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Abstract. This study aims to investigate the major factors to influence the respiratory
transmission occurred by infectious particles from a human in an indoor environment.
Identifying the critical factors of respiratory transmission is important for taking a
countermeasure to control its spread. However, it is difficult to track large numbers of
infectious particles generated by a human and floating in a room by the experimental method.
Therefore, the transient jet airflow by human cough was numerically reproduced, and the
trajectories of particles were investigated using the Lagrangian method. In the numerical
analysis, two persons sitting and facing each other in a small office room were considered
assuming that one person produced infectious particles by cough, and another was exposed to
the infection. The trajectory of the dispersed infectious particles was calculated to confirm the
proportion of particles that were directly inhaled by a person, attached to the human body
surface, adhered to the floor, removed by ventilation, and suspended in the air. Also, the size of
particles (1, 5, 10, 20, 40, and 80 um) produced by the infector, the ventilation rate (6 m3
h-1.person-i, equivalent to air changes per hour is 0.5 h-1), and the distance between
individuals (0.9 m (3 ft) and 1.8 m (6 ft)) were investigated as an influential major factor to
affect the spread of transmission. As a result, it was confirmed that the effects of gravity and
inertia increased with larger particles, resulting in a greater rate of adhered particles to the
floor. On the other hand, when the size of particles was smaller, they were able to be removed
more effectively by increasing the ventilation rate. Further, when the individuals were spaced
1.8 m apart, particles larger than 20 um had no significant effect on droplet transmission.
However, the smaller particles less than 10 pm were highly likely to be inhaled directly and
cause droplet transmission. Therefore, for smaller particles less than 10 pm, practical measures
to avoid infections such as social distancing is necessary.
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quickly and become droplet nuclei. Respiratory
viruses can be spread via three transmission routes:
contact (direct or indirect), droplet, and airborne

1. Introduction

Our lives are severely affected by the risk of

infection during the coronavirus disease 2019
(COVID-19) pandemic, which is caused by the SARS-
CoV-2 virus. Infectious respiratory diseases have
severe negative effects on public health, society, and
the economy. Various types of respiratory viruses
are known, such as the measles virus, influenza A
virus, respiratory syncytial virus, rhinoviruses,
coronaviruses, and adenoviruses. Respiratory
diseases can be spread via naturally produced
droplets and droplet nuclei from an infected person
by breathing, speaking, coughing, and sneezing. The
droplets consist of 98.2% H20 and 1.8% nuclei
(mass ratio) [1], and small droplets evaporate

transmission [2,3]. Washing hands and wearing
masks are effective ways to prevent contact and
droplet transmission [4,5]. However, it is known
that droplet nuclei smaller than 5 um may remain in
the air for a long time, causing airborne infection [2].
Samples of SARS-CoV-2 RNA have recently been
detected in the air and on the surfaces in COVID-19
wards [6,7]. However, although direct evidence of
an infectious infection is difficult to obtain, Yu et al.
presented reasonable evidence of aerosol infection
by showing the predictability of viral infections
through analyses of airflow and contaminant
dispersion using computational fluid dynamics (CFD)
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[8]. Zhu and Kato examined the diffusion
characteristics of droplets of various sizes using
CFD [9]. Droplets with a diameter of less than or
equal to 30 um (d, < 30 um) were affected very
little by inertia and gravity and tended to diffuse
randomly into the room. Wan et al. experimentally
investigated the importance of mechanical
ventilation in reducing respiratory infection risk in a
hospital ward [10].

The characteristics of airflow, droplets, and droplet
nuclei can be used to understand and predict the
spread of infection. Gupta and colleagues measured
subjects' airflow characteristics during breathing
and talking [11] and proposed flow rate model
coughing [12]. Several researchers tried to measure
the maximum air velocity and direction produced by
coughing using the particle image velocimetry (PIV)
technique [13,14]. Recently, an attempt has been
made to analyze the distribution of airflow caused
by coughing [15]. The flow rate variations during
coughing and breathing could be represented as a
combination of gamma probability distributions and
sine waves, respectively. Xie et al. inferred the size
distribution of droplets produced by coughing and
talking using an experimental method [16].
Additionally, the particle size distributions of
subjects were confirmed by Chao et al. for coughing
and speaking [13] and by Johnson et al. for
breathing [17]. Nishimura et al. employed PIV to
visualize the movement of particles released by
coughing and sneezing and measured the dynamics
of droplets and droplet nuclei [18].

Using a simple physical model, Xie et al. estimated
how far droplets produced by various respiratory
activities can travel [19]. The maximum distances
were 6, 2, and 1 m for sneezing, coughing, and
breathing, respectively. The maximum distance
traveled by droplets can be used as a reference
index for social distancing, which can be used to
avoid the spread of infection. Liu et al. developed a
theoretical model that can be used to estimate the
size and dispersion of droplets and droplet nuclei
considering evaporation [20]. The droplets became
droplet nuclei with 32% of their initial size by
evaporation.

CFD analysis is most commonly used to understand
the dispersion of droplets and droplet nuclei. The
dispersion of cough droplets and droplet nuclei
considering evaporation was investigated and
validated by CFD analysis using the Eulerian-
Lagrangian method [21,22]. Yang et al. investigated
the dispersion of droplets in a crowded bus to
understand the ventilation effectiveness and effects
of environmental factors [23]. Zhang and Li
investigated the dispersion of droplets from a
coughing person in a rail cabin. They found that
increasing the air changes per hour (ACH) was not
the best way to reduce the risk of airborne infection
[24]. Higher-velocity air movement delivers
droplets and droplet nuclei more rapidly and
diffuses them more widely, exposing more people to

the risk of infection.

The most important factor for preventing airborne
infection in an indoor environment is maintaining a
high ventilation rate to quickly remove potentially
infectious particles. Mui et al. investigated the
dispersion and diffusion of droplet nuclei 0.1 and 10
um in size in an indoor environment under
displacement ventilation and mixing ventilation
conditions [25]. They used a drift flux model to
calculate the distribution of the droplet nuclei
concentration in the room and estimate the
infection risk. Zhao and Wu evaluated the
deposition of particles on indoor surfaces
experimentally and verified the results by
comparison with numerical analysis [26]. In
addition, various ventilation systems were reviewed
using numerical analyses to investigate airborne
infection [27,28]. However, most studies utilized the
drift flux model to confirm the distribution of
droplets and droplet nuclei. Therefore, it is
necessary to track the route of infectious particles
and confirm the fate of the particles for identifying
the key factors of the infection route and taking a
countermeasure against infectious diseases in an
indoor environment.

2. Methodology

2.1 Eulerian model

The three-dimensional transient Reynolds-averaged
Navier-Stokes equations for the conservation of
mass, momentum, and energy of a continuous fluid
inside a room were solved using the realizable k-¢
model as summarized in Tab. 1 [29].

A second-order upwind scheme was used as the
convection term in the discretization scheme. The
pressure-velocity coupling for the continuous fluid
was solved using the SIMPLE algorithm [30]. The
realizable k- model has been used and validated in
many previous studies to investigate particle
dispersion and shown to agree well with
experimental results [31-34].

Tab. 1 - Numerical methods used for simulation.

Commercial | STAR-CCM+ ver. 14.06

code

Turbulence | Realizable k—¢ model

model

Convection | Second-order upwind scheme

Solver SIMPLE algorithm

Buoyancy Boussinesq approximation

Particles Lagrangian model

Mesh Polyhedral with prism layer mesh
(approx. 1,100,000 cells)

Time Implicit unsteady state (dt = 0.05 s)
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2.2 Lagrangian model for particles (droplet
and droplet nuclei)

The dispersion of particles in the continuous fluid
was calculated using the Lagrangian model. The
conservation of the linear momentum of the particle
is balanced by the surface and body forces. This
study considered the drag (ﬁD), pressure (ﬁp), and

gravitational forces (ﬁG) as expressed in Equations

(1)-(4).

du, . - o
mpd_tp=FD+Fp+FG (1)
. 1Cp o —
Fp =EC_C Ppr |uf_up| (uf_up) (2)
Fp = -V, 7P (3)
Fo=V,(pp—pr) d 4)

Here, m, is the particle mass; us and i, are the
continuous velocity vectors of the fluid and particle,
respectively, and pgand p,, are the density of the
continuous fluid and particle, respectively. A, is the
projected area, and V, is the volume of the particle.
VP is the gradient of the static pressure in the
continuous fluid, and § is the gravitational
acceleration vector.

The Schiller-Naumann correlation [35] was used to
calculate the drag coefficient of the particle (Cp) in
Equation (5). Cp depends on the Reynolds number
of the particle (Re,) in Equation (6). The
Cunningham slip correction factor (C¢) for droplets
in small size was defined in Equation (7). The
Cunningham effect occurs on particles smaller than
10 pm.

24
Re, (1+0.15Re5®%7),  Re, < 10°

Cp = (5)
044, Re,>10°
d, [ur—u
Re, = w (6)
Us
C—1+2'1 1.257 + 0.4 11d, 7
c=1+g b 4 exp o7 (7)

Where d, is the particle diameter, and y¢is the
dynamic viscosity of the continuous fluid. 4 is the
mean free path of the air molecular (i.e. A = 0.0673
pum at 23 °C and 1 atm air [36]).

In the simulation, the turbulent dispersion of
particles was considered because turbulent motion
significantly affects the particles with small sizes.
The stochastic model similar to the random walk
model was used [37]. The velocity of the continuous
fluid (uf) was calculated by adding the fluctuating

velocity component (;é) to the local Reynolds-

averaged velocity of the continuous fluid (w), as
shown in Equation (8). The fluctuating velocity
component was randomly sampled by the Gaussian

probability density function (p) with the standard

deviation (o = +/2k/3) and zero mean in Equation
(9) [9]- Here, k is the turbulent kinetic energy.

— —

U = Us + ug 8
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2.3 Case study description

Indoor space of the typical small office with a size of
3.6 x 2.7 x 2.5 m3 (width x length x height) was
considered for the simulation. Mechanical
ventilation by the displacement ventilation system
was investigated as illustrated in Fig. 1. The
ventilation rate was set as 6 m3 h-l-person-!, and
two occupants were considered (equivalent ACH is
0.5 h-1). One was assumed as an infected person and
the other was set as a susceptible person. Two
thermal manikins in a seated position with a height
of 1.21 m were placed in the center of the room. The
furniture was not considered because its various
types and locations can interfere an indoor airflow
and may have a significant effect on the results [38].
The present study analyzed the independent
influence of the infectious particles generated from
the person.

Further, different cases of social distancing were
investigated as an influential major factor to affect
the spread of the transmission by setting the several
distances between individuals (Case A: 0.9 m (3 ft)
and Case B: 1.8 m (6 ft)). The distances between
individuals were modeled by measuring nose-to-
nose distance.

Outlet
- -
Infected
manikin
€
I 29m L8 m
o~
susceptible
manikin
3 A4S 7/
m .} Inlet
(a) Case A (b) Case B

Fig. 1 - Different cases of social distancing in a typical
small office.

The detailed boundary conditions for the calculation
can be found in Tab. 2. A boundary condition of
velocity inlet was applied for the inlet of the room.
Supplying air temperature was set at 18 °C. The
opening of the inlet and outlet were assumed to
have the same size of 0.45 x 0.1 m2. The outlet was a
pressure outlet with zero static pressure. The
constant temperature of 24 °C was set to all indoor
walls. The boundary condition of the infected and
susceptible manikins was set as a constant heat flux
of 23 W/m?.
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For coughing and breathing behaviors, boundary
condition at the mouth opening was set as velocity
inlet, and a time-series velocity profile for each
behavior was applied. The temperature of the
airflow due to exhalation was set at 34 °C, and a
turbulence intensity was set at 10% [39]. Validation
calculations were conducted to determine a
statistically appropriate number of particles, and for
this simulation, 5,000 particles were chosen for
each size.

Tab. 2 - Boundary conditions.

Inlet velocity inlet: according to 1.0 ACH
opening temperature: 18 °C
turbulence intensity: 5%

turbulence length scale: 7% of
hydraulic dimeter dj,

size: 0.45 x 0.1 m?

Outlet pressure outlet: static pressure = 0
opentng size: 0.45 x 0.1 m?
Wall Dirichlet condition, T,, = 24 °C

two-way all-y+ wall treatment
no-slip boundary condition

Surface of | Neumann condition, g5 = 23 W/m?

infected /1 ll-y+ wall treatment
susceptible wo-way all-y+ wall treatmen
manikin no-slip boundary condition
Mouth velocity inlet
opening of ¢ infected manikin: cough airflow
infected / . .

. at first time and follow the breath
susceptible . . 10
manikin cycle (equation (10))

e susceptible manikin: follow the
breath cycle (equation (10))

temperature: 34 °C

turbulence intensity: 10%
turbulence length scale: 7% of dj,
Particles dp: 1,5, 10, 20, 40, and 80 um

5,000 particles for each size

2.4 Boundary conditions for particles

The deposition on the surface is a major removal
mechanism of particles, and thus, stick condition on
the floor, and the surface of infected and susceptible
manikins was considered [40]. The ceiling and
vertical walls were set as a rebound condition. An
escape condition was applied to the outlet opening
and mouth openings of infected and susceptible
manikins, and the fate of particles was tracked.

2.5 Cough model for infected manikin

The direction of the cough airflow was set to 27.5 °

downward as shown in Fig. 2, and the time-series
velocity profile obtained from the experiment [41]
was adopted as the boundary condition in the
mouth of the infected manikin (Fig. 2(b)).

Water droplets quickly equilibrate with the
surrounding environment and its evaporation
process is very rapid. The equilibrium size of the
droplet is reduced to about half its initial expiratory
size [42]. In this study, the size of the droplet in the
equilibrium state, not the initial size of the droplet,
was considered to reduce the computational load in
the calculation, and the evaporation process was not
conducted.

25
20
S
B151 |
g ol N\
- |
S \\,
o A
0 02 04 06
Time (s)
(a) Direction of cough (b) Velocity profile

Fig. 2 - Cough model for infected manikin.

2.6 Breath model for infected and susceptible
manikin

In the breath model, the airflow rate of inhalation
and exhalation was assumed to be a sine wave. Tidal
breath flow rate (inhalation or exhalation) and its
frequency were assumed as 1 L and 3 s, respectively,
as described in Equation (10). The mouth opening
area of 123 mm? was considered, and the infected
manikin started coughing at the beginning of the
simulation calculation and the coughing was last for
0.6 s. Further, during the simulation, the breath
model was started after the cough model was
completed.

s s
Voreatn (t) = 5 sin (5 t) ,[L/s] (10)

2.7 Validation of proper number of particles

[t is necessary to set a proper number of particles
for statistical analysis for the Lagrangian simulation.
The motion of the particle is greatly affected by
turbulence as the particle size is smaller. Therefore,
the appropriate number of particles was
investigated firstly with the particle size of 1 um,
and the same number of particles was applied to all
particles. Various numbers of particles of 1,000,
5,000, 10,000, and 20,000 were considered, and the
ratio of the time series particle fates to the initial
number of particles was confirmed. There were no
significant differences in more than 5,000 particles,
and thus, 5,000 particles were investigated in this
study.
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3. Results and Discussion

3.1 Indoor Airflow distribution

Fig. 3 displays the results of indoor airflow
distributions during the coughing and breathing
stage. The rising airflows due to the heat of the
human body were formed adjacent to both manikins.
The velocity of cough airflow showed over 10 m/s at
0.2 s. Also, the formed exhaled airflow by breathing
can be confirmed at 2.0 s after the infected manikin
finished the coughing behavior. The respiratory
airflow of susceptible manikin was directed forward,
but the expiratory airflow was warmer than the
ambient air temperature and raised due to the
buoyancy effect.

In Case A (social distancing with 0.9 m), the airflow
by coughing tended to reach the susceptible
manikin. However, when the social distancing was
doubled in Case B (1.8 m), it was difficult to reach
the airflow to the opponent.

Velocity (m/s)
1.0 2.0 3.0 4.0

(a) Case A (b) Case B

Fig. 3 - Indoor airflow distribution with cough and
breath model.

3.2 Particle dispersion in the room

Fig. 4 shows the results of particle dispersion
generated by coughing behavior over time. In Case A
(social distancing with 0.9 m), the released particles
reached the opponent's body around 5 seconds after
coughing. However, when the social distancing was
doubled to 1.8 m in Case B, particles did not reach
the opponent. Also, it was found that particles with
large sizes such as 80 pm headed to the bottom
relatively quickly. On the other hand, particles of
small size such as 1.0 pym descended more slowly
and tended to rise along the thermal plume of the
body.

The upward airflow by the human body was greater
in Case A where two occupants were set closer to
each other than Case B, showing a tendency that
particles smaller than 40 um were more easily to
rise to the ceiling and diffuse into the room.

During the simulation from 100 seconds to 300
seconds, particles of 20 pm or less suspended in the
air were gradually removed by deposition on the
floor, exhaust by ventilation, adhesion to the human
body surface, and intake by respiration.

5s 5s dp (M)

80.0
N

P
b
50s 50s
o 40.0
A ' 200
100s 100 s
10.0
I 50
1.0
300 s 300s
(a) Case A (b) Case B

Fig. 4 - Results of particle dispersion in each case of
social distancing in a typical small office.

3.3 Calculated particle fates

Tab. 3 shows the fates of infectious particles
generated by coughing after 300 seconds of the
simulation according to the particle sizes and
distances between individuals. To understand the
characteristics of the movement path by the particle
sizes, the ratio for each particle size was analyzed.

The smaller size of particles tended to float and be
suspended in the room regardless of the distance
between individuals. The larger size of particles
showed to easily deposit on the surface of the floor
(F) or susceptible body (Sg)-

In case of a short social distancing (0.9 m in Case A)
between two persons, 45.5% of the 40 um size of
the particles and 38.1% of the 80 pm size of the
particles generated from the infected person were
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deposited on the susceptible manikin (Sg) and
39.8% on the floor (F). However, when the distance
between individuals became doubled, only 4.8% of
the 40 pm size of particles were attached to the
surface of the susceptible manikin (Sgy), the 80 pm
size of the particles could not reach the surface of
the susceptible manikin (Sg), and most of the
particles (94.4-97.7%) were removed by deposition
to the floor (F).

The droplet transmission and airborne transmission
by ingestion of infectious particles (S,,) could occur
when the particle size was less 40 pm, however, the
probability of transmissions was not significantly
influenced by the distance between individuals and
size of particles. However, as the distance between
individuals increases, range of particle sizes, which
can cause the droplet and airborne transmissions,
could be reduced.

In general, infectious particles can be removed by
the exhaust by ventilation and deposition on the
floor. However, regular sterilization should be
carried out to prevent a contact transmission
possibly occurring by the deposited infectious
particles. Also, particles smaller than 20 pm tend to
be suspended in the air for a long time, hence, they
should be rapidly removed by increasing the
ventilation rate and the utilization of the air purifier
to lower the risk of airborne transmission.

Tab. 3 - Particle fates released from infected manikin for
300s.

Dist dy Ilg Im Ssc Sm E F A
ance (um) (%) (%) (%) (%) (%) (%) (%)

(m)

0.9 1 19 01 92 05 10 79 794
5 15 01 93 08 08 175 70.0

10 08 02 96 09 10 375 50.0

20 1.1 0.2 140 0.7 05 665 17.1

40 55 05 455 0.7 - 468 1.0

80 219 0.1 381 - - 398 0.1

1.8 1 21 02 62 07 22 43 843
5 17 01 66 1.0 28 106 77.2

10 12 01 76 08 1.7 287 599

20 07 01 133 09 05 67.7 168

40 0.8 - 438 - - 944 -

80 22 0.1 - - - 97.7 -

Note: dp is the diameter of the particle, and I and S
represent the infected and susceptible manikins.
Subscripts of sk and m indicate the particles attached to
the surface of the manikins and the particles inhaled by
respiration, respectively. E , F, and A represent
discharged particles by outlet opening by ventilation,
deposited particles on the floor, and suspended particles
in the air, respectively.

4. Conclusion

This study investigated the probability of exposure
to the respiratory infection of a susceptible person
by tracking the spread of infectious particles caused

by the coughing of an infected person in a ventilated
indoor office. As a result, it was found that the
arrival of infectious particles can be significantly
prevented when the distance between the
individuals is maintained from 0.9 m to 1.8 m. Also,
the small size of infectious particles capable of
causing airborne transmissions was independent of
the distance between individuals. Therefore, further
studies are necessary to  explore the
countermeasures against airborne transmissions by
appropriately increasing the ventilation rate and the
utilization of air purifiers.
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