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Abstract. In this study, we simulated the trajectory of virus-laden droplets from
the lung of an infected person to that of the exposed person using computational
fluid dynamics. As numerical models, the model of the infected person who had
a bifurcated airway and that of the exposed person who had an eighth-generation
airway were prepared. The volume and number of virus-laden droplets adhered
to the inlet patches of the exposed person’s lung were calculated to evaluate the
risk of infection when the infected person was talking for 40 seconds. To identify
the lung to which droplets adhered, we labeled the inlet patches of the exposed
person’s lung with 53 numbers, and then measured the volume and number of
droplets on the inlet patches of lung. We also categorized the lung's 53 intake
patches into five groups and calculated the overall volume and number of at-
tached droplets for each. In addition, we parameterized the angle of the exposed
person’s neck to evaluate the effect of the tilting neck on the volume and number
of droplets reaching the lungs. We found that the volume and number of droplets
adhered to the right middle group of bronchi were remarkably smaller than the
other four groups, and weakly depended on the neck angle. The volume and num-
ber of droplets adhered to the inlet patches of the lung reached the maximum
values when the neck angle was 20° upward.
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1 Introduction

Quantitative and effective methods of preventing infection are still required owing to
the ongoing spread of SARS-CoV-2. Since respiratory viruses such as SARS-CoV-2
and influenza are mainly transported through the air [1], it is necessary to determine
how the exposed person takes in virus-laden droplets, i.e., the route of airborne
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transportation. There are two major methods for identifying the routes of airborne in-
fection: the first is an experimental method using actual rooms and subjects, and the
second is a simulation method using numerical calculations. As a typical example of
experimental methods, Killingley et al. [2] performed SARS-CoV-2 human investiga-
tion in 2022. They intranasally inoculated human with SARS-CoV-2, and identified the
dose of virus causing infection and evaluated the symptom kinetics during infection.
These experimental approaches offer the advantage of collecting precise and reliable
data, whereas they have the drawback of requiring a great deal of time and manpower.

On the other hand, computer simulations can efficiently reproduce this phenomenon.
Actually, computational fluid dynamics (CFD) has been actively used in recent years
[3-5]. Ramajo et al. [3] simulated how an urban bus’s HVAC (Heat, Ventilation, Air
Conditioning) system would affect the movement of virus-laden droplets. It was found
that the large droplets (>200um) were not captured by HVAC outlet; they moved more
than 3m and deposited within 2 seconds. Small droplets (<5um) were more sensitive to
the airflow and were easily trapped by HVAC. Mariam et al. [4] also simulated the
dispersion of SARS-CoV-2 in an indoor environment. They parameterized the location
of the air vent and the velocity of expelled particles. They found that the airflow, during
normal talking, transports virus-laden droplets from the particle generator to receptor,
when there is 2m distance between them. As an example of studies focusing on the
airway, Wedel et al. [5] adopted three different airway models to simulate variation in
the aerosol deposition during breathing. They reported that the deposition variation in
the laryngeal region depended on the shape of the airway.

Although there are numerous studies examining the interior and exterior of the hu-
man body separately, no study has examined both regions together. In addition, while
many studies have parameterized the velocity of particle generation and the position of
air vent as variables, there are few cases where the angle of neck is parameterized [6].
It can be thought that tilting neck alters the shape of flow pathway in the airway. Doing
S0, it is expected the transportation route of virus-laden droplets will be changed, which
makes the differences in the volume and number of droplets adhered to the lung. Inves-
tigating this difference, we hypothesized the change of neck angle may lead to some
degree of reducing the risk of infection. In this study, we parameterized the angle of the
exposed person’s neck and comprehensively analyzed the human body’s internal and
external flow fields. The movement of droplets was also calculated using the fluid anal-
ysis results to simulate how many virus-laden droplets expelled from the infected per-
son’s lung would adhere the exposed person’s lung.

2 Numerical approach

2.1  Flow field and heat analysis

The flow and temperature fields were calculated employing SCRYU/Tetra [7]. The gov-
erning equations are the continuity equations, the incompressible Navier-Stokes equa-
tions, and the energy conservation equation.



The continuity equation is given by
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the three-dimensional incompressible Navier-Stokes equations are defined by
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where u,, (i,j = 1,2,3) is the air velocity components in the x, y and z direction, and
Pq 18 gas density, which is constant. ¢, p and u denote time, pressure, viscosity, respec-
tively. g;(i,j = 1,2,3) is the gravity acceleration in the x, y and z direction, and 8 indi-
cates the thermal expansion coefficient. T, and T, are the air temperature and reference
temperature, respectively. The energy conservation equation is given by
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where C, is specific heat capacity. K and g denote thermal conductivity and heat flux.
The SIMPLEC algorithm [8] was used to solve Egs. (1) and (2), which couples of ve-
locity and pressure. The second order MUSCL method [9] was applied to the convec-
tive terms of Egs. (2) and (3). The Smagorinsky sub-grid scale (SGS) model of large

eddy simulation (LES) [10] is used to accuracy capture eddies generated by turbulence.

2.2 Movement of virus-laden droplets

The equation of droplet radius changing due to evaporation is defined as follows [11]:
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where r is droplet radius, and RH represents humidity. D, e; and p,; denote the water
vapor coefficient, saturated vapor pressure, and droplet density, respectively. R, indi-
cates the gas constant of water vapor. The equation of droplet motion is defined as [11]
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where v; (i = 1,2,3) is the droplet velocity components in the x, y and z direction, and
Cp denotes the drag coefficient. S is the projected area of droplets.



3 Simulation of droplets

3.1 Numerical model

Figure 1(a) shows the overview of two people facing each other in the room. The room
size was 3.0m X 3.0m X 3.0m, and 0.15m X 0.15m air vent is placed at the top of the
room. The distance between the mouths of two people was set at 1.0m. Figure 1(b)
indicates human models with airways for infected and exposed individuals, respec-
tively. In this study, we made a simulation model: the talking infected person and the
breathing exposed person.

Air vent 0.15m X 0.15m

\

3.0m

(a) Overview of numerical model

(b) Infected person (c)Exposed person
Fig. 1. Numerical model of the room and human model with the airway.



The airway of the infected person is bifurcated and its shape is created based on Anat-
omy & Physiology [12]. The airway of the exposed person is eighth-generation and is
modeled from computed tomography (CT) data of adult male [13,14]. Figure 2 shows
the tilting motion of exposed person’s neck. The rotation axis is placed at the neck
center, and the rotation is made upward ranging 8 = 0 to 20° with 5° increments. The
shape of the airway below the throat is independent of rotation. Figure 3 shows the
computational grids of eighth-generation airway model. Computational grids were cre-
ated by using SCRYU/Tetra. The wall of the airway has three prismatic layers. The total
number of computational grids inside and outside the human body was approximately
4,000,000. As a typical example, the number of tetrahedron elements is 2,423,944, pyr-
amid elements is 2,208 and prism elements is 1,496,250 in 8 = 0°.

Rotation axis
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(a) Overview (b) View from side
Fig. 2. The angle of neck variation (yellow represents 6 = 20°).
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Fig. 3. Grids of eighth-generation airway.



3.2  Computational condition for droplets analysis

Figure 4 indicates the frequency distribution of virus-laden droplet diameters expelled
from an infected person during talking [15,16]. Although droplets were expelled at 160
pieces/s in the literature, we released droplets at 1,600 pieces/s to achieve better accu-
racy. The computational time was set to 40 seconds by considering both the time and
efficiency required to capture the trend of the phenomenon. The total number of drop-
lets was 64,000. Figure 5 shows the initial position of generating droplets in the infected
person’s bronchi, which are installed equally on both sides of the airway.
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Fig. 4. Frequency distribution of virus-laden droplet diameters expelled from infected
person during talking.

Fig. 5. Initial pbsition of generating droplets (the acral part of infected person’s bron-
chi).



3.3 Assessing the risk of infection

Figure 6(a) shows the overview of the infected person’s airway and the inlet patches of
the lung, and Fig. 6(b) shows the airway of the exposed person. Note that we defined
the lower left bronchi in the human body as Type A and the lower right bronchi as Type
B. Figures. 6(c) and 6(d) display the numbers assigned to inlet patches of lung in Type
A and Type B, respectively. We followed the method of grouping [17,18]; we grouped
the inlet patches of lung No. 1 to 11 as upper left of bronchi (LeftUp), No. 12 to 23 as
lower left of bronchi (LeftLow), No. 24 to 34 as upper right of bronchi (RightUp), No.
35 to 38 as middle right of bronchi (RightMid) and No. 39 to 53 as lower right of bron-
chi (RightLow). In this study, 53 inlet patches of lungs were divided into five groups
and the total volume and number of droplets adhered to each group were calculated to
facilitate comparison with the literature. The greater the amount of droplets adhered to
inlet patches of lungs, the higher the risk of infection is assessed in this study.

3.4  Computational conditions for flow and heat analysis

Figure 7 shows the volume flow rate during talking which was determined from Bale
et al. [16] and Gupta et al. [19], and was given at the inlet surfaces of the infection
person’s lung in Fig. 6(a). Figure 8 shows the volume flow rate of breathing as defined
by the Handbook of Physiology [20] and Ogura et al. [21], and was applied at the inlet
patches of the exposed person’s lung in Figs. 6(c) and 6(d). As pressure condition, the
homogeneous Neumann condition was also adopted to the inlet surfaces of both lungs.
The air vent in Fig. 1(a) is subjected to the boundary conditions: static pressure is 0 and
velocity is the homogeneous Neumann condition. The initial room temperature is T, =
20°C, and the body temperature of infected and exposed person is T;, = 30°C, consid-
ering the effect of clothes. The temperature of air expelled from the infected and the
exposed person is assumed to be T, = 36°C.

Table 1. Computational conditions for calculation flow field and movement of droplets.

Total number of computational grids About 400,0000
Velocity: Neumann
Pressure: 0
Velocity: Talking
Pressure: Neumann
Velocity: Breathing
Pressure: Neumann

The air vent of room

Infected person’s lung inlet surface

Exposed person’s lung inlet surface

Initial room temperature 20°C
Human body temperature 30°C
Intake and exhaled air temperature 36°C
Time step of flow calculation 0.0001

Time step of droplets calculation 0.00001




Inlet patches of lung

(c) Type A (d) Type B

Fig. 6. Enraged view of the airway.
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Fig. 7. The volume flow rate during talking.
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Fig. 8. The volume flow rate of breathing.
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4 Results and discussion of droplets analysis

Figures 9(a) and (b) represent the total volume and number of virus-laden droplets ad-
hered to each of the five groups. The maximum volume is found at RightLow for 6 of
5°, 10°, and 20°, while it takes the maximum value at LeftLow in case of 8 = 0° and
15°. The number of adhered droplets is high at RightLow (6 = 0° and 20°), while it
takes the maximum value at LeftLow (6 = 5°, 10°, and 15°). The number of droplets
adhered to RightLow (6 = 15°) in Fig. 9(b) is only nine, whereas Fig. 9(a) shows the
maximum volume of adhered droplets, and this suggests that the adhered droplets have
large volume. Thus, there is a difference between the locations of maximum volume
and those of maximum number. As an overall trend, the volume and number of adhered
droplets in the RightMid group are smaller than those in the other four groups in Fig.
9. A similar trend was also found in the literature [17], and this is because the number
of inlet patches originally grouped together is only four. It was also found that the vol-
ume and number of adhered droplets also took large values for each group at 8 = 20°.
We thought that this finding was due to the difference in airflow pathways generated
by tilting neck.

Figure 10 shows the dispersion of virus-laden droplets when 8 is 20°. Red and green
particles depict floating droplets and adhered droplets, respectively. The human model
on the left side is the infected person releasing virus-laden droplets while the model on
right is the exposed person who inhales the droplets by breathing. The droplets are re-
leased slightly downward because the oral cavity of infected person is curved, as shown
in Fig. 6(a). Therefore, it can be seen that many droplets adhere to the torso of the
exposed person. It is also confirmed that many droplets are floating over the head of
the exposed person. We thought that the updrafts generated by the heat of the exposed
person caused droplets to float.

Figure 11 indicates the streamline of the exposed person when the volume flow rate
of inhalation took the maximum value. It can be seen that the airflow from mouth to
lungs is fast at the throat with a speed of approximately 4 m/s. The exposed person in
Fig. 11(b) is more likely to inhale the air located at a higher place because the mouth
of exposed person is facing upward. This finding suggests that tilting the neck upward
facilitates the aspiration of droplets raised by updrafts. It was also confirmed that the
shape of the flow pathway in the airway of Fig. 11(a) is curved entirely, while that of
Fig. 11(b) is straight from the throat to the lungs. This could be explained by tilting the
neck upward, which allowed droplets inhaled into the oral cavity to fall into the lungs.

From the above description, it was concluded that tilting the neck upward led to
change of airflow pathways in respiratory and room regions, which increased the hum-
ber of droplets inhaled by the exposed person, and the volume and number of droplets
adhered to the inlet patches of lungs took considerable value. Therefore, keeping the
head forward could suppress the inhalation of droplets raised by the updrafts, and re-
duce the risk of infection.
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5 Conclusions

We comprehensively analyzed the flow field of the room and respiratory regions and
evaluated the amount of virus-laden droplet adhered to the inlet patches of the lungs.
The angle of an exposed person’s neck was also parameterized to simulate the impact
of the tilting neck on the risk of infection. In addition, the eighth-generation airway
model was used as the airway of an exposed person. It was found that the volume and
number of adhered droplets in the right middle region of the bronchi were smaller than
other bronchial parts and we confirmed that our finding is consistent with the literature
[17]. The total volume and number of adhered droplets increased when the neck angle
was 20° upward. This finding suggests that tilting the neck upward facilitates the drop-
lets inhaled into the oral cavity falling into the lungs, i.e., the settling of virus-laden
droplets from the oral cavity to lung can be suppressed by facing the head forward
instead of tilting the neck upward.
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