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AHOTALIA

Onaodino Mymiy Onamoue. MiHimi3alis piBHS 3a0pyIHEHHS] HaBKOJIUITHBOTO
CepeIOBHILA TIPU MePEeBE3EHH1 BYT1JUIA B HalliBBaronax. — Kpamidikariiina HaykoBa
mparis Ha MpaBax PyKOIHCY.

Hucepramiss Ha 3m00yTTS HAYKOBOTO CTyIHeHs JoKTopa (imocodii 3a
cnemianpHicTIO 101 — exosoris. — JIHINPOBCHKUI HAaIlIOHAJBHUM YHIBEPCUTET
3aJII3HUYHOTO TPAHCIOPTY iMeHl akademika B. Jlazapsna. — JIHIIpOBCHKUMN
HalllOHAJIBHUI YHIBEPCUTET 3aJI3HUYHOIO TPAHCIOPTY 1MEHI akaaemika B.
Jlazapsina, {ninpo, 2020.

Huceprariiina po00oTa NpPUCBSYEHA PO3POOLI METOAIB MIHIMI3alli pPIBHA
3a0pyJHEHHs] HABKOJUIIHBOIO CEPENOBHINA BiJ NUIOBOTO 3a0pyAHEHHS INpU
MEePEeBE3CHH1 BYTUULISA 3JII3HUYHUM TPAHCIOPTOM.

TpaHncniopTyBaHHsI BYrujuisl BiJ MICUb HOro BUAOOYTKY 3I1ACHIOETHCS B
HamiBBaroHax. [Ipu 1ipomy BiOyBa€ThCS IHTEHCUBHUN BHHOC BYT'UIBHOTO THIIY 3
HAIBBaroHiB, MO CYMPOBOKYETHCS 3a0pyIHEHHSIM HABKOJIUIIHBOTO MPUPOAHOTO
cepefoBuIa. AKTYyaJbHICTh TEMH MIATBEpPKEHA THUM, IO aHali3 Cy4aCHHUX
METO/IIB MiHIMI3aIlli 3a0pyJHEHHS! HABKOJIMUIIIHHOTO CEPEOBUIIA BYTIIBHUM IMHIJIOM
MOKa3aB, IO BOHU TMOTPEOYIOTh JOCUTh BHCOKHMX BHTpaT, 3aCTOCYBaHHS
JIOJTATKOBOTO OOJIaTHAHHS Ha CTAHINSIX HaBaHTAXCHHS (PO3BAHTAXKEHHS) BYTLILIA,
BUTpaT Yacy Ha IMIUIEMEHTalilo. AHaji3 HayKOBUX MyOJiKalid IoKa3aB
HEOOXIHICTh CTBOPEHHS €(EKTUBHUX 1 EKOHOMIYHMX METOHIB 3aXHCTY
HABKOJIMIIIHBOTO CEPEIOBUINA Bil 3a0pyIHEHHS TIPH TIEPEBE3CHHI BYTULIA
3QII3HUYHUM  TPAHCIIOPTOM.  YCTaHOBJIEHO, IO JIOCJHDKEHHS Ha  0a3si
7a00OpaTOpHUX  Ta  TOJBOBHX  EKCIIEPUMEHTIB  MPOIECIB  3a0pyaHEHHS
HABKOJIMIITHBOTO MPUPOTHOTO CEPEIOBHINA BYT1IJIHHUM MHJIOM BUMAraroTh 3HAUHUX
MaTepiaiIbHUX BUTpPAT, CKJIAJHOTO OOJaJHAHHA Ta BEJIMKOI KUIBKOCTI 4acy Ha
npoBeAeHHS ekcnepuMeHTy. lLle cTBoproe 3Ha4HI TPyAHOLIlI NPU BHUKOHAHHI

KOMIIJICKCHUX HAYKOBHX I[OCJ'Ii,Z[)KCHB 3 BUBYCHHA 33.6py,Z[H€HH}I HaBKOJIMIIHBOT'O
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CepeloBHILla MPH TMepeBe3eHH! Byruuid. Jas TEeopeTHyHOi OIIHKA PpIBHA
3a0pyJHEHHS] HaBKOJHIIHBOTO CEPEJOBHINA MPHU MEPEBE3CHHI BYTULIS HANOUIbII
HIMPOKO BUKOPHCTOBYETHCS CIIPOILIEHAa MOJENb — MOAENb ['aycca, y siKiii BaroH 3
BaHTa)XEM MOJIEIOEThCA «TOUKOIO». st Monens He OGepe 10 yBaru (opMy Barosa,
HE JI03BOJISIE BpaxyBaTH 3aJICKHICTh MUJIOBUAUICHHS 3 TMOBEPXHI BaHTaXy BiJl
JIOKaJIbHOI MIBUJIKOCTI MOBITPSHOTO MOTOKY, IO HE JI03BOJISIE 3aCTOCOBYBATH TaKy
MOJENb JUIS OIIHKM €(QEeKTUBHOCTI BHUKOPHCTAHHA PI3HUX 3ac00iB 3axHCTy
JIOBKULISL MPU TEpeBE3€HHI BYruUis. ToMy Ba)JIMBUM IHTAHHSM € CTBOPEHHS
TEOPETUYHUX METO/IB OLIHKMA €(QEKTUBHOCTI 3aCTOCYBAHHS 3aCO0IB 3aXHUCTY
HABKOJIMIITHBOTO CEPEOBUIIA BiJl 3a0pyITHEHHS TIPU NIEPEBE3EHHI BYTLILIA.

SAx  BIIOMO, IHTEHCHBHICTh MHWJIOBOTO 3a0pyAHEHHS HABKOJUIIHHOTO
cepelioBUIIla TPU TEPEBE3CHHI BYTrUUIS 3aleXUTh BiJl Oararbox (akropis,
HaWBaXJIMBIIIUM 3 SKMX € IIBUJKICTH MOBITPSHOTO CEPEIOBHINA OIS MOBEPXHI
BaHTaXy (JIOKaJbHA MIBUIKICTh TMOBITPSHOIO MOTOKY). ToMy mjis 3MEHIICHHS
IHTEHCUBHOCTI BHMHOCY BYTUIBHOTO MHJIy 3 HaliBBaroHa B JucepTauii oOpaHo
3aco0H, K1 JO3BOJISIOTh 3MCHIIMTH 3HAYCHHS JIOKAJbHOI MIBHIKOCTI MOBITPSHOTO
NOTOKY Oulsd moBepxHI Byruuis. J[ns 1mbOro 3amponoHOBAaHO BUKOPHUCTOBYBAaTH
creriajgbHl JO0JaTKOBI OOpTHM HA BaroHi 3 BYTUUISIM, €KpaHdh. Y Aucepraiii Ha
OCHOBI EKCHEPUMEHTAJIbHUX Ta TEOPETUYHUX JOCHIHDKEHb II0Ka3aHO, IO
3aCTOCYBaHHS JOJATKOBHX OOpPTIB cCreliaJibHOI (pOpMHU («BEpTUKAIbHA CTIHKAY,
«KPUIIO», «BHYTPIIIHE KPUJIO») Ta €KPaHIB 3MEHIIYE€ BHHOC BYTUIBHOTO MUY 3
HamiBBaroHa. Ha OCHOBI MpOBENEHMX  EKCIEPUMEHTAIbHUX  JOCIIIKEHb
BCTAHOBJIEHO 3aKOHOMIPHOCTI (OpMyBaHHA 30H 3a0pyIHEHHS MIJACTUIBHOI
MOBEPXHI MPU BUHOCI BYT1UILHOTO MUJTYy 3 BaroHiB 0€3 Ta 3 I0AaTKOBUMHU OOpTamMu
ab0 eKpaHaMH.

Jlnst Bu3Ha4YeHHsT €(DeKTHUBHOCTI 3aCTOCYBaHHS CHEIlaJbHUX OOPTIB, EKpaHy
pPO3pOOIEHO KOMILIEKC YHCEJIBHHUX MOJENEH, IO JA03BOJISIIOTH MPOTrHO3YBaTH
3a0pyaHEeHHsT aTMOC(hEpPHOTO MOBITPS B pa3l MEepEeBE3CHHS BYTULIS B HalliBBaroHaX
Ta MPU BUKOPUCTAHHI 3alIPOIIOHOBAHUX 3aC001B 3aXUCTy. MOEIIOBaHHS MMUIIOBOTO

3a0pyqHEHHSI TOBITPS MiJ Yac TPaHCIOPTYBaHHS BYTrULIsS B HalliBBaroHax
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3IIACHIOETHCS Ha 0a31 0araroBUMIpHUX AU(epeHiaIbHUX PIBHAHD MaCONEPEHOCY.
MogenroBaHHs TIpoliecy 3a0pyaHeHHs Ha 0a3i IUX PIBHSHB JO3BOJIIE OTPUMYBATH
iHpopMmariro npo GopMyBaHHS IO KOHIIGHTpAIlli BYTUIBHOTO MWy B YCIH
JOCITIDKYyBaHIA 001acTi, a HE JIUIIE B CSIKIA TOYII HABKOJHUIITHHOTO CEPEIOBHUIIA.
Po3pobneni Mopemi J1al0Th  MOXJIMBICT IIPOTHO3YBaTH PIBEHb IMHJIOBOTO
3a0pyaHEHHsT aTMOC(EpPHOro TMOBITPSA 3 YpaxyBaHHSIM KOMILIEKCY (Di3MUYHHUX
dakTopiB, SKI paHillle HE BpPaxOBYBAJIHCSI B XOJl JOCHKEHb, a CaMe:
reOMETPUYHOI (POPMH J101aTKOBUX OOPTIB, HMIBUIKOCTI MOBITPSIHOTO MOTOKY OIS
MOBEPXHI BaHTaXy, IHTEHCUBHOCTI €MICli BYTUIbHOTO HWIY, AHQPY31l BYTJIBHOTO
MUJTY, IIBUAKOCTI PyXy BaroHa 3 BYTUIISIM.

B po60Ti 00rpyHTOBaHO 3aCTOCYBaHHSI B HalliBBArOHAX MOBITPSHOT 3aBiCH, 1110
J03BOJISIE 3MCHIIIMTH TMHJIOBE 3a0pyTHEHHS HABKOJIWIITHBLOTO CEPENOBHINA TPH
MEePEBE3CHHI BYT1ILIA.

Takox HaOysa MOJAIBIIOrO PO3BUTKY MaTeMaTHYHA MOJEINb MPOTHO3Y PiBHS
3a0pyaHEHHSI aTMOC(EPHOTO MOBITPsI MPU MEPEBE3EHHI BYT'ULIS, 10 J03BOJSE, HA
BIJIMIHY BiJ ICHYIOUMX MOjEJNIeH, BpaxOBYBaTU MPU MPOTHO31 MIBUIKICTH PYyXy
NOTAra 3 BYTUJUIAM 1 OLIIHIOBATH P1BEHb 3a0pyAHEHHS aTMOC(HEPHOTO MOBITPS MICIS
MPOXO/KEHHS TMOTATY 3 BYruuisaM. Ha OCHOBI NpOBENEHUX EKCIIEPUMEHTAIbHUX
JOCHIPKEHb Ta OOpOOKM MaHMX EKCIIEPUMEHTY OTpUMaHa EMITIpUYHa MOJEIh
OI[IHKM MAacH BYTUIBHOTO MY, 110 BHUHOCHUTBCS TOBITPSHUM TIOTOKOM Bij
MOBEPXH1 BAHTaXKYy.

[IpakTiyHa WIHHICTE POOOTH MOJISTa€E B TOMY, LIO 3alpONOHOBAHI METOIU
3aXHUCTY BiJ MHJIOBOIO 3a0PYIHEHHS HABKOJHUIIHBOTO IMPUPOIHOIO CEpPeOBHUIIA
Py TIEPEBE3CHHI BYTUISI TOTPEOYIOTh HEBEIMKUAX EKOHOMIYHUX BHUTpaT Ha
IMIUIEMEHTaIil0. BUTOTOBIIEHHS 10MaTKOBUX OOPTIB Ta €KpaHiB Moxke OyTu
BUKOHAHO 13 3aCTOCYBaHHSIM THUIIOBOTO TPOMHCIOBOTO oOmamHanHs. J{ms
IMITJIEMEHTAIlii 3alpPOMIOHOBAHUX METOJIB 3aXUCTy HE MOTPIOHO BCTAaHOBIIIOBATH
crieriajgbHe 00JaJHaHHS Ha HABAaHTA)XXYBAJIbHUX CTAHLISX (MICISIX PO3BAHTAKEHHS
BaHTaXy), a TaKOX HE NOTpiOHA creliajbHa NEPEeNiAroToBKa KaapiB A ix

oOcnyroByBaHHA. E(heKTUBHICTD 3aCTOCYBaHHS 3allpONOHOBAHUX METOJIB 3aXUCTY
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Bl MHJIOBOTO 3a0pyJHEHHS HABKOJHUIIHHOTO MPUPOJHOTO CEPEIOBUINA HE
3aJIeKUTh B KIIMAaTHYHUX YMOB. Po3poOieHi uucenbHI MOAENl JO03BOJSIOTH
ONEpPAaTUBHO MPOrHO3YBAaTH KOHIIEHTPALII0 BYTUIBHOTO MUY B aTMoC(hepHOMY
MOBITPI 3 YpaxyBaHHSIM OCHOBHUX (D13MUHUX (DaKTOPIB, 110 BILUTUBAIOTH HA MPOIIEC
nuiaoBoro 3a0pyaHenHs. [li Momeni AarOTh MOMXIMBICTh 3MEHIIMTH YaCTKY
GI3UYHOTO  €KCIIEpUMEHTY IMiJI Yac TPOBEACHHSA JOCHIDKEHb Yy paMKax
PO3IITHYTOTO HAYKOBOTO HampsiMKy. B po0oTi ekcnepuMeHTanbHI pe3yabTaTu
MOPIBHIOBAJIMCA 3 TEOPETHUYHUMHM, 110 Oy/IM OTPUMaHUMU Ha 0a3i MOOYIOBaHUX
yucenapbHUX Mogzened. Takox Oyma 3aiiicHeHa BepudiKaiiss po3poOIeHHUX
YUCEIIbHUX MOJEIIEN.

Po3poOnieni  ymcenpbHI  Moeli Ta  METOAM  3aXUCTy  JOBKULISA
BUKOpHCTOBYIOThCS B TOB «EHeprocepsic-KP» 11t po3poOKu TEXHOJIOT1T 3aXUCTY
arMoc(epHOro MOBITPs Bija 3a0pyIHEHHS MPU TPAHCHIOPTYBAaHHI 3aJ]13HOI PyIU Ta
BYTiJUIs, a TakoX Yy HaBYaIbHOMY mporeci JIHIMPOBCHKOTO HaIiOHAIBLHOTO
YHIBEPCUTETY 3aJII3HUYHOTO TPAHCIIOPTY IMEHI akagemika B. JlazapsHa.

KurouoBi cioBa: 3a0pyaHeHHS JOBKUUIS, BYTUIBHHM TIHJI, MOJEITIOBAHHS

3a6p}II[HeHH$I, 3aXUCT HABKOJIMIIHBOI'O CEPCIOBHIIA



ABSTRACT

Oladipo Mutiu Olatoye. Minimization of environment pollution from coal
trains. — Qualifying scientific work on the rights of manuscript.

Dissertation for Ph.D. degree in specialty 101 "Ecology". — Dnipro National
University of Railway Transport named after Academician V. Lazaryan, Dnipro
National University Railway Transport named after Academician V. Lazaryan,
Dnipro, 2020.

The dissertation is devoted to the development of methods for minimizing the
level of environmental pollution from dust pollution during coal transportation by
rail.

The transportation of coal from its production sites is carried out in coal
wagons. In this case intensive environment pollution takes place.

The analysis of modern methods of minimizing environmental pollution
caused by coal dust showed that they require quite high costs, the use of additional
equipment at stations of loading (unloading) of coal, much time for
implementation. Analysis of scientific publications has shown the need to create
effective and low cost methods of environment protection from pollution during
the transportation of coal by rail.

It was established that scientific research of environment pollution from coal
trains on the basis of laboratory and field experiments requires significant material
costs, complex equipment and a large amount of time for the experiment. This
creates significant difficulties in carrying out comprehensive research to study
environmental pollution during coal transportation. For the theoretical assessment
of the level of environmental pollution from coal trains, the most widely used
simplified model is the Gaussian model, in which the coal wagon is modeled as a
"point". This does not allow the use Gaussian model to assess the effectiveness of
different protection methods which are used to minimize environment pollution

during coal transportation. Therefore, an important problem is the development of



.
theoretical methods for assessing the effectiveness of protection methods aimed to

minimize environment pollution during coal transportation.

It is known that the intensity of dust pollution during coal transportation
depends on many factors, the most important of which is the speed of the air near
the surface of the cargo (local air flow speed). Therefore, to reduce the intensity of
coal dust emission from the wagon, in this dissertation, some tools were selected
that reduce the value of the local air flow speed near the surface of the coal. For
this purpose it is offered to use special additional boards on the coal wagon and
screens. In this dissertation on the basis of experimental and theoretical researches
it is shown that application of additional boards of the special form (“vertical
wall”, "wing", "internal wing") and screens reduces coal dust release from a
wagon. On the basis of the performed experiments the regularities of dust zones
formation on the underlying surface, both for coal wagon without and with
additional boards or screens, were established.

To determine the effectiveness of special boards, the screen application on the
coal wagon a set of numerical models was developed. The models allow to predict
air pollution in the case of coal transportation in wagons and when effectiveness of
proposed means of environment protection. Modeling of dust air pollution during
coal transportation in wagon is carried out on the basis of multidimensional
differential mass transfer equations. Modeling of pollution process on the basis of
these equations allows to obtain information about the formation of the coal dust
concentration field in the whole study area, and not only at some point in the
environment. The developed models allow to predict the level of atmosphere dust
pollution taking with account of physical factors which were not previously taken
into account in research works in this field, namely: geometric shape of additional
boards, air flow speed near the cargo surface, coal dust emission rate, coal dust
diffusion, wagon speed.

It was shown that use of air curtain at the coal wagon allows to reduce dust

pollution of environment during coal transportation.
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Also, the mathematical model for forecasting the level of air pollution during

coal transportation in wagons has been developed, which allows, unlike existing
models, to take into account the speed of coal train and estimate the level of air
pollution after passing of the train. On the basis of the performed experiments and
processing of obtained experimental data the empirical model to estimate the coal
dust rate from a cargo surface was obtained.

The practical value of the work is that the proposed methods of environment
protection during the coal transportation require low economic costs for
implementation. The manufacture of additional boards and screens can be
performed using standard industrial equipment. The implementation of the
proposed methods of protection does not require the installation of special
equipment at loading stations (places of unloading), and does not require special
retraining of workers. The effectiveness of the proposed methods of protection
against environment dust pollution does not depend on climatic conditions. The
developed numerical models allow to predict quickly the concentration of coal dust
in the air, taking into account the main physical factors influencing the process of
dust pollution. These models make it possible to reduce the share of physical
experiment during research study in this scientific field. The experimental results
obtained were compared with the theoretical ones obtained on the basis of the
developed numerical models. The developed numerical models were also verified.

Developed numerical models and methods of environmental protection are
used in firm "Energoservice-KR" to develop technology to protect air from
pollution during transportation of iron ore and coal, as well as in the educational
process of the Dnipro National University of Railway Transport named after
Academician V. Lazaryan.

Keywords: environmental pollution, coal dust, pollution modeling,

environmental protection.
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INTRODUCTION

Actuality of theme. Nigeria, Ukraine and many other countries have
intensive coal mining. It is mined in mines and quarries, which are located at a
considerable distance from consumers (industrial facilities, ports, heating plants).
Coal is transported in gondola cars, which is accompanied by intensive removal of
coal dust from them and, as a consequence, pollution of both atmospheric air and
the underlying surface near the railway line. In this regard, the urgent task is to
develop methods that aim to reduce the level of environmental pollution during the
transportation of coal, while being quite effective and practical implementation of
which does not require large economic costs. Another important task is to create
calculation methods that will quickly assess the effectiveness of such protection
methods at the design stage, as the use of physical modeling to justify the
effectiveness of various protection measures requires a lot of time and resources.

Therefore, the solution of the scientific and applied problem of reducing the
level of environmental pollution during the transportation of coal by rail by using
additional elements on the cars, which reduce the removal of coal dust from them
is relevant.

Connection of work with scientific programs, plans, themes. The chosen
direction of research is connected with the plan of scientific works of the Dnieper
National University of Railway Transport named after academician V. Lazaryan
(DNUZT): "Modeling of environmental pollution processes in emergencies and
organized emissions of pollutants” (Ne DR 0115U 007226).

The purpose and objectives of the study. The purpose of the dissertation is
to reduce the level of environmental pollution during the transportation of coal by
rail.

To achieve this goal it was necessary to solve the following tasks:

* perform an analysis of factors influencing the removal of coal dust from

gondola cars;
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 analyze modern methods of protecting the environment from pollution
during the transportation of coal in gondola cars;

* analyze modern models and methods used to assess the level of
environmental pollution during coal transportation;

* to conduct experiments to confirm the reduction of the level of dust
pollution of the environment due to the installation in gondola cars of additional
boards of a special shape, screen and air curtain;

* develop and verify numerical models to study the process of environmental
pollution during coal transportation and to assess the effectiveness of the proposed
methods of protection (additional boards, screen);

* to improve the method of determining the level of air pollution during coal
transportation, taking into account the trajectory of the train;

* to obtain the dependence on the determination of the intensity of coal dust
emission from the surface of the cargo.

The object of study - the process of scattering of coal dust in the air during
the transportation of coal in gondola cars.

The subject of research - methods of minimizing the level of environmental
pollution during the transportation of coal by rail.

Research methods. Physical modeling of mass transfer processes of coal dust
from gondola cars was performed in laboratory conditions. Mathematical modeling
of the process of formation of zones of dust pollution of atmospheric air during
coal transportation is carried out on the basis of fundamental equations of
mechanics of a continuous environment. Implicit difference splitting schemes were
used to numerically integrate the modeling equations, on the basis of which
computer programs were created to perform computational experiments. Scientific
novelty of the obtained results. The dissertation solves an important scientific and
applied problem: minimization of the level of dust pollution of atmospheric air
during transportation of coal in gondola cars. The scientific novelty of the results
obtained by solving this problem is as follows.

For the first time:
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- the use of additional boards of special shape in gondola cars, which allow
to reduce dust pollution of the environment during coal transportation, is
experimentally and theoretically substantiated;

- experimentally and theoretically substantiated use in screen gondola cars,
which allows to reduce dust pollution of the environment during coal
transportation;

- the use of an air curtain in gondola cars is experimentally substantiated,
which allows to reduce dust pollution of the environment during coal
transportation;

- numerical models have been developed that, in contrast to existing models,
predict atmospheric air dust during coal transportation in gondola cars, taking into
account the shape of additional sides, screens, train speed, weather conditions, and
coal dust emission intensity.

Further developed:

- mathematical model for forecasting the level of air pollution during coal
transportation, which, unlike existing models, allows to take into account the speed
of the train with coal, the trajectory of the train, weather conditions and assess the
level of air pollution after its passage;

- an empirical model for estimating the mass of coal dust carried from the
surface of the cargo, which allows you to calculate the intensity of dust emissions
at different local air velocities.

The practical significance of the obtained results. The practical value of the
results is as follows:

1. The proposed methods of protection against dust pollution during coal
transportation require low economic costs for implementation. Additional boards
and screen can be made using standard industrial equipment.

2. The introduction of the proposed methods of protection does not require
the installation of special equipment at loading stations (places of unloading) and

special training for their maintenance.
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3. The effectiveness of the proposed methods of protection against dust
pollution does not depend on climatic conditions.

4. Developed numerical models allow you to quickly predict the
concentration of coal dust in the air, taking into account the main physical factors
influencing the process of dust pollution. These models allow to reduce the share
of physical experiment in research within the considered scientific direction.

The developed models are used in the educational process of the Dnieper
National University of Railway Transport named after academician V. Lazaryan to
teach the disciplines "Environmental protection from pollution by industrial
enterprises”, "Environmental safety”. Developed methods to reduce air pollution
during transportation of coal in gondola cars, developed computer programs for
forecasting environmental pollution used in LLC "Energoservice-KR" to develop
technology to protect air from pollution during transportation of iron ore and coal.

Personal contribution of the applicant. The author's personal contribution to
the works published in co-authorship is as follows: a systematic analysis of modern
methods of protection against environmental pollution during coal transportation
was performed [8]; developed a numerical model for estimating the level of
environmental pollution during coal transportation [4, 9, 20]; a set of physical
experiments on the analysis of the formation of pollution zones during the removal
of coal dust from the cars, processing, analysis of research results [4 - 8, 12, 15
18]; a physical experiment was performed and an empirical dependence was
obtained on the assessment of the intensity of coal dust removal from the cargo
area [9, 17]; developed numerical models for predicting the level of environmental
pollution during the removal of coal dust from cars with additional sides, injection
system, screen, carried out their software implementation, computational
experiments, processing and analysis of research results [1 -3, 7, 8, 10 - 14, 16 -
18].

Approbation of dissertation results. The materials of the dissertation were
reported and discussed: at the Third International Scientific and Technical

Conference of Students, Masters and Postgraduates "Informatics, Management and
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Artificial Intelligence” (Kharkov, 2016); All-Ukrainian scientific conference

"Differential equations and problems of aerohydromechanics and heat and mass
transfer" (Dnipro, 2016); Il International scientific-practical conference
"Theoretical and practical aspects of science development” (Kyiv, 2016); X
International  scientific-practical conference  "Modern information and
communication technologies in transport, industry and education” (Dnipro, 2016);
I1 All-Ukrainian scientific and technical conference with international participation
"Computer modeling and optimization of complex systems (CMOSS-2016)"
(Dnipro, 2016); 77th International Scientific and Practical Conference "Problems
and Prospects of Railway Transport Development™, (Dnipro, 2017); International
Scientific Symposium "Ecologist's Week - 2017" (Kamyanske, 2017); IV
International Scientific and Technical Conference "Computer Modeling and
Optimization of Complex Systems™ (Dnipro, 2018); Scientific Symposium
"Ecologist's Week - 2019" (Kamyanske, 2019); 79th International Scientific and
Practical Conference "Problems and Prospects of Railway Transport Development”
(Dnipro, 2019).

The full dissertation was reported at the meeting of the Department of
"Hydraulics and Water Supply” DNUZT named after Academician V. Lazaryan
02.09.2019, Minutes Ne 1.

Publications. On the topic of the dissertation published 20 scientific papers,
of which: 9 - scientific articles (2 - in periodicals of other countries; 7 - in
professional publications of the List approved by the Certification Commission of
the Ministry of Education and Science of Ukraine); 1 - scientific monograph; 10 -
abstracts of reports.

The structure and scope of the dissertation (text in English). The dissertation
consists of an annotation, introduction, four sections, conclusions, references and
appendices. The total volume of the work is 132 pages, of which the main text is
placed on 92 pages; contains 72 figures, 8 tables. References include 108 literature

sources.



20

CHAPTER 1
ANALYSIS OF THE STATE OF THE PROBLEM UNDER STUDY

This section analyzes the factors that lead to the removal of coal dust from
the cars, and methods to reduce dust pollution during the transportation of coal.
Theoretical and experimental methods for solving problems of this class are also

considered.

1.1 Negative impact of coal dust on the environment

Pollution of the air, the underlying surface by dust is an extremely dangerous
phenomenon in the field of ecology [25, 27, 28, 35, 36, 38, 50, 54, 59, 66, 67].
Within the framework of this problem it is possible to allocate pollution of the
natural environment by dust at coal transportation [4, 69, 74, 75, 77-83, 89]. Coal
dust removed from gondola cars (Fig. 1.1) has a significant negative impact on the

environment.

Figure 1.1 - Removal of dust from gondola cars during coal transportation
(https://images.app.goo.gl/fPdPY 1FJt3Gushxm?7)

This dust gets on vegetation, soil, but due to the movement of air flows, as
well as the movement of trains in the transport corridor, dust from vegetation, soil
rises again into the atmosphere and creates a new cloud near the transport corridor.
This cloud then spreads in the air and leads to pollution of other areas adjacent to
the transport corridor (secondary pollution of the environment). A cloud of fine
coal dust can remain in the surface layer of the atmosphere for a very long time.

Therefore, a person who is near the transport corridor falls under its influence.
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Human inhalation of fine coal dust can lead to a number of diseases (eg, bronchitis,

etc.). Coal dust enters the deep respiratory tract. In addition, it can penetrate the
pores of some glands and cause them to become blocked. As a result, there may be
an inflammatory process in the body.

It should be emphasized that coal dust has a very negative impact on the
properties of soil and plants: reduced fertility and concentration of humic
substances in the soil, there is a negative transformation of metabolism in plants.
As a result, there is suppression of phytocenoses, reduction of biological diversity.
In addition, coal dust falling on plants reduces the absorption of solar energy,
which is very necessary for plants. Also, getting on the ground, it is one of the

causes of soil erosion.

1.2 The problem of environmental pollution during the transportation

of coal by rail

Today, Nigeria is intensively mining coal (Fig. 1.2). Its transportation from
the place of extraction to industrial centers and ports is carried out in this country
by rail. This is due to two reasons:

1. Nigeria has a well-developed railway network that connects coal-
producing areas with industrial regions and ports (Fig. 1.3).

2. Transportation of coal by rail provides a low cost of delivery of goods in

industrial volumes.

(https://panafricanvisions.com/2020/05/a-shift-from-coal-mining-is-
urgently-needed-to-protect-the-lives-of-rural-communities-in-nigeria/)

Figure 1.2 - Coal mining in Nigeria
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Figure 1.3 - Nigeria railway network

(https://www.mapsofworld.com/nigeria/rail-map.html)

However, it is known that the transportation of coal in gondola cars leads to
a big problem, namely: the removal of coal dust from gondola cars, the formation
of a concentration field of dust over the cargo, in the transport corridor and in the
area adjacent to the highway. Such removal of fine fractions of coal dust from
gondola cars in the foreign literature is called "fugitive dust emission™ [90, 95, 96,
100, 102]. As noted in the scientific papers devoted to this study [74, 87, 89, 92,
101], we still have a shortage of knowledge about the process of scattering coal
dust in the air of transport corridors. In addition, the main priority of research in
this area remains the development of a strategy to minimize environmental
pollution during coal transportation.

During the transportation of coal in hot climates (Nigeria) there is a rapid
loss of moisture in the cargo transported in the gondola, the adhesion forces
between the coal particles are reduced. Therefore, during such transportation,
conditions quickly arise for intensive removal of coal dust from gondola cars.

During transportation in gondola cars there are losses of cargo (so, according
to [25], loss of cargo on one car can make approximately 0,5 t in case of
transportation of coal on distance less than 500 km and almost 1 ton in case of
transportation of coal on distance more than 500 km). In addition, the properties of

the cargo and its appearance deteriorate.
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It should be noted that the purpose of research in foreign scientific

publications devoted to the study of the problem of removal of coal dust from

gondola cars, is to determine the mass of dust removed without decomposing it
into fractions.

In addition to the problem of environmental pollution (Fig. 1.4), the removal

of coal dust from gondola cars poses a threat to the health of people near the

transport corridor. Dust can also get not only into the residential area (Fig. 1.5), but

also inside locomotives, cars of other trains moving along the transport corridor.

Figure 1.4 - Railway workers in a polluted transport corridor
(https://media.gettyimages.com/photos/two-railway-workers-picture-
1d4581315337s=170667a)

Figure 1.5 - Pollution of the residential area during the transportation of coal
(https://energynews.us/2013/02/20/midwest/research-finds-additional-harm-from-

coal-dust-exposure/)

In addition, during the passage of a freight train with coal at railway stations

there is coal dust on the technical structures of the railway (stations, control rooms,
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warehouses, etc.), ie there is air pollution where employees of the station,

dispatchers, station attendants, assemblers trains, signalmen, etc.).

1.3 Reasons for removal of dust from wagons during coal transportation

The analysis of literature data showed that the problem of coal dust removal
during coal transportation is very relevant today [25, 74, 78, 80-81, 88, 103, 106-
107]. In these works, a comprehensive analysis and generalization of the results of
the study of coal dust removal processes during coal transportation was performed.
Sources of emissions can be dust emissions from hatches, emissions from the
surface of the cargo and so on. According to the results of the study of scientific
publications [80-82, 87-89], the most powerful source of dust is the removal of
dust from the surface of the cargo in the car. It occurs under the influence of a
number of factors. Systematic analysis of literature sources has identified the
following factors:

1) type of coal;

2) moisture content of the cargo;

3) the size of coal particles;

4) the size of the open part of the car;

5) the shape of the "cap" of the cargo and its dimensions;

6) position and vibration of the car in the train;

7) train speed,;

8) wind speed, its direction;

9) precipitation that falls on the cargo during its transportation;

10) the presence or absence of special means of extinguishing dust;

11) local air flow rate near the surface of the cargo.

It should be emphasized that the most important parameter that affects the
intensity of coal dust emissions from the gondola is the air flow rate near the cargo
surface, ie the local flow rate. Figure 1.6 shows a diagram of the separation of coal
particles from the surface of the cargo: at low local air velocity, the movement of

particles on the surface of the cargo (creep) or near its surface (saltation). But when
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the local velocity of the air flow exceeds the limit value (the so-called threshold

velocity), there is a separation of particles from the surface of the cargo

(suspension) and their drift with the air flow.

/7" suspension

Figure 1.6 - Scheme of separation of coal particles from the surface of the cargo
(https://courses.lumenlearning.com/suny-geophysical/chapter/transport-of-

particles-by-wind/)

This information is very important, because it outlines a way to solve the
problem of reducing the intensity of coal dust emissions from the gondola, namely:
if you reduce the local air flow rate - will reduce the intensity of separation of dust
particles and their drift into the air. The reduction of the local speed can be
achieved due to the aerodynamic effect on the flow in the gondola. This approach
was used in this work.

It should be noted that the complexity of scientific research of problems of
this class is due to the fact that this parameter depends on the speed of the train,
wind speed and its direction, which are constantly changing in the process of train
movement. In many cases, the speed of the air flow induced by the movement of
the train consists of the wind speed, which creates the worst aerodynamic
conditions for dust from the surface of the load. It is almost impossible to do
research in the course of a full-scale experiment, when the train is moving in the

conditions of difficult terrain, makes turns, braking, etc.
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There are additional factors that affect the intensity of dust during coal

transportation, namely:

1) the number of locomotives in the train (in the US, for example, can be
used up to 6 locomotives);

2) type of locomotive and its technical condition;

3) technical condition of cars;

4) acceleration during train movement;

5) the direction of the oncoming train;

6) terrain.

Thus, the processes of dust release during coal transportation and
environmental pollution in transport corridors are multifactorial, which makes it
extremely difficult to conduct physical experiments and create a universal model
for their prediction. The study of dust pollution in transport corridors remains an

urgent research problem.

1.4 Methods of environmental protection from pollution near transport

corridors

Various methods are used to minimize the process of environmental
pollution during coal transportation. Based on the known literature data [80-81,
89], the analysis of these methods was performed, their advantages and
disadvantages were highlighted. The results of this analysis are given below. In a
number of cases, the analytical evaluation of some methods also indicates their
effectiveness on a scale adopted in Australia: High, Medium, Low.

A review of scientific papers on the problem of removal of coal dust from
gondola cars, showed that the following methods are used to solve it:

1. Sealing cracks in the car. For this purpose film materials, pastes, special
mastics are used.

Advantages: this method prevents the load from spilling through the cracks

in the gondola cars and thus reduces the entry of dust into the environment during
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transportation. The cost of materials is relatively low, and transport companies can

afford it without compromising their budget.

Disadvantages: this method does not allow to reduce dust from the surface
of the cargo in the gondola. The presence of special materials, points for sealing
cracks, periodic inspection of cars and sealing cracks, if there is a destruction of
the film material, etc. is required. Personnel are needed to inspect and process a
large number of cars.

2. Sealing of cargo in a gondola car (fig. 1.7). Advantages: according to the
literature allows to reduce dust emissions by increasing the forces of adhesion
between dust particles.

Disadvantages: requires the presence of special points with equipment
(rollers, vibrators) to perform leveling (and compaction) of the cargo surface, and
specially trained personnel. The operation of vibrators leads to a dynamic impact
on the connection of cars, which accelerates their destruction. The time for

preparation of cargo before its sending increases.
; = e S

Figure 1.7 - The use of a special roller for leveling and compacting the
surface of the load

(http://p-zpo.ru/images/stories/flexicontent/item_34 field 16/l urus2.jpg)

3. Limiting the height of the cargo cap in the gondola. To reduce the
intensity of removal of coal dust from the gondola, it is recommended to form a
"cap" of the load no more than 750 mm above the sides (Fig. 1.8, 1.9). Advantages:
this approach allows to reduce the area of the blown surface and, consequently, to

reduce the amount of dust emissions.
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Figure 1.8 - Limit on the height of the "cap" of the cargo (“cap" of the cargo
slightly exceeds the height of the board)
(https://bl.thgim.com/migration_catalog/article18178902.ece/alternates/
WIDE_615/BL22_P2_WAGON)

Figure 1.9 - Limit on the height of the “cap" of the cargo ("cap" of the
cargo exceeds the height of the sides, but within the recommendations)
(https://image.shutterstock.com/image-photo/freight-train-wagons-full-

coal-260nw-347157941.jpg)

Disadvantages: with increasing train speed and wind speed, dust from the
surface of the cargo will increase and the efficiency of the method decreases.

4. Installation of deflectors in gondola cars. On the end sides of the car
can be installed deflectors such as "hungry board" (Fig. 1.10) and inclined plates
(Fig. 1.11). These elements affect the aerodynamics of the air flow near the upper
part of the gondola, as a result of which there is a change in the intensity of dust
emissions during coal transportation. From a quantitative point of view, the

effectiveness of such deflectors is not specified in the literature.
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1 - deflector "hungry board" (Australia)
Figure 1.10 - The use of deflectors in the gondola
(http://medicalrepublic.com.au/wp-content/uploads/2019/07/Screen-Shot-
2019-07-17-at-11.00.18-am-680x334.png)

Figure 1.11 - Application of inclined plates in a gondola car
(Australia)
(http://2.bp.blogspot.com/-POZRFm5allw/UhgpOaA6xQI/AAAAAAAAF-
Y/1zQk_UNRNG6Q/s1600/_3-Fish+Wagon+(Large).jpg)

Disadvantages: it is necessary to modernize the design of the car directly at
the factory, material costs.

5. Watering the surface of the cargo. This method is relatively easy to
implement. Water supply is almost 2 I/m? The increase in the moisture content of

the cargo leads to an increase in the adhesion forces between the coal particles.
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The efficiency of this method is the level of "Medium” ("medium") in the
case of transportation of goods within 2 hours and the level of "Low" ("low") in
the case of transportation for more than two hours [89]. Advantages - the cost of
this approach is less than the use of special solutions provided for the cargo.

Disadvantages: necessary pumps, distributors for water supply, control and
measuring equipment, as well as vessels with water supply. For example, in
Nigeria, this method cannot be used because there is a significant shortage of water
in the country, and due to the high ambient temperature almost all year round
(there will be rapid evaporation of water from the surface of the cargo and the
efficiency of the method will decrease sharply).

6. Coating the cargo with special solutions. This method of reducing the
removal of coal dust from the gondola is used in some countries. The supply of the
solution to the surface of the coal leads to an increase in the adhesion forces
between the particles. The consumption of the solution on the surface of the cargo
is determined experimentally and depends on a number of factors, in particular on
the properties of a solution, ambient temperature and so on.

Advantages: waste from various industries is often used to make solutions,
ie this approach can be partially considered as waste disposal.

The effectiveness of this method is the level of "Medium / High" (*medium /
high") [89].

Disadvantages: necessary centers (so-called "veneering stations") for the
preparation of a sufficient amount of solution, containers for its storage, equipment
for feeding solutions to the surface of the cargo, as well as sensors and monitors to
control the quality of cargo handling and devices to protect the environment from
pollution during solution supply. The solutions used must create films that have
sufficient adhesion, strength and damping ability to withstand dynamic loads. In
the case of, for example, vibration of the car, the temperature difference may be the
destruction of the protective film. In some cases, the price of a special solution can

be quite high.



31
7. Covering the cargo with tarpaulin (Fig. 1.12). Advantages: an effective
way to reduce dust removal during cargo transportation, as its containerization is

ensured.

Figure 1.12 - Covering the cargo with tarpaulin

(https://5.imimg.com/data5/QY/CC/PO/10S-22159606/product-jpeg-
500x500.png)

Disadvantages: a large enough amount of tarpaulin or similar material is
required to cover the cargo in the cars. The time to prepare the goods for shipment
increases. It takes time for the procedure of opening the cargo before unloading the
cars. During operation, the coating material may be destroyed. It is possible to
demolish the tarpaulin during transportation.

8. Profiling the shape of the '‘cap' of the cargo in the gondola.
Recommendations for profiling the shape of the cargo in the gondola (Fig. 1.13)
were developed by BNSF Railway Company (Australia) and UNION PACIFIC
(USA). There is no access to the results of the research on the basis of which the
recommendations were obtained. It is known that the purpose of profiling is to
avoid the presence of "sharp"” corners in the form of a "cap" of the load (Fig. 1.14).
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Load Profile Requirements
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Figure 1.13 - BNSF Railway Company recommendations for cargo surface

profiling [89]

Figure 1.14 - Cargo surface profiling, garden bed surface (Australia) [89]

Advantages: it is believed that by giving a special shape to the "cap" of the
cargo, the size of this "cap", the presence of gaps between the cargo and the walls
of the car can reduce dust from the surface of the cargo. Also, the load can be
distributed in the gondola in the form of a set of "bunches". There is no data in the
literature to estimate this distribution from a quantitative point of view.

The effectiveness of this method is the level of "Low / Medium" ("medium /

low") [89].
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Figure 1.15 - Coal loading point (Australia) [89]

Disadvantages: the need for special equipment (Fig. 1.15), increases the
time to send the cargo by giving the desired shape of the "cap" of the cargo.

9. Containerization of cargo. Advantages: an effective means of protecting
the environment from pollution, as there is a "sealing™ of the cargo.

Disadvantages: requires the presence of specially made cars. High material
costs.

10. Use of special, additional covers which are established on the car. An
additional cover is installed in the gondola car, which can completely (Fig. 1.16) or

partially (Fig. 1.17) cover the load.

Figure 1.16 - Modernized coal gondola on which the lid is installed,

Australia (for comparison, see Figure 1.11) [89]
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Advantages: an effective means of protecting the environment from

pollution, because there is a reduction in the surface area of dust (partially or
completely).
The effectiveness of this method has a level of "High" ("high™) [89].

Figure 1.17 - Use of sash-type lids in gondola cars [80] (lids raised and

inoperative), Portugal

Disadvantages: to install the cover requires modernization of the gondola at
the factory.

High material costs - the cost of one cover in Australia is almost 10
thousand dollars. During transportation of cargo, the cover may fall out of the car,
which will create an emergency situation in the transport corridor.

11. The use of special tunnels, inside which trolleys with coal move.
Advantages: complete isolation of the environment from coal dust, a very effective
way to protect work areas near the highway [77].

Disadvantages: it is necessary to create special tunnels and cars, which
requires large funds. This method can be used when transporting small volumes of
cargo. Air pollution inside the tunnel is not excluded.

Based on the analysis of methods of environmental protection from pollution
during the transportation of coal, the following conclusions can be drawn:

1. Existing methods of protection can be divided into two main groups:
physico-chemical (wetting the cargo with water, solutions) and mechanical
(complete containerization of cargo, the use of lids, sealing cracks, etc.).
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2. The scientific literature provides extremely limited information on the

quantitative assessment of the effectiveness of each specific method of protection.

3. The data presented in the publications are practically not systematized.

An analytical review of scientific research on environmental pollution
during coal transportation shows that today the development and justification of
methods aimed at minimizing dust pollution continue to be an extremely important
issue [80 - 82].

It should be emphasized that Nigeria does not use the above methods of
protection when transporting coal by rail, which leads to intense dust pollution in

transport corridors and residential areas.

1.5 Analysis of methods for studying the process of scattering of coal

dust in the air

Analysis of the literature devoted to the studied problem showed that two
approaches are used to study the process of air pollution during coal transportation:

1. Method of physical modeling (laboratory and field research).

2. Method of mathematical modeling.

The method of laboratory modeling (small-scale study) is based on studies

performed in a wind tunnel (Fig. 1.18) or on specially made experimental stands.

Figure 1.18 - Models of wagons before tests in the wind tunnel (Portugal,

University of Coimbra) [81]: a - model of gondola; b - tandem of gondola models
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During laboratory experiments, both the model of a car or a tandem of cars

and the "part" of the cargo that is exposed to air flow are considered. The
formulation and conduct of laboratory tests are usually limited to the consideration
of only individual issues within the research problem, rather than a comprehensive
formulation and analysis of all those problems that arise in the problem of dust
generation and dust scattering in the air. This is due to the multifactorial nature of
the dust process, the high time spent on laboratory tests and the inability to often
match the similarity criteria for the model and nature, in particular, the Reynolds
number.

The use of modern laboratory equipment, wind tunnels is associated with
high material costs. Therefore, research in this area is supported by grants from the
largest energy companies or carriers.

It should be noted that when studying the processes of aerodynamics near
the coal car is also used the method of visualization of the flow (visualization test),
which is to attach thin strips to the object and photograph them during the
movement of air flow. This method is cheaper than using special equipment.

It is very important to point out that due to the multifactorial nature of the
studied process, researchers who first considered the problem of coal dust removal
in kind [80], moved to research on models in the laboratory [81], which made it
possible to systematize the obtained results.

Carrying out a full-scale study (full-scale study) within the research problem
is an extremely difficult task. This is due to many factors, namely:

1) large dimensions of coal dust emission sources (wagon complex);

2) the complexity of measuring the concentration of dust simultaneously at
different points of the transport corridor;

3) the complexity of the analysis of measurement results (dust from the car
can not only be released during the movement of the train, but also come to them

from neighboring cars);
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4) cumulative effect - the value of the concentration of dust in the air is
affected by both the emission of each car in the train, and the rise of dust into the
air from the ground due to the movement of the train.

5) the need to install on cars, in the working areas of expensive measuring
equipment, sensors, monitors and research in the process of train movement;

6) a variety of real situations for coal transportation (cars with different
degrees of wear, different modes of transportation, different accelerations, the
degree of turbulence of the atmosphere, changes in humidity during transportation,
etc.) - all this greatly complicates the analysis and systematization of research data;

7) fluctuations of meteorological conditions, the presence of "“external”
pollutants (unregulated parameters) during the field experiment and the impact of
such fluctuations on these studies;

8) the need to perform measurements for a long time (experiments can last
several weeks);

9) large time spent on processing, "filtering™ the results of field experiments
in order to analyze and systematize them.

Due to the listed reasons and uncertainties that exist in the scientific
literature, the data on the intensity of coal dust emission and its removal from
gondola cars are very different. The presence of these reasons, which arise during
the field experiment, is an incentive to develop mathematical models in order to
quickly obtain the necessary data and reduce the cost and time to obtain them.

Carrying out a full-scale experiment always requires a lot of time. For
example, in [80] the results of a field experiment to determine the air flow rate near
gondola cars with coal and the amount of coal dust that was carried out from the
gondola cars during transportation are presented (Fig. 1.19). This experiment was
conducted for 16 days, the route of coal transportation was almost 350 km. The
full-scale experiment was sponsored by one of Spain's largest energy companies,

Tejo Energia.
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Figure 1.19 - The amount of coal dust removed from the gondola (the results
of the field experiment [80])

It should be noted that due to the complexity of the field experiment, the
significant cost of time to conduct it, it can be argued that this method can not be a
"daily" tool in research. Therefore, the development of theoretical research
methods - more economical, operational and universal - becomes especially
important.

It should also be noted that in the developed countries of the world along the
transport corridors are installed specialized equipment for assessing the
concentration of coal dust. Such measurements are performed as part of the
monitoring of the state of the environment and are associated with the need for
constant monitoring of this state to inform the population and minimize social
tensions in residential areas adjacent to the railway.

It is known that the problem of pollution of transport corridors with coal dust
from the standpoint of mathematical modeling belongs to the problems of mass
transfer of conservative heavy impurities in the atmosphere. It is known that to
solve problems related to the scattering of dust or other pollutants, you can use
balance, analytical, numerical models and CFD models [1, 2, 5-7, 21-22, 26, 29,
32, 33-34, 42, 45, 51-52, 56, 61, 62, 66, 76, 85-86, 93-94, 97-98, 104, 108].
However, in practice, two main approaches are used to calculate air pollution in the
case of open-air coal dust emissions. The first is the use of specialized codes such
as AERMOD, CALPUFF, Cal3QHCR, which implement different versions of the
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Gaussian model [5, 22, 29, 62]. This approach is widely used by one of the most

reputable organizations in the world that deals with this problem - EPA
(Environmental Protection Agency, USA). Based on this code, the level of
pollution of transport corridors in the United States, Australia and India is forecast.
That is, to assess the level of air pollution in transport corridors, an analytical
model is used, supplemented by certain empirical parameters. The Gaussian model
allows you to quickly obtain forecast data, but at the same time has significant
shortcomings. For example, it does not take into account the shape of the car, does
not allow to take into account the dependence of dust from the surface of the cargo
on the local velocity of air flow. The main disadvantage of the Gaussian model is
that it takes the car as a "point". Therefore, this model cannot be used to conduct
research to assess the impact of the shape of the car, the shape of the cargo,
additional boards, and so on.

The second approach is a method of CFD research based on the equations of
aerodynamics. The Navier-Stokes equation is most often used to solve
aerodynamic problems, including the determination of the velocity field. Abroad,
this approach is used much less frequently than the Gaussian model. As a rule,
commercial software packages, such as "ANSYS" (Fig. 1.20), are used during
CFD research [66]. To do this, highly qualified specialists who have a license to
work with commercial code are involved. The computer time for solving one
variant of the problem in the case of using the Navier — Stokes equations can be

from 3 days and more.

Figure 1.20 - The trajectories of impurity particles near the barrier.

Calculation based on the commercial code "ANSYS" [66]
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The analysis of literature data allowed us to highlight one very important

fact: when studying the process of removal of coal dust from cars using CFD
modeling, the process of scattering coal dust into the environment is not modeled,
ie authors who use CFD modeling do not solve the mass transfer equation saw.
This method is used only to estimate the local velocity field near the gondola with
coal and the value of the speed is concluded as to whether the coal dust will be
intensively carried out of the gondola [82]. Therefore, based on this approach [82],
it is not possible to predict the concentration of dust in the air near the highway and
thus quantify the effectiveness of various methods of protecting the environment
from dust pollution. This is due to the fact that for the theoretical solution of such a
multifactor problem it is very difficult to build a working mathematical model of
mass transfer.

It should be emphasized that the use of known CFD models that implement
numerical integration of the Navier-Stokes equations, together with one or another
model of turbulence requires the use of powerful computers. It should be noted that
the use of licensed commercial packages that implement CFD models is a very
expensive approach.

Mathematical modeling as an independent research method is an important
tool for substantiation of engineering methods of environmental protection from
coal dust pollution, as it allows to quickly study the process taking into account the
most important factors and does not require such large funds compared to physical
experiment.

The analysis of literature sources on the researched problem showed that in
Ukraine and Nigeria mathematical models for estimation of level of atmospheric
air pollution during coal transportation are not developed and there are practically

no laboratory or field researches devoted to this problem.

1.6. Substantiation of the chosen scientific direction

The analysis of literature sources on the research problem allowed to

establish the following:
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1. Transportation of coal in gondola cars leads to intense dust pollution of

the environment.

2. Nigeria does not use methods to control dust during coal transportation,
which is due, in particular, to the relatively high cost of existing methods used, for
example, in the United States, Australia, Portugal, and the lack of relevant
experience and research.

3. In Nigeria, there are no CFD methods for assessing dust pollution during
coal transportation.

4. In Nigeria and Ukraine, there are no theoretical methods for estimating
the level of environmental pollution during the transportation of coal in gondola
cars.

Thus, the urgent task is to develop effective and cost-effective methods of
combating dust pollution during coal transportation and creating mathematical
models to assess the level of environmental pollution in the case of using certain

methods of protection

Conclusions to Chapter 1

1. The analysis of literature sources showed that the intensity of dust
pollution during the transportation of coal depends on many factors, the most
important of which is the speed of the air near the surface of the cargo.

2. Analysis of modern methods of minimizing environmental pollution by
coal dust revealed that the existing methods of protection require quite high costs,
the use of additional equipment at the stations of loading (unloading) of coal, the
time spent on the implementation of these methods.

3. Based on the study of literature data revealed the need to create effective
and cost-effective methods of environmental protection from pollution during the
transportation of coal by rail.

4. The analysis of methods of research of process of environmental pollution
at coal transportation has shown that laboratory and full-scale researches demand

considerable material expenses for statement of experiment, the difficult
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equipment and big expenses of time for its carrying out. This creates significant
difficulties in conducting comprehensive research to study environmental pollution
during coal transportation.

5. It was found that for the theoretical assessment of the level of
environmental pollution in the transportation of coal, the most widely used
simplified model - the Gaussian model, in which the freight car is modeled "point".
This does not allow to use this model to assess the effectiveness of the developed
protection measures in the transportation of coal. 6. There are no effective
mathematical models to assess the level of environmental pollution and the

effectiveness of various methods of its protection in the transportation of coal.
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CHAPTER 2
THEORETICAL BASIS FOR MODELING THE PROCESS OF
ATMOSPHERE POLLUTION BY COAL DUST NEAR RAILWAY

In this chapter, the mathematical models, that are the basis for prediction of
the atmosphere pollution level during coal transportation in wagons (gondola cars),
are considered. Also, these models allow to calculate effectiveness of the proposed
methods of nature environment protection from pollution [8-14].

Well known, that nowadays models development for theoretical
investigation of the environmental pollution is carried out in account with process
scale, that is modelled (for example, «Canopy», «Urban» etc.). Further, model
development to study atmosphere pollution with scales «Microscale» and «Local»
Is considered. «Microscale» is used to predict atmosphere pollution level directly
near wagon with coal, and «Local» is used to predict atmosphere pollution level in

the area, adjacent to the railway road.

2.1 Features of the studied process

Simulation of coal dust dispersion during coal transportation is often
considered in relation to a specific transport corridor. Let’s consider the
transportation of coal near the station of Enugu (Fig. 2.1) — one of the largest
railway stations in Nigeria, through which the transportation of minerals extracted

in the country is carried out. The city of Enugu is called the city of miners.
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Figure 2.1 — Railway station of Enugu, Nigeria (Google image)

Various wagons (gondola cars) are used to transport coal in Nigeria (Fig.
2.2), often with payloads of 60 tons. At the same time, there are no ways to
minimize dust emission, as result, there is no protection from air pollution near

railway.

Figure 2.2 — Wagon for coal transportation

(https://www.progressiverailroading.com/railproducts/graphics/CACO-
JOAM-HIGH16.jpg)

It should also be noted, that the transportation of coal in Nigeria often takes
place when gondola car is loaded «with a cap», ie when part of the cargo exceeds
the level of the sides of the wagon (in foreign literature, the term "poorly loaded
wagon" is used for this type of loading). With such loading, the dust dispersion
zone is actively affected by wind flow and, as a result, there are an intensive coal
dust release from the gondola car, air pollution and the underlying surface

pollution near the railway line.
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To minimize the level of such pollution, in this work two methods of

engineering protection (aerodynamic protection) are proposed to use:

1. Installation of additional boards with special shape on the gondola car.

2. Installation of aerodynamic protection (the screen) on the gondola car.

Two main features of the studied process, which greatly complicate the
process of theoretical study, are distinguished:

1. A complex geometric region where the emission and transfer of coal dust
occurs, which does not allow the use of analytical models of impurity dispersion to
assess the level of environmental pollution.

2. Dependence of the intensity of dust emission from the gondola car on the
value of the local air flow velocity near the surface of the cargo.

The mathematical models, proposed in this chapter, and their numerical
analogues given in the third section allow to take into account the specified

features.

2.2 Models to assess the atmosphere pollution level during coal dust

transportation

The process of coal dust release from the gondola car and its dispersion in
the air is multifactorial. For a theoretical study of this process, the following
factors are considered:

1. The geometric shape of the gondola car.

2. Local air flow rate and its change near the gondola car.

3. Turbulent diffusion.

4. The shape of the "cap™ of the cargo in the gondola car.

5. Presence on the gondola car of additional boards of the difficult form or
screens.

6. Speed of the gondola car.

7. The dependence of the intensity of coal dust emission on the local velocity

near the dust surface.
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To model coal dust dispersion from the gondola car, taking into account

listed factors, the equations of mass transfer are used in the following form [22, 40,
42, 63]:
oC auC ovC d(w-w)C
—+ + +

ot ox oy oz s (2.1)
55255 e ez tex) -y0) a-2),

where C is concentration of coal dust in the air; u,v,w are components of the air

velocity vector; w; is velocity of coal dust gravity sedimentation; ., .,z are

atmosphere turbulent diffusion coefficients; Q;i(t) is coal dust emission intensity; t
Is time; &(x—x(t),)8(y—-y(t),)d(z—z) is Dirac delta-function; x,y,,z; are Cartesian
coordinates of coal dust emission point source location on the cargo surface.

During the simulation of the process of atmosphere pollution, the surface of
dust emission in the gondola car is replaced by a set of point sources of emission
specified by the Dirac delta function.

Thus, to estimate the level of air pollution near the railway, it is necessary to
solve equation (2.1) according to the relevant initial data.

To take into account meteorological factors that affect the coal dust

dispersion, the following dependences are used [21, 22]:

2’ z )
Uzul(z—lJ ,Hz=k1{z—lj : (2.2)

where u; is air flow velocity on the level z; (usually, it’s taken equal 10 m); p=0,16;
k;=0,2; m=1.

The first dependence from (2.2) determines the longitudinal component of
wind speed change with height, and the second — the value of the vertical
coefficient of atmospheric turbulent diffusion, which changes with height (the
degree of the atmospheric stability). The values of the other diffusion coefficients
are determined by the following formulas [21, 22]:

Hy = M 1y = KoU, (2.3)
where k,=0,1.
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To determine the value of coal dust gravity sedimentation rate, the results of
experimental studies or calculating on the basis of known dependencies can be
used.

To obtain an unambiguous solution of the boundary value problem, it is
necessary to specify the boundary and initial conditions for equation (2.1). These
are the following conditions [42, 63]:

1. Where the air flows into the calculation region, it’s realized the boundary
condition of the form [42, 63]:
=N, e » (2.4)

where N_.... is set value of coal dust concentration; during the computational

|in|et

experiment it is assumed that N =0.

2. Where the air flows out of the calculation region, it’s realized the
boundary condition of the form [42, 63]:

g—i _0, (2.5)
where n is unit vector of the external normal to the output boundary of the flow. As
is known, such a boundary condition at the initial boundary has a certain physical
meaning — neglect of diffusion at the boundary of the computational domain. Note
that at this boundary there is a transfer of dust due to convection.

3. On the upper and lower planes of the calculation area, the boundary

condition is written as [42, 63]:

ac_
on

O’
where n is unit vector of the external normal to the surface. In the numerical
model, fictitious cells are used to implement this boundary condition.

4. The initial condition for the studied process of air pollution is written as
follows:

C =0 in the calculation area at t= 0. (2.6)
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Note that the peculiarity of the equation (2.1) application to the problems

studied in this paper is that this equation, in the opposite to the classical version,
takes into account the motion of the emission source (train) by specifying its time-
dependent coordinates.

Equation (2.1) in this paper will be applied in two cases:

1) for 3D CFD modeling of the process of air pollution in the case of
emission of coal dust from the gondola car;

2) for 3D modeling of air pollution at the station during the movement of the
train with coal.

Also, it will be used two-dimensional analogue (profile problem) of (2.1) to
study the processes of contamination of working areas near the railway when
emitting coal dust from a gondola car with additional boards of complex shape or
air curtain. The two-dimensional analogue has the following form [42, 63]:

oC ouC ovC . N
E+E+W+ oC _dlv(;gradC)+iZ:l:Qi (t) dx—x®);) y-y®),), (2.7)

where C is the average value of coal dust concentration; u, v are is the average

values of air flow velocity components near gondola car; },L=(},tx,py) are

atmosphere turbulent diffusion coefficients; Q is coal dust emission value from
point source; t is time; x,y are coordinates of coal dust emission point source
location in the gondola car; s(x—x(t),),s(y-y(),) — Dirac delta function.

In the case of practical application of equation (2.6) for the calculation of
meteorological parameters, the following formulas will be used [21, 22]:
p m
The boundary conditions for equation (2.7) are written as follows:
1. Where the air flows into the calculation region, the boundary condition of
the form (2.4) is realized [42, 63]
2. Where the air flows out of the calculation region, the boundary condition

of the form (2.5) is realized.
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3. The initial condition for equation (2.7) is written in the form (2.6).

Since this paper consider the transfer of coal dust in a non-uniform air flow,

only a numerical solution of the considered differential equations can be obtained.

2.3 Modeling of air flow aerodynamics around gondola car with coal

To assess adequately the level of atmospheric air dust pollution, it is
necessary to take into account the local change in the field of air flow velocity near
the freight wagon. This airflow velocity field is used to solve equations (2.1) or
(2.7). In addition, it is extremely important to know the local velocity field near the
cargo surface, because coal dust release from different parts of the cargo surface
depends on the value of the local air flow velocity in this place. Therefore, there is
an important problem in calculating the velocity field near the freight wagon and
near the surface of the cargo.

To solve this problem, the equation for the velocity potential is used [40-41,
63]:

0’0 0%¢ 0%
8)(2 + ayZ + 822 :O, (29)

where ¢ is velocity potential.

It should be noted that equation (2.9) for this problem of calculating air flow

around a wagon with a cargo can be solved only numerically.

If the velocity potential field is determined, the components of the air flow

velocity vector are calculated by the following formulas [41]:

dp _dp . _0p
=L y=—""- W=—
x Ty T (2.10)

Consider the formulation of boundary conditions for the equation of

u

aerodynamics (2.9). These are the following conditions [41, 63]:
— on firm borders (walls of the wagon, freight surface, upper and lower
borders of calculation region and lateral faces) the condition of non-leakage is

written as follows:
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P, (2.11)
on

where n is unit vector of the external normal to the boundary;

— at the boundary, where air flows out of the calculation area, the Dirichlet
boundary condition of the form P=const is set;

— at the boundary, where air flows into the calculation area, the Neumann
boundary condition is set: oP/on=V, where V is the known air flow velocity;

After determining the velocity potential field and calculating the components
of the air flow velocity vector near the gondola car, the second stage of modeling
solves the problem of transferring dust contaminants from the gondola car to the
working area by solving equation (2.1).

In this paper, also the two-dimensional equation for the velocity potential to
model the process of air pollution is used. The modeling equation in this case is the
following [41, 63]:

2 2
99,99 _¢o

aXZ ayZ =

where ¢ is velocity potential, the Y axis is directed vertically upward.

(2.12)

The components of the air velocity vector are calculated by the dependences
[41, 63]:

9, _00

u= .
ox’ oy

(2.13)

Statement of boundary conditions for this equation is similar to boundary

conditions for the three-dimensional equation [41, 63].

2.4 Coal dust release intensity assessment during coal transportation

Estimation of coal dust release intensity from the cargo surface is absolutely
important task in predicting the level of air pollution during coal transportation.
This is due to the fact that the dust release intensity directly affects the intensity of

air pollution. Nowadays, this problem is still far from being solved [80-81].
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Literature analysis has shown that there are a limited number of scientific

publications devoted to this problem. Data on the intensity of dust emissions from
the surface of coal, given in the scientific literature, differ significantly.

For example, [50] indicates the intensity of coal dust emission in the amount
of Q = 1.0-6.5 mg/(m*s) at an air flow rate of almost 3-5 m/s and the order of
Q=9 mg/(m?*s) at an air flow rate of 7-8.5 m/s. On the other hand, in [77] the
emission intensity in the amount of Q=0.044-0.44 g/(m®s) at an air flow rate of
approximately 6-10 m/s is noted. During coal transportation by railway, according
to an experimental study [80], its losses are approximately 0.05-1% weight of the
cargo, while in [82] it is indicated that such losses can be equal to about 0.5-3%
weight of cargo.

It should be noted that the data in the scientific literature on the mass of coal
loss during railway transportation also differ significantly in different scientific
studies. This is due to the fact that experimental studies are performed for different
types of coal, under different experimental conditions. It is certainly, that a
particularly difficult problem is theoretical assessment of dust release intensity.

An analysis of the scientific literature on this issue revealed the following:

1. The main method of studying the process of dust release is method of
physical modeling — laboratory research or field experiment (for example, Fig. 2.3
shows a diagram of an experimental installation (Netherlands) to study the process
of coal dust release from the sample [84]. This installation has fan to produce an

air stream onto a prototype of a coal pile and the equipment for collecting dust).

3
@< e 5t e,

2 Sample surface

1 — fan; 2 —coal sample to research; 3 — equipment for collecting dust
Figure 2.3 — Scheme of the experimental installation to study coal dust

release intensity from coal pile [84]
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2. Physical experiments are conducted in different conditions: for different

types of coal (often in scientific publications, this information is not detailed); for
different transportation conditions (different terrain, uneven train speed, etc.);
under different atmospheric conditions (atmospheric humidity, insolation, etc.). For
this reason, the value of the intensity of coal dust emissions reported in scientific
publications varies greatly.

3. The results of physical experiments are subjected to mathematical
processing and on this basis empirical or regressive models are obtained to
calculate the intensity of coal dust emission. The scope of such models is limited
by the conditions of the experiment.

4. The obtained models take into account a limited number of physical
factors that affect the intensity of the dust release process (for example, only the air
flow rate or air flow rate + humidity + coal mass, etc.). The choice of these factors
is not always clearly justified by the authors of the study.

5. There are no systematized data in the literature, models for estimating the
intensity of coal dust emission depending on various factors (local air flow rate,
humidity, etc.).

Thus, one of the most «complete» empirical models for calculating the
intensity of coal dust emissions from the gondola car is the following dependence
[25]:

Q=p-V,-S-t-(0,10837- Py +0,1703-22 _
Pos g (2.14)

~0,3217-0—0,3546)-10 ",
where Q is coal losses during transportation; p is air density; Vg is air velocity near
streamlined surface (local velocity); S is a surface area from which coal is emitted;

t is duration of coal release; p.; is volumetric mass of cargo; d is average coal
particles diameter; j, is acceleration of wagon vertical oscillations; g is

acceleration of gravity;  is air humidity.
It should be noted, that there are other empirical models for solving this

problem. Unfortunately, it is not possible here to present foreign models for
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estimating the intensity of coal dust emission due to the prohibition of the authors

of these works to reproduce materials from their publications.

Analysis of the models used to estimate the intensity of coal dust emissions
allows to draw the following conclusions:

1. Models take into account a limited number of physical factors that
determine the intensity of the dust release process.

2. From the preliminary follows the conclusion, that the results, obtained on
the basis of the application of different models for estimating the intensity of dust
release, may not coincide with each other.

3. The discrepancy between the calculated data, obtained using different
models, will also be due to the fact that different models are obtained under
different experimental conditions.

4. There is no universal model for estimating the intensity of dust release.

Therefore, estimating the intensity of dust release remains an important

scientific problem.

Conclusions to Chapter 2

1. To estimate the level of air pollution during the coal transportation in
gondola cars, it is proposed to use a multidimensional differential equation of mass
transfer, which is a fundamental equation of the mechanics of a continuous
medium.

2. The calculation of atmosphere pollution by coal dust on the basis of the
proposed equation of mass transfer allows to obtain information about the
formation of the field of coal dust concentration in the whole study area, and not
only at some point in the environment.

3. The application of the airflow aerodynamics model allows to determine
the flow velocity field near the coal wagon. This makes it possible to adequately
predict the level of dust pollution of atmospheric air by taking into account
dependence the intensity of emissions from the local velocity value and geometric

shape of the wagon.
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4. The use of multidimensional mass transfer equation together with the
equation of aerodynamics allows for the first time to predict the level of dust
pollution taking into account a set of basic physical factors influencing the level of
air pollution during coal transportation, namely: air flow rate near the cargo
surface, coal dust emission intensity, the speed of coal wagon.
5. The implementation of the models proposed in the chapter can be
performed on the basis of standard information: train speed, wind velocity,

emission parameters, gondola car shape, cargo shape in the gondola car.



55

CHAPTER 3
DEVELOPMENT OF NUMERICAL MODELS TO ASSESS
ATMOSPHERE POLLUTION LEVEL BY COAL DUST DURING
COAL TRANSPORTATION

This section considers the development of numerical models for estimating
the level of air pollution during coal transportation [15-20, 47-49, 71-73, 91]. Note
that the numerical model is a combination of the following elements: differential

equations that simulate the process, difference schemes and code (program).

3.1 Calculation region formation

As mentioned earlier, the study of dust pollution will be performed on a
scale:

1. «Microscale» (the scale of impurity transfer in the atmosphere at a
distance of several meters — near the gondola);

2. «Localy (the scale of impurities transfer in the atmosphere at a distance of
almost a few tens of meters — in the case of a train with coal through the residential
area).

In the case of using the scale "Microscale" it is required to take into account
the geometric shape of the gondola car, which greatly complicates the task of a
numerical model development. This is due to the fact, that in this case the
calculation area has a very complex geometric shape, different from the canonical,
such as rectangular. Inside the calculation area there is a wagon having a certain
shape, a cargo that also has a complex geometric shape, in addition, an uneven
field of wind velocity near the surface of the cargo is formed.

The basis for obtaining information about air pollution intensity as the
theoretical solution of the problem is the solution of modeling differential
equations, which are considered in the second chapter. This can only be done
numerically. In this paper, finite-difference methods to solve modeling equations
are used. Their essence is the transition from differential equations to algebraic

relations, with which you can find the values of unknown functions (dust
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concentrations in atmospheric air, the component of the air velocity vector). The

set of such relations, which are programmed further, forms a numerical model of
the studied process.

The solution of modeling equations is performed using a rectangular
difference grid (fig. 3.1, 3.2). To form the outer and inner boundaries of the
calculation region, to highlight features within the calculation region the marking
method is used, which is sometimes called the method of «porosity technique»
[63]. By means of markers the position of the railway wagon, its form, the pile

form of bulk (granular) cargo in a gondola car is set (fig. 3.1, 3.2).

z

‘ﬁ

0 Y
@® — wagon boundary marker; *+ — cargo (coal) boundary marker
Figure 3.1 — The principle of marking the calculation region on the

difference grid in the 3D numerical model, cross-section x = const

0 X
@® — wagon boundary marker; *+ — cargo (coal) boundary marker
Figure 3.2 — The principle of marking the calculation region on the
difference grid in the 3D numerical model (setting the wagon shape with a board

type «wing»)
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The place of coal dust emission from the coal pile in the gondola car is also

set using markers. The application of the marking method makes it possible to:

1. Quickly form the shape of a gondola car in a numerical model.

2. Quickly form the shape of the «cap» of the cargo in a numerical model.

3. Quickly form the shape of additional boards (or screen), which are used to
reduce the intensity of air pollution.

4. Take into account during the calculation the influence of the geometric
shape of the cargo cap on the formation of the local field of air flow velocity, and

hence the unevenness of coal dust emissions from different parts of the cargo.

3.2 Numerical solution of coal dust dispersion equation in the

atmosphere

Consider the development of a numerical model for calculating the
concentration of coal dust in atmospheric air on the basis of three-dimensional
equation (2.1). Before the numerical solution of equation (2.1), its splitting at the

differential level is made as follows [42, 63]:

oC ouC ovC O(w-w,)C
—+ + + =0,
ot ox oy 0z

©_2(,L).2(, €., L) o
a o\ )Tyl )T\ Ma ) '
oc

=203 (x-%®)8(y-y(1)3(z-7).

For convenience in description of the difference scheme development, the
designation is made:

W =W—W.

It should be noted, that from the standpoint of physics, the first equation
from system (3.1) describes the transfer of coal dust along trajectories, the second
equation describes the transfer due to diffusion, and the third describes the change
in dust concentration due to the action of its emission sources. Approximation of
the derivatives included in the system (3.1) is performed. It is noteworthy, that the

function C is determined in the center of the control volumes (cells), the
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components of the air velocity vector are defined on the faces of the control
volume (these parameters are determined after solving the aerodynamics problem).

Consider the approximation of derivatives in modeling equations.

Convective derivatives are written as follows [63]:

ouC _au'C L uC
X  OX ox

NC _ 8v+C ov C
oy oy oy

owC _ow'C oW C
0z oz 0z

+\u\ B u—\u\ V+M B V—M W+\W\ B W—\w\
where u U = v = V= wh=— Flhw = L1
2 2 2 2 2 2

KoHBeKTHBHI TOXIJIHI aMpPOKCUMYEMO PO3IUJICHUMU PISHUIKIMUA TMPOTH

notoky [63]:
Convective derivatives are approximated by separated differences against

the flow [63]:
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OX AX
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WC WG =W, C

i,j,k — L;Cn+1 ’
0z Az

where L, Ly, Ly, L, L; are designations of difference operators.

To approximate the second derivatives, the following formulas are used [63]:

1 1 1 1
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1 1 1 1
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1 1 1 1
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o z A72 z A72 z z .

The time derivative is written as follows:

1
oc G -G
ot At

Over the time interval dt a sequential solution of the equations from the

system (3.1) taking into account the considered difference analogues is performed.
First, the first equation from the system (3.1) is solved. To do this, the splitting of

this equation in difference form is performed as follows [63]:

— on the first step k =n +% difference equation is written as follows:

ct,-C
—Lik Ik ”*+1(|_;Ck+|_+ck+|_;ck)=o.
At 2 Y
Solving this equation with respect to the unknown value of the dust

concentration on the upper time layer, the calculation formula is obtained:

_2Y

Cri =Cl\y > L,C*+L;C* +LiCY); (3.2)

1 1 . o
— on the second step k =n+ E; c=n +Z difference equation is written

as follows:
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c‘. . -C°
Dbk __BIE ”*+1(|_;Ck+|_;ck+|_;ck)=o.
At 2
Solving this equation with respect to the unknown value of the dust
concentration on the upper time layer, the calculation formula is obtained:
ck . —C’.

1
ik iik -~k L -k 10k -
T+E(LXC +L,CH+L,C*)=0; (3.3)

— on the third step k =n +§; c=n +% formula (3.3) is used;

— on the fourth step k=n+1c=n +% formula (3.2) is used.

The given difference scheme (formulas (3.2), (3.3)) is called a change-
triangular implicit difference scheme of splitting.

Thereafter, the second equation from system (3.1) (the equation of diffusion
dust transfer) is solved. To do this, this equation is split into two steps (difference
scheme of total approximation) [58]:

— in the first step of splitting, the difference equation has the form:
+ nid nel o2 el el
C. Lk Cn _Ci,j,ﬁ +Ci-1,2j,k _Cu jk +C| j-1k _Ci,ji +Ci,j,§—1 .
At {HX AX? Ay Ay? s A7?

Solving it with respect to the value of the concentration on the upper time

layer, the calculation formula is obtained:

. n+% n+ % n+% n+% n+% n+%
n+> n C jk +C 1,j,k _Ci,j,k +Ci,j—1,k _Ci,j,k +Ci,j,k—1
Ci,j,k =Ci,j,k + At X—X y—Ay2 Z—AZZ (34)

— in the second step of splitting, the difference equation has the form:

1
Clj G :{u Clis c:;tHu c:;il,k—cs;tHu c:;lm—c:;t}
i AX? g ’ ’

At Ay? Az?

Solving it with respect to the value of the concentration on the upper time

layer, the calculation formula is obtained:
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it cht. —cMt cht., -cmt ch . -cMt
n+l i+1, ] K ijk i,j+lk i,j.k i, jk+1 ij.k
Cl=C.2 +At[uX {—sz :|+py l:—Ayz R | (3.5)

In the next step, the third equation from the system (3.1) is solved. This
equation is approximated as follows:

%ﬁ;ﬁ:ijk (1)8, (x=x )3 (y-y: ()3 (z-2),
where Cy;" ** is value of dust concentration on the lower time layer.
Solving this equation with respect to the value of the concentration on the
upper time layer, the calculation formula is obtained:
Cit =Ci + A Qu (1)8, (x=x1))3, (Y- ¥ (1), (z2-7). (3.6)
It should be emphasized, that to solve equation (3.6) the following value of
the emission value is used:
Qux =Q,/AX/Ay/ z,
where Qy is known value of dust emission point source from streamlined area.
Thus, the solution of the problem of determining the concentration of coal
dust in the air is reduced to the sequential calculation of this concentration by the
difference formulas (3.2)-(3.6). These formulas have a simple structure, do not
contain complex or tabular functions, and so on.

The initial condition for each difference equation is written as follows:
Cl‘ =C(x,y,t"), Ck‘ =C“‘.

On solid walls to implement the boundary condition of the form
x_
on
«fictitious» cells are used [18, 63].

0

Turn to the numerical model for calculating the level of air pollution on the
basis of the two-dimensional equation of coal dust transfer (2.7). To solve this
problem, an implicit change-triangular difference splitting scheme is used [18, 63].
The development of the numerical model is carried out by applying such a
procedure.
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Convective derivatives are written as follows [18, 63]:

uC _au'C_ auC aC_v'C e
x x| x oy oy oy

where u+:L|u|; u |u| V+_V+|V| : V—:V_|V|.
2 2 2 2

Approximation of these derivatives is carried out according to the formulas
[18, 63]:
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The time derivative is approximated as follows:
oc _Cit-cj
ot At '

To approximate the second derivatives, the following formulas are used [18,

63]:
5 5C C|T11] _Cn+l Cn+1 Cn_+11J ) . .
M Cn+ + M +Cn+ ,
8X ( aX ) ux sz ux sz XX XX
Cn+1 _Cn+l Cn+1 Cn+l
g( _) ~ i j+l ; l‘l'y : I, ]—1 Cn+1+ M Cn+1
oy oy Ay AX

The two-dimensional equation of dust transfer in differential form is written

as follows [18, 63]:
c-Cr
L C™+LC™ + L;Cn+1 + L;Cn+1 + csCi;.”l =
A +~n+l -~n+l + ~n+l -~ntl (3'7)
=(M,,C™+ M, C™+M;C"™ + M C"")+Q,5,
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In this equation, the symbol §;; denotes the number "1" or "0", depending on

whether or not the difference cell «ij» contains the source of dust emission. The
value is calculated as follows:

Q; = Qu/AX/ Ay,
where Q, is the emission intensity of the k-th point source of dust emission, which

is located in the difference cell «ij»
The splitting of the difference equation (3.7) is performed as follows [18,
63]:

— in the first step of splitting k :% difference equation has the form:

Ci*-Cj 1
il B

(rck+ e+ 2ck =
At > (L )+, G

1 +~k -k + N e all o Q| (38)
:Z(MXXC +M_C*+M/C"+M_ C )+;78';

— in the second step of splitting k :n+%; c:n+% difference equation

has the form:
C —Cf

1 -~k O ~k

(3.9
1 - + - + -
:Z(MXXC" +M,; C°+ MWCk +MJ C%)+ Igl%a. ;

— in the third step of splitting k = n+%; C= n+% difference equation has

the form:

Ck_C¢
— +1(L;c:k + L;Ck)+5c:; =
At 2 4

:Z(MXXCC+MX+XC" +M,,C* +M;yCC)+ZZ'8, ;
1=1
— in the fourth step of splitting k=n+1; c= n+% difference equation has

the form:
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Ck-c¢
- +1(L;Ck + L+yC")+gCi'j‘ =
At 2 4
1 N Q (3.11)
=Z(|\/|;X(:k +MX+XCC+M;yC°+M;yC")+ZZ8,.
1=1
From equations (3.8) - (3.11) the unknown value of dust concentration on
the upper time layer is determined by the explicit formula of the running
calculation [42, 58, 63]. The initial condition for these equations is written in the

form:
Cl‘ =C(x,y,t"), C"‘ :C"*l‘.

To implement the boundary condition on the solid walls of the form:

oC
a0
fictitious cells are used.

Ha 3akiHueHHs 3ayBa)kKMMO, IO 3aCTOCOBaHI PI3HUIICBI CXEMH MarOTh
BRXJIMBY II€peBary. poO3paxyHOK HEBIOMOTO 3HAYEHHS KOHIIEHTpAIli MUy B
poOouiii 30H1 311MCHIOETHCS 32 ABHUMU (HOPMYJIaMH, K1 MalOTh IPOCTY IPOrPaMHY
peasizaliro.

In conclusion, it should be noted, that the difference schemes used have an
important advantage: the calculation of the unknown value of the dust
concentration in the work area is carried out according to explicit formulas that

have a simple software implementation.

3.3 Numerical solution of air flow velocity calculation task

To determine the velocity field in the case of a gondola car with coal, the
equation for the velocity potential is used. To numerically integrate this equation,
the method of total approximation is used [58]. If a two-dimensional equation for
the velocity potential is considered, first it need to be written in evolutionary form
[58]:
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ot ox* oy

(3.12)

where t is fictitious time.

It is known, that if t— othe solution of this equation will lead to the
solution of the Laplace equation for the velocity potential. In the numerical
solution of equation (3.12) it is necessary to specify the potential field at t=0.

For example, before the calculation, P=0 can be taken in the entire
calculation region for t=0.

Obtaining the solution of equation (3.12) is performed on a rectangular grid,
the function P is defined in the center of the difference cells. (3.12) solving is split

into two steps. The difference equations at each step are written as follows:

n+1 n+ n+ E n+— n+1
) o +
At sz Ay2 ’

1
n S—
Pt —P, j+2 B P - R P.nJ++11 P
At AX? Ay? '

At each splitting step, the unknown value of the velocity potential is
determined by the explicit formula of the running calculation. The calculation is

terminated if the condition is met:

‘Pi,njﬂ -Rlj|<¢ (3.13)

where ¢ is a small number (for example, e = 0.001); n is an iteration number.
After determining the velocity potential field, the components of the air

velocity vector are calculated according to the dependences:
P -P

U, = i,j i-1,j V. = i,j

! Ax Y Ay

P —P

i,j-1

The components of the air velocity vector are calculated on the faces of the
difference cells (control volumes), which allows to construct a conservative

difference scheme for the dust transfer equation.
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The Richardson method is used to solve the three-dimensional equation for

the velocity potential [55]. To do this, the initial equation for the velocity potential
Is preliminarily reduced to the evolutionary form:
oP 8°P 0°P  0°P
—= + + ,
ot ox* oy? ozt

(3.14)

where t is fictitious time.

Further, the derivatives are approximated and the calculation of the unknown
value of the velocity potential in the new iteration is reduced to the calculation by
the formula [55]:

P" . —2P" 4+ P"

n+l _ pn i+1,j,k ijk i-1,j,k
I:)ijk - I:)ijk +At AXZ +
P" .. —2P" +P"
+At i,j+1,k A;: i,j-1,k +
LA Pi,nj,k+1 - 2Pijrl]< + Pi,nj,k—l .
AZ?

Based on this dependence, the value of the velocity potential in the cells
corresponding to the air flow region is calculated. The calculation is stopped if the
condition is met:

< ¢

n+l n
P ik Pi,j,k

Il])

where ¢ is a small number (i.e., ¢ =0.001); n is an iteration number.

Fictitious difference cells are used to realize the boundary condition of non-
leakage. After determining the field of the velocity potential, the components of the
velocity vector on the faces of the difference cells is calculated. The following

formulas are used for this:

u _ Pi,j,k - Pi—l,j,k vV _ Pi,j,k - Pi,j—l,k W o lijk Pi,j,k—l
ijk — AX WVijk T Ay Wik — A7 (3-15)

In addition to the considered Richardson method, the Liebman method is
also used [55]. Preliminary approximation of derivatives is carried out:

P _Pajk—2RjktRajk
6X2 sz
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o°P _ Rk —2R ik + R j1k
oy’ Ay*

O°P _ Rkt =2R ik + Rk
oz° Az?

where ax.ay,a; are steps of difference cell in directions OX, OY, OZ respectively.

According to this, the Laplace equation in the differential form can be
written as follows:
Ritjk = 2R jk +R-1jk . R.jak = 2R jk TR j-1k .
AX? Ay?
Rk 2R kR
Az?

0

This equation can determine the desired value of P;; in each difference cell:

1 1 1
AX? Ay? AZ?
A 1

P'+1,j,k - Pi—l,j,k " P’,j+l,k - Pi,j—l,k 4 P’,j,k+l - Pi,j,k—l

Pi,j,k =

2 2 2
where A=[ s+t Zj.
AX®  Ay® Az

The calculation according to this formula is terminated if the condition is

met:

n+l n
Rk _Pi,j,k

L <eg,

where n is an iteration number (number of «time» steps); ¢ is a small number.
After calculating the velocity potential field, the components of the air

velocity vector are calculated according to formulas (3.4).

3.4 Development of software packages for assessing the level of air

pollution

On the basis of the considered difference schemes the following are
developed:

1) software package (generic code) «Coal Dust Dispersion—Ax» — to calculate
air pollution based on three-dimensional equations of aerodynamics and mass

transfer (scale «Microscale» and «Local»);
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2) software package «Coal Dust Dispersion—By» — to calculate air pollution

based on two-dimensional equations of mass transfer and aerodynamics (scale
«Microscaley).

Software packages are written in the FORTRAN algorithmic language.
Before proceeding to the description of the developed codes, a description of the
algorithm for solving the problem of assessing the level of air pollution during coal
transportation is given. The solution algorithm consists of several stages:

— The first stage: the formation of a database for modeling.

At this stage, the user synthesizes the input data for numerical simulation,
for example: the size of the calculation region, the shape of the gondola car, the
size of the gondola car, the shape of the additional boards, their size, etc.

— The second stage: data entry.

At this stage, the user enters the input data into the output file using the
keyboard.

— The third stage: calculation.

At this stage, the user runs the simulation code (for example, the code «Coal
Dust Dispersion-A») and a numerical solving of the problem of aerodynamics and
mass transfer is carried out. The solution determines the field of air flow velocity
in the calculation area, the field of coal dust concentration.

— The fourth stage: analysis of simulation data.

At this stage, the user assess the level of air pollution on the bases of
obtained results.

— The fifth stage: adjusting the input data to perform a new calculation.

At this stage, the user makes the necessary adjustments to the source file (for
example, changes the shape of the additional boards) and the calculation is
repeated again.

Consider the structure of modeling codes.

«Coal Dust Dispersion-Ax code structure:

1) subprogram «POTSP» — solving the equation for the velocity potential;

2) subprogram «SPCALy — calculation of air flow velocity field;
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3) subprogram «DUST» — solving the equation of masstransfer (calculation

of coal dust concentration in the atmospheric air);

4) subprogram «HQCAL» — hazard quotient calculation;

5) subprogram «CONCD» - developing of a concentration field for
visualization of pollution zones.

DuS - data entry file

Functional particularities of «Coal Dust Dispersion-A» code:

1. Ability to calculate the spatial distribution of the concentration of coal
dust in the air.

2. Ability to assess the level of air pollution under different conditions of
atmospheric stability.

3. Ability to assess the level of air pollution taking into account the
gravitational settling of coal dust.

4. Ability to assess the level of air pollution taking into account the shape of
the gondola car.

5. Ability to assess the level of air pollution in the residential area.

6. Ability to account dependence the intensity of coal dust emissions in the
gondola on the value of the local air flow rate.

The calculation time of one variant of the task on the basis of this code is
approximately 10-15 s.

«Coal Dust Dispersion-B» code structure:

1) subprogram «POTS2» — solving the equation for the velocity potential;

2) subprogram «SPCA2 — calculation of the air flow velocity field,

3) subprogram «DS2» — solving the equation of mass transfer (calculation of
the concentration of coal dust in the air);

4) subprogram «HQCAZ2»» — calculation of hazard quotient;

5) subprogram «CONC» - developing of a concentration field for
visualization of pollution zones;

DuS2 — data entry file.
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The functional features of the code «Coal Dust Dispersion-B» are the same

as for the code «Coal Dust Dispersion-Av.

The calculation time of one variant of the task based on this code is
approximately 3 s.

The results of testing the developed numerical models are given in Appendix
A.

Conclusions to Chapter 3

1. The equations proposed in Chapter 2 for assessing the level of dust
pollution of air during coal transportation take into account the most significant
physical factors that cause the dispersion of coal dust from gondola cars, but these
models allow only a numerical solution. Therefore, in practice it is very important
to create such numerical models on the basis of modeling equations, which would
be stable when conducting parametric studies of coal dust release from the gondola
car.

2. The difference schemes used to numerically solve the equation describing
the dispersion of coal dust in atmospheric air are given. An important feature of
these difference schemes is that the solution of the problem is reduced to the
sequential solution of equations of simple structure by an explicit formula. This
approach provides a simple software implementation of numerical models.

3. The description of difference schemes which are used for calculation of a
velocity potential field and velocity of an air flow near gondola cars with coal is
resulted. The application of these difference schemes is reduced to the sequential
solution of equations of simple structure, which allows a simple software
implementation of difference operators.

4. On the basis of the considered difference schemes computer programs for
assessing of atmospheric air pollution level during coal transportation in gondola
cars are developed. These programs allow to conduct research on the process of air
pollution in real time. The flexibility of software packages is based on the

application of the modular principle during their development.



71

5. Created numerical models and computer programs are a new tool for

parametric study of the process of air pollution during the coal transportation in
gondola cars.

6. Developed numerical models and computer programs created on their

basis take into account very significant physical factors that are not taken into

account in the method OND-86, which is used nowadays as the main tool for

studying the level of air pollution from man-made emissions.
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CHAPTER 4
STUDY OF THE EFFICIENCY OF AERODYNAMIC METHODS
OF PROTECTION AGAINST ATMOSPHERIC AIR POLLUTION
DURING THE TRANSPORTATION OF COAL IN WAGON

This section presents the results of studies on the effectiveness of the use of
additional boards and shields to protect the air from pollution during the
transportation of coal. The organization of the research process took into account
the experience of world leaders in the field of environmental protection during the

transportation of coal in wagons [65, 80-82, 84].

4.1 Study of the intensity of coal dust removal

A set of laboratory experiments on the analysis of the intensity of coal dust
removal during coal transportation in gondola cars was performed in the laboratory
of the Department of Hydraulics and Water Supply of Dnipropetrovsk National
University of Railway Transport named after Academician V. Lazaryan. Based on
the experience of specialists dealing with this problem [80-81, 84], studies were
performed on models of gondola cars (Fig. 4.4).

The purpose of laboratory research was to test working hypotheses about the
possibility of reducing the level of environmental pollution through the use of
special additional boards or screens in gondola cars.

The experiments were performed in several stages. This section presents the
results of the first stage of research - analysis of the intensity of coal removal from
the research site. The purpose of this study is to determine the emission rate per
unit area depending on the air flow rate. These data were later used to determine
the intensity of coal emissions during computational experiments.

Coal from Mezhdurechenskaya CZF (humidity 4.6%) was used for

laboratory tests. The particle size distribution of this coal is shown in table. 4.1.
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Table 4.1 - Particle size distribution of coal

0,25—
>5mm | 5-3,15mm | 3,15-05mm |0,5-0,25 mm 0,125-0 mm
0,125 mm

3-6% 4,5-11,25% | 21,5-53,75 % | 5,0-12,8 % 3,5-8,75 % | 5,5-13,75%

The scheme of the experimental setup is shown in Fig. 4.1.

1 —fan; 2 — table; 3 — model of a wagon car with coal; 4 — coal
sedimentation zone

Figure 4.1 — Scheme of the experimental setup

The experiments were performed at an air temperature 0f29°C—30°C, the
relative humidity was approximately 26%. Before the experiment, coal samples
were placed in ovens brand 2B-151 for 3 hours and were there at a temperature
40°C. The aim was to minimize the humidity of the experimental samples of coal
to bring the experimental conditions closer to the conditions of Nigeria (the
average annual temperature in the country is about 32°C). Since coal wagons may
not be transported for several hours while loading and forming a warehouse, the
cargo in gondola cars stays for a long time in direct sunlight, heat, which leads to
low humidity. If transportation is continued, the humidity will decrease even more.

At the first stage of research, the area with coal measuring 5 cm x 5 cm was

blown (Fig. 4.2). The experiment was performed for the range of air flow velocity:
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0.6 m/s —14.3 m/s. A GM 8908 anemometer was used to measure the air flow rate.

After purging (5 min), the removed coal dust was collected and weighed.
The results of the physical experiment are shown below. In fig. 4.2 shows

the area of contamination that has formed near the site.

%
'_‘ g 7 - % =iyt

1 — coal; 2 — research site; 3 — pollution zone

Figure 4.2 — Removal of coal dust from the experimental site

The obtained experimental data were used to construct a graphical
dependence Q= f(V) (Q — the mass of coal dust removed from a unit surface per
unit time, V — air flow rate). Next is the graphical dependence Q= f(V) was
approximated as follows:

Q=4.2*(V-Vy,), mg/(m?s),
where V — air flow rate, m/s, Vi, — «Threshold» value of the velocity, after which
the separation of particles begins (the experimental value of this value
Vin=1.58 m/s.).

This empirical model was used during computational experiments, when the
task was to calculate the intensity of coal dust removal from different parts of the

cargo surface in the wagon.



75
4.2 Investigation of air pollution in the case of loading coal with a **cap"

in the wagon
In the second stage of research, the issue of coal removal from the gondola
model in the case of loading it with a «cap» was studied, as in Nigeria such coal
transportation is very common (Fig. 4.3). This method is considered to be
extremely negative for the environment, because a significant area of the cargo
surface is exposed to air flow, therefore, there is an intensive removal of dust from

the wagon.

oS

Figure 4.3 — «Cap» of the cargo exceeds the height of the board of the wagon [89]

During the research, a 12-1592 wagon car was chosen as the base. The
length of the gondola is 12,800 mm, the height is 3 474 mm, and the width is 3 134
mm. The physical model of the gondola was made on a scale of 1:100 (Fig. 4.4).
During the experiments, the Reynolds number was 10* - 10° (as a characteristic
linear scale, the selected length of the car, the speed of the oncoming air flow). The

maximum excess of the coal cap in the car model was 7 mm air temperature 30 °C.

&£ B/

Figure 4.4 — Model of alg wth coal(g with a «capy)
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During the research were measured:

1. The mass of coal removed from the model of the gondola after the purge.
2. The size of the pollution area.

3. Dust concentration (PM2.5) at a certain distance from the model.

In fig. 4.5 shows a photo of the area of contamination near the model of the

gondola in the case of loading it with a «cap» (air flow rate:13.6m/s — 14.3m/s).

1 — model of wagon car; 2 — pollution zone

Figure 4.5 — The area of contamination in the absence of additional boards

on the model of the wagon and in the presence of a «cap» of the cargo

As can be seen from the figure, a large area of contamination has formed
near the gondola model, which completely «coversy» a large area near the highway.
The contamination zone has the form of a «cone». The length of the contamination
area is almost 6 lengths of the gondola model, and the width is almost 4-5 lengths
of the car model. The area of contamination is dark, especially near the model.
This indicates a significant removal of coal from the wagon and a high level of
contamination of the underlying surface. It is seen that from the model of the
wagon there was a removal of different fractions of coal. Larger fractions fell near
the wagon model. This experiment confirms that in the case of the use of wagon
cars without additional sides and with the «cap» of the cargo is intense pollution of

the environment according to the scheme: «car - air - the underlying surface».
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The following figure shows how the dust concentration was measured in the
laboratory according to the gondola model. To measure the concentration of dust
PM2.5 on the model of the car used a laser meter WP6910 (Fig. 4.6). The
measurement was performed at the height of the sides of the gondola model, and at

the length | from model (I — the length of the car model).

1 — model of gondola car; 2 — pollution zone; 3 — device for measuring the
concentration of dust WP6910
Figure 4.6 — Measurement of dust concentration according to the wagon

model

At the next stage of research, a 3D computational experiment was conducted
to assess air pollution near the highway. The experiment was performed on the
basis of developed numerical models of aerodynamics and mass transfer. The
scheme of the 3D model of the wagon is shown in fig. 4.7. Note that the X-axis is
directed along the axis of the car. The shape of the «cap» of the cargo and the
shape of the car are set in the numerical model using markers. Dust sedimentation
rate is accepted 7.6x10° m/s, air flow rate 14.0 m/s. The purpose of the calculation
was to assess the size, shape and intensity of the formed area of air pollution near

the railway.
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Y
X

Figure 4.7— Scheme of the calculation area in 3D modeling

In fig. 4.8 and 4.9 show the concentration field of dust pollutant in two
sections: respectively z = const (top view) and x = const (side view).

Schematically, the location of a person is shown near the wagon (Fig. 4.8).

1-C=0,33mg/m* 2—C =0.78 mg/m’

Figure 4.8 — Contamination zone near the wagon (top view)

o EpI B ﬂr_‘.

1- C=2.1mg/m’; 2 - C =10.2 mg/m®

Figure 4.9 — Contamination zone near the gondola (side view)
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As can be seen from these figures, the results of the computational
experiment confirm the formation of a large area of contamination near the
gondola. The calculation based on the developed three-dimensional model requires
almost 1 minute of computer time.

In fig. 4.10 shows the distribution of the concentration of coal dust near the
gondola, obtained on the basis of the developed 2D numerical model (calculated
per 1 m of the length of the gondola). The calculation based on the developed two-

dimensional model requires 10 s of computer time.

8.410E+01

—

D=+ =S =2~ O000

=

0. 100E+80
0.120E+80 coordinate x 8.598E+81

1-C=0.15mg/m* 2-C =0.75 mg/m*

Figure 4.10 — Zone of air pollution near the gondola loaded with a «cap»

(calculation based on 2D numerical model)

As can be seen from the figure, the air flow removes coal dust from the
gondola, which leads to contamination of areas near the highway. Some
discrepancy in the distribution of dust concentration isolines in cross section
(compared to 3D calculation) is explained by the fact that in the case of modeling
based on a three-dimensional model takes into account the removal of dust along

the entire length of the gondola, which leads to a wide area of contamination.
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conducting a physical experiment. In the case of using a two-dimensional model,
this effect is not taken into account.

To quantify the impact of coal dust removal from the gondola, the dust
concentration at a height of 1.7 m and at different distances from the gondola was
calculated. The hazard factor was determined in this area HQ [32]:

HQ = AC / RfC, (4.1)
where AC — concentration of coal dust near the wagon; RfC — reference
concentration.

It is known that the level of danger to humans depends on the value of this

indicator, as shown in table. 4.2 [32].

Table 4.2 - Criterion of non-carcinogenic risk

Risk characteristics Risk factor HQ
The risk of adverse effects is considered to be negligibly
small <l
A threshold that does not require urgent action but 1
cannot be considered acceptable enough
The probability of adverse effects increases in proportion -1

to the increase HQ

In the calculation of the hazard indicator as the value of RfC value is taken
1,5 mg/m*® (maximum permissible concentration recommended by the NIOSH
institute, the standard is valid from August 2016). The distribution of this indicator
and the concentration of coal dust near the wagon is shown in Fig. 4.10.

C, mr/v3
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1 —coefficient HQ; 2 — concentration of coal dust
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Figure 4.11 — Distribution of coal dust concentration near the wagon and the

value of the danger factor HQ (wagon with a «cap» of coal)
As can be seen from Fig. 4.11, in the case of loading coal into a car with a
«cap» is quite intense air pollution near the highway, and the value of the HQ near

the wagon is 1.5.

4.3 Study of the effectiveness of the use of additional boards such as

"vertical wall" to protect the environment from dust pollution

At the next stage of research, a working hypothesis was put forward about
the possibility of reducing the level of environmental pollution by installing
additional boards on the gondola car of the «vertical wall» type, exceeding the

«cap» of the cargo (Fig. 4.12).

—

Figure 4.12 — Scheme of additional boards of the type «vertical wall»

The principle of installation of additional boards in a gondola car is shown in
fig. 4.13: «lugs» are made on the sides of the wagon by welding, where the guide
pins of the additional sides are installed. There is also a possibility when the boards
are made holes for guide pins.
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a 0
1 — the wall of the wagon; 2 — additional board; 1 — mounting for the board,;
3 — «guide pins»; 4 — holes for installation of 2 — additional board
additional boards (http://www.gerina.ru/poluvagon.jpg)

Figure 4.13 — The principle of placement of additional boards on the wall on

the wagon mounting location (a) and a schematic view of the additional boards (b)

To test the working hypothesis, experimental studies were conducted to
estimate the size of the contamination zone of the underlying surface in the case of
installation in the gondola of such additional boards. The model of such gondola is
shown in fig. 4.14. The sides (exceeding the coal cap by h = 6 mm) were made of
cardboard and fixed to the walls of the gondola model. The experiment was

performed for the air flow rate, as for the basic variant - that is, a car without sides.

Figure 4.14 — Model of wagon with additional sides of the type «vertical
wally

In fig. 4.15 shows the area near the model of the wagon with additional sides
of the type «vertical wall».
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1 — model of wagon car; 2 — pollution zone

Figure 4.15 — Contamination zone near the wagon model with additional

sides of the type «vertical wall»

If we compare Fig. 4.15 from fig. 4.5 (model of the wagon without
additional sides, loading with a «cap»), it is seen that the use of additional sides of
this form has reduced the removal of large fractions from the wagon. This is
evidenced by the color of the contaminated area - it is lighter than in the previous
case (car without additional sides). This means that the use of additional sides
reduced the local velocity near the surface of the cargo and the kinetic energy of
the air flow near the surface of the cargo was only enough to «tear offy» small
particles of cargo.

The length of the contamination zone near the wagon model was
approximately four car lengths, and the width was approximately 3-5 model
lengths. The angle of divergence of the «coney of the contamination zone is greater
than in the previous case, it is obvious that there was a removal of smaller fractions
and there is a removal of a smaller mass of cargo. At the end of the experimental
studies, the mass of coal that settled on the surface of the installation was
determined (coal was collected and weighed). These data were compared with the
mass of coal that settled on the surface of the installation for the basic version - the
model of the wagon without additional sides (see Fig. 4.5). The same procedure
was performed for other options for additional boards and screen, which are

discussed below.
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For this variant, the emission of coal dust decreased by approximately 13% -
15% compared to the base version, ie - in the absence of sides.

At the next stage of research on the basis of the developed numerical models
calculations on an estimation of efficiency of application of such additional boards
on the real car were executed. The intensity of coal dust emission from the cargo
surface is calculated from the obtained experimental dependence, given earlier.
The results of these computational experiments are shown below (air flow velocity
14.0 m/s).

In fig. 4.16 shows the area of contamination (the cross section corresponds
to the middle of the car), obtained when using a three-dimensional numerical

model.

8.441E+62

® e+ S AN O000

=

8.900E+80
0.110E+01 coordinate x

1-C=3.2mg/m% 2-C=16.5 mg/m’

Figure 4.16 — Contamination zone near the wagon with additional sides of

0.539E+62

the type «vertical wall», section x = const (calculation based on 3D numerical

model)

If you compare this figure with Fig. 4.9 (calculation also on the basis of 3D
CFD maodel), it is possible to be convinced that application of additional boards
allows to reduce the sizes of a pollution zone that «catches» the developed
numerical model. The calculation based on the constructed 3D numerical model
showed that for such a variant the emission of coal dust decreased by 17%.

In fig. 4.17, and shows the contamination zone obtained when using a two-

dimensional numerical model.
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8.410E+81

0. 100E+88 E—
8. 120E+080 coordinate x 8.598E+81

Figure 4.17 — Contamination zone near the wagon with additional sides of
the type «vertical wall», calculation based on 2-D numerical model (a) and in the
case of removal of dust from the trailer (b):
1-C=0,11 mg/m* 2 — C = 0,58 mg/m°

As can be seen from the figure, an area with a large gradient of coal dust
concentration is formed above the surface of the cargo. It is also seen that the wind
flow captures the dust and carries it through the board of the gondola in the
direction of wind flow. It is also seen that under the action of gravity dust particles
move down along the wall of the wagon.

In fig. 4.17, b shows the removal of dust from the trailer. This is an
experiment that was conducted on the territory of DNUZT. The emission of dust
was created by dropping a container with construction debris on the floor of the
trailer, ie the emission source was semi-continuous. Next, a photograph of the
formed contamination zone was taken. The wind speed at the level of the trailer

side was almost 2.7 - 3.3 m/s. Comparing fig. 4.17, and Fig. 4.17, b, we see a
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qualitative agreement on the shape of the real pollution zone and calculated
according to the developed numerical model.

In fig. 4.18 shows the value of the concentration of coal dust near the car

(calculation based on 2D numerical model, height 1.7 m).
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Figure 4.18 — Distribution of coal dust concentration in atmospheric air (car with

additional sides of the type «vertical wally)

As can be seen from Fig. 4.18, installation of additional vertical boards
«vertical wally allows to reduce the level of air pollution: the concentration of coal

dust anywhere in this area does not exceed the limit value RfC = 1.5 mg/m°.

4.4 Study of the effectiveness of the use of additional wings of the «wing»

type to protect the environment from pollution

At the next stage of research, a working hypothesis was put forward that it is
possible to reduce the intensity of the environment near the railway line, if you use
additional «wing» type, having a L-shape (Fig. 4.19). To confirm this working
hypothesis, a physical experiment was performed, the results of which are given
below. In fig. Figure 4.20 shows a model of a gondola car with additional sides of
the "wing" type (H = 5 mm, angle 45°). The experiment was performed for the air
flow rate, as for the basic variant — that is, a car without sides.

In fig. 4.21 shows the results of an experiment to assess the contamination

zone of such a wagon.
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Figure 4.19 — Scheme of additional I'-shaped «wing» side boards

Figure 4.20 — Model of gondola with additional sides of the type «wing» I'-
shaped (1)

Figure 4.21 — Contamination zone (1) near the wagon model with additional

['-shaped «wing» sides

If we compare Fig. 4.21 from fig. 4.5 (model of the wagon without
additional sides), it is seen that the use of additional sides of this form has
significantly reduced the size of the contamination area near the model of the

wagon. The contaminated area has the shape of a «drop». The length of this zone is
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almost equal to the length of the wagon, the width is less than the length of the
wagon model. From the figure it is also clear that in the case of using additional
sides of this form there was a decrease in the mass of coal taken out of the wagon
compared to the car without additional sides, the color of the contamination zone is
not as saturated as in the previous two cases. This indicates a decrease in the local
velocity of the air flow near the surface of the cargo. For this protection option, the
emission of coal dust decreased by approximately 19% - 21% compared to the base
version (no additional sides).

At the next stage of research, calculations were performed on the basis of the
developed 2D CFD model to assess the effectiveness of the use of additional T'-
shaped sides mounted on a real wagon. The intensity of coal dust emission from
the cargo surface is calculated according to the obtained experimental dependence
given earlier, ie it was taken into account that the emission intensity depends on the
local air flow velocity (ground flow velocity 14.0 m/s).

Figure 4.22 shows a picture of air pollution near the gondola with coal for

this scenario.
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1-C=0.045mg/m*; 2 - C = 0.224 mg/m’
Figure 4.22 — Contamination zone near the wagon in the presence of additional

I'-shaped sides

The figure shows that the installation of additional boards leads to a change

in the intensity and shape of the dust pollution zone compared to the scenario when
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there are no additional boards. In this case there is a partial containerization of

cargo. Isolines of dust concentration inside the wagon repeat the shape of the
«wing». Dust comes out of the hole between the «wings» and is carried away by
air flow on the «wing» in the area adjacent to the car airspace.

In the second stage of research, the concentration of dust in the air near the

real wagon was calculated. These data are shown in Fig. 4.23 (level 1.7 m).
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Figure 4.23 — Distribution of coal dust concentration in atmospheric air (car with

additional I'-shaped sides of the «wing» type)

As can be seen from the figure, the installation of additional sides of the type
"wing" can significantly reduce the level of air pollution. The concentration of coal
dust nowhere in this area does not exceed the limit value RfC = 1,5 mg/m®. Based
on the performed computational experiment, it was found that the emission of coal
dust decreased by approximately 22% compared to the base version (no additional
boards).

4.5 Study of the effectiveness of the use of additional boards such as «inner

wing» to protect the environment from pollution

At the next stage of research, a working hypothesis was put forward that it is
possible to reduce the intensity of contamination of the working area near the
highway in the case of installation in the wagon of additional boards such as «inner
wing». The scheme of such board is shown in fig. 4.24.



90

Figure 4.24 — Scheme of additional boards of the type «inner wing»

A physical experiment was performed to test the working hypothesis. In
fig. 4.25 shows a model of a wagon car with additional sides of the «inner wing»
type (length of the «inner wing» 57 mm, height h = 4 mm). The experiment was
performed for the air flow rate, as for the basic variant — that is, a car without sides.

In fig. 4.26 shows the results of an experiment to assess the contamination
zone for such a wagon.

1 — additional board; 2 — «inner wingy»

Figure 4.25 — Model of a gondola car with additional sides of the type

«inner wing

Figure 4.26 — Contamination zone (1) in the case of the use of additional boards

of the type «inner wing»
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Comparing fig. 4.26 from fig. 4.5, we see that the area of contamination that
Is formed is much smaller in both area and intensity than in the case of using a
wagon without additional sides. Here, the shape of the contamination zone has the
appearance of an elongated «rectangle». It is also seen that in contrast to the
option, when there are no additional boards, there was a removal of small fractions,
as evidenced by the color of this zone. The length of the contamination zone is
approximately 3 model lengths, the width is almost one model length.

Thus, the results of the experiment confirm the proposed working hypothesis
about the possible minimization of the removal of coal dust from the wagon by
using additional boards such as «inner wingy. For this option, the removal of coal
from the wagon has decreased by approximately 22% - 24%.

At the next stage of research, a computational experiment based on the 2-D
CFD model was performed to numerically determine the concentration of coal dust
in the air in the case of using additional boards such as «inner wing» for a real car.
The intensity of coal dust emission from the cargo surface is calculated according
to the obtained experimental dependence given earlier. The air flow velocity is
14 m/s.

In fig. 4.27 shows a picture of air pollution near the wagon with coal for this

scenario.
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Figure 4.27 — Contamination zone near the wagon in the presence of

additional sides of the type «inner wing»
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The figure shows that the installation of additional boards leads to changes
in the intensity and shape of the contaminated area, and there is a partial
containerization of cargo. An area with a high dust concentration gradient is
formed under the «inner wing». Dust is removed through the hole between the
«inner wing». The calculation based on the constructed numerical model showed
that for such a variant the emission of coal dust decreased by 26%.

Next, the concentration of dust in the air near the wagon was calculated.

These data are shown in Fig. 4.28 (level 1.7 m).
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Figure 4.28 — Distribution of the concentration of coal dust in the air (car with

additional sides of the type «inner wing»)

As can be seen from the figure, the installation of additional sides of the type
«inner wing» allows, as in the previous scenario, to significantly reduce air
pollution. The concentration of coal dust nowhere in this area does not exceed the
limit value RfC = 1,5 mg/m°.

It should be noted that the manufacture of additional boards (material: wood,
plastic, etc.) does not require significant material costs. So, the cost of additional
boards from a tree makes approximately 8 euros, installation of fastenings on the

car for additional boards — almost 2 euros.
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4.6 Study of the effectiveness of the installation of the screen in the wagon

car to protect the environment from pollution

To reduce the intensity of coal dust removal from the wagon, it is proposed
to use the installation of a screen in the wagon, which is placed across the car
(Fig. 4.31). This screen type «barrier» is an obstacle that «runsy» the air flow, as a
result of its inhibition, and thus reduce the flow rate over the load.

To test the working hypothesis that the installation of the screen will reduce
the intensity of removal of coal dust from the wagon, a physical experiment was
conducted. Initially (Fig. 4.29), the experiment was conducted for a model of a
wagon without a screen. In contrast to previous cases, here the height of the «cap»
of the cargo was lower than in previous cases. That is, it was also a «poorly loaded
car», but with a smaller height «cap» of the cargo. Air flow rate: 13.4 m/s —
14.1 m/s.

Figure 4.29 — Model of wagon with cargo (no screen)

In fig. 4.30 shows the contamination area near the model of the wagon

without a screen.
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Figure 4.30 — Contamination zone (truncated lengthwise) in the absence of a

screen

The contamination zone for this scenario has the form of a cone. The length
of the contamination area is approximately 5 lengths of the wagon model, and the
width is approximately 4 lengths of the wagon model. The area of contamination
has a dark color, especially near the model, which indicates a significant removal
of coal from the model of the wagon. Large fractions fell both near the wagon
model and in the trail.

In fig. Figure 4.31 shows a model of a wagon car with a screen (screen
height 1 cm, the screen is located at a distance of 15 mm from the end wall of the
car).

Figure 4.31 — Model of wagon with screen (1)
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In fig. 4.32 shows the contamination zone near the model of the wagon with

a screen.

Figure 4.32 — Contamination area when using the screen

Comparing fig. 4.32 from fig. 4.30, we see that in the case of using the
screen, the contamination zone has become smaller in size. Here the shape of the
contamination zone has the shape of a bottle. In contrast to the option when there is
no screen, there was a removal of small fractions, as evidenced by the «light» color
of the contaminated area. The length of the contamination zone is approximately
2.5 model lengths, and the width is approximately 1 model length.

Based on the analysis of this information, it is possible to qualitatively assess
the effectiveness of the use of the screen on the wagon with bulk cargo. For this
variant of the experiment, the removal of coal dust decreased by approximately
11% - 12%. The calculation based on the constructed 2D numerical model (air
flow velocity 14 m/s) showed that for such a variant the emission of coal dust was
reduced by 14%.

Thus, the results of the experiment confirmed the correctness of the working
hypothesis about the possible use of screens in the wagon car to minimize the level
of environmental pollution.

Below, in table. 4.3 shows the data on the average value of the dust
concentration PM, s behind the model of the wagon when installing different types

of protection.
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Table 4.3 — The value of the concentration of dust PM, 5 behind the model of

the wagon, mkg/m®

Type of No «EeOr?irgal Board Eiiireci Screen
protection protection «wing» .
wally wing»
Dust
concentration
behind  the 38 15 12 12 19
model

Analyzing the data from table. 4.3, it can be argued that the use of the
proposed additional boards, the screen can reduce the intensity of dust pollution.

In fig. 4.33 and 4.34 show the data of numerical modeling of the zone of air
pollution without a screen and in the case of using a screen on a real car. Here is

the distribution of impurity concentration along the gondola.
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Figure 4.33 — Contamination zone above the wagon without a screen

8.410E+81

8. 189E+00
0.400E+88

nate x 0. 196E+82

1-C=0,16 mg/m*; 2 - C =0,53 mg/m®

Figure 4.34 — Contamination area above the wagon when using the screen
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In fig. Figure 4.35 shows the calculated values of the concentration of dust
in the air at different heights from the «cap» of the cargo. The section
corresponding to the middle of the wagon is selected. The calculation for the

«screeny scenario was performed on two grids: 25 x 21 nodes and 50 x 42 nodes.

C, mr/™M?

€ — wagon without screen; O — car with one screen (grid 25 x 21 knots);
A —wagon car with screen (grid 50 % 42 knots)

Figure 4.35 — Distribution of dust concentration in the air over the car

As can be seen from Fig. 4.35, the use of the screen can reduce the level of

air pollution.

Now determine the additional resistance of the wagon when installing the
screen. Assuming that the height of the screen is approximately h=1 m, width
b=3m, air density 1,2 kg/m® screen resistance coefficient 1,1 (flat plate), train
speed 60 km/h, then this resistance can be calculated from the known dependence

on aerodynamics [41]
VE
F, =C,pS P
where C, — coefficient of resistance; S =h-b —screen area; p — air density; V —
speed of movement.
The calculation shows that the additional resistance for 1 wagon with a
screen will be almost 60 kg. The weight of the wagon with coal is approximately

82 tons, ie the additional resistance introduced by the screen is negligible. Also
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note that the cost of a wooden screen is almost 3 euros, the installation of mounts
on the car for the screen — about 1 euro.

At the end of this section, consider another version of the screen — the air
curtain. To reduce the intensity of removal of coal dust from the wagon, it is
proposed to use such a curtain. The idea of this curtain is as follows. Along the
perimeter of the car in its upper part there are air ducts, which have a perforation
on top for air outlet. The layout of the air ducts is shown in Fig. 4.36. The ends of
each air duct are open, but have a non-return valve, as, for example, for the air duct

located on the sides of the wagon (Fig. 4.36).

1 — air duct located along the side wall of the wagon; 2 — air duct located on
the end walls of the wagon;3, 4 — perforation in air ducts

Figure 4.36 — Layout of air ducts on the body of the wagon

During the movement of the wagon, air begins to flow to the end of the air

duct, which is directed in the direction of train movement.

3 4 3

13

sl
2

1 —air flow inlet; 2 — the direction of movement of the wagon; 3 — valve seat; 4, 5

— valves

Figure 4.37 — Scheme of the air duct
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The flow of air entering the air duct opens the valve 4 (Fig. 4.37), while the
valve 5 — closes. The incoming air moves out through the perforation (slit). This
process is conventionally shown in the figure by wavy arrows. Thus, during the
movement of the car there is a vertical air stream, which, like a screen located on
the perimeter of the wagon, prevents the removal of coal dust and thus reduces
environmental pollution. The use of such a «screen» is possible only on the end
walls of the wagon.

Varying the area of the inlet openings of the air duct, the area of its cross
section, the area of perforation, based on the aerodynamic calculation is
determined by the air flow velocity in the air curtain and its value, depending on
the speed of the train. Another approach may be to use a blower placed on the body

of the car to supply air to the perforated ducts (Fig. 4.38).

1 — air duct located along the side wall of the wagon;
2 — air duct located on the end walls of the wagon;
3,4 — perforation in air ducts; 5 — fan
Figure 4.38 — Layout of the blower on the body of the wagon

To confirm the working hypothesis about the possibility of using an air
curtain to minimize the removal of coal dust from the gondola, a physical
experiment was conducted. For this purpose the installation shown in fig. 4.39. The
car was modeled with a vessel made of foam (dimensions: 12cm * 12cm * 7cm),

filled with coal. According to this model of the gondola, a hole was made in the
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table, from where the air from the blower came vertically upwards. The speed of

the main air flow was 7.2 m/s — 8.6 m/s, flow rate in the air curtain 11.6 m/s —
13.8 m/s. The results of the physical experiment are given below.
In fig. 4.39 shows the area of contamination near the model in the absence of

an air curtain.

1 —wagon car model; 2 — coal; 3 — pollution zone
Figure 4.39 — Pollution zone according to the model in the absence of a

vertical curtain

From fig. 4.39 it is clear that a large and intense zone of dust pollution has
formed near the car model. The length of the zone is about 6 lengths of the model,
the width is almost 4-5 lengths of the model.

In fig. 4.40 shows the area of contamination in the presence of an air curtain
near the model.

1 —wagon car model; 2 — coal; 3 — pollution zone 4 — air curtain stream
Figure 4.40 — Pollution zone according to the model in the presence of an air

curtain
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Comparing fig. 4.40 and 4.39, we see that the use of an air curtain has
dramatically reduced the size and intensity of the pollution zone near the model.

Thus, the results of the experiment confirmed the correctness of the working

hypothesis about the possible use of an air curtain to minimize the level of

environmental pollution. Further research is needed to implement this idea on a

real wagon.

4.7 Modeling of air pollution in the residential area during the
movement of a train with coal

Based on the developed 3D numerical model and the code "Coal Dust
Emission”, the calculation of air pollution in the residential area near the Enugu
station during the movement of the coal train was performed. In fig. 4.41 arrow
shows the direction of movement of the train. It is believed that coal is loaded into

wagon cars with a «capy.

Figure 4.41 — View of the settlement area (residential area near Enugu

station, Nigeria) (Google image)

In this region, the residential area is located at a distance of about 10 m —
12 m from the highway. The forecast is based on the developed three-dimensional
numerical model of mass transfer. The movement of a train consisting of 10 cars
with coal is considered. The surface area of the cargo in each car is taken as 50m?;
train speed is 18 km/h, air speed is 4 m/s, wind direction is north-west. Each coal
car is modeled by a point source of dust pollution using the Dirac delta function.
But as the car moves, its coordinates change into delta functions. The intensity of
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coal dust emissions from the car is calculated on the basis of the empirical formula

given in paragraph 4.1.

In fig. 4.42, 4.43 shows the area of dust pollution (level z = 3.5 m) for
different points of time during the passage of the train.

1-C=0,43mg/m® 2 - C=0,82 mg/m?

Figure 4.42 — Dust pollution zone near Enugu station during coal train

operation (t=45)

1- C=0,47 mg/m*; 2 — C = 0,88 mg/m*

Figure 4.43 — Dust pollution zone near Enugu station during coal train

operation (t=85)

As can be seen from the figures, a large area of dust pollution is formed
during the movement of the train. Structures near the railway are affected by the

source of dust emissions.
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In the table. 4.4 shows the calculated data on the concentration of coal dust

near the highway for the time t = 9 s (in Fig.4.41 position, along which shows the
distribution of dust concentration, indicated by the dashed line). This table shows
the data of a similar calculation, but if the gondola cars will be installed additional

boards such as «inner wingy.

Table 4.4 — Concentration of dust in the air at different distances from the

highway (concentration is given in dimensionless form)

Concentration, mg/m®
Distance Y, m «Badly » loaded wagon Wagon car with board
car «inner wing
2 10.63 5.12
4 3.73 1.64
6 0.87 0.31
11 0.46 0.07

As can be seen from table. 4.4, the use of additional boards has led to a
significant reduction in air pollution.

The following figures show the area of contamination after the passage of
the train with coal for several points in time (ie without the presence of a source of

coal dust).

1-C=0.81-10" mg/m®; 2 - C = 1.7-10" mg/m®

Figure 4.44 — Dust pollution zone near Enugu station after passing a train with coal
(t=145)
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1-C=0.12-10mg/m®;2-C=0.23-10° mg/m°

Figure 4.45 — Dust pollution zone near Enugu station after passing a train with coal
(t=245)

As can be seen from the figures, the cloud of dust formed in the atmosphere
during the passage of the train is carried away by the wind flow and covers the
residential area, ie the process of air pollution and the underlying surface after

passing the train with coal continues.

Conclusions to Chapter 4

1. For the first time, the results of physical experiments are presented, which
confirm the proposed working hypotheses about the possibility of reducing the
level of environmental pollution through the use of additional sides or screen on
coal wagons. The results of the experiments showed that the use of additional
boards and screen in the gondola leads to a decrease in the removal of dust from it
and thus minimizes the level of environmental pollution.

2. With the help of the developed numerical models and created codes the
research on an estimation of level of pollution of atmospheric air at coal
transportation in wagon cars with additional boards and the screen is carried out for
the first time. The results of these studies confirmed that the use of such protection

methods leads to a decrease in the concentration of coal dust in the air.
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3. The results of research show that the constructed numerical models allow

for the first time to quickly determine the level of air pollution, taking into account
the movement of a freight train with coal.

4. The results of computational experiments indicate that the use of the
developed codes allows to obtain predictive information about the level of air
pollution, taking into account a range of important physical factors influencing the
process of scattering of coal dust. Therefore, according to their capabilities, the
proposed numerical models are close to the capabilities of modern physical

experiment.
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CONCLUSIONS

The dissertation contains the results obtained by the author, which together
solve the scientific and practical problem of reducing the level of environmental
pollution during the transportation of coal in wagon cars. The research performed
in this work allows us to draw the following conclusions:

1. The analysis of factors influencing the removal of coal dust during coal
transportation in wagons showed that the most important factor causing the
removal of coal dust is the value of the local air flow rate near the cargo, therefore,
to prevent large-scale dust emissions from the gondola to reduce the local air flow
rate near the surface of the coal.

2. Based on a systematic analysis of scientific papers on environmental
pollution during coal transportation in wagon cars, it is established that existing
methods of environmental protection from pollution are high cost, not always
effective, require the use of additional equipment at loading stations. To solve this
problem, new approaches have been developed to minimize the level of
environmental pollution during coal transportation.

3. The analysis of models and methods used in practice to assess the level of
environmental pollution during coal transportation, shows that they have
significant limitations and do not allow to determine the effectiveness of different
methods of environmental protection from pollution during coal transportation,
which requires improvement of models and methods , which take into account the
movement of the train with coal, weather conditions, the trajectory of the train, the
types of protection used on wagon cars.

4. 0n the basis of the performed experimental researches it is established
that application in wagon cars of additional boards like «vertical wall» allows to
reduce removal of coal dust from a wagon car by 13% —15%; the use of additional
boards of the «wing» type allows to reduce the removal of coal dust from the

wagon by 19% - 21%; the use of additional boards such as «inner wing» can



107
reduce the removal of coal dust from the wagon by 22% - 24%; the use of the
screen allows to reduce the removal of coal dust by 11% -12%.

5. The possibility of using a new approach has been shown experimentally,
namely the use of an air curtain on a wagon car, which allows to reduce the level of
environmental pollution during coal transportation.

6. To estimate the intensity of coal dust emission from the surface of the
cargo, an empirical model was obtained that allows to calculate the mass of dust
entering the atmosphere at different local air velocities near the coal surface.

7. A set of numerical models has been developed to predict the dustiness of
atmospheric air during coal transportation in wagon cars, taking into account the
shape of the car and the shape of the additional sides and screen. Verification of the
developed numerical models confirmed their adequacy.

8. The method of determining the level of air pollution during coal
transportation has been improved, which allows to take into account the trajectory
of train movement, meteorological conditions, train speed with coal when
estimating the level of pollution.

9. Developed numerical models and methods of environmental protection
are used in LLC "Energoservice-KR" to develop technology to protect air from
pollution during transportation of iron ore and coal, as well as in the educational
process of the Dnieper National University of Railway Transport named after

Academician V. Lazaryan.
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APPENDIX A

Verification

The results of test calculations confirming the adequacy of the constructed
numerical models are given below. To perform these calculations, test problems

known in the scientific literature are selected.

Test problem 1. To test the numerical method used to solve the two-
dimensional equation (3.12), use the analytical solution of the first boundary value
problem for a nonstationary equation of thermal conductivity, which in appearance
coincides with equation (3.12), when the value of the coefficient a = 1 [53].
Problem conditions: a given rectangular region, where the initial temperature is
equal to 400°C. The calculation is performed for the region: 20 m x 15 m. At the
boundaries of the region for the temperature set the boundary condition: TO =0 °C.
The calculation determines the value of the temperature at the point: x=1m,y=1
m for different points in time.

The process of temperature change in the region is described by the

following equation (analytical solution) [53]:

X

Jat

)erf(

T =T,erf
0 (2

)
2at”

In the table A.1 shows the temperature calculation data according to the

developed numerical model and based on the analytical solution.
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Table A.1 - Estimated values of temperature

Timet, s | Analytical solution Numerical model
2 54,76 °C 55,11°C
4 29,16°C 29,23°C
6 19,71°C 20,12°C

As can be seen from the table, there is a satisfactory agreement between the
numerical results and the analytical solution of the problem.

Test problem 2. The first boundary value problem for the three-dimensional
equation of thermal conductivity, which has the form (3.14), is considered. For a
rectangular domain, this equation has an analytical solution [53] for the following
conditions: determination of temperature in the region 0<x<ow, 0<y<oo,
0<z <o under boundary conditions T =0 °C at the boundaries x =0,y =0, z=0
and under the initial condition 7' = T,, where 7,=300 °C. The modeling equation

for this problem has the form

oT 0T 0°T o°T
— —a ct o T2 |
OX oy oz

As we can see, this equation is similar to the equation for the velocity

potential (3.14). The analytical solution of this problem is written as follows [53]:

X y z
T=Teerf| —— |-erf| — |-erf| —— |.
’ (ZJEJ (2&) (2&]
The calculation is performed for the point: x =1 m, y = 1 m. The dimensions
of the calculation area: 12 m x 12 m x 12 m.
In the table A.2 shows the data of temperature calculation according to the
developed numerical model and on the basis of the analytical solution for the case

when the thermal conductivity coefficienta = 1.
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Table A.2 - The value of the temperature at the point for different points

in time
T,c Analytical solution Numerical solution
2 15,19°C 15,24°C
4 5,90°C 6,01°C
6 3,28°C 3,33°C

Comparing the data given in table A.2, we see that there is a satisfactory

agreement.

Test problem 3. The test problem from work [2] is considered: scattering of

passive impurity from a point source of emission. The analytical solution of this

problem is written as follows [2, 22]:

Wy 2
4k

M
Anx\ kK, (

z-HY)

o

I}

Initial data [2]: W = 4 m/c; K, = 500 m%/c; Y = 0; H=120 M; Z =120 m

estimated level M = 106 mr/c; Kz = 5 m°/c.

The values of the impurity concentration at different distances from the

source are given in table. A.3.

Table A.3 - The value of the impurity concentration

X, km 1 2 3 4
3, mg/m® (analytical solution) [2] | 1,59 0,79 0,54 0,42
3, mg/m® (calculation according to [1,75/1,8 [0,86/0,9]0,58/0,6 0,47/ 0,5

the developed model / calculat

according to the Crank-Nicholson

scheme [2])

ion
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Analyzing the data from table. A.3, we see that there is a satisfactory
agreement of the results.

Test problem 4. It is known that the scattering of ions in the air relates to the
problem of mass transfer of impurities, so to verify the developed numerical model
(3D model of potential flow and mass transfer equation) a physical experiment was
performed, which consisted of measuring the concentration of negative ions from
the ionizer. which was placed on the model of the gondola. Then the calculation
was performed on the basis of the created numerical model and the experimental
and numerical results were compared.

The scheme of the experimental setup is shown in Fig. A. 1. The model of
the gondola was made on a scale of 1. 100. The AirNASA KJF03 ionizer was
placed on the end wall of the model (at a height of h = 5 cm), the emission
intensity was 10 x 106 particles / s. The air flow was created due to the operation
of the blower, the air flow velocity left 0.47 - 0.54 m /s. A GM 8908 anemometer
was used to measure the air flow velocity. A velocity of 0.5 m /s was used in the
calculations.

Measurement of the number of negative ions was performed using the
counter AIR ION TESTER KT-401. The ion concentration was measured at a

height of 5 cm and at different distances from the end wall of the model.

1 - blower; 2 - table; 3 - gondola model; 4 - ionizer

Figure A.1 - Scheme of the experimental setup
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1 - model of gondola car; 2 - nozzle of the air ionizer; 3 - power supply

Figure A.2 - General view of the experimental setup

The results of measurements and calculations are shown in table. A.4.

Table A.4 - Experimental and calculated value of ion concentration

Distance, x Experiment Estimated value
6cm (1,39-1,45)x104 ion / cm® 1,43x104 ion / cm®
9 cm (1,29-1,35)x104 ion / cm® 1,31x104 ion / cm®
18 cm (1,17-1,26)x104 ion / cm® 1,13x104 ion / cm®

Data from table. A. 4 show that there is a satisfactory agreement between

experimental and calculated data.
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Implementation of results
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JIHIMpOBCHKOrO HAIIOHAJIBHOTO YHiBEpCHTEeTy iMeHi akafieMika B.JlasapsHa npu
MiZTOTOBIII CTY/EHTIB, Ki HABYAKOTHCS 32 CHEliaNbHICTIO «ByAiBHUITBO Ta LMBiIbHA
imkeHepis». Marepianu auceprauiiiHoi po60OTH, aIrOpUTMH Ta MAKeTH Iporpam
BUKOPHUCTOBYIOTECS NIPH IIPOBEJCHH] JIEKIIHHNX Ta NMPaKTHYHUX 3aHATH 3 NUCIUMILIIH
«OxopoHa  TNPUPOAHOTO  CepeloBHINA  Bif  3a0pyIAHEHHS  IPOMHUCIOBHMH
nianpuemMcTBamMn», «ExonoriuHa Gesnexa», MO A03BOJIMIO MiJABHIIUTH e(peKTHBHICTH
HABYAJBHOTO MPOLECY Ta SKICTh BUKIAJaHHS MaTepially NPH BUBYEHHI BKa3aHMX
JUCLUILTIH.

HavasibH1UK HaBYAIBHOTO BifIiTy JI.€. Anppaiiko

3aB. xad. «['igpaBiika Ta
BOJIOIIOCTAYaHHN», A.T.H., IPOd. (W M.M. Binses

127



Omsdepr O.F
« 76 »

AKT

PO BOPOBAa/KeHHA pe3y/bTaTiB AHCEpTaniiinoi podorn
Oaanino Myriy Ouaroiie

B nmucepramiiniii po6ori Onagino Mytiy Onaroiie pospobieHo Meroau
3MEHIIEHHs piBHA 3a0pyAHEHHS arMOC()EpHOro TMOBITPS IpH TPAHCIIOPTYBAHHI
BYTULIA B HamiBBaroHax. B aucepraniiHiit poGoTi po3poliieHi MareMaTuaHi MOJeNi Ta
CrieiiaiizoBaHe nporpamMHe 3abe3nedeHHs U OIHKH e(DEKTUBHOCTI BUKOPHCTAHHS
JIOIATKOBHX CHEMIATGHAX OOpTIB, IO BCTAHOBIIOIOTHECS Ha OOpPTa BaroHiB Uit
3MEHUIEHHS BHHOCY BYrilbHOro mwiy. L{i maremaruuni Mozaemi noOyJaoBaHi Ha
¢ynnamMeHTaNbHUX PIBHAHHAX aCPOJWHAMIKA Ta MACOMEPEHOCY. 3anporoHOBaHi
MareMaTHyHi  MOJAeni  J03BOJAIOTH  NPOTHO3YBAaTH  JMHAMIKy  3a0pyaHCHHS
arMocd)epHOro MOBITPS NPH TPAHCIOPTYBaHHI BYriLIs B HamiBparosax. OcoGauBicTio
po3pobuneHHX MozeNnei € Te, MO BOHM BPAxOBYIOTh IIBHAKICT pPyXy TOTATY,
reoMeTpuuHy GopMy monarkoBux GopTiB, arMochepHy Mpy3il0, BIUMB JIOKAIBHOL
IIBHIKOCTI NOBITPS HAa IHTEHCHBHICTH BHHOCY ByriibHOro muay. ToGro noymosaHi
MOJIE/Ti BPaXOBYIOTh TaKi BRKIUBI NApaMeTpPH, IO HE BPaXOBYIOTHCS B ICHYIOHMMX
MOJEIIAX, fAKi BHKOPHCTOBYIOTBCS IJIS OLIHKH piBHA 3a0pyaHeHHS arMocdepHOro
MOBITPA TIPH TPAHCIIOPTYBAHHI BYTiJUIA B HAIIBBaroHax.

Po3po6neni MareMaTH4Hi MOJENI, NTAKETH HPOrpaM Ta 3anpONOHOBAHI METOIH
3MEHIICHHS BHHOCY BYTUIBHOrO @MY 3 HamiBBaroHiB Oyg0 BHKOPHCTaHO B
TOB «Eneprocepic-KP» npu po3po6ui TexHosorii 3axucty arMocepHOro nopirps
BiJI 3a0py/JHEHHS TIPU TPAHCTIOPTYBAHHI 3aJi3HOI PyAH Ta BYTULIA.

JIAPEKTOP

TOB «Eneprocepsic-KP» Omsdepr O.10.
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