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ABSTRACT

The present study investigated the transmission of exhaled particles generated
by coughing inside a car cabin, considering eleven different window opening
configurations. The results indicated that particle dispersion and removal were
mainly affected by the airflow, which was largely determined by the window
opening configurations. Notably, efficient ventilation and a large number of
open windows did not necessarily result in lower infection risk. Given the
complex structure and formation of intricate airflow patterns within the cabin,
airborne particles could spread throughout the cabin and deposit on the interior
walls. As particles tended to escape or deposit rapidly within the first 10 s,
precautionary measures were necessary during this time frame following a
passenger's coughing activity. Furthermore, closing the window adjacent to the
driver effectively reduced the proportion of exhaled particles passing through
the driver's breathing zone due to the rear-in and front-out airflow pattern, thus
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mitigating the risk of infection.

1. INTRODUCTION

Respiratory infectious diseases are characterized by
widespread and high contagiousness and are extremely
common in clinical practice (Zhang, 2020). Serious
infectious diseases such as varicella, measles, influenza,
and tuberculosis are spread primarily by aerosol
transmission (Han et al., 2023). Airborne transmission has
also been shown to be the primary mode of transmission
of COVID-19, which had the widest and most rapid global
spread in recent years (Zhang et al., 2020; Li et al., 2021).
Therefore, understanding the airborne transmission
behaviour of viruses and investigating possible
approaches for disrupting airborne pathways is currently
the focus of research in biomedicine, built environments,
and applied fluids.

Virus aerosols are mainly composed of virus-carrying
droplets produced by human expiratory behaviour (e.g.
breathing, talking, coughing, sneezing) and their sizes are
mainly in the range of 1 to 100 um. Large-size droplets
evaporate quickly to form small-size particles, while those
smaller than 5 um can remain suspended in the air for long
periods of time (van Doremalen et al., 2020). Some
scholars have suggested that ensuring a social distance of
6 ft and high ventilation efficiency alone cannot reduce
the risk of viral transmission (Rencken et al., 2021).

Although ventilation can remove virus-carrying particles
by controlling airflow, improper ventilation can also
spread particles around susceptible individuals (Shao et
al., 2021). Therefore, many studies have focused on
optimising ventilation settings. Ren et al. (2021)
investigated the effects of three different ventilation
methods on aerosol dispersion in isolation wards and
analysed the behaviour of particles of different sizes. They
found that adequate outlet disposition allowed for the
effective elimination of larger particles. Li et al. (2011)
evaluated the inhalation doses of infectious droplets in
susceptible individuals using different ventilation
methods. The lowest inhalation dose was obtained for
small particles under displacement ventilation; however,
for larger particles, the lowest inhalation dose was
obtained with an under-floor air distribution system. Kong
et al. (2021) compared exposure to infectious particles
with different air distribution and ward patterns and
proposed an optimal ventilation strategy. In addition, for
common ventilation modes (mixed ventilation and
displacement ventilation), scholars have analysed the
effects on the transmission of exhaled contaminants in
different application scenarios, such as airplane cabins
(You et al., 2018; Cao et al., 2022), elevator cabins (Li &
Feng, 2023), offices (Hatif et al., 2023), and isolation
wards (Qian et al., 2006; Qian & Li, 2010).
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NOMENCLATURE

ACH Air Change per Hour

CFD Computational Fluid Dynamics

fSVID' Coronavirus disease 2019

DPM Discrete Phase Model

SARS-  Severe Acute Respiratory Syndrome

CoV-2 coronavirus 2

FR front right zone of cabin

FL front left zone of cabin

RR rear right zone of cabin

RL rear left zone of cabin

wif left front window

wir left rear window

WS sunroof

wrf right front window

wrr right rear window

ai, az as constants

Cr, C2:  model constants

of force coefficient

C. turbulent viscosity constant
turbulent energy due to the average

Gk - .
velocity gradient

L length of computational domain

W width of computational domain

H height of computational domain

Niotal total number of particles released

Nee number of partic_les deposited on the
walls of the vehicle and human body

N number of particles discharged through

& the opening windows

Nq, number of particles suspended in the
cabin

N number of particles have suspended in

sub the driver's breathing zone

Re Reynolds number

S scalar measure of deformation tensor

g gravity

p pressure

k turbulence kinetic energy

e turbulent dissipation ratio

t time

ui, uj  velocity components

Xi, X;  Cartesian direction

P fluid density

Do particle density

dp particle diameter

mp particle mass

u fluid phase velocity

Up particle velocity

i fluid viscosity

I turbulent viscosity

eft effective turbulent viscosity

7 particle relaxation time

2w area domain of the open window

Qc volume domain of the cabin

dA area differentiation of 2,

dv volume differentiation of Q¢

Vn normal velocity of the open window

oK inverse effective Prandtl numbers for k

O inverse effective Prandtl numbers for ¢

T flow time

no, f  constants

7de deposition fraction

Nes escape fraction

Nsu suspension fraction

e percentage of suspended particles in the
b driver's breathing zone

Taxi and online ride-hailing services have become
popular modes of transportation in the post-Covid-19 era.
However, traffic congestion and long commuting times
may cause drivers and passengers to spend long periods of
time together in a vehicle, which is likely to result in a
poor in-vehicle environment. Lednicky et al. (2021)
isolated SARS-CoV-2 from a car driven by a COVID-19
patient. Their experimental data confirmed the potential
risk of SARS-CoV-2 transmission in an enclosed space of
a car with closed windows and running air-conditioning,
even if the infected individual is minimally symptomatic.
Some scholars have investigated the ventilation modes of
vehicle air conditioning that can quickly remove
contaminants from vehicles. For example, Shinohara et al.
(2023) experimentally evaluated the impact of shields and
ventilation on the infection risk of bus drivers. It was
found that shields decreased aerosol deposition on drivers
by 2-3 orders of magnitude, whereas the use of a
ventilation fan and air conditioner reduced the driver's
exposure to droplet nuclei by 75.3%-91.4%. Chuang et al.
(2013) compared three air-conditioning modes: outside air
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(OA-mode), circulating inside air (IA-mode), and turning
off (Off-mode). The findings showed that using OA-mode
could improve air quality and reduce in-car particulate
matter (< 2.5 um in aerodynamic diameter) levels. Arpino
et al. (2022) simulated the spread of aerosols within a
vehicle and found that different ventilation methods had
distinct effects on aerosol distribution. Specifically, when
air was fed through windscreen defroster vents, the
particles were more evenly distributed in the cabin,
leading to an increased inhalation of particles by the
infected individuals. Conversely, when air was fed
through the front seat vents, a recirculation zone was
created, which hindered particle dispersion. Chang et al.
(2018) used the computational fluid dynamics (CFD)
method to estimate the minimum outdoor fresh air flow
rate required for ensuring indoor air quality in car cabins,
proposing a required minimum outdoor fresh air flow rate
of 3.6 1/s per occupant under a CO concentration of 1000
ppm in the cabin.

Owing to the structural limitations of cars, there are
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limited ways to change the ventilation pattern of onboard
air conditioning systems; therefore, people often choose
to open windows to improve ventilation and reduce the
risk of infection. Opening windows is an effective and
low-cost method to improve ventilation. Mathai et al.
(2021, 2022) investigated the transmission of disease-
causing contaminants between occupants under various
window opening configurations. They found that the flow
rate in the vehicle was mainly driven by the external
surface pressure distribution of the vehicle and that the
relative concentration of vehicle aerosols was inversely
proportional to the vehicle speed. Sen and Singh (2021)
considered the effects of particle size, window opening
configuration, vehicle speed, and lateral ambient wind on
particle transmission. They reported that aerosols could
leave through one window and then return through
another when all windows were open. Shu et al. (2022)
investigated the optimal solution that involved opening
and closing the windows of a vehicle at different speeds
to improve the ventilation efficiency. The results showed
that this was not always the best choice when all windows
were fully opened. They also assessed the effectiveness of
other preventive measures including masks, taxi interior
baffles, and air-conditioning systems. It was concluded
that face masks were effective, whereas taxi screens and
air conditioner systems performed poorly. The previous
computational studies oversimplified particles by treating
them as tracer gases. These studies also neglected various
factors such as seats, mirrors, and human bodies, which
might result in significant deviations between the
predicted flow field and the actual situation. Therefore, it
is essential to investigate the dispersion and distribution
of particles using more accurate cabin models and assess
the impact of open windows on the risk of infection in
vehicles.

In this study, we used numerical calculations to
investigate the dispersion characteristics of exhaled
particles in a vehicle, considering a range of window
opening configurations. The aim of this research was to
define the removal efficiency of exhaled particles for
different window opening configurations, thereby
providing a reference for vehicles on the road to use
windows effectively.

2. NUMERICAL METHOD

The Eulerian—Lagrangian method was used to
simulate aerosol dispersion. The Eulerian method was
used to calculate the airflow, and the Lagrangian method
was used to capture the trajectories and motions of
discrete exhaled particles (Zhang & Li, 2012; Hassan &
Megahed, 2021; Peng et al., 2021; Liu et al., 2022; Zhao
et al., 2022). Simulations were performed using the
commercial software ANSYS Fluent 2019R1.

The RNG k-¢ turbulence model was selected for this
study as it had been demonstrated to accurately simulate
turbulent airflow both inside (Mao et al., 2018; Bandi et
al., 2021), and outside (Cai et al., 2020; Wang et al.,
2023a) the vehicle.

The transmission equations corresponding to the
turbulent kinetic energy k and dissipation rate ¢ are:
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The turbulent viscosity constant C, has a value of
0.0845. The other model constants, C;, and Cy, are 1.42
and 1.68, respectively. ax and a. are the inverse effective
Prandtl numbers for k and &, respectively. wer is the
effective turbulent viscosity. = Sk/e. S is a scalar measure
of the deformation tensor. The constants 7o and /8 are 4.38
and 0.012, respectively. ut is the turbulent viscosity, which
is expressed as

k2
/ut = pC,u — (4)
&
The discrete phase model (DPM) was used to solve
the motion of exhaled particles, and its governing equation
is

dup _u-g n g(pp—p)

o o (5)

T

where u is the fluid phase velocity; up is the particle
velocity; p denotes the fluid density; pp is the particle
density; and the first term on the right-hand side of the
equation is the resistance term, where z; is the droplet
relaxation time, which can be written as

d2
¢ = Py 24 (6)
18u C, Re
where 4 is the dynamic viscosity of the fluid; d, denotes
the particle diameter; and Re is the Reynolds number,
which is defined as

d, (u —u
re =2l 7)
)7
Cq is the drag coefficient and its expression is
&
C, = 22 4 5 8
a=a ®)

where aj, a,, and as are determined by the values derived
from the Morsi-Alexander model (Morsi & Alexander,
1972; ANSYS, 2018).

3. COMPUTATIONAL MODEL AND BOUNDARY
CONDITIONS

3.1 Geometric Model and Boundary Conditions

The vehicle studied in this work was a left-hand-drive
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sedan measuring 4800 mm x 1700 mm x 1450 mm (L x
W x H), as shown in Fig. 1(a). The human body, seats, five
windows (including four side windows and a sunroof),
and rearview mirrors were modeled to match physical
reality. Our case study focused on a passenger seated on
the right side of the back row. This scenario was
considered the greatest possible social distance between
drivers and passengers, representing a common scenario
in the post-COVID-19 era where the concept of social
distancing was widely accepted. It was also assumed that
passengers were infected.

The dimensions of the external flow field
computational region were based on the study by Zhang
et al. (2017) to minimise computation while maintaining
the accuracy of the external flow field. The dimensions
were set as 10 L x 5 W x 5 H, and the vehicle was
positioned at the inlet of the computational domain at a
distance of 3 L, as shown in Fig. 1(b).

According to Special Expert Group for Control of the
Epidemic of Novel Coronavirus Pneumonia of the
Chinese Preventive Medicine Association (Li et al. 2020),
respiratory viruses are transmitted mainly through
droplets generated by respiratory activities. In
particular, 78% of the individuals infected with SARS-CoV-2

Passenger

Right front window 4 ~

Left rear window

(wlr)

Left front window
(wlf)
4 /

(@)
[T ,_7[ // {-’{/’-
. ‘Zzﬁ/ l:l Inlet I:I Moving ground
l.’ L_7 J//"- l:l Outlet l:l Symmetry
— sz
i [
2w
5H
] ]
I &l 6L _ —1
(b)

Fig. 1 Schematic diagram used in this study: (a) car
model; (b) external flow field calculation domain
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Cough velocity (m/s)

0.1 0.2

Flow time (s)

0.3

Fig. 2 Passenger-generated cough velocity profile
(Gupta et al., 2011) with cough directed straight
ahead

experience coughing symptoms and generate large
quantities of droplets. Droplet nuclei, formed by droplet
evaporation, usually have a particle size of less than 1 um
and contribute significantly to airborne transmission of
respiratory diseases (Dai & Zhao, 2021). Therefore, when
the concentration of exhaled particles in a car is high,
opening the windows is a convenient way to ventilate the
car and rapidly decrease the concentration of exhaled
particles in the cabin.

In the present study, 1 um spherical exhaled particles
were chosen to model, which had been used previously for
aerosol transmission analyses in indoor (Cao et al., 2022;
Luan et al., 2022) and cabin environments (Wu et al.,
2023). The total number of exhaled particles released from
a single cough was set at 5000, following Zhang’s (2021)
recommendations. For simplification, the mouth of the
passenger was considered a circle with a diameter of 0.3
m. Exhaled particles were ejected from the mouth during
coughing. Based on previous studies (Yan etal., 2019; Liu
et al., 2022; Wang et al., 2023b) the time step was set to
0.01s. Inaddition, the airflow velocity at the mouth varied
over time based on the empirical curve proposed by Gupta
et al. (2011), as shown in Fig. 2, which indicated that the
cough lasted for 0.4 s. The boundary conditions for the car
body, human body, and computational domain are listed
in Table 1.

3.2 Simulation Case

Eleven typical window opening configurations were
studied in the present study, as shown in Table 2
(abbreviations of windows correspond to Fig. 1(a)). The
driving speed of the wvehicle was set to 80 km/h
(approximately 22.22 m/s). Cases 1 and 2 involve the
opening of a single window, whereas Cases 3 and 4
involve the opening of diagonally opposite windows. In
Cases 5 and 6, the sunroof was opened in addition to a
single-side window, whereas Case 7 involved the opening
of the same side. Cases 8 and 9 involved opening
diagonally opposite windows along with the sunroof. Case
10 opened four side windows, and Case 11 opened all five
windows.
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Table 1 Summary of boundary condition parameters

Boundary condition
Bodies of car and .
h No-slip wall
umans
Closed window No-slip wall
Interior Opening window Interface
domain Velocity-inlet with
Mouth coug_h spfaed, cough
direction was
straight ahead
Velocity-inlet with
Inlet the driving speed
80 km/h
Pressure-outlet with
Exterior Outlet 0 Pa
domain Moving ground
Ground with the driving
speed 80 km/h
Other boundaries Symmetry

Table 2 Summary of window opening configurations

Case No. The opening windows
1 WS / / / /
2 wrr / / / /
3 wif wrr / / /
4 wrf wir / / /
5 wif WS / / /
6 WS wrr / / /
7 wrf wrr / / /
8 wif WS wrr / /
9 wrf WS wir / /
10 wrf wif wrr wir /
11 wrf wif wrr wir WS

3.3 Assessment Index

To quantify the migration and dispersion of the
exhaled particles, the deposition, escape, and suspension
fractions were defined as follows:

Nde

nde = Ntotal (9)
_ Nes/

Tles = N total (10)
— Nsu

My = N total (11)

where Nt IS the total number of released exhaled
particles. Nge, Nes, and Ng, denote the numbers of particles
deposited on the walls, discharged through the windows,
and suspended in the cabin, respectively. To perform
visual comparison of the driver's infection risk, the
driver's respiratory zone was defined as a spherical
volume domain centred at the nose with a radius of 0.2 m
(Liu etal., 2022). The risk of infection for the driver could
be assessed by calculating the proportion of suspended
particles in the driver's breathing zone:
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N

su,b

N total

where Nsyp is the number of particles that have been
suspended in the driver's breathing zone during the ¢
moment.

(12)

su,b

In addition, the air change per hour (ACH) was
utilised as an evaluation index to assess the effectiveness
of the vehicle interior ventilation (Teppner et al., 2014).
The expression for ACH used in this study is as follows:

j dv (13)

2, Q,

ACH = [ 3600v,dA /

w c

where v, represents the normal velocity of the open
window and is a component of the local velocity vector
normal to the window. X, denotes the domain of the open
window, and Q. is the domain of the cabin. In addition, dA
is the area differentiation of %, and dV is the volume
differentiation of Q..

3.4 Grid Sensitivity

An unstructured tetrahedral mesh was used in this
study. The mesh was locally refined in the human body as
well as in the interior and exterior walls of the vehicle, as
shown in Fig. 3(a). To evaluate the mesh sensitivity, the
results for Case 3 at a speed of 80 km/h were compared
for four different mesh densities with total element count
of 0.49 million, 0.97 million, 2.14 million, and 3.26
million. The velocity profiles for the four mesh densities
on the schematic sample line running through the center
of the front windows (elevation of 1.1 m from the ground)
are presented in Fig. 3(b). The calculated results for the
four grids were comparable, with 2.14 million grids being
the most accurate match to the 3.26 million results. In
addition, Fig. 3(c) compared the particle states of the four
mesh densities at 20 s in Case 3. The four mesh densities
exhibited similar particle-state distributions. In this study,
approximately 2.14 million grids were chosen to reduce
the  computation time  without compromising
computational accuracy.

4. RESULTS AND ANALYSIS

4.1 Exhaled Particle Suspension Distribution

As exhaled particles suspended in air were likely to
be inhaled directly by humans, they were the main focus
of airborne research (Wang et al. 2021). Fig. 4 shows the
variation in the distribution of suspended exhaled particles
in the cabin over time for several typical cases with open
windows. There was evident that particle movement was
significantly influenced by the airflow generated by
different window opening configurations. At 0.1 s,
exhaled particles began to be released from the mouth into
the cabin, and then began to migrate under the influence
of the airflow. After 2 s, the particles spread gradually
throughout the cabin. Simultaneously, some of the
particles were transported away from the cabin by airflow
through the open windows and into the external
environment.
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Fig. 3 Grid sensitivity analysis: (a) grid of the inner
and outer basin of the car; (b) comparison of speeds
on the sampling line shown; (c) particle state at 20 s

In Case 2, where only one passenger window was
open, particles were predominantly suspended in the rear
area. This was mainly because the open right rear window
acted as both an air inlet and outlet, resulting in a
concentrated airflow pattern around this window.
Consequently, the front area experienced less airflow
impact, causing the majority of exhaled particles to remain
confined within the rear area.
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In Case 3, in which two diagonally opposite windows
were opened, the streamlines clearly show the airflow
entering through the rear window and exiting through the
front window. Figure 5 shows the pressure and normal
velocity distributions of the open windows in Case 3. The
coupling effect between the internal and external domains
generated specific pressure and velocity distributions. Air
flowed from the high-pressure region of the open right
rear window (wrr) to the low-pressure region of left front
window (wlf). Mathai (2021) also reported this
phenomenon. As the particle release point was close to the
rear window that served as the airflow inlet, the particles
were dispersed rapidly within 0.1 s. By contrast, the
diversion effect of the front window further promoted the
migration of exhaled particles, with some particles
escaping through the front window at 2 s. Thus, the
position of the release point in the airflow trajectory
affected the exclusion of exhaled particles.

In Case 8, which was similar to Case 3 but also
included an open sunroof, the rear window functioned as
an inlet, whereas both the front window and sunroof
served as outlets. Consequently, the sunroof accelerated
the particle removal. At 2 s, the concentrations of particles
in the car were lower than those in Case 3.

In contrast, Cases 10 and 11, which featured the most
number of open windows, were unable to effectively
eliminate contamination owing to the chaotic airflow in
the cabin. It could be observed that at 1 s, the particle
distribution in the cabin was similar to that in Case 8.
Therefore, increasing the number of open windows did not
necessarily expedite the removal of particles from the
cabins.

The streamlines and particle suspension distributions
for the other six cases were presented in the
Supplementary File. In general, the particles tended to be
distributed throughout the cabin owing to the airflow
dynamics. An efficient discharge could reduce the number
of suspended particles, thereby minimising the risk of
infection. Hence, it was feasible to minimise the particle
suspension levels in a timely manner by strategically
selecting window opening configurations and establishing
an optimal airflow trajectory.

4.2 Exhaled Particle Deposition Distribution

Because viruses associated with infectious
respiratory diseases, such as SARS-CoV-2, could survive
in aerosols for up to 3 h and on the surface for several days
(van Doremalen et al., 2020), there was a high potential
for secondary transmission of viruses when these
deposited aerosols were resuspended (Assaad et al. 2020).
Therefore, particle deposition was quantified in this study.

Figure 6 shows the distribution of particles deposited
in different window opening configurations under typical
conditions when the particle state no longer changes. The
blue dots represent the deposition locations of the particles
on the interior walls of the cabin. As shown in Fig. 6, the
deposition of exhaled particles in different window
opening configurations was concentrated in distinct areas.
For instance, in Case 2, most of the exhaled particles were
deposited on the bodies of passengers because of being
mainly concentrated in the rear area. The distributions for
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Velocity (m/s) Particle birth time (s)
0 2 4 6 8 1012 14 16 18 20 0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36 0.4

1 window - Case 2. ~ 0.1s 1s ) 2s

Fig. 4 Streamlines and particle suspension distributions for different window opening configurations

Velocity (m/s)

0 2 4 6 8 101214 16 18 20

O Case 3

wif

WIT

Fig. 5 Streamlines and contours of pressure and normal velocity at the window openings for Case 3
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1 window - Case 2 (75.9 s)

3 windows - Case 9 (14.3 s)

5 windows - Case 11 (12.3 5)

Fig. 6 Deposition distributions of particles for different window opening configurations when the particle state
no longer changes (the end times are marked in parentheses)

Cases 4 and 9 were characterised by predominant
deposition on the cabin ceiling. This was because the
airflow entering through the left rear window blew toward
the passengers, carrying the released particles, and
subsequently blew some of them toward the cabin ceiling
as it moved around the front seats. In contrast, the
deposition of particles in Cases 10 and 11 was
considerably more extensive, spreading across the interior
walls of the cabin. The deposition distributions for the
remaining cases could also be found in the Supplementary
File.

Figure 7 summarises the fractions of exhaled particles
deposited on the bodies of the driver and passengers. It
could be observed that the proportion of particles
deposited on the bodies of passengers was much larger
than that on the driver’s body. The deposition fractions on
the driver's body were below 4%, with Case 6 (with the
sunroof and driver side window open) achieving the
lowest deposition fraction of 0.8%. However, the
deposition fraction on the passenger’s body was relatively
large in Case 6, and reached nearly 40 times that of the
deposition fraction on the driver’s body in Case 2. In
contrast, the deposition fraction on the driver's body was
greater than 3% in Case 5, in which the sunroof and
passenger-side window were open, and in Cases 10 and
11, in which all windows were open. Hence, increasing
the number of open windows did not necessarily reduce
the risk of infection.

To analyse the deposition characteristics of the
exhaled particles, we divided the cabin into four zones:
passenger (RR), front right (FR), rear left (RL), and driver
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Fig. 7 Particle deposition fractions on human bodies

(FL). The deposition fractions in each zone were
calculated, as shown in Fig. 8. Additionally, the amount
of deposition on the human body was excluded from the
analysis. It could be seen that the deposition of exhaled
particles was highest in the RR zone, with an average
value of approximately 0.186. In some cases, owing to the
impact of the airflow path, the deposition fractions in the
RL area exceeded 0.2, for example, in Cases 1, 3, and 8.
However, in Cases 4 and 9, the RL region exhibited the
smallest deposition fraction among the four areas.
Therefore, the deposition fraction in the RL area varied
considerably depending on the window opening
configuration. In addition, the total deposition fractions in
the front regions (FR and FL) were lower than those in the
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Fig. 8 Particle deposition fractions for four areas in
the cabin (without particle depositions on the human
body)

rear areas (RR and RL), with most FR and FL deposition
fractions being below 0.1. Therefore, when performing
operations such as sterilization, priority should be given
to the rear areas (RR and RL) because it was important to
avoid indirect transmission or resuspension of virus-
containing particles after exposure (Dhand & Li, 2020).
Furthermore, there was no obvious correlation between
the number of open windows and the deposition fraction;
therefore, specific cases need to be analysed on a case-by-
case basis.

In summary, deposition distribution was related to
suspension distribution. The complex internal structure of
the cabin led to a convoluted airflow pattern, resulting in
potential particle deposition on across the interior walls of
the cabin. However, a higher fraction of particle
deposition was observed in the rear area of the vehicle,
which should be prioritised for sterilisation.

4.3 Quantitative Analysis of Exhaled Particle Removal
Effect

To compare the particle status of individual cases
more intuitively and further analyse the infection risk, this
study counted the assessment indices at different
moments, as shown in Fig. 9. Taking Case 1 as an
example, Fig. 9(a) illustrated the correlation between the
four assessment indices. #ge, 77es, and #sy Were summed to
100%. It could be seen that at 59.3 s all the particles in the
vehicle had either deposited or escaped. In addition, the
blue line represented the total number of particles that
were suspended in the breathing zone wp. The line
continued to rise cumulatively and stopped rising at 25 s.
A comparison of (b, 77es, and #54e fOr each case was shown
in Fig. 9(b), (c), and (d), respectively.

100% r- 5.00%

80% =7 A 4.00%

60% 4 3.00%

40% | 24 2.00%

0.00%
9.3
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9% ~+—= T
( 10 100
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Fig. 9 Particle states in different cases

As shown in Fig. 9(b), &up increased gradually and
eventually stabilised when the concentration of pollutants
in the driver's breathing zone ceased to increase. Cases 3,
5, 8, 10, and 11 corresponded to scenarios in which the
window next to the driver was open (wlf). In these cases,
more than 7% of the exhaled particles reached the driver's
breathing zone, resulting in a higher risk of infection. In
the remaining six cases, (sup Was < 5%. Notably, in Case
2, Gup was less than 2%. This was because the primary
airflow path in the vehicle did not pass through the driver's
breathing zone, and the low airflow inside the vehicle
limited the diffusion of contamination.

Higher escape fractions (7.s) and lower deposition
fractions (#4.) were both beneficial for minimising the risk
of infection within a vehicle. As shown in Fig. 9(c) and
(d), Cases 10 and 11, which had four and five open
windows, respectively, exhibited the earliest cessation of
the particle state transitions. Additionally, Case 9 showed
the highest value of 7. at 50%, yet it also achieved
stabilisation early. This implied that if wrf, wlr, and ws
were opened simultaneously, the infection probability
could be significantly reduced within approximately 14 s.
Moreover, from 7qe, it was evident that particles tend to
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Fig. 10 Comparison of particle escape fraction #es
with ACH

deposit rapidly within the initial 10 s in most scenarios.
Consequently, precautions should be primarily focused on
the first 10 s following the onset of passenger coughing.

The relationship between 5. and ACH, as depicted in
Fig. 10, exhibited a discernible correlation. Specifically,
an increase in ACH tended to promote an increase in #es.
However, some instances had deviated from this trend.
For instance, Case 6 displays a lower ACH value
compared to Cases 5 and 7, yet its #es surpassed that of
these two cases. This discrepancy could be attributed to
the fact that the particle release point in Case 6 was close
to the airflow inlet, which allowed the particles to escape
rapidly through the sunroof. Furthermore, while Cases 10
and 11 (with four and five open windows, respectively)
achieved the highest ACH values, their internal airflow
patterns rendered them inefficient for exhaled-particle
discharge. Among the other window opening
configurations, the escape fractions of the case with one
window open (Cases 1 and 2) were small, followed by the
case with two windows open, whereas the escape fractions
of the case with three windows open (Cases 8 and 9) and
five windows open (Case 11) were the largest.
Additionally, when considering Fig. 8 along with this
information, it was evident that Cases 1, 2, and 6 had the
longest durations of particle state change, and also showed
the lowest ACH values. Therefore, poor ventilation
efficiency not only reduced escape fraction of exhaled
particles but also prolonged suspension of residual
particles within the vehicle.

5. CONCLUSION

This study analysed the diffusion behaviour of
exhaled particles released by passenger coughing under
different window opening configurations using numerical
simulations. The following conclusions were drawn.

(1) Exhaled particles were primarily influenced by
the airflow, with various window opening configurations
exhibiting distinct airflow patterns. The relationship
between the number of open windows and particle escape
fraction was not straightforward. Therefore, selecting an
appropriate  window opening configuration could
accelerate the reduction in the number of suspended
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particles.

(2) Owing to the complex structure of the cabin
interior and complex airflow, the particles spread
throughout the cabin with the airflow. Therefore, the
entire surface area of the interior walls of the cabin could
serve as an area for particle deposition. Hence, there was
a need for proper disinfection of cabin interiors.

(3) According to the simulation results, the particles
either escaped rapidly or deposited within the first 10 s in
most cases. Therefore, precautions must be taken within
the first 10 s of the onset of a passenger's coughing
activity.

(4) The escape fraction #es of particles was related to
the ventilation efficiency. The lower the ventilation
efficiency, the smaller the escape fraction, and the longer
the residual particles remained suspended in the cabin.
However, a higher ventilation efficiency does not
necessarily result in a larger #es.

(5) Closing the window next to the driver could
effectively reduce the proportion of particles passing
through the driver's breathing zone and minimised the
probability of infection due to rear-in and front-out
airflow patterns.
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