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Co3maH B IIETSIX OCBEIICHMS PE3yJNbTaTOB MCCIECJOBAHWN M pPEaNbHBIX AOCTIDKEHHH MO aKTYaJbHBIM BOIPOCaM
MAaIIMHOCTPOEHUs, TeXHOC(EepHOH 0e30MacHOCTH, COBPEMEHHONH METaJUTypruM M MaTepHanoBelceHus. B »kypHane
OCBEIIAIOTCA MpoOIeMbl pa3BUTHA (YHAAMEHTAJIBHBIX HCCICIOBAaHMN M WH)XEHEPHBIX pa3paboToOK B pAle
Ba)XHEHIMX oOnacTeld TeXxHWYecKnX HayK. OAHUM W3 TIAaBHBIX HANpPaBICHUH NESATENPHOCTH JKypHajla SBISETCS
UHTETpalys B MeXIyHapOJHOE HH(POPMALIOHHOE IIPOCTPAHCTRO.

7KypHaJl BKJIIOYEH B NlepedyeHb pelleH3UPyeMbIX HAyYHbIX U3aHUIi, B KOTOPOM A0JI’KHBI ObITh OIY0JIHKOBAHBI
OCHOBHbIC HaYYHbIe Pe3yJIbTaThl JHCCEPTALUI HA COMCKAHNE YUCHOH CTeleHU KAaHIMAATAa HAyK, HA COUCKAaHHe
yueHoii creneHu 10KTopa Hayk (Ilepeyens BAK) no cieayomumM HaydYHbIM CHIeHHAJBHOCTAM:
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2.6.5 —IlopomrkoBast METAJUTYPTHs 1 KOMITO3UIIOHHBIE MAaTepUAIIbI (TEXHIYECKUE HAYKH)

2.6.17 — MatepuanopeneHue (TEXHUYECKHE HAYKN)
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PenakuuoHHAas KOJLJIerust

I'nagnwiii pedakmop, Mecxu becapuon Yoxoesuu, ooxmop mexnuueckux Hayk, npogeccop, JJOHCKOU 20cyOoapCmeeHnblll mexHU4eckull
yrugepcumem (Pocmos-na-/omny, Poccutickas @edepayus);

3amecmumens 2nagnozo peoaxmopa, Kopomxuii Anamonuii Apkadsesuu, 0oxmop mexnuueckux nayx, npogpeccop, [lonckou eocyoapcmeenmuiii
mexnuyeckutl ynusepcumem (Pocmoe-na-JJony, Poccuiickas @edepayus);

3amecmumens 21461020 pedakmopa, Azapoe Banepuit Huxkonaesuu, 0oxmop mexnuueckux Hayk, npogeccop, Boneoespadckuii cocydapcmeenmbiil
mexuuueckuil ynusepcumem (Boneoepao, Poccuiickas ®edepayus);

svinyckarowuil  pedakmop, Komaxuoze Manana IL'ueuesna, xanouoam Xumuyeckux HayK, JOHCKOU 20cyOoapcmeeHublil mexHudecKull
yrugepcumem (Pocmos-na-/ony, Poccutickas @edepayus);

omeemcmeennvtit cexkpemaps, Xaszanoeuu I'puzopuii Illneeposuu, ooxmop mexnuueckux Hayk, npogeccop, IoHckoil 2ocydapcmeeHtbiil
mexnuyeckutl ynusepcumem (Pocmoe-na-/Jony, Poccuiickas @edepayus);

omeemcmeeHHbLI ceKpemapn, Illesuenko Hadercoa Anamonvesna, J[oHCKOl 20CyOapcmeenblil mexHuyeckuu yHusepcumem (Pocmos-na-/omy,
Poccuiickasn Dedepayuisi).

Aobapaxmanos Hanas XaguToBud, TOKTOp TEXHUUECKHX HayK, Ipodeccop, Y GpuMckuii rocyiapcTBeHHbII HeQTAHON TeXHUUSCKUH yHHBEPCUTET
(Ya, Poccuiickas ®enepanus);
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(PocroB-Ha-Jlony, Poccuiickas ®enepanus);

I'ypoBa Okcana CepreeBHa, JOKTOp TEXHHUYECKUX HAyK, AOLEHT, JJOHCKOI rocyaapcTBeHHbIH TexHuueckuid yHuBepcureT (Poctos-Ha-/{oHy,
Poccwuiickas @enepanus);

I'yrapeBnu BukTtop OjeroBu4, JOKTOp TEXHHYECKUX HAYK, JOIEHT, JlOHEeIKHIl HAITHOHANBHBIA TexHuIeckuil yausepcuret ([lonenk, Jlonenkas
Haponnas Pecriy6unuka);

leeB BaaguciaB BopucoBuY, TOKTOp TEXHHUYECKHUX HAyK, npodeccop, HannoHaabHBIN MCCleN0BaTeIbCKUI TEXHOIOTHYECKUIT YHUBEPCUTET
«MHCuC» (Mocksa, Poccuiickas denepanust);

Hopodees Baamumup IOpbeBHY, [OKTOp TEXHMYECKMX Hayk, mnpodeccop, HxHO-PoccuiCKuii rocyaapCTBEHHbIH TEXHUYECKHH
yausepcutet (HIIN) umenu M. 1. ITnatoBa (HoBouepkacck, Poccuiickas denepanus);

EropoB Cepreii HukonaeBn4, [OKTOp TEXHHYECKHX HayK, mnpodeccop, IHOkHo-Poccuiickuii TrocyfapcTBEHHBIH —TEXHHYECKUH
yausepcuteT (HIIM) umenn M. U. ITnarosa (HoBouepkacck, Poccuiickas deneparus);

EpemeeBa JKanna BuaauMupoBHa, OKTOp TEXHMYECKMX Hayk, mpodeccop, HaumoHanmbHBIH HCCIEIOBATENBCKAN TEXHOJIOTHUECKUI
yauBepcureT «MHUCuC» (Mocksa, Poccuiickas deneparus);

KonuenkoB Bauecias I'puropseBud, I10KTOp TEXHUYECKHUX HayK, npodeccop, Cerepo-KaBkasckuii dhenepanbhbiii yausepceutet (CTaBporons,
Poccwuiickas enepanus);

JlarepeB Anexcanap BanepbeBHY, JTOKTOp TeXHHUYECKHX Hayk, mpodeccop, BpsHCkuil rocymapCTBEHHBI YHHBEPCHTET HMEHH aKaJeMHKa
W.T. Ilerposckoro (bpsHck, Poccuiickas @enepanust);

Jlarepe Uropnb AjexkcaHApOBHY, IOKTOP TEXHMYECKUX HAyK, IOLEHT, BpsSHCKHI TroCyJapCTBEHHBI YHHUBEPCHUTET MMEHU aKaJeMHuKa
W.I'. [Terposckoro (bpsuck, Poccuiickas deneparus);

Mamnxyna Koncrantun IlaBaoBHY, TOKTOp TEXHHYECKHX Hayk, mpodeccop, Cankr-IlerepOyprekuii nonmrexHudeckuii yausepcurer Ilerpa
Benukoro (Cankr-IlerepOyprekuii, Poccuiickas @enepanus);

MemnseannuneBa Hagexna BacuibeBHa, TOKTOp TEXHUUECKHX HayK, mpodeccop, Bonrorpanckuii rocy1apcTBeHHbIH TEXHHIECKUH YHHBEPCUTET
(Bonrorpan, Poccuiickas ®enepanus);

Musnko BceBosion AdanacbeBHY, JOKTOp TEXHHYECKUX HayK, npodeccop, benropoackuii rocy1apcTBeHHbINH TEXHOJIOTHYECKUH YHUBEPCUTET
umenu B.I'. lllyxoBa (Benropon, Poccuiickas ®enepanns);

MockBuies Bragumup BHKTOpOBHY, TOKTOp TEXHHYECKHX Hayk, Ipodeccop, KpacHospekuil ¢punmman denepaqbHOro HCCIe0BaTeNbCKOIO
neHrpa «HpOpPMaLMOHHBIX U BBIYUCIUTENbHBIX TexHOJOrUI (KpacHospcek, Poceniickas ®enepanys);

Hocenko Ajekceii CTaHHCJIaBOBHY, IOKTOP TEXHHYECKUX HAYK, Tpodeccop, [1laxTHHCKMii aBTO10pokHBII MHCTUTYT (Puiman) FOPTTIY (HITN)
(IaxTser, Poccniickas ®enepanus);

Ilaemko Muxana CrenaHoBHY, JOKTOp TEXHHYECKHX HAyK, NOLEHT, HalMOHANBHBINA HCCIENOBATEIbCKHI TEXHOIOTMYECKUH YHHBEPCUTET
MUCuC (Mocksa, Poccuiickast Denepaius);

IycroBoiit Buxkrop HmuKo0JaeBHY, TOKTOp TEXHHYECKHX HaykK, mpodeccop, JOHCKOW TrocylapcTBEHHBIH TEXHHYECKUH YHHBEPCHTET
(PocroB-Ha-Jlony, Poccuiickas dexnepars);

Ilymenko Cepreii JleoHapaoBHY, IOKTOp TEXHHYECKHX HayK, Hpodeccop, J[OHCKOH TOCYHapCTBEHHBI TEXHUYECKUH YHHBEPCHUTET
(Pocros-Ha-/lony, Poccuiickas deneparus);

HopomnH Asexcanap AjiekceeBUY, JOKTOp TEXHUUECKUX HayK, Beepoccuiickuii oprena «3Hak [loyera» HayuHO-HUCCIE0BATEILCKUIA HHCTUTYT
nporuBonoxapHoit 06opors MUC Poccnn (banammxa, Poceniickas ®enepanus);

CeBactbsinoB Bopuc BiragnMupoBuy, T0KTOp TEXHHYECKHUX HAyK, KAHIUIAT MEIarorHyeckux Hayk, nmpogeccop, VbkeBckuil rocy1apcTBEHHbIH
TexHuyeckuit ynusepcuter umenu M.T. Kanamnukosa (MskeBck, Poceuiickas @eneparius);

Tiopun Ajexcanap IlaBiaoBuY, JOKTOp TEXHHMYECKUX HAyK, [JOLEHT, IMikeBCkMit ToCyJapCTBEHHBI TEXHMYECKHH YHUBEPCUTET
nmenu M.T. Kanamnukosa (MoxeBck, Poccuiickas ®enepanus);

Xa3zanoBu4 I'puropuii IlIHeepoBHY, JOKTOpP TEXHMYECKMX HayK, mpodeccop, J{OHCKOHW TOCYIapCTBEHHBIH TEXHUYECKUH YHUBEPCUTET
(PocroB-Ha-/lony, Poccust)

Xaduzos Hianaap dannaeBud, J0KTOp TEXHUYECKHX HAyK, HOLEHT, Y YUMCKHIl rocy1apCTBEHHBIH He(DTAHOI TeXHM4Yecknid yHuBepeutet (Y da,
Poccuiickas ®eneparus);

Xa¢uzos @annas llaMuaseBHY, TOKTOP TEXHUYECKUX HAyK, Ipodeccop, Y PUMCKHI rocy1apcTBEHHBIH HePTIHON TEXHHIECKHIT YHHBEPCUTET
(Yba, Poccuiickas ®enepanus);

Yykapun Asekcanap HukosaeBu4, TOKTOp TeXHHYECKUX Hayk, mpogeccop, PocToBckuil rocytapcTBEHHBIH YHUBEPCHUTET ITyTeil COOOICHUS
(Pocros-Ha-Jlony, Poccuiickas deneparys).
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ANNIVERSARY OF THE SCIENTIST
IOBUJIEX YYEHOI'O

Besarion Chokhoevich Meskhi, scientist, engineer, teacher, leader, is 65

Besarion Chokhoevich Meskhi — Doctor of Engineering Science, Professor,
Corresponding Member of the Russian Academy of Education, Deputy of the
Legislative Assembly of the Rostov Region, Rector of Don State Technical
University, Member of the Presidium of the Southern Scientific Centre of the Russian
Academy of Sciences, Head of the Rostov Scientific Center of the Southern Branch of
the Russian Academy of Education, Chairman of the Council of Rectors of the Rostov
Region, Editor-in-Chief of peer-reviewed scientific and practical journals “Safety of
Technogenic and Natural Systems” and “Science Almanac of Black Sea Region
Countries” included in the list of the Higher Attestation Commission of the Russian
Federation.

Besarion Chokhoevich began his career as an electrical engineer after graduating
from the Rostov Institute of Agricultural Engineering in 1985, earning a degree in
Automation of Agricultural Production. From his first year of study, he demonstrated
his dedication to his education by actively participating in social activities and
combining his studies with work in the research department. After receiving his diploma, Besarion Chokhoevich Meskhi
dedicated his life to his alma mater, working his way up through the ranks from senior laboratory assistant to engineer and
senior engineer in the Department of Automation of Agricultural Production, and eventually becoming the head.
Since 1990, he worked as a vice-rector for administrative and economic affairs, then since 2002 as a vice-rector for
administrative and economic work and capital construction. In 2007, the staff of the university (84.3%) elected
Besarion Chokhoevich Meskhi as the rector of Don State Technical University. Since then, three more times — in 2012,
2017, and 2022 — the university staff has re-elected Besarion Ch. Meskhi to the position of rector, demonstrating their
respect and trust for his leadership and commitment to the chosen path of university development. During this time,
Besarion Ch. Meskhi also headed the Department of Life Safety and Environmental Protection from 2007 to 2018.
In 2021, he was elected a Corresponding Member of the Russian Academy of Education.

Besarion Ch. Meskhi is a renowned expert in the field of technological and industrial safety. He defended his candidate
dissertation in 1999 and his doctoral dissertation in 2004, both in the specialty of Occupational Safety (Technical
Sciences). He is the leader of the scientific school “Theory and Methods of Integrated Occupational Safety in Machine-
Building Industries and Technological Equipment in Design”. His scientific and technical solutions have formed the
scientific and methodological basis for improving safety in the machine-building industry and have been implemented at
major companies in the region, including LLC KZ Rostselmash, LLC Novocherkassk Electric Locomotive Plant, and
PJSC Rostvertol.

Besarion Ch. Meskhi holds 39 patents for his inventions and has authored more than 700 scientific papers and
publications. Among these, 158 articles have been published in journals indexed in scientometric databases such as Scopus
and Web of Science. Additionally, 77 of his articles have been published in journals included in the list of the Higher
Attestation Commission. His Hirsch index, based on the Scopus database, is 22.

Currently, Besarion Ch. Meskhi is actively involved in multilevel work on training highly qualified personnel. With
extensive experience in managing scientific projects, Professor Meskhi chairs DSTU dissertation council 24.2.297.05,
which oversees the defense of candidate and doctoral dissertations in the specialties “Occupational safety” and “Machines,
aggregates and technological processes”. Under his guidance, 3 doctoral dissertations and 10 candidate dissertations have
been successfully defended.

The Rector of Don State Technical University places great emphasis on the systematic development of engineering
education, both within the university and through interuniversity partnerships. Within the university, modern teaching
formats and effective educational platforms are being introduced. These include the Institute of Advanced Technologies
“School X” and the Institute of End-to-End Technologies “T-University”, as well as an advanced engineering school, the

Institute of Advanced Mechanical Engineering “Rostselmash”. Additionally, the university is actively pursuing
interuniversity collaborations through the establishment of joint experimental sites for engineering education with leading
universities across the country.

Anniversary of the Scientist
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For his outstanding achievements in his professional career, Besarion Ch. Meskhi was awarded medals of the Order
“For Merit to the Fatherland” of the I and II degrees, the Order of Friendship, the Badge of Honor of Higher Professional
Education of the Russian Federation, the Medal of St. Sergius of Radonezh of the I degree of the Russian Orthodox
Church, the Badge of the Ministry of Emergency Situations of Russia “For Merits”, Gratitude and Diploma of ehe
President of the Russian Federation to the Commemorative Medal “XXVII World Summer Universiade 2013 in Kazan”,
the Badge of Honor “For Service to the city of Rostov-on-Don”, the Medal of the Order “For Service to the Rostov
region”, the Order “For Service to the Rostov region”. In 2009, Besarion Ch. Meskhi received the award of the
Government of the Russian Federation in the field of education.

The Editorial Team of the journal “Safety of Technogenic and Natural Systems” heartily congratulates
Besarion Ch. Meskhi on his anniversary and wishes him good health, happiness, and continued success in his
organizational, scientific, and educational endeavors.
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Abstract

Introduction. Improving methods for modeling and forecasting changes in the number of forest fires, as well as the
frequency of thunderstorms that cause them, is a significant challenge for environmental safety, emergency
preparedness, and climatology. This is particularly relevant for regions with a forest landscape, such as the Khanty-
Mansi Autonomous Okrug (Yugra). Domestic and foreign researchers have found that variations in seasonal average air
temperatures and solar activity are effective predictors for modeling these processes in many regions. However, the
connections between these processes and these factors in Yugra remain understudied, hindering our ability to determine
the usefulness of including them in predictive models. The aim of the study is to test the hypothesis that there are
significant statistical relationships between changes in the frequency of thunderstorms, the number of forest fires in the
territory of Yugra, and variations in average air temperatures near the surface of the atmosphere during the
thunderstorm season. The study aims to investigate whether these relationships are significant and increasing during
periods of climate warming, as well as to assess the impact of solar activity on these relationships. To achieve this goal,
we have analyzed the significance of correlation between the changes in the frequency of thunderstorms over the
territory of Ugra and synchronous variations in the number of forest fires occurring here, as well as synchronous and
ahead of time variations in the average seasonal air temperatures and solar activity in the period of climate warming.
Materials and Methods. The study used observational data on average daily air temperatures, dates of thunderstorms
over representative hydrometeorological stations of the studied area, information on changes in average annual solar
radiation with a wavelength of 10.7 cm, and information on forest fires and related emergencies in Yugra. The data
were obtained from international and Russian climate data banks and systems, as well as official reports from relevant
ministries and agencies. The method of assessing the strength of links between processes was multiple correlation
analysis. The statistical significance of identified links was assessed using the Student's t-test.

Results. As a result of the study, it was established that the hypothesis put forward was valid. There was the correlation
between the changes in the frequency of thunderstorms and the number of forest fires in the territory of Yugra with
variations in average air temperatures and solar activity during the thunderstorm season. This trend was significant and
increasing. We proved that the correlation of interannual changes in the number of forest fires that occurred in the
XXI century in the territory of Yugra per year with synchronous variations in the frequency of thunderstorms over it
was significant and intensified. The conditions were identified under which statistical relationships between changes in
the frequency of thunderstorms here, as well as variations in average monthly air temperatures and solar activity, were
significant and are increasing now. Therefore, when these conditions were met, it was advisable to take into account the
factors under consideration during modeling and forecasting of the process under study.

Discussion and Conclusion. The results obtained fully confirm the existing ideas about the impact of climate change
and solar activity on the frequency of thunderstorms in the atmosphere, as well as the features of current climate change
in Western Siberia. These connections can be used to predict changes in thunderstorm frequency and forest fire risk,
and these predictions should be taken into account when planning activities within the unified state emergency
management system.

Keywords: Khanty-Mansi Autonomous Okrug, forest fires, thunderstorms, solar activity, mean air temperatures,
correlation, modern period
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OpuZuHaJZbHOB meopemu4deckoe ucciedosamue

CBs3b H3MEHEHHI MOBTOPAEMOCTH I'PO3 M KOJINYECTBA JIECHBIX M0Kap0B HA TEPPUTOPHH
IOrpsI ¢ TemnepaTypoii Bo3iyxa U COJTHEYHOH aKTHBHOCTBHIO NIPH NMOTEIVICHUH KJIMMATa

A.B. XoJqonues = <
Cubupckas noxxapHo-crnacateibHas akagemust [ TIC MUC Poccuw, r. XKenesnoropcek, Poccuiickas @enepanms
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AHHOTaNNA

Beeoenue. CoBeplIeHCTBOBaHME METOAUK MOAEIUPOBAHUSA M IMPOTHO3MPOBAHMS HU3MEHEHUIN KOIMYECTBA JIECHBIX
MIOXKapoOB, a TaK)Ke IMOBTOPSIEMOCTU TPO3, UX BBI3BIBAIOIINX, SIBISETCS aKTyalbHOHW MpoOJIeMoil 9KoIornieckoit oes-
OIaCHOCTH, 0€30MaCHOCTH MPH YPE3BBIYAWHBIX CUTYalUsX, a TaKKe KiuMarojorun. Hanbonbinii nHTEpEC ee pere-
HUE MPEICTABISICT IJI PETHOHOB JICCHOW JaHAmAagdTHOW 30HBI, OJHHM H3 KOTOPHIX B Poccuu siBisieTcsi XaHTBI-
Masncuiickuit aBToHOMHBIH OKpyYT (FOrpa). OTedecTBEeHHBIMH U 3apyOeKHBIMU YUEHBIMH YCTAHOBJICHO, YTO BO MHO-
TUX PEerroHax K 4uciy 3 (QEeKTHBHBIX MPEAUKTOPOB MOJENIEH M3y4aeMBbIX MPOLECCOB OTHOCITCS BapHUallMH CpeHe-
CE30HHBIX TEMIIEPATyp BO31yXa HaJl HCCIENyEMBIMU TEPPUTOPHUSMH, a TAK)KE COMHEUHAs aKTUBHOCTh. BMmecTe ¢ Tem
CBSI3M TaKHWX IPOIECCOB C Ha3BaHHBIMH (akTopamu B HOrpe m3ydeHsl HEJOCTATOYHO, YTO HE TO3BOJIAET OLICHUTH
11eJ1ec000pa3HOCTh UX yueTa. Llenbio faHHOH paboTHI ABJISIETCS NPOBEPKA THIIOTE3bI O TOM, YTO CTATUCTHYECKHUE CBS-
31 U3MEHEHUH MOBTOPSEMOCTH I'PO3 M KOJHMYECTBA JECHBIX MOXapoB Ha Teppuropuu IOrpsl ¢ CHHXPOHHBIMH WU
ONEpEeXKAIUMHU UX [0 BPEMEHU BapHalUsIMHU CPENHUX 3a TPO300NACHBIA CE30H TEMIEPATyp BO3AyXa B MPU3EMHOM
cioe atMocdepsl U COTHEYHON aKTUBHOCTBIO SIBJISIOTCS 3HAYMMBIMU U yCHIIMBAIOTCS. 3a]auu, KOTOphIe ObLIH pere-
HBI AJIs1 JOCTHXKEHUS MOCTABIEHHON LI€JIU, COCTOST B OLICHKE 3HAUMMOCTH KOPPEIALUU MEXIy U3MEHEHUSIMU MTOBTO-
psemMocTu Tpo3 Haj Tepputopueii KOrpel 1 CUHXPOHHBIMHM BapHaIlMsIMU KOJMYECTBA BO3ZHUKAIOUIMX 3/1€Ch JIECHBIX
IMOKapoB, a TAKKC CUHXPOHHBIMU U ONICPECIKAIOUMIUMHU 110 BPEMEHU BapHUalluAMU CPEAHECC3OHHBIX TEMIIEPATYpP BO3AY-
Xa U COJIHEYHOM aKTHUBHOCTH B Nneproa NOTCIJICHUA KJinMara.

Mamepuanvt u memoowvt. PaxTudeckuil MaTepuan UCCIEJOBAHUS COCTABUIM JAaHHbIE HAOMIOACHHUN O CpeAHecyTou-
HBIX TEMIIEPATypax BO3AyXa M JaTaxX, B KOTOPbIE IPOUCXOAMIIN I'PO3bl HAJl PENPE3CHTATUBHBIMU I'MIPOMETEOPOIIOTH-
YEeCKMMH CTaHIMSMHU M3y4aeMoro paioHa, WHpopManus o0 M3MEHEHHSIX CPEIHETOJ0BOTO MOTOKA COJTHEYHOTO pa-
JUOU3IY4YCHUS C JUTMHOW BOosHBI 10,7 €M, CBEJCHHSA O KOJIMUYECTBE 3aPETUCTPHUPOBAHHBIX JIECHBIX MOXKapOB M Upe3-
BBIYAMHBIX CUTYAINi, UMU 00YCIOBICHHBIX, Ha TeppuTOpuH FOTpHI, IpEACTaBICHHBIE B MEXTyHAPOAHBIX U POCCHH-
CKMX KIMMaTH4eCKHX OaHKaxX MAHHBIX M WHPOPMALMOHHBIX CHCTEMaX, a Takke B O(UIIMANBHBIX JOKJIaAax Ipo-
(WIBHBIX MUHUCTEPCTB M BEJIOMCTB. METO/IOM OIICHKH CHIIBI CBSI3€H MEXIy paccMaTpHBaeMbIMU MIPOIECCAMH SIBHJI-
Cs1 MHOXKECTBEHHBII KOPPEIALUOHHBIN aHalIN3, a OLEHKA CTATUCTHYECKON 3HAYMMOCTH BBISIBIICHHBIX CBSI3€H BBINIOJI-
HEHa C UCNoNb30BaHus kputepust CThIOJEHTA.

Pezynomamut uccnedoganun. B pesynprarte Ucciae0BaHUs BIEPBbIE YCTAaHOBIEHO, YTO BBIABHHYTAs TMIIOTE3a O TOM,
YTO CBSI3UM M3MEHEHHMH HMOBTOPSEMOCTH I'pO3 M KOJHYECTBa JIECHBIX MOXKapoB Ha Teppuropuu HOrpel ¢ BapuamusMu
CpeHUX 3a TPO300MACHBIN CE30H TeMIEPATyp BO3AyXa U COJHEUHOW aKTUBHOCTHIO SIBJISIOTCS 3HAYMMBIMHU U yCUIJIMBA-
I0TCA, ABJIACTCA CHpaBeHHHBOﬁ. )onasaﬁo, 4YTO KOoppesiusa MEXIOA0BbBIX W3MEHEHUM KOJIMYECTBA JIECHBIX T1OXKapoBs,
Bo3HuKaBIMX B XXI Beke Ha Tepputopun FOTpEI 32 TOA, C CHHXPOHHBIMH BapHAIMsIMUA TIOBTOPSIEMOCTH HAaJ HEH Tpo3
Obl1a 3HAYMMOH M yCHIIMBAJIACh. BBISBIICHBI yCIOBUS, IPU KOTOPBIX CTATUCTUYECKUE CBSI3U MEXIY H3MEHEHUSIMH 37IECh
MIOBTOPSEMOCTH T'PO3, a TAKXKE BapUALMUAMU CPEIHEMECIYHBIX TEMIIEPATYP BO3AYyXa M COJIHEUHOW aKTUBHOCTBIO 3HAYH-
MBI M B HacToOsIee BpeMs ycuiauBaroTcsa. CleqoBaTelbHO, MPU BBIMOJHEHHH 3THX YCIOBHH yYeT paccMaTpHBaeMbIX
(hakTOpOB B X0/I€ MOJEIMPOBAHMS M TPOTHO3UPOBAHKSI N3ydaeMOro MpoIiecca [eaecoodpaseH.

Oocyacoenue u 3aknroyenue. IloaydeHHble pe3yabTaThl B IOJIHOM Mepe COOTBETCTBYIOT CYLIECTBYIOIUM IPEACTaBlIe-
HUSIM O BJIMSHUM NOTEIJICHHS KJIMMAaTa U COJIHEYHOW aKTHMBHOCTU HA U3MEHEHUs IOBTOPSIEMOCTHU I'PO3 B 36MHOM aTMO-
chepe, a Takke 00 0COOCHHOCTSIX COBPEMCHHBIX M3MCHCHMI KiuMmara 3anaaHoii CuOupu. BrIsBICHHBIC CBA3U MOTYT
OBITH HMCIIOJIL30BAHBI ITPU MIPOTHO3UPOBAHUH M3MEHEHUH IMOBTOPSIEMOCTEH P03 U JIECHBIX MOXKapOB, Pe3yIbTaThl KOTO-
pOro 1enecoo0pa3HoO YYUTHIBATH MPH IUIAHUPOBAHUH AESTEILHOCTH COOTBETCTBYIOUIMX (DYHKIMOHAJIBHBIX MOJICHCTEM
€IUHOM TOCYIapCTBEHHOM CUCTEMBbI IPEAYIIPEKACHUS U JIMKBUIALMU YPE3BBIYANHBIX CUTYaLUM.
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KuioueBble ciaoBa: XaHThl-MaHCHIICKUI aBTOHOMHBIA OKpYT, JIECHBIE TMOXapbl, I'PO3bI, COJIHEYHAs] AKTUBHOCTD,
CpeIHHE TeMIIepaTyphl BO3/AyXa, KOPPEIALUSI, COBPEMEHHBIN MEPHOT

BaaromapHocTH. ABTOp BBIpa)kaeT 0JIar0ZapHOCTh PeJaKIUK M PELEH3CHTaM 32 BHUMATeIbHOE OTHOLIEHHE K CTaThe
yKa3aHHBIC 3aMEYaHHs1, yCTPAHEHNUE KOTOPBIX O3BOJIMIIO TIOBBICUTE €€ Ka4eCTBO.

Jas uurupoBanus. XomommeB A.B. CBf3p W3MEHEHHH IMOBTOPSIEMOCTH TPO3 M KOJWYECTBA JICCHBIX II0KapOB Ha
teppuropun IOrper ¢ TemMneparypoil Bo3ayxa M COJHEYHOW aKTHBHOCTBIO NPH MOTEIUICHWM KIMMaTa. besonacnocmo
mexHozeHHbIX U npupooubix cucmem. 2024;8(3):9—18. https://doi.org/10.23947/2541-9129-2024-8-3-9-18

Introduction. According to Russian [1] and foreign researchers [2], thunderstorms that pass over certain areas
are a cause of landscape fires in various parts of the world, causing significant damage to ecosystems. Therefore, the
improvement of methods for modeling and forecasting changes in the frequency of thunderstorms is an urgent
problem of environmental safety. The regions with significant forest resources are the most interested in solving this
problem, as landscape fires, which occur predominantly in forests, cause the most damage to the environment,
population and economy.

In Russia, one of these regions is the Khanty-Mansi Autonomous Okrug (Yugra). Its territory is located on the West
Siberian lowland and is characterized by almost monotonous taiga landscapes!, as a result of which the Khanty-Mansi
hydrometeorological station (HMS) (61.01°N, 69.06°E) can be considered representative for it

52% of the Yugra's area is covered by forests, and the fires that occur there annually cause significant damage to the
region's forest resources [3]. A notable feature of this territory is that approximately 30% of all forest fires are caused
by thunderstorms?.

Figure 1 shows the territories of Yugra that belong to the control zone. These territories are relatively small, and
most of them are occupied by the area of forest aviation activities. Therefore, the data from the Information System for
Remote Monitoring of the Federal Forestry Agency (ISDM-Rosleskhoz)?® is quite reliable regarding the number of
forest fires (NFF) that occurred on this territory in a given year.

Legend

Other territories - Zone of forest aviation works
[ control zones [ | Special Protected Natural Areas

Fig. 1. Sections of control zones on the territory of Yugra 4

In the territory of Yugra, the risk of forest fires is increased due to its status as the major oil-producing region of
Russia. Oil production takes place at 406 oil fields, including the Samotlor, Priobskoye, Fyodorovskoye, and
Mamontovskoye fields, which have unique reserves [4].

The works of Baranovskii N.V. [5], Ivanov V.A. and others [6] are basis for the existing ideas about modeling
changes in the frequency of thunderstorms (FT), as well as NFF over Siberia. They show that the processes under
consideration may depend on numerous factors, some of them are not observable, therefore it is advisable to consider
them as random processes, in modeling which the multiple regression method is effective [7].

The mentioned method is also applicable in forecasting. The latter is possible if the factors of the studied processes,
which were significant in the past, will remain significant in the future, for which the forecast is being developed. The
future is not predetermined, however, the feasibility of this condition is more likely if the statistical relationships under
consideration have been strengthened in the past [8].

! Makunina GS. The West Siberian Plain. The Great Russian Encyclopedia (2004-2017). URL: https://old.bigenc.ru/geography/text/4138680
(accessed: 19.03.2024). (In Russ.)

% Information System of Remote Monitoring of the Federal Forestry Agency. URL: https://pushkino.aviales.ru/main_pages/index.shtml (accessed:
19.03.2024). (In Russ.)

3 Information System of Remote Monitoring of the Federal Forestry Agency. URL: https:/pushkino.aviales.ru/main_pages/index.shtml (accessed:
19.03.2024). (In Russ.)

4 The Layout of the Control Zone on the Territory of the Khanty-Mansi Autonomous Okrug.URL: https://aviales.ru/default.aspx?textpage=229
(accessed: 06.05.2024). (In Russ.)
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It is obvious that the forecast of the studied process, built taking into account such a factor, may correspond to a
scenario in which the main patterns that determine their dynamics will not change in the future.

In the studies of many authors, for example, Baranovskii N.V.[5], Ivanova G.A. etal.[9], Kopeikin M.A.
et al. [10], it was found that the number of significant factors of FT and NFF in certain territories of Siberia may include
synchronous variations in the average seasonal temperatures of the air above them and solar activity.

The relationship between changes in FT and average air temperatures (AAT) at the Earth's surface during the
thunderstorm season is causal, since thunderstorms are formed during thermal convection in Cb thunderstorms [11], and
the intensity of the latter is higher the higher the average air temperature in the cloud layer [12].

The relationship between changes in FT and solar activity is also causal, since due to the Forbush effect [13], the
latter significantly affects variations in the flow of galactic and extragalactic cosmic rays entering the Earth's
atmosphere and participating in the ionization of air in thunderclouds. The higher the solar activity, the lower the
intensity of air ionization in thunderclouds, and the frequency of thunderstorms is decreased [14].

The connections of solar activity and changes in AAT with variations in NFF have been revealed only statistically.
Nevertheless, in the twentieth century they were significant for several decades [15]. Since both of these factors of the
studied processes were significant in the twentieth century, they are usually taken into account in modeling. The
question of whether it is advisable to take these factors into account when forecasting the studied processes has not been
adequately addressed. It has been found that quasi-biennial modes are present in the variability spectra of FT and AAT,
which leads to a statistical relationship between their fluctuations with time lags of 2—-3 years. The main mode of solar
activity is the 11—year cycle, which also suggests a possible correlation between changes in solar activity over time that
are shifted by years [16].

Consequently, the connections of changes in NFF and FT with the factors under consideration, which are ahead of
them for such a time, are possible because these connections are inherent in these factors themselves. However, the
significance of such connections is far from obvious.

The ideas about the importance of the factors under consideration are based on the results of monitoring conducted
in the twentieth century. However, climate changes that have occurred on the territory of Yugra in the twenty-first
century, as well as various anthropogenic impacts on forest ecosystems in this region, have the potential to disrupt the
links between the studied processes and some of their factors [17]. As a result, taking these factors into account when
predicting the studied processes may not improve, but, on the contrary, worsen the justifiability of its results.

In the 21st century, monitoring of the studied processes and their factors in the region continues. Nevertheless, the
existence of properties between its results that determine the expediency of taking them into account in modeling and
forecasting these processes has not been previously verified. As a result, the expediency of their accounting needs to be
confirmed. Assessing the correlation between the studied processes and their coincident and overlapping factors, as well
as identifying trends in their changes, is not only of theoretical interest, but also of practical significance.

Based on the above, the aim of this study is to verify the hypothesis that there is a significant and increasing
statistical relationship between changes in NFF and FT for the territory of Yugra with synchronous or time-ahead
variations of AAT in the atmosphere and solar activity during the modern period.

To achieve this goal, an assessment was conducted of the significance of the correlation between FT over the
territory of Yugra and synchronous changes in NFF, synchronous variations in AAT and solar activity. Additionally,
time-ahead variations in AAT and solar activity were considered for the period of modern climate warming.

Materials and Methods. The information provided in the database on weather changes in various parts of the
world> from 1961 to 2023 was used as factual material for the average daily temperatures above the reference HMS and
the dates of thunderstorms occurred here.

The FT value was determined as the ratio of the number of days belonging to the thunderstorm season
(May—September) of the studied year, in which thunderstorms occurred above the representative HMS, to its total
duration (15 days).

The AAT value was calculated as the average value of the average daily temperatures of the surface layer of the
atmosphere above the same HMS for the period from May 1 to September 30 of each year.

Information about the NFF in the territory of Yugra for the period from 2000 to 2023, which was also considered as
factual material, was obtained from ISDM-Rosleskhoz®.

3 Global Climate Data. URL: https://en.tutiempo.net/climate (accessed: 13.05.2024).
¢ Information System of Remote Monitoring of the Federal Forestry Agency. URL: https://pushkino.aviales.ru/main_pages/index.shtml (accessed:
12.10.2023). (In Russ.)



https://bps-journal.ru/
https://en.tutiempo.net/climate
https://pushkino.aviales.ru/main_pages/index.shtml

Safety of Technogenic and Natural Systems. 2024;8(3):9-18. eISSN 2541-9129

As an actual material on solar activity, information from the database of changes in global climate indices’, on
changes in the average annual flux of solar radio emission with a wavelength of 10.7 cm (SA index), measurements of
which were possible under any weather conditions and were most accurate, was used.

The value of their correlation coefficient was considered as a characteristic of the strength of the connection
between the studied processes.

Taking into account the length of the considered NFF time series, the values of their correlation coefficient with
synchronous FT series and the SA index were estimated in a sliding window of 11 years in solving the first problem.

The method of solving the second problem involved calculating the values of the correlation coefficient of the FT
and AAT series, as well as the FT and the SA index in a sliding window of 11, 22 and 44 years for the period from
1961 to 2023.

When solving the third problem, the values of the correlation coefficient of the FT series, as well as the AAT series
and the SA index series, which are 1-3 years ahead of it in time, were calculated.

When calculating the correlation coefficient values, the linear trends present in the compared segments of the time
series corresponding to each sliding window have been previously compensated for.

The correlation coefficient value was considered significant if the reliability of such a statistical conclusion, estimated by
the Student's t-test (taking into account the number of degrees of freedom of the series), was at least 0.95.

As a characteristic of the trend in the changes of the correlation coefficient in the studied series, we calculated the
angular coefficient of the linear trend (ACLT) for the time series formed by the values of this coefficient within a
sliding window of certain duration.

The revealed trend with a confidence of 0.95 was considered significant if:

N-|4|>1,65-CKoO,

where |A] — modulus of the angular coefficient of the linear trend in the time series being considered, which is
determined from a series with length N; CKO — standard deviation of the members of this series from the
corresponding trend.

The latter was true if the deviations of the members of the studied series from the corresponding trend followed the
normal distribution. However, due to the small length of the series, it was not possible to verify the validity of this
assumption using the Pearson's criterion. Therefore, the results should be considered to be of a qualitative nature.

Results. In accordance with the described methodology, when solving the first task, time series of the number of
thunderstorms that occurred during the thunderstorm season (and actually over the year) over the representative GMS
and NFF in the territory of Yugra were formed.

The corresponding time dependencies of these indicators are presented in Figure 2.
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Fig. 2. Dependencies on the time of the number of events that occurred during the year over the Khanty-Mansi hydrometeorological
station: @ — number of forest fires; b — number of days with thunderstorms

7" Correlation of the Average Monthly Values of Climatic Time Series. URL: https://psl.noaa.gov/data/correlation/solar.data (accessed: 13.05.2024).
(In Russ.)
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In Figure 2 it can be seen that both dependencies represented complex oscillations in which the periods of the
most powerful short-period modes practically coincided. At the same time, in the period up to 2011, the maxima of
the dependence of the number of thunderstorms on the time did not coincide with similar extremes of the same
dependence of the NFF.

Since 2012, almost all the extremes of the same name of the dependencies under consideration coincided. Therefore,
their correlation has clearly increased. The latter was confirmed by calculations.

The correlation coefficient of the series under consideration for the period from 2000 to 2023 was 0.484, which
(with the number of degrees of freedom of the series 23) exceeded the threshold level of 0.44, corresponding to the
reliability of the conclusion of 0.95. Consequently, the correlation of the time series of FT and NFF for the territory of
Yugra was significant in the 21% century (the latter was quite expected, since, as noted above, about 30% of forest fires
here caused thunderstorms). The correlation between the NFF and AAT series over the same period was also
significant, which confirmed the validity of the conclusion [9] about the significance of the influence of Russian climate
warming on forest fire.

Similarly, it was found that in the period from 2000 to 2023, the correlation of the time series of the NFF, as well as
the series of the SA index, was not significant. The latter was quite understandable, since the periods of the most
powerful modes of the spectra of interannual changes in the NFF and the SA index differed by 3—4 times.

An analysis of the relationships between the time series of the NFF in the territory of Yugra with the time-ahead
series of the SA, AAT and FT indexes above the representative point showed that the correlation between them,
estimated in a sliding window of 11 years, was not significant and became weaker over time. Therefore, when modeling
changes in NFF over the territory of Yugra, it was advisable to take into account variations in the SA, AAT and FT
indexes. However, it was ineffective to forecast these changes using the same predictors that are 1-3 years ahead of the
studied process.

As a result of solving the second problem, the values of the correlation coefficient of synchronous segments of the FT and
AAT series, as well as the FT and the SA indexes were calculated corresponding to sliding windows of 11, 22 and 44 years.

Taking into account these values, the dependencies of the coefficient of these series on the year of the beginning of
the corresponding sliding window were constructed (Fig. 3).
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variations: a — AAT; b — SA index
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The data in Figure 3 a demonstrate that the dependencies on the year of the start of the sliding windows with lengths
of 22 and 44 years, as well as their corresponding ratios to the significance threshold of the correlation coefficient for
changes in greenhouse gas emissions over the Khanty-Mansi region, and synchronous variations in AAT, were
described by increasing functions on average. The values of these indicators for the windows corresponding to the
modern period (2000-2023 and 1978-2023) were greater than 1 (indicating significance). Therefore, a scenario in
which AAT remains a significant FT factor in the near future was more likely than an alternative scenario.

The dependence under consideration, which corresponded to a sliding window of 11 terms, was oscillatory in
nature. For the window corresponding to the modern period (2012-2023), the value of the correlation coefficient of the
FT and AAT series did not reach the level of significance. The reliability of the statistical conclusion about their
significance was at least 0.94.

The obtained result confirmed the expediency of taking into account AAT variations when modeling FT changes
over the territory of Yugra occurring in the 21 century.

Figure 3 » demonstrates that the dependencies of the ratio of the correlation coefficient of FT changes over the
Khanty-Mansi HMS, as well as synchronous variations of the SA index to the threshold of significance for sliding
windows of 11 and 22 years, also represented complex fluctuations. The values of this indicator for modern periods
were significantly less than 1 (the correlation is not significant).

For a sliding window with a length of 44 years, the studied dependence was monotonous, and for the period 1978-
2023, the correlation of the studied processes was negative and significant (the reliability of such a conclusion exceeds
0.95). Therefore, when modeling FT changes over such long periods of time, including the modern period, it was also
advisable to take into account variations in the SA index.

When solving the third problem, it was established that the same conclusion was valid for the problems of
forecasting changes in FT, in which the series of the SA index were used as predictors of multiple regression models.

As confirmation of this, Figure 4 shows the dependence of the correlation coefficient of FT changes over the
Khanty-Mansi HMS on the year of the beginning of the 44-year sliding window, as well as the variations of the SA and
AAT indexes that were 1-3 years ahead of them in time.
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According to the data in Figure 4 a, it can be seen that during the period of modern climate warming, the correlation
of 44-year-long segments of the FT time series over the representative HMS, as well as segments of the SA index series
that were 1 year ahead of them in time, intensified and was significant in the period 1975-2023.

If the SA index series were ahead of the FT series for a longer time, their correlation also increased over the same
period, but did not reach the selected significance level.

As follows from the data in Figure 4 a, the probability that the correlation of the FT series and the SA index would
remain significant over time periods that also included the near future. It was higher than the probability of an
alternative scenario. Therefore, taking into account changes in this factor when forecasting FT over the territory of
Yugra for the coming year would help to increase the justifiability of its results.

The data in Figure 4 b indicate that the values of the correlation coefficient of FT changes over the same HMS over
a time interval of 44 years, as well as AAT variations that were 1-3 years ahead of them, have increased over the period
of modern climate warming. It follows that a scenario in which they would become larger in the future was more likely
than an alternative scenario. At the same time, the reliability of the conclusion about the significance of the considered
links in the period 1978-2023 reached only 0.9 (assuming that a number of AAT is 2 years ahead of a number of FT).

Similar studies performed for comparable shorter time periods showed that the time dependence of the correlation
coefficient of changes in FT over the same HMS, as well as 1-3 years ahead of them, variations in the SA and AAT
indexes were oscillatory (the trends of these processes were alternating). For the segments of the FT series, including
2023, the values of their correlation coefficient with the time-leading series of the factors under consideration were
significantly less (modulo) than the threshold of significant correlation. Consequently, there were no grounds to believe
that taking into account such short time series of the factors under consideration when predicting FT changes over the
Khanty-Mansi HMS, which were 1-3 years late in relation to them, would lead to positive results.

Thus, it has been established that the hypothesis put forward regarding the synchronous connections of changes in
NFF for the territory of Yugra with variations in FT and AAT was valid. It was also valid for synchronous connections
of changes in FT with variations in AAT and the SA index. The hypothesis under consideration was also valid in
relation to the relationships of FT changes, as well as variations in the SA index that were 1 year ahead of them.

In addition, it is shown that at present, the relationship of changes in the time intervals of 44 years of FT over the
territory of Yugra, as well as the variations of the SA and AAT indexes ahead of them, are increasing, as a result of
which such relationships may become significant in the future with other values of these advances.

The results obtained fully correspond to existing ideas about the influence of climate warming and solar activity on
changes in the frequency of thunderstorms in the Earth's atmosphere [1], including those published by Rosgidromet®, as
well as about the features of modern climate changes in Western Siberia [3].

Discussion and Conclusion. The statistical links between changes in NFF and FT, as well as NFF and AAT in
the territory of Yugra in the 21st century are not only significant, but also significantly enhanced. Therefore, it is
advisable to take into account the results of monitoring of AAT and FT when modeling forest fires in the territories
belonging to the control zone, as well as when managing the activities of its fire-fighting units (according to Federal
Laws 69-FZ and 123-FZ).

The correlation of FT changes over the territory of Yugra, as well as time-matching variations of AAT over time periods
ending in 2023 is significant and increases provided that their length is at least 11 years. For such a factor as variations in the SA
index, it is significant and increases only if the length of the corresponding segments is at least 44 years.

The correlation of FT changes over the territory of Yugra with variations of the SA index that are 1 year ahead of
them in time is significant and increases, provided that it is estimated for time periods of at least 44 years. With large
values of such advances, the relationship between these processes also increases, but it has not reached the level of
significance by 2023.

Thus, it has been established that the revealed features of statistical relationships between changes in the period of
modern climate warming, the number of forest fires and the frequency of thunderstorms over the territory of the
Khanty-Mansi Autonomous Okrug (Yugra), as well as with variations in seasonal average air temperatures and solar
activity, correspond to existing ideas about the reasons for the existence of these relationships.

In the 21st century, synchronous relationships between changes in the number of forest fires that occurred per year
in the territory of the studied region and variations in the frequency of thunderstorms over it are significant and
increasing. This suggests that part of the total number of forest fires formed here due to the action of lightning
discharges will increase in the future.

8 The Third Assessment Report on Climate Change and Its Consequences on the Territory of the Russian Federation. General Summary. Saint-
Petersburg: Naukoemkie tekhnologii; 2022. 124 p. URL: https://www.meteorf.gov.ru/upload/pdf download/compressed.pdf (accessed: 14.05.2024).
(In Russ.)
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It is advisable to take into account the relationship of changes in the average seasonal air temperatures in the studied
region during the thunderstorm period with synchronous variations in the frequency of thunderstorms during the same
season and the number of forest fires when modeling these processes, since it has been established that with climate
warming they intensified and are significant for the modern period.

It is advisable to take into account the relationship of changes in solar activity with synchronous, as well as 1—year
delayed variations in the frequency of thunderstorms over the territory under consideration when forecasting the latter,
since they increased over the same period and for the modern period the reliability of the conclusion about their
significance exceeds 0.95.
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Abstract

Introduction. In the modern world, special attention is paid to the quality of atmospheric air. One of the major
contributors to air pollution is the release of harmful substances, including solid particles from industrial activities.
These particles can accumulate in high concentrations, making it difficult for even the most efficient (up to 95.0%)
cleaning devices to keep up. That is why the development and improvement of highly efficient air purification devices
from dust are very relevant. In this regard, as a scientific problem, the authors highlighted the need to improve
engineering means of air purification from dust by separating the dispersed phase (dust particles) and the dispersion
medium (air), which ultimately will lead to an increase in cleaning efficiency. The aim of this study is to improve the
environmental safety of industrial sites of construction industry enterprises and adjacent residential areas by using
highly effective means of air purification.

To achieve this goal, we have developed a physics and power-engineering concept and created a block diagram of a
physical model for reducing air pollution from construction dust. We have also developed a highly efficient and
economical device for hydrodynamic purification of ventilation air from poorly wetted clumping dust. The experiments
were conducted to identify the real range of values of the efficiency of air purification from dust.

Materials and Methods. The research is based on methods of physical modeling, mathematical description, and
statistical analysis of experimental data.

Results. As a result of the research, it was found that:

— the basis for the development of a highly efficient and economical air purification device from various types of
construction dust could be based on the physics and power-engineering scientific concept proposed by the authors,
describing the processes of pollution and reduction of air pollution;

— step-by-step consideration of the process of air pollution could be the basis for scientific justification and description
of the process of air pollution reduction in the construction industry;

— based on the analysis of the process of the reduction of air pollution by various types of construction dust, it was
possible to develop a block diagram of a physical model of this process;

— the study of the behavior and properties of dust aerosol and external force influences directed at it made it possible to
outline the main directions, technologies and engineering means to increase the efficiency of the cleaning process and
develop a highly efficient and economical device that implemented this process;

— to study the range of changes in the values of the efficiency of air purification from dust, a number of experimental
studies were conducted in laboratory conditions.

Discussion and Conclusion. The studies conducted allowed us to determine that an increase in air purification efficiency
from dust with a SiO, content of 20—-70% was achieved in the device through a series of design modifications that enhanced
wetting, bonding, and removal of particulate matter from the air. Simultaneously, high levels of integrated efficiency
(96.5-98.7%) ensured the compliance with regulatory environmental standards for atmospheric surface air quality.

Keywords: environmental safety, dust suppression, air purification device, efficiency improvement
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Opuzunaﬂbnoe amnupudeckoe ucciedosanue

IToBbImeHUE IKOJTOrMYECKOH 0€30MACHOCTH NMPeANPUATHI CTPOMUHIYCTPUH
HA OCHOBE COBPEMEHHOI TeXHOJIOTMH NbLICNOAABICHUS
B.H. Becniasios = 4, O.C. I'ypoBa

JloHCKOl rocytapCcTBeHHBII TeXHHUUECKHI yHUBepcUuTeT, I. PocToB-Ha-/lony, Poccuiickas @enepanus
04 izos-rgsu@mail.ru

AHHOTANUA

Beeoenue. B coBpeMeHHOM Mupe 0c000€ BHUMaHHE yJemseTcsl KauecTBY arMoc(epHoro Bo3myxa. OHIM U3 OCHOBHBIX
(haKTOpOB HEraTMBHOTO BO3ZAEHCTBHS Ha arMocdepy SBISIETCS BBIOPOC 3arps3HSIONIMX BEIIECTB, CPEIH KOTOPBIX
HanboJiee MaccoBO HAOMIONAIOTCS TBEpAble (IBUICBBIE) YacCTHIBI OT HPOMBIIUICHHBIX HCTOYHUKOB. IIpu BBICOKMX
KOHIICHTPALUIX MBbUTH yCTPOHCTBA OYMCTKH, Aake o0nasast BEICOKOH ¢ dekTuBHOCTHIO (10 95,0 %), HEe cripaBistoTcs ¢
Harpy3koil. IMeHHO 1mo3ToMy pa3paboTKa ¥ COBEPILICHCTBOBAaHUE BHICOKOI((EKTUBHBIX YCTPOMCTB OYUCTKH BO3JyXa OT
BTN ABJIAIOTCA BECbMa aKTyaJIbHBIMU. B cBsS3um ¢ 3TMM B KaudecTBe Haquoﬁ l'IpO6J'IeMBI ABTOpaMU BbIJICIICHA
HEOOXOIMMOCTh COBEPIICHCTBOBAHNS MHXEHEPHBIX CPEICTB OYMCTKH BO3yXa OT TBIIM 3a CUET Pa3ACNIeHUs AUCTICPCHON
(a3l (IBUIEBBIX YACTWI) M AWCIEPCHOHHON cpeabl (BO3OMyXa), YTO B KOHEYHOM CHYETE€ INPHBENET K MOBBIIICHUIO
s¢dexTBHOCTH OYMCTKH. Llenplo aHHOTO WCCNEeIOBaHUS SBHJIOCH IIOBBIIIEHHE SKOJIOTHYECKOH 0e30macHOCTH
TEPPUTOPHI TPOMBIIUICHHBIX IUIOMAI0K MPEINPUATHH CTPOHHMHIYCTPUHM W TPHIIETAIOMINX CEIUTEOHBIX 30H HAa OCHOBE
TIPUMEHEHHS YIOMSHYTBIX BEICOKOI(()EKTHBHBIX CPEACTB OYNCTKU BO3yXa OT IBLIH.

J71st TOCTH>KeHWsI TOCTABICHHOH 1IEJIM aBTOPAMH PEIIeHBI CIIe YOI 33/1aul: IPUMEHeHa (PU3HKO-IHEpreTHIecKast KOH-
nenys 1 pazpaborana Oyok-cxeMa (PM3MYECKOH MOENH IpoLecca CHU)KEHHUS 3arpsi3HEHMUS] BO3IYIIIHOM Cpelibl pas3iind-
HBIMU BUJIaMH CTPOMTEIBHON MBUTH, pa3paboTaHO BBHICOKOI((EKTUBHOE M IKOHOMHUYHOE YCTPOWCTBO THIPOJMHAMHYE-
CKOIM OYHMCTKH BEHTWILIMOHHOTO BO3/yXa OT IUIOX0 CMaYMBAEMON CIIMIAIOIIEHCS MTBUTH, TIPOBEICHBI SKCIIEPUMEHTAIIbHbIC
WCCIIEI0OBaHMS JUIS BBISIBJICHUS PEILHOTO TNaa30Ha 3HaueHUH 3(h)(peKTUBHOCTH OUYMCTKH BO3yXa OT IbUIH.
Mamepuanvt u mMemoovl. B OCHOBY HCCIIEIOBAaHHI aBTOpPAMH MOJIOKEHBI METOABI (PU3NYECKOTO MOACIUPOBAHUSA,
MaTEeMaTHYECKOr0 OIMCAHMUSA U CTATUCTUYCCKOM O6pa6OTKI/I OKCIICPUMECHTAJIbHBIX TaHHBIX.

Pesynomamul uccnedosanus. B pe3yapTaTe UCCIEI0BAHUN YCTAHOBIIEHO, YTO:

— B OCHOBY Pa3pa0OTKH BBICOKOI((HEKTUBHOTO M IKOHOMHYHOTO YCTPOMCTBA OYMCTKM BO3AyXa OT Pa3IMIHBIX BHIOB
CTPOUTENBHON TIBIIIM MOXKET OBITH ITOJIOKEHA MPEATIOKEHHAs: aBTopaMu (PU3UKO-3HEpreTHYecKas HaydHas KOHIICIIS,
OITMCHIBAIOMIAS TIPOLIECCHI 3arPSI3HEHHS M CHIDKCHUS 3arpsI3HEHUS BO3AYIIHOM Cpeabl;

— ITO3TAITHOE PACCMOTPEHHE TIPOLIECCa 3arpsA3HEHUS BO3LYIITHOW CPebl MOXKET OBITh OCHOBOM HAay4YHOTO OOOCHOBAaHWS U
OTHMCaHMs1 NPOLIECcCa CHIDKEHHMS 3arpsI3HCHUS BO3YILIHOW Cpe/ibl IPEATIPHATHII CTPOUTENIBEHOM HHITYCTPHH;

— Ha OCHOBAaHHUHM BHIITOJTHEHHOTO aHAJIM3a IIPOLIecca CHIKEHUS! 3arpsA3HEHUS] BO3AYIIHON Cpellbl Pa3IMYHbIMU BHJIAMU
CTPOUTENBHOM MBLUIH BO3MOXKHA pa3paboTKa 0JIOK-CXeMbI (PU3NUECKON MOJIEITH ATOTO MPOoLecca;

— U3YYCHUC OCO6eHHOCTeﬁ IIOBCACHUA U CBOMCTB IBLIEBOTO adspo30Jid U HaIllpaBJICHHBIX Ha HETO BHCIIHUX CUJIOBBIX
BOSﬂeﬂCTBHﬁ JAa€T BO3MOKXHOCTbL HAMETUTH OCHOBHBLIC HANpPAaBJICHUA, TCXHOJIOIT'MHU U MHKXCHEPHBLIC CPCACTBA IOBBILIC-
Hust 3QhexTHBHOCTH TIpoliecca OYUCTKH U pa3padboTaTh BHICOKOI(M(HEKTUBHOE U IKOHOMHYHOE YCTPOICTBO, peatn3yro-
11ee 3TOT MPOIIECC;

— IUIsl MICCIIEZIOBAHUS AMAIa30Ha M3MEHEHHs 3HAYCHUH 3()(EKTHBHOCTH OYMCTKHM BO3AyXa OT HBUIM HMPOBEICH PSII
9KCIIEPUMEHTAIIBHBIX HCCIICTOBAHUN B JJAOOPATOPHBIX YCIOBHUSX.

Oébcyycoenue u 3axniouenue. BoIOTHEHHBIE NCCIIEIOBAHHS MTO3BOJIMIIN YCTAHOBUTD, YTO HOBBIIIEHHE 3P (PEKTHBHOCTH
OYHCTKH BO3yXa OT MbUTH ¢ coaepskannem ot 20 1o 70 % SiO, obecrieunBaercst B yCTPOMCTBE 3a CUET psijia KOHCTPYK-
THUBHBIX W3MCHEHHMH, MPUBOJSIINX K MHTCHCH(DUKAIIMM CMauUBaHUs, CBS3BIBAHUS U yNAJICHHS M3 BO3QyXa IBIIEBBIX
yactun. [Ipu sTom Beicokme 3Ha4deHUs (96,5-98,7 %) mHTErpambHOM >PPEeKTHBHOCTH 00ECIEeYNBalOT HOPMATHBHBIC
9KOJIOTMYECKHE TPEOOBAHMUS K KAUECTBY BO3/AyXa IIPU3EMHOTO CJIOS aTMOC(EPHI.

KaroueBble cioBa: sKonormdeckas 0e30MacHOCTb, MBUICTIONABICHHE, YCTPOHCTBO OYHCTKH BO3IyXa, MOBBIICHUE
3¢ PeKTUBHOCTH

BaarogapHocTH. ABTOpPBHl Onaromapar JJOKTOpa TEXHHYECKHX HayK, mpodeccopa, 3aBeayromero Kadeapoi
«IIpousBoxacreennas 6e3onacHocThy C.JI. IlyireHko 3a cofeiicTBUE B OpraHU3aIluH Ja00PATOPHBIX IKCIIEPUMEHTOB.
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Introduction. Currently, dry construction mixes are in high demand among various construction-related consumers.
In particular, the production of highly dispersed binding materials such as gypsum, cement, tile adhesive, and facade
adhesive occupies a special place [1, 2]. During the preparatory stage of production, raw materials such as clinker are
sieved and crushed (ground) in accordance with standards. General manufacturing process of any dry building material
includes filling with crushed raw materials, mixing different ingredients, and packaging the mixture. However, the
specific technologies may vary depending on the recipe for the mixture, the initial product, the number and type of
ingredients used, and the corresponding equipment.

From the perspective of ensuring the required environmental standards for dust particle content in the air at
industrial sites of companies producing building materials and binders, the areas where the most intense dust formation
occurs are during the crushing of raw materials [3]. It is during this process that the main types of construction dust are
formed, including cement, gypsum, and sand, with SiO, content ranging from 20% to 70%, and with particle sizes
primarily of PM2.5 and PM10. With subsequent release, this dust leads to an excess of MPC in the air of the working
areas of construction industry enterprises and maximum single MPC (average daily MPC) in the air of the surface layer
of the atmosphere of both at the industrial sites and in adjacent residential areas. The negative effects of this dust
include its potential to enter the human body via the respiratory system, gastrointestinal tract, skin, and mucous
membranes, causing various health problems. At the same time, it is the smallest particles, with sizes of PM2.5 and
PM10 that pose the greatest danger [1, 4].

As a result, for the main types of industrial dust listed above, there is an excess of the corresponding MPC values by
5-25 times. This ranges from 10 to 300 milligrams per cubic meter (mg/m?®) without the use of engineering dust
suppression measures. This state of the air environment has a negative impact on employees of enterprises and the
population in adjacent territories [5—7]. It should be noted that while the use of modern dust suppression devices, such
as dust collection devices (exhaust hoods, umbrellas, etc.) effectively meet sanitary and hygiene requirements by
removing dust from industrial premises, it also creates high concentrations of dust that even advanced air purification
systems with high efficiency (up to 95.0%) cannot completely eliminate. Thus they do not ensure the compliance with
environmental regulations. This is a scientific problem related to improving engineering methods for removing dust
from air emitted into the atmosphere, with the aim of increasing the efficiency of dust removal (over 96.0%). Therefore,
the goal of this research is to develop highly effective and modern technologies and tools for dust suppression in order
to improve the environmental safety of construction industry sites and adjacent residential areas.

Materials and Methods. The study used an analytical method for studying accumulated experience in the
scientific and technical field, as well as methods for constructing a physical model combined with a mathematical
description of the resulting characteristics of this process. In addition, methods of statistical processing of the results
of laboratory studies obtained by the authors and comparing them with the results of similar studies by other
scientists were used.

At the same time, a device was selected as the object of research for purifying the air from dust emitted by
construction industries, which is one of the main stages in the dust suppression process. The effectiveness of this
process depended on the basic physical and chemical properties of the dispersed phase and the dispersion medium of
the dust aerosol, as well as on external factors that could destroy it. The subject of the study was to improve the
efficiency of air purification devices in order to ensure environmental safety in industrial sites and adjacent residential
areas of construction enterprises.

The most suitable approach for the development of a device for purifying air from dust with a concentration
of 20-70% SiO, was based on the use of the physical and energy concept [S]. This approach allowed for establishing
physical connections between all components of the pollution reduction process, including dust aerosol, cleaning
device, and external forces. It also allowed for outlining technologies to improve the efficiency of the cleaning process
and developing the design of an effective air purification device for specific conditions and types of dust generated by
construction industry enterprises.

Results. The development of a highly efficient and economical air purification device from construction dust was
based on the physics and power engineering scientific approach proposed by the authors. This approach allowed us to
describe the processes of pollution and air pollution reduction [5—7]. This concept was based on the consideration of the
dispersed “pollutant” system, which changed the parameters of its state in the process of air pollution and passed from
one quality (dust material) to another (dust aerosol) [5, 8]. Thus, when processing raw materials (construction materials)
on technological equipment, the formation of dust particles and the formation of dust material was observed. Then the
formed dust material was released into the air of production room and a dust aerosol was formed. And finally, the dust
aerosol, spreading in the space of the production room, was released into the air of the surface layer of the atmosphere
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of the territories of industrial sites of construction industry enterprises and adjacent residential areas with subsequent
dispersion.

At the same time, it should be noted that the stages of dust formation and internal release allowed dust particles to be
returned to the initial technological material, which was advantageous from an environmental and economic
perspective, but not always feasible in terms of the requirements of technological regulations. Other stages were
associated with the aerosol state of dust, where dust particles were suspended in air and could not be easily separated
from the aerosol for subsequent return to the technological raw material, or cause significant difficulties.

A step-by-step analysis of the air pollution process formed the basis for a scientific justification and description of
how to reduce pollution from the considered types of dust in the air surrounding construction industry facilities. At the
same time, there was a clear correlation between the stages of pollution reduction and the stages of atmospheric
pollution [8, 9]:

— the first stage: binding of dust particles formed during the processing of raw materials on technological equipment;

— the second stage: detention of unbound dust particles in the area where processed raw materials weare located,
including those formed within the internal volume of the production facility;

— the third stage: capture of dust aerosols released into the internal space of the production area in order to prevent
the spread of dust particles within a designated limited area. Removal of these particles from the zone and transportation
to a cleaning area;

— the fourth stage: purification of air (dispersion medium) from dust particles (dispersed phase) of dust aerosol
captured and released into the surface layer of the atmosphere through maximum separation;

— the fifth stage: dispersion of the remaining amount of dust particles after purification, immediately before their
release into the surface layer of the atmosphere. This was done by intensively separating dust particles during their
release and accelerating gravitational seeding in a pre-selected, strictly limited area on the industrial site. This additional
measure helped to reduce the concentration of dust particles in the atmosphere to levels below the MPC maximum
single (MPC mean daily).

The main goal of each stage in the pollution reduction process was to decrease the stability and, ultimately, the
destruction of the dust aerosol as a dispersed system by using pre-determined parameters of external influences applied
to it of various physical natures.

The analysis conducted by the authors has allowed them to examine the process of air pollution reduction, which
was implemented in two main cycles [8, 9]:

Cycle I was the reduction of pollution of technological raw materials (technological equipment), which included the
development of new or improvement of the existing basic production equipment and the organization of technological
processes that excluded the stages of formation and release of pollutants;

Cycle II was the reduction of air pollution, which included the use of additional engineering devices, structures, and
devices in the current or projected technological process that localized the spread of dust aerosol and ensure its
destruction as a dispersed system.

It should be noted that activities related to the first cycle were often not possible due to violations of requirements
for raw materials and technical processes. Therefore, the authors have laid the foundation for further research and
development of a second cycle of measures to reduce air pollution.

Thus, the main goal of the second stage of the air pollution reduction process was to eliminate dust aerosol particles
by separating them from the air. This was achieved through the consistent implementation of several stages, including
dust capture, air purification, and dispersion of the remaining dust in the atmosphere. Let us consider the physical
foundations of each of the stages of Cycle II.

As a result of the research, the authors found that the physical essence of the dust capture process consisted in
purposeful exposure to the released dust aerosol with pre-prepared parameters, or additional (JI-11.1) dispersed system,
or a force field leading to the formation of two dispersed systems [8, 10]:

—residual (O-I1.1) dispersed system, which contained a minimum amount of dust particles as a dispersed phase
(focused on compliance with the MPC maximum single), and which spatially remained and spread in the internal
volume of the production room (air of the working area);

— intermediate (IT-1I.1), which contained the maximum amount of dust particles trapped and removed from the
emission zone, and which had increased stability in the dust aerosol state.

Further research by the authors also made it possible to reveal the physical essence of the air purification process
from dust. This process involved the purposeful exposure to solid particles of dust aerosol (intermediate (IT-II.1)
dispersed system) in the active cleaning zone after capture with pre-prepared parameters or additional (/I-11.2) dispersed
system, or a force field leading to the formation of two dispersed systems [8, 10]:

— residual (O-I1.2), which contained the maximum amount of dust particles as a dispersed phase and has increased
stability after passing into the state of a dust material, accumulated in special dust collectors (accumulators);
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— intermediate (I1-11.2), which contained a minimum amount of dust particles as a dispersed phase (aiming for compliance
with the MPC maximum single or MPC mean daily). It was then released into the surface layer of the atmosphere.

Further research by the authors has also allowed them to reveal the physical nature of forced dispersion of remaining
dust particles in the atmospheric surface layer, which occurred when the purification process failed to achieve a
concentration of dust at environmentally significant points in the surface atmosphere that corresponded to the MPC
maximum single (MPC mean daily). Thus, the physical essence of the process of scattering dust particles consisted in
the purposeful effect on solid particles of a dust aerosol (intermediate (IT-11.2) dispersed system) in the active
dispersion zone after cleaning with pre-prepared parameters, or an additional (JI-I1.3) dispersed system, or a force field
leading to the formation of two dispersed systems [8, 10]:

— residual (O-I1.3), which contained the main amount of emitted dust particles as a dispersed phase, and which in
the airspace outside ecologically significant zones was subject to intensive deposition on the underlying surfaces,
having increased stability during the transition to the state of dusty material;

— residual (O-I1.4), which contained a minimum amount (aiming for compliance with the MPC maximum single or MPC
mean daily) dust particles as a dispersed phase, and which remained floating in the surface layer of the atmosphere.

Based on the analysis of the reduction of air pollution caused by various types of construction dust, the authors have
developed a block diagram of a physical model of this process, taking into account the two cycles discussed above for
the conditions of implementation of technological processes at enterprises of the construction
industry (Fig. 1) [8, 11, 12].

A visual representation of the flowchart for the physical model of air pollution reduction allowed us to draw several
conclusions. Firstly, despite the numerous advantages, the initial cycle of the pollution reduction process under real-
world conditions and the organization of technological processes at construction industry enterprises were
overwhelmingly not implemented due to violations of technical regulations.

Secondly, within the framework of Cycle II, the capture stage determined the effectiveness of ensuring sanitary and
hygiene standards in the air in work areas of industrial premises. In modern conditions, technological processes at
construction industry enterprises were provided with very efficient and economical engineering solutions, such as
exhaust hoods, panels, and other structures.

Thirdly, within the framework of Cycle II, the stage of forced dispersion of the remaining dust particles in the
surface layer of the atmosphere was auxiliary to the air purification process and was used in very rare cases.
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Residual (O-I1.3) dispersed system
Localized on the deposition surface
[ICO- 113, WgO- 13 (jO- 13

Fig. 1. Physical model of the process of air pollution reduction
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Thus, the authors based their practical developments on the stage of air purification from various types of
construction dust, for which the possibilities of increasing efficiency were far from exhausted. Improving the efficiency
of cleaning agents was possible on the basis of the theoretical research results presented above and, in particular, the
flowchart of the physical model for air pollution reduction [13-15].

The study of the behavior and properties of dust aerosol and external dispersed systems or force influences directed
at it during the cleaning process allowed the authors to outline the main directions, appropriate technologies and
engineering means to increase the efficiency of the cleaning process. One of the brightest representatives of such means
was a highly efficient and economical device developed by the authors, designed for hydrodynamic purification of
ventilation air (Fig. 2).

The main structural element of the developed device is its cylindrical body (1), which ends in conical section (2).
Partially inside and partially outside body (1) there is cylindrical chamber (3) with bottom (4) in the shape of a cone. In
this case, chamber (3) is divided by solid hollow bump cone (5) into two parts: the lower and the upper. Slotted air
intakes (6) are located on the inner side surfaces of these parts. Inlet tangential inclined branch pipe (7) and outlet
tangential branch pipe (8) are connected to the side surfaces of the upper and lower parts of chamber (3). Branch
pipe (7) in plan enters body (1) in its upper part “counterclockwise”, and branch pipe (8) — in its lower part
“clockwise”. In this case, branch pipes (7) and (8) face the same side.
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Fig. 2. Device for hydrodynamic purification of ventilation air from poorly wetted clumping dust formed at enterprises
of the construction industry: @ — front view; b — top view
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Slotted air intakes (6) mentioned above are made in the form of rectangular slotted holes. Moreover, in the upper
part of chamber (3), the edges of slotted air intakes (6) are bent inside chamber (3), and in the lower part — outwards so
that the air flow is captured in both the upper and lower parts.

The lower part of chamber (3) is equipped with cone (9), which is combined with conical section (2), and the base is
located along the lower edge of air intakes (6). Hydrodynamic cleaning system in the device includes three stages:

— two nozzles (10), which are tangentially directed along the incoming flow of dusty air;

— annular perforated pipeline (11) installed under the upper wall of body (1) in an annular cavity between the walls
of body (1) and chamber (3) with exit holes directed vertically downward,

— a hydrofilter formed by a continuous liquid film flowing from the edges of cone (9).

The principle of operation of the device is as follows. The dusty air flow from the technological equipment enters
inlet tangential pipe (7), and then go into the inner cavity of the upper part of chamber (3) and is irrigated with droplets
of liquid, which moisten, bind and remove a certain amount of dust particles from the stream (the first stage of
purification) and which are formed using nozzles (10). As a result of irrigation, the sludge moves through chamber (3)
from top to bottom onto bump cone (5). And the dust and gas-liquid mixture, thanks to air intakes (6) with inward-
curved edges and installed solid hollow cone-bump (5), is removed from the upper part of chamber (3) into the annular
cavity between it and body (1), falling into a dense annular drip-liquid curtain, which also captures a certain amount of
dust particles (the second stage of purification) formed by annular perforated pipe (11).

At the same time, flowing down from the surface of bump cone (5), the sludge forms a dense annular film curtain
(the third stage of purification), which moistens and binds a significant part of dust particles. After passing through this
curtain, the residual dusty flow is captured by the outward-bent edges of air intake (6) in the lower part of chamber (3)
and returns to its inner cavity.

Ultimately, the total sludge flow from the annular cavity between chamber (3) and body (1) flows down conical
section (2) of body (1), and then along cone (9), forming another annular film curtain with different film thicknesses
(fourth stage of purification), which increases towards the outlet The sludge is discharged from the device through
conical bottom (4). Thus, after passing four stages of purification sequentially, the air stream, as free from dust particles
as possible, is released into the atmosphere through outlet pipe (8). All the above-described design features of the
developed device determine its integral efficiency in cleaning the air from dust.

To investigate the range of variations in the efficiency values, the authors performed a series of experiments in
laboratory settings. During these experiments, the overall efficiency of air purification from dust containing from 20 to
70% SiO; (sand dust) was measured. The average median diameter of dust particles was 50 um, and the bulk density of
dust material was 1,860 kg/m*. The dust had a weak adhesion with a breaking strength of 200 Pa and an angle of natural
inclination of 57°, while the marginal wetting angle was 10°. The researchers changed the design and parameters of
bump cone (5) as well as the design and position of slit air intake (6) to study their effects on the efficiency. The results
of the research are presented in Tables 1 and 2.

Table 1
Experimental values of integral efficiency E,4, %, of air purification from dust containing from 20 to 70% SiO2,
depending on the design of bump cone (5) and the location of slit air intakes (6) with other optimal design solutions

Design of the bump cone (5)

Location of the slit
air intakes (6) in The edges of the bump cone The edges of the bump cone | The edges of the bump cone

the upper part of coincide with the walls of the protrude beyond the form a gap with the inner walls
the ciz mlf)er 3) chamber (3) chamber (3) of the chamber (3)
conic |spherical | ellipsoid | conic |spherical | ellipsoid | conic | spherical |ellipsoid
Along the entire
height of the 86.9 85.7 83.9 98.7 98.5 91.8 85.2 84.8 83.1
body (1)
On the upper and
lower parts of the
chamber (3) 841 | 838 83.5 953 | 949 88.6 83.2 89 | 826
partially along the
height of the
body (1)
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Table 2
Experimental values of integral efficiency Ead, %, of air purification from dust containing from 20 to 70% SiO2,
depending on the design of slit air intakes

At the top of the camera (3)
Design of the slit air intakes (6) in the plan
with the edges bent outward in the with the edges bent inward
direction of flow towards the flow
With (t)hc: e:;gjss bent 95.8 98.7
At the bottom of the o
camera (3) .
With the edges spread 93.4 972
outwards

Discussion and Conclusion. The analysis of the experimental results in the laboratory leads to the following
conclusions: Based on Table 1, we can see that the maximum value of integral E,y, with SiO, content between 20 and
70%, is 98.7%. This occurs when slit air intakes (6) are positioned in the upper part of chamber (3), along the entire
height of body (1).

According to Table 2, it can be seen that the same maximum value of integral E,y containing from 20 to 70% SiOs.
amounting to 98.7%, is ensured by the fact that in the design of slit air intakes (6) in the plan in the upper part of
chamber (3) the edges are bent inward towards the flow, and in the lower part of chamber (3) the edges of slit air
intakes (6) are bent outward.

In conclusion, it should be noted that an increase (up to 96.5-98.7%) of E,¢ containing from 20 to 70% SiO; is
provided in the proposed device due to a number of design changes leading to an intensification of wetting, binding and
removal of dust particles from the air.

For example, the installation of nozzles (10) and annular perforated pipe (11) increases the likelihood of meeting
and trapping dust particles by droplets of dispersed liquid. At the same time, the aerodynamic characteristics of the dust
and gas-liquid flow during irrigation are maintained constant.

In addition, cylindrical chamber (3) coaxially passed through body (1) of the device helps to maintain a uniform
distribution of the swirling air flow when it exits chamber (1) through slit air intakes (6).

The design of bump cone (5) makes it possible to evenly distribute the air coming from the volume of chamber (3), which,
in turn, contributes to the formation of a dense curtain in the form of an annular film, which acts as an additional cleaning
filter (the third stage of purification) installed in the path of a dust and gas-liquid stream swirled in the annular cavity.

The sequential movement of the dust-air flow into the cavity of the device through all air purification zones from
dust is provided by air intakes (6). At the same time, the shape and location of the edges of the slots allow to stabilize
the aerodynamics in the cavity of the device.

Moreover, an additional contribution to improving efficiency is made by cone (9), the shape and location of which
create an additional annular film curtain with different film thicknesses (the fourth stage of purification). It is created in
the path of the air flow due to the runoff of sludge from the edges of the smaller base of cone (9) and increases in
thickness towards outlet pipe (8). Also, the design of cone (9) ensures the removal of sludge from the device in the area
of removal of purified air with a significant reduction in drop entrainment into outlet pipe (8). At the same time, the
slope of outlet pipe (8) helps to reduce drop entrainment.

It should be noted that in order to ensure stable, reliable and all-season operation of the device, it is necessary to use
aqueous solutions as an irrigation liquid that do not freeze even at negative ambient temperatures. If water is used, the
device must be kept in closed, heated rooms.

In conclusion, it should be noted that the developed air purification device from dust with all the design features
described above provides the required integral efficiency, due to high values (96.5-98.7%), which, in turn, complies
with regulatory environmental requirements for the air quality of the surface layer of the atmosphere.

Thus, as a result of the research, the final goal was achieved — the possibility of improving the environmental
safety of industrial sites of construction industry enterprises and adjacent residential areas was determined by
developing and applying highly effective (at least 96.0%) modern technologies and dust suppression tools, which
included the device proposed by the authors for cleaning air from dust containing from 20 to 70% SiOs.
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Abstract

Introduction. The introduction of high-tech equipment and specialized software makes it possible to improve the
quality of labor operations without attracting additional labor, which contributes to the rational use of time and
resources. As a result of the implementation of this approach, the prevention of possible errors and delays caused by the
human factor is achieved. By integrating digital technologies, it is possible not only to simplify management
procedures, but also to reduce the level of occupational injuries and incidents by monitoring the compliance with the
requirements for the use of personal protective equipment by personnel in real time. This work aims to reduce the level
of occupational injuries by improving the micro-trauma prevention system and implementing integrated solutions for
accounting for the issuance of personal protective equipment using software tools.

Materials and Methods. The paper examined the existing methods and technologies for accounting and issuing
personal protective equipment in order to determine their effectiveness and applicability, taking into account the
industry characteristics of enterprises based on the requirements of the legislative and regulatory framework of the
Russian Federation. A questionnaire was developed to assess the need to improve the personal protective equipment
used among employees of a construction organization in the Belgorod region. The survey of employees was conducted
in the form of a checklist, where it was necessary to note the shortcomings and inconsistencies of the occupational
health management system (OHMS) in the field of issuing PPE.

Results. The results of analyzing the completed questionnaires from the respondents who participated in the study
suggested the importance of transitioning to a digital format for managing and issuing PPE in order to enhance the
efficiency and effectiveness of providing employees with necessary personal protective equipment. The patent search
conducted revealed the primary flaws in current methods and systems for distributing PPE, addressing which would
enhance the reliability of the procedure for equipping personnel with protective equipment, indicating the significance
of further research in this field. A model has been developed to improve the system for providing employees of
construction companies with personal protective equipment by implementing the StroyKontrol+ software package to
automate the accounting and issuance of these resources. This software solution integrated with the existing enterprise
information systems and could be customized to meet the specific needs of an organization. The model included the use
of monitoring tools to identify the need for replacing personal protective equipment and the creation of accounting
documents to help increase safety and protect workers from harmful and dangerous industrial factors.

Discussion and Conclusion. The introduction of the Stroykontrol+ software package has made it possible to reduce the
level of micro-trauma among construction workers due to their improper use of PPE, lack of necessary PPE and
insufficient knowledge on how to use these tools. In addition, the authors emphasize, it is necessary not only to record
applications from employees for certain protective equipment or violations identified, but also to reduce the time
response of responsible parties when it comes to replacing defective personal protective equipment.

Keywords: occupational safety, industrial injuries, personal protective equipment, questionnaires, software for
accounting and issuing personal protective equipment
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AHHOTaNUs

Beeoenue. Baenpenmne BBHICOKOTEXHOJOTHYHOTO OOOpPYIOBAaHMS M CIEHUATU3UPOBAHHBIX IPOTPAMMHBIX CPEICTB
MTO3BOJISIET MOBBICHTH KAa4ECTBO BBIITOJHEHHS TPYIOBBIX OINEparuili 0e3 MPHUBIICUCHUS IOMOJHUTEIHHOTO pabodero
KOHTHHI€HTA, YTO CIIOCOOCTBYET PAallMOHAIBHOMY MCIIOJIB30BaHUIO BPEMEHHU U pecypcoB. B pesynbrare peanuzanun
JAHHOTO TIOJXOAa JOCTHraeTcs MPEJOTBPAILICHUE BO3MOXKHBIX OIIMOOK M 3aJEp)KEK, CBS3aHHBIX C YEIOBEYECKHM
¢dakropom. Ilyrem uHTErpanny MUQPPOBHIX TEXHOJIOTHI BO3MOXKHO HE TOJBKO YIIPOCTHUTH YNPaBICHUECKUE TPOLIEY-
PBI, HO M CHU3UTh YPOBEHb MIPOU3BOJICTBEHHOTO TPaBMaTU3Ma U MHIMJCHTHOCTh 32 CYET MOHUTOPHUHTA COOJIIOICHUS
TpeOOBaHUI MO UCIIOJI30BAaHHUIO IEPCOHAIOM CPEJCTB MHANBUAYAILHON 3allUTHl B PEKUME pEalbHOTO BpeMeHH. B
JaHHOM paboTre ObLIa MMOCTaBJIECHA LIEJIb ONPEAEIUTh BO3MOXXHOCTH COBEPLICHCTBOBAHUSI CHCTEMBI NMPOQUIAKTUKU
MUKPOTpPaBMaTU3Ma IIyTEM BHEIPEHUS KOMIUIEKCHBIX PELICHU 110 y4eTy BblJaul CPEICTB UHIUBUAYAIbHOMN 3alUThI
C MCITOJIb30BAaHUEM IIPOTPAMMHEBIX CPEICTB.

Mamepuanst u memoost. B pabote mcmons30BaHbl 6a3upyronrecs Ha TpeOOBaHUAX 3aKOHOJATEIHHON 1 HOPMaTHBHO-
1IpaBoBoil 0a3pl PO MeTOIbI M TEXHOJIOTUH YU€Ta U BBIIA4M CPEACTB MHAWBUAYAIBHON 3aIIMUTHI C LETBIO ONPEIEIICHNS
nX 3(ppekTHBHOCTH M MPUMEHUMOCTH C YIETOM OTPACIEBBIX OCOOCHHOCTEH NpeAnpHsATHi. [ OIeHKH MOTpeOHOCTH B
yIy4IICHNN MIPUMEHSEMbIX CPEICTB MHANBHAYATbHOM 3aINTHI ObUIa pa3paboTaHa aHKeTa. AHKETUPOBAHHE TPOBOIH-
JIOCh cpesy pabOTHUKOB CTPOUTEIBHON OpraHu3anuu benropoackoit obiaactu B popMe 4ek-JicTa, B KOTOPOM HE00XO-
MO OBIIIO OTMETHTBH HEJIOCTATKU CHCTEMBI yrpaBiieHus: oxpanoi tpyna (CYOT) B obnacTu BbIJauy CpeCTB WHIUBH-
nyaibpHO# 3ammthl (CU3).

Pesynomamut uccnedosanusn. Pesynbratel 00pabOTKN 3aITOJTHEHHBIX aHKET PECIOHJICHTOB, YYaCTBYIOIINX B HCCIEIO0-
BaHMH, CBUJIETEIBCTBYIOT O B)KHOCTH Nepexojia K 1uppoBoMy Gopmary yuera u Beigaun CH3 ¢ 1enpio moBbIIIEHUS
3¢ PEKTUBHOCTU U ONEPATUBHOCTH oOecIieueHns] pabOTHUKOB HEOOXOAUMBIMH CPEICTBAMH MHANBUAYaJIbHOW 3alHUTHI.
HpOBelIeHHI)IfI NaTEHTHBIN MOUCK MO3BOJIMJI BBIIBUTH OCHOBHBIE HEAOCTATKN CYHICCTBYIOINUX METOJIO0B U CUCTEM Bblda-
y CU3, ycTpaHeHre KOTOPBIX MO3BOJIUT MOBBICUTh HAJIEKHOCTh MpoIiecca 00eceueHus IepCcoHaa 3aiUTHBIMHU Cpe/l-
CTBaMH, YTO YKa3bIBaeT Ha aKTyaJbHOCTb JaJbHEHIINX HCCIEeJOBaHMH B AaHHOHM oOnactu. Pazpaborana mozeip 1o
YIYUIICHAIO CUCTEMBI 00€CTICUeHHSI COTPYTHUKOB CTPOUTENIFHBIX OPTaHU3AINH CPEACTBAMU WHIUBHIYaIbHOM 3alIUThI
ITyTEM BHEAPEHUs MPOrpaMMHOro kommiekca «CtpoHKoHTpomb+» MO aBTOMAaTH3aIllMM MPOLIECCOB YYeTa W BBLAAYH
9THX CcpencTB. JlaHHOE MPOrpaMMHOE PEIICHHE IMPEAToaracT HHTEIPALHIO C CYIIECTBYIONIMMH HH()OPMAaMOHHBIMA
CHCTEeMaMH TIPEANPHUATHS U MOXKET OBITh aJanTHPOBAHO IO KOHKPETHBIE MTOTPEOHOCTH M TPeOOBaHMS OpraHM3aIWH.
PazpaboTanHas Mozenb MpeaycMaTpUBaeT UCIIOIL30BaHIE CPEJCTB MOHUTOPUHTA AJISI OTCICKUBAHUS HEOOXOANMOCTH
3aMEHbI CPEJICTB MHAMBUAYaIbHON 3alIUTHI C MOCIEAYIOIUM (OPMUPOBAHHEM OTYETHOM JOKYMEHTAIIMH, YTO CHOCO0-
CTBYET IIOBBIILICHUIO YPOBHSI O€30MacCHOCTH M COXPAaHEHHMIO 3/I0POBbSI PAOOTHHKOB B YCIIOBHSIX BO3AEHCTBUSI Ha HHUX
BPCIHBIX U OIMMACHBIX MPONU3BOJCTBCHHBIX (baKTOpOB.

Obcyscoenue u 3aknouenue. Buenpenue nporpaMmHoro komruiekca « CtpoitKoHTpob+» M03BOJIUIIO COKPATUTh yPO-
BCHb MUKPOTpPaBMUPOBAHUSA pa60THl/IKOB CTPOUTECIIbHBIX OpFaHI/ISaLII/Iﬁ 10 MpUYrMHaAM HEIIPaBUJIbHOTO NIPUMCHEHUS MU
CPEACTB MHIWBHIYAJIBbHOHN 3aIlIUTHI, OTCYTCTBUS y HMX HeoOxommmbix CH3, HeZOCTaTOYHBIX 3HAHUI B 00JacTH HC-
MIOJIE30BaHMs MOZOOHBIX cpencTB. KpoMe Toro, mogyepkuBaroT aBTOPHI, HEOOXOAUMO HE TOJIBKO (DPMKCHPOBAThH 3asSBKH
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oT pa6OTHl/IKOB Ha MOJIYy4Y€HUE ONMPEACIICHHBIX CPCACTB 3alIUThI WIN BBIABJICHHBIC HAPYIICHUA, HO U YMCHbBIIUTDL NIEPU-
o4 pearnpoBaHusA OTBETCTBCHHBIX JIUII Ha HCO6X0,Z[I/IMOCTB 3aMCHbI HCUCIIPABHBIX CPEACTB HH,Z[PIBPII[yaHLHOfI 3alIuThI.

KiaroueBble ciaoBa: oxpaHa TpyJda, IPOU3BOJACTBEHHBI TpaBMAaTH3M, CPEICTBA HMHAWBHIYaJbHOH 3aIlUTHI,
AHKETHPOBaHUE, IPOTPAMMHOE 00ECTICUeHHE 110 YUETy U BBIJaUd CPEACTB HHANBHUIY AJIFHOMN 3aIIUTHI

BaaronapHocTi. ABTOpHI BBIP@XAIOT OJaroJapHOCTh PEAAKIMOHHOW KOJUIETMH JKypHala M pELEH3CHTY 3a
MIpoQ)eCCHOHATBHBIN aHATN3 ¥ PEKOMEH/IAIINH 110 KOPPEKTHPOBKE CTAThU.

®unancupoBanue. Pabora BhIMONHeHa B paMkax nporpammbl «[Ipunopurer-2030» nHa 6a3e benroponckoro
TOCYZAapCTBEHHOTO TeXHOJornyeckoro yHusepcutera nmenu B.I. IllyxoBa ¢ ncnonszoBanueM o6opynosanus Llentpa
BbIcOKHX TexHosoruil BI'TY umenu B.I'. lllyxoBa.

Juasi nmtupoBanms. IlerpoBa B.A., Kiumona E.B., Cemeiikun A.}O., Tomaposmienko O.H. CoBepiiieHcTBOBaHKE
CUCTEMBI MTPOGHIAKTHKH TPAaBMAaTH3Ma Ha OCHOBE KOHBEPIEeHTHBIX TEXHOJIOTHH II(POBOTO YIIPABICHUS 00CCIICYCHUEM
pabOTHHUKOB CpEACTBAMHM WHIMBHIYaJbHON 3alIUTBL. be3onacHocmes mMexHO2eHHbIX U NPUPOOHBIX — CUCHEM.
2024;8(3):29-38. https://doi.org/10.23947/2541-9129-2024-8-3-29-38

Introduction. The use of personal protective equipment (PPE) is one of the most reliable ways to ensure safety of
health and protect employees from exposure to harmful and dangerous factors. As part of the government's strategy to
integrate a risk-based approach into occupational health and safety, a systematic risk assessment process is
implemented. This process takes into account the specific characteristics of the workplace, including the potential
hazards associated with different types of work, as well as the subsequent development of appropriate safety measures.
An important step in this process is the transition to uniform standard norms (USN) for the provision of PPE. This
involves replacing the current system of providing PPE based on the type of work performed by an employee with a
system that is based on a special assessment of working conditions and occupational risks. Properly selected and
effectively used personal protective equipment helps to reduce the risk of occupational diseases and accidents, as well
as increase labor productivity and improve employee health [1, 2].

One of the key elements of the strategic personnel safety management system is high-quality employee training.
Conducting training sessions aimed at consolidating theoretical knowledge and developing practical skills in the
use (application) of personal protective equipment is a determining factor for the effectiveness of measures to prevent
occupational injuries, occupational diseases and eliminate their consequences. The legal basis for regulating the use and
provision of personal protective equipment to employees in the Russian Federation is a set of regulatory legal acts. In
particular, Orders of the Ministry of Labor No. 767N' and No. 766N? define the criteria and procedures for PPE use.
There are also regulations establishing mandatory requirements for PPE quality, certification, and safety guarantees
when using PPE [3, 4].

An urgent area of focus in occupational safety management is increasing the level of safety culture in the workplace.
This implementation allows for ensuring the effectiveness of personal protective equipment (PPE) use and application
processes. To achieve this, a comprehensive approach is required, including training and educating employees on the
importance of compliance with safety regulations, actively involving them in the selection and testing of PPE, and
regularly analyzing and improving the Occupational Health and Safety Assessment System. As part of this effort, the
authors aim to develop methods for reducing industrial micro-trauma occurrences by improving the prevention system
for construction organization personnel. This involves introducing integrated solutions that utilize digital technologies
to track PPE distribution and usage.

Materials and Methods. The work uses methods and technologies based on the requirements of the legislative and
regulatory framework of the Russian Federation for accounting and issuing personal protective equipment in order to
determine their effectiveness, taking into account the industry characteristics of enterprises. The evaluation of personal
protective equipment used by employees of a construction organization in the Belgorod region was conducted using a
questionnaire developed based on the methodology for evaluating PPE effectiveness presented in Federal Law
No. 426-FZ3. Indicators reflecting the degree of PPE compliance with regulatory requirements were also taken into
account (Table 1).

! On Approval of Uniform Standards for the Issuance of Personal Protective Equipment and Flushing Agents. Order of the Ministry of Labor of the Russian
Federation No. 767N dated 29.10.2021. URL: https://www.consultant.ru/document/cons_doc_ LAW_405226/ (accessed: 14.05.2024). (In Russ.)

2 On Approval of the Rules for Providing Employees with Personal Protective Equipment and Flushing Agents. Order of the Ministry of Labor of the
Russian Federation No. 766N dated 29.10.2021. URL: https://docs.cntd.ru/document/727092798 (accessed: 14.05.2024). (In Russ.)

30n Special Assessment of Working Conditions. Federal Law of the Russian Federation No.426-FZ dated 28.12.2013. URL:

https://www.consultant.ru/document/cons_doc LAW_156555/ (accessed: 14.05.2024). (In Russ.)
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Table 1
Questionnaire offered to respondents of the Belgorod region construction company
No. Content of the question Answer options *
Yes No
1 When applying for your current position, were you provided with

personal protective equipment (PPE)?

2 During the initial issuance of personal protective equipment, were you
satisfied with all aspects, such as size, quality, and appearance?

3 Do the assortment and number of PPE issued correspond to real
working conditions?

4 Are you satisfied with the quality and other technical characteristics
of the PPE provided by the organization?

5 Do the actual terms of PPE use in the enterprise comply with
established standards?

6 Are you familiar with the map of the special assessment of the
working conditions of your workplace?

7 Has an employee's personal record been created, which reflects all
PPE issued to you?

8 Are you satisfied with the results of replacing and updating your
personal protective equipment? If not, please provide the reason for
your dissatisfaction on the back of this questionnaire.

9 Do you have enough time to replace unsuitable PPE before the start
of your next shift? If not, please specify how long you have waited
for the replacement on the back of this questionnaire.

10 Do you have any suggestions for improving the system of providing
personal protective equipment and safety instructions at work? If so,
please share them with us on the back of this questionnaire.

The collection of statistical data was conducted through a survey of employees. The aim was to obtain direct
information from those involved in the work process in order to evaluate the current level of protective equipment
provision and identify areas that needed improvement. Choosing protective equipment that was comfortable and met
individual preferences could increase its acceptance among employees, which was essential for motivating them in the
field of occupational health and safety.

In today's technological landscape, there has been a significant increase in the number of computer programs
designed to automate and ensure the safety of work processes, as well as increase labor productivity [5, 6]. As an
example of the successful market entry and implementation of digital technologies in industrial practice, we can
consider specialized distribution systems for personal protective equipment — automatic issuing devices (vending
machines), developed by a large holding company — Vostok-Service Group. Vending machine model 540 issues PPE
with a short service life; model 34 produces large-sized protective equipment; the machine for accepting PPE for
cleaning, model 640, is equipped with a trolley or durable bag that can hold up to 40 pieces of workwear; and storage
model 140 is a device for separate disposal of various types of PPE consisting of sections with touch screens.
Information kiosk model 740 is a device that allows employees to log into their personal accounts and find information
about their personal protective equipment (PPE), the status of their workwear in the laundry, and the expiration dates
for their work garments.

The analysis of promising scientific directions in the field of digitalization of accounting processes and personal
protective equipment issuance was carried out based on a study of patent and technical information resources [7, 8]. The
relevance of developing digital solutions in this area is confirmed by the annual increase in the number of registered
utility models and inventions. This can be seen from the data presented on the digital platform of the Federal Service for
Intellectual Property. As examples, the following developments can be mentioned: utility model for
patent RU165544U1 “Automatic machine for issuing and monitoring personal protective equipment (PPE)”; utility
model for patent RU183254U1 “Device for storing and issuing personal protective equipment and tools”; patent for
invention RU2742980C1 “Container for collecting and disinfecting used personal protective equipment”.

Vending machines are widely used in enterprises located on construction sites and have all necessary personal
protective equipment in abundance. However, integrating these devices with corporate software and electronic
accounting for PPE remains a significant challenge. For instance, vending machines provided by Vostok-Service
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Group have their own information system connected via the Internet, which may not always work on remote
construction sites. The software of these devices can be integrated with enterprise systems (1C or SAP), which would
be convenient if such systems are already implemented in the organization. It is better to use cloud-based software
on construction sites, as this would allow for real-time tracking of each piece of issued PPE. All employees would
receive plastic RFID cards that would allow the system to identify them and record their personal protective
equipment. The main advantage of these devices is that, as a supplier, Vostok-Service Group provides all the
necessary personal protective equipment at once.

The analysis of patented utility models and inventions has revealed that these machines and containers cannot be
synchronized with the information systems of enterprises, which is a significant disadvantage [9, 10].

Currently, in most organizations, the traditional system of providing personal protective equipment is used. Under
this system, PPE is purchased in advance and stored in a warechouse. Employees are then given PPE when they need it.
However, this method has several drawbacks. It limits the choice of PPE available and provides only a limited number
of types. This can slow down the process of introducing new PPE and adapting it to specific working conditions.
Additionally, it can take time to deliver new PPE to workplaces, which can further delay the implementation of new
safety measures [11, 12].

The material for the study consisted of the results of a survey conducted among employees using a developed
questionnaire, as well as statistical data on micro-injuries (micro-traumas) recorded in the company's logs. Based on the
survey results, the problems were identified regarding the provision of personal protective equipment and its improper
use during work, which was confirmed by data from accounting documentation related to the registration of micro-
traumas.

In order to reduce the number of micro-traumas among workers in the construction industry due to improper use of
PPE, lack of necessary protective equipment, insufficient knowledge on their use, it was decided to change the process
of issuing personal protective equipment to employees by introducing a digital product for smartphones
Stroykontrol+ (Fig. 1)

g3 CTpoi 7 Ctpou
Q Ko[|-|'rponb+ 4 Q KoHuTponb+

Permcrpaums

Fig. 1. User registration and authentication module in the Stroykontrol+ application

An employee of the organization needs to install this app on their mobile device. After that, the account will be
verified by an occupational health and safety specialist. The account must be linked to the employee's phone number,
which minimizes the risks of personal data leakage and digital hacking, and prevents unauthorized persons from
using the application. This verification technique is widely used in various digital applications and has demonstrated
high efficiency.

The application provides employees with the opportunity to take both mandatory and voluntary tests. To use this
feature, you need to familiarize yourself with the program's interface. An important part of this is the built-in chat
function, which allows managers and employees to communicate during working hours. This chat is used to quickly
resolve production issues and problems. The use of chat communication facilitates the efficient exchange of information
about issues and needs that arise during work, as well as allows managers to receive timely notifications about the lack
of personal protective equipment on their smartphones, which helps speed up its delivery to the workplace (Fig. 2).
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Fig. 2. Personal account design and presentation of the list of dialog channels

The section of the application for notifying managers and other responsible parties about problems with the use of
personal protective equipment will be created to address issues related to its replacement due to technical issues. The
implementation of this feature will reduce problem-solving time by 35%, as information is processed as soon as
possible and decisions are made within a few seconds. This section can be useful for employees due to the convenient
way of writing off personal protective equipment (Fig. 3).

Hamisies usEna i Rnay

MPHETYTAETE K yrEnes dacanal

Llamac 73 - 35 wacm 2023 oy

YLl e r—

CHmpLAATS A Mrefelien Y B

B e bl e Bgseas

Fig. 3. Design of the screen for operations to obtain and control the availability of PPE

The introduction of a mobile app has significantly improved the process of providing personal protective equipment
in the construction industry. It has provided a more convenient and transparent system for monitoring and managing
PPE, as well as an effective way for employees to obtain the necessary equipment. The app allows employees to easily
access the PPE they need, while also providing an efficient system for employers and authorized personnel to submit
and process requests. This helps to increase security levels and reduce time spent on PPE issuance. Additionally, the
app keeps a more accurate record of PPE provided and helps prevent problems related to stock shortages. Using mobile
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apps like this to improve safety awareness among employees contributes to a stronger overall safety culture in the
workplace. The application provides instructions on the proper use of personal protective equipment, as well as
educational materials, videos, and guides on safe usage of these products. This helps to reduce the risk of injuries and
accidents in the workplace.

Results. An important responsibility of employers is to provide construction workers with personal protective
equipment that ensures safety and health in the workplace [13]. The traditional method of providing PPE involves
purchasing it from suppliers or stores and then distributing it directly to workers [14]. This is followed by training the
workers on how to use the equipment safely to reduce the risk of accidents and potential hazards on the construction site.

The survey was conducted among 300 employees of a construction company in the Belgorod region. The
participants included a construction and mechanical foreman, an operator of lifting equipment, a bricklayer, a carpenter,
an electric and gas welder, a tower crane operator, a plasterer-painter, a tiler, a welder and others. The average age of
the respondents was 40-55 years and they had more than 10 years of work experience. Eighty percent of the
participants were male and 85 percent had secondary vocational education. Their work schedule was 5/2, which means
an eight-hour working day.

The results of the survey among employees of the construction company in the Belgorod region revealed that 80%
of them were provided with necessary personal protective equipment from warehouse managers with mandatory
recording and filling out of personal PPE cards.

To obtain admission to independent work, employees undergo introductory training on labor protection and training
on labor protection in the workplace [15]. During this training, they are informed about maps of a special assessment of
working conditions and an assessment of occupational risks. According to the results of a survey, about 70% of
employees expressed dissatisfaction with the results of replacement and renewal of personal protective equipment due
to the length of the process. In their notes, the employees mentioned that they had been unable to change unsuitable
protective equipment for months. After analyzing the questionnaires of the respondents, several reasons for the delayed
replacement of personal protective equipment were identified: the geographical distance between the warehouse and the
construction site, the absence of necessary protective equipment, and the presence of intermediaries between the
employee and the storekeeper. These factors all contributed to the delay in replacing personal protective equipment.
These problems increased the risk of injuries and occupational diseases.

The issue of microtraumatism among workers was primarily due to their failure to use personal protective
equipment. This was caused by several factors, including ignorance of the need to use PPE, lack of formal training on
its use, improper usage, delayed replacement and updates. This was confirmed by the statistical data collected based on
documentation on the recording and accounting of micro-injuries in construction organizations in the Belgorod region
for 2022 and 2023 (Fig. 4).

Microtrauma

Fig. 4. Distribution of types of micro-traumas among construction workers by the causes of their occurrence in 2022 and 2023:
1 — fatigue, physical overstrain; 2 — ignoring the use of PPE by an employee; 3 — improper use of PPE by an employee; 4 — lack
of knowledge about the proper use of PPE among employees; 5 — lack of necessary PPE for employees; 6 — performing work that
is not part of official duties; 7 — unsatisfactory condition of floors, including uneven, slippery and sunken surfaces

It was found that there were 350 microtraumas recorded in 2022. After the introduction of the developed digital
product Stroykontrol+, there was a decrease in the number of microtraumas in 2023 by 64 cases. This decrease was due
to several factors: 1. Ignoring the use of personal protective equipment (PPE) by employees. 2. Improper use of PPE by
employees. 3. Lack of knowledge among employees on the correct use and application of PPE. 4. Absence of necessary
PPE for some employees.
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Discussion and Conclusion. As part of the construction activities in the Belgorod region, different approaches are
used to provide personnel with personal protective equipment. This includes both the traditional PPE distribution
system and a hybrid model that eliminates the need for a warehouse and transfers the supply and storage functions to a
technical engineer.

The distribution of PPE is done as necessary, taking into account the level of completion of work. One of the most
common problems faced by construction companies is the lack of sufficient PPE, which can be attributed to several
factors: inefficient planning and inventory management due to a lack of systematic analysis of PPE needs, as well as
imperfections in ordering and receiving goods.

As a result of inadequate adaptation, non-compliance with needs, and lack of control over PPE use, untimely
updating, traditional systems for their issuance cannot ensure effective employee safety. To minimize the risk of
occupational injuries, it is essential to implement a continuous analysis and update system for PPE. The optimal
solution is to develop and implement a digital platform based on a mobile app with advanced features and an intuitive
interface. This platform should integrate key aspects of digital construction in Russia, including the introduction of
building information modeling (BIM) technology and automation/robotization of production.

Thanks to the introduction of the digital product Stroykontrol+, which automates the accounting of PPE distribution,
the process of providing personal protective equipment to employees has been improved. This has led to improvements
in the indicators presented in Table 2.

Table 2
Effectiveness evaluation of the Stroykontrol+ application implementation
2022 2023
Perfi indicators for the impl tation of
eriormance i 1c.a .0 s tor .e Hiplementation o Distribution of PPE according to | Distribution of PPE using the
digital solutions o "
the traditional method Stroykontrol+ application
Number of microtraumatic injuries caused by: 350 286
— improper use of personal protective equipment
(PPE) by personnel, 50 42
— insufficient qualifications of employees in the field
of application of personal protective equipment; 45 37
— lack of necessary PPE for employees 55 30
Number of correct answers when checking the
knowledge of employees during testing according to
. o 65-72% 85-99%
the training program for the use (application) of
personal protective equipment
Avefage: time to replace defective PPE from 30 days 10 days
application to receipt
Average response time for responsible parties to
address identified comments or issues related to the 10 days 2 days
use of PPE by employees

For the methodological content of the Stroykontrol+ digital product, training materials have been developed to work
with personnel, including instructions on the use of PPE, illustrated memos on the rules for using protective equipment,
and test tasks to test knowledge.

In the future, it is planned to improve the PPE issuance system by integrating with data on dynamic assessment of
occupational risks and special assessment of working conditions. This will help to improve the efficiency of our
occupational safety management system.
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Abstract

Introduction. Mathematical models and methods are widely used to study natural phenomena, replacing more
expensive field experiments. However, one of the main challenges in modeling processes in complex systems is the lack
of available input data and difficulty in selecting model parameters. The use of observational data assimilation methods
is one of the ways to provide mathematical models with input data and parameter values. The aim of this study was to
predict the development of complex natural systems under conditions of pollution using mathematical modeling
techniques. To achieve this, several tasks were completed: a method for assimilating observational data was selected, a
mathematical model for biological kinetics was updated, it was integrated with a hydrodynamic model, and a software
package was developed. The significance of the work lies in the to the implementation of a model of the dynamics of
phytoplankton populations (eutrophication) of the Azov Sea in the presence of pollutants, based on the use of
variational methods for assimilating data obtained during expeditionary research.

Materials and Methods. The spread of pollutants was modeled using a three-dimensional mathematical model based on a
system of convection — diffusion — reaction equations. The vector of movement of the aquatic environment was the input
data for the model. The components of the current velocity vector in the coastal system were calculated using a mathematical
model of hydrodynamics, based on three equations of motion and the equation of continuity. The software package developed
based on these models received full-scale data collected during expeditionary research as input, and allowed us to refine the
model of pollution in the aquatic environment and biota using variational methods for data assimilation.

Results. A short-term forecast for the spread of pollutants at the outlet of the Taganrog Bay was developed. The
conducted computational experiment reflected the dynamics of pollutant spread from sources of contamination over a
period of 3 to 12 days.

Discussion and Conclusion. The variational methods of assimilating observational data discussed in this study allow
for the refinement and supplementation of mathematical models of phytoplankton population dynamics and pollutant
spread. The software based on these mathematical models enables the creation of short- and medium-term forecasts for
the spread of harmful substances, assessment of their impact on the growth of major phytoplankton species in the Azov
Sea, and determination of strategies for sustainable development management.

Keywords: eutrophication model, hydrodynamics model, variational methods, dangerous phenomena, assimilation of
observational data
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Cmam bs-nepcnekmuea

HpnMeHeHne METO/10B YCBOCHUS TaHHBIX HaﬁJ’[IO)]eHI/Iﬁ AJIA MOACJIMPOBaHUSA
PACIIPOCTPAHECHUSA 3AIPASHAIOIIINX BEHIECTB B BOAOEME

U YNIPABJICHHUS YCTONYUBBIM Pa3BUTHEM

10.B. Beaosa' = D4, A.B. Hukutuna

JloHCKOH rocy1apCcTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
D4 yvbelova@yandex.ru

AHHOTALHS

Beeoenue. MatemaTnueckue MOJICIIA U METOJBI TIOBCEMECTHO MCHONB3YIOTCS I UCCICIOBAHUS MIPUPOIHBIX OOBCK-
TOB, 3aMeHsA OoJiee JOPOTHE HATYPHBIC SKCIIepUMEHTH. OTHUME U3 TPYAHOCTEH, BOSHUKAIOIINX MPH MOJCITUPOBAHUN
MIPOIECCOB B CIIOKHBIX CHUCTEMAaX, SIBIITIOTCS HAIMYHME BXOJHBIX JAHHBIX W MOAOOpP MmapaMeTpoB Mojenu. [IpumeHeHme
METOJIOB YCBOCHUS JIAHHBIX HAOJIOJCHUI SBISCTCS OJHUM U3 CIIOCOOOB OCHAIICHHS MAaTEMaTHYSCKUX MOJCICH BXOJ-
HBIMH JIaHHBIMH ¥ 3HAYEHUSIMU TTapaMeTpoB. Llenb HacTosIIero uecae0BaHusl COCTOUT B MPOTrHO3UPOBAHUH Ha OCHOBE
METOOA0B MATEMATHYCCKOTO MO}IGJ’II/IpOBaHI/Iﬂ paSBI/ITI/IH CJIOKHBIX HpI/IpO)IHI)IX CHUCTEM B yCJ'lOBI/IHX 3an$[3HeHI/I$[ Bpen-
HBIMH BCLICCTBAMU. I[J'IH JOCTHXKCHUS LICIIN 6I)IJ'II/I pemeHH cne)ly}onme 3a1a4u. BI)I6paH METOQ yCBOCHI/IH JAaHHBIX
HAOJIFOICHUH, aKTyaIM3MpPOBaHA MaTeMaTHYECKass MOJIC)Ib OMOJIOTHYCCKOW KMHETHKH, JaHHAsI MOJEIb CKOMILICKCHPO-
BaHA C MOJEINBI0 THAPOJIUHAMUKH, pa3padOTaH MPOTPaMMHBIA KOMIDIEKC. AKTYalbHOCTh pabOTHI 3aKIII0YACTCS B IIPH-
MEHEHHH HOBOTO IOJIXO/a K pealn3aliy MOJENH AWHAMHUKHN (PUTOIUTAHKTOHHBIX HOMYJSAIHHA (3BTpoduKannm) A30B-
CKOTO MOpsI TIPY HAIIMYHU 3aTPSA3HAIONINX IpUMecell, OCHOBAaHHOTO Ha MPHUMEHEHUH BapHAIMOHHBIX METOJIOB YCBOCHUS
JAHHBIX, TIOJTyYeHHBIX B X0/I¢ IKCIICTUIIMOHHBIX UCCIICIOBAHUH.

Mamepuanvt u memoost. PacipocTpaHeHre 3aTps3HAIONINX BEUICCTB MOICITUPYETCS HA OCHOBE TPEXMEPHOH MaTeMa-
TUYECKON MOJICITA, OCHOBAHHOW Ha CHUCTEME ypaBHCHHU KOHBEKIMU — muddy3un — peakuuu. Ha BXoae Mojenu mo-
JTACTCS BEKTOP JIBIXKCHUS BOJHOM cpe/bl. COCTaBISIONINE BEKTOPa CKOPOCTH TCUCHHUN B IPUOPEIKHON CUCTEME pacCym-
THIBAIOTCS HA OCHOBE MAaTEMATHYCCKOH MOJEIH THAPOJUHAMUKH, OA3UPYIOIICHCS Ha TpeX YPaBHEHUSX JBIKCHUS W
ypaBHCHHH HEPa3pBIBHOCTH. Pa3paboTaHHBI HA OCHOBE OMHMCAHHBIX MOJENEH MPOTrPaMMHBIA KOMILICKC MOJIydacT Ha
BXOJIC HaTypHBIC TaHHbIC, COOPAHHBIC B XOJI¢ PKCIICTUIIMOHHBIX UCCIICAOBAHUIA, U TIO3BOJISIET YTOYHATH MOJICIB 3arpsi3-
HEHUs BOAHOW Cpelibl M OMOTHI OJarofapsi IPUMEHEHUIO BAPHAIIOHHBIX METO/IOB YCBOCHUSI IAHHBIX.

Pesynomamul uccnedosanus. I1ocTpoeH KpaTKOCPOUHBIN MPOTHO3 PACIPOCTPAHEHUS 3arpSA3HIONINX BEIIECTB HA BhI-
xozae u3 Taranporckoro 3anuBa. [IpoBeeHHBIN BHIYHUCIUTENBHBIM IKCIIEPUMEHT OTPaXaeT JTUHAMHKY pacrpocTpaHe-
HUS 3aTPA3HAIONIAX BEIIECTB OT MICTOYHUKOB 3apakeHNs Ha BpeMEHHOM HHTepBaie oT 3 1o 12 mHei.

Obcyrncoenue u 3axniouenue. PaccMOTpeHHBIE B TAHHOM HCCIICOBAHUH BapHAIlIOHHBIC METOIBI YCBOCHUS ITaHHBIX
HAOIIOACHUH MMO3BOJISIOT YTOYHATE H JOTIONHATh MaTEMATHICCKHE MOJACTH JHHAMUKN (PUTOIIAHKTOHHBIX TOMYJIISIIHN
U PacmpOCTpaHEHUs 3arps3HIOMUX BemecTB. [IporpamMHoe obecrieueHre, OCHOBAaHHOE Ha OITMCAHHBIX B JTAHHOM pa-
00Te MaTEeMaTUIECKUX MOJIEISAX, Ja€T BOSMOXKHOCTh CTPOUTH KPATKO- M CPETHECPOUHEIC MPOTHO3BI PACIIPOCTPAHECHUS
BPEIHBIX MPUMECEH, OIICHUBATh MX BIUSHHE HA Pa3BUTHC OCHOBHBIX BHUJOB (DUTOIUIAHKTOHHBIX MOMYJISIMHA B A30B-
CKOM MOpE U ONPEENSITh CTPATeTUH YIIPABJICHUS YCTONUUBBIM Pa3BUTUEM.

KiroueBblie ciaoBa: mMozaeiab 3BTPO(HUKAIIUN, MOACIh T'MAPOJWHAMHUKH, BAPHAIIMOHHBIC METOJIbI, OMACHBIC SBJICHHUS,
YCBOCHHE JAHHBIX HAOIIOACHUIA

BaarogapHocTH. ABTOPHI OJaroapsAT peAaKIMOHHY0 KOMaHIy JKypHalla 1 aHOHUMHBIX PEIICH3CHTOB 33 BBICKa3aHHBIC
3aMe4aHus, KOTOPbIE MO3BOJMIM IOBBICHTh Ka4eCTBO CTaThH, a TAKXKE BBIPAXKAIOT MPH3HATEIBHOCTH PYKOBOIJHUTEIIO
mpoekTa, wieHy-koppecnonaenty PAH Anekcannpy MBanosuuy CyXuHOBY.

dunancupoBanue. lccienoBanne BEIIONHEHO 3a cueT TpaHta Poccumiickoro HaydnHoro Qorma Ne 22-11-00295,
https://rscf.ru/project/22-11-00295/

Jusi uutupoBanusi. benosa 10.B., Hukutuna A.B. [IpuMenenne MeTo10B YCBOSHUS JaHHBIX HAOMIOACHMI 1711 MOJIETMPOBAHUS
PactpoCTpaHeH s 3arpsI3HSIONINK BEIIECTB B BOIOEME M YIPABICHUS YCTOMYMBBIM Pa3BUTHEM. be30nacHocmb mexHO2eHHbIX U
npupoonvix cucmem. 2024;8(3):39-48. https://doi.org/10.23947/2541-9129-2024-8-3-39-48

Introduction. Mathematical models and methods have been successfully used for decades in conducting research in
various fields of science and engineering. These models provide fast, convenient, and relatively inexpensive tools for
studying and predicting processes in complex natural systems, compared to expeditions and field experiments. They are
used to solve a wide range of scientific and practical problems, such as predictive modeling of siltation of shipping
lanes, which is important for safe navigation, as well as predicting the consequences of emergencies and man-made
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disasters. An example is the severe storm on November 11, 2007 in the Azov-Black Sea basin, as a result of which
more than 20 ships were wrecked, and the Kerch Strait area became the site of an environmental disaster. Several tons
of fuel oil and sulfur got into the water, as a result of which the coastline and sediment layer were contaminated with
petroleum compounds. Its consequences were observed for several more years. Another example of adverse processes is
the transport of bottom materials from the mouth of the Don River to the Taganrog Bay, which affects the habitats of
aquatic organisms, promotes intensive eutrophication and leads to the reproduction of Chironomidae Newman.

According to Decree of the Government of the Russian Federation No. 2451 dated December 31, 2020, researchers,
decision makers, and representatives of water protection services have only four hours from the moment of detection or
from the moment of receipt of information about a spill in a reservoir to calculate changes in the concentration of oil
and petroleum products and their localization. According to the above and other regulatory documents adopted by the
Government of the Russian Federation, responsible persons and structures must make a decision and take actions to
eliminate a dangerous environmental situation of a natural and man-made nature within a few hours or days. Based on
this, the time for making forecasts and scenarios for the development of an emergency situation is limited. This
requirement determines the relevance of developing a set of mathematical models of hydrodynamics and hydrobiology
that would take into account the features of coastal systems (the effect of winds on the structure of currents, the Coriolis
force, the complex geometry of the computational domain, turbulent exchange, evaporation, wind-driven effects, river
flows, etc.) and make it possible to obtain forecasts in a minimum time.

When forecasting the development of natural systems and describing a real physical phenomenon through
mathematical modeling, it is not enough to simply construct a function of the process state. The use of conjugate
problems for mathematical models and algorithms based on variational principles can increase the accuracy of
solutions. These principles allow us to establish a connection between the model and field data [1]. This methodology is
effective for solving applied problems, including computationally intensive tasks, such as variational and optimization
problems in mathematical and nuclear physics [2]. G.I. Marchuk and his colleagues used conjugate equations [3], which
made it possible to improve the efficiency of solving problems of aero- and hydrophysics for the atmosphere and deep-
water reservoirs. The theory of building conjugate operators for linear and nonlinear models has also been improved [4].

A variational approach to solving combined direct and conjugate problems using assimilation methods has improved
the relationship between mathematical models and field data. Methods of data assimilation, which have been
developing since the 1960s, are based on the construction of inverse and optimization problems using two approaches:
the classical Lagrange variational principle using conjugate problems [4] and optimization methods such as weighted
least squares [5].

The assimilation of observational data is a tool that can significantly improve the accuracy of predictive modeling of
natural processes. It has long been successfully used by the scientific community [6]. Here, the urgent task is to develop
new methods that would significantly reduce the calculation time.

Materials and Methods. When building models for predicting natural phenomena and processes, one of the main
problems was the correspondence of the solution obtained using a mathematical model to the real process occurring in
the natural system and reducing the percentage of uncertainties.

When constructing mathematical models of hydrodynamic and hydrobiological processes, information about the
initial conditions and parameters of the model was required, which could be obtained using observational data. Thus,
when constructing predictive scenarios of natural or man-made emergencies, it was very important to assess the
adequacy of the mathematical model itself. The next stage of modeling included checking the correctness and stability
of the task. The study of a mathematical model at a continuous level involved the study of the influence of input data on
the solution of a model problem. The perturbation of the right-hand sides of the equation used or the system of partial
differential equations in the Cauchy problem under consideration made it possible, with known operators, to investigate
the properties of the constructed mathematical model. The study of stationary and special points of a continuous
function or several functions — solutions to the task, for example, the concentration of one or more pollutants in the
aquatic environment, allowed us to develop scenarios, from pessimistic to optimistic ones, in order to develop measures
for effective management of a complex aquatic ecosystem.

For the first time, the method of polynomial interpolation of data from a constantly replenished database of
environmental measurements in the two-dimensional case was used to analyze field data. Areas of influence have been
identified for observations. When implementing the algorithm for calculating the current background, the data from the
previously received forecast was used as input information.

' On Approval of the Rules for the Organization of Measures to Prevent and Eliminate Oil and Petroleum Product Spills on the Territory of the Russian
Federation, with the Exception of the Internal Sea Waters of the Russian Federation and the Territorial Sea of the Russian Federation. Decree of the
Government of the Russian Federation No. 2451 dated 31.12.2020. URL: https://docs.cntd.ru/document/573319208 (accessed: 21.05.2024). (In Russ.)
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The OI (Optimal Interpolation) method has brought a new level of sophistication to the methodology for solving
problems of data assimilation. This method was based on statistical interpolation techniques.

The next stage in the development of the considered methods was associated with the development and
implementation of variational methods, including the theory of optimal control. These methods were based on
minimizing the functionality built in a special way, with the help of which a connection was established between
solutions and observations (field measurements, expedition data, GIS geographic information system databases).

This theory and methods were widely used in the implementation of the tasks of meteorology [5] and dynamic
oceanography [7]. In the process of minimizing the constructed functional, it was necessary to calculate its gradient, for
which conjugate equations were successfully applied, which was described in [8, 9].

Model of the Dynamics of Phytoplankton Populations. A mathematical model of the dynamics of phytoplankton
populations describes the process of active growth of microalgae in the presence of a sufficient number of biogenic
elements. If the development of phytoplankton populations becomes too intense, it is referred to as the process of
eutrophication. The causes of eutrophication can be both natural (climatic changes) and anthropogenic in nature
(the entry of a significant amount of nutrients into the reservoir from river drains). System C; contains the concentration
values of the i-th substance [10, 11]:

o(uC o(vC o((w+we, )C
oc,  (uCy) a(vCy) | ((w+wey) k)zi(uk acijrQ o, +g(vk ackjwk’ "
ot Ox oy oz Ox Ox oy Oy Oz 0z
where u= {u, v, w} — velocity vector of the medium (water flow); wcr — gravitational deposition of the k-th

component, if it is in a suspended state; p, vi — horizontal and vertical components of the coefficient of turbulent
exchange for the k-th componen; y; — chemical-biological source (drain) or term describing aggregation (sticking-

splitting), if the corresponding component is a suspension, index k& indicates the type of substance, k = m :

1 — hydrogen sulfide (H>S);

2 — element sulfur S;

3 — thiosulfates (and sulfites);

4 — sulfates (SO.);

5 — total organic nitrogen (N);

6 — ammonium (NH; — ammonium nitrogen);

7 — nitrates (NO»);

8 — nitrites (NO»);

9 — phytoplankton;

10 — zooplankton;

11 — silicates (SiO3; — metasilicate; SiOs — orthosilicate);

12 — dissolved oxygen (O»);

13 — ferrum (Fe*);

14 — phosphates (POs);

15 — silicic acid (H»S5i04, H>SiO3 — orthosilicic and metasilicic acids, respectively);

16 — microplastic.

System (1) contains equations that can be attributed to the convection — diffusion — reaction type. As a
computational domain, let us consider enclosed basin G . Undisturbed surface of basin X, is bounded from above

by G, X, =2X(x, y) — bottom surface from below, ¢ — cylindrical surface limits G from the side. We will use the
following notation: £=2%yU c U X, — piecewise smooth boundary of domain G, time interval 0 <t<T,. We assume
that n and un — vector of external normal and is the normal component u to surface .

We consider that initial conditions of system (1) are as follows: Cyl=o = Cio(x, ¥, 2), k = 115.

We combine (1) with the following combined boundary conditions:

for o: if un<0, then C;=0; if un>0, then aack =0; for % 9Cy =g(Cy); at the bottom X 9C; =—,C,,

n /4 4

k=116 , we define g as the coefficient of absorption of the k-th impurity by bottom sediments.

When there is no wind, especially in summer, almost anaerobic conditions may occur in the bottom layers of
shallow reservoirs, such as, for example, the Azov Sea, the Taganrog Bay, and the Gelendzhik Bay. The reduction of
water-saturated surface sludge entails the release of iron, phosphates, sulfates, manganese, ammonium and silicates, as
well as organic compounds into the solution. Complexed models of type (1) (developed by the team of authors the
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model of hydrodynamics [12]) were used to study the mechanisms of manganese oxidation and reduction, NH;
assimilation, nitrification, nitrate reduction (denitrification), ammonification, H>S oxidation, sulfate reduction, etc.
Experiments with model (1) made it possible to study biogenic and oxygen regimes of the coastal system, to analyze the
mechanism of formation due to anthropogenic eutrophication of marine phenomena of fish and other aquatic organisms.
Variational Approach for a Three-Dimensional Spatial Mathematical Model of Water Eutrophication. Let us
write down mathematical model (1) for the computational domain (the Azov Sea) in the form of an operator equation:

L(C,Y)EDZ—(;+J(C,Y)—\|1—r:O, )

we define C as a vector function of the state of the studied aquatic ecosystem C = {C p(x.1),k = m} ,C=C(x,n)eQ(L,),
O,=Gx(0.Ty), (xt)el,; J(S,Y) — differential nonlinear spatial operator; D — diagonal matrix;
Y= {\y v (x.1). k= LT6} — vector the components of which are source functions; r = {rk (x.t),k = I,T6} — vector the
components of which contain functions of uncertainties and errors of mathematical model (1) with initial and boundary
conditions. Dependencies (observation models), coefficients and parameters wcy, L, u, v, w, vk, input data of initial and boundary
conditions for model (2), k = m ; internal parameters of the operators are included in Y € R (L[, )

Let ¢ = 0, then the initial conditions for (2) take the form:
C=Co+& Y=Y, +( 3)

where C? and Y — a priori estimates of the vector function of the state and the vector of parameters, respectively;

the uncertainty functions are denoted using & and C.
Let us consider the integral identity:

I(CY,C)= I(L(C,Y),C*)detzO, )
i
here C* — functions conjugate to C(C* € Q"(11,)). (4) is a variational formulation of model problem (2), (3), or an
energy-type functional. Let us rewrite (4) in the following form:
16
(cy.c)=>(acc), —I(\Vk+rk)CZdet -0. )
k=1 1,

The operators of turbulent exchange and transfer are included in terms (AC, C*).

Hydrodynamics model [12] will be considered as a model of the process. In hydrobiology models, parameterization
of parameters and the resulting functional dependencies, for example, for describing production and destruction
processes or the growth of phyto- or zooplankton, will be considered submodels, or observation models. Let us define
the relationship between measurements and state functions:

0, :[W(C)]m+n(x,t), 6)
where [W(C)],, — vector of submodels (observation models); n(x, £) — vector of errors and uncertainties; ¢, — values
that we are monitoring.

Let us define @, on L' € LI,. In (6), the operation of transferring information from II, to L{/" is indicated by

square brackets.
Let us expand the modeling system with data from field measurements (we consider them close to accurate), while
the “quality” functionality will have a look:

@y (C) = {((pm -[W(0)],) Mxo(o. —[W(C)]m)} =(n"Cm), %)
ar
we define yo as a weight function for determining the configuration of the observation carrier LI in LI, and the
integrals over domain 1], representing a measure for (7) in the form C; = Myo(x, ¢), where M — weight matrix.

Let us consider functionals representing generalized characteristics of hydrobiogeocenosis behavior:

@, (C)= J‘ Fo (C) i (x0)dGat = (Fyts ) s < 0 (1), k= 1K.
i
F(C) — limited and differentiable relative to C € Q(11,) functions that we will evaluate.
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Let us define a functional to minimize uncertainties:

&} (C)=} (C)+{(nTCm)ZT +(rTC2r)ﬁm

1

He-ayee _cg)); "

®
h
+((Y° R ARANE —YB)) : )}/2+I”(C,Y,C*),k >1.
RM 1y
We assume that C; — weight matrices, i = 1,4. Let us consider the system:
oD}
acl’i =DA,C+J"(CY)-y-r=0; )
2 h
0P =(DA,) C; +47(C.Y)C} +d; =0;
oC
* . 0 7 h T
Ci (X)L:TO =0;d, :%(@k (€)+0,5(n Cl")) 5

C'=C)+C5'C(0), 1=0;r(x,t) = C,'Cy (x,1);
0 .
Y=Y, +C;'T,; T, =0_Ylh (cY.C);

Acy)c =2

oo

AY(C',Y), A, we define as operators of the conjugate problem and derivatives or their discrete approximations in
time; I'y — functions of the sensitivity of models to changes in parameters; C'=3C; 0. — set number.

Let us consider algorithms for assimilation of data from successive observations coming from various observational

tools into a real-time modeling system. To do this, we will use the methods of splitting and decomposition:

U (CraC V)l k=1

a=0

N,-1 N,-1 p
W= 1 0, =G x[t,0.8, 1: 8 (C.C7 Y.0) =D > B, (10)
n=1 n=l [=1
here ~,f, — part of functional (9) for [t,1,f,] on the [-th stage of  splitting,

n=1,N, , p we define as the total number of splitting steps. We will carry out the discretization on the basis of additive-

averaged splitting schemes. We will use an algorithm to find a solution in domain II" with regular uniform time grid

o= {t,, ,n=0,N ,} . For research, we will use a structure with phase spaces:

)
{cr. cimowpi=1p)={ Jor (ur) < 0" (f).

=1

Method of Solving the Problem. For solution (9), we consider that n =1, N, . Let us describe the algorithm of the

method used step by step.
1. Switch to the subgrid decomposition structure, while ¢ =¢,_;:

P

{crreor(ui)), | J{ereor (i), ¢t =cm.

I=1
2. In the subgrid structure, obtain solutions to direct and conjugate problems:
AIC] -1/ =0, I=1p, p=1.

n-1

A"Cy" {%C(CLUTCI (0 —[W(C)]m)} :

!
* L.
Ci™'=0,r=(C) C", 1, <t<t,.
Functions y/ include C/™'. r/" takes into account all the uncertainties in the step [£, 1, %.].

3. Return to main structure Q" (Hﬁ’) att=t,
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Uler corw)} = fe co'(w)). @23 er

=1

We believe that the last stage of splitting can be 1mp1emented using formula:
A, C"—y" -1l =0, an

pn p
here A,C" — approximation operator part of the model at the p-th stage; y’, — source functions; r, — function of
uncertainties of model (2) and the splits introduced into the discrete model at a step. We believe that matrices of

weights Ci, and Gy, are known.
Let us consider the following task:

A3, C7 = ay,Cy, (9" -C); (12)

=(Can /0y, )C" (13)
For the solution, we will use the following method, the algorithm of which we will describe step by step:
1. Calculate C* using (12).
2.Find r;

p
3. Find C”, using formula (11).
The problem that arises during the implementation of the algorithm of the system of linear equations method will be

using (13).

solved by the sweep method.
Let us consider the transformed algorithm:

A3, C™" =a,Cy, (9" -C"), (14)
ApC" =y =(Ca /015, )C™" =0 (15)

We will solve the system by the sweep method. For the modifications considered, the stability of the splitting
schemes ensures the stability of the data assimilation schemes used. If in (8) C* = const, then it gives a balance ratio of
the first order. If C* = C, then we obtain the equation of the energy balance of the analyzed system.

Let us write out the quality functionality for the new subsequent modification:

@On (C):O’S[al(“;n/mnn>+a2 (rrfWann):|9 (16)
r, =ApnCn VN, =0, _Cn; o) to, = 1, Oy, 0, > 0. (17)
We find the minimum of the functional relative to function C”":
* n n a’ n n n
A5Gy (4,,C" - )+a—'c2,,(c -¢")=0. (18)
2n

We obtain a uniquely solvable system with a five-diagonal matrix. Let us solve the resulting system of linear
equations using the sweep method.

A new class of real-time assimilation methods includes a scheme of additive sequential assimilation. Due to the
large amount of computational work, the built modifications are focused on supercomputing systems, including cluster
systems and graphics accelerators.

Measurements @,, are used in the form of maps and digital images. This representation gives a significant density

of data in domain 1], measurements are information fields. The planning of observations is based on the values of the
uncertainty function. If these values are high, additional field measurements or observations are scheduled.

Results. To solve the problem of modeling the eutrophication of the Azov Sea waters (1), a set of parallel programs
has been developed, including:

—a module of hydrodynamic processes that calculates the flow field of a water stream based on a mathematical
model for a shallow reservoir [12];

—a module for the spread of pollutants in the aquatic environment and changes in the concentration of basic aquatic
organisms (1), which allows us to assess the effect of pollutants on the biological productivity of the water area;

—a map of depths of the Azov Sea for the construction of computational grids for the numerical implementation of
the developed algorithms;

— a database of expedition data, which allows refining the model of pollution of the aquatic environment and the
spread of biota through the use of methods of data assimilation described above.
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The numerical experiment was conducted using the developed software. The velocity vector of the water flow
was calculated using a hydrodynamic model with an easterly wind at a speed of 5 m/s and fed into the input
for calculating the movement of pollutants containing microplastic particles based on convection-diffusion equations.
Figure 1 a shows the results of the numerical experiment to calculate water flow current fields under specified
meteorological conditions. Vortex structures of currents were observed in the region of spits, in the northeastern part
of the sea in Taganrog Bay. The color gradient in Figure 1 a represents the distribution of water flow velocity, with
the maximum value at 4.822 m/s. Figures 1 b, ¢, and d show the results of calculations for a hypothetical scenario of
the spread of microplastic contamination in the aquatic environment, considering the input of microplastics into the
Azov Sea through the drains of the Don and Kuban rivers and the presence of a source of hazardous substances
including microplastics at the outlet of Taganrog Bay. The figures also include a short-term forecast for the spread of
contaminants 3, 6, and 12 days after the initial input. The initial concentration of pollutants was 5 mg/L, and after
3 days, the maximum concentration at the Taganrog Bay outlet was 1.363 mg/L. After 6 days, it decreased
to 0.83 mg/L and after 12 days, it dropped to 0.336 mg/L.

1.363
mg/l
1.022
4.822
| 3.858 0.681
2.893
1.929 0.341
0.964
0.000 0.000
b)
1.000 |
mg/1 1 mg/l
0.750 0.750
0.500 0.500
0.250 0.250
0.000 0.000

c) d)

Fig. 1. Currents in the Azov Sea and the spread of pollutants, time interval:
a — initial concentration; b — 3 days; ¢ — 6 days; d — 12 days

Discussion and Conclusion. The computational experiment shows that, despite the easterly wind, vortex structures
in the currents captured pollutants and transported them to the Taganrog Bay. Stable vortices have the potential to
capture and retain microplastic particles that enter the sea from river drains. They also contribute to the accumulation of
pollutants in the lower layers due to biofouling by microplastic particles and their sinking.

As mentioned above, when creating mathematical models to predict natural phenomena and processes, one of the
main challenges is to validate their accuracy by analyzing the outcomes obtained from them to ensure they match the
behavior of the natural system under study. When creating mathematical models of hydrodynamic and hydrobiological
processes, information on initial conditions and parameters (input data) is needed, which can be acquired through
observations. Therefore, when creating predictive scenarios, it is essential not only to assess the quality of the
developed mathematical model but also to incorporate observational data and investigate the sensitivity of these models
to variations in input data.

The paper presents an approach to implementing a model of phytoplankton population dynamics (eutrophication) in
the Azov Sea using variational methods for assimilating data obtained during field studies. The software package
developed uses materials from the field studies, constantly updated environmental databases, and GIS, and allows
refining the model of aquatic pollution and the spread of aquatic organisms using variational data assimilation
techniques. The developed software makes it possible to forecast the spread of pollutants in the coastal system,
including biogenic substances that act as a nutrient medium for the growth of dangerous microalgae, leading to
eutrophication. This forecast enables the development of strategies for sustainable management of the natural system
and its protection.
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Abstract

Introduction. Assessment of the level of urban air pollution and its impact on public health is a crucial scientific task.
Ensuring the environmental safety of urban areas is impossible if the air quality does not meet the established standards.
Despite well-developed methodologies for assessing the health risks of urban environments, the results of such research
in the regional context are insufficient. Currently, almost half of the population of the Russian Federation lives in cities
with high or very high levels of air pollution. Among these cities, Novocherkassk in the south of Russia was identified
as one of the most polluted in the period from 2014 to 2021. This necessitates conducting scientific research to assess
the health risks associated with atmospheric air pollution in Novocherkassk. The aim of this study was to evaluate the
health risks posed to the population of Novocherkassk due to air pollution.

Materials and Methods. The study used data from annual reports on the state of air pollution in cities in Russia from
2014 to 2021, which were prepared by the Federal State Budgetary Institution “Voeikov Main Geophysical

9]

Observatory” '. The authors used literary methods and methods of mathematical and statistical analysis in their work.
Results. The level of atmospheric air pollution for the period from 2017 to 2021 reached dangerous values for public
health. Suspended solids and carbon oxide contributed most to the risk of health problems. The values of the complex
indicator P, estimated by average annual concentrations, showed that the level of atmospheric air pollution in
Novocherkassk was 1.68 times higher than in the largest city in the region, Rostov-on-Don. The highest level of
atmospheric air pollution in Novocherkassk was noted within Post II, located at the intersection of highways and close
to the impact zone of industrial enterprises.

Discussion and Conclusion. The calculations showed that exposure to polluted atmospheric air could cause symptoms
of chronic intoxication in 240-280 out of every thousand people. When the maximum concentrations of pollutants in
the atmospheric air of Novocherkassk were reached, from 579 to 692 people out of a thousand residents might
experience adverse reflex reactions. In light of the identified health risks from air pollution, it is recommended to
increase the number of green spaces and establish two additional monitoring stations for atmospheric pollution: one in
the city's residential area and one near the Novocherkassk GRES power plant in the Donskoy district.

Keywords: level of atmospheric air pollution, aerogenic risks to public health, non-carcinogenic effects, carcinogenic
health risks, intoxication, acute and chronic effects

Acknowledgements. The authors would like to express their gratitude to the colleagues and specialists of the Federal
State Budgetary Institution “Voeikov Main Geophysical Observatory” for providing materials for the research.

For citation. Klimov PV, Andreeva ES. Assessment of the Level of Air Pollution and Aerogenic Risk to the Health of the
People of Novocherkassk. Safety of Technogenic and Natural Systems. 2024;8(3):49-56. https://doi.org/10.23947/2541-
9129-2024-8-3-49-56

© Klimov PV, Andreeva ES, 2024

! Yearbooks. 2014-2021. URL: http://voeikovmgo.ru/index.php (accessed: 23.05.2024). (In Russ.)

Technosphere Safety

49


https://doi.org/10.23947/2541-9129-2024-8-3-49-56
mailto:meteo0717@yandex.ru
https://doi.org/10.23947/2541-9129-2024-8-3-49-56
https://doi.org/10.23947/2541-9129-2024-8-3-49-56
http://voeikovmgo.ru/index.php
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2024-8-3-49-56&domain=pdf&date_stamp=2024-08-30
https://orcid.org/0000-0001-9087-1990
https://orcid.org/0000-0001-7087-1870

https://bps-journal.ru

50

Klimov PV, et al. Assessment of the Level of Air Pollution and Aerogenic Risk to the Health of the People of Novocherkassk

OpuZMHaJZbHOe amnupudecKkoe uccnedosatue

Ouemca YPOBHA 3arpsi3HEHUSA aTMOC(l)epHOFO BO3yXa U a3pOr¢eHHOro pucka 310poBbro
HacCeJICeHUdA ropojaa HOBO‘lepKaCCKa
I1.B. KitumoB =, E.C. Augpeena’ = D<

JloHCKOH rocy1apCTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus

>< meteo0717@yandex.ru

AHHOTALMSA

Begeoenue. OnieHka ypoBHS 3arpsiI3HEHHUS BO3/IyXa TOPOJCKOM cpeibl 1 00YCIIOBIEHHOTO UM PUCKA 3JI0POBBIO HACEICHUS SIB-
JSIeTCs aKTyaIbHON HaydHOM 3ajaueil. Kak mpeyicrapisieTcs, HeBO3MOXKHO 00ECIIEUUTh IKOJIOTHUECKYI0 Oe3011acHOCTh ypoa-
HU3HUPOBAHHBIX 30H, €CIIM Ka4eCTBO BO3/yXa B MX IIPEeTiaXx HE COOTBETCTBYET YCTAaHOBJICHHBIM cTaHmapTam. HecmoTpst Ha
XOpOILIO pa3pabOTaHHbI METOJMYECKHUIA alapar, MO3BOJISIONIMN OLIEHUTh PHCK 3I0POBBIO HACEJICHUS! TOPOACKOI Cpe/pl,
Pe3yJIbTaTOB MOI00HBIX MCCIIEA0BAHUI B PETHOHAILHOM acleKTe HeIOCTaTO4HO. B To ke BpeMst oUTH MOJIOBHHA BCEX KU-
teneil Poccuiickoil @enepanyu B HaCTOALIEE BPEMsI IIPOXKUBAET B TOPO/IAaX C BBICOKUM U OYEHb BBICOKMM YPOBHEM 3arpsizHe-
HUs Bo3ayxa. Ha tore Poccum B umcio roposioB ¢ Hanboliee 3arps3HEHHOW BO3IYIIHOW CPEZod B HUCCIENyEeMbId MEPUO
20142021 rr. Obu1 BKITIOYEH T. HoBouepkacck, 4To u 00yCIOBHIO HEOOXOAUMOCTh MPOBEICHUST COOTBETCTBYIOIINX HAyd-
HBIX M3bICKaHMIL. [esTh JaHHOTO MCCle[oBaHNs — OIEHMTH ITOKA3aTeNN PHCKa 310pOBbIO HaceneHHs T. HoBouepkaccka, BbI-
3BaHHOTO 3arpsi3HEHHEM aTMOC()EpHOTO BO3MyXa.

Mamepuanst u memoost. B paboTe MCIOIB30BaHbI JAHHBIE KETOTHUKOB O COCTOSIHUU 3arpsi3HEHUsI aTMOCc(epsl B ro-
pomax Ha Teppuropuu Poccum 3a 2014-2021 rr., moarotoBieHHbIX B DemeparbHOM TOCYAAPCTBEHHOM OFOKETHOM
yupexaennn «l'naBHas reodusuueckas obceparopus uM. A.M. BoeiikoBay. B uncie npuMeHEHHBIX aBTOpaMH METO-
JIOB JIUTEPATypHBIE, METO bl MATEMAaTUKO-CTaTUCTUYECKOr0 aHAJIN3a.

Pe3ynomamut uccnedosanus. YpOBeHb 3arpsi3sHeHUsT aTMoc(hepHOro Bo3myxa 3a mepuoa 2017-2021 rogoB mocturan
OTIACHBIX ISl 30POBbsI HacesNeHNs 3Ha4eHNH. Hanbonpmmii BKiIax B PUCK HapyLICHHUS 37I0POBbS BHOCST B3BEIICHHBIC
BEIIECTBA U OKCUJ yTIiIepoa. 3HaueHHsI KOMIIJIEKCHOTO MoKa3aTess P, OLIeHEHHOT0 110 CPEIHEr0JJOBBIM KOHILIEHTpAIH-
sIM, TIOKa3aJIM, YTO YPOBEHb 3arpsisHeHns1 atMocdepHoro Bo3ayxa B r. HoBouepkaccke B 1,68 pasa Bblme, 4emM B KpyI-
HelfmeM ropone perumoHa PocroBe-Ha-/lony. Hambompmmii ypoBeHb 3arps3HeHHs aTMOC(EpHOro BO3AyXa
r. HoBouepkaccka otMedeH B npenenax nocra I, Haxonsierocs Ha nepeceyeHuy aBTOMarucTpaieil 1 mpuOIMKeHHOTO
K 30HE BO3J€HCTBUS MPOMBIIUIEHHBIX IPEAIPUATHIHA.

O6cyscoenue u 3axnrouenue. 1IpoBeeHHBIE pacdeThl MOKA3aIM, YTO BO3ICHCTBHE 3arpsi3HEHHOTO aTMOC(EPHOrO BO3MyXa
MOKET BBI3BaTh CUMIITOMBI XPOHMYECKOW MHTOKCHKAIMH y 240-280 desioBeK M3 THICSYM, MPU JOCTIDKEHUH MaKCHMATBHBIX
KOHIICHTpAIMIA 3arpsI3HSFOIIMX BEIIECTB B aTMOc(epHOM Bo3myxe T. HoBouepkaccka ot 579 1o 692 4enoBek U3 THICSUH KUTE-
JIeil MOTYT MCHIBITaTh HEOIArONPHSTHBIE PE(IEKTOPHBIC PEAKIMH. B CBS3M ¢ BBIIBICHHBIM OMACHBIM JUTS 370POBbSI HACENICHNS
3arpsi3HEHNEM aTMOC(EPHOTO BO3/LyXa PEKOMEH/IYETCs PAaCIIMPEHHUE TUIOIIA/ M 3€NICHBIX HACHKACHHUN U CO3AaHHE JIBYX JOION-
HUTEJIBHBIX MIOCTOB HAOJIFO/ICHNS 3a 3arpsi3HEHUEM aTMOC(epHOTO BO3/lyXa: B CEIMTEOHOM 30He Topoza 1 Boim3n HoBouepkac-
ckoif 'POC, B Mukpopaiione «J{oHCKOI.

KawueBble cioBa: ypoBeHb 3arpsi3HEHHs aTMOC(GEpHOrO BO3/yXa, adpOTeHHBbIE PHCKU 3II0POBBIO HACEJICHHS,
HEKaHIEpOreHHbIe 3((PEKThI, KAHIIEPOTEHHBIE PUCKHU 3I0POBbIO, HHTOKCHKAIIHS, OCTPOE U XPOHUIECKOE JeHCTBHE

BaarogapHocTH. ABTOPHI BEIpAXXalOT ONaroAapHOCTh Koyuleram, crenuanuctam demepalbHOrO TOCyIapCTBEHHOTO
oromkeTHoro yupexnenus «[aBHas reodusuueckas obOceparopust um. A.M. BoelikoBa» 3a MpeaoCTaBICHHBIC
MaTepHallbl sl UCCIIeI0BaHUM.

Joas ouruposanusi. Kmumos I1.B., AnzapeeBa E.C. OueHka ypoBHS 3arpsi3HEHHs aTMOC()EpPHOTO BO3AyXa M
a3pOTeHHOTO PHCKA 3/I0POBBI0 HaceneHus ropoaa HoBouepkaccka. be3onachocms mexHo2eHHbIX U NPUPOOHBIX CUCTEM.
2024;8(3):49-56. https://doi.org/10.23947/2541-9129-2024-8-3-49-56

Introduction. The quality of life and health of the population is related to environmental factors, particularly those
caused by human activity. In the Russian Federation, 63.6% of the population experiences a significant impact on their
health from various natural, environmental, and socio-hygienic factors?.

For urbanized areas, the main factor causing such an impact is physical and chemical transformation of the lower
atmosphere due to pollution. According to the World Health Organization (WHO), 99% of the global population lived
in areas with high concentrations of air pollutants in 2022. Air pollution also caused premature deaths of about 7 million
people worldwide in the same year. It is important to note that the analysis of the effects of environmental factors in
Russia shows that about 70% of non-communicable diseases can be attributed to atmospheric air pollution [1].

2On the State of Sanitary and Epidemiological Welfare of the Population in the Russian Federation in 2021. State Report. URL:
https://www.rospotrebnadzor.ru/documents/details.php? ELEMENT ID=21796 (accessed: 20.04.2024). (In Russ.)
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As practice shows, concentrations of pollutants that are dangerous to public health are often found in central parts of
large cities and territories located near industrial facilities or transport routes. Therefore, the assessment of air pollution
in these areas is still a pressing issue in the field of environmental research. A reliable way to measure air pollution is
through the use of risk indicators that can help to determine the impact of pollution on public health. This approach
allows for a comprehensive understanding of the scale of air pollution's impact on the population, which can
complement the current Russian system for assessing effects of pollution on health.

Currently, slightly less than half of the total population of the Russian Federation lives in urbanized areas with high
and very high air pollution3. The convenient transport location and the labor potential of Novocherkassk contributed to
the formation of a diversified industrial complex that has a significant impact on the environment and public health. In
2021, Novocherkassk was added to the list of cities of the Russian Federation with the highest level of atmospheric air
pollution [2]. Due to its status as a major production and logistics hub in the Rostov region, Novocherkassk is the focus
of this study, as it has the highest level of air pollution among all cities in the region.

Most of large industrial enterprises in Novocherkassk are located in an industrial area, away from the historical city
center along the floodplain of the Tuzlov River. The only exception is the Novocherkassk GRES, which is located near
the Donskoy district, which was incorporated into Novocherkassk in 2004. In the eastern wind direction, the air from
the Novocherkassk GRES flows into the city and pollutes the air. In the western and southwestern directions, it affects
the air in the Donskoy district. It is important to note that the self-purification coefficient of the atmosphere in this area
is 4.39 per year. This does not contribute to the dispersal of anthropogenic pollutants [3, 4]. This is due to the high
frequency of meteorological events that lead to the accumulation of harmful substances to dangerous levels in the
surface air. In addition, the amount of green space in the urban area of Novocherkassk only accounts for 44% of the
recommended amount, which is not enough to effectively purify the air.

It seems to the authors that there has not been a comprehensive assessment of surface air pollution in urban areas
recently. Only in 2017, three stationary monitoring stations for surface air quality began operating here, and before that,
route observations were the only method used to monitor the air quality within the city. This study aims to assess the
health risks posed to the population of Novocherkassk due to pollution of the upper layers of the atmosphere.

To achieve this goal, we have carried out the following tasks:

1. We have assessed the level of air pollution in the city.

2. We have calculated numerical values of coefficients and indices related to non-carcinogenic effects on public
health in acute and chronic situations.

3. We have conducted calculations of public health risks caused by chronic intoxication and the immediate effects of
various pollutants.

4. We have identified the contribution of pollutants to the formation of public health indicators.

Materials and Methods. The study was based on data from stationary air pollution monitoring posts operated by
the Federal State Budgetary Institution “North Caucasus Department of Hydrometeorological Service”. These posts
collected data on the concentrations of various airborne pollutants in Novocherkassk between 2017 and 2021 [5]. Three
of these posts were operational in Novocherkassk since 2017. They were designated as Posts I, II, and III in the study.
Post I was located in the city center, at the intersection of major highways. Post III was in the area influenced by
industrial enterprises. Post I was also in the impact zone of industrial activity, but was located at an intersection of
highways as well.

Due to the insufficient number of monitoring posts for atmospheric air pollution, it was recommended to create two
additional posts, one of which, conventionally designated as Post 1, should to be placed in a residential area on
Petrovskaya Street, 1. To monitor atmospheric air pollution near Novocherkasskaya GRES, it was proposed to create a
post in the Donskoy district, conventionally designated as Post2. The existing stationary monitoring posts for
atmospheric air pollution (designated as numbers I, II, and III) and recommended for monitoring the city's air quality
(designated as numbers 1 and 2) are shown in Figure 1.

In order to achieve the goal of the study, we calculated the multiplicity of the average annual and maximum single
concentrations of airborne pollutants analyzed, which corresponded to the maximum allowable hygienic standards. We
also calculated the level of outdoor air pollution using indicator P*.

Calculation of indicator P was carried out according to formula:

pP= /ZK}, (1

where, K — multiplicity of exceeding the MPC of substances of various hazard classes reduced to the third class.

30n  the State and  Environmental — Protection  of the  Russian  Federation —in  2021.  State  Report.  URL:
https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/gosudarstvennyy doklad o_sostoyanii_i_ob_okhrane_okruzhayushchey_sredy rossiyskoy f
ederatsii_v_2021_/?ysclid=Iwoteqy14b321565566 (accessed: 19.04.2024). (In Russ.)

* Guidelines for Assessing the Risk to Public Health from Exposure to Chemicals that Pollute the Environment. R 2.1.10.192-04. URL:
https://docs.cntd.ru/document/1200037399 (accessed: 28.03.2024). (In Russ.)
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Fig. 1. Monitoring posts for atmospheric air pollution in the city of Novocherkassk5

The choice of non-carcinogenic effects as risk indicators was determined by the list of harmful substances of non-
carcinogenic action®, the concentrations of which were monitored at stationary monitoring posts for atmospheric air
pollution in Novocherkassk.

The method of calculating coefficients and indices of non-carcinogenic effects in chronic and acute exposure was
used as the main method of risk assessment [6, 7]. As an additional procedure, the risks of chronic intoxication and
immediate action were determined?.

Results. Increased emissions from motor vehicles and industrial enterprises led to dangerous air pollution in
Novocherkassk. Thus, from 2017 to 2021, the average annual concentrations of suspended solids, nitrogen dioxides,
carbon oxides, formaldehyde were exceeded, which have both carcinogenic and non-carcinogenic effects on public
health. At the same time, the greatest multiplicities of exceeding the average daily MPC over the studied period of time
were revealed for average annual concentrations of suspended solids (from 1.8 to 6 MPC), formaldehyde (from 0.7 to
2.7 MPC), nitrogen dioxides (from 0.4 to 2.2 MPC), carbon oxides (from 0.63 to 2.17 MPC).

It is important to note that the greatest multiplicities of exceeding of the maximum single MPC were also detected in
the case of suspended solids and carbon monoxide, amounting to 2.0-13.2 MPC and 1.25-10.0 MPC, respectively. The
excess of MPC of formaldehyde in the surface air of the city reached 1.44-3.74, nitrogen dioxide — 0.45—1.85. The
average annual and maximum single concentrations of sulfur dioxide and nitrogen oxides during the studied time
interval, as shown by the conducted studies, did not exceed the values of the corresponding MPC.

Based on the average annual concentrations of the substances assessed, we calculated the values of complex
parameter P, which ranged from 4.0 to 5.0 over the specified period. This allowed us to conclude that there was a
dangerous level of surface air pollution.

Calculations of parameter P, based on the maximum single concentration of the substances studied in this work,
revealed a worrying level of contamination of the surface layer, since the values of parameter P were 22.0-28.5.

5 Ecological Bulletin of the Don.URL: https://xn--d1ahaoghbejbcSk.xn--plai/about/projects/all/19/?ysclid=Iwotyc7mh7723274679 (accessed:
28.03.2024). (In Russ.)
®R 2.1.10.192-04. Guidelines for Assessing the Risk to Public Health from Exposure to Chemicals that Pollute the Environment. Electronic fund of

legal and regulatory documents. URL: https://docs.cntd.ru/document/1200037399 (accessed: 28.03.2024). (In Russ.)
7 Cancer. World Health Organization (April 21, 2024). URL: https://www.who.int/health-topics/cancer#tab=tab_1 (accessed: 28.03.2024).
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Within the limits of Post II, the highest values of parameter P were identified, estimated by the average annual and
maximum single concentrations of pollutants considered in this study. As shown by the analysis of values of risk
indices of chronic exposure calculated in the work, depending on the location of the observation post, their values
varied from 33.5 to 37.1. The range of values of the acute exposure index was 15.9-22.6.

According to medical statistics, the respiratory system was the most vulnerable to acute and chronic health effects.
The proportion of respiratory disorders ranged from 38.22% to 42.37%. The contribution of the above-mentioned
threats and failures in the human respiratory system to the overall level of the acute exposure index reached maximum
values — from 45.47 to 49.81%. Therefore, it was obvious that the increased level of pollution of the surface air layer
posed a greater risk of acute exposure, which was consistent with both theoretical models and practical observations.

The value of the total risk of chronic intoxication varied depending on the location of the observation post — from
0.24 to 0.28. The risk level of chronic intoxication, as calculations showed, was mainly formed due to concentrations of
suspended solids, the contribution of which caused a wide range of values (from 35.27 to 47.81%) depending on the
location of the observation post of the atmospheric environmental monitoring network. Significant values of maximum
risk for individual impurities led to high levels of the total risk from pollutants identified in the studied composition

It is interesting to note that within observation Posts I and II located near highways, the value of the total risk of
immediate action was significantly influenced by the maximum risk level in terms of suspended matter concentrations,
reaching values of 0.58 and 0.69, respectively.

Near Post III, high concentrations of carbon monoxide, causing a significant level of maximum risk, led to an
increase in the total risk values to 0.58.

The air pollution analysis results in Novocherkassk were compared to data from the monitoring of surface air
pollution in Rostov-on-Don of the same range of pollutants for the period from 2017 to 2021.

The assessment of air pollution levels in Rostov-on-Don was based on the analysis of data collected from three air
pollution monitoring stations located in different parts of the city by the Federal State Budgetary Institution “North
Caucasian Department of Hydrometeorological Service” (Posts 51, 52, 55), which had the most representative spectrum
of substances taken into account [8].

Thus, Post 51 was located in the central part of Rostov-on-Don, at the intersection of highways with heavy traffic;
Post 52 was close to the location of industrial enterprises; Post 55 was located in the residential area of the city.

Table 1 presents the results of the comparative assessment of the levels of air pollution in urbanized and industrial
territories of Novocherkassk and Rostov-on-Don for 2017-2021. Indicators illustrating the level of air pollution turned
out to be more than 1.5 times higher in Novocherkassk than in Rostov-on-Don.

In Rostov-on-Don, the contribution of suspended solids to the immediate health risk was 24% higher than in
Novocherkassk. However, in Novocherkassk, the contribution of carbon oxide concentration to this type of risk was
2.5 times more significant than in Rostov-on-Don [9].

Table 1
Assessment of atmospheric air pollution levels in Novocherkassk and Rostov-on-Don o
Indicator Novocherkassk Rostov-on-Don
P parameter for average annual concentrations 4.42 2.63
P parameter for maximum concentrations 24.59 23.52
Hazard index for chronic exposure 35.70 24.34
Hazard index for acute exposure 19.47 20.94
Risk of chronic intoxication 0.25 0.18
Risk of immediate action 0.61 0.53

The results of the assessment of contributions of various airborne pollutants to the risk of immediate action are
presented in Figures 2 and 3.
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Fig. 2. Contribution of pollutants to the risk of immediate health effects for the population of Novocherkassk
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Fig. 3. Contribution of pollutants to the risk of immediate health effects for the population of Rostov-on-Don

Meanwhile, there were no significant differences between these two cities in terms of the contribution of pollutants
to the risk of chronic intoxication.

Discussion and Conclusion. The calculations and analysis of the findings in this study reveal that the level of
surface air pollution in Novocherkassk, which is harmful to public health, is caused not only by the significant
emissions from industrial plants and vehicles but also by a combination of such natural and human-made factors as
insufficient rainfall against the backdrop of frequent meteorological conditions that facilitate the accumulation of
human-made pollutants in the surface layer, with a decrease in the proportion of green spaces, including urban forests
and park areas [10].

Among the most significant results of the study are the following:

1. The state of the surface air layer within Novocherkassk is unfavorable, since the established pollution levels
exceed permissible sanitary and hygienic standards. The highest danger to the health of the city's population is posed by
suspended solids and carbon oxides in the surface layer.
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2. The analysis of the results of calculations of indicator P within Novocherkassk allowed us to establish a
dangerous level of air pollution. At the same time, the accumulation of pollutants in the atmosphere of Rostov-on-Don
was assessed as causing concern.

3. Exposure to polluted air can lead to symptoms of chronic poisoning in 240 to 280 out of every thousand people.
When maximum concentrations of pollutants are reached, 579 to 692 residents may experience adverse reactions.

4. The most significant concern is the pollution of air space in Novocherkassk, particularly within the boundaries of
Post II, which is located at the junction of highways and near the impact zone of industrial enterprises.

5. Due to the dangerous level of atmospheric air pollution, it is recommended to expand the area of green spaces and
create two additional monitoring posts for atmospheric pollution: in the residential area of the city and near
Novocherkassk GRES, in the Donskoy district.
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Abstract

Introduction. The emergence of new vector-borne diseases necessitates the development of adequate medical
regulations, prevention measures, rehabilitation programs, etc. Among all these measures, timeliness is the most crucial
element, which cannot be achieved without reliable forecasting of the epidemic situation. In fact, the situation can
deteriorate when two epidemics occur simultaneously, emphasizing the need for predicting the corresponding time
intervals accurately. The aim of this study is to scientifically predict the periods when traditional influenza and
COVID-19 epidemics may overlap.

Materials and Methods. The scientific research was based on the analysis of statistical data, which was processed using
Fourier decomposition and autoregression techniques to study and predict various processes. The original mathematical
model of COVID-19 dynamics was adjusted with new statistical data. The resulting scale-time and random
characteristics of COVID-19 within the model were compared with known parameters of traditional influenza.

Results. 1t was established that the dynamics of the COVID-19 epidemic had a pronounced seasonal character with a
frequency of three times a year. It was found that the method of forecasting COVID-19 incidence using Fourier
decomposition was not reliable, but it allowed for a good description of the observed dynamics of the epidemic.
Autoregressive analysis, on the other hand, was only suitable for short-term forecasting of coronavirus epidemics. The
features of the two seasonal diseases, COVID-19 and influenza, have been compared, and the moments when their
combined effects on a person would be particularly harmful have been predicted.

Discussion and Conclusion. All methods of mathematical analysis have convincingly demonstrated that the frequency
of COVID-19 outbreaks occurs three times per year, while influenza occurs annually. During times when the activities
of both viruses (coronavirus and influenza) coincide, special attention should be paid and measures taken to reduce the
risk of contracting a seasonal viral infection, including through regular vaccination.

Keywords: epidemic, pandemic, COVID-19, epidemiological characteristics of the virus, counteracting the spread of
COVID-19, mathematical model of epidemic process, omicron
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

YT1ouHenue nporuosa 3adonesaemoctu COVID-19 ¢ HajoxkxeHnemM
HA Ce30HHbIE BCIBIIIKH IPUIINA
H.H. AzumoBa ', JI.X. 3aupoBa = <, A.C. Epmaxos"~, E.H. Jlaxoma

JloHCKOM rocyapCTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust
D4 gulyazair@gmail.com

AHHOTaNUs

Beeoenue. TlosiBenre HOBBIX TPAHCMUCCHBHBIX 3a0osieBaHMil TpeOyeT pa3paboTKU COOTBETCTBYIOLIMX JIeUeOHBIX periiaMeH-
TOB, MEp MPEYPEXRICHUI OONIE3HHM, CXeM peabMnTayy U T. A. BaXHEHIIM 371eMEHTOM BCeX 0003HAYEHHBIX BBIIIIE MEpO-
TIPUSITUH SBISIETCS CBOEBPEMEHHOCTD, KOTOpasi HEBO3MOXKHA 0€3 Ha/IE&KHOTO MPOTHO3MPOBAHMS SIHIEMUYECKON OOCTaHOBKU.
DaKTHIECKH SMUIEMUYECKasi CUTYaIHsI MOXKET OOOCTPHTHCS MPH HAIOKCHHUH JIBYX SMUIEMHIL, 9TO aKTyaJM3yeT MPOrHO3UPO-
BaHKE COOTBETCTBYIOIIMX BPEMEHHBIX HHTEPBAIOB. Llenb maHHON paboThl — Hay4HO OOOCHOBAaHHOE IIPEJICKa3aHue TIEPHOJIOB,
OTBEYAOIIVX HAJIOKEHHIO SIUIEMUN TPaJUIIMOHHOIO TPUIIA U BHOBB nosiBuBIIErocs COVID-19.

Mamepuanvt u memoowst. Hayunsle U3bICKaHUS OCHOBBIBAIOTCSA HA aHAJIN3€ CTATUCTUUECKUX JAHHBIX. [l n3ydeHus u
MIPOrHO3UPOBAHUS MPOLIECCOB UCHOIB30BaHbl TeXHUKU Dypbe-pasnoxeHus u aproperpeccul. CKOppeKTUPOBaHA OPH-
THHaJbHAsg MaTeMaTtudeckas Mozenb AuHaMukn COVID-19 ¢ yueToM HOBBIX CTaTUCTHUECKUX JaHHBIX. COMOCTaBIIEHBI
pe3ynbTHPYIOIINE MacITaOHO-BpeMEHHBIE U ciydaiiHbie xapakTepucTuku COVID-19 B pamkax MoJienu ¢ U3BECTHBIMU
napamMeTpamMy TPaJUIHOHHOTO IPUIIIIA.

Pe3ynomamul uccnedosanus. YcraHoBieHo, yto quHaMuka stunemun COVID-19 uMeer sipko BbIpakeHHBIH CE30H-
HBIA XapakTep ¢ MEPHOIMYHOCTRIO TPH pasa B rofl. BreIsBieHo, 4To anroputMm mporHosa 3aboneBaemoctn COVID-19
MeTooM Dypbe-pa3noKeHUs HE SBISETCS Ha/lEKHBIM, OJHAKO ITO3BOJIIET XOPOIIO ONKCATh HAOMI0JaeMYI0 THUHAMUKY
Pa3BUTHS 3MUIEMHU. ABTOPETPECCHOHHBIM aHAIHM3 ITOAXOAWT JIMIIb JUIl KPaTKOCPOYHOTO HMPOTHO3MPOBAHMS KOPOHA-
BHUpycHOH smaemMud. COTOCTaBIIeHB 0COOCHHOCTH TEYCHHUS ABYX 3a00ieBaHmid ce30HHOTO Xapakrepa — COVID-19 u
rpumnmna. CriporHo3upoBaHbl MOMEHTHI, KOT/1a IX COBMECTHOE JICHCTBHE Ha YeIOBEKa OKaXETCsl 0COOCHHO MaryOHbIM.
Oébcysycoenue u 3akniovenus. Bece MeTopl MaTeMaTHUECKOTO aHaNM3a yOeIUTENbHO JOKa3ald, YTO MepHOANIHOCTh
Benbimek COVID-19 — Tpmkapl B rof, a rpuriia — eKeroJHo. B nepronsl, Koraa neidcTBHS IBYX BHPYCOB (KOpOHa-
BUpYyCa ¥ TPHIINA) HAKIABIBAIOTCS, CJIEAYET OBITh 0cO00 OCTOPOKHBIMH M COOIIO/IaTh MEPHI, HAlpaBJICHHbIE HA CHH-
JKEHHUE PHCKa 3a00JIeTh CE30HHOM BUPYCHOW MH(EKIMEH, B TOM YHCIIE TPOBOJMUTH PETYIISAPHYIO BaKIIMHALIMIO.

KiaroueBnbie cnoBa: smugemus, nanaemusi, COVID-19, smuaemuonornyeckne XapakTepuUCTUKNA BHpPYyca, IPOTHUBOJCH-
ctBue pacnpoctpaHernio COVID-19, MmaTemaTrueckass MOAEb AMHIEMUYECKOTO MPOIIecca, OMUKPOH

BaaromapHocT. ABTOPEI BEIPaXaloT 0co0yI0 61arogapHOCTh KOHCYJIBTAHTy HayyHoro npoekra O.B. Snenko, noues-
Ty, KaHAWAATY (PU3UKO-MaTeMaTHYECKHX HAayK, KOTOPBI BHEC HEMAIOBaXHBIA BKJIa] B CONOCTABICHIE XapaKTEPUCTHK
Bupycos rpunma 1 COVID-19 u nax nueHssle 3aMedanus Ipu 0HGOPMIICHUH JAaHHOH PabOTHI.

s nuruposanusi. Azumosa H.H., 3auposa /1. X., EpmakoB A.C., Jlagoma E.H. YTounenne nporxosa 3aboieBaemo-
ctu COVID-19 ¢ HanokeHHEeM Ha CE30HHBIC BCITBIIIKH TPHIIIA. He30nacHocms mexHO2eHHbIX U NPUPOOHBIX CUCTEM.
2024;8(3):57-66. https://doi.org/10.23947/2541-9129-2024-8-3-57-66

Introduction. Harmful effects of epidemics on humans and their livelihoods as a whole are prevented through the
constant improvement of preventive measures. These measures aim to break the chain of disease transmission, reduce
its severity, and reduce the risk of infection. These elements have been carefully developed for seasonal viral diseases,
such as SARS and influenza, in particular. The emergence of new vector-borne diseases requires the development of
new measures, such as medical regulations, prevention strategies, rehabilitation plans, medications, and specialized
medical facilities. An example of this is the recent COVID-19 pandemic and the response from global governments and
healthcare systems [1]. The most important aspect of these measures is their timeliness, which requires reliable
forecasting of epidemic situations.

The aim of this study is to identify the periods of overlap between traditional influenza epidemics and the recently
emerged COVID-19 pandemic. This information will help us prepare for future outbreaks, minimizing the severity and
impact of the diseases.

Materials and Methods. The emergence of new epidemiological data for the period from September 23, 2021, to
March 3, 2023, requires a radical revision of the previous scenario for the development of the disease. Specifically, the
previous scenario assumed that the pandemic would continue indefinitely, with an average daily incidence of 600,000
people, fluctuating three times per year with an amplitude of £300,000. This corresponded to what was referred to as
the “pessimistic” scenario. However, the emergence of new viral strains has led to an increased fitness between the
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virus and human hosts, redirecting the dynamics of COVID-19 towards an “optimistic” trajectory. This development
necessitates adjusting the mathematical model in order to accurately predict the timing and magnitude of disease
outbreaks [2, 3]. To accomplish this, the following objectives should be addressed:

1. to clarify the results of parametric identification of the external model based on new data [4];

2. to assess the impact of the regular component and random factors on the dynamics of the pandemic;

3. to make a forecast of the epidemic situation using both a stochastic model (adjusted based on new data) and new
algorithms — Fourier analysis and autoregression;

4. to compare the resulting time-scale and random characteristics of COVID-19 within the framework of the model
with the known parameters of traditional influenza.

As a template function describing the dynamics of COVID-19, we take

A[oc+cos([3t+y)]
ch® (Bt+C)

®(1,4,B,C,D,E,F,0.,B,7,5,¢) = +D[1+th(Et+F)](8+cos (3t +¢)). (M
The first term of this function corresponds to a high peak caused by the Omicron strain. The second term represents
the scenario where morbidity exits to an average level of 500,000 people, oscillating around this value with a frequency
of B/(2m). The parameters included in equation (1) have an obvious meaning of duration, frequency, amplitude and
initial phase of individual disease modes.
To find all the parameters of model (1), according to the updated WHO data for the period from 01.04.2022 to
03.03.2023, we solved a significantly nonlinear mathematical programming problem:

I® =%, (lg®(t;, 4,B,C,D,E, F,0.B,7,8,)~Ig®,)" = min. Q)
The results of parametric identification (1) are shown in Table 1 and in Figure 1.
Table 1
Numerical characteristics of the COVID-19 template morbidity model
A B C D E F a B y 8 € L

4381.458 | 0.036 | —25.085 | 58.159 | 0.009 | —1.280 | 1.233 | 0.043 | —1.827 | 4.346 | 1.767 | 23.64
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Fig. 1. Results of calculating the number of cases by date

According to the calculations performed, formula (1) takes the form:
4,381.458| 1,233+ cos (0.043¢t —1.827

58.159[ 1+ 11(0.009¢ —1.280)|(4.346 0.043¢+1.767)). (3
h20.036¢ — 25.085 ] [1+eh( )](4.346 + cos ( +1.767)). (3)

Oscillation period is 147 days versus 120—125 in the previous version of model [2]. However, this increase appears
to be an artifact (Fig. 1) and is the result of a failure of the morbidity phase in an outbreak of omicron. Value (y — )
characterizes the phase shift between the incidence of traditional COVID-19 and omicron modification.
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The removal of the trend and oscillatory components from the data prevented us from obtaining a purely noise
background (Fig. 2) [5]. This is due to the presence of some non-linear interaction in reality that does not fit within the
framework of our model (3).

Random deviation of the number of cases from the
regular model

1,500

1,000

500

—-500

- 1,000

—-1,500
12.01.2020  30.07.2020  15.02.2021  03.09.2021  22.03.2022  08.10.2022  26.04.2023

Date, days

Fig. 2. Error in the approximation of WHO data by model (3)

The inability to accurately describe the dynamics of COVID-19 with 11-parametric function (1) encourages the use
of alternative approaches for this purpose.

The results of representing the observed dynamics of the epidemic using Fourier decomposition with 40 and 100
harmonics are shown in Fig. 3.

4,000

3,500

3,000

2,500

2,000

1,500

Number of cases, thousand people

1,000

500

0.1 200.1 400.1 600.1

Days

Fig. 3. The initial dynamics of the epidemic and its Fourier approximation. The initial data is shown in blue. The Fourier

decomposition with 100 harmonics is shown in yellow, and the decomposition with 40 harmonics is in red

Comparison of the data in Figures 1 and 3 shows that considering a larger number of modes allows for a better
description of the real dynamics of the epidemic. This is supported by both the slower decrease of a; coefficients in the
decomposition (Fig. 4) and the more dispersed nature of the residual random component (Fig. 5).
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Fig. 5. The result of the elimination of the Fourier image from the source data:
a — Fourier decomposition into 40 harmonics; b — Fourier decomposition into 100 harmonics

According to the data in Figure 5, the residual relative noise is random. In practice, knowledge of the Fourier
expansion coefficients a; [6] makes it possible to synthesize a regularly random function for forecasting [7]. To make
the result more transparent, only the trend is included in the forecast line (brown in Fig. 6) and compared with new
statistical data [8]. The comparison suggests that the proposed algorithm does not provide long-term forecasts [9].
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Fig. 6. Forecast of epidemic situation based on Fourier decomposition in comparison with new WHO data. Orange indicates a model
based on the Fourier decomposition of a time series; brown indicates the predicted development of the coronavirus; blue indicates the
initial data; dark blue indicates the real data compared to the predicted values

In this regard, the possibility of improving the quality of forecasting based on the autoregressive approach is
investigated. The autoregression procedure is regulated by the following algorithm: 1) initialization of the initial data;
2) a suitable model is selected, depending on the characteristics of the time series and the requirements of the forecast;
3) training the model on a training sample; 4) validation of the model (checking the quality of the forecast on a test
sample); 5) forecasting.

The dynamics of the epidemic have been predicted from March 4, 2023 until the present, comparing the results with
current WHO data [6-8]. The results of this comparison are shown in Figure 7. As it can be seen, the autoregression
technique is only suitable as a tool for short-term forecasting.

Fig. 7. Forecast of epidemic situation based on the autoregression method in comparison with new WHO data. The blue dots indicate
the source data; orange — predicted values; green — real data compared to predicted values

Due to the fact that COVID-19 has rapidly evolved into a seasonal viral disease, it is interesting to compare its
epidemic characteristics with those of influenza, as well as to analyze the combined effects of two virulent diseases on
the human population.

To successfully compare the characteristics of the COVID-19 and influenza epidemics, statistical data on the
incidence of influenza on a global scale from 03.01.2000 to 03.20.2023 were used, which can be found on the resource
and shown in Figure 8.
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Fig. 8. Actual data on the influenza incidence according to WHO data
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The logistic dependence was used as a trend model for the influenza epidemic [10] (Fig. 9):
e
1+e1)

Initialization of the model using mathematical programming methods gives the following parameter values:
1 = 6,847 thousand people/day (the maximum average incidence of influenza); n = 0.29 years™ (the rate of increase in
the coverage of patients with the global morbidity control system); y =2,013.9 year (the moment of half coverage of
patients with the accounting system). Within the framework of this trend model, the incidence of influenza is reaching a
historical plateau, and its recorded growth is associated exclusively with informatization in healthcare.

N(r)= @)

100,000
g
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T4
s 2
£ g
3 :) 1,000
g2
=
E 100

10

1

2000 2005 2010 2015 2020

Year

Fig. 9. Initialization of the influenza incidence trend. The blue color represents the incidence of influenza on a logarithmic scale; the
orange line shows the assumed exponential trend; the yellow one shows trend model (4)

If you know the trend you can exclude it from the observed statistics and thereby highlight the oscillatory
component:

P(t)=A-sin®(Bt+9). )
The degree of sine chosen here equal to 6 is responsible for the “blurring” of the outbreak of the disease over time.
To find the coefficients of the model, optimization problem should be solved
%, (Fi=R)" - min, (©)
where F; — incidence; P; — model value; i € [1,1212].
The results of the calculations are shown in Figure 10 and can be calculated using the following formula:

P(t)=5.03-5in (3.2-1-0.29). (7)
) 45
[ 40 [
‘é 35 p
=30
g £ b o
:%_; 25 !
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Fig. 10. The result of solving the optimization problem for the improved trend. The blue color shows the initial data cleared from the
trend; the yellow color shows the curve corresponding to the random component
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The presented data indicate that the influenza epidemic is a seasonal process that occurs annually [11, 12]. This
means that, depending on the timing of the initial stages of epidemics, overlapping periods of high morbidity can occur.
To determine these moments, the dynamics of influenza and COVID-19 incidence is presented in parametric form
based on the results of [2]:

G(1)=5.03-sin® [3. 15 (2, 022.48 +%j 0. lSJ — Ju1s rpunma; (8)

K(t)=1+0.2~sin[0.043-t—g) — nist COVID-19. )

In formulas (8, 9), time # is counted from moment # = {03.01.2000} in units of one day. The standard representation
of these data in Figure 11 is not informative, which prompts them to be converted into a parametric form (Fig. 12).
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Fig. 11. Comparison of the dynamics of incidence of COVID-19 and influenza in relative units. The curve corresponding to the
incidence of COVID-19 is shown in green, and the incidence of influenza is shown in orange

Since all methods of mathematical analysis have convincingly proved that COVID-19 outbreaks occur three times a
year and influenza occurs annually, we will plot the data in Figure 11 in a parametric form (Fig. 12)
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Relative fluctuations around the average incidence of influenza
Fig. 12. Comparison of the dynamics of incidence of COVID-19 and influenza in parametric form

The joint display of the incidence of influenza and COVID-19, as shown in Figure 12, allows us to identify the most
challenging moments when the effects of these two viruses overlap. During these periods, it is especially important to
be cautious and follow all regulations for sanitary and epidemic control [13—15]. Currently, we are in a situation
indicated by a yellow dot on the graph. From the most severe moment in terms of the epidemic (the red area), we are
separated by approximately 580 days.

Results. As a result of our research, we have reached the following conclusions:

1. We have made significant adjustments to align the existing model with new data.

2. Previous estimates of the severity of COVID-19 were overly pessimistic.

3. We used new methods, such as Fourier analysis and autoregressive techniques, to increase the information
content and reliability of our analysis and epidemic forecasting.

4. Even with the combined use of these methods, we can only make a short-term forecast.

5. We compared the features of two seasonal diseases, COVID-19 and influenza.

6. We predicted the moments when the combined effect of these diseases will be most harmful to humans.
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Discussion and Conclusion. The authors substantiate the need to reliably predict the coincidence of peaks in the
incidence of influenza and COVID-19. It is shown that the visibility of the coincidence is achieved by presenting the
dynamics of both diseases in a parametric form. It has been established that due to the multiplicity of the period of both
epidemics, the maximum and minimum danger of their imposition is also periodic. Numerical indicators of the cyclical
nature of epidemics were revealed according to experimental data by direct approximation, Fourier decomposition and
autoregressive algorithm. A computer experiment has shown that even the combined use of these methods allows only a
short-term forecast of the epidemic situation. The authors predicted the moments when the peaks of the incidence of
influenza and COVID-19 will coincide.
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Abstract

Introduction. Heat treatment is a common post-processing operation applied to powder steel (PS) after deformation.
The fundamental principles of heat treatment theory, developed for solid materials, also apply to PS. However, the
specific structure of PS introduces quantitative and qualitative differences in the kinetics of heat treatment processes.
Therefore, it is important to understand the effect of heat treatment on the structure and properties of PS when
developing new materials. The aim of this study is to investigate phase transformations in sintered powder steels during
cooling and to determine their mechanical properties after heat treatment.

Materials and Methods. The study used domestic powders of brands PZHRV 2.200.28 (TU 14-1-5365-98)
and PL-N4D2M (TU 14-5402-2002) produced by PJSC Severstal (Cherepovets). During the mixing process, ultrafine
additives of silicon nitride (Si3N4) and nickel oxide (NiO) manufactured by Plasnotherm (Moscow) were added to the
charge. Before use, the powders were tested on a universal laser particle size measuring device (FRITSCH
ANALYSETTE 22 MicroTec plus) and a submicron particle analyzer (Beckman COULTER No. 5). To prepare the
charge, we used a two-cone mixer RT-NMOSS (Taiwan) and an ultrasonic station for sieving and mixing powders with
ultrafine particles Assonic SPC (China). Static cold pressing was carried out in laboratory molds on a hydraulic press
model TS0500-6 (China) with a maximum force of 50 tons. Homogenizing sintering was performed in the laboratory of
heat treatment at the Department of Materials Science and Technology of Metals at Don State Technical University in a
muffle electric furnace model 6.7/1300 in the temperature range of 900-1150°C, in a protective gas
environment — dissociated ammonia. Sintering time was 15-180 minutes. Heat treatment of sintered powder steels was
also performed in these furnaces. Quenching of sintered samples was carried out at a temperature of 800°C. The initial
porosity of sintered samples was 10.15.25%. Sintered samples were cooled at a temperature between 100 and 300°C.
Tensile testing was conducted in accordance with GOST 18227-851, using a floor-mounted servohydraulic tensile testing
machine MGS-V15 in an automatic mode, with the help of a personal computer. Hardness was measured using a Rockwell
hardness tester TK-2M with a diamond cone indenter under a total load of 1471 N.

Results. The study conducted allowed us to identify the patterns of phase transformation in powder-sintered steels with ultra-fine
particles during cooling after quenching. We experimentally determined the values of critical cooling points for powder-sintered
eutectic steels at cooling rates of 60-400°C per minute. Additionally, we determined the mechanical properties of sintered
powder steels with ultrafine particles depending on the temperature range of transformations

Discussion and Conclusion. The research has allowed us to establish the effect of ultrafine particles on the temperature
of the critical points of sintered eutectoid PS, to construct diagrams of isothermal transformation of austenite, as well as
to determine the mechanical properties of powder-sintered steels containing ultrafine particles. The analysis of the
results obtained from the research has shown a multifaceted impact of nickel oxide and silicon nitride particles on phase
transformations in powder-sintered steel.

© Egorov MS, Egorova RV, Lopatin VYu, 2024

! GOST 18227-85 (ISO 2740-86). Powder materials. Tensile test method. URL: https://docs.cntd.ru/document/1200010599 (accessed: 12.04.2024).
(In Russ.)
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AHHOTANNSA

Bgeoenue. Tepmuueckast 00paboTKa sIBIsIeTCsl HanOoJIee PacIpoCTpaHeHHO# nocieneopMaloHHOM orepaliei, IprumMe-
HsieMoit K mopomkoBbiM ctaitsiM (I1C). IIpuHIMNHMaIbHbIE TONOXKEHHS TEOPHH ATOTO TIpoliecca, pa3padoTaHHbIE Il KOM-
HAKTHBIX MaTepHAJIOB, CIIPaBeIMBEI U 1 paccMarpuBaeMbix [1C. OnHako crenupuka CTPyKTYpPhl IOCISIHAX BHOCUT
KOJIMYECTBEHHBIC M KAUECTBEHHbIE U3MEHEHUs B KHHETUKY NPOLIECCOB, IPOUCXOIAIINX P Pa3IHYHbIX BUIAX TePMHUUE-
ckoii 00paboTku. ITosToMy mpH pa3pabOTKe HOBBIX MaTEpHaIOB HEOOXOAWMO YACIATH OOJBIIOC BHUMAHWC BIIMSHHUIO
TEpMUYECKOH 00pabOTKH HA MX CTPYKTYpY M CBOWCTBA. B CBS3M C 3THM IIENBI0 JAHHOTO MCCIICIOBAHNS SIBIISIETCSA aHAIN3
(ha30BBIX NMPEBPAIICHAN B OPOIIKOBBIX CHEYEHHBIX CTAIIX MPH OXJIKACHUH U ONIPEACIICHNE X MEXaHUUECKNX CBOHCTB.

Mamepuanst u memoowi. B pabote mcnonp30Bans! oredectBeHHbIe oponikn Mapok [DKPB 2.200.28 (TY 14-1-5365-98) u
[JI-H4J12M (TY 14-5402-2002) npomnssoxcta [TAO «Ceepcramsy (r. Uepenosen). [Ipu cMemmBanuy B muxTy 100aBis-
JIMCh yIbTpaAucCIepcHbIe 100aBkH HUTpHAa KpeMHus (SisN4 1 oxcrna Hukesnst (NiO) npousBoacTa kommannn «IlnazHo-
Tepm» (T. Mockaa). [lepen ucnonp3oBaHreM MOPOIIKH ITPOXOJMIN KOHTPOJIb HA YHUBEPCATLHOM J1a3epHOM IPHOOpEe U3Me-
penust pazmepa wactun (Mopens FRITSCH ANALYSETTE 22 MicroTec plus) u ananuzatope CyOMHKPOHHBIX YacTHIL
(Beckman COULTER Ne 5). JIns npuroToBJieHMsI IIMXThI HCIOJIB30BANIUCH ABYXKOHYCHBIH cMmecutenab Mapku RT-
NMOSS (TaiiBanb) 1 yabTpa3ByKOBasi CTaHIIMS JJIsI IPOCEUBAHMS M CMEIIMBAHUS TIOPOIITKA C YIILTPAIUCTIEPCHBIMH YaCTHIIA-
Mmu Assonic SPC (Kuraif). CTaTnueckoe X0JI0JHOE MPECCOBAHKE MPOBOIMIOCH B JTA00PATOPHBIX Mpecc-popMax Ha THIpaB-
mrgeckoM nipecce Mozenu TS0500-6 (Kurait) ¢ makcumansHbM yermmeM B 50 ToHH. ['oMoreHm3mpyromiee Criekanue mpoBe-
JICHO B JTaOOpaTOpHH TepMUIecKoi 00paboTku kadeapsl «MatepranoBeieHiue u TexXHoIorun Metawios»y A TY B mydens-
HoM Arektporeun mogermu SNOL 6,7/1300 B auamazone Temnepatyp 900—1150 °C B cpene 3ammTHOTO ra3a — AUCCOLUUPO-
BaHHOTO amMmuaka. Bpems criekanus — 15—180 MuHyT. B Takux e meyax mpoM3BOIIIACE M TepMIdecKas oOpaboTka crie-
YEHHBIX ITOPOIIKOBBIX CTajiell. 3akajka OCYIIECTBIUIACh Ha CHEUeHHBIX oOpasiax mpu Temmeparype 800 °C. McxomHas
MOPUCTOCT ~ CHEYEHHBIX o00pasuoB cocrapmuia 10,1525 %. Ortnyck  criedeHHBIX  00pasmoB  MPOXOMWI  TIpH
temmnepatype 100-300 °C. UcnbiTanus Ha pacTshbkeHre TpoBoAWIKCH B cooTBeTcTBUM ¢ [OCT 1822785 ¢ ucnonb3oBaHHEM
CEpPBOTHPABIMIECCKON HAIMOIBHOH pa3pbiBHOM MammHbsl MI'C-B 15 B aBTOMaTnyeckoM peXxiuMe ¢ TIOMOIIBIO TIEPCOHATBEHO-
TO KoMTboTepa. JI7s m3MepeHust TBEpIOCTH HCTofb3oBasics TBepaoMep Poksemna TK-2M ¢ MHAEHTHPOBAHHBIM ajIMa3HBIM
KOHyCOM IIpu o01eit Harpyske 1471 H.

Pezynomamut uccnedoganus. B pabote BBITOIHEHB! UCCIEAOBAHUS, KOTOPHIE TIO3BOIMIN ONPENEIUTh 3aKOHOMEPHO-
cTr (a30BBIX MPEBPAIIECHUN B MOPOIIKOBBIX CIIEYEHHBIX CTANAX C yIbTPAJUCICPCHBIMU YaCTHUIIAMH MPU OXJIAXKICHUU
MOCJIE ONEpAIVH 3aKAIKU. DKCIEPUMEHTAIBHO ONpEAETICHbl 3HAUYCHH KPUTHUYECKUX TOYEK OXJIAKICHUS AN CIIEUYEH-
HBIX MTOPOIIKOBBIX CTajel 3BTEKTOMIHOTO cocTaBa Juisi ckopocteil oxmaxaenus 60—400 °C/muH. OnpeneneHsl Takxke
MEXAaHUYECKHE CBOICTBA CIIEUEHHBIX MOPOLIKOBBIX CTalEH € yIbTPaJUCIEPCHBIMU YAaCTHLAMH B 3aBUCHMOCTU OT TEM-
NepaTypHOro UHTEpBaja MpeBpalleHHH.

Obcyrcoenue u 3axniouenue. ViccnenoBanus MO3BOIMIN YCTAHOBUTH BIUSIHUE YIbTPAJUCIIEPCHBIX YAaCTHIl Ha TeMIIe-
patypy KpUTHUECKuX Touek creueHHbBIX [IC 3BTEKTOMIHOTO COCTaBa, MOCTPOUTH TUATPAMMBI H30TEPMHUECKOTO Ipe-
BpAIllCHUs ayCTEHHUTA, a TaKKe ONPEAEINTh MEXaHMUECKHE CBONCTBA CIIEYEHHBIX IMOPOIIKOBBIX CTaJeH C YJIbTpaIHC-
HNEepCHBIMU YaCTHIIAaMU. AHAJIN3 MOJYYSHHBIX Pe3yJIbTaTOB MCCIEIOBAaHUII MOKa3ad pPa3HOHAIIPABICHHOE BIMSHUE 4Ya-
CTHI] OKCHJIa HUKEISI 1 HUTPUA KPEMHUS Ha (pa30BbIe MPEBPAILEHHS B TOPOIIKOBBIX CIIEYEHHBIX CTAJISX.
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Kﬂlﬂ‘leBBle CJI0BaA: CIICUCHHBIC MMOPOMIKOBLIC CTAJIN, YJIbBTPAAUCIICPCHBIC YaCTUIIbl, KDUTUYECKUC TOYKU OXJIAXKICHUA,
M30TEPMHUYECKOE MTPEeBpallieHHe, MEXaHMYECKUE CBOWCTBA

baarogapHoctn. 3a THOMOIIE B MOIYYEHHH U OOCYXIECHHM pPE3YNbTaTOB MCCIENAOBAHUS aBTOPBI BBIPAKAIOT
HCKPEHHIOK MpPU3HATENbHOCTh coTpyaHukaM kadenpsl [IMudIll HUTY MUCuC u nu4HO IOUEHTY, KaHIUAATY
texandecknx Hayk B.1O. Jlomatuny, cotpymHukam kadeapsr «MaTepraloBeeHHE U TeXHOJOruH MetamioBy JITY
JNOKTOpY TEXHHYEeCKHX Hayk, mnpodeccopy B.H.IlycroBoiiTy, HIOKTOpY TEXHHYECKHX HayK, mpodeccopy
HO.M. JTomGpoBcKoMmy.

Jnst muruposanns. Eropos M.C., Eroposa P.B., Jlonatun B.O. ®a30Bbie npeBpaliieHys B HOPOIIKOBBIX CIIEUYEHHBIX CTAIAX
TIPH OXJIKACHUH. Bezonacrocms mexnozeHHbx u npupoorbix cucmem. 2024;8(3):67-77. https://doi.org/10.23947/2541-9129-
2024-8-3-67-77

Introduction. Heat treatment is understood as a set of heating, holding at high temperatures and cooling operations
in order to change the structure and workability of the material, improve the combination of its mechanical and physical
properties without changing the shape and size of the product. Heat treatment is an effective method of increasing
physical and mechanical properties and wear resistance of steel [1].

Specific features of sintered steels (porosity, heterogeneity of structure, high oxidation capacity, etc.) make it
difficult to use the technological modes of heat treatment developed for cast steels, although the main patterns of
processes occurring during heating and cooling of compact steel can be transferred to sintered materials [2].

Studies of powder materials, including heat treatment, show a significant effect of porosity, as one of the features of
their structure, on the development of phase transformations both during heating and cooling [3]. The presence of pores
in powder materials and powder steels, as well as a high content of non-metallic inclusions, including those that modify
the structure and density of dislocations, facilitate the formation of nuclei of new phases. This statement is supported by
the results of thermodynamic analysis of phase transformations conducted on the basis of relevant data [4].

The aim of this work is to identify the features of the kinetics of phase transformations in powder sintered steels
with ultrafine particles during cooling, to determine their mechanical properties depending on the temperature range.
The main task of the study in this regard is to analyze the effect of porosity and cooling rate on the change in the
position of critical points Ar; and Ars, as well as the effect of ultrafine additives on the initial phase of austenite
decomposition and the mechanical properties of sintered powder steels

Materials and Methods. Powders of PZhRV 2.200.282 and N4D2M? brands by PJSC Severstal (Cherepovets) and
ultrafine particles of nickel oxide and silicon nitride from Plasmotherm were used in the work*. Table 1 presents data on
the total chemical composition.

Table 1
Chemical composition of powders
Mass content of components, %
Powder grade
Mo Ni C 0] H Cu Si Mn oP S

PZhRV

520026 - - 0.09010.140| - - 0.014 | 0.087 0.012 | 0.005
N4D2M 0.400-0.500 | 3.600—4.4000.020|0.025| - |1.300-1.700( 0.050 | 0.150 0.020 | 0.020

Technological properties of PZhRV 2.200.26 powder: bulk density was from 2.4 to 3.0 g/cm?, fluidity was no more
than 37 sec/50 g, density at P = 700 MPa was 7.0-7.05 g/cm?, strength at density of 6.5 g/cm® was more than
14 N/mm?. The analog was the powders of the Swedish company Hoéganids: AHC 100.29, NC 100.24, SC100.26,
ASC100.29. Scope of application: shock absorption group parts, transmission parts, body parts, gears, connecting rods,
couplings, bushings, etc.

According to TU 14-5402-2002, the powder of PL-N4D2M brand produced by Severstal contained 4% of nickel,
1.5% of copper and 0.5% of molybdenum. It was developed by specialists of Central Research Institute chermet named
after Baikov. It was based on the iron powder of the PZHRYV line. The final product was a partially alloyed mixture with
excellent compaction (at a compacting pressure of 600 MPa, the density values were at least 7.1 g/cm?).

2 TU 14-5365-98. Iron powder, sprayed with air. (In Russ.)
3 TU 14-5402-2002. Diffusion-doped iron powder. (In Russ.)
* Plasmotherm LLC company. Metal Nanopowders. URL: https://plasmotherm.ru/catalog/metal/item_4.html (accessed: 12.04.2024). (In Russ.)
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Figure 1 provides the morphology of the studied powders.

k>

15.0kV 10.3mm x50

>0 33400 1 3 S
a) b)
Fig. 1. Powder particles: a — PL-N4D2M; b — PZhRV 2.200.26

Figure 2 shows a SEM image of ultrafine nickel oxide particles. Table 2 shows the properties of nickel oxide
particles. The powder had a wide particle size distribution and represented individual spherical particles>.

- e
$3400 15.0kV 9.1mm x6.00k BSECOMP 11/28/2014

Fig. 2. SEM images of ultrafine NiO particles

Table 2
Main properties and characteristics of ultrafine nickel oxide powder
Production technology Plasma chemical synthesis
Powder color black
Particle size, nm 50-85
Average size of agglomerates, pm 30-80
Specific surface area, m?%/g 5-20
Content of the main component, % 99.8
Table 3 shows the characteristics of ultrafine nitride powder®.
Table 3
Characteristics of ultrafine silicon nitride powder
Parameter Value

Particle size, nm 10-30
Specific geometric surface, m%/g 50-140
Content of the main component, % 99.75

> TU 14-5402-2002 Diffusion-doped iron powder. (In Russ.)
¢1d.
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Ultrafine particles had a shape of needles (Fig. 3), formed fleecy flakes after contact with water and did not change
size after ultrasonic treatment’.

Fig. 3. Image through a scanning electron microscope of ultrafine SizN4 particles:
a — general view of the particle; b — particles at magnification 10°

Experiments. Pressing was carried out using laboratory molds and a hydraulic press model TS0500-6 (China) with
a maximum force of 30 tons. The prismatic blanks were molded in a mold shown in Figure 4. This mold consisted of
container (1), two semi-matrixes (2), punch (3), inserts (4), which were made of tool steels U8, U10A. Their hardness
after heat treatment reached 55-62 HRC. The residual porosity of the samples after pressing, depending on the applied
pressure, was 10—40%. The prismatic blanks after molding had dimensions of 9.5x54.3 mm.

Fig. 4. Diagram of the mold for cold pressing of prismatic samples

7 TU 14-5402-2002 Diffusion-doped iron powder. (In Russ.)

Chemical Technologies, Materials Sciences, Metallurgy

71



https://bps-journal.ru

72

Egorov MS, et al. Phase Transformations in Powder Sintered Steels during Cooling

Figure 5 shows a mold used for the production of tensile strength test samples.

Fig 5. Laboratory mold for the manufacture of tensile test samples according to GOST 8227-98
for cold-pressed and sintered samples

Sintering and heat treatment were carried out in the laboratory of heat treatment at the Department of Materials
Science and Technology of Metals at Don State Technical University in a chamber electric furnace with protective
atmosphere PKZ-1.0-7 (Russia) in a temperature range 900—1150 °C in a protective gas environment — dissociated
ammonia (Fig. 6). Sintering time was 15—180 minutes.

Fig. 6. Laboratory chamber electric furnace with protective atmosphere PKZ-1.0-7

Results. Let us imagine the process of phase transformations of powder sintered steels depending on their structural
state. The dependence of the location of points A, and A,; was established depending on such parameters as cooling
rate (Voxn), porosity of samples and the introduction of ultrafine particles into the steel (Fig. 7). These parameters have
different effects on the temperature ranges of phase transformations and the kinetics of austenite transformation [5]. A
higher cooling rate slowed down, and greater porosity accelerated the transformation of austenite, shifting temperature
ranges in opposite directions.

The effect of nickel oxide and silicon nitride additives was multidirectional [6]. If the first additive lowered the
temperature of critical points, then the second one increased it. Table 4 provides the values of critical points for
sintered PS of eutectoid composition for cooling rates of 60—400 °C/min. For PS based on N4D2M powder, the
temperature of critical points was lower than that of iron powder, due to a slowdown in diffusion processes in the
alloyed matrix [7].
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Ay(A;) —— Ai(As)
Tan Tan

(TArS) (TArz)

)
Cooling rate Porosity

a) b)
Fig. 7. Dependence of the position of points Ariand Ars for powder steels: 1 — clear; 2— PS + 1 % NiO, 3 — PS + 0.2 % Si3Na;

a — on cooling rate; b — on porosity

Table 4
Temperature points Ar; and Ars of powder steels

Base of the alloy Carbon content Porosity, % Point A;jtemperature, C Point Astemperature

10 695%; 693%*; 690*** 725;722; 719

0.5 20 705; 702; 698 730; 727; 720

30 712; 710; 708 737, 735; 732
PZhRYV 2.200.26 10 715 713: 710 —
0.8 20 718;713; 708 -
30 720; 716; 712 -

10 693; 690; 688 723; 720; 717

0.5 20 703; 700; 696 728; 725; 718

PZhRV 2.200.26 30 710; 708; 705 735;732; 728
+ 1% NiO 10 712;710; 708 —
0.8 20 716;711; 705 —
30 723;720; 716 -

10 700; 695; 693 730; 726; 722

0.5 20 710; 707; 702 736; 732; 726

PZhRYV 2.200.26 30 718;715; 712 740; 737; 735
+0.2% Si3Ny4 10 720; 722; 724 -
0.8 20 723; 720; 717 -
30 725;722; 718 -

10 692; 690; 687 723;719; 715

N4D2M 05 20 700; 698; 695 726; 723; 716

30 708; 705; 702 734; 730; 728
10 710; 708; 702 -
0.8 20 714; 711,706 -
30 717;712; 708 -

10 690; 686; 682 720; 717; 713

0.5 20 700; 696; 692 725;722; 716

N4D2M + 30 705; 703; 697 730; 728; 722
1% NiO 10 707; 704; 698 —
0.8 20 711; 708; 706 -
30 715;710; 706 -

10 696; 692; 688 724; 720; 718

N4D2M 0.5 20 706; 702; 698 732;728; 722

+0.2% Si3Ny4 30 714;710; 706 736; 730; 725
0.8 10 716; 714; 710 -
20 718; 720; 722 -
30 720; 722; 726 -

Note: cooling rates, °/min: *~60,; **-200,; ***-400

Chemical Technologies, Materials Sciences, Metallurgy

73



https://bps-journal.ru

74

Egorov MS, et al. Phase Transformations in Powder Sintered Steels during Cooling

Upon slow cooling, austenite decomposed into a eutectoid ferrite-cementite mixture, the dispersion of which
depended on the degree of supercooling [8]. During the incubation period, supercooled austenite remained stable, but
after that, its decay began. C-shaped curves were used to describe the decay of austenite (Fig. 8) [9].

The analysis of the diagrams of isothermal transformation of austenite of powdered steels PZhRV 2.200.26 + 0.8%C
and N4D2M + 0.8%C showed that with increasing porosity, the stability of supercooled austenite decreased, as
evidenced by the displacement of C-shaped curves to the left. The area of minimum stability of austenite moved
towards elevated temperatures. The total time of isothermal decomposition of austenite increased.

T! OC 300 T, OC 300/
700 B e e e R 700 [ p—— F
e D i
209, 0, |41
w0 | | 20% 10% (( 20% 10%
] t 7 500 \83 iz
300 SRl 300 e
100
10 100 100 10 lgt(z, s) 1007750710 10° 107 1gt(s, s)
1 10 100 1 10 100
¢, min ¢, min
a) b)

Fig. 8. Diagram of isothermal transformation of austenite samples with porosity of 10, 20, 30%: a — from steel PZhRV 2.200.26 +
0.8% C; b — from steel N4AD2M + 0.8 %

When using an alloyed powder, the C-shaped curves shifted to the left and to the region of lower temperatures, which
confirmed the theoretical position about the diffusive nature of the formation of a ferrite-cementite mixture during the
decomposition of austenite. How did ultrafine additives (0.2 % SizN4 and 1 % NiO) affect the decomposition of austenite? To
determine this, experiments were conducted in the field of minimal austenite stability. The results are shown in Figure 9. The
solid line is steel based on PZhRV 2.200.26 powder, the dashed line is steel based on N4D2M powder.
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Fig. 9. The effect of ultrafine additives in steel based on PZhRV 2.200.26 powder (dashed markers) and in steel based on N4D2M
powder (unshaded markers) on the initial phase of austenite decomposition

The addition of silicon nitride promoted the decomposition of austenite, increasing the temperature of the minimum
stability of austenite, and shortening the incubation period [9]. This was due to the creation of areas of facilitated appearance
of ferrite and iron carbide nuclei by the inclusions of the additive. The addition of nickel oxide led to an increase in the nickel
content in the solid solution, which slowed down the diffusion processes and the decomposition of austenite.

It was shown in [10] that in the temperature range 700-600 °C austenite decomposed into lamellar perlite. At a
temperature of minimal stability, the product of austenite decomposition was troostite, and in the temperature range
from 500 to 250 °C, austenite transformation occurred with the formation of bainite.

In proeutectoid steels, the decomposition of austenite was preceded by the release of ferrite. At the same time, the
pore surface was an area of predominant release and growth of ferritic inclusions, compared with high-angle
boundaries [11]. Such a mechanism of nucleation of ferrite grains caused the absence of a Widmanstatten structure that
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reduced mechanical properties. The release of the excess ferritic component occurred in stages. First, a micro-volume
with a crystalline structure close to the equilibrium structure of ferrite was formed. Then this micro-volume was
transformed into a stable center of a new phase by diffusive changes in the chemical composition [12].

The peculiarity of the powder structure of steel, namely the presence of free pore surfaces with increased diffusion
mobility of atoms, led to the predominant nucleation of the ferritic phase on these surfaces, which was reflected in the
displacement of C-curves of austenite transformation in the diagrams. Table 5 shows the mechanical properties of
sintered PS (porosity 10%) depending on the temperature range of transformation [13].

Table 5
Mechanical properties of sintered powder steels
Steel composition Temperature range, °C Mechanical properties
6, MPa HRB 4, %
700-680 220 70 11
PZhRV 2.200.26 + 0.8% °C 650-630 260 82 13
600-550 280 88 13
700-680 222 71 11
PZhRV 2.200.26 + 0.8% °C + 1% NiO 650-630 262 83 12
600-550 281 89 12
700-680 270 85 10
PZhRV 2.200.26 + 0.8% °C + 0.2% Si3Ns4 650-630 290 90 10
600-550 310 95 9
680-660 780 80 8
N4D2M + 0.8% °C 630-600 795 83 9
570-540 800 87 10
680-660 850 92 11
N4D2M + 0.8% °C + 1% NiO 630-600 860 103 11
570-540 880 106 12
680—-660 810 102 7
N4D3M + 0.8% °C + 0.2% SizN, 630-600 860 105 8
570-540 880 108 8

Discussion and Conclusion. As a result of the studies, it was found that increasing the cooling rate reduced the
temperature range of austenite decomposition. This, in turn, led to an increase in the discreteness of the ferrite-
cementite mixture, which resulted in an increase in tensile strength and hardness [14]. The addition of nickel oxide to
the charge based on PZhRV 2.200.26 powder had a negligible effect on the mechanical properties of steel. The
beneficial effect of this additive was manifested at the sintering stage, during which the oxide was reduced and nickel
dissolved in the iron matrix. Cooling after sintering led to the formation of a pearlitic structure without
metallographically detectable dispersed hardening inclusions. Therefore, during subsequent heat treatment based on
austenite-pearlite transformation, there was no hardening effect from additional inclusions. When using N4D2M
powder, the effect of the nickel oxide additive introduced into the charge was more noticeable. This circumstance was
explained by the concentration of nickel in the ferritic component up to 5% and an increase in the efficiency of ferrite
hardening with an increase in the nickel content in solid solution [15]. Unlike nickel oxide, silicon nitride particles that
were added to the charge remained as inclusions in the steel's structure, contributing to the formation of new phase
nucleation during austenite decomposition. This contributed to increased tensile strength and hardness through the
effect of dispersion hardening [16]. The analysis of diagrams of isothermal transformations of austenite of powdered
steels PZhRV 2.200.26 + 0.8%C and N4D2M + 0.8% with a porosity of 10, 20, 30% was carried out. When using an
alloyed powder, the C-shaped curves shifted to the left and to the region of lower temperatures, which confirmed the
theoretical position about the diffusive nature of the formation of a ferrite-cementite mixture during the decomposition
of austenite. The dependencies of the mechanical properties of sintered powder steels with ultrafine particles on the
temperature range of transformations were determined.
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Abstract

Introduction. High-strength aluminum-based alloys of the Al-Zn-Mg-Cu alloying system are commonly used in aircraft
manufacturing. However, there is a need to address the issue of achieving the desired level of mechanical properties in
large-scale parts made from these alloys during heat treatment. Additionally, studies on the evaluation of corrosion
resistance during heat treatment are also essential. The aim of this work was to determine the modes of heat treatment to
achieve the necessary values of mechanical properties and resistance to corrosion cracking of parts made of large-sized
deformed blanks of alloys of the Al-Zn-Mg-Cu alloying system.

Materials and Methods. The research was conducted on parts made from forged 1933 alloy forgings and B93pch
stamped blanks. The influence of heat treatment on the mechanical properties (strength, ductility, hardness) and
microstructure, as well as electrical conductivity, was determined. Tensile tests were carried out both on samples
subjected to heat treatment after cutting from forgings and stamped blanks, and on samples cut from massive templets
that were heat treated together with the products. Electrical conductivity allowed us to assess the level of solid solution
supersaturation and predict resistance to corrosion cracking.

Results. The results of the study showed the necessity of a differentiated approach to assigning the duration of aging
stages, depending on the alloy grade, configuration, and dimensions of the products, as well as the requirements for the
level of properties. Variants and modes of heat treatment were proposed for products made from alloys 1933 and
B93pch, providing the necessary level of mechanical properties and resistance to corrosion cracking.

Discussion and Conclusion. Cases of inconsistency in strength properties in the longitudinal and transverse (in width)
directions of the fiber of parts made from large-sized blanks of alloys 1933 and B93pch have been established. Modes
and options for heat treatment of parts were proposed, allowing the achievement of the required values of mechanical
properties and corrosion resistance. This provides for a halving of the aging time for alloy 1933 or an increase of 25%
for alloy B95pch.

Keywords: aluminum alloys, large-sized products, heat treatment, structure, properties
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

Biausinne pe:xxuMoB TepMuYecKkoii 00padoTKN HA CTPYKTYPY M CBOICTBA KPYNHOra0apuTHBIX
U3J1eJIMi MepcrneKTHBHOH ABHALIMOHHON TeXHUKHU U3 CIIaBOB cucTeMbl Al-Zn-Mg-Cu
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AHHOTANNSA

Bgeoenue. BricokonpouHbIe CIIaBbl HA aJJFIOMHHHUEBOW OCHOBE CHCTEMBI JierupoBanus Al-Zn-Mg-Cu HpoKo UCTIONB3Y-
I0TCSL UL M3TOTOBJICHUS JAeTalled aBHAalMOHHOW TexHMKH. TpeOyer pemieHus mpoGiieMa NOCTHXKEHHS HEOOXOAUMOTO
YPOBHsI MEXaHUUECKUX CBOICTB KPyIHOraOapUTHBIX A€Taleil U3 CIUIaBOB 3TOM CUCTEMBbI JITHPOBAHUSA IIPU TEPMUUECKON
00paboTke. AKTyalbHBI TAaKKe MCCIIEIOBAHMUS IO OICHKE 0COOEHHOCTEH (HhOpMHUPOBaHUS KOPPO3HOHHBIX CBOMCTB B IPO-
Iecce peam3ayy ornepanuii TepMuiaeckon 00padbotku. Llenp manHON paboTHl — ONPENeNUTh PEKIMBI TEPMHUYECKOH 00-
pabOTKM JUIS JOCTIKEHHUS HEOOXOANMBIX 3HAaYEHHH MEXaHHYECKUX CBOMCTB M CTOMKOCTH K KOPPO3HOHHOMY PacTpPECKH-
BaHMIO JieTaJiell N3 KPYITHOTabapuTHBIX Ae(OPMUPOBAHHBIX 3arOTOBOK CIIABOB CUCTEMBI JierupoBanust Al-Zn-Mg-Cu.
Mamepuanvt u memoowl. ViccnenoBaHusi BBINOJIHEHBl Ha JETaNsX, M3rOTAaBJIMBAaEMbIX M3 IOKOBOK cIuiaBa 1933 u
LITaMITIOBaHHBIX 3aroTOBOK cruiaBa B93mu. Omnpenersioch BIUsHUE PEKUMOB TEPMUYECKOH 00pabOTKM Ha KOMILIEKC
MEXaHHYECKUX CBOMCTB (XapaKTEPUCTUKH MPOYHOCTH, IUITACTUYHOCTH, TBEPAOCTH), MHUKPOCTPYKTYPY H 3JIEKTPONPO-
BOJIHOCTb CIUTaBOB. VICTIBITaHUS Ha pacTsHKEHHE PEeaTn30BBIBATIMCH Kak Ha 00pasnax, MOABEPTrHYTHIX TEPMHUYECKOH 00-
paboTke mociie BBIPE3KH W3 MOKOBOK M IMITAMIIOBAaHHBIX 3arOTOBOK, TaK M Ha 00pasliax, BBIPE3aHHBIX U3 MACCHUBHBIX
TEMILJIETOB, KOTOPbIE MOABEPrajiMCh TEPMUUECKONW 00pabOTKE BMECTE C U3ACIUSMH. DIIEKTPOIIPOBOJAHOCTH MO3BOJISIIA
OIIEHUBATh CTETIEHb MEPECHIIIEHHOCTH TBEPJIOT0 PacTBOpa M NMPOTHO3UPOBATH COMPOTHBISIEMOCTh CIUIaBa KOPPO3HOH-
HOMY PacTPECKHUBAHHUIO.

Pezynvmamut uccnedosanus. Iloxazana Heo6XoaUMOCTh TU(HEPEHIIMPOBAHHOTO TOAX0/1a K HA3HAYEHHUIO JIUTEIBHOCTH
CTyTICHEH CTapeHWs! B 3aBUCHMOCTH OT MapKd CIUIaBa, KOHQHUI'Ypaluu U radapuToB W3/ENHH, TpeOOBaHMI K YPOBHIO
cBoiicTB. [IpennokeHpl BapUaHTHI U PEKUMBI TEPMUYECKON 00paboTku i n3nennit n3 cruaBoB 1933 u B93my, obecme-
YHBAOLIME HEOOXOIMMBIN yPOBEHb MEXAHIMYECKUX CBOMCTB 1 COMPOTHBISIEMOCTH KOPPO3HOHHOMY PacTPECKUBAHHIO.
Obcyscoenue u 3aknrouenue. Y CTaHOBICHB! ClIydall HECOOTBETCTBUSI IIPOYHOCTHBIX CBOICTB B MPOJAOJIEHOM U MOINEped-
HOM (110 IIMpPHHE) HAIPaBJICHNSIX BOJIOKHA JIeTajlel, M3rOTaBINBacMBbIX U3 KPYITHOIa0ApUTHBIX 3arOTOBOK CIIaBoB 1933 n
B93mu. IIpennoxkeHbl pe)kKMMbI M BapUaHThl TEPMUYECKOH 00paOOTKM JeTalied, MO3BOJIONINE JOCTUraTh TpeOyeMbIX
3HaYCHUH MEXaHHMYECKHX CBOMCTB U KOPPO3HMOHHOM CTOMKOCTH, KOTOPBIE NIPEelyCMaTPUBAIOT COKpAIlleHHE B JiBa pa3a (s
cmaBa 1933) nnu yBenuuerue Ha 25 % (mi1s crmaBa B9Smd) BpeMeHu BBIIEPKKH TIPH CTYIEHAX CTapeHMS.

KutoueBble cj10Ba: amoMUHKUEBbIE CIUIABbI, KPYITHOra0apUTHBIE U3IENHsL, TepMUYEcKast 00paboTKa, CTPYKTypa, CBOHCTBA

BaarogapHocTH. ABTOPBI BBIPAXAIOT OJIaroJapHOCTh PEAAKIIMA U PEICH3CHTAM 3a BHUMATEIHHOE OTHOIICHHE K
CTaThe M yKa3aHHBIE 3aMEYaHHUs, YCTPAaHEHNE KOTOPBIX MTO3BOJIMIIO MTOBBICUTD €€ KadeCTBO.

Jns nutuposanusa. Myparos B.C., fAxumos H.C. Brmsiare pexxumMoB TepMudeckoil 00pabOTKH Ha CTPYKTYpYy W CBOMCTBa
KpYyIHOTa0ApUTHBIX HM3IENHI NEpCIIeKTHBHON aBHAIMOHHOM TEXHWKHM U3 CIuaBoB chcteMbl Al-Zn-Mg-Cu. Besonacrocmu
mexHoeeHHbIX U npupooHsix cucmem. 2024;8(3):78-87. https://doi.org/10.23947/2541-9129-2024-8-3-78-87

Introduction. In the production of modern and promising aircrafts and helicopters of new generation, first and
foremost, attention should be paid to the reliability and safety of flights and transportation [1], as well as the reduction
in product weight [2]. This requires the use of high-strength alloys [3] with good fatigue resistance [4], fracture
toughness [5], and corrosion resistance [6]. In recent years, high-strength aluminum alloys, in particular alloys 1933 and
B93pch, have been widely used for the production of new promising civil aircrafts such as SSJ-NEW, MS-21, Tu-214,
11-96, etc. They are designed for the manufacture of critical power components of the aircraft — frames, traverse,
fittings, rods, frames, housings, spars [7]. Aluminum high-strength alloys [8] of Al-Zn-Mg-Cu alloying system [9] are
one of the main structural materials [10] for the manufacture of aviation equipment [11]. This group includes alloys of
grades B93 [12], B93pch [13], B95 [14], B95och [15], B95pch [16], 1933. Alloy 1933 is a modification of alloy B93,
not differing from B93 in terms of content of the main components. Alloy 1933 contains 0.12% Zr instead of Fe as an
additive. Such a change in composition provides higher strength, fracture toughness and fatigue resistance, but
alloy 1933 has a lower hardenability than alloy B93 [17].
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One of the challenges in ensuring the successful operation of products made from alloys based on the Al-Zn-Mg-Cu system is
ensuring sufficient corrosion resistance. Analysis of the corrosion damage processes in aluminum alloys has shown that the
development of structural deterioration under the main corrosion mechanisms — corrosion cracking (CC) and intergranular
damage — occurs in a similar manner. It should be noted that CC is mainly inherent in dispersion-hardened aluminum-based
alloys. CC is not typical for alloys characterized by a reduced supersaturation of solid solution. The sensitivity to CC of
alloys [15] of a certain alloying system depends on the number of alloying elements [17].

Susceptibility of aluminum alloys to CC reliably correlates with the degree of supersaturation of solid solutions and
is significantly less dependent on the electron concentration and inhomogeneity of electrochemical potential that occurs
during the decomposition of supersaturated solid solutions. The process of delayed destruction, occurring in mildly
aggressive environments (for example, in air having a relative humidity of about 50%), develops at sufficiently high
values of atomic concentration of elements used for alloying. Aluminum alloys of the Al-Zn-Mg-Cu alloying system
have a 10 CC score, which means corrosion damage in mildly aggressive environments on uncut samples. At the same
time, the main way to increase resistance to dangerous types of corrosion is the development and implementation of
stepwise modes of softening aging (T2, T3)".

According to [18], reliable correlations of mechanical properties (yield strength 6o, strength o, elongation 6) and
values of specific electrical conductivity y were obtained for aluminum alloys hardened during heat treatment. It has
been revealed that with a decrease in the specific electrical conductivity of such alloys, strength increases and ductility
decreases. It should be borne in mind that the values of electrical properties are determined not only by the chemical
composition of alloys, but also by the peculiarities of the state of the crystal lattice structure, which are formed by the
modes of deformation and thermal treatments. All of the above makes it possible to evaluate corrosion resistance based
on electrical conductivity values.

There is a problem with the formation of specified properties in large-sized parts made from alloys 1933 and
B93pch, which are used for SSI-NEW and Tu-214 aircraft, after heat treatment. It is also necessary to conduct research
to assess the characteristics of how the level of mechanical and corrosion properties is formed in critical power
components during heat treatment operations.

The aim of the authors of this article is to determine heat treatment modes to achieve the necessary values of
mechanical properties and resistance to corrosion cracking of parts made of large-sized deformed blanks of alloys of the
Al-Zn-Mg-Cu alloying system.

Materials and Methods. The research was conducted on parts made from large-sized forgings of the 1933 alloy
produced at the Kamensk-Ural Metallurgical Plant, and stamped blanks made of the B93pch alloy produced at the
Arkonik SMP (Samara). Figure 1 provides the dimensions of the forgings. The overall dimensions of the stamped
blanks were 1790x980 mm. Chemical composition of the studied alloys is shown in Table 1.

Heat treatment of the products was carried out in electric furnaces PA-56 and PA-54. Microstructural studies were
performed using an Olympus GX71 light microscope. Electrical conductivity measurements were conducted with a
Constant K6 device. Mechanical properties were tested in accordance with GOST 1497-84. The test samples were made
from templets (cut from blanks) of sizes 70%70x140 mm, which were heat-treated together with the products.
Proportional cylindrical W type samples with initial diameters of 5 mm or 15 mm were used. Tensile tests of the
samples were performed on a GURM-20 installation. The Brinell method was used to determine their hardness
(GOST 9012-9, 1SO 410-82)>.

2,545419(2,485)

—10
+30
(885)

1930:1¢

Fig. 1. Sketch of a large-sized forging made of alloy 1933

'GOST 1497-84. Metals. Methods o f tension test. Moscow: Standartinform; 2008. 26p. URL: https:/files.stroyinf.ru/Data2/
1/4294852/4294852801.pdf (accessed: 29.04.2024). (In Russ.)

2 GOST 9012-59. ISO 410-82 Metals. Method of Brinell hardness measurement. Moscow: Standartinform; 2008. 40 p URL: https:/files.stroyinf.ru
/Data2/1/4294850/4294850482.pdf (accessed: 29.04.2024). (In Russ.)
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Table 1
Chemical composition of the studied alloys (wt., %)

Alloy Si Fe Cu Mn Mg Cr Zn Ti Zr Be Al

1933 0.020 | 0.090 | 0.900 | 0.010 | 1.800 | 0.010 | 6.500 | 0.400 0.040 0.001 Base

B93pch - 0.310 | 1.000 - 1.900 - 6.700 | 0.010 - - Base

Figure 2 shows the parts subjected to hardening heat treatment (arrows indicate the places where the electrical
conductivity of the alloy was measured).

Fig. 2. Heat-treated parts: a — traverse made of 1933 alloy; b — frame of the shock-absorbing strut made of B93pch alloy

Results. Studies in the state as received (after annealing) of the macrostructure of forgings and stamped workpieces,
fractures, and performed ultrasonic inspection did not reveal unacceptable deviations. The electrical conductivity of
alloy 1933 was 24.7 mSm/m, and for alloy B93h — 23.5 mSm/m. Figure 3 shows the microstructure of the 1933 alloy
in the delivery state. The grain structure of the alloy did not have a pronounced oriented character.

Fig. 3. Microstructure of alloy 1933 in the state as received

The characteristics of mechanical properties on longitudinal and transverse in width and transverse in thickness samples,
which were made from forged and stamped blanks, were determined. Heat treatment of samples (standard version) was
performed according to the following modes: alloy 1933 — the temperature of heating for quenching was 470 °C, cooling in
water with a temperature of 75-85 °C, artificial aging: 1 stage — 110 °C (holding time 24 hours, air cooling), 2 stage — 180 °C
(holding time 10-12 hours, cooling outdoors); alloy B93pch — quenching heating temperature 460 °C, holding time
180 minutes, cooling in water at a temperature of 75-85 °C, artificial aging: 1 stage — 120 °C (holding time — 8 hours, air
cooling), 2 stage — 170 °C (holding time — 8 hours, air cooling). The results of the studies are shown in Table 2. It follows from
the presented data that the values obtained after heat treatment of samples cut from forgings and stamped blanks comply with the

requirements of regulatory documents (RD).
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Table 2
Values of mechanical properties of heat-treated samples cut from forgings (alloy 1933)
and stamped blanks (alloy B93pch)
Results of mechanical properties RD Standard

. . Go,2, o 6,%, not | HB, not

Fiber direction o5, MPa MPa 3, % HB G5, MPa Go,2, MPa less than | less than
Lo 430 17.0 440-530 7.0
Longitudinal 480 | 433 | 112 430-500 | 2070 7.0
480 12.2 430-530 5.0
T in width - — === 4 2.0

ransverse in wid 500 457 2.0 149 430-500 390470 5.0 o

Transverse in 490 B 8.1 163 420-500 B 3.0
thickness 470 3.5 430-500 3.0

Note. The numerator contains the property values for alloy 1933, and the denominator — for alloy B93pch.

The technological process of manufacturing the products in question was multi-stage. After mechanical processing,
hardening heat treatment was carried out on large-sized parts with complex geometries. After heat treatment of the parts
according to traditional modes, a discrepancy in the indicators of RD mechanical properties was revealed. In this regard,
a number of modes and options of heat treatment have been investigated (Table 3):

Mode No. 1 (1933) — a typical version of heat treatment of a “traverse” part made of alloy 1933 according to the
production instructions;

Mode No. 2 (1933) — cither a variant of repeated heat treatment carried out to correct the discrepancy in the level of
properties after Mode No. 1 (1933), or a variant of heat treatment instead of Mode No. 1 (1933);

Mode No. 1 (B93) — a typical variant of heat treatment of a “frame” part made of B93pch alloy according to the
production instructions;

Mode No. 2 (B93) — either a variant of repeated heat treatment carried out to correct the discrepancy in the level of
properties after Mode No. 1 (B93), or a variant of heat treatment instead of Mode No. 1 (B93).

Table 3
Hardening heat treatment modes of “traverse” parts made of alloy 1933 and “frame” parts made of alloy B93
Heat treatment mode Tempering First stage of aging Second stage of aging
T =470°C, starting point
temperature — 455°C, holding T =110°C, holding T = 180°C, holding
Mode No. 1 . . . . . . . .
(1933) time — 250 min., cooling time — 24 h., cooling medium | time — 10-12 h., cooling
medium — water, — air medium — air
twater = 75-85°C
T =470°C, starting point
Mode No. 2 temperature — 455°C, holding T =110°C, holding T =180°C, holding
' time — 250 min., cooling time — 12 h., cooling time — 6 h., cooling
(1933) . . . . .
medium — water, medium — air medium — air
twater = 75-85°C
T =460°C, starting point
t ture — 445°C, holdi T =170°C, holdi
Mode No. 1 emperature == 4257, OINE | 1~ 120°C, holding time 8 h., ; nolane
time — 180 min., cooling . . . time — 8 h., cooling
(B93) . cooling medium — air . .
medium — water, medium —air
twater = 75—85°C
T =460 °C, starting point
temperature — 445 °C, holding T =120°C, holding T =175°C, holding
Mode No. 2 . . i . . . .
time — 180 min., cooling time — 10 h., cooling time — 10 h., cooling
(B93) . . . . .
medium — water, medium — air medium — air
twater = 75—85°C
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Table 4 shows the results of evaluating the mechanical properties after the studied modes and heat treatment options
for alloy 1933. Mode No. 2 (1933), presented in Table 3, allows you to obtain the required mechanical properties
corresponding to RD, and this mode can also be used as a repeated heat treatment to eliminate negative results after
processing according to Mode No. 1 (1933) — an unacceptably low level of alloy strength in the longitudinal and
transverse (width) direction of fiber.

Table 4

Results of mechanical properties tests after hardening heat treatment of the “traverse” part made of alloy 1933

Heat treatment mode

Mechanical properties

os, MPa | 692, MPa 0, % HB
Longitudinal direction of fiber
Mode No. 1 (1933) 430 370 10.1 129
Mode No. 2 (1933) (in re-processing option) 480 430 12.2 -
Mode No. 2 (1933) (in option of replacing Mode No. 1) 480 400 16.1 138
RD requirement 440-530 | 380480 | Not less than 7.0 | Not less than 110
Transverse direction of fiber (in width)
Mode No. 1 (1933) 420 370 13.2 129
Mode No. 2 (1933) - 470 450 113 _
(in re-processing option)
Mode No. 2 (1933)
(in option of replacing Mode No. 1) 480 410 il 138
RD requirement 430-530 | 370470 | Not less than 4.0 | Not less than 110
Transverse direction of fiber (in thickness)
Mode No. (1933) 430 - 16.3 129
Mode No. 2 (1933) (in re-processing option) 480 - 16.2 -
Mode No. 2 (1933) (in option of replacing Mode No. 1) 460 - 10.4 138
RD requirement 420-500 - Not less than 2.5 | Not less than 110

Table 5 shows the results of evaluating the mechanical properties after the studied modes and heat treatment options

for B93pch alloy.

Table 5

Results of mechanical properties test after hardening heat treatment of the “frame” part made of B93pch alloy

Mechanical properties

Heat treatment mode

G5, MPa 5, % HB
Longitudinal direction of fiber
Mode No. 1 (B93) 510 12.4 163
Mode No. 2 (B93) (in re-processing option) 450 15.5 121
Mode No. 2 (B93) (in option of replacing
Mode No. 1) 480 13.0 143
RD requirement 440-500 Not less than 7.0 Not less than 110

Transverse direction of fiber (in width)

Mode No. 1 (B93) 510 7.2 163
Mode No. 2 (B93) (in re-processing option) 440 13.5 121
Mode No. 2 (B93) (in option of replacing
4 . 14
Mode No. 1) 80 8.0 3
RD requirement 430-500 Not less than 4.0 Not less than 110

Transverse direction of fiber (in thickness)
Mode No.1 (B93) 490 4.0 163
Mode No. 2 (B93) (in re-processing option) 431 9.0 121
Mode No. 2 (B93) (in option of replacing
4 . 14
Mode No. 1) 80 8.0 3
RD requirement 420-500 Not less than 3.0 Not less than 110
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As it can be seen from the presented data, Mode No. 1 (B93) does not provide the required level of strength
properties in the longitudinal and transverse (in width) directions of the fiber of the part. The level of properties is
overestimated. At the same time, Mode No. 2 (B93) allows you to achieve the necessary property values when it is
implemented both in the re-processing option and in the replacement option of Mode No. 1.

Thus, the longitudinal and transverse (in width) directions of fiber are the most sensitive to the influence of heat
treatment modes in large-sized products made of alloys of the Al-Zn-Mg-Cu system. It is possible to achieve the
required level of strength properties by correcting the aging modes of alloys — either by reduction (alloy 1933) or by
increase (alloy B93pch) of duration.

The performed microstructural studies confirmed the absence of signs of burnout after quenching during processing
in all modes and variants of heat treatment. Figure 4 shows the microstructure of the studied alloys after hardening heat
treatment according to Mode No. 2 (1933) and Mode No. 2 (B93pch) (in options of replacing Mode No. 1). Since
significantly longer aging was used during heat treatment of alloy B93pch, dispersed particles of strengthening phases
are detected in the microstructure.

b)

Fig. 4. Structure of alloys after hardening heat treatment according to the modes:
a — Mode No. 2 (1933); b — Mode No. 2 (B93pch) (in options of replacing Mode No. 1)

The authors conducted studies on electrical conductivity of alloys 1933 and B93pch after different modes and
variants of heat treatment. Based on the results of these studies, it was possible to evaluate the P.1.22 extent of
decomposition of the supersaturated solid solution under different aging conditions, as well as the corrosion resistance
of the alloy, according to TU 1-804-475-2008. According to the RD requirements, in order to confirm satisfactory
corrosion resistance on semi-finished products made of alloy 1933 in the T2 and T3 states, electrical conductivity
index (Y') should be at least 22.5 mSm/m in the T2 state and at least 23.5 mSm/m in the T3 state; for alloy B93pch, the
electrical conductivity index should be within the range of 21-25 mSm/m. Electrical conductivity measurements were
carried out by the device on the most massive parts of the part (indicated by arrows in Fig. 2). In the state of delivery,
the electrical conductivity of alloy B93pch was 22.7-23.8 mSm/m. The measurement results are presented in Table 6.
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Table 6
Values of electrical conductivity at various stages of hardening heat treatment of alloys 1933 and B93pch

Heat treatment mode Condition of the workpiece during Electrical conductivity, mSm/m
heat treatment
After tempering 18.5-18.6
Mode No. 1 (1933) After the st stage of aging 19.6-19.8
Mode No. 1 (B95)
. 25.1-25.9
After the 2nd stage of aging 215036
After tempering 18.5-18.6
Mode No. 2 (1933)
Mode No. 2 (B95) After the Ist stage of aging 19.6-19.7
(in re-processing option)
. 25.1-25.7
After the 2nd stage of aging 242950
After tempering 18.5-18.7
Mode No. 2 (1933)
Mode No. 2 (B95) After the Ist stage of aging 19.6-19.7
(in option of replacing Mode No. 1) Aot o 2l stame of anin 759957
er e snastage 0T agie 24.3-25.0

As follows from the above data, as the processes of decomposition of a supersaturated solid solution develop during
aging, there is an increase in the electrical conductivity of the alloy, which is associated with a decrease in
supersaturation of a crystal lattice with atoms of alloying elements. At the same time, despite the shortened duration of
aging in the first and second stages, when implementing Mode No. 2 (1933), the values of electrical conductivity
practically coincide with the values after Mode No. 1 (1933). This indicates a sufficiently high degree of decomposition
of the supersaturated solid solution at the stages of aging during treatment according to Mode No. 2 (1933). The values
of electrical conductivity of the alloy confirm its sufficient CC resistance. The electrical conductivity of alloy B93pch
also meets the RD requirements.

Discussion and Conclusion. During hardening heat treatment of SSJ-NEW and TU 214 aircraft parts made from
large-sized forgings of the 1933 alloy and stamped blanks of the B93pch alloy, cases of inconsistency of strength
properties in the longitudinal and transverse (in width) directions of fiber of the parts were revealed.

It is shown that, depending on the configuration and dimensions of parts, the levels of the required characteristics of
mechanical properties of aging stages duration should be assigned differentially. The modes and options of heat
treatment of parts using a shortened (for alloy 1933) or increased (for alloy B95pch) holding time at aging stages are
proposed, which allows you to ensure the necessary level of mechanical properties and resistance to corrosion cracking
of large-sized products.

The studies conducted to investigate the effect of implementing different heat treatment stages on the electrical
conductivity of the 1933 alloy have confirmed the achievement of an adequate level of decomposition of the
supersaturated solid solution with the use of a shortened aging period for this alloy. This approach provides the
necessary strength and corrosion resistance levels. By extending the aging time for the B93pch alloy, a higher level of
electrical conductivity can be achieved.
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Abstract

Introduction. Parts of machines and mechanisms that operate in various conditions and come into contact with abrasive
particles can quickly wear out and fail. This is especially true for the hydraulic block of a drilling pump, which, due to
intense wear, must be replaced after only 5-10 hours of use when pumping heavy drilling fluids. The analysis of
scientific literature and experience with drilling pump operation shows that current methods for increasing the wear
resistance of structural steels against abrasive and impact-abrasive forces are ineffective. Thus, it is an urgent task to
enhance these properties through improved design and manufacturing techniques for drilling pump components, which
would reduce the cost of production, repairs, and maintenance. The aim of this work is to study the effect of chemical
composition of abrasive particles and the strength of the interlayer boundaries of “wear-resistant steel — rubber” on the
impact and abrasive wear resistance of layered composite materials.

Materials and Methods. Layered composite materials (LCMs) consisted of: a wear-resistant layer of 40X steel and a
rubber layer of BK-1675N butyl rubber. The impact and abrasive wear resistance of the LCMs was studied in
accordance with GOST 23.207-79 on a special installation. A mixture of silicon oxide and aluminum was used as an
abrasive material. The microstructure of the SCMs surface, as well as the chemical and phase composition of the
abrasive particles, were analyzed using equipment from the Common Use Center ‘“Nanotechnology” of Platov South-
Russian State Polytechnic University (NPI). The adhesive strength between the layers of the LCMs was determined
using a custom-built installation.

Results. The results of the study revealed that the wear resistance of the LCMs was several times higher than that of
steels used for manufacturing parts resistant to abrasive particles. During the wear process, solid particles of aluminum
and silicon oxides actively embed in the surface of the LCMs, increasing the intensity of wear. In contrast, less solid
particles of magnesium and calcium aluminates were destroyed and fixed in formed defects on the LCM surface,
slightly reducing wear intensity. It was also found that, when SCM layers were joined by hot vulcanization under
pressure with a copper concentration of 25-30% in sintered P40X steel, adhesive strength increased to 0.93 MPa.
Discussion and Conclusion. The developed SCMs make it possible not only to increase the abrasive and impact-
abrasive wear resistance, but also to use cheaper grades of steels as a wear-resistant layer. The proposed method of
joining the SCM layers from sintered steels eliminates the need for additional surface machining and the use of special
adhesives. Such SCMs can be used in the assemblies of machine parts and mechanisms that are operated in conditions
of abrasive and shock-abrasive wear.

Keywords: impact and abrasive wear resistance, layered composite material, drilling pumps, elastic-dissipative
substrate, adhesive strength
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

BimsiHue XMMH4YeCKOro cocTaBa adpa3uBa U MPOYHOCTH MEKCJIOMHBIX TPAHUL HA Y/IAPHO-
a0pa3nBHYI0 H3HOCOCTOHKOCTh CJIOHCTBIX KOMIO3MIIHOHHBIX MATEPHAJIOB

M.A. Ucmanios

IOxHO0-Poccuiickuii rocyaapcTBeHHBIN onuTexHuYeckuil yausepcuter uMeHn M.U. Ilnarosa, r. HoBouepkacck,
Poccuiickas ®enepanus

P« al_myalim@mail.ru

AHHOTALMSA

Bgeoenue. Jleranu MalH U MEXaHM3MOB, DKCIUTyaTUpyeMbIe B Pa3jIM4HBIX YCJIOBHSIX, IPH KOHTaKTe ¢ abpa3svBHBIMU
YaCTUIIAMH OBICTPO M3HAIIMBAIOTCS M BBIXOIAT W3 cTpos. Hampumep, mpy nepexadke TsHKEbIX OYpOBBIX pacCTBOPOB M3-32
WHTECHCUBHOT'O M3HAIMBAHU JCTATM THIPABINUECKOro 0Jioka OypoBoro Hacoca uepes 5—10 gacoB paboThl HEOOXOIUMO
MEHATh. AHAJIM3 HAYYHBIX MyOJIMKAIWi U OIBIT SKCINTyaTalliy OypOBBIX HACOCOB YKa3bIBAIOT HA TO, YTO CYIIECTBYIOIIHE
CIIOCOOBI TIOBBIILIEHUSI H3HOCOCTOMKOCTH KOHCTPYKIMOHHBIX CTaJeil pyu abpa3uBHOM M yAapHO-aOpa3sUBHO BO3ACHCTBHU
Mano3¢pexTuBHBL. [103TOMY aKTyanpHOU 3a/1aueii SBIIETCS MOBBIIIEHHE ITHX CBOICTB B PE3yNbTaTe COBEPIICHCTBOBAHIS
KOHCTPYKIIMH Y TEXHOJIOTHH M3TOTOBJICHHS AeTaeil OypOBBIX HACOCOB, YTO MO3BOJIMT CHU3UThH 3aTPAThl HA MPOU3BOJICTBO
MX KOMIUICKTYIOIINX, PEMOHT U o0ciyxuBaHue. Llenpro TaHHOH paboThl SIBISIETCS NCCIIEA0BAHNUE BIMSIHUSI XUMHUYECKOTO
coctaBa aOpa3WBHBIX YaCTHI[ M IPOYHOCTH MEKCIOHHBIX TI'DaHUIl «M3HOCOCTOWKas CTalb — pEe3MHa» Ha yJIapHO-
a0pa3MBHYIO H3HOCOCTOHKOCTB CIIOMCTHIX KOMIO3HIIMOHHBIX MAaTEPHAJIOB.

Mamepuanst u memoost. Crionctbie koMnosuronnsle Matepraisl (CKM) cocTosiiim 13 H3HOCOCTOMKOTO CJI0S CTaju
40X u pesnHOBOTO cnos OyTmikaydyka mapkun BK-1675H. Y napro-abpasuBHyto nznococroiikocts CKM paccmarpu-
Banu B cootBercTBUU ¢ ['OCT 23.207-79 Ha cnienmanbHO# ycTaHOBKE. B KauecTBe abpa3uBHOrO Marepuaia Oblia B3sTa
CMECh OKCHIA KPEeMHHUS U amoMuHMs. M3ydenne MUKpocTpyKTypsl moBepxHoctd CKM, xumudeckoro u ¢pa3oBoro co-
craBa abpa3uBHOTO MOpoIIKa npoBoawn Ha obopynoBanun LIKIT «Hanotexuomorum» IOPITIY (HIIU). Anresnonnyto
MIPOYHOCTH MeKCIOHHBIX Tpannn CKM uccnenoBanu Ha pa3paboTaHHON AJIS 3TOW eI YCTaHOBKE.

Pesynomamut uccnedosanusn. B pesynbrare uccnenosannii CKM Ha ynapHO-aOpa3uBHBIM M3HOC BBISBICHO, YTO HX
HN3HOCOCTOMKOCTD B HECKOJIBKO Pa3 BBIIIE, YEM y CTalICH, HMCIOIb3YEMbIX IS M3TOTOBICHUS ACTaleH, YCTOMUMBBIX K
BO3/ICHCTBUIO a0pa3UBHBIX YacTHUIl. BBIABIEHO, 4TO B Ipoliecce M3HAIIUBAHUS TBEP/bIE YaCTHIIBI OKCHIOB alFlOMUHUS U
KPEMHUsI aKTHBHO BHEAPSIOTCS B MoBepxHOcTh CKM, yBennunBasi HHTEHCHBHOCTh U3HOCA, TOT/Ia KAK MEHEE TBEP/bIC
YaCTHIIBl aJIFIOMUHATOB MAarHUS W KaJbLUs NP yJape pa3pylIaroTcsl U 3aKPeIuIsIioTest B 00pa3oBaBIIMXCs JieeKTax Ha
nmoBepxHocTH CKM, He3HAUNTENFHO CHIDKAs HHTCHCUBHOCTH M3HOCA. Y CTAHOBJICHO, YTO NpH coennHeHnu cinoeB CKM
METOJIOM TOpsTYeH BYJIKaHHU3ALUH O] JaBJICHUEM M KOHIeHTparun mean 25-30 % B crewenHoit cramu [140X anresn-
OHHAas MPOYHOCTH noBslmaercs 10 0,93 MIla.

Qoécyrncoenue u 3axntouenue. Pazpadborannpie CKM TO3BOISIOT HE TOJNBKO MOBBICHTH a0pa3sWBHYIO W yIapHO-
abpa3uBHYI0 U3HOCOCTOMKOCTh, HO M B KaueCTBE M3HOCOCTOWKOTO CJIOS UCIONB30BaTh OoJee NelleBble MapKU CTalH.
[pemnoxxennusit criocod coenuuerus cinoes CKM u3 crieueHHBIX CTajel HCKITIo9aeT HeOOXOAMMOCTh B TOTIOTHUTEIb-
HOM MeXaHH4YeCKOH 00paboTKe IIOBEPXHOCTH M B UCIIOJIb30BAaHUH CIIENUABHBIX Kiesiux coctaBoB. Takue CKM moryt
HCIIONIb30BATHCA B y3JIaX JeTalei MalliH ¥ MEXaHN3MOB, KOTOPBIE SKCIUIYaTHPYIOT B YCIOBHUIX aOpa3sMBHOTO M yAap-

HO-a6pa3I/IBHOFO HU3HOCa.

KuaroueBble c10Ba: yaapHO-aOpa3uBHAsS H3HOCOCTOWKOCTD, CIOUCTHIN KOMITO3HUIIOHHBIN MaTepHral, OypOBBIe HACOCHL,
yOpYyro-AUCCUTIATUBHAS MOATO0XKKA, al€3UOHHAs IPOYHOCTh

BaarogapHocTi. ABTOPHI BBIpaKaroT OJAarofapHOCTh PEJAKIMH M PEICH3EHTaM 32 BHHUMATEIbHOE OTHOIIEHHE K
CTaTbe M yKa3aHHbIC 3aMEYaHUsl, yCTPAaHEHHUE KOTOPBIX MTO3BOJIMIIO MTOBBICUTH €€ KaueCTBO.

Jas uutupoBanus. Mcmannos M.A. Biansane XUMHYECKOTO coCTaBa abpa3uBa M MPOYHOCTH MEKCIIOWHBIX TPAHUI] Ha
yJlapHO-a0pa3UBHYI0 M3HOCOCTOWKOCTH CJIOUCTBIX KOMIO3WIMOHHBIX MaTepHajloB. besonacnocmv mexHo2eHHbIX U
npupooruvix cucmenm. 2024;8(3):88-96. https://doi.org/10.23947/2541-9129-2024-8-3-88-96
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Introduction. The main reason for the decrease in the operational reliability of parts and mechanisms in mining [1], oil
and gas [2], construction, road and processing industries [3] is the impact of various types of wear, such as abrasive, shock-
abrasive, corrosive, and fatigue and others [4]. For example, scientific research and operational experience with drilling
pumps have shown that the hydraulic block components are more susceptible to abrasive and shock-abrasive wear.

The analysis of scientific publications has shown that materials developed for operation in impact and abrasive wear
conditions must have high hardness, viscosity and wear resistance [5]. However, the experience of operating drilling
pumps [6] indicates that one of the reasons for the decrease in the operational reliability of valve parts is the low impact
and abrasive wear resistance of structural steels [7] and sealing elastic elements [8]. Therefore, an urgent task is to
develop a technology for producing layered composite materials in which one of the layers is made of a wear-resistant
material, and the other is made of an elastic-dissipative one, for example, based on rubber mixtures, which allows
absorbing part of the impact energy acting on the part.

Materials and Methods. Layered samples were made for testing, one layer of which was made of wear-resistant
steel (Fig. 1, pos. 1), and the other, elastic layer was made of BK-1675N butyl rubber (Fig. 1, pos. 2). As wear-resistant
steel, we used:

—rolled steel 40X, which was subjected to heat treatment — quenched at 860°C with oil cooling and tempered
at 200 and 570°C with air cooling;

— sintered and hot-formed steel P40X.

Fig. 1. Samples of LCMs for testing for impact and abrasive wear resistance:
1 — wear-resistant material; 2 — elastic-dissipative substrate

The impact and abrasive wear resistance of layered samples was tested in accordance with GOST 23.207-79! on a
special installation [9]. The principle of operation of the installation was based on the forced impact of the sample on
the counterbody through a layer of abrasive. The wear of the samples was estimated by the lost mass after 1000 strokes
on analytical scales OHAUS Pioneer PA [10].

GOST 23.207-79 “Ensuring of wear resistance of products. Testing of engineering materials for impact abrasive
wear” recommends to use silicon carbide as an abrasive to compare the abrasive and impact-abrasive wear resistance of
various materials. However, in relation to the specific operating conditions of machines and mechanisms, GOST allows
the use of an appropriate abrasive material. For example, to increase the density of drilling fluids, various weights are
used, the choice of which will depend on the specific drilling conditions. In the case where weights with greater
abrasiveness are required, various abrasive materials are used [11]. Therefore, a mixture of silicon and aluminum oxides
was used as an abrasive when testing for impact and abrasive wear resistance.

Microstructure of the LCMs surface after testing for impact and abrasive wear resistance, X-ray studies and
qualitative phase analysis of the abrasive powder were carried out at the Common Use Center “Nanotechnology” of
Platov South-Russian State Polytechnic University (NPI).

To study the adhesive strength, the samples of rolled steel 40X, sintered and hot-deformed steel P40X were glued to
rubber in two ways: with an adhesive based on chloroprene rubber and by hot vulcanization under pressure at a
temperature of 160°C for 20 minutes without glue [12]. The adhesive strength of the interlayer boundaries of LCMs was
studied using the installation developed for this purpose [13].

Results. Tests with impact energy from 3 to 23 J showed that 40X steel samples wear significantly more after
improvement than samples after low tempering (Fig. 2, curves 1 and 3). At the same time, the use of elastic-dissipative
substrate (UDS) reduced wear by 1.5-2 times (Fig. 2, curves 2 and 4), compared with samples that were tested without
a substrate (Fig. 2, curves 1 and 3).

"' GOST 23.207-79. Ensuring of wear resistance of products. Testing of engineering materials for impact abrasive wear.
URL.: https://docs.cntd.ru/document/1200010682 (accessed: 22.05.2024). (In Russ.)
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Fig. 2. Dependence of wear (Am) on impact energy (E) without (1, 3) and with a rubber substrate (2, 4) LCMs with a working layer
of 40X steel after improvement (1, 2) and low tempering (3, 4)

In Figure 2, it can be seen that with an increase in the impact energy, the wear intensity of the samples changed, and
two sections could be distinguished. At the first stage, with an increase in the impact energy to 12 J, the wear of the
samples increased as a result of the introduction of abrasive particles into their surface (Fig. 3 a) and into the grain
boundaries (Fig. 3 b), which contributed to intensive chipping of micro-volumes of metal. In the second section, with a
further increase in the impact energy, as a result of plastic deformation, the upper layer of the sample was strengthened,
and abrasive particles, collapsing, loaded its surface, resulting in a slight slowdown in the intensity of wear.

Fig. 3. Microstructure of the working layer surface made of improved 40X steel:
a — in the steady state of wear; b — at the stage of intensive wear

X-ray phase analysis showed that the abrasive powder mainly consisted of aluminum and silicon oxides, magnesium
and calcium aluminates (Fig. 4). Phase composition of the abrasive did not change after wear resistance tests.
I3 J J
600 1 b
500 -
400
300 -
200
100
0

20.0 30.0 40.0 50.0 20°

Fig. 4. Phase composition of the abrasive powder used in tests for impact and abrasive wear:
a— SiO2; b — MgALO4; ¢ — CaAl2Os; d — AL2O3

After the impact resistance test, there were areas with particles of silicon and aluminum oxides on the surface of
40X steel rings, which, penetrating into the surface of the sample, formed wells and activated the destruction process at
the initial stage (Fig. 5 a). Magnesium aluminate particles (Fig. 5 a, pos. 2) due to the lower hardness (Mohs scale
hardness 7.5-8), compared with aluminum oxide particles (Mohs scale hardness 9), with increasing impact energy,
partially penetrated into the surface of the sample, and most of them were destroyed. Calcium aluminate particles

Chemical Technologies, Materials Sciences, Metallurgy

91



https://bps-journal.ru

92

Safety of Technogenic and Natural Systems. 2024;8(3):88—96. eISSN 2541-9129

(Fig. 5 a, pos. 3) due to low hardness, at all values of the impact energy, actively loaded the LCMs surface (Fig. 3 a).
Figures 5 b—g provide chemical composition of the test surface in the abrasive particles area.
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Fig. 5. Microstructure (a) and distribution of components in abrasive particles on the surface of improved 40X steel at the stage
of intensive wear: b, ¢ — silicon oxide; d, e — magnesium aluminate; f, g — calcium aluminate
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Studies showed that the operational reliability of LCMs was significantly affected by the adhesive strength of the
interlayer boundaries. The adhesive strength of the interlayer boundaries of LCMs “steel — rubber” bonded with glue
based on chloroprene rubber (Fig. 6, /) and hot vulcanization (Fig. 6, 2) differed significantly.

Figure 6 shows that LCMs bonded with glue had greater adhesive strength with rubber than LCMs connected by hot
vulcanization under pressure. The adhesive strength of the samples made of P40X steel with rubber was almost the
same when using both bonding methods and amounted to 0.21 and 0.2 MPa, respectively (Fig. 6 ¢ and Fig. 6 d).

Gorp, MPa A

0.21
0.20
0.15

0.10

0.05

0.00

a b c d e f

Fig. 6. Dependence of the adhesive strength of LCMs on the technology of obtaining steel samples:
a, b—rolled 40X; ¢, d — sintered P40X; e, f— hot-deformed P40X

When tested for impact and abrasive wear resistance, LCMs bonded with glue were destroyed due to overstress
along the metal-rubber boundary, due to their significantly different stiffness, degree of deformation and the complex
stress state that occurred as shear deformations developed [14].

Therefore, further research was aimed at increasing the adhesive strength of sintered P40X steel with rubber connected by
hot vulcanization. One of the ways to increase the adhesive strength was to add copper to the charge (Fig. 7), which, when
sintered above its melting point, spread over the free surface of the particles and interparticle boundaries under the influence
of surface tension forces. This helped to increase the surface porosity of the compacts.
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Fig 7. Effect of copper on the adhesive strength of LCMs made of sintered (1) and hot-deformed steel P40X (2)
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Figure 7 shows that an increase in the concentration of copper in sintered P40X steel led to an increase in the
adhesive strength of LCMs from 0.1 to 0.93 MPa, while the strength of the interlayer boundaries of LCMs with hot-
formed steel increased slightly (from 0.05 to 0.3 MPa) due to the fact that during dynamic hot pressing, the surface was
smoothed and most pores closed.

During hot vulcanization under pressure, crude rubber was pressed into the pores on the surface of sintered steel
P40X (Fig. 8 a) and copper and iron sulfidation occurred in the process, and intermediate copper sulfide films of
nonstoichiometric composition of Cu,S type were formed between copper particles and rubber [15], which increased
the adhesion of rubber to the matrix of sintered steel.

Fig. 8. Microstructure of the LCM transition zone:
a — sintered steel — rubber; b — distribution of copper; ¢ — sulfur; d — other elements

The analysis of the results of mapping the interlayer boundary of the sintered steel—rubber LCM revealed the
distribution zones of copper (Fig. 8 b) and sulfur (Fig. § ¢) elements. Thus, in the areas enriched with copper, due to the
formation of copper sulfides, the concentration of sulfur increased, which led to an increase in the LCMs adhesion.

Discussion and Conclusion. The studies have shown that the intensity of impact-abrasive wear depends on the
structure of 40X steel, the impact energy and the chemical composition of abrasive particles. It was found that with an
increase in the impact energy from 3 to 9 J, the intensity of abrasive wear of 40X steel samples increases and does not
depend much on the type of heat treatment. This is due to the fact that at these values of impact energy, abrasive solids
are actively embedded in the surface of the sample, triggering the mechanism of impact-abrasive wear. An increase in
the impact energy from 9 to 22 J leads to a decrease in the intensity of wear due to the fact that solid abrasive particles
of silicon and aluminum oxide, magnesium aluminate, without having time to penetrate into the surface of the sample,
break down into smaller parts and form smaller wells, and calcium aluminate particles actively break down, fixing
themselves in the formed wells, micropores and other defects.
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It was found that when adding from 5 to 20% of copper to the charge, the adhesive strength of the interlayer
boundaries of the steel—rubber LCM increased by 3—4 times as a result of the spreading of copper under the influence
of surface tension forces over the free surface of particles and interparticle boundaries, as well as the formation of CuxS
copper sulfides during hot vulcanization under pressure.
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