breathing thermal manikins to examine the interac-
tions between respiratory flow and thermal plume in a
cleanroom. Therefore, the results of our experiments are
likely highly reflective of physiological conditions.

Inhalation fraction for different
interpersonal distances

The number of droplets inhaled and thus IF were
inversely proportional to the distance between the
source manikin and the susceptible manikin. As a
result, for close-range interactions, exposure risk
would be reduced as the interpersonal distance is
increased. When the expiratory jet spread angle is nar-
rowed, passive tracer gas decay would follow the 1/d
rule, where d is the interpersonal distance. However,
when the jet spread angle is wide, the 1/4* rule would
be applied.®!

Figure 3 depicts the [F results from the studies
described in Table 4. We listed four different methods
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Figure 3. Inhalation fraction for different interpersonal distances. The boundary conditions (ventilation strategies and air
change rate) and IF results of CFD simulation, tracer gas, particle and bioaerosol experiment were enumerated during short-
range airborne transmission. The IF was reduced as the interpersonal distance was increased, as shown by the blue dotted line

and IFs decay follows 1/d rule.
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for IF researches: the CFD simulation with a computer
manikin in a full-scale room,*®* the tracer gas exper-
iment with a manikin in a full-scale room,*>*” the par-
ticle experiment with a manikin in a cleanroom (our
study) and the bioaerosol experiment in a biosafety
facility.’”%* He et al.*® and Li et al.** used CFD simu-
lations to evaluate /Fs at a distance of 2m, and their
results were broadly in agreement. The IFs calculated
for a distance of 2m were lower than those in studies
conducted at distances of 0.5m or 1.0m. Berlnaga
et al.,*> Olmedo et al.*® and Yang et al.*’ used tracer
gases and calculated /Fs falling within the same order
of magnitude. Xu et al.”® and Ueki et al.®” used bioaer-
osols, and the corresponding /Fs was shown to have
declined. /F results may vary within the mean range of
0.011-0.187%.

In the case of the present study, our experimentally
calculated IFs and those of Liu et al.’’ were particle
experiments. Moreover, both sets of /Fs have the same
order of magnitude. Liu et al.’” used latex spherical
monodispersed particles to examine the impact of par-
ticle size on particle transport in close proximity to
cough events. Similar to this study, Liu et al. used ther-
mal manikins, but their manikins were rectangular par-
allelepiped in shape and thus did not reflected the true
shape of the human body. Due to the strength of a
coughing event, even though the interpersonal distance
was greater than that was used in the present study,
their calculated /Fs (0.77um and 2.5um) exceeded
those calculated in this study for normal breathing.
However, we observed a similar trend whereby the IF
was decreased with the increase of particle sizes.

The results in Table 4 and Figure 3 showed that the
particle-based experimental results resulted in larger /F
values than the other three types of experiments.
Moreover, the CFD results resembled the bioaerosol
results, in that, they both resulted in lower IF values
than other experiments. This may be because bioaero-
sol sampling would require post-cultivation.

Finally, we fitted a curve to the plot of IF versus
interpersonal distance, incorporating all data points.
This curve aligned well with the 1/d rule, thus confirm-
ing the practicability of the ‘Six-Foot Rule’ in mitigating
indoor airborne transmission in the time of COVID-19.

Limitation and future research

The study used breathing thermal manikins to evaluate
the number of inhaled particles and the corresponding
IF in a displacement ventilated indoor environment.
Due to the triple planar and non-planar bifurcations
of the human respiratory system, models of the system
are complicated.®”> The sampling tube in our experi-
ment runs from the nose through the thermal manikin’s
body (see Figure 1), and we did not consider the airflow
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structures present in the branching lung airway. The
human respiratory system is saturated with humidity
and body fluids, which could greatly influence the
droplet formation and respiration, and we have not
considered these in our model. Thus, we require deli-
cate design of the mouth and the lung structure to
make the human respiratory tract mode more realistic.
Our research can thus be further improved upon by
using breathing thermal manikins with 3D printed
respiratory tracts filled with saturated, humidified air
to mimic the physiological conditions.

Additionally, droplets smaller than 50 um were sus-
pended and were mostly carried within respiratory
flow. Thus, such droplets could deviate from the
expired jet and could settle 1-2m away, or can be
deposited on the face.®' Future studies should examine
the transmission of airborne particles < 50 pm and their
deposition on the body’s surface, including the face,
mouth and eye mucous membrane.

Conclusions

In this study, we used breathing thermal manikins to
estimate interpersonal viral exposure using inhaled par-
ticle numbers and /Fs in a full-scale ventilated room.
The study focused on the effect of the droplet nuclei
size distribution on the short-range airborne transmis-
sion. The results indicated that the particle size distri-
bution exhibits different dynamics in the vicinity of a
susceptible individual. The droplet nuclei diameter was
shown to have an important effect on transmission.
The IF was found to decrease with the increasing of
particle size. Additionally, we compared the effect of
distances on transmission, incorporating the findings of
other studies, and concluded that the IF would
decrease with an increasing of the interpersonal dis-
tance, fitting well with the 1/d rule.

This study highlights the value of the /F index, which
can be used to characterize the exposure risk in experi-
ments using CFD simulations, tracer gas, particles and
bioaerosols. Our data will provide a quantitative basis to
inform infection control policy and provide insight into
the transmission mechanisms of SARS-CoV-2.
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