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A computational fluid dynamics (CFD) simulation was performed to model and study the trans-
mission risk associated with cough-related SARS-CoV-2 droplets in a real-world high-speed train
(HST). In this study, the evaporating of the droplets was considered. Simulation data were post-
processed to assess the fraction of the particles deposited on each passenger’s face and body,
suspended in air, and escaped from exhausts. Firstly, the effects of temperature, relative humidity,
ventilation rate, injection source, exhausts’ location and capacity, and adding the physical bar-
riers on evaporation and transport of respiratory droplets are investigated in long distance HST.
The results demonstrate that overall, 6-43% of the particles were suspended in the cabin after 2.7
min, depending on conditions, and 3-58% of the particles were removed from the cabin in the
same duration. Use of physical barriers and high ventilation rate is therefore recommended for
both personal and social protection. We found more exhaust capacity and medium relative hu-
midity to be effective in reducing the particles’ transmission potential across all studied scenarios.
The results indicate that reducing ventilation rate and exhaust capacity, increased aerosols shelf
time and dispersion throughout the cabin.
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ACH Air Change Per Hour

B.Cs Boundary Conditions

CFD Computational Fluid Dynamic

CRH China Railway High-Speed

COVID-19 Corona Virus Disease-2019

DPM Discrete Phase Model

DRW Discrete Random Walk

HVAC  Heating, Ventilation, And Air Conditioning
LHSTC Long High-Speed Train Cabin

PT Public Transportation
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RANS
RH
SARS

Dy

Reynolds-Averaged Navier-Stokes
Relative Humidity
Severe Acute Respiratory Syndrome

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
SIMPLE Semi Explicit Method For Pressure Equations

Parameter

m? /s Kinematic diffusivity of water vapor in the air

d, m Particle diameter

E J Energy

Fp N Brownian force

Fp N Drag force

Fg N Gravitational force

Fr N Lift force

g m/s? The gravitation acceleration in the x; Direction
Ji kg/m?s Diffusive flux of species i

kg J/K Boltzman constant

L m Distance to the nearest wall

l m Turbulence length scale

Mgo kg/s Mass of the droplet

Mo kg/s Rate of change of droplet mass
Amy kg/s Change in droplet mass

m, kg Particle mass

p Pa Pressure

r m Particle radius

T K Temperature

t s Time

74 m3 Aerosol (also control) volume

v m? /s Turbulent viscosity

U m/s Local mean velocity

u; m/s Flow velocity in the x; Direction
u; m/s Fluctuating eddy velocity

us m/s The velocity of the fluid at the aerosol location
up m/s Particle velocity

x m Fluid location

Xp m Particle location

C One-equation eddy viscosity constant
C. Cunningham correction factor

Cp Drag coefficient

Cy k — e model empirical constant

Kn Knudsen number

Pr, turbulent Prandtl number

Rey Droplet Reynold’s number

Sct Turbulent Schmidt number

sgn Sign function

Y Specific mass fraction

Greek symbols

P kg/m?® Density

Py kg/m® Density of the fluid

Pp kg/m?® Particle density

Heff Pa.s Effective Viscosity

Hy Pa.s Fluid dynamic viscosity coefficient
He Pa.s Eddy viscosity

A m Mean free path

Aa W/mK Air thermal conductivity

Aeff W/mK Effective thermal conductivity
At W/mK Turbulent thermal conductivity
Ty Pa Reynolds stresses

£ m?/s® Turbulence dissipation rate
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v m? /s Fluid kinematic viscosity coefficient
n Pi number (=~ 3.14)

¢ Normal random number

Subscripts

a Air

d Droplets

eff Effective

in Droplets entering a control volume
inj Injection

lat Latent

out Droplets exiting a control volume
Ref Reference

T Total

vap Vaporization

1. Introduction

The growth and development of societies, along with the well-being and comfort it brings, also carry with them some challenges,
sometimes overtly and sometimes covertly. That various and new types of diseases are one of the undesirable consequences of human
interventions in the world order. The outbreak of COVID-19, caused by the SARS-CoV-2 (severe acute respiratory syndrome coro-
navirus 2) virus, happened in late 2019 and within six months has been rapidly spreading worldwide, causing a public health and
economics crisis [1]. During this epidemic, all human societies suffered from disorders in various areas of communication that affected
society, the psyche, business, the economy, lifestyle, and especially the world order. Even after considerable progress in vaccination
that has resulted in a reduction in new infections and mortality rates, there have been instances of recurrence of the pandemic still
through new variants in various countries. Unfortunately, at the time of writing in February 2022, the COVID-19 pandemic has claimed
more than 5.7 million lives with more than 400 million people known to be infected worldwide [2]. Many public transportation (PT)
agencies have implemented safety measures, including observing social distancing by reducing the capacity of occupants and requiring
passengers to wear masks. Therefore, assessing aerosol transmission and adopting effective and low-cost viable measures to mitigate
the disease transmission in PT remains a pressing matter. Preliminary epidemiological and virological observations and studies
discovered that the transmission of the SARS-CoV-2 virus is mainly through person-to-person contact, through droplets emitted by
respiratory events such as coughing, sneezing, or talking occurs [3-5]. Subsequently, it was suggested that, in indoor and poorly
ventilated environments, the predominant transmission route of infection is through aerosols (particles smaller than 5 ym of diameter)
containing viable viral particles generated by contaminated people [6,8].

Experiments and computational fluid dynamics (CFD) methods are the robust tools commonly applied to investigate the airborne
transmission of pathogens between indoor occupants. Experimental measurements are usually very expensive and time-consuming [9,
10]. Whereas, CFD is a powerful and low-cost approach to counteracting the spread and transmission of viral diseases [11]. Mean-
while, researchers have used computational modeling techniques to assess the potential effectiveness of non-pharmaceutical reduction
strategies [12] for a wide range of indoor environments, such as: classroom [13,14], library [15], world-real train cabin [16], car
parking [17], urban subway [18], and airplane [19]. As with many other confined spaces, the air quality for PT, such as train cabins, is
a primary and vital determining factor for transmission of COVID-19.

The Eulerian and the Lagrangian approaches are broadly two methodologies to simulate the dispersion of aerosols in CFD [13,
20-22]. The researchers showed by comparing experimental data that both the Eulerian and Lagrangian approaches are suitable for
modeling airborne particles [23,24]. In the Eulerian phase, the Reynolds-Averaged Navier Stokes Equations (RANS) with approximate
turbulence schemes is commonly used to estimate the airflow field distribution within a computational domain and has been applied in
many investigations relevant to COVID-19 transmission [25,26]. Coupling the Eulerian procedure with Lagrangian particle transport
dynamics allows for the incorporation of the effects of aerosol particle’s characterization into the simulations and enables accurate
modeling of the physical forces that act on the aerosol particles due to gravity, drag, lift, and Brownian motion in the case of aerosol
particles [13,14,27].

It is also worth noting that, according to research, the physical phenomena involved in the droplet transmission and spreading
process are very complicated and challenging. In fact, the interaction of inertial and aerodynamic forces between the droplets and the
air plays an important role in their propagation [28]. Nonetheless, it has been specified that the respiratory droplets and aerosols that
are generated during respiratory events are the most probable route of SARS-CoV-2 virus transmission [29-31]. This observation is also
proved for the SARS-CoV-2 virus in numerous relevant studies [3,32]. So that, the role of aerosols in the spreading and transmission of
the SARS-CoV-2 virus is more important [6,33,34]. In the formed droplet cloud, the droplet diameter ranges from nano-sized to
hundred microns, and they are present by maintaining a probability distribution [35-38]. The large-sized droplets, tend to sit on
surfaces, while small droplets such as droplets about 10 ym tend to evaporate completely before settling [39]. Complete evaporation of
small droplets leads to the formation of droplet nuclei called aerosols [40]. Aerosols, which are very small particles, stay in the air long
enough (suspended) and increase the risk of exposure to infection [33].
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Fig. 1. Computational domain of a high-speed train (HST). (a) Passenger numbering and the dimensions of cabin on XZ plane, (b) dimensions of cabin on XY plane and
luggage locations, (c) location of airflow inlets and the surface defined on the face (marked with a red area), and (d) locations of different parts of studied model. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

One of the most important parameters in assessing the transmission of expelled droplets from respiratory events using CFD is the
mass and heat exchange of droplets with the ambient environment [41]. Moreover, the mass of the droplet can vary due to evapo-
ration, which is strictly connected to air temperature and relative humidity (RH). The existing scientific evidence demonstrated that
wet climates reduce the spread of COVID-19 [42,43], due to the delay in evaporation time of the water content of the saliva droplets
[39]. The physicochemical characteristics of evaporating droplets, under the effect of RH, were investigated by Ref. [44]. They find
that physicochemical changes occurring in a droplet affect the efficiency of transmission of infectious disease by droplets and aerosols.
Another important factor for the transmission of virions in the air is the evaporation of saliva droplets [41,45]. For more details of the
generation, size, transmission, and etc. of saliva see Ref. [45] and references therein.

CFD models were developed by Wang et al. [46] to investigate the flow field, temperature field, and airflow pattern impacts on
cough droplets dispersion processes in three different China railway high-speed (CRH) train cabins. They concluded that the air
distribution system used in the China Railway High-Speed 5 (CRH5) model of the train cabin has the most efficient role in droplet
removal among the three models studied. Analyzing the effects of four different diffuser types on ventilation and spread of diseases in
HST cabins using CFD techniques, was employed by Yang et al. [47]. Simulation results indicated that selecting the diffuser type
significantly affects overall cabin airflow pattern and particle contaminants transport. In the early stages of the COVID-19 pandemic,
Ahmadzadeh and Shams [16] used CFD to investigate the effects of air conditioning, injection source, and exhaust flow location on the
dispersion of talk-generate base aerosols inside a train cabin using the Eulerian-Lagrangian approach. The results revealed that
opening the window remarkably reduces the aerosol shelf-time inside the domain. Talaat et al. [19] employed three passenger
capacity-based models, including (a) a full passenger capacity, (b) a reduced capacity, and (c) a full capacity with sneeze guards/-
shields between passengers, to study the aerosol transmission and intervention measures on a Boeing 737 cabin zone. The results
demonstrated that the use of sneezing shields could be an appropriate alternative to full capacity flights instead of reducing passenger
capacity. Furthermore, the effects of the ventilation rate, droplet size distribution, and physical partitions on the droplet spreading
emitted by coughing of an infected teacher in front of a classroom were studied by Mirzaei et al. [14]. They found that the use of seat
partitions, as well as increased ventilation, could prevent infection to some extent.

The current Covid-19 pandemic has revived the importance of using pandemic prevention operations, especially in indoor envi-
ronments, as the prevalence rate is higher indoor environments. Preventive measures such as creating social distance, covering the
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Table 1
Summary of continuous and dispersed phases boundary conditions.

Eulerian phase Inlet Velocity inlet; Various supply velocity: 0.1, 0.2, and 0.3 m/s; Various RH: 25, 50, and 75%; Various supply
temperatures: 17, 20, and 25 °C; Turbulent intensity = 5%; Turbulent Length Scale = 0.035 m; Dimensions = 5 cm x
72 cm; Numbering = 20; Escape.

Exhaust Pressure outlet; Various exhaust temperature: 25, 27, and 18 °C; Escape.
Wall Windows: No-slip; 27 °C; Doors: No-slip; 25 °C; lighting: No-slip; 30 °C; Surfaces: No-slip; adiabatic; Passengers: No-
slip; 25 °C; Passenger face: No-slip; 36 °C; All trap.
Lagrangian Expiratory flow Coughing; v = 11.2m/s; Injection type: cone; Injection angle = 30.

phase Composition [62] 98.2% Water + 1.8% Saliva; density = 1000 kg/m>
Diameter (um) (2, 4, 8, 16, 24, 32, 40, 75, 100)
Duration (t) t=05s;
particles (n) n = 4900
Simulation Time step — {0.005 s, 0<t<10
configuration 0.05s t>10

Overall simulation time: 210 s

face, quarantine and vaccination require enormous social, medical, psychological and economic costs, even as the emergence of
different types of virus variants continues to be a concern. Therefore, it is vital to adopt appropriate strategies to reduce the trans-
mission of SARS-CoV-2 indoors and outdoors to reduce the number of COVID-19 cases.

The knowledge of combined HVAC and geometry optimization effects on SARS-CoV-2 and other virus survival and transmission in
the indoor environment is limited. This study numerically investigates the prediction of COVID-19 exposure risk for passengers
traveling on long-distance high-speed trains, reported by Refs. [46-49]. The present work aims to investigate droplets transmission
generated by coughing and surface contamination using the CFD model.

Transmission of the cough droplet in a high-speed train cabin were been previously investigated both in experimental and nu-
merical approaches. For instance, Zhang and Li [50,51] applied CFD simulations to address the dispersion process of cough droplets of
an individual in a high-speed rail cabin under different ventilation boundary conditions. As well, Wang et al. [46] numerically
investigated the air distribution systems and the cough droplets dispersion in three different China railway high-speed train cabins to
investigate the cough droplets removal ability. However, in both works, the authors stated that the effects of the location of the
coughing passenger, particle size distribution, and modified air distribution system on droplets dispersion characteristics also needs to
be further studied. In the current study, this gap has been covered by investigating the different strategies.

To achieve this, the fraction of particles suspended in the air inside the cabin, escaped of the exhausts, and most importantly the
fraction of particles deposited on the face and body of passengers under different scenarios are separately examined, and then by
comparing the results, which presented using the color contours, the passengers deal with the highest risk of infection, have been
identified, which to our knowledge has, not been reported elsewhere. The investigation aims to understand the effects of temperature,
relative humidity, ventilation rate, injection source, exhausts’ location, and capacity, and the physical barriers on evaporation and
transport of respiratory droplets to compare to alternative intervention measures that may be more economically viable such as using
physical partitions between passengers on a full capacity cabin. The study considers a wide range of particle sizes (2 — 100 ym), which
spans particles released during coughing [38,52]. We believe that our study and its findings are valuable to scientists and policymakers
in our efforts to understand and reduce the transmission of SARS-CoV-2 in the global community.

2. Methods and materials

2.1. Train geometry

Fig. 1(a)-(d) illustrate the geometry of Long-distance High-Speed Train Cabin (LHSTC) selected for model analysis. The dimensions
of the cabin are 13 m (L) x 2.8 m (W) x 2.4 m (H) with a volume of approximately 87 m? (total fluid volume of approximately 65 m3),
and the cabin includes 14 rows and 56 seats, according to seat-designs considered by Refs. [48,49]. The simulation domain of this study
is one of the common LHSTC in the world. The geometry details were almost obtained from a real LHSTC geometry according to the
[46-49]. The different parts of cabin and studied airflow input or exhaust positions are also marked. Fig. 1(a) and (b) show the
passenger numbering and dimensions of different parts from each other on the top and front view of the domain. The sidewalls, east
and west walls (Fig. 1(c) and (d)), is exposed to the outside of the cabin and has been mounted six large sealed windows on each of
them. The north and south walls (Fig. 1(c) and (d)) toward the interior of the side cabins and each of them mounts a large door. The
cabin’s ventilation system is composed of 20 inlet vents (Fig. 1(c)). All inlet vents supply the same inflow rates and temperatures of air
to create similar conditions. The type and size of inlets have been selected based on the model of the first type of Yang et al. study [47].

2.2. Mesh sensitivity

To make sure that the results are grid independent, a grid independence study was conducted, without droplets motion. The grid for
the computational domain has been chosen after the following considerations. Four different types of grids, the number of elements are
1.8, 3.5, 4.2, and 5 x10° for the geometry, have been considered under the same boundary conditions (for details of boundary
conditions see Table 1). ANSYS Fluent Meshing was used to generate the structured mesh for the computational domain. The outcomes
of such a comparative study, are reported in terms of velocity magnitude and static temperature, have measured along a vertical line as
located at xo = x; = 6.5, yo = 0.5, y1 = 2, 20 = 21 = 1.4 (m), and is plotted in Fig. 2(a) and (b). All the results show a similar
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Fig. 2. Mesh sensitivity analysis. Comparison of the variation of (a) velocity magnitude, and (b) static temperature; over the selected line for studied mesh sizes.

variation. The difference between the mesh sizes of 4.2 and 5 million is very small. The significance of these figures resides in their
ability to make it evident that all the examined grids can capture the counter-rotating vortices, especially in the upper part of the
passenger cabin, in correspondence with the luggage compartment. It can be seen that the patterning behavior is essentially identical
for the fine and finer grids, whereas a change in the symmetry of the main plume can be noticed when the coarse mesh is used. Based on
these results and related arguments, a mesh with 4.2 million elements is used for the current simulation topic. In particular, the final
mesh is reported in Fig. 3(a) and (b).

2.3. Computational fluid dynamics simulation

The airflow field in the cabin domain was solved using the incompressible Navier-Stokes equations. Six partial differential
equations governing conservations of mass, momentum, turbulent kinetic energy (k), turbulent dissipation rate (&), water vapor
species transport, and temperature are discretized in spatial coordinates to acquire the steady-state solution. The SIMPLEC algorithm
was employed for the velocity-pressure coupling. The steady-state solution is determined by an iterative process, starting from an
initial guess for the steady solution in the physical domain. The initial guess in this study is set based on the hybrid initialization, which
is performed by solving a Laplace’s equation to determine the velocity and pressure field. The minimum remaining convergence scale
was from the order of 10~* in solving the flow field, and 10~ for momentum equations and turbulence model. The continuous phase
equations and discrete phase equations are solved alternatively. In other words, in the present study, first, the fluid field was resolved
and then injected the particles were tracked using the Lagrangian framework by keeping the continuous flow solution constant.
Standard k — € model obtained high reputation on predicting indoor airflows, although it might overestimate contaminants deposition
[53].
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(b)

Fig. 3. Selected mesh for droplet evolution case is the fine one. (a) Top view, (b) front view.

2.3.1. Continuous (Eulerian) phase
The continuous carrier phase flow described by the RANS equations of for continuity, momentum, energy and species transport.
The steady, incompressible and turbulent form of the equations are given below:

12 —
PV (7= o))
ot
W) |G (i) = —VP+ V- | (a4 1) (VT + VT |~V <_%pKT> “F, @
ot —— 3
Hefr

where m and F, are the source terms account for mass transfer between the air and droplet due to evaporation. u,q is the effective
viscosity considering both dynamic and turbulent viscosities.

In addition, species transport equations were solved to account for droplet evaporation (analytical equations of droplet evaporation
process has been presented in supplementary data) and consequent changes in the droplet size. The mass fractions of water are solved
by

DAV (pux) =V Ti+S; 3)

. . - . . . . .
where S; is the species source term and J; is the diffusive flux of species i and can be expressed as

— U, vT
Ji=—pDim+o- | Vi — D—- 4
(P m + SC,) X T (©)]
where Sc, is the turbulent Schmidt number and D is the turbulence diffusivity.

Heat transfer within the computational domain is accounted for by the following energy conservation equation:

d(pE)
ot

+V-(pUE)=V" ((xeﬂvr) - Zhiﬁ) +35), (5)

where Ay is the effective thermal conductivity which considers both thermal conductivity of air, 4, and turbulent thermal conduc-
tivity, 4. And S, is the thermal source term due to droplet motion and evaporation.
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2.3.2. Adopted turbulence model

The standard k-¢ turbulence model is used for the modeling of k, the turbulent kinetic energy (energy contained in velocity
fluctuations), and ¢, the dissipation rate of turbulent energy (rate of transfer of kinetic fluctuation energy to heat by viscous friction), as
described in equations (6) and (7),

d(pk) YV (pTk) =V - (&vk> + Gy — pe “
ot Ok

0

(gte) +V-(pue)=V- <&V£> +%(C]FG1{ — Cype) 7

where Cj,, and Cy, are constants 1.44 and 1.92, respectively, and o, and o, are 1.00 and 1.3, respectively. Gy is the production of
turbulence kinetic energy.
Eddy viscosity y, is expressed as

kZ
He= pCu: ®

where C, is equal to 0.09.

2.3.3. Droplet tracking model

Discrete phase model (DPM) is employed to determine the transport of droplets generated by the respiratory events in ANSYS
Fluent 2021 R2 software. Indeed, the DPM uses a hybrid Eulerian-Lagrangian framework, where the carrier phase is solved by Navier-
Stokes equations, and the dispersed phase is solved by tracking a large number of droplet streams via the airflow field mean velocity.
The droplets are transmitted via a phase consisting of a mixture of air and water vapor, and their pathways are affected by physical
forces, turbulent dispersion, and the nature of the surrounding flow. The droplets’ transport dynamics are tracked by equating the
inertia force on droplets with external forces acting on the droplets (Newton’s second law) [54]. The equation of motion of the
spherical-shape droplets (subscript d) is given by:

%*u md—7d72? )
Dt 4 g T

where, my is the droplet mass and defined as follow
z
mg = gpddj (10)

In addition, here, F is the sum of all external forces exerted on the droplet. These external forces are presented in detail by the
literature [54,55]. In the present work has been neglected pressure and virtual mass forces, as, the particles considered are small [54].
Furthermore, the effects of gravitation force, drag force, lift force, inertia force, and the effects of Brownian motion (for droplets less
than 5 pm) on the coupling between the discrete and continuous phases are also included [56,57]. Due to the low volume fraction of
the droplets/aerosols, we neglect droplet-droplet interactions. Thus, according to the above discussion, the equation of motion of a
droplet (subscript d) is given by

—
dud

de:?DJr?ﬁ?ﬁ?B an

where U4 and U are the droplet and air velocities, respectively. Fp, is the drag force,

Fo= L _ 12
D pde,CC ( u u d) (12)

where Dy is the droplet diameter and C, is the Cunningham correction factor and as given by

Co=1+ 12)—’1 (1.257 + 0.4~ (M1Pa22)) (€5
d
Fo=(p—p)VE 14
- du du
?L = 1.615/)dy0'5D§<u - 7}) d—;’sgn (7:) (15)
— TS
Fg=m,G A_to (16)
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G represents zero-mean, unit-variance, independent Gaussian random numbers, and T is the absolute temperature of the fluid (K).
The dispersion of droplets due to turbulence is modeled via a discrete random walk model (DRW). Indeed, in the DRW model, the
effect of subgrid-scales flow on released aerosol/particle dynamics is considered by adding an eddy fluctuating velocity component to
the average fluid velocity [58]. In other words, the instantaneous velocity is decomposed into the mean (if) and fluctuating (u'f)

components as uy = Uy + u} [59]. The average velocity of the fluid phase, is obtained by the RANS using the standard k-¢ turbulence
model. Moreover, the fluctuating component (u}) follows a Gaussian distribution based on the DRW model, which can be obtained

following:

w=¢ \/% (18)

where ¢ is a normally distributed random number (accounts the randomness of turbulence).
Furthermore, the mass flow rate of droplets is calculated as:

3
4rr;

= (19

mg = np,

where n is the total number of particles and t is the coughing duration time.

2.4. Boundary conditions

Fresh air is transported to passengers through the 20 supply air inlets located below the luggage carrier on each cabin side wall
(72 cm (L) x 5cm (W) x 20 (number)). The applied airflow velocities ranges have been selected in order to maintain the cabin air
velocity under a comfortable level (i.e. less than 0.2 m/s) [60]. Exhaust air exits have been installed in two different places, including
the back of the seat on the floor and ceiling of the cabin. Fig. 1 shows the layout of seats and the corresponding air distribution system
in the computational domain. The studied model contains 56 passengers, being seated in 14 rows. At the inlet of the air supply, a
turbulence intensity of 5% and turbulence length scale of 0.035 m are assumed. The temperature of the lamps and LEDs is assumed to
be 27 °C. For different ambient and airflow conditions, 17 cases were simulated and compared. In the CFD models, the sitting height of
the passengers is 1.25 m, and the total body surface area of each passenger is 1.47 m2. The passenger mouth area is assumed as 4 cm?
[37]. The face temperature of passengers is set at 36 °C. The boundary condition of the passenger is no slip. The simulated cough was
assumed to have a fixed exhaled velocity profile, which conforms to typical values reported in the literature for velocity, duration, and
total volume of air expelled. The duration of a single cough is 0.5 s and, the maximum coughing velocity is approximately 11.2m/ s
[35,61]. The cougher coughs and expels a cone type jet with a typical flow rate at an angle of 30°. The droplets expelled by the cougher
have a standard size distribution ranging from 2 ym to 100 um (Fig. 4). The cough droplets are modeled to evaporate when droplet
temperature is higher than the vaporization temperature. Since the exact composition of mucos-alivary fluid is unclear, salt is assumed
to be the only non-volatile component in the droplet in this study. As per Duguid’s study, droplets evaporate continuously to their dry
nuclei state as they move in the air [38]. The size of the nuclei mentioned by Ref. [38] is around 20% of the original diameter. To
achieve this, a volatile fraction of the water droplet is assigned as 98.2%, the remaining being a nonvolatile part. The number of
expelled respiratory droplets assuming 4900 droplets per cough and a droplet size distribution measured by Ref. [38] shown in Fig. 4.
A summary of boundary conditions used in the simulation have been presented in Table 1.

The droplet size distribution used in the study has diameters ranging from 2 to 100 ym [38], and as reported in the literatures [39,
41], evaporation time for 10 ym droplets is greater than 0.05 s, the time steps are selected such that evaporation is captured accurately.
Due to the evaporation, the droplet diameter reduces to a dry nuclei state, and after that, no evaporation of droplet occurs [41]. The
time step size of 0.005 s during evaporation was completed (to 10th second) and 0.05 s after the evaporation is employed for the
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Fig. 5. Model validation using data from Li et al. (2018).
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Fig. 6. Isometric view of the volume rendering of airflow temperature (first row) and velocity (second row) inside the cabin for the three different ventilation rates,
including 4, 8, and 12 ACH.

simulations, ensuring the stability criteria.

2.5. Validation

The evaporation modeling of droplets in this work was compared with Li et al. study [62]. Furthermore, the accuracy of the model
was checked with results research by Shao et al. [63] and Ahmadzadeh et al. [13] works, after a good acknowledgment and agreement,
we implemented the solution results. For instance, in the following section, we have presented the comparison verification results from
Liet al.

The calculation domain of Li et al. work is an enclosed room (4 m x 3 m x 2 m) at a constant temperature of 25 °C. Two different
size droplets of initial diameters of 10 and 100 ym are evaporated under dry conditions. In this model, it was assumed that single
droplets were released one after another with a time-frequency of 0.01 s at 37 °C. Droplets consist of two parts: 1) 98.2% water, and 2)
1.8% nonvolatile particles, with a density of 1000 kg/m?. The multicomponent Eulerian-Lagrangian approach is employed to realize
mechanistic modeling. For the simulation, the structured hexahedral method was used, which consists of over 600,000 elements. The
predicted time-dependent diameter (solid lines) of droplets injected by coughing was compared against the theoretical results
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Fig. 7. Volume rendering of the velocity and temperature fields on XY plane for the three different ventilation rates, including 4, 8, and 12 ACH, and on XZ plane (last
row) for 12 ACH case.
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Fig. 8. Airflow velocity contours at two distinct heights on horizontal planes: y = 1 m (left side), and y = 1.5 m (right side) for 4 and 12 ACH ventilation rates.

(triangular markers). As shown in Fig. 5, a satisfactory agreement can be observed between the numerical results of this study and the
data reported in the literature. Moreover, more details of the droplet evaporation model and equations have been provided in
Appendix A-supplementary material.

3. Results

3.1. Results of continuous phase

This section mainly presents the results of numerical simulations is related to evaluating the impact of the various ventilation rates
(4, 8, and 12 ACH) on airflow field distribution. The airflow distribution performance of these ventilation rates is compared and
selected the best case in terms of the thermal comfort considerations. Then, with reference to specified and effective ventilation rate,
droplet dispersion is calculated and discussed in line with infection risk assessment indicator, aiming to provide guidance on the design
and implementation of suitable airflow conditions and physical barriers as an efficient disease transmission mitigation strategy. Fig. 6
shows a volume rendering of airflow temperature and velocity in the whole cabin areas for the three different ventilation rate,
including 4, 8, and 12 ACH. In each case the initial and boundary conditions, except the inlet velocity, are the same. The results show
that by increasing the ventilation rate, the temperature inside the cabin decreases more rapidly and approaches the comfort conditions
in the warm season. This is because, in case 12 ACH, more areas of the cabin are affected by the cold supply airflow (according to
second-row results), resulting in more energy exchange with the surrounding molecules than in cases 4 and 8 ACH. The other worth
point is to observe high-temperature areas near windows and lighting systems. In this study, fixed temperature boundary conditions for
lighting systems (of 30 °C) and windows (of 28 °C) have been employed to approach the real situation. That is why in the presented
results we see high temperatures in these areas. The temperature of these areas also shows a further decrease by increasing the supply
velocity by following the temperature of the whole cabin area.

As well, the simulated volume rendering of the velocity and temperature fields on the longitudinal planes (XY and XZ planes) are
shown in Fig. 7 for the three simulated cases. The air temperature in similar points in case 1 is approximately 2 °C higher than case 3,
on the other words in case 1 passengers experienced the warmer conditions than case 3. The air temperature close to the passengers is
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ACH=8
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Fig. 9. Streamlines and recirculation zone during cases 2, and 3 at horizontal (y = 1 m) plane.

Table 2
Study scenarios to determine the effects of ventilation rates.
Scenarios The desired effects
Ventilation rate (ACH) RH (%) Emission source Exhaust’s location Temperature (K) Physical barrier
Tin Tout
1 4 50 Cc7 Mode 3° 293 300 No
2 8
3 12

2 For details refer to Fig. 14.

slightly higher because of the heat flux released from the human body (thermal plume). What is more evident in these figures is the
variations and fluctuations of the temperature and velocity field around the passengers. The cause of these fluctuations is due to the
thermal plume generated by the heated manikin (32.2 °C) pulled the flow toward its body, dramatically altering its trajectory in the
cabin. As illustrated, it can be concluded the thermal plume plays an important role in the distribution of the both flow fields and
droplets in indoor environments [64,65]. This mechanism is such that since the body temperature of passengers is higher than their
surroundings, and according to this principle of convective energy transfer: energy is transferred from the hot zone to the cold zone, so
the molecules around the passengers have more motions, and result in appreciable velocity and temperature fluctuations in these areas
than other cabin domain.

Fig. 8 shows the airflow velocity contours at two distinct heights (horizontal planes): y = 1, and y = 1.5 m. The airflow velocity
distribution is approximately homogeneous in the longitudinal direction, especially in case 3. For a cabin mean temperature
requirement in summer of 23 — 25 °C, the maximum airspeed allowed is 0.4 m/s. As the reader will realize by inspecting this figure, on
both horizontal planes in case 1, the mean velocity field is under the target value.

To find out the influences of the formation of flow vortices and recirculation zones on the particles’ shelf life inside the domain,
Fig. 9 provides a comparison between streamlines and recirculation zone in cases 2, and 3 at horizontal (y = 1 m) plane. In both
scenarios, the formation of recirculation zones between rows, with different strengths and areas, is observed. But what important point
that cause the difference between these comparisons is that by increasing the ventilation rate the vorticities area is reduced and moved
in the middle of the cabin. Especially when the airflow velocity is low, the flow momentum is weak to overcome obstacles such as the
bodies and seats, and this leads strong and large recirculation areas between the rows relative to the high airflow velocity. These
differences indicated by red lines in Fig. 9.

3.2. Results of dispersed phase

In this section, initially the studied scenarios in each case defines and then presents the results.

3.2.1. Effects of ventilation rate

In this section, the effects of ventilation rate on droplet transmission and shelf-time inside the domain are investigated. To display
these impacts, three different ventilation rates, including 4, 8, and 12 ACH, have been selected based on the thermal comfort re-
quirements of public transport systems (study scenarios presented in Table 2). Here, the relative humidity and the temperature are kept
fixed at 50% and 303 K respectively.

The effect of ventilation rate on suspended (in-fluid) and escaped particles over time is shown in Fig. 10(a) and (b), respectively. As
expected and shown, increasing the airflow ventilation rate improves particle exit conditions and decreases their residence time. In
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Fig. 10. Analyze the effect of ventilation rate on the fraction of: (a) suspended, and (b) escaped, particles over time.

addition, when the airflow velocity triples, over time from 60 s onwards, the fraction of the suspended particles is reduced by more
than one-third. Another noteworthy point relates to the difference in the suspended fraction particles variations during these three
ventilation rates. This difference is greatly reduced by increasing the ventilation rate. For example, after 210 s, the difference decreased
from 21% to 2.5%. This indicates that the ventilation rate of 4 ACH has a poor performance in reducing environmental pathogens
compared to rates 8 and 12 ACH. Therefore, it can be concluded that ventilation rates of 8 and 12 ACH have approximately the same
performance as the indoor air purification, although rate 12 ACH shows the best performance in reducing particulate matter compared
to the other two values at the same time and conditions. This poor performance can also be seen by comparing the variations of the
fraction of escaped particles from the environment over time under the various ventilation rates (Fig. 10(b)). It is due to that by
increasing the ventilation rate, the momentum of airflow raise and result in they overcoming the physical forces exerted by the
particles, this leads to a large portion of the particles being carried with the airflow, enforce them to follow the flow streamlines created
towards the exhausts. The quantities analysis of particles released from the environment at the end of the 210th second also indicates
doubling and tripling the ventilation rate accelerates the volume of the exhaust particles by more than 7 and 10 times, respectively this
issue.

3.2.2. Effects of relative humidity

Fig. 11(a) and (b), shows the effects of RH on the fraction of suspended and escaped particles, respectively. The ambient tem-
perature is fixed at 303 K and the relative humidity is varied as 25%, 50% and 75% (study scenarios presented in Table 3). The results
emphasize the RH has a significance role on particle shelf-time and resulting on infection risk. At low RH, the evaporation rate of the
droplets is high and results in the decline of the mass of droplets is fast, thus, we see a long shelf life of the droplets in the environment.
Increasing the relative humidity of the supply airflow accelerates the process of particles leaving the environment and reduces the
fraction of suspended particles. This, in turn, will reduce the risk of infection.
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Fig. 11. Analyze the effects of RH on the fraction of: (a) suspended, and (b) escaped, particles over time.

Table 3
Study scenarios to determine the effects of RH.
Scenarios The desired effects
RH (%) Ventilation rate (ACH) Emission source Exhaust’s location Temperature (K) Physical barrier
Ty Tour
1 25 12 c7 Mode 3 293 300 No
50
3 75

The magnitude of the droplet mass variations over time in terms of three various parameters, which include droplets’ initial (solid
lines), final (dot lines), and changed (dash-dot lines) mass, have been compared for three RH in Fig. 12. To interpret the results of this
figure, we first define these parameters. The final mass of the droplets is the result of subtracting the initial mass from the changed mass
at the same time. On the other hand, the mass change of droplets arises from two factors, which are: 1) the exchange of mass and energy
with the surrounding flow and, 2) the reduction of mass by settling on surfaces or/and leaving the environment. The first factor is
important as long as the droplets still have water content. As soon as the water content of the droplet is completely evaporated, then
this factor loses its role and the reduction in particle mass will be related only to the second factor. Therefore, considering the size of the
particles distributed in this study, it can be said that the first factor in the first 8-9 s will play a colorful role in reducing the mass of the
droplets. Which is visible in the enlarged part of the figure. This parameter has a negative sign because it shows the decrease in droplet
mass over time, but for better reasoning, its magnitude results are shown in this figure. The initial mass refers to the mass of the
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Fig. 12. The magnitude of the initial, changed, and final droplet mass variations over time, and the effect of RH on droplet evaporation at the fixed ambient
temperature.

droplets in the domain at a given moment without considering these two factors. As shown, these parameters decrease over time for all
three RH cases. Because the mass of the droplets decreases over time due to droplets’ evaporation, deposition on the surfaces, and exit
the domain. But what is important and expected is that the changes are different for the RH studied. This is due to the nature of the
mass and energy transfer between the droplets and the surrounding airflow at different relative humidity. As shown in Fig. 12, as the
relative humidity of the cabin airflow increases, the slope of the mass changes becomes steeper. In other words, the droplet mass
reduction at high relative humidity is higher than low relative humidity. Another noteworthy point is the changes in the final mass of
the droplets, the slope of their decreasing trend of which remains almost constant from 10th seconds onwards. Because most of the
droplet volume (98.2%) is composed of water as a result, by evaporates the water content, which usually takes less than 10 s, the mass
of the droplets decreases increasingly, and after this moment, the reduction of the particle mass is only due to deposition on the
surfaces or leaving the environment. Moreover, with the increase in evaporation time, the final size of the droplet increases. This can be
attributed to the fact that when the relative humidity increases, the final water content at a higher relative humidity is more. To
examine more accurately the nature of the droplet mass reduction phenomenon due to the evaporation process of droplets’ water
content, the variations trends have been magnified in the first 9 s. An important point that can be mentioned according to the following
results is that increasing the relative humidity increases the time required for the water content of the droplets to evaporate. This
conclusion derives from the point that the variations of the initial and final droplets’ mass begin to tangent together at that point. These
points have been marked as hollow circles of red, blue, and green, which correspond to the relative humidity of 25, 50, and 75%,
respectively. As can be seen, the green circle occurred later than the previous two circles. This means that the time required for the
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Table 4
Study scenarios to determine the effects of emission source.
Scenarios The desired effects
Emission source Ventilation rate (ACH) RH (%) Exhaust’s location Temperature (K) Physical barrier
Tin Tour
1 A2 12 50 Mode 3 293 300 No
2 B2
3 Cc7
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Fig. 13. Analyze the effects of emission source on the fraction of: (a) suspended, and (b) escaped, particles over time.

droplets to evaporate increases with increasing humidity. Another important result relates to the variations of the final mass of the
droplets. As can be seen, at the end of the droplet injection, 0.5th second, despite the evaporation process, the variations are increasing
over time. However, immediately after the particle injection is completed, the variations approach changes direction at once and take a
decreasing trend. This decreasing process continues with a steep slope until all the water content of the droplets has completely
evaporated. Then the final mass of the particles decreases with a very low slope. In addition, it is observed that at high relative hu-
midity, the particles’ evaporation ends late (from a comparison of dotted graphs).

3.2.3. Effects of emission source
To evaluate the effect of patient passenger location on the particle dispersion, the following comparison was performed for three
different emission sources, including passengers A2, B2 and C7 under the same conditions. Here, the relative humidity and the
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Fig. 14. Introducing the three different modes of exhausts location.

Table 5
Study scenarios to determine the effects of exhaust’s location and capacity.
Scenarios The desired effects
Exhaust’s location Ventilation rate (ACH) RH (%) Emission source Temperature (K) Physical barrier
Tin Tout
1 Mode 1 12 50 Cc7 293 300 No
Mode 2
3 Mode 3

temperature are kept fixed (study scenarios presented in Table 4).

Fig. 13(a) and (b) show the effects of emission source on the fraction of suspended and escaped droplets over time, respectively. The
results indicate that patient location plays a significant role in the infection risk of healthy individuals. According to the results, when
the C7 passenger is assumed to be patient, the in-fluid particle variations over time faster than the other two, also, particles can leave
the environment at high rates. Its reason refers to the nature of the formation of the vorticity and circulation zones. As shown in Fig. 13
(a), the C7 location is farther from the front passenger than the A2 and B2 occupants, so that airflow does not collide with physical
objects such as the seats, and this causes vorticity and circulation zones formed in the area are weaker and smaller than locations A2
and B2 (see Fig. 9). Because the particles trapped in these areas travel in a vorticities, this allows such particles to have a long shelf life
in the environment. These observations can also be expressed for comparison between two A2 and B2 passengers. However, in this
case, in addition to the basic role of circulation flows, the role of the luggage can also play an important role in creating different
results.

3.2.4. Effects of exhaust’s location and capacity

Other parameters that play an important role in the dispersion of particles and thus in the intersection of the risk of infection in
indoor environments are the location and capacity of the exhaust. In this section, to clarify these effects, the results for three different
modes, as shown in Fig. 14, are presented and discussed. Here, the relative humidity and the temperature are kept fixed (study sce-
narios presented in Table 5).

As illustrated in Fig. 15(a) and (b), changing the exhaust location (between modes 1 and 2) and increasing the exhaust capacity
make considerable differences in the fraction of the suspended and escaped particles. But the effect of these factors on the exit of
particles from the domain is more noticeable. Comparison of the results of Fig. 15(a) and (b) indicates that the displacement of the
exhausts from the floor to the ceiling of the cabin has a significant effect on both the shelf life of particles and the exit of particles in
relation to the increase of the exhaust capacity. Because most of the injected droplets evaporate in the first moments, this reduction in
mass causes the aerodynamic forces to overcome the force of gravity and move the particles upwards. This is a potential factor that
causes to escape of more particles from the ceiling exhausts than from the floor ones.

3.2.5. Effect of physical barrier

One of the non-invasive and low-cost ways to reduce the risk of pathogens in indoor environments is to use the physical barriers.
The effectiveness of this strategy in reducing the risk of infection and transmission of infectious particles has been examined and
proven. The results of these investigations also have been presented similar to the previous sections in the framework of the variation
rate of the fraction of suspended and escaped particles versus time are shown in Fig. 16(a) and (b). Here, the relative humidity and the
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Fig. 15. Analyze the effects of exhaust’s location and capacity on the fraction of: (a) suspended, and (b) escaped, particles over time.

temperature are kept fixed (study scenarios presented in Table 6). And the ventilation rate is 12 ACH.

The results show that the presence of physical barriers strongly affects the shelf life of particles. In such a way that after about 1 min
of simulation time, the fraction of suspended particles in presence of physical barriers implies a reduction of more than 50% compared
to the case where there are no barriers. For example, at the end of the 160th second, the fraction of suspended particles in the presence
of barriers of 6.2%, while the same quantity in the absence of barriers is equal to 14.8%, i.e., an 8.4% reduction in particles number. A
similar performance of the presence of physical barriers can be attributed to the acceleration of particle exit. Another noteworthy point
is that the variation slope of the exited particles from 60th seconds onwards remains almost constant. This is due to the high reduction
of airborne particles in this scenario. On the other hand, after 1 min, the final state of 78% of the particles is determined, i.e., they have
been deposited or escaped. The location and dimensions of the physical barriers are illustrated in Fig. C1 and C2 (Appendix C).

3.2.6. Effects of the temperature

Temperature is one of the main elements of droplet evaporation. In this section, the effects of three different input flow temper-
atures on the shelf life and the spreading of particles have been measured. Temperatures have been selected so that there is a 7-degree
temperature difference between the input and exhaust flows in all three scenarios.

The results of Fig. 17(a) and (b) show that increasing the temperature increases the shelf life of the particles in the environment.
And this is almost obvious because increasing the temperature accelerates the process of particle evaporation and leads to a higher
reduction of the droplet mass than the low temperatures. This implies that the particles become light and able to travels further
distances. As a result, the descending slope of the variation rate of the suspended particles at high temperatures is lower than the low
temperatures. Moreover, low temperatures have a good performance in relation to escaping the particles. Fig. 18 shows the effect of
temperature on droplet evaporation. Here, the relative humidity is kept fixed at 50% and the supply temperatures are 290 K, 293 K,
and 298 K (study scenarios presented in Table 7). The first thing which can be observed is that the residual droplet size (final mass of
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Fig. 16. Analyze the effects of physical barrier on the fraction of: (a) suspended, and (b) escaped, particles over time.

Table 6
Study scenarios to determine the effects of Physical barrier.
Scenarios The desired effects
Physical barrier Ventilation rate (ACH) RH (%) Emission source Temperature (K) Exhaust’s location
T; Tour
1 No 12 50 Cc7 293 300 Mode 3
Yes

droplets) at all the temperatures is equal at the end of the evaporation and this is because the residual water content amount in the
droplet is dependent on the relative humidity and relative humidity being constant, as a resulting the water amount remains the same.
Although, an increase in the supply temperature accelerates the evaporation process because at such conditions the surrounding
environment will supply latent heat to the droplet to help evaporation, and also, the surrounding environment with higher temper-
ature has more water holding capacity than the surrounding environment with low temperature. Nonetheless, at lower temperatures
like 290 K, the droplet evaporates by utilizing its own surface heat and there is no further supply of latent heat from the surrounding
environment as the ambient temperature is lower than the initial droplet surface temperature. And these are the reasons, that lead to
more droplets deposited on the surfaces at lower temperatures than higher temperatures and we observed the final mass of droplets
variations slope at a lower temperature is sharper than warmer conditions.

Besides, by comparing the magnitude of the variation rates of the droplets’ changed mass when the target is the cooling of the
environment, i.e., the input temperatures of 290 and 293 K, we conclude that in the first 8 s, as the temperature increases, the reducing
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Fig. 17. Analyze the effects of the temperature on the fraction of: (a) suspended, and (b) escaped, particles over time.

mass of the droplets hasten.

Therefore the RH and temperature effects’ results revealed that higher RH and low temperature slows down the evaporation rate
and restricts the amount of water leaving the droplet surface, which, in turn, increases the evaporating duration. Fastest evaporation
for the droplets can be seen at 293 K and 25% RH and the slowest evaporation is at 290 K and 75% RH. Thus, it can be concluded that
the high temperature-low humidity is an ideal condition for droplet evaporation because the high-temperature environment will be a
source of latent heat, and low RH will allude to more water holding capacity and thus favor the evaporation. Comparing the different
droplet sizes show that small droplets evaporate faster than large droplets in whatever the ambient condition. In other words, larger
droplets experience a delay in the evaporation time scale due to their larger volume to surface area ratio.

4. Discussion

After discussing the results of different effects on the spread and shelf life of droplets from a patient’s cough in the previous section,
in the present section to better understand the performance of each of the presented scenarios, we discuss their results in the form of
comparative contours. The results of the individuals’ infection risk have been presented separately for different scenarios by evaluating
the fraction of particles deposited on the body (figures a) and on the face (figures b) of healthy passengers. These contours can be very
useful in applying and making better and more accurate decisions for preventive measures. In all scenarios, the patient has been
marked in yellow.

4.1. Ventilation rate assessment

Fig. 19 shows the zones and number of healthy passengers exposed to a high risk of infection in terms of the suspended particles and
trapped particles on the face and body of them. As the ventilation rate increases, both the particle residence time and the number of
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Fig. 18. The magnitude of the initial, changed, and final droplet mass variations over time, and the effect of temperature on droplet evaporation at the fixed RH.

Table 7
Study scenarios to determine the effects of the supply temperature.
Scenarios The desired effects
Temperature (K) Ventilation rate (ACH) RH (%) Emission source Exhaust’s location Physical barrier
Tin Tout
1 290 2977 12 50 Cc7 Mode 3 No
2 293 300"
3 298 291"

@ Purpose is cooling.
® purpose is heating.

people at risk decrease. From the results of Fig. 19(a), it can be concluded that passengers sitting in the front, rear and side rows of the

infected passenger are at the highest risk of infection compared to other passengers. As the ventilation rate increases, the risk intensity
in these people also decreases. This performance can also be found in Fig. 19(b).

4.2. RH assessment
A comparison between the relative humidity studied in this work implies that at 75% relative humidity, due to the delay of the
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Fig. 19. Infection risk analysis for different ventilation rates. (a) Contours of fraction deposited particles on healthy passengers’ body and suspending particles in air,
and (b) fraction of deposited particles on the healthy passengers’ face.

evaporation process, the penetration length of the particles inside the cabin increases. Furthermore, the results of Fig. 20(a) and (b)

indicate that the selection of the medium relative humidity of 50% can be a more favorable role against the infection of healthy
passengers.
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4.3. Emission source assessment

The location of the patient is also one of the important parameters for evaluating and adopting preventive measures in indoor
environments, especially in public transportation systems. This claim was observed by examining the results related to the fraction of
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24



M. Ahmadzadeh and M. Shams Journal of Building Engineering 53 (2022) 104544

Mode 1

Mode 2

S i i S

A O = S
&&=l
LG =il ;;.(_‘;;.

A0

= =

RO =) =Gy = =

— _‘;;_.(.‘;;.&g;;.

Fraction of deposited particles on bodies (%) | Fraction of in fluid particles (%) |

0.01 0.1 025 0.5 0.75 1 15 2 3 S 4 6 8 10 12 14 16

(a)

Mode 3

0.35
0.3
0.25
0.2
0.15

- H Mode 1 mMode 2 ®mMode 3

Fraction of deposited particles on the
healthy passengers' face (%)

N D oS VDS NS SS DD
FIFFIIITLLLLLIOR
Passengers' face numbering

(b)

Fig. 22. Infection risk analysis for exhaust’s location. (a) Contours of fraction deposited particles on healthy passengers’ body and suspending particles in air, and (b)
fraction of deposited particles on the healthy passengers’ face.

airborne particles and the number of infected people when the emission source is A2 and B2 (Fig. 21). It can be observed that with the
movement of the emission source from the adjacency of the window to the middle of the cabin, although the number of people involved
has decreased, the air quality is not good and there is still the possibility of other people being contaminated. However, by placing the
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patient in position C7, the condition of other people will be greatly improved. To better assess the emission source effects on the
dispersion of the particles on three different computational planes, including XY, XZ, and YZ planes are presented in supplementary
data videos (V1 to V9).

4.4. Exhaust’s location assessment

Fig. 22 indicates the effects of the exhaust’s location and capacity on the fraction of particles deposited on the body and face of
passengers. Passengers sitting in the back row, front and side of the infected passenger face the highest risk. As can be seen, increasing
the exhaust capacity not only increases the severity of the involvement of people (fractional deposited particles on the face), but also
increases the penetration length of particles inside the cabin. Therefore, it can be depicted that increasing the exhaust capacity in
addition to improving the air quality inside the cabin in terms of suspended particles, by reducing the fraction of particles deposition on
the face of healthy individuals can also play an important role in reducing the risk of infection in healthy people.

4.5. Physical barriers assessment

Creating physical barriers within public transport systems between seats, especially around the occupants’ heads, in addition to
protecting their privacy, is also a very low-cost, health-oriented way to prevent the spread of pathogens factors, such as COVID-19
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disease. Fig. 23 shows the effect and importance of the physical barriers. Since the created physical barriers improve cabin air quality
in a short time, the following comparison has performed in 160 s. Although at first glance it seems that in the absence of physical
barriers, people are less contaminated, this observation can be deceptive. Because it should be noted that the fraction of airborne
particles (in short, cabin air quality) in this case is in the worst condition compared to the presence of physical barriers (15% vs. 6%).
And this shows that over time, more people are likely to become infected during this scenario. Furthermore, to better assess a com-
parison of the aerosol-cloud profiles between the presence and absence of the physical barrier over time on three different compu-
tational planes, including XY, XZ, and YZ planes are presented in Fig. C3 to C6 (Appendix C).

4.6. Temperature assessment

In another assessment, Fig. 24 shows passengers who are at high risk of infection due to variations of ambient temperature. Fig. 24
(a) examinations indicate that under warmer conditions, people are less at risk. However, at the end of the simulation, more than a
third of the injected droplets, are still suspended in the air. Therefore, it cannot be said with certainty that raising the ambient
temperature to 25 °C reduces the individuals’ infection risk. This conclusion is clearly understood from Fig. 24(b). As can be seen, the
number of people the particles are deposited directly on their faces at 25 °C is higher than the other two temperatures. This is while the
temperature of 20° is more favorable.

5. Conclusion

In this study, the transmission of aerosols in a common long high-speed train cabin (LHSTC) is studied numerically for different
scenarios. The Eulerian-Lagrangian model was employed to assess the dispersion of cough droplets, accounting for the effects of non-
volatile components on droplet evaporation. The effects of ventilation rate, relative humidity, injection source, location and capacity of
exhausts, and temperature on evaporation and transport of respiratory droplets are investigated. In addition, a powerful tool was
introduced to reduce the risk of infection by creating physical barriers around the head and above the passenger seats. The data
produced from these simulations may be used to improve policies regarding procedures during outbreaks of human contagions or
pandemics. Several conclusions may be drawn from the data presented in this study, as follows:

1. The results implying that the critical role of supply velocity on dispersion and residence time of the droplets. So that, by doubling
the rate of inlet ventilation, the fraction of suspended particles (or particle shelf life) reduces by more than 2.8 times, and the
fraction of escaped particles increases by more than 7 times, while tripling the ventilation rate can enhance these values to above
3.5 and 9.5 times, respectively.

2. At high RH the final water content of the droplets is greater. And increasing the RH, in addition to raising the time required for the
droplets to evaporate, accelerates the process of particles leaving the environment and reduces the fraction of suspended particles.

3. Due to the significant differences between the created recirculation zones (in terms of strength and area), as well as the charac-
teristics of the local airflow, investigating the role of the droplets emission location in indoor environments is a necessary
parameter. The results reveal that patient location plays a significant role in the infection risk of healthy individuals.

4. Regarding that most of the droplets evaporate as soon as they are released, this leads to moved towards the exhaust by airflow, and
as a result, as the exhaust capacity increases, the particle exit also increases.

5. The presence of physical barriers strongly affects the shelf life of particles. In such a way that after about 1 min of simulation time,
the fraction of suspended particles in presence of physical barriers shows a reduction of more than 50% compared to the case where
there are no barriers.

Our findings suggest that creating physical barriers, increasing ventilation rates, selecting medium relative humidity, and
increasing exhaust capacity can be healthy and cost-effective solutions to viral diseases such as COVID-19.
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