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Abstract 15 
Commercial airliners have played an important role in spreading the SARS-CoV-2 16 
virus worldwide. This study used computational fluid dynamics (CFD) to simulate the 17 
transmission of SARS-CoV-2 on a flight from London to Hanoi and another from 18 
Singapore to Hangzhou. The dispersion of droplets of different sizes generated by 19 
coughing, talking, and breathing activities in a cabin by an infected person was 20 
simulated by means of the Lagrangian method. The SARS-CoV-2 virus contained in 21 
expiratory droplets traveled with the cabin air distribution and was inhaled by other 22 
passengers. Infection was determined by counting the number of viral copies inhaled 23 
by each passenger. According to the results, our method correctly predicted 84% of the 24 
infected/uninfected cases on the first flight. The results also show that wearing masks 25 
and reducing conversation frequency between passengers could help to reduce the risk 26 
of exposure on the second flight. 27 

28 

Keywords: COVID-19; Airborne diseases; Exhaled droplets; Air distribution; Risk 29 
assessment. 30 

Practical Implications 31 

By simulating the SARS-CoV-2 transmission via coughing, breathing, and talking for 32 
two real flights, our paper reveals that 99% of the inhaled virus copies are carried by 33 
droplet nuclei smaller 10 μm in aircraft cabin. This study also confirmed the positive 34 
effect of using masks and limiting conversation frequency. These findings are useful 35 
for reducing onboard transmission of SARS-CoV-2. 36 
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1. Introduction 37 
The global spread of COVID-19 caused about five million deaths by October 2021 38 

[1]. The virus spread rapidly to various countries and continents [2], and long-distance 39 
commercial airliners played an important role. For example, early flights from London 40 
to Hanoi [3], from Boston to Hong Kong [4], and from Dubai to New Zealand [5] spread 41 
SARS-CoV-2 on a global scale. Although there have been numerous cases of infection 42 
on airplanes, the majority of flights have not spread the disease. To reduce the risk of 43 
SARS-CoV-2 transmission during air travel, it is necessary to understand the 44 
transmission of the virus in airliner cabins. 45 

SARS-CoV-2 is transmitted through droplets generated by an infected person's 46 
exhalation activities (breathing, coughing, talking, and sneezing) [6]. Therefore, the 47 
transmission of droplets in airliner cabins must be studied. Such an investigation would 48 
require the thermo-fluid boundary conditions of the exhaled droplets, such as the 49 
expiratory velocity [7–10] and temperature [11], droplet composition [12], and droplet 50 
size distribution [13–18]. Because the dispersion of exhaled droplets is determined 51 
predominately by the droplet diameter and their interactions with the local airflow [19], 52 
the droplet size distribution is a key factor. The droplets from a person's exhalation 53 
activities range widely in size, from 0.1 μm to 2000 μm [13–18]. Large droplets are 54 
influenced primarily by inertial force and gravity, and can travel from the patient’s nose 55 
or mouth to susceptible mucosal (mouth, nose) or conjunctival (eyes) surfaces of a 56 
nearby person. Small droplets (airborne) can remain suspended in the air for a long time 57 
[19] and can be inhaled by fellow passengers. Therefore, thorough analysis of droplet 58 
transmission and assessment of the infection risk for susceptible passengers in aircraft 59 
cabins require the full size range of exhaled droplets. 60 

Many studies have utilized the full range of droplet sizes for understanding the 61 
transmission of exhaled droplets, but these studies have rarely assessed the infection 62 
risk in indoor environments. For example, Yan et al. [19] studied the effect of a human 63 
thermal plume on the evaporation and diffusion of cough droplets with diameters of 3 64 
μm to 750 μm, and found that the thermal plume from the human body was a key 65 
parameter not only in droplet evaporation, but also in droplet deposition time, 66 
increasing the transmission distance of droplets. Feng et al. [20] studied the influence 67 
of wind and relative humidity on the spread of cough droplets with diameters of 2 μm 68 
to 2000 μm, and found that airflow had a very important influence on the spread of 69 
small droplets, while high relative humidity made large droplets easy to deposit. Yan et 70 
al. [21] studied the impact of a cough jet on the travel of particles with diameters of 2 71 
μm to 1000 μm in a three-row Boeing 737 model, and found that the cough jet had a 72 
considerable effect on large droplets. However, their research used only one or two 73 



 

 

manikins, and thus the scenario was different from a high-density aircraft cabin. Talaat 74 
et al. [22] investigated the diffusion of exhaled particles with diameters of 1 μm to 50 75 
μm for different passenger capacities, with/without sneeze guards/shields between 76 
passengers, in a ten-row Boeing 737 model. They found that the guards were more 77 
economically attractive than reducing passenger capacity by vacating middle seats. 78 
Although their study provided useful information for preventing droplet transmission 79 
in a cabin, it did not include droplets with sizes less than 1 μm in diameter, which 80 
account for quite significant portions of the droplets exhaled in breathing and coughing 81 
[13,14,16] and of those that carry viruses [23]. Therefore, it is necessary to include 82 
droplets smaller than 1 μm when studying droplet transmission. 83 

Apart from the droplet transmission studies, many investigations of infection risk 84 
have used mono-dispersed particles or a gas to represent an exhalation activity. Gupta 85 
et al. [24,25] utilized particles with sizes of 0.4 μm, 8.5 μm, and 30 μm to represent the 86 
droplets exhaled by coughing, breathing, and talking, and thoroughly explained the use 87 
of the deterministic and probabilistic equation to evaluate the infection risk for 88 
passengers in a seven-row cabin. Based on the work of Gupta et al. [24,25], Yan et al. 89 
[26] used particles with a size of 3.5 μm to represent the droplets exhaled by coughing; 90 
they analyzed the droplet transmission and then assessed the risk for passengers in a 91 
cabin. Although they made a great effort to assess the risk of airborne diseases in the 92 
cabin, they ignored the diversity of droplet sizes in the dispersion. Other researchers 93 
[27,28] found that the horizontal travel distance of droplets is related to their size: large 94 
droplets (larger than 100 μm) settle within 2 m, medium-sized droplets can travel up to 95 
4 m, and small droplets (smaller than 10 μm) can travel farther. Due to the high 96 
passenger density in economy-class aircraft cabins, larger droplets may reach 97 
neighboring passengers. Hence, using small mono-dispersed particles or gas to 98 
represent an exhalation activity would result in underestimation of the risk to 99 
susceptible passengers posed by neighboring index passengers, and overestimation of 100 
the risk to susceptible passengers seated far away from index passengers. The use of 101 
large droplets would give rise to the reverse situation. Therefore, the full spectrum of 102 
droplet sizes are required for assessing the infection risk for passengers in aircraft 103 
cabins. 104 

To comprehensively investigate the transmission and infection processes for 105 
SARS-COV-2 in airliner cabins, this investigation sought to develop a method that 106 
included the full size spectrum of virus-laden droplets generated by coughing, breathing, 107 
and talking activities. The method would provide an accurate assessment of infection 108 
risk. Our study used two actual long-distance flights with SARS-COV-2 transmission 109 
and infection as examples to demonstrate the validity of the research method.  110 



 

 

  111 

2. Methods 112 
2.1 Simulation of SARS-CoV-2 transmission in an aircraft cabin 113 

The two main approaches for studying droplet transmission in an aircraft cabin are 114 
experimental measurements and computer simulations. Experimental measurements 115 
can provide realistic and reliable information [29–31], but it can be prohibitively  116 
expensive to build mockups that represent various aircraft models and to reproduce the 117 
distribution of full-size particles. Compared with experimental methods, computational 118 
fluid dynamics (CFD) simulations are inexpensive, and aircraft cabin models and 119 
boundary conditions can easily be changed in CFD. Therefore, this investigation used 120 
CFD to study the transmission of SARS-COV-2 in airliner cabins.  121 

Because the RNG k-ε model performs well in predicting mixed convection airflow 122 
in enclosed spaces [32], this study used the model in the commercial CFD software 123 
ANSYS Fluent [33] to predict turbulent flow in cabins. The RNG k-ε model solved the 124 
following governing equation: 125 

 126 
𝜕𝜕(𝜌𝜌Φ)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑 �𝜌𝜌𝑢𝑢�⃗ Φ −Г𝜑𝜑,𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(Φ)� = 𝑆𝑆Φ                                                               (1) 127 

 128 
where Φ represents the time-averaged velocity components 𝑢𝑢𝚤𝚤���⃗  (𝑖𝑖 = 1, 2, 3), turbulent 129 

kinetic energy k, rate of dissipation of turbulent kinetic energy ε, and enthalpy H, ρ is 130 

air densityWhen Φ is unity, the equation represents the conservation of mass. The 𝑡𝑡 is 131 

time, 𝑢𝑢�⃗  is the Reynolds-averaged air velocity vector, Г𝜑𝜑,𝑒𝑒𝑒𝑒𝑒𝑒  is a coefficient, and 𝑆𝑆Φ is 132 

the source. Details of the RNG k-ε model can be found in the FLUENT guide [33]. 133 
After solving the flow field, we studied the particle dispersion in the cabin. The 134 

transport of particles can be predicted by either the Eulerian or the Lagrangian method. 135 
Of the two methods, the Lagrangian performs better in predicting the transient 136 
dispersion of particles [34]. Therefore, the Lagrangian method was used to track the 137 
particle movement based on Newton's second law. Significant forces including the 138 

gravity 𝐹𝐹𝐺𝐺����⃗  and the drag force 𝐹𝐹𝐷𝐷����⃗  were considered through the following equations [35]: 139 
 140 

𝑚𝑚𝑑𝑑
𝑑𝑑𝑢𝑢𝑑𝑑��������⃗

𝑑𝑑𝑑𝑑
=𝐹𝐹𝐺𝐺����⃗ + 𝐹𝐹𝐷𝐷����⃗                                                                                                         (2) 141 

𝐹𝐹𝐺𝐺����⃗ = 𝜋𝜋𝑑𝑑𝑑𝑑
3

6
(𝜌𝜌𝑑𝑑 − 𝜌𝜌)                                                                                                         (3) 142 



 

 

𝐹𝐹𝐷𝐷����⃗ = 𝐶𝐶𝐷𝐷
2
𝜋𝜋𝑑𝑑𝑑𝑑

2

4
𝜌𝜌|𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢�⃗ |(𝑢𝑢𝑑𝑑����⃗ − 𝑢𝑢�⃗ )/𝐶𝐶𝑐𝑐                                                                               (4) 143 

 144 
where 𝑑𝑑𝑝𝑝 is droplet diameter, 𝜌𝜌𝑑𝑑 droplet density,  𝑢𝑢𝑝𝑝����⃗  droplet velocity, 𝑢𝑢�⃗  the fluid 145 
phase velocity, 𝐶𝐶𝑐𝑐 the Cunningham correction factor [36], and 𝐶𝐶𝐷𝐷 the drag coefficient. 146 
The 𝐶𝐶𝐷𝐷 is expressed as:  147 
 148 

𝐶𝐶𝐷𝐷 = 𝑎𝑎1 + 𝑎𝑎2
𝑅𝑅𝑅𝑅𝑑𝑑

+ 𝑎𝑎3
𝑅𝑅𝑅𝑅𝑑𝑑

2                                                                                                      (5) 149 

 150 
where 𝑎𝑎1,𝑎𝑎2,𝑎𝑎3 are coefficients. They are determined by the droplet Reynolds 151 
number [37]: 152 
 153 

𝑅𝑅𝑅𝑅𝑑𝑑 =
|𝑢𝑢𝑑𝑑�����⃗ −𝑢𝑢��⃗ |𝑑𝑑𝑝𝑝

𝜐𝜐
                                                                                                               (6) 154 

 155 
where 𝜐𝜐 is kinematic viscosity. 156 

Because the volume fraction of expiratory droplets is low, one-way coupling was 157 
used. Only the fluid flow has an influence on the dispersed phase (particles), and the 158 
effect of the dispersed phase on the fluid flow was neglected. However, because the 159 
RNG k-ε model calculates the Reynolds time-averaged velocity, and not the fluctuating 160 
flow velocity, the discrete random walk (DRW) model was used to simulate the 161 
interaction of a particle with a succession of discrete stylized fluid-phase turbulent 162 
eddies. 163 

This study solved the above equations by using the commercial CFD program 164 
FLUENT. Table 1 provides the boundary conditions used to calculate the air 165 
distribution in a cabin. To reduce the error caused by the mesh, grid-independence tests 166 
were conducted.  167 
 168 
Table 1. Boundary conditions for calculating cabin air distribution. 169 

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 



 

 

Seat No slip 295.95 
Mouth   307 [11] 
Nose   306 [11] 
Display screen (VN54) No slip 301.65 
Lavatory outlet (TR188) 21.5 m³/h each   

 170 
2.2 Source information 171 

To accurately assess the infection risk of COVID-19, it is essential to provide the 172 
correct source information in the CFD model. A COVID-19 patient could generate the 173 
SARS-CoV-2 virus through the exhalation of respiratory droplets. It should be noted 174 
that there are two types of index patients, symptomatic and asymptomatic. 175 
Symptomatic patients produce infectious droplets through breathing, talking, and 176 
coughing, without sneezing [38]. Since asymptomatic patients do not cough, they 177 
generate virus-laden droplets only through breathing and talking. The coughing 178 
frequency was set to 25 times/h for seated passengers and 15 times/h for reclining 179 
passengers. The breathing frequency was 720 times/h, while for talking, two people 180 
talked alternately with each person speaking for 10 s in turn [8,9].  181 

The sizes of droplets generated by human breathing, coughing, and talking varied 182 
in a wide range. Figure 1 shows the size spectrum of droplets for different activities 183 
from the literature. Fabian et al. [13] recommended using particles with diameters of 184 
0.4 μm, 0.75 μm, and 2.5 μm as shown in Figure 1(a). Figure 1(b) illustrates the size 185 
range of cough-generated droplets from Chao et al. [15] and Yang et al. [14]. The 186 
present investigation used data measured by Chao et al. [15] as shown in Figure 1(c).  187 



 

 

Figure 1. Droplet size and number generated by: (a) a single breath, (b) a single cough, 188 
and (c) one second of talking. 189 
 190 

The SARS-CoV-2 virus load in the droplets is also an important factor. The virus 191 
load in a single droplet with diameter d, 𝑣𝑣𝑑𝑑, can be calculated by: 192 

 193 
𝑣𝑣𝑑𝑑 = 𝐶𝐶𝑑𝑑 × 𝑉𝑉𝑑𝑑                                                                                                        (7) 194 



 

 

 195 
where Cd and Vd are the virus concentration (copies/ml) and volume (ml), respectively, 196 
of a droplet with diameter d. According to Johnson et al. [39], droplets with a diameter 197 
greater than 20 μm come from the mouth, while those smaller than 20 μm come from 198 
the respiratory tract. Pan et al. [40] and To et al. [41] measured the virus concentrations 199 
in saliva and sputum as 1.2×108 copies/mL and 1.34×1011 copies/mL, respectively. With 200 
the common knowledge that saliva comes from mouth and sputum from the respiratory 201 
tract, the droplets with diameters greater than 20 μm had a virus concentration of 202 
1.2×108 copies/mL and those smaller than 20 μm had a concentration of 1.34×1011 203 
copies/mL. 204 

For coughing and talking, the virus concentration Cd for droplets smaller than 20 205 
μm was further calibrated according to data from Lindsley et al. [42]. Their 206 
measurements [42] demonstrated that the 35%, 23%, and 42% of the detected influenza 207 
RNA was contained in cough-generated droplets with particle size ranges of  > 4 μm, 208 
1–4 μm, and < 1 μm, respectively. In this study we used viral content distribution from 209 
influenza instead of SARS-CoV-2 because there was no detailed data on the SARS-210 
CoV-2 viral load of droplets emitted by COVID-19 patients. The droplets of various 211 
respiratory infections showed similarities in aerosol size distributions, with a 212 
predominance of pathogens in small particles (<5 μm) [43]. We used the same method 213 
to calibrate the virus concentration for talking. We could then calculate the viral load in 214 
different droplets as shown in Tables 2 through 4 for breathing, coughing, and talking, 215 
respectively.  216 
 217 
Table 2. Number of viral copies in droplet nucleus from breathing. 218 

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

 219 
Table 3. Number of viral copies in droplet nucleus from coughing. 220 

Diameter [μm] 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 
Table 4. Number of viral copies in droplet nucleus from talking 222 

Diameter [μm] 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 
In addition to viral load, the source thermo-fluid conditions play an important role 224 

in virus transmission in an aircraft cabin. Figure 2(a) depicts the velocity of a cough jet 225 
[8,9] for a person without a mask. For a person with a mask, this study used a method 226 
from Chen et al. [10] to decompose the velocity of a cough into upward and forward 227 
directions, as shown in Figure 2(b). Breath velocity is a sine wave function according 228 
to Gupta et al. [8,9], as displayed in Figure 2(c). A talking person produces outward 229 



 

 

velocity through the mouth, but takes in air through the nose. When the talking stops, 230 
the velocity returns to the normal breath boundary [8,9]. Figure 2(d) shows the flow 231 
rate for two passengers having a 10 s conversation in which they take turns speaking.  232 
 233 

 234 

 235 
 236 
 237 
 238 
 239 
 240 
 241 
 242 
 243 



 

 

 244 
 245 

Figure 2. Flow boundary conditions for the index passenger for (a) coughing without a 246 
mask, (b) coughing with a mask, (c) breathing, and (d) talking between two passengers. 247 

 248 
2.3 Inhalation of virus-laden droplets 249 

 The virus-laden droplets in a cabin are inhaled by passengers. If a passenger is 250 
wearing a mask, it acts as a filter to capture expiratory droplets and inhalation droplets. 251 
After being filtered by the mask (or not), the droplets enter the respiratory system; they 252 
may be deposited in the respiratory system or exhaled. Under the assumption that 253 
surgical masks are worn during flights, droplets greater than 5.28 μm in diameter would 254 
all captured by a passenger’s mask and deposited in the respiratory system. A fraction 255 
of droplets with sizes smaller than 5.28 μm might pass through the surgical mask and 256 
deposit in the respiratory system, with a filter efficiency and deposition fraction as 257 
shown in Table 5.  258 

 259 
Table 5 Filter efficiency of a surgical mask for breathing in and out, and total 260 
deposition fraction in the respiratory tract. 261 
Diameter [μm] Inward filtration 

efficiency [44] 
Outward filtration 
efficiency [44] 

Deposition fraction 
[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% 

 262 
Using the Lagrangian method to predict all activities throughout an entire flight 263 

would require too much time and usage of computing resources. This investigation used 264 
a semi-analytical method and a superposition method [46] with CFD simulations to 265 
determine the total number of inhaled droplets. The semi-analytical method assumes 266 
perfect mixing [46,47] of droplets within 240 s from their release into the air. The 267 



 

 

concentration of droplets with diameter d Cd(t) at time t (in seconds) at any point in the 268 
cabin can be calculated as: 269 

 270 

𝐶𝐶𝑑𝑑(𝑡𝑡) = 𝑁𝑁𝑑𝑑(240)𝑒𝑒𝑒𝑒𝑒𝑒(−𝑄𝑄(𝑡𝑡−240)/𝑉𝑉)
𝑉𝑉

                                                                                   (8) 271 

 272 
where 𝑁𝑁𝑑𝑑(240) is the number of droplets with diameter d in the cabin at 240 s, Q is the 273 
ventilation rate of the cabin (m3/s), and V is the volume of the cabin (m3). The number 274 
of droplets inhaled per second with diameter d, nd(t), at time t (t > 240 s), can be written 275 
as: 276 
 277 
𝑛𝑛𝑑𝑑(𝑡𝑡) = 𝑝𝑝𝐶𝐶𝑑𝑑(𝑡𝑡)                                                                                                             (9) 278 
 279 
where p is the passenger’s inhalation rate, m3/s. Before t = 240 s, 𝑛𝑛𝑑𝑑(𝑡𝑡) was calculated 280 
by the Lagrangian method. 281 

The number of viral copies inhaled by a passenger from a single activity (coughing, 282 
breathing, or talking), 𝑛𝑛𝑛𝑛(𝑡𝑡), can be determined as: 283 

 284 
𝑛𝑛𝑛𝑛(𝑡𝑡) = ∑ 𝑛𝑛𝑑𝑑(𝑡𝑡) × 𝑣𝑣𝑑𝑑 × 𝑃𝑃𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑                                                                              (10) 285 
 286 
The total penetration fraction of droplets with diameter d can be expressed as:  287 
 288 
𝑃𝑃𝑑𝑑 = 𝑓𝑓𝑟𝑟𝑟𝑟,𝑑𝑑 × (1 − 𝑓𝑓𝑚𝑚−𝑖𝑖𝑖𝑖,𝑑𝑑) × (1 − 𝑓𝑓𝑚𝑚−𝑜𝑜𝑜𝑜𝑜𝑜,𝑑𝑑)                                                             (11) 289 
 290 
where 𝑓𝑓𝑟𝑟𝑟𝑟,𝑑𝑑 , 𝑓𝑓𝑚𝑚−𝑖𝑖𝑖𝑖,𝑑𝑑 , and 𝑓𝑓𝑚𝑚−𝑜𝑜𝑜𝑜𝑜𝑜,𝑑𝑑  are the deposition fractions of particles with 291 
diameter d in the respiratory tract, and the inward and outward filter efficiency of the 292 
mask for droplets with a diameter of d, respectively. 293 

With the superposition method from Gupta [46], the number of inhaled virus 294 
copies for combined breathing, coughing, and talking at time t, nvall(t) is: 295 
 296 

𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) = ∑ 𝑛𝑛𝑛𝑛𝑐𝑐(𝑡𝑡 − 𝑡𝑡𝑚𝑚)𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚 + ∑ 𝑛𝑛𝑛𝑛𝑏𝑏�𝑡𝑡 − 𝑡𝑡𝑗𝑗�𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑗𝑗 + ∑ 𝑛𝑛𝑛𝑛𝑡𝑡(𝑡𝑡 − 𝑡𝑡𝑘𝑘)𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘  297 

(12) 298 
 299 
where 𝑛𝑛𝑛𝑛𝑐𝑐(𝑡𝑡 − 𝑡𝑡𝑚𝑚) is the number of inhaled viral copies at time (𝑡𝑡 − 𝑡𝑡𝑚𝑚) for coughing 300 

at 𝑡𝑡𝑚𝑚; 𝑛𝑛𝑛𝑛𝑏𝑏�𝑡𝑡 − 𝑡𝑡𝑗𝑗� is the number of inhaled viral copies at time (𝑡𝑡 − 𝑡𝑡𝑗𝑗) for breathing 301 

at 𝑡𝑡𝑗𝑗; and 𝑛𝑛𝑛𝑛𝑡𝑡(𝑡𝑡 − 𝑡𝑡𝑘𝑘) is the number of inhaled viral copies at time (𝑡𝑡 − 𝑡𝑡𝑘𝑘) for taking 302 



 

 

at 𝑡𝑡𝑘𝑘.  303 
Equation (12) can be used to calculate the number of viral copies inhaled by a passenger 304 
during a flight. If a passenger inhaled 2000 copies of SARS-COV-2, the passenger 305 
would be infected [48].  306 
 307 

3. Validation of CFD model 308 
Among the various research methods, CFD modeling is crucial but entails a high 309 

uncertainty due to the approximations used. Therefore, it is necessary to validate the 310 
CFD simulation results. Experimental data from Li et al. [30] in a single-aisle aircraft 311 
cabin were used for validation in the present study. The data includes distributions of 312 
airflow, air temperature, and particle concentration. 313 

Figure 3(a) compares the measured and simulated air patterns in a cross section of 314 
the cabin. The results show that air from the side supply and the ceiling supply formed 315 
two large vortices above the seats, and was then exhausted at the bottom of the cabin. 316 
However, because the RNG k-ε model underpredicted the turbulence energy [49], the 317 
decay of the simulated velocity was slower than that in the experiment; as a result the 318 
simulated velocity was greater than the experimental value in the aisle. 319 

Figure 3(b) compares the simulated and measured air temperature distributions. 320 
Since the air in the cross section was well mixed, the air temperature distribution was 321 
relatively uniform. However, a difference can be seen in the mid-cabin region. Due to 322 
the slow attenuation of velocity in the simulation, the simulated temperature was lower 323 
than that in the experiment. In general, since the difference between the predicted and 324 
measured results was less than 1 K, and the measurement accuracy was ±0.5 K [50], 325 
the temperature field was predicted with reasonably good accuracy. 326 

To verify the accuracy of the Lagrangian method in calculating the particle 327 
dispersion, this investigation used the method to simulate the dispersion of 1 μm 328 
particles in accordance with the experimental settings of Li et al. [30]. Those 329 
researchers [30] had calculated the dimensionless particle concentration, C*, by: 330 

 331 

 𝐶𝐶∗ = 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝐶𝐶𝑖𝑖𝑖𝑖
𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜−𝐶𝐶𝑖𝑖𝑖𝑖

                                                                                                              (13) 332 

 333 
where 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the particle number concentration at a sampling point, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝑐𝑐𝑐𝑐3; 334 
𝐶𝐶𝑖𝑖𝑖𝑖  is the particle number concentration in the air supply; and 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜  is the nominal 335 
exhaust particle concentration without considering particle transmission loss, 336 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝑐𝑐𝑐𝑐3. Figure 3(c) compares the measured and predicted particle distributions. 337 
Because two vortices formed in opposite directions on the left and right sides, separated 338 



 

 

by downward airflow in the middle, the particles were confined to the right side of the 339 
cabin. The CFD results agreed well with the measurement data. 340 
 341 

 342 
Figure 3. Comparison between the measured and predicted (a) airflow fields, (b) 343 
temperature distributions, and (c) particle concentrations in the cross section across 344 
Row 4. 345 

 346 
The above comparisons demonstrate that the CFD simulations can predict the 347 

airflow, temperature, and particle dispersion in the cabin mockup reasonably well. 348 
Therefore, CFD can be used as a tool to analyze the transmission of exhaled droplets in 349 
an aircraft cabin. 350 

 351 

4. Results 352 
Using the method described above, this investigation assessed the infection risk 353 

for two actual flights with very different COVID-19 infection conditions. The first was 354 



 

 

flight VN54 [3], during which one index patient infected 12 fellow passengers in a 355 
business-class cabin with a total of 21 passengers. The second was flight TR188 [51], 356 
during which only one passenger was confirmed to be infected by 4 index patients 357 
around the infected passenger. This section reports the calculated results.  358 

 359 

 4.1. SARS-CoV-2 transmission during flight VN54 360 

The first studied flight, VN54, departed from London, UK, at 11:10 a.m. (London 361 
time, UTC+1) on March 1, 2020, and landed in Hanoi at 5:20 a.m. (Hanoi time, UTC+7) 362 
on March 2, 2020. The entire flight duration was 11 hours 50 minutes, including the 363 
boarding, taxiing, and flying times. An epidemiological investigation indicated 364 
widespread transmission of COVID-19 in the business-class cabin, where 12 of the 21 365 
passengers were infected with COVID-19 via one index patient [3]. Figure 4(a) shows 366 
the distribution of COVID-19 infections in the business-class cabin of flight VN54. 367 
Passenger 5K was the index patient. As mentioned, a total of 12 passengers were 368 
diagnosed with COVID-19, and 7 passengers were confirmed not to be infected. It 369 
should be noted that passenger 2A was not tracked. Our study focused on the business-370 
class cabin because the infection on flight VN54 occurred mainly in this location.  371 

Flight VN54 was on a twin-aisle, widebody Boeing 787-9 aircraft, with seven rows 372 
in the business-class cabin. As shown in Figure 4(b), this study modeled the entire 373 
business-class cabin. Since this was a long-duration intercontinental flight, we assumed 374 
that the passengers were sleeping in a reclining position with little talking. Because the 375 
flight occurred in an early stage of the pandemic, we assumed no use of face masks, 376 
especially for travelers from Europe [52–54]. 377 



 

 

 378 

Figure 4. (a) Distribution of COVID-19 infections in the business-class cabin of flight 379 
VN54 and (b) geometric model of the Boeing 787-9 business-class cabin. 380 
 381 
4.1.1 Airflow 382 

Figure 5(a) depicts the cross-sectional steady-state airflow field, which was used 383 
as the initial condition for calculating the transient transport of droplets exhaled during 384 
the coughing and breathing of the index patient. The supply air from the side walls and 385 
ceiling of the cabin flowed along the walls and collided in the middle of the cabin to 386 
form two large-scale circulations. Finally, the recirculated air left the cabin through the 387 
outlets near the floor. As shown in Figure 5(b), near vicinity of the passengers produced 388 
thermal plumes around the human bodies, and the air velocities around these passengers 389 
ranged from 0.2 to 0.3 m/s. 390 



 

 

 391 
Figure 5. Velocity fields in the cabin on (a) cross-section through the index passenger 392 
(b) longitudinal section through the index passenger. 393 

 394 
4.1.2 Particle transport 395 

Figure 6 shows the temporal distributions of 1950 droplet nuclei. with sizes 396 
ranging from 1 μm to 330 μm, exhaled by a single cough of the index patient. Since the 397 
index passenger was reclining, the droplet jets traveled primarily in a vertical direction 398 
for the first 10 seconds. Affected by airflow and particle size, droplet nuclei larger than 399 
50 μm deposited near the index passenger’s seat due to the large inertial force, while 400 
smaller droplets followed the airflow. Due to the collision and mixing of the airflow in 401 
the middle, a large portion of the droplets had already spread to the other aisle at 20 s. 402 
The particles had diffused to the three rows in front of, and the three rows behind, the 403 
index person at 60 s, and were almost perfectly mixed at 240 s. The particle 404 
concentration in the cabin decreased with time because the particles were either 405 
exhausted by the ventilation system or inhaled by other passengers. Since the particle 406 
diffusion mechanism and path were similar between coughing and breathing, the 407 
particle transport analysis was not repeated for breathing activity.  408 

 409 



 

 

 410 
 411 



 

 

 412 

Figure 6. Temporal distributions of droplet nuclei from a single cough in (a) perspective 413 
view, and (b) side view in the VN54 case. 414 
 415 
4.1.3 Infection risk assessment 416 

The number of viral copies inhaled by each passenger was estimated, as shown in 417 
Figure 7(a). Closer proximity to the index patient resulted in greater exposure. The 418 
number of viral copies inhaled by the passengers in seats 5G, 6D, and 6G approached 419 
or even exceeded 10,000. The infection of fellow passengers can be determined by 420 
comparing the number of inhaled viral copies with the tolerance limit of 2000 [48]. The 421 
simulated and actual infections are compared in Figure 7(b). The simulation correctly 422 
identified 11 of the 12 infected passengers, for an accuracy of 91.7%. Meanwhile, 5 of 423 
the 7 uninfected passengers were correctly predicted, for an accuracy of 71.4%. Thus, 424 
the calculation successfully predicted the infection condition of 16 of the 19 passengers, 425 
for an overall accuracy of 84.2%. It is also worth noting that the infection occurred only 426 
two rows in front of and two rows behind the index patient.  427 



 

 

 428 
Figure 7. Simulation results: (a) number of viral copies inhaled by each passenger 429 
during the flight; (b) comparison between simulated and actual infection conditions. 430 
 431 
4.1.4 Number of inhaled viral copies according to droplet size 432 

It is important to know which droplet size range caused the infection in the cabin. 433 
The virus inhalation by typical passengers (2A, 2K, 5G, and 6G) during travel was 434 
calculated according to droplet size, as presented in Figure 8. It can be seen that droplet 435 
nuclei smaller than 10 μm played a major role in the infection of passengers. Actually,99% 436 
of the inhaled virus was from droplet nuclei smaller 10 μm for all susceptible passengers 437 
in the VN54 case.  438 

Chen et al. [55] had similar finding as our study. They studied the particle size 439 
distribution of the inhaled and deposited droplets of talking and coughing. Based on 440 
their data, we further calculated the inhaled virus distributions. In their studies, 99% of 441 
the inhaled virus were from particles with nucleus diameter less than 10 μm when the 442 
distance between the patient and the susceptible person was 0.5 m and 0.9 m for talking 443 
and coughing activities, respectively. 444 
 445 



 

 

 446 

Figure 8. Inhalation of the virus according to droplet size by passengers in seats (a) 2A, 447 
(b) 5G, (c) 2K, and (d) 6G. 448 

 449 

 4.2 SARS-CoV-2 transmission during flight TR188 450 

The second flight took off from Singapore Changi Airport at 4:50 p.m. (Beijing 451 
time, UTC+8) on January 24, 2020, and landed at 9:40 p.m. (Beijing time, UTC+8) on 452 
the same day at Hangzhou Xiaoshan Airport, China. Assuming that boarding and 453 
taxiing required a total of 40 minutes, the entire flight duration was 5 hours 30 minutes. 454 
An epidemiological investigation revealed that a total of 16 passengers were diagnosed 455 
with COVID-19 [51], but most of them were infected before boarding the airplane. 456 
Only passenger 29B was infected during the flight [51]. He sat in seat 30F for an hour 457 
and talked with his wife and son, who were in seats 31E and 31F. In close proximity to 458 
seat 30F, four confirmed patients were seated in 30E, 30F, 31J and 31K. Passenger 31K 459 
had symptoms, while passengers 30E, 30F, and 31J were asymptomatic. In addition, 460 
passengers 31K and 31J were husband and wife, whereas passengers 30E and 30D were 461 



 

 

unrelated. According to the investigation, all the passengers were wearing masks, but 462 
passenger 30F loosened his mask while talking to his wife and son. Figure 9(a) shows 463 
the distribution of COVID-19 cases.  464 

As in the previous case, flight TR188 was on a Boeing 787-9 aircraft. It was 465 
impractical to model and calculate the entire cabin, but many studies have found that 466 
reasonable flow and contaminant transport results can be obtained by modeling the 467 
three rows in front of and three rows behind an index patient [25,26,56,57]. In this case, 468 
with the exception of Rows 30 and 31, there were no patients in Rows 19 to 43. There 469 
were lavatories in front of Row 30, and curtains were drawn across the aisles. Therefore, 470 
this investigation simulated SARS-CoV-2 transmission from Row 30 to Row 34, as 471 
shown in Figure 9(b).  472 
 473 

Figure 9. (a) Schematic diagram of the distribution of COVID-19 patients in Rows 474 

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



 

 

 476 
4.2.1 Particle transport 477 

The airflow field of TR188 resembles that of VN54, since both flights were on 478 
Boeing 787-9 aircraft, and the boundary conditions were the same. As in the VN54 flow 479 
field in Figure 5, two vortices in opposite directions were formed in the TR188 cabin. 480 

The transport of coughing- and breathing-generated particles during flight TR188 481 
is not shown here because it resembled the transport depicted in Figure 6 for flight 482 
VN54. The transport of particles expelled by possible talking activity after outward 483 
filtration by masks is shown in Figure 10 in both perspective and side views, with the 484 
talking between passengers 30D and 30E used as an example. Although 30E was in the 485 
middle of the cabin, droplets spread to the left side of the cabin because the passenger’s 486 
head was turned to the left. Due to the large vortices, most of the talking-expelled 487 
particles remained trapped on the left side of the cabin for a long time. In addition, when 488 
released, droplets with sizes greater than 5.28 µm were all filtered by the passenger’s 489 
mask. 490 



 

 

 491 
 492 



 

 

 493 
 494 

 495 
Figure 10. Temporal distributions of droplets generated due by talking between the 30D 496 
and 30E passengers in (a) perspective view and (b) side view in the TR188 case. 497 
 498 
4.2.2 Infection risk assessment 499 



 

 

 Because no information about passengers’ conversations was available for the 500 
TR188 flight, we first examined the results due to coughing and breathing by the index 501 
patients. Figure 11 shows the distribution of the number of inhaled viral copies due to 502 
coughing and breathing in the studied cabin segment of flight TR188. Passenger 30F 503 
sat in that seat for only one hour, so the calculation for him considered only one hour 504 
of exposure. The rest of the passengers stayed in their original seats throughout the 505 
flight (5 hours 30 minutes). The number of viral copies in Figure 11 did not exceed the 506 
infection limit for any of the passengers, so their conversations needed to be considered.  507 

 508 
Figure 11. Distribution of the number of viral copies inhaled by fellow passengers due 509 
to breathing and coughing by index persons. 510 
 511 

Two pairs of index persons, 30D & 30E and 31J & 31K, sat side by side and may 512 
have engaged in conversations that produced viral droplets. We first considered the 513 
talking time required for infection of passenger 30F during the one hour of his stay. 514 
Figure 12((a) shows the number of viral copies inhaled by 30F under different 515 
conversation durations of 30D & 30E and 31J & 31K. The talking of 31K & 31J had a 516 
larger influence on the number of inhaled viral copies than the talking of 30D & 30E. 517 
Since 30F and 31J & 31K were on the same side of the cabin, the droplets produced by 518 
31J & 31K were trapped in the large circulation shown in Figure 5, and had a long 519 
contact time with 30F. When the conversation between 31K and 31J lasted longer than 520 
30 minutes, the number of viral copies inhaled by 30F was greater than the tolerance 521 
limit (2000). Actually, since 31J and 31K were husband and wife, they were more likely 522 
to have conversations than strangers 30D and 30E.  523 
 524 

 525 



 

 

 526 
Figure 12. Influence of the conversation durations of 30D & 30E and 31J & 31K on 527 
(a) the number of viral copies inhaled by passenger 30F and (b) the number of 528 
infected passengers. 529 
 530 

This study also examined the impact of the conversation length of index 531 
passengers on the number of infected passengers in Figure 12(b). As the length of the 532 
conversation increased, the number of infected passengers also increased. A maximum 533 
of 17 passengers might be infected if the two pairs of index persons were to have 534 
nonstop conversations throughout the duration of the flight. Reducing passenger-to-535 
passenger communication is an effective way to control the risk of exposure. The fact 536 
that only passenger 30F was infected is an indication that the conversations were short. 537 
 538 
5. Discussion 539 

Our study used the droplet nucleus directly for the evaluation of droplet 540 
transmission and neglected the evaporation of the exhaled droplets. According to Gupta 541 
et al. [25], the evaporation of droplets with an initial diameter less than 30 μm can be 542 
ignored. According to our results, the size of the largest droplets inhaled by the 543 
passengers was 87.5 μm, and droplets larger than 87.5 μm were deposited on the walls 544 
and floor due to large inertia. Our calculations also revealed that droplets with sizes 545 
greater than 30 μm provided less than 1% of the total inhaled viral copies. Thus, it is 546 
reasonable to ignore droplet evaporation. 547 

The estimation of the infection risk used fixed values of coughing and breathing 548 
frequencies, viral load, and infection tolerance limit. In the real world, these values 549 
depended on many factors from each individual. However, since no information was 550 
available for determining the probability of infection, our study used averaged values 551 
for tolerance limit and coughing and breathing frequencies from literature. Usually, 552 



 

 

average values occurred at the highest frequency, so it was an approximation that could 553 
lead to a typical result. For viral load, since the VN54 case was a super spread event 554 
with very high infection rate, high viral load was assumed. Then we correctly predicted 555 
84.2% of the infection, showing that the deterministic method used in this study could 556 
be acceptable.  557 

Our study showed that, among all the passengers, the maximum number of inhaled 558 
droplets accounted for 0.114% of all exhaled droplets. The U.S. Department of 559 
Transportation Command (USTRANSCOM) conducted aerosol dispersion tests in a 560 
commercial aircraft cabin, and the experimental results indicated that the maximum 561 
number of inhaled particles accounted for 0.3% of the total release [29]. Since the 562 
percentages from the USTRANSCOM test and our simulation correspond with each 563 
other, the method of directly counting the number of inhaled droplets in the nose is a 564 
practical approach. 565 

One important reason for the low infection rate during flight TR188 was the use 566 
of masks. However, the loosening of the mask by passenger 30F increased the number 567 
of viral copies that he inhaled and greatly contributed to his infection. This study also 568 
investigated the effect of mask use during flight VN54 by comparing the viral copies 569 
inhaled by fellow passengers for the following scenarios: no masks, only the index 570 
person wearing a mask, and all passengers wearing masks. According to our analysis, 571 
using masks would greatly reduce the infection risk. If just the index patient wore a 572 
mask, only two passengers would be infected. If all passengers used masks for 573 
protection, the number of infections would drop to one. Using masks on index 574 
passengers had a better protective effect than on fellow passengers, because the inward 575 
protection efficiency of masks was much lower than outward protection efficiency, as 576 
shown in Table 5. 577 

 578 



 

 

 579 

Figure 13. Number of viral copies inhaled by each passenger during the flight under 580 
different mask-wearing scenarios. 581 

 582 

6. Conclusions 583 
This study used CFD to numerically study the SARS-COV-2 transmission and 584 

infection process during two actual flights: VN54 (London to Hanoi) and TR188 585 
(Singapore to Hangzhou). The generation, spread, and inhalation of respiratory droplets 586 
of different sizes produced by breathing, coughing, and talking were simulated, and the 587 
number of viral copies inhaled by fellow passengers was counted and compared with 588 
the tolerance dose to determine infection. Through the research led to the following 589 
conclusions:  590 

1. For flight VN54, our method correctly predicted 84.2% of the 591 
infected/uninfected cases,. 592 

2. eThe inhaled virus carried by droplet nuclei smaller than 10 μm accounted for 593 
more than 99% of the total amount of virus inhaled.  594 

3. For the TR188 case, we found that breathing and coughing alone were not 595 
sufficient to cause infection. Therefore, we examined the influence of various 596 
conversation durations on the infection situation, and found that the index 597 
patient talking played an important role in the spread of the COVID-19.  598 

4. Masks had positive effects on protecting passengers: The wearing of a surgical 599 
mask by the index patient would greatly reduce the number of infections, from 600 
12 to two, and if all passengers wore surgical masks, the number of infections 601 
would be further reduced to one.  602 
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