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Abstract: Passengers carrying the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
in a commercial aircraft cabin may infect other passengers and the cabin crew. In this study, a
cabin model of the seven-row Airbus A320 aircraft is constructed and meshed for simulating the
SARS-CoV-2 spread in the cabin with a virus carrier using the Computational Fluid Dynamics (CFD)
modeling tool. The passengers’ infection risk is also quantified with the susceptible exposure index
(SEI) method. The results show that the virus spreads to the ceiling of the cabin within 50 s of the
virus carrier’s normal breathing. Coughing makes the virus spread to the front three rows with a
higher mass fraction. While the high mass fraction areas always stay on the same side of the aisle as
the virus carrier, the adjacent passengers and the passengers in the back two rows are affected more
than the others when the virus carrier breathes normally. Spread patterns under the carrier’s two
breath conditions, normal breath and cough, were numerically simulated.

Keywords: CFD; SARS-CoV-2; aircraft cabin; cough; SEI

1. Introduction

In late December 2019, a novel coronavirus disease (COVID-19) broke out. The severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly infectious pathogen
that can spread quickly. This pandemic not only impacts human health and community
but also impacts global economics severely [1]. As of 13 July 2021, the total number of
confirmed COVID-19 cases has exceeded 188 million, and the total number of deaths has
exceeded 4 million, among which many cases have been defined as air travel infections.

There are more than two billion people traveling by air every year [2]. The microenvi-
ronment in the commercial aircraft cabin is enclosed, which provides a good place for the
virus to spread among passengers [3,4]. Long-distance air travel makes the virus spread
broadly and rapidly. When a virus carrier boards onto a commercial airliner, the surfaces
inside the cabin might be contaminated by his/her breath, saliva, and mucus. The in-cabin
air can also be contaminated by his/her exhalation. Other passengers may be infected if
they touch the contaminated surfaces or breathe in the virus from the contaminated air.
For example, the severe acute respiratory syndrome (SARS) pandemic caused by the SARS
coronavirus (SARS-CoV) broke out in China in 2003. During that pandemic, 20 passengers
on the Air China F112 flight traveling from Hong Kong to Beijing were infected by a virus
carrier [5]. In most cases of virus spread, the fomite route plays the dominant role. The
China National Health Commission (CNHC) has issued a policy in 2020, which defines the
passengers sitting three rows in front of or behind a SARS-CoV-2 carrier as “close contacts”.
According to this policy, all “close contacts” shall be quarantined for at least 14 days after
traveling [6].

Lei et al. indicate that passengers in aisle seats had a higher norovirus infection risk
than others when traveling with a virus carrier in the same aircraft cabin, and the predicted
infection risk from the fomite route for aisle seat passengers is 2.2 times higher than that for
non-aisle seat passengers [7]. Viruses can be transmitted through either aerosols (<5 um) or
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droplets (>5-10 um) exhaled by the carriers [8,9]. Larger respiratory virus droplets deposit
to surfaces quicker due to gravity sedimentation, which may lead to contact transmission.
Aerosols (<5 um) evaporate faster than settling, so they are buoyant. These aerosols will
be transported with the airflow in the aircraft cabin [9]. The particle size of a SARS-CoV-2
molecule is about 65-125 nm [10], which is in the ultrafine particle range (<100 nm). This
is slightly smaller than SARS-CoV (80-220 nm). Studies have confirmed that SARS-CoV-
2 can spread by aerosol [8,9,11,12]. The exposure risk of passengers traveling with the
SARS-CoV-2 carrier inside an aircraft cabin increases with the cabin ventilation rate’s
increase [13].

There are two commonly used methods to simulate the aerosol systems with virus
particles, or virus-carrying particles. One is to treat the system as one continuous substance
and use Euler’s method to solve a convective diffusion equation to obtain the virus concen-
tration and distribution [14-16]. The other is to treat solid particles or droplets as a discrete
phase material and use the Lagrangian’s method to calculate the motion characteristics
of each particle [14-16]. Some in-cabin studies use the discretization method to obtain
the trajectory of virus particles [4,17,18]. In addition, Sandro et al. replaced respiratory
pathogens with smoke particles and concluded that 60% of the particles sink to the surfaces
of the cabin due to gravity during the propagation process [19]. Research studies have
been conducted to calculate the virus concentrations inside commercial aircraft cabins with
a virus carrier using the computational fluid dynamics (CFD) technique. Mazumdar et al.
found that the seats and passengers tended to obstruct the lateral transport of the contami-
nants and confined their spread to the aisle of the cabin [20]. Gupta et al. found that the
bulk airflow pattern in the cabin played the most important role in droplet transport [21].
Davis et al. used the CFD tool to calculate the propagation paths of particles released by
the coughing passengers in different seats in a Boeing B737 aircraft [17].

To simplify the aerosol transmission process in the commercial aircraft cabin, N,O is
used as a tracer gas to establish a continuous system, and Euler’s method is applied in the
CFD tool to simulate the SARS-CoV-2 concentration and distribution in this study. The
virus distribution changes in the cabin under the carrier’s normal breathing and coughing
are compared based on the simulation data. When a virus carrier presents in a commercial
aircraft cabin, these results can provide guidance for risk-reducing policies, which is of
great significance to the operation of commercial aircraft during a pandemic.

2. Methods
2.1. Cabin Physical Model and Meshing

As the CNHC requires, when a SARS-CoV-2 carrier is found in a commercial aircraft
cabin, the passengers sitting three rows in front of and behind the virus carrier are defined as
“close contacts” [6]. Based on this policy, this study builds a physical model with seven-row
seats inside an Airbus A320 aircraft cabin to study the SARS-CoV-2 mass fraction around
the virus carrier. The dimensions are from the A320 maintenance manual (Table 1) [22].

Table 1. Dimensions of the seven-row cabin model.

Dimension Size

Length 6.3 m

Width 3.7m
Height 226 m
Passenger breathing zone height 1.11m
Inlet width 0.04m
Outlet width 0.04 m
Passenger’s mouth area 0.03 m?
Row distance 0.85m

The seats are numbered from 1A to 7F in this seven-row aircraft cabin model. We
assume the virus carrier is sitting in the 4th row middle seat (Seat 4E; Figure 1a). To
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facilitate the analysis of the virus mass fraction distribution in the passengers’ breathing
zone, a plane at 1.11 m height (y = 1.11 m; Plane 1 on Figure 1b) from the cabin floor is set
up. Since the virus carrier is sitting at a distance of 1.04 m from the midline of the cabin
aisle, a vertical plane is set up parallel to the midline of the cabin (x = 1.04 m; Plane 2 on
Figure 1b). The cabin physical model was meshed with the ANSYS Meshing (Pittsburgh,
PA, USA) to achieve an accurate and efficient solution [23]. The maximum grid size is set
to 0.05 m, in order to achieve the best resolution with the capacity of a regular personal
computer. The total number of grids was finally calculated to be 2,822,402.

Figure 1. The physical model of the seven-row A320 cabin: (a) virus carrier seat in red; (b) plane 1 and plane 2.

2.2. Boundary Condition Setting

The cabin air supply and outlet are simplified to rectangles. The temperature (T) of
the air inlet is set to 18 °C, the air velocity (v) near the ceiling and on both side walls are
set to 1 m-s~!, and the temperature of the wall and the cabin air is set to 22 °C to meet the
requirements of ASHRAE 161-2018 [24].The airflow velocity generated by human coughing
is 6-22 m-s~1 [25]. The initial airflow speed from the virus carrier’s mouth after coughing
is set to 10 m-s~! and the initial air temperature is set to 37.5 °C. The initial airflow speed
is set to 1 m-s~! for the virus carrier’s normal breathing. The body temperature of other
passengers is set to 36.5 °C. Table 2 summarizes the boundary conditions of the seven-
row Airbus A320 Aircraft cabin model constructed in this study, including the boundary
location, name, type and parameter.

Table 2. Boundary condition settings.

Location Name Parameter
Ceiling air inlet Inlet 1 v=1ms1,T=18°C
Side wall air inlet Inlet 2 v=1lms !, T=18°C
Near-ground air outlet Outlet P =84,475.3 Pa
Cabin wall Wall 1 T=22°C

Normal breath: v=1m-s~1, T=375°C;
Cough: v=10 m-s~1, T=375°C
Non-ill passengers Wall 2 T=36.5°C

Virus carrier Virus

2.3. SARS-CoV-2 Mass Fraction Numerical Simulation

The commercial CFD software ANSYS Fluent 19.1 (Pittsburgh, PA, USA) is used for
numerical simulation of the dynamic propagation process of viruses inside the aircraft
cabin [18]. The initial scenarios are the time points when the SARS-CoV-2 is introduced to
the cabin air by the virus carrier’s normal breathing (initial airflow velocity = 1 m-s~!) or
coughing (initial airflow velocity = 10 m-s™1).

Most of the droplets from coughing change to droplet nuclei (<5 pm) in less than
1s, and the diameter becomes about 1/3 of the original [26]. Because of the tiny size of
the nuclei, tracer gases have been widely used to simulate the aerosol dynamics in recent
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studies. For example, Liu et al. simulated the aerosol transmission using nitrous oxide
(N7O) as a trace gas, and Tsoukias et al. established a human exhalation profile using N,O
to represent the tiny droplet nuclei [27,28]. The volume fraction of (N,0) in the exhaled air
is about 4 %, which is about the same volume fraction of CO, [27,29,30]. Therefore, in this
study, N»O is used as the tracer gas to simulate the virus’s distribution after being exhaled
by the virus carrier in the A320 aircraft cabin model.

The initial mass fraction of N,O needs to be set in the Fluent software. First, suppose
the volume of the mixed gas exhaled by the virus carrier is Vj, then the volume of N,O is
Vn,0 = 4%V, and the mass of N,O is:

MN,0 = PN,O * VN,0 1)

The total mixed gas mass is:
my, = Pair Vo (2)
The N;O mass fraction is:

MN,O

N,O mass fraction =
nmy,

®)

where mp,0, pn,0 and Vy,o represent, respectively, the mass, density and volume of
N>O, where pn,0 = 1.23 ¢ - cm 3, Pqir Tepresents the density of aircraft cabin air, and
Pair=1.29 g - ecm™3. my, represents the mass of Vj. The initial mass fraction of N,O
calculated from Equations (1)-(3) is 0.038.

More particularly, the numerical solution of Reynolds Averaged Navier-Stokes equa-
tions with Re-Normalization Group (RNG) k — ¢ turbulence closure is employed to simulate
the continuum phase [31]. According to Zhang et al., the RNG k — e model fits the propaga-
tion and diffusion of pollutants in the cabin, so this study chooses the RNG k — ¢ turbulence
model [32-36].

2.4. Susceptible Exposure Index (SEI) Calculation

To quantify the exposure risks of other passengers in the aircraft cabin, this study
utilizes the Susceptible Exposure Index (SEI) to quantify the passengers” exposure to the
virus [27,37]. The SEI is defined with Formula (4) [27]:

Ci—GCs

El =
S Cr*CS

4)

where C,, C;, and Cg are the virus mass fraction at the air outlet, in the inhaled air of the
receiving individual, and at air supply, respectively.

The virus mass fraction of the supply air is assumed to be zero in this study, then the
SEI calculation formula can be simplified to SEI = (%

A high SEI means a high exposure of the receiving individual to the airborne sub-
stances exhaled by the virus carrier, and if the SEI is greater than 1, it means that the

passenger is at risk of exposure [27].

3. Results and Discussion
3.1. Virus Mass Fraction Dynamics
Virus spread patterns on plane 1 and plane 2 are numerically simulated. Figures 2 and 3

show the virus mass fraction patterns on the two planes at5s, 50 s, 100 s, 150 s and 200 s
after the virus is exhaled under normal breathing and coughing, respectively.
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Figure 2. The dynamic propagation process of pathogens 5,50 s, 100 s, 150 s 200 s after the virus
carrier’s single normal breath (left: (a,c,e,g,i)-Plane 1; right: (b,d,fh,j)-Plane 2).

As shown in Figure 2a,b, when the virus carrier breathes normally, the high mass
fraction (>9 x 10~%) virus area stays near the virus carrier at T = 5 s (Figure 2a,b). At
T =50 s, the boundary of contaminated air extends to the cabin ceiling, the adjacent seat
(seats 4D and 4F) breathing zone, and the aisle area. However, the high mass fraction
areas shrink on both planes (Figure 2¢,d). At T =100 s, the low mass fraction contaminant
disperses to the cabin floor, the same side back row breathing zone (seats 5D, 5E and
5F), and front row breathing zone (seats 3E and 3F), except for the aisle seat (seat 3D). At
T=150s and T = 200 s, the spread patterns are similar, and the very low mass fraction
(<1 x 10~%) contaminant spreads to the other side of the aisle (seats 4A-4C and seats
5A-5C) (Figure 2e—j).

This result shows the vertical spread is much faster than the horizontal spread due to
the fixed lateral rows of the passenger seats, which partially block the horizontal airflow.
The aisle makes the virus travel farther, and the virus spread after normal breathing affects
the back rows more than the front rows due to the ventilation of the airliner cabin. However,
the higher initial airflow velocity after coughing overcomes the cabin airflow generated by
the ventilation, which makes the virus spread farther to the front rows. This is consistent
with the results of Mazumdar et al. [20].

As shown in Figure 3a,b, when the virus carrier coughs, the high mass fraction
(>9 x 10~%) of the virus instantly spreads to the same side front row (seat 3D) breathing
zone at T = 5 s, but the adjacent passengers’ breathing zones in seats 4D and 4F stay
unaffected at that moment (Figure 3a,b). The high virus mass fraction area continues to
spread forward at T = 50 s, and reaches the cabin ceiling and the 2nd front row (seats 2D-2F)
breathing zone on the same side. At the same time, the low mass fraction area (<1 x 107%)
extends to the cabin floor, the 3rd front row (seats 1D-1F) and the back row (seats 5D-5F)
on the same side. The low mass fraction of the virus also spreads to the other side of the
aisle in rows 4 and 5 (Figure 3c,d). At T = 100 s, the high mass fraction area covers rows
2-4 on the same side, while the low mass fraction area reaches rows 1-6 on both sides
(Figure 3e,f). At T =150s and T =200 s, the high mass fraction area stays at rows 2—4 on
the same side, and the low mass fraction area stays in rows 1-6 on both sides (Figure 3e—j).
Row 7 (seats 7A-7F) stays uncontaminated all the time (Figure 3).

Comparing Figures 2 and 3, we can find that when the virus carrier breathes normally,
the virus spreads to the back seats more than the front seats. However, when the virus
carrier coughs, the virus spreads to the front seats more than the back seats. This is due
to the higher initial airflow velocity from coughing (Table 2). For the same reason, the
spread of the virus is much faster after coughing than normal breathing. However, the
passengers in the 7th row stay away from the virus contamination under both situations.
This is not necessarily implying that the 7th row passengers, who are three rows back from
the virus carrier, could be exempted from the “close contacts” group and the mandatory
quarantine. This is because this study only simulates an ideal situation that the virus carrier
only breathes or coughs once (single breath or cough), and all passengers and cabin crew
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members stay still in the cabin. According to other studies, when people are moving in
the aisle, the wake can carry the virus to the far most in the cabin [20,38]. Although the
7th row in this model stays safe and clean under both breathing situations, in a realistic
environment it cannot stay uncontaminated all the time.

o2

Lol

Figure 3. Cont.
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Figure 3. The dynamic 5 s, 50 s, 100 s, 150 s, 200 s after the virus carrier’s single cough (left:
(a,c,e,gi)-Plane 1; right: (b,d fh,j)-Plane 2).

In general, no matter whether the virus carrier breathes or coughs in the aircraft
cabin, the virus spreads to the front seats easier than the back seats. This implies that
arranging the virus carriers in front of other passengers might be of help for reducing the
infection risks.

The complete simulation results can be found in the Supplemental Information Section.

3.2. SEI

The virus mass fraction after a single breath or cough was calculated for each time
point at the virus carrier breathing zone, and the results are shown in Figure 4.

0.038 -' —=— Normal breath
0.036 | —=— Cough

0.034 -
0.032 -
0.030 -
0.028 -

0.026 4

Virus Mass Fraction

0.024 -
0.022 —
0.020 — t : :

0.018 — |
T T T T

T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time/s

Figure 4. Virus mass fraction at the virus carrier’s breathing zone after a single breath or cough.

As shown in Figure 4, the initial virus mass fraction at the virus carrier’s mouth is
0.038 at T = 0 s. When the virus carrier breathes normally, the virus mass fraction decreases
sharply to 0.018 within 5 s, and then goes up to 0.021 at 5-15 s, then drop again at 15-25 s.
After T = 25 s, the virus mass fraction tends to get stabilized with little fluctuation. When
the passenger coughs, the virus mass fraction decreases from the initial 0.038 at T=0s
sharply to 0.019 within 10 s but stabilized much faster than normal breathing. After that,
the fluctuations are also milder than normal breathing (Figure 4). The simulation data
of a Boeing 737 cabin show that the virus concentration around the cougher experienced
an exponential decay, and 95% of the particles were removed in 2.3 to 4.5 min [17]. The
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simulation results in this study show a similar decay; however, the decay is much faster in
the A320 model, and the fraction curve becomes flat after 20 s.

During 5-15 s, the virus mass fraction at the virus carrier’s mouth shows the opposite
trends between normal breathing and coughing, because the curve under normal breathing
bounces up, while the curve after coughing goes flat. The virus mass fraction stays higher
under normal breathing during 10-190 s than under coughing. This is because the initial
airflow velocity of coughing is higher (10 m-s~!) than the air velocity during normal breath
(1 m-s~1), although the initial value is the same. This is because in the higher volume of
air blown out from the virus carrier’s mouth during coughing, while counting the total
number of the virus molecules, more viruses are released from the virus carrier’s mouth
with the airflow.

Because of the high initial airflow velocity blowing away the virus aerosols and
droplets, the virus carrier who coughs reduces the virus mass fraction at his/her mouth.
At the same time, because the high volume of contaminated air is spread out into the cabin,
this cough may increase the other passengers’ chances of exposure.

To quantify the exposure risk of other passengers sitting around the virus carrier, the
SEl is calculated for each passenger in this physical cabin model at T =140s, 160 s, 180 s
and 200 s, and the results are shown in Figure 5.

(@) 5, ] 1 ——140s
5] ‘ ——160s
] 180s
16 4 \ 200s
14
12 4 ]
= 104
4 |
s ] |
‘] AN
4 | ‘
1 " == \
1 /\ ?":"r_-‘/_' _________ \!’f; See — - — =
0 A SN s
I T T T T T T
R R o R e o e e s e Rt DR
Seat
- S
(b) 5 —— 140
i ——160s
184 180s
16 200s

6—: W
IAd U

Figure 5. SEI results under when T = 140 s, 160 s, 180 s and 200 s: (a) normal breath; (b) cough.
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Based on the SEI definition, we assume when the passenger calculated SEI is higher
than 1, he/she has a risk for virus infection. It can be seen from Figure 5 that, when the virus
carrier breathes normally, the SEI of the passengers in rows 36 are all greater than 1 except
for seat 6F. This indicates that the passengers in rows 3—-6 have exposure risks (Figure 5a).
When the virus carrier coughs, the SEI of passengers in rows 1-4 and passengers 5D-5F
is greater than 1 (Figure 5b). Through comparison, it can be found that the passengers in
rows 3 and 4 (front row and same row of the virus carrier) and passengers in seats 5D and
5F in the rear seats always have exposure risks under the two conditions (Figure 5a,b).

When the virus carrier breathes normally, the tiny droplets exhaled from his/her
mouth spread to the passengers in the back two rows with the airflow in the cabin. However,
when the virus carrier coughs, the passengers sitting in the three rows in front of the virus
carrier have higher exposure risks. This is due to the higher initial airflow velocity, as
discussed. This is consistent with previous studies; for example, Liu et al. found that when
a virus carrier coughs, the SEI remained greater than 1, even if the exposed person is 3 m
away from the carrier, in an indoor environment [27]. In this study, the row spacing is
set to 85 cm, and it is found that, when a virus carrier coughs, it can cause the SEI of the
passengers in the three rows of seats in front to be greater than 1, the total virus travel
distance is about 2.55 m inside this cabin model, which is a little shorter than the 3 m in a
regular indoor environment. This is because the fixed lateral seat setup blocks the airflow
to some extent.

Each passenger’s SEI ratio after the virus carrier’s coughing over normal breathing
is calculated, and the results are shown in Figure 6 of each passenger in the cabin under
the two breath conditions of the virus carrier to provide guidance for passengers to choose
their seats.

—— 140s
48 - —— 160s
] 180s
232 4 200s
N
é J
16 -
' /\ _~ (b)

| | L) I | I | L] I | I
IR LI A TADACAD AT AR FAREAD RTINS R FREQ LR FRED F ATRALIL S

0.8
b) 7 S
— 160s
0.6 1 180s
i - 200s
0.4 —y/ \
- A Eg S
0.2 - ~
00 L L L D N N

TRLPRITRLIX I TREOF ST RO R
Seat

Figure 6. Passenger SEI ratio under virus carrier’s cough over normal breath ((a)SEI ration; (b) the results for passengers in
rows 4 to 7 are enlarged in (b)).
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As shown in Figure 6, the SEI of passenger 1F can reach up to 55 at T = 140 s (Figure 6a).
The calculated ratio is always higher than 1 for rows in front of the virus carrier, while
the ratio for the same row and the back row passengers is always lower than 1. The ratio
for the seats on the same side of the virus carrier is always higher than the ratio for the
seats on the other side of the aisle in the same row (Figure 6). This shows that when the
virus carrier coughs, the passengers behind him are relatively safer than the situation when
he/she breathes normally, but the passengers in front are at a much greater risk of exposure
compared with his/her normal breathing. These results indicate that, while a coughing
passenger is observed in an airliner cabin, sitting on the opposite side of the aisle or in the
rear of the passenger might be effective to lower the risk of infection.

As mentioned, due to the limitations and the restrictions of this research, we only
studied one single breath or cough of one virus carrier in this seven-row A320 airliner cabin
model. Realistic situations can be much more complicated, such as continuous breathing
or coughing, and the wake introduced by moving people in the cabin is not considered.
However, we build, for the first time, this seven-row airliner model with the CFD tool that
complies with the policy issued by the CNHC, and numerically simulate the SARS-CoV-2
spread effectively with this model. Further studies can be projected for more realistic
situations with this or a similar CFD method.

4. Conclusions

Based on our numerical simulation results calculated within the seven-row A320
airliner cabin model, the vertical spread of the virus is always faster than the horizontal
spread due to the lateral seat organization in the cabin, and the high virus mass fraction
area (>9 x 10~*) always stays in the same side of the aisle with the virus carrier. When the
virus carrier breathes normally, the virus can spread to the seats in the front row, the same
row and to the back two rows. When the virus carrier coughs, more viruses are carried
into the air with higher initial airflow velocity, and the passengers sitting in the three rows
in front, in the same row with the virus carrier, and in the two rows behind might have an
SEI greater than 1, which indicates the risk for infection. In general, when a virus carrier
coughs, more surrounding passengers are at risk than the situation when the virus carrier
breathes normally. Avoiding sitting in front of the coughing virus carrier might lower the
risk for infection.

Supplementary Materials: The following is available at https://doi.org/10.6084/m9.figshare.1657
0599.v6, Simulation video of the spread of the SARS-CoV-2 in an A320 cabin model.
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