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ABSTRACT

have been computed in each of the nine states.

The purpose of this study is to study two-dimensional CFD simulations of the COVID-19 virus two phase flows in
steady air with the Euler-Lagrange method. This was accomplished by developing CFD programs in MATLAB and
simulations in COMSOL software. Brownian, drag, saffman, and weight forces are considered for studying the
dynamics of virus flow. In order to study the motion of viruses, brownian, drag forces, and the weight of viruses play
an important role. In this study, three different diameters of virus particles were considered, with three different

initial conditions and three different initial velocities. The diffusion length and suspending time of viruses in the air
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INTRODUCTION

The transmission of infectious respiratory diseases has always
been a topic of interest in recent decades and has attracted much
attention from various disciplines [1,2]. Viruses are transmitted
primarily through the air [3]. As viruses travel through the air,
they are spread by infected individuals exhaling, and then
transmitted to healthy individuals by inhaling the air [4]. During
exhalation activities, such as talking, coughing, and sneezing,
many drops of saliva and secretions are released into the air
through the respiratory system (mouth and nose). It has been
demonstrated that talking and coughing plays an important role
in producing respiratory droplets. These droplets and their
residues after evaporation can transmit respiratory infectious
diseases [5]. Coughing is one of the symptoms of infectious
respiratory diseases such as influenza and SARS [6]. Viruses
adhere to saliva droplets and respiratory tract secretions. Due to
this reason, salivary droplets and the secretions of the respiratory
system play a significant role in the spread of respiratory
diseases. Since many people spend most of their time indoors, if
there are pathogenic viruses in the indoor environment, they are
more likely to suffer from viral (respiratory) diseases such as

influenza, SARS-CoV-2, and colds.

MATERIALS AND METHODS

The particle size plays a significant role in determining how
particles move and how long they remain suspended in the air.
During coughing and sneezing, droplets with diameters of up to
200 microns are emitted. In the air, large droplets settle very
quickly. Thus, these droplets contribute to the spread of disease
to those close to the patient. The smaller droplets remain
suspended in the air for longer and are more effective at
transmitting diseases over long distances [7]. In addition to the
fact that during coughing or sneezing, the diameter of the initial
droplets emitted is different, the modeling of the emitted
droplets has indicated that up to 50% of the initial volume of
the droplet evaporates, and if the diameter of the droplets is less
than 20 microns, this phenomenon occurs instantly [8]. Since
the droplets with a diameter of 30 microns or less are very small,
the effect of gravity or inertia on them can be ignored, and their
displacement is primarily influenced by the airflow field. A
droplet with a diameter of 50 microns to 200 microns, which is
highly affected by gravity, falls when the airflow in the ambient
environment weakens. Droplets with a diameter of 300 microns
or more are more affected by inertia and gravity. Droplets with a
diameter of 500 microns mostly move in a straight path.
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The velocity of saliva droplets and respiratory tract secretions is
another factor that influences their movement. People cough
and sneeze at a velocity ranging from 1.5 m/s to 28.8 m/s, with
an average velocity of 10.2 m/s [9]. PIV (particle image
velocimetry) was used in 2006 to measure the coughing velocity
of people, and the initial cough velocity was reported to be
between 6 m/s and 22 m/s, with an average velocity of 11.2 m/s.
Chao and colleagues reported in 2009 that the average cough
velocity was 11.7 m/s using the PIV method. The maximum
velocity caused by sneezing in men is 100 m/s, while coughing
ranges from 16 m/s to 48 m/s [10]. In addition, the average air
velocity during conversation is 3.9 m/s [11].

In most cases, the transmission of airborne viruses is predicted
using CFD (computational fluid dynamics) simulations. CFD
simulations are not expensive, and accurate determination of
boundary conditions is essential. Zhu, et al. performed CFD
simulation, which assumed steady state flows in a room with
static air and modeled the spread of saliva droplets due to
coughing using Lagrangian equations. This research showed that
saliva droplets with a total mass of 6.7 milligrams are released at
a maximum velocity of 22 m/s. These particles travel in static air
at least 2 meters.

The concentration of virus particles in the air is one of the
factors that increase the risk of infectious respiratory diseases.
The mouth produces between 112 drops and 6720 drops during
speaking, approximately 947 drops to 2085 drops per cough. It
is estimated that droplet concentrations range from 2.4 cm? to
5.2 em? per coughing and from 0.004 cm? to 0.223 cm?® per
talking as a result of coughing and talking, respectively [12].

As the size and velocity of particles released from the respiratory
system during exhalation activities vary widely, in this study,
COVID-19 particles of 60 nm and 5 microns were considered.
In addition, initial velocities of 5.20 m/s and 45 m/s were
considered for each of the diameters mentioned. CFD solution
and Lagrangian approach for particles have been implemented
to simulate the forces applied to the virus particles, the time the
COVID-19 suspension time in the air, and the length of their
diffusion. It should be noted that the virus particles were
considered aerosol particles with the mentioned diameters.

The purpose of this study is to simulate the movement of
COVID-19 virus particles. Since the concentration of virus
particles is diluted, the Euler-Lagrange method has been applied.
As a result of the high computational cost of this method, a two-
dimensional space has been used to simulate an indoor
environment in which the person is located in this space. This
two-dimensional geometry has dimensions of 2 meters by 12
meters, and an individual of 1.8 meters in height is located at
the end of the geometry. Additionally, the 5 cm cross-sectional
room at the height of 1.7 meters to 1.75 meters from the ground
level is used to model the mouth as the entry point for fluid and

COVID-19 particles.

According to the introduction, we used the following
assumptions:

¢ The room does not have a temperature gradient.
¢ The virus particles are spherical.
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¢ Droplets emitted from the respiratory system are assumed to
have a diameter of 60 nm or 5 microns, corresponding to the
size of virus particles. Additionally, these droplets are
considered to be water, with water density and viscosity.

¢ Assuming no air conditioning system is installed in the room,
fluid flow in the room is considered to be static.

¢ The particle's velocity when leaving the respiratory system is
the same as the airflow leaving the respiratory system. This
study investigated velocities of 5 m/s, 20 m/s, and 45 m/s.

¢ According to previous research, which was also mentioned in
the introduction, the number of COVID-19 virus particles
released from the respiratory system is assumed to be 6000.

¢ An explicit numerical solution is applied.

¢ The discretization of the velocity derivative term is second-
order Euler.

¢ Due to the dilution of virus particles, the Euler-Lagrange
approach has implemented one-way couplings between the air
and virus particles.

Governing equations

In fluid dynamics, the Reynolds number is one of the most
important dimensionless numbers. It can be calculated using
the following equation:

Re=pVDy/u (1)

This research examines the effects of weight, drag force,
brownian force, and saffman lift force, which contribute
significantly to COVID-19 transmission.

Drag force: Stokes drag force with Cunningham correction
factor is as follows.

Fpx=3mud(uf-uP)/C. (2)
Fpy=3mud(vf-vP)/Ce (3)

C. is Cunningham's correction factor. That can be calculated as
follow.

24 —11d
Co=1+—[1257+04e 21 ] )]

Saffman lift force: Particles are subjected to a force called the
saffman force when there is a high velocity gradient. A force
almost occurs near the walls, causing particles to move away
from them. According to saffman's force relationship:

1

1 duf * uf 5
Fiisatfman = 1615 V2dZp(uf — w?) | —| Sgn (—) ®
dy dy

Brownian force: For small particles, inertia and weight forces
are negligible, but there is another force, the Brownian force,
which is a stochastic force in different magnitudes and
directions. The following equations show the calculation of this
force.
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Generating Gaussian random numbers using random numbers
between O and 1 (Uj, U,):

Gy = V—2InV, cos2mU;

{ ®

Gz = —2InU; sin 2wl

The magnitude of brownian force and weight are as follows,
respectively.

TS5 m
1 =gV — 1o
nltl = GV Ar
nd?
Fu= 2o X (=) (an

Force balance for COVID-19 virus particles:

ZFy=may (12)
{ 13

YF,=ma, (13)
MP=F 5,4 Fpt Fprtup fdt (14)

Discretization and numerical solution:

The velocity derivative is discretized as follows
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Equations (19) and (20) are numerical relations used in
MATLAB programming. Also, to compute the velocity, the
discretized form of momentum is used as follows.

dx _ Xn+l T Xn

= xp41 = uldt 4+ x, (19)
dt At

u =

b= gg_ _ Ynt1 = Vn

= Vpe1 = VAL + V, (20)
dt At !

with the following time step: At=0.1 ©

RESULTS AND DISCUSSION

As a result of executing the numerical computational code for
multiple time steps to solve the problem for both 5 microns and
60 microns diameter, and comparing the results of these runs,
we conclude that the results of the problem are highly
dependent on the time step. The appropriate time step based on
several repetitions is 0.1 and 0.01 for virus particles with
diameters of 60 nm and 5 microns, respectively.

From the MATLAB code, different results are obtained,
including the average and variance of saffman lift forces,
Brownian forces, drag forces, and weight forces acting on 6000
virus particles in two directions with respect to time, x, and y.
Additionally, the average and variance location of 6000 virus
particles with respect to time, x, and y.

Figure 1 shows the drag force in the y direction on the virus
particle with a diameter of 60 nm in terms of time for 1176
seconds of program execution; the virus leaves the mouth at a
velocity of 45 m/s. The maximum diffusion length and
suspending time for COVID-19 particles obtained from the
Euler-Lagrange method with MATLAB programming for
particles with a diameter of 5 microns and 60 nm are given in
Tables 3 and 4, respectively (Tables land 2).

ﬁ _ Un+t — Un 15)
dt At

dv _ Vn+1 - Vn

—_ 16
dt At (16)

This problem is solved by discretizing the aforementioned
relations and considering the time step (t) as 0.1.

du®  3mud
me = (f —uf) + ¥Fy (17
dt Ce
dVFf  3mpud
mh____ = (—VF)+ EF, (18)
dt Ce
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Figure 1: The drag force in the y direction on the virus

particle with a diameter of 60 nm in terms of time for 1176

seconds of program execution, the virus leaves the mouth at

a velocity of 45 m/s.
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Table 1: Maximum suspending time and diffusion length of the COVID-19 virus in the air (diameter 5 um at an angle of 0°C, taking
into account the brownian force and for 6000 particles of the coronavirus with MATLAB).

Initial velocity Maximum diffusion length for COVID-19 Maximum suspending time for COVID-19

particles particles
5m/s 0.56 m 146 s
20 m/s 247 m 146 s
45 m/s 597 m 146 s

Table 2: Maximum suspending time and diffusion length of the COVID-19 virus in the air (diameter 60 nm at an angle of 0°C,
taking into account the Brownian force and for 6000 particles of the coronavirus with MATLAB).

Initial velocity Maximum diffusion length for Maximum suspending time for COVID-19
particles
20 m/s 432 m 1175 s
45 m/s 8.73 m 1175 s
5m/s 1.02 m 1175 s
In Tables 3 and 4, due to the consideration of Fick's law, the MATLAB program.

diffusion length is slightly greater than the specific results of the

Table 3: Maximum suspending time and diffusion length of COVID-19 virus in the air, suspending time and diffusionlength of first

settled COVID-19 droplets (diameter 60 nm at an angle of 0°C, taking into account the Brownian force and for 6000 particles of the
coronavirus with COMSOL multi-physics).

Initial velocity Maximum diffusion length Maximum suspending Diffusion length of first Suspending time of first
for COVID-19 particles time for COVID-19  settled COVID-19 droplets settled COVID- 19 droplets
particles
5m/s 1.15m 1171.7 s 4.5 cm 24737 s
20 m/s 4.6l m 1176.6 s 5.1 cm 265.6s
45 m/s 10.14 m 1179.7 s 5.9 cm 2724 s

Table 4: Maximum suspending time and diffusion length of COVID-19 virus in the air, suspending time and diffusion length of first

settled COVID-19 droplets (diameter 5 pm at anangle of 0°C, taking into account the Brownian force and for 6000 particles of the
coronavirus with COMSOL multi-physics).

Initial velocity Maximum diffusion length Maximum suspending  Diffusion length of first suspending time of first
for COVID-19 particles time for COVID-19  settled COVID-19 droplets settled COVID- 19 droplets
particles
5m/s 0.7m 140.54 s 1.5cm 50.3s
20 m/s 2.81 m 145.56 s 3.4 cm 59.37s
45 m/s 6.32 m 170.6 s 4.1 cm 64.37 s
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The results of each table for particles with the same diameter
show that the suspending time of virus particles does not
depend on the initial velocity of the particles, so the suspending
time at different velocities is almost equal, which is valid for
both MATLAB and COMSOL results. The results of each table
for particles with the same diameter show that the diffusion
length increases with the increase of the initial velocity of the
virus particles.

CONCLUSIONS

In this research, the dynamic of COVID-19 viruses in an indoor
environment is simulated by the Euler-Lagrange method with
CFD programming in MATLAB software and modeling in
COMSOL Multi physics commercial finite element software.
The following is determined based on programming results in

MATLAB software and CFD simulation in COMSOL software.

In static air, the maximum suspending time and diffusion length
of the COVID-19 virus are determined for viruses with a
diameter of 60 nm at 45 m/s initial velocities, about 10.14
meters, and approximately 20 minutes.

¢ As the initial velocity of virus particles increases, the diffusion
length of virus particles with the same diameter increases.

¢ There is no relationship between the suspension time and the
initial velocity of virus particles of the same diameter, so the
suspension time at different velocities is nearly the same.

e Particles are under the influence of inertia at the initial
distance of their movement. During the second phase of their
movement, the brownian force and oscillations of the particles
increase dramatically due to the weakening of the exhaled air
flow and the reduction of inertia in the x direction.

¢ The Brownian force is independent of time and y in the x and
y directions.

¢ Due to the decrease in the relative velocity difference between
the particles and the fluid, the drag force in the x direction
decreases linearly.

* A reduction in inertia in the x direction at the end of the
initial diffusion phase leads to an increase in the brownian
force in the x direction. As a result of this increase, particle
fluctuations in the x-axis increase. As a result of these
fluctuations, the relative velocity of the particles increases,
causing the drag force to fluctuate in the y direction.
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