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Abstract
Computational �uid dynamics is widely used to simulate droplet-spreading behavior due to respiratory
events. However, droplet generation inside the body, such as the number, mass, and particle size
distribution, has not been quantitatively analyzed. The aim of this study was to identify quantitative
characteristics of droplet generation during coughing. Air�ow simulations were performed by coupling
the discrete phase model and Eulerian wall �lm model to reproduce shear-induced stripping of airway
mucosa. An ideal airway model with symmetric bifurcations was constructed, and the wall domain was
covered by a mucous liquid �lm. The results of the transient air�ow simulation indicated that the droplets
had a wide particle size distribution of 0.1–400 µm, and smaller droplets were generated in larger
numbers. In addition, the total mass and number of droplets generated increased with an increasing
air�ow. The total mass of the droplets also increased with an increasing mucous viscosity, and the
largest number and size of droplets were obtained at a viscosity of 8 mPa·s. The simulation methods
used in this study can be used to quantify the particle size distribution and maximum particle diameter
under various conditions.

1. Introduction
Pathogens that cause infectious respiratory diseases such as the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are transmitted via respiratory droplets containing lung �uid. Droplets are
produced by the stripping and rupture of �uid in the respiratory system [1], and they are expelled from the
body by exhalation phenomena such as coughing, sneezing, and talking. The released droplets
evaporate, condense, or hygroscopically expand under the in�uence of the ambient temperature and
relative humidity to propagate through the air while changing their diameter. The droplets can then adhere
directly to the conjunctiva, oral mucosa, and nasal mucosa of susceptible individuals to cause infection.

Computational �uid dynamics (CFD) is widely used to analyze the spreading phenomena of droplets in
the environment [2–7]. For these CFD analyses, the initial conditions for the droplet particles are
commonly based on particle size distributions obtained experimentally. Therefore, accurate measurement
of the particle size distribution is important. Various measurement techniques have been used, but the
particle size distributions reported in the literature vary widely (Fig. 1) [8–26]. Limitations on the
resolution and measurement range of various instruments make it di�cult to obtain the entire range of
the particle size distribution experimentally. Therefore, currently reported results of CFD analyses may
only re�ect the behavior of a speci�c particle size. To realize a more accurate analysis of the droplet
behavior, a comprehensive particle size distribution needs to be obtained. Numerical simulations may be
an effective approach, but simulating droplet formation within the large-scale domain of the respiratory
system is a signi�cant challenge.

Previous studies have identi�ed the following mechanisms of droplet formation in the respiratory system:
expansion and rupture of bag-like �uid (mucus and saliva) generated in the oral cavity for millimeter
droplets, stripping of the airway wall mucosa due to high shear stress, and rupture of the liquid �lm
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generated in the cross-section of the bronchi for nanometer droplets [1, 27–29]. Although these
mechanisms have been studied qualitatively, there are very few examples of quantitative analyses of
droplet generation, and there are almost no reports on quantifying the number, mass, and particle size
distribution of droplets generated by each mechanism.

The volume of �uid (VOF) method is commonly used to simulate multiphase �ows with a gas–liquid
interface. To represent droplet generation with the VOF method, Pairetti et al. [30] performed a multiphase
�ow simulation while using a rectangular wind channel (with a liquid �lm of 4 × 1 cm2) to represent the
airway wall mucosa. In their simulation, the air phase (gas) and mucous layer (liquid) were fully resolved
on a numerical mesh. Therefore, changes in the gas–liquid interface including droplet formation could be
observed in detail. However, tracking microscale and nanoscale droplets in millimeter- to centimeter-scale
tubes requires a very �ne mesh, which inevitably has a high computational cost. As an alternative to the
VOF method, the Eulerian wall �lm (EWF) model and discrete phase model (DPM) can be used to
simulate droplet generation and its �ow in a Lagrangian framework according to Newton’s laws of
motion [31]. The EWF model was developed to represent the �ow of a thin liquid �lm [32]. The advantage
of assuming a thin �lm is that the liquid �lm can be expressed as a physical quantity on the surface
mesh of a rigid wall, which eliminates the need to resolve the �lm thickness. The EWF model has been
applied to simulating changes in mucosal thickness [33–36], but these studies focused on changes due
to coughing up sputum and did not consider droplets generated during coughing. The EWF model can be
applied to simulating droplet generation when coupled with the DPM for mass conservation of the liquid
�lm and for tracking droplet particles in the gas phase. To the best of our knowledge, there have been no
reports on simulating droplet generation and droplet tracking in a 3D airway model.

As a �rst step to obtaining a comprehensive particle size distribution of droplets, this study focused on
quantitatively analyzing the detachment mechanism of the airway wall mucosa, in where wide range of
droplet from nanoscale to microscale can be generated. The DPM and EWF model were coupled for CFD
analysis, and the objective was to identify quantitative characteristics related to droplet generation during
coughing. The effects of the airway mucous viscosity and cough �ow rate, which contribute to droplet
generation, on the number, mass, and particle size distribution of the droplets were evaluated.

2. Methods

2.1. Airway Geometry
An ideal symmetric lower airway model (Fig. 2) was constructed by using SolidWorks 2019 (Dassault
Systems, France) and is based on Weibel’s respiratory system model, which was constructed from his
measurements of human lung morphology [37]. The airway model was constructed to represent the
airway tree from generation-0 to generation-2 and had �ve components: the trachea (G0), �rst branch
(B1), �rst-generation bronchus (G1), second branch (B2), and second-generation bronchus (G2). The left
and right sides were designated by L and R, respectively (e.g., G1R represented the �rst-generation
bronchus on the right side). The diameter and length of each bronchus were taken from Weibel’s model.
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Following Rajendran et al. [38], the radii of curvature at B1 and B2 were set to 7𝑑1 and 4.5𝑑2, respectively,
where 𝑑1 was the diameter of G1 and 𝑑2 was the radius of curvature of G2. The lower end of G2 was
extended by 30𝑑2 to represent the entrance region of the air�ow. The inlet was at each G2, and the outlet
was at G0. All sides of the model were treated as walls of the airway.

2.2. Simulation Settings
Unsteady-state calculations of droplet generation were performed by using Ansys Fluent 2020R1 (Ansys
Inc., USA) until the peak cough �ow point or peak volume time (PVT). The air�ow calculated by CFD was
used by the EFW model to simulate the behavior of the thin mucous �lm and generate droplet particles.
The generated droplets were then tracked by using the DPM. The coughing air�ow was assumed to be an
isothermal and incompressible ideal gas with a density and viscosity of 1.185 kg/m3 and 1.81 × 10− 5 Pa,
respectively [35]. The governing equations for the air�ow were the equation of continuity and the Navier–
Stokes equations. The cough �ow rate at the inlet boundary condition was taken from Gupta et al. [39],
who measured a cough peak �ow rate (CPFR) of 1.6–8.5 L/s for 25 healthy subjects. Thus, four different
CPFRs were considered for the air�ow simulations: 2, 4, 6, and 8 L/s. Because the airway model had four
inlets at G2, the cough �ow rate multiplied by a factor of 1/4 was set at the four inlets as a mass �ow
boundary. The outlet boundary was set as the pressure outlet with a gauge pressure of 0 Pa. The time
step for calculating the cough air�ow was set to 1.0 × 10− 3 s. The walls were assumed rigid and no-slip.
The SST 𝑘–𝜔 model was applied to represent the turbulence of the coughing air�ow.

For the �rst time step of the simulation, the airway wall was initially covered by a mucous liquid with a
thickness of 30 µm, which is the same thickness used by Paz et al. [33, 34]. The surface tension of the
mucous �lm was set to 7.2 × 10− 2 N/m, which is the same as that of water. The density and viscosity of
the mucosa were set to 998.2 kg/m3 and 1.00 mPa·s, respectively. To investigate the effect of the
mucous viscosity on droplet formation, simulations were performed with viscosities of 8.25 and 15.5
mPa·s at a �xed CPFR of 4 L/s. The time step for the liquid �lm calculations was set to 1.0 × 10− 5 s. The
critical shear stress (CSS) was set to 1 Pa. The physical properties of the droplet particles were set to be
the same as those of the mucous �lm in the EWF model. The discrete phase was solved by integrating
the force balance on the droplets. For CFD-DPM, only the effect of the air�ow on the droplets was
considered; other forces such as gravity, Saffman’s lift force, rotational force was not applied. CFD-DPM
was coupled in one way, so that the effect of the droplets on the air�ow was not considered. Liquid
evaporation was neglected. An escape boundary for the dispersed phase was set at the outlet; droplets
that reached the end of G0 were terminated. The airway wall was set as a trap boundary for the dispersed
phase; droplets that adhered to the wall surface after formation were considered to merge back into the
liquid �lm.

To evaluate the quantitative characteristics of the droplets, the number of generated droplets was
calculated every time step. Although the EWF model in Fluent could produce droplets up to 1 nm, only
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particles greater than 0.1 mm, which corresponds to the particle size of SARS-CoV-2, were counted to
generate the histograms.

3. Results

3.1. In�uence of the Flow Rate
Increasing the CFPR increased both the total mass and total number of stripped droplets: CFPR = 2, 4, 6,
and 8 L/s resulted in total masses of 0.02, 0.61, 1.84, and 3.15 g, respectively, and total numbers of 0.06,
0.31, 1.18, and 1.41 × 1020, respectively. Figure 3 shows a contour plot of the velocity of the coughing
air�ow at PVT. The velocity was high at the center and low near the walls for G2 and G0. In contrast, the
velocity was higher near the ventral and dorsal walls for G1. The maximum velocities at CPFR = 2, 4, 6,
and 8 L/s were 12.8, 24.4, 36.1, and 47.9 m/s, respectively. Figure 4 shows a contour plot of the wall
shear stress (WSS) generated by each cough at PVT. In the coronal plane, WSS decreased just before B2
and B1 and increased on the G2, G1, and G0 surfaces after the branches joined. WSS was lower on the
lateral surface of the airway than on the front and back surfaces. Figure 5 shows a contour plot of the
mass of droplets stripped by each cough at PVT. At CPFR = 2 L/s, droplet stripping only occurred on the
G1 surface. At CPFR = 4 L/s or higher, droplet stripping occurred on other surfaces. The stripped droplet
mass tended to be greater on the upper B2, G1, and B1 wall surfaces. Figure 6 shows the droplet
generation and �lm thickness over time due to coughing at CPFR = 4 L/s. The left color bar indicates the
particle size of the generated droplets, and the right color bar indicates the thickness of the airway wall
mucosa. Droplet generation started from near the B2 wall and spread to G1, B1, and G0 over time. At PVT
(bottom left in Fig. 6), there are almost no mucous liquid on B2. Figure 7-(a) shows the change in the
stripped droplet mass at each time step for the different CPFRs. Droplet stripping started at 0.034, 0.24,
0.021, and 0.019 s at CPFR = 2, 4, 6, and 8 L/s, respectively, which indicates that droplet stripping started
earlier as CPFR was increased. Over time, the stripped droplet mass became saturated. For a given time
step, the stripped droplet mass increased with CPFR, and the difference in peak values was about 70
times between CPFR = 2 and 8 L/s.

Figure 7-(b) shows a histogram of the droplet size distribution at each CPFR. The number of droplets
increased with a decreasing particle size, although some peaks were observed. The number of droplets
increased with increasing CPFR. From CPFR = 2 L/s to 4 L/s, the number of droplets increased uniformly
for almost all particle sizes. From CPFR = 4 L/s to 6 L/s, the number of droplets increased at particle sizes
of 0.1–100 µm and 300–100 µm. At CPFR = 6 and 8 L/s, the number of droplets was particularly high at
particle sizes of 0.1–100 µm and > 80 µm. The maximum droplet size of the droplets increased from 70
to 400 µm with an increasing CPFR.

3.2. In�uence of the Mucous Viscosity
At mucous viscosities of 1.00, 8.25, and 15.5 mPa·s, the stripped droplets had total masses of 0.61, 1.05,
and 1.22 g, respectively, and total numbers of 3.14, 6.51, and 6.13 × 1019, respectively. The total mass of
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stripped droplets increased with increasing viscosity, but the number of droplets peaked at a viscosity of
8.25 mPa·s.

Figure 8-(a) shows the change in the stripped droplet mass for each time step at different mucous
viscosities and CPFR �xed at 4 L/s. Particle stripping started at 𝑡 = 0.024 s for all viscosities, and the
curves of the stripped droplet mass peaked earlier than PVT. With increasing viscosity, the peak of the
stripped droplet mass curve became more pronounced. The results showed that the stripped particle
mass increased with increasing viscosity. Figure 8-(b) shows a histogram of the particle size distribution
of the generated droplets. The number of droplets generated increased with a decreasing particle size,
although some peaks were observed. Increasing the viscosity from 1.00 to 8.25 mPa·s caused the
number of droplets to increase for almost all particle sizes except at around 20 µm. Increasing the
viscosity to 15.5 mPa·s increased the number of droplets at particle sizes of 0.1–0.2 µm and 100–200
µm. The maximum droplet size was similar at viscosities of 1.00 and 15.5 mPa·s, and the largest droplets
were obtained at a viscosity of 8.25 mPa·s.

4. Discussion
Three mechanisms of respiratory droplet generation associated with exhalation have been described in
the literature: in the oral cavity, trachea–bronchi, and bronchioles [1]. However, almost no reports have
quanti�ed the number, mass, and particle size distribution of droplets generated by each mechanism.
This study focused on reproducing the stripping of the airway wall mucosa due to air�ow shear stress in
the tracheal–bronchial region. The coupled DPM-EWF model was used to simulate droplet generation in
the airway wall mucosa during coughing, and the effects of the mucous viscosity and cough �ow rate on
the number, mass, and particle size distribution of generated droplets were evaluated.

Various approaches have been used to measure the particle size distributions of respiratory droplets [8–
26]. However, obtaining a comprehensive distribution experimentally is impossible because of differences
in measurement methods and conditions. In addition, because particles emitted from the oral cavity are
measured, studying the generation mechanisms separately is impossible. In this study, the coupled DPM-
EWF model was applied to CFD analysis of droplet generation by the stripping of the mucous membrane
in the airway by the coughing air�ow, and the droplet generation and distribution were quanti�ed.

The simulation results showed that a wide range of droplet sizes from 100 nm to 400 µm was generated.
Because this method does not require a super�ne mesh to resolve small droplets, it is applicable to large-
scale geometries such as the entire airway. Furthermore, by applying this method to obtain the droplet
distribution for various airway shapes, individual differences in droplet distributions can be considered
for a more detailed simulation of droplet dispersion in the air.

Considering the algorithm of DPM-EWF coupling, WSS on airway wall is the dominant factor to control
the droplet generation. And WSS is highly affected by the amount of air�ow. Increasing the CFPR from 2
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L/s to 8 L/s increased the velocity of the internal air�ow. In our ideal geometry, the maximum velocities
were (Fig. 3) are close to the values reported by Kou et al. [40] using patient speci�c airway geometry.
Increasing the velocity also increased WSS (Fig. 4). Increasing WSS increased the stripped droplet mass
of the droplets. A comparison between the stripped droplet mass distribution (Fig. 5) and WSS
distribution (Fig. 4) indicates that more droplets tended to be generated in high-WSS regions.

Coupled DPM-EWF simulation can be applied for whole airway model and can exhibit the certain location
of droplet generation. At CPFR = 2 L/s, droplet generation was only observed on the G1 surface. This may
be because CSS was set to 1 Pa, and WSS was less than CSS for most airway walls other than that at
G1. Increasing CPFR increased the stripped droplet mass over time (Fig. 6), which suggests that a higher
CPFR resulted in a larger area where WSS > CSS. The droplet stripping started earlier with increasing
CPFR (Fig. 7-(a)). In this study, CSS was �xed at 1 Pa. Lowering CSS should increase the droplet number
because the region where CSS < WSS would increase.

In addition to the air�ow, airway mucous condition also affects on droplet generation. Total mass of
generated droplet has a linear correlation, but the total number and the maximum diameter do not have a
linear correlation. The maximum number of stripped droplets and maximum droplet size were obtained at
8.25 mPa·s (Fig. 8-(b)), which suggest that the droplet number and maximum droplet size do not have a
linear correlation with the viscosity, unlike the total mass of droplets. The droplets larger than 100 µm
were generated only at 8.25 mPa·s. These large droplets may affect the total mass of generated droplets.

The maximum droplet diameter had a range of 70–400 µm depending on the CPFRs considered in this
study. Pairetti et al. used the VOF method to reproduce droplet generation with a uniform pro�le of a 30
m/s air�ow on a �at liquid �lm, which resulted in a maximum droplet size of about 400 µm [30]. In the
present study, the maximum �ow velocity was 47.9 m/s at CPFR = 8 L/s, which resulted in a maximum
droplet size at about 400 µm and agrees with Pairetti et al.’s results. Pairetti et al. [30] tracked a minimum
droplet size of 100 µm. The VOF requires an extremely �ne mesh to track droplet behavior at the
microscale or nanoscale because the droplet size depends on mesh resolution. Therefore, for airway tree
geometries with complex 3D structures, simulating the generation of droplets with a wide particle size
distribution requires a fully resolved mesh and is very computationally expensive. In the present study,
droplets were generated with a minimum droplet size of 0.1 nm, but only droplets larger than 0.1 µm were
counted because coronaviruses are generally around that size.

The droplet size distribution in the present study showed that smaller droplets were generated in larger
numbers. Because only shear-induced droplets in the lower airway were considered and the droplets
generated were counted rather than the droplets released from oral cavity, the obtained droplet size
distributions were signi�cantly different from those obtained experimentally in previous studies [8–26].
For many of these studies, the droplet size distributions peaked at the microscale. Guo et al. [41]
simulated the droplet deposition during expiration by using the geometry of the entire respiratory system,
including the vocal cords and oral cavity. Their results showed that the arrival rate of droplets in the oral
cavity was affected by the expiratory �ow rate and droplet size, and very small droplets were deposited in
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the pharyngeal region. Therefore, modeling from the pharynx to the oral cavity may signi�cantly reduce
the number of droplets that reach the oral cavity, especially small droplets.

The presence or absence of relative humidity outside the oral cavity should greatly affect the results of
both numerical simulations and experimental measurements. The relative humidity in the human
respiratory tract is usually 100% owing to its high humidity compared with the surrounding environment.
Therefore, when droplets are released from the respiratory tract into the atmosphere, the water in the
droplets evaporates, which reduces their diameter. Because the evaporation rate is generally faster with a
smaller droplet size [42], in the actual environment, nanoscale droplets may evaporate completely before
reaching the measurement device or become smaller than the measurement resolution. Thus, they are
unlikely to be captured by the particle size distribution measured outside the oral cavity.

In this study, Weibel’s model was used to represent the ideal airway shape, in which the airway cross-
section is a circle and symmetric branches form with smooth airway walls. However, the actual human
body has a more complex and asymmetric airway shape. The wall surface was simpli�ed to be a rigid
wall that does not move. When a fast air�ow is expelled such as by coughing, the cross-sections of the
trachea and bronchi may be deformed without the support of cartilage. By creating an airway model
considering left–right asymmetry and a patient-speci�c model of expiration constructed from dynamic
computed tomography, the methods used in this study can obtain droplet distributions for complex
airway shapes.

Although various protein components are dissolved in body �uids, a single-phase liquid �lm comprising a
Newtonian �uid with uniform viscosity was applied to the airway walls in this study. Because the �uid
�lm moves during coughing and results in a nonuniform shear rate, applying a non-Newtonian model to
the mucous membrane viscosity may reproduce more complex �uid �lm behavior by showing localized
changes in viscosity.

5. Conclusion
The aim of this study was to identify quantitative features related to droplet generation and to simulate
droplet generation in the airway wall mucosa during coughing. CFD analysis was coupled with DPM-EWF
to reproduce droplet generation from the airway mucosa due to WSS. Droplet stripping was observed
especially in high-WSS areas resulting from the con�uence of bronchioles. A smaller particle size
increased the number of droplets generated. Increasing CPFR increased the number, mass, and maximum
particle size of the droplets. Increasing the mucous viscosity also increased the mass of the generated
droplets. The coupled DPM-EWF model can be applied to complex geometries, such as patient-speci�c
airways, with less computational cost. The methods used in this study can be used to quantify the
particle size distribution and maximum particle diameter of generated droplets under various conditions.
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Figure 1

Overview of particle size ranges of respiratory droplets reported in previous studies [8-26]

Figure 2

Airway model: (left) name of each part; (right) diameter, length, and angle

Figure 3

Velocity contours for cross-sections of the airway at PVT

Figure 4

WSS contour on the airway surface at PVT

Figure 5

Stripped particle mass contour on the airway surface at PVT

Figure 6

Generated droplets and thickness of the mucous �lm over time at CPFR = 4 L/s

Figure 7

Particle stripping with different CPFRs

(a) Stripped particle mass of the mucous �lm for each time step

(b) Particle size distribution of droplets generated with different CPFRs
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Figure 8

Particle stripping with different mucous viscosities

(a) Stripped particle mass of the �lm for each time step

(b) Particle size distribution of droplets generated


