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Abstract: The characteristics of exhaled aerosols outside the human respiratory airway are of significant
importance in understanding virus transmission, yet they remain poorly understood. In order to effectively
prevent and control the spread of respiratory infectious diseases, this study numerically investigates the
exhaling characteristics of aerosols exhaled from the bronchus or larynx of a human upper airway model. This
is achieved using the Euler-Lagrange method and considering various aerosol diameters (dp=0.1, 0.3, 0.5, and
1-20 um) as well as five expiratory flow intensities (Q=15, 30, 60, 90, and 120 L/min). The important findings of
this study are as follows: (1) Expiratory airflow exhibits complex flow phenomena, including jet-flow, flow
separations, and vortex structures, with their characteristics being influenced by the expiratory flow intensities.
(2) The exhaling characteristics of aerosols vary depending on the combined effects of expiratory flow
intensities, virus aerosol diameters, and initial exhaled locations from either the bronchus or larynx. (3) A
critical diameter (dc) is identified to represent the size at which aerosols can effectively exit the respiratory
airway and potentially pose a transmission risk. This critical diameter is identical for aerosols exhaled from
both the bronchus and larynx under the same expiratory flow intensity, but it decreases as the expiratory flow
intensity increases. In conclusion, expiratory flow intensity is the most critical factor in determining whether
aerosols can be expelled from the respiratory airway, as well as influencing the critical diameter (dc) for aerosols
initially located in/after the larynx.
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1. Introduction

In this century, there have been three global coronavirus epidemics, namely coronavirus disease-
2019 (COVID-19), middle east respiratory syndrome (MERS), and influenza-a viruses. These
outbreaks have caused significant health and economic damages [1-3]. The COVID-19 pandemic, in
particular, has affected nearly 700 million individuals and resulted in approximately 7 million deaths
worldwide [4]. One of the main ways through which the coronavirus is transmitted is via virus-
loaded aerosols in the air. These aerosols are produced when infected individuals exhale air from
their respiratory tract through speaking, exhaling, or coughing, causing the mucus layer on the inner
walls of their respiratory airway to break into multiple small aerosols. Each aerosol has the capacity
to carry a certain number of viruses [5-8]. Some of these virus-loaded aerosols are then carried into
the external environment by the ongoing exhaled airflow. These suspended aerosols can linger for
some time in the environment before being inhaled by uninfected individuals. Once inhaled, these
virus-loaded aerosols can settle on the inner walls of the respiratory airway, paving the way for viral
invasion of the immune system and subsequent infections [6—14]. Therefore, the quantity of exhaled
aerosols released into the external environment is directly connected to the risk of virus transmission
[15-17]. Deep investigation of the properties of exhaled aerosols is therefore of great significance in
effectively addressing the potential for widespread epidemic transmission in the future.
Understanding these properties will aid in the development of appropriate preventative measures
and strategies to combat the spread of viruses like coronavirus.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Due to experimental and ethical limitations, conducting in-vivo/in-vitro experiments on
respiratory airflow and aerosol dynamics in the human respiratory system is challenging. However,
the computational fluid dynamics (CFD) method has been widely employed to study the aerosol
dynamics in the human respiratory system [18-23]. This method offers advantages such as high
visualization capabilities and low computational costs, without the constraints posed by experiments
and medical ethics. For example, Jing et al. [19] utilized large eddy simulation (LES) to
comprehensively understand the evolution process of airflow within a whole-lung airway model,
providing a solid foundation for investigating the subsequent transport and deposition of virus
aerosols. Mortazavi et al. [24] conducted a fluid-structure coupled simulation to examine the uptake
of virus aerosols in the human respiratory airway using computer tomography (CT) imaging. Their
findings revealed that nasal cavity virus deposition was lower when individuals exclusively breathed
through their mouths. Additionally, they found that 10 um aerosols had a deposition fraction of
approximately 100% at an inspiration flow rate of 30 L/min. Beni et al. [25] employed numerical
methods to investigate the transport and deposition of virus droplets in the upper respiratory airway
when individuals only breathed through their noses. Their results indicated that a high concentration
of virus in the upper respiratory airway could potentially lead to headaches. Similarly, Wedel et al.
[26] analyzed the impact of age on aerosol deposition in the upper respiratory airway. Their results
revealed higher aerosol deposition in the upper respiratory airway and a significant reduction in
deposition in the lower respiratory airway. These studies showcase the utility of numerical methods
and computational simulations in advancing our understanding of aerosol dynamics and virus
deposition in the human respiratory system.

In addition to studying the deposition of inhaled aerosols in the human respiratory system,
researchers have recently begun investigating the dynamics of exhaled virus aerosols expelled from
the respiratory airway. For instance, Guo et al. [27] explored the influence of airflow structures and
the release locations of droplets on droplet deposition in the respiratory airway during exhalation.
They also identified the critical particle size of exhaled droplets under specific scenarios.
Furthermore, Ren et al. [28] conducted simulations to examine the breaking process of the mucus
layer under the wall shear stress of exhaled airflow during coughing. Their results demonstrated that
at a peak flow rate of 6 L/s, the maximum airflow velocity near the respiratory airway wall could
reach 38 m/s, with a shear stress of 14 Pa. However, their study did not specifically investigate the
subsequent transport and deposition of droplets resulting from the breaking of the mucus layer
within the respiratory airway. Moreover, both the high-speed airflow generated by laryngeal jets and
the vibration of vocal cords contribute to the formation of virus aerosols. The bronchioles within the
respiratory airway are also significant sites for virus aerosol production. Large aerosols generated in
the bronchus are closer to the lungs and may carry a greater quantity of viruses, making them more
contagious [5,27,29]. Findings by Weolfel et al. [30] indicated that COVID-19 viruses are more likely
to replicate in the throat region of the upper respiratory airway in humans. Another study
highlighted that the coronavirus omicron variant replicated faster in the human bronchus and slower
in the human lung [31]. These studies reveal that virus aerosols can exist in different locations within
the respiratory airway.

In summary, although it is known that aerosols can be generated within the respiratory airway
and exhaled, contributing to the transmission of the coronavirus, there are limited studies focusing
on the characteristics of exhaled aerosols outside the respiratory airway, especially considering the
thermal effects of the mucus layer [20,32-35]. Therefore, this study aims to address this gap by
investigating the exhaled characteristics of aerosols with diameters ranging from 0.1 to 20 um (dp=0.1,
0.3, 0.5, and 1-20 um) and five different steady expiratory flow intensities (Q=15, 30, 60, 90, and 120
L/min) at the mouthpiece using the Euler-Lagrange method.
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2. Methodology

2.1. Geometrical Model and Mesh

In this study, a realistic human respiratory airway model, including a mucus layer, was
reconstructed using CT scans of a healthy Asian male volunteer (Figure 1). The model comprises the
mouth, nose, pharynx, larynx, main trachea, and G3-bronchus, which consists of five bronchial
branches. To account for thermal effects, the shell model is extended outward by 1 mm to represent
the mucus layer [20,33,35,36]. Due to the irregular morphology of the airway model, an unstructured
polyhedral mesh is chosen to reduce the number of grids and conserve computational resources
[21,35]. It is also important to consider the boundary layer adequately based on the chosen turbulence
model and mesh structure. Specifically, eight boundary layers are applied to the fluid domain side,
while six boundary layers are used on the mucus layer side (Figure 2(c)). Additionally, the y+ value
is set to be less than 1 to comply with the requirements of the turbulent model [18,21,35]. To assess
grid independence, four sets of grids with grid nodes numbering 13, 17, 21, and 29 million are
employed.
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Bronchus irllet R3

@ ®

Figure 1. (a) Schematic diagram of the geometric structure of the realistic human respiratory airway
model containing mucus layer; (b) Initial positions of the exhaled aerosol; (c) Mucus layer and the
mesh on the surface.
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Figure 2. The velocity profiles along the extracted polylines located at the mid-plane (a) and cross-
sections B-B' (b), D-D' (c) and F-F' (d).

2.2. Numerical Methods

In this study, the Euler-Lagrange method is utilized for solving the process of exhaled aerosol
transport within the respiratory airflow. Assuming the exhaled air is a single-component gas, the
RANS (Reynolds-averaged Navier-Stokes) Transition Shear-stress Transport turbulence model is
employed to solve the continuity equation, momentum equation, and energy equation. The one-way
coupling method is adopted, assuming that the volume fraction of aerosols in the air is small
[16,18,20,21]. Due to the complex composition of virus-loaded aerosols, including not only viruses
but also proteins, electrolytes, inorganic salts, and other components [11], there is currently no precise
model available to describe the exhaled aerosol from within the human respiratory airway.
Consequently, the literature assumes that the density of the exhaled virus-loaded aerosol is the same
as water and that it has a spherical shape [27]. We adopt the same assumptions in the present work.
The discrete phase model (DPM) within ANSYS Fluent is employed to simulate the transport and
deposition of exhaled aerosols [18,20-22].

2.2.1. Governing Equations of the Airflow

The continuity equation, momentum equation and energy equation of the airflow are expressed

as follows [21,36]:
ouy
ox i

1op 10 (0 0% 2 3\| 9 ——
= fu( Sl Wten§ | 2.2
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where t is the air flow time and p is the air density; u and x are the airflow velocity and
displacement; u;, and u, are the average time velocity in the i and j direction; k, u and T are the
thermal conductivity dynamic viscosity coefficient and temperature of airflow, respectively. Then,

the stress term —u;u; is defined by:

T_Hr(au_ti_l_au_tj 2 au—tk) 2

ax]' axi _§ Y axk (24)

where u; and u; are the fluctuant velocity in the i and j direction; u; and k are the turbulent
viscosity and turbulent kinetic energy of airflow. Then the turbulent kinetic energy equation of
airflow is defined by [37]:
ok 9 pr\ Ok
+—(uik Gr — Y, +—( +—)— 2.5

?lae (1) K "aj[“ o) 0x; (25)
where G, Y., o, and Yess are the correction of turbulent kinetic energy production term,
correction of turbulent kinetic energy dissipation term, turbulent Prandtl number and effective
intermittent factor, respectively. And the G, and Y} are defined by:

G = VerrGr (2.6)
Y, = ,0.1),1.0 2.7
i = [max(ves, 0.1),1.0] Kmin (2.7)
Then, the equation of turbulence specific dissipation rate of airflow is expressed as [37]:
6w+6( )| =6 v, 4+ ( +”T)aw (2.8)
Plae Xj YO = be " e ax; ¢ 0,/ 0%; '

where w is the airflow turbulence specific dissipation rate (s™*); G, and Y, are the production
term and dissipation term of turbulence specific dissipation rate (N/m?), respectively.

Since the flow velocity of the mucus layer is 91.6 um/s, it can be considered as a stationary solid
wall. Assuming that it has the same physical properties as water, the governing equation about heat
transfer considering the mucus layer is expressed as [20,33,35]:

oLy, ) 29

ot  pmox;\\ " 0x;

where T, k,,, p,, and & are the temperature, thermal conductivity, density and enthalpy of mucus
layer, respectively.

2.2.2. Transport Equations of Virus Aerosols

According to Newton’s second law, the movement equation of a virus aerosol is defined by:

—

du, —  —
m,,d =Fp +F, + Fy + Fg (2.10)

where Fp, 17;, F; and Fp represent the drag force, gravitational force, thermophoretic force and
Brownian force exerted on virus aerosols. m,, and u, are the mass and velocity of virus aerosol. The
drag force FT; is defined by [21]:
— 3 mpuCDRep o
P=T T par (u—u, (2.11)
where p, and d, are the density and diameter of virus aerosols. And for submicron virus aerosols,
the drag force F, can be simplified as:
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where the coefficient C, is defined by [21,38]:
22 _<ﬂ)
C.=1+ 7 1.257 + 0.4e \ 24 (2.13)
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And the gravity force Fg) is defined by:
- G(pp — p)
Similarly, the thermophoretic force Fy is defined by [21,36]:
— 1

where Dr,, is the thermophoretic coefficient. And since a virus aerosol is assumed as a spherical
particle and the air is ideal gas, Dr,, can be given by [16,37,38]:
6md,u?Cs(K + C.Kn)

Dy, = 2.16
TP ™ (p(1 4 3C,,Kn)(1 + 2K + 2C.Kn) (2.16)
Then, the Knudsen number Kn is defined as [21]:
22
Kn =— (2.17)
dp

where A is the mean free path, and coefficients C; = 1.1, C; = 2.18, C,, = 1.14, respectively. Then,
the coefficient K is defined as [21,38]:

k
K=— (2.18)

kp
where k is the air thermal conductivity based on average kinetic energy, and k, is the thermal
conductivity of virus aerosols. Specifically, for virus aerosols with submicron diameter, the Brownian

force F_B) can be defined as follows [20,21,38]:

— Sy
FB = mpfl- E (219)
216vksT
So= g — (2.20)
T pdp(?) Ce

where v is the kinematic viscosity of air, kp is the Boltzmann constantand ¢; isa Gaussian random
number with zero mean and independent unit variance [20,21,38].

In order to consider the influence of turbulent diffusion on the movement trajectory of virus
aerosols, the fluctuation velocity of virus aerosols needs to be corrected. The fluctuation velocity of
virus aerosol is a piecewise constant function, defined by the following formula [21,23,38]:

u; = A0; (2.21)
where A; and o; are the normally distributed random number and root mean square of the velocity
fluctuation. For isotropic turbulent airflow-field, o; is given by [21,23,38]:

o, = |=k (2.22)

It is assumed that the virus aerosols interact with the vortex for a short time during the vortex
lifetime and particle-vortex crossing time. When this time is reached, the new value of the
instantaneous velocity is obtained by applying the new value of A; in formula (2.21). Thus, the eddy
life can be defined by [23,38]:
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k
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where C; is a constant, ¢ is turbulence kinetic energy dissipation rate, and the particle-vortex
crossing time can be given by [23,38]:

L,
teross = —Tp (1 = ————) (2.24)
Tplu —uy|
where 1, is the relaxation time of the virus aerosols. L. is the length of the vortex, which is defined
by [21,23,38]:
3
s k2

2.3. Simulation Setups

In this study, different exhaled airflow rates (Q) of 15, 30, 60, 90, and 120 L/min are set as
boundary conditions of velocity inlet at the end of the five bronchial airways, representing various
human expiratory intensities [16,18,20,27]. The boundary condition of pressure outlet is set at the
mouth lips. The temperature at the mouth lips is set to 15 °C [16,20]. The velocity at the airway wall
is set to no-slip, and the temperature is set to 37 °C [16,20,36]. The pressure and momentum equations
of the airflow are discretized using the second-order upwind scheme, and the equations are solved
using the Simple (Semi-Implicit Method for Pressure Linked Equations) algorithm in ANSYS Fluent
until convergence is achieved, with an iterative error less than 10%. To generate aerosols, an in-house
code is used to randomly distribute 10,000 aerosols at three cross sections, as shown in Figure 1(b).
Cross section-1 and section-2 are located in the bronchus, while cross section-3 is located in the larynx.
Aerosol diameters range from 0.1 pm to 1-20 um. The initial velocity of the aerosols is equal to the
airflow velocity [18,23,27].

In the DPM model, the respiratory airway wall is set as the "Trap" boundary condition, meaning
that once aerosols come into contact with the respiratory airway wall, they are considered to be
"deposited". The mouth outlet is set as an "Escaped" boundary condition, through which aerosols
enter the external environment [21]. Aerosols are tracked individually until they are either removed
from the airflow field or deposited on the respiratory wall. Additionally, in turbulent airflow, both
fluctuating velocity and average velocity of the airflow can affect aerosol transport and deposition.
Thus, the discrete random walk (DRW) model of particles is adopted in to consider the effect of
fluctuating velocity on aerosol transport and deposition [21,38]. All numerical simulations are
performed using ANSYS Fluent on a local self-assembly workstation. The workstation is equipped
with an Intel® Xeon® Platinum 8280L CPU running at 2.60 GHz, with dual processors, 28 cores, and
128 GB RAM. Each simulation case takes approximately 20 hours to calculate.

3. Results

3.1. Evaluation Grid Independence

The accuracy of the numerical simulation greatly relies on the number of cells in the grid.
Therefore, in order to determine the most appropriate grid, the grids with 13, 17, 21, and 29 million
cells are used when turbulence is strongest in the human upper airway at Q=180 L/min. As depicted
in Figure 2, as the number of cells increases from 13 million to 29 million, the velocity profiles along
the extracted polyline at the mid-plane and several cross-sections (B-B', D-D', and F-F') remain
consistent, with a deviation of less than 5%. Hence, the grid with 21 million cells is selected for all
subsequent numerical simulations, taking into account both calculation accuracy and computational
resources.
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3.2. Validation of Methodology

This study evaluates the particle tracking method by comparing the deposition fraction (DF)
obtained from the present methodology with values reported in the literature. Here, the DF is defined
as the ratio of the deposited aerosol number (Ngeposition) to the total aerosol number (Nyy¢q;), i.€., DF =
(Naeposition/Ntotar) X 100% [18,20,35,36]. The inertial factor (I = p,d;Q), defined as the product of
aerosol density, the square of diameter and the rate of airflow, is also used for this evaluation [33,37-
39]. The comparative results of the numerical and experimental particle deposition fractions in
different human respiratory airway models are shown in Figure 3. Some of the data were obtained
from simplified airway models, while others were obtained from realistic airway models. Overall,
the particle deposition fractions obtained from the present simulation method in the idealized human
oropharynx model are in good agreement with the literature, although some differences exist. For
example, the deposition fractions of small particles are slightly higher compared to the literature.
Conversely, the particle deposition fractions in the realistic human respiratory airway model are
slightly higher than those reported in the literature. These differences can be attributed to several
factors, including variations in the geometric structure between the realistic human respiratory
airway model used in this research and the simplified models, as well as differences in particle
transport models and computational setups for numerical simulations. However, these disparities do
not affect the fundamental results and analysis of aerosol transport and deposition in the realistic
human respiratory airway model. Therefore, the numerical simulation method employed in this
study is deemed reliable for simulating aerosol dynamics in the human respiratory airway.
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Figure 3. Variation of deposition fraction with the impact parameter from present study and data in
literature [33,40-42].

3.3. Airflow Field

Figure 4(a) displays the velocity characteristics of exhaled air during the expiration process at
Q=30 L/min (hereafter), wherein the air enters the bronchus and exits through the mouth. The airflow
in the trachea region is relatively uniform due to its relatively regular structure. A long and narrow
recirculation region forms on the front side of the trachea (section FF' to DD'). Upon passing through
the glottis, the primary airflow gradually shifts from the posterior side to the central region of the
respiratory airway (section CC' to BB'). In the throat, a high-speed airflow region emerges in front of
the throat (section CC' to BB') and flow separation occurs near the rear side wall. The oropharynx
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region experiences an increased degree of airflow mixing, and flow separation becomes apparent in
the front side wall of this region. The spatial distribution of airflow velocity and turbulent kinetic
energy (TKE) within the human respiratory airway exhibits distinct differences, as depicted in Figure
4(a) and (b). The maximum airflow velocity is observed at the end of the oropharynx region,
indicating localized high-speed airflow. On the other hand, TKE peaks are observed in both the throat
and mouth regions, suggesting greater turbulence in these areas. Furthermore, the front region of the
trachea exhibits higher TKE values.
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10

Figure 4. (a) The streamlines inside the whole model and velocity contours at several key cross-
sections (Q=30 L/min). (b) The turbulent kinetic energy contours at the mid-plane and several key
cross-sections (Q=30 L/min).

The velocity, turbulent kinetic energy (TKE), dimensionless velocity (U =u/u, ), and
dimensionless turbulent kinetic energy (TKE = k/k,) are employed to quantitatively analyze the
effect of expiratory intensity on airflow dynamics within the human respiratory airway (20). These
values along the polylines in the respiratory airway at five expiratory intensities (Q=15, 30, 60, 90, 120
L/min) are plotted in Figure 5. As depicted in Figure 5(a), a stagnation point is observed (indicated
in the back of the throat region and at a distance of 0.17 m in Figure 5(a)). After the stagnation point,
the airflow velocity increases sharply in the oropharyngeal region and gradually decreases after
reaching its peak (Figure 4(a)). Similarly, three peaks along the TKE profiles are observed in Figure
5(c). Furthermore, the airflow TKE reaches its maximum value of 12 m?/s2 under Q=120 L/min,
corresponding to the red region in the TKE contours between the B-B' and C-C' cross-sections in
Figure 4(b). The airflow TKE decreases after the B-B' section. The second peak of TKE occurs after
passing through the A-A' section and entering the oropharynx region, followed by the third peak of
TKE in the front region of the mouth. The expiratory intensity directly influences the airflow velocity
and TKE. Higher expiratory intensity results in higher airflow velocity and TKE. For example, at
Q=15 L/min, the maximum airflow velocity and TKE are approximately 4.24 m/s and 0.86 m?/s?,
respectively. Under Q=120 L/min, these values increase to approximately 32.68 m/s and 11.42 m?/s2.
The maximum values of velocity and TKE under Q=120 L/min are approximately 7.71 and 13.28 times
higher than those at Q=15 L/min, respectively (Figure 5(a, c)). The peaks of U and TKE fluctuate
noticeably along the extracted polylines for the five different expiratory intensities, with maximum
values close to 3.5 and 30, respectively. This indicates that changes in expiratory intensity do not
significantly affect the overall airflow characteristics within the respiratory airway, but strongly
impact local velocity distribution and turbulence.
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Figure 5. The profiles of velocity (a), dimensionless velocity (b), turbulent kinetic energy (c) and
dimensionless turbulent kinetic energy (d) along the polyline at the mid-plane inside the human
respiratory airway at Q=15, 30, 60, 90 and 120 L/min.

3.4. The Destinations of Exhaled Aerosol from Bronchus

As depicted in Figure 6, aerosols are carried forward by the airflow once they are released in the
bronchus. Some of these aerosols deposit in the pharynx and larynx region, while more tend to
deposit in the mouth cavity. A smaller amount of aerosols deposit in the terminal region of the
nasopharynx, as the airflow entering the nasal cavity is minimal. For example, aerosols with
diameters of 1 or 5 um under Q=15 or 30 L/min generally deposit in the upper region of the
respiratory airway, such as the mouth and pharynx, and a majority of them can be exhaled into the
external environment. Conversely, aerosols with diameters of 10 or 20 pum under Q=60, 90, or 120
L/min have a tendency to deposit in the lower part of the human respiratory airway, such as the
trachea and bronchus. With increasing expiratory intensity, more aerosols deposit within the
respiratory airway, and fewer aerosols can be exhaled into the environment (Figure 7). Specifically,
as expiratory intensity increases, smaller aerosols are more likely to deposit on the airway wall and
less likely to be exhaled. For instance, at Q=60 L/min, aerosols with a diameter of 10 um reach a 100%
deposition fraction (DF) (Figure 7(c)), while at Q=120 L/min, this occurs with aerosols of 8 pm in
diameter (Figure 7(e)).
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Figure 6. The deposited aerosol distributed on airway wall for aerosols exhaled from bronchus with
diameters dp=1, 5, 10, 20 um at Q=15,30,60,90,120 L/min. The blue, yellow, green, red, purple and black
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particles represent aerosols deposited in mouth, nose, pharynx, larynx, main trachea and bronchus,

receptively.
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Figure 7. The DFs of exhaled aerosols released from bronchus in mouth, nose, pharynx, larynx,

trachea and bronchus regions at Q=15 (a), 30 (b), 60, 90, 120 L/min, respectively.

The regional deposition fraction (DF) of aerosols in the larynx, trachea, and bronchus increases
monotonically with their diameter. Additionally, higher expiratory flow intensity leads to increased
regional DF in the larynx, main trachea, and bronchus. Furthermore, the regional aerosol DFs in the
mouth and pharynx exhibit a downward parabolic shape, initially rising and then declining, with a
peak DF. The peak DF occurs at different aerosol diameters depending on the expiratory flow
intensity. In the mouth, the maximum DFs correspond to aerosol diameters of 15 um, 10 pm, 8 um, 5
pm, and 5 um under Q=15, 30, 60, 90, 120 L/min, respectively. In the pharynx, the maximum DFs
occur at diameters of 19 um, 14 pm, 11 um, 9 um, and 7 um, respectively. This indicates that

doi:10.20944/preprints202312.0625.v1
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expiratory flow intensity influences the aerosol diameters that correspond to the peak regional
aerosol DFs in the mouth and pharynx.

In addition, Figure 8 demonstrates that higher expiratory intensity results in increased
deposition of aerosols with smaller diameters on the airway wall and a decrease in the number of
aerosols entering the external environment through the mouth. Conversely, lower expiratory
intensity leads to less deposition of aerosols within the respiratory airway and a greater number of
aerosols entering the external environment through the mouth. Of particular importance is the
identification of a "critical diameter” for aerosols when the expiratory intensity surpasses 30 L/min.
This critical diameter signifies the size at which aerosols are able to effectively exit the respiratory
airway and potentially pose a risk of transmission. Aerosols larger than the critical diameter deposit
within the respiratory airway, preventing them from entering the external environment through the
mouth. Notably, a stronger expiratory intensity correlates with a smaller critical diameter. For
example, at expiratory intensities of 60, 90, and 120 L/min, the critical diameters of exhaled aerosols
from the bronchus are determined to be 12, 10, and 8 um, respectively. Understanding the critical
diameter of virus-laden aerosols exhaled from the human respiratory airway is crucial in assessing
the transmission risk associated with viral diseases. By unveiling the critical diameter, we can gain
valuable insights into the mechanisms underlying the exhalation process of virus-loaded aerosols.
This knowledge can significantly aid in the prevention and control of respiratory infectious

epidemics.
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Figure 8. The fractions of aerosols deposit in the airway and exhaled out the airway to the
environment for aerosols released from the bronchus at Q=15, 30, 60, 90, 120 L/min.
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3.5. The Destinations of Aerosols Exhaled from Larynx

Since the initial location of aerosols is at the end of the larynx, they are unable to reach the lower
respiratory airway such as the trachea and bronchus, as depicted in Figure 9. In general, the
deposition patterns of aerosols on the upper airway wall are consistent in this scenario and when
aerosols are released from the bronchus. For example, aerosols with a diameter smaller than 5 um do
not deposit on the respiratory airway wall at an expiratory flow rate of 30 L/min, and the majority of
these aerosols are exhaled into the external environment. As the aerosol diameter increases,
deposition occurs in the mouth, pharynx, and larynx. At an expiratory flow rate of 120 L/min, the
deposition patterns in the pharynx and larynx become more concentrated due to the inertial impact
of the airflow. The majority of aerosols deposit at the back of the pharynx and the front of the larynx.
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Figure 9. The deposited aerosol distributed on airway wall for aerosols exhaled from larynx with
diameters dp=1, 5, 10, 20 um at Q=15,30,60,90,120 L/min. The blue, yellow, green, red, purple and black
particles represent aerosols deposited in mouth, nose, pharynx, larynx, main trachea and bronchus,
receptively.

In some cases, both larger aerosol diameter and stronger expiratory intensity lead to more
concentrated deposition, such as observed for aerosols with dp=10 um at Q=60 L/min (Figure 9(m)),
and aerosols with dp=20 um at Q=120 L/min (Figure 9(t)). Moreover, the influence of expiratory
intensity on the deposition patterns of aerosols varies. For example, aerosols with a diameter of 1 um
can be effectively exhaled into the external environment by the airflow, regardless of the expiratory
intensity. On the other hand, aerosols with a diameter of 5 um tend to deposit in the mouth, pharynx,
and larynx regions under stronger expiratory intensities. In the case of aerosols with a diameter of 10
um, the deposition in the mouth initially increases and then decreases as the expiratory intensity
increases.

As depicted in Figure 10, higher expiratory intensities correspond to higher aerosol DFs, and the
profiles of aerosol DFs exhibit steeper slopes. Moreover, expiratory intensity also influences the
regional aerosol DFs in each region of the respiratory airway. For instance, the DFs in the throat
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region increase with aerosol diameters. Additionally, higher expiratory intensities result in a higher
proportion of aerosol deposition in the laryngeal region. At an expiratory intensity of Q=120 L/min,
the maximum DFs in the laryngeal region can exceed 20%. Furthermore, as demonstrated in Figure
11, as the aerosol diameter increases, more particles deposit on the airway wall, resulting in fewer
aerosols entering the external environment. Similar to the scenario of aerosols exhaled from the
bronchus, a "critical diameter" is observed in this case when the expiratory intensity exceeds 30 L/min.
Specifically, the critical diameters are 12, 10, and 8 um under Q=60, 90, and 120 L/min, respectively.
These values are consistent with the critical diameters observed when the aerosols are exhaled from

the bronchus.
100 f=r—=v=- 100 p=r=s=y —
& e ™ 1 '\. ./‘""
——— N
80 :4"“’:}1 N 80 \
—— Mou
Nose \ i
2 o Pharynx 9 &y \ e
= —— Larynx : /‘/d
2 40 «— Exhalation 2 40 B./f\
\ G >4
/7 \ %
20 20 /' /_/ \, -
P /v,\,/"
o T / v—v-—“‘?"ﬂ-?:;t-\
0 e 0 e P = - ' i, ST |
0.1 0.1 5 10 15 20
Diameter (pm) Diameter (pm)
(a) 15 L/min (b) 30 L/min
100 - o 100¢
~ / g
80 \\. i 80 et ]
v, o
\ rd
& 60 \ // g 60
B 7 e
S 40 / / S 40
20 / / e \\ - . 20 /' / " L
4 ~ T / \ N
O e ,/'// L
ot .-ﬁ—.>'<§" P e e 0 A -:-V>7< s e 7. R
%.1 5 10 15 20 0.1 5 10 15 20
Diameter (pm) Diameter (pm)
(c) 60 L/min (d) 90 L/min
100
‘,\
80 .“.‘ T S
\ P a
v
g 60 : /
= /
e 4 §
20 ] BX \-\ v’T’v_k__v—v‘~'
/ ; \ i S
s W
= ST A
0.1 5 10 15 20
Diameter (pm)
(e) 120 L/min

Figure 10. The DFs of exhaled aerosols released from larynx in mouth, nose, pharynx and larynx
regions, and the exhaled fractions to the environment airway at Q=15 (a), 30 (b), 60, 90, 120 L/min,

respectively.
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Figure 11. The fractions of aerosols deposit in the airway and exhaled out the airway to the
environment for aerosols released from the larynx at Q=15, 30, 60, 90, 120 L/min.

In the current study, the Stokes number (St = p,d;u/18uL) isutilized as an indicative parameter
to fit the total aerosol deposition fractions (DFs) of virus aerosols exhaled from both the bronchus
and larynx at different expiratory intensities (Q=15, 30, 60, 90, 120 L/min). Here, L represents the
characteristic diameter of the mouth inlet, and the other variables are the same as previously
mentioned. The DFs of the aerosols exhaled from the bronchus within the airway model can be
expressed as:

DF =[1—-0.9567 exp(0.7612 % St1'4536)] x 100 (3.1)
And then the exhaled aerosol fractions will be:
DE = 0.9567 exp(0.7612 X St1‘4536) x 100 (3.2)

And the DFs of aerosols exhaled from larynx can be fitted as:

DE = [1 — 0.9749 exp(0.7252 x St14799)] x 100 (3.3)
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And then the exhaled aerosol fractions will be:

DE = 0.9749 exp(0.7252 x St1479%) x 100 (3.4)

As depicted in Figure 12, these functions effectively predict the deposition and exhalation of
aerosols, regardless of whether they are initially released from the bronchus or the larynx.
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Figure 12. The fitted deposition fractions against St under expiratory intensities Q=15, 30, 60, 90, 120
L/min for aerosols released from bronchus and larynx.

4. Conclusion

In this study, we numerically investigate the characteristics of aerosols exhaled from the
bronchus or larynx considering various aerosol diameters and expiratory intensities. The key
findings are as follows:

1. The expiratory airflow is very complex including flow separations, jet-flow, and vortex
structures. While the overall airflow characteristics remain unchanged with increasing expiratory
intensity, the local airflow characteristics are impacted.

2. The deposition properties of exhaled aerosols from the bronchus or larynx demonstrate
similarities across the five expiratory intensities. However, there are noticeable differences in local
deposition characteristics.

3. As the aerosol diameters increase and the expiratory intensity strengthens, the deposition of
aerosols within the respiratory airway increases, resulting in fewer aerosols being exhaled into the
external environment through the mouth.

The critical diameters of aerosols exhaled into the environment are the same under the identical
expiratory intensity, regardless of their initial release location in the bronchus or larynx.

4. Regardless of whether the exhaled aerosols are released from the bronchus or the larynx, the
fractions of exited and deposited aerosols can be effectively described by functions related to the
Stokes number.

Overall, the findings presented in this study are of significant importance in formulating
effective strategies to mitigate the transmission of respiratory viruses. Moving forward, it is crucial
to consider factors such as the virus species, evaporation, fragmentation, and aggregation of virus-
loaded aerosols.
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