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NUMERICAL SIMULATION OF CONTAMINANTS TRANSPORT IN
HUMAN SETTLEMENTS TAKING INTO ACCOUNT CHEMICAL
REACTIONS

In this paper, we performed a numerical simulation of the spread of pollutants due to a chemical
reaction near the roadway inside an urban street canyon. In the course of our study, we studied
the dispersion properties of the gas when it collides with the idealized buildings that make up
the urban canyon. In conclusion, a qualitative assessment was given that characterizes the nature
of the distribution of the concentration of the pollutant and the process of the appearance of
zones with increased turbulence, in which vortices are formed that interfere with the ventilation
properties of the horizontal flow, which significantly affects the health and life of people. NO and
NO; released into the canyon area were chosen as the considered reactive substances, and ozone
O,, which is present in the moving air stream, was chosen as the third reactive substance. The
results obtained can be used in the future for use by transport designers and road engineers, whose
goal is to reduce the concentration of nitrogen oxides near the pedestrian zone of the city. All the
results obtained were first tested on test problems, the results of which are in excellent agreement
with the numerical and experimental values of other authors.

Key words: urban street canyon, turbulent model, Navier-Stokes equations, LES model, chemical
reaction, air pollution, concentration, polluting emission, ozone.
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XI/IMI/Iﬂ.TIbIK peakKnudaJsgapAabl eCKepe OTbIPDbIII, e.n,z[i MeKeH/Jep/de JIaCTaylIbl 3aTTapAblH
TachIMaJIJAHYbIH CaH/IbIK, MOJEJbIEeY

Bya xxyMbIcTa KAJAIBIK, KOTIIe KAHBOHBIHBIH, I HIET] 2KOJIIBIH YKAHBIH I8 XUMUASIBIK, PEaKIiisa HOTH-
2KEeCIHJIe JIaCTayIIbl 3aTTap/IbIH TapaJlyblH CaHJBIK MOJIEJbIeY Kyprizinai. Bisnin seprrey 6apbl-
CBIHJIa, KAJIAJIBIK, KAHBOH/IbI KYPANUTBHIH HUJICaIU3aIUIIaHFAaH FUMapaTTapMEH COKTBIFBICKAH Ke3J1e
ra3/IblH JUCIEPCUsLIBIK, KacuerTepi 3eprresi. OCchl *KyMBICTBI KOPBITBIHIBLIIANE KeJle, JIACTAYIIIbI
KOHITEHTPAIISTHBIH TaPaJIy KO3FAJIbICHI MEH OAFBITHIH CHIATTANTHIH HOTHZKEIEpl Oepiial XKoHe KoJI-
JIeHEeH arbIHHBIH YKeJIIeTy KachueTTepine KeJaepri KeaTipeTin KyWbIHaap maliga 00JIaThlH TypPOyIeHT-
Tiiri yKorapbl aftMaKTapbIH THaiiga 00JIy MPOIeCci TaJIaH/Ibl KoHe Jie Oy aJaMIap/IblH JeHCa~
VJBIFBIMEH OMipiHe afiTapsbIikTail ocep eTeTiHiH JpJene. KapacTbIpbLIFaH XUMUSIIBIK OCJICeH T
3aTTap peTiHie KaHbOH aiiMarbiHa IbirapbliaThiH N O kone N (g TaHIaIIbI, >KOHE Jie YITHII
PEaKTHUBTI 3aT peTiHAe KO3FAJATHIH aya arbIHBIHLIH KYPaMbIHAa 00JaThiH 030H (o TaHIAJIBIHBIIT
aaeraabl. Kasma xKasty »KYpriHimiaep aifMarbiHa KaKbIH TAPAJATHIH YJIbl Ta3IapIblH, SFHI a30TOK-
CUJIIHIH, KOHIIEHTPAITUSICHIH TOMEHIETY MAKCATHI OOJIBIIT TaObLIATHIH KOJIK KO0aJIayIIbLIapbIMEH
2KOJI MHXKEHEPJIEPIHIH Hali1aaHybl VIIiH aJbIHFAH HOTHXKEJIEepIl Haijatanyra 6osaasl. AJbHFaH
OapJIbIK, HOTUXKEJIED AJIJILIMEH TECT TAIChIPMAaJIAPBIHJIA CHIHAJBII 3€PTTEN YKOHE JI€ OJapiIbIH
HOTHXKeJIepl DacKa J1a FaJbIMIAPIbIH YKYMBICTAPBIMEH CAJIBICTBIPBIIBII, OJIAPIBIH, CAHBIK, YKOHE
9KCIIEPUMEHTTIK HOTHUIKeIePl KAKChl COMKECTiK KOPCETTI.

Tyitin ce3aep: KAJTAJbIK KoIlle MAaTKAJIbl, TypOyseHTTi Mojenb, HaBbe-Croke Temeyrepi, LES
IVIOJ:LQJIL XUMUAJBIK peaKInud, ayaHblH JIaCTaHYbI.
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YucsieHHOEe MO/IeJIMPOBAHUE MEPEHOCA 3arpsA3HSIIONINX BEIECTB B HACEJIEHHBIX ITYHKTaX C
y4eTOM XMMUYECKUX PeaKI[uil

B macrositeit pabore GbLIO TPOU3BEIEHO YUCIEHHOE MOJIETUPOBAHNE PACIIPOCTPAHEHUST 3arpsi3Hsi-
IOIUX BEIECTB BCJIEJICTBHE IPOTEKAHMS] XUMUYIECKONW peaknuy BOJIU3U MPOe3KeH J9acTh BHYTPH
rOPOJICKOTO YJIMYHOI'O KaHbOHA. B X0/1e HaIllero nmpoBeIeHHOIO UCC/Ie0BaHusI ObLIM U3y YeHbl JUC-
IIEPCUOHHBIE CBONCTBA Ia3a IIPU CTOJKHOBEHUU C UJeATU3NPOBAHHBIMUI 3IaHUSIMU, COCTABJISIOIIAMHU
TOPOJICKOI KaHBOH. B 3ak/oueHnn Obljia JTaHA KAIeCTBEHHAs OIEHKA, XaPAKTEPU3YIOMAs XapaK-
Tep PacIpOCTPAHEHNE KOHIIEHTPAINH 3arPsA3HUTEIsI U IIPOAHAIN3UPOBAH IIPOIECC MMOABJICHUS 30H
C TOBBIIMIEHHON TYyPOYJIEHTHOCTHIO, B KOTOPBIX 00PA30BBIBAIOTCS BUXPH, IPEISITCTBYIOININE BEHTH-
JISIMUOHHBIM CBOMCTBAM T'OPU30HTAJIBHOIO IIOTOKA, YTO B 3HAYUTEIbHON CTEIIEHU CKAa3bIBAETCS HA
3JI0POBbe U YKU3HEEeATeIbHOCTH JIofleil. B KadecTBe paccMaTpuBaeMbIX XUMIYIECKN aKTUBHBIX Be-
mectB 6 BeIOpaHbl NO u NOs, BeIOpacbiBaeMbie B 00/1aCTh KAHBOHA, TPETHUM PEaKITHOHHBIM
BemecTBOM ObLT BeIOpaH 030H (Jo, TPUCYTCTBYIONINIT B COCTaBE JBUXKYINETOCH ITOTOKA BO3IyXa.
[Moyuennble pe3yabTaThl MOTYT OBITH UCIIOJIB30BAHBI B JAJbBHENIIEM JIJIs UCIOJIb30BAHIS TPAHC-
ITOPTHBIMU TPOEKTUPOBITUKAMY U JIOPOYKHBIMI NHKEHEPAMU, TEJIBI0 KOTOPBIX SIBJISIETCS CHUYKEHUE
KOHIIEHTPAIUU OKCHUOB a30Ta BOJIM3U IEIIeXOMHON 30HbI IOpojia. Bce MmojiydyeHHbIE PE3y/IbTaThI
ObLIN CHAYAJIA AllPOOMPOBAHBI HAa TECTOBBIX 3a/ad, PE3YJIBTAThI KOTOPBIX OTIMYHO COIVIACYIOTCS C
YUCJIEHHBIMU ¥ 9KCIEPUMEHTAIbHBIMY 3HAYECHUSIMU JIPYTUX aBTOPOB.

KurodeBble cjioBa: TOpOACKON YAWYHBIN KaHbOH, TypOyJIeHTHas MOAe b, ypaBHeHuss Habbe-
Crokca, mozens LES, xuMudeckast peakiusi, 3arps3HeHne BO3/LyXa.

1 Introduction

Every year, with the growth of technological progress and widespread urbanization of cities,
we can observe a colossal increase in vehicles and the growth of industrial zones, which in turn
led to the maximization of daytime traffic and a commensurate increase in the concentration
of exhaust gases in the pedestrian zone [1], [2]. Transport is a source of toxic gases such
as sulfur dioxide SO,, nitrogen N, nitrogen oxides NO,, carbon monoxide C'O, carbon
dioxide C'O,, aldehydes, heavy metal compounds, benzene CgHg, carcinogenic benzopyrene
C50H 2, as well as particulate matter and soot hazardous to health. The height of the
building in the street canyon is much greater than the width of the road, which creates a
harmful environment in the space without air circulation due to weak gusts of wind. The
high concentration of pollutants from exhaust gases in the air pool is harmful to human
health, especially asthma, chronic diseases of the digestive, cardiac, nervous and respiratory
systems [3]. Tominaga Y., Stathopoulos T. [4], [5] conducted a number of studies to study the
mechanism of the formation of pollutants in the pedestrian zone. In these studies, wind tunnel
experiments were performed and numerical simulations were performed using computational
fluid dynamics (CFD).

One of the most ambitious problems in the field of chemical reactions is the interaction
of ozone with NOx molecules: as you know, the air contains a fraction of ozone, which
periodically interacts with nitrogen mono- and dioxides, entering into an exchange reaction.
The resulting substances have a detrimental effect on the health of all living organisms.
This problem has been studied by Carpenter, L.J., Clemitshaw, K.C. [6], in addition,
recommendations and analysis of the quality of the air in the areas adjacent to the canyon
were given. Also in Baker, J., et al. [7] took into account the photochemical properties of
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the ongoing reactions. In studies Zhong J. et al. [8] the numerical results that were solved
using the LES model coincide with the experimental values. Also, with the LES model, good
results were seen for the emerging product with a compound of ozone O3 and nitrogen oxide
NO. This problem was studied by Kim M. et al. [9]. The paper [10] examines the sensitivity
of O3 to NOx and VOC emissions. This study is an attempt to analyze the spread of dozens
of reactive pollutants in and over a street canyon using a CFD model.

In this article, numerical results were presented, in which the course of a chemical reaction
was considered, a comparative analysis of the results obtained with experimental data was
made, after which a qualitative conclusion was made about the consistency of the obtained
data with empirical values. In the task, a mixture of ozone with carbon monoxide was
investigated, which, as a result of chemical reactions, decomposes into carbon dioxide and
oxygen. All numerical calculations were carried out in an idealized street canyon, which
consists of two buildings, in addition, a pollutant emerges in the middle of the street along
the entire length of the roadway.

2 Formulation of the problem

Denev J, A., Frohlich J., Bockhorn H. [11] carried out a direct numerical simulation (DNS) of
a transverse flow with a jet emerging from a circular cylindrical tube; as a result of collision
of flows, a chemical reaction occurs in the forward direction. This simulation was calculated
with a small value of the Reynolds number, equal to Re = 275. For the study, a three-
dimensional model of a microreactor was built in the center, consisting of two transverse
flows. All dimensions are reduced to dimensionless, with the value of the pipe diameter,
where D = 8mm (D is the pipe diameter). The vertical axis is located at a 3D distance from
the horizontal axis. Height and width of horizontal pipe 13,5D, length 20D, pipe height 2D.
The tube configuration is shown in detail in figure(Puc.1).

Figure 1: Parameter of the calculated area

An unstructured mesh was created for the simulation. In the geometry, a computational
subdomain was created, to which the mesh was refined, the location of the subdomain was
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chosen near the cylindrical pipe. The total number of elements is 1104850, the number of
nodes is 192787. Figure (Puc.2) show the groups of the studied territories.

Figure 2: Through the calculated area in the plane (a) XOZ (b) XOY

Damkehler’s number Da = 1.0 is chosen so that the simulation estimate is available. As
the calculated indicators in the calculation, it was assumed that the kinematic viscosity of
air v = 1.406107° m?/s, density p = 1.225 kg/m3, velocity is u = 0.48 m/s. All values are
obtained empirically and are completely physical [12].

3 Materials and Methods

Determination of the reactive flow velocity with the main velocity is denoted as R =
Upjet/U = 2.42. The volumetric flow rate is Up jer = 1.16 m/s. The flow velocity from the
cylindrical pipe is characterized by the following velocity profile:

w (r) /Upjee =2 [1 = (r/ (D/2)%)], (1)

here, r - is the radial coordinate, w - is the vertical velocity component. The velocity profile
at the flow boundary can be described as follows:

u(dy) = 1.0 — exp(—3.0d,), (2)
here, d,, - the closest distance to the channel wall, that is [11]:
d,, = min(x, L, — x). (3)

All limited conditions The reference area is shown in more detail in the pictures(Puc.3).

In this work, the numerical results were compared with the experimental and numerical
values of Denev J, A. [11]. Figure (Puc.4) shows the average velocity of the horizontal velocity
component.

Figure (Puc.5) shown is the average speed v of the speed component. The figure (Puc.5)
compares the profiles of the middle conceptions of the B version, with a freely selectable

To solve the problem inside the urban canyon, the study by Baker, J. [7] was used. It
was accepted that H/W = 1. When creating a computational model, a three-dimensional
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Figure 4: Comparison of the profiles of the average velocity u at the indicated points

computational domain was adopted. Figure (Puc.7) 8 illustrates the configuration of the
computational domain. The height of the buildings is the same and equal to the value of
H = 18, the width of the canyon is equal to W = 18. In the center of the pedestrian part,
there is a source of pollutant, 0.3 m by 0.3 m in size. Gas C'O and NO, come out of the
source, which enters into a chemical reaction with ozone O3, moving in a cross-flow.

Os + NO = NOy + O, (4)

Os +CO = COy + O, (5)
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Unlike the initial gases, the reaction products have a detrimental effect on the health of
living organisms, as a result of which the substitution reaction is the object of close study.

Figure (Puc.8) shows an image of the computational domain. Thickening was carried out
along the street of the canyon at a height of 30 above the source of pollution. The total
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Figure 7: 3D model of the investigated term; Parameter of the calculated range from the
XOY and YOZ planes
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number of elements and nodes is 1526580 and 264265 respectively.

4 Numerical results

The study was carried out using the ANSYS Fluent. The time step size is 1. The total
computation time was one hour, and the result was visualized. The LES model was used
in conjunction with calculations of the chemical reaction caused by pollutants within the
canyon. The numerical calculation was carried out using the SIMPLE algorithm (partially
closed method for pressure-dependent equations).

The chemical reaction was solved using the Smagorinsky model. Smagorinsky’s constant
is equal to Cs = 0.1. According to reaction (4) figure (Puc.9) shows the mass fraction of mean
concentrations in the windward and lateral relief of NO, NOy, Os.

The mass fraction profile of the average concentration of CO, COy and O3 -coating at a
height of 0,3 m from the pollution source is shown in figure (Puc.11). According to reaction
(5) figure (Puc.11) shows the mass fraction of the average concentrations of CO, CO, and Oj
in the windward and lateral relief. In figures (Puc.10) and (Puc.12) the detection of pollutant
concentrations was visualized using ANSYS Fluent Volume Rendering.
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5 Conclusion

At the beginning of the work, a literature review was carried out on modeling the chemical
reaction that occurs when pollutants from vehicles are detected in the city street gorge in
order to identify the main problems in this industry. A mathematical model was developed
to describe the flow. To ensure the correctness of the mathematical model and numerical
algorithm, the test problem was solved using the ANSY'S Fluent software package. The results
of the study show that to check the growth rate and determine the mass of the formed chemical
products of a chemical reaction, a test task was performed, and then checked and compared
with the results of experimental and numerical studies by well-known authors; the search for
the most efficient turbulence model was carried out; the geometry of the real dimensions of
the city street canyon was created, divided into groups and the computational domain was
condensed; reactive substances NO, C'O, interacting with ozone from the source of pollution
and emitting toxic gases such as NOy, COs, harmful to human health, were quantified and
visualized.

In street canyons, depending on the length of buildings and the configuration of the
street, gases such as NOsy, CO,, are dispersed, which leads to disruption of the normal
circulation of the wind flow. Even in the gorge, this leads to an increase in temperature and
an accumulation of concentrations of life-threatening gases. The direction of the wind can
change and intensify, causing a hurricane. In addition, the slope of the gorge is 4 times more
polluted with ultrafine particles than the wind slope. This means that the most polluted air
is breathed in the pedestrian zone. The research results can be applied to numerical modeling
in the future to solve new questions and problems in the studied area of knowledge.
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