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15  Abstract

16  Commercial airliners have played an important role in spreading the SARS-CoV-2
17  virus worldwide. This study used computational fluid dynamics (CFD) to simulate the
18  transmission of SARS-CoV-2 on a flight from London to Hanoi and another from
19  Singapore to Hangzhou. The dispersion of droplets of different sizes generated by
20  coughing, talking, and breathing activities in a cabin by an infected person was
21  simulated by means of the Lagrangian method. The SARS-CoV-2 virus contained in
22 expiratory droplets traveled with the cabin air distribution and was inhaled by other
23 passengers. Infection was determined by counting the number of viral copies inhaled
24 by each passenger. According to the results, our method correctly predicted 84% of the
25  infected/uninfected cases on the first flight. The results also show that wearing masks
26  and reducing conversation frequency between passengers could help to reduce the risk
27  of exposure on the second flight.

28

29  Keywords: COVID-19; Airborne diseases; Exhaled droplets; Air distribution; Risk

30  assessment.
31  Practical Implications

32 By simulating the SARS-CoV-2 transmission via coughing, breathing, and talking for
33 two real flights, our paper reveals that 99% of the inhaled virus copies are carried by
34  droplet nuclei smaller 10 um in aircraft cabin. This study also confirmed the positive
35  effect of using masks and limiting conversation frequency. These findings are useful

36  for reducing onboard transmission of SARS-CoV-2.
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1. Introduction

The global spread of COVID-19 caused about five million deaths by October 2021
[1]. The virus spread rapidly to various countries and continents [2], and long-distance
commercial airliners played an important role. For example, early flights from London
to Hanoi [3], from Boston to Hong Kong [4], and from Dubai to New Zealand [5] spread
SARS-CoV-2 on a global scale. Although there have been numerous cases of infection
on airplanes, the majority of flights have not spread the disease. To reduce the risk of
SARS-CoV-2 transmission during air travel, it is necessary to understand the
transmission of the virus in airliner cabins.

SARS-CoV-2 is transmitted through droplets generated by an infected person's
exhalation activities (breathing, coughing, talking, and sneezing) [6]. Therefore, the
transmission of droplets in airliner cabins must be studied. Such an investigation would
require the thermo-fluid boundary conditions of the exhaled droplets, such as the
expiratory velocity [7—10] and temperature [11], droplet composition [12], and droplet
size distribution [13—18]. Because the dispersion of exhaled droplets is determined
predominately by the droplet diameter and their interactions with the local airflow [19],
the droplet size distribution is a key factor. The droplets from a person's exhalation
activities range widely in size, from 0.1 um to 2000 um [13—18]. Large droplets are
influenced primarily by inertial force and gravity, and can travel from the patient’s nose
or mouth to susceptible mucosal (mouth, nose) or conjunctival (eyes) surfaces of a
nearby person. Small droplets (airborne) can remain suspended in the air for a long time
[19] and can be inhaled by fellow passengers. Therefore, thorough analysis of droplet
transmission and assessment of the infection risk for susceptible passengers in aircraft
cabins require the full size range of exhaled droplets.

Many studies have utilized the full range of droplet sizes for understanding the
transmission of exhaled droplets, but these studies have rarely assessed the infection
risk in indoor environments. For example, Yan et al. [19] studied the effect of a human
thermal plume on the evaporation and diffusion of cough droplets with diameters of 3
um to 750 pum, and found that the thermal plume from the human body was a key
parameter not only in droplet evaporation, but also in droplet deposition time,
increasing the transmission distance of droplets. Feng et al. [20] studied the influence
of wind and relative humidity on the spread of cough droplets with diameters of 2 um
to 2000 um, and found that airflow had a very important influence on the spread of
small droplets, while high relative humidity made large droplets easy to deposit. Yan et
al. [21] studied the impact of a cough jet on the travel of particles with diameters of 2
pm to 1000 pm in a three-row Boeing 737 model, and found that the cough jet had a

considerable effect on large droplets. However, their research used only one or two
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manikins, and thus the scenario was different from a high-density aircraft cabin. Talaat
et al. [22] investigated the diffusion of exhaled particles with diameters of 1 um to 50
um for different passenger capacities, with/without sneeze guards/shields between
passengers, in a ten-row Boeing 737 model. They found that the guards were more
economically attractive than reducing passenger capacity by vacating middle seats.
Although their study provided useful information for preventing droplet transmission
in a cabin, it did not include droplets with sizes less than 1 pm in diameter, which
account for quite significant portions of the droplets exhaled in breathing and coughing
[13,14,16] and of those that carry viruses [23]. Therefore, it is necessary to include
droplets smaller than 1 pm when studying droplet transmission.

Apart from the droplet transmission studies, many investigations of infection risk
have used mono-dispersed particles or a gas to represent an exhalation activity. Gupta
et al. [24,25] utilized particles with sizes of 0.4 um, 8.5 um, and 30 um to represent the
droplets exhaled by coughing, breathing, and talking, and thoroughly explained the use
of the deterministic and probabilistic equation to evaluate the infection risk for
passengers in a seven-row cabin. Based on the work of Gupta et al. [24,25], Yan et al.
[26] used particles with a size of 3.5 pm to represent the droplets exhaled by coughing;
they analyzed the droplet transmission and then assessed the risk for passengers in a
cabin. Although they made a great effort to assess the risk of airborne diseases in the
cabin, they ignored the diversity of droplet sizes in the dispersion. Other researchers
[27,28] found that the horizontal travel distance of droplets is related to their size: large
droplets (larger than 100 um) settle within 2 m, medium-sized droplets can travel up to
4 m, and small droplets (smaller than 10 pm) can travel farther. Due to the high
passenger density in economy-class aircraft cabins, larger droplets may reach
neighboring passengers. Hence, using small mono-dispersed particles or gas to
represent an exhalation activity would result in underestimation of the risk to
susceptible passengers posed by neighboring index passengers, and overestimation of
the risk to susceptible passengers seated far away from index passengers. The use of
large droplets would give rise to the reverse situation. Therefore, the full spectrum of
droplet sizes are required for assessing the infection risk for passengers in aircraft
cabins.

To comprehensively investigate the transmission and infection processes for
SARS-COV-2 in airliner cabins, this investigation sought to develop a method that
included the full size spectrum of virus-laden droplets generated by coughing, breathing,
and talking activities. The method would provide an accurate assessment of infection
risk. Our study used two actual long-distance flights with SARS-COV-2 transmission

and infection as examples to demonstrate the validity of the research method.



111

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

127

128
129

130

131
132

133
134
135
136
137
138

139
140

141

142

2. Methods
2.1 Simulation of SARS-CoV-2 transmission in an aircraft cabin

The two main approaches for studying droplet transmission in an aircraft cabin are
experimental measurements and computer simulations. Experimental measurements
can provide realistic and reliable information [29-31], but it can be prohibitively
expensive to build mockups that represent various aircraft models and to reproduce the
distribution of full-size particles. Compared with experimental methods, computational
fluid dynamics (CFD) simulations are inexpensive, and aircraft cabin models and
boundary conditions can easily be changed in CFD. Therefore, this investigation used
CFD to study the transmission of SARS-COV-2 in airliner cabins.

Because the RNG k-¢ model performs well in predicting mixed convection airflow
in enclosed spaces [32], this study used the model in the commercial CFD software
ANSYS Fluent [33] to predict turbulent flow in cabins. The RNG k-& model solved the

following governing equation:

a(pCD) . - —
— div <puCD - F(p‘effgrad(cb)) = So (1)

where @ represents the time-averaged velocity components u, (i = 1,2, 3), turbulent
kinetic energy k, rate of dissipation of turbulent kinetic energy &, and enthalpy H, p is

air densityWhen @ is unity, the equation represents the conservation of mass. The t is

time, U is the Reynolds-averaged air velocity vector, /” oeff is a coefficient, and Sg 1S

the source. Details of the RNG k-¢ model can be found in the FLUENT guide [33].
After solving the flow field, we studied the particle dispersion in the cabin. The
transport of particles can be predicted by either the Eulerian or the Lagrangian method.
Of the two methods, the Lagrangian performs better in predicting the transient
dispersion of particles [34]. Therefore, the Lagrangian method was used to track the
particle movement based on Newton's second law. Significant forces including the

gravity F_G) and the drag force F_D> were considered through the following equations [35]:

r —_— e
mq—* =Fg + Fp )

— d3
Fo="2(pg — p) 3)
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where d,, is droplet diameter, p, droplet density, u, droplet velocity, i the fluid
phase velocity, C. the Cunningham correction factor [36], and Cp the drag coefficient.

The Cp is expressed as:

Cp=a, +-2+-2 (5)

Req = Re}

where a4, a,, a; are coefficients. They are determined by the droplet Reynolds
number [37]:

_ |u_d>_ﬁ|dp

Req = " (©)

where v is kinematic viscosity.

Because the volume fraction of expiratory droplets is low, one-way coupling was
used. Only the fluid flow has an influence on the dispersed phase (particles), and the
effect of the dispersed phase on the fluid flow was neglected. However, because the
RNG k-¢ model calculates the Reynolds time-averaged velocity, and not the fluctuating
flow velocity, the discrete random walk (DRW) model was used to simulate the
interaction of a particle with a succession of discrete stylized fluid-phase turbulent
eddies.

This study solved the above equations by using the commercial CFD program
FLUENT. Table 1 provides the boundary conditions used to calculate the air
distribution in a cabin. To reduce the error caused by the mesh, grid-independence tests

were conducted.

Table 1. Boundary conditions for calculating cabin air distribution.

Boundary Velocity (m/s) Temperature (K)
Inlet 1.73 292.85
Ceiling No slip 295.65
Luggage No slip 295.35
High wall No slip 295.25
Low wall No slip 295.15
Floor No slip 294.85
Head No slip 304.65

Body No slip 298.15
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Seat No slip 295.95

Mouth 307 [11]
Nose 306 [11]
Display screen (VN54) No slip 301.65
Lavatory outlet (TR188) 21.5 m*h each

2.2 Source information

To accurately assess the infection risk of COVID-19, it is essential to provide the
correct source information in the CFD model. A COVID-19 patient could generate the
SARS-CoV-2 virus through the exhalation of respiratory droplets. It should be noted
that there are two types of index patients, symptomatic and asymptomatic.
Symptomatic patients produce infectious droplets through breathing, talking, and
coughing, without sneezing [38]. Since asymptomatic patients do not cough, they
generate virus-laden droplets only through breathing and talking. The coughing
frequency was set to 25 times/h for seated passengers and 15 times/h for reclining
passengers. The breathing frequency was 720 times/h, while for talking, two people
talked alternately with each person speaking for 10 s in turn [8,9].

The sizes of droplets generated by human breathing, coughing, and talking varied
in a wide range. Figure 1 shows the size spectrum of droplets for different activities
from the literature. Fabian et al. [13] recommended using particles with diameters of
0.4 pm, 0.75 pm, and 2.5 pm as shown in Figure 1(a). Figure 1(b) illustrates the size
range of cough-generated droplets from Chao et al. [15] and Yang et al. [14]. The

present investigation used data measured by Chao et al. [15] as shown in Figure 1(c).
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Figure 1. Droplet size and number generated by: (a) a single breath, (b) a single cough,

and (c) one second of talking.

The SARS-CoV-2 virus load in the droplets is also an important factor. The virus

load in a single droplet with diameter d, v, can be calculated by:

vd:CdXVd

(7
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where Cq and V, are the virus concentration (copies/ml) and volume (ml), respectively,
of a droplet with diameter d. According to Johnson et al. [39], droplets with a diameter
greater than 20 um come from the mouth, while those smaller than 20 um come from
the respiratory tract. Pan et al. [40] and To et al. [41] measured the virus concentrations
in saliva and sputum as 1.2x10® copies/mL and 1.34x10"! copies/mL, respectively. With
the common knowledge that saliva comes from mouth and sputum from the respiratory
tract, the droplets with diameters greater than 20 pm had a virus concentration of
1.2x10% copies/mL and those smaller than 20 pm had a concentration of 1.34x10!!
copies/mL.

For coughing and talking, the virus concentration Cy for droplets smaller than 20
um was further calibrated according to data from Lindsley et al. [42]. Their
measurements [42] demonstrated that the 35%, 23%, and 42% of the detected influenza
RNA was contained in cough-generated droplets with particle size ranges of >4 um,
1-4 pm, and < 1 pum, respectively. In this study we used viral content distribution from
influenza instead of SARS-CoV-2 because there was no detailed data on the SARS-
CoV-2 viral load of droplets emitted by COVID-19 patients. The droplets of various
respiratory infections showed similarities in aerosol size distributions, with a
predominance of pathogens in small particles (<5 um) [43]. We used the same method
to calibrate the virus concentration for talking. We could then calculate the viral load in
different droplets as shown in Tables 2 through 4 for breathing, coughing, and talking,

respectively.

Table 2. Number of viral copies in droplet nucleus from breathing.

Diameter [pum] Copies [/droplet]
0.4 0.0045
0.75 0.0294
2.5 1.0904

Table 3. Number of viral copies in droplet nucleus from coughing.

Diameter [um] Copies [/droplet]
0.75 0.43

1.32 5

2.64 41

5.28 80

8.8 370

12.3 1



15.8 3

19.8 6
27.5 15
38.5 42
49.5 89
60.5 163
77.0 337
99.0 716
165.0 3313
330.0 26507
221
222  Table 4. Number of viral copies in droplet nucleus from talking
Diameter [pum] Copies [/droplet]
1.32 7
2.64 55
5.28 87
8.8 402
12.3 1
15.8 3
19.8 6
27.5 15
38.5 42
49.5 89
60.5 163
77.0 337
99.0 716
165.0 3313
330.0 26507
223
224 In addition to viral load, the source thermo-fluid conditions play an important role

225  in virus transmission in an aircraft cabin. Figure 2(a) depicts the velocity of a cough jet
226  [8,9] for a person without a mask. For a person with a mask, this study used a method
227  from Chen et al. [10] to decompose the velocity of a cough into upward and forward
228  directions, as shown in Figure 2(b). Breath velocity is a sine wave function according

229  to Gupta et al. [8,9], as displayed in Figure 2(c). A talking person produces outward



230  velocity through the mouth, but takes in air through the nose. When the talking stops,
231  the velocity returns to the normal breath boundary [8,9]. Figure 2(d) shows the flow
232 rate for two passengers having a 10 s conversation in which they take turns speaking.
233
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Figure 2. Flow boundary conditions for the index passenger for (a) coughing without a

mask, (b) coughing with a mask, (c) breathing, and (d) talking between two passengers.

2.3 Inhalation of virus-laden droplets

The virus-laden droplets in a cabin are inhaled by passengers. If a passenger is
wearing a mask, it acts as a filter to capture expiratory droplets and inhalation droplets.
After being filtered by the mask (or not), the droplets enter the respiratory system; they
may be deposited in the respiratory system or exhaled. Under the assumption that
surgical masks are worn during flights, droplets greater than 5.28 um in diameter would
all captured by a passenger’s mask and deposited in the respiratory system. A fraction
of droplets with sizes smaller than 5.28 pm might pass through the surgical mask and
deposit in the respiratory system, with a filter efficiency and deposition fraction as

shown in Table 5.

Table 5 Filter efficiency of a surgical mask for breathing in and out, and total

deposition fraction in the respiratory tract.

Diameter [um] Inward filtration Outward filtration Deposition fraction
efficiency [44] efficiency [44] [45]

0.75 33.4% 67.3% 44.0%

1.32 39.5% 73.0% 58.0%

2.64 45.4% 78.0% 75.0%

5.28 89.0% 93.0% 82.0%

Using the Lagrangian method to predict all activities throughout an entire flight
would require too much time and usage of computing resources. This investigation used
a semi-analytical method and a superposition method [46] with CFD simulations to
determine the total number of inhaled droplets. The semi-analytical method assumes

perfect mixing [46,47] of droplets within 240 s from their release into the air. The
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concentration of droplets with diameter d Cy(?) at time t (in seconds) at any point in the

cabin can be calculated as:

C,(t) = Nd(24-0)exp(;Q(t—24-0)/V) ®)

where N;(240) is the number of droplets with diameter d in the cabin at 240 s, Q is the
ventilation rate of the cabin (m?®/s), and V is the volume of the cabin (m?). The number
of droplets inhaled per second with diameter d, nq(t), at time t (t > 240 s), can be written

as:

ngq(t) = pCq(t) ©)

where p is the passenger’s inhalation rate, m*/s. Before t = 240 s, ny (t) was calculated
by the Lagrangian method.
The number of viral copies inhaled by a passenger from a single activity (coughing,

breathing, or talking), nv(t), can be determined as:
nv(t) = XrorauwaNa(t) X vg X Py (10)

The total penetration fraction of droplets with diameter d can be expressed as:

Py = frt,d X (1 - fm—in,d) X (1 - fm—out,d) (11)

where freq, fm-ina, and fi—ourq are the deposition fractions of particles with
diameter d in the respiratory tract, and the inward and outward filter efficiency of the
mask for droplets with a diameter of d, respectively.

With the superposition method from Gupta [46], the number of inhaled virus

copies for combined breathing, coughing, and talking at time t, nvau(?) is:

MWau(t) = Xsor aum Ve (& — t) + Xror au j Vb (t - tj) + X or au k Ve (t — ty)

(12)

where nv,(t — t,,) is the number of inhaled viral copies at time (t — t,;,) for coughing
at t,,; nvy (t — tj) is the number of inhaled viral copies at time (t — t;) for breathing

at t;; and nv.(t — t;) is the number of inhaled viral copies at time (t — t) for taking
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Equation (12) can be used to calculate the number of viral copies inhaled by a passenger
during a flight. If a passenger inhaled 2000 copies of SARS-COV-2, the passenger
would be infected [48].

3. Validation of CFD model

Among the various research methods, CFD modeling is crucial but entails a high
uncertainty due to the approximations used. Therefore, it is necessary to validate the
CFD simulation results. Experimental data from Li et al. [30] in a single-aisle aircraft
cabin were used for validation in the present study. The data includes distributions of
airflow, air temperature, and particle concentration.

Figure 3(a) compares the measured and simulated air patterns in a cross section of
the cabin. The results show that air from the side supply and the ceiling supply formed
two large vortices above the seats, and was then exhausted at the bottom of the cabin.
However, because the RNG k-¢ model underpredicted the turbulence energy [49], the
decay of the simulated velocity was slower than that in the experiment; as a result the
simulated velocity was greater than the experimental value in the aisle.

Figure 3(b) compares the simulated and measured air temperature distributions.
Since the air in the cross section was well mixed, the air temperature distribution was
relatively uniform. However, a difference can be seen in the mid-cabin region. Due to
the slow attenuation of velocity in the simulation, the simulated temperature was lower
than that in the experiment. In general, since the difference between the predicted and
measured results was less than 1 K, and the measurement accuracy was +0.5 K [50],
the temperature field was predicted with reasonably good accuracy.

To verify the accuracy of the Lagrangian method in calculating the particle
dispersion, this investigation used the method to simulate the dispersion of 1 pum
particles in accordance with the experimental settings of Li et al. [30]. Those

researchers [30] had calculated the dimensionless particle concentration, C*, by:

C* — Ciocal—Cin (13)

Cout—Cin

where Cj,.4; is the particle number concentration at a sampling point, particles/cm3;
Ci, 1s the particle number concentration in the air supply; and C,,; is the nominal
exhaust particle concentration without considering particle transmission loss,
particles/cm3. Figure 3(c) compares the measured and predicted particle distributions.

Because two vortices formed in opposite directions on the left and right sides, separated
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by downward airflow in the middle, the particles were confined to the right side of the

cabin. The CFD results agreed well with the measurement data.
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Figure 3. Comparison between the measured and predicted (a) airflow fields, (b)

temperature distributions, and (c) particle concentrations in the cross section across
Row 4.

The above comparisons demonstrate that the CFD simulations can predict the

airflow, temperature, and particle dispersion in the cabin mockup reasonably well.

Therefore, CFD can be used as a tool to analyze the transmission of exhaled droplets in

an aircraft cabin.

4. Results

Using the method described above, this investigation assessed the infection risk

for two actual flights with very different COVID-19 infection conditions. The first was
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flight VN54 [3], during which one index patient infected 12 fellow passengers in a
business-class cabin with a total of 21 passengers. The second was flight TR188 [51],
during which only one passenger was confirmed to be infected by 4 index patients

around the infected passenger. This section reports the calculated results.

4.1. SARS-CoV-2 transmission during flight VN54

The first studied flight, VN54, departed from London, UK, at 11:10 a.m. (London
time, UTC+1) on March 1, 2020, and landed in Hanoi at 5:20 a.m. (Hanoi time, UTC+7)
on March 2, 2020. The entire flight duration was 11 hours 50 minutes, including the
boarding, taxiing, and flying times. An epidemiological investigation indicated
widespread transmission of COVID-19 in the business-class cabin, where 12 of the 21
passengers were infected with COVID-19 via one index patient [3]. Figure 4(a) shows
the distribution of COVID-19 infections in the business-class cabin of flight VN54.
Passenger 5K was the index patient. As mentioned, a total of 12 passengers were
diagnosed with COVID-19, and 7 passengers were confirmed not to be infected. It
should be noted that passenger 2A was not tracked. Our study focused on the business-
class cabin because the infection on flight VN54 occurred mainly in this location.

Flight VN54 was on a twin-aisle, widebody Boeing 787-9 aircraft, with seven rows
in the business-class cabin. As shown in Figure 4(b), this study modeled the entire
business-class cabin. Since this was a long-duration intercontinental flight, we assumed
that the passengers were sleeping in a reclining position with little talking. Because the
flight occurred in an early stage of the pandemic, we assumed no use of face masks,

especially for travelers from Europe [52—-54].
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Figure 4. (a) Distribution of COVID-19 infections in the business-class cabin of flight
VN54 and (b) geometric model of the Boeing 787-9 business-class cabin.

4.1.1 Airflow

Figure 5(a) depicts the cross-sectional steady-state airflow field, which was used
as the initial condition for calculating the transient transport of droplets exhaled during
the coughing and breathing of the index patient. The supply air from the side walls and
ceiling of the cabin flowed along the walls and collided in the middle of the cabin to
form two large-scale circulations. Finally, the recirculated air left the cabin through the
outlets near the floor. As shown in Figure 5(b), near vicinity of the passengers produced
thermal plumes around the human bodies, and the air velocities around these passengers

ranged from 0.2 to 0.3 m/s.
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Figure 5. Velocity fields in the cabin on (a) cross-section through the index passenger

(b) longitudinal section through the index passenger.

4.1.2 Particle transport

Figure 6 shows the temporal distributions of 1950 droplet nuclei. with sizes
ranging from 1 pm to 330 um, exhaled by a single cough of the index patient. Since the
index passenger was reclining, the droplet jets traveled primarily in a vertical direction
for the first 10 seconds. Affected by airflow and particle size, droplet nuclei larger than
50 um deposited near the index passenger’s seat due to the large inertial force, while
smaller droplets followed the airflow. Due to the collision and mixing of the airflow in
the middle, a large portion of the droplets had already spread to the other aisle at 20 s.
The particles had diffused to the three rows in front of, and the three rows behind, the
index person at 60 s, and were almost perfectly mixed at 240 s. The particle
concentration in the cabin decreased with time because the particles were either
exhausted by the ventilation system or inhaled by other passengers. Since the particle
diffusion mechanism and path were similar between coughing and breathing, the

particle transport analysis was not repeated for breathing activity.
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Figure 6. Temporal distributions of droplet nuclei from a single cough in (a) perspective

view, and (b) side view in the VN54 case.

4.1.3 Infection risk assessment

The number of viral copies inhaled by each passenger was estimated, as shown in
Figure 7(a). Closer proximity to the index patient resulted in greater exposure. The
number of viral copies inhaled by the passengers in seats 5G, 6D, and 6G approached
or even exceeded 10,000. The infection of fellow passengers can be determined by
comparing the number of inhaled viral copies with the tolerance limit of 2000 [48]. The
simulated and actual infections are compared in Figure 7(b). The simulation correctly
identified 11 of the 12 infected passengers, for an accuracy of 91.7%. Meanwhile, 5 of
the 7 uninfected passengers were correctly predicted, for an accuracy of 71.4%. Thus,
the calculation successfully predicted the infection condition of 16 of the 19 passengers,
for an overall accuracy of 84.2%. It is also worth noting that the infection occurred only

two rows in front of and two rows behind the index patient.
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4.1.4 Number of inhaled viral copies according to droplet size

It is important to know which droplet size range caused the infection in the cabin.
The virus inhalation by typical passengers (2A, 2K, 5G, and 6G) during travel was
calculated according to droplet size, as presented in Figure 8. It can be seen that droplet
nuclei smaller than 10 um played a major role in the infection of passengers. Actually,99%
of the inhaled virus was from droplet nuclei smaller 10 um for all susceptible passengers
in the VN54 case.

Chen et al. [55] had similar finding as our study. They studied the particle size
distribution of the inhaled and deposited droplets of talking and coughing. Based on
their data, we further calculated the inhaled virus distributions. In their studies, 99% of
the inhaled virus were from particles with nucleus diameter less than 10 pm when the
distance between the patient and the susceptible person was 0.5 m and 0.9 m for talking

and coughing activities, respectively.
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Figure 8. Inhalation of the virus according to droplet size by passengers in seats (a) 2A,
(b) 5G, (c) 2K, and (d) 6G.

4.2 SARS-CoV-2 transmission during flight TR188

The second flight took off from Singapore Changi Airport at 4:50 p.m. (Beijing
time, UTC+8) on January 24, 2020, and landed at 9:40 p.m. (Beijing time, UTC+8) on
the same day at Hangzhou Xiaoshan Airport, China. Assuming that boarding and
taxiing required a total of 40 minutes, the entire flight duration was 5 hours 30 minutes.
An epidemiological investigation revealed that a total of 16 passengers were diagnosed
with COVID-19 [51], but most of them were infected before boarding the airplane.
Only passenger 29B was infected during the flight [51]. He sat in seat 30F for an hour
and talked with his wife and son, who were in seats 31E and 31F. In close proximity to
seat 30F, four confirmed patients were seated in 30E, 30F, 31J and 31K. Passenger 31K
had symptoms, while passengers 30E, 30F, and 31J were asymptomatic. In addition,

passengers 31K and 31J were husband and wife, whereas passengers 30E and 30D were



462  unrelated. According to the investigation, all the passengers were wearing masks, but
463  passenger 30F loosened his mask while talking to his wife and son. Figure 9(a) shows
464  the distribution of COVID-19 cases.
465 As in the previous case, flight TR188 was on a Boeing 787-9 aircraft. It was
466  impractical to model and calculate the entire cabin, but many studies have found that
467  reasonable flow and contaminant transport results can be obtained by modeling the
468  three rows in front of and three rows behind an index patient [25,26,56,57]. In this case,
469  with the exception of Rows 30 and 31, there were no patients in Rows 19 to 43. There
470  were lavatories in front of Row 30, and curtains were drawn across the aisles. Therefore,
471  this investigation simulated SARS-CoV-2 transmission from Row 30 to Row 34, as
472  shown in Figure 9(b).
473
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474  Figure 9. (a) Schematic diagram of the distribution of COVID-19 patients in Rows

475  30-34 of flight TR188; (b) geometric model of Boeing 787-9 economy-class cabin.
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4.2.1 Particle transport

The airflow field of TR188 resembles that of VN54, since both flights were on
Boeing 787-9 aircraft, and the boundary conditions were the same. As in the VN54 flow
field in Figure 5, two vortices in opposite directions were formed in the TR 188 cabin.

The transport of coughing- and breathing-generated particles during flight TR188
is not shown here because it resembled the transport depicted in Figure 6 for flight
VNS54. The transport of particles expelled by possible talking activity after outward
filtration by masks is shown in Figure 10 in both perspective and side views, with the
talking between passengers 30D and 30E used as an example. Although 30E was in the
middle of the cabin, droplets spread to the left side of the cabin because the passenger’s
head was turned to the left. Due to the large vortices, most of the talking-expelled
particles remained trapped on the left side of the cabin for a long time. In addition, when
released, droplets with sizes greater than 5.28 um were all filtered by the passenger’s

mask.
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496  Figure 10. Temporal distributions of droplets generated due by talking between the 30D

497  and 30E passengers in (a) perspective view and (b) side view in the TR188 case.
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499  4.2.2 Infection risk assessment
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Because no information about passengers’ conversations was available for the
TR188 flight, we first examined the results due to coughing and breathing by the index
patients. Figure 11 shows the distribution of the number of inhaled viral copies due to
coughing and breathing in the studied cabin segment of flight TR188. Passenger 30F
sat in that seat for only one hour, so the calculation for him considered only one hour
of exposure. The rest of the passengers stayed in their original seats throughout the
flight (5 hours 30 minutes). The number of viral copies in Figure 11 did not exceed the

infection limit for any of the passengers, so their conversations needed to be considered.

C [copies]
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' 1350
1 1200

Aisle 1 1050
| 900
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| 600
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I C&B 150

34 33 32 31 30 0
Row number
Note: C [copies] is the number of viral copies.

Ow>
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Column number

Figure 11. Distribution of the number of viral copies inhaled by fellow passengers due

to breathing and coughing by index persons.

Two pairs of index persons, 30D & 30E and 31J & 31K, sat side by side and may
have engaged in conversations that produced viral droplets. We first considered the
talking time required for infection of passenger 30F during the one hour of his stay.
Figure 12((a) shows the number of viral copies inhaled by 30F under different
conversation durations of 30D & 30E and 31J & 31K. The talking of 31K & 31J had a
larger influence on the number of inhaled viral copies than the talking of 30D & 30E.
Since 30F and 31J & 31K were on the same side of the cabin, the droplets produced by
31J & 31K were trapped in the large circulation shown in Figure 5, and had a long
contact time with 30F. When the conversation between 31K and 31J lasted longer than
30 minutes, the number of viral copies inhaled by 30F was greater than the tolerance
limit (2000). Actually, since 31J and 31K were husband and wife, they were more likely

to have conversations than strangers 30D and 30E.
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Figure 12. Influence of the conversation durations of 30D & 30E and 31J & 31K on
(a) the number of viral copies inhaled by passenger 30F and (b) the number of

infected passengers.

This study also examined the impact of the conversation length of index
passengers on the number of infected passengers in Figure 12(b). As the length of the
conversation increased, the number of infected passengers also increased. A maximum
of 17 passengers might be infected if the two pairs of index persons were to have
nonstop conversations throughout the duration of the flight. Reducing passenger-to-
passenger communication is an effective way to control the risk of exposure. The fact

that only passenger 30F was infected is an indication that the conversations were short.

5. Discussion

Our study used the droplet nucleus directly for the evaluation of droplet
transmission and neglected the evaporation of the exhaled droplets. According to Gupta
et al. [25], the evaporation of droplets with an initial diameter less than 30 um can be
ignored. According to our results, the size of the largest droplets inhaled by the
passengers was 87.5 um, and droplets larger than 87.5 um were deposited on the walls
and floor due to large inertia. Our calculations also revealed that droplets with sizes
greater than 30 pm provided less than 1% of the total inhaled viral copies. Thus, it is
reasonable to ignore droplet evaporation.

The estimation of the infection risk used fixed values of coughing and breathing
frequencies, viral load, and infection tolerance limit. In the real world, these values
depended on many factors from each individual. However, since no information was
available for determining the probability of infection, our study used averaged values

for tolerance limit and coughing and breathing frequencies from literature. Usually,
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average values occurred at the highest frequency, so it was an approximation that could
lead to a typical result. For viral load, since the VN54 case was a super spread event
with very high infection rate, high viral load was assumed. Then we correctly predicted
84.2% of the infection, showing that the deterministic method used in this study could
be acceptable.

Our study showed that, among all the passengers, the maximum number of inhaled
droplets accounted for 0.114% of all exhaled droplets. The U.S. Department of
Transportation Command (USTRANSCOM) conducted aerosol dispersion tests in a
commercial aircraft cabin, and the experimental results indicated that the maximum
number of inhaled particles accounted for 0.3% of the total release [29]. Since the
percentages from the USTRANSCOM test and our simulation correspond with each
other, the method of directly counting the number of inhaled droplets in the nose is a
practical approach.

One important reason for the low infection rate during flight TR188 was the use
of masks. However, the loosening of the mask by passenger 30F increased the number
of viral copies that he inhaled and greatly contributed to his infection. This study also
investigated the effect of mask use during flight VN54 by comparing the viral copies
inhaled by fellow passengers for the following scenarios: no masks, only the index
person wearing a mask, and all passengers wearing masks. According to our analysis,
using masks would greatly reduce the infection risk. If just the index patient wore a
mask, only two passengers would be infected. If all passengers used masks for
protection, the number of infections would drop to one. Using masks on index
passengers had a better protective effect than on fellow passengers, because the inward
protection efficiency of masks was much lower than outward protection efficiency, as

shown in Table 5.
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different mask-wearing scenarios.

6. Conclusions
This study used CFD to numerically study the SARS-COV-2 transmission and

infection process during two actual flights: VN54 (London to Hanoi) and TR188

(Singapore to Hangzhou). The generation, spread, and inhalation of respiratory droplets

of different sizes produced by breathing, coughing, and talking were simulated, and the

number of viral copies inhaled by fellow passengers was counted and compared with

the tolerance dose to determine infection. Through the research led to the following

conclusions:

1.

For flight VN54, our method correctly predicted 84.2% of the
infected/uninfected cases,.

eThe inhaled virus carried by droplet nuclei smaller than 10 um accounted for
more than 99% of the total amount of virus inhaled.

For the TR188 case, we found that breathing and coughing alone were not
sufficient to cause infection. Therefore, we examined the influence of various
conversation durations on the infection situation, and found that the index
patient talking played an important role in the spread of the COVID-19.
Masks had positive effects on protecting passengers: The wearing of a surgical
mask by the index patient would greatly reduce the number of infections, from
12 to two, and if all passengers wore surgical masks, the number of infections

would be further reduced to one.
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