UDC 504.4(477.86)

Ihor Petrushka, Doctor of Technical Sciences, Professor of the Department of
Environmental Safety and Environmental Protection of the Lviv Polytechnic National
University

ORCID ID: https://orcid.org/0000-0003-3344-4196 e-mail: ihor.m.petrushka@Ipnu.ua

Nataliia Latsyk, PhD student of the Lviv Polytechnic National University
ORCID ID: https://orcid.org/0000-0001-7539-2799 e-mail: nataliia.v.latsyk@Ipnu.ua

Kateryna Petrushka, PhD, Associate Professor of the Department of Ecology and Balanced
Nature Management of the Lviv Polytechnic National University
ORCID ID: https://orcid.org/0000-0002-7905-759X e-mail: kateryna.i.petrushka@Ipnu.ua

Lviv Polytechnic National University, Lviv, Ukraine

MODELING OF FINE DUST DISTRIBUTION IN ATMOSPHERIC AIR
WITHIN RESIDENTIAL BUILDINGS

Abstract. Sustainable development of the country includes a balance between
economic growth, social welfare and environmental safety. This means managing
all aspects of life so as to ensure the well-being of people and not harm the
environment. This is important so that future generations can live in safety. The
quality of atmospheric air is of particular importance, as it has a direct impact on
people's health. Cement industry is one of the first positions on the scale of emissions
of harmful substances, including carbon dioxide (CO:). In its structure, dust
emissions from cement plants are considered mainly as aerodisperse systems. In
these systems, the dispersed phase consists of solid particles (dust) or fine droplets,
while the dispersed phase is a gas-air mixture This gas-air mixture may contain a
variety of contaminants, both organic and inorganic. Predicting and regulating air
quality in areas adjacent to cement plants can be achieved by modeling the spread
of cement dust. This simulation allows to determine dust concentrations in the air at
different distances from the source of emissions and helps to develop effective
measures to reduce the man-made load on the environment.

Cement dust is one of the priority pollutants that must be considered when
organizing air quality monitoring. Effective atmospheric monitoring of dust
pollution of the air environment allows you to obtain up-to-date data on dust
concentration, analyze trends of change and assess the impact on human health and
the environment.

Reducing the technogenic impact of aerodisperse systems formed as a result of
cement production is an important task to ensure environmental safety.

We conducted a detailed analysis of the literary data of this problem and developed
a mathematical model for predicting the distribution of cement dust in residential
buildings. Invention proposes improvement of dust-collecting equipment in cement
production that allows to reduce emissions of cement dust into atmosphere by
10-15%.

Keywords: finely dispersed cement dust, neutralization, trapping, environmental
safety, air quality monitoring.
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1. Introduction

Atmospheric air is an important and dynamic environment of the biosphere, and its
pollution can create prerequisites for reducing environmental safety in large areas.
Fine dust pollutants of cement plants are especially dangerous because of their
multicomponent composition and the ability to cause synergistic effects in the
interaction of various pollutants.

The spread of pollutants along with air masses can disrupt the ecological balance
of biogenic substances in all components of the ecosystem. This reduces the level of
environmental safety of the biosphere and contributes to the degradation of
ecosystem components.

The intensity and nature of the transport of pollutants make it possible to
distinguish between zones of direct (main) and indirect effects. These zones differ in
the intensity and scale of impact on the environment and humans, which must be
taken into account when planning environmental measures.

Aerodisperse systems of cement plants have the ability to cause synergistic
effects in the interaction of various pollutants [1-3].

The spread of pollutants along with air masses can disrupt the ecological balance
of biogenic substances in all components of the ecosystem. The level of
environmental safety in the biosphere is decreased and ecosystem components are
degraded. In addition, the migration of pollutants affects not only the atmospheric
air, but also other components of the environment, which extends the negative
impact on the entire environmental safety system.

The rate of distribution of dust emissions in the atmosphere in residential areas
depends on several factors, including the sources of emissions, meteorological
conditions, topography and the presence of natural or artificial barriers. Among the
main impact factors are: sources of emissions; wind load between buildings;
precipitation (rain and show can precipitate dust particles, reducing their
concentration in the air); the level of temperature and humidity of the air (high
temperature and low humidity contribute to the rise of dust into the air, while high
humidity can contribute to the deposition of dust); terrain topography (flat areas are
usually more vulnerable to the spread of dust emissions than hilly or mountainous
areas where natural barriers can trap pollutants); natural and artificial barriers (green
spaces).

Cement production is one of the main sources of dust emissions, which can
significantly affect air quality in areas of residential buildings located near cement
plants. The intensity of the distribution of dust emissions in the production of cement
depends on several key factors: the technological process (extraction and
transportation, grinding of raw materials); clinker kilns (dust is formed as a result of
chemical reactions at high temperatures); grinding and mixing the clinker with other
components.

Given the above, the question of the process of modeling the migration of fine
particulate matter in atmospheric air remains relevant. It is necessary to take into
account the main stages of modeling: determining the sources of emissions;
identification of point (furnace, crusher), linear (transport belts) and planar (raw
material storage) sources of dust emissions; determining characteristics of each
source, such as emission height, emission rate and particle size distribution;
collection of meteorological data; taking into account the terrain.
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There are several models that can be used to simulate the spread of cement dust,
such as AERMOD, CALPUFF, ADMS, HYSPLIT and others. The choice of model
depends on the specifics of the task, the available data and the requirements for the
accuracy of the simulation. The AERMOD model is developed by Canadian and
American scientists.

This model is designed to predict continuous emissions from ground level and
dispersion of intermittent emissions has several important characteristics that ensure
its accuracy and flexibility: turbulent flows are linear, while the average and vertical
wind speeds are zero; taking into account meteorological conditions at different
altitudes, the model allows to predict the profiles of temperature, wind, turbulence
of the environment, take into account the construction aspects, simulate the dry and
wet method of precipitation of impurities [4-8].

To ensure environmental safety and public health in areas adjacent to cement
plants, it is crucial to develop a mathematical model of cement dust distribution.

2. Results and Discussion

Research by leading scientists suggests that dust pollution of the lower atmosphere
poses a significant threat to the environment and human health. Solid dust particles,
depending on their characteristics, can have a variety of negative effects [10, 11, 12].

Fine dust has the greatest fibrogenic activity, its particles penetrate the deepest and
are retained by the alveoli of the lungs, which causes a number of specific diseases,
which necessitates measures to reduce the flow of pollutants into the air of settlements
and predict the distribution of dust particles in atmospheric air [10-12, 20].

To develop a mathematical model of the fine dust propagation process, we use the
differential diffusion transport equation, this equation describes how the concentration
of dust particles changes with time and three-dimensional space [20]:

aC 9C aC  ac a ac )
— 4+ __|_ —~ 4 __|_ - __|_ *V2( + 1

where u, v, w are wind speed parameters along the Cartesian coordinate system
axis, m/s;
u — horizontal diffusion coefficient in the plane (x, 0, ), m?/s;
y — vertical diffusion coefficient in z-direction, m?/s.

The product of the Laplace operator for concentration is calculated from the
following relationship:

9%2C  9%C
2= —— 4 — —
vie= 6x2+ ay?’

()
k — coordinate and time dependent source parameter, k=f (x, y, z, t);
o — value associated with substance transformation, s,

The authors [13-15, 20] present that in order to solve this one-dimensional
problem of modeling the propagation of fine dust in the atmosphere, equation 1 is
considered in a simplified form, while taking into account that the transfer of solid
particles in the atmosphere occurs under the condition - oo < x < oo, that is, in an
infinite medium.
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Using the data of meteorological conditions in relation to the characteristics of
the wind load, as well as taking into account the stationary process of loading on the
atmosphere, equation (1) takes the form:

2

R LY, 3
uztol=uw-s3 Q6 (x — xp), (3)

where Q — power of the source emitting dust into the atmosphere, kg/s;

d ( X -Xo ) — Dirac delta function, which takes into account the integral content of
dust particles that diffuse in the volume of air in height, as well as the number of
particles settling on the surface of the earth, 1/m?.

When solving this equation, the following boundary conditions are taken into
account that the limit of dust dispersion is a stationary source is the size of the
sanitary protection zone (SPZ) of the enterprise; the source is in the center of
coordinates; source emission power is a constant value [15-17].

The solution of equation (3) to obtain numerical data is possible using finite
difference dependencies.

To do this, it is necessary to discretize the space of distribution of contamination
of solid dust particles, taking into account the distance from the source to the
boundary of the SPZ of the enterprise at certain intervals.

Space sampling is an important step in the numerical solution of differential
equations, such as the diffusion transfer equation. One popular method for this is the
finite difference method. This method consists in replacing differential operators
with difference operators, which allows you to turn a differential equation into a
system of algebraic equations. Consider the space sampling for the one-dimensional
diffusion equation:

aC 9%C
—=D — 4
=D . (4)

Suppose that we sample space in increments of Ax and time in increments of At.
Denote the concentration at point x; = iAx and at time t,, = nAt as C}.

Then we can take advantage of spatial and temporal discrediting:

Differential equation (3) under the condition — x = x;, (i = 1, 2 ,.., n-1) can be
replaced by a linear equation:

iv2 — 2Cip1 + G i+1 — i
U Cit2 hczz+1 Cl+ui C‘“zhcl 1+GiCi= Q8 (x — xo)- ®)

Transforming equation (5) with respect to Ci-1, u; and C; + 1, we obtain a
relationship for calculating the concentration of fine dust:

Hi U —4u 4 Hi | Ui _
() G+ (T ramm) G+ G Gm= @
= Q- 6(x — xp).
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To be able to predict the concentration of fine dust at a certain distance from the
source of dispersion, it is necessary to take into account the wind speed and power
of the source, and it is necessary to use the dispersion equation of dust inclusions in
the atmosphere. Using this equation, you can determine the distribution of dust
concentrations depending on the height and distance and the source of the emission,
taking into account the wind speed.

Most domestic and foreign scientists use the Gauss scattering equation [18-19] to
simulate the scattering of pollutants in the atmospheric environment. This equation
takes into account parameters such as wind speed, emission source power, source
height, and atmospheric turbulence.

For the selected object of research, the calculation of the degree of distribution of
fine particles of cement production took into account the following data: the power
of the emission source 8.4x10-3 kg/s; the average wind speed is 1.5 m/s, the distance
from the source is 1000 m, the horizontal diffusion coefficient is taken accordingly
[20] as for an aerosol — 1.5 m?/s.

The simulation results are shown in Fig. 1, indicate that the profile of change in
dust concentrations from the emission source is uniform.
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Fig. 1. Fine dust concentration distribution from emission source

Calculations and model (Fig. 1) together characterize the circular wind direction.
The greatest amount of impurities falls at some distance from the emission source
due to the transfer of air masses. This is due to the high inertia of fine dust, the
particles of which are picked up and transported with the flow of wind. For a visual
expression of the results of the obtained mathematical model, we built scattering
maps of pollutants depending on the distance from the source which are shown in
Figures 2 and 3.
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Fig. 2. Map of dispersion of cement dust in the atmosphere with the existing cleaning scheme
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Fig. 3. Map of dispersion of cement dust in the atmosphere under the proposed scheme of
air cleaning from cement dust

Experimental data on the degree of concentration of pollutants in the dispersion
of cement dust according to the existing technological process are 10-15% higher
according to the technological scheme proposed by us.

Based on the results of verification of the adequacy of the mathematical model of
fine dust dispersion and experimental data, it was established that the deviation of
the calculated values of the mathematical model from the experimental results does
not exceed 20% over the entire studied range of distances (Fig. 4).
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Fig. 4. Comparison of calculation results on dependence (6) and experimental data on
concentration of cement dust in atmosphere

The Pearson correlation coefficient that characterizes a measure of covariance,
one whose result is always within —1 and 1. It is a statistical measure that estimates
the strength and path of the linear coupling of an equation with two variables. In
relation to the obtained experimental and trend lines, the Pearson correlation
coefficient (Ry) is in the range of 0.85-0.95.

The calculation of the proposed model, taking into account the boundary
conditions, allows us to compare the 3D graphic distribution of cement dust in real
conditions, depending on the distance from the source of pollution, provided that the
proposed device is implemented to effectively clean the air from cement dust [18].
The solutions of criterial equations and the construction of graphical dependencies
are obtained using the Wolfram Alpha program in Figures 5-6 in the following
sequence.

A i . (X0’754><Y0’15)
Interpreting as: maximize (Y X 158,24 X 17,2 X X) X 2o )
in12<X<20;23<Y <58.
Input interpretation:
function (X0754 x y0.15)
meximize (¥ x 158,24 X 17,2 X X) X~ 5y ®)
domain 12<X<20;23<Y <58

Global maximum:

0,754 0,15
may {(LIS02VTZOUCTNT) 1) < X <20 A23 <Y < 58) =
2,24xX0

6737932912839621x2389/5005407/500 y593/20
47804853377

9)

at (X,Y) = (20, 58).
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e WolrramAIpna
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maximize(Y*158,24*17.2*X)*(X*0.754 *¥*0,15)/(2.24*X"0.94) in 12<=X<=20; 23<=Y<=58
b3 EXIE e -

= Jza e

Interpreting as: maximize(Y*+158.24#17.24X)*(X*0.754 *Y*0.15)/(2.24*X*0.94) in

12<=X<=20; 23<=Y<=58

Input interpretati
TS r{i 15

(Y% 158.24 x 172 X)x —————

224 x84

maximize
12s Xs20A23sY s58

Approximate form

Global maximum
(Y158.24 - 17.2.X) (X074 y015)
‘1251520,"351'55:4]:

max:
224 X% i
6737932912839621 . 2¥%%/50  gH07500 50320
(X, Y) = (20,58)

47804853377

Fig. 5. Predicted criteria equations for the distribution of polluted air in real conditions when
taking into account boundary conditions and the introduction of cleaning equipment

according to the developed utility model patent

3D plot
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e
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Fig. 6. 3D graph of the distribution of polluted air in real conditions, taking into account the
boundary conditions and the introduction of cleaning equipment according to the developed

utility model patent
Therefore, the proposed mathematical model of dispersion of solid particles with

sufficient accuracy describes the process of dust propagation in atmospheric air.
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3. Conclusion

The mathematical model of the transport of pollutants (DS) in the city takes into
account both diffusion and turbulent transport mechanisms. The model also includes
the interaction of air flow with elements of urban development, which significantly
affects the distribution of pollution in height. The main aspects of the mathematical
model are taken into account: diffusion transfer mechanism (distribution of
pollutants due to molecular diffusion, taking into account the turbulence of air
flows); interaction of air flow with urban development (the effect of a "street
canyon," when high buildings limit horizontal and vertical air flows); dependence of
the distribution of pollutants by height. Given the value of the Pearson correlation
coefficient, which is in the range of 0.92-0.94, we can assert the adequacy of the
mathematically obtained model that before the distribution of RR by the height of
residential buildings, taking into account the wind speed and the ventilation
coefficient, which depends on the structure of the building and its ability to provide
natural circulation of air masses.
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L.M. llerpymika, H.B. Jlanuk, K.1. Ilerpymka
MOJEJIIOBAHHS PO3NIOALTY JAPIBHOAUCIHEPCHOTI O nuniry
B ATMOC®EPHOMY NOBITPI )KUTJIOBUX BYJIUHKIB

Anoranis. Cranuii po3BUTOK KpaiHU BKJIIOYa€e OajaHC MiXK €KOHOMIYHHM 3POCTaHHSM,
comiabHUM J10OpoOyTOM Ta ekojorigHoro Oesmekoro. lle o3Hawae ympaBiiHHA BCiMa
aCmeKTaMHu JKUTTS, 1mo0 3abesmeduTn nO0OpOOYT Jrogeld 1 He 3aBAaTH  IIKOAH
HaBKOJIMIIIHEOMY cepenoBHuIny. Lle BaIWBO Uil TOTO, MO0 MaiOyTHI TMOKOJIHHS MOTJIH
)uTH B Oesmeni. OcoOIMBO BAXKIUBOIO € SKICTh aTMOC(EPHOTO TOBITPS, OCKUIBKH BOHA
0e3mocepeIHbO BIUIMBAE Ha 37I0pOB’S Jojiel. [leMeHTHa TPOMUCIIOBICTh 3aliMa€e OJHE 3
MepIIMX TMO3WIIA CTOCOBHO MAcIHITa0iB BUKHUIIB IWIKiJJIMBUX PEYOBHH, BKIIOYAIOUH
Byrnekuciaui raz (CO:2). 3a CBOEIO CTPYKTYpOIO, BHKHAM IIIY 3 LEMEHTHHUX 3aBOJIIB
PO3MIISIAIOTECS, B OCHOBHOMY, SIK AGpOJHCIEPCHI CUCTEMH. Y ILHUX CHCTEMax AWCIIepCHa
(asza ckIagaeThes 3 TBEPAUX YACTHHOK (Mmty) abo ApiOHMX Kpameib, TOAI K AUCIEpCHa
¢daza saBase coOOr0 ra3omoBITPsHY cymimi. Lls ra3onoBiTpsHa cymiml MoXe MICTHUTH
pi3HOMaHITHI 3a0pyAHIOIOYI KOMIIOHEHTH, SIK OpraHi4YHOro, TaKk 1 HEOPraHi4HOTrO
MOXO/KEHHs. [IpOrHO3yBaHHS Ta PETYIIOBAHHS SKOCTI MOBITPS B palOHaX, MPUJIETINX 10

ISSN: 2411-4049. Exonoriyna Ge3rneka Ta npupogokopuctysanss, sui. 4 (52), 2024



LEMCHTHUX 3aBOJIB, MOXE OyTH JOCATHYTO IIISIXOM MOJCIIOBAHHSA MOIIMPEHHS
LEMEHTHOTO Y. JlaHe MOICTIOBaHHS JT03BOJISE BU3SHAYNTH KOHIICHTPALIIO MY B MOBITPI
HAa PI3HUX BiICTaHAX Bifl [PKEpelia BUKAIIB 1 JorioMarae po3poonuTi eheKTUBHI 3aX0IH 010
3HIKCHHS TEXHOT€HHOTO HABAHTA)KCHHS Ha HABKOJIHMIITHE CEPEIOBHUIIIE.

LlemMeHTHMIA THIT € OJHUAM 3 TIPIOPUTETHHUX 3a0pyIHIOBAYIB, KM HEOOXiTHO BPaXOBYBATH
I[P OpraHiamlii MOHITOPWHTY SKOCTI MOBIiTpsA. EdexTnBHHIT atMochepHHII MOHITOPHHT
MMIJIOBOTO 3a0pYAHEHHS TMOBITPSHOTO CEPEIOBHINA J03BOJISIE OTPUMATH AKTyalbHI JaHi PO
KOHIICHTPAIIIO Iy, aHAJII3yBaTH TEH/ICHIIIT 3MiHHM Ta OI[IHIOBAaTH BIUIMB HAa 3/I0POB'S JFOIEH 1
HABKOJIUIITHE CEPEIOBHIIIC.

3MCHIIICHHSI TEXHOTCHHOI'O BIUIMBY aePOAUCICPCHHUX CHCTEM, IO YTBOPIOIOTHCS B
pe3ybTaTi BUPOOHUIITBA [IEMCHTY, € BAXKJIMBUAM 3aBJAaHHSIM JUIS 3a0¢3MCUCHHS €KOJIOTIYHOT
0e3IeKu JOBKIIS.

Hamu mnpoBeneHWil AeTaNbHUN aHaNi3 JITEPaTypHUX JaHUX JaHOI MPOOJIeMH i
po3pobieHa MaTeMaTHYHa MOJENb IMPOTHO3YBAaHHS PO3IMOBCIOKEHHS IIEMEHTHOTO MY B
KHUTIOBUX 3a0ymoBax. 3alpoNOHOBAHO YIOCKOHAJCHHS IMHIOBIOBIIOIOYOTO OOJaTHAHHS
TIpU BUPOOHHUIITBI IIEMEHTY, IO JO3BOJIIE 3MEHIIUTH Ha 10-15% BHKHIN EMEHTHOTO MUY
B aTMOcdepy.

KuarouoBi caoBa: npiOHOAWCHEpCHWI UEMEHTHHHA MW, HEWTpawi3alis, TpeIiHT,
eKoJoriuHa Oe3reKa, MOHITOPHHT SKOCTI TIOBITPS.
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