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Co3aH B LENSIX OCBEUICHHs Pe3yJIbTaTOB HCCIECJOBAHMM M peallbHbIX OCTIXKEHUH IO aKTyalbHBIM BOIpPOCaM
MAaIIMHOCTPOCHHS, TEXHOC(HEPHOW 0E30MacHOCTH, COBPEMEHHOW METAJUTyprHHd W MaTepHanoBelcHUs. B xypHane
OCBCIAIOTCS TMPOOJIEMBI Pa3BUTHS (PYHIAMEHTAJIBHBIX WCCICIOBAHUN W WHXXCHEPHBIX pPa3pabOTOK B psc
BaXHEHIIMX oOyiacTel TeXHHYeCcKnX HayK. OJHUM W3 TIABHBIX HANPaBICHUHA NEATEIHHOCTH JXypHAja SBIISICTCS
HHTETpaIus B MEXTyHApOIHOE HH(POPMAIIMOHHOE MTPOCTPAHCTBO.

KypHa;l BK/IWYeH B IepedyeHb peleH3MPYeMbIX HAay4YHbIX M3JaHHiH, B KOTOPOM /[0JKHbI OBITh
ony0JMKOBAHbBI OCHOBHbIEC HAYYHbIE Pe3yJbTAaThl AMCCepTAIMii HA COMCKAHUE YUYeHOH CTemeHM KaHAWAATa
HayK, Ha coOHCKaHUe YyeHOil crTenmeHu aoktopa Hayk (Ilepeyens BAK) mo caeaymomuMm Hay4YHBIM
CIEeUHATBHOCTAM:

2.5.11 — HazemHbIe TpaHCTIOPTHO-TEXHOJIOTHYECKHE CPEJICTBA M KOMILIEKCHI (TEXHHYECKNE HAYKH )
2.5.21 — MammHsbl, arperaThbl 1 TEXHOJOTUIECKUE TIPOTIECCH (TEXHUYECKHE HAYKH)

2.6.1 — MeramnoBeneHue U TepMUIeckas 00paboTKa METaIOB M CIIJIABOB (TEXHUYECKHUE HAYKH)
2.6.5 — ITopommkoBasi METaJUTypTHUsl M KOMITO3UIIMOHHBIE MAaTEPHANIbI (TEXHUUECKHE HAYKH )

2.6.17 — MarepuanoBeneHue (TEXHHUECKUE HAYKH )

2.10.1 — IToxxapHast 6€30MaCHOCTh (TEXHUYECKUE HAYKH)
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2.10.3 — be3onacHOCTB TpyZa (TeXHMYECKHE HAYKH)

Hnoexcayus PUHII, CyberLeninka, CrossRef, DOAJ, Index Copernicus, Internet Archive

U apxXueayus:

Haumenosanue CBHUIIETENBCTBO O PETUCTPAMH cpeacTBa MaccoBoi nHpopmarmu DJI Ne ®C 77 — 66531
opeana, or 21 wmtons 2016 ., Beimano denepanpHoil cimyx00i 1o Hamzopy B cdepe cBs3H,
3apezucmpuposasuieco  THHOPMAITMOHHBIX TEXHOJIOTHH U MAaCCOBBIX KOMMYHHKAIIUH

usoanue

Yupeoumenwv u denepanbHOE TOCYIApPCTBEHHOE OIOKETHOE 00pa30BaTEIbHOE YUPEKAECHHE BBICIIETO
uzdamens obpazoBanus «JloHCKOI rocynapcTBeHHbIN TexHruYecknil yausepcure (AT'TY).
Tlepuoouunocmo 4 BBIITyCKa B TO

Aodpec yupedumens 344003, Poccuiickas denepauus, r. Poctos-na-Jlony, mi. ['arapuna, 1
u uzoameis

E-mail vestnik@donstu.ru
Teneghon +7 (863) 2—738-372
Caum https://bps-journal.ru

Jlama evixooa 6 ceem  30.11.2023

© JloHCKOM roCcyJapCTBEHHBIN TeXHUUECKUM yHUBepcureT, 2023


mailto:vestnik@donstu.ru
https://bps-journal.ru/
https://creativecommons.org/licenses/by/4.0/

Safety of Technogenic and Natural Systems. 2023;7(4). eISSN 2541-9129

Editorial Board

Editor-in-Chief, Besarion Ch. Meskhi, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Deputy chief editor, Anatoliy A. Korotkiy, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);
Deputy chief editor, Valery N. Azarov, Dr.Sci. (Eng.), Professor, Volgograd State Technical University (Volgograd, Russian Federation);
Executive editor, Manana G. Komakhidze, Cand.Sci. (Chemistry), Don State Technical University (Rostov-on-Don, Russian Federation);
Executive secretary, Grigoriy Sh. Khazanovich, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Executive secretary, Nadezhda A. Shevchenko, Don State Technical University (Rostov-on-Don, Russian Federation).

Nail Kh. Abdrakhmanov, Dr.Sci. (Eng.), Professor, Ufa State Petroleum Technological University (Ufa, Russian Federation);

Ekaterina V. Ageeva, Dr.Sci. (Eng.), Associate Professor, Southwest State University (Kursk, Russian Federation);

Evgeniy V. Ageev, Dr.Sci. (Eng.), Professor, Southwest State University (Kursk, Russian Federation);

Aleksandr P. Amosov, Dr.Sci. (Phys.-Math.), Professor, Samara State Technical University (Samara, Russian Federation);

Natalya 1. Baurova, Dr.Sci. (Eng.), Professor, Moscow Automobile and Road Construction State Technical University (Moscow, Russian Federation);
Vadim I. Bespalov, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Yuriy 1. Bulygin, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Eleonora Yu. Voronova, Dr.Sci. (Eng.), Associate Professor, Shakhty Road Institute (branch) SRSPU (NPI) named after. M.I. Platov (Shakhty,
Russian Federation);

Vladimir L. Gaponov, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Oksana S. Gurova, Dr.Sci. (Eng.), Associate Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Viktor O. Gutarevich, Dr.Sci. (Eng.), Associate Professor, Donetsk National Technical University (Donetsk, Donetsk People's Republic);
Vladislav B. Deev, Dr.Sci. (Eng.), Professor, National University of Science and Technology (MISiS) (Moscow, Russian Federation);

Vladimir Yu. Dorofeev, Dr.Sci. (Eng.), Professor, South-Russian State Polytechnic University (NPI) named after MI Platov (Novocherkassk,
Russian Federation);

Sergey N. Egorov, Dr.Sci. (Eng.), South-Russian State Polytechnic University (NPI) named after MI Platov (Novocherkassk, Russian Federation);
Zhanna V. Eremeeva, Dr.Sci. (Eng.), Professor, National University of Science and Technology (MISiS) (Moscow, Russian Federation);
Grigoriy Sh. Khazanovich, Dr.Sci. (Eng.), professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Vyacheslav G. Kopchenkov, Dr.Sci. (Eng.), Professor, North-Caucasus Federal University (Stavropol, Russian Federation);

Aleksandr V. Lagerev, Dr.Sci. (Eng.), Professor, Ivan Petrovsky Bryansk State University (Bryansk, Russian Federation);

Igor A. Lagerev, Dr.Sci. (Eng.), Associate Professor, Ivan Petrovsky Bryansk State University (Bryansk, Russian Federation);

Konstantin P. Manzhula, Dr.Sci. (Eng.), Professor, Peter the Great St. Petersburg Polytechnic University (Saint Petersburg, Russian Federation);
Nadezhda V. Menzelintseva, Dr.Sci. (Eng.), Professor, Volgograd State Technical University (Volgograd, Russian Federation);

Vsevolod A. Minko, Dr.Sci. (Eng.), Professor, Belgorod State Technological University named after V.G. Shukhov (Belgorod, Russian Federation);
Vladimir V. Moskvichev, Dr.Sci. (Eng.), Professor, Krasnoyarsk Branch of the Federal Research Center for Information and Computational
Technologies (Krasnoyarsk, Russian Federation);

Aleksey S. Nosenko, Dr.Sci. (Eng.), Professor, Shakhty Road Institute (branch) SRSPU (NPI) named after. M.1. Platova (Shakhty, Russian Federation);
Mikhail S. Pleshko, Dr.Sci. (Eng.), Associate Professor, National University of Science and Technology (MISiS) (Moscow, Russian
Federation);

Viktor N. Pustovoit, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Sergey L. Pushenko, Dr.Sci. (Eng.), Professor, Don State Technical University (Rostov-on-Don, Russian Federation);

Aleksandr A. Poroshin, Dr.Sci. (Eng.), All-Russian Research Institute for Fire Protection of the Ministry of the Russian Federation

for Civil Defence, Emergencies and Elimination of Consequences of Natural Disasters (Balashikha, Russian Federation);

Boris V. Sevastyanov, Dr.Sci. (Eng.), Cand. Sci. (Pedagog.), Professor, Kalashnikov Izhevsk State Technical University (Izhevsk, Russian Federation);
Aleksandr P. Tyurin, Dr.Sci. (Eng.), Associate Professor, Kalashnikov Izhevsk State Technical University (Izhevsk, Russian Federation);

Ildar F. Hafizov, Dr.Sci. (Eng.), Associate Professor, Ufa State Petroleum Technological University (Ufa, Russian Federation);

Fanil Sh. Hafizov, Dr.Sci. (Eng.) Professor, Ufa State Petroleum Technological University (Ufa, Russian Federation);

Aleksandr N. Chukarin, Dr.Sci. (Eng.), Professor, Rostov State Transport University (Rostov-on-Don, Russian Federation).



Safety of Technogenic and Natural Systems. 2023;7(4). eISSN 2541-9129

PenakuuoHHas KoJuierus
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CeBactbsanoB Bopuc BiaauMupoBuy, 10KTOp TeXHUUECKUX HAayK, KAHAUIAT II€arorHdecKuX Hayk, mpodeccop, VkeBCKkuii rocy1apcTBEHHBIH
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umenu M.T. Kanamnukosa (VbxeBck, Poccuiickas denepanus);
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Xaduzos Unbaap danuieBHY, TOKTOP TEXHHYECKHX HAYK, JOLUCHT, Y PUMCKHH TOCYNapCTBEHHBIH HE(MTSIHOW TEXHUYECKHUI YHHBEPCHTET
(Ya, Poccuiickas denepanus);

Xaduzop Panuap lamMuiabeBUHY, TOKTOp TEXHMYECKHX HayK, mnpodeccop, YPUMCKHH ToCylapCTBEHHBIH HE(PTIHOW TEXHHUYECKHUI
yuuBepeuret (Y ¢a, Poccuiickas deneparms);

Yykapun Ajexcanap HukosaeBny, TOKTOp TEXHHMYECKUX HaykK, npodeccop, PoCTOBCKuil rocy1apCTBEHHBIN YHUBEPCUTET MyTEeH COOOIICHHS
(PocroB-Ha-/lony, Poccuiickas ®eneparms).
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Copep:xkanue

TEXHOC®EPHAS BE3OITACHOCTbD

TexHu4yecKHe pelIeHUs] 10 CHUKEHUK) BEJIWYHHBI NMPOCKOKA MBLUIEBBIX YACTHI NMPH OYHCTKE
BHIOPOCOB MPOU3BOJCTBA KeJI€300€TOHHBIX M3/IeJINii MBLIEYJTOBUTEIAMHA CO BCTPEYHBIMH 3aKpYy4eH-
HBIME TIOTOKAMUF ...........ouetveveretesearsetesesesesssssssesesesessssssssesesesasssssssesesesessssssssesesesesssssssesesesesssssssesesesesasesssssesesesesssssssssns
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Abstract

Introduction. The production of reinforced concrete products, being the basis of modern industrial construction, is a
very significant source of dust emissions. Traditional cleaning methods are often unable to ensure the compliance with
air quality requirements, and replacing them with more modern ones requires significant capital and operational costs.
One of the most promising ways to solve the problem is the use of a new class of inertial dust collectors with counter
swirling flows, combining constructive simplicity and low operating costs with sufficiently high work efficiency. The
aim of the work was to analyze the factors influencing the magnitude of the breakthrough coefficient of fine dust
particles, as well as the development of constructive solutions aimed at reducing it.

Materials and Methods. An analytical review of technical solutions aimed at reducing the breakthrough magnitude was
carried out, on the basis of which the designs of the lower input of dust collectors with counter swirling flows were
developed. Methods of computational experiment and field measurements were used to confirm the effectiveness of the
developed structures.

Results. By means of numerical experiments, the information about the aerodynamic flow pattern in the separation
chamber of the CSF dust collector was obtained, and the breakthrough magnitude of dust particles was estimated. The
solutions were developed for the design of the lower coaxial input of the swirling flow of dust collectors on the counter
swirling flows, taking into account the features of dust pollution generated during the operation of technological
equipment of reinforced concrete production.

Discussion and Conclusion. The presence of a displacement of the axis of the secondary swirling flow from the axis of
symmetry of the separation chamber was established. The consequence of this was the non-coaxiality of the primary
and secondary flows, which led to a decrease in the intensity of the twist, the formation of parasitic vortices, and, as a
consequence, an increase in the value of the breakthrough coefficient. This effect was especially pronounced with a
large proportion of fine dust particles, characteristic of dust pollution formed during the production of reinforced
concrete products. The proposed design of the coaxial input of the secondary swirling flow reduced the magnitude of
this eccentricity, which made it possible to achieve a significant reduction in the breakthrough magnitude of fine
particles characteristic of dust emissions of reinforced concrete industries. The results obtained can be effectively used
both in the production of reinforced concrete products and in other branches of construction production, which is

characterized by intensive formation of fine dust emissions.

Keywords: dust collector with counter swirling flows, dust particle breakthrough coefficient, enterprises for the
production of reinforced concrete products and structures
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Texnnueckue PCIICHUA MO CHHKCHUIO BEJIMYHHBI ITPOCKOKA MBIJAEBBIX YaCTUI IPHU OYUCTKE
BblﬁpOCOB NMpOU3BOACTBA JKeJ1e300eTOHHBIX H3}:[e.]‘[l/ll‘7[ NbLICYJOBUTECJIAMHA CO BCTPECYHBIMHA
3aKPY4Y€HHBIMHA MMOTOKaAMHU
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AHHOTALUSA

Beeoenue. TIpow3BOACTBO  KeIe300€TOHHBIX M3/AeNUi, OyAydd OCHOBOW COBPEMEHHOTO WHJIYCTPHAJIBHOTO
CTPOUTEJBCTBA, SIBIISIETCSI BECbMa CYIIECTBEHHBIM MCTOYHUKOM IBIIEBBIX BBIOPOCOB. TpajiMIIMOHHBIE METOJIBI OUUCTKU
3a4acTyl0 HECHOCOOHBI 00ecrednTh CoOMIoJieHne TpeOOBaHMK K KadecTBY BO3IYLIHOHM cpelpl, a 3aMeHa ux Oojee
COBPEMEHHBIMU TpeOyeT 3HAYUTENbHBIX KalWTAJIbHBIX M OKCIUIyaTalMOHHBIX 3arpar. OpHuM un3 Haubosee
MEpPCIIEKTHUBHBIX IyTeH pelIeHus MpoOIeMsbl SBISETCS MPUMEHEHHE HOBOTO KJlacca MHEPLIMOHHBIX MbUICYJIOBUTENEH CO
BCTPEYHBIMH 3aKPYYCHHBIMH MOTOKaMHM, COUYETAIOIIUMH KOHCTPYKTHBHYIO NPOCTOTY M HU3KHE SKCIITyaTal[MOHHBIC
3aTpaThl ¢ JOCTaTOYHO BBICOKOH 3(dexTuBHOCTRIO paboThl. Llenmpio paboTel ObLT aHaMHM3 (PaKTOPOB, OKA3BIBAIOIINX
BIMSHHE HAa BENWYMHY KO3((HUIMEHTAa NPOCKOKA MEIKOJWCIEPCHBIX MBIIEBBIX YacTHI, a TaKxke pa3paboTka
KOHCTPYKTUBHBIX PEIICHNH, HAIPABICHHBIX HA €TO CHUKEHHE.

Mamepuanst u memoost. IIpoBeieH aHAIUTUUECKHH 0030p TEXHMYECKUX PEUICHUH, HANpPaBJICHHBIX HA CHIKECHHE
BEJIMYMHBI TPOCKOKA, HA OCHOBAaHMU KOTOPBIX pPa3pabOTaHbl KOHCTPYKIMH HIDKHErO BBOJA NBUICYJIOBHUTENEH CO
BCTPEUHBIMH 3aKpy4YeHHbIMH TOTOKamH. Jlns noarBepxneHnss >¢dekTHBHOCTH pa3pabOTaHHBIX KOHCTPYKIMH
MIPUMEHSUINCH METO/IBI BBIYUCIUTEIEHOTO SKCIEPHUMEHTa U HATypPHBIE 3aMEpHI.

Pesynomamur uccnedosanus. IlocpeacTBOM NPOBEJECHHS UHCICHHBIX OSKCIEPUMEHTOB IIOIYyY€Hbl CBEACHUS 00
a’pOIMHAMHUYECKON KapTHHE TeUeHHs B CelapalioHHOW kaMmepe mbuteynosuters B3I, a Takke mponsBefeHa omeHKa
BEJIMYMHBI IIPOCKOKA MBUIEBBIX YacTHL. Pa3paboTaHbl pemieHuss MO KOHCTPYKTUBHOMY O(GOPMIICHHIO HIDKHETO
KOAaKCHAJIbHOTO BBOJIa 3aKPYYEHHOTO MOTOKA MBUICYJIOBUTENIEH HA BCTPEUYHBIX 3aKPYUYCHHBIX HMOTOKAaX, YUUTHIBAIOLINE
OCOOCHHOCTH  TBIIEBBIX  3arps3HEHHH, oOpasylomuxcs Hpud  paboTe  TEXHOJIOTHYECKOTO  00OpYyJOBaHMS
XKeJIe300€TOHHOTO IPON3BOJICTBA.

Obcysncoenue u 3akniouenue. bplio yCTaHOBICHO HAIMYME CMELICHUS OCH BTOPUYHOIO 3aKPYUCHHOTO IIOTOKA OT OCU
CUMMCTPUN CeHapaHHOHHOﬁ KaMEphbI. CJ'IeI[CTBI/IeM OTOTO SABJIACTCA HCKOAKCHUAJIBHOCTH IIEPBUYHOIO U BTOPUYHOTO
TOTOKOB, NpUBOAAIIAA K CHUKCHUIO NHTCHCUBHOCTU 3aKPYTKH, 06pa30BaHI/IIO MapasuTHBIX anpeﬁ, ", KaK CJICJICTBHUC,
YBEJIMYCHHUIO 3HaYeHUsI Kodddunmenta npockoka. OCOOCHHO CHIBHO AaHHBII 3 QEeKT NposBIseTCs NpU OOJIBLIOH Jo1e
MEJIKOJMCIIEPCHBIX TBIJIEBBIX YacTHIl, XapaKTEPHOW AJIS IMBUIEBBIX 3arpsi3HEHUH, 00pasyIOIMXCs MPH IPOU3BOJCTBE
JKeNe300eTOHHBIX M31enui. [IperoskeHHass KOHCTPYKINS KOAKCHAIBHOTO BBOAA BTOPHUYHOTO 3aKPYUYEHHOTO IOTOKA
CHIDKAeT BEIMYMHY JAHHOTO SKCICHTPHUCHUTETA, YTO IO3BOJIIET JOCTHIATh CYIIECTBEHHOTO CHIDKCHHS BEIMYNHBI
IIPOCKOKA MEJKOANCIIEPCHBIX YacTHI, XapaKTepHBIX IS IBUIEBBIX BBIOPOCOB IKEJIEC300€TOHHBIX IPOU3BOJCTB.
IToxydennsle pe3ysbTaThl MOTYT OBITH 3(Q(EKTUBHO HCIIOIL30BAHBI KaK B ITPOM3BOJCTBE >KEJIC300ETOHHBIX M3JEIHH,
TaK ¥ B JPYTMX OTpacisX CTPOUTENHHOTO IMPOU3BOJCTBA, JUISI KOTOPOTO XapakTEpPHO HMHTEHCHBHOE OOpa3oBaHHE

MECJIKOJUCTIEPCHBIX IBIJIEBBIX BI)I6pOCOB.

KaioueBble ci1oBa: IbUICYJIIOBUTENL CO BCTPEUHBIMHM 3aKPYUYEHHBIMH IOTOKaMH, KO3()(HUIMEHT NPOCKOKA YacCTHIL

MIbUIH, IPEANPUATHS 110 IIPOU3BOACTBY JKeJ1e300€ TOHHBIX PI3,I[6JIHI>'I n KOHCprKI_[I/Iﬁ
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Bnaronapﬂocnl. ABTOpLI BbIpAXKAIOT 6naroz[apHocn, peaakuu U pCHCH3CHTAM 34 BHUMATCIIBHOC OTHOLICHUC K

CTaTb€ U YKa3aHHbIC 3aMC€UaHus, KOTOPbIC MTO3BOJINJIN ITOBBICUTL €€ Ka4€CTBO.

Jaa nurnpoBanus. Mecxu B.U., Errymenxo A.W., boposkos JI.II. Texnudyeckue pemieHus MO CHHKEHHIO BEJIUUUHBI
MIPOCKOKA MBIJIEBBIX YaCTHUI] IPH OYUCTKE BHIOPOCOB MPOM3BOJCTBA XKEJIE300€TOHHBIX M3JENUI MBUICYJIOBUTEISIMUA CO
BCTPEUHBIMH 3aKpPYYEHHBIMU IIOTOKaMu. bezonacnocms mexnozeHHbIX U npupoouvix cucmem. 2023;7(4):7-19.
https://doi.org/10.23947/2541-9129-2023-7-4-7-19

Introduction. The designs of dust-collecting devices for dust and gas cleaning are gradually becoming more
complicated [1-5], which is accompanied by an increase in the costs of their production. This circumstance makes it
difficult to widely use new types of dust collectors: wet washing devices, electric filters, fabric dust collectors of
various types. Modern requirements in the field of air cleanliness require the expansion of the use of dust collecting
devices and increasing the efficiency of their operation [6]. A promising way to resolve this contradiction is to improve
inertial methods of dust collection, characterized by constructive simplicity and low cost of operation. One of the
directions of development of inertial methods of dust collection is dust collectors on counter swirling flows (hereinafter
referred to as CSF). Their main advantage is lower values of the dust breakthrough coefficient compared to cyclones,
the stability of work and the simplicity of structures [6]. However, the spread of this type of dust collectors is
constrained by insufficient information on the effectiveness of application in specific areas of industrial production. In
addition, there is a wide variety of design schemes of such devices, each of which requires fine-tuning in the conditions
of a specific technological process. Therefore, the development of technical solutions for the adaptation of dust
collectors on counter swirling flows is an urgent task.

There are two main types of dust collectors on counter swirling flows. The first type includes devices in which
compressed air is used to create a secondary swirling flow. The inlet through which compressed air is supplied is
located on top and is called secondary. The second type includes devices created on the basis of cyclones [6-8]. The
main difference between CSF devices and cyclones is that a lower inlet is added to the usual upper inlet. A patent was
obtained by E. Schaufler and H. Zennek for the described designs in 1953 (Fig. 1) [9].
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Fig. 1. Vortex chamber for separation of solid and liquid aerosol particles by means of an auxiliary swirling gas flow:
1 — separator; 2 — primary flow inlet; 3 — nozzle for secondary flow;
4 — exhaust pipe; 5 — jack washer; 6 — dust collection hopper [10]
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In 1972, the designs of nozzle (Fig. 2 a) and vane (Fig. 2 b) types were proposed [6].

A

Fig. 2. Vortex dust collectors: @ — nozzle type:
1 — chamber; 2 — inlet pipe; 3 — vane swirler of the "socket" type; 4 — nozzles; 5 — outlet pipe;
6 — retaining washer; 7 — dust hopper; b — vane type: 1 — chamber; 2 — inlet pipe; 3 — vane swirler of the "socket" type;
4 — annular vane swirler; 5 — outlet pipe; 6 — retaining washer; 7 — dust hopper [10]

The exclusion of inertial dust collectors from the layout schemes of cleaning systems, as well as the use of cyclones
of outdated design as the first stage, negatively affects the resource, energy efficiency and operating costs. Dust
collectors on counter swirling flows, due to the increased efficiency of separation of medium and small fraction
particles, can significantly relieve more expensive and energy-intensive dust collecting equipment, increasing the
operational characteristics of emission purification systems and reducing the cost of their operation.

Currently, the study of CSF devices and their introduction into various productions are conducted by several
research teams of Russia. In the works of V.N. Azarov, S.A. Koshkarev, N.M. Sergina, D.P. Borovkov, etc. a number of
design changes in the CSF devices have been proposed, and various schemes of dust cleaning systems have been
developed, in which cyclones, CSF and bag filters are used [6]. For example, in order to increase the reliability of
operation of CSF devices, including at the factories of the concrete industry, it is proposed in a number of designs to
take the bottom inlet vortex generator outside the devices [6, 11]. In addition, a number of devices with several upper
inlets have been developed, for example, dust collectors (Fig. 3) [6].
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Fig. 3. Diagram of the DC-CSF dust collector:
1 — housing; 2 — inlet of the secondary dust flow; 3, 4, 5 —inlets of the primary dust flow;
6 — outlet of the purified air; 7 — dust collector;
8 — jack washer; 9 — swirler; 10 — hatch for cleaning [10]
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Works by E.I. Boguslavskiy, V.N. Azarov and others are devoted to stochastic models for CSF calculation [6, 11]. In
works [12—15], the calculations of fractional efficiency of CSF devices using modern software systems were carried out.

As follows from the analysis of literature sources on this topic, at present, the design schemes of CSF dust collectors
differ mainly in the type of secondary flow inlet (with an external and internal vortex generators), and the main efforts
of researchers are aimed at studying aerodynamic parameters and creating calculation techniques. However, it is the
improvement of the design of the secondary inlet that allows reducing the value of the breakthrough coefficient. The
main feature characteristic of dust particles formed during the production of reinforced concrete products is their fine
dispersion [16, 17]. Particles of small fractions are more prone to slip, especially in conditions of insufficient intensity
of the secondary flow twist. One of the factors influencing the intensity of the twist is the geometric configuration of the
secondary inlet, which introduces serious distortions into the kinematic structure of the flow in the lower region of the
separation chamber of the CSF dust collectors [17]. In addition to reducing the overall intensity of the flow twist, when
it interacts with the secondary inlet pipe, undesirable idle vortices occur that can cause entrainment of already captured
dust particles [18].

The aim of this study was to analyze the factors that had a decisive influence on the value of the breakthrough
coefficient of fine dust particles of reinforced concrete production and to develop appropriate design solutions for the
design of the lower inlet of the swirling flow of CSF dust collectors.

Materials and Methods. The study of the parameters of movement of dust-air mixture in the lower part of the
separation chamber of the dust collector with counter swirling flows was carried out by means of a computational
experiment. The kinematic model of the motion of gas dust collector in the separation chamber on the counter swirling
flows, implemented using the numerical solution of Navier-Stokes equations and continuity, was closed using the k-
turbulence model in the COSMOSFlowWorks application for the SolidWorks software.

To solve this problem, models of CSF dust collector of several standard sizes with standard strapping were built.
The dimensions of the main elements of the vortex dust collector were accepted as typical for CSF and CIF series of
vortex dust collectors. Dust collectors with separation chamber diameters of 160, 350 and 700 mm were used as
prototypes in the construction of models. Figure 4 provides the scheme of a computational model (made with the use of
SolidWorks numerical modeling environment). At the first stage, initial and boundary conditions were set to bind the
mathematical model to a specific task and to the computational domain.

Fig. 4. Scheme of computational model of vortex dust collector

The experimental research plan included three series of experiments conducted for different values of the flow rate
supplied to the inlet section of the lower vortex generator (zone B) (Fig. 5).
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Fig. 5. Cross section of the lower inlet pipe of the secondary dust and gas flow of the CSF dust collector

The scheme for determining the design parameters of the lower inlet is shown in Figure 6 (made with the use of
SolidWorks numerical modeling environment).

Tangential vortex /:\

generator

™~ ]

Outlet

Horizontal pipe
1

Fig. 6. Characteristic design dimensions of the secondary flow vortex generator:
1 — length of the swirling flow pipe related to the diameter (d);
a — relative width of the tangential branch pipe related to the diameter (d);
a — angle of entry of the tangential pipe

After calculating the values of gas flow velocities characterizing the flow field in the calculated sections, the
trajectories of dust particles of fractions characterized by the values of equivalent diameters of dust particles
d, = 10-100 microns were calculated. Based on the results obtained, the fraction of the number of particles entering the
volume of the separation chamber of the vortex dust collector through the upper and lower inlets was calculated. Also,
for the aerodynamic modes specified by the range of values of the average Reynolds numbers Re = 8 700-28 000 over
the section of the separation chamber, the values of the aerodynamic drag of the dust collector and angular velocities in
the wall zone of the separation chamber, which had a determining value on the magnitude of the dust particle
breakthrough, were calculated.

Full-scale measurements of the breakthrough coefficient were carried out on the existing dust collectors in
accordance with standard measurement methods in NIIOGAZ dispersion flows using Pitot pneumatic tubes,
micromanometers MMN — 250, electric respirators, and AFA filters.

Results. Figures 7-9 (made with the use of SolidWorks numerical simulation environment) present the results of
calculations of angular velocity values obtained during the variation of design characteristics of the lower inlet at
Re =8 700-28 000 in the form of response surfaces.
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Fig. 7. Results of calculations of angular velocity values o, rad/s, at Re = 8,700:
a — dependence of angular flow velocity on the values of relative length of the branch pipe of the swirling flow of the angle of entry
of the tangential branch pipe ® (lom;0); & — dependence of angular flow velocity on the values of the relative width of the tangential
branch pipe of the flow and the angle of entry of the tangential pipe ® (lor;0t).
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o, Rad/S

Fig. 8. Results of calculations of tangential velocity values o, rad/s, at Re = 17,900:
a — dependence of angular flow velocity on the values of the relative length of the swirling flow branch pipe and the angle of entry
of the tangential branch pipe o (lomi;0); b — dependence of angular flow velocity on the values of the relative width of the
tangential branch pipe and the angle of entry of the tangential branch pipe @ (lomx;a)
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Fig. 9. Results of calculations of angular velocity values , rad/s, at Re = 28,000:
a — dependence of angular flow velocity on the values of the relative length of the swirling flow branch pipe and the angle of
entry of the tangential branch pipe o (lom;0); b — dependence of angular flow velocity on the values of the relative width of
the tangential branch pipe and the angle of entry of the tangential branch pipe ® (lorm;a)
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Figure 10 (made with the use of SolidWorks numerical simulation environment) shows the distribution of tangential
velocities values of the gas flow along the section of the separation chamber at the cut-off level of the secondary flow

outlet pipe.
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Fig. 10. Distribution of tangential velocities values of gas flow along the section of the separation chamber at the cut-off level
of the secondary flow outlet pipe (m/s)

To clean the dust emissions of reinforced concrete production, a design of a CSF dust collector with an axial
secondary flow supply for the use in reinforced concrete plants was proposed (Fig. 11) [19].

2
Va

B

3

Fig. 11. Diagram of the device of a vortex dust collector with a screw-type swirler: 1 — cylindrical separation chamber;
2 — tangential inlet of the cleaned flow; 3 — coaxial exhaust pipe; 4 — axial pipe of primary inlet;
5 — screw type vortex generator; 6 — screw swirler; 7 — conical jack washer;
8 — dust collection hopper; 9 — gear wheel; 10 — gear rack [19]

At the second stage, full-scale measurements of the values of the breakthrough coefficient for fine dust of
enterprises producing reinforced concrete products were carried out on standard CSF dust collectors and on the devise
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of the proposed design. The dependencies obtained in the course of experimental studies are shown in Figure 12. For
comparison, the figure also shows the results obtained during the tests of the CSF of the classical design (curve 4).
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Fig. 12. Results of experimental studies of the breakthrough functions of the CSF dust collectors:
1 — CSF-200; 2 — CSF-400; 3 — CSF-600 with coaxial inlet; 4 — CSF-200 designs by V.D. Kononenko

Discussion and Conclusion. The results obtained during computational experiments strongly support the
assumption that there is a negative influence of the secondary inlet pipe on the kinematic structure of the flow in the
lower part of the separation chamber of dust collectors on counter swirling flows. From the data presented in Figure 10,
it follows that the axis of rotation of the flow is offset from the axis of the separation chamber. This leads to a decrease
in the useful effect of the vortex effect, which consists in increasing the intensity of the twist due to the interaction of
unidirectionally twisted flows.

The mismatch of the axis of rotation of the swirling flow with the axis of the separation chamber, which is also
the axis of rotation of the primary swirling flow formed by the upper tangential inlet, leads to a noticeable
increase in the magnitude of dust particles breakthrough. This fact is explained by the formation of idle vortices at
the confluence boundaries of non-coaxial swirling flows. The consequence of this is carrying-away of dust
particles already caught or trapped in the wall zone. Being torn out of the wall stream, or blown up by an idle
vortex, dust particles fall into the secondary stream, and, due to its opposite orientation, are carried away into the
pure gas pipe.

It should be noted that this effect is most pronounced on particles of small fractions, which are characterized
by a significant predominance of aerodynamic forces over mass ones. And it is this fact that makes the task of
eliminating the negative influence of the secondary branch pipe, which introduces undesirable distortions during
the secondary swirling flow, especially relevant in the conditions of using CSF devices in reinforced concrete
production, for which dust emissions are characterized by the presence of a large proportion of fine dust particles.

To eliminate the described problem, the use of a coaxial inlet of the secondary flow is proposed (Fig. 12). The
main feature of the proposed design of the vortex dust collector is the use of a coaxial inlet of the secondary
swirled flow, achieved through the use of screw-type twirlers. The use of such a layout scheme makes it possible
to optimize the movement of the swirling flow in the lower part of the separation chamber, as well as reduce the
likelihood of suction. The absence of a radial branch pipe of the secondary flow that overlaps a part of the live
section of the separation chamber of dust collectors of traditional design allows avoiding undesirable disruption of
the kinematic structure of the flow. The absence of idle swirls of the flow in the lower part of the separation
chamber makes it possible to significantly reduce secondary carrying-away of dust particles located in the wall
zone of the flow, which, in turn, reduces the total amount of dust particle breakthrough. In addition, the use of
coaxial inlets makes it possible to obtain some reduction in the aerodynamic drag of CSF dust collectors,
increasing their energy efficiency.
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The proposed design of the coaxial inlet of the secondary swirling flow allows us to solve the problem. This
fact is confirmed by the results of pilot tests, the results of which are shown in Figure 12. Curve 3, which
characterizes the function of dust particles breakthrough in the device with a coaxial inlet, is located above the
others, which indicates a smaller breakthrough of particles of all fractions.

Thus, the use of dust collectors on counter swirling flows with coaxial secondary inlet at enterprises producing
reinforced concrete products makes it possible to achieve a high degree of purification of dust emissions without
resorting to expensive replacement of inertial dust collectors with devices of other types.
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Bb.U. Mecxu — opmupoBaHre OCHOBHOHN KOHIICTIINH, HAYYHOE PYKOBOJICTBO.
A.W. EBTylIeHKo — 3a/1a4u UccleoBaHusl, KOPPEKTUPOBKA BHIBOJIOB.

JI.I1. BopoBKOB — aHaJIU3 pPE3yIbTATOB UCCIIECIOBAHUMN.

Kongpnuxm unmepecos: aBTOpHI 3asBISIOT 00 OTCYTCTBUH KOH(IINKTA HHTEPECOB.

Bce aBTOpEI IpoYHTaNX ¥ OZOOPIITN OKOHYATEIIHHBIN BapHAHT PyKOIIHCH.
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Main Scientific Principles of a Systematic Approach to the Determination of Negative Factors
Affecting Urban Environment

Natalya S. Samarskaya"= D<, Ekaterina V. Kotlyarova'=', Ekaterina P. Lysova
Don State Technical University, Rostov-on-Don, Russian Federation
DA< nat-samars@yandex.ru

Abstract

Introduction. With the modern active development of urban areas, the problems in the field of environmental safety are
becoming increasingly relevant. These problems cannot be solved without an in-depth analysis of the factors that
disrupt the ecological balance and cause negative consequences for the components of the environment. At the same
time, construction industry is one of the main elements of human economic activity that forms technogenic loads. This
is due, among other things, to the fact that, unlike some other areas, the pace of construction work has increased
significantly over the past year. So, as of March 2023, 2 460 developer organizations were registered in the Russian
Federation, which was 14% more than in the previous period, that is, the speed and scale of construction work most of
all affect the population of cities from a socio-economic point of view. At the same time, we should not forget about the
environmental side of the issue. Many years of research in this area has shown the lack of a structured approach to
assessing the environmental safety of urban areas, including the selection of an optimal list of environmental measures.
At the same time, scientific approaches based on the ecological characteristics of the totality of natural conditions,
determining the maximum permissible anthropogenic loads, identifying environmentally significant environmental
parameters, such as the amount of oxygen in the atmospheric air or the availability of natural water resources, require
significant time and labor costs, and also, as a rule, are not tied to specific objects of the urban environment. However,
urban planning spaces, depending on their functional purpose, contain typical anthropogenic objects, among which
capital construction and landscaping facilities predominate. The nature of the negative impact on the environment from
such facilities is obviously also typical. In this regard, the aim of the study was to systematize and unify numerous
negative factors affecting the territory of a particular object of capital construction and landscaping, depending on the
functional purpose of the territory and the types of objects located on it. The authors propose to perform such
transformations automatically within the framework of the developed online platform.

Materials and Methods. To assess the negative impact on the urban environment, it was proposed to use a
methodological approach based on the concept of functional zoning of the territory. According to the Urban Planning
Code of the Russian Federation, each functional zone is characterized by the presence of certain capital construction
and landscaping facilities. To achieve this goal, we used methods of comparative and system analysis and
generalization. Thus, the results were obtained and systematized in the work, which showed the similarity of the nature
of the negative impact from the same types of capital construction and landscaping facilities.

Results. The assessment of the negative impact of capital construction and landscaping facilities on the environment
was part of the research work prepared within the framework of the state program "Priority 2030". A systematic
approach in analytical studies of negative factors of urban environment will allow structuring information, significantly
speeding up its analysis and making appropriate decisions due to the relationships we have established between the
parameters of negative factors, types of objects and functional zones in which they were located. The proposed
approach was implemented within the framework of the online platform developed by the authors. At the same time, the
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main principle that guided us was quick access to the task of ensuring environmental safety of the territory due to
accelerated automated assessment of negative factors from a given capital construction object or urban improvement.

Discussion and Conclusion. The obtained research results, which include the systematization of negative
environmental impact factors on the territories of capital construction and landscaping facilities, depending on the
functional zones of their location, are the basis for further development of methods for ensuring environmental safety of
the urban environment. The fullest possible identification of all environmentally hazardous factors will ensure an
effective assessment of the negative impact on the environment of capital construction projects and urban improvement.

Keywords: environmental safety, negative impact assessment, environment, capital facilities, landscaping, urban
environment
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OcHOBHbIE Hay4YHbIC IPUHIMIIBI CHCTEMHOI0 MOJAX0/1a K ONpedeJIeHNI0 HeraTHBHBIX
(paxkTOpOB, BO31EHCTBYIOLIUX HA OKPY/KAIOILYIO Cpely T'OPOJACKUX TePPUTOPUIA

H.C. Camapckas "= D<), E.B. Kotasposa "', E.IL. JIbicoBa
JIoHCKOM rocy1apCTBEHHBIN TEXHUYECKHI YHUBEPCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
P4 nat-samars@yandex.ru

AHHOTALMA

Beéeoenue. B COBpEMEHHBIX YCIOBUSX AaKTHBHOTO pa3BUTHS TOPOJCKHX TEPPUTOPUH TpoOJieMbl B oO0nacTh
obecriedeHus YKOJIOTHIECKON Oe30TaCHOCTH MPHOOPETAIOT BCEe OOJBINYIO aKTyadbHOCTh. OHM HE MOTYT OBITh PEIICHBI
6e3 riybokoro aHamm3a (PaKTOpOB, HAPYIIAIOIINX HKOJOTHYECKOE paBHOBECHE W BBI3BIBAIOMIMX HETaTHBHBIE
MOCJICACTBUSL AJI1 KOMIIOHEHTOB OKpYysKaroweil cpenpl. [Ipm 3TOM OZHMM H3 TJaBHBIX 3JIEMEHTOB XO3SIMCTBEHHO-
9KOHOMHYCCKOU JIEATEIPHOCTH YeJ0BeKa, (DOPMHUPYIOIICH TEXHOTEHHBIC HATPY3KH, BEICTYIIAET CTPOUTEIbHAS OTPACIb.
DTO CBS3aHO B TOM YHCIIE C TEM, YTO, B OTIMYMC OT HEKOTOPBIX APYTHX c(ep, TeMIbl CTPOUTEIBHBIX padoT 3a
MOCNEAHUI TOA 3HAaYUTEeNbHO Bo3pochu. Tak, Ha mapT 2023 roma B Poccuiickoii denepanuu 3aperucTpupoBaHO
2460 opraHu3anuii-3acTpONIIUKOB, 4TO Ha 14 % OONbINe MPEBIAYIIEro MepUola, TO €CTh CKOPOCTh W MaciiTad
CTPOHTENBHEIX paboT B HAcTosIIee BpeMs OOJbIIe BCEro 3aTparuBalOT HACENICHHE TOPOJOB C COLHAIBHO-
SKOHOMHYECKON CTOPOHBL. HO mpu 3TOM Henb3s 3a0BIBaTh U 00 IKOJOTHYECKON CTOPOHE BOIpoca. MHOTOJIETHU OIBIT
HCCIICIOBAaHUKA B 3TOW cdepe TOKa3ad OTCYTCTBHE CTPYKTYPUPOBAHHOTO TOAXONA K OIEHKE 3KOJOTHMYEeCKOH
0e30IIaCHOCTH TOPOJCKUX TEPPUTOPHH, BKIOYAIOMIETO B ceOs MOJ00p ONTHMAIHHOTO TMEPEdHs IMPHPOIO0O0XPAHHBIX
MeponpusaTuil. Ilpu 3TOM HaydHble NOJIXOJbl, OCHOBAHHBIE Ha SKOJOTMYECKOW XapaKTEPUCTHUKE COBOKYMHOCTH
MIPUPOAHBIX yCJ'IOBI/II‘/II, OMPCACICHUU TPECACIbHO OONMYCTHUMbBIX TEXHOTCHHBIX HArpy30K, BBIABICHHU 3KOJIOTMYCCKU
3HAYMMBIX ITapaMeTPOB OKPYKAIOIEH Cpe/ibl, TAKUX KaK KOJIMYECTBO KHCIOpOoJa B aTMOC(HEPHOM BO3AyXE MM HAJIUYHE
C€CTCCTBCHHBIX BOJHBIX PECYpPCOB, Tpe6y}0T 3HAYUTCJIbHBIX BPEMCHHBIX U TPYAOBBLIX 3aTpaT, U OHU, KaK IpaBUJIO, HE
MIPUBS3aHbI K KOHKPETHBIM 00BEKTaM TOpoACcKoil cpenbl. OHAKO rPaJOCTPOUTENBHBIE IPOCTPAHCTBA B 3aBHCUMOCTH OT
(YHKIMOHAIBHOTO Ha3HAYEHUsI CO/IEPXKAT THUIIOBBIE aHTPOIIOTEHHBIE 0OBEKTHI, CPENI KOTOPBIX MPeo0IaialoT 00bEKTHI
KaIUTaJIbHOTO CTPOUTENLCTBA H OJIAarOyCTPOMCTBA TePPUTOpHA. XapaKTep HETATUBHOTO BO3JCHCTBUS Ha OKPYIKAIOIIYIO
Cpeny Takux OOBEKTOB, OYCBHIHO, SBISCTCS TOKE THUIIOBBIM. B CBSI3M ¢ 3THM LIETBbIO JAHHOTO MCCICIOBAHUS SBISCTCS
cucTeMaTm3anus W YHUQUKAIWs MHOTOYUCICHHBIX HETATHBHBIX (DaKTOPOB, BO3ICHCTBYIONINX HAa TE WIA HWHBIC
TEPPUTOPUN OOBEKTa KANMUTAIFHOI'O CTPOUTEIBCTBA U OJarOyCTPOWCTBA, B 3aBUCHMOCTH OT (DYHKIIMOHAIBEHOTO
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Ha3HA4YeHUs] ¥ TEPPUTOPHU, M DACIIOJIOKEHHBIX Ha Hel o0bekToB. Takue npeoOpa3oBaHMs aBTOPHI HpeIaraioT
MIPOM3BO/INTH AaBTOMATH3HPOBAHO B PaMKax pa3pabOTaHHOH OHJIaWH-TUIaT)OPMBI.

Mamepuanvt u memoowvi. JIjis OLEHKM HETaTUBHOTO BO3JCHUCTBHUS HAa OKPY’KAIOIIYI0 TOPOJCKYIO CPEIy HEraTUBHBIX
(akTOpOB IpedsIaraeTcsi MCHOJB30BATh METOJMYECKUIH I10/1X0/, OCHOBaHHBIH Ha KOHLENIWH (PyHKIHOHAIBHOTO
3onMpoBaHus Ttepputopuu. Cormacno I['pK P®, nmns kxaxnoidl ¢GyHKIMOHANBHOW 30HBI XapakTEpPHO HaJIH4He
OTIpE/ICTICHHBIX O0OBEKTOB KANHWTAIBHOTO CTPOMTENHCTBA M OiaroycrpoiictBa. J{ias MOCTHKEHHS MOCTAaBICHHON
B MCCJICIOBAaHUH IIEJIA HCTOJIH30BAHBI METOJBI COTIOCTABUTEIFHOTO W CHCTEMHOTO aHAnmW3a W 0000meHns. ABTopaMu
IIOJIy4EHBI U CUCTEMATU3UPOBAHBI PE3YJIbTAThI, KOTOPBIE MOKA3AJIM CXOKECTh HETaTUBHBIX BO3ACHCTBUN OT OHUX U TE€X
K€ TUTIIOB 0OBEKTOB KAaIIUTATLHOTO CTPOHUTENBCTBA M OJIar0yCTpOiiCTBa TEPPUTOPHIA.

Pe3ynomamut uccnedosanun. OueHKka HETATHBHOTO BO3ICHCTBUS Ha OKPYXKAIOIIYIO Cpely OOBEKTOB KaIHUTAIBHOTO
CTPOUTEIBbCTBA W  OJaroyCTpOWCTBa TEPPUTOPUH  SBISIETCSI 4YacThl0  HAYYHO-MCCIIENOBATENbCKOW  paloThl,
MIOJITOTOBJICHHON B paMKax rocyjaapcTBeHHOH mporpammsl «lIpuopurer-2030%». CuCTeMHBIH HOAXO0 K MCCIEIO0BAHUIO
HEraTUBHBIX (PAKTOPOB TOPOJICKOW Cpebl MO3BOJUT CTPYKTYPHUPOBATH HMEIOLIYIOCS WH(OPMALUIO, 3HAYUTEIHHO
YCKOPUTb €€ aHalu3 U IPUHATUE HA €€ OCHOBE COOTBETCTBYIOIIMX PEUICHUM 3a CUET YCTaHOBICHHBIX ABTOPaMH
B3aMMOCBSI3¢ MEXAy MapaMeTpaMl HETaTHBHBIX (DaKTOpOB, THIIAMH OOBEKTOB W (PYHKIIMOHAIBHBIMH 30HAMH,
B KOTOPEIX OHH PACIIONIOKEHBI. [IpemaraeMblii MOAX0 ] pealn3yeTcs B paMKax pa3padaThiBacMON aBTOpaMHU OHJIAWH-
mwratpopmel. Ilpu 3TOM st obecriedeHUs JKOJIOTHICCKOH O€30IacHOCTH TEPPUTOPHUH OHH  PYKOBOJCTBYIOTCS
OCHOBHBIM NPHUHLHUIIOM, 3aKIIYAIOIIMMCI B YCKOPEHHOM NPOBEICHUHM aBTOMATHU3MPOBAHHOM OLEHKH HEraTHBHBIX
(aKTOPOB, UCXOIAIINX OT 00BEKTA KATUTAIHHOTO CTPOUTEIHCTBA HMIIH OJIaroyCTPOUCTBA TOPOJICKON CPEIbL.
Obcysycoenue u 3aknrouenue. llomydeHHBIE pPe3yNbTAaTHl HCCIIENOBAHUM, BKIIIOYAIOMIME B CE0Sl CHCTEMAaTH3ALIHIO
HETaTHBHBIX (DaKTOPOB BO3NCHCTBHA HA OKPYIKAIOIIYIO Cpeny TEPpPUTOpHUNl OOBEKTOB KAaIHTAJFHOTO CTPOHTENIECTBA
1 OJIaroycTpoiicTBa B 3aBUCHMOCTH OT (DYHKIIMOHAIBHBIX 30H MX PACIIOJIOXKCHUS, SBJSIFOTCS OCHOBOW JIsl JajbHCHIeH
pa3paboTKy METOIMKH 00ECTICUEeHHS HKOIOTHUECKO O€30MacCHOCTH TOPOJICKON Cpeibl. MaKCUMAIbHO MOJTHOE BBISIBICHUE
BCEX IKOJOTHYECKH OMACHBIX (PAaKTOPOB 00ECHEeUNT BO3MOYKHOCTh BCECTOPOHHEH OIIEHKH HEraTHBHOTO BO3/EHCTBHUS Ha
OKPY’KaIoIIyI0 Cpely OOBEKTOB KaITUTAILHOIO CTPOUTEIILCTBA M O1aroyCTpONCTBa TOPOACKUX TEPPUTOPHIA.

KaioueBble ciioBa: skosorndeckasi 0e30MacHOCTb, OLEHKA HETaTUBHOTO BO3/EHCTBUS, OKpYXKaromias cpena, 00beKTh
KalMTaJIFHOTO CTPOUTEIIHCTBA, OJIar0yCcTpOHCTBO TEPPUTOPHIA, FOPOJICKast cpeaa

BnarogapHocTu. ABTOpPBI BBIp@XKAIOT OJIATOJIAPHOCTh PENAKIMK M PEIEH3eHTaM 3a BHHUMATEIbHOE OTHOIICHHE
K CTaThe W yKa3aHHbIE 3aMeYaHus, KOTOPbIE TIO3BOJWIN MOBBICUTH €€ KaueCTBO. ABTOPHI MPU3HATENBHEI PyKOBOJICTBY

3a MIOMOIIIb, OKa3aHHYIO B IIPOLECCE MOATOTOBKU MMPOCKTA.

dunancupoBanme. VccneqoBaHusl BBIMOJHEHBI 32 CYET T'PAHTOBOM MOJIEPKKH OT JIOHCKOro TrocyaapCTBEHHOTO
TEXHUYECKOTO YHHBEPCHTETA 10 UToraM KoHKypca «Hayka-2030».

Jas uurupoBanusi. Camapckas H.C., Kormsaposa E.B., JIeicoBa E.Il. OcHOBHbIE Hay4yHbIE TPUHIUIBI CHCTEMHOTO
MOAX0/a K ONPEICICHUI0 HETaTUBHBIX (DaKTOPOB, BO3ICHCTBYIONIMX Ha OKPYXKAIOIIYIO CPEIy TOPOACKUX TEPPUTOPHIL.
besonacnocms mexuoeennvix u npupoornwvix cucmem. 2023;7(4):20-29. https://doi.org/10.23947/2541-9129-2023-7-4-20-29

Introduction. The development of society is inextricably linked with the formation of an appropriate habitat.
Scientific and technological progress, discoveries in various spheres of life, the widespread use of mechanisms made it
possible to expand the human habitat even in areas that are difficult to develop. At the same time, the possible negative
impact on the environment in the process of economic activity began to be talked about a little more than a hundred
years ago, and the term "sustainable development" and its principles were first formulated in 1972.

Currently, the issue of ensuring environmental safety of both human habitat as a whole and the individual spheres of
life or activity is extremely relevant and discussed. According to the authors, this is due to the fact that there is still no
convenient systematic methodology for selecting environmental measures for capital construction and urban facilities.
The first step to describe it is to systematize negative factors affecting the components of the environment. At the same
time, the analysis of environmental problems shows that they are most clearly manifested primarily in the urban
environment, where there is a replacement of natural biogeocenosis with urban- and agrocoenosis, as well as deep
inseparable relationships between natural components and elements of highly urbanized territories appear. By highly
urbanized territories, the authors of this work understand the territories of megacities, urban agglomerations, and large
cities. Such forms of settlements occupy a significant part of the land; most of the world's population is concentrated on
them.
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The spectrum of impact of highly urbanized territories on the environment turns out to be extremely wide, with the
maximum concentration of negative factors. However, as practice shows, project documentation for capital construction
and landscaping projects does not prescribe the full range of negative influencing factors, and, as a result, the envisaged
project measures to protect the environment do not give the proper effect, since they rely on standard solutions copied
from project to project.

Materials and Methods. The works of such domestic and foreign scientists as Vetrov N.M., Verekh T.V.,
Bespalov V.I., Gerasimov E.B., Gagarin E.S., Mahmudi A., Shein S.G. and others, including the authors of this
material, are devoted to the study of approaches to solving issues of ensuring environmental safety of urban areas [1, 2].
The research results show that a large metropolis almost completely changes the natural components: atmospheric air,
soil cover, phytocenosis, relief, surface and groundwater, climate [3—-5]. There are inextricable links between the
elements of urban environment and natural components. Thus, a typical example is a city street, where the
anthropogenic elements are buildings, motor transport, road surface; and green spaces and atmospheric air are natural
components [6, 7]. Such a connection inevitably leads to a negative impact of elements of the urban environment on
natural components, and the spectrum of this impact is so wide that it causes a number of problems characteristic of
almost any modern city [8]. To achieve this goal, the authors used methods of comparative and system analysis and
generalization. Having summarized and systematized the results of the conducted analytical studies, it was possible to
present the totality of the most acute environmental problems of a modern city in the form of a diagram (Fig. 1).

Such a variety of identified problems is primarily due to the peculiarity of urban infrastructure [9, 10]. It includes
not only industrial clusters and residential areas with high building density, but also shopping and entertainment
complexes, urban facilities and recreational areas. As a whole, all elements of urban environment should provide
favorable conditions for the population to live. Simultaneously with providing favorable living conditions, elements of
urban environment should not have a negative impact on natural ecosystems. Therefore, the inevitable close interaction
of a set of living beings and a highly urbanized environment generates interdependence and forms a special form of the
ecosystem — an urbanized one.
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Fig. 1. The problems of negative impact of urban elements on natural components of the environment
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It is obvious that the urbanized ecological system constantly consumes external resources and is not capable of self-
regulation. Such a system develops not according to the laws of nature, but according to the needs of human economic
activity. That is why the approach to solving the problem of ensuring balance in an urbanized ecosystem should
be special, taking into account all the parameters of the properties of natural and anthropogenic components of the
urban environment.

Results. The concept of "negative factor affecting the urban environment" implies, first of all, the specifics of the
process of its impact on the surrounding components, during which the signs of negative change appear. Each process
of negative change has its own impact characteristics and is determined by its nature, intensity, and source [11].
However, a comparative analysis of features of the impact of negative factors on the urban environment allowed us
to systematize them by the nature of their impact on the natural components of urbanized territories.

The inevitable and, perhaps, the most negative factor in the urban environment is the use of land as a spatial basis
for the construction and placement of objects of economic activity. Depending on the nature of use, the land is subject
to depletion, preconsolidation, pollution, flooding, etc. The environmental requirements set out in Chapter VII of the
Law "On Environmental Protection" regarding the placement of economic activities, their design, construction and
reconstruction, as well as commissioning, do not fully ensure equilibrium in the urbanized ecosystem and lead to the
above-described consequences.

Widespread pollution of natural components in the process of urbanized ecosystems functioning is associated with
the active growth and development of industry, transport systems, construction of energy facilities and, of course,
residential space [12, 13]. Of course, the degree of influence of pollution sources varies and depends on the level of
improvement of urban neighborhoods and a number of socio-economic factors: legislative, political, demographic,
personal and infrastructural [14, 15].

When it comes to the sources of environmental pollution of urbanized territories with chemicals, it can be assumed,
that the most significant of them are the facilities and infrastructure of the motor transport complex. With every
15 thousand km, one car burns an average of 2 tons of fuel, about 30 tons of air, including 4-5 tons of oxygen, which is
50 times more than a human needs, while it emits carbon monoxide into the atmospheric air of cities — 700 kg/year,
nitrogen dioxide — 40 kg/year, hydrocarbons — 230 liters, solids — 2-5 kg/year [16, 17].

The analysis of the results of long-term observations and studies allowed us to conclude that the greatest
contribution to the air pollution of highly urbanized territories was made by cars running on gasoline, to a lesser
extent — cars running on diesel fuel, the minimum contribution — cars running on gaseous fuel [1, 2, 8].

Pollution, as a negative factor affecting the urban ecosystem, largely came from industrial facilities, the maximum
number of which was concentrated in highly urbanized territories and territories directly adjacent to them [10].

It was established that the main sources of pollution among industrial facilities were [7, 10]:

— at ferrous and non-ferrous metallurgy enterprises — crushing and grinding equipment, places of unloading,
loading and pouring of materials, blast furnaces and open-hearth furnaces, installations for continuous casting of metals
and others;

— at chemical, petrochemical and oil refining enterprises — technological equipment in the production of acids,
rubber products, plastics, dyes and detergents, artificial rubber, mineral fertilizers, various solvents (toluene, acetone,
phenol, benzene), in the production of phosphorus;

— at enterprises producing building materials — roasting furnaces, drying drums of various types, lime quenching
reactors, crushing and grinding equipment, drying machines, glass furnaces, bitumen melting units, sorting machines,
drying units, mixers, power units, etc.

The results of monitoring the quality of environmental components in the territories near the location of the above-
mentioned facilities showed that the degree of negative influence of pollutants often exceeded several times the values
established by regulations [12]. When it came to pollutants that were prioritized by the level of content in the urban
environment atmosphere, special place certainly took carbon monoxide and dioxide, nitrogen and sulfur oxides,
aromatic hydrocarbons, solids, including inorganic, with different content of silicon dioxide, compounds of lead,
chromium, vanadium, mercury and other chemical elements, organochlorine substances, phenol, benzene and its
homologues, formaldehyde, ammonia, benz(a)pyrene, hydrogen sulfide, carbon disulfide, volatile organic compounds,
pesticides [13]. All this confirmed the fact of insufficiency or inefficiency of the envisaged organizational,
technological and special engineering and environmental measures designed to ensure the ecological safety of the

urbanized territory.
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Despite active development of the principles of green urbanism, there was still a shortage of green spaces in large
cities and the condition of the existing plantings was deteriorating. This was manifested in the violation of production
process, deformation and thinning of crown, progression of dryness, as well as necrosis and chlorosis of leaves and
needles. Such processes occurred not only due to pollution of components of the urban environment, but also due to a
decrease in soil fertility, its compaction and pollution. The authors revealed that these negative factors were particularly
intense in areas of multi-storey buildings. Therefore, solving the problem of planting of urbanized neighborhoods, it
was necessary to investigate and take into account a whole range of negative factors that depressed vegetation and, as a
result, led to the loss of its ecological functions. Green spaces deprived of their qualities were not only useless for
ensuring balance in the urban ecosystem, but were also aesthetically difficult to perceive.

Along with the above negative factors, urban environment was subject to the intense influence of various physical
fields: acoustic, vibrational, electromagnetic, thermal, radiation [6, 7]. At the same time, acoustic discomfort was
created primarily by objects of the transport system: air, rail, road and water transport. Sports and entertainment
facilities, industrial cluster and housing facilities, and communal services made a significant contribution to the acoustic
pollution of the urbanized environment. Long-term studies also established that urban noise sources created an excess
acoustic background, which negatively affected the health of the population living on this territory [5].

As a rule, a negative acoustic background in an urban environment increased the vibration effect from urban rail and
road transport. It was known that prolonged regular vibration exposure of living components to the environment led to a
change in the habitat of organisms and had a destructive effect on the human central nervous system [14].

Another significant negative factor in a highly urbanized urban environment was the electromagnetic field. The
sources could be power supply complexes, extended power transmission lines, thermal power plants and transformer
substations, cellular base stations, television complexes, radar installations, and radio stations [15].

Along with the electromagnetic field, the urbanized environment was negatively affected by the thermal field.
Excess heat in the urban environment arose from such facilities as thermal power plants, nuclear power plants, boiler
houses, heating mains, oil production and processing facilities, metallurgical plants, vehicles, subways, underground
heated structures [16].

The most dangerous type of physical pollution in the urban environment was radioactive emission, which did not
manifest itself under normal conditions of urban infrastructure development. The risk of this factor occurred during the
liquidation of man-made accidents at nuclear power facilities. However, in recent years, much attention has been paid to
the issue of ensuring safety of such industrial facilities, so the probability of the appearance of a nuclear radiation factor
remains minimal.

The most uncontrolled negative factor in a highly urbanized environment could be considered biological pollution
associated with the appearance and spread of pathogenic microorganisms in the atmospheric air, in water bodies or in
the soil, leading to the threat of all kinds of changes in the health of the population, an outbreak of epidemics. The main
sources of pathogenic microorganisms were the objects of drainage and water supply complexes, public catering
facilities, cemeteries, medical and laboratory institutions, agricultural enterprises [17].

The detailed description of the types of negative factors affecting the environment of urban areas presented above
showed, on the one hand, the variety of types of impacts, and on the other hand, the need to build relationships and
systematize the listed parameters for the possibility of automated work with them.

During the study of the impact of negative factors on the city environment and the subsequent measurement of the
ranges of their impact, the authors analyzed the functional zones of a typical urban area in order to identify the sources
(objects) of the appearance of such negative factors. The conducted analytical studies showed a wide variety of factors
that could negatively affect the environment of highly urbanized territories. The system approach proposed by the
authors allowed structuring information, speeding up its analysis and making appropriate decisions in the subsequent
selection of environmental measures for each specific case. At the same time, the main principle that guided the authors
was the prompt solution to the problem of ensuring the environmental safety of the territory of a construction or
landscaping object.

Any task assumes an array of source data, which should provide a complete picture of the intended course of solving
the problem. In the situation under consideration, the array of initial data should obviously include such information as
the process being implemented, as a result of which it is necessary to ensure environmental safety (construction or
operation), the name of the object of research (industrial enterprise, shopping center, hotel, car wash, railway station,
etc.), the functional zone in which this object is located (planned), a list of negative factors of the impact of the object in
question on environmental components (physical, chemical, biological effects). In this regard, it is advisable to structure
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this kind of information using the method of an interconnected hierarchy of functional zones and related construction
and capital repair facilities with negative factors affecting the territories of the facilities and their parameters (Fig. 2).

With this method, the construction of a multi-level data system using a software package will allow you to visually
present a large array of data quite easily. The entire path shown in Figure 2 can be automated by providing an analytical
task to a software package. After going through several steps sequentially, the user will be able to quickly come to the
goal — to get a set of those negative environmental impact factors that are characteristic of the particular object located
in a certain functional area of the city.

The obtained exhaustive set of negative factors allowed us to determine further ways of work: carrying out
instrumental measurements to determine the parameters of their impact, followed by a detailed selection of a list of
environmental measures, or receiving recommendations on a list of possible measures to reduce the negative impact on
environmental components without taking measurements.

[ Negative environmental impacts of urbanized territories ]
) Functional areas Communal and
Recreational
| | warehouse
{ Residential ] [ Industrial ’ [ Economic ] External transport
[ Construction and capital repair facilities ]
Residential buildings,
public utility facilities, Industrial enterprises, Business centers, Railway stations, bus
educational facilities, energy facilities, office spaces, stations, airports,
parking lots, small retail warehouses, freight apartments, shopping river (sea) ports,
facilities, cultural stations, storage and entertainment highways, railways,
facilities, religious facilities, parking lots, complexes, parking air corridors
buildings canteens lots and parking lots
. N T e D
Boarding houses, rest Negative factors from objects Wholesale bases
\ . | ~ v
houses, campsites, L warehouses for various
physical culture and purposes, vegetable
sports facilities, tourist warehouses, wholesale
bases, health camps Emissions 1nt9 Alienation of markets, service stations
the atmospheric -
- land
\ j air \ /
Wastewater . .
discharges into Waste generation Cutting down green High SOl.ll’.ld pressure level
: spaces (acoustic discomfort)
reservoirs

Parameters of negative factors

Fig. 2. Systematic approach to the assessment of negative environmental impact of the territories of capital construction and
landscaping facilities, depending on the functional zones where they are located

Discussion and Conclusion. Ensuring environmental safety is an important condition for the widespread
development of society. Therefore, it is necessary to reduce the negative impact on the environment from various types
of human economic activity, including the entire range of construction work. The solution to the problems of ecological
safety of urbanized territories is based on a deep analysis of the factors that violate the ecological balance and cause
negative consequences in the environment. In modern conditions of electronic products development, the creation of a
software package that implements the systematic approach proposed by the authors to determine the negative factors
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affecting the territories of capital construction and landscaping facilities, taking into account the functional zones where
they are located, seems very promising. The generated data array with the information about negative environmental
factors from the functioning of various capital construction and urban facilities will optimize the selection of
environmental protection measures for each specific case, reducing time costs by automating the process. The
introduction and implementation of such measures will contribute to the balanced development of urban environment
and improve the quality of life of residents.
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3asenennulil 6K1A0 ABMOPOE:
H.C. Camapckas — ¢popMUpOBaHHE KOHIETIITUN U TEKCTA CTAThH.

E.B. KomiisipoBa — BBIOOp TeMaTHKH, 0OOCHOBaHWE aKTYaJIbHOCTH U HAlPaBJICHUS! MCCIIEIOBAHUS, KOPPEKTUPOBKA
TEKCTa, PYKOBOJICTBO HayYHO-UCCIIEJ0BATEIbCKOH paboToii B pamkax mporpammsl «IIpropurer-2030».

E.IL. JIeicoBa — BBINOJIHEHUE I/ICCJIeL[OBaHI/Iﬁ, IIOAroToBKa peKOMeH[[aIII/Iﬁ U KOPPEKTHUPOBKA TCKCTA, aHAJIU3

pe3yIbTaToB.
Konghnuxm unmepecos: aBTOpHI 3asBISIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Bce asmopur npouumanu u 0006punu oxonuamenvuulii apuUAHm pyKORUCH.
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Analysis of Water Consumption During Fire Extinguishing at Objects of Different Functional
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Abstract

Introduction. Fire-fighting water supply systems play a primary role in ensuring effective fire extinguishing. Many
researchers both in our country and abroad have considered the requirements for fire-fighting water supply and
problematic issues in this area. At the same time, in order to update the requirements for fire-fighting water supply, it is
necessary to study the actual water consumption on fires, taking into account the characteristics of fire objects. The aim
of this research was to analyze the water consumption for outdoor firefighting depending on the characteristics of the
fire object and compare the actual water consumption with the requirements of regulatory documents on fire safety.
Methods and Materials. The authors used statistical data on fires in the Russian Federation for 2019-2021 from the
federal state information system "Federal Database "Fires". Methods of statistical data analysis and classification of
statistical data were used to determine the actual water consumption for outdoor firefighting, depending on the class of
functional fire hazard of the fire object. Visualization of the obtained results was performed by the method of graphical
representation of data in the form of histograms and pie charts.

Results. The analysis showed that the highest average water consumption was required for objects of the functional fire
hazard class F1.2 "hotels, dormitories (with the exception of apartment-type dormitories), dormitory buildings of
sanatoriums and rest homes of general type, campsites" — 10.7 1/s. For apartment buildings, the highest average water
consumption was required to extinguish fires that had arisen in the attic — 10 I/s and in the garret — 9.2 I/s.

Discussion and Conclusion. The results of the analysis can be used to clarify the requirements for water consumption
for outdoor firefighting, depending on the functional fire hazard class of the object and the number of floors of
buildings. In order to meet these requirements, regular monitoring of fire-fighting water supply systems is required, as
well as timely maintenance and repair of external and internal fire-fighting water supply systems.

Keywords: water consumption, fire, functional fire hazard, building, number of floors
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AHaJIN3 pacxoia BoJAbl NPH TYIIEHHH MOKAPOB HA 00bEKTaX Pa3HbIX KJIACCOB
(pyHKIHOHAILHOM NOKAPHOH OITACHOCTH

A.A. Konpamos = D4, E.B. Boopuunes =, E.}O. YaaBuosa'=', C.U. Piomuna
Bcepoccuiickuit HayqHO-HCCIIEI0BATENIBCKHI HHCTUTYT IPOTHBONOXKapHOH 060porsl MUC Poccnw, . Banammixa, Poccuiickas Oeneparnus

< akond2008@mail.ru

AHHOTALINA

Beeoenue. CucteMbl TIPOTHBOIIOXXAPHOTO BOJOCHAOKEHUSI WIPAIOT MEPBOCTEIICHHYIO pPOJIb B  00ECHEYEeHUH
5 (QEKTUBHOTO TYIICHHS MOXapoB. TpeOoBaHHS K NPOTHBONOXXaPHOMY BOJOCHAOKEHUIO M MPOOJIEMHBIE BOIPOCHI
B 3TOW 00JIACTH paccMaTpHUBAINCh MHOI'MMH HCCIIeIOBAaTEsIMU KaK B Hallleil cTpaHe, Tak U 3a pyoexoM. B To ke Bpems
JUIl aKTyaJln3allMd TpeOOBaHUM K MPOTHUBOINOXAPHOMY BOJOCHAOKEHHIO HEOOXOAMMO H3ydeHHE (HaKTHIECKOTO
pacxoza BOIBI Ha MOXKapax C y4eTOM 0COOEHHOCTEH 0OBEKTOB mMokapa. Llerapro HaCTOAIIET0 MCCIeTOBAHMS SBISECTCS
aHaJIN3 Pacxoja BOIBI Ha HApYKHOE MOXKapOTYIICHNE B 3aBUCHMOCTH OT XapaKTEPHUCTHK 00bEKTa MoXapa M CpaBHEHHE
(haKTHUECKOTO pacxoja BOABI ¢ TpeOOBAaHUAMHU HOPMATHUBHBIX JJOKYMEHTOB IT0 MTOKapHOH O€30ITaCHOCTH.

Memoovt u mamepuansl. VIcnionbp30BaHbl CTaTUCTHYECKHE JaHHBIE 0 moxapax B Poccuiickoit ®eneparmm 3a 2019—
2021 romel, comepxamiecs B (heAaepalbHOW TOCYOapCTBEHHOW HHGpOpMannOHHOW cucteme «®DemepanbHbIii OaHK
nmaHubIX «[loxkapery. s onpenenenus GakTHIECKOTo pacxo/ia BOIbI Ha HApyXHOE MOXKAPOTYIICHNE B 3aBUCMOCTH OT
Kacca (yHKIMOHAIGHON MOXAPHOW OMACHOCTH O0BEKTa IMOXAapa HMCIOJIB30BAHBl METOIBI CTATHCTHYECKOTO aHAIN3a
JTAHHBIX W KIacCH(MKAIWU CTaTUCTHYECKUX AAaHHBIX. BH3yanuzanus moiydeHHBIX pe3yJIbTaTOB BBIIOJIHEHA METOJIOM
rpaduIecKoro NpeCTaBICHHs JaHHBIX B BUE TUCTOTPAMM U KPYTOBBIX JHarpaMM.

Peszynomamut uccneoosanus. I1poBeicHHBIN aHATIN3 TTOKA3all, YTO HAUOOJIBIINH CPEAHUI pacXo BOABI TpeOyeTcs s
00BeKTOB Kiacca (YHKIIMOHAJIBHOU MokapHOW omacHOCTH 1.2 «roCTUHUIBI, OOMIEKUTHS (32 HCKIIOYEHHEM
OOIIEKUTUH KBapTUPHOTO THIIA), CTAJbHBIE KOPIyca CaHATOPHEB M JIOMOB OTAbIXa OOIIEro THUIMA, KEMIIHHIOB» —
10,7 n/c. Jns MHOTOKBapTHPHBIX >KHIIBIX JOMOB HAuOOJBIIMN CpEeAHUIl pacxol BoAbl TpeOyeTcs Uil TYIISHHs
MOXapoB, BO3HUKLIMX Ha yepaake — 10 yi/c u B maHncapne — 9,2 Ji/c.

Obcyrscoenue u 3akniouenue. Pe3ynbTaThl MPOBEIEHHOTO aHalW3a MOTYT OBbITh HCIOJIB30BAHBI JJISi YTOYHEHHUS
TpeboBaHMII K pacxoay BOJABI Ha HapyXHOE MOXKAPOTYIICHHWE B 3aBUCHMOCTH OT Kiacca (DyHKIIMOHATIbHOU IOXKapHOH
OTIaCHOCTH 00BEKTa M 3TAXKHOCTH 3AaHWH. [I71s1 BEITOJHEHUS JaHHBIX TPeOOBAaHUH HEOOXOIUM PEryJISIpHBINH KOHTPOJIb
CHCTEM TIPOTHBOIIOKAapHOTO BOJOCHAOKCHMS, a TaKKE CBOCBPEMEHHOE OOCITYy)XKMBaHHE M PEMOHT Hapy>KHBIX
1 BHYTPEHHHX BOJIOTIPOBOIOB NPOTHBOIIOKAPHOTO BOJIOCHA0KEHHS.

KiaroueBblie ciioBa: pacxonq BOAbl, MOXKap, (I)yHKI_II/IOHaJ'ILHaﬂ ToXapHast OMaCHOCThb, 3JaHUC, 3TA’)KHOCTb

BnarogapHocTu. ABTOpPHI BBIpaXKAIOT OJIArOJIAPHOCTh PEAAKIIMK M PEIEH3eHTaM 3a BHHUMATEIbHOE OTHOIICHHE
K CTaThe M YKa3aHHbIE 3aMeYaHusl, KOTOPbIE MO3BOJIMIIN TIOBBICUTH €€ KaueCTBO.

Jas mutupoanmnsa. Konmgamo A.A., boopunes E.B., Ynmasiosa E.lO., Promuna C.M. Anamu3 pacxojga BOJIbI
IpU TYIICHHH I0XKapoB Ha OOBEKTaX pasHBIX KIACCOB (DYHKIMOHAIBHOW MOXAPHOW ONacHOCTH. bezonacHocmb
mexnoz2enHulx u npupoousix cucmem. 2023;7(4):30-39. https://doi.org/10.23947/2541-9129-2023-7-4-30-39

Introduction. The task of determining the required water consumption for outdoor firefighting is of paramount
importance to ensure effective actions of operational fire protection units when extinguishing fires. Data on water
consumption for outdoor firefighting are used in determining the composition of forces and means of operational fire
protection units, drawing up fire extinguishing plans, determining the requirements for outdoor fire water supply
systems.

The problems associated with the supply of water to outdoor fire-fighting water supply systems have been
considered by many researchers [1-4]. In particular, Zayko V.A., Ilyin N.A., Sargsyan A.M. paid special attention to
fire extinguishing organization in small settlements, where, as a rule, there were no fire-fighting water supply systems
and the rapid arrival of special fire equipment was not always ensured [5]. Abrosimov Yu.G., Kiselev L.Yu. came to the
conclusion that it was necessary to develop new standards and adjust the existing regulatory documents regarding the
estimated extinguishing time and water costs for firefighting for cities with a population of more than a million
people [6]. Chudakov A.A., Metelkin I.I., Shumilin V.V. analyzed the available information about hydraulic structures
intended for fire-fighting purposes [7]. Kalach A.V., Rodin V.A., Sinegubov S.V. considered optimizing the number
and distribution of hydrants for outdoor fire-fighting water supply and pumping stations using various metrics

Technosphere Safety

31


mailto:akond2008@mail.ru
https://doi.org/10.23947/2541-9129-2023-7-4-30-39
https://orcid.org/0000-0002-2730-1669
https://orcid.org/0000-0001-8169-6297
https://orcid.org/0000-0002-1343-0849
https://orcid.org/0000-0001-6994-7372

https://bps-journal.ru/

32

Safety of Technogenic and Natural Systems. 2023;7(4):30-39. eISSN 2541-9129

measuring distance [8]. Kelishek S., Drzhimala T. considered the main problems related to water supply of fire water
supply systems in high residential buildings [9].

Other publications present the results of studies on the reliability of fire-fighting water supply to attract the attention
of specialists to this issue [10—13].

Code of Rules SP 8.13130.2020 "The fire protection systems. Outdoor fire-fighting water supply. Fire safety
requirements"! ((hereinafter — SP 8.13130.2020) defines the requirements for water consumption for outdoor
firefighting.

For buildings of functional fire hazard classes (hereinafter referred to as FFH) F1, F2, F3, F4, water supply during
fire extinguishing depends on the number of storeys and the building volume and varies from 10 to 35 liters/s per fire.
For buildings and structures of F5 FFH class, water supply depends on the degree of fire resistance, on the class of
structural fire hazard and on the category of buildings and structures for explosion and fire hazard, as well as on the
building volume and ranges from 10 to 100 liters/s per fire.

However, at the same time, there is no specification of the requirements for water consumption for outdoor fire
extinguishing for buildings and structures, depending on the FFH classes. The task of the authors was to determine the
actual volume of water supply during fire extinguishing, taking into account functional fire hazard classes of fire
objects.

Materials and Methods. To determine water consumption when extinguishing fires at various facilities, an analysis
of fires that occurred in the Russian Federation in 2019-2021 in the following subjects was carried out: Moscow,
Voronezh, Tula, Leningrad, Murmansk, Nizhny Novgorod, Samara, Sverdlovsk, Tyumen regions, Krasnodar,
Krasnoyarsk, Primorsky, Stavropol Territories, the Republic of Dagestan, Buryatia, Yamalo-Nenets Autonomous
Okrug.

Statistical data on fires and the actual consumption of water for their extinguishing for 2019-2021 were obtained
from the fire data bank?.

Results. Table 1 shows the distribution of fires by water consumption for objects of various FFH classes, defined in
accordance with Article 32 of the Technical Regulations on Fire Safety Requirements®. Figure 1 provides the
distribution of fires by water consumption for all objects. Fires with water consumption of no more than 7 liters/s
accounted for 79% of the total number of fires, fires with water consumption of more than 60 liters/s were 0.62%, with
water consumption of more than 100 liters/s — 0.18%.

Table 1
Distribution of fires by water consumption depending on functional fire hazard class of the fire object,
% of the total number of fires
FFH Water consumption, liters/s Average.
— — — consumpti
class | 0-3.5 | 4-7 |7.5-12 1223 21-30 | 3140 | 41-60 | 61-80 |81-100 110210 112410 > 140 on P

F1 47.2 | 333 | 10.0 6.6 2.1 0.4 0.3 0.1 0.0 0.0 0.0 0.0 6.8
F1.1 | 639 | 229 4.9 2.8 2.8 0.7 2.1 0.0 0.0 0.0 0.0 0.0 6.6
F12 | 423 | 274 | 11.3 6.9 5.6 1.6 2.8 0.4 1.2 0.4 0.0 0.0 10.7
F1.3 | 69.8 | 19.0 4.8 3.9 1.6 0.4 0.3 0.1 0.1 0.0 0.0 0.0 5.7
F14 | 362 | 403 | 125 7.9 2.3 0.4 0.2 0.0 0.0 0.0 0.0 0.0 7.3
F2 43.1 | 285 | 124 7.3 7.3 0.7 0.7 0.0 0.0 0.0 0.0 0.0 8.2
F2.1 | 42.0 | 275 | 145 7.2 7.2 0.0 1.4 0.0 0.0 0.0 0.0 0.0 8.4
F2.2 | 30.0 | 35.0 | 15.0 5.0 10.0 5.0 0.0 0.0 0.0 0.0 0.0 0.0 9.9
F2.3 | 478 | 21.7 8.7 17.4 4.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.8
F24 | 52.0 | 32.0 8.0 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.7
F3 51.6 | 304 7.5 6.3 2.8 0.6 0.5 0.2 0.1 0.1 0.0 0.0 7.0
F3.1 | 55.0 | 25.5 7.5 6.7 2.8 0.9 0.9 0.4 0.1 0.1 0.0 0.0 7.4

! The fire protection systems. Qutdoor fire-fighting water supply. Fire safety requirements. Csox npasun CIT 8.13130.2020. Electronic fund of legal
and regulatory documents. URL: https://docs.cntd.ru/document/565391175 (accessed 14.08.2023)

2 O vnesenii izmenenii v Poryadok ucheta pozharov i ikh posledstvii, utverzhdennyi prikazom MChS Rossii ot 21 noyabrya 2008 g. No. 714. Order of
the Ministry of Emergency Situations of Russia of 17.11.2020 No. 848. Information and legal portal Garant.ru. URL:
https://www.garant.ru/products/ipo/prime/doc/400020288/ (accessed 14.08.2023)

3 Tekhnicheskii reglament o trebovaniyakh pozharnoi bezopasnosti. Federal Law No. 123-FZ of 22.07.2008. Electronic fund of legal and regulatory
documents.URL: https://docs.cntd.ru/document/902111644 (accessed 14.08.2023)
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FFH Water consumption, liters/s Average.
12.5- 101- | 121- consumpti
class | 0-3.5| 4-7 [7.5-12 20 21-30 | 31-40 | 41-60 | 61-80 |81-100 120 140 > 140 on P
F3.2 | 509 | 242 8.6 9.8 4.0 1.4 0.6 0.4 0.0 0.0 0.0 0.0 7.9
F3.3 | 62.5 0.0 00 | 375 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.2
F34 | 57.1 | 36.7 | 4.1 1.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 5.5
F3.5 | 60.7 | 234 | 7.0 4.9 2.0 0.8 0.8 0.4 0.0 0.0 0.0 0.0 6.6
F3.6 | 46.9 | 37.7 7.3 5.3 2.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 6.4
F3.7 | 438 | 27.1 | 12.5 | 104 | 63 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.8
F4 | 53.7 | 239 | 82 8.5 34 0.3 0.8 0.2 0.5 0.5 0.2 0.3 8.3
F4.1 | 558 | 25.7 6.2 8.8 1.8 0.0 0.9 0.0 0.0 0.0 0.0 0.9 8.0
F42 | 69.2 | 19.2 7.7 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1
F43 | 524 | 23.7 8.7 8.7 4.0 0.4 0.8 0.2 0.6 0.0 0.2 0.2 8.5
F5 | 49.7 | 294 | 87 7.1 2.9 0.8 0.7 0.3 0.1 0.2 0.0 0.0 7.6
F5.1 | 409 | 279 | 11.5 | 10.1 5.5 1.4 1.5 0.7 0.2 0.2 0.1 0.0 9.7
F52 | 538 | 284 | 74 6.4 23 0.8 0.5 0.3 0.1 0.1 0.0 0.1 7.0
F53 | 46.5 | 358 | 9.7 5.4 1.6 0.3 0.5 0.1 0.0 0.1 0.1 0.0 6.7
Total | 47.9 | 32.5 | 9.6 6.7 2.3 0.5 0.4 0.2 0.0 0.0 0.0 0.0 7.0
230 0.5% 0,|4% 0,2%
6.7% “/ - 0-3,5
| = 4-7
‘ “7,5-12
12,5-20
= 21-30
= 31-40
= 41-60
=>60

Figure 2 provides average water consumption during fire extinguishing, depending on the FFH class of fire object.
The highest average water consumption was registered for objects of F1.2 FFH class "hotels, dormitories (except for
apartment-type dormitories), bedroom buildings of sanatoriums and rest homes of general type, campsites" —
10.7 liters/s. In the second place by the value of the analyzed indicator were objects of F2.2 FFH class "museums,
exhibitions, dance halls and other similar institutions in enclosed spaces" — 9.9 liters/s. In the third place — objects of
F5.1 FFH class "industrial buildings, structures, production and laboratory facilities, workshops, crematoriums" —

9.7 liters/s.

The lowest average water consumption was registered for objects of F4.2 FFH class "buildings of educational
institutions of higher education, organizations of additional professional education" — 5.1 liters/s, objects of F3.4 FFH
class "buildings of medical organizations intended for medical activities, except for buildings belonging to
F1.1 category" — 5.5 liters/s and objects of F1.3 FFH class "multi-apartment residential buildings, including apartment-

Fig. 1. Distribution of fires depending on water consumption

type dormitories" — 5.7 liters/s.
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Fig. 2. Average water consumption depending on the functional fire hazard class of the fire object

For objects of F1 FFH class, fires with water consumption of no more than 7 liters/s accounted for 80.5% of the total
number of fires; fires with water consumption of more than 60 liters/s were 0.15%, with water consumption of more
than 100 liters/s — 0.08%.

For objects of F1.3 FFH class "multi-apartment residential buildings, including apartment-type dormitories", the
distribution of fires by water consumption, depending on the floor on which the fire occurred, is shown in Table 2. Fires
in apartments and on the premises of shared ownership (basements, mansards, attics) were considered. Figure 3
provides the distribution of fires by water consumption for these objects. Fires with water consumption of no more than
7 liters/s accounted for 88.4% of the total number of fires, fires with water consumption of more than 60 liters/s were

0.25%, with water consumption of more than 100 liters/s — 0.06%.

Table 2

Distribution of fires by water consumption, depending on the floor on which the fire occurred, for objects of F1.3 FFH
class "multi-apartment residential buildings, including apartment-type dormitories", % of the total number of fires

Water consumption, 1/s Average
Floor 12.5— 1- | 101- | 121— consumpti
0-3.5| 4-7 |7.5-12 20 21-30|31-40 | 41-60 | 61-80 21300 1020 140 > 140 on P
basement | 854 | 12.8 | 0.3 0.7 0.3 0.2 0.3 0.0 0.0 0.0 0.0 0.0 43
semibasem| 70.3 | 25.0 | 0.0 1.6 1.6 1.6 0.0 0.0 0.0 0.0 0.0 0.0 5.3
ent

1 645 | 19.7 | 6.8 5.6 2.1 0.5 0.4 0.2 0.0 0.0 0.0 0.0 6.2
2 674 | 212 | 42 3.5 2.1 0.4 0.6 0.2 0.1 0.1 0.0 0.0 6.1
3 76.6 | 194 | 15 1.9 0.4 0.1 0.0 0.1 0.1 0.0 0.0 0.0 4.6
4 78.9 | 18.0 | 1.8 0.8 0.2 0.4 0.0 0.1 0.0 0.0 0.0 0.0 4.5
5 81.5 | 149 | 1.7 1.3 0.3 0.2 0.1 0.1 0.0 0.0 0.0 0.0 4.4
6 77.0 | 19.7 | 0.8 2.2 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 4.5
7 779 | 200 | 1.2 0.3 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 4.4
8 83.7 | 134 | 15 0.0 0.6 0.3 0.3 0.0 0.0 0.0 0.0 0.3 4.8
9 774 | 189 | 23 1.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.4
10 82.7 | 133 | 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 6.2
11 90.1 | 5.6 1.4 0.0 1.4 1.4 0.0 0.0 0.0 0.0 0.0 0.0 4.5
12 80.8 | 19.2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.1
13 857 | 95 24 24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2
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Water consumption, 1/s Average
Floor 12.5— 81— | 101- | 121- consumpti
-3. -7 |7.5- — — - >
0-3.5| 4-7 |7.5-12 20 21-30|31-40 | 41-60 | 61-80 100 | 120 | 140 140 on

basement | 85.4 | 12.8 | 0.3 0.7 0.3 0.2 0.3 0.0 0.0 0.0 0.0 0.0 43

semibasem| 70.3 | 25.0 | 0.0 1.6 1.6 1.6 0.0 0.0 0.0 0.0 0.0 0.0 53

ent
14 75.0 | 22.2 0.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5
15 85.7 114 29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0

16 83.8 | 10.8 | 2.7 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 43

17 89.5 | 105 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8

18-25 84.4 | 89 4.4 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 43

mansard | 564 | 3.6 12.7 | 145 | 109 1.8 0.0 0.0 0.0 0.0 0.0 0.0 9.2

attic 443 | 203 | 149 | 98 5.7 2.2 1.6 0.6 0.3 0.3 0.0 0.0 10.0

Total 693 | 192 | 49 4.0 1.6 0.4 0.3 0.3 0.1 0.0 0.0 0.0 5.7

0,4‘%} 0,3%

Fig. 3. Distribution of fires on objects of F1.3 FFH class depending on water consumption

Figure 4 provides average water consumption during fire extinguishing, depending on the floor on which the fire
occurred, for objects of F1.3 FFH class. The highest average water consumption was registered for fires that occurred in
the attic and mansard —10 and 9.2 liters/s respectively, as well as on the first and second floors — 6.2 and 6.1 liters/s.
For fires that have arisen on other floors, the average consumption was in the range of 4-5 liters/s. The exception was
the 10th floor. For fires on this floor, the average water consumption was 6.2 liters/s. Such a large expense was received
due to one fire that occurred on September 30, 2021 in Tyumen at the address: Vostochny Administrative District,
Narodnaya str., 10, for the extinguishing of which 15 units of fire equipment were involved and 26 fire-hose barrels
were used. The total water consumption was 421 liters/s. With the exception of this fire, the average water consumption
for fires on the 10th floor was 4.1 liters/s.

For objects of F2 FFH class, fires with water consumption of no more than 7 liters/s accounted for 71.5% of the total
number of fires, fires with water consumption of more than 30 liters/s accounted for 1.46%, fires with water
consumption of more than 60 liters/s were not registered during the period under review. The average water
consumption at facilities of F2 FFH class was 8.2 liters/s.
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For objects of F3 FFH class, fires with water consumption of no more than 7 liters/s accounted for 81.9% of the total
number of fires, fires with water consumption of more than 60 liters/s were 0.38%, with water consumption of more
than 100 liters/s — 0.08%. The average water consumption at facilities of F3 FFH class was 7.0 liters/s.

For objects of F4 FFH class, fires with water consumption of no more than 7 liters/s accounted for 77.6% of the total
number of fires, fires with water consumption of more than 60 liters/s accounted for 1.13%, with water consumption of
more than 100 liters/s — 0.48%. The average water consumption at facilities of F4 FFH class is 8.3 /s.

Figure 5 provides the distribution of fires by water consumption for objects of F5 FFH class. Fires with water
consumption of no more than 7 liters/s accounted for 79.0% of the total number of fires, fires with water consumption
of more than 60 liters/s were 0.35%, with water consumption of more than 100 liters/s — 0.18%. The average water
consumption at facilities of F5 FFH class was 7.6 liters/s.

0,8% 7% 0 3% 0,2%

2,9%

=0-3,5
=4-7
=7,5-12
12,5-20
= 21-30
= 31-40
= 41-60
= 61-80
= 81-100

7,1%

<

Fig. 5. Distribution of fires on objects of F5 FFH class depending on water consumption

Discussion and Conclusion. A comparison of the results obtained with the standards of SP 8.13130.2020 showed
the following.

The actual water consumption per fire for buildings of F1.4 class "single-family residential buildings, including
blocked ones" turned out to be higher than for buildings of F1.3 class "multi-apartment residential buildings, including
apartment-type dormitories”, that is, 7.3 liters/s versus 5.7 liters/s. The maximum water consumption per fire in
settlements with low-rise buildings, according to SP 8.13130.2020, was 40 liters/s, while for 29 out of 1000 fires at
facilities of F1.4 class, the actual water consumption exceeded 40 liters/s (Table 1).

According to Table 2, water consumption for external fire extinguishing per fire for buildings of F1.3 and F1.4
classes depended on the number of floors of buildings and their construction volume. As studies have shown, the actual
water consumption practically did not depend on the floor on which the fire occurred, but increased significantly for



Kondashov AA, et al. Analysis of Water Consumption during Fire Extinguishing at Objects of Different Functional Fire Hazard Classes

fires in attics and mansards floors. At the same time, for buildings with a height of no more than two floors, the
SP 8.13130.2020 determines water consumption of 10 liters/s per fire. The actual consumption for 109 out of 1000 fires
for buildings of F1.4 class exceeded 12 liters/s.

The scientific novelty of this study consists in the analysis of actual water consumption for outdoor firefighting,
depending on functional fire hazard class of the fire object. It is shown that the actual water supply during fire
extinguishing differs significantly for different objects — from 5.1 liters/s per fire for objects of F 4.2 class to
10.7 liters/s for objects of F1.2 class.

Thus, the water supply system used for fire-fighting purposes must have a capacity that provides the total amount of
water needed to extinguish a fire, that is, when planning fire-fighting water supply pipelines, it is necessary to take into
account not only the requirements of SP 8.13130.2020, but also the features of protection facilities.

The results obtained in this work can be used to update the requirements of the code of rules SP 8.13130.2020,
which will increase the effectiveness of actions of fire protection units in extinguishing fires.
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A.A. KoHzammos — aHaiu3 CTATUCTHYICCKUX TaHHBIX, HATMCAaHKUE TICPBOTO BapHaHTa CTaThH.

E.B. bobpureB — ¢opMupoBaHde OCHOBHOM KOHIICTIIMH, IEM W 33J1a9d HWCCIIC/IOBAHUS, BBIBOJBI IO PE3yJIbTaTaM
pacdeToB.

E.}O. YaaBnoBa — cOop CTaTUCTHYIECKUX TaHHBIX, PEIAKTHPOBAHNE OKOHYATEIFHOTO BAPHAHTA CTaThH.

C.U. PromrHa — (OpMHpPOBaHWE CITFICKA JIMTEPATYPhI, TOATOTOBKA PHUCYHKOB, PETAKTHPOBAHME OKOHUATESIFHOTO BapHaHTA
CTaTbH.

Konghnuxm unmepecos: aBTOpHI 3asBISIOT 00 OTCYTCTBUH KOH(IINKTa HHTEPECOB.

Bce agmopur npouumanu u 0006punu OKOHUAMENbHBLI BAPUAHI PYKONUCU.
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Abstract

Introduction. The need to increase the level of comprehensive safety, reduce accident and injury rates, minimize the
risk of failures, accidents and catastrophes determines the relevance of research on the relationship of elements of the
"human—machine—environment" (H-M-E) system during open-pit mining. One of the most effective mechanisms for
studying the functional characteristics of the H-M—E system of a coal mine is to conduct simulation modeling in order
to identify problematic situations that trigger accidents with catastrophic consequences and injury to personnel.
Simulation modeling of a technological process involves constructing a model of a real system and setting up
computational experiments to describe the behavior of the system and evaluate various strategies that ensure its
functioning. The aim of the research was to adapt simulation modeling technologies to solve the problem of complex
safety during open-pit mining. Within the framework of the study, the task was to determine the elements that made the
greatest contribution to the implementation of risks in the H-M-E system during stripping operations at a coal mine.
The simulated subsystems were "human", "machine", "environment", and "weather conditions".

Materials and Methods. Stripping process was considered in the ARIS eEPC (extended Event Driven Process Chain)
methodology as a business process linking a set of subprocesses and/or business operations. To build a simulation
model in the AnyLogic software environment, the business process of stripping works in ARIS eEPC notation was
described by a graph representing a structure consisting of objects and connections between them. This approach
allowed us to structure the sequence of events and operations and determine alternative outcomes that arose during
stripping operations.

Results. As part of the research, a method was developed for translating the formal model of the stripping business
process in ARIS eEPC notation into a combined simulation model of AnyLogic. Based on the developed method, a
series of machine experiments was carried out. The elements influencing the realization of the risk of accidents in the
H-M-E system of a coal mine were determined.

Discussion and Conclusion. For the first time in the domestic practice of research of the H-M-E system, simulation
modeling technologies have received an application for the analysis of complex safety indicators during open-pit
mining. According to the simulation experiment results, it was found that the main influence on the decrease in the
reliability of the "machine" subsystem was exerted by the human factor, which, together with the psychophysiological
properties of a person, enhanced the development of the domino effect when implementing various types of risks. The
presented results and experimental approbation of simulation modeling technology can have advanced use in the
analysis of complex technical systems safety, taking into account the influence of human and man-made factors.

Keywords: simulation modeling, “human-machine-environment” system, analysis of risk at an open-pit coal mine,
agent-based modeling of overburden face, AnyLogic, eEPC, ARIS
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NmuTanuonHoe MogeTMPOBAHME NPOLECCa PeaTn3allii PUCKA aBAPUM IIPU NIPOBEACHUHT
BCKPBILIIHBIX pa00T HA YTOJIbHOM pa3pese
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2 Cubupckuii GpenepanbHblii yHuBepeuTeT, T. KpacHospck, Poccuiickas ®enepanus
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AHHOTALMA

Beeoenue. Heo6X0auMOCTh TTOBBIMIEHHUS YPOBHS KOMIUIEKCHON 0€30TIaCHOCTH, CHIDKEHUS TTOKa3aTese aBapuiHOCTH H
TpaBMaTU3Ma, MUHHUMH3AIUN PUCKAa OTKA30B, aBapuil W KaracTpod MpenompenenseT aKTyadbHOCTh HCCIICTOBAHHMA
B3aMMOCBSI3M JJIEMEHTOB CHCTEMBI «4eJOBEK — MamuHa — cpenay («4-M—-C») mpu mpoBENeHHH OTKPBITHIX TOPHBIX
pabor. OmauM u3 Hambosee dPPEKTUBHBIX MEXaHU3MOB HCCICIOBAHMS (QYHKIIMOHATBHBIX XapaKTEPUCTHUK CUCTEMBI
«Y-M—C» yrompHOro paspesa SBISETCS IPOBEICHHE HMHTAIMOHHOTO MOJEIMPOBAHNUS C IIENbI0 BBISBICHUS
POOJIEMHBIX CUTYAIMH, SIBIISIOIIUXCS TPUITEPAMH aBapuil ¢ KaTacTpopUIECKUMHU MOCIEACTBUAMHI M TPABMHUPOBAHHEM
nepcoHaia. MIMUTAIlMOHHOE MOJAEINPOBAHUE TEXHOJIOTHYECKOTO Mpolecca MpeoiaracT KOHCTPYUPOBaHHE MOJEIN
peasbHON CHCTEMBI U TOCTAHOBKY BBIYMCIHMTENBHBIX 3KCIEPUMEHTOB JISI ONMCAHUS MOBEAEHHS CHCTEMBI M OLCHKH
Pa3IMYHBIX CTpATerHii, obecneunBarmux e QyHKHoHNpoBaHue. [{enpro JaHHOTO UCCIIeJOBAHUS SBISCTCS adallTallHs
TEXHOJIOT U UMHUTAIITAOHHOT'O MOJACTIMPOBAHUA JI PCUHICHUA HpOGHeMBI KOMIUIEKCHOM 0€30IaCHOCTH IIpyu IMMPOBEACHUN
OTKPBITBIX TOPHBIX pPaboT. B pamkax wucciienoBaHus IOCTaBIeHa 3a/ada OIPEICNICHUS] DJIEMEHTOB, BHOCSIIUX
HAHOOJIBIINN BKJIAJ B pEAM3aIlHI0 PUCKOB B cucTeMe «UY—M—C» mpu NpOBEICHUH BCKPBIMIHBIX PabOT Ha yroJbHOM
paspese. B kauecTBe MOJETUPYEMBIX OACUCTEM BBICTYNAIOT «4EIOBEK», «MAIINHAY», «CPEIa», KIIOTOJHBIE YCIOBUSY.
Mamepuanvt u memoowt. Tlporiecc BCKpPHIIHBIX paboT paccmorpen B meromoiioruu ARIS eEPC (extended Event
Driven Process Chain) kak OM3HEC-TIPOIIECC, CBS3BIBAIOIIAN COBOKYITHOCTH IOAIIPOIICCCOB H/WMJIH OHM3HEC-OTEepPAITHii.
Jiis mocTpoeHUs MMUTAIMOHHOM Mojenw B TporpaMMHOn cpene AnyLogic Om3Hec-mporecc BCKpBIIIHBIX paboT B
sHotaruu ARIS eEPC ommcan rpadom, mpencTaBisiommM CTPYKTYPY, COCTOAIIYIO U3 OOBEKTOB U CBSI3CH MEKIY HUMH.
JaHHBIA TOOXOA TMO3BOJAECT CTPYKTYPHPOBaTh TIOCIEIOBATEIBHOCTh COOBITHA U OINEpaliii ©  OIPENeITHTh
aJbTePHATHUBHBIC HCXOBI, BOSHUKAIOIINE B IPOLIECCE BHIIIOIHEHISI BCKPBIITHBIX Pa0oT.

Pesynvmamut uccnedosanus. B pamkax vccienoBanus pa3paboTaH METO TPAHCISILMK (OPMalIbHOM Mo/enn Ou3Hec-
npotrecca BCKphIIHBIX pabor B HoTanuu ARIS eEPC B koMOMHMpOBaHHYIO MMHTAlMOHHYIO Mojnens AnyLogic. Ha
OCHOBE Pa3pabOTaHHOTO METO/IA MPOBE/ICHa CEPHsl MALIMHHBIX AKCIIEPUMEHTOB, ONPEEICHBI JJIEMEHTbI, OKa3bIBAIOLIHE
BIIMSIHHE Ha peaju3aliuio pucka aBapuil B cuctreMe «4—M—C» yroapHOro paspesa.

Oébcyscoenue u 3axnioyenue. TeXHOTIOTMH UMHUTALMOHHOTO MOJAEIMPOBAHUS BIEPBbIE B OTEUECTBCHHOI MpaKTHKE
uccrnegoBaHuii cucteMbl «U-M—Cy» MONyYHiIn MPHIIOKEHUE U aHali3a IoKa3aTeliell KOMIUIEKCHOH 0e30macHOCTH
MIPU TIPOBEICHWH OTKPHITHIX TOPHBIX pabdor. [lo pesympraraM HWMHUTAIMOHHOTO JKCIIEPHMEHTA YCTAHOBIIEHO, YTO
OCHOBHOE BITMSTHHIE HAa CHIDKCHHE HAJEKHOCTH ITOJICUCTEMBI «MAIIMHA» OKa3bIBACT YEJIOBEUESCKHUN (PaKTOp, KOTOPHIA B
COBOKYMHOCTH C TICHXO()HU3MOJOTHYECKAMH CBOWCTBAMH YEJOBEKa YCIJIMBACT pa3BUTHE J(PQeKTa IOMHHO TpHU
peamm3alii PUCKOB PA3NMUYHBIX THIOB. [IpeicTaBiIeHHBIE pe3yNbTaThl W OMNBITHAS ampoOarus TEeXHOJOTHH
MMHTAIIMOHHOTO MOJIEJMPOBAHUSI MOTYT UMETh PAcCIIMPEHHOE HCIIOJIb30BaHHE NPH aHaJIM3e OE30MacHOCTH CIIOKHBIX
TEXHHUYECKHUX CHCTEM C YUETOM BIIHMSHUS YEIOBEYECKOTO U TEXHOI'CHHOTO (DaKTOPOB.

KiroueBble c10Ba: MMHUTAIMOHHOE MOJICTUPOBAHUE, CUCTEMa «YCIIOBEK — MAIIMHA — CPEla», COOBITUIHBIN aHAIU3
PHUCKa Ha YTOJBHOM pa3pese, areHTHOE MOJICIMPOBaHIE BCKPBIIHOTO 320051, AnyLogic, eEPC, ARIS

Bnaronapﬂocnl. ABTOpLI BbIpaXXaroT 6J'Ial"0}.'[apHOCTL peaakuu U pPCUHCH3CHTAM 3a BHUMATCIBHOC OTHOLICHUC K
CTaTh€ U YKa3aHHBIC 3aMEYaHNsl, KOTOPBIE ITO3BOJIMIN ITIOBBICUTH €€ Ka4€CTBO.

Jas uurupoBanus. Kosane ML.A., Mocksuues B.B. MmuranmonHoe MoaenupoBaHue IMpoLecca pealu3aluu pucka
aBapuM IIPHM TPOBEACHUM BCKPBIMIHBIX PabdOT Ha YTOJIBHOM paspese. besonacnHocmb mMexmo2eHHuIX U NpupoOHbIX
cucmem. 2023;7(4):40-54. https://doi.org/10.23947/2541-9129-2023-7-4-40-54
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Introduction. During stripping operations at coal mines, the issues of improving safety, reducing accidents, and
eliminating cases of injury have always been and still are in the focus of special attention. It is they that give relevance
to all research in this field. A modern view on the problem of formation of prerequisites for accidents at a coal mine
suggests considering them in the format of the H-M-E system developed in [1, 2]. The system includes an operator-
driver of an excavator, a bulldozer, a drilling rig, a dump truck driver (man), a mine excavator, a bulldozer, a drilling
rig, a dump truck (machine), a stripping face, a coal face, a drilling unit (working environment). These subsystems
interact with each other according to a given technology and the established organization of work within the
technological process. In addition to the main components of the system, its model includes connections between them
and the surrounding environment, which includes weather conditions, mining and geological factors (rock strength,
groundwater level, stability of the side of the section).

Functioning of the H-M—-E system is accompanied by the implementation of various types and risk groups that need
to be identified in a timely manner and take the necessary measures to protect the system and mitigate the consequences
in case of danger. An effective mechanism for investigating functional characteristics of the simulated H-M-E system
of a coal mine and identifying problematic situations that trigger accidents with catastrophic consequences and injury to
personnel is simulation modeling.

Simulation modeling of a technological process involves constructing a model of the system under study and setting
up computational experiments in order to describe its behavior and evaluate (within the limits imposed by some
criterion or their combination) various strategies that ensure functioning of this system [3]. Simulation modeling is a
key tool for studying the behavior of real systems, though it does not solve optimization problems. It rather represents a
technology for evaluating the values of functional characteristics of the simulated system, allowing us to identify its
problem areas [4]. Simulation models are widely used in the prediction of logistics systems behavior, design and
location of enterprises, optimization of the existing processes, training of personnel, etc.

Currently, there are three main directions in the field of simulation modeling: system dynamics, discrete-event and
agent-based modeling. These directions differ in the level of abstraction of the models modeled in their environment.
Three levels of simulation modeling abstraction are noted: strategic (high-level strategies that model the behavior of
people, organizations), tactical (building models of queuing systems and business process models), operational
(building models of mechatronic systems, street and pedestrian traffic, etc.) [5, 6].

The process of stripping operations at a coal mine can be considered in the ARIS eEPC methodology (extended
Event Driven Process Chain — extended notation of the description of the process chain) as a description of the flow of
sequentially performed works, arranged in the order of their execution [7]. This situation is presented as a business
process linking a set of sub-processes, and/or business operations, and/or business functions, during which certain
resources are consumed and a product is created (a tangible or intangible result of human labor: an object, a service, a
scientific discovery, an idea) that is of value to the consumer [8].

Simulation modeling is carried out in the AnyLogic software environment, which is a flexible multi-agent modeling
platform that is used to create a variety of simulation models in the field of business, engineering, logistics and other
fields. Various means of specification and analysis of results available in AnyLogic allow us to build models (dynamic,
discrete-event, agent-based) that simulate almost any real process, perform computer analysis of models without
conducting real experiments and complex computational procedures [9].

Based on the objectives of the study and taking into account the experience of using simulation modeling
technology, the following tasks were formulated that should be solved in this work:

1. Describe the process of stripping in eEPC notation.

2. Translate the stripping face model from the eEPC notation into a combined model of AnyLogic software
environment; conduct a series of simulation experiments.

3. Compare the results of simulation experiments modeling of the process of risk occurrence and its development
into a cause-and-effect sequence of a catastrophic accident and injury to personnel during stripping operations in the H—
M-E system of a coal mine.

Materials and Methods. Business process of stripping operations at a coal mine in the eEPC notation [10, 11] can
be described by a graph as G = {X,V}, where X and V are the main components of the model (Fig. 1)

In Figure 1, G (graph) is a structure consisting of objects and links between them. In this context, the graph
describes the stripping process and its logical structure. It helps to visualize the sequence of events and operations, as
well as to determine what alternative outcomes may arise in the course of work. Figure 2 shows the main types of graph
objects used in the construction of the simulation model.
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Fig. 1. Graph of the stripping process

1. X — set of model objects (graph vertices), where X = {S, F, D, I} and consists of four types of objects:

» S (events): these objects represent various events or stages that occur during stripping operations, for example,
"Setting the excavator in the face", "Rock excavation", "Loading of rock into a vehicle". An example of the
implementation of this object in a simulation model is presented by the service block "Beginning of the mining cycle"
in Figure 2 a.

o F (function): functional objects that can be used during technological operations. These are operations necessary
for the successful completion of the process, for example, visual monitoring of the current state of the excavator or the
face, monitoring the position of the dump truck and other technological equipment or people in the face. An example of
the implementation of this object in a simulation model is presented by the service unit "Visual inspection of the face"
in Figure 2 b.

¢ D (operation): operations required to perform stripping operations, for example, technical inspection or repair of
an excavator, elimination of violations of safety rules, and so on. An example of the implementation of this object in a
simulation model is presented by the service unit "Excavator failure detection" in Figure 2 c.

o [ (XOR/OR rule): these objects define the logic of branching and merging in the process. The OR rule indicates
that after executing several alternative events, the process can continue if at least one of them is completed. For
example, a machinist checks the working condition of an excavator at the beginning of a shift. This event can have two
outcomes: "technical condition is correct"; "malfunctions have been detected". Both outcomes lead to the realization of
different branches of the model development events. The XOR operator means that only one of several alternative ways
of developing the model is selected. For example, when an excavator equipment failure is detected by a machinist, the
XOR operator sets the probabilities of alternative outcomes: "the working condition of the excavator has been restored",
"malfunctions have been identified that do not affect the operation of the excavator", and "operation of the excavator is
unsafe". An example of the implementation of this object in the simulation model is presented by the SelectOutput
block "Excavator failure type, XOR rule" in Figure 2 d.
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Fig. 2. Diagram of graph objects implementation in the simulation model:
a — "event" (the beginning of the mining and excavation cycle); b — "function" (visual inspection of the face); ¢ — "operation"
(detection of excavator failures); d — "XOR rule" (implementation of the type of excavator failure); e — "arc" (transition from shift
acceptance to checking the working condition of the excavator); f— "edge" (alternative ways of branching the further process with
visual control of the state of the face)
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2. V — the set of arcs and edges that connect objects from the set, that is, the vertices of the graph. V is divided into
two subsets:

e Vn (arcs): these relationships between objects indicate a sequence of events or operations. For example, "Shift
acceptance" is associated with "Checking the working condition of the excavator", as this is the next step in the process.
An example of the implementation of the "arc" in the simulation model is shown in Figure 2 e.

e Vr (edges): edges connect vertices with XOR/OR rules, which determine which alternative branching paths may
occur in the process. For example, after the start of "Rock excavation" there may be an edge that connects to the OR
operator. This means that after the extraction of the rock from the pillar, several different events may occur ("safety
violation has been committed", "there is no safety violation"), and the process will continue if at least one of them is
completed. An example of the implementation of an edge in a simulation model is shown in Figure 2 f.

Agent component of the model in AnyLogic is implemented using the base object — an active object. The active
object has parameters, variables that can be considered agent memory, statecharts express behavior: object states and
state changes under the influence of events and conditions. The agent in the simulation model of the stripping process is
the "Environment" block. The logic of the model provides that the "Environment" influences the magnitude of the
driver's error when processing incoming information. In the model, the influence of the "Environment" on the
perception of information by the driver is realized by modeling the state of weather conditions. Heavy rain leads to
deterioration in visibility from the driver's cab, which may be the reason for incorrect perception of information about
the state of the face or the current state of the excavator components. A strong wind raises a cloud of coal dust, which
also disrupts visual contact between the driver and the face. Therefore, when the "Environment" does not generate a
signal about changes in weather conditions, the probability of a driver's error in 1 hour of work is 94%, when a signal
from the "Environment" enters, the probability of an error increases to 96% per hour of work. The generation of
changes in weather conditions is carried out randomly.

The Discrete Event Model in AnyLogic is implemented using probability distribution functions and can be
described as ALM = {Oper, Var}. Such a model is used when events occur at discrete points in time and can affect the
course of the process, and allows you to model and analyze the stripping process taking into account random factors and
variability.

1. Oper — a set of event transition objects between operations performed, includes the following elements:

e Source: a place where events begin or are created, for example, the beginning of the production of works by the
excavator operator after receiving the work order;

o SelectOutput: a mechanism that determines where an event will be directed after it has occurred. For example,
after the driver has completed visual inspection of the condition of the face, SelectOutput will help determine which
action will be the following one: continue work or proceed to the elimination of industrial safety violations in the face.

2. Var — a set of variables that are used in the model to store data or process state. For example, these are variables
that track the execution time of each operation or event.

The interaction of the elements of the proposed model in the process of occurrence and realization of risk is
discussed below on the example of performing a technological operation for excavating rock from an overburden by a
driver of a hydraulic quarry excavator. The aim of conducting an experiment on simulation modeling of the process of
stripping operations at a coal mine in the ARIS eEPC notation was to determine which of the subsystems ("human",
"machine", "environment") makes the most significant contribution to the causal chain of prerequisites for the
implementation of risk in the H-M-E system

Results. The simulation modeling method is applicable for a priori assessment of the possibility of risk realization
and its development into technogenic accidents. At the same time, the requirement for the mass and stochasticity of the
process under study is observed, which allows the use of simulation modeling to predict the implementation of risk and
accident and injury parameters.

At the first stage of the modeling process, the stripping face model from the eEPC notation is translated into a
combined model of the AnyLogic software environment, which allows you to determine the probabilities of events in
the XOR and OR branching rules. Based on the proposed method, a model is built in AnyLogic. After obtaining the
structure of the combined simulation model, the numerical characteristics of the model objects necessary for simulation
modeling are determined: indicators for eEPC functions (work completion time), the number of performers
(organizational units), probabilities of events in the branching rules, probabilities for XOR and OR. A description of the
correspondence of objects of eEPC notation model and elements of the combined simulation model in the AnyLogic
language is given in Table 1.
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Table 1

Description of the correspondence of objects of eEPC notation model and elements of combined simulation model in

the AnyLogic language

Object of the eEPC . . . C ding AnyLogi . .
Jectorthe e Graphic designation OFfeSponcing AnyLogte Description of the AnyLogic element
model element
Function State Simple state of the statechart
FeXeG S«eSchEAEABM (state diagrams)
Initial Event Transition Transition from the hyperstate of the
SseSEXEG @ TmESHEAEABM statechart to a simple state. It can also
Event e D> be determined by the timer set by the

Sm, SFESEXEG

analyst

Material resources

Operation /\ Variable Variables are used to model changing
(Product/ Service) VareEEABM characteristics to store simulation
PeXeG Operation/Service . results. The change in quantitative
() variable -
resources occurs in the state of the
statechart, it is programmed in the
Java language
Branching rules
OR rule Transition When switching from a simple state
R,EREXEG TmESHEAEABM of the statechart to a hyperstate, the
e Dt Action transition method in Java
XOR rule programs the logic of the agent's

Rxor€ REXEG

decision-making

As a prototype of agents, combinations of eEPC operations are used, which are performed in each of the subsystems
"human", "machine", "environment". The behavior of agents is realized by the modules "operation", "function", and
"event". The transition between operations is carried out with a time delay, which is determined stochastically, that is,
each simple operation is given a time delay for transmitting a signal to the next operation. This delay is described by the
probability distribution function corresponding to this operation. The probabilistic logic of XOR and OR branching
rules is implemented during the transition between operations and is programmed in the corresponding stochastic nodes
of the model.

For technological operations of the stripping process, the probability distribution function of its execution time is
determined based on the following indicators:

— statistical data obtained from the results of time study observations;

—calculated parameters (calculation of time intervals of operations based on statistical data);

—expert judgments. In the absence of statistical data, the expert value of the time distribution function of operations
or the probability of an event for a stochastic node was assumed. An example of choosing a probability distribution
function for a simulation model is given in Table 2.
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Table 2
Example of choosing a probability distribution function

Probability distribution

Event .
function

Logic of choosing a distribution function

Discrete transitions from shift acceptance to the start of the mining and excavation cycle. Transition intervals
between operations are expressed in time units, min., hour

Checking the technical Unform (3, 7) Time interval is chosen based on timing
readiness of the excavator,
min.

Perception and processing of information by the machinist during the cycle of excavation and loading operations.
The intervals of transitions between operations are expressed in time units, s.

Visual control of the state of Unform (1, 3) Time interval is chosen based on timing
the face, min.

Realization of risk when performing stripping operations. Transition intervals between operations are expressed in
time units, sec., min.

Actuation of the excavator Exponential Expert assessment
protection (166.67, 0.005) Opening time of the safety valve is considered as a
for the ball valve, s. random event. The opening time of the safety valve is

a random variable with an average value (mathematical
expectation) p, the probability density function of the
exponential distribution has the form f(x) = A * exp(-

Ax), where x — opening time of the valves, A = 1/p —

intensity parameter.
The opening time of the safety valve (x) is from 5 to
15 ms. at the speed of movement of the locking piece
from 10 to 30 cm/s. The ball and conical valves have
the highest speed, which are triggered in 6 and 8 ms.,
respectively.

For the safety valve, the limitation of the response time
within 0.9 seconds is taken into account to avoid
failure of the actuating element. The value of A
(intensity) calculated as the inverse of the opening
time:
for a ball valve: A = 166.67 ms.,
for a conical valve: A = 125 ms.

Probabilities of occurrence of events in the branching rule XOR and OR

Accuracy of the reaction Output true: Gamma Expert assessment
of the driver (1, 1.42857142857, 0.7) For modeling, we use the gamma distribution, since it
allows us to determine the probabilities of the duration of
time before a certain event, i.e. the reaction of the driver
to deviations in extreme conditions.

X =0.7 — hidden reaction time + processing of a unit of
information =42 s. or 0.7 min. Since there are no
statistical data or expert estimates, the assumed values for
the parameters are accepted o =1 and § =
1/x=1/0.7=1.42857142857 (the inverse value of the
minimum reaction time)

The "Environment" agent behavior is set by a state diagram (Java code that randomly generates weather changes:
rain or wind). The simple conditions of the state diagram correspond to the eEPC functions. The agent state diagram
consists of several simple states that the agent enters after each function is performed. The probabilistic logic of the
XOR and OR branching rules is implemented in the Java Action transition method when changing states.
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Figure 3 provides the page for launching the simulation model in AnyLogic. When initiating a simple experiment in
the AnyLogic environment, the model starts with the specified parameter values, supports time mode, animation and
debugging of the model. Before starting the launch, you need to select the start date of the experiment, time and number
of drivers in the shift. The number of drivers in a shift by default is equal to the number of faces and the number of
excavators in a shift.

BokpbilwHon 3abon

R Y . GEREEELE

jews Mechu op  Yac. Mue. Eex.

~

Fig. 3. Launch page for the simulation of the combined simulation model of the stripping face

Figure 4 provides a fragment of the model (shift acceptance) based on the eEPC model, its active objects and
environment. Active objects are entities that can perform actions, change their state and interact with each other inside
the model. They are elements that have their own behavior and can affect other objects and elements of the model. An
environment is an area in which active objects perform their actions, move and interact with each other (for example, a
physical space — a stripping face, an excavator cabin). In a discrete-event environment, active objects process events,
change their state, and interact through event queues.

Driver ShiftAccept ExcOperCondCheck ExcOperCondCheck ExcFailDetect ExcFaillnf Repair

Log OvermanInf  OperatingPermit
L) LN ] L)
10 g IO g 10
A A A
ExcReady ExcOperCondRest Log

10 10

SRViolationsSearch NoSRViolations OutcomeEfFunctDriverReg StartCycle

Transition to a cognitive model of
performing operations by a machinist

FaceOperDanger SRViolationsRec OvermanInf  FaceWorkStop

Fig. 4. Active objects and their environment in the AnyLogic combined simulation model
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Tables 3-9 present the comparison results of the data of modeling the process of risk occurrence and its
development into a cause-and-effect sequence of a catastrophic accident and injury to personnel in the H-M—-E system
of the coal mine. Simulation studies in the AnyLogic system were carried out for the same model period of time
(11 model hours — shift duration) and with the same input data (with 10 experimental identical runs of the model). In
each of the experiments, the number of machinists, excavators and faces was five per shift.

Table 3
Statistics of reliability indicators of the "machine" and "environment" subsystem in the H-M-E system of the coal mine
during shift acceptance, %

Experiment no./
1 2 3 4 5 6 7 8 9 10 Average

operation
"Environment" subsystem
Operation of the face is unsafe | 11 5 10 6 15 13 13 16 13 24 13
Operation of the face is safe 89 95 90 92 85 87 87 84 88 76 87

"Machine" subsystem

Emergency failure - - - - - - - _ _ _

Complex malfunctions - - - — - - — - — _

Troubleshooting issues - 100 - - 100 - - - 100 - 100

Operation time 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 100

Repair time - - - - — — _ _

At the acceptance of the shift by the drivers, the malfunctions that could be eliminated were detected, which did not
affect the unplanned downtime of the excavators, as a result of which the excavators were in operation all the time.

In 87% of cases, when accepting a shift, the drivers did not detect violations of the requirements of the rules of
industrial safety in the face. In 13% of cases, violations were detected, which led to the downtime of the stripping face
"until the violations were eliminated".

Table 4
Statistics of the reasons for reliability decrease of the subsystems "machine", "environment" when performing a cycle of
excavation and loading operations, %

Experiment no./
1 2 3 4 5 6 7 8 9 10 Average
operation

"Environment" subsystem

Violations on the human

46 61 52 67 53 60 64 65 56 | 48 57
factor
Violations due to the
unsatisfactory state of the 54 39 48 33 47 40 36 35 44 52 43

external environment

"Machine" subsystem

Failures during operation 21 9 25 31 18 24 16 17 25 20 21

Failures due to poor
79 91 75 69 82 76 84 83 75 80 79
organization of work

During the cycle of excavation and loading operations, at visual inspection by the machinists, deviations in the
operation of the excavator were detected and local violations of industrial safety requirements in the overburden were
allowed. About 57% of the violations in the face were due to the human factor, which was due to the insufficiently
efficient organization of the operating personnel work (lack of proper control by the line engineers and technicians,
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suspension of work due to violations). Similarly, the insufficiently effective organization of work affected the failures
of the excavator during the execution of work (failure to carry out scheduled repairs, run-to-failure).

Table 5
Statistics of the driver's reaction to the loss of the dynamic equilibrium of the H-M—E system, %
Experiment no./
1 2 3 4 5 6 7 8 9 10 | Average
operation
Complete elimination of the
44 46 42 55 56 56 55 63 46 49 51
deviation
Partial elimination of the
o 24 26 32 22 25 27 18 20 22 30 25
deviation
The deviation cannot be
32 28 26 22 19 17 27 17 32 21 24
eliminated

During the realization of emergencies, in 51% of cases, the drivers completely eliminated deviations from the
normal operating mode of the excavator and the face. At the same time, the proportion of partially eliminated violations
and violations that could not be eliminated was approximately the same.

In the rows of Table 6, statistics on the actions of the driver in case of violation of the dynamic equilibrium of the

system are presented in fractions according to the following scenarios: 1 — "partial elimination of the deviations
occurred", 2 — "deviations cannot be eliminated".
Table 6
Statistics of the driver's actions to the loss of the dynamic equilibrium of the H-M-E system, %
Experiment
no./ 1 2 3 4 5 6 7 8 9 10 Average
operation
Precise
—/- 7/10 10/— —/1 —/— 9/14 8/— 7/— 7/5 —/- 8/7
action
Erroneous
] 100/100 | 93/90 | 90/100 | 17/16 | 96/100 | 91/86 | 92/100 | 93/100 | 93/91 | 100/100 86/88
action
Inaction —/— —/— —/— —/- 6/— —/- —/— —/— —/5 —/- 6/5

With partial elimination of the deviation in 86% of cases, the attempts of the drivers to stabilize the operation of the
H-M-E system were erroneous and only 8% were successful. As a result, erroneous actions led to an increase in the
proportion of deviations that could not be eliminated.

Table 7
Statistics of alternative outcomes of the model, %
Experiment no./
1 2 3 4 5 6 7 8 9 10 Average
type of outcome
Adverse environmental
24 22 23 16 24 24 20 19 26 30 23
effects
Excavator failure 12 4 14 16 8 11 7 9 10 7 10
Inefficient organization
43 41 38 32 40 38 42 41 28 35 38
of work
Operating personnel 22 33 25 36 28 27 31 31 36 28 30
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Most often, the combined model realized alternative outcomes associated with inefficient organization of work and
operating personnel. Thus, the human factor was the main reason for the loss of dynamic equilibrium by the H-M-E
system during the stripping face simulation.

Table 8
Statistics on the risk type realization in the H-M-E system of the open-pit coal mine, %

Experiment no./
1 2 3 4 5 6 7 8 9 10 Average
type of outcome

Dangerous mistake 53 55 33 61 55 61 55 48 46 68 53
Dangerous failure 45 40 61 36 39 39 42 48 49 32 43
Operating personnel 3 5 6 3 6 0 3 4 6 - 4

According to statistics, the risk associated with the assumption of a dangerous mistake by machinists during
stripping operations was most often realized; its share was 53%. The share of dangerous excavator failure accounted for
43% of cases, operating personnel — 4%. Thus, the trigger for the development of risk was the human factor due to the
insufficiently effective organization of work. The effect of the human factor was amplified by the error of the driver in
the process of work, which could lead to a domino effect when risks were realized.

In the rows of Table 9, the results of modeling the three outcomes of the experiment in the realization of risk are

presented through a fraction: 1 — "dangerous error", 2 — "dangerous failure", 3 — "uncalculated external influence".
Table 9
Statistics of experiment outcomes in the realization of risk in three scenarios, number of cases
Experiment no./ 1 2 3 4 5 6 7 8 9 | 10 Total
type of outcome

20/ 29/ 12/ 20/ 17/ 20/ 17/ 12/ 16/ 15/ 178/

Dangerous situations have 17/ 21/ 22/ 12| 12 |1y |y |1 || 146/
occurred 1 3 2 1 2 - 1 1 2 - 13

19/ 26/ 12/ 17/ 16/ 20/ 16/ 9/ 16/ 14/ 165/

Dangerous situations have 17/ 18/ 21/ 12/ 10/ 13/ 12/ 10/ 16/ 6/ 135/
been eliminated 1 3 1 1 1 - 1 1 2 - 11
—/ 1/ —/ 3/ —/ —/ —/ 1/ —/ —/ 5/
"Human" subsystem failure —/ 1/ 1/ —/ —/ -/ 1/ —/ —/ —/ 3/
- - - - 1 - - - - - 1
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Catastrophe —/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
—/ 1/ —/ 3/ —/ —/ —/ 1/ —/ —/ 5/
Incident, accident, failure =/ v v =/ =/ =/ v =/ =/ =/ 3/
_ _ _ _ 1 _ _ _ _ _ i
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Injury to personnel -/ -/ -/ -/ -/ ~ -/ ~ ~ -/ -/
1/ 2/ —/ —/ 1/ —/ 1/ 2/ —/ 1/ 8/
"Machine" subsystem failure =/ 2 *1/ =/ 2 ~ -/ 2 1/ % 81/
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Catastrophe -/ -/ -/ -/ -/ ~/ e -/
1/ 2/ —/ —/ 1/ —/ 1/ 2/ —/ 1/ 8/
Incident, accident, failure -/ 2/ _1/ -/ 2/ ~ -/ 2/ I/ % 81/
—/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
Injury to personnel —/ —/ —/ —/ —/ —/ —/ —/ —/ —/ —/
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Analyzing the results of modeling the outcome of "Dangerous error" risk, we can conclude that in 93% of cases the
system was able to bring to dynamic equilibrium due to the activation of the excavator protection and the precise
reaction of the driver. Nevertheless, the protection of the excavator failed more often, as a result of which the "machine"
subsystem had a greater impact on the implementation of this risk. In turn, the failure of the excavator protection may
occur due to untimely scheduled repairs or failure to carry out scheduled inspections of the operation of regular
protections and locks of the excavator, which was a consequence of the human factor.

When implementing the outcome of the risk of "Dangerous Failure", it was possible to bring the system into
dynamic equilibrium in 92% of cases. At the same time, failures of the "machine" subsystem also constituted the main
cause of the occurrence of a risky event "Incident/accident/refusal".

When implementing the outcome of the risk of "Uncalculated external influence", it was possible to bring the
system into dynamic equilibrium in 85% of cases. At the same time, one failure was registered for the "man" subsystem
and the "machine" subsystem.

Discussion and Conclusion. Based on the results of simulation experiments on modeling the process of risk
occurrence and its development into a causal chain of a catastrophic accident and injury to personnel in the H-M—E
system of the coal mine, it was concluded that the most significant contribution to the prerequisites for the realization of
risk in the H-M-E system was made by the "man" subsystem. Despite the fact that when implementing the outcomes of
"Dangerous failure" and "Dangerous error", the risks of "Incident/accident/failure" occurred due to a decrease in the
reliability of the "machine" subsystem, they were caused by the actions or inaction of personnel, that is, the human
factor.

The decrease in the reliability of the "environment" subsystem, according to the results of the simulation
experiment, was 57% due to the human factor (intentional deviations from the work project, the admission of violations
in the race for volumes). And only 43% was due to the consequences of the unsatisfactory state of the face. In turn, the
unsatisfactory condition of the face was a consequence of low performance discipline of the machinist in combination
with insufficiently effective production control by line engineers and technicians.

The decrease in the reliability of the "machine" subsystem was also a consequence of the influence of the human
factor, since failures of mining equipment in 79% of cases occurred due to insufficiently efficient organization of work,
which led to an increase in unplanned downtime of the main technological equipment.

It should also be noted that during the simulation experiments, there were no realizations of the risk of accidents
with catastrophic consequences and injury to personnel during stripping operations. The following conclusions can be
drawn from this fact:

1. Safety and control measures applied during stripping operations are effective and prevent the occurrence of
serious accidents or injuries successfully.

2. A safety model or methodology of work was used, which demonstrated high efficiency in preventing potentially
dangerous situations.

3. The results of the experiments indicated competent training of personnel in the rules of safe performance of
stripping operations and strict compliance with the established procedures.

4. The absence of cases of injury to personnel indicated that all systems and equipment were functioning at a level
that kept the risk of injury at the maximum permissible values.

At the same time, it should be emphasized that the absolute absence of accidents and injuries to personnel during the
run of the simulation model does not guarantee complete safety of future operations. In order to confirm the results of
simulation experiments and further ensure safety, it is recommended to conduct a systematic risk assessment, analyze
previous incidents and constantly improve mechanisms and procedures aimed at maintaining/improving the level of
safety at the coal mine.

Simulation modeling technologies for the first time in the domestic practice of research of the H-M-E system have
received an application for the analysis of complex safety indicators during open-pit mining. The presented results and
testing of simulation technology can be widely used in the analysis of safety of complex technical systems, taking into
account the influence of human and technogenic factors.
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Ensuring Safety of Gas Field Infrastructure Using ALARP and a Systematic Approach
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Abstract

Introduction. A significant part of the global and state economy is the production and supply of hydrocarbon raw
materials. The issues of safety in this area will remain important in the coming decades. The problem is actively
discussed in the professional and scientific community. Theoretical and applied works are published. Local, point-based
methods are calculated and implemented, which allow predicting and preventing emergencies in certain units of the
considered objects. At the same time, there are no sufficiently justified and reproducible system solutions that can take
into account the state of, for example, oil or gas field as a single complex and act as indicators not only of ordinary local
accidents, but also of systemic accidents — catastrophes. Such a scientifically and experimentally based solution is
described in this article. The approach is proposed as part of the formation of a comprehensive scientific and technical
program (CSTP) to ensure the safety of natural and technogenic objects (NTO). The aim of this work was to describe
the practice of its application in the conditions of specific gas fields and to justify the refusal to focus on solutions that
took into account only the minimum practically acceptable risk, that is, built on the ALARP principle (as low as
reasonably practicable).

Materials and Methods. The article was based on the results of field tests of natural and technogenic objects (NTO) of
the oil and gas complex — the Yuzhno-Russkoye field of OJSC Severneftegazprom (SNGP), LLC Gazprom Dobycha
Yamburg (GDYA) and the gas pumping station (GPS) Orlovka-2 (Ukraine), conducted with the authors’ participation.
Significant results were obtained and evidence-based physically interpreted during acceptance tests of an explosion-
proof certified, created under the guidance of the authors of a prototype of a disaster response system (DRS) at the
integrated gas treatment plant (IGTP) in LLC GDYA in 2006. At the same time, for the first time in the world practice,
the fact of early detection and parrying without consequences by means of DRS on the UKPG-2 of the development of
a large-scale general industrial disaster was confirmed.

In the form of graphs, the revealed patterns of NTO have been visualized, which made it possible to form harbingers of
the development of accidents and catastrophes at the NTO of LLC "GDYA", SNGP and GPS "Orlovka-2". Information
on the high experimental reproducibility of the obtained results was presented.

The technology has been developed of early detection and parrying of all types of potentially dangerous self-exciting systemic
phenomena on real NTO infrastructure — self-oscillations. Three cases of their excitation in real gas fields were presented.
Results. The paper shows the fragmentary nature and locality of emergency protection systems based on the ALARP
principle. The consequence of this was its complete unsuitability for early detection and counteraction to the most large-
scale and costly system accidents — catastrophes that were multifactorial processes, in which none of the factors was
decisive. The alternative complex solution of the problem proposed by the authors and brought to working condition
was based on a system approach adapted to the NTO of the oil and gas complex.

The measured parameters of various NTO infrastructure — fields of LLC "GDYA" and SNGP were processed and
analyzed at the moments of development of self-oscillating modes on them, due to self-sustaining nonlinear
mechanisms of interaction of NTO elements with constant (non-oscillatory) sources of energy replenishment. Three
such modes of self-excitation were illustrated. The most informative in this case were the transient modes of operation
of the equipment.
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According to the technologies experimentally developed by the authors, the areas of critical operating modes of
equipment with pronounced potentially dangerous bifurcation points were analyzed. The result of superimposing
treatments of the measured parameters of eight full-scale tests of NTO — graphs of dimensionless amplitude-frequency
characteristics of the interconnections of a real dynamic system was presented: "input — gas cooling housing" —
"output — pipe casing" at the frequency of self-oscillations.

Discussion and Conclusion. The capabilities of ALARP did not meet the tasks of system monitoring of the occurrence
and development of dangerous incidents in gas fields. This conclusion can be attributed to all standard sizes of NTO
infrastructure in Russia. Fundamentally different solutions should be used to ensure comprehensive observability,
controllability, and safety of NTO. A comprehensive scientific and technical program is recommended: "Innovative
hardware and software tools and technologies to ensure the observability, controllability, and safety of the NTO
infrastructure of Russia".

Keywords: natural-technogenic object, ALARP principle, safety of oil and gas fields, development of a system
accident, counteraction to the development of accidents

Acknowledgements. The authors would like to thank the editorial board and the reviewers for their attentive attitude to
the article and for the specified comments that improved the quality of the article.

For citation. Deduchenko FM, Dmitrievsky AN. Ensuring Safety of Gas Field Infrastructure Using ALARP and a
Systematic Approach. Safety of Technogenic and Natural Systems. 2023;7(4):55-69.
https://doi.org/10.23947/2541-9129-2023-7-4-55-69

Hayunas cmamos

O0ecneyenne 0€301aCHOCTH HH(PPACTPYKTYPHI IA30BbIX MECTOPOKACHUI CcpeIcTBaMu
ALARP u cucTeMHOro noaxoaa

®.M. enyuyenxo DX, A.H. IMuTpueBcKuii

WncruryT npobiieM HedTH 1 Ta3za Poccuiickoii akagemun Hayk, T. Mocksa, Poccuiickas @eneparys

< fmd11@mail.ru

AHHOTALUSA

Beéedenue. 3HaumMyr0 dYacTb MHPOBOM W TOCYAApCTBEHHOW OSKOHOMHKH COCTaBJIsIeT 100blda H IOCTaBKa
YTIIEBOJAOPOTHOTO CHIPhS. AKTYyallbHOCTh BOIIPOCOB O€30TIACHOCTH B OTOM cepe COXpaHUTCS B TECUCHHE ONMMKaNHTIIMX
necstwietnii. [IpoGiiema akTHBHO 00CyXmaercs B Mpo(eCCHOHAIBPHOM M HaydyHOM coobmiectBe. IlyOmmkyrores
TEOPETHUYECKHE W NPHUKIALHbIE paOoThl. [IpOCUMTHIBAIOTCA M BHEIPSAIOTCS JIOKAJIbHBIE, TOUCUHBIE METOJBI, KOTOPBIE
MO3BOJISIIOT TIPENICKa3blBaTh M IPEAYNPEXIaTh aBapUiHBIE CUTyallMd B OIPEIEICHHBIX Y3JaX paccMaTpHBAEMbIX
00bekToB. [Ipy 3TOM HET JOCTaTOYHO OOOCHOBAaHHBIX M BOCHPOM3BOJMMBIX CHCTEMHBIX PELICHHH, CIIOCOOHBIX
YUUTBIBaTh COCTOSIHME, HAlpuMmep, HEe(TSIHOTO MM Ta30BOr0 MPOMBICIAa KaK €IMHOTO KOMIUIEKCAa M BBICTYHATh
WHIIMKaTOpaMU HE TOJHKO OOBIYHBIX JIOKAJIBHBIX aBapuil, HO W CUCTEMHBIX aBapuii — karactpod. Takoe HayuyHO M
9KCIIEPUMEHTAIbHO OOOCHOBAHHOE PEIICHHE OIKMCAHO B NPEACTaBIEHHOH craTbe. [loaxoa mpemokeH B pamkax
(dbopMHUpOBaHUS KOMIUIEKCHON Hay4HO-TexHH4eckoil mporpammer (KHTII) obecrmeuenust 6e30mMacHOCTH TMPHPOTHO-
texHOreHHbIX 00BekTOB (IITO). Llens paboTel — ommcaTh MPaKTHKy €ro NPUMEHEHHS B YCJIOBHSX KOHKPETHBIX
ra30BBIX IPOMBICJIIOB M OOOCHOBATh OTKa3 OT OPHEHTALMM HA PEIICHUS, YYUTHIBAIOIINE TOJBKO MHHHUMAJIbHBINA
MPAaKTUYECKH TPHEMJIEMBI PHUCK, TO ecTh MocTpoeHHble mo npuHImMIY ALARP (amrn. as low as reasonably
practicable).

Mamepuanvt u memoowt. VICXOTHBIMU JUIS CTaTbU CTaJM Pe3yJIbTaThl IPOBEACHHBIX C YYaCTHEM aBTOPOB HATYypPHBIX
UCMBITAaHUH  NPHUPOAHO-TEXHOTeHHBIX 00BbekToB (IITO) Hedrerazooro kommiekca —  HOxHOo-Pycckoro
mectopoxaenuss OAO  «Cesepuedrerazmpom» (CHITI), OOO «laznpom pobwiua SAmOypr» («[AS») u
rasonepekauynBaronieit craniuu (I'TIA) «OpnoBka-2» (Ykpanna). 3HauuMBble pe3yIbTaThl TONYYEHBl U JI0Ka3aTeIbHO
(bU3MYEeCK MHTEPIPETUPOBAHBI IIPH NPUEMO-CIATOYHBIX UCIIBITAHUSIX CEPTH(GUIMPOBAHHOTO HA B3PHIBOOE30IACHOCTH,
CO3JIaHHOTO TI0/I PYKOBOJICTBOM aBTOPOB IIPOTOTHIIA CHCTEMBI NpOTHBOACHCTBUs pa3Butuio karactpod (CIIPK) nHa
ycTaHoBKe KoMIutekcHoil moarotoBku rasza (YKIII) B OOO «I'JIS1 B 2006 roxy. Ilpu sToM BrepBble B MHPOBOH
NpakTHKe OBIT aKTHpOBaH (akT paHHETro OOHApyKeHMs M TmapupoBaHust 6e3 mocnenctsuii cpeactBamu CIIPK nHa
VKIIT-2 pa3BuTHs MacmtabHON 0OIIETIPOMBICIOBOM KaTacTpoQBbl.
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B Buzme rpaduxoB BH3yalM3HpOBaHBI BbIABICHHBIC 3akoHOMepHOocTH [ITO, mno3BomuBmume chopMHPOBATH
MIPEIBECTHUKH pa3BHUTHs aBapuii u katactpod Ha [ITO OO0 «I'IS», CHITI u I'TIC «Opmnoska-2». IIpeacraBneHa
nH(popManus 0 BEICOKOH 3KCIEPHUMEHTAIBHON BOCTIPOM3BOANMOCTH IOTyUCHHBIX PE3YJIBTATOB.

OtpaboTaHa TEXHONOTHS paHHETO OOHApyKCHHWS W MApUPOBAaHHMSA BCEX THUIOB IOTECHIMAIBHO OIACHBIX
CaMOBO30YKIAIOMNXCS CUCTEMHBIX ABJIeHnH Ha peanbHbIX [ITO uadpacTpykTypsl — aBrokonebanuii. [IpencraBneHb
TPH CIly4asi X BO30YKAEHHS Ha peabHBIX Ta30BbIX IIPOMBICIIAX.

Pesynomamut  uccnedosanusn. Ilokazana (parMeHTapHOCTH M JIOKAIBHOCTh CHCTEM aBapuiiHO#M 3ammurtel [1TO,
6asupyrommxcs Ha npuHoune ALARP. CrienctBuem 3Toro crajia ero HojiHasi HePUIoTHOCTb Il PAaHHETO OOHapY KeHUs 1
MPOTHBOJIEUCTBHSI CAMOOPIaHU30BaHHO BO30Y KIAIOIIMMCS HanboJiee MaclTaOHbIM M 3aTPaTHBIM CHCTEMHBIM aBapusiM —
KaTacTpodam, MPeCTABISIONIUM COOOU MPOIECChl MHOTO(AKTOPHBIC, HU OJWH M3 (haKTOPOB B KOTOPBIX HE SIBIISICTCS
ompenersonmM. [IpeamoxeHHoe aBTOpaMHy 1 JIOBEJEHHOE JI0 pab0dero COCTOSIHYS ajbTepPHATHBHOE KOMIUIEKCHOE PEIICHUE
npo6reMbl Ga3upyercs Ha ananTupoBaHHoM K [1TO HedTerasoBoro KoMIekca CHCTEMHOM HOIXOE.

O0paboTaHBl W TPOAHATH3UPOBAHBI M3MepseMble mapamerpsl pasHeix I1TO urppacTpykrypsr — mpomsicio OO0
«'Asl» wm CHITI B MOMEHTHI pa3BUTHS Ha HHX aBTOKOJEOATeIbHBIX  PEXHMOB, OOYCIOBICHHBIX
CaMOTIOICPKUBAIOIIMMICS HETUHEHHBIMA MeXaHu3MaMu B3amMogneicTBus aneMeHToB IITO ¢ mocrosHubIME (HE
Kose0aTenbHBIMH) UCTOYHHKAMHU BOCIIONHEHUS SHEpTrU. [IpoMmocTpupoBaHO TP TaKUX PEXHMMa CaMOBO30YKICHHS.
Hawubonee nHGOpPMATHBHBIMH MIPU 3TOM OKa3aJICh IIEPEXOAHbIE PEKUMBI Pa0OTHI 000PY/I0BaHUSI.

[To sKkcrnepuMeHTaNbHO OTPAaOOTAaHHBIM ABTOPAMHM TEXHOJIOTHSIM ObUIM TPOaHATM3MPOBAHbI O0JACTH KPHUTHYECKHX
PEKHUMOB paboThl 000PYIOBaHHS C BBHIPQKEHHBIMH TOTEHIMAIBHO OMACHBIMU Toukamu Oudypkauuu. [IpeacraBnen
pe3ysbTaT HAIOKEHHS 00pabOTOK M3MEpSEMBIX INapaMeTpoB BOChMH HaTypHbBIX ucnbltannii [ITO — rpaduxos
0e3pa3MepHBIX AMIUTUTYIHO-YaCTOTHBIX XapaKTEPUCTUK B3aUMOCBS3EH peasIbHOM TMHAMHYECKOH CHCTEMBI: «BXOX —
KOPITYC OXJIaXJCHUS ra3a» — «BBIXOJ — TpyOHast 00BsI3Ka KOpITyca» Ha 9acTOTE aBTOKOJICOAHHH.

Oobcyrcoenue u 3axknrouenue. Bosmoxnoctu ALARP He oTBeyaroT 3ajauaM CUCTEMHOI'O MOHUTOPUHIa BOSHUKHOBEHUS U
Pa3BUTHS ONACHBIX MHIMAEHTOB HA T'a30BBIX MECTOPOXKICHHSAX. DTOT BBIBOJ MOXKHO OTHECTH KO BCEM THIIOpa3MepaM
IITO undpactpykrypsl Poccnn. [l oOecrieueHHs: KOMIUIEKCHOM HaOJIIOa€MOCTH, YIPABISIEMOCTH, O€30IaCHOCTH U
samumentoct [ITO cnenyer 3amelicTBOBaTh NPUHIMITHAIGHO MHBIE pelIeHus. PekoMeHI0BaHA KOMIUIEKCHAs HaydHO-
TeXHHUYecKas Mporpamma: «l/HHOBaIlMOHHBIE IIPOTPaMMHO-alNapaTHbIE CPEACTBA M TEXHOJIOTHM B oOOecredeHue
HaboAaeMo Ty, yripasiseMocty, 6ezomnacHoct [1TO undpactpyktypsr Poccumy.

Kniouegvle cnoea: npuponHO-TeXHOTeHHbI 00bekT, npuHiun ALARP, Ge3onacHocTh He(Tera3oBbIX MPOMBICIOB,
pa3BUTHE CUCTEMHOM aBapUU. IPOTUBOJECHCTBUE PA3BUTHUIO aBAPUIL

BnarogapHocTu. ABTOpHI BBIPAXAIOT OJaroJapHOCTh PENAKIMM U PEIeH3eHTaM 3a BHUMATEJIBHOE OTHOIICHHE K
CTaTbe M yKa3aHHBIC 3aMECUYaHHs, KOTOPHIC TIO3BOJIHIIH MTOBEICUTE €€ Ka4eCTBO.

Jost nuruposanus. [enydenko .M., Imurpuesckuii A.H. Obecnieuenne 6e30macHOCTH HHPPACTPYKTYPBI Ta30BBIX
MmectopoxaeHuil cpencrsamu ALARP u cucteMHOro noaxona. besonacHocms mexHO2eHHbIX U HPUPOOHBIX CUCHEM.
2023;7(4):55-69. https://doi.org/10.23947/2541-9129-2023-7-4-55-69

Introduction. According to the Center for Research on the Epidemiology of Disasters (CRED), almost all large-
scale system accidents are recorded post factum. This indicates a significant amount of work and efforts that are needed
to ensure safety of natural and man-made facilities [1]. It should be emphasized that in this case, safety is a systemic
(integral) nonlinear quality of a complex system. Scientific research in this area involves, in particular, the revision of
stable stereotypes. One of them is the statement that the parts determine the properties of the entire object (including
safety). It should be recognized that this theoretical approach (in some cases justified) does not find practical
confirmation when it comes to the problems considered in the framework of this study. Not only the risks of epidemics
and man-made disasters are growing in the world, but also the implementation of the worst scenarios and the enormous
losses associated with them. The experience of recent years proves an extremely low awareness of the features of such
processes and the inability to influence them.

The first full-fledged emergency protection systems in the world practice were created in Russia in the 50s and 60s
of the last century. Their authors were specialists in rocket space engines. In the 1970s and 2010s, as part of the
conversion, civil industries were able to use these unique achievements to solve safety problems of complex general
technical infrastructure facilities. First of all, the developments were used at nuclear and thermal power facilities, in the
oil and gas complex, and aviation. In the circumstances concerned in 1995, on the initiative of the NPO Energomash
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named after V.P. Glushko, the authors of the presented article formed an interdepartmental working group of the
Russian Academy of Sciences. In 2014, it was legalized by the decision of the All-Russian Research Institute for Civil
Defense and Emergency Situations of the Ministry of Emergency Situations of Russia (Federal Center for Science and
High Technologies).

The group took part in the works listed below.

1. In 2006, for the first time in world practice, a system was created that was certified for explosion safety and
allowed to counteract the development of a real large-scale industrial disaster.

2.1In 2016, a Strategy for countering the development of disasters was developed and defended.

3. In 2017, on behalf of the President of the Russian Academy of Sciences, the strategy "Innovative technologies
and means of protection against man-made accidents at industrial infrastructure facilities in Russia" was formed,
scientifically and experimentally substantiated, and defended.

4. In 2021, a Comprehensive Scientific and Technical Project (CSTP) of the full innovation cycle "Innovative
software and hardware and technologies to ensure the observability, controllability, and safety of the NTO infrastructure
of Russia" was created, scientifically and experimentally substantiated, and defended.

We should emphasize that the formulation of the problem and the technologies focused on its solution were the
result of work first on the Concept (on the instructions of the leadership of the All-Russian Research Institute for Civil
Defense and Emergency Situations of the Ministry of Emergency Situations of Russia), and then on the Strategy of the
Russian Federation to counter the development of Disasters (by the decision of the Presidium of the Russian Academy
of Sciences).

From the point of view of safety, one of the essential non-linearities of complex multicomponent infrastructure
objects is a violation of the superposition principle. The fact is that the safety of the NTO is not determined by the state
and functioning of its constituent elements™ > 3 4,

Nevertheless, in the real conditions of NTO operation, the world practice remains, as it was 100 years ago,
traditional, that is, locally oriented. It is based on the erroneous principle that the NTO is safe if all its elements are safe.
This is due to the almost complete loss of control of man-made disasters, which on average are 4-5 orders of magnitude
more costly in terms of consequences compared to local accidents in the NTO elements. Only in recent decades it has
been possible to understand, scientifically and experimentally substantiate the physical mechanisms governing such
incidents [1-4].

It should be noted that an application is ready for the development of a full innovation cycle CSTP "Creation of
innovative software and hardware and technologies to ensure the observability, controllability and safety of natural and
man-made infrastructure facilities in Russia". The project is focused on the creation of breakthrough domestic
technologies to increase the competitiveness of the economy in compliance with the provisions of the basic documents
of Russia's strategic development. The application has been approved for submission to the Council for Priority Areas
of Scientific and Technological Development of the Russian Federation. As a result, within the framework of the all-
Russian strategy, a unified system of natural and man-made security (USNMS) of the infrastructure of Russia will be
created [1, 5, 6].

The aim of the work was to describe a new practice implemented in the conditions of a specific gas field and to
justify the refusal to focus on solutions that take into account only the minimum practically acceptable risk, that is, built
on the principle of ALARP (as low as reasonably practicable). Let us clarify that the promising, global goal of the
authors' scientific and applied research, including those described in this article, was to create, within the framework of
the Strategy of the Russian Federation, an object-oriented unified system of natural and man-made security (USNMS)
of the infrastructure of Russia, an alternative output according to the ALARP ideology.

According to Rostekhnadzor of the Russian Federation, during the transportation of liquid and gaseous
hydrocarbons, cases of local accidents at regularly operated enterprises numbered in the hundreds and thousands cases.
In particular, there were:

— 545 cases of depressurization on the main pipelines during the last decade of the XX century;

— 42 thousand cases of depressurization on the infield pipelines during 2001 alone.

! Decree of the President of the Russian Federation of December 31, 2015 No. 683 "On the National Security Strategy of the Russian Federation".
URL: https://www.consultant.ru/document/cons_doc_ LAW_ 191669/ (accessed: 02.11.2023). (In Russ.).

% Decree of the President of the Russian Federation No. 642 of December 01, 2016 "On the Strategy of Scientific and Technological Development of
the Russian Federation". URL: http://kremlin.ru/acts/bank/41449 (accessed: 02.11.2023). (In Russ.).

3 Consolidated strategy for the development of the manufacturing industry of the Russian Federation until 2024 and for the period up to 2035.
Approved by Decree of the Government of the Russian Federation No. 1512-r of June 6, 2020.URL: http://government.ru/docs/39844/ (accessed:
02.11.2023). (In Russ.).

4 Idem.
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Obviously, only large-scale and costly organized counteraction could solve the problem.

The world's first successful practice was implemented in Russia in the 50-60s of the XX century in the field of
safety of heavy-duty liquid-propellant rocket engines for space purposes during development and routine fire tests [5]. It
is known as the emergency protection system (EPS).

In the 80s, a similar emergency shutdown system (ESS) was created in the West for general technical facilities. It
was based on the ALARP principle [6-9], which has been repeatedly refined in Russia and its numerous Russian
versions® [8-10]. Let us note that the term ALARP originated in the 70s in the field of British legislation on health and
safety at work, that is, outside the systematic approach. As a result, it retained many characteristic features of that time,
but exhausted them.

At the same time, safety policy of oil and gas production and transportation according to the ALARP principle more
often concerned the procedures for optimizing work processes. This practice was less often applied to the actual
emergency protection due to the weaker scientific and experimental elaboration of issues related to the relevant
processes.

Materials and Methods. The research focused on the problem of creating an EPS production chain of oil and gas
production and transportation based on the ALARP principle [11-13]. It accompanied the project of creating the
USNMS NTO, therefore, a comparative analysis of both approaches was carried out in the work.

As a rule, safety problems were solved by the interaction of:

— the customer (consumer of output products);

— the contractor (ideologist, developer and manufacturer of output products);

— the parties involved in the creation of NTO (design organizations and enterprises implementing projects).

In general, the object of research was an open dissipative dynamic system that combined elements that were
interdependent and interacted with each other and with the external environment. Two complementary information
components were taken into account to ensure safety of such NTOs:

— elements in the NTO (local accidents);

— NTO as a whole (a complex of interrelated elements, local accidents and systemic disasters).

A mandatory stage of such work was the coordination of the customer's request and the contractor's capabilities.

Each component was a set of processes with its own energy and indication.

Results. It should be emphasized that the study of the NTO elements in itself was not informative enough to
understand its state as a whole [3—4]. The observability, controllability and safety of the NTO as a system were not
determined by the characteristics of its constituent elements, even if all of them were taken into account.

Thus, according to ALARP, the most common cause of accidents and technological disasters was the human factor.
This does not correspond to the modern point of view [3]. Nevertheless, the ALARP principle has become even more
widespread in Russia than in the UK. In particular, it was recommended by GOST for risk management®.

The current situation does not negate doubts about the validity of ALARP. Below are its statements that have caused
explicit or implicit limitations for qualitative research on the NTO safety.

1. NTO elements do not interact with each other or their interaction can be neglected. This contradicts the real state
of affairs. All NTO infrastructures, including oil and gas complexes, are multicomponent, complex dynamic systems.
They are viable only with a controlled interaction of elements. That is, the fallacy of the statement is easily refuted by
practice. Why is it not abandoned? The fact is that such an approach justifies simplifying the procedure for summing up
the risks of the NTO elements in order to obtain an integral risk for the whole object.

2. The only material carriers and sources of danger to the NTO infrastructure are the elements that form them. The
statement is true, but only in relation to local type accidents. The rule does not work if we are talking about system
accidents — catastrophes that are more expensive than the local ones by an average of 4-5 orders of magnitude.
Catastrophes are multifactorial phenomena. These are the consequences of violations of the normal dynamic interaction
of the NTO elements with each other, NTO with its own control system, NTO with adjacent equipment, NTO with the
external environment, etc.

3. The sources of danger in the NTO elements are statistically mutually independent. This assumption is wrong, first
of all, in relation to the most severe system accidents — catastrophes that arise due to violations of the interaction of the
NTO elements.

5 GOST RIEC 61511-3-2011. Functional safety. Safety instrumented systems for the process industry sector. Part 3. Guidelines for the
determination of the required safety integrity levels. URL: https://docs.cntd.ru/document/1200094220 (accessed: 02.11.2023). (In Russ.).

% GOST R 54505-2011. Functional safety. Risk management on railway transport. URL: https://docs.cntd.ru/document/1200094215 (accessed:
02.11.2023). (In Russ.).
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4. The risk associated with the element has been taken as a measure of the element's danger. Other, more significant
risks caused by violations of the interaction of elements with each other and with the external environment of the NTO
are not taken into account. The measure of the NTO danger as a functional unit is determined by the sum of risks of its
elements [6—11], [14]. It is unacceptable to summarize the risks associated with the NTO elements. And the point is not
that they usually have different dimensions (with the help of the matrix apparatus of risks, the dimension can be
excluded [14]), but in the statistical interdependence of the sources of the danger of NTO. According to the ALARP
scenario, there is no way out of this situation.

As a result, it is necessary to operate with understated risk indicators compared to their actual values, which means
underestimating the real dangers for NTO.

The above allows us to make a number of statements.

— ALARP suggests following an outdated local approach to solving safety problems of the NTO infrastructure,
which limits the scope of its application. The situation is aggravated by the failure to mention the unsuitability of
ALARRP for solving problems of system analysis of the state and behavior of the NTO infrastructure.

— Specialists focused on working on ALARP do not have special tools for the study of the NTO infrastructure itself,
the development of elements and in general EPS, as well as for the maintenance of the output result of ALARP, etc. Let
us note that such tools are planned to be developed within the framework of the previously mentioned CSTP.

— ALARP specialists do not have a technology that can adequately provide the required informativeness,
manageability and safety of the NTO.

— Equipping the NTO infrastructure with emergency protection systems based on ALARP does not meet the modern
vision on the problem of ensuring the safety of NTO.

Thus, the main weakness of ALARP is the refusal to take into account the dynamic interaction of elements as part of
the NTO infrastructure.

Experimental confirmations of the extreme importance of the dynamic interaction of the NTO elements of oil
and gas fields. The authors of the presented article take the opposite position and have repeatedly received
confirmation of its validity when conducting research and development work, including conversion, designed to ensure
man-made safety of civilian facilities, taking into account the experience of space engine building. One of these civilian
areas has become the extraction and transportation of oil and gas. It is important to note that the authors had unique
specialized hardware and software resources and technologies (including of their own development).

Some results of full-scale tests of different standard sizes of NTO were obtained for the first time. To convey these
results and the accumulated experience, the evidence-based data on the decisive role of the processes of interaction of
the NTO elements are presented below. They are necessary for the formation of informative components of the NTO
work processes, and can also be harbingers of large-scale, often spontaneously developing anomalies such as man-made
disasters [1, 3]. In the real conditions of geographically distributed oil and gas fields, the interactions of elements were
traced over distances:

—about 10 m at the facility safety levels;

—up to 100 m at the workshop levels;

—up to 10 km at the field level.

The authors did not conduct research at larger distances between the elements.

Let us list the constructs of the production links of oil and gas production and transportation, which form the
dynamic interactions of the elements of the technical control system:

— energy producing units (combustion chambers, gas generators, cylinders of internal combustion engines, etc.);

— energy converters (pumps, compressors, turbine units);

— external and internal bindings of workshops interacting with other links, by-passes, input and output manifolds;

— energy storage links;

— wellheads.

Figures 3—7 in the article are the results of the analysis of the measured parameters of various NTOs infrastructure,
which were investigated by the Interdepartmental Working Group of the Russian Academy of Sciences represented by
the authors during field tests.

Let us start with the most common regular systemic phenomena in the oil and gas industry — self-oscillations
caused by self-sustaining nonlinear mechanisms of the interaction of the NTO elements with constant (non-oscillatory)
sources of energy replenishment. In the cases described below, the results from the authors' own experience of
conducting field tests of oil and gas facilities were used, although the coverage was significantly wider and included
thermal power plants, hydroelectric power stations, nuclear power plants, production and operation of heavy-duty diesel
generators, turbo-expanding assemblies (TEA), etc.
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The main attention was paid to the timely detected incidents, which, thanks to the use of technical means, did not
develop into accidents and catastrophes. Thus, at the Yuzhno-Russian field of OJSC Severneftegazprom, when fixing a
powerful self-oscillating process of the dynamic interaction of the pair "ground structure of the well cluster — adjacent
subsurface", an emergency shutdown of the existing well cluster was triggered (Fig. 1).
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Fig. 1. Self-oscillating process of the dynamic interaction of the pair "ground structure of the well cluster — adjacent subsurface ",
recorded at the Yuzhno-Russian field of OJSC Severneftegazprom: a — wellhead; b — fragment of the vibration parameter of the
pipe head of the wellhead at the initial moment of self-excitation of powerful natural and man-made self-oscillations with a
frequency of =~ 200 Hz

Let us explain that part a) presents the design of the wellhead with a 34-channel system for measuring and recording
vibration parameters of the 2nd string of the 9th well cluster. The black arrows show the locations of the sensors and the
measurement directions of the vibration parameters of the structure of the 2nd string of the 9th well cluster, the red
arrows show the direction of movement of the gas flow. Here, YO is a shut-off device, Ub is a measuring unit, BPM is a
methanol control unit, and VP is a regulating device.
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The authors of the article had to urgently distract themselves from their main work and take part in clarifying the
nature of the dangerous phenomenon. As the subsequent calculation and analysis of metal from critical sections
showed, the fatigue strength of the metal structure was exhausted in the next 2-2.5 hours.

Additional processing of the measurement results made it possible to establish dislocations of:

— a constant source of energy replenishment (adjacent bowels of the cluster of wells);

— a nonlinear oscillatory circuit (cluster of wells).

The authors have worked out the appropriate methodology, software and hardware in relation to space propulsion.
At the frequency of excitation of self-oscillations of all pairs of measured vibration parameters of the wellhead,
coherence almost coincided with unity.

Figures 2 and 3 present the location and characteristics of the case of self-excitation of self-oscillations. The authors
recorded it when they conducted full-scale tests of the integrated gas treatment plant (IGTP) at Gazprom Dobycha
Yamburg LLC (GDYA) in the frequency range of 36-56 Hz (depended on the operating mode).

The physical mechanism was identified as self-oscillation — a strong dynamic interaction of the gas drying housing
equipment and its external strapping. The most informative tests turned out to be on transient modes of operation of the
equipment:

— slow throttling from 100% of the mode to 65% (in time from 550 seconds to 750 seconds);

— slow subsequent forcing from 65% of the mode to 85% (in time from 1200 seconds to 1300 seconds).

Fig. 2. At the integrated gas treatment plant (IGTP-2), a strong nonlinear interaction of dynamic links occurred "gas drying body
(on the right, in the background) — external binding"
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Fig. 3. IGTP-2. Time dependence of the frequency of self-oscillatory interaction of dynamic links "gas drying body — its external
binding": 1 — according to the processing of the results of field tests; 2 — according to the accompanying theoretical calculation
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The acceptance tests of the explosion-proof prototype of the disaster response system (DRS) at the GDYA IGTP-2
in 2006 turned out to be unique in terms of information content and practical physical interpretation of the discovered
phenomenon. To confirm the experimental reproducibility of the results, 10 similar full-scale tests of IGTP were
planned in the modes of regular forcing and throttling. The only non-rigid exception, as expected, was the 8th test. Let
us note that complex systems had different time scales. In the 8th case, in order to obtain a higher time resolution than
in the previous seven tests, the process gradient was reduced by more than half.

Due to the exceptional importance of the test results, in addition to regular measurements, the program regulated the
deployment of a 96-channel geographically distributed system for measuring various parameters of the facility. At the
automated workplace of the DRS operator in the gas drying building, the parameters were presented after group
synchronization and centralization (GPS satellite system was used).

Pronounced bifurcation points in the working processes of the production field (at~ 18% of the nominal value)
attracted the attention of the authors long before the acceptance tests. However, this phenomenon had not previously
caused incidents, so the tests were not canceled. Figure 4 shows the result of graphs overlay of eight of the planned ten
DRS tests.
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Fig. 4. IGTP-2. The result of eight full-scale tests overlay— graphs of dimensionless amplitude-frequency characteristics and
relationships of the dynamic system: "inlet — gas cooling housing" — "outlet — pipe casing" at the frequency of self-oscillations

Here, in the forcing sections, after passing the bifurcation points, the lower branch of the curve was used in tests 1,
3,4, 6, and the upper branch was used in tests 2, 5, 7, 8.

It is clear that the blurriness of the graph in Figure 4 (as well as the graphs in Figures 6, 7 and 8 for other objects) is
explained not by errors in measuring the NTO parameters, but by overlays of the results of processing data from field
tests conducted at the same values of the operating parameters of each object. At the same time, the blurriness of the
graphs is important from the point of view of informativeness. It makes it possible to:

— clearly present the degree of reproducibility of test results (or other parameters, depending on the formulation of
the problem), that is, to draw conclusions about the correctness or incorrectness of the problem being solved;

— take reasonable tolerances for the tasks of making decisions about technical and (or) functional state of the NTO in
the forms of dependence on the operating parameters of the NTO in the entire range or sub-ranges of values.

Figure 5 shows a fragment of the processing of the results of the eighth test in the vicinity of the critical point (18%
of the nominal value) at the throttling site with the spontaneous development of a systemic technogenic accident. At that
time, there was no gas automation in the cooling and drying housing, so the situation was adjusted manually using a
bypass. They did not use a conventional emergency stop, but reverse forcing.
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Fig. 5. IGTP-2. The initial stage of spontaneous development of a systemic disaster

Experimentally determined post factum, the horizon of the disaster forecast turned out to be unprecedentedly
large — t* =90 sec at the values of Lyapunov exponents in the areas of excitation and damping of oscillations,
respectively: A =+ 0.14 Hz and A, = —0.38 Hz. We have established the reason for such a rare phenomenon in the NTO
operation. It is due to the discovered (apparently for the first time in world practice) mechanism of a two-stage scenario
of excitation and development of a catastrophe. At the first step of the previously established critical mode with the
bifurcation point shown in Figure 4, there was a shop system excitation of a group of production field elements — turbo
expander units in interaction with an external pipe binding. It also played the role of a trigger mechanism in the second
step, which was characterized by a strong interaction of the wellheads with the subsurface.

Subsequently, the development of this general industrial disaster was qualified as the first in the world practice to
detect in time (which made it possible to take countermeasures) an extremely dangerous regional man-made natural
earthquake with a magnitude of 6 to 7 points on the Richter scale. The energy source was the subsoil, the constructs of
the clusters of wells worked as a trigger mechanism. A decisive role was played by manually lowering the throttling
gradient at the eighth acceptance test and, accordingly, increasing the production field time in the danger zone — in the
vicinity of the critical bifurcation point at = 18% of the nominal value.

Now it has become a universal practice to detach resonant frequencies from dislocation zones or to accelerate their
overcoming in transient modes. Examples include space rocket engines, nuclear power plants, hydroelectric power
plants, aviation equipment, etc.

Two factors realized during the acceptance tests are of exceptional importance.

1. A systematic approach to the organization and conduct of DRS tests. Formation of a package of initial
experimental data to understand the essence of the mechanism and counteract the development of an extremely
dangerous phenomenon — a general industrial disaster, which geographically and in time coincided with a man-made
natural earthquake. The local approach peculiar to ALARP and its output products was not in demand in this case.

2. High information content. The standard system for measuring production field parameters has been
supplemented. A geographically distributed parameter measurement system with group synchronization and
centralization of parameters was used. The regularly measured production field parameters indicated the development
of an emergency:

— a fraction of a second before its completion, when emergency protection was impossible;

— only by secondary signs in the high-frequency range (the main events were recorded at low frequencies).

Figure 6 shows overlays of the results of processing of twelve full-scale tests of turbo-expanding units in the gas
drying housing of IGTP-2 LLC GDYA during one and a half months of repair.
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Fig. 6. Experimentally reproducible amplitude-frequency characteristics of the dynamic system "TEA-2 — TEA-7"

In this case, the authors used a two-channel modular unit for high-precision synchronous isolation of frequency
components 53F, (53 — the number of turbine blades of the studied standard size of turbo-expanding assemblies) in the
axial vibration parameters of TEA-2 and TEA-7 turbines. The modes of slow forcing (red curves) and throttling (blue
curves) of TEA-2 operated. The work was carried out in the nominal normal mode of TEA-7.

Thus, the amplitude-frequency characteristics of the resonant type (Fpe3 = 3009 Hz) of the potentially dangerous
high-quality (Q = 76.5) dynamic interaction of TEA-2 and TEA-7, reproduced in a wide frequency range up to
5300 Hz, were evident. It was necessary to develop and implement serious counteraction measures. In addition,
additional field tests were conducted to confirm their effectiveness. This was a unique case of experimentally
reproducible system testing of TEA-2 in the modes of starts and stops of its dynamic interaction with an adjacent,
operating at the nominal mode TEA-7 in a wide frequency range. This experimentally proven approach and the
technology adequate to it can be used in the operation of any rotary and (or) piston type equipment. It is important to
keep in mind that formed according to similar characteristics (see Fig. 6) harbingers of development of emergency
situations at NTOs are systemic. They are suitable for solving problems of identifying the type of developing
accident — local and systemic (disaster).

Figures 7 and 8 present experimentally reproducible systemic patterns of interaction between gas pumping units
(GPU). They were worked out at the Orlovka-2 gas pumping station (Ukraine) and are not fundamentally monitored by
ALARP-based systems. The total number of field tests according to Fig. 7 (GPU-1 — GPU-2) is 14, according to Fig. 8
("GPU—4 — GPU-5") is 18.
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Fig. 7. GPS "Orlovka-2" (Ukraine). Reproducible patterns of interaction "GPU-1 — GPU-2"
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Fig. 8. GPS "Orlovka-2" (Ukraine). Reproducible patterns of system interaction "GPU-4 — GPU-7"

In the figures, the patterns are shown in the form of hodographs in the form of dependencies, measured in the
horizontal and vertical directions of the mean square root values of the vibration velocities of the GPU on the total gas
flow through the GPS — g. For certainty, the frequency range of measurements of mean square root values of 0.1-5 Hz
was chosen. According to statistics, it is in this range that processes with a large self-organized concentration of energy
often occur in NTO structures, which provoke the development of emergency outcomes — both local and more costly
systemic ones. Despite the significant differences in the physical mechanisms, in this case, the results obtained can be
used in the operation of rotary-type equipment, and with appropriate adaptation in the operation of non-rotary
equipment.

For the development of the above-mentioned prototype of the DRS and the Strategy of the Russian Federation for
countering the development of systemic accidents [1, 3], are essential:

— reproducibility of the results of field tests;

— experimental validity of statistically correct applied results.

Let us also note the importance of the typical scenario expected by specialists for the development of systemic
accidents of different physical nature. It took at least ten years of targeted scientific and experimental work to confirm
the reproducibility of the results. This made it possible to implement in the DRS and then reflect in the Strategy of the
Russian Federation a set of unified algorithms and technical means for early detection, monitoring and protection
against all types of man-made accidents.

An extremely important quality of this complex has been worked out — object orientability (the possibility of deep
adaptation to almost any standard sizes of the NTO infrastructure).

We also note a characteristic feature of the system approach, which allows us to draw the right conclusions even if
the experimental reproducibility of the results of the NTO full-scale tests is weak or not detected at all. It should be
borne in mind that the same element of a complex system (for example, a compressor) demonstrates different properties
and behavior, even if it functions as part of a single NTO. It depends on whether the situation is considered before or
after the repair. This effect is easily confused with poor reproducibility of compressor test results.

Comparative analysis results of emergency protection systems adequate to the ALARP principle and the
CSTP system approach. In almost all publications related to the ALARP principle, there are conditions from which
ALARP proceeds. For some reason, they have to be executed by themselves, and this is a reason for criticism. The
ALARP principle can be unconditionally used for a class of objects that are collections of such objects that are not
related to each other, do not interact and are statistically independent. Thus, the usefulness of ALARP is limited to
individual studies outside the system of each element of the NTO. Also, outside the system, the class of local accidents
inherent in the elements is considered. The ALARP principle is not suitable for an adequate study of NTO as a whole
structure, the formation of adequate symptoms, decision-making algorithms, etc. Using any tools based on the ALARP
ideology (and EPS as well), we must understand that we are going to a conscious restriction.
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The only way out seems to be the rapid creation of safety systems that are alternative to those that focus on ALARP.
The foundation for new solutions should be the foundation formed for the implementation of a comprehensive scientific
and technical program "Creation of innovative software and hardware and technologies to ensure the observability,
manageability and safety of natural and man-made infrastructure facilities in Russia".

Here are the main arguments for the readiness to create safety and emergency protection systems within the
framework of the CSTP as an alternative to the EPS according to the ideology of ALARP.

— Certified prototypes of professional tools have been created, including in explosion-proof design, for experimental
testing of components of the system for countering the development of accidents and catastrophes.

— Emergency protection systems according to the CSTP are based on combined local and systemic approaches to the
study of the NTO infrastructure within the framework of the theory of self-organized criticality [3].

— The emergency protection systems according to the CSTP take into account the discovery of the 50-60s of the
Russian space engine industry [6]. We are talking about two types of the physical nature of accidents. In modern
terminology, they are called local (in the NTO elements) and large-scale, systemic (in NTO as an integral functional
unit). According to the ALARP scheme, the EPS reacts to the development of only low-cost local accidents.

— Emergency protection systems according to the CSTP are ready to make motivated decisions about the beginning
of the development of all types of local accidents and systemic accidents in the NTO. This distinguishes them from EPS
according to the ALARP scheme, which reacts only to local accidents.

— In the emergency protection systems according to the CSTP, the readiness to transfer the NTO to a safe state has
been achieved in two scenarios. The first one is the transfer of the NTO to gentle modes of operation. Second:
emergency shutdown in response to motivated decisions about the development of emergency critical situations.

— Restrictions on the scope of application of emergency protection systems according to the CSTP according to the
type of a priori conditions for EPS according to the ALARP scheme have been lifted.

— In emergency protection systems according to the CSTP, the symptoms of the development of local, systemic
critical conditions of NTO and the rules for making decisions on the transfer of NTO to a safe state have been
scientifically and experimentally worked out.

— Readiness has been achieved (when making an appropriate decision) to work out a high-speed mechanism for
transferring the NTO to a safe state for the most dangerous explosive-type accidents with a characteristic development
time Az = 30-70 ms.

Discussion and Conclusion. The emergency protection systems developed according to the CSTP "Observability,
manageability, safety of the NTO infrastructure of Russia" are considered. Their capabilities are evaluated in the
conditions of the Northwestern region of the Russian Federation [1]. The new approach is compared with the ALARP
principle, which is widespread in the West and in Russia.

It is shown that ALARP has outlived its usefulness, since its local orientation does not meet the tasks of system
monitoring of the IT infrastructure [§—14]. The ALARP approach remained at the level adopted at least 100 years ago,
in the first half of the twentieth century. This is how it is necessary to evaluate developments implemented under the
ALARP scheme and their output products, including emergency protection systems [8—14].

Research and practice indicate that the ALARP methodology does not provide comprehensive observability,
manageability, and safety of natural and man-made infrastructure facilities. For this reason, the ALARP-based approach
does not provide timely, high-quality indication of the development of devastating system crashes — catastrophes.

Emergency protection systems created according to the proposed CSTP project integrate local and integrated
approaches to infrastructure monitoring within the framework of the theory of self-organized criticality [3].

The prospects of replacing ALARP-based approaches with solutions corresponding to the CSTP are shown.
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Abstract

Introduction. Ensuring industrial safety (IS) is one of the priority goals of any company. It is obvious that achieving its
high level is impossible without the formation of a safety culture among employees, since their wrong actions can lead
to emergencies and death of people at hazardous production facilities. The concept of industrial safety culture (ISC) is
interpreted in different ways, but all definitions are united by the need for employees to realize that industrial safety
should become their main goal and internal need. To date, there are many methods for determining the degree of ISC
development. They are actively and successfully used at many enterprises. At the same time, it should be noted that the
Russian legislation lacks, in particular, a methodology for quantifying the industrial safety culture specifically at the
enterprises of the oil and gas complex, which have their own characteristics and specifics. Therefore, the introduction of
a new quantitative approach to assessing the effectiveness of management of industrial safety culture has important
scientific and practical significance on the industry agenda. The aim of this work in this regard was to develop
mechanisms to increase the ISC level at one of the gas transportation enterprises of the country based on the results of
the survey of its employees.

Materials and Methods. For the analysis, the results of a three-level questionnaire conducted in 2021 and 2022 were
used, which included socio-biographical characteristics of employees, their assessments on specially developed
16 components of industrial safety, as well as the interview of focus groups on six selected IS components.

Results. During the analysis of the questionnaires, an increase in the level of industrial safety culture was established
from the predicted (third level) to the proactive (fourth level) according to the five-level classification of the
International Association of Oil and Gas Producers (IOGP).

Discussion and Conclusions. The comparative analysis demonstrated positive dynamics of the results of the ISC level
assessment by the employees of the gas transport enterprise. Its increase at this enterprise was achieved through the
introduction and implementation of proactive measures, such as the development of personal obligations of employees
in the field of safety, their maximum involvement in the development of competencies in the field of industrial safety,
ensuring openness/transparency of communications on safety issues, and the formation of a positive attitude of
employees to changes in this area.

Keywords: industrial safety culture, maturation level, focus groups, survey
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AHHOTALUSA

Beeoenue. OGecnieuenne mpons3BocTBeHHOW Oe3zomacHocTH (I1B) siBisieTcss oaHON W3 MPHOPUTETHBIX IEer 000
komnaHuu. OueBHIHO, YTO IOCTHKEHHE €€ BBICOKOTO YPOBHA HEBO3MOXHO 03 (OpMHUpOBaHHSA KyJIbTYpPHI
0e30macHOCTH y PabOTHUKOB, TaK KaK MX HEIpaBHJIbHBIE JEHCTBUS MOTYT IOBJICYb CO3/IaHHE aBapUHHBIX CUTyalui U
rubenp  JFOJe  Ha  OMAacHBIX  IPOW3BOJCTBEHHBIX  OOBeKTaX. IloHSATHE  KyJbTYpHl  NPOM3BOACTBEHHOU
6ezonacHocty (KIIB) TpakTyeTrcss mHo-pasHOMY, OJHAKO BCE OINpeeieHUs OObEeIUHSACT HEOOXOAMMOCTH OCO3HAHUS
paboTHHKamMH TOro (akrTa, YTO MPOM3BOJCTBEHHAsh OE30MacHOCTh JIOJDKHA CTAaTh WX TJIABHOW IIEJbI0 M BHYTPEHHEH
notpedHoCcThI0. Ha ceropHsmHmii 1eHb CynecTByeT HeMajlo MEeTOAUK ISl onpeaesenus crenenu pazsurus KI1b. Onn
aKTHBHO U YCIEIIHO NMPHUMEHSIOTCS Ha MHOTHX NPEINpHATHsIX. BMecTe ¢ TeM ciexyeT OTMETHTh, YTO B POCCHHCKOM
3aKOHOJATEIbCTBE OTCYTCTBYET, B YACTHOCTH, METOJWKA KOJIWYECTBEHHOH OLEHKH KyJbTYPHl NPOU3BOICTBCHHON
0€30MacHOCTHA KOHKPETHO Ha MPEANPHUATHSIX HEPTEra3oBOro KOMIUIEKCA, HMEIOIINX CBOM OCOOEHHOCTH U CICIH(HKY.
ITosToMy BHEZpEeHHE HOBOTO KOJHYECTBEHHOTO IOAXOJa K OIEGHKE J(QQEKTUBHOCTH YNPABICHUS KyJIbTypOH
IIPOM3BOJICTBEHHOHN 0€30IIaCHOCTH MMEET BAKHOE HAYYHOE M IPAKTUYECKOE 3HAUEHHE B OTPACICBOW IOBECTKE IHS.
Llenbro naHHOM pabOTHI B CBSI3U C 9THM SIBJIIETCS pa3paboTka MexaHn3MOB s oBbieHus ypoBHs KIIb Ha onHOM U3
ra30TPaHCIOPTHBIX MPEIIPHUITHI CTPaHBI, IPEIIPHHATAS 10 Pe3yIbTaTaM aHAJIn3a aHKETHPOBAHUS €ro paOOTHHKOB.
Mamepuanst u memoodsl. J{ns aHam3a MCHONIb30BAINCH PE3YIIBTAThl TPEXYPOBHEBOTO aHKETUPOBAHUSI, IIPOBEICHHOTO
B 2021 u B 2022 rojax, KOTOPOE BKIIOYAJIO B ce0sl cOLMAIBbHO-OMOTrpaduuecKkie XapakTepUCTUKH PaOOTHHKOB, UX
OLEHKH [0 CHENHaJbHO pa3paboTaHHBIM |6 KOMIIOHEHTaM IPOW3BOJACTBEHHOM O€30IacCHOCTH, a TaKXke
MHTEPBBIONPOBaHKE (OKYC-TPYIIT HA MPEAMET IIECTH BbIICIEHHBIX KoMIToHeHTOB [1b.

Pesynomamut uccnedosanus. B xone npoBeJCHHOTO aHAIN3a aHKET OBIJIO YCTAHOBJICHO TOBBIIICHHE YPOBHS KyJIbTYPHI
MIPOM3BOJICTBEHHON O€30IIaCHOCTH C HPOTHO3MPYEMOTO (TPEThEro ypoBHs) 1O HPOAKTHBHOTO (YETBEPTOrO YPOBHS)
COTJIACHO MATHYPOBHEBOH KiIaccupuKanny MexIyHapoJHOH acconuanyu npomsBoauteneit Hegtu u raza (IOGP).
Oébcyscoenue u 3axkniouenue. CpaBHUTENBHBIN aHATU3 MPOJAEMOHCTPUPOBAII IOJIOKUTENBHYIO IUHAMUKY PE3yJIbTaTOB
onenku ypoBHS KIIb paGoTHrHkaMu ra3oTpaHCHOpTHOro mpeanpuatus. lloBelieHHe ero Ha JaHHOM MPEANPHATUH
JIOCTHTHYTO Onarojapsi BHEJPCHUIO M peaju3alldd NPOAKTHBHBIX MEPOINPHUATHH, TAKMX KaK pa3pabdoTKa JIMYHBIX
00s13aTeNbCTB PAa0OTHUKOB B 00JacTH O€30MacHOCTH, MX MaKCHMallbHas BOBJICYEHHOCTh B MPOLECC Pa3BUTHUS
KOMITETEHIINH B 00JACTH MPON3BOJCTBEHHONW 0€30I1aCHOCTH, 00eCTIeYeHHEe OTKPBITOCTH/IPO3PaYHOCTH KOMMYHHUKAIAN

I10 BOIIpocaM 0e30MacHOCTH, POPMHUPOBAHHE TIO3UTHBHOTO OTHOLIEHHUSI PAOOTHUKOB K U3MEHEHHAM B 3TOH cdepe.
KaioueBble c10Ba: KynbTypa IPON3BOACTBEHHONW 0€30IIaCHOCTH, yPOBEHb 3PENOCTH, (POKYC-TPyMIIBl, aHKETUPOBAHHUE

BaaronapHoctu. ABTOpHl  BBIp@XAalOT NPU3HATEIBFHOCTh  COTPYIHHWKAaM  Ta30TPAHCIIOPTHOTO  HPEANPUSATHS
3a IPOSIBIICHHBIM ~ MHTEpeC K  0O0CyXmaeMoil TeMeé M JOOpOCOBECTHOE  MPOXOXICHHWE  aHKETHPOBAHMS
W MHTEPBBIOWPOBAHUS, OJlaroqapsT peJakiMOHHYIO KOJUIETHIO KyPHalla M PEleH3eHTa 3a MPO(eCCHOHANIbHBIA aHaIN3 U

PEKOMEHALNH U1 KOPPEKTUPOBKU CTATHHU.

Jost nuruposanust. Cydpusnosa M.A., Bonoxuna A.T., ['mebosa E.B. PazpaboTka MexaHN3MOB MOBBILICHHS KYJIbTYPBI

MIPOU3BOJICTBEHHON OE30MACHOCTH IO pe3yJibTaTaM aHaIH3a AaHKETUPOBAHUS PAOOTHUKOB. Be30nacHOCHb MEXHO2EHHbIX
u npupoonvix cucmem. 2023;7(4):70-79. https://doi.org/10.23947/2541-9129-2023-7-4-70-79

Introduction. Currently, the development of industrial safety at oil and gas complex enterprises is based on a risk-
oriented approach, which means the integration of risk analysis and management methodology with the existing
management systems. As practice shows, the implementation of this approach leads to the formation of a high industrial
safety culture in companies.
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Within the framework of new standard GOST R ISO 45001-2020 "Occupational health and safety management
systems. Requirements with guidance for use"' the efficiency evaluation of the company's economic activity is
inextricably linked with the evaluation of its achievements in the field of industrial safety.

The requirements for leadership and commitment of top management to achieve the goals set, as well as the
involvement of employees in the identification of hazards and risks, the development and management of a
management system are among the significant innovations of this standard. Indeed, competent formation and
implementation of leadership in production is an extremely difficult task for the vast majority of companies. Only a few
enterprises manage to form a high industrial safety culture through the introduction of leadership practices.

The industrial safety culture today is one of the most important elements of the occupational safety management
system in all companies [1-3]. There are a sufficient number of methodological approaches to determining the degree
of development of the ISC [4, 5]. Well-known models that are often found in the practice of international companies are
the Bradley curve, the M. Fleming model and the P. Hudson model [6, 7]. These models were developed based on the
experience of the world's leading companies and represent the stages of development of the occupational safety
management system, which allows you, after conducting a specific analysis, to identify areas of safety culture that need
to be improved [8—10]. For example, DuPont has more than two million questionnaires in its database covering a wide
range of industries in 45 countries and more than 10,000 objects that can be visualized and compared with other
industry companies to evaluate key indicators of their safety culture [11-13].

Materials and Methods. Based on the analysis of these international practices, an original methodology for
assessing the industrial safety culture was developed using a three-stage questionnaire (three questionnaires) with
subsequent processing of the results according to the specified criteria.

Questionnaire No. 1 contained 10 questions, including an assessment of socio-biographical characteristics of
employees. It was assumed that they had a certain effect on the awareness of the importance of ensuring safety, on
understanding and fulfilling the requirements of production instructions. Another part of the questions was aimed at
determining the attitude of employees to the idea of zero injuries, readiness to take responsibility for their actions in
relation to safety at work.

Questionnaire No. 2 offered questions for evaluating 16 individual components of ISC presented in Figure 1.

1. Motivation 9. Evaluation of the safety management work

2. Risk management
10. Assessment of safety resources

3. Evaluation of effectiveness of IS service
11. Learning from past mistakes

4. Transparency, information trainin
s ’ = 12. Personal responsibility for safety

5. Competence and training of employees in the 13. Personal discipline and commitment
field of IS

14. Assessment of communication in the organization
6. Trust regarding safety issues

15. Involvement of employees in ensuring safety

7. Informing about violations

8. Assistance from other employees 16. Personal interest of employees in safety issues

Fig. 1. ISC components

!GOST R ISO 45001-2020. Occupational health and safety management systems. Requirements with guidance for use. Electronic fund of legal and
regulatory documents. URL: https://docs.cntd.ru/document/1200175068 (accessed 30.08.2023). (In Russ.).
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Four statements were made for each of the components, two of which were positive and two were negative. The
employees had to choose the degree of agreement or disagreement with the proposed statements. For further data
processing, all answers were transferred to a 5-point scale.

For the interviewing stage of the focus group, an original authors' questionnaire No. 3 was developed, which made it
possible to assess such ISC components as motivation, competence and training of employees in the field of
occupational safety and health, assessment of communications in security issues, policy and shared values, assessment
of resources for security, and learning from past mistakes.

Interviewing about the state and level of ISC development was with the employees of seven professional categories:
managers (administration), specialists (administration), line managers (production units of the main activity), line
managers (production units of secondary activity), specialists (production units of the main activity), specialists
(production units of secondary activity), and workers. The interviewing format was face-to-face (directly by an on-site
auditor) and online (by filling out by employees a specially designed electronic Yandex.Form). All the answers received
as a result of face-to-face interviewing were later entered into Yandex.Forms. The estimated time to complete the
interview/questionnaire was 30 minutes.

As a result of filling out the Yandex.Form, all the answers were converted into points with the subsequent finding of
an assessment by employees of both a separate ISC component (the average score for four statements for this
component), and in general all 16 components (the average score for 16 components found) on a scale from 1 to 5.

The conversion of the average ISC assessment values by the employees to the five-level classification of the
International Association of Oil and Gas Producers (IOGP) was carried out according to the scale shown in Figure 2,
where:

— Level 1 — initial. The ISC concept was virtually absent, all safety measures were random, the requirements were
not met;

— Level 2 — reactive. The ISC level was not developed, but certain safety measures were taken every time after the
realization of an adverse event;

— Level 3 — predictable. The ISC level began to rise and gradually tended upward due to the creation and
implementation of formalized approaches to industrial safety management;

— Level 4 — proactive. The ISC level was quite high, the values and leadership confirmed by the results ensured
continuous improvement of industrial safety;

— Level 5 — creative. The industrial safety system was a way of doing business>.

Results. Figure 3 provides the results of the survey of employees conducted in 2021 and in 2022 in the form of a
comparative histogram. These histograms demonstrate the positive dynamics of the ISC assessment results by the
employees of the enterprise.

The ISC components that received the highest ratings in both 2021 and 2022 were "Assessment of the effectiveness
of IS service" (2021 — 3.86, 2022 — 4.33), "Personal responsibility for safety" (2021 — 3.86, 2022 — 4.31),
"Assessment of the work of management to ensure safety" (2021 — 3.79, 2022 — 4.26). These assessments related to
the proactive level of ISC and meant that there were no cases of concealment of incidents at the enterprise, employees
had the opportunity to contact the management with questions about safety, they were aware of their personal
responsibility for it and highly appreciated the work of the IS service. At the same time, it was worth paying attention to
the minimum estimates: "Motivation" (2021 — 3.41, 2022 — 4.15), "Assessment of resources for safety" (2021 —
3.43, 2022 — 4.18). The minimum estimates of 2021 referred to the projected ISC level, while the minimum estimates
of 2022 referred to the proactive one, and this was despite the fact that the components showed the lowest number of
points in 2022. These data indicated a lot of work done with an emphasis on these components.

2JOGP Report 453 — Safety Leadership in Practice: A Guide for Managers International Association of Oil & Gas Producers Bookstore (I0GP).
URL: https://www.hpog.org/resource-centre/iogp-papers/new-download/ (accessed 30.08.2023)

Technosphere Safety

73


https://www.hpog.org/resource-centre/iogp-papers/new-download/

https://bps-journal.ru/

74

Safety of Technogenic and Natural Systems. 2023;7(4):70-79. eISSN 2541-9129

0-1.25

Initial

Safety measures are
random/formal
reporting

1.26-2.50
Industrial safety
system is a way
of doing business.
Reactive Main elements of The target
the industrial safety indicators are the
Measures are management absence of
taken to ensure system have been accidents.

industrial safety
every time after
the event,

Ensuring safety is
understood as a

created, safety
indicators are

tivation in th monitored, safety is key aspect of
motivation in the :
understood as a production
form of fines and ..
. personal activity
penalties o
responsibility

Fig. 2. Results of the survey on the international five-level classification of oil and gas producers (IOGP) [13]
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The average ratings of all components of the industrial safety culture for each professional category and the average
ISC value for the enterprise as a whole were also calculated. Figure 4 provides the comparative histogram.
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Fig. 4. Comparison of the results of average ISC ratings depending on the professional category of employees of the gas
transportation enterprise for 2021 and 2022

It can be seen that in both 2021 and 2022, the professional category of employees did not significantly affect the
assessment results, but at the same time, an increase in the ISC level to proactive in each of the professional categories
was established. This was due to the implementation of such proactive measures at this enterprise as holding a review-
competition of the state of industrial safety and the development of a safety culture with subsequent encouragement of
winners and payment of monetary remuneration to employees, installation of video monitors on which videos of
violations and injury cases were broadcast, as well as positive and significant events related to IS issues.

According to the algorithm for assessing the ISC level and the results of the survey, histograms of average ratings of
all employees for each component of the occupational safety culture were constructed for three age categories: up to 35
years, from 36 to 49 years, from 50 years (Fig. 5).
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Fig. 5. Comparison of average ratings of the ISC level depending on the age category of employees for 2021 and 2022
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As it can be seen in the figure, the employees of all age categories attributed the ISC level in 2022 to proactive,
while in 2021 it was predicted. However, the presented data show that there was no dependence of the assessment of the
ISC level on the age of employees.

Based on the results of the questionnaire, two pie charts of the distribution of all respondents by the ISC level were

formed for comparative analysis (Fig. 6).

4% 1%
' ' 13% 8%
ISC levels ISC levels
= Initial = Initial
= Reactive = Reactive

= Predicted = Predicted

= Proactive = Proactive

= Creative = Creative

79%

2021 r. 2022 T.

a) b)
Fig. 6. Comparison of the number of employees of a gas transportation enterprise by the levels of ISC development:
a — for 2021; b — for 2022

Thus, it can be noted that the reactive level disappeared (the average value lied in the range from 1.26 to 2.50).
It is important to emphasize that in 2021, 58% of employees estimated the level of industrial safety culture at the
predicted level (the average value lied in the range from 2.51 to 3.75), while in 2022 it was only 8%. The share of
employees who assessed the ISC level as proactive increased — from 37% to 79% (the average value was in the
range from 3.76 to 4.50). An indicative result was an increase in the percentage of employees who rated the ISC
level at the creative level — from 4 to 13%.

Based on the results of the focus group interview (questionnaire no. 3) it was revealed that the majority of
respondents (70%) were familiar with the motivational program for safe work. Moreover, in their opinion, this
program was functioning effectively. At the same time, 70% of the interviewees did not know what share of the
bonus was paid to them for safe work and absence of IS requirements violations. However, the vast majority of
employees (90%) knew what types of penalties a manager could apply to them for violating the IS requirements.
Probably, not all employees understood how the motivation program worked at the enterprise.

The majority of respondents from the focus group (95%) believed that the employer provided a sufficient
amount of training in the field of occupational safety and health, but only a quarter of them emphasized that the
training took place in an interactive format, followed by practical study of the material presented.

Discussion and Conclusion. The work done by the authors made it possible, first of all, to assess the ISC level
at the gas transport enterprise under study, as well as to present a comparative analysis of average values of ISC
for all components. In 2022, this value was 4.23 (fourth level), while the average estimate in 2021 was 3.66 (third
level) according to the five-level classification of the International Association of Oil and Gas Producers.

Annual monitoring of ISC level allowed us to identify lower components that needed to be paid attention to:
motivation and competence, training of employees in the field of IS. In this regard, at the suggestion of the
authors of the article, the administration and the IS service of the gas transport enterprise carried out and
implemented measures to improve the ISC level.

To ensure motivation for safe work, methods of encouragement for performance and methods of influence for
violating the key rules of a gas transportation enterprise were proposed, methodological materials for working
with personnel demonstrating risky behavior were developed, and the information about bonus payments was
brought to employees through memos and information posters. In order to form and develop competencies in the
field of industrial safety, personal obligations of employees in the field of industrial safety have been developed,

employees have been trained and will continue to be trained in advanced training programs "Leadership in the



Sufiyanova MA, et al. Development of Mechanisms for Industrial Safety Culture Improvement Based on Employee Survey Analysis Results

field of industrial safety", "Behavioral safety audit. Rules of conduct", "Identification of hazards and risk
management in the field of industrial safety", "Analysis of the root causes of accidents. The procedure for their
establishment and development of preventive measures", as well as on the topics "ISO 45001:2018 "Occupational
health and safety management systems. Requirements with guidance for use", "The procedure for conducting
audits of the occupational health and safety management system taking into account the requirements of
ISO 45001:2018". The work has been organized aimed at developing risk-oriented thinking among employees of
the enterprise.

In the future, it is planned to develop and implement a personnel assessment system that will determine the
level of development of critically important personal and leadership qualities of employees and thereby assess the

impact of these qualities on ensuring a high ISC level.

References
1. Adzhienko GV, Daiman SYu. Bezopasnost', Osnovannaya na Doverii. Informatsionnyi byulleten'. Chistye tekhnologii i
ustoichivoe razvitie. 2017; 3(3):12—15. URL: https:/lepel.vitebsk-region.gov.by/uploads/documents/Kontseptsija-nulevogo-

travmatizma.pdf (accessed: 25.08.2023). (In Russ.).

2. Glebova EV, Volokhina AT, Sufiyanova MA, Vikhrov AE. Analysis of the Results of the Conducted
Behavioral Safety Audits at the Enterprises of the Fuel and Energy Complex (FEC). Environmental protection in
oil and gas complex. 2021;3(300):15-18. https://doi.org/10.33285/2411-7013-2021-3(300)-15-18 (accessed:
25.08.2023). (In Russ.).

3. Guldenmund FW. Understanding and exploring safety culture. The Netherlands, Delft University; 2010. 254 p. URL:
https://repository.tudelft.nl/islandora/object/uuid:30fb9f1 c-7daf-41dd-8aScb6e3acfe0023/?collection=research (accessed:
25.08.2023).

4. Bolshov LA, Arutyunyan RV, Linge II, Abalkina IL. Nuclear accidents: consequences for human, society
and energy sector. Radiatsionnaya Gygiena. 2016;9(3):43—-52. URL: https://doi.org/10.21514/1998-426X-2016-9-
3-43-52 (accessed: 25.08.2023). (In Russ.).

5. Skachok VE, Kozhekina I'Yu, Petrovskaya LYu, Kotlyarovich AA, Prourzina OYu. Mesto bezopasnosti v
zhizni cheloveka i obshchestva i ee ves v sisteme potrebnostei. Molodoi uchenyi. 2018;17(203):266—-268. URL.:
https://moluch.ru/archive/203/49645/ (accessed: 25.08.2023). (In Russ.).

6. Maslou A. Motivatsiya i lichnost'. 3-d ed. Saint-Petersburg: Piter; 2019. 400 p. (In Russ.).

7. Reason J. Safety paradoxes and safety culture. Injury Control and Safety Promotion. 2010;7(1):3—14.
https://doi.org/10.1076/1566-0974(200003)7:1:1-V:FT003

8. Sari Tappura, Aki Jadskeldinen, Julius Pirhonen. Designing a safety culture maturity model. Occupational
and Environmental Safety and Health IV. 2022;449:55-56. https://doi.org/10.1007/978-3-031-12547-8 5

9. Dominic Cooper M. The safety culture construct: Theory and practice. Safety Cultures, Safety Models.
2018;224:47-61. https://doi.org/10.1007/978-3-319-95129-4_5

10. Sutton IS. Use root cause analysis to understand and improve process safety culture. Process Safaty
Progress. 2010;27(4):274-279. https://doi.org/10.1002/prs.10271

11. Beus JM, Payne SC, Bergman ME, Arthur WJr. Safety climate and injuries: an examination of theoretical
and empirical relationships. Journal of Applied Psychology. 2010;95(4):713-727.
https://doi.org/10.1037/a0019164

12. Nirupama Gopalaswami, Zhe Han. Analysis of laboratory incident database. Journal of Loss Prevention in
the Process Industries. 2020;64:104027. https://doi.org/10.1016/].j1p.2019.104027

13. Sutton I. Culture and participation. Process Risk and Reliability Management. Second edition. Gulf
Professional Publishing; 2015. P. 139-178. https://doi.org/10.1016/B978-0-12-801653-4.00003-5

Technosphere Safety

77


https://lepel.vitebsk-region.gov.by/uploads/documents/Kontseptsija-nulevogo-travmatizma.pdf
https://lepel.vitebsk-region.gov.by/uploads/documents/Kontseptsija-nulevogo-travmatizma.pdf
https://doi.org/10.33285/2411-7013-2021-3(300)-15-18
https://repository.tudelft.nl/islandora/object/uuid:30fb9f1c-7daf-41dd-8a5cb6e3acfe0023/?collection=research
https://doi.org/10.21514/1998-426X-2016-9-3-43-52
https://doi.org/10.21514/1998-426X-2016-9-3-43-52
https://moluch.ru/archive/203/49645/
https://doi.org/10.1076/1566-0974(200003)7:1;1-V;FT003
https://doi.org/10.1007/978-3-031-12547-8_5
https://doi.org/10.1007/978-3-319-95129-4_5
https://doi.org/10.1002/prs.10271
https://doi.org/10.1037/a0019164
https://doi.org/10.1016/j.jlp.2019.104027
https://doi.org/10.1016/B978-0-12-801653-4.00003-5

https://bps-journal.ru/

78

Safety of Technogenic and Natural Systems. 2023;7(4):70-79. eISSN 2541-9129

Received 02.09.2023
Revised 25.09.2023
Accepted 30.09.2023

About the Authors:

Milyausha A. Sufiyanova, Master's Degree Student of the Industrial Safety and Environmental Protection
Department, Gubkin Russian State University of Oil and Gas (65/1, Leninsky Ave., Moscow, 119991, RF), ORCID,
sufiyanova.m@gubkin.ru

Alla T. Volokhina, Dr. Sci. (Eng.), Associate Professor, Professor of the Industrial Safety and Environmental
Protection Department, Gubkin Russian State University of Oil and Gas (65/1, Leninsky Ave., Moscow, 119991, RF),
ScopusID, AuthorID, ORCID, alla_volohina@mail.ru

Elena V. Glebova, Dr. Sci. (Eng.), Professor, Head of the Department of Industrial Safety and Environmental
Protection Department, Gubkin Russian State University of Oil and Gas (65/1, Leninsky Ave., Moscow, 119991, RF),
ResearcherID, ScopusID, AuthorID, ORCID, elena.glebova50@mail.ru

Claimed contributorship: the authors have made an equal contribution to the formulation of the task and the
definition of the aim of the study, conducting experiments and calculations, drawing conclusions and correcting the text
of the article

Conflict of interest statement: the authors do not have any conflict of interest.

All authors have read and approved the final manuscript.

Hocrynuia B pexaxnmio 02.09.2023
Hocrynuia nocie penenzuposanus 25.09.2023
Hpunasara k nyoaukanun 30.09.2023

06 asmopax:

Muasiymia AiinyposHa CydusinoBa, MarucTpanT kadeapsl IPOMBIIIJICHHON 0€301MacHOCTH U OXpaH OKpY Karomei
cpensl  Poccmiickoro rocymapcTBEHHOTO yHHBepcuTeTa He()TH ¥ Traza (HaIMOHAJBHBIM HCCIIENOBAaTEIbCKUN
YHHUBEPCUTET) UMEHU .M. I'yOkuna (119991, r. Mocksa, npocnekT JleHnHckui, 65/1), ORCID,
sufiyanova.m@gubkin.ru

Aana TarupoBna Boaoxmna, DOKTOp TEXHHUYECKMX HayK, IOLEHT, mpodeccop Kadeapbl NPOMBINUICHHON
0e301acHOCTH M OXpaHbl OKpYy)Karolled cpeapl PoccHiCKOro rocyJapcTBEHHOrO yHHBepcuTeTa HeTH H rasa
(HaIMOHANBHBIN HCCIIeJ0BATENbCKUI YHHUBEPCHUTET) MMEHU WM. I'yOkuna (119991, r. Mocksa,
npocnekt JleanHckwit, 65/1), ScopusID, AuthorID, ORCID, alla_volohina@mail.ru

Enena BuranbeBna I'jie6oBa, TOKTOp TEeXHHYECKHWX HayK, Tpodeccop, 3aBemyromas Kadenpoil MpOMBIIIICHHOR
0e30macHOCTH M OXpaHbl OKpPY)Kalomed cpelasl PoCCHIICKOro rocymapcTBEHHOTO YHHUBEpcHUTeTa He)TH M Tas3a
(HaIMOHATBLHBIH HCCIIEeTOBATENbCKUI YHUBEPCHUTET) UMEHU N.M. I'yOkuna (119991, r. Mockaa,
npocriekt Jleannackuii, 65/1), ResearcherID, ScopusID, AuthorID, ORCID, elena.glebovaS0@mail.ru



https://orcid.org/0009-0001-7021-988X
mailto:sufiyanova.m@gubkin.ru
https://www.scopus.com/authid/detail.uri?authorId=35574922000
https://elibrary.ru/author_profile.asp?id=531683
https://orcid.org/0000-0002-3787-5391
mailto:alla_volohina@mail.ru
https://www.webofscience.com/wos/author/record/Y-7777-2018
https://www.scopus.com/authid/detail.uri?authorId=16471885500
https://elibrary.ru/author_profile.asp?authorid=764594
https://orcid.org/0000-0003-0190-1452
mailto:elena.glebova50@mail.ru
https://orcid.org/0009-0001-7021-988X
mailto:sufiyanova.m@gubkin.ru
https://www.scopus.com/authid/detail.uri?authorId=35574922000
https://elibrary.ru/author_profile.asp?id=531683
https://orcid.org/0000-0002-3787-5391
mailto:alla_volohina@mail.ru
https://www.webofscience.com/wos/author/record/Y-7777-2018
https://www.scopus.com/authid/detail.uri?authorId=16471885500
https://elibrary.ru/author_profile.asp?authorid=764594
https://orcid.org/0000-0003-0190-1452
mailto:elena.glebova50@mail.ru

Sufiyanova MA, et al. Development of Mechanisms for Industrial Safety Culture Improvement Based on Employee Survey Analysis Results

3asenennviii 6xk1a0 coasmopos:
ABTOpBI BHECIIM PaBHOICHHBII BKJIQJ B IIOCTAHOBKY 3a[audl M OMNpEJeNICHHE LEJIH HCCIIEJOBAHUS, MPOBEICHUE
9KCIIEPUMEHTOB M PAc4eToOB, (OPMYIMPOBAHUE BBIBOJIOB U KOPPEKTUPOBKY TEKCTA CTATHH.

Koungpnuxm unmepecos: aBTOpsI 3asBISAIOT 00 OTCYTCTBUH KOH(IINKTA HHTEPECOB.

Bce asmopul npouumanu u 0006punu OKOH4YAMENbHbIU 8APUAHI PYKORUCU.

Technosphere Safety

79



https://bps-journal.ru/

80

Safety of Technogenic and Natural Systems. 2023;7(4):80-96. eISSN 25419129

MACHINE BUILDING
MAIINMHOCTPOEHUE

W) Check for updates
BY

UDC 628.465.9 Original article
https://doi.org/10.23947/2541-9129-2023-7-4-80-96

Model of Multi-Parameter Optimization of Cable Car Characteristics in a Solid Waste
Transportation System

Yulianna V. Marchenko ,|Viktor V. Deryushev| , Sergey I. Popov*, Edward V. Marchenko
Don State Technical University, Rostov-on-Don, Russian Federation
> marchenko-6470@mail.ru

Abstract

Introduction. Modern scientific and applied literature examines the problems of cable cars functioning quite
thoroughly. First of all, it concerns ensuring the reliability and safety of traffic, both during operation and during project
development.

In addition, the paper considers the relationship of cable cars with the environment and the level of environmental load
from this type of transport. A good solution could be the use of mathematical models that can take into account a set of
parameters and criteria that characterize the cable car as a system. The same approach would be useful for optimizing
technical characteristics of the object. However, there is no description of such a solution in the literature. This gap is
partially filled by the presented work. The study aims to create a model of multivariable optimization of cable car
technical characteristics for the transportation of municipal solid waste (MSW).

Material and Methods. To clarify the theoretical basis, the literature describing the problems of cable cars and their
solutions in general has been studied. Mathematical calculations were justified by a volume of equations that proved
their adequacy in determining the useful transport work, load, adjustment of time and speed of cargo movement and
other significant parameters of the system under study. When forming the model, we proceeded from the principles of
L.S. Pontryagin (needle variation) and Hamilton — Ostrogradsky (kinematics of a certain road segment). Text data
about the features of the system elements and their interaction were summarized in tables. The main calculations results
were visualized in the form of graphs.

Results. The solution to the problem of optimal control of the cable car on which solid waste was moved was presented.
The motion control vector was shown as a vector of optimized technical parameters of the system: speed of movement,
rope tension, number and weight of containers. The well-known solution to the optimization problem was reproduced in
a general form, which involved determination of a control vector function and its corresponding trajectory with the
achievement of a minimum of the target functional. The weak point of the system of differential equations for the
realization of the goals of this scientific work was noted. In this regard, it was proposed to consider the investigated
section of the cable car as a dynamic system with distributed parameters. The formulation of the multi-criteria
optimization problem was described in detail. The advantages of reducing the number of criteria taken into account
were listed and the use of the reduction method, which was based on the hierarchical structuring of the system of partial
optimality criteria, was justified. Four main elements of the municipal solid waste (MSW) transportation system were
considered in interrelation. This was a cable car, a transport and logistics point, a transport and logistics terminal and an
environment that generated solid waste. Within the framework of this work, we considered an urbanized environment.
The sub-elements of the named elements were listed and 12 directions of their interactions were shown. In detail, within
the framework of a three-level hierarchy, four main complex indicators of the complexity of the system under study
were described: environment, road, point and terminal. The solution of a multi-criteria optimization problem was
shown, calculations were performed for the optimized parameters — the characteristic of the complexity of the road and
the characteristic of the terrain. The results of calculations were presented in the form of graphs. Thus, the dependences
of the optimized parameters on the weight of the loaded container, the length and speed of the cable car were illustrated.
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Conclusions. The main result of the study is an idea of the possibility of a mathematical solution of a multivariable and
multi-criteria problem of optimizing two characteristics of a cable car (complexity and terrain feature). The proposed
approach allows you to change the hierarchy in the complex of indicators. The results of this scientific work can be
used, if necessary, to integrate the road project with neural network models, to work with fuzzy linguistic indicators, to
solve applied problems.

Keywords: cable car complexity, cable car environment complexity, transportation of municipal solid waste, multi-
criteria optimization
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AHHOTALUA

Beeoenue. CoBpeMeHHas HaydHas M TpPUKIATHAS JHTEpaTypa IOBOIBHO OOCTOSTENBHO PAacCMATPUBAET IMPOOIIEMBI
(YHKIMOHUPOBaHU KaHATHRIX AOpOr. B mepByro oduepens pedb MAET O BOMpPOCax OOECIeYeHHs HAACKHOCTH H
0€30MacHOCTH IBIKCHHS — KaK BO BPeMs IKCILTyaTalllHd, TaK U B IPoIecce pa3paboTKH MPOEKTa.

Kpome TOrO, paccMaTpuBaeTcs B3aWMOCBS3b KAaHATHBIX JOPOT C OKPYXAamoMmed cpenod, BBLICHIETCS YPOBEHBb
9KOJIOTHYECKOW HATPY3KH OT JAaHHOTO BHAA TPAHCHOPTA. XOPOUIMM pPEIICHHEM MOIJIO OBl CTaTh HCHOJIh30BaHUE
MaTeMaTHYECKUX MOJIENeH, CTIOCOOHBIX yUUTHIBATh KOMIUIEKC MTapaMEeTPOB U KPUTEPHEB, XaPaKTEPU3YIOUINX KaHATHYIO
JIOPOTY KaK CHCTeMY. DTOT K€ MOJX0J] OblI OBl MOJe3€H IJs ONTUMHU3AIUU TEXHUYECKHX XapaKTEPUCTHK OOBEKTa.
OpHako B JHTEpaType HE NPEACTABICHO OMNMCAaHHE Takoro pemieHus. JlaHHBIII mpoben OTY4AaCTH BOCIIOJIHSAET
mpencTraBieHHas pabora. Ee menp — co3maHuMe MOJENH MHOTONApaMeTPUYECKON ONTHMH3ALMN TEXHHYECKHX
XapaKTEePUCTUK KAHATHOM JIOPOTH AJIsl TPAHCIIOPTUPOBKH TBEPABIX ObITOBBIX 0TX0110B (THO).

Mamepuanvt u memoowt. JIns yTOUYHEHHWS TEOPETUYECKOH 0a3bl HM3y4deHa IUTEpaTypa, B IEJIOM OIMCHIBAIOIIAS
mpoOJeMbl KaHATHBIX JOPOT WM WX peHmIeHHs. MareMaTWdecKue pacueThl OOOCHOBAaHBI OOBEMHOH TOHOOpKOit
YpaBHEHHIA, [IOKa3aBIIMX aJCKBATHOCTh TP ONPEACICHUU TIIOJIC3HOW TPAHCIOPTHOH paboThl, HArpys3KH,
KOPPEKTHPOBKH BPEMEHH U CKOPOCTH TEpEMEIIEHHsI TPY30B H IPYTHX 3HAYAMBIX MapaMEeTPOB UCCICTyEMOH CHCTEMBI.
[pu popmupoBanmu mMoxenu ucxomwan u3 npuHunoB JI.C. [lorTpsruHa (Wronpyaras Bapuanus) ¥ [ aMumbTOHA —
OcTtporpajackoro (KMHEMaTHKa OIMpPENeJIeHHOrO OTpe3ka JOoporu). TeKcToBbie NaHHble 00 O0COOEHHOCTSIX JJIEMEHTOB
CHCTEMBI U UX B3aUMOACHCTBUM CBEAEHBI B TaOIMIIBL. MITOTH TTIaBHBIX PacyeTOB BU3YyaIM3UPOBAHBI B BHJIE TPa(hUKOB.
Pezynomamut uccnedosanus. llpencraBieHo pelleHHe 3aaddl ONTHMAJIBHOTO YIPaBJIEHHMS KaHATHOW TOPOTOH, MO
KoTopo#t mepememaioT ThO. Bexkrop ympaBieHns IBHKEHHEM IOKa3aH KaK BEKTOP ONTUMH3HPYEMBIX TEXHHYECKHX
IapaMeTpoB CHUCTEMBI: CKOPOCTb ABIKCHMS, HATSHKCHHE KaHaTa, YUCIO W Bec KOHTeHHepoB. Bocmpomsomutcs
W3BECTHOE pEIICHHE 3aJadd ONTHMH3alUK B OOIIEM BHIE, KOTOPOE IPEAINoJaraeT OINpeleieHHe BEKTOp-(YHKIUN
VIpaBJICHUS U COOTBETCTBYIONICH €My TPAaeKTOPUU C JOCTIKCHHEM MUHUMyMa [eseBoro (yHkmuoHana. OTMEYeHO
cimaboe mecto cucteMbl MU depeHIMATbHBIX YPAaBHEHUH U pealn3aldyl [eield NaHHOW HaydyHOW paboTel. B aToit
CBSI3W TPEAJIOKEHO paccMaTpuBaTh HCCIEAYeMbI YYacTOK KaHATHOM JOpOrM KakK JUHAMHYECKYIO CHCTEMY C
pacrpeneieHHBIMU TTapaMeTpaMu. JleTampHO OIMcaHa ITOCTAaHOBKA 3aJadydl MHOTOKPUTEPHATIBHON ONTHMH3AIHH.
[lepeurciaeHb! TpeNMyIIECTBA COKPAIIEHHS KOJMYECTBA YIUTHIBAEMBIX KPUTEPHEB U 000CHOBAHO NMPUMEHEHHE METoaa
PEeAyKIH, KOTOPBIA 0a3upyeTcs Ha MepapXU4ecKoil CTPYKTYypH3alMK CHCTEMBI YaCTHBIX KPUTEPHEB ONTHMAIBHOCTH.
PaccMOTpeHBI BO B3aMMOCBS3HM YETHIPE TJIABHBIX JJIEMEHTA CHCTEMBI TPAHCIIOPTHPOBKH TBEPABIX OBITOBBIX OTXOJ0B
(TBO). D10 KaHaTHas AOPOTA, TPAHCHOPTHO-JIOTHCTUYECKUH ITyHKT, TPAHCIIOPTHO-TOTUCTHYECKUH TEPMUHA U CpeAa,
kotopasi reHepupyer ThO. B pamkax naHHOW paboThl pedb uaeT o0 ypOaHu3umpoBaHHOU cpene. [lepeuncneHs
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MIOJIPJIEMEHTHl HA3BAaHHBIX HJIEMEHTOB M IIOKa3aHbl 12 HampaBieHHH HMX B3auMoOJeHcTBHMiA. [leTaibHO, B paMKkax
TPEXypPOBHEBOIl MEPAapXHH, ONHMCAHBI YSTHIPE TVIABHBIX KOMIUIEKCHBIX ITOKa3aTeJsi CIOKHOCTH M3Y4aeMOH CHCTEMBI:
cpenma, Jopora, IyHKT M TepMuHad1. [loka3aHO pelleHHe MHOTOKPHTEPHAILHOW 3aJauyd ONTHUMHU3ALHH, BBHIIOJHEHEI
pacdeThl N0 ONTHMHU3HPYEM IapaMeTpaM — XapaKTEePUCTHKA CIOKHOCTH JOPOTH M XapaKTEePHCTHKA MECTHOCTH.
PesynpTaThl pacueToB mpencTaBieHbl B BHAE TIpadukoB. TakuMm 00pa3oM HPOMIUTIOCTPUPOBAHBI 3aBHCHMOCTH
ONTHMH3UPYEMBIX NTapaMEeTPOB OT MACCHI 3arpyKEHHOTO KOHTEeHHEepa, AJIMHBI U CKOPOCTH KaHATHON JOPOTH.
Oécyacoenue u 3axniouenue. OCHOBHOW WTOT HCCIIEAOBaHUS — C(HOPMHPOBAHO NPEJICTABICHHE O BO3MOXHOCTH
MaTeMaTUYeCKOro peIIeHHs MHOTONapaMeTpU4ecKod W MHOTOKPHTEPUAIbHOW 3aJaudl ONTUMH3ALUH  JBYX
XapaKTEePUCTUK KaHATHOM JOPOTH (CIOXKHOCTh U 0COOEHHOCTh MECTHOCTH). I1pe/iioskeHHBIN T0IX0/1 TO3BOJISIET MEHSITh
Hepapxvi0 B KOMIUIEKCE IOKaszaTeneld. Pe3ynbraThl JaHHOW Hay4yHOW pabOTBI MOXHO UCIIOJB30BaTh IpPHU
HEOOXOAMMOCTH HWHTErpallid TPOEKTa JIOPOTM C HEHPOCETEeBBIMH MOJEJISIMH, B paboTe C HEYETKUMH
JIMHTBUCTHYECKMME MOKa3aTeISIMU, JUIS PELICHHS IIPUKIAJHBIX 3a1ad.

KnroueBble cjioBa: CIOXHOCTh KaHAaTHOW JOPOTH, CIOKHOCTH CPEAbl KAHATHOW NOPOTH, TPAHCIIOPTHPOBKA TBEPHABIX
OBITOBBIX OTX0JJOB, MHOTOKPUTEPHAIbHAS ONTHMHU3AIHs

BﬂaFOHaPHOCTI/l. ABTOpLI BBIPAXKAKOT NPHU3HATCIIBHOCTD KOJUJICTaM 3a4 TOMOIIb.

Jass uurupoBanus. Mapuenko H0.B., [epromes B.B., ITonos C.1., Mapuenko 2.B. Moaenb MHOronapameTpuyecKkoi
OIITUMU3ALMN XapaKTEPUCTUK KAHATHON JOPOTH B CHCTEME TPAHCHOPTHUPOBKH TBEPIBIX OBITOBBIX OTXOMOB. bezonacrhocme
mexHozennvix u npupoouvix cucmem. 2023;7(4):80-96. https://doi.org/10.23947/2541-9129-2023-7-4-80-96

Introduction. Modern cable cars are high-tech complexes for passengers and cargo movement. Numerous scientific
and applied studies are devoted to them. Technical features of these objects are being studied. The issues of their
relationship with the environment are being clarified. Following the trends of recent years, the authors have found out
the level of environmental load from this type of transport. The focus of attention is always on ensuring the reliability
and safety of traffic — both during operation and during the development of the project.

Many authors and teams have studied the issues of improving technical characteristics of cable cars by improving
their designs. The results of such studies have been implemented in passenger and cargo rope transport projects [1-3].
In [4, 5], a different approach to the problem of reliability and safety of operation of the objects under consideration is
presented. In this case, the quality of the project is determined by the number of factors that affect the stability of the
system. In this regard, it would be advisable to consider the possibilities of multiparametric and multi-criteria
optimization of the technical characteristics of cable cars. However, there are no publications on this topic in modern
scientific literature.

The work aims to show the possibility of creating a model of multiparametric optimization of technical
characteristics of a cable car for the transportation of municipal solid waste (MSW).

Materials and Methods. Within the framework of the presented scientific work, the data from the literature devoted
to the issue under study are summarized. One of the approaches to solving the problem is described in [6]. Solid waste
is collected in removable containers, compacted, placed in vacuum and delivered by truck to a transport and logistics
point. Here the container is moved to the cargo cable car. It connects the transport and logistics point with the transport
and logistics terminal, where the container is loaded onto an intermediate decelerating conveyor, removed from the
cable car, unloaded, then washed and disinfected. The described scheme assumes environmental control of processes, as
well as maintenance and repair.

Let us consider a section of a cable car between two supports (Fig. 1). Let us assume that the supports are located at
the same height and at distance | from each other. Between them there can be one or more containers weighing
G.«i(i=1,...,n)each.
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Fig. 1. Diagram of the process of transporting containers on a cable car

n
On a section of the cable car, the containers with cargo with a total weight of G| ZZGK,- are delivered at a certain
i=1
distance, and then it is an effective transportation 4, equal to the product of cargo in tons | times the distance in km:

A = Grp . Irp = z (nizl) (Gxi : Irpi)'
Transport work is measured in ton-kilometers. The productivity of the transport process is the useful transport work
per unit of time:

W — GFPITT)
t

where t — time taken to move the load with total weight G, to the distance of the total load from the support
il =2 bl /.
Value v=1_/t represents the speed of movement of goods by cable car. In the first approximation, it can be

considered equal to the speed of the rope. In general, taking into account the slackness of the rope with containers by
value h, the speed of movement of goods on the cable car will be slightly less than the speed of the rope.

An effective process is the delivery of as much cargo as possible in less time to a given distance. In our case, loads
with a given total weight >G_ are moved by a cable car at a distance | between two supports. Then the task of

increasing efficiency is reduced to minimizing travel time t,_ :

G|
:Zn T min.
v .G,

i=1

TP

When solving problems to reduce the transportation time, such characteristics of the cable car as the speed of
movement v, the tension of the rope T, the number of containers between the supports n and the weight of one container
with a load G, vary. Value G, is assumed to be the same for all containers. Then the task of increasing efficiency is
reduced to maximizing:

V) G, — max. (1)
=)

The speed of movement of cargo cable cars is limited by standards in the field of industrial safety®. The speed
parameter is usually limited by the dynamic coefficient u:

u=—,
A,
where A — amplitude of the container vibrations depending on the speed of the rope; A — static (or equilibrium)

amplitude, i.e. static deformation of the elastic bond (maximum rope sagging) under the action of weight forces of all
containers at zero or very low speed of movement the rope.

10b utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti "Pravila bezopasnosti passazhirskikh kanatnykh dorog i funikulerov". Order
of the Federal Service for Environmental, Technological and Nuclear Supervision No. 441 dated November 13, 2020. Electronic Fund of Legal and Regulatory
and Technical Documents. URL.: https://docs.cntd.ru/document/573191373 (accessed 25.09.2023).
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Changes in the shape and frequency of vibrations [7] lead to changes in dynamic loads on ropes and other power
elements. Overload acting on the container in the vertical direction along the z axis:

P
p=—t=1+Z,
P, g

where P — dynamic load, P, — static load, 7 — acceleration of the container in the direction of the vertical z axis.

Therefore, we will proceed from the safety requirements. We take into account the influence of rope tension and
parameters from expression (1) on the dynamic coefficient and the magnitude of overloads. In this case, solution to the
problem of increasing efficiency requires solution to the optimization problem of the cable system dynamics, which is
described by a finite set of parameters. Thus, we are talking about a multiparameter problem.

Results

Formulation of the optimization problem for systems with lumped and distributed parameters. To solve the
problem, we apply L.S. Pontryagin's needle variation [8] to the invariant features of the actual motion of a dynamical
system.

In the classic formulation of the optimal control problem, the cable car between the supports is considered as a
holonomic dynamic system the mechanical connections of which are reduced to geometric ones. For the system under
consideration, Hamilton—Ostrogradsky principle [9] is valid, according to which on trajectory q(t), that does not
contain kinematic foci:

1
8 =[(8T+8'A)dt=0, )
0
t=0, q(0) = qo, t = t, q(t) = g,
80, =98¢, =0, @)

at)
where J — target functional; 7= 7(q, ) — Kinetic energy; A = [ Qdq — work of generalized forces that depend
q(0)

on generalized coordinates; q(t) = [qu, ..., gn]" €R" — vector of specified generalized coordinates; (t) = [Q4, ..., Qn] e
R" — vector of generalized forces; t = [0, t] — time; & — symbol of variation; 6’ — symbol of infinitesimal increment
of quantities.

Vector of generalized forces depends on control vector u(t):

ui)eR™ Q=0Q(q,q,u,t), m<n. 4)

The motion control vector is a vector of optimized technical parameters of the system: speed of movement, rope
tension, number and weight of containers.

In general, the optimization problem involves determining the control vector function u(q,q) and the

corresponding trajectory q(t), so that the minimum of the target functional is achieved:

J :‘k[F(q,q)dt—> min. (5)

Under conditions (2), (3) and control constraints:
ueG,, (6)
where G, — closed set of permissible controls in the space of functions [0, td set at a finite time interval; F(q,q) —
sign-constant function.
Let us suppose, in the first approximation, the rope system is modeled as dynamic and consists of a finite number of
concentrated masses (containers) connected by elastic constraints. In this case, to solve the optimization problem, it is
necessary to determine the laws of speed change v(t) =x(t), rope tension T =f(t), the values of the number of

containers n(x,X) and their weight G,;, — T such that the target functional J takes the minimum value:

J:tj‘{(x—xk)z+8(X—>{ka}dt—>min. (7)

0
Initial and terminal conditions for (7):
t =0, x(0)=0, X(0) =V, t= t,, X(t, )= LX(t,) = V- (8)
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In addition, taking into account (2), we keep in mind the ordinary differential equations of motion of the dynamical
system under consideration. Restrictions are imposed on the speed of movement, the amount of tension, the number and
weight of containers:
0<T<T

max !

Vo SVESV S l<n<n; G, <Gy <G u- 9)
In addition, the acceleration of containers in the direction of the x axis, in the transverse direction (along the z axis),

as well as the transverse deviations of the i-th container w(x;,t) along the z axis are limited:

5('i (t) < Xmax’ Zt (t) < Zmax’ W(Xi ,t) < Wmax' (10)
To solve the optimization problem, instead of target functional (7), an extended functional is considered:
t, Y2 X
J=]| 1x2+p X—+judx dt, (11)
0 2 2 Xo

where p — Lagrange multiplier.

Let us mention the weak point of constructing a system of ordinary differential equations of motion of the dynamic
system under consideration with a variable number of concentrated masses and variable boundary conditions. The fact
is that in order to implement this approach, it is necessary to introduce a number of assumptions that reduce the
reliability of optimization results. Therefore, we consider the corresponding section of the cable car as a dynamic
system with distributed parameters. In this case, to study the dynamic processes of a system with a mobile discrete and
distributed inertial load, we use the partial differential equation of transverse rope vibrations reduced to a homogeneous
differential equation:

o*w o’w o’w
X) — + 2p(X)V——— (T —p(X)V*) —-=0, 12
P(¥) =z +2p0v—— = (T =p(V) —3 (12)
where p(X)=p,+> G, 8(x=x); p, — mass of the rope length unit; G,, — mass of the i—th concentrated
i=1

load; 8(x—xi) — Dirac function; x, — coordinate determining the position of the i-th load; 7 — rope tension;

w(x,t) — transverse deviation; v — longitudinal velocity of the rope.

A detailed review of methods for solving optimization problems for dynamic systems with distributed parameters,
including hyperbolic systems of form (10) with controlled connections at the boundaries, is given [9]. Most methods are
based on the assumption that of all the permissible control actions on the system under consideration, only one
corresponds to the optimal state of the process, i.e. solution of differential equation (10). Another assumption is the
convexity of the set of permissible controls in the target functional — for example, as in (7). At the same time, for
systems with distributed parameters, the absence of optimal control or the presence of multimodal functions in the
target functional with multiparametric optimization is acceptable. In addition, the complexity of obtaining the necessary
(and, preferably, sufficient) optimality conditions does not guarantee the adequacy of the results of solving a model
optimization problem to the optimization goals for a real object. This disadvantage is also characteristic of dynamical
systems modeled by ordinary differential equations.

The above proves the relevance of developing approaches that will overcome the shortcomings noted above. It
concerns the methods of so-called suboptimal management. These include multi-criteria optimization methods used in
decision-making or selection tasks. In this case, they make it possible to consider simultaneously a larger number of
parameters of the optimized system in a multidimensional space of criteria (indicators).

Formulation of a multi-criteria optimization problem. Let U — n-dimensional vector of optimized technical
parameters of the system (control vector) and n > 1. In our case n = 4. Vector components: u; — speed of movement,
u; — rope tension, us — number of containers, us — weight of one container. As noted above, restrictions can be
imposed on vector U, which is a closed set CTU of form (6), which is called the set of acceptable values of the vector of
optimized parameters. The dimension of this set is r > n. Constraints and limiting functions have form (9) and (10).

Let us introduce vector optimality criterion K(U), defined on the set CTU in m-dimensional arithmetic space
(criterion space) R.'. Here m>1, i.e. in the limiting case, for m = 1 the optimization problem becomes single-criteria,
for m > 1 — multi-criteria. The components of the vector optimality criterion are particular optimality criteria:

K(U) = {ki(U), ko(V), ..., km(U)}. (13)

They may also be subject to restrictions. This is due to the need to bring to a dimensionless form and a single scale
of changes in values, for example, in the proposed model

0<kiU)<1,i=[1,...,m]. (14)
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In addition, in the general case, when forming particular optimality criteria, depending on the optimization goal, the
values of some particular criteria should be increased, and the values of others should be reduced. Let us note, however,
that the task of criterion minimization by introducing an inverse transformation is reduced to the task of maximization.
Therefore, let us assume that maximization of all partial optimality criteria is desirable in the developed model.

We also note possible limitations on the value of m, i.e. on the number of particular optimality criteria (indicators)
formed when solving specific problems. Obviously, one criterion, even a complex one, cannot cover all the
requirements. Modern computer technologies make it possible to solve problems with a large amount of data without
loss of accuracy, so many researchers maximize the number of particular criteria, use even those factors that practically
do not affect the result of optimization. At the same time, an increase in the dimensionality of the system makes it
difficult to build and may disrupt the stability of computational algorithms, especially in target functionals with
multimodal functions.

From a mathematical point of view, reducing the number of criteria reduces the complexity of computational
algorithms and opens up the possibility of a simple graphical interpretation of the results (for example, for two-
dimensional or three-dimensional criterion spaces). In addition, the verification of algorithms is simplified. The problem
can be reduced to a single-criteria one, and there are many proven methods for solving it. In general, reducing the
dimension of the formed system of partial optimality criteria (indicators) greatly simplifies the solution to the
optimization problem.

Most often, the method of eliminating duplicate or insignificant indicators is used for reduction. However, it is
possible to mistakenly exclude important factors. Therefore, within the framework of the presented work, a reduction
method was used based on the hierarchical structuring of a system of partial optimality criteria without their artificial
exclusion [10].

So, let us consider the functions (processes) of the system under consideration with an optimized object — a cable
car (Fig. 2).

7
1 > 3
Urbanized environment Transport and
8 logistics point

Transport and logistics
terminal

Fig. 2. Functional diagram of the MSW transportation system

Four elements of the MSW transportation system are described in [6].

1. Urbanized environment determines:

— layout of settlements;

— transport infrastructure;

— terrain and landscape;

— natural and climatic conditions;

—weight and volume of generated solid waste;

— time of removal of solid waste.

2. Cable car performs the main function — moving solid waste to the disposal site. The main (including optimized)
characteristics of this element of the system:

— type of cable car;

— number of containers on the road and between supports;

— rope tension;

— rope diameter;

— speed of movement;

— step of discrete drives;

— space between the supports.
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3. Solid waste is collected and stored for some time at a transport and logistics point. Its main characteristics:

—area;

— height of indoor premises;

— loading and unloading performance;

— dimensions and technical capabilities of conveyors;

— number of empty containers.

4. In the transport and logistics terminal, solid waste is unloaded, moved from the cable car to the disposal site.
Emptied containers are sent for washing, storage and inspection. The main characteristics of this element of the system
are:

—area;

— height of indoor premises;

— dimensions and technical capabilities of conveyors;

— loading and unloading performance;

— parameters of equipment for washing, drying and disinfection of empty containers;

— number of empty containers.

Table 1 describes the interactions of the elements, which are shown in Figure 2 with numbers from 1 to 12.

Table 1
Interaction of elements of the MSW transportation system by cable car

N Direction Interacting elements

0

1 | Urbanized environment — cable car Volume and weight of solid waste; volume, weight, number of
containers; technical characteristics of the road

2 | Cable car — urbanized environment Cable car operation processes; ecological state of the environment;
safety indicators of intersected objects (roads, water barriers, buildings,
agricultural land, etc.)

3 | Cable car — transport and logistics Number and weight of empty containers; speed and regularity of arrival

point of containers at the point

4 | Transport and logistics point - cable car | Number and weight of loaded containers; speed and regularity of arrival
of containers on the cable car

5 | Cable car — transport and logistics Number and weight of loaded containers; speed and regularity of receipt
terminal of containers in the terminal

6 | Transport and logistics terminal — cable | Number and weight of empty containers; speed and regularity of arrival
car of containers on the cable car

7 | Urbanized environment — transport and | Route length; transport infrastructure; container volume and weight;
logistics point vehicle load capacity; number of vehicles and containers per vehicle;

vehicle speed; speed and regularity of container arrival at the transport
and logistics point; climatic conditions

8 | Transport and logistics point — Processes of operation of a transport and logistics point; environmental
urbanized environment situation

9 |Urbanized environment — transport and | Volume and weight of solid waste; natural and climatic conditions
logistics terminal

10 | Transport and logistics terminal — Processes of operation of the transport and logistics terminal;
urbanized environment environmental situation

11 | Transport and logistics terminal — Volume and weight of solid waste; number of empty, excluded and
transport and logistics point added containers; maintenance and repair processes

12 | Transport and logistics point — Volume, weight of solid waste; number of filled, excluded and added
transport and logistics terminal containers

Figure 3 shows the interaction of the main parameters of the system under consideration for a conditional Rostov-
on-Don district in the form of a diagram.
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Number of trucks

Number of containers per
truck

Route length

Vehicle speed

Number of
containers and
speed of their

arrival at the
transport and
logistics point

Weather conditions

Time spent on removal J Volume, weight of the

Speed of movement of the container on

the conveyor Number of containers
and the speed of their

arrival on the cable car

Number of containers on the conveyor

Transport and
logistics point

Loading and unloading speed

R BN
| Rope tension |
| Number of containers on the road | The number of
. . . containers and the
Pitch of discrete drives and supports . .
- speed of their arrival at
Speed of the cable car the transport and
Cable car L .
logistics terminal
Terrain characteristics (terrain, elevation
differences, natural obstacles)
i
Container unloading speed

Speed of movement of the

container on the conveyor
Transport and L

logistics terminal Container washing speed

Number of containers
and the speed of their
return to the cable car

Container maintenance speed

Fig. 3. Scheme of functional interaction of the main indicators of the MSW transportation system from the conditional
Rostov-on-Don district

Figures 2 and 3 allow us to build a hierarchy of indicators (Fig. 4).

Comprehensive indicator of cable car technical efficiency according to
the optimized parameters

Indicator of the
complexity of the
transport and logistics
terminal K4

i Indi r of th
Indicators of the Indicators of the dicator of the

i lexity of th
complexity of the complexity of the cable complexity of the

urbanized environment car K transport and logistics
K1 2 point K3

Fig. 4. Hierarchical structure of criteria characterizing the cable car as a system

Tables 2 and 3 show the examples of complex indicators of technical complexity of building and functioning of an
eco-friendly system for removal of solid household waste by cargo cable transport in an urbanized environment.
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Table 2
Comprehensive indicators of technical complexity of the cable car as a solid waste transportation system
Indicator level Dimension, unit of
st 2nd 3rd measurement
Very bad
Bad
Layout of the area K Average
Layout of the settlement 4 H g
. Good
with transport v g
infrastructure Ky ery goo
Length of paved
State of the transport infrastructure Ki1» | streets to the total
length of streets
. Bad
Terrain and landscape of
the area Ky Average
Good
Weight Ki31 t
Characteristics of solid | SMW Volume Kis> m?
Complexity of an household waste (day) Solid
piextty ot Kis Structure Kias Liquid
urbanized environment Ky —
No classification
Temperature Kia; C°
Natural and climatic Wind velocity Kia, m/s
conditions K14 Humidity Kiss %
Number of sunny days in summer K4 | Units
Frequency of solid waste removal Kis1 Once a week
Number of trucks Kis, Units
Transportation costs (fuel and lubricants, Rub
i maintenance) Kis3 '
Removal of solid - -
Number of containers per car Kisa Units
household waste Kis
Route length Kiss km
Vehicle speed Kisg km/h
Container volume Kis7 m?3
Container weight Kisg kg
Cable car length K11 m
Number of containers on the cable car .
N Units
and between the supports K12
Cable car characteristics | Rope tension Kzi3" kN
K2 Cable car speed Ka14” m/s
. Distance between supports K m
Cable car complexity K - m PP 20
Rope diameter K16 mm
Weight of loaded containers K17 kgr
Height difference Ka21 m
Terrain characteristics Bad
K2 Obstacles along the way K2z, Average
Good
Layout of a transport Occupied area K311 m?
and logistics point Ks1 | Height of indoor spaces Ka2 m
. L Number of unloading platforms K Units
Transport and logistics Characteristics of - gp 2 -
. . . . Number of loading platforms Ksz, Units
point complexity Ks loading and unloading - -
operations K Unloading performance Ksz3 Units /hour
. Loading performance Kz2s Units /hour
Characteristics of the Conveyor length Kaz; m
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conveyor for empty Number of containers to be placed Kzz, | Units
containers Kas Number of empty containers sent for Units
storage Kssz
. Conveyor speed K m/s
Characteristics of the Yorsp Sk
. Conveyor length Kas m
accelerating conveyor -
K Load capacity Kaza3 t
* Drive power Kz kw
Conveyor speed K m/s
Characteristics of the YOrsp *
. Conveyor length Kazs; m
decelerating conveyor -
K Load capacity Ksss t
® Drive power Kass kw
. Occupied area K m?
Terminal size Ka1 - D - —
Height of indoor spaces Kai2 m
Conveyor speed K m/s
Characteristics of the YOrsp *
. Conveyor length Kazs; m
decelerating conveyor -
Ke Load capacity Ksss t
2 Drive power K3ss kWt
Parameters of the Efficiency Kas1 Un?ts /hour
solid waste from the £ unloadi It .
container Kus Number of unloading platforms Kass Units
Line length Kas1 m
Number of washing positions Kas, Units
Parameters of Wat K MPa
Transport and logistics equipment for washing, |21 PTESSUIe fa4s
terminal complexity K, | drying and disinfection h tics of d K Bad
of empty containers K aracteristics of detergents Kass Average
Good
Drying speed Kass min
Conveyor length Kus; m
Characteristics of the Number of containers to be placed Kas, | Units
conveyor for Number of empty containers sent for Units
maintenance and repair | maintenance and repair Kass
of empty containers Kas Bad
Container maintenance Kasa Average
Good
o Conveyor speed Kae1 m/s
Characteristics of the Conveyor length Kasz m
accelerating conveyor Load capacity Kus t
Ko Drive power Kags kw

K" — optimized parameters.
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Intervals of changes in cable car complexity indicators

Table 3

Level 3 Indicator Unit odf_measgrement, Change interval
imension

Cable car length K11 m 1000...50000
Number of containers on the cable car and between the supports Kz, | Units 1...20
Rope tension Kz13” kN 10...15
Cable car speed Ko1" m/s 0.5...5
Distance between the supports Kzis m 40...150
Rope diameter Kz16" mm 10...1000
Weight of loaded containers K17 kg 500...1500
Height difference Ko21 m 0...2000

Bad
Obstacles along the way Kzz, Average 0...1

Good

In general, there should be at least two indicators at each level of the hierarchy (with the exception of the topmost
one, which represents the target function). When grouping particular criteria at each level, the number of criteria
(indicators) in the group can vary from one to some specified maximum value, i.e. 1 <m < mmax. At m =1 the indicator
of the upper level moves to the lower one without change and vice versa. The maximum value is determined by the
dimension of the criterion space and the complexity of constructing a computational optimization procedure in this
space. Let us take Mmax= 8.

All criteria (indicators) of the lower level can be measurable and immeasurable. The examples for the first case:
"height difference”, "total length". For the second case — "relief" (simple, complex, very complex). To describe such
criteria, it is proposed to use the methods of fuzzy set theory, i.e. to determine the function of an object belonging to the
corresponding set, as in [10].

So, let us formulate the task of multi-criteria optimization to the maximum for each group of partial optimality
criteria at all levels. It is necessary to determine the vector function of the optimized system parameters (control vector)
U on a closed set G, so that the maximum of the target functional is achieved

K(U) — max (15)
under condition (13) and constraints (9, 10 and 14).
G, — closed set of permissible controls in the space of specified functions (permissible values of the vector of

u

optimized parameters).
Vector U™ e G, is the global solution to problem (15) if K(U*) > K(U) forall U €G, .

To solve the multi-criteria optimization problem, we will use scalarization method of vector criterion (13). To this
end, we apply the additive function:

K, (U)=>ak (U). (16)
i=1
For coefficients o; the conditions must be met:
Q, ZOHpI/IiZI,...,m;ZOLi =1. 17)
i=1

Then initial problem (15) is reduced to finding the maximum of integral indicator (16). In this case, the method of
determining the coefficients a; is especially important. These are the convolution coefficients of vector criterion (13)
from the multicriteria space to the numerical axis of scalar criterion (16) with the physical meaning "better" — "worse".

To calculate the convolution coefficients, one can use the methodology proposed in [10]. In this case, fuzzy relations
on pairs of objects from the training sample and integral scalar exponent (16) are considered. A computational
procedure is constructed for the functional that determines the magnitude of the discrepancy.

After determining the convolution coefficient vectors for all criteria of the hierarchy, it is necessary to find the
vector function of the optimized parameters of the system (control vector) U, when additive function (16) reaches the
maximum for the criterion of the upper level of the hierarchy (objective function). At the same time, on a set of
parameters, the objective function can have several local maxima. Among them, you need to find a global one. There
are several computational methods for solving such problems [11]. The so-called evolutionary methods have certain
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advantages. Some of them are implemented on the basis of a specialized multidisciplinary platform ModeFrontier. To
solve this problem, we propose genetic algorithm [12].

Calculations. The optimized parameters of the cable car, as shown in Table 2, are included in K> indicator:
K, =0,6K,, +0,4K,,.

K21 (cable car complexity characteristic) is determined by the formula:
K, =0,1K,,;, +0,15K,,, +0,15K,,, +0,25K,,, + 0,1K, . + 0,1K, . +0,15K,,,.

K2, (terrain characteristics), determined by the formula:
K, =0,5K,,, +0,5K,,,.
The use of applied software products made it possible to show the results of calculations in the form of graphical
dependencies K21 and Kz on the optimized parameters in Fig. 5-8. At the same time, the numerical values of the
variable parameters were determined according to Table 2.
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Fig. 5. Dependence of K21 coefficient on the weight of the loaded container
with a cable car with a length of 20 thousand meters
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Fig. 6. Dependence of K21 coefficient on the weight of the loaded container
with a cable car with a length of 40 thousand meters
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Figures 5 and 6 demonstrate a pronounced extremum for Ky, indicator (cable car complexity characteristic) in the
weight range of the loaded container 2500-4500 kg. This can be explained by the fact that when using containers with
low mass, it is necessary to increase their number to ensure a given performance. As a result, the number of elements of
the system increases, that is, it becomes more complicated. The use of containers with a large mass requires the
introduction of elements such as additional discrete drives, vibration damping systems, increasing the thickness of the
rope, etc., which also complicates the system.
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Fig. 7. Dependence of K2 coefficient on the speed of a cable car with a length of 20 thousand meters
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Fig. 8. Dependence of K2 coefficient on the speed of a cable car with a length of 40 thousand meters

Figures 7 and 8 show that in the speed range of the cable car 1.5...3.5 m/s, K indicator has the lowest difficulty
values, since at low speeds more containers are required, and at high speeds additional devices are needed to stabilize
movement.

Discussion and Conclusion. The paper considers cable car complexity and terrain features as cable car optimized
parameters. In the first case, for optimization, it is necessary to take into account the length of the road, the number of
containers, the weight of loaded containers, the tension and diameter of the rope, the speed of the cable car and the
distance between the supports. In the second case, the calculation is based on the data on the height difference and
possible obstacles along the way. Both groups of these parameters demonstrate the complexity of the cable car in terms
of technology and environment (indicator of the 1st level Ky)
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A model for solving a multiparametric and multi-criteria problem of optimizing the characteristics of a cable car is
proposed. It allows you to change the hierarchy of indicators. This approach can be used if it is necessary to integrate
the project with neural network models, to work with fuzzy linguistic indicators, and to solve applied problems.
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3asenennulil 6K1A0 COABMOPO8
10.B. Mapuenko, C.U.IlomoB — pa3paboTka KOHIENIUA HUCCICAOBaHHSA, (OYHKIIMOHAILHON  CXEMBI
TPAHCIIOPTHPOBKH TBEPJBIX OBITOBBIX OTXOJOB, CXCMBI (DYHKIIMOHAIHHOTO B3aUMOJICHCTBUS OCHOBHBIX ITOKa3aTelci

CHCTEMBI, pa3paboTKa HepapXHIECKOIl CTPYKTYpHI KPHTEPHEB.
10.B. MapueHk0O — TMOCTAaHOBKa M pEIICHHE 3aJa4dl MHOTOKPHTCPHANBHOW ONTHMH3ALMU JJIsS CHCTEM C

COCPEIOTOUEHHBIMH U pacIpeIeICHHBIMY ITapaMeTPaMu.
O.B. MapueHko — ompeneneHue ONTUMHM3HPYEMBIX MapaMeTpOB KaHaTHOM AOpOTH, PacCMOTPEHHE HPUMEpPOB
KOMIUIEKCHBIX ITOKa3aTeNe TeXHHYECKOH CI0KHOCTH IOCTPOCHUS M (YHKIMOHHUPOBAHUS CHCTEMBI BBIBO3a TBEPIBIX

OBITOBBIX OTXOJIOB I'PYy30BbIM KaHATHBIM TPAHCIIOPTOM.
Konghnuxm unmepeco: aBTOpbl 3a4BIAIOT 00 OTCYTCTBUH KOH(INKTa HHTEPECOB.

Bce agmopul npouumanu u 0006punu okoOH4YaAmMenbHLI 6APUAHNT PYKONUCU.
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Abstract
Introduction. Obtaining highly sensitive gas sensors is an urgent task, the solution to which will allow you to accurately

and quickly assess changes in the air-gas composition of a given medium. Gas sensors based on metal-containing
pyrolyzed polyacrylonitriles (Me-pPAN) are among the cheapest and most environmentally friendly gas-sensitive
materials with a fast response. One of the types of sensor materials included in the Me-pPAN list is pyrolyzed
polyacrylonitrile (pPAN) modified with a chromium (III) oxide molecule. The reasons for selective adsorption of pPAN
and Me-pPAN to pollutant gases, which would allow controlling this process and obtaining sensory materials with
increased sensitivity to gases, are not enough studied. Therefore, the aim of this work was to establish the main causes
of selective adsorption of semiconductor electrically conductive films by modeling methods in the framework of
molecular and quantum mechanics.

Materials and Methods. The authors used modeling methods in the framework of molecular and quantum mechanics
(MM2), the density functional theory (COSMO) method and the semi-empirical PM7 method in the MOPAC software
package.

Results. MM2 and PM7 methods were used to obtain models of adsorption complexes of "Cr-pPAN — gas-pollutant”
systems. Thermodynamic parameters of the system were calculated for standard environmental conditions. The
dependence of the adsorption of pollutant gases on the surface of Cr-pPAN on temperature has been established.
Discussion and Conclusion. As a result of calculating the thermodynamic parameters of gas-pollutant-pPAN/Me-
pPAN systems and obtaining positive values of Gibbs energies of these systems, it was confirmed that the adsorption of
polluting gases on the surface of Cr-pPAN was not a spontaneous phenomenon and was effective at high temperatures.
Considering that when chromium (III) oxide was introduced into the pPAN matrix, the charge on nitrogen atoms
increased. It could be concluded that a chromium (IIT) oxide molecule had a positive effect on the semiconductor
properties of pPAN. It was found that the adsorption of polluting gases (SO, and NO;) was most likely on the surfaces
of pPAN and Cr-pPAN. The results obtained in the work can be used to obtain gas-sensitive materials with specified

metrological characteristics.

Keywords: pyrolyzed polyacrylonitrile (pPAN), chromium-containing polyacrylonitrile, quantum chemical model,
molecular modeling, adsorption of pollutant gases, semi-empirical method, electron density, thermodynamics of the
adsorption process
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Hayunas cmamos

HccaenoBanue agcopOMOHHBIX CBOMCTB 3JIEKTPONPOBOASIIIET0 MUPOJTU30BAHHOTO
NOJTHAKPHUJIOHUTPHIA, MOAM(PUIHPOBAHHOIO okcuaoM xpoma (IIT), nis monyuenus
BBICOK03()(EKTHUBHBIX CEHCOPOB ra3oB

M.M. AsuioBa'='D<, H.B. 3o10TapeBa’
! lonckoii rocy1apcTBEHHBIN TeXHUYECKUI yHuBEpcuTeT, PocTos-Ha-Jlony, Poccuiickas ®enepauus
2 ACTpaxaHCKuii rocy1apCTBEHHBIN yHUBEPCUTET, AcTpaxaHb, Poccuiickas Menepauus

>} m.avir89@yandex.ru

AHHOTALIAA

Beeoenue. TlonydeHne BBICOKOUYBCTBUTEIBHBIX CEHCOPOB Ta3a SIBISETCA aKTyallbHOM 3a/iaueid, peleHue KOTOpOu
MIO3BOJIAT TOYHO W OBICTPO OIIEHWBAaTh M3MEHEHHs B BO3/IYIIHO-Ta30BOM COCTaBe 3aJaHHOW cpensl. K Hamboiee
JICMIEBBIM W OKOJOTMYHBIM Ta309yBCTBUTEIBHBIM MarephajaM, OTIMYAIONIUMCS OBICTPBIM OTKJIMKOM, OTHOCSITCS
CEHCOpHI Ta30B HAa OCHOBE METAJUICOJACPIKAIIMX MUPOIM30BAHHBIX MoyMakpuioHuTpuwioB (Me-nlIAH). Onmnum u3
BHUJIOB CEHCOPHBIX MarepualioB, BXoAsmmx B mnepedueHb Me-nllAH, siBnsercss mMupoIM30BaHHBIN MOJIMAKPUIOHUTPUI
(nlTAH), MomuduupoBanuslii Monekyioit okcuaa xpoma (II1). Ipuunne! cenexruBHoi ancopouuu y nlIAH u y Me-
nllIAH x ra3zamM-moJuIIOTaHTaM, KOTOpPbIE MO3BOJIMJIM OBl YNPaBISATh NaHHBIM IPOLECCOM MU IIOJy4aTh CEHCOPHBIE
MaTepHalbl C TIOBBIIICHHOW YyBCTBUTEIHHOCTHIO K Ta3aM, B HACTOsIIEe BpeMs He W3ydeHbl. [loaTomy menbio naHHON
paboThl OBUIO yCTAaHOBIICHWE OCHOBHBIX MPUYNH CEJNIEKTHMBHOW aJCOPOLUH MOJIYIPOBOJHUKOBBIX 3JIEKTPOIPOBOISIINX
IUICHOK METOZaMH MOJICITMPOBAaHNS B paMKaX MOJICKYJIIPHOH M KBAHTOBOI MEXaHUKH.

Mamepuanvt u memoost. Icrionb30BaIuCh METOIBI MOACIUPOBAHUA B paMKaxX MOJIEKYJIAPHON M KBAaHTOBOW MEXaHUKHU
(MM2), meron teopun ¢(yHkmuoHana rmiaotHocTH (COSMO) m momysmmupudeckuii PM7-metonq B TporpaMMHOM
nakere MOPAC.

Pesynemamut uccnedosanus. Meronamn MM2 u PM7 nomy4yeHsl Moziesi aicOpOIIMOHHBIX KOMIUIEKCOB cucteM «Cr-
nllTAH — raz-3arpsisHutens». PaccunTanbsl TepMOJWHAMHYECKHE MapamMeTpbl CUCTEMBI IJIsl CTaHAAPTHBIX YCIOBUH
OKpY’Kalollel cpenbl. YCTAaHOBICHA 3aBUCHMOCTH aJIcopOLuu ra3oB-zarps3HuTencii Ha moepxHoctu Cr-nllAH or
TEMIIEPaTyPHI.

Obcyscoenue u 3aknouenue. B pesynpraTe pacdera TEpMOAWHAMHYECKHX TIIOKa3aTeNlell CHCTEM  «ras-
sarpssautenens — nlIAH/Me-nlIAH» u mosy4eHns MMOJIOKHUTENbHBIX 3HAYCHWH BETWYHMH dHepruii ['mbOca maHHBIX
CHCTEM IOTBEPXKICHO, UTO afcopOums raszos-3arpssHuteneil Ha nosepxHoctu Cr-nllAH He siBisieTCS CHOHTAHHBIM U
CaMOIIPOM3BOJIBHBIM SIBJIICHHEM U 3()(eKTHBHA NPH BHICOKHX TEMIIEpaTypax. YUWTHIBas, YTO NPHU BHEIPEHHU OKCHIA
xpoma (IIT) B Matpumy nllAH, mpoucxomut yBenWdeHHE 3apsla Ha aroMax a30Ta, MOXKHO CHeNlaTh BBIBOI O
TIOJIOKUTEIBHOM BJIMSTHMM MOJIEKYJIbl okcuaa XxpoMa (I1) Ha moixynpoBonuukoBsie cBoictBa nIIAH. YcraHoBieHo, uTo
Ha noBepxHocTax NMIIAH u Cr-nlTAH nauGonee BeposTHa ancopOuus razos-3arpssautencii (SO, u NO»). Pesynbrarsl,
MOJydeHHbIE B paboTe, MOXXHO HCIONB30BATH A IONYYEHHS Ta304yBCTBUTEIBHBIX MAaTEpPHajOB C 3aTaHHBIMHU
METPOJIOTHYECKUMHU XapaKTePUCTHKAMH.

KaioueBble cyoBa: mmponusoBaHHbI mnoiuakpwionutpun (nlIAH), Xxpomcozepkammid —MOIHAKPUIOHHTPUIL,
KBaHTOBO-XUMHYECKasi MOJIENb, MOJIEKYJIIPHOE MOJICIIMPOBAHKE, aICOPOLNS ra30B-3arpsa3HUTEIEH, OTyIMITUPHUECKUN

METOJI, JJIEKTPOHHAS IUIOTHOCTh, TEPMOAMHAMHUKA ITpOIiecca aJacoponnn

Bnarouapﬂocw{. ABTOpLI BbIpAXKarOT 6J'Ial"0[[apHOCTL peaakuu MU pPCHCH3CHTAM 34 BHUMATCIBHOC OTHOLICHUC K

CTaTbhC U YKa3aHHBIC 3aMCUaHNs, KOTOPBIC MTO3BOJINJIN MMOBBICUTL €€ Ka4CCTBO.
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Introduction. Rapid monitoring of changes in the air mixture composition in the atmospheric air and in the working
area of an industrial enterprise is a necessary measure to assess the impact of production activities on the environment.
For these purposes, resistive gas sensors based on modified nanocomposite semiconductor materials are used [1-7]. Gas
sensors based on metal-containing pyrolyzed polyacrylonitriles (Me-pPAN) are the cheapest and most environmentally
friendly. They are characterized by a rapid response to the presence of pollutants in the air mixture (NO,, Clz, H,S, CO)
among sensor devices [8—11].

In [12-16], to determine the causes of selective adsorption of polluting gases on the surface of pyrolyzed
polyacrylonitrile (pPAN) modified with metal oxides, contact processes were simulated using quantum and molecular
mechanics methods. In the course of the conducted studies, it was found that one of the promising gas-sensitive
materials was pPAN modified with chromium additives (Cr-pPAN) [17]. The fundamental reason for the use of this
material was the registration of high indicators of electrical conductivity, more than nine times higher than those for
unmodified pPAN [11, 12].

Studies [11, 17], showed that the Cr-modified pPAN surface had a unique feature and selectivity of adsorption with
respect to NO,, Cl, and NH3 under standard environmental conditions. In order to determine the causes of selective gas
sensitivity in Cr-pPan, studies were conducted using quantum and molecular mechanics methods [17]. As a result of the
research, it was determined that during the adsorption of the pollutant gas on the surface of the sensor-Cr-pPAN, a Van
der Waals interaction occurred between the components of the system at the level of 3.5A-5A.

According to [18, 19], it is known that the presence of a modifying additive in pPAN contributes to an increase in its
semiconductor properties, which was demonstrated in previously published works. According to [17], COSMO method
within the framework of the density functional theory confirmed that the introduction of chromium (III) oxide
molecules into the pPAN structure led to an increase in semiconductor properties.

Thin-film material based on Cr-pPAN was obtained as a result of polymerization of chromocarbonyl PAN at IR
annealing temperatures from 200°C to 400°C [7]. Based on the data of X-ray emission spectroscopy [11], Cr-pPAN
films were a pPAN matrix with a chromium (IIT) oxide molecule embedded in the interplanar spacing.

In previous works [12-17] devoted to the study of the interaction of pollutant gases with the surface of Cr-pPAN, the
influence of environmental conditions on adsorption processes was not taken into account. Currently, the causes of
selective adsorption of pPAN and Me-pPAN to pollutants, which would allow controlling this process and obtaining
sensory materials with increased sensitivity to gases, have not been studied. In addition, an important task is to evaluate
the efficiency of the adsorption of polluting gases on the surface of Cr-pPAN under various temperature conditions, the
choice of conditions that ensure the most beneficial interaction of components in the "Cr-pPAN — gas-pollutant” system.
Therefore, the aim of this work was to determine the main causes of selective adsorption in semiconductor electrically
conductive films by modeling methods in the framework of molecular and quantum mechanics, as well as to study the
formation process of pPAN modified by a chromium (III) oxide molecule within the framework of the density
functional theory. Within the framework of this aim, the main objective of the study for obtaining highly efficient gas
sensors was to study the adsorption properties of electrically conductive pyrolyzed polyacrylonitrile modified with
chromium (IIT) oxide.

Materials and Methods. Calculation of thermodynamic parameters of the process of interaction of pollutant gases
with Cr-pPAN was carried out using a semi-empirical method within the framework of the MOPAC program.

In the framework of the MM2 method, the energetically advantageous configurations of the initial compounds —
chromium (III) oxide in the pPAN matrix, the unmodified pPAN model were obtained. The adsorption complexes (AC)
"Cr-pPAN — gas-pollutant" were modeled and the interaction energies were calculated (Fig. 1). Then, in order to predict
the adsorption of gases-pollutants (H»S, NHiz, CHs, CO,, NO,, SO,, O3, CO, Cly) on the Cr-pPAN surface,
thermodynamic parameters of the process were calculated by the semi-empirical PM7 method in the MOPAC program.
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When implementing the calculations, the initial structures and models of the "Cr-pPAN — gas-pollutant" adsorption
complexes were subjected to preliminary optimization by the method of coordinate descent. At this stage of modeling,
the distances from the extreme atom of the adsorbate molecule to the nearest atom of the adsorbent, the modified and/or
unmodified pPAN surface, were estimated.

The PM7 method was used to evaluate the spontaneity of interaction and the efficiency of adsorption of pollutant
gases on the surface of unmodified pPAN and on the modified surface of Cr-pPAN.

At each stage we calculated the thermodynamic parameters (AH, AS, AG) of the processes at a temperature of 298K
according to the following formulas:

AH adsorbtion AI—IAKC - (AHgas + AI—[surl'ace )
AS adsorbtion ASAKC - (AS gas + ASsurfac&: )
AG =AH —TAS,

adsorbtion adsorbtion adsorbtion

To construct interaction schemes, charge (ga, au), spatial (r, A) characteristics and the amount of charge transfer
(Ag, au) in model adsorption complexes were calculated.

Results. The Cr-pPAN cluster model obtained using the MM2 and PM7 methods is represented by a pPAN matrix
with a chromium (IIT) oxide molecule embedded in the interplanar spacing (Fig. 1). The distance between interacting
atoms inside the cavity was fixed at the level of 2.0-3.0 A

« @5%05%0 L0 2 RN
o® o G
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-

Fig. 1. A model of pPAN cluster modified by a chromium (III) oxide molecule

For example, below is a diagram of the hydrogen sulfide adsorption process:
CI‘203(PAN)2 + st = [CI‘203(PAN)2. . .HzS]
Similarly, adsorption schemes for other polluting gases were formed. Figure 2 shows a model using an example of

the "Cr-pPAN — SO," adsorption complex.
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Fig. 2. Model of the "Cr-pPAN — SO2" adsorption complex

Table 1 provides the calculated thermodynamic parameters of the processes of adsorption of polluting gases on the
modified surface, in comparison with the data on the adsorption of these gases on the unmodified pPAN surface.

Thermodynamic parameters of the processes of adsorption of polluting gases reeled
Interaction model Parameters at 298 K
AH, J/mol AS, J/(mol-K) AG, J/mol

LS. pPAN. Cr05 pPAN ~29.947 ~413.888 93.392
NH;...pPAN_ Cr,03 pPAN 18258 995,817 69,896
CH,...pPAN_Cr,0;_pPAN _15.134 264,146 63581
CO...pPAN_Cr,05 pPAN 8317 232773 61.050
NO;...pPAN_Cr,03 pPAN 7354 532,601 61.961
SO,...pPAN. Cr203 pPAN 5201 508,585 50 868
Os...pPAN.Cr203.pPAN ~17.887 222.424 48.395
CO...pPAN. Cr0;. pPAN ~41.647 ~412.237 81.200
CL...pPAN. Cr205. pPAN ~17.176 ~217.306 47.580
HoS...pPAN.pPAN -1.215 ~146.581 42.466
NH;...pPAN_ pPAN —4.416 ~160.438 43394
CHa.. pPAN. pPAN -3.197 161675 44.982
CO:...pPAN.pPAN 2472 ~150.947 42.510
NO...pPAN.pPAN 0759 ~176.267 51.768
SO,...pPAN.pPAN 2393 ~181.495 51.693
Os...pPAN.pPAN -2.914 -280.125 80.563
CO...pPAN_pPAN -2.192 ~160.186 45.543
CL...pPAN.pPAN 0.341 ~153.047 45.949
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In the adsorption complex "Cr-pPAN —pollutant gas", the internuclear distance from the extreme atom of the
molecule of the studied pollutant gas to the nearest atom on the modified and unmodified pPAN surface was fixed at a
level of more than 2.5 A. These results are in good agreement with those obtained earlier [17] and confirm the presence
of Van der Waals interaction occurring in the adsorption complex.

The charge change and electron density redistribution were not observed during the adsorption of pollutant gases on
the unmodified pPAN surface (AH at the level of —3.0 kJ/mol).

It was established that the adsorption of SO, and NO; was equally possible both on the modified pPAN surface and
on the unmodified pPAN surface, since as a result of the adsorption of these gases, there were no significant changes in
the electron density on the surface of Cr-pPAN.

From the presented list of polluting gases, only CO gas shows off-scale results for the modified surface. In the
process of adsorption, not only the maximum convergence between interacting atoms was carried out, but also an
increase in the charge transfer index (Aq) from 0.3 au for an unmodified surface to 1.2 au for a modified surface.

Discussion and Conclusion. The calculated thermodynamic parameters of the system for standard environmental
conditions, presented in Table 1, show that the adsorption of gases cannot be attributed to a spontaneous and self-
existing process (AG>0). The general orderliness of the system established during the study of the adsorption
processes of polluting gases demonstrates that adsorption is effective at high temperatures.

An increase in the charge in Cr-pPAN and a redistribution of electron density are most effective in the adsorption of
polluting gases saturated with hydrogen atoms, namely, H,S, NH3, CHa.

The occurrence of Van der Waals interaction between gases and the surface of Cr-pPAN has been confirmed during
the adsorption of polluting gases on the surface of Cr-pPAN. This is justified by the absence of changes in the electron
density at the Cr-pPAN polarity during interaction with polluting gases, as well as by the internuclear distance from the
extreme atom of the molecule of the studied contaminant gas to the nearest atom of the modified and unmodified pPAN
surface exceeding 2.5 A.

In addition, the study showed that the introduction of chromium (III) oxide into the pPAN matrix contributed to an
increase in the charge on nitrogen atoms (before/after: —0.366 au charge / —0.383 au charge). This led to a redistribution
of electron density on carbon atoms in cycles (in the ortho position before/after: 0.357/0.428 au charge; in the meta
position before/after: —0.159/-0.232 au charge).

Due to the fact that when chromium (III) oxide is introduced into the pPAN matrix, the charge on nitrogen atoms
increases, it can be concluded that the chromium (III) oxide molecule has a positive effect on the semiconductor
properties of pPAN.

Based on the calculations performed, it is confirmed that the adsorption of polluting gases (SO, and NO;) is most
likely on the surfaces of pPAN and Cr-pPAN.

Thus, the theoretical studies carried out allow us to conclude that the modification of pPAN with chromium (III)
oxide molecules makes it possible to obtain a promising electrically conductive material with the property of selective

adsorption of polluting gases, which can subsequently be successfully used in gas electronics.
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Abstract

Introduction. At present, in scientific publications, there is no unambiguous understanding and reasoned metal physical
justification of the role of the carbide phase of irradiated materials in forming the required structure and achieving a
given degree of hardening of surface layers of steels during pulsed laser treatment, especially in the zone of laser
hardening from a solid (austenitic) state. The solution to this issue is of great importance, since it allows us to
reasonably and purposefully design the required structure of surface layers of products of various functional purposes
with high performance properties. The complexity and insufficiently detailed study of the process of structure formation
in the surface layers of steels under extreme thermal effects of pulsed laser radiation required a series of metal physical
experiments to study the fine structure of steels after high-speed high-temperature hardening. The aim of this article was
to obtain, quantify and critically analyze the array of results of metal physical studies and to assess the degree of
influence of the carbide phase on the formation of structure and properties of surface layers of steels in the process of
pulsed laser hardening in different modes, that is, with and without melting the surface of the samples.

Materials and Methods. In the work, carbon and alloyed tool steels were subjected to surface laser irradiation at a
Kvant 16 installation. The radiation power density was 70-200 MW/m?. Optical, scanning probe and electron
microscopy were used in conducting metal physical studies, as well as methods of diffractometric, spectral and
durometric analysis of steels before and after laser treatment.

Results. 1t was shown that laser treatment of steels with a radiation power density of 130-200 MW/m? led to a local
change in the chemical composition in the laser-fused areas of the spot, partial or complete dissolution of carbides
present in the irradiated metal and an increase in the amount of residual austenite in the fused areas up to 40-60%. It
was found that on P6MS5 steel, the maximum possible hardness of the irradiated zones was achieved by dissolving 30%
of carbides, on 9XC, HVG steels — 60-70%. It was shown that under pulsed laser irradiation with g=70-125 MW/m?,
that is, without melting the steel surface, "white zones" formed around carbide inclusions under the influence of thermo-
deformation stresses at the boundaries of the "carbide — steel matrix" composition. They had irretrievability, dispersion
of the structure and increased hardness (10—12 GPa). It was determined that the maximum hardness of laser-hardened
metal in the zones of laser hardening from a solid state was achieved if the "white zones" occupied 40% of the
irradiated area of steel. It was found that the dispersion of carbides in this case was 0.5—-1.5 microns.

Discussion and Conclusion. The results of the conducted studies indicate that in order to obtain the best combination of
hardness and viscosity of the irradiated zones during laser treatment with melting of the surface of steels of different
chemical composition, it is necessary to dissolve different amounts of carbides. The dispersed structure of laser-fused
steel zones, along with a sufficiently high content of residual austenite, predetermine the possibility of improving the
operational characteristics of irradiated materials, especially under conditions of external shock loads.

The analysis of the conducted metal physical studies irradiated without melting the surface of steels allows us to
conclude that in order to obtain a high degree of hardening, it is necessary and expedient to ensure the presence of a
certain volume of dispersed carbides in the structure of the irradiated steel. The structural composition of "white zones"
formed during laser treatment without melting the steel surface contributes to obtaining a unique level of operational
properties.

© Brover GI, Shcherbakova EE., 2023
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The results of the performed studies contribute to the theory of steel structure formation under conditions of extreme
heat exposure and allow for a rational choice of modes of surface laser processing of products and their operability.
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AHHOTaLMA

Beedenue. B coBpeMEHHBIX HayYHBIX ITyOJIMKAIMAX HE CYLIECTBYET OJHO3HAUYHOTO CYXKICHHS U apryMEHTHPOBAHHOTO
MeTaIO(U3NIECKOr0 00OCHOBAHUS POJIM KapOMIHOHM (a3l 00IydaeMbIX MaTepHasioB B (hOPMHPOBaHHUHU TpeOyeMon
CTPYKTYPBI U JOCTW)KCHHHU 33JaHHOM CTEIEHU YNPOYHEHHUS OBEPXHOCTHBIX CIIOEB CTAJICH NP MMITYJIbCHOH JIa3epHON
00paboTke, 0cOOCHHO, B 30HE JIa3€PHON 3aKalKH M3 TBEPJOTO (ayCTEHHTHOTO) cocTosHHA. PemeHue 3Toro Bompoca
nMeeT OoJbIlIoe 3HAYCHWE, TAaK KakK I103BOJISICT OOOCHOBAHHO M IIEJIEHANpPAaBICHHO KOHCTPYHPOBaTh TpeOyemylo
CTPYKTYPY HOBEPXHOCTHBIX CJIOEB M3/IEIHMH Pa3HOTO (PYHKIIMOHAIFHOTO HA3HAYEHHUS C BRBICOKMMH SKCIUTYaTallMOHHBIMA
cBoiictBamu. CIIO)KHOCTE W HEJOCTaTOYHO TMOAPOOHAs W3YYEHHOCTh TMpoIecca CTPYKTypooOpa3oBaHHS B
MOBEPXHOCTHBIX CIJIOSIX CTajied MHpPH IKCTPEMalbHOM TEIUIOBOM BO3ICHCTBUH HMITYJIbCHOTO JIa3€PHOTO HW3ITy4YCHUS
MOTPeOOBaJIH MMPOBEJEHNUS CEPHH METAIOPU3MUECKUX IKCIIEPUMEHTOB 110 M3Y4EHHIO TOHKOTO CTPOCHHS CTaJlel mocie
CKOPOCTHOW BBICOKOTEMITEpATYpHOU 3aKkaiku. L[enbio TaHHOW CcTaThu SBUIIOCH MOJYYEHHE, KOJINYECTBEHHAsI OIICHKA 1
KPUTHUYECKHH aHalIM3 MacCcuBa pe3yJIbTaTOB METANIO(DU3UUECKHX HCCIEIOBaHMM W OILEHKa CTENCHH BIIUSHUS
KapOuIHO# (a3el Ha GOpPMHUPOBAHKME CTPYKTYpPHI M CBONCTB HMOBEPXHOCTHBIX CIIOEB CTalleH B MPOIECCEe MMITYITBCHOM
Ja3ePHOM 3aKaJIKU Ha Pa3HBIX PEXXHUMaX, TO €CTh C OIUIABJICHUEM U 0€3 OIUIaBJICHUS MOBEPXHOCTH 00Pa3IOB.
Mamepuanst u memoodst. B paboTe MoBEepXHOCTHOMY JIa3epHOMY OOJTyUeHHIO Ha ycTaHOBKe «KBaHT 16» moaBepramuch
YTIEpOMUCTBIE W JICTHPOBAHHBIC WHCTPYMEHTAJbHBIC CTaNX. [LTOTHOCTP MOIIHOCTH HW3IYYeHHs cocTaBisuia 70—
200 MBt1/M2. Tlpu npoBeneHUH MeTAIO(U3UUECKUX HCCIEN0OBAHUI MCIIONB30BAMCE ONTHYECKAs, CKAHUPYHOIIAs
30H/I0Basi M DJEKTPOHHAS MUKPOCKOMHS; METOIBl AU(PPAKTOMETPUIECKOTO, CIEKTPAJBFHOTO U JIOPOMETPHUYECKOTO
aHaim3a cTaliei 1o | MocCJIe Ja3epHOi 00padOTKH.

Pesynomamut uccneoosanus. Ilokazano, 4yto na3epHas oOpabOTKa cTanei ¢ MIOTHOCTHIO MOITHOCTH m3nydeHus 130—
200 MBT1/M> npuBOAMIA K JIOKAIEHOMY HM3MEHEHHIO XMMHYECKOTO COCTAaBA B JIa3€PHO-OIUIABICHHBIX 30HAX IIATHA,
YaCTUYHOMY WJIM IIOJIHOMY PAcCTBOPEHHIO INPHCYTCTBYIOIIMX B 0OIy4aeMOM MeTajule KapOHIOB M K yBEITHYCHHUIO
KOJIMYECTBAa OCTAaTOYHOTO ayCTeHHWTa B OIUIaBIeHHbIX 30Hax 10 40-60 %. YcraHoBieHo, yTo Ha cramu P6MS
MaKCHMaJIbHO BO3MOJKHasi TBEPIOCTh OOJYYEHHBIX 30H JlOcTHrajach HpHu pactBopeHuu 30 % kapOumoB, Ha CTasX
9XC, XBI' — 60-70 %. ITokazaHo, 4TO NpU MMITYJLCHOM Jia3epHOM o0iydenuu ¢ q=70-125 MBT1/M?, To ectb Ge3
OIIaBJIECHUS IOBEPXHOCTH CTalld, BOKPYr BKJIOYEHHH KapOHWIOB IIOX JAEHCTBHEM TepMO-Ie(opMalnOHHBIX
HATPSOKCHUH Ha TpaHUIAX KOMITO3UIIMK «KapOWI — cTalbHAs MAaTpUIa» (OPMHPOBAIHCh «Oenbie 30HBD. OHHU
0o0Jagany HeTPaBUMOCTBIO, TUCIIEPCHOCTHIO CTPOCHUS W TOBBIIIEHHON TBepaocThio (10—12 I'Tla). Ompeneneno, 9To
MaKCHMallbHasi TBEPAOCTh JIa3€PHO-3aKAIIEHHOTO MeTaula B 30HAX Ja3epHOH 3aKajlKd M3 TBEPAOTO COCTOSIHUSA
JIOCTHTANach B cCllydae, eciu «Oenbie 30HB 3aHuUManu 40 % oO0mydeHHOW o0acTH CTald. YCTaHOBJICHO, 4YTO
JIUCTIEPCHOCTH KapOUI0B B 3TOM citydae coctasisuia 0,5—1,5 Mxwm.

Oébcyscoenue u 3axnroyenue. Pe3ynbTaTel IPOBEACHHBIX HCCIEAOBAHIHM CBHICTEIBCTBYIOT O TOM, YTO JUIS ITOTyYEHUS
HAWITY4IIero COYECTAaHWS TBEPIOCTH M BA3KOCTH OONYYCHHBIX 30H MPU JIa3epHOH 00paboTKe ¢ OIUIaBICHHEM
MMOBEPXHOCTH CTaJied pa3HOTO0 XHMHUYECKOTO COCTaBa HEOOXOAMMO pPacTBOPUTH pPa3HOE KOJIHYESCTBO KapOHIOB.
JlucriepcHOE CTpOCHUE JIA3EPHO-OIUIABICHHBIX 30H CTAIH, HAPSIY C JOCTATOYHO OONBIIUM COJCPKAHUEM OCTATOYHOTO
ayCTeHHTa, NPEAONPEACIIIOT BO3MOXHOCTh IOBBIIICHHUS OSKCIUIYaTallMOHHBIX ~ XapaKTePHCTUK  OOIYYCHHBIX
MaTepHasioB, 0COOCHHO B YCIOBHUAX JACHCTBYSI BHEIIHUX yIapHBIX HATPY30K.
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AHanu3 TPOBEACHHBIX METANIO(DU3UUECKUX HCCICJOBAaHHUN, OOJNyYeHHbIX 0O€3 OIUIABJICHUS ITOBEPXHOCTH CTalleH,
MO3BOJIMJI CHENaTh BBIBOJA, YTO JUIsi TOJYYCHHUsS] BBICOKOH CTENEHH YIPOYHEHHs HEOOXOIUMO M Iesiecoo0pasHo
00eClIeYnTh MPUCYTCTBHE B CTPYKType OOJTy4aeMOW CTadl OIPEACICHHOro 00BheMa IHCICPCHBIX KapOWIOB.
dopmupyromIascs Mpy Ja3epHON 00padOTKe 0€3 OIUIABICHUS MOBEPXHOCTH CTAIH CTPYKTYPHAs KOMIIOZHIUS «OCIBIX
30H» CIOCOOCTBYET MOIYYCHHUIO YHUKATIHHOTO YPOBHS SKCILTYaTAIIMOHHBIX CBOHCTB.

Pe3ynbTaThl BBHINOJNHEHHBIX HCCICIOBAHWN BHOCAT BKJIAJ B TEOPHIO CTPYKTYpOOOpa3OBaHUS CTalicil B YCIOBHIX
9KCTPEMAIILHOTO TEIIOBOTO BO3JCHCTBHSA, a TAaKXKE IO3BOJIAIOT OCYIICCTBIIATH PAllMOHAIBHBIA BHIOOpP pPEKHMOB
MTOBEPXHOCTHOH JTa3epHOU 00pabOTKN U3JIEHIA U TApAaHTUPOBAHHO 00eCIIeYNBATh HX PA0OTOCIIOCOOHOCTD.

KiioueBble ciioBa: kapOubl B CTaIIH, JTa3epHOE 00JIydYeHHE, CTPYKTYpa, CBOMCTBA

BaarogapHocTu. ABTOPHI BRIpaXKAIOT OJaroapHOCTh PEIIEH3eHTaM, Ubsi KpUTHYECKas OICHKA MPEJICTABICHHBIX MaTe-
pI/IaJ'[OB 1 BBICKA3aHHBIC npe)moncem/m 110 UX yCOBepH_IeHCTBOBaHI/I}O CHOCO6CTBOBaJ'II/I 3Ha‘II/ITeJ'IBHOMy ITOBBILIICHHUIO
KayecTBa HACTOSIIEH CTaThH.

Jos uurupoBanusi. bposep I'.1., lllepbakosa E.E. Ponp kapOumoB B (opMHUPOBaHUM CTPYKTYpBI M CBOWCTB CTajel
IIPY UMITYJILCHOM JIa3epHOM OOJIydeHuH. bezonacnocms mexnoeeHHblx u npupoousix cucmem. 2023;7(4):106—118.
https://doi.org/10.23947/2541-9129-2023-7-4-106-118

Introduction. During pulsed laser irradiation, the surface layers of the material are subjected to a powerful thermal
"shock". Under these conditions, high temperature gradients, concentrations, as well as stress fields appear — thermal,
phase, etc. The dissipation of energy acquired by the material can be as follows: partial dissipation of external energy by
the dislocation mechanism by local plastic deformation; the dissipation of elastic energy by the mechanism of mass
transfer due to the movement of carbon atoms and alloying elements from carbides into solid solutions in contact with
them to defects in the crystal structure, etc. [1-4]. It should be noted that mass transfer, which leads to a local change in
the chemical composition of laser-irradiated steel zones, plays a particularly important role in the process of structure
formation of multiphase steels and alloys containing a significant volume of the carbide phase. The dissolution of
carbides, even partial, affects the structure and properties of the surface layers of steels and products in general [5-8].

With high-speed laser processing, that is, in conditions of time scarcity, the effects of carbide dissolution and
accelerated mass transfer can be observed only in laser-fused metal zones, at their borders with the initial steel, in thin
areas around carbides [9-12]. Emerging microparts with changed chemical composition, structure and properties are of
great practical importance, but have not been studied enough. This limits the possibilities for creating a material with a
given structure and increased performance in the surface layers of the alloy. Thus, the aim of this study was to
determine the influence of the carbide phase on the formation of structure and properties of the surface layers of steels
during pulsed laser hardening in different modes, that is, with and without melting the surface of the samples.

Materials and Methods. The analysis of structure formation processes under conditions of high-speed laser heating
was carried out on samples of steels U8 (GOST 1435 99), R6MS5 (GOST 19265-73), R18 (GOST 19265-73) and others
subjected to preliminary volumetric quenching for a martensitic structure and tempering.

Optical, scanning probe and electron microscopy were used in conducting metal physical studies as well as methods
of diffractometric, spectral and durometric analysis of steels before and after laser treatment. Pulsed laser irradiation
was carried out at a Kvant-16 installation (Russia). Changes in the radiation energy, the degree of beam defocusing (3—6
mm), and the duration of the radiation pulse (1-6) 10 s allowed varying the radiation power density in a wide
range (70-200 MW/m?). Metallographic studies were carried out on transverse and longitudinal sections on
microscopes MIM-7 (Russia) and Neophot-21 (Germany). Studies of fine structure of steels, as well as the
determination of chemical composition of the studied zones of irradiated materials were carried out on scanning
electron microscopes Hitachi TM-1000 (Japan) and Mira3 (Czech Republic). A diffractometer DRON-0.5 (Russia) was
used for X-ray diffraction analysis. Microhardness measurements were carried out on a PMT-3 device (Russia) with a
load of 0.49 N.

Results. Metal physical studies showed that the irradiated zones on steels had a heterogeneous structure in the depth
of the hardened layer. As it can be seen in Figure 1 a, when processing with a radiation power density q=130-
200 MW/m?, a melted quenching zone from the liquid state (1 — LS zone) and a quenching zone from the solid state
(2 — SS zone) were observed.
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a)

Fig. 1. Microstructure of irradiated steel ROMS: @ — 1 — LS zone,
2 — S8 zone; 3 — initial steel (x200);
b — convective process in the steel melting zone (interference microscopy) (%300)

Further, the features of formation of structure and properties in both zones of the irradiated spot were considered and
described, taking into account the influence of the carbide phase in the steels on these processes.

The LS zone features were its incorrigibility in conventional reagents, the dispersion of the structure and high
hardness (8-10 GPa), as well as a noticeable decrease in the volume of the initial carbide phase, even when using
optical microscopy. Despite the short exposure time of the laser pulse (107 s), this was facilitated by the high heating
temperature and convective mixing of a thin layer of liquid metal caused by the action of thermostrictive
stresses (Fig. 1 b). The partial or complete dissolution of carbides was evidenced by the results of studies on a scanning
probe microscope (SPM) (Fig. 2), which clearly demonstrated that the dissolution of carbides smoothed the surface
relief near carbides due to the mass transfer of their components into the surrounding steel matrix.

a) b)
Fig. 2. Structure of surface layers on R6MS steel:
a — before laser reflow (SPM); b — after laser reflow (SPM)

Confirmation of the possibility of partial dissolution of carbides during high-speed laser quenching with melting of
the surface of R6MS steel was also the results of X-ray diffraction analysis shown in Figure 3.
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Fig. 3. Phase composition of R6MS5 steel before (c. 1) and after (c. 2) laser treatment with surface melting

As it can be seen, laser reflow of the steel surface led to a decrease in the height of the carbide phase reflexes (K).
Their intensity varied from [=143.24 s™! in the initial steel (Fig. 3, c. 1) to [=65.38 s! in the LS zone (Fig. 3, c. 2). It can
be concluded that the volume fraction of carbides in the LS zone decreased. The angle of the carbides on the radiograph
also changed. In the fused zone, carbide reflexes were fixed at angles 2Q=54.1839 compared to 2Q=54.1219 before
laser treatment, that is, they shifted to large reflection angles. These results, as well as an increase in the physical
expansion of the carbide phase reflexes from 0.6392 mrad for the starting metal to 0.9000 mrad for the LS zone,
indicated a change in the stoichiometric composition of carbides, their partial dissolution and an increase in the density
of defects of the crystalline structure.

As it can be seen in Figure 3, curve 2, austenite reflexes were also observed on the diffractogram, and martensite
reflexes were shifted to smaller reflection angles. This was a consequence of the appearance of areas with high
saturation of carbon atoms and alloying elements, and also indicated a high dispersion of the fine structure of the phases
of the irradiated metal.

Figure 4 shows the results of determining the local chemical composition of the laser treatment zone of R6MS5 steel
with surface melting.
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Quantify Spectrum
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b)
Fig. 4. Results of spectral chemical analysis of R6EMS steel samples:
a — in the initial state; b — after laser quenching

As a result of changes in the chemical composition, the points of martensitic transformation in the LS zones
decreased and a significant amount (40—60%) [13] of residual austenite, characterized by a dispersed structure,

remained in them [14-16].
This had a positive effect on the operational properties of irradiated products, especially when exposed to external

shock loads.
Figure 5 provides the results of a quantitative assessment of the effect of the volume of dissolved carbides on the
degree of hardening of the surface layers of metal obtained during durometric studies of steels irradiated in different

modes.
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Fig. 5. The effect of the volume of dissolved carbides on the microhardness of irradiated steels

Considering the influence of the carbide phase on the structure of the SS zone, it was necessary to take into account
some features of the process of pulsed laser irradiation of materials. They were caused by the appearance of
thermostrictive stresses in the irradiated steel zones, the relaxation of which led to local plastic deformation, an increase
in density of defects in crystal structure, dynamic return, polygonization and early stages of recrystallization [17, 18].
There was also dispersion of the structure, acceleration of mass transfer of the atoms of the elements and hardening of
the metal in the SS zones. Figure 6 provides visual consequences of the influence of local plastic deformation on the
structure of polished 12X18H9 steel samples after laser treatment. The traces of deformation in the form of a line or slip
bands were clearly visible.
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a) b)

Fig. 6. Deformation twins after laser treatment of 12X18N0O steel:
a — optical microscopy (x500); b — scanning electron microscopy (x10,000)

Figure 7 shows a reconstruction diagram of such characteristic structural features of polygonization and
recrystallization processes in laser treatment zones as the formation of a developed substructure, grain refining, grain
formation around inclusions, etc.

Fig. 7. Diagram of structural features of polygonization (1)
and recrystallization (2) processes in laser irradiation zones

As shown by metal physical studies, the solid state laser quenching zone (SS zone) had a dispersed, poorly etched

structure.
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Fig. 8. Microstructure on irradiated R6MS steel:
a — profilogram of the transition zone from the source metal to the SS zone; b — profilogram obtained in the Gwyddion program;
¢ — histogram of the distribution of heights of the surface profile in the base metal; d — histogram of the distribution of heights of
the surface profile in the SS zone

Figure 8 shows the results of the studies of microstructure of irradiated R6MS steel on a scanning electron
microscope.

As it can be seen, carbides were not etched in the SS zone, the surface profilogram was more even than in the base metal
(Fig. 8 b) and there were no sharp fluctuations in properties at the boundaries in the compositions "carbide — steel matrix".

To confirm the formation of light non-etching shells with an ultradisperse structure ("white zones") around the
inclusions of carbides, metallographic studies of the surface of the irradiated without melting zones of R6MS5 steel were
carried out (Fig. 9).

Fig. 9. Boundary dissolution of carbides in irradiated areas of R6MS5 steel without melting:

a — metallographic microscope (x800); & — electron microscope (x10000) )
-
Studies of the structure of the "white zone" using a scanning probe microscope (SPM) and atomic force %
microscope (AFM) (Fig. 10 a, ¢) showed that martensitic crystals had the form of thin slats 4-7 nm thick and ~150 nm ‘g
long [19] (Fig. 10 b) "
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o

Fig. 10. Microstructure of martensite of laser-quenched R6MS steel:
a — Hitachi TM-1000 SPM; b — distribution of heights of the profile of martensite needles;
¢ — AFM — image of the structure of the "white zone"

In order to expand knowledge about the fine structure and properties of the SS zone, scratch tests were conducted on
a Nanotest installation. A friction probe equipped with a load cell was used, which made it possible to determine the
friction force between the indenter and the sample under the influence of gravity of the calibration weights.

Discussion and Conclusion. The listed features of structural state of the melted zone can be associated with the
course of dynamic high-temperature plastic deformation during high-speed laser processing. This contributes to the
fragmentation of dendritic structure of the irradiated steel zones, accelerates the processes of mass transfer.
Confirmation of the above is the result of determining the local chemical composition of the laser treatment zone of
RO6MS steel with surface melting. As it can be seen in Figure 4 b, due to the dissolution of carbides, the general
background of the intensity of reflexes of alloying elements increased in comparison with the original (Fig. 4 a) metal.

Based on the results of durometric studies of steels irradiated in different modes shown in Figure 5, it can be
concluded that in order to obtain the maximum possible hardness during R6MS5 steel laser treatment, it is sufficient to
dissolve 30%, and for 9XC, KhVG steels — 60-70% of the initial carbides. The decrease in the hardness of the
irradiated zones with an increase in the volume of dissolved carbides was probably due to an increase in the amount of
residual austenite under these conditions.

It should be noted that during the operation of irradiated products under the influence of thermo-deformation loads,
the decrease in hardness observed in Figure 5 compensated for the large amount of solid dispersed inclusions of
hardening carbides released from austenite [20].

The analysis of the results of scanning microscopy of the metal surface showed that in the SS zone the profilogram
was more even than in the base metal (Fig. 8 b) and there were no sharp fluctuations in properties at the boundaries in
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the compositions "carbide — steel matrix". This indicates the formation of transitional micro-regions with a changed
chemical composition at the borders. As it can be seen in Figure 8 ¢, d, the metal in the SS zone was located higher
above the plane of the metallographic section. The height of the surface profile on the initial steel was 5.0 nm, and for
the laser-hardened zone — 5.8 nm.

The results obtained indicate that the metal regions in the SS zone were more solid and homogeneous, as well as
possible partial dissolution of carbide inclusions, which began at the interface between them and the steel matrix. This
was confirmed by the formation of light non-etching shells with an ultradisperse structure ("white zones") recorded
during metallographic studies around the inclusions of carbides (Fig. 9 a), which was especially noticeable at high
magnification (Fig. 9 b). The formation of such "white zones" during laser processing of steels with a radiation power
density of 70-125 MV t/m? was facilitated by stresses of various kinds appearing at the boundaries of the "carbide —
steel matrix" composition: thermostrictive, stresses due to different thermophysical coefficients in the composition, etc.

Microhardness of these sites was 10-12 GPa. The obtained hardness values corresponded to the hardness of the
martensite of alloy steels. It can be concluded that the non-etching edge near the carbide particles was a laser-quenched
martensite.

The complex structural picture that was formed around inclusions as a result of stress relaxation was proposed to be
described as follows. First of all, due to contact melting, a thin shell of liquid metal was formed in the immediate
vicinity of the boundaries of carbides, through which carbon atoms and alloying elements from carbides moved to
nearby solid solutions of the irradiated spot. After crystallization, a superhard amorphous-like structure may appear
around the carbides. In the rest of the part of "white zones", o — vy transformation during heating under extreme
temperature and force conditions was carried out by shear mechanism. This led to plastic deformation and dynamic
polygonization of austenite with the formation of a fragmented substructure. In the process of high-speed hardening in
the austenitic edge, y—a transformation occurred with the inheritance of the fragmented structure of austenite by
martensite.

The results of metallographic and durometric studies showed that the maximum hardness of laser-hardened metal in
the SS zones was achieved if the "white zones" occupied 40% of the irradiated area of steel. The dispersion of carbides
should be 0.5—-1.5 microns.

It was established that when the indenter scratched the base metal of R6MS5 steel, friction force fluctuations were
observed caused by the movement of the indenter through an inhomogeneous structure consisting of phases with
different hardness. There were no significant friction force fluctuations in the SS zone of the laser-irradiated metal. It
can be concluded that the SS zone was relatively homogeneous in structure and hardness, and its hardness was much
higher than the hardness of the base metal. This was evidenced by the values of the friction force of about 17 MN in
comparison with 11 MN for the base metal.

The analysis of the conducted metal physical studies indicates that laser treatment with a radiation power density of
130-200 MW/m?, that is, with the melting of the surface of steels of different chemical composition, obtained the best
combination of hardness and viscosity of the irradiated zones when dissolving different amounts of carbides. Due to the
fixed dispersed structure of laser-fused steel zones, along with a sufficiently high content of residual austenite in them,
it became possible to increase the operational characteristics of irradiated materials, especially under conditions of
external shock loads.

Metal physical studies of irradiated steels, with a radiation power density of 70-125 MW/m?, that is, without
melting the surface, allowed us to conclude that in order to obtain a high degree of hardening in this case, it is necessary
and advisable to ensure the presence of a certain volume of dispersed carbides in the structure of the irradiated steel.
The structural composition of the "white zones" formed during laser treatment without melting the steel surface
contributed to obtaining a unique level of operational properties.

The results of the research made a contribution to the theory of steel structure formation under conditions of extreme
heat exposure, and also made it possible to make a rational choice of modes of surface laser processing of products of

various functional purposes to ensure their operability.
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3asenennwviii 6xk1a0 cOa8MOpPos:
I'.1. BpoBep — mocTaHOBKA 3a7a4d, BEIOOP METOJOB U METOJIUK HCCIICIOBAHHMN, IJIAHUPOBAHUE DKCIIEPUMEHTOB,

y4acTHe B IPOBEICHIH METAIUIOPU3NIECKUX UCCIIETOBAHUN U B 00CYKICHUN UX PE3yTbTATOB.
E.E. IllepbakoBa — KpHUTHYECKHH O030p JHUTEPAaTYpPHBIX HCTOYHWKOB IO TEME WCCIIENOBAaHUS, YYacTHE B

MpOBEACHUN MeTaJ’IJ’IO(l)I/I?)I/I‘IeCKI/IX OKCIICPUMEHTOB U B O6CY)K[[6HI/II/I UX pe3yJIbTaTOB.

Koudmukm urmepecos.: aBTOpPLI 3a4BJIAIOT 00 OTCYTCTBHUU KOH(l)J'II/IKTa HUHTEPECOB.

Bce asmopui npouumanu u 0006punu oKOH4AMENbHBLIL BAPUAHI PYKONUCU.
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Abstract

Introduction. The pivot assembly provides connection between the rotating and non-rotating parts of machines and
mechanisms such as cranes, excavators, trailers, railway rolling stocks. In relation to rolling stock, it connects the load-
carrying part of the car with the bogie and is one of the most critical and wear-out friction units. Its technical condition
affects the intensity and form of wear of the surfaces themselves, the amount of resistance to rotation of the bogie when
the car moves in curved sections of the track, the amplitude of the lateral rocking of the car, the intensity of wear of the
wheel flanges and, as a consequence, the safety of operation of the rolling stock as a whole. Until now, periodic grease
is used for this unit, which, even with a short mileage, manages to be squeezed out of the contact zones and, thereby,
creates conditions for the predominance of dry friction. Until now, various proposals to solve this problem have not
found application in mass production for a number of reasons, and therefore the search for ways to reduce wear in the
pivot assembly of cars is still relevant. This study proposes a solution to this problem that does not require structural
changes to the pivot assembly itself. The aim of this work was to develop a technologically advanced anti-friction
coating with good adhesion, which will be applied to the surface of a replaceable disk installed between the rubbing
surfaces of the pivot assembly during scheduled repairs of the car chassis. This approach will reduce the friction force
and wear rate in the unit when lubrication shortage occurs due to squeezing out of the grease.

Materials and Methods. Antifriction characteristics of the developed coating was observed on a friction machine
providing specific loads on the test sample up to 5000 N and a sliding speed from 0.13 m/s. The samples were examined
by scanning electron microscopy (FEI Quanta 200 microscope). SEM images were acquired in a back-scattered electron
(BSE) mode using a semiconductor detector. To analyze the elemental composition of beam samples, an energy
dispersive spectrometer (EDAX Element EDS system) was used.

Results. A three-layer functional phosphorus-containing composite coating of the surfaces of the unit was developed,
which made it possible to significantly reduce the coefficient of friction and, as a consequence, the intensity of wear of
the pivot unit surface during dry friction. The optimal conditions for obtaining composite coating layers were
determined. The influence of the thickness of each layer and the conditions for its production on its functional
characteristics was studied.

Discussion and Conclusion. The proposed solution is manufacturable and, with appropriate adaptation, can be used to
reduce wear in any open pivot assembly without radically changing its design. The methods for producing coating
layers are accessible and technologically advanced for serial use.

Keywords: rail rolling stock, pivot assembly, open friction assembly, composite multilayer coating, wear reduction
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Hayunas cmamos
CHuUKeHMe U3HOCA BHICOKOHATPY/KEHHBIX Y3JI0B TPAHCIOPTHBIX CPEICTB

A.A. Jlembsinos = DX, U.H. lllepoakos
JloHCKO# rocynapCTBEHHbIH TEXHUUECKUH yHUBEpCUTET, I. PocToB-Ha-/lony, Poccuiickas denepanus

D4 alexys61@yandex.ru

AHHOTANNA

Beedenue. OriopHO-TIOBOPOTHBEIA y3e7 00eCHednBaeT CBS3b MEXKAY IMOBOPOTHOH M HEMOBOPOTHOHM YAaCTHIO MAIINMH U
MEXaHU3MOB KPAaHOB, JKCKAaBATOPOB, ABTOIPHIEIIOB, JKEJIE3HOJOPOKHBIX MOABIKHBIX COCTaBOB. IIpUMEHMTENBHO K
MIO/IBU)KHOMY COCTaBY OH COEIUHSIET TPYy30HECYIYI0 YacTh BAaroHa C TEJEXKKOW M SBIsETCS OJHUM M3 Hauboiee
OTBETCTBEHHBIX M OBICTPOM3HAIIMBAIOLIMXCS y3JIOB TpeHHUs. Ero TexHH4eckoe COCTOSHHUE BIMSET Ha MHTEHCHBHOCTh U
(dopMy H3HOCa CaMHUX MOBEPXHOCTEH, BEIMYHMHY CONPOTHUBIICHHS ITOBOPOTY TEJISKKH NpPU ABWKEHHUHM BaroHa Ha
KPHUBOJIMHEIHBIX yJacTKax IyTH, aMILIUTYLy OOKOBOW pacKadKH BaroHa, MHTCHCUBHOCTh M3HOCA IpeOHEH Kolec H, KaK
CIIEICTBHE, HAa OE30MACHOCTh OHKCILTyaTalliM IOABMXKHOTO cocTaBa B meioM. Jlo cuX mop I AaHHOTO y3na
MIPUMEHSETCS IEPHOANIECKasi KOHCUCTEHTHAsI cMa3Ka, KOTopasi Jake MPH HEOOJbIIOM MPOOere yCreBaceT BBIAABUTHCS
13 30H KOHTaKTa M TEM CaMbIM CO3[aTh YCIOBHUS JUIA IpeoOnagaHusl CyXoro TpeHHs. Jlo HacTosIero BpPEMEHH
pas3INYHbIE NMPEATIOKEHNS IO PEIICHUIO 3TOH NMPOOIEeMBl HE HAIUTH NPUMEHEHHS B CEPHUIHOM IPOU3BOACTBE MO DALY
INPUYHMH, U TOATOMY INOMCK IIyTel CHMIXXKEHHS HM3HOCA B ONOPHO-IIOBOPOTHOM Yy3Ji€ BaroHOB 0 CHX MOp SBISETCS
aKTyaJbHBIM. B JaHHOM HCClleOBaHMU NpelUlaraeTcs pelieHue 3TOH HpoOieMbl, He TpeOylollee KOHCTPYKTHBHBIX
HW3MEHEHHH CaMOro ONOPHO-IIOBOPOTHOrO Yy3ia. llenblo JaHHON paboThl sBIsieTCss pa3paboOTKa TEXHOJIOTMYHOTO
AQHTU(QPUKIIMOHHOTO TIOKPHITUSI C XOpOIIeH ajre3uel, Koropoe OyleT HaHECeHO Ha IOBEPXHOCTh CMEHHOTO JIMCKa,
YCTaHABIMBAEMOI'0 MEXIY TPYIIMMUCS MOBEPXHOCTSAMH IIKBOPHEBOTO y3Jla BO BpPeMs IITAHOBBIX PEMOHTOB XOIOBOM
YacTH BaroHa. Takoil MOAXOJ MO3BOJIUT CHHU3WTH CHIIy TPEHHWS M WHTEHCHBHOCTh M3HOCA B y3J€ IPH HACTYIUICHUH
CMa304HOTO TOJIOJIaHUS M3-32 BBIIABIMBAHUS KOHCHCTCHTHOM CMa3KH.

Mamepuanst u Mmemoosl. AHTUPPUKINOHHBIC XapaKTEPUCTHKH Pa3paO0TaHHOTO MOKPBITHS ONPENesulach Ha MaIluHE
TpeHns, obecneynBaromieil Harpy3kn Ha ucciexyemblii oopaszern mo 5 000 H n ckopoctu cxombxkennst ot 0,13 m/c.
OO0pasupl UCCIIeIOBAINCH METOJIOM CKaHUPYIOLIEH 3JeKTpoHHOH MuKpockonuu (Mukpockon FEI Quanta 200). COM-
n300paXeHHsT IOJY4YEeHbl B PEXKHUME PErucTpaluu  oOpaTHO-paccesHHBIX  2ekTpoHOB (BSE) ¢ momomsio
TIOJIYIPOBOTHUKOBOT'O JIeTeKTopa. [y aHann3a 3JeMeHTHOro coctaBa 00paslia MCI0JIb30BaJICs PEHTITE€HOBCKUI 9HEPro-
mucnepcronnsiii cnekrpomerp (EDAX Element EDS System).

Pezynomamut uccnedosanun. PazpaboraHo TpexciioiiHoe (yHKIMOHaIbHOE (ocdopcoaepkaliee KOMIO3UIMOHHOE
MOKPBITHE TTOBEPXHOCTEH Y3714, MO3BOJISIOIIEE CYNIECTBEHHO CHU3UTH B HEM KO3()(HUIMEHT TPEHUS W, KAK CIEACTBHE,
MHTEHCHBHOCTh M3HOCA MIKBOPHEBOTO y3Jla M3-32 CyXOro TpeHus. OmpeleneHbl ONTHMATIbHBIC YCIOBHS IONYyYEHUS
CJI0OEB KOMIIO3UIIMOHHOTO ITOKPHITHs. VI3ydeHO BIHMSHHE TONIIMHBI Ka)KIOTO CJIOS M YCIOBHH €ro HaHECEHHs Ha
(YHKIMOHAIBHBIE XapaKTCPUCTUKH.

Obcyscoenue u 3axniouenue. llpeanoxeHHOe pelleHHE OTIUYAETCS TEXHOJIOTMYHOCTBIO U MPU COOTBETCTBYIOLIEH
ajanTany MOXKET OBITh HCIIONB30BAaHO JMJIsI CHW)KEHHMS WMHTEHCHBHOCTH HM3HOCA B JIIOOOM OTKPBITOM OIHOPHO-
MIOBOPOTHOM y3Jie 0€3 KapAWHAIFHOTO U3MEHEHNUS €r0 KOHCTPYKIMH. MeTobl MOTydeH s CII0EB TIOKPBITUS JOCTYIHBI U

TCXHOJIOTUYHBI OJIA cepnﬁﬂoro NPUMCHCHUA.

KaloueBnie ciioBa: peJ'II:COBLIﬁ HO[[BI/I)KHOﬁ COCTasB, IHKBOpHeBOﬁ y3ei, OTKpLITLIﬁ y3€J TpCHUA, KOMIIO3UITUOHHOC

MHOTOCJIOIHOE TIOKPBITUE, CHUKEHNUE U3HOCA

BaarogapHocTu. ABTOPHI BBIpaXalOT ONarofapHOCTh PEJAKIMU M PEIECH3EHTaM 3a BHUMATEIbHOE OTHOIIEHHWE K

CTaTh€ U YKa3aHHBIC 3aMEYaHNs, KOTOPBIC ITO3BOJJIMIN ITIOBBICUTH €€ Ka4€CTBO.

s uutupoBanus. JlempsaoB A.A., lllepbakos N.H. CHmkeHHe M3HOCAa BHICOKOHATPY)KEHHBIX Y3JIOB TPAaHCIIOPTHBIX
cpeactB. Bezonachocmes mexnozenHbix U npupoouvix cucmem. 2023;23(4):119-130. https://doi.org/10.23947/2541-9129-
2023-7-4-119-130
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Demyanov AA, et al. Wear Reduction in Heavily Loaded Units of Transport Vehicles

Introduction. In railway transport, one of the most responsible and high-wearing friction units is the pivot assembly
connecting the body to the bogie. A well-known problem of this unit is the squeezing out of lubricant from it, even with
minor runs, followed by contact of surfaces in dry friction mode and the corresponding wear intensity [1].

Currently, planned restoration of worn-out pivot assemblies annually results in huge sums, even without taking into
account losses from idle cars and the costs of their unscheduled repairs. If we take into account the fact that there are
more than 1.3 million cars in circulation in our country, then the task of reducing friction and wear in this unit is urgent.
This problem is sectoral on the scale of all industrially developed countries of the world [2]. To date, there are various
approaches to solving this problem, which can be broadly divided into several principal groups.

The first group includes methods based on changing the design of the unit in order to increase the diameter of the
support surface and, as a result, reduce specific loads. The disadvantage of this approach is the exclusion of
interchangeability of unit elements during mass repairs. The second group includes methods in which replaceable
inserts made of various polymer wear-resistant materials are installed between the rubbing surfaces in the form of a
round pocket with annular grooves at the bottom for the accumulation of grease. The presence of a replaceable element
reduces the cost of repairing this unit. However, in severe operating conditions of the pivot assembly, polymer materials
have a very short service life. The third group includes methods in which replaceable inserts made of high-strength
steels, for example, manganese steel, are installed between the rubbing surfaces. However, this approach does not
exclude the wear of the surface of the pivot assembly itself. After the inevitable squeezing out of viscous lubricant, wear
intensity will be determined by the ratio of hardness of the contacting surfaces of the removable disk and the main unit.
The fourth group of methods includes methods for improving heat treatment of contacting surfaces.

Another solution to eliminate increased friction in the pivot unit is to install a less rigid disk with holes distributed
over its entire surface between the rubbing surfaces. The perforation in the disc is filled with solid grease. The supply of
lubricant to the friction surface in this case is adaptive and is determined by the intensity of wear on the surface of the
replaceable disk (Fig. 1) [3].

Since squeezing out of viscous lubricant and periodic contact of surfaces in the dry friction mode in this unit is
inevitable, it is proposed to increase the durability of this unit by reducing the intensity of wear by installing a
replaceable disk with a durable and technologically advanced antifriction coating between the friction surfaces. With
this approach, lack of lubrication during squeezing out of regular grease will have less effect on the intensity of wear
and, as a result, prolong the durability of this unit [4-6].

Fig. 1. Pivot assembly of the rolling stock: 1 — replaceable disk; 2 — frame with a center plate

Modification of surfaces with functional coatings is a well-proven method of increasing the wear resistance of
components operating under difficult conditions — under high loads, absence or interruptions in the supply of lubricant
to the friction zone, in aggressive abrasive media, etc. [7—13].
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In this study, the aim was to develop a coating that provides a low coefficient of friction on surfaces, as well as
creating conditions for rigid dynamic contact of reliable adhesion with the material of the coated product.

Materials and Methods. It was decided to solve this problem by developing a three-layer coating from a
combination of several layers of a phosphorus-containing composite [14]. In order to comply with the specified
requirements, the influence of the thickness of each layer and the conditions of its manufacture on its functional
characteristics was studied. The coating was applied in layers. Chromium steel was chosen as the material for the base,
i.e. the replaceable disc.

The first layer to be applied consisted of a composite nickel-phosphorus compound modified with molybdenum
disulfide. Its task was to ensure high adhesion to the substrate. This layer was obtained by chemical deposition. The
subsequent layer was made on the basis of a phosphate binder [14, 15], the task of which was to ensure the binding of
the first layer with the third and increase corrosion resistance due to the fact that the bogie pivot was an open friction
unit. In order to reduce the cost and increase the manufacturability, the layer was obtained by several simple and
technological methods (spraying, dipping and spreading), followed by a comparative assessment of its functional
properties. The third layer, which provided antifriction properties, was also obtained by spraying and spreading,
followed by a comparative assessment of its properties [14, 15].

The adhesion quality of the layer to the previous one was assessed by the results of the cross-cut test by an adhesion
tester!. The thickness of each layer was measured by a combined-action thickness gauge. The antifriction parameters of
the third layer were determined using an Al 5018 friction machine. The analysis of the surface of the layers was carried
out by scanning electron microscopy on a FEI Quanta 200 microscope. SEM images were obtained in the backscattered
electron (BSE) registration mode using a semiconductor detector. An X-ray energy dispersion spectrometer
EDAX Element EDS System was used to analyze the elemental composition of the sample.

Statistical processing of the results of the experimental studies was carried out by computer methods of processing
the results of an engineering experiment.

In the course of the research, the conditions influencing the final parameters of the resulting coating were
determined. The following influence was investigated:

— of the temperature of the solution on the thickness of the resulting coating;

— of the thickness of the third layer on its adhesion to the previous one;

— of the thickness of the third layer and the conditions for its production on the value of its friction coefficient.

The first layer (nickel-phosphorus coating) was obtained by chemical deposition. To ensure the sedimentation
stability of the modifiers present in the chemical precipitation solution, a PE-6110 magnetic mixer with a heating
function was used. The deposition process of this layer took place under conditions of 90-92°C. The adhesion of the
coating to the substrate was evaluated according to the standard procedure for such cases?. The second layer (phosphate
coating), according to the idea, was applied by three different methods: dipping, spreading and spraying [14]. The third
(antifriction) layer was obtained by several methods — spraying and spreading over a phosphate binder [15].

Since the layers of the resulting composite coating are not operable without heat treatment, the effect of the heat
treatment modes of the layers on their final properties was investigated, followed by the selection of the optimal mode
for each of them.

After application to the first, the second layer was subjected to heat treatment at a temperature of 250 to 400°C for
one hour. The heat treatment mode did not depend on the method of applying the second layer. It was selected
experimentally taking into account the best indicators for the number of through pores to the base [11]. After applying
the third layer to the second one, its heat treatment was carried out in the temperature range from 300 to 450°C for one
hour. To study antifriction properties of the third layer, depending on the temperature of heat treatment, a model test of
several samples obtained at different temperatures was carried out.

The determination of friction characteristics of the third layer was carried out according to the "disk-pad" scheme.
The coating was applied to the "pad" sample. The general view and coupling scheme of the samples are shown in
Figure 2.

! Paints and varnishes. Cross-cut test. 1SO 2409:2020. https://www.iso.org/standard/76041.html
2 GOST 9.302-88. Unified system of corrosion and ageing protection. Metal and non-metal inorganic coatings. Control methods. URL:
https://gostrf.com/normadata/1/4294850/4294850372.pdf (In Russ.).
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When assigning the load for the model experiment, it was assumed that the most common type of rolling stock were
high sided wagons of various modifications with an average load capacity of about 70 tons and a mass of 23 tons.
Taking into account the fact that each support unit accounted for half of the total weight, and the diameter of the center
pivot and the diameter of the pin hole were 302 and 54 mm, respectively, the actual contact pressures were obtained,
which amounted to 6.7 MPa.

The speed of relative sliding of surfaces in the pivot assembly is determined by the radius of the curve and its
current speed, set by the driver depending on the traffic conditions. Since in practice the sliding speed had small values,
the minimum possible rotational speed of the shaft of the lower sample, 50 min’!, was adopted for a comparative study

between the samples.

10

@16
@50

a) b)
Fig. 2. Samples of "disk-pad": @ — general view; b — coupling scheme

Results. During the study, it was found that the first layer was best obtained by using chemical deposition at a rate
of up to 40 microns/h. A significant influence on the thickness and quality of the resulting coating was by the
temperature of the solution and the concentration of the components. Based on the obtained adhesion measurement
results, it was found that the heat treatment of the first layer was best at a temperature of 400°C for one hour. At this
temperature, the Ni phase and wear-resistant NizP were formed [14, 15]. Micrographs of the layer are shown in
Figure 3, the element analysis in Tables 1 and 2, and the distribution of elements in the first layer is shown in Figure 4.

a) b)
Fig. 3. Micrographs of the first layer:

a — before heat treatment; b — after treatment for one hour at a temperature of 400°C
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Elemental analysis of the first layer before heat treatment

Element Weight % MDL Atomic % Error %
CK 8.3 0.56 28.5 14.1
OK 0.6 0.22 1.6 23.5
PK 9.3 0.12 12.5 7.0
NiK 79.9 0.41 56.4 22
YK 2.1 0.22 1.0 10.7

Elemental analysis of the first layer after heat treatment

Element Weight % MDL Atomic % Error %
CK 7.6 0.52 26.5 14.2
OK 1.4 0.19 3.6 13.5
PK 8.9 0.14 12.0 7.0
Ni K 80.1 0.33 57.0 22
Y K 2.1 0.20 1.0 10.7
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Fig. 4. Distribution of elements in the first layer:

a — before heat treatment; b — after treatment for one hour at a temperature of 400°C

Table 1

Table 2
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Figure 5 shows a micrograph of the second layer, and Figure 6 shows the dependence of the change in the thickness
of the second layer on the temperature of heat treatment and the method of coating. According to the test results, it was
found that at a heat treatment temperature of 350°C for one hour, the lowest coefficient of friction for this coating was
0.07. This was significantly less in comparison with the initial coefficient of friction of 0.10-0.12 during normal
operation of the unit and up to 0.18 when the lubricant was squeezed out. Table 3 provides the data on the study of
antifriction properties of the third layer, depending on the temperature of its heat treatment. The proposed coating
provided a reduction in the coefficient of friction by almost half, compared with the original node, even with dry

friction.

Fig. 5. Micrographs of the second layer, X200

Table 3
Influence of the temperature of heat treatment of samples on their antifriction properties
Heat treatment temperature , °C 300 350 400 450
Coefficient of friction 0.09 0.07 0.09 0.12

S, microns
18
16
14
12
10

(= R S e

Fig. 6. Change in thickness of the second layer obtained depending on the temperature of heat treatment and the method of coating:

1 — spraying method; 2 — dipping method; 3 — spreading method
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The dependence of the third layer thickness on the temperature and duration of heat treatment is shown in Figure 7.

Figure 8 shows a micrograph, and Figure 9 shows an elemental analysis of the third layer obtained at a heat

treatment temperature of 350°C for one hour.

h, microns "
20+
15+
10 1
5

0" o e
100 150 200 250 300 350 400 450 500 T, °C
. ' PROE
a)
h, microns
100+
80~
60‘/,
407
20_f’t v o - - - - - -
0750 100 150 200 250 300 350 400 450 500  T,°C
[ T PRE
b)

Fig. 7. Change in the third layer thickness at different combinations of temperature and heat treatment time:
1 — 60 min.; 2 — 120 min.; 3 — 180 min.;
a — coating is obtained by spraying; b — coating is obtained by spreading

Fig. 8. Micrographs of the third layer
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When measuring the adhesion of the third layer, depending on its thickness (Fig. 10), it was found that the best
values of the results were obtained with a coating thickness of no more than 20 microns, which was considered optimal.
Based on the results of the obtained dependencies, a recommendation was formed to achieve optimal parameters of

the last antifriction layer of the composite coating (Table 4)
Table 4

Values of optimal parameters for the antifriction layer

Element Weight % MDL Atomic % Error %
OK 35.7 0.23 60.3 10.6
Ne K 0.3 0.13 0.5 24.1
Mg K 1.3 0.10 1.5 10.2
PK 17.4 0.09 15.2 4.7
SK 14.3 0.37 12.1 5.0
Fe K 1.7 0.19 0.8 8.5
NiK 2.5 0.28 1.1 7.8
Zn K 7.1 0.33 2.9 4.9
SrL 0.6 0.15 0.2 11.2
Mo L 17.6 0.85 5.0 54
CdL 1.5 0.23 0.4 17.8
12,0K 3
10,8 K o
P
9,6 K
84K
72K
6,0 K
4,8 K
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24K
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fe Ni 4y
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Fig. 9. Elemental analysis of the third layer %ﬁ
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Discussion and Conclusion. According to the results, the sample obtained at a heat treatment temperature of 350°C
and exposure for one hour provides the lowest possible coefficient of friction for this coating. According to the authors,
this is due to the fact that an increase in temperature above 350°C causes the appearance of oxide structures that
increase the coefficient of friction. The temperature below 350°C does not allow the formation of phosphorus-
containing phases that increase the antifriction properties of the third layer, which corresponds to previous studies [15].

The results obtained will increase the durability of the unit itself, reduce the wear of the ridges of wheels and rails
and improve transportation safety.

The obvious advantages of the proposed solution include the facts that it:

— does not require fundamental changes in the design of the friction unit;

— is characterized by the simplicity and manufacturability of coating;

— does not require significant material costs;

— does not cancel the use of routine lubrication, but complements it;

— is universal.

The proposed solution may well be applied in any units, for example, in coupling devices of automobile rolling
stock, various assemblies of lifting and transport machines, units of technological equipment, etc.
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3asenennviii 6xk1a0 cOABMOPOE:

A.A. llembsiHOB — (pOpMUpOBaHHE OCHOBHOM KOHIICTIIUHU, 00pabOTKa pe3ysbTaTOB HCCICIOBAHUMA, 00cCIIeUCHUE
pecypcamu, MOArOTOBKA TEKCTa CTAThH.

W.H. lllepbakoB — MOArOTOBKA SKCIEPUMEHTA, HMCIBITAHUA 00pa3loB, 00pabOTKa pe3yJlbTaTOB HCCICIOBAHUM,

IIOATOTOBKA TCKCTA CTAaTbH.
KOHd)JZuKm urmepecoe. aBTOpPLbI 3asBJISIIOT 00 OTCYTCTBUU KOH(l)J'II/IKTa HUHTEPECCOB.

Bce asmopul npouumanu u 0000punu OKOHUAMENbHYIU 8APUAHTN PYKONUCU.
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