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Abstract: Droplet transmission is a critical pathway for the spread of respiratory infectious viruses.
A thorough understanding of the mechanisms of droplet dispersion within subway carriages is
crucial to curb the widespread transmission of the virus. This study utilizes computational fluid
dynamics (CFD) to establish a full-scale numerical model of a subway carriage. The numerical model
and droplet evaporation behavior are validated using experimental data and literature. The impact
of primary parameters such as the initial droplet size, release velocity, release position, relative
humidity, and passenger density on the droplet diffusion and probability of infection for passengers
is investigated. The results indicate that large droplets (100 um) are deposited on the carriage floor
before complete evaporation, while tiny droplets (10 pm) evaporate rapidly, leading to a longer
suspension time in the air within the carriage. The infected passenger’s position influences the
ventilation system’s efficiency in removing the droplets; removal takes significantly longer when
the infected passenger is closer to the carriage end. Additionally, a low relative humidity (35%) and
high passenger density (4 p/m?) result in more droplets being trapped by passengers’ bodies. The
infection probability for passengers depends on the initial size and quantity of droplets trapped by
their bodies. Maintaining higher relative humidity levels and limiting the passenger numbers within
the subway carriage can reduce the number of droplets captured by passengers’ bodies, thus helping
to reduce the infection probability of fellow passengers.

Keywords: subway carriage; ventilation duct system; airborne transmission; computational fluid
dynamics; infection risk assessment; droplet dispersion

1. Introduction

In the past three years, coronavirus disease 2019 (COVID-19) has led to over 769 million
infections and about 7 million deaths, as reported by the World Health Organization’s Coro-
navirus Dashboard (https://covid19.who.int/ (accessed on 30 August 2023)). Although
many countries or regions have successfully contained the spread of the epidemic using
measures such as isolation, closures, and vaccination, some countries are still experiencing
the impact of COVID-19-related variants. The outbreak has drawn significant attention
from scholars worldwide regarding virus transmission [1-6]. Subway transportation net-
works are of high convenience to residents commuting in various areas of metropolitan
cities and have become a major mode of transportation for urban dwellers [7,8]. However,
the high passenger density and relatively enclosed environment in subway carriages also
provide suitable conditions for spreading the virus [9,10], allowing the virus to spread
through the urban subway network. Understanding the patterns of droplet transmission
during subway operations is of great significance for future epidemic prevention policies
and improvements to subway ventilation systems.

Airborne transmission through droplet nuclei (aerosols) is a major transmission mode
for the COVID-19 virus [11]. Virus carriers can release pathogen-bearing droplets by talking,
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coughing, sneezing, or breathing [12-14]. These droplets can either settle on surfaces due
to gravity or remain suspended in the air for an extended period. Small droplets (<10 um)
rapidly transform into smaller droplet nuclei due to evaporation within one second of
being released into the air [15]. At this point, the effect of gravity on the droplets can
be ignored, and the dispersion of droplets is primarily governed by the airflow in the
environment [16]. In the confined environment of a subway carriage, the high passenger
density makes it difficult for passengers to maintain a safe social distance [17] from each
other. Passengers may make contact with droplets settled on surfaces or directly inhale
suspended droplets in the air, significantly increasing their risk of cross-infection. However,
the short distances between subway stations, frequent train stops, and high passenger flow
within the carriages present significant challenges in conducting experiments to study the
movement characteristics of droplets inside subway carriages.

Theoretical multiphase flow and droplet physics models [18,19] have provided conve-
nient conditions for studying droplet transmission in various scenarios. In relevant studies,
the large eddy simulation (LES) method [20,21] and the renormalization group (RNG)
k-e model [22-25] are widely used to predict indoor airflow. The Lagrangian method is
commonly used to track the movement of droplets. Within it, the droplets are assumed
to be spherical particles whose volume is influenced by the evaporation rate, mainly de-
termined by environmental parameters [26-28]. Wei and Li [29] modeled the coughing
process as a turbulent jet to investigate the droplet diffusion and obtained travel distances
with different droplet sizes. Yang et al. [30] used computational fluid dynamics (CFD)
simulation to predict the cough jet dispersion in an airline cabin. To date, studies have
evaluated SARS-CoV-2 spread via heating, ventilation, and air conditioning (HVAC) sys-
tems in various practical settings, such as underground car parks [31], laboratories [32],
hospital wards [33-36], restaurants [37], restrooms [38,39], elevators [40], public transporta-
tion [41-44], classrooms [45], cafeterias [46], airplanes [47], dental clinics [48], factories [49],
etc. These research efforts provide essential references for understanding droplet diffusion
in different environments and formulating strategies to prevent cross-infections. For in-
stance, Lu and Lin [35] conducted a comparative study on the droplet transmission risks in
hospital wards under different ventilation models. The results indicated that compared
to displacement ventilation and mixing ventilation, the flow characteristics within the
ward under laminar ventilation could significantly reduce the exposure risk of droplet
transmission. In contrast to the scenarios studied in previous research, subway carriages
are considered more complex environments. To seek ventilation strategies that reduce
the risk of transmission of pathogen-laden expiratory droplets within subway carriages, a
comprehensive understanding of the diffusion and transmission characteristics of droplets
in this environment is necessary.

The high passenger density and various environmental conditions make the droplet
dispersion characteristics complex within the subway carriage environment. To our knowl-
edge, there is still relatively limited research on the diffusion patterns of droplets in
subway carriage environments. Therefore, this study aims to establish and validate a
full-scale numerical model of a subway carriage and then comprehensively investigate the
dispersion patterns of droplets under different conditions, including the initial droplet
size, initial velocity, release location, relative humidity (RH), and passenger density. Fur-
thermore, the passengers’ infection risk is quantified using an infection risk model under
different conditions.

2. Methodology
2.1. Physical Model

Considering the airflow in a subway carriage is slow (<< 0.3 Ma), the gas phase can
be assumed as a noncompressible state, and the Navier-Stokes equation is chosen as the
governing equation for the flow field. The renormalized group (RNG) k-¢ model exhibits
good reliability and robustness in simulating mixed convection at low turbulence levels for
indoor environments [50], and it is widely used in engineering applications. Therefore, the
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RNG k-£ model is chosen for the flow field calculation in the present work. The governing
equations for continuity, momentum, and energy can be found in Xu, Qian, Wu, Li, Zhang
and Wang [28]. The Boussinesq assumption is also applied to simulate the buoyancy flow
induced by the temperature difference in the flow field [22,23].

The particles’ trajectories are tracked using the Lagrangian method. The position and
velocity of each particle’s trajectory can be calculated using a differential equation:

du
mpd—tszD—I—Fg—i-Fu (1)

For large density ratios between the particle and fluid, the drag force Fp dominates
the particles” behavior [51], and is given as:

_ !
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where 1 and uy, are, respectively, the fluid phase and particle velocity; m, is the droplet
mass; p is the density of the fluid; and dp is the droplet diameter. Cp is the non-linear drag
coefficient [52], which can be described as:

24/Rep, Rep <1
Cp ={ 30Re, 62,1 < Re, <1000 (3)
0.45,1000 < Re,

where the particle Reynolds number Re, can be obtained using the following equation [53]:
Rep = pdplu —uy|/pu (4)

where y is the dynamic viscosity of the air. The gravitation and buoyancy are computed as
follows one total force Fg:

Fo = g(pp —p)/pp ()

where ¢ is the gravitational acceleration vector and py is the density of the particle. In
addition, this work also considers the influence of the load from the thermophoretic
force [54], pressure gradient, Saffman lift force [55], and Brownian force [56] on the particle
motion, and these forces are abbreviated as the additional force F, in Formula (1).

The evaporation process of the droplets significantly affects their diffusion in the
air. To simulate the droplet evaporation process, this study employs the assumption of
spherical liquid droplets made of pure water [28,57]. Under this assumption, the droplets
are considered ideal spherical particles, and their volume continuously decreases due to
evaporation until it decreases to a certain threshold. At this point, they are regarded as
non-evaporable droplet nuclei. The droplet evaporation [19] is defined as:

d -
drp _ CMyDoopSh 1o P — P ©)
dt Pp1pRTeo P = Poeo

where 7, is the droplet radius; My is the molecular weight of the vapor; D is the binary
diffusion coefficient away from the droplet; R is the universal gas constant; Tw is the
ambient air temperature; p is the total pressure; py, is the vapor pressure, where the sub-
scripts a and oo represent the physical parameters at the droplet surface and away from the
droplet surface, respectively; C is a dimensionless factor that reflects the dependency of the
diffusion coefficient on temperature and is defined as Equation (7); and the dimensionless
parameter the Sherwood number (Sh) represents the ratio of the convective mass transfer
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to the mass diffusion rate. It reflects the influence of the relative velocity between the gas
and the droplet on the mass transfer and is defined as Equation (8).

To—T,  2-A

T 7
1

Sh =1+ 03Re3Sc? 8)

Sc=p/(pgD) )

In Equations (7) and (8), A [29] is a constant between 1.6 and 2.0; T}, is the temperature
of the droplet; the Schmidt number (Sc) is defined as Formula (9); and D is the binary
diffusion coefficient of the vapor through the air.

2.2. Dose—Response Model

The dose-response model [58-60] is commonly used to assess the infection risk of
humans. In this study, the model is applied to assess the infection risk among passengers
in the carriage. The passengers’ infection risk, denoted as P, is defined as:

P =1—el=#N/No) (10)

N = A, V¢ (11)

where « is a factor that accounts for the effect of the variant strain or vaccination, N is
the total number of inhaled virions, and Ny is the number of virus particles that lead to
infection. According to the literature [60], « is set to 1. Ny is a vital factor for calculating
the probability of infection, and relevant studies have provided estimates of the value that
vary between 100 and 1000 [61,62]. In this study, Ny is fixed at 100. N is the number of
viral particles that are trapped by each passenger’s body and it is considered to present
the amount of exposure to viral particles [60]. The calculation method for N is as shown in
Equation (11). A, [63] is the viral load or virus density, and the value is 7 x 10° copies/mL.
The parameter Vﬂ? is the total volume of droplets trapped by the passenger’s body, and
it is computed by using the droplet size at the time of its ejection from the mouth of the
infected passenger rather than the volume after these droplets have evaporated [60]. This
is because during the evaporation process, droplets only undergo changes in the volume of
water within them, while the number of virus particles in the droplets remains constant.

2.3. Simulation Setup

The geometry of the subway carriage used in this study is shown in Figure 1a. The
dimensions (length x width x height) of the carriage are 17.34 x 2.58 x 2.35 m, respectively.
The carriage’s ventilation system mainly consists of two air conditioning units (not shown)
and a ventilation duct system. Each air conditioning unit connects with a supply air
inlet and a return air vent. Four windows, six doors, and six seats are symmetrically
distributed inside the carriage. The ventilation duct system includes 2 supply air inlets,
2 centralized return air vents, 1 main exhaust air outlet, 12 decentralized exhaust air outlets,
and corresponding ducts (supply and exhaust air ducts). In order to replicate the authentic
airflow patterns within the carriage, the simulation model retains the complete supply and
exhaust air ducts. In the ventilation system, fresh air enters the supply air duct through the
supply air inlets and then passes through the supply air grille into the carriage (Figure 1b).
A portion of the air inside the carriage circulates through the two central return air vents,
while another portion enters the exhaust duct and is concentrated and expelled outside
through the roof-mounted total exhaust outlet.
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Figure 1. Subway carriage geometry: (a) carriage and ventilation duct system; (b) airflow pattern.

The boundary conditions applied to the simulation cases are listed in Table 1. Accord-
ing to the configuration of the air conditioning unit, the total supply and exhaust air rates
are 4250 m3 /h and 2600 m3 /h, respectively. The volumetric flow rate is converted into the
mass flow rate at the supply air inlets and exhaust air outlets. In this study, the subway
carriage is assumed to operate in summer, so the carriage and passenger body’s surface
temperature is set at 35 °C [64], and the heat transfer coefficient of the vehicle body is set at
2.5 W/(m?-K) [65]. All the interior surfaces of the carriage are set as no-slip boundaries.
Additionally, to simplify the modeling, the airflow re-entering the carriage from the return
air vents is ignored, and the airflow is directly exhausted to the exterior from the return
air vents.

Table 1. Boundary conditions.

Name Type Values and Units
Supply air inlet Mass flow inlet 1.45kg/s, 293 K
Return air vent Pressure outlet 0Pa, 293 K
Exhaust air outlet Pressure outlet 0Pa, 293 K

Main exhaust air outlet Mass flow outlet —0.88 kg/s, 293K

All the simulations are conducted in the commercial software ANSYS (2022R1) using
user-defined functions (UDFs). The simulation scenarios are set up as listed in Table 2.
Previous research [15] has shown that the initial droplet size, release velocity, release loca-
tion, and RH influence the movement characteristics of droplets in confined environments.
Among those variables, droplet sizes of 10 um, 50 um, and 100 pm are chosen to represent
large, medium, and tiny droplets, respectively [41,66]. Typical initial velocities of 1 m/s
and 10 m/s are, respectively, selected to represent the respiratory droplet velocities during
breathing and coughing [16,19]. Given the noticeable differences in the flow characteristics
between the positions of D1 and D2, these two positions are selected as the infected pas-
senger positions. Humidity conditions of 35% and 70% are selected to simulate relatively
dry and humid air, respectively, according to the relevant literature [41,67]. Besides these
factors, the passenger density inside the subway carriage is also a key parameter, and more
research is needed on the impact of passenger density on droplet movement. Therefore,
according to the relevant report [68], this study considers two passenger density scenar-
ios: 2 passengers/m? (2 p/m?) and 4 passengers/m? (4 p/m?). In the 2 p/m? scenario,
there are 28 seated passengers and 68 standing passengers; in the 4 p/m? scenario, there are
28 seated passengers and 124 standing passengers. The positions of the infected passenger
(D1 or D2) and co-passengers in the simulation scenarios are illustrated in Figure 2. Fur-
thermore, according to similar literature [28], when the droplet number is more significant
than 10,000, the variance in the droplet number sensitivity is less than 1%. Therefore, in
this study, 10,000 droplets are released into the subway carriage through the mouth of the
infected passenger within a 0.5 s duration.
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Table 2. Simulation case setting.

Case Initial Droplet Initial Droplet Release Air RH Passengers’
Number Diameter (um) Velocity (m/s) Position Density
1 10 10 D1 70% 2 p/m?
2 50 10 D1 70% 2 p/m?
3 100 10 D1 70% 2 p/m?
4 10 10 D2 70% 2 p/m?
5 10 1 D1 70% 2 p/m?
6 50 10 D1 35% 2p/m?
7 10 1 D1 70% 4p/m?

(a) Infected passenger Seated passengers Standing passengers

>
D1 D2
(b)
@
D1

Planex=295m Mouth zone

Figure 2. The setup of simulations: (a) 2 p/ m? scenario; (b) 4 passengers/ m? scenario; (c) grid model.

Due to the non-structured grid adapting well to complex structures, we use it to
model the carriage. In contrast, a structural grid is employed for the human body models
to improve the computational accuracy. The grid model is as shown in Figure 2c. The
primary reference size for the carriage grid is 30 mm, but it is reduced to 5 mm for some
complex structures, such as the supply air grille. In the numerical model, passengers’
mouths are simplified as point source outlets with a diameter of 2 cm x 2 cm, and detailed
information about the passenger model can be found in previous study [28]. The grids
near the passengers are refined to improve the robustness of the calculations. To ensure the
reliability of flow near the carriage surfaces, the y+ values are controlled within 5 for each
grid model in the present work.

2.4. Numerical Model Validation

To validate the numerical model, on-site experiments were conducted in the subway
carriage without passengers. Following the standard EN14750-1 [69], three repeatability
tests were performed. The layout of 15 monitoring points inside the carriage is shown
in Figure 3. The wire anemometer (CLIMOMATER6501, with probe 6543) used in the
experiment can simultaneously measure the temperature and airflow velocity with a
measurement error of 2%. Within each round of testing, the wire anemometer recorded
180 samples in 3 min, with a sampling frequency of 1 Hz. The probe’s temperature
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measurement range is —20 °C to 70 °C (with a resolution of 0.1 °C), and the airflow velocity
measurement range is 0.01 m/s to 5.0 m/s (with a resolution of 0.01 m/s). The experimental
results are shown in Figure 4. The mean value and standard deviation for each monitoring
point are calculated. The maximum ratio of the standard deviation to the mean temperature
and air velocity value is 5.7% and 13.3%, respectively. The standard deviation to the mean
value for airflow velocity is higher than that for temperature. The reason for this is that the
air velocity is typically below 0.50 m/s in the subway carriage, and the randomness of the
flow field easily influences the detected air velocity.

X Unit: m

(a)
1.0
£0.8
e
5 0.6
=l
=04
2 0.
T02
Lo
0.0

Figure 3. Monitoring point layout: (a) top view; (b) front view; (c) on-site experiment.
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Figure 4. Simulation model validation: (a) airflow velocity; (b) temperature.

Then, simulations with different grid scales (coarse, middle, and fine mesh) were
conducted according to the on-site experiment conditions. The total grid number for three
mesh sets are 35.8 million, 48.5 million, and 59.6 million, respectively. The predicted airflow
velocities and temperature values are also compared to the experimental measurements at
each monitoring point, as shown in Figure 4. Firstly, the discrepancy between the predicted
results of the coarse and fine mesh is relatively large. In contrast, the predicted results of
the middle and fine mesh are very close. The average relative error between the middle and
fine mesh models is less than 1% in temperature and 6% in airflow velocity, respectively.
This indicates that the middle mesh model is as adequate to produce a steady flow field as
the fine mesh model. Therefore, the middle mesh scale is used for all the simulation cases
in the present work. After the passenger models are added to the carriage, the number
of grid models is approximately 53.2 million when the passenger density is 2 p/m? and
53.8 million when the passenger density is 4 p/m?, respectively.

Furthermore, the mean relative error of the airflow velocity (u,;) and temperature
(t1) between the simulation predictions and the experimental measurements is calculated.
The values can be obtained using the following, Equations (12) and (13). The values ¢,
and uy, are 1.8% and 14.7% for the middle grid scale, respectively. For the fine mesh
scale, the values t,, and u, are 1.4% and 12.1%, respectively. Although the mean relative
error of the airflow velocity is still relatively large, as mentioned earlier, the velocity at
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monitoring points in low-speed flow fields is easily influenced by the randomness of the
flow field [25,70]. Within this context, the observed error range is considered acceptable.

Uy = — (12)
" 15 1:21 Uoxp,i
1 15 |ti texp 1|
by = — ’ (13)
" 151‘:21 texp,i

Here, u,, and t,, represent the mean relative error of the airflow velocity and tempera-
ture, respectively; ey, ; and vp, are the mean value of the airflow velocity and temperature
in experiments, respectively; and the subscript i represents the monitoring point number.

The evaporation process determines the rate of droplet size change and the final
droplet size, and it also has an essential influence on the dispersion of droplets in subway
carriages [28]. To validate the droplet evaporation model presented in Section 2.1, two
simulations are conducted following the previous research [29] combined with the UDFs.
The predicted results are compared with the data from the literature [29], as shown in
Figure 5. It can be observed that the predicted outcomes are in good agreement with the
data reported in the literature. For each simulation, the relative error between the predicted
results and the data from the literature is less than 1%.

1000 ¢ /A Wei and Li (100um,RH=0%)

i O Weiand Li (10um,RH=90%)
=+ = simulation {100um,RH=0%)
=« = simulation (10um,RH=90%)

E

=

B 100 basdns

=2 r

£

<

=

Z o,

S

a
l p o sl M il PR | " PR
0.01 0.1 1 10 100

Time (s)

Figure 5. Droplet evaporation validation.

3. Results and Discussion
3.1. Effect of Various Initial Conditions on Droplet Diffusion

To comprehensively reveal the movement patterns of droplets inside the subway
carriage, this study considered some primary factors, including the initial droplet size,
release location, release velocity (corresponding to different breathing activities), passenger
density, and RH. The airflow primarily influences the dispersion and movement of the
droplets within the carriage. As shown in Figure 6, three cross-sections (y = 1.29 m,
x =2.95m, and x = 5.93 m) are selected to show the flow field characteristics inside the
carriage. Figure 7 illustrates the flow field inside the carriage when the passenger density
is 2 p/m?. Figure 8 presents the diffusion characteristics of the droplets under different
initial conditions under this flow field.
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Plane
y=129m plane x=295 1

Figure 6. The schematic of selected planes: (left) y = 1.29 m; (middle) x = 2.95 m; (right) x = 5.93 m.

_ B | | -
(a) Velocity (m/s): o g2 04 06 08 I
i pillar b i

0 05 10 15 20 25
y/m

Figure 7. The airflow distribution within the carriage under passenger density 2 p/m?: (a) plane
y = 1.29 m; (b) plane x = 2.95 m; (c) plane x = 5.93 m.

The ventilation mode significantly influences the air distribution in enclosed
spaces [71,72]. The overall flow field characteristics inside the subway carriage are depicted
in Figure 7a. Due to the return air volume inside the carriage accounting for a large
proportion of the total supply air volume, the two centralized return air vents dominate the
airflow movement. The airflow primarily moves toward these two centralized return air
vents, creating a noticeable longitudinal flow (x-direction) between pillars a and c. Under
this airflow pattern, the droplets released by the infected passenger at position D1 tend to
move toward return air vent I, as shown in Figure 8. However, several passengers standing
near pillars a and ¢ obstruct the airflow movement, resulting in the airflow near two ends
of the carriage not flowing noticeably toward the nearest return air vent. Figure 7b displays
a cross-sectional airflow field at the location of the infected passenger (D1). The airflow
generated by the infected passenger’s mouth interacts with the downward airflow from the
supply air grille, forming a strong counterclockwise vortex between the infected passenger
and the right-side wall (y = 2.5 m). The movement characteristics of the released droplets
are closely related to this counterclockwise vortex. Figure 7c shows the airflow field around
return air vent I. The flow velocity near return air vent I exceeds 1m/s and the airflow
within this section all flows toward the return air vent.
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(a) | (al) Droplet residence time (s) [ (a2) Droplet residence time (s) | (a3) Droplet residence time (s)

Return air vent I
(Case 1) 10 pm droplets — D1 position - initial velocity 10m/s

(b) (bl) Droplet residence time (s) | (b2) Droplet residence time (s) [ (b3) Droplet residence time (s)
0 10 20 30 4 5 6

t=60s

(Case 2) 50 pm droplets - D1 position - initial velocity 10m/s

(C) (cl) Droplet residence time (s) | (c2) Droplet residence time (s) | (c3) Droplet residence time (s)

(Case 3) 100 pm droplets - D1 position - initial velocity 10m/s

(d) (d1) Droplet residence time (s) (d2) Droplet residence time (s) (d3) Droplet residence time (s)
o 2 4 L 8 10 0 L] 10 15 20 25 30 0 10 20 30 40 50 60

t=60s

Return air vent I ;
(Case 4) 10 um droplets - D2 position- initial velocity 10m/s

(e) (el) Droplet residence time (s) | (e2) Droplet residence time (s) | (e3) Droplet residence time (s)

0 5 w1 20 25 X 0 10 20 30 40 50 60

(Case 5) 10 um droplets - D1 position - initial velocity 1m/s

Figure 8. Droplet diffusion inside the carriage at different times: (a) case 1; (b) case 2; (c) case 3;
(d) case 4; (e) case 5.



Appl. Sci. 2024, 14, 590

11 of 20

Many studies have reported on the influence of the initial droplet size on the diffusion
of droplets in different settings [23,28,33,57,72,73], and the consensus is that the droplets’
size determines the diffusion process’s dominant force. Figure 8a—c show the diffusion
processes of droplets of three different initial sizes (10 pm, 50 pm, and 100 pm). Under the
same RH condition, droplets of smaller sizes require less time to complete the evaporation
process [41]. During the evaporation process, the volume of droplets decreases to around 2%
of the original volume after complete evaporation [29]. Small droplets are more susceptible
to the influence of the airflow during their movement, and the diffusion range of 10 pm
and 50 pm droplets is much larger than that of 100 um droplets. The 10 pm droplets tend
to follow the airflow inside the carriage within 0-10 s after release (as shown in Figure 7b).
Although the diffusion speed of the 50 um droplets within 0-10 s is slower than that of
10 um droplets, the diffusion trends of both sizes of droplets are generally consistent at
30 s and 60 s (Figure 8a,b). When the initial size is 100 um, the released droplets quickly
settle on the floor due to gravity. As the initial size of the droplets increases, the larger the
droplets, the faster the deposition, and the slower the diffusion.

Considering the differences in airflow patterns between the middle and the ends of
the subway carriage, the dispersion of droplets is investigated when the infected passenger
stands in the middle of the carriage, as shown in Figure 8d. Despite the similar distance of
the infected passenger from return air vents I and II, the droplets primarily move toward
return air vent I, with only a tiny portion directed toward return air vent II. This dispersion
pattern aligns with the airflow shown in Figure 7a. The streamlines near the right side of
the central pillar b point toward return air vent I rather than the closer return air vent II.
Based on the results from Figure 8a,d, whether the infected passenger stands at positions
D1 or D2, most droplets accumulate near return air vent I, and are subsequently expelled
from the carriage through it. Therefore, the passengers standing near return air vent I are
at a higher probability of ingesting virus-laden droplets. When passengers can choose their
standing positions inside the carriage, they should look for a non-crowded area or avoid
standing directly beneath concentrated return air vents [74].

Figure 8e illustrates the diffusion results for droplets released at an initial velocity
of 1 m/s. Passengers may release virus-laden droplets into the subway carriage with
different breathing patterns, such as breathing (1 m/s), coughing (10 m/s), or sneezing
(=20 m/s) [15]. Comparing Figure 8a,e, when droplets are released at 10 m/s, within the
first 0-10 s, droplets enter the carriage environment in a jet-like manner and rush toward
the floor near the carriage wall; when droplets are released at 1 m/s, the jet-like effect is
significantly weakened. These released droplets are firstly dragged by the airflow toward
return air vent I and then diffuse near the carriage wall. At 30 and 60 s, it can be noticed
that the higher the droplet release velocity, the larger the diffusion area of the droplets,
and the higher the probability of encountering droplets for passengers standing or sitting
between the infected passenger and return air vent I.

The RH inside the carriage dominates the speed of droplet evaporation [29,75]. Air
with a higher RH has a lower potential to absorb water vapor, resulting in a longer time
being required for droplet evaporation. To ensure passengers’ thermal comfort, the RH
inside the subway carriage should be controlled within 90% [69]. Figure 9 illustrates
the diffusion process of droplets under 35% and 70% RH conditions, respectively. A
previous study [41] showed that at an RH of 35%, it takes approximately 1.8 s for a droplet
(initial size = 50 um) to complete the evaporation process, while at an RH of 70%, it takes
less than 7 s to complete the evaporation process. In the present work, under the condition
of RH = 35%, the droplets have already diffused after 10 s of release, while under the
condition of RH = 70%, most droplets have not started to diffuse and are still concentrated
near the floor. However, when comparing the diffusion results at 30 s and 60 s under both
RH conditions, the diffusion area of the droplets and the concentration distribution inside
the carriage are essentially the same.
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(a) (al) Droplet residence time (s) | (a2) Droplet residence time (s) | (a3) Droplet residence time (s)

Return air vent I

(Case 2) 50 um droplets — D1 position- initial velocity 10m/s — RH 35%

(b) (bl) Droplet residence time (s) | (b2) Droplet residence time (s) | (b3) Droplet residence time (s)

40 S0 60

(Case 6) 50 pm droplets - D1 position - initial velocity 10m/s — RH 70%

Figure 9. The effect of RH on droplet diffusion: (a) case 2; (b) case 6.

In addition to the RH, the passenger density is significantly different inside the subway
carriage during peak and off-peak hours. As the number of passengers increases, their
obstruction to the airflow inside the carriage becomes more pronounced. Figure 10 shows
the effect of varying the passenger density on the diffusion of droplets with an initial
velocity of 1 m/s. Compared to the 2 p/m? condition, in the case of 4 p/m?, more
passengers around the infected passenger hinder the movement of droplets, causing the
droplets to remain clustered around the infected passenger even after 10 s of release
(Figure 10b). From an overall perspective, under the 2 p/m? condition, the area of droplet
diffusion mainly remains on one side of the carriage, facing the infected passenger. For the
4 p/m? passenger density condition, the maximum diffusion area of the droplets increases
significantly, and the number of passengers covered by the droplets also increases. An
increasing passenger density inside the carriage expands the droplet diffusion area, and
more passengers may encounter virus-laden droplets. Therefore, limiting the number of
passengers inside the subway carriage is essential to addressing airborne virus transmission.
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(a) (al) Droplet residence time (s) | (a2) Droplet residence time (s) | (a3) Droplet residence time (s)
I

Return air vent I

(Case 5) 10 pm droplets — D1 position - initial velocity 1m/s —2 p/m?

(b) (b1) Droplet residence time (s)| (b2) Droplet residence time (s) | (b3) Droplet residence time (s)

(Case 7) 10 pm droplets — D1 position - initial velocity 1m/s — 4 p/m?
Figure 10. The effect of passenger density on droplet diffusion: (a) case 5; (b) case 7.

3.2. Droplet Distribution at Different Times within the Carriage

After droplets enter the carriage and undergo diffusion, their ultimate destinations
are as follows: remaining suspended in the air (suspended), settling on the carriage’s
surfaces (deposited), being trapped in passengers’ bodies (trapped), or being expelled by the
ventilation system (escaped) [25,41]. Figure 11 illustrates the time-dependent proportions
of droplets under the various conditions mentioned in Section 3.1.

Gravity plays a crucial role in the movement of large droplets [23,28,33], while for the
diffusion of tiny droplets (less than 5 um), the drag force of airflow becomes the dominant
factor. As shown in Figure 11b, for droplets with an initial diameter of 100 um (case 3),
98% of them have settled on the carriage floor within 10 s after release, and these droplets
have not completed the evaporation process before settling on the floor. For droplets with
an initial diameter of 50 um (case 2), approximately 20% of them have settled on the floor
within the first 10 s. As mentioned in a previous study [41], droplets with a 50 um diameter
can complete the evaporation process within 10 s. Before the evaporation finishes, gravity
dominates the droplets’ downward movement; after evaporation, the airflow inside the
carriage will dominate their movement. As a result, the proportion of deposited droplets
increases rapidly within the first 10 s, increasing only by approximately 10% over the
remaining 50 s. For droplets with a diameter of 10 um (case 1), less than 10% have been
deposited on the carriage surfaces within 60 s. Regarding the diffusion of droplets of
different sizes in the subway carriage, the driving forces for the diffusion processes of large
and tiny droplets are relatively more straightforward. The evaporation process causes
medium-sized droplets to transform from medium-sized into tiny droplets, leading to a
more complex driving force for their movement and diffusion inside the subway carriage.
Furthermore, based on Formulas (6)—(9) for risk assessment, it is evident that medium-sized
droplets carry much larger virus particles than tiny droplets. The diffusion characteristics
of medium-sized droplets require more attention.
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Figure 11. Droplet distribution at different times: (a) suspended droplets; (b) deposited droplets;
(c) trapped droplets; (d) escaped droplets (case 1: 10 pm—-10 m/s—D1; case 2: 50 um-10 m/s—D1;

case 3: 100 um-10 m/s—D1; case 4: 10 um-10 m/s—D2; case 5: 10 um-1 m/s—D1; case
6: 50 um-10 m/s—RH 35%; case 7: 10 um-10 m/s—4 p/m2).

The flow field characteristics in various indoor environments are crucial in determining
the motion of tiny droplets [33-36,41-43]. Due to the differences in airflow fields at positions
D1 and D2 in the carriage (Figure 7a), the speed of droplet removal from the carriage varies
significantly (case 1 and case 4 in Figure 11d). When droplets are released at position D2,
the ventilation system exhausts 60% of the droplets from the carriage within 20 s (the total
expelled droplets from the return air vents and exhaust air outlets), and over 80% of the
droplets can be expelled within 60 s. When droplets are released at position D1, the escape
speed of the droplets is relatively slower compared to position D2. The proportion of
escaped droplets gradually increases to approximately 55% within 60 s. The main reason
for this is that the longitudinal airflow generated by return air vent I at position D2 is
stronger than at position D1. Therefore, when droplets are released at D2, they are swiftly
carried by the airflow toward the vicinity of air supply air vent I (Figure 8d), thereby
accelerating the process of droplet removal from the carriage.

Comparing case 1 and case 5, we can see that as the initial release velocity decreases
from 10 m/s to 1 m/s, the proportion of suspended droplets rapidly decreases. When the
droplets are released at an initial velocity of 1 m/s, the longitudinal flow inside the carriage
exerts a stronger dragging effect relative to the jet flow from the infectious passenger,
causing the droplets to be more rapidly carried toward the region near the return air vent I
(Figure 8e). This is the reason that the ventilation system can expel the droplets more quickly
within 0-30 s (Figure 11d). From the proportion of droplets expelled by the ventilation
system, even though the expulsion speed of the droplets is faster under the condition
of 1 m/s, the final proportion of droplets expelled by the carriage ventilation system is
essentially the same in both scenarios. Furthermore, the deposited proportion of droplets is
larger when the initial velocity decreases. By further categorizing the droplets deposited
on the carriage surfaces, we found that droplets primarily settle on the carriage’s ceiling
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rather than the floor. According to the diffusion process of the droplets in Figure 8a,e, the
droplets have already started to disperse at the shoulder height of the carriage passengers
when the initial velocity is 1 m/s. When the droplets are released at 10 m/s, the droplets
first sink to the floor, and then spread upward with the airflow. Droplets with low initial
momentum are inclined to disperse faster than those with high initial momentum. The
upward airflow inside the carriage also increases the possibility that droplets are captured
on the ceiling during the expelling process.

Figure 11 demonstrates that the RH does not impact the ratio of suspended and
escaped droplets within the carriage. However, the RH notably influences the proportion
of droplets deposited on the carriage surfaces and trapped by passengers’ bodies (cases 2
and 6). At an RH of 35%, the proportion of trapped droplets is approximately twice that at
70% RH. Conversely, at 70% RH, the proportion of deposited droplets is roughly double
that at 35% RH. This outcome is linked to the droplet evaporation rate under varying
humidity conditions. When the RH is at 70%, the time required for droplets of the same size
to complete the evaporation process is longer than in an environment with 35% humidity.
In environments with a higher humidity, the duration of gravity plays a dominant role in
the droplet movement, resulting in more droplets being deposited on the carriage floor. It
also means that under the present ventilation system, maintaining a higher RH can reduce
the droplets’ evaporation rate, and it facilitates the rapid settling of larger droplets on the
carriage floor, ultimately contributing to a significant reduction in the possibility of droplets
being inhaled or trapped by passengers.

The proportion of suspended droplets remains relatively consistent as the passenger
density increases from 2 p/m? to 4 p/m? (cases 5 and 7). However, with the number
of passengers increasing, the airflow within the carriage is obstructed by the passengers’
bodies, resulting in a notable reduction in the expulsion speed of the droplets. Furthermore,
increasing the passenger density from 2 p/m? to 4 p/m? leads to more droplets being
trapped by passengers’ bodies, escalating from less than 20% to over 50% (Figure 11c).
Therefore, appropriately limiting the number of passengers inside subway cars is also an
effective way to reduce the transmission of virus-laden droplets.

Overall, the suspended time of droplets in the carriage primarily depends on the
initial droplet size. Additionally, when passengers are standing in the middle section of
the carriage, where the droplet sizes are the same, the suspension time of the droplets is
reduced. The proportion of droplets deposited on the carriage surfaces is closely related to
the droplet size and significantly influenced by the initial release velocity of the droplets.
The proportion of captured droplets in passengers’ bodies inside the carriage correlates
with the passenger density and relative humidity. Increasing the humidity and reducing
the passenger density can decrease the likelihood of droplets being captured by passengers.
The ratio of expelled droplets by the carriage ventilation system is most closely related to
the droplets’ initial release position and velocity. When infected passengers approach the
return air vents or reduce the speed of releasing respiratory droplets, the ventilation system
can more quickly remove droplets from the carriage.

3.3. Passenger Infection Risk Assessment

This study employed the dose-response model [58-60] to calculate the exposure risk
of passengers traveling with an infected passenger and compiled the number of passengers
with different infection risks, as shown in Table 3. The statistical results revealed that the
infection risk of passengers is closely linked to the initial conditions of the respiratory
droplets released by the infected passenger, particularly the initial droplet size. From
Formula (12), it is evident that as the initial droplet size increases, the quantity of virus
particles carried by the droplets also increases. Consequently, the infection risk generated
when an equal quantity of droplets is trapped by passengers’ bodies is higher. For the same
passenger, achieving an infection risk of 0.05 requires capturing 1400 droplets (10 um),
12 droplets (50 um), and 2 droplets (100 um), respectively.



Appl. Sci. 2024, 14, 590

16 of 20

Table 3. The number of passengers with different infection probabilities.

Infection Risk (P) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

>0.01 3 15 3 0 2 16 4
>0.05 0 13 3 0 0 14 2
>0.1 0 8 2 0 0 10 0
>0.2 0 5 2 0 0 8 0
>0.5 0 3 0 0 0 6 0

Note: Case 1: 10 pm-10 m/s—D1; case 2: 50 um-10 m/s—D1; case 3: 100 um-10 m/s—D1; case
4:10 pm-10 m/s—D2; case 5: 10 um-1 m/s—D1; case 6: 50 um-10 m/s—RH 35%; case 7: 10 um—10 m/s—4 p/mz.

Due to the initial droplet size being 50 pum in both case 2 and case 6, the infection risk
for passengers in these two scenarios is significantly higher than those in the rest of the
scenarios. In case 6, the low RH exacerbates the spread of droplets within the carriage,
leading to more droplets being trapped by passengers’ bodies. The number of passengers
with an infection risk exceeding 0.5 is twice the number in case 2. In scenarios with an
initial droplet size of 10 um (case 1, case 4, case 5, case 7), the infection risk for passengers is
generally lower and does not exceed 0.1. Besides the significantly smaller quantity of virus
particles carried by smaller droplets than those of larger sizes (50 um), smaller droplets
shrink in volume after evaporation. In general, smaller particles with enhanced diffusion
and movement capabilities lead to a larger diffusion area within the carriage. Droplets
disperse more widely and are captured by more passengers’ bodies. Therefore, in these
scenarios, only a few passengers standing around the infected passenger would have an
infection risk exceeding 0.01. In case 7, although the total quantity of droplets trapped by
all passengers’ bodies exceeds 50% of the total droplet quantity (see Figure 11c), due to the
relatively dispersed distribution of droplets on passengers’ bodies, the results show that
only two fellow passengers have infection risks exceeding 0.05.

4. Conclusions

This study presents comprehensive simulations of droplet transmission in a typical
subway carriage. Initially, a full-scale numerical model of the subway carriage, incorpo-
rating the complete ventilation duct system, is developed based on its actual geometry.
Subsequently, the numerical and droplet evaporation models are validated using mea-
surement data and the existing literature. Finally, the effects of some primary parameters
(including initial droplet size, initial velocity, release position, RH, and passenger density)
on the droplet dispersion and passengers’ infection risk are investigated.

(1) Regarding the spread of droplets within the carriage, large droplets (100 pm) are
deposited on the carriage floor before completely evaporating, while tiny droplets (10 pum)
undergo rapid evaporation, leading to a larger spread within the carriage and a longer
suspension time in the air.

(2) The release location of the droplets from the source within the carriage significantly
affects the efficiency of the ventilation system in removing the droplets. When the infected
individual is at position D2, the ventilation system can remove 60% of droplets within 20 s.
In contrast, the same proportion takes three times longer when the infected individual is at
position D1.

(3) The relationship between humidity, passenger density, and the proportion of
droplets captured by passengers is closely linked. At 35% relative humidity, the number
of droplets captured by passengers is approximately twice that at 70% relative humidity.
Similarly, increasing the passenger density from 2 persons per square meter to 4 persons
results in a higher proportion of captured droplets, increasing from less than 20% to
over 50%.

(4) The exposure and infection probability of passengers traveling together in the
carriage depends on the droplet size and quantity captured by the passengers. The exposure
and infection probability of passengers is generally higher in scenarios with an initial
droplet size of 50 pm (cases 2 and 6) compared to scenarios with an initial droplet size
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of 10 um (cases 1, 3, 4, and 7). In cases 2 and 6, the maximum exposure and infection
probability for passengers exceeds 0.5, while in cases 1, 3, 4, and 7, the maximum exposure
and infection probability for passengers does not exceed 0.1.

In this study, in order to simplify the modeling process and reduce the computational
costs, there are inevitable limitations in some of the assumptions. For example, we only
considered two standing positions for infected passengers (D1 and D2), and there needs
to be a more in-depth investigation into the distribution of the standing positions among
the co-passengers. The distribution of passengers’ standing positions within the carriage
is highly random, and the impact of how passengers are distributed on the spread of
respiratory droplets needs more attention in future research.
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