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MATHEMATICAL MODELING OF SARS-COV-2 PARTICLES’
PROPAGATION DURING HUMAN REFLEXES

Abstract. An unknown virus, which was detected in Wuhan city in 2019, had changed fate of the world
immediately causing an economic loss, decrease in total population and etc. A penetration of coronavirus
contaminated particles to a human cell is able to cause an overproduction of cytokines and antibodies. This
process gives arise to fatal cases. Hence, because of SARS-CoV-2’s pathogenicity, severity and unexpectedness,
effective safety measures should be implemented. Along with safe social distancing and wearing a mask, a
presence of air conditioning, ventilation system and open windows can reduce the coronavirus propagation
in enclosed spaces. The present article focuses on the modeling of coronavirus particles’ propagation during
human respiratory reflexes within a constructed three-dimensional confined space with inlet and outlet
boundary conditions. Momentum and continuity equations, k-¢ turbulence model and Lagrangian dispersion
model were utilized to solve the problem. SIMPLE is a main method to solve all governing equations. The
primary objectives of this work are to demonstrate the efficiency of air conditioning and open windows in
preventing the spread of viruses and to examine particle behavior in the computational domain.

Key words: SARS-CoV-2, SARS-CoV-2 particles’ transmission, coronavirus particles and aerosols, CFD
(computational fluid dynamics), modeling, office room, air conditioning, open window.
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AJAM PE®JIEKCTEPI KE3IHAEI'T SARS-COV-2 BOJIINEKTEPIHIH TAPAJIYBIH
MATEMATHUKAJIBIK MOJAEJIBAEY

Angarna. 2019 xputel YXaHb KaJIaChIH/Ia aHBIKTAJIFaH OENTiCi3 BUPYC dJIEMHIH TaFABIPEIH OipA€H 03TepTill, SJKOHOMHUKAIIBIK
IIBIFBIHFA, JKANIBl XaJbIK CAHBIHBIH a3al0blHA KoHE T.0. Tyabipiasl. KopoHaBupycneH nactanfaH OJIIEKTEpAiH ajgam
JKacyImIacklHa €Hyl MUTOKWHACP MEH aHTHACHENEp/IiH maMaaaH ThIC OHIIpiciH TyabIpansl. by mporecc emiMre aeiin
amapansl. Jlemex, SARS-CoV-2-HiH natoreHainirine, aybIpIbIFbIHA XKOHE TOCHIH/IBIFBIHA OaIaHBICTHI THIMII KayiICi3IiK
IIapajgapbiH KOJIJaHbLTY bl KaXeT. Kayirnci3 aeyMeTTiK KallbIKTHIK TIeH OeTIep/ie KHIOMEeH KaTap, ayaHbl Ta3apTy, )KEIACTy
KYHeci JKoHe almbIK Tepe3enep i O0omybl KaObIK KeHICTIKTepie KOPOHABUPYCTHIH TapaTyblH €Ioyip TOKTAaybl MYMKIH.
By makama kipic yKoHE IIBIFBIC IIeKapaiaphl Oap yII emmemai *KaOblK KeHICTIKTe aJaMHBIH THIHBIC aiy >KyWeciHIeri
pedmexcTepi Ke3iHae KopoHaBUPYC OOJIIEKTePiHIH TaparyblH MOIEIbISYTe OaFpITTaFaH. EcenTi menry yiIiH uMITyiTbe
KOHE Y3IIKCI3MIK TeHaeyepi, k- TypOymeHTTik Mozemi xoHe Jlarpamk aucnepcusuiblK Moaeni Konmansuiasl. SIMPLE
omici — TPOIECCTi CHUIMATTAWTBIH OapNBIK TEHACYJACpPAl IISNIyOiH HEeTi3ri omici. Byl »XYMBICTBIH HETi3Ti MaKcaThl
BHPYCTap/IbIH TapaTybIH IIEKTEY YIIiH ayaHbl KOHAUIINOHEPIICYIH KOHE alllbIK Tepe3eIepaiH THIMIUTITIH KOPCeTy KoHe
ecenTey aiMarbIHIaFEl OOIIEKTEePIiH KO3FAIBICHH 3epTTEy OOJBIT TaObLIAIE.

Tipex ce3mep: SARS-CoV-2, SARS-CoV-2 GemmrekTepiHiH Taparysl, KOpPOHABHPYC OOINIIEKTepi MEH a’po30ibaap,
ecenTey TUIPOANHAMHKACKI, MOIEIBICY, KeHCe 0OIMeci, ayaHbl KOHIHIHSIAY, alllbIK Tepese.
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MATEMATUYECKOE MOJEJIUMPOBAHUE PACITPOCTPAHEHUSA YACTUIL
SARS-COV-2 [IPU PE®JIEKCAX YEJIOBEKA

Annoranusi. HensBecTHblll Bupyc, oOHapyKeHHBI B Topozme YxaHb B 2019 r, usmenun cyap0y Mupa, BbI3BaB
9KOHOMHUYECKHH ymep0d, cokpamieHne oOImel 4YHCIeHHOCTH HaceleHnss W T.J. lIpOHUKHOBeHMe 3apa)KeHHBIX
KOPOHaBUPYCOM YacTHII B KJIIETKY YelIOBEKa CIIOCOOHO BBI3BATh IIEPEIPON3BOACTBO INTOKMHOB U AHTUTEN. DTOT ITPOIIECC
MPUBOIUT K JeTadbHOMYy ucxoay. ClenoBarenbHO, U3-3a MaTOT€HHOCTH, CEphe3HOCTU U HeoxkugaHHOCTH SARS-CoV-2
HEoO0X0MMO MpUHATH 3P PeKTUBHBIE Mepbl Oe3omacHocTH. Hapsiay ¢ 6e30macHbIM COIMaIbHBIM JUCTAaHIUPOBAHUEM U
HOILIEHWEM MACKH HaJlIW4Ke KOHJUIMOHEPA, CUCTEMBI BEHTHISAINH U OTKPBITBIX OKOH MOXKET CHU3UTh PAaCIpOCTPaHEHUE
KOPOHABUpPYyCa B 3aKpBITBIX MOMEHIEHUsAX. JlaHHAs CTaThbsl MOCBSILEHA MOJCIUPOBAHMIO PACIPOCTPAHEHHS] YACTHUIL
KOpOHaBUpYCa MpPH JbIXaTeNbHBIX peduiekcax 4YeIoBeKa B TPEXMEPHOM OTPAaHMUCHHOM MPOCTPAHCTBE C BXOJHBIMU U
BBIXO/IHBIMU TPAaHUYHBIMH YCJIOBHSMH. J{71s1 pelIeHus 3a1aui UCIIOIb30BAINCh YPAaBHEHHS UMITYJIbCA U HEPA3PBIBHOCTH,
k-& mozens TypOyneHTHOCTH M MOenb aucnepcnu Jlarpamxka. SIMPLE — 3To 0CHOBHOI MeTOA pelIeHHsI BCEX OCHOBHBIX
ypaBHeHUH. OCHOBHBIE LU 3TOH pabOTBl — MPOAEMOHCTPHPOBATh PPEKTHBHOCTH KOHAMIIMOHMPOBAHUS BO3IyXa
U OTKPBITBIX OKOH B IPEIOTBPAIIEHUN PACHPOCTPAHEHHs BHPYCOB M U3YUYHUThH JIBUKEHUE YACTHI] B BBIUUCIUTEIHHON
obmact.

KuloueBbie caoBa: SARS-CoV-2, pacnpoctpanenue yactul, SARS-CoV-2, yacTuubl W a’po3oiid KOpOHaBUpYcCa,
BBIYUCITUTENbHAS THAPOINHAMUKA, MOJCIUPOBAHNE, ODUCHOE MMOMEMICHUE, KOHANIIMOHUPOBAHUE BO3IyXa, OTKPHITOE
OKHO.

Introduction

In the world’s history, one of the phenomena, which caused enormous damage to various aspects of
life, including the economy, number of total populations etc., was coronavirus or SARS-CoV-2. Because of
coronavirus’s pathogenicity, severeness and unexpectedness various important mitigation strategies, which can
stop its propagation, are still carrying out. Numerous preventive measures, including quarantine, lockdown,
wearing medical masks and gloves, avoiding close contact with infected people, mouthwash, hand hygiene,
and others, were researched and realized to stop and limit the spread of the disease.

Despite of some uncertainties, it is investigated, coronavirus particles can propagate through air via
sneezing, coughing, talking and even by breathing [1]. Additionally, asymptomatic individuals tend to
contaminate an environment with virus particles, which gives a rise to spread of coronavirus. Virus aerosols are
prone to linger in the air for a long time and move to long-term distances [2]. It was detected that SARS-CoV-1
and SARS-CoV-2 drops and droplets linger in air and are exposed to intrabuilding movement. V. Stadnytskyi,
C.E. Bax, A. Bax and P. Anfinrud utilized a laser-light scattering technique to identify the time, in which virus
contaminated aerosols suspend in air [3]. These aerosols can remain in air longer than ten minutes. Vuorinen
et al. defined the difference between aerosols, droplet nuclei and droplets [4]. Researchers indicated, aerosols
and droplet nuclei can be accepted as residuals from a water evaporation, which contain coronavirus. They
suspend in air for hours and spread through air. Small droplets are able to turn into aerosols and droplet nuclei.
In addition, diameters for large droplets can be more than 200 um. Aerosols, tiny particles and droplet nuclei
have sizes less than 10 um [7]. Medium diameter sizes for drops and droplets are in an interval of 10—-100
pm. According to an investigation, a man exhales 100 to 1000 particles when coughing and 1000 to 10,000
particles when sneezing within 1 s [5].

One of the vast measures can be a fixed ventilation system in enclosed spaces, where an infection is
detected. Many researchers observed a propagation of virus’s particles within different spaces. Majority
of observations showed that the ventilation system plays significant role in controlling of coronavirus’s
distribution. The authors of one of these studies are Armand and Tache [5]. Current work focuses on the particle
distribution after the events such as continuous breathing and coughing. The model of a carriage, that contains
three partitions, was utilized. In model, passengers occupied the first and the third parts, and the second part
connects two divisions. An airflow comes from outside the first and third divisions and escapes from the top of
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the train. In this study, an airflow and trajectory of particles were simulated via a turbulent k-¢ model and two
dispersion models (Eulerian and Lagrangian), respectively. The results for simulation of particles’ distribution
are the same for both approaches. Results show, due to the continuity of breathing droplets tend to capture
whole carriage. Initially, contaminated droplets reach passengers sitting next to an infected person, and then
they continue to move to opposite side of an infected passenger.

In the study of Mariam et al. diluted particle propagation is examined in a standard office room for events
such as sneezing, coughing etc. [6]. In the physical model, two human models, one of them is an infected person
and another one is a healthy receiver, keep recommended distance for prevention from catching infection.
Authors considered two cases of human models’ positions, namely, sitting and standing opposite to each other
positions. In each case two different locations of inlet-outlet boundary conditions were under the observation.
In the first arrangement of inlet-outlet boundary conditions, inlet and one of the two outlets are at a ceiling and
another outlet is placed at wall, while the second one offers inlet and outlets to be at the ceiling. The airflow
was simulated using turbulent k-¢ model. The received results show that the most optimal location for inlet and
outlets should be as in the first arrangement. Because of the barrier generated by the airflow emitted particles
cannot cross the barrier and the receiver. However, there were detected particles of both small and large sizes
near the receiver in coughing and loud talking events. Authors deduced, keeping recommended distance as
safety measures cannot prevent from infection fully. On the other hand, their study indicates that the ventilation
system is one of the effective ways to control virus’s dissemination. Precise location of inlet-outlet boundary
conditions for venting system can enhance air purification from contaminated droplets.

Mirzaie et al. observed coronavirus particles’ spread inside a class, where an infected teacher stands in
front of the class [7]. CFD simulation was implemented for airflow generated by venting system and Lagrangian
dispersion model was applied for motion of particles emitted by teacher’s coughing. There were suggested two
versions of the physical model. The first case consists of the standard classroom with ventilation system and
student desks, while in the second one there are supplementary barriers for each desk. The results conclude
that airflow from venting system can expel contaminated particles completely at precise velocity and time.
Moreover, constructed barriers for each desk can be considered as one of the effective and supplementary
precautionary measures. Another observation about modeling of virus propagation inside the classroom with
air conditioning was conducted by Abuhegazy et al. [8]. It was studied that particles of small sizes, namely
less than 15 pm, tend to float in the air for some time and then exit the classroom, while large, diluted drops
settle on the surfaces. In addition, particle percentage was examined for each student desk after ejection.
Researchers concluded that appropriate positions for healthy students can protect them from infection. They
also deduced, presence of open windows as outlets reduces coronavirus contamination. Narayanan and Yang
investigated an airflow generated by air purifiers and transmission of coronavirus particles in a music class
[9]. Several scenarios of simulation were under observation, when a student is exhaling contaminated particles
by playing on brass instrument and piano, the student is wearing a mask for safety measurements. Received
result indicates, determined location for air purifier can effectively cut the number of particles. Ahmadzadeh et
al. studied an efficiency of a ventilation system and open windows as outlet during virus propagation during
talking and coughing [10]. Ventilation system and open windows can essentially manage the transmission
of contaminants. It was concluded, a right location for the ventilation is close to the infected individual. In
the work of Liu ef al., a real documented case of COVID-19 infection in one of the restaurants in China
is described [11]. Authors studied the dissemination of coronavirus particles exhaled by an asymptomatic
individual. Advanced CFD solver was implemented. It was concluded, a temperature of human body and
environment can change direction of airflow produced by air conditioning and create vortexes that worthen
the situation.

In the study of Mathai ef al., an indoor environment and injected coronavirus transmission inside a moving
vehicle were examined [12]. Researchers studied two scenarios of virus emitter. In first case, emitter is a driver,
in second one, a passenger infects the interior of the car. The best findings indicate that the concentration of
particles is reduced when all windows are open. In contrast, particles capture interior of the automobile with
closed windows and supplied air conditioning. Jayaweera, Perera, Gunawardana and Manatunge analyzed
the virus propagation in several confined spaces [13]. Particle movement inside an aircraft was simulated
considering precise environmental conditions such as humidity, temperature and air exchange rate. Low
temperature and humidity increase the lingering time of aerosols in the air. An observation conducted by
Issakhov et al. consists of the simulation of virus dissemination in an enclosed space during different respiratory
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events [14]. They concluded, a distance travelled by particles during breathing is much shorter than the case
of sneezing and coughing. It was suggested, keeping a safety distance at 5 m during human reflexes reduces
infection cases. Authors deduced that a recommended distance of 2 m by World Health Organization (WHO)
is not sufficient when the infected person coughs or sneezes. Busco et al. considered a sneezing with upward
head movement in a precise angle [15]. A real-life experiment was conducted to find out duration of sneeze
and the angle, in which head moves in upward direction during respiratory reflex. Authors studied behavior
of virus-diluted particles in high temperature and found high sedimentation tendency of particles on surfaces.
Mortazavi et al. modeled the propagation of coronavirus droplets within a respiratory system and analyzed the
most contaminated zones by virus in the system [16]. They considered virus droplets with diameter of 1 um,
5 wm and 10 pm. For each dimension, three flow rates were considered. Researchers identified that lungs can
easily become contaminated with aerosols, while larger particles deposit instantly in an oral cavity. Another
observation of coronavirus particle propagation was studied by Guan, Ramesh and Memarzadeh [17]. Their
research focuses on the transmission of particles during human movement. Several cases of human’s speed
and particle diameter were examined. The findings show that despite of the human’s speed magnitude particles
tend to distribute identically in all observed zones. Additionally, there were identified particles at the back
of human model after its movement at precise time. Wang, Li, Liu and Cao conducted a CFD simulation to
observe virus contaminated particles transmission from a urinal flushing [18]. Authors indicated, coronavirus
aerosols released from flushing can reach up to a height of human model’s knees. Based on the results,
researchers emphasized the importance of preventive measures, namely wearing safety masks, in crowded
public restrooms to control coronavirus transmission.

Based on the mentioned observations, the venting system, air conditioning, presence of open windows can
substantially control the transmission of coronavirus aerosols and droplets in enclosed spaces. The goal of this
study is to model an airflow generated by ventilation system in an office room, where infected person emits
coronavirus’s particles.

Main provisions

The main objective of this work is to simulate the particle injection from an infected person in an enclosed
space during sneezing and coughing, and analyze the behavior of exhaled aerosols, droplets and drops.
Additionally, this work considers a supplied air conditioning system and open window as one of the key
preventive measures to control COVID-19 propagation. In addition to it, a safety distance of over two meters
were examined in order to investigate its effectiveness.

Figure 1 demonstrates a geometry of the main problem, where there are three constructed human models,
namely, one standing and two sitting human models. The standing human model was assumed to be the infected
individual, who emits aerosols and particles with diameters in a range of 1.5-100 um during expiratory events
(sneezing and coughing).

4m

3m

Figure 1 — Three-dimensional office room
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All geometries were constructed in Ansys SpaceClaim. The confined space has dimensions of 6x4x3 m
(LxWxH). A height of standing human model is approximately 1.85 m. Two inlets for air conditioning have
0.8%0.2 m? of area equally, while the dimension of window is 1.3x1.4 m? The area of outlet is 1.1x2.1 m?.

Figure 2 shows the human model and the mouth. The mouth has a 0.0012 m? surface area. Inlet-outlet
boundary conditions for this problem are displayed in Figure 3. A grid for above geometry was created using
Ansys Fluent Meshing. Minimum and maximum cell sizes are chosen to be 0.002 m and 0.036 m, respectively.
Alocal sizing was implemented near the model’s mouth with cell size of 0.002 m. The grid of the computational
domain is illustrated in Figure 4. A total number of cells is 3886310.

7~

Inlet:
=i mfs, v=
w=l

Inlet:
w={ mfs, v=
w=0

Chtlet:
u_dv_ow

éx &y oz

b)
Figure 3 — a) Inlet and b) outlet boundary conditions
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Figure 4 — The grid of the geometry

Materials and Methods

For the airflow from air conditioning system and window k-¢ turbulence model was utilized [5].
Additionally, the mathematical model contains Reynolds Averaged Navier-Stokes equations. The system of
equations is as follows:

( [(ou; OJuy; Ouu] 021;
axl

at T 0x; ax} asz
ou;
)
0x;
3(pk)+ (pku)—— k + G, + G, — pe @)
ot i X] k b~
d il Ur\ 0 g2
& (08) 4 5 o) = ) [(u - UT) ax]] + Cre (G + CaeGy) = Coup— )

where u; is the averaged velocities for velocity components (, v and w) and Tu] stands for the Reynolds
stress. p, p, u represent the density, pressure and viscosity, respectively. In turbulence model, k is the turbulent
kinetic energy, &€ is the dissipation rate. u. represents the turbulent viscosity, G, and G, are the turbulent
kinetic energy produced from mean gradients of velocities and buoyancy, respectively. g, and oy are the
Prandtl numbers; C,,, C,, and C,, are constants.

The Lagrangian approach was applied for particle tracking [7]:

(V-V3) + T2 F, + Fy, 4)
c Pa

where V is a particle velocity, F, represents a lift force of Saffman and F', is a Brownian force. C is a
Cunningham coefficient:

2K 1.1d
Cc=1+ 7(1.257 + 0.46_(W)>’ &)

where d is a particle diameter and K is an average molecular distance.

In the present study, Discrete Phase Model (DPM) was applied to consider the particle injection from the
infected individual. Ansys software suggests phase coupled SIMPLE method to solve the mathematical model.
In addition to it, SIMPLE method solves the momentum equations, continuity equation and the turbulent
model for the airflow produced by air conditioning (or ventilation system) and open window.

Semi-Implicit Method for Pressure Linked Equations, or SIMPLE, was developed in 1972 by Patankar
and Spalding [19]. The algorithm for SIMPLE method is as follows:

1) Pressure p” is guessed;

78



o MATEMATUYECKWNE HAYKW o

2) By substituting p* into momentum equations, ", v and w" are found. The correction equations for u’,
v'and w' can be identified by subtracting momentum equations for u*, v* and w* from equations for «, v and w,
respectively;

3) By using FVM and substituting velocity corrections, p'is found;

4) Corrections are conducted for p, u, v and w:

p=p"+p,
u=u"+u,
v=v'+v,

w=w"+wH
5) Solving other transport equations, for instance, for k£ and &.
6) By setting p* = p, u* = u, v* = v and W* = W, go to the 1* step and solve the equations until the
convergence.

Results and Discussion

An observation of Deng, Wang, Tang and Gao was taken as the testing problem [20]. Authors simulated
an airflow, which comes from a diffuser, within a three-dimensional confined space. The inlet-outlet of the
geometry and geometry itself are demonstrated in Figure 5.

The velocity of 1.1 m/s and angle of 40° are used to drive the airflow upward. The data was taken from
the literature. The areas of the inlet and outlet are 0.1207 m? and 0.06 m?, respectively. Using two different step
sizes in the x direction of the first cell next to the diffuser, researchers compared the findings of total-flux and
convective-flux approaches. It was identified, the optimal size of the first cell is in the interval of 0.005-0.02
m. In this work, Ax = 0.01 m was taken as the size of the first cell near to the diffuser. Figure 6 shows a grid
for geometry.

The mathematical model of testing problem consists of the momentum and continuity equations.
Additionally, a standard k-¢ turbulence model was applied to describe turbulence of the airflow inside the
computational domain. The comparison of the findings from the aforementioned research with the current
investigation is shown in Figures 7-9. It is shown, the results of this study are consistent with results of the
study of Deng, Wang, Tang and Gao. Received results for the velocity repeat the tendency of experimental
velocity profiles. Authors conducted the simulation of the airflow using two approaches such as total-flux and
convective-flux methods. For each method they utilized two different step sizes in x direction to minimize the
error and compared received results. The findings for both methods considering two different very first cell sizes
close to the inlet were deduced to be acceptable by researchers. However, they emphasized that a combination
of Ax=0.0005 m and total-flux method had given desirable outcomes and conform to the experimental data,
while using Ax=0.005 m cell size resulted in big difference with research findings.

]

a) b)
Figure 5 — a) Diffuser geometry and b) boundary conditions
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Figure 7 —Velocity at x=1 and z=0
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Figure 8 — Velocity at x=1 and z=0.5
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velocify, m/x

Figure 9 — Velocity at x=2.2 and z=0

In this study, the airflow established by two air conditioning systems and window, the motion and
transmission of SARS-CoV-2 containing particles and aerosols, and their behavior in the computational
domain were examined.

The supply air's velocity is between 2.54 m/s and 7.62 m/s, referring to the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) [7]. The velocity of 1 m/s was under the observation
for venting systems and window in given study. The airstream enters and flows within the domain. Figures 10-
12 demonstrate the airflow from the first and second inlets for venting system and open window, respectively.
The airstream flows for 30 seconds for both cases of respiratory events. As it is shown, recirculation zones
created by air conditions can be seen in the font and at the back of two sitting human models. At the same time,
the airstream from window flows around the standing human model and tends to remove the aerosols at precise
time, however, there is a recirculation zone between the infected person and the outlet. This recirculation zone
enables medium and large particles to move back towards the emitter.

ey o Aoy

Yaute 01
800001,

Figure 10 — Airstream from inlet 1

-

p—

Figure 11 — Airstream from inlet 2
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Figure 12 — Airstream from open window

Initially, the coronavirus contaminated particles’ transmission during a sneeze was observed. Exhaled
particles have diameters in the interval of 1.5-100 um. In the simulation, the infected person is assumed to
sneeze from 0 s to 0.5 s of flow time. An initial ejection starts at 0" second and a final one happens at 0.4
second, which means that there is no ejection at 0.5" second. In addition to emitted particles, an airflow from
the human model’s mouth was studied at the same time of emission. Table 1 shows a detailed information
about particle injection when sneezing.

Table 1 — Data for particle injection during the sneeze

Injection type Group
Number of particles 4940
Velocity of particles 30 m/s
Start time 0

Stop time 0.5
Minimum diameter 1.5e-6
Maximum diameter 0.0001
Mean diameter 3.53e-5

As it is displayed, group injection type was chosen to model the dissemination of coronavirus. The precise
number of contaminants is 4940. The velocity of particles is 30 m/s. To accomplish the simulation of the
airstream from the mouth, a time dependent user defined function (UDF) was utilized. Figure 13 shows the
airstream from mouth at 0.1-0.5 s.

Figure 14 illustrates the dissemination of coronavirus diluted particles. These visualizations show particle’s
behaviour at different times. Figure 14a shows overall exhaled aerosols, drops and droplets, having different
diameter size in the interval of 1.5-95 pum, after the emission process or, namely, at 0.5 s. Large and medium
contaminants flow more than 2 m within 3 s, whereas aerosols are able to travel approximately 2.65 m at the
same period of time (Figure 14b). Figure 14c displays that particles with diameter of 95 pum fall on the ground
at 6.1 s leaving over 2 m behind, while tiny particles tend to follow the airflow produced by open window
and air conditioning. It is shown from Figure 14d, aerosols in the range of 1.5-10 um commence to leave the
computational domain at 8.9 s and traverse more than 5.02 m maintaining the height at about 1.68 m, at which
emission happened. After two seconds, a small fraction of particles with diameter sizes of 30-60 um starts
to leave the office room (Figure 14e). Close to the end of total flow time, larger contaminants, which have
dimensions of 40-95 um, move back towards the infected person due to the recirculation zone created by the
airstream, while particles with size of 7 um start to go up, which means that they might follow the airflow and
also leave the domain (Figure 14f).

A change of total number of tracked particles within 28.5 s is displayed in Figure 15. Initial number of
tracked particles is 4940. Then number of drops and droplets starts to decrease substantially from 8.9 sto 10.8 s
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containing 3413 particles in the office room. Another sharp decline can be seen in the time interval of 14.2-17.1
s. At this period, number of contaminants reduces from 2989 to 1984. Finally, a gradual decrease happens at
17.2 s until the end of total flow time. A remained number of particles is 1656. With the help of air conditioning
system and open window, total number of particles was cut by approximately three times.
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Figure 13 — Airflow from mouth ata) 0.1 s,b) 0.2's,¢) 0.3 s,d) 0.4 s and e) 0.5s
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After the observation of sneezing event, which is the one of the main ways of coronavirus propagation,
a coughing event was also examined as human reflex. In the simulation, the infected individual exhales
contaminated aerosols, drops and droplets from 0 s to 0.5 s of flow time. Table 2 illustrates a detailed data
about ejection of particles during a cough.

Table 2 — Data for particle ejection during the coughing

Ejection type Group
Number of particles 990
Velocity of particles 7

Start time 0

Stop time 0.5
Minimum diameter 1.5e-6
Maximum diameter 0.0001
Mean diameter 3.53e-5

Total number of particles tracked in the enclosed space is 990. Minimum and maximum diameters of
contaminants are in the range of 1.5-100 pum and a mean diameter is 35 um. A velocity for coughing case is set
to 7 m/s. Moreover, to simulate the airflow from the mouth time dependent UDF was applied. Figure 16 shows
the airflow produced via coughing at 0.1-0.5 s. Figure 17 demonstrates the dissemination and the behavior of
coronavirus contained particles during the cough. Figure 17a shows emitted particles after the emission at 0.5
s. It is seen that after the coughing large particles start to fall immediately, while aerosols and tiny droplets can
traverse for more than 2 m within 5.3 s (Figure 17b). Therefore, contaminated drops with diameter of 95 um
settle on the floor at 5.8 s. Moreover, a part of particles with dimensions of 40-50 um falls to the ground at 7
s, whereas aerosols in the interval of 1.5-10 um leave 2.65 behind (Figure 17¢). It is worth noting that light
particles start to approach the floor after 7 s of flow time traveling 5.02 m. It is illustrated in Figure 17d, due
to the recirculation zone close to the infected individual a fraction of medium drops (58-60 pum) is prone to go
up and follow the airflow in x direction. At the same period, acrosols commence to escape the confined space.
Figure 17e demonstrates the fraction of droplets with diameters of 58-60 um leaving the computational domain
at 20.5 s. In the end of flow time, particles with dimensions of 11-95 um direct towards the emitter because of
the recirculation and settle on the floor (Figure 17f).

Figure 18 demonstrates a decline in the number of particles within 30 s during the coughing. Total number
of contaminants remains the same from 0.5 s to 14.2 s. Further, there happens a dramatic decrease in the
number of tracked particles. Namely, number of droplets is reduced from 990 to 598 in the period of 14.3-17 s.
Finally, a progressive reduction of contaminated particles can be examined from 17.1 s to 30 s. 450 coronavirus
contained droplets settle on the floor of office room. It is worth to note that the supplied airflow from ventilation
system and open window can control coronavirus transmission reducing number of particles by two times.
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Figure 18 — Change in the number of particles with respect to time (coughing case)

Conclusion

COVID-19 pandemic, which was initially detected in Wuhan city in 2019, caused harmful consequences
globally including the economic loss, total population, etc. To stop and control its propagation a myriad of
preventive measures was investigated and implemented such as quarantine, lockdown, wearing medical masks
and gloves, social distancing, mouthwash, hand hygiene and so on. In addition, many researchers studied the
effectiveness of ventilation system and open windows. The findings showed that the airstream produced by air
conditioning and a presence of open window as inlet or outlet can significantly manage virus transmission in
enclosed spaces. Therefore, the main objectives of this work consist of the simulation of SARS-CoV-2 diluted
particles’ transmission in the confined space, observing the behavior of exhaled aerosols, drops and droplets
and examining the efficiency of air conditioning and open window.

Two human reflexes were under the observation such as sneezing and coughing. As it was mentioned,
viruses are prone to transmit airborne via breathing, talking, singing, sneezing and coughing. Propagation
of virus particles depends on the diameter size and ejection velocity. It was examined in given study, after
sneezing emitted particles can traverse for more than 5 m. To be precise, aerosols (1.5-10 pm) maintain the
height of 1.68 m travelling more than 5 m and start to leave the computational domain at 8.9 s. Large particles
commence to settle on the floor at 6.1 s of flow time leaving about 2.65 m behind.

In coughing case, light particles (1.5-10 um) also travel more than 5 m, however, comparing to the
sneezing event, the height maintained by particles gradually declines within 13.8 seconds. After the reflex,
large contaminants (95 pm) are prone to settle on the floor immediately next to the infected individual.

In both cases, there is a tendency for tiny particles to traverse for more than 5 m, but it can be seen in
coughing event, they approach the floor of the office room close to the outlet. After sneezing, aerosols escape
the domain at 8.9 s; while in coughing case, tiny contaminants leave at 14.3 s. Further fate of particles in
the domain for each case can be deduced as follows: due to the recirculation created by venting system and
window large and medium sized droplets tend to direct towards the standing human model and settle on the
ground. On the other hand, the effectiveness of the airstream generated by air conditioning system and open
window is noticeable. The airflow allows aerosols with dimensions of 1.5-10 um to leave at 8.9 s and 14.3 s for
sneezing and coughing cases, respectively. The analysis of tracked particles during whole flow time shows that
total number of coronavirus particles is cut by almost three times in sneezing case, while amount of tracked
particles is reduced by two times in coughing case. Therefore, it is essential to have air conditioning system
and open window as inlet for airflow in confined spaces during an epidemic or pandemic since they are able to
manage virus transmission. Based on the findings of current paper, along with presence of ventilation system
and open window, wearing medical masks and gloves, hand hygiene should be considered to avoid the cases
of infection.
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