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Abstract. Airborne virus transmission is a key mechanism for the spread of
infectious diseases in enclosed spaces, where asymptomatic carriers are especially
dangerous, which can increase the rate of infection foci formation. The behavior
of aerosol particles in the air is determined by the complex dynamics of air flows,
thermal effects, and characteristics of ventilation systems, which makes the problem
relevant for developing effective strategies to prevent indoor contamination. In
this paper, a numerical study of the propagation of droplets and virus particles in
ventilated rooms is performed based on the solution of three—dimensional Navier-
Stokes equations for incompressible flows in combination with the discrete phase
(DPM) model and the turbulent SST k—® model. The developed mathematical
model takes into account the influence of human body temperature, gravitational
deposition, room geometry, location of ventilation openings, as well as the behavior
of particles during breathing, coughing and sneezing. Two room configurations and
two particle ejection rates are considered (6, 20 m/s), which makes it possible to
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cover a wide range of real-world scenarios. The simulation results demonstrate that
particles can spread over a distance of more than 5-6 meters, and improper or uneven
ventilation leads to the formation of zones of increased aerosol concentration. The
nonlinear effect of the human heat plume and ventilation design on the dynamics
of air flow, precipitation and particle transport is shown. The data obtained can
be used to optimize ventilation systems, design safe indoor spaces, and develop
protocols to reduce the risk of indoor transmission of infections. Computational
Fluid Dynamics (CFD) provides valuable information for substantiating safety
protocols and reducing the risk of airborne transmission, which makes the proposed
approach particularly relevant for practical applications.
Key words: particles, enclosed space, SST k-omega, viral diseases
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AHHOTauus. BupycrapaplH aya-TaMIIbIIapbl apKbUIBI Tapajiybl HHQEK-
Ul OIIAKTapbIHBIH  KANBINTAaCy O KbULAAMABIFBIH — apTThIpyFa  KaOineTTi,
ACHMIITOMATHKAJIBIK TachIMaJaylIbliap aca KayinTi »aOblK yH-kailmapaa »Kyk-
naybl aypyJapAblH TapalybIHBIH HEri3ri MeXaHu3Mi OOJBIN TaObUIagbl. Ayanarbl
a’po30Jb OOJIIEKTEPiHIH OpeKeTi aya aFblHAAPBIHBIH KYpAedl JUHaMHUKachbIMEH,
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KBUTY 9cepiiepiMeH JKoHe KeJICTY XKyHenepiHiH cunartaMmaiapbIMeH aHbIKTaa bl,
OYJT MOcelTeHi iKi MHGEKIMSTHBIH aJIIBIH aTyIbIH THIMJII CTPaTeTHsIIaAphIH d31piiey
yIIiH e3ekTi eteni. by skymbicta auckperti ¢azansik MoxensMed (DPM) xone
SST K- TypOynenTTi MoieniMeH OipiKTipiireH ChIFbUIMANTBIH aFbIHAApP YIIiH YIIT
emmemai HaBbe—CTOKC TeHEYyIEpiH HICNy HEri3iHJe JKelAeTUIeTiH OenmMenepe
TaMIIbLIAp MEH BUPYCTHIK OOJIIEKTEP/IiH TapalyblH CAHIBIK 3€PTTEY JKYPTi3iii.
O3IpJICHIeH MaTeMaTUKAIBIK MOJIeNIb  aJIaMHBIH JIEHE TeMIIepaTypachiHbIH,
IPaBUTALMSUIBIK TYHJIBIPYAbIH, O6IMe TeOMETpPHUSICHIHBIH, KEIJICTKIIl CaHbI-
JaynapablH OPHAJIACYBIHBIH JKOHE THIHBIC ally, JKOTEIy JKOHE TYIIKIpY Ke3iHzeri
OeJIeKTep/iH OpeKeTiHIH ocepiH eckepeai. benMeHiH eki KOH(UTypaLuschl
XKOHE €Ki OeJIIEKTepAiH IIBIFapbUly KbUITAMIBIFBI KapacTelpbuianbl (6, 20
M/c). Bya HakThl CICHApPHUIICPIH KeH ayKbIMbIH KaMTyFa MYMKIHJIIK Oepeji.
Monenbaey HoTHKeNepi OeIIeKTepAiH 5-6 METPACH acTaM KallbIKTBIKKA TapaTybl
MYMKIiH €KCHIH KepceTeli, al AYpPhIC eMec HeMece OIpKeIKi eMec KENIIeTy
a’p030JIb  KOHLIEHTPALMSCBIHBIH >KOFapbuIay alMakTapbhlHBIH Maiija OoiybiHA
oKeneni. AJaMHBIH JKbUTy HUICH(I MEH KenaeTy KYPbUIbIMbIHBIH aya arbIHBIHBIH
JTMHAMHUKACHIHA, TYHJBIPYFa KOHE OOJIIEKTep/iH TachbIMAJIaHybIHA CBI3BIKTHIK
emec ocepi kepcerinreH. HoTwxkenep skenmery >KyHenepiH OHTalaHIBIPY,
Kayirnci3 ki KeHICTIKTepAl xobanay jkoHe Vi imiHae nHeKIusIapasH Tapaty
KayIiH a3aiiTy XarramajgapblH 93ipiiey YIUiH HaijanaHburysl MyMKiH. Ecenrey
ruaponnaamukackl (CFD) kayirci3mik xartaMmanapblH HETI3ey JKOHE aya apKBIIbI
KYKTBIPY KayIliH a3alTy YIIiH KYHJbI akmapar Oepefi, Oyl YCBIHBUIFAH TOCIIII
MPAaKTUKAJIBIK KOJIAAHyFa €PEeKILe MAaHbI3AbI €Te.
Tyiiin ce3mep: OenmiekTep, xa0obik 0eame, SST k-omega, BUPYCTHIK aypyriap
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AHHoTanms. BoznymHo-kamenpHas Tmepenada BHPYCOB SABISETCS  OTHUM
W3 KIIOYEBBIX MEXaHMW3MOB PAacIpOCTpPaHEHUS HH(EKIMOHHBIX 3a00JeBaHUN B
3aKpBITHIX TIOMEIIEHUSX, TIe 0CO0YI0 OMACHOCTh MPEACTABISIOT OECCUMITOMHBIE
HOCHTEJH, CIIOCOOHBIE YCKOPATh (OopMHpOBaHME O4aroB 3apaskeHus.lloBenenne
a3PO30JIbHBIX YACTHUIL ONMPEJETAETCS CI0KHON JIMHAMUKON BO3YIIHBIX MOTOKOB,
TEIUIOBBIMA A deKkTaMH H  XapaKTEePUCTHUKAMH BEHTWISIIMOHHBIX  CHUCTEM,
910 00yCHaBIMBAeT AaKTyalbHOCTh pPa3padOTKu 3S(h(HEKTUBHBIX CTpaTeTuit
MIPEOTBPAIIEHUs] BHYTPUIIOMEIIEHHOTO 3apakeHUs. B pabore BBIMOTHEHO
YHCIEHHOE MOJIENMPOBAHUE PACIPOCTPAHEHHUS Kaleslb W BHPYCHBIX YacTHI] B
BEHTHJIIPYEMBIX TIOMEIIEHUSIX Ha OCHOBE pEIIeHUS TPEXMEPHBIX YpaBHEHUH
HaBre—CrtoKca 151 HECXKUMAEMBIX TSUCHUH B COYCTAaHUH C MOJCITBIO TUCKPETHOU
ta3er (DPM) u typOynentaoit Mmomensio SST k—w. PazpaboTannas maremarndeckas
MOJIENIb YYHUTHIBACT BIIMSHUE TEMIIEpaTypbl Tella YellOBeKa, T'PaBUTAIIMOHHOTO
OCKJCHHS YaCTHUIl, TEOMETPUHU ITOMEIICHHS, PACMOJIOKEHNS BEHTHUIISIIMOHHBIX
OTBEPCTHH, a TaK)Ke PEKMMOB JABIXaHUS, KallUII W YMXaHUA. PacCMOTpEHBI 1Be
KOH(pHUTYypaIiy TOMEIEHHUS 1 JIBa peKuMa CKOpOCTH BbiOpoca gacTtu (6 u 20 m/c),
YTO TIO3BOJISIET OXBATUTh MIMPOKHH TUAMa30H peajbHBIX clieHapueB. PesynsraTs
MOJICIUPOBAHUS TTOKA3bIBAIOT, YTO YAaCTHUIIBl CIIOCOOHBI PACIPOCTPAHATHCS Ha
paccrostare 6osee 5S—6 MeTpoB, a HepaBHOMEPHAs WITH Hed(PPEKTHBHASI BEHTHUIISIIIAS
MPUBOAUT K (POPMHUPOBAHUIO 30H TIOBBIMIEHHOW KOHIICHTPAIMHM a’3pO30JIei.
BrisBneno HenmuHEHHOE BIUSHUE TEIUIOBOTO Tuiekia dermoBeka W MmapaMeTpoB
BEHTWJIALIMY Ha TUHAMHKY BO3AYIIHBIX TTOTOKOB, MEPEHOC M OCAXICHUE YACTHII.
[lomydeHnsle pe3ynpTaThl MOTYT OBITH HCIONB30BAaHBI JUIS ONTHMH3ALNN
CHCTEM BEHTWJIALINHW, TMPOEKTHPOBAHUSA OE30MAaCHBIX BHYTPEHHHX MPOCTPAHCTB
¥ pa3pabOTKH Mep IO CHIDKEHHIO PHCKa TMepenadd MHQPEKIMH B MOMEIIEHUSIX.
Metonsr BerauciuTenpHOM ruAponuHaMuku (CFD) mpemocTaBisioT BakKHYIO
nH(pOpMaIHIO i 000CHOBAHWS CAHUTAPHO-TUTHEHWYECKUX PEKOMEHAAINN W
MOBBIIICHUSA A(PPEKTUBHOCTH CHCTEM BEHTHIISIINH.

KuroueBbie ci1oBa: gacTuilel, 3aMkHyTOE Tomerienne, SST k-omega, BupycHsie
3a00JIeBaHMS.

Introduction. In the last decades, it became evident that understanding
and modelling the spreading of airborne droplet particles, such as viruses,
is of great importance to public health and safety. The COVID-19 pandemic
clearly demonstrated the significance of studying the aerosol ways of infection
transmission to develop efficient prevention strategies. The global statistics of
COVID-19 are as follows: the number of infected exceeds 775 million people,
and more than 7 million people have passed away (World Health Organization
WHO, 2023). Among the symptoms of virus, the most common are: an increase in
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body temperature to 38° C, significant fatigue and loss of sense of smell and taste.
One of the foremost aspects of such research is the modelling of the behavior and
dynamics of particles in air flows, which requires accounting for multiple factors,
such as turbulence, lift forces, and inter-particle interaction. The primary mode of
disease transmission is recognized as droplets containing viral particles expelled
by an infected individual through breathing, coughing, and sneezing (Bipasha et
al., 2015). Data from the study indicate that a healthy individual typically coughs
twice and sneezes four times daily (Hansen et al., 2002; Surinder et al., 2006).
SARS-CoV-2, the coronavirus SARS-CoV-2, as many other viruses, are mainly
transmitted through the airborne droplet route (Busco et al., 2020). The primary
transmission mechanisms include:

The SARS-CoV-2 coronavirus, like many other viruses, is transmitted mainly
through airborne droplets. The main transmission mechanisms include:

Drip transmission: Large droplets released when coughing, sneezing or talking
may contain viral particles. These droplets settle on the surface within a few meters
of the source.

Aerosol transmission: Fine particles (aerosols), also released when breathing,
talking or coughing, can remain suspended in the air for a long time and travel long
distances, especially in conditions of insufficient ventilation. In fact, the speed of
reflex processes can vary significantly, averaging between 1 - 22 m/s (Gao et al.,
2007; Gupta et al., 2009).

Contact transmission: The virus can be transmitted by touching contaminated
surfaces and then to mucous membranes (eyes, nose, mouth) (Wolfer et al., 2020;
Pan et al., 2019).

The main focus of this work is on the study of the behavior of aerosol particles
containing SARS-CoV-2 virus particles. In particular, three basic physical models
were used: the Saffman lifting force, stochastic collision, and the particle rupture
model. Each of these models plays an important role in accurately describing the
dynamics of particles in turbulent flows.

The Saffman lifting force takes into account the effect of the velocity gradient
on particles, which is especially important for small particles in streams with high
shear rates. Stochastic collision describes the probabilistic interactions between
particles, and the rupture model takes into account the process of breaking large
particles or droplets into smaller ones under the action of turbulence and shear
forces.

To accomplish this task, modern numerical modeling methods were used,
including discrete phase models (DPM) (Pirker et al., 2011) and turbulence models.
The use of such models makes it possible to obtain a detailed picture of particle
propagation under various conditions, as well as to assess the influence of various
physical factors on this propagation.

The thesis also considers the initial and boundary conditions used in modeling,
including temperature and particle composition, which allows us to reproduce the
real conditions of the spread of viral particles in the air as accurately as possible.
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The ventilation rate of the room, along with both the individual’s body temperature
and the ambient room temperature, exert significant influence on the characteristics
of infectious aerosols (Mutlu et al., 2020). The human body temperature was set
at 37°C (310.15 K), which was taken into account in the simulation to accurately
reproduce the thermal effect on air flows and, consequently, on the propagation of
particles.

To assess the nature of the flow, the Reynolds number was calculated, which
made it possible to determine the flow regime and take into account its influence on
the behavior of particles. The turbulent nature of the air flow plays a key role in the
spread of particles, especially in confined spaces where viral particles can remain
suspended in the air for a long time. Therefore, proper modeling of turbulence
and its effect on the trajectory and distribution of particles is a critically important
aspect of this study.

Various numerical methods, including the finite element method and the finite
volume method, have also been used to better understand and predict the behavior
of particles in air flows. These methods make it possible to solve complex systems
of equations describing the motion and interaction of particles in a multicomponent
medium.

Literature Review. Computational fluid dynamics (CFD) was used to study
the formation and spread of viruses. Experimental investigation of such processes
presents significant difficulties, therefore CFD offers a valuable tool for modeling
the distribution and spread of viral droplets that occur during reflex processes such
as coughing, sneezing and breathing. Numerical modeling in the study (Hamid et al.,
2021), various ventilation options were considered in order to influence ventilation
on the transfer of pathogen droplets. The authors of the work (Mengfan et al., 2022)
numerically analyzed the spread of droplets during coughing in different seasons
of time indoors. It was concluded that the rate of droplet transmission accelerates
at low temperature and the exhalation height of droplets plays an important role in
droplet transmission. The study (Aliyu et al., 2021) considered airborne transport
with and without masks in ventilated rooms. As a result, in cases of wearing masks,
more than 96% of all discarded droplets were trapped within the recommended
social distancing radius of 2 m. Without wearing masks, 80% of the drops were
trapped, and 20% of the drops got into the air and spread. CFD was used in the
above-mentioned works and the authors of these works suggest using CFD for such
tasks, namely particle propagation.

The purpose of this thesis is to develop and apply an integrated approach to
modeling the aerosol spread of viruses, which can make a significant contribution
to understanding the mechanisms of transmission of infections and developing
measures to prevent them. The results of the study can be used to improve
ventilation systems, develop more effective disinfection methods and reduce the
risk of transmission of infections in public places.

Materials and methods

Mathematical model. A mathematical model has been developed to study
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the spread of viral particles in airborne droplets in a confined spaces. To simulate
the airflow and particle dynamics within a confined indoor environment, the
incompressible Navier—Stokes equations were employed as the governing equations
for fluid motion:

Vi =0, (1)
Ju 2

p (5o + (Vwu) = —Vp + uV2u — pfg(T —Ty), )

or O _, (0°T\ . Sr 3

ot u] axj — g asz pcp: ( )

Where u — velocity vector, (Vu)u —the convective term describing the change
in velocity due to fluid motion, p — density, p — pressure, p — effective dynamic
viscosity, B — thermal expansion coefficient, g — acceleration due to gravity, T —
temperature, T, — initial temperature, D_ - thermal diffusivity, S - heat source, c,
- specific heat capacity.

To describe the conservation of mass in a fluid flow, the continuity equation
shown in equation (1) is used. To describe the dynamics of air in a room, the
equations of motion presented in equation (2) is used and equation of temperature
(3).

To model the thermal effects due to human body temperature, the Boussinesq
approximation was applied, assuming that density variations are negligible except
in the buoyancy term. The human body acts as a localized heat source, generating
thermal plumes that influence particle movement. “B” is an indicator of the relative
change in the density of a liquid depending on temperature. It is defined as:

2
T+ T, @

ﬁ:

The particle motion was modeled using a dispersed phase (DPM), which
is solved by integrating the force balance. In a set of differential equations that
calculate the positions and velocities of particles. In the CFD code, all particles are
considered as point masses, the kinematic relationship between the position of the
particles (respiratory droplet) and the velocity of the particles (respiratory droplet)
is equal to

ar (5)
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du
mpd—;’=FD + Fg. (6)

The trajectory of particles is determined by these forces, since they include the
main effects on their movement. F', - It is calculated as follows:

1 mdj
Fo=5pr— oy = up)[ur — up |, (7)
24
. - Re’ (Re<1)
2 3

4
== (1+0.15Re**); (1 < Re <1000)

Re is the Reynolds number, calculated as follows:

_ pdplu—uy|
Re = T (9)

Where X, - the location of the particles, u,- particle velocity, m - particle mass,
u,- the speed of movement of liquids, F, - drag force, F_— gravity, C, - drag
coefficient, dp— particle diameter, Re - Reynolds number, p, - dynamic viscosity,
P, particle density, P, - the density of the liquid.

There are two fundamental concepts that play a crucial role in the accurate
modeling of particle propagation in airflow: drag force and drag coefficient.

The drag force represents the resistance exerted by the surrounding medium on
a moving particle. It arises due to viscous friction and inertial effects as the particle
travels through a fluid (gas or liquid).

The drag coefficient is a dimensionless parameter that characterizes the
magnitude of this resistance. It depends on the Reynolds number, particle shape,
and flow conditions.

These two concepts are essential for describing the interaction between particles
and the ambient air, especially when modeling particle transport and deposition
in aerosols, liquid droplets, or solid particles. In the current study, the drag force
influences both the trajectory and the eventual settling of particles, while the drag
coefficient helps determine how particles of different sizes behave under airflow
conditions in confined spaces.

Turbulent model. To calculate turbulent flows, a two-level k- SST turbulence
model was used. At the same time, this method predicts the behavior of the boundary
layer, especially in areas with a high velocity gradient. The main advantage of
this method is that it demonstrates stable and accurate results for problems with
complex geometry. It should be noted that this method has also proven its reliability
and stability when modeling the air flow inside the room (Issakhov et al., 2021).
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These equations are discretized using the finite volume method. The equations for
the k-@ model can be written as follows:

SST k-®
w2 Lo ko + (it 6 X (10)
ow Jujw 1 0 ow
— =—|aS? —nw? + — S —
1201 Y 1 0k dw
fl w2 w axi axi ’ (11)
where:
_ ak
He = max(a,w,f>S)’ (12)
b du; N ouj O0u; 20uy 3 ouy ok
P, = min(Py,, 10n"kw), (14)
2Vk 500u. 48w,k
= t h [ ) ) 4 )
fi = tanh((min(max( .= 0, 7= ) (15)
2k 500u
= tanh ) 2), (16
fo = tanh((max( s, =5 5)%) )
_ 1 0k awi _10 (17)
CDy, = max(2pé,,, 0%, Ox; ,107°Y),
¢ =¢1f1 + d.(1 - f1). (18)

k - kinetic energy of turbulence, u,— components of the velocity vector, © -
specific dissipation rate, P, - turbulent kinetic energy production, p, - turbulence
viscosity, n° - the constant of the model, 8" - the constant of the model, S — rate of
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deformation, f, — function for switching between different model modes, CD, —
the correction term for ®, ¢— is a unified function, ¢,— function values in the
second zone.

Constants of the model:

aqy = 1, a, = 052, m == Ny, = 00828,
N =009, 8, =1178, S, =1, 8, =2, 0, =1.168

2

Boundary conditions. Boundary conditions are conditions that are set at the
boundaries of the area necessary for accurate and complete determination of the
behavior of the simulated system. The following boundary conditions were set for
my thesis:

Inlet (ventilation):

e The air velocity at the inlet is set constant and is 1 m/s.

e The inlet pressure is set according to the Neumann condition and is equal to
0 Pa.

e The temperature of the incoming air is set to 291° K, which corresponds to
standard ventilation conditions.

e The conditions of the discrete phase model were like an escape.

Outlet (exhaust):

o The outlet pressure is set to 0 Pa.

e By default, the temperature on the outlet is set at 300 K.

e The air velocity through the outlet is determined by the mass balance in the
design area.

e The conditions of the discrete phase model were like an escape.

Inlet (mouth):

o The particles are ejected in the time interval from 0.1 to 0.3 seconds.

e The rate of particle release varies depending on the reflex process (for example
6,20 m/s).

e The particle temperature is set as 310.15 K.

e The particle composition was set to 0.59% for water, and the remaining 0.41%
for air.

e The conditions of the discrete phase model were like a reflect.

Walls and desks:

o The walls and desks of the room are set to be impenetrable and smooth. (No
slip)

e The heat flow on the walls and desks are set, which means that the walls and
desks temperature will be calculated in the process of solving the problem.

e The conditions of the discrete phase model were like a trap.

People

e The surface of the body (teacher and students) is set at a constant temperature
equal to 309.7 K.
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e The condition of zero normal velocity is set on the surface of the body. (No

slip)
e The conditions of the discrete phase model were like a reflect.

Numerical simulation. Numerical modeling allows to describe the modeling
process in detail and solve the problem using computational algorithms. If we cannot
solve the equation analytically and make an experiment, then a numerical solution
is the best and less expensive way to study the problem. At the same time, the error
that may be in the solution is not quite large, but exactly what error we cannot say
for sure. By solving the problem numerically, we can take the results more natural
and more accurate than nothing. For my research on solving equations, numerical
methods implemented in the ANSYS Fluent package were used. The relationship
between pressure and velocity was achieved using the SIMPLE numerical algorithm
(Semi-Implicit Method for Pressure-Linked Equations). The SIMPLE method is an
effective and reliable method for solving the Navier-Stokes equations in problems
with incompressible flows. The SIMPLE method has a number of advantages,
namely stability and convergence, ease of implementation and can be applied to
various sampling schemes and used to solve complex geometries and boundary
conditions (Han et al., 2019). Its use in this study allows us to obtain accurate and
stable results of modeling the spread of viral particles in confined spaces. Complete
the SIMPLE algorithm includes following steps:

1. Guess the pressure field and solve the momentum equations to obtain .

L ) ¥Y GRS T
— | — — — e d = — ——
1 u u ( p 0x 1)’

2. Solve the equation by substitute into the continuity equation and we get the
Poisson equation.

L T 10P’ il - .. AtoP’ 0
—_— - - = _—
At p O0x . u u p 0x 20)
0%p’ N a%p’ N a%p’ P (au** N av™* N aw**)
0x2 = dy?  09z2 At\ ox ay oz )’ @D
3. Correct pressure field p = p* — p’, (22)
4. Correct velocity field U = u =, (23)

For simplicity, the derivation above considers only the x-component of the
velocity field. The corresponding expressions for the y- and z-components can
be obtained analogously by applying the same discretization procedure to the
respective momentum equations
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Table 1— Simulation scenario.

Variant Scenario | Particle velocity Supply air Particle diameter (m)
(m/s) velocity (m/s)
! ! V=6 ! 1x107%t0 1 x 10~
2 V=20 1 1x107%01x107*
2 3 V=6 ! 1x107%01x107*
4 V=20 ! 1X107%t01x 107

All equations in the discrete phase model and turbulent models are solved by
default using the explicit method.

The momentum was discretized utilizing the second-order discretization

scheme. The energy which means temperature was discretized utilizing the first-
order discretization scheme. The solution is considered converged when all the
scaled residuals stabilize and reach a minimum of for the k, ®, continuity, and x, y,
and z momentum equations, as well as for the energy equation.

Geometry and mesh. The COVID-19 pandemic has highlighted the importance
of maintaining social distance, which has led to increased interest in analyzing the
geometry of classrooms with the presence of teachers and students. The creation
of a geometric model of the classroom was carried out taking into account the
average parameters of the room. I conducted a detailed study of the geometry of
the classroom, including its dimensions and the location of the entrances and exits.
Thus, for the study, I took the average room size of X*Y*Z = 7*3*4 m. This room
served as the main model for analyzing the spread of viral particles in a confined
space

We examined two types of geometry of the classroom where the infected teacher
is, and also took into account the presence of ventilation and entrance to the room.
The height of the teacher inside the room was 1.94 m, and the teacher stood 0.2 m
taller, which could affect the propagation of particles, as shown in Figure 2. The
height of the infected person’s mouth was about 1.76 m.

Ventilation in the room was carried out using a single grate on the side wall with
a size Y*Z = 0.125*%0.5 m, while an extractor hood of the same size was located
0.275 m below the ventilation on the opposite wall. All geometries consider made
a standing teacher and four sitting students. The teacher looked at the students or
at the blackboard, depending on the geometry option. For the realism of the model,
desks in front of the students with dimensions X*Y*Z = 0.5*0.9*0.8 m were added.

The following distances were taken into account when describing the geometry
in detail:

e The distance from the teacher to the students was 2.5 m.

o The distance between the students is 1.5 m and between the desks is 1 m.

e The distance from the wall to the desk is 0.7 m.

o The distance between the desk and the front wall is 2.5 m.
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e The distance to the wall at the back is 2 m.

In this study, two types of geometry were considered:

1)The teacher looks at the students taking into account ventilation and exhaust.

(which is shown in the Figure 1).

2)The teacher looks at the board, taking into account ventilation and exhaust.

(which is shown in the Figure 1).

The simulation also took into account various velocities (1 m/s, 6 m/s, 20 m/s)
corresponding to reflex processes (breathing, sneezing, coughing) in order to fully
study the spread of viral particles.

Figure 3 shows a three-dimensional (3D) computational grid of the study area,
in which the total number of elements is 2898449. The value of the grid size plays
a key role in ensuring the accuracy of the results. The unstructured geometry
caused by the presence of people in the room was taken into account when
choosing a hexahedral grid. This choice of technology is due to its efficiency when
working with solids and simplification of the grid generation process. Given this
unstructured nature, creating a grid requires additional efforts to ensure its quality
and accuracy. Nevertheless, the hexahedral grid remains the preferred choice, as
it provides sufficient accuracy of the results and successfully solves the tasks set.
It is important to note that the resulting hexahedral elements are used in the Finite
Volume Method (FVM) for subsequent numerical analysis.

7m

1.94 m

l :%L 1.59m ;i
S |

Figure 2— The geometry of the area under study.
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Figure 3 — Computational grid of the studied area.

Properties of materials. Air was modeled as an incompressible fluid with
constant properties which shown in Table 2. The coefficient of thermal expansion
was calculated using the formula given in 1.1.6, which indicates temperatures
corresponding to the air through ventilation (291 K) and human body temperature
(309.7 K), respectively. These values were chosen to most accurately reflect the
conditions in the real system.

Table 2 — The property of air.

Property Value Unit
Density 1.225 k,q /m3
Specific Heat 1006.43 J/(kg K)
Thermal Conductivity 0.0242 W/(mK)
Viscosity 1.7894e-05 kg/(ms)
Molecular Weight 28.966 k g / kmol
Thermal Expansion Coefficient 0.00332696 K1

The particles were modeled as a mixture of water and air, simulating the
composition of real respiratory droplets. The average particle density was set to
600 kg/m?, based on an assumed composition of 59% water and 41% air.
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Pp = 0.41pg;r + 0.59%water (24)
pp = 0.41-1.225 + 0.59 * 1000 = 590.5 kg/m®. (25

This allowed us to take into account the peculiarities of the composition of viral
particles and their impact on the environment. These steps provide a more accurate
and realistic simulation of the spread of viral particles in the air, which is important
for understanding and preventing transmission of infection.

Results

Particle distribution. The results of a numerical study of scenarios 1-2 are
presented in Figures 4, 5. Figures 4, 5 show the results of particle propagation in a
room with ventilation of 1 m/s at different points in time. Figure 4 shows the results
of particle propagation at different points in time when coughing or sneezing 6
m/s. These results show that after 30 seconds the particles are transported by 3.36
m in length, which exceeds the social distance. The results presented in Figure
5 show that after 30 seconds the particles travel a distance of 4.94 m in length,
which exceeds the social distance recommended by WHO. This means that option
3 is also dangerous for people in this range. As can be seen from this scenario,
the spread has reached the opposite wall in the room. As we have seen, options 1
and 2 differ only with ventilation and exhaust. It should be noted that when using
ventilation, particles spread a much longer distance than without ventilation, since
particles with a smaller diameter under the ventilation flow can spread longer and
further around the room.

o =

Figure 4 — Particle distribution during coughing = 6 m/s and
ventilation =1 m/s (5 s, 30 s)
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Figure 5 — Particle distribution during coughing = 20 m/s and
ventilation =1 m/s (5§ s, 30 s)

Figure 6 — Particle distribution during coughing = 6 m/s and
ventilation = 1 m/s (5 s, 30 s)

Figure 7 — Particle distribution during coughing = 20 m/s and
ventilation = 1 m/s (5 s, 30 s)

1
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Temperature of human body. Figures 8-11 show the results of human body
temperature for all variants. It should be noted that in the ventilation and exhaust
versions, the air flow significantly affects the temperature distribution, which leads
to a higher temperature at the end of the room. The ventilation options have shown
that the air temperature is more evenly distributed throughout the room, creating
comfortable conditions.

Figure 8 — The effect of body temperature on particle distribution during
coughing = 6 m/s and ventilation =1 m/s (5 s, 30 s)

Figure 9 —The effect of body temperature on particle distribution during
coughing = 20 m/s and ventilation =1 m/s (5 s, 30 s)

Temperature
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Figure 10 —The effect of body temperature on particle distribution during
coughing = 6 m/s and ventilation =1 m/s (5 s, 30 s)
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Temperature
Contour 1

3.089e402
o

Figure 11— The effect of body temperature on particle distribution during
coughing =20 m/s and ventilation =1 m/s (5 s, 30 s)

Discussion. The results of a numerical study of scenarios 3-4 are presented
in Figures 6, 7 Figures 6, 7 show the results of particle propagation in a room
with ventilation of 1 m/s at different points in time. Figure 6 shows the results of
particle propagation at different points in time when coughing or sneezing 6 m/s.
These results show that after 30 seconds the particles are transported by 3.63 m in
length, which exceeds the social distance. The results presented in Figure 7 show
that after 30 seconds the particles travel a distance of 3.95 m in length, which
exceeds the social distance recommended by WHO. This means that option 2 is
also dangerous for people in this range. As can be seen from this scenario, the
spread has reached the opposite wall in the room. As we have seen, options 2 differ
only with ventilation and exhaust. It should be noted that when using ventilation,
since particles with a smaller diameter under the ventilation flow can spread longer
and further around the room. Thus, this means that rooms with ventilation and
exhaust are more dangerous than rooms. Because particles travel social distances
and even spread further.

The processes of evaporation and condensation of particles depend on
temperature conditions, and ventilation options contribute to faster evaporation
of particles, which can reduce their concentration in the air. Efficient ventilation
systems have shown their ability to quickly remove viral particles from the room,
which underscores their importance for hygiene and safety.

Active ventilation creates turbulent flows that contribute to the chaotic spread of
particles, increasing the likelihood of their deposition on surfaces or removal from
the breathing zone.

However, the analysis of particle propagation showed that options with
ventilation can be more dangerous for humans, since particles spread over a
longer distance. This indicates the need for careful design of ventilation systems
to minimize the risk of spreading viral particles. A possible solution may be to
optimize the direction of air flows and use additional methods of air filtration and
purification.

Conclusion. In this thesis, numerical modeling of the spread of viral particles
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in various scenarios is carried out, taking into account the presence or absence of
ventilation and exhaust. The study covered 4 scenarios, the results of which are
shown in Figures 4-7 and 8-11. Data analysis allowed us to draw several important
conclusions about the influence of various conditions on the distribution and
deposition of particles.

Main conclusions:

e Particles with large diameters are deposited by gravity, which somewhat limits
their propagation.

e Ventilation promotes the chaotic movement of particles due to turbulent flows,
which increases the likelihood of their deposition on surfaces or their removal from
the breathing zone.

e Poorly designed ventilation systems may unintentionally direct contaminated
air toward occupants, increasing the risk of infection.

e Thermal effects from the human body induce upward convective currents that
prolong particle suspension and affect their vertical distribution.

These findings emphasize the importance of optimizing HVAC systems in
public indoor environments, especially classrooms, to minimize the transmission
of airborne pathogens. The computational approach applied in this study can serve
as a practical tool for assessing infection risks and guiding preventive strategies.
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